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Doing what little one can to increase the general stock of knowledge
is as respectable an object of life, as one can

in any likelihood pursue.

— Charles Darwin

“Oramai convien che tu così ti spoltre”,
disse ’l maestro; “ché, seggendo in piuma,

in fama non si vien, né sotto coltre;

senza la qual chi sua vita consuma,
cotal vestigio in terra di sé lascia,

qual fummo in aere e in acqua la schiuma”.

— Dante, Inferno XXIV

Sammy,
uno può girare tutto il mondo

e comunque non aver capito niente.

— mia mamma
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A B S T R A C T

Single photons are highly desirable for encoding, sending and pro-
cessing quantum information. Suitable engineering of single quantum
emitters and their environment can lead to a reliable single photon source
and to mediated photon-photon interactions, essential assets for quantum
communication and computation purposes.

Dye molecules, our chosen single quantum emitter, have attracted much
attention in recent years due to their high photostability and narrow emis-
sion lines. In this thesis I present a detailed analysis of the optical proper-
ties of single dibenzoterrylene molecules in an anthracene matrix. Single
photon emission is demonstrated at room and cryogenic temperatures.
In the latter case, an analysis of the second-order correlation function
of the emission of a single molecule is studied at various temperatures.
The data agree with a full solution of the optical Bloch equations over a
wide range of temperature, and provide some insight into the dephasing
process of the molecules.

I then present a technique for integrating single dye molecules with
nano-photonic devices. These are hybrid plasmonic waveguides, designed
to guide light and to enhance the interaction with a single emitter by a
tight confinement of the waveguide mode. Single molecules are depos-
ited over the waveguides and a first evidence of coupling is presented.
I conclude with proposed improvements to the optical setup and to the
deposition methods.

Finally, I present another type of integrated device, where the light
matter interaction is enhanced by inserting single quantum emitters into
coupled optical resonators. The theoretical description for the case of
resonant two-photon absorption from single atoms in coupled photonic
crystal cavities is developed. I conclude by proposing a possible realisa-
tion of this system, and describing the first steps towards the fabrication
of such a device.
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L I S T O F S Y M B O L S

In this thesis I have tried to maintain a strict consistency of notation.
In particular, bold letters are used for vectors, in capital letters if it is a
matrix. Small capital letters are used for parameters in experimental fits.
To lighten the notation, I have avoided the use of “hats” for quantum
mechanical operators. However, I have reserved the use of the letters a

and b for bosonic operators, and other operators are specified in the list
underneath. Note that I used the symbol ı for the imaginary unit.

With regards to figures, crossed axes are used when plotting analytical
functions or prediction, while full frames are used for experimental data.
In this case, dots are used for “bare” data, like counts from an APD, a
measured power or the coincidences in a correlation measurement. De-
rived quantities, like linewidths, saturation intensities or sum of raster
scans are reported with empty markers, like empty circles or triangles.

A mode area.

a, a† and b, b† bosonic annihilation and creation operators.

a, b, c, fit parameters.

a, b, c, crystallographic axes.

D(!) density of states.

E electric field.

F
p

Purcell factor.

g(1)(⌧), g(2)(⌧) first and second order correlation functions.

g
i,j coupling constant between cavities.

H Hamiltonian operator.

H Hilbert space.

K pumping rate in rate equations.

k wave vector.

I electric field intensity.

Isat saturation intensity.

I identity matrix.

ı imaginary unit.
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1 I N T R O D U C T I O N

The title of this thesis spawns a lot of questions. Why do we need
quantum emitters, and why do they have to be single? What is special
about resonant excitation, and how can we enhance it? Last, and perhaps
most fundamentally, what is a photon? The aim of this introductory
chapter is to answer some of these questions and explain the raison d’être
of the quest for a single photon source.

�.� �������

I start with the last, and perhaps with the most difficult question: what
is a photon? One way to start answering this question is considering a box
of finite size, with perfectly reflecting walls [1, p. 1]. The electromagnetic
field inside this box can be described by a harmonic oscillator, with an
infinite and discrete set of modes dictated by the boundary conditions at
the walls. If we consider one mode as a quantum harmonic oscillator with
frequency !, then the eigenenergies of this mode are integer multiples of
 h!. We can thus identify one photon as the elementary excitation of a
single standing-wave mode inside this box, described by a harmonic oscil-
lator in its first excited state, as pictured in figure 1.1. This definition can
then be extended to traveling modes of radiation, for example describing
the mode of a laser beam, by allowing the box to have a periodic bound-
ary condition and letting its size go to infinity. Now the modes have a
different spatial distribution, but the eigenenergies are still quantised in
units of  h!. If we consider the problem from a more experimental point
of view instead, we find that photons can be localised in time and space:
at the moment of detection [2, Ch. 3]. After it has been generated, for
example by the de-excitation of an atom [3, Ch. II.A], the photon travels
until a detecting device destroys it in the measurement process. This
event could then be used to localise the photon, as a particle-like object1.
The connection between extended wavefunction that propagates and loc-

1In the inverse process, an atom could be use to inspect the box mentioned earlier,
making a 3D map of the probability of excitation of the atom as a function of its position.
The result is the closest visual representation of the “shape” of a photon.

1
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Figure 1.1 Visual representation of the photon, as the first excited state of
an oscillator describing the electromagnetic field in a box (repres-
ented on the left, up to n = 3). The field can be inspected by a
resonant atom, plotting the probability of excitation (represented
on the right). This can be interpreted as a visualisation of the
photon wavepacket.

alised particle that is detected is reconciled in the framework of quantum
mechanics, and has been widely confirmed experimentally.

The concept of photons was introduced for the first time by Planck [4],
but the name “photon” was actually coined by Lewis [5]. They are charac-
terised by their wavelength �, and carry a momentum  hk, with k = 2⇡/�

as the associated wave-number. Photons can be guided in optical fibres
for long distances, due to their low interaction probability. This resili-
ence against decoherence together with the possibility of manipulating
photons through simple (that is, linear) optical means is at the origin of
the surge in the last decades in the study, generation and detection of
photons. These properties make photons particularly useful in the fast
growing field of quantum information and computation.

The core concept of this field is the encoding of information in quantum
mechanical objects, for computation or communication purposes [6]. Some
physical property with two eigenstates is used to represent the mathem-
atical concept of a “qubit”, the quantum equivalent of the classical bit of
information. While a bit could assume only the two values of “0” or “1”,
the qubit has access to the continuum of superposition states in between.
Considerable advantages over classical information theory can be gained,
for example in the security of communications or in the efficiency of com-
putation.

Quantum information could be encoded in the state of single photons,
using for example the horizontal or vertical polarisation as the “0” and “1”
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elements of a basis. Logical operations can be performed on these qubits
by making the photons interact with each other, for example through
coupling to atoms [7, 8] or to non-linear media [9]. While photons alone
could be sufficient to perform computational tasks [10] (using quantum
interference, as elaborated later in this chapter), such a scheme would
unfortunately suffer from the low interaction probability of photons, and
by possible losses during the process. Other systems could be employed
as qubits, such as chains of ions in traps [11, 12], quantised charges or
magnetic flux in superconducting junctions [13, 14], nuclear spins [15–19]
or even spin of single quantum objects [20–22]. While advances are made
in these directions, and new candidates are added to the list of possible
physical realisations of the qubit [23], one requirement remains constant:
the need to link different qubits, or even different quantum computers
[24]. This network might be distributed over long distances, that could
nevertheless be easily covered by light-speed fast photons, carrying and
exchanging information as “flying qubits”.

�.� �������

We now have a basic understanding of what photons are, and what
makes them suitable candidates for quantum information processing. I
will summarise here the main methods that have been devised for gen-
erating single photons: spontaneous parametric down conversion and
attenuated laser pulses; single atoms and ions in traps; quantum dots,
colour centres in crystals and dye molecules. I will review each one, com-
paring them with the requirements that an ideal single-photon source
(SPS) should meet [25, 26].

The name itself suggests the first characteristic a source needs to have:
the ability to emit single photons. This property can be verified with a
simple experiment. A stream of single photons impinging on a 50/50

beam splitter will be divided equally between the two output ports. Two
single photon detectors, placed on each of these two paths and equidis-
tant from the beam splitter, will never detect simultaneous photons, pre-
cisely due to the presence of only one photon at a time at the beam splitter.
A histogram of coincidences as a function of the delay ⌧ between the two
paths will then present a dip towards the region of ⌧ = 0, whose depth
can be used to infer how well separated the photons are [27]. A second
important characteristic of an ideal SPS is the possibility of controlling
the emission of photons in time, turning it “on” and “off” at will. Such a
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Figure 1.2 Schematic of the optimal single photon source; on-demand and
scalable, generating indistinguishable photons with high purity.

deterministic source will then emit a single photon whenever it receives a
trigger.

With these conditions in mind, two types of source prove unsatisfactory
as SPS: faint laser pulses and spontaneous parametric down conversion.
The first of these techniques relies on a strong attenuation of laser pulses,
trying to reach the goal of only 1 photon per laser pulse. By increasing
the attenuation it is possible to exclude almost completely the possibility
of having more than one photon in a pulse, but only by attenuating so far
that the average number of photons per pulse is close to zero. Therefore,
despite the occasional emission of a photon in the desired time slot the
normal output is nothing at all [28]. The spontaneous parametric down
conversion source has a somewhat similar problem. Such sources are
based on the interaction of a pump laser with a nonlinear crystal, such as
barium borate (BBO). Occasionally, one pump photon is split into a signal
and an idler photon, whose frequency has to satisfy energy conservation
and phase matching conditions [29, 30]. The photon pair generated in this
way has strong correlations in polarisation and wavelength, and since the
photons are emitted at the same time, the detection of one can be used to
herald the presence of the other. These properties make sources based on
parametric down conversion good candidates for quantum communica-
tion, quantum cryptography and quantum computation [31–34]. How-
ever, the spontaneous emission of photon pairs is a random process, so
to avoid the possibility of accidentally having two pairs one must once
again settle for the occasional pair, with no pairs most of the time.
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In addition to wanting fast, reliable production of single photons, one
ideally wants many source acting in parallel so that many identical photons
can be made available at the same time. This is called scalability. This re-
quirement is key to the final goal of having several single photons sources
on the same device, easily accessible and controllable. However, scalab-
ility can be very challenging to accomplish, and for certain systems is
simply not possible. This is the case for atoms and ions in gas phase
in traps, for example. Transitions in atoms and ions can be very nar-
row, have been thoroughly studied and are highly reproducible. Single
photons can be generated from atoms and ions with high purity. Atoms
could also be employed for the generation of pairs of photons during
atomic transition cascades. The polarisations of the two photons, each
one generated in back to back transitions, present strong correlations, in
a similar fashion as pairs from parametric down conversion. Photons
from atomic cascades have been used for many tests of fundamental im-
portance [35–38]. However, all these properties are valid only for atoms
and ions in gas form, isolated and held in place in a trap [39–44]. It is
precisely the setup required for trapping and manipulation of atoms and
ions that makes them a problematic candidate for single photon emission.
The traps have to be kept at high vacuum levels, and superconductive
magnets are sometimes required for trapping ions. Moreover, high preci-
sion lasers tuned to the atomic transition have to be stabilised to address
the narrow atomic transitions. The simultaneous control of several indi-
vidual atoms for single photon generation is at the forefront of research
in this field.

A last key property of photons required in many quantum information
processes is their indistinguishability. If we consider a SPS as emitting
always in the same spatial and polarisation mode, the photons are said
to be indistinguishable, and they can be described by the same coher-
ent wavepacket. Under these conditions, the spectrum of the SPS, ob-
tained accumulating multiple spectra of single photons, is equal to the
Fourier transform of the time profile of the single photons: the source is
Fourier-transform limited, or lifetime-limited. Perfectly indistinguishable
photons incident on the two ports of a beam splitter are at the origin of a
uniquely quantum effect. If upon detection it is not possible to tell which
photon took which path from their time of arrival, mode or any other
measure, then the probability amplitudes of the two photons will inter-
fere [32, 45–50]. The photons “bunch together”, both being detected at the
same port. No coincidence count will be recorded at the detectors, and
a histogram of coincidences as a function of time delay between the two
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Figure 1.3 Schematic of QD and NV centres. a) colloidal quantum dot. b)
epitaxial quantum dot, with a common pillar-type cavity. c) schem-
atic of the nitrogen vacancy centre in a nano diamond.

paths will present a dip. This dip is a measure of the distinguishability
of the wavepackets of the two photons, and is affected by any dephasing
of the source [45, 51, 52]. Photons from atoms and ions possess a high de-
gree of indistinguishability, but these sources were discarded due to their
scalability. Indistinguishability can then be used as another measure for
the next three kinds of SPS: quantum dots, colour-centres and organic
molecules.

Quantum dots come in two main forms: colloidal and self assembled.
The first is composed of nanocrystals of II-VI semiconductors, fabricated
through chemical synthesis [53, 54]. Nanocrystals emit through the re-
combination of an electron-hole pair generated by photon absorption,
and they can be used to generate single photons on demand both at
room and at cryogenic temperatures. However, the spectrum of colloidal
quantum dots is severely broadened, and does not reach the Fourier-limit
even at low temperature. They are still widely used to test photonic struc-
tures, or for biological purposes due to the possibility of initialising their
external coating, but these limitations make them unsuitable as SPS.

Self-assembled quantum dots are more promising candidates. They
are composed of a small island of III-V semiconductors, embedded in
a matrix of another semiconductor with a higher band gap, grown on
a single-crystalline substrate. They have a narrower emission than col-
loidal quantum dots [55, 56], and they have successfully been included in
photonic structures such as photonic crystals, micropillars and microcav-
ities [47, 57, 58]. Cryogenic temperatures are needed to reach Fourier-
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Figure 1.4 Some common dyes and matrices. The right panel reports an
image of the fluorescence of several single molecules, at room
temperature.

limited emission, and that might affect the scalability of these devices. In-
distinguishable photons from different quantum dots require an exquisite
control over the solid state surroundings of the emitters, either by placing
them in a resonator, or controlling the charge state of the quantum dot
[58–61]. Novel designs and refined fabrication techniques are constantly
pushing ahead the quality of quantum dots devices [62]. Moreover, the
properties of single quantum dots can be engineered, and recently this
has led to devices with microwave [63] or telecom-band emission [64] or
with an emission profile that could be interfaced in hybrid structures [65].

Colour-centres in diamonds are another promising candidate for a SPS.
Impurities and defects in the diamond lattice can create localised struc-
tures with atom-like levels. The most common colour centres are the
Nitrogen-Vacancy (NV) centre [66–68], the Nickel-Nitrogen (NE8) centre
[69, 70], and the Silicon-Vacancy (SiV) centre [71–73]. The hardness of
the lattice gives colour centres a high stability; they show an electronic
transition, that in some cases is so narrow that it can be distinguished at
room temperature and is Fourier-limited at cryogenic temperatures. The
efficiency of emission on this line is unfortunately limited, with a max-
imum of 4% for NV-centres [66], while it is as high as 70% for SiV- and
NE8-centres [50, 69]. However, this vacancy does not reach the Fourier-
limit, and present a substructure in the emission spectrum [50]. All these
vacancies present spin structures with long lived states, that could be
extremely useful for quantum information processing [21, 74]. The ad-
vent of nanodiamonds with a few centres in each one, besides increasing
the collection efficiency, allowed an easier inclusion of diamond vacancies
into photonic structures [75, 76]. Several kinds of colour centres are being
explored in diamond [77], as well as in other materials [78–81].
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Single organic molecules close this list of candidate SPS. Several dye
molecules are suitable for single photon emission, such as terrylene, penta-
cene, dibenzanthanthrene (DBATT) and dibenzoterrylene (DBT), the lat-
ter being the main subject of this thesis. These are usually embedded in
a hydrocarbon crystalline matrix, such as p-terphenyl, naphtalene or an-
thracene. The combination of molecule and matrix can provide a strong,
narrow optical transition connecting the ground and first electronic ex-
cited states [82, 83]. An intermediate triplet state is also present, with a
spin-forbidden transition to the ground state, whose rate depends on the
particular combination of dopant and host [84]. The allowed transition
is purely radiative, so photons are efficiently generated on demand. The
decay can go to vibrationally excited levels of the ground state, produ-
cing red sidebands in addition to the purely electronic transition known
as the zero-phonon line or ZPL. The ZPL branch is typically 30- 50% of
the total decay rate [85]. Microcavities have been used to improve this
ratio [86, 87]. Single photon emission has been demonstrated at room
and cryogenic temperatures [88–91], the latter being needed for Fourier-
limited photons. A strong nonlinear susceptibility of a single molecule
has already been proven [92, 93] making this a promising way to medi-
ate interactions between individual photons. The crystalline matrix sur-
rounding the molecule gives it good photostability, but can also limit the
interfacing of molecules with external structures, such as photonic crys-
tal cavities or plasmonic structures, due to their high refractive index [94].
On the other hand, different host matrices can be used to tailor the emis-
sion properties of dye molecules, as well as exploiting different plastic
properties of their surrounding matrix [95–97], making them a versatile
tool for quantum photonics.

�.� �������� �����������

The quantum picture of spontaneous emission can be described quite
straightforwardly. An atom or molecule destroys a photon in the electro-
magnetic field of a light beam, simultaneously transferring an electron
from the ground state to an excited state. After a while a vacuum fluc-
tuation of the electromagnetic field causes the electron to jump back to
the ground state, emitting a photon whose mode is determined by that
of the fluctuation. This view involves a quantum treatment of the atom
(to have quantised energy levels) and of the field (to have photons and
a vacuum fluctuations). While the Einstein coefficients were able to treat
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the main features of both stimulated and spontaneous emission through
thermodynamical considerations alone, Dirac was the first to derive a
fully quantum treatment of spontaneous emission, making use of second
quantisation [98]. Milonni [99] gives an interesting comparison of clas-
sical and quantum views of spontaneous emission.

The main result of Dirac’s work, dubbed by Fermi2 “golden rule n�
2”,

is the calculation of the probability of transition � between any two states
of a quantum system:

� =
2⇡
 h2

|M
if

|2D (!) (1–1)

where M
if

= hf| H |ii is the matrix element of the perturbation H con-
necting initial state |ii to final state |fi. D (!) is the density of available
final states per unit angular frequency. This is valid when the spectrum
of the perturbation is flat over the frequency range corresponding to the
width of the resonance line.

For the case of a single atom or molecule in vacuum, with a reson-
ance frequency !

0

, the perturbation is the interaction of the atomic or
molecular dipole µ with the electric field E. This takes the form of
H = -µ · E. We can then write the matrix element as M

if

= -µ
if

E,
where µ

if

= hf|µ |ii, with µ being the component of µ along the direction
of E, and E is the absolute value of E.

For the electromagnetic vacuum in a large space of volume V, D(!) =

V!2/⇡2c3 modes of the field per unit volume. This result was first used
by Weisskopf and Wigner [100] to calculate the spontaneous emission rate
of an atom in vacuum:

� =
µ2

if

!3

3⇡"
0

 hc3
. (1–2)

We note that the unspecified volume V has disappeared from this expres-
sion because E2 / 1/V . However, moving the atom from vacuum to a
homogenous medium adds a factor of n to the transition probability � ,
where n is the medium refractive index3. This points at a close interaction
between an atom and its environment.

By tailoring of the density of states one can engineer strong modifica-
tions of spontaneous emission rate, polarisation and directionality [101–
103]. Often, the modification of the emission rate is quantified by the ra-
tio of the new spontaneous emission rate to the vacuum value of eq. (1–2).
This ratio F

p

is called Purcell factor, as E. Purcell was the first one to sug-

2And hence called “Fermi’s golden rule”.
3This is a “zero-th order” correction to � , as the interaction of a two level system with

the environment is more complicated. This topic is treated in detail in Appendix C.1.
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Figure 1.5 Working principle of a plasmonic device. Metallic structures can
redirect and confine light to an area comparable with a single
emitter.

gest that the spontaneous emission could be affected by its environment,
at the time with radiofrequency transitions [101].

Let us consider the case of a single emitter, positioned near a wave-
guide, that is, a 1-D continuum of states. There is great interest in this
particular case, as an an-chip source of single photon is instrumental in
the widespread use of quantum information and communication proto-
cols. In this case the Purcell factor has the form

F
p

_ 1

v
g

�2

A
(1–3)

where � is the emission wavelength and A and v
g

are the area and group
velocity of the optical mode. Later in chapter 3 a full derivation of this
expression is presented. Let us consider how one could maximise F

p

.
The wavelength � is more or less fixed by the choice of the emitter. That
leaves two options: reducing the transverse mode area A or the group
velocity v

g

. Both options have been widely investigated, and have led to
the rapid development of the fields of plasmonics and photonic crystals
[104].

Plasmonics involves placing single emitters close to specially designed
metallic structures. The emitter’s dipole couples to the electrons on the
metal surfaces where the density of modes can be very high and the mode
size can be very small. The coherent coupling is between the light and
surface charge waves, called plasmons. Figure 1.5 shows a schematic of
the operation of a plasmonic device, in which the transverse size of the
propagating mode is strongly compressed as it passes the metal and the
propagation is also slowed down by the coupling.
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Figure 1.6 Working principle of a photonic crystal. Bragg scattering from a
periodic modulation of light inhibits light from traveling through
the lattice, while allowed modes are formed within the gap, with
a heavily reduced group velocity.

In photonics, a periodic modulation of the refractive index in the sur-
roundings of the emitter can achieve a similar effect. When this modu-
lation is on the order of the wavelength of light, for example by etching
holes in a uniform slab, a photonic band-gap, similar to the conduction-
band gap in semiconductors, is formed within the structure. Propagation
in the structure is inhibited for a range of frequencies, thereby reducing
D(!). If a defect is inserted into the periodic structure, and if that de-
fect’s modes are within the band gap, then emission into these modes
is enhanced due to a reshuffling of D(!) from the forbidden region to
newly formed modes. Figure 1.6 shows the principle of operation of a
photonic crystal. The region perforated by small holes has a low average
refractive index and therefore the incident light is funneled into the high-
index region in the centre where the cross sectional area A of the mode
can be small. As this guide becomes small enough to approach cutoff,
both the phase velocity and the group velocity decrease, approaching
zero in the limit of cutoff.

Each technique can be tailored to address specific experimental require-
ments. Compared to plasmonics, only moderate enhancements have been
achieved with photonic crystals, but the fluorescence from a single emit-
ter can be efficiently channeled into photonic strictures [105], leading to
demonstrated coupling to a single mode of a waveguide up to 99% [106].
On the other hand, the tight confinement of plasmonic structures has lead
to considerable enhancements in single photon emission, with Purcell en-
hancements of several thousand [107]. However, the emission yield of an
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emitter can be severely compromised by coupling to dissipative plasmon
modes.

�.� ���������������� �� ����������

This section details our system of choice in the quest for an efficient
single photon source.

Dibenzoterrylene (DBT) and anthracene (Ac) are both polycyclic aro-
matic hydrocarbons, organic compounds made of benzene rings bonded
together. The molecule of DBT (C

38

H
20

) is composed of 10 benzene rings,
while Ac (C

14

H
10

) has only three. Several other matrices are suitable
hosts for DBT, including other aromatic compounds such as naphthalene
[108–110], 2,3-dimethylnaphtalene [111] and para-dichlorobenzene [112],
or polymers such as n-hexadecane or methyl methacrylate [97]. In recent
years, the combination of DBT in Ac has attracted much attention as a
potential single photon source [48, 90, 91, 94, 113–119].

Its potential application as an organic semiconductor has spurred an in-
depth study of anthracene [120]. Crystals of anthracene can be grown by
co-sublimation [121], supersaturation [94], or evaporation through spin
coating [91] or melting [119]. The crystal presents three principal optical
axes, each with a different refractive index. These have been measured for
light at a wavelength of 546 nm [122], with values n

x

= 1.570, n
y

= 1.817
and n

z

= 2.220. Relating these to the three crystallographic axes a, b and
c, the n

y

axis lies parallel to the b axis. A measurement at 589 nm [123]
gives n

x

= 1.55, n
y

= 1.775 and n
z

= 2.04. When the molecule of DBT
is included in a crystal, it replaces three anthracene molecules with its
optical dipole oriented along the b axis [124]. For that reason n

y

is the
index of interest for the field emitted by DBT molecules in anthracene.
Extrapolating from these two wavelegnths to the 785 nm of interest for
this work, we find that it is adequate to take n

y

as 1.8.

�.�.� Optical Properties

The energy level scheme of a DBT molecule in Ac is sketched in fig-
ure 1.7. The molecule of DBT has a strong transition between the first two
singlet states, also called the highest occupied molecular orbital (HOMO),
and lowest unoccupied molecular orbital (LUMO). The transition is as-
sociated to the promotion of one electron to the LUMO, and the align-
ment of the spin of the promoted electron and of the hole in HOMO
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Figure 1.7 Energy level scheme and molecular structure of DBT molecules in
anthracene. The main optical properties and the transition rates
are highlighted.

give the singlet or triplet nature of the level. The singlet transition is the
ZPL, and for a DBT molecule in anthracene this line has a wavelength of
⇠ 785 nm. Different host materials produce different ZPL wavelengths,
ranging from 744 nm to 785 nm [108, 110, 112, 113, 125], due to different
spatial configurations of the molecule in the lattice. The natural width
of the transition in our anthracene crystals is typically 45 MHz, corres-
ponding to an upper state lifetime of 3.5 ns. This can range from 30 to 50

MHz because local variations in the anthracene host strain the molecule.
These local variations also spread the transition frequency over a range of
several GHz. This is called inhomogeneous broadening. At room temper-
ature, the molecules interact with thermal phonons, which dephase the
optical dipole very rapidly, producing a (homogeneous) thermal width
of several THz.

In addition to the ZPL there are vibrational sidebands. It is convenient
to use the notation S

µ,⌫ to indicate the singlet state with electronic level
µ and vibrational level ⌫. The ZPL will then connect the two levels S

0,0

and S
1,0. An excitation to a higher vibrational level S

1,⌫ is followed by
a rapid relaxation back to S

1,0. The time scale for this process is a few
picoseconds, giving a linewidth of several tens of GHz [90]. Absorption
lines have been identified, with excess energies of several hundred cm-1.
Among these, the S

0,0 ! S
1,3 presents the strongest absorption, and has

an excess energy corresponding to ⇠ 300 cm-1 [85, 126]. Any of these
transitions can be driven by a laser, indicated by ⌦ in figure 1.7, after
which the molecule rapidly relaxes to state S

1,0.

From S
1,0 the molecule can decay to any S

0,⌫. The spacing of these
spectral lines is the same as the spacing in the absorption spectrum. A
schematic of the emission spectrum is presented in figure 1.8. After the
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Figure 1.8 Absorption and emission spectra for a molecule-host system. The
plot shows the molecular emission lines merging into one profile
as room temperature is reached.

ZPL, the brightest line is the one decaying to the third vibrational level
S
0,3. The relative strength between the absorption lines is primarily due

to the Franck-Condon factors, i.e. to the vibrational overlap integrals for
the initial and final states of a transition. A useful quantity to define is
the branching ratio, the ratio of the probability of emission on the ZPL
with respect to all others. For the case of DBT in Ac it varies between 30%
and 50% [90, 109].

All these transitions have side-bands [127]. During the absorption or
emission of a photon, a phonon of the anthracene crystal can also be
generated or absorbed. An exact expression for the relationship between
the electronic transition and the phonon side-band can be obtained by
calculating the Debye-Waller factor

↵DW =
IZP

IZP + IPSB
. (1–4)

This factor expresses the fraction of emission IZP from an electronic trans-
ition S

1,0 ! S
0,⌫ with respect to the emission IPSB on the phonon side-

band.

At cryogenic temperatures all the transitions are well separated, as
shown in figure 1.8. As the temperature is increased the linewdith of
each transition is increased, until at room temperature they overlap, and
it is not possible to distinguish between them. The emission spectrum
presents a single profile, resulting in a total emission several Terahertz
wide [91, 94] as noted above.
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Many dye molecules have a triplet state T
1,⌫ between the first two sing-

let states. Upon excitation to S
1,0, the molecule decays to T

1,⌫ with a
probability given by the intersystem crossing rate �isc. Finally the mo-
lecule decays back to S

0,⌫ with a rate �T. This is the case for DBT. The
energy of the triplet state for the DBT-Ac couplet has never been meas-
ured, but an estimate of 5 400 nm has been given for the transition to S

0,0

of DBT in 2,3-dimethylnaphthalene [111]. The conformation of DBT in
this polymer is similar to the case of Ac, so we could reasonably guess
⇠ 900 nm for the wavelength of the S

1,0 ! T
1,0 transition. However

Sadeq and Sipe [128] have recently calculated that the triplet state of DBT
in Ac lies almost half way between the ground state and the first excited
singlet, with a transition wavelength for S

1,0 ! T
1,0 of ⇠ 1500 nm. A

measurement is needed to determine a reliable value.

The lifetime of the triplet state is roughly four orders of magnitude
longer than that of the excited state S

1,0, therefore transitions to T
1,⌫ can

be identified by constantly exciting the molecule to the S
1,⌫ manifold. A

transition to the triplet state takes the molecule out of the main cycle,
resulting in periods of time where no photoluminescence is emitted from
the molecule [129]. This phenomenon is called blinking, and is common
in many solid-state single-photon emitters [130, 131]. The length of these
“dark” periods is how we know the triplet lifetime 1/�T. We have per-
formed a measurement of this lifetime, presented in chapter 3 of this
thesis. In our system �isc is particularly low; an upper bound of 10-7�

1

has been found [126]. Such a low intersystem crossing probability res-
ults in a steady emission of photons from the molecule, that only rarely
blinks.

�.�.� DBT in Ac as a single photon source

At the beginning of this chapter I have listed the desired characteristics
of an ideal single-photon source. The photophysical properties of DBT in
anthracene can now be reviewed, in light of its use as a potential single
photon source.

Due to the narrow absorption lines and the wide inhomogeneous broad-
ening, each molecule can be addressed individually. A single mode laser
can be scanned across the inhomogeneous width, exciting a single mo-
lecule at a time, avoiding crosstalk and maintaining the purity of emis-
sion. However, these conditions are only met in case of a proper inclusion
of the molecule in the crystal of Ac, and after the sample has been cooled
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below 4 K [125]. In fact, the linewidth of the ZPL increases exponentially
with temperature [125, 126], rapidly leaving the Fourier-limited regime.

Dye molecules in their excited states are highly prone to oxidation,
and hence to bleaching. By excluding oxygen, the anthracene protects
the molecule from bleaching. When the crystal is grown in a nitrogen
atmosphere, DBT molecules can be excited over a trillion times without
any change in photophysical properties [91, 94]. The specific inclusion of
DBT in the anthracene crystal, where the molecular dipole is aligned with
the crystallographic b axis, could spur a new control over the emission. A
preferential direction of growth has been shown for anthracene crystals
grown on crystalline substrates, such as lithium niobate [132]. A suitable
disposition of crystalline axis and photonic nanotructures could be used
to harness the emission of the molecule in a desired guided mode with
maximal efficiency.

As we have discussed above, only about half the spontaneous emis-
sions are on the ZPL, the rest being on the red-shifted Raman sidebands.
The yield on the ZPL could be improved by placing the molecule inside
a high-finesse cavity tuned to the ZPL [116, 133]. This would allow a
nearly continuous stream of photons, to be produced with high fidelity
by pulsed excitation of the strong absorption line S

0,0 ! S
1,3 [90].

Quantum dots, colour centres and dye molecules are all promising can-
didates for single photon emission. The choice among them can only be
made according to the particular goal one is aiming for. Besides single
photon generation, our group is also interested in nonlinear effects of
single molecules and their possible application to quantum gates. Single
DBT molecules in anthracene crystals are a good choice for these pur-
poses. Their small size makes them suitable to be included in microcavit-
ies [116, 133, 134]. Once coupled to a cavity, single DBT molecules could
be used to imprint a ⇡ phase shift on a single photon, in a manner similar
to single atoms in cavities. Alternatively, a single DBT molecule could
be coupled to dielectric or plasmonic waveguides [94, 97, 118, 119], for
reliable single photon generation and a possible use in quantum commu-
nication protocols, or linear photonic quantum computing. Additionally,
the existing expertise of the group with rubidium atoms could be used to
interface molecules and atoms in a hybrid system [135].
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�.� ������ �����

The rest of this thesis is divided into two parts. The first part is devoted
to the resonant excitation of single DBT molecules. The ������ chapter
defines the theoretical framework for resonance fluorescence, introducing
the optical Bloch equations relevant for a single molecule in a crystalline
matrix. These are solved for varying levels of saturation and dephasing
of the single emitter to give a general expression for the second order
correlation function of resonance fluorescence.

The theory is then experimentally tested, as reported in the ����� chapter.
The optical properties of DBT molecules in Ac are thoroughly tested at
room and cryogenic temperatures. Values of saturation intensity and
linewidth are obtained for both cases. Finally, a single DBT molecule is
used to perform resonance fluorescence at different temperatures where
the thermal dephasing varies widely. I find that the curve for the second
order correlation function obtained in the first chapter fits the data per-
fectly. I use the results to obtain some insight into the mechanism of
dephasing.

The second part of this thesis deals with the manipulation of the spon-
taneous emission of a single quantum object. The ������ chapter is de-
voted to the use of plasmonic enhancements. The properties of a hybrid
plasmonic waveguide are presented, as well as its fabrication and the pro-
cess developed to deposit DBT in Ac over the devices. Preliminary results,
showing a single molecule coupled to a device, are presented, together
with an outline of the calculation of the coupling efficiency.

Finally, the ����� chapter presents an application of photonic crystals
to integrated devices. A series of coupled photonic crystals cavities is
coated with an active material, with the aim of enhancing light matter in-
teraction. Preliminary experimental results are presented, together with
a theoretical treatment of the experiment, as a dissipative open quantum
system.





Part I

R E S O N A N C E F L U O R E S C E N C E O F S I N G L E
M O L E C U L E S





2 T H E O R Y O F R E S O N A N C E
F L U O R E S C E N C E

In the previous section we have introduced the optical and photophys-
ical properties of DBT molecules in an anthracene crystal. We have seen
its optical properties, and the particular role of dephasing in the prop-
erties of the emitted photons. We need now a mathematical model of a
DBT molecule that would allow us to predict the experimental results,
obtained by collecting the molecular fluorescence, under any excitation
parameter. Therefore, we are interested in a time-dependent expression
for the amplitudes of the ground and excited states, and in the coher-
ence of the excitation process. As we can gauge these quantities only
through the molecular emission, we need to focus on how the scattered
field relates to the dynamics of the two-level system.

�.� ��������� ��� ��������

Let’s start by introducing the two pure states |1i and |2i corresponding
to the molecular states S

0,0 and S
1,0 introduced in section 1.4. A general

description of the state of the molecule is given by the density operator
⇢ = | ih |, where | i = c

1

|1i+ c
2

|2i and c
i

are complex amplitudes. The
matrix elements ⇢

i,j = hi| ⇢ |ji of this operator constitute the density mat-
rix. The diagonal terms ⇢

11

and ⇢
22

are the probability of occupation of
each level, while the off-diagonal terms ⇢

12

and ⇢
21

, often called “the co-
herences”, describe the ensemble-averaged optical dipole. The temporal
evolution of these observables is dictated by the Optical Bloch Equations
(OBEqs) [1, sec. 2.7]. These are a closed system of differential equations
describing the interaction between a classical field E and an atomic sys-
tem, in our case a single DBT molecule. If we recall figure 1.7, and that

21
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the intersystem crossing rate �isc for DBT in Ac is negligible, we can write
these equations as

8
>>>>>>>>>><

>>>>>>>>>>:

⇢̇
22

= -�
1

⇢
22

+
1

2
ı⌦

0

(⇢
21

- ⇢
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)

⇢̇
12

= (ı�- �
2

) ⇢
12

-
1

2
ı⌦

0

(⇢
22

- ⇢
11

)

⇢̇
11

= -⇢̇
22

⇢̇
21

= ⇢̇⇤
12

⇢
11

+ ⇢
22

= 1,

(2–1)

where subscripts 1 and 2 refer to states S
0,0 and S

1,0 respectively. �
1

is the total decay rate for population leaving the state S
1,0 by all of the

transitions S
1,0 ! S

0,⌫. It is assumed that all this population returns to
S
0,0. Further, the relaxation from S

0,⌫ to S
0,0 is so rapid that the levels

S
0,⌫ play no role in eq. (2–1). �

2

is the coherence decay rate of the |2i ! |1i
transition. ⌦

0

= µ

12

E

 
h

is the Rabi frequency, where E is the absolute value
of the amplitude of the electric field E and µ

12

is the projection of the
transition dipole moment along the direction of E. � = !-!

0

is the
detuning between the exciting field and the |2i ! |1i transition, which is
resonant at frequency !

0

. Equation (2–1) also makes the rotating wave
approximation and adopts an appropriate interaction picture to eliminate
the time-dependence of the interaction [1, sec. 2.7].

When illuminated by a laser tuned to the transition frequency, the mo-
lecule starts to cycle between ground and excited state, emitting a photon
each time it decays, either spontaneously at a rate �

1

, or by stimulated
emission back into the laser mode. The cycling rate is controlled by ⌦

0

.
Sometimes the decay goes to a vibrationally excited ground state, but
these relax very rapidly to S

1,0. We are therefore interested in a solution
of the system (2–1) that would allow us to track the behaviour of popula-
tions ⇢

11

and ⇢
22

and of the coherences ⇢
12

and ⇢
21

for different values
of excitation intensity (i.e. of ⌦

0

) and dephasing (i.e. �
2

).

�.�.� Steady-state solution

Let us start by considering the dynamics described by the OBEqs at
long times, when the molecule is in dynamic equilibrium with the excit-
ing field. The solutions for ⇢

11

and ⇢
22

will reveal the most immediate
properties of a driven two-level system in the case of continuous excita-
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tion. By considering the steady-state regime1 of the eqs. (2–1) we obtain
the expressions
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where we have isolated the saturation parameter S =
⌦

2

0

�

1

�

2

. For resonant
excitation � = 0 and we have the more compact forms

⇢(ss)
12

=
ı

2

S

1+ S

�
1

⌦
0

(2–3a)

⇢(ss)
22

=
1

2

S

1+ S
(2–3b)

By recalling the expression for the on-resonance Rabi frequency we can
express S as a function of excitation intensity:

S =
µ2

12

""
0

c h2

2

�
1

�
2

I =
I

Isat
(2–4)

where the saturation intensity Isat is defined as

Isat =
""

0

c h2

µ2

12

�
1

�
2

2
(2–5)

The steady-state solutions given in eqs. (2–3) are plotted as a function
of saturation parameter in figure 2.1. For low values of S, the excita-
tion probability ⇢

22

increases linearly, but this begins to saturate around
S = 1, reaching the limiting value of 1/2. Then, at high intensity the
two-level system approaches an equal probability of occupation for |1i or
|2i. Spontaneous emission randomises the dipole and prevents the pop-
ulation from becoming inverted. The spontaneous emission rate R(I) is
just the product of decay rate �

1

and the excited state population ⇢
22

, so
that, in the steady-state at resonance,

R(I) = �
1

⇢(ss)
22

=
1

2
�
1

S

1+ S
. (2–6)

1Appendix A.1 contains a detailed derivation.
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Figure 2.1 Plots of the steady-state solution of the optical Bloch equations
for ⇢

11

, ⇢
22

and ⇢
12

as a function of the saturation S.

In chapter 3 we will make use of this formula to extract information on
the saturation intensity of single molecules.

If we look back at eq. (2–2) and how it changes with frequency, we
see that the population ⇢

22

has a Lorentzian line shape, whose full width
at half maximum (FWHM) depends on both �

2

and the saturation para-
meter S:

�!(I) = 2�
2

p
1+ I/Isat = �!(0)

p
1+ S. (2–7)

Here �!(0) = 2�
2

is the FWHM of the scattering resonance at low power
(in angular frequency units). We can see that the linewidth increases with
intensity, and the effect is called power broadening. This occurs because
the scattering rate near resonance is limited by saturation, while it con-
tinues to increase in the wings of the resonance. By tuning the excitation
light across the transition and collecting the photoluminescence, we can
measure this lineshape to gain information about the dephasing rate �

2

and the saturation intensity Isat.

�.�.� Analytical solution

The steady-state solution of the Optical Bloch equations (eq. (2–2)) al-
lows us to describe the photoluminescence collected from a molecule over
long times t & �-1

1

, but we are also interested in the transient evolution
over shorter times of the populations ⇢

ii

(t) and of the coherences ⇢
ij

(t).
While partial solutions of the problem have been presented in literature
[88], I have not found a full solution, so I present one here.
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Let us solve the case of a molecule initially in the ground state, excited
by resonant light (� = 0). By isolating the real and imaginary parts of
⇢
12

, identified by

u = ⇢
12

+ ⇢
21

v = -ı (⇢
12

- ⇢
21

)
(2–8)

we can simplify eqs. (2–1) to

8
>>><

>>>:

⇢̇
22

= -�
1

⇢
22

+
1

2
⌦

0

v

v̇ = -�
2

v-⌦
0

(⇢
22

- ⇢
11

)

⇢̇
11

= -⇢̇
22

.

(2–9)

In this notation, u and v represent the in-phase and the quadrature com-
ponent of the dipole, in the rotating wave approximation. u(t), the real
part of ⇢

12

(t), is not present in this new system of equations. This is due
to the resonant nature of the pumping, since under these conditions the
driven dipole is in quadrature with the driving field. The system of equa-
tions (2–9) is most easily solved by taking the Laplace transform, under
which ⇢(t) ! ⇢̃(s) and ⇢̇(t) ! s⇢̃(s)- ⇢(0). This converts the differential
equations to a simple set of algebraic equations:

8
>>><

>>>:

s⇢̃
22

(s) = -�
1

⇢̃
22

(s) +
1

2
⌦

0

ṽ(s)

ṽ(s) = -�
2

ṽ(s)-⌦
0

(⇢̃
22

(s)- ⇢̃
11

(s))

s⇢̃
11

(s)- 1 = -s⇢̃
22

(s)

(2–10)

recalling that ⇢
11

(0) = 1. These equations are readily solved to find ⇢̃(s).
After applying the inverse Laplace transform to the solutions ⇢̃

ij

(s) and
simplifying the terms we are left with the final expressions

⇢
12

(t) =
ı

2

⌦
0

�
1

�
1

�
2

+⌦2

0


1+

d- q

2q
e-(p-q)t -

d+ q

2q
e-(p+q)t

�
(2–11a)

⇢
22

(t) =
1

2

⌦2

0

�
1

�
2

+⌦2

0


1-

p+ q

2q
e-(p-q)t +

p- q

2q
e-(p+q)t

�
(2–11b)
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where we have used the substitutions

d =
⌦2

0

�
1

-
�
1

- �
2

2

p =
�
1

+ �
2

2

q =

s
(�

1

- �
2

)2

4
-⌦2

0

.

(2–12)

This derivation is detailed fully in Appendix A.1. In the limit of t ! 1,
the exponentials in eqs. (2–11) damp away and we are left with eqs. (2–3).

Let us look first at the case of �
2

= �
1

/2 and observe ⇢
22

- ⇢
11

for dif-
ferent values of the saturation parameter S, as plotted in figure 2.2a. We
can first notice that as the power is increased, the equilibrium (i.e. the
behaviour at t � �

1

) approaches equally populated states, as we already
found in eqs. (2–3). In addition, however, we now see at shorter times the
appearance of an oscillatory behaviour in the population. This is due to
the coherent nature of the excitation light, which can drive Rabi oscilla-
tions provided 4⌦2

0

> (�
1

- �
2

)2. As one can see in eq. (2–12) this is the
condition for q to become imaginary. At low excitation intensities there is
no oscillation, and the populations approach equilibrium exponentially.

It is possible to see that the peaks and troughs in figure 2.2a appear
when ⌦

0

t is close to an integer multiple of ⇡, so we can visualise ⌦
0

t

as a polar angle on the Bloch sphere. Spontaneous emission, and any
additional dephasing mechanism, progressively randomises the phase of
the Rabi oscillations, thereby washing out the coherence. This behaviour
can be best viewed by a different form of eq. (2–11b). With the alternative

expression q = ı
q
⌦2

0

- 1

4

(�
1

- �
2

)2, the exponentials can be expressed
as the sum of sin and cos functions. The new expression for ⇢

22

(t) is

⇢
22

(t) =
1

2

S

1+ S


1- e-pt

✓
cos (qt) +

p

q
sin (qt)

◆�
. (2–13)

In this new form it is easy to identify the oscillatory behaviour, with

the modified Rabi frequency ⌦ 0 =
q
⌦2

0

- 1

4

(�
1

- �
2

)2 defining the fre-
quency of the oscillations. The Rabi oscillations are then damped by the
exponential term, with the time constant given by p. We see then that
both the stimulated emission and the dephasing rates �

1

and �
2

take part
in the damping.
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(a) Case of �
2

= �
1

/2, and increasing saturation values as indicated in the plot. As the
saturation parameter S increases stimulated emission starts to competewith the damp-
ing, resulting in the oscillatory behaviour visible in the figure. Inset: a reminder of the
pumping scheme.
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(b) In this plot the saturation is constant at S = 10. The level of dephasing �
2

/�
1

is in-
creased as indicated in the plot. As the system undergoes cycles of absorption and
emission, the damping due to �

1

and �
2

dephases the Rabi oscillations, that progress-
ively disappear. At the same time a higher Rabi frequency ⌦

0

is required to reach the
same saturation. Inset: the Rabi frequency is now kept constant, to show the decrease
in population due to increasing dephasing. The excitation process is also slower, as
shown by the derivative of the plots.

Figure 2.2 Plots of the population difference ⇢
22

(t) - ⇢
11

(t) in the case
of resonance fluorescence, for different values of saturation para-
meter S and dephasing �

2

.
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The role of the dephasing rate is particularly important, as we have
mentioned in section 1.4. Figure 2.2b shows the population dynamics at
a fixed saturation parameter of 10, taking several different values for the
ratio �

2

/�
1

. When the only dephasing is due to the spontaneous decay of
population, �

2

= �
1

/2, and this (dark blue) curve reproduces the S = 10

(green) curve of figure 2.2a. An increase in �
2

requires a proportional
increase in ⌦2

0

in order to maintain S = 10 and this causes the Rabi
oscillations to become faster. At the same time, the total damping rate
grows even more quickly and the oscillations cease all together when q

becomes real - i.e. when (�
2

- �
1

)2 > 4⌦2

0

. This can be seen in figure 2.2b,
where the green curve for �

2

/�
1

= 10 shows the remnant of an oscillations,
while the yellow curve for �

2

/�
1

= 50 is purely exponential.
So far in this section we have focused on the case of resonance fluor-

escence, where the excitation field is at the resonance frequency and the
analytical formulae are reasonably simple. However, I have also used the
same Laplace transform method to obtain a solution for ⇢

12

and ⇢
22

that
allows a nonzero detuning � as well. This was done using Mathematica.
The expressions are too complicated to duplicate here, but I wanted to
record that an analytic solution does exist. Figure 2.3 plots the analytical
solution for ⇢

22

- ⇢
11

with S = 10 and various values of detuning. These
curves agree with numerical simulations of the same optical Bloch equa-
tions. One sees with detuning that the Rabi oscillations become nutations
of higher frequency and smaller amplitude as the detuning is increased.
As long as the damping rate remains small compared with the frequency
of these oscillations, their frequency is close to the generalised Rabi fre-

quency ⌦ =
q
⌦2

0

+�2, familiar from the case of an undamped two-level
system [1, sec. 2.7]. The equilibrium value of the population decrease
accordingly, until the excitation light is too far from resonance and the
molecule is not excited any more. I do not make any further use of this
general solution in the rest of my thesis.

�.�.� g(2) (⌧) and antibunching

Equation (2–11) fully specify the dynamics of a two-level system. It
is now necessary to find a way to experimentally gauge this behaviour.
This can be done by studying the fluorescence scattered by the two-level
system2.

2The detailed derivation of the connection between the scattered electromagnetic field
and the dynamics of the two-level system is presented in appendix A.2.2.
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Figure 2.3 Plots of ⇢
22

(t) for constant S = 10 and �
2

= �
1

/2, but increas-
ing detuning �. As the exciting field is detuned from resonance,
faster oscillations deplete the excited state population due to the
increased generalised Rabi frequency ⌦. At the same time the
probability of excitation decreases, and the system is eventually
never excited by the field.

As we have seen in the previous section, a photon is emitted whenever
the system decays from state |2i to state |1i, that is, the ground state man-
ifold. The probability of emission is therefore proportional to the probab-
ility of occupation of state |2i, that is ⇢

22

. This can then be reconstructed
by considering the time interval between two consecutive detections. The
histogram built accumulating several detection events, once normalised,
is a sampling of the second-order correlation function g(2)(⌧):

g(2)(⌧) = 1-
p+ q

2q
e-(p-q)⌧ +

p- q

2q
e-(p+q)⌧. (2–14)

The expression of eq. (2–14) is equivalent to the expression of the popu-
lation ⇢

22

(⌧) presented in eq. (2–11b). This is due to the fact that g(2)(⌧)
can be interpreted as the probability of detecting a photon at time t = ⌧,
given that a first one was detected at t = 0. As the molecule has to
transit to the excited state before it can emit a photon, the probability of
detection is proportional to the population ⇢

22

.

The function g(2)(⌧) can be measured by use of the Hanbury-Brown-
Twiss setup, originally presented to measure the diameter of stars [27]
and briefly described in section 1.2. A formula for g(2)(⌧) for the scattered
field from a two-level system was first introduced by Carmichael and
Walls [136, 137], and the first direct observation was carried out on an
atomic beam of sodium by Kimble, Dagenais and Mandel [138]. Due
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to its direct connection with the population of the excited state ⇢
22

, it
has been used to study the internal dynamics of single quantum systems,
especially in the case of single organic molecules [82, 88, 139].

In figure 2.4 we show plots of eq. (2–14) for different values of satur-
ation and dephasing. The plots are exactly equivalent to those in fig-
ure 2.2a because ⇢

11

+ ⇢
22

= 1. As g(2)(⌧) is proportional to the probab-
ility of detecting photons at different times, the oscillations of figure 2.4a
shows periodical peaks in the arrival of photons at the detector, with fre-
quency increasing with saturation. Recalling figure 2.2a, those peaks are
associated with a population inversion of the two levels, where there is
a higher probability of emission. In figure 2.4b we instead fix the excit-
ation power and increase the dephasing. This shows the transition from
damped Rabi flopping to overdamped exponential time evolution. In
both regimes, the antibunching dip present at ⌧ = 0 marks the radiation
emitted by the molecule as clearly non-classical for any dephasing rate
�
2

.
The Cauchy-Schwartz inequality for the anticorrelation function states

that g(2)(0) > g(2)(⌧) for any ⌧ [1, sec. 6.5], setting the limit for classical
and non-classical light. In figure 2.4 g(2)(0) < g(2)(⌧); this property is
called antibunching. It is also possible to demonstrate that g(2)(0) > 1, and
this inequality can be related to the photon number distribution of the
field [1, sec. 6.10]. The fluorescence from a quantum emitter is composed
of single, well separated photons, and this is reflected in the value of the
correlation function near the origin, where g(2)(⌧) < 1. This is a signature
of a sub-poissonian statistics of the field, and is again a characteristic
a non-classical state3. For the case of resonance fluorescence g(2)(0) <

g(2)(⌧) and g(2)(0) = 0. In general,

g(2)(0) = 1-
1

n̄
(2–15)

where n̄ is the mean number of photons in the field, or the number of
contributing single emitters [142, sec. 3.7]. After accounting for experi-
mental fluctuations, is then possible to set g(2)(0) < 0.5 as the threshold
for single photon generation from a potential quantum emitter.

3It is important to notice that, while in our case sub-poissonian statistics and anti-
bunching are correlated, it is not true in general [140, 141].
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(a) As the excitation intensity increases the population is transferred to the excited state. When
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the population starts to oscillate, with higher probability of emission of photons
and consequent bunching.
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(b) The system transit rapidly from coherent to incoherent regime, as the dephasing is increased.

Here the Rabi frequency is kept at a constant value ⌦
0

⇡ 2�
1

while �
2

is increased
according to the values in the plot. Rabi oscillations are washed out by the dephasing, but
the antibunching is not affected.

Figure 2.4 Plots g(2)(⌧) in the case of resonance fluorescence, for different
values of saturation parameter S and dephasing �

2

.
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The optical Bloch equations introduced in this chapter are a powerful
tool to investigate the dynamics of a two-level system. The equations
can also be easily re-arranged to describe more complicated systems. In
this section I present two cases relevant for our study of single organic
molecules, where we consider the effect of the triplet state and we analyse
blue-detuned pumping to a higher vibrational level.

�.�.� Triplet state analysis

We can easily modify the OBEq (2–1) to include the triplet state men-
tioned in section 1.4. These take the form

8
>>>>>>>>>>><

>>>>>>>>>>>:

⇢̇
11

= �
1

⇢
22

+ �T⇢T +
1

2
ı⌦

0

(⇢
21

+ ⇢
12

)

⇢̇
22

= - (�
1

+ �isc) ⇢22 +
1

2
ı⌦

0

(⇢
21

+ ⇢
12

)

⇢̇
12

= (ı�- �
2

) ⇢
12

+
1

2
ı⌦

0

(⇢
22

- ⇢
11

)

⇢̇T = �isc ⇢22 - �T ⇢T

⇢
11

+ ⇢
22

+ ⇢
T

= 1

(2–16)

where, following the notation of figure 1.7, �isc is the spontaneous decay
rate from state |2i to the triplet state. ⇢T is the population of the triplet
state, that has a spontaneous decay rate of �T to the ground state. It is
possible to neglect the dipole coupling to the triplet because of the large
detuning between the S

0,0 ! S
1,0 transition and the triplet transitions

S
0,0 ! T

0,0 and S
1,0 ! T

0,0.

From the steady-state solution of eqs. (2–16) we obtain a similar expres-
sion for ⇢

22

[143], with the difference that the saturation parameter now
has the expression

S =
1

2

2+ �isc
�T

(�
1

+ �isc) �2
⌦2. (2–17)

From this we can obtain the value for saturation intensity

Isat =
""

0

c h2

µ2

12

(�
1

+ �isc)�2

(2+ �isc
�T

)
(2–18)

that reduces to (2–5) for �isc ! 0. We can identify additional parameters
to characterise this system. Looking at eq. (2–17), we can isolate the ratio
B = �isc/�T. This is the triplet “bottle-neck” parameter, and it regulates
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Figure 2.5 Plot of g(2)(⌧) for the level scheme of fig. 1.7 and different .
Saturation S = 10 and �T = 10-3 �

1

. It is possible to notice the
bunching due to the triplet bottle-neck for times ⌧ ⇠ �T. The inset
compares the cases  = 10-7 and  = 0 (dashed), showing the
almost negligible difference.

the population in the triplet, relative to that in state S
1,0. We can also

define the branching ratio  = �isc/�1 which expresses the relative prob-
ability of spontaneous decay from S

1,0 to the triplet and to the ground
state.

Following the Laplace transform method it is possible to obtain a time-
dependent solution for ⇢

22

, and therefore for g(2)(⌧) [88]. The most not-
able effect of the triplet state is to stop the fluorescence of the molecule
for times of the order of �T, the previously mentioned blinking effect.
Therefore, when analysed over long times, the fluorescence consists of a
stream of photons with dark periods of length ⇠ �-1

T , and this is reflected
in g(2)(⌧) > 1 for ⌧ ⇠ �-1

T . In contrast with the antibunching close to
the origin, here the g(2)(⌧) shows bunching, due to the separation of the
fluorescence into bright and dark periods. Figure 2.5 is a plot of g(2)(⌧)
for three values of the triplet-singlet decay branching ratio , while satur-
ation is kept constant. The triplet state lifetime was set to the plausible
value of 103 �-1

1

. As is clear from the inset, the bunching is almost neg-
ligible for the estimated  = 10-7 of DBT in Ac. By considering realistic
values for the decay rates, g(2)(⌧) can be simplified. As the lifetime of the
triplet state for organic molecules is in the microsecond regime [116, 126],
and the branching ratio  for DBT in Ac has an upper limit of 10-7 �

1

[126], we can write g(2)(⌧) for long times as [82]

g(2)(⌧) ⇡ 1+
B

2
e-�

T

⌧. (2–19)
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�.�.� Blue-detuned pumping

So far we have treated the case of resonance fluorescence, where the
molecule is excited resonantly on the ZPL. This case is suitable for coher-
ent control of the state of the system, as is required for use in quantum
gates [144] or memory devices [145]. However, if we keep in mind the
goal of efficient single photon generation, this scheme is not the most
favourable. Due to the resonant nature of the pumping, population in-
version cannot be achieved in a continuous excitation mode, as we see
in eqs. (2–3). Moreover, the emitted photons cannot be distinguished
from the pump light on the basis of wavelength. It is better in this case
to pump the molecule into a vibrationally excited state S

1,⌫, which then
relaxes rapidly to S

1,0. This permits full population inversion, and sep-
arate the pump and the emission frequencies, as discussed more fully in
section 1.4.

The rate of the (nonradiative) vibrational relaxation �nrad is of the order
of 1012 s-1 [90]. The precise value of �nrad is different for every molecule,
and can be deduced from the linewidth of the S

1,⌫ ! S
0,0 transition. We

have mentioned that a strong absorption has been observed for pumping
to S

1,3, and that is what we use for this purpose. The energy level scheme
for this new regime is presented in figure 2.6.

With the same formalism used before, and with ⇢
33

as the population
of S

1,3, the new optical Bloch equations are
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where again ⇢
13

= ⇢⇤
31

, ⇢
23

= ⇢⇤
32

and the population is conserved ⇢
11

+

⇢
22

+ ⇢
33

= 1. �
3

is the spontaneous radiative decay rate of the S
1,3 !

S
0,0 transition.

This system can be solved with the same procedure described in the
previous section, but an equivalent, and easier, solution for ⇢

22

can be
obtained if we consider the timescales of the different decay processes.
As the molecule is excited to S

1,3, the quick non-radiative decay �nrad

transfers the population from ⇢
33

to ⇢
22

. This process is much faster
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Figure 2.6 Plot of ⇢
22

(t) for increasing S in the incoherent pumping regime
described by eqs. (2–20). The exponential rise of ⇢

22

becomes
sharper and sharper as the system is pumped harder. Inset: en-
ergy level scheme for blue-detuned pumping. The non-radiative
relaxation rate �nrad quickly transfer the population from S

1,3 to
S
1,0.

than the damping rate �
3

, that can therefore be discarded. In addition,
the emission rate �

1

, that will take the molecule back to S
0,0 is also much

slower than �nrad; any coherence between ⇢
33

, ⇢
22

and ⇢
11

is washed
out. We can therefore move to a system of rate equations for a three-level
system, where ⇢

33

is populated with a rate K, and all the off-diagonal
terms of the density matrix are null:
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Given that �nrad � �
1

, �
3

and K, the time-dependent solution for ⇢
22

(t)

of this closed system can be readily found as

⇢
22

(t) =
K

K+ �
1

⇣
1- e-(�

1

+K)t
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=
Sblue

1+ Sblue

⇣
1- e-�

1

(1+Sblue)t
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(2–22)

where Sblue = K/�
1

. This shows an approach to full population inver-
sion at high saturation. Plots of ⇢

22

for different level of saturation are
reported in figure 2.6.
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Figure 2.7 Plot of g
(2)
blue(⌧) for increasing saturation S. As the excitation

intensity is increased the antibunching dip narrows, with no effect
on g

(2)
blue(0).

The same asymptote can also be obtained by solving eqs. (2–20) in the
steady state regime. They are solved explicitly in Appendix A.1, and we
report here only the useful result relating Sblue to the Rabi frequency

Sblue =
⌦2

0

2�
1

�nrad
. (2–23)

On comparing this with the expression S =
⌦

2

0

�

1

�

2

, given just below eq. (2–2),
we see that the blue-detuned pump needs more power by a factor of
2�nrad/�2 to reach the same level of saturation.

From the population ⇢
22

we obtain a formula for the second-order
correlation function, which is nothing more than eq. (2–22) normalised
to long times:

g
(2)
blue(⌧) = 1- e-�

1

(1+Sblue)⌧. (2–24)

Plots of g(2)(⌧)blue for different values of saturation S are presented in
figure 2.7. As the excitation power is increased the antibunching dip nar-
rows because the equilibrium is approached at a rate �

1

(1+ Sblue). While
g
(2)
blue(0) is unaffected by the increasing power, the steep rise of g(2)blue(⌧) can

be hard to detect. The jitter in the detection signal can easily smooth the
antibunching dip, sometimes bringing g

(2)
blue(⌧) above the 0.5 limit. A con-

volution of the correlation function with the correct instrument response
function is then necessary [125].



3
S P E C T R O S C O P Y A N D
P H OTO P H Y S I C S O F
S I N G L E M O L E C U L E S

This chapter details the experimental analysis of single molecules in
anthracene. Its optical properties are probed at room temperature, be-
fore exploring the cryogenic regime. The theory derived in the previous
chapter is used to extract useful information about the molecules, such
as dephasing rate, saturation intensity and triplet state lifetime. Finally,
the role of temperature-induced dephasing on the second order correla-
tion function g(2)(⌧) of the molecule is explored. I use these results to
compare the full solution introduced in the previous chapter with several
approximations presented in the literature.

�.� ��� �������� ����������

The optical setup uses the well-established technique of confocal micro-
scopy. This is widely used in several fields of science, from high resolu-
tion imaging to the observation of biological processes, and it is the work
horse of single molecule microscopy and spectroscopy [146–148]. The
usual setup has two optical paths, both going through an objective lens.
One is used for illumination, usually with a collimated laser beam, and
the other for collection of the sample emission. Discrimination between
the excitation light and the sample fluorescence is achieved by separat-
ing the two due to their differences in polarisation, spectral properties or
spatial profile.

Our setup follows the same principles, and a sketch1 of it is reported
in figure 3.1. Light from a tuneable laser is spatially filtered by coupling
it into a polarisation-maintaining fibre (PMF) and used as the excitation
light. On a separated optical table the laser light is collimated again and
is then filtered in polarisation and wavelength by means of a polariser (P)
and a band-pass filter (BP, Thorlabs). A further half wave plate (HWP) is
used to vary the polarisation of the excitation light.

The beam is then directed into an objective lens (Karl-Zeiss Epiplan
Neofluar, 100x magnification) that focuses on the sample plane, to a spot

1A more detailed description of the experimental setup is shown in Appendix B.
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Figure 3.1 Schematic of the confocal microscope used for cryogenic spectro-
scopy of single molecules. PMF: polarisation-maintaining fibre.
P: polariser. HWP: half-wave plate. BF: band-pass filter. BS:
beam splitter. SM: scanning mirrors. LP: long-pass filter. MMF:
multimode fibre. APD: avalanche photodiode.

with a FWHM of 550 nm. This result is in close agreement with the
expected diffraction-limit value given by [149]

D = 1.22
�

NA
(3–1)

where D is the spot diameter, � is the wavelength of the laser light and
NA is the numerical aperture of the objective. This is defined as

NA = n sin ✓ (3–2)

where n is the refractive index of the medium in which the light propag-
ates (in our case air or vacuum), and ✓ is the maximum angle of deviation
from vertical incidence at which light enters or exits the lens. For our ob-
jective NA = 0.9, therefore the maximum angle of incidence of light in
air is about 64�. The diffraction-limited condition of eq. (3–1) is achieved
only in case of perfectly collimated laser light, but a more decisive factor
is the filling parameter, the ratio between the beam diameter and the back
aperture of the objective lens [150, Sec. 3.6]. To ensure that this aperture
is filled, the laser beam is expanded by a telescopic system of lenses to a
FWHM of 2.98(3) mm.

The fluorescence emitted by the sample, as well as back-scattered ex-
citation light, is collected by the same objective lens. The portion of
radiation that is within the numerical aperture of the objective is col-
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limated, and propagates back along the same path. It is then spatially
separated from the pump on a 50:50 cube beam splitter, and spectrally
filtered by means of two long-pass filters (HQ 800LP Chroma). Finally,
the beam is focused into a multi-mode fibre, that can be coupled to an
avalanche photo-diode detector (APD, Perkin Elmer), to a spectrometer
(Andor Shamrock 303i, with Newton 791-FI CCD) or to a fibre beam split-
ter (Thorlabs) connected to two APDs for time correlation measurements.
It is usual in confocal microscopy to have a pinhole at the focal plane of
the last focussing lens, as an additional spatial filter. The diameter of the
pinhole is used to define the depth of field of the microscope by rejecting
light from outside of the focal plane of the objective [151]. In our case
the core of the multimode fibre serves as the pinhole. With a diameter of
? = 62.5 µm, the fibre collects light from an area

fobj

flens
? ⇡ 10µm2 (3–3)

where fobj and flens are the focal lengths of the objective lens and of the
collection lens. This area can seem too wide, especially when considering
the dimensions of the laser spot. However, due to the low power usually
used in single-molecule microscopy, this large collection is not a limit-
ing factor nor does it affect the signal-to-noise-ratio, and instead highly
simplifies the alignment of the collection optics.

Images of the sample are obtained by raster-scanning the laser spot,
and collecting the fluorescence from the sample. This is accomplished
by changing the angle of incidence of the laser onto the objective, that
then focuses the light to a different position. Two galvanometric mirrors
(Thorlabs) are put to this use. An image limited to about 25⇥25 µm can be
collected before the beam is clipped by the back aperture of the objective,
diminishing excitation and collection efficiency. In addition, the setup
allows white-light imaging. A white light source2, is first collimated, and
then superimposed onto the confocal path on a beam splitter. Another
beam splitter picks off the reflected light, that is then imaged with a CCD
camera (Andor Luca 785 MONO). Two irises, one after the white-light
source and one after the camera beam splitter, are used to optimise the
brightness of the image.

2Reported in figure B.1.
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Figure 3.2 Scheme of the Montana cryostation, and of the sample holder
design.

Cooling the molecules

Interactions between the DBT and its host environment can greatly
increase the spectral width of the emitted light. To reach the natural
linewidth the molecules have to be cooled to below 4 K. This was accom-
plished using a close-cycle Montana cryostation, illustrated in figure 3.2.

Helium gas is compressed in two stages, and is then evaporated onto
a metal cold-finger, that reaches a temperature of 2.5 K. The cold finger
then extends to the main chamber, that is kept under vacuum (pressure
< 0.1 mTorr). Here a base platform is cooled to 3.15 K, the difference in
temperature with the cold finger owing to imperfect thermal connections.
A 3D piezo-positioning stage is placed on the platform, on top of which
the sample holder housing is located. Heat is transferred from the plat-
form to the sample by a system of metal springs. These bring the sample
holder at the top of the attocube to a temperature of about 3.3 K, while
still allowing free movement in all three directions. The platform and
the sample holder temperatures are monitored by thermometers. The
sample chamber is separated from the objective by a radiation shield that
is kept, together with the chamber walls, at a temperature of 30 K. As
the objective is not suitable for cryogenic purposes, and it is kept at room
temperature by a heater ring, the shield is necessary to isolate the sample.
The radiation shield is placed 200 µm below the objective, and features a
2 mm hole aligned with the objective to allow imaging. Since the object-
ive has a working distance of 300 µm, only 100 µm are left between the
focal plane and the radiation shield. Therefore, the confocal image can
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at Platform None Glass Slip Wafer Quartz

Varnish 3.6 7.49 8.98 7.34

Silver paint - CMR 3.5 10.33 10.63 13.14

Silver paint - Elec 3.15 5.25

Silver paint - Agar 3.15 3.93 4.19 6.56

at Sample None Glass Slip Wafer Silicon

Silver paint - Agar 3.15 4.17 3.94 3.92

Table 1 Temperatures read by the thermometer placed in the test copper
block, connected with different cement and substrates to the cryostat
platform or sample.

only be in focus down to 100 µm below the top surface of the sample,
and this has to be taken into account when designing samples.

The sample holder is divided into two pieces, one of which removable.
Individual samples are attached to the removable part by a cement; differ-
ent samples can be easily swapped by exchanging sample holders, while
keeping their thermal connection intact. This is indeed a crucial factor: as
the sample is not immersed in liquid helium, and the temperature of the
sample holder is already at the limit of what is needed for single molecule
spectroscopy, an optimal thermal connection had to be achieved.

For this purpose I ran a series of tests with different cements and sub-
strates, with the aim of measuring the minimum temperature of the sur-
face of a substrate once thermally connected to the sample-holder. As the
Ac crystal would be deposited on it, and considering that the platform
itself is already at 3.3 K, I had to make sure that molecules would be
cooled to below 4 K. I removed the thermometer controlling the sample
holder from its casing, and I inserted it into a copper block as reported
in figure 3.3. By connecting this block to the cryostation using different
cements, and interposing different substrates between the block and the
cryostat, I tested what temperature could be attained for every combina-
tion. We tested the following substrates:

• a glass microscope cover slip, with a thickness of 120 µm;

• a quartz slide, with a thickness of 2 mm;

• a portion of a silicon substrate, with a thickness of 550 µm;

• a silicon wafer, with a multiple coating of 2 µm of silica (SiO
2

) and
120 nm of silicon nitride (Si

3

N
4

), for a total thickness of 550 µm.
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Figure 3.3 On the left, picture of the copper block housing the sample ther-
mometer, used to tests the thermal conductivity of substrates and
cements. The right plot reports the typical temperature measure-
ment for the case of thermal grease.

Initial tests were performed removing the attocube and connecting the
thermometer directly with the platform. At first we tested the thermal
grease provided by Montana. This is a carbon-based grease that provides
a good thermal contact, especially for metal-metal interfaces. However,
around ⇠ 200 K the grease solidifies, usually causing the sample to detach
from the sample mount. This is clearly visible in figure 3.3, where a sharp
separation appears between the temperature reading of the sample and
the platform.

I therefore looked for other cements, giving better thermal connection
with the sample. Together with thermal grease, Montana supplied us
with varnish-based glue. This requires curing at 70� C for 25 minutes
to reach optimal conditions of strength and thermal conductivity. At the
same time, I purchased two different kinds of silver paint, easily available
from commercial websites, such as RS. While the specific conditions var-
ied between products, they all required curing to reach optimum perform-
ances. I tested these cements by placing the thermometer block directly in
contact with the platform, with and without each of the substrates listed
before. The results are reported in table 1. When the thermometer block
was glued to the platform, almost every cement gave a good thermal
connection, with sample and platform temperature readings showing the
same result (even for thermal grease). However, once any substrate was
placed between the cryostat and the copper block each combination gave
a different, sometimes surprising, result. Of particular interest were the
first tests obtained with silver paint. This kind of cement was deemed
to be the most reliable, but the temperature reached with the first batch
of silver paint 3 was far from optimal, and even higher than what was

3CMR conductive silver paint RS186.
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achievable with varnish. In many cases the sample flicked off the mount
during the cool down. A second batch of silver paint4, with a lower
concentration of silver, was more successful. A temperature below 6 K
was achieved with a glass slide inserted between the thermometer block
and the platform. Following this positive result, a new silver paint5 was
purchased. Despite having a moderate silver content (⇠ 60%), the large
size of the silver flakes proved to be key for an ideal thermal connection.
After the attocube was placed back inside the chamber, we measured the
sample temperatures listed in the last row of table 1. Even with this
additional thermal load on the cryostation, a temperature of ⇠ 4 K was
achieved with most of the substrates. This crucial dependance on the
nature of the silver paint was attributed to the considerable strain put
on the cryostat. As the temperature of the sample mount is already as
high as 3.2 K, a maximum of 0.8 K can be lost across the substrate and
through the anthracene crystal in order to attain lifetime-limited emission
from single DBT molecules.

Laser sources

As reported in section 1.4, once the molecules are brought to liquid he-
lium temperatures the interaction with lattice phonons is suppressed and
the coherence lifetime is only limited by population decay. In these con-
ditions the ZPL has a lifetime-limited linewidth of 40 MHz, distributed
over about 1 THz due to differences in the local environment of the indi-
vidual molecules. In order to address a single emitter, the source of the
excitation light in the confocal microscope has to be specifically tailored.
In particular, it has to feature a narrow linewidth (6 1 MHz) that can
be scanned over the whole inhomogeneous width. Three distributed-
feedback (DFB) diode lasers, centred at 785 nm (Eagleyard), 780 nm
(Eagleyard) and 767 nm (Toptica) fulfilled these requirements.

The temperature and the current of the diodes can be controlled, to
scan and stabilise the emission wavelength. In order to monitor the laser
frequency, a portion of the excitation light is subtracted from the main
beam and focused into a PM-fibre. The light is then collimated, and
re-focused into a Fabry-Perot cavity (Thorlabs SA210-5B) with a lens of
focal distance 10 cm. A silicon photodiode (Thorlabs) collects the light
transmitted through the cavity. The length of the cavity is changed by
controlling the voltage sent to a piezoelectric attached to one of the two
cavity mirrors. Whenever the length of the cavity changes by an integer

4Electrolube conductive silver paint.
5Agar Scientific.
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Figure 3.4 Schematic of the setup for the stabilisation and the control of the
laser diode wavelength. FPC: Fabry-Perot cavity. PD: silicon
photodiode. PID: Proportional-Integro-Derivative loop.

multiple of the light wavelength there is a new maximum transmission,
detected by the photodiode.

This particular cavity is confocal: two equal spherical mirrors are separ-
ated by a spacing L that is equal to their radius of curvature, and the free
spectral range is FSR = c/(2L) = 20 GHz. The odd and even transverse
modes are equally spaced, giving the appearance of a 10 GHz FSR, but
when the input is well centred and symmetrical the odd modes disappear.
Observing this is a good indication that the light is well aligned with the
cavity. When the cavity length is accurately confocal, the even modes are
exactly degenerate and then the linewidth is determined by the cavity
finesse, which in this case is ⇠ 100.

The piezolectric mirror of the cavity was controlled by a voltage driver
(Thorlabs MDT693A), and the cavity length was adjusted to reach half of
transmission peak by looking at the transmitted light with the photodi-
ode and an oscilloscope. The photodiode signal was fed to a Proportional-
Integro-Derivative (PID) loop (Stanford Scientific SIM960), that in turn
controls the voltage sent to the current controller (Thorlabs LDC205C) of
the laser diode. If an external voltage was applied to the cavity, the PID
loop changed the wavelength of the laser light to match the change in
cavity length, and therefore restored the same level of transmission. A
change in voltage of 1 V translated into a change of about 1 GHz in laser
frequency.

As the diode laser current was changed to produce a frequency scan, so
too did the power emitted by the laser. As the molecules are expected to
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be as narrow as 30 MHz, no effect on the shape of the molecular transition
was anticipated, and no other error on the frequency of the laser was
noticed. Nonetheless, in case of features with a wider excitation spectrum,
or for background purposes, one should take into account this change in
power.

The temperature of the diode laser was also monitored and controlled
(Thorlabs TE200), because the temperature of the diode affects the laser
frequency. The diode can operate between 8 �C and 40 �C. This does not
offer a practical way to scan the laser because the thermalisation time is
long, but it does allow coarse tuning of the centre frequency.

In addition to three DFB diode lasers, I employed a pulsed diode laser
(PicoQuant). It features a central wavelength of 755 nm, a pulse length of
150 ps and a maximum repetition rate of 40 MHz. This laser was used
in the time-correlated single-photon counting (TCSPC) measurements,
presented in section 3.2.2.
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�.�.� Growth of DBT-doped Ac crystals

Anthracene and DBT have been widely studied, both separately and
as a host-dopant configuration, and many growth techniques have been
developed. The one that best suited our needs is co-sublimation: DBT
and anthracene are heated below their melting points, and the two va-
pours mix and crystallise on a collection plate. Co-sublimated crystals
have been used in most of the recent studies on single-photon emission
in DBT [90, 117, 126, 152].

Our crystals grow in a home-made co-sublimation oven [116, 121]. The
main chamber is composed of a cylindrical stainless-steel mount, that is
evacuated and filled with nitrogen. The temperature of the chamber is
controlled by a tape heater wrapped around it, with layers of fibreglass
wool and aluminium foil to provide thermal insulation. Inside the oven
there are two aluminium crucibles, one containing the anthracene and
the other the DBT molecules. To ensure good temperature control each is
actively stabilised. A first coarse control is provided by cartridge heaters,
that bring the temperature within 3 �C of the desired value. A thermo-
electric component provides the final and finer adjustment of the temper-
ature, with a precision up to 0.1 �C. The cartridge and the thermoelectric
heaters are thermally linked to each other and to the crucible using a
high temperature paste and are monitored by resistance thermometers.
The top cover of the oven is the copper collection plate. Its temperature
is controlled in the same manner as the two crucibles, but as it needs
to be at a lower temperature an additional cooling is supplied by water,
connected through copper piping to the top of the cartridge.

A standard growth takes about 4.5 hours [116]. The crucible of DBT is
filled with 1 ml of a 1 mMol solution of DBT molecules6 in toluene, that
lasts for multiple growths. The anthracene crucible is filled with 1 g of Ac
powder7, that is replaced after every growth. The oven is then pumped
and purged with nitrogen four times, and finally left with a nitrogen
atmosphere at 225 mbar. The exclusion of oxygen from the environment
minimises the probability of photobleaching for the DBT molecules, as
explained in section 1.4. The heater tape is then turned on, bringing the
walls to 160 �C; this is essential to avoid growing crystals on the side
walls. At the same time the copper collection plate is brought to 102 �C.

6

17.8,15.16-dibenzoterrylene supplied by the Institute for PAH-Research, Greifenberg,
Bavaria

7CAS: 120.12.7, > 99% purity, Aldrich.
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Figure 3.5 Crystal of Ac from cosublimation. (a) Half of the hexagon is clearly
visible. (b) An improperly covered crystal. Considerable portions
of the crystals have already evaporated, leaving holes that present
the same hexagonal shape as the crystals themselves.

After an hour of stabilisation, the temperature controls of the crucibles are
turned on. The Ac crucible is brought to 130 �C, while the DBT crucible
can be adjusted between 130 �C and 200 �C to control the concentration
of molecules in the Ac crystal. In the following 2 hours crystals start
growing on the top collection plate. After this time the cartridges of the
two crucibles are turned off, and when their temperatures equal that of
the collection plate everything is shut down, to allow a uniform cooling
of the entire oven back to room temperature.

Each growth yields tens of thin anthracene crystals that hang from the
top collection plate from one of the vertices of their hexagonal shape, and
are typically a few mm across. A typical example is shown in figure 3.5(a).
A crystal is collected with tweezers, and then placed on a glass cover slip
or silicon substrate for optical analysis. The Ac crystal is held together by
weak Van der Waals forces, and quickly sublimes at room temperature if
not protected, as illustrated in figure 3.5(b), so we spin coat a thin layer of
polyvinyl alcohol (PVA). A solution of 4 m/m PVA (Aldritch) is heated
to 80 �C for an hour to let it dissolve, and then stored in a fridge. For
each crystal 20 µl of PVA were deposited on the sample, that is then spun
at 6000 rpm for a minute. This creates a thin layer (⇠ 50 nm) of PVA that
protects the crystal from sublimation.
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�.�.� Optical measurements

Our first task is to check at room temperature that there are DBT emit-
ters at a useful concentration by making a raster scan of the confocal
microscope with excitation at 785 nm, as shown in figure 3.6a. There we
see about 40 bright spots in a region of about 100 square microns. This
is enough for the current testing of the optical properties of single mo-
lecules. Next we need to confirm that the light is indeed scattered by
DBT and not by contaminants or defects. We confirm this by looking at
the polarisation of the scatterers, the saturation of their scattering rate,
and the antibunching of their emission.

Polarimetry

As discussed in section 1.4, DBT molecules align along the b axis of an
anthracene crystal, and this is also the direction of the optical transition
dipole µ. Varying the polarisation of the excitation light changes the µ ·E
term of the Rabi frequency, completely extinguishing the excitation when
the two are perpendicular. This is not the normal behaviour of contam-
inant molecules or defects that may also scatter the light. Figure 3.6b
shows two raster scans of a doped anthracene crystal, taken with linear
polarisations of the excitation light that are 90� apart. Most of the bright
spots become very dim as the angle between the molecular dipole and
the laser light was increased. The residual light was probably due to im-
perfect linear polarisation of the excitation light. Another possibility are
clusters of DBT molecules that were not well included in the Ac crystal
and therefore showed a different response to polarisation.

Saturation

As expressed in eqs. (2–3) and (2–22), the probability of populating the
excited state of the molecule eventually saturates with increasing power.
This is a consequence of the non-linear nature of a two-level system. If
we look back at the expression of the saturation intensity of eq. (2–5), we
can estimate a rough value for Isat. Considering a radiative lifetime 1/�

1

of a few nanoseconds [91, 94, 121, 126], and a typical dipole moment for
a dye molecule of a few debye [126], then

Isat

�
2

=
""

0

c h2

µ2

12

�
1

2
⇡ 10-8 W/cm2/Hz (3–4)
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(a) Example of a confocal scan of a co-sublimated crystal of Ac, showing about 40 individual
DBT molecules. The edge of the crystal is visible in the top right corner.
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(b) Test of single photon emission. The panel on the left shows a saturation trace for a single
molecule. The scans on the right are taken with the polarisation light 90� apart. As
the DBT molecules are all aligned along the same crystallographic axis, as the excitation
polarisation is changed the emission rate is modulated.
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(c) Left: instrumental timing resolution, using 250 ps - wide pulses of the Picoquant laser.
Right: antibunching measurements of 4 different molecules, notice the top right that is
actually two molecules.

Figure 3.6 Optical properties of single DBT molecules at room temperature.
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This means that, considering the room temperature spectrum of DBT
of ⇠ 10 THz [91], at room temperature Isat ⇡ 106 W/cm2. For a Gaussian
beam of spot size w

0

the maximum intensity is given by

I =
2 P

⇡w2

0

. (3–5)

Then, with our spot size of 467 nm, saturation is reached with an incident
power of Psat ⇡ 10-2 W. If we take into account additional losses due to
optical elements, like beam splitters, filters, polarisers or the windows of
the cryostation, then a significantly higher laser power is needed at the
output of the optical fibre.

At such high power, the emission from the molecule is mixed with a
high background, coming from scattered laser light and emission from
the substrate. It is therefore necessary to measure this background, that
shows a linear behaviour. This background can then be added to eq. (2–6),
giving the formula:

Rexp(I) = a
S

S+ 1
+ b I (3–6)

for the detected emission rate, with S = I/Isat as before. The additional
term b I is the linear background contribution to the total count rate, and
b is taken from the linear fit of the background. A saturation trace of a
single molecule (where the background is already subtracted), is shown
in the left panel of figure 3.6b. The saturation of the collected fluorescence
identifies the emitter as a two-level system. We measured typical values
for Isat of ⇠ 2 · 105 W/cm2 and maximum count rates in the order of ⇠ 100

kC/s.
It is worth noticing that from this saturation data one could extract the

total collection efficiency of the apparatus. The parameter a gives the
maximum count rate in collection. By comparing it with the expression
given in eq. (2–6), we see that the ratio 2a/�

1

is equal to the total collec-
tion efficiency ⌘ of the setup8. We will see later in this section and in the
next one how �

1

can be determined. For the moment, considering the
reported values of 1/�

1

of a few ns [91, 94, 126], by considering the de-
tector efficiencies, losses due to optical elements and filters, we estimate
a maximum value of collection efficiency of ⌘ 6 10-3.

8It is important to remember that ⌘ is highly affected by the filters used in collection,
especially in the case of molecules at cryogenic temperatures. Moreover, at room tem-
perature it can change with the excitation wavelength. Cf. appendix A.1 for a complete
analysis.
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Antibunching

After saturation and polarisation analysis most false positives are usu-
ally identified. However, some contaminants or impurities could still
show polarisation dependent emission as well as saturation. The final
test is to check the photon statistics of the emitted radiation, and confirm
that it is a stream of single photon. This means measuring the second
order correlation function g(2)(⌧) introduced in section 2.1.3, in an anti-
bunching measurement accomplished with the setup of figure 3.1. The
fluorescence from the microscope, separated from the pump, is coupled
into a fibre beam splitter, and the two outputs are monitored with APDs9.
The signal from the detectors is sent to a time-correlator (PicoQuant Time-
Harp 260), that monitors the arrival times of pulses in the two channels.

One detector, the start, sets the clock in motion, while the other, called
sync, gives the timing reference and stops the clock. It is then possible
to build a histogram C(⌧) of the lengths of the time intervals between
detection events. When the time ⌧ between two detection events exactly
matches the path difference between the two channels, then the histo-
gram should show a dip in case of a single photon emitter because it is
impossible for one photon to be detected simultaneously on two different
paths.

The histogram C(⌧) is then proportional to the joint probability pnext(⌧) =

p (⌧ | 0) of detecting a photon at time t = ⌧, given that the previous one
was detected at time t = 0. C(⌧) is equivalent to g(2)(⌧) in the case of
low count rates on both channels [54]. In fact, g(2)(⌧) is proportional
to the probability p (t+ ⌧ | t) of detecting a photon at time t + ⌧ given
that a photon, not necessarily the previous one, was detected at time t.
The histogram C(⌧) can be normalised to long times, so that it oscillates
around 1 away from the antibunching dip, and then it can be fitted with
the appropriate g(2)(⌧).

Because the photon stream is split between two detectors, the anti-
bunching dip can be seen even when it is narrower than the dead-time
of the detectors [153]. However, the jitter in the timing of the TTL pulse
from the APD after the detection of a photon can compromise the dip
significantly. To this purpose, we set out to measure the time-jitter of
our setup. Using as excitation the pulsed diode laser, heavily attenuated,
we removed the long-pass filter and collected the scattered light from
the sample, measuring C(⌧). The result is shown in the left panel of fig-
ure 3.6c. While ideally C(⌧) would be a delta function for this case, due

9Of course, g(2)(⌧) could be measured using only one number-resolving detector,
with a negligible electronic response time and detection efficiency close to unity.
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to the time jitter of the detectors it can be fitted by a Gaussian. For our
case, we measured a variance of 455 ns. This Gaussian is then used to
convolve g(2)(⌧), before fitting to experimental data. The recorded his-
togram C(⌧) is convolved with the instrument response function of the
combined BS-APDs-TimeCorrelator setup. The sharp exponential rise of
the antibunching function is smoothed by the convolution, and g(2)(0)

rises above 0. This is particularly evident for g(2)(⌧) in case of large
dephasing, or for the blue pumping presented in eq. (2–24).

We then proceeded to measure g(2)(⌧) for several emitters in the crys-
tal, to check whether they were single molecules. Figure 3.6c reports
antibunching plots for four of them. The dip on the top right only goes
down to g(2)(0) ⇡ 1/2, suggesting, through eq. (2–15), that this emitter
is made up of two molecules. Since these measurements were carried
out at room temperature, and therefore with large values of dephasing, a
single exponential rise is visible, confirming the prediction of figure 2.4b
for high values of �

2

/�
1

.

The other dips in figure 3.6c, despite being lower than the 0.5 threshold
for single photon emitters, do not go down to zero at ⌧ = 0. The de-
tector response contributes to this, but another effect has to be taken
into account, that is the presence of background photons in the detec-
tion channels. These can come from unfiltered scattering from the laser,
background from the medium surrounding the single emitter or from the
detector dark counts. For the case of silicon APDs, the latter can be dis-
regarded. However, our imperfect signal-to-background ratio can be an
issue for solid state single photon emitters. When calculating the effect
on g(2)(0) of accidental counts, we have to consider two contributions [67,
154]. The first is an accidental correlation between background counts,
whose probability is the square of the probability of detecting a single
background photon. This is given by Pbg = Rbg/(Rbg + Rsig), where Rbg

is the background count rate, and Rsig is the signal count rate. Secondly,
correlations between accidentals and signal photons must also be taken
into account. In a similar fashion, these are given by the product of Pbg

with the probability Psig = Rsig/(Rbg + Rsig) of detecting a signal photon.
The adjusted value for the g(2)(0) is then given by

g(2)(0) = P2

bg + 2PbgPsig =
R2

bg

(Rbg + Rsig)2
+ 2

RbgRsig

(Rbg + Rsig)2
. (3–7)
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Figure 3.7 Example of a TCSPC measurement. The delay represents the time
of arrival of single photons with respect to the 150 ps excitation
laser pulse. The instrumental response function (IRF), measured
using scattered laser light, is shown in black.

It is then important to record the count rates of both detection channels,
as well as the background level. This can have a major contribution in
case of room temperature antibunching measurements10.

Time-Correlated Single Photon Counting measurement

The final characterisation of a single DBT molecule is to measure dir-
ectly the lifetime of the excited state S

1,0. We know that the probability
of spontaneous emission from S

1,0 to S
0,0 follows an exponential decay

_ e-�

1

t. Therefore, by making a histogram of the emission times fol-
lowing a pulsed excitation it is possible to reconstruct this profile and
determine �

1

.
For this excitation we make use of the pulsed diode laser. Our diode

laser has a pulse length of 150 ps, that is considerably shorter than the
lifetime of the excited state. A molecule excited by this laser is subject to
an almost instantaneous transfer to the excited state. Moreover, the laser
repetition rate naturally provides the reference signal from which to start
measuring the time of arrivals of the emitted photons.

The setup is similar to the one used for measuring the second-order
correlation function. This time the sync signal is provided by the laser,
while the fluorescence from the molecule is entirely used for the start
channel. The time-correlator then builds the usual histogram C(⌧), this
time measuring the difference in time of arrival between the laser refer-

10While this contribution is almost negligible in this case, it will be crucial in the next
chapter.
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ence signal and the first APD pulse. C(⌧) then exhibits the exponential
decay due to spontaneous emission.

This procedure, called Time-Correlated Single Photon Counting (TC-
SPC), is a much faster way to determine the lifetime than measuring
g(2)(⌧), as it does not require a coincidence count between two detectors.
Here too, though, it is necessary to account for the instrumental response.

We measure this function by performing a TCSPC measurement on a
portion of the sample that does not contain any fluorophores, but does
scatter some light. That response is then convolved with the exponential
decay of spontaneous emission, and used for fitting C(⌧). In figure 3.7 we
report a typical TCSPC measurement for a single DBT molecule. The sig-
nal from the molecule, after the background signal is subtracted, shows
the expected linear behaviour on a semi-logarithmic scale, for times long
compared with the response time. We have measured lifetimes between
2.8 and 5.2 ns, matching previous measurements in similar crystals [121,
126].
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Bright emission spots in the crystals of anthracene grown with the co-
sublimation technique presented all the optical signatures of single DBT
molecules at room temperature, as presented in the last section. Satisfied
that these were indeed single emitters of DBT, we then cooled them to
the base temperature of the cryostation (⇠ 4 K), to perform further study
of resonance fluorescence and coherent control.

�.�.� Spectroscopy

When the molecules are cold, the scattering resonance of a single DBT
is only 30- 40 MHz wide, whereas the range of local field shifts is many
tens of GHz. This makes it challenging to find molecules by their fluores-
cence when there are only a few tens of molecules in the field of view, as
we normally choose to have.

Figure 3.8a shows 3 raster scans of a crystal of Ac. The panel on the
left is a scan at room temperature, similar to figure 3.6a, where many
bright spots can be identified. As the temperature is lowered and finally
reaches the ⇠ 4 K conditions, barely a a single molecule is visible because
the lines are now so narrow. In the scan on the right, the molecules have
been recovered by moving the excitation wavelength to the blue, so that
the scattering resonances are broadened by the fast relaxation from S

1,⌫

to S
1,0.

To find the centre of the inhomogeneous distribution of the ZPL, the
sample was cooled to a temperature of ⇠ 50 K. I performed a series of
raster scans on the same crystal region, changing the laser frequency after
each acquisition. The total amount of counts collected in each scan was
plotted against the laser frequency, and fitted to a Gaussian, obtaining a
standard deviation of 93(1) GHz, and a central value of 784 nm (382.388
THz). This is more than a nanometer away from the values reported in
literature, a shift of about 105 the linewidth of a cold DBT molecule, and
this shift is expected to increase as the temperature is lowered. It is clear
then how important it is to track the ZPL at different temperatures11.

Having found the new centre of the inhomogeneous broadening, the
sample was brought to base temperature. The same measurements were
repeated, this time with a higher frequency resolution and at a high laser

11We recently performed a similar analysis on a different crystal with a higher thick-
ness, and found a central value of 784.68 nm (381.94 THz) with a FWHM of 200 GHz, at
a temperature of 10 K.
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power (expected saturation parameter S ⇡ 30). In this way the absorp-
tion spectra of the molecules were considerably power broadened (see
eq. (2–7)), making them easier to see, as shown on the left of figure 3.8b.
Again, I measured the total fluorescence from the sample as a function
of excitation frequency, as plotted in the centre panel of figure 3.8b. This
is centred at 783.86(1) nm (382.455 THz), with a standard deviation of
27.8(2) GHz, obtained from a Gaussian fit. The right hand panel of
figure 3.8b shows the resonant scan of a single DBT molecule, at 4 K.
The width of this line is only 50(2) MHz, corresponding to the natural
linewidth due to the radiative lifetime. This was a crucial result, that val-
idated our efforts in sample fabrication and mount design. The lifetime
limit, as we have seen in chapter 1, is a fundamental requirement for a
single photon source, and with this measurement we proved the quality
of our system.

In a similar fashion, we set out to measure the absorption spectra and
the distribution of the S

0,0 ! S
1,3 transition. I took a series of raster

scan of the sample, this time using the 767 nm diode laser, as shown on
the left of figure 3.8c. As on the right of figure 3.8a, many molecules
are seen because of the broad scattering resonance. By plotting the total
collected counts against the laser frequency, I map out the inhomogen-
eous distribution of the S

0,0 ! S
1,3 transition in the centre of figure 3.8c.

This is consistent with a Gaussian, having a central value of 766.16(1) nm
(391.289 THz) and standard deviation � = 41(1) GHz. The central value
of the distribution is comparable with the literature values [90]. The ad-
ditional noise in the plot is due to the appearance of bright emitters, that
are likely to be single DBT molecules with blue-detuned ZPLs. The right
hand panel of figure 3.8c shows the scattering resonance line for a single
molecule. This shows the wide resonance width (40 GHz) which results
from the fast relaxation (⇠ 4 ps) of the S

1,3 state.



�.� ��������� ������ 57

0

40

60

kC/s

783.8 nm
2 µm

20

0

40

kC/s

767 nm
2 µm

80

-1.0 -0.5 0.0 0.5 1.0
0

20000

40000

60000

80000

0 0.5-0.5-1.0 1.0

Co
un

ts
 [k

C/
s]

0

20

40

60

80

Detuning [GHz]

1 10 100 1000
0

20000

40000

60000

80000

1 10 100 1000
0

20

40

60

80

1 10 102 103

Pe
ak

 [k
C/

s]

Power [nW]

100

200

300

400

Li
ne

wi
dt

h 
[M

H
z]

●●●
●●●●●

●●●●
●
●

●
●

●

●●

●

●

●

●●
●●●●●●●

-0.20-0.15-0.10-0.050.00 0.05 0.10 0.15
0

5000

10000

15000

20000

25000

30000

Co
un

ts
 [a

.u
.]

0 0.10.1
Detuning [GHz]

0.2

381.70381.75381.80381.85381.90
10000
12000
14000
16000
18000
20000
22000
24000

382.20382.25382.30382.35382.40382.45382.50

50000

100000

150000

382.2 382.4

381.7 381.9
To

ta
l F

lu
or

es
ce

nc
e 

[a
.u

.]

Frequency [THz]

784.4 784.0
Wavelength [nm]

●
●

●

●

●

●

●

●

●
● ● ●

-0.05 0.00 0.05 0.10
0

10

20

30

40

50

0-50 50
Detuning [GHz]

Co
un

ts
 

391.20391.25391.30391.35391.40391.45

100000

110000

120000

130000

140000

150000

391.2 391.4
Frequency [THz]

766.4 766.0
Wavelength [nm]

To
ta

l F
lu

or
es

ce
nc

e 
[a

.u
.]

0

40

80

kC/s

4 K - 755 nm
2 µm

120

0

10

20

kC/s

300 K - 785 nm
2 µm 2 µm

kC/s

4 K - 784 nm 0

20

40

60

(a) Three raster scans, taken at room temperature (left), and at 4 K, with excitation light at
784 nm (centre) and 755 nm (right)
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(b) Analysis of the inhomogeneous broadening for the S
0,0 ! S

1,0 transition at 4 K. Left: high
power raster scan at 783.8 nm (383 THz). Centre: total fluorescence collected as a function
of excitation frequency. Right: resonant scan of the ZPL of a single DBT molecule.
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(c) Analysis of the inhomogeneous broadening for the S
0,0 ! S

1,3 transition. Left: raster scan.
Centre: total fluorescence collected as a function of excitation frequency. Right: resonant
scan of the S

0,0 ! S
1,3 line of a single molecule.
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(d) Effect of power on the linewidth of a single emitter. Left: resonant scans of a single molecule,
taken for increasing excitation power incident on the vacuum window. Right: width (FWHM,
circles) and peak scattering rate (triangles), versus power.

Figure 3.8 Optical properties of a DBT molecule below 4 K.
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�.�.� Saturation and power broadening

Next we investigated the ZPL scattering resonance of a single molecule
in more detail. The panel on the left of figure 3.8d shows a set of reson-
ance lines taken over a range of light intensities. These lines fit so per-
fectly to the Lorentzian form that the fits are not shown - they lie exactly
on top of the data. We began by looking at the width of the resonance,
which according to eq. (2–7) is

�⌫(I) = �⌫(0)
p

1+ I/Isat (3–8)

where �⌫(I) is the width of the line at intensity I, and �⌫(0) is the width
at low intensity. The circles in the panel on the right of figure 3.8d show
the widths versus the laser power incident on the vacuum window, and
the line is the fit to eq. (3–8). For this particular molecule, the fit gave a
saturation power of Psat = 34.6(5) nW. Looking at ten different molecules
we obtained values in the range 30- 50 nW.

By inserting a power meter right underneath the microscope objective
and comparing the power there with the power incident on the vacuum
window, I managed to measure a total transmission of ⇠ 60%. Taking the
transmission and the spot size of 467 nm, I determined that the saturation
intensity Isat incident on the surface of the anthracene is 6.07(7) W/cm2.
Measurements on other molecules gave a range of Isat of 5- 9 W/cm2.

Next, we turned to the peak scattering rates, which are plotted by the
triangles in the right hand panel of figure 3.8d. These should follow the
form S/(1+ S) given in eq. (2–6), and the line in the figure shows the fit
to this form. There is no need to allow for a background here (as I did in
eq. (3–6)) because the excitation intensity is much lower in this cryogenic
case. This particular curve gave Isat = 6.16(7) W/cm2, consistent with
our conclusion from the analysis of the widths. We can see that the two
methods are equally sensitive, but note also that there is an additional cal-
ibration uncertainty in both, due to the conversion from power (outside
the cryostat) to intensity (incident on the anthracene), which is of order
10%.

Turning to the saturation of the S
0,0 ! S

1,3 transition, this line is too
wide to be scanned with the diode laser, so I just looked at saturation
of the scattering rate. The fluorescence from the molecule was collected
with the APD, and averaged over a few second. This was repeated at
increasing excitation power, and the result fitted to eq. (2–6). A value of ⇠
10(1) kW/cm2 was obtained for a single molecule, in good agreement
with eq. (3–4) considering the ⇠ 40 GHz linewidth of the transition.
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Figure 3.9 Fluorescence spectrum of a single DBT molecule. The main plot
shows the single lines due to emission to the vibrational manifold
of the molecular ground state: the number is the distance from
the ZPL in cm-1. The dashed line represents the filter edge. The
inset spectrum on the right shows the ZPL, not blocked by the
filter on this case. Dashed is a room temperature fluorescence
spectrum for a single DBT molecule in Ac, for comparison.

�.�.� Emission Spectrum

Finally, I set out to measure the fluorescence spectrum of a single DBT
molecule. At first I excited the molecule resonantly on the S

0,0 ! S
1,3

transition, and collected the red-shifted fluorescence though a 780 nm
long-pass filter. This was then sent to a spectrometer. The spectrum,
shown in figure 3.9 showed all the expected emission lines for DBT in an-
thracene, as reported by Nicolet et al. [126]. Confirming previous results,
the strongest vibrational emission line is the one to S

0,3, mirroring the
S
0,0 ! S

1,3 transition. This is marked in the figure with its separation
from the ZPL, in cm-1. Other strong emission lines are marked in the
figure. These correspond to transitions to S

0,6 (the transition excited by
the pulsed 755 nm laser), S

0,12 and S
0,17.

After this measurement I excited the same molecule, this time filtering
the fluorescence with a 770 nm long-pass filter, allowing the ZPL to pass.
The new spectrum, shown in the inset of figure 3.9, shows clearly the
bright peak of the ZPL. By integrating the spectrum over the ZPL, and
comparing it with the rest of the emission, I calculated that the branch-
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ing ratio for this particular molecule to radiate on the ZPL is ⇠ 50%, a
promising value for single-photon generation.

�.�.� Triplet state

I have so far excluded the triplet state from my analysis because �isc has
an upper bound of 10-7 �

1

. However, we are very interested in working
with the triplet, because it could provide a powerful additional degree
of freedom. Due its long lifetime, photons could be stored in the triplet
state for several microseconds. Manipulation of the spin of the triplet
could add a new dimension to the possible uses of DBT in quantum
information and communication protocols, such as quantum memory, or
entanglement swapping [74, 155].

The triplet state lies below S
1,0 and with a branching ratio of ⇠ 10-7

the excited molecule will decay to the triplet, causing dark periods in the
fluorescence. We have seen in figure 2.5 that this makes a small modific-
ation to the g(2)(⌧). Here I measure that effect to determine the lifetime
of the triplet.

For values of ⌧ � 1/�
1

the histogram C(⌧) approaches zero. This is
because, in the case of low count rates, the time between the detection
of two consecutive photons follows a Poissonian statistic. The molecule
is excited with a probability 1

2

S

S+1

given by eq. (2–3b). This factor multi-
plies the spontaneous emission rate �

1

, giving the photon emission rate
R, that finally has to be multiplied by the collection efficiency ⌘. Since
⌘ is very low (usually ⌘ 6 10-3), most photons are lost and not detec-
ted. Therefore the detection events are uncorrelated from each other, and
follow a Poissonian statistics, with time constant given by �

⌘

= S

S+1

�

1

2

⌘.

The presence of a triplet state alters this behaviour. When a molecule
transits to the triplet state it has to wait a time of the order of 1/�T before
another photon can be emitted. This increases the average time between
two consecutive photons and superimposes another exponential decay
due to the triplet state emission on top of the decay due to �

1

.

Figure 3.10 presents an antibunching measurement with long detec-
tion times to show this effect. A single molecule was excited resonantly
at a temperature of 3.5 K, and with a power corresponding to S = 10. Cor-
relations over the difference in time of arrival of consecutively detected
photons were analysed, measuring delays up to 1 ms. Two exponential
decays are clearly visible. The data is fitted with a function of the form

f(t) = a e-�

⌘

t + b e-�Tt + c. (3–9)
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Figure 3.10 Histogram C(⌧) for a single DBT molecules. The analysis at
long times reveals the presence of two different exponential de-
cays, due to the collection efficiency and to the presence of the
triplet state of the molecule.

From this fit I estimated a triplet state lifetime 1/�T of 68(1) µs. This
disagrees with the value of 1.5 µs reported by Toninelli et al. [91], but
agrees well with the range 40- 200 µs reported by Nicolet et al. [126].
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At this point, we wanted to test the effect of controlled, temperature-
induced dephasing on the second-order correlation function of a single
molecule12. Temperature-induced dephasing is an important phenomenon
in single photon emission. It can limit the indistinguishability of the
source by broadening its spectrum beyond the lifetime limit.

�.�.� Temperature-induced dephasing

I started by selecting a single DBT molecule, dubbed “Artemis”. I per-
formed the spectroscopic analysis described before, collecting its fluor-
escence as I scanned the excitation light across its ZPL, and repeating
the process for different powers. We were thus able to extract a natural
linewidth �⌫(0) of 80.9(2) MHz, slightly on the red side of the inhomo-
geneous broadening. The saturation intensity was 7.8(1) W/cm2, cor-
responding to 44 nW of power incident on the vacuum window of the
cryostat.

We then used heaters placed in the platform of the cryostation, right
underneath the attocube, to control the temperature of the sample. This
is more efficient than controlling the rate at which the helium is evapor-
ated on the cold finger. Heating the sample mount while leaving the rest
of the parameters constant allowed for a quick change of the sample tem-
perature that quickly stabilised. Most importantly, the relative distances
between components in the cryostation remained unchanged, leaving no
need to adjust the focus of the objective.

I scanned though the scattering resonance many times, while varying
both the intensity of the light and the temperature of the sample. The left
panel of figure 3.11a shows a set of scans, all taken at an intensity corres-
ponding to S ⇠ 0.1, for a variety of temperatures. It is immediately clear
that the linewidth increases with increasing temperature, rising from 80

MHz at 4 K to over 2 GHz at a temperature of 10.6 K. By plotting the
linewidth as a function of excitation intensity, as shown in the right panel
of figure 3.11a, and fitting to eq. (3–8), I was able to determine the zero-
power linewidth as a function of temperature, plotted in figure 3.11b.
This data can be used to provide information about the dephasing of the
DBT molecules in anthracene [156, 157].

12This work has been partially published in Physical Review A [125].
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(a) Resonant scan of a single DBT molecule, for different temperatures. The left panel high-
lights the temperature-induced broadening of the ZPL. The right panel reports the power-
broadening effect on the same molecule, for different temperatures.
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(b) Effect of temperature on �⌫ (circles) and Isat (triangles). Values for Isat are derived from the
power broadening of the line (upright triangles) and from the saturation of the fluorescence
rate (inverted triangles). The error bars on each point are smaller than the point size.

Figure 3.11 Single molecule spectroscopy with controlled, temperature-
induced dephasing.

A theory of such thermal line broadening is presented by Hesselink
and Wiersma [157], who propose dephasing by phonons and suggest an
Arrhenius law

�⌫(T) = �⌫(0) + a e-
T

0

T (3–10)

where T
0

is the activation temperature of the phonons responsible for the
dephasing. On fitting the data of figure 3.11b to this equation, I obtained
the values T

0

= 39(1) K and �⌫(0) = 77.6(2) MHz. The temperature
dependence is well described by this formula, lending some credibility
to the model of a single local phonon causing phase interruptions of the
optical dipole. In figure 3.11b we see that the temperature-dependence of
Isat is very similar to that of �⌫. Indeed, on fitting these data to the same
form

Isat(T) = Isat(0) + a e-
T

0

T . (3–11)
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we find T
0

= 41(3) K, which is consistent with the result from the widths.
Since Isat / �

1

�
2

, the common value of T
0

indicates that �
1

does not vary
significantly over this temperature range and that the change in Isat is just
due to the increase in �

2

with temperature.

This value of activation temperature is consistent with the lower bound
of 35 K reported by Nicolet et al. [124]. Expressing it in wavenumbers,
⌫P = kBT0/h c we find ⌫P = 27 cm-1 (370 µm), about half the frequency
of the surface phonon of the Ac crystal [158, 159]. This result is in good
agreement with the theory of dephasing presented by Hesselink and Wi-
ersma [157]. In their work, the authors studied the process of dephasing
for pentacene molecules in various matrices. They suggested that, owing
to the exponential increase of dephasing with temperature, a localised
phonon state is present in the system. By spectroscopic analysis, they
also suggested that the process of dephasing involved two quanta of the
local phonon mode. At cryogenic temperatures, anthracene shows active
phonon modes at 49 cm-1 and 56-1, that could then take active part in
the dephasing process.

�.�.� g(2) and dephasing

We then investigated the second order correlation function g(2)(⌧) as
a function of both saturation and dephasing. As we have seen in sec-
tion 2.1.3, g(2)(⌧) provides a direct witness of the molecular dynamics
dictated by eq. (2–11b). As the Rabi frequency increases, stimulated emis-
sion competes with spontaneous emission, and coherent oscillations ap-
pear in the population of the molecule, mirrored by oscillations in the
fluorescence, as reported in figure 2.4a. This behaviour is perfectly dis-
played in my experimental data, reported in the left panel of figure 3.12.
These are five g(2)(⌧) curves taken for increasing values of saturation,
from ⇠ 0.5 to ⇠ 5, keeping “Artemis” at the base temperature of 4 K.

Next, I looked at the behaviour of the molecule for increasing values
of temperature (and hence dephasing rate �

2

). As the temperature is
increased, we expect the Rabi oscillations to be quickly brought out of
phase by the increased dephasing rate �

2

, and the dynamics to shift to
an incoherent regime. I increased the temperature of the molecule up to
10.6 K. At each temperature I measured the linewidth and the saturation
intensity of the molecule. I then recorded g(2)(⌧) for saturation values
S ⇡ 5. The results are reported in the right panel of figure 3.12. The
behaviour again mirrors the expectation in figure 2.4b.
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Figure 3.12 Two sets of C(⌧) histograms, taken for increasing saturation and
base temperature (left) and for fixed saturation and increasing
temperature (right). Note the similarities with figs. 2.4a and
2.4b.

This complex behaviour is all contained in eq. (2–14), that we recall
now:

g(2)(⌧) = 1-
p+ q

2q
e-(p-q)⌧ +

p- q

2q
e-(p+q)⌧

p =
�
1

+ �
2

2

q =

s
(�

1

- �
2

)2

4
-⌦2

0

.

(3–12)

We can now compare this equation with the experimental data. The only
unknown parameter is the lifetime of this particular molecule. TCSPC
would be a natural way to determine �

1

, but our short-pulse laser at
755 nm also excited other, nearby molecules, as can be seen13 in fig-
ure 3.8a. We therefore selected an antibunching curve and fitted with
eq. (3–12), to measure �

1

. That curve, shown in panel (b) of figure 3.13,
gave 1/�

1

= 3.8(1) ns. As the saturation intensities and the zero-power
linewidth at each temperature were already known, no additional para-
meter was needed. The remaining panels of figure 3.13 show 5 other
antibunching curves, with the corresponding g(2)(⌧) in good agreement
with the data. It is important to notice that the values of g(2)(0) reached
the expected values for our signal-to-background ratio and for our instru-
ment response function.

As a final remark, we can now use the newly found value of the pop-
ulation decay rate �

1

to have an estimate of the total collection efficiency
⌘. From the saturation traces of section 3.3.2 we measured a high-power
asymptote for the detected fluorescence rate of ⌘ �

1

/2 ⇠ 110 kC/s (this

13Indeed the three scans presented in figure 3.8a were taken in the same region of the
crystal.
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Figure 3.13 Resonance fluorescence of a single DBT molecule, at constant
temperature and increasing excitation power (top row) and vice
versa (bottom row). Values of saturation and dephasing were ob-
tained with the data reported in fig. 3.11, while the lifetime 1/�

1

was obtained with the data of panel (b). The rest of the panels
present the relative g(2)(⌧) functions with no free parameters.

is fairly constant for all the temperatures, confirming that �
1

does not
change with temperature, as surmised below eq. (3–11)). Comparing this
with the 3.8 ns lifetime, we deduce that we detect a fraction 8.7(5) · 10-4

of the emitted photons.

�.�.� Literature comparison

The function g(2)(⌧) in eq. (3–12) that we have used to fit the data of
figure 3.12 is valid for all values of saturation and dephasing. However,
certain approximations, such as low excitation power or high levels of
dephasing, can be made to fit particular experimental conditions and to
obtain a simpler form of eq. (3–12).

Let us begin with the common case of lifetime-limited emitters. The
rate of dephasing of the coherences is then half the decay rate of the
excited state population, so that �

2

= �
1

/2. Inserting this equality into
eq. (3–12), and expressing the sum of exponentials as a sum of periodic
functions, we obtain:

lim
�

2

!�

1

/2

g(2)(⌧) = 1- e-
3�

1

4

t

✓
cos

�
q 0t

�
+

3�
1

4q 0 sin
�
q 0t

�◆
(3–13)
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where q 0 =

q
�

2

1

16

-⌦2

0

. This is the expression that was first introduced by
Carmichael and Walls [136, eq. 6.5], and then used in the first experiments
with atomic beams [138], single atoms [160] and stored ions [161].

This formula can be simplified even further if we consider the case of
low saturation, with ⌦⌧ �

1

. Under this assumption, we have that

q 0 =

s
�2
1

16
-⌦2

0

! �
1

4

✓
1-

8⌦2

�2
1

◆
⇡ �

1

4
. (3–14)

If we now substitute this into eq. (3–12), again assuming �
2

= �
1

/2, we
obtain

lim
S!0

�

2

!�

1

/2

g(2)(⌧) =
⇣
1- e-

�

1

2

⌧

⌘
2

, (3–15)

an expression presented in the same work by Carmichael and Walls [136,
eq. 6.7].

The previous expressions are all valid for the case of resonance fluor-
escence. However, many quantum emitters rely on pumping to a higher
energy level. Excitation is usually followed by a rapid non-radiative relax-
ation to a lower state, from which the system decays back to the ground
state and a photon is emitted. The timescale 1/�

2

for the evolution of
coherences is then much faster than 1/�

1

, the timescale for the evolution
of the populations: the pumping is incoherent. This is the case we have
seen in section 2.2.2 for single molecules, and it has been used for other
systems as well [54, 162]. Starting again from q we see that

q =

s
(�

1

- �
2

)2

4
-⌦2

0

�! �
2

2
-
�
1

2
(1+ 2S) (3–16)

when considering that �
1

/�
2

⌧ 1 and that ⌦2

0

= S�
1

�
2

. By substituting
this into eq. (2–12), we have the limits

lim
�

1

/�

2

!0

p- q

2q
= 0

lim
�

1

/�

2

!0

p+ q

2q
= 1

lim
�

1

/�

2

!0

-(p+ q) = - (1+ S) �
1

(3–17)

that once inserted into eq. (3–12) gives

lim
�

2

� {�
1

,⌦
0

}
g(2)(⌧) = 1- e-(1+S)�

1

⌧ (3–18)
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(a) Graphic representation of function D
s

, comparing g(2)(⌧) (solid yellow) with one of its
approximations (dashed dark blue). The numerator of eq. (3–19) is represented by the dark
shaded area between the two functions. The denominator is the yellow shaded area, where
g(2)(⌧) is different from 1. Level of saturation and dephasing are reported in the plot.
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(b) Comparison between antibunching curves for S = 1 (dashed), with dephasing adjusted to
reach values of D

s

= 10-3, 10-2, 5 · 10-2 with respect to the solid yellow curve.

Figure 3.14 Analysis of the function D
s

, for f
s

(⌧) with the form of eq. (3–13).

which has the same form of eq. (2–24). It is necessary to impose the
additional condition that the dephasing rate is faster than the system dy-
namics to cancel out every coherence, and to obtain the single exponential
rise.

As each of eqs. (3–13), (3–15) and (3–18) is valid under specific condi-
tions of dephasing rate and saturation, let us consider the region in which
each one can be used reliably. As a figure of merit we take the function:

D
s

✓
S,
�
2

�
1

◆
=

R+1
-1 d⌧

⇥
g(2)(⌧)- f

s

(⌧)
⇤
2

R+1
-1 d⌧

⇥
1- g(2)(⌧)

⇤
2

(3–19)

The idea is illustrated in figure 3.14a, where the solid yellow line shows
g(2)(⌧), the dashed blue line shows one of the approximate functions, the
grey shaded area is then the numerator of D

s

, while the yellow shaded
area is the denominator. We see that this comparison gives weight to
approximate the regions where g(2)(⌧) differs from 1. The limit of valid-
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Figure 3.15 Areas in the parameter space of saturation S and dephasing
�
2

/�
1

where each of eqs. (3–13), (3–15), (3–18), (3–20) and (3–
21) gives a reliable description of the system dynamics. The
points (a)-(f) correspond to the measurements reported in fig-
ure 3.13.

ity of a function f
s

(⌧) was chosen to be D
s

< 10-3. This is the limit
under which f

s

(⌧) and g(2)(⌧) are virtually indistinguishable. An ex-
ample is reported in figure 3.14b, that shows three curves for which
D

s

= 10-3, 10-2, 5 · 10-2.

We used D
s

to calculate the region of validity of the approximations
presented before. Figure 3.15 presents the area where D

s

< 10-3 for
eqs. (3–13), (3–15) and (3–18) for a wide range of values of dephasing
�
2

/�
1

and saturation parameter S.

There is a slender region on the left where eq. (3–15) is reliable. Equa-
tion (3–13) works over an even smaller region, shown inset. On the right,
at high �

2

/�
1

, eq. (3–18) becomes valid. At high power, this limit is
pushed even further away.

Two additional regions in figure 3.15 show the ranges of reliability for
two other expressions found in the literature. The yellow portion is re-
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Figure 3.16 Resonance fluorescence for a single molecule at T ⇠ 30 K. Left:
resonant scan of the ZPL is reported on the left (FWHM 45
GHz). Right: two antibunching measurements, showing the equi-
valence between eq. (3–12) (solid, dark) and eq. (3–18) (dashed
yellow) at this temperature.

lated to the function presented by Batalov et al. [163, eq. (1)] for NV
centres:

g
(2)
Batalov(⌧) = 1- e

�

1

+�

2

2


cos (⌦⌧) +

�
1

+ �
2

2⌦
sin (⌦⌧)

�
. (3–20)

This is another approximation of the full solution of the optical Bloch
equations. A similar case is valid for the function presented by Flagg
et al. [164, eq. (2)] for quantum dots:

g
(2)
Flagg(⌧) = 1- e

�

1

+�

2

2


cos

�
q 00⌧

�
+
�
1

+ �
2

2q 00 sin
�
q 00⌧

��
(3–21)

with q 00 =
q
⌦2

0

+ (�
1

- �
2

)2. These two functions have the peculiar prop-
erty of reducing to eq. (3–12) when �

2

= �
1

. They are valid over a limited
portion of the parameter space around this condition.

We have also highlighted the points corresponding to each of the pan-
els of figure 3.13. For this particular molecule, points (a) to (c) can be de-
scribed by eqs. (3–20) and (3–21). As the dephasing is increased, eq. (3–20)
can be used to model point (d), but points (e) and (f) can only be de-
scribed by the full solution in eq. (3–12). We think these two points are
the first critical test of the optical Bloch equations in this intermediate
condition between coherence and incoherence. The validity of eq. (3–13)
has been tested on several systems. The transition to eq. (3–18) is much
more interesting, and it has been the centrepiece of this first part of this
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Figure 3.17 Resonant scan (left) and antibunching measurement (right) for
a single DBT molecule, excited on the S

0,0 ! S
1,3 line. The

antibunching data were fitted with eq. (2–24), validating the
rate-equations approach of section 2.2.2.

thesis. While looking at “Artemis” we managed to reach only a dephas-
ing of �

2

/�
1

⇡ 20. As we have learned from figure 3.15 this is not enough
to reach the area of validity of eq. (3–18). We couldn’t achieve a higher
dephasing for this molecule, due to presence of other DBT molecules in
its proximity, whose spectrum overlapped with “Artemis” as the temper-
ature was raised above 10 K.

I therefore raised the temperature to about ⇠ 30 K, and looked for
another single emitter. I performed the usual spectroscopy measurement
on a new single emitter, a typical resonance line being shown on the
left of figure 3.16. I found a zero-intensity linewidth �⌫ = 81.0(1) GHz
and a saturation intensity Isat = 4.2(2) kW/cm2. As �

2

/�
1

was of the
order of ⇠ 103, we expect the high dephasing approximation to hold
perfectly. To test this hypothesis I acquired g(2)(⌧) for 5 different levels of
saturation, two of which are shown on the right hand side of figure 3.16.
Again the only unknown parameter was �

1

: to obtain it I used the least-
square algorithm, comparing the 5 curves with eq. (3–12) with �

1

as the
common parameter. I then used this value to plot eq. (3–18) on top of the
data, shown as the dashed yellow line on the right of figure 3.16. It fits
the data perfectly. I have also plotted eq. (3–12) as a solid line. The two
curves are indistinguishable, proving the validity of the high-dephasing
approximation.

In section 2.2.2 a similar expression for g(2)(⌧) was obtained for the
case of blue-detuned pumping. The same single exponential has been
used to fit the result of an antibunching measurement on a single DBT mo-
lecule, excited on the S

0,0 ! S
1,3 line. The result is shown in figure 3.17.

The molecule absorption spectrum, centred at 766.12 nm (391.312 THz),
presents a Lorentzian profile with a linewidth �⌫ = 45.4(6) GHz, in good
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agreement with the expected few picosecond-long relaxation to S
1,0. The

g(2)(⌧) function again shows the single exponential rise, as non-radiative
processes wash out any coherence from the dynamics.

�.� ������� ��� �������

The results presented in this chapter fully characterise the behaviour
of a single DBT molecule in an anthracene matrix. After optimising para-
meters for the cryostation and for the optical setup, I performed a full
spectroscopic analysis of single molecules, at room temperature as well
as at cryogenic temperatures. This last analysis in particular allowed me
to gain information regarding the dephasing of single DBT molecules,
and its relationship with phonons in the Ac lattice.

As this was the first time (near) lifetime-limited molecules were ob-
served in our lab, precious information was collected. This newly ac-
quired knowledge is particularly beneficial, especially due to the con-
siderable difference between the measured centre of the inhomogeneous
frequency distribution and its value as reported in the literature. Imme-
diately this information is going to be used in the other research lines
carried out in our group, and in particular in the inclusion of anthracene
crystals and single DBT molecules in a fibre-coupled micro cavity [116].
Due to the design of the cavity, no optical access external to the cavity
is possible, requiring a good knowledge of the spectral position of single
molecules.

Once included in a cavity, DBT molecules would provide a tremendous
source of indistinguishable single photons. The narrow photons, as men-
tioned in the introduction, are suitable for integration with atomic sys-
tems. DBATT in a solid state matrix [135], has already produced photons
that can couple to sodium atoms and it is natural to wonder if photons
from DBT might couple to rubidium atoms. Recently a single quantum
dot has been interfaced with hot rubidium vapours [65, 165], that were
used as a memory for single photons.

In this direction, I set to investigate whether single DBT molecules
could be found at the 780 nm rubidium D2 wavelength. For this purpose
I used an additional diode laser, tuneable over several nm, and centred
on 779 nm. As the density of molecules is much lower at this wavelength,
a long series of raster scans was set up. After the acquisition of each
raster scan, the laser frequency was changed, eventually covering a full
range of 20 GHz in steps of 200 MHz. A high laser power was used, to
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Figure 3.18 Resonance excitation of a single molecule close to the Rb trans-
ition.

increase the linewidth of single molecules and therefore increase the al-
lowed frequency interval between consecutive scans. Figure 3.18 reports
a successful scan, with a single DBT molecule clearly visible. It had a
linewidth of 70(1) MHz, centred at 780.271 nm (384.216 THz).

The rubidium D
2

line lies at 384.230 THz, only 15 GHz away from the
molecule. While this distance is too wide to bridge by Stark tuning the
molecule [48, 166], the sample in question presented a low concentration
of emitters. Only one molecule was found in a 20 GHz scan: a higher
doping concentration could increase this number. Tuning electrodes have
already been designed: anthracene crystals could be deposited over the
electrodes, trying to shift the ZPL and overlap it with the rubidium trans-
ition.





Part II

C O U P L I N G A N D E N H A N C E M E N T





4 H Y B R I D P L A S M O N I C
W AV E G U I D E S

In the introduction I briefly described how light-matter interactions
can be enhanced by nano-photonics techniques. This chapter focuses on
the integration of single DBT molecules with plasmonic structures. This
flourishing field of nano-photonics has already shown progress in coup-
ling to several quantum emitters. In this chapter I present my progress
towards integrating a single molecule with a new hybrid design of plas-
monic waveguide, developed in collaboration with the experimental solid
state group of Imperial College. Preliminary results are described, show-
ing coupling between a waveguide and a single DBT molecule.

�.� ���������� ��� ���������

The coupling of light to electrons in metal was first witnessed more
than a hundred years ago [167]. Before the end of the last century a com-
prehensive theory had been developed for the coupling between photons
and plasma waves - coherent oscillations of the electron gas with respect
to the ions in the lattice of the metal [168, 169]. In particular the term
surface plasmon polariton (SPP) was introduced to identify the travel-
ing quasi-particle of coupled light and electrons at a metal/dielectric in-
terface [170]. As a superposition of photons and plasmons, SPP shows
bosonic behaviour [162, 171–173]. Wave-particle duality was also demon-
strated for SPP [174], as well as entanglement [175–177] and squeezing
[178].

The first to suggest, and observe, that SPP could be used to confine
light beyond the diffraction limit were Takahara et al. [179]. They sugges-
ted that, in the case of any material or interface where the dielectric func-
tion is negative, the usual diffraction limits of confinement are not valid.
The initial results were hampered by losses, and showed only modest con-
finement. It was however noted that the photonic density of states could
be modified by the nearby plasmonic structures [180], and they observed
a minor speed-up in the spontaneous emission rate of a quantum emitter
[181]. Advances in fabrication technologies over the last few decades, to-

77
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Figure 4.1 Schematic of a surface plasmon polariton.

gether with new efforts from the photonics community, have resulted in
more precise, more refined and more effective structures.

The modification of the photonic density of states has the immediate
effect of modifying the interaction between light and matter [180]. Also,
the high confinement of the plasmonic field increases the elementary po-
lariton field, and hence, the transition matrix element. Therefore an emit-
ter placed close to a plasmonic structure can have its dynamics radic-
ally changed [101], allowing photons to be produced very rapidly. These
types of structures can theoretically reach Purcell enhancements on the
order of several hundreds [182] and up to a thousand [107]. The absence
of cavities makes them relatively broadband, and allows them to respond
rapidly, which could be an obvious advantage in quantum communica-
tion or information processing.

Usually the damping of the plasmon is so fast one cannot see Rabi
flopping of the excitation between the photon and the plasmon [104, 183].
This is analogous to the case of coupling to an optical cavity of low Q,
where the cavity ringdown time is shorter than the Rabi period, a situ-
ation often called weak coupling [184]. If the coupling can be made faster
than the damping, then the emitter and the cavity are said to be “strongly
coupled”, and Rabi oscillations occur as energy is coherently transferred
between the emitter and the SPP. Strong coupling to an SPP is highly de-
sirable, as it could be used to engineer photon-photon interaction through
photon blockade [185], enabling a single-photon transistor [182, 186–188].
It is however challenging to achieve, and was only recently demonstrated
[189, 190].

The small volume of confinement of the optical mode comes with two
drawbacks. First, one needs precise positioning because the coupling
can change by several orders of magnitude in the space of a few tens
of nanometers. Single emitters have to be placed with accuracy in the
hot spots of antennas, or otherwise these have to be carefully designed
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around them, without destroying the emitter itself. Second, the position-
ing requirement is exacerbated by the phenomenon of quenching: when
an emitter is too close to a metal surface, most of its emission is coupled
to non-radiative modes of the metal, that are rapidly dissipated. there is
therefore an optimal region of positioning for the emitter.

Optical waveguide- and antenna-like structures have been coupled to
several single emitters, and new designs and materials are constantly
being explored. Of particular interest are SPP in non-metallic materials,
such as graphene, that shows low ohmic losses [191]. Highly efficient
antennas have already been fabricated in dielectric materials [192], and
very recently a new dielectric device was developed in gallium arsenide,
showing high field enhancement without the ohmic losses [193].

�.� ������ ��������� ����������

In this section I describe the modelling and the realisation of plasmonic
devices designed to couple to single DBT molecules in Ac.

�.�.� Design

Our HPW are based on a design introduced by Lafone, Sidiropoulos
and Oulton [194] and first fabricated and studied by Nielsen et al. [195].
Figure 4.2a shows a schematic and cross section of the device, sitting on
a substrate of SiO

2

. The semiconductor core of the waveguide is a layer
of titanium dioxide (TiO

2

), deposited on the substrate, and covered by a
layer of SiO

2

. Finally, two gold slabs are deposited on top of the SiO
2

.
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(a) Top-view and cross section of the HPW.

TiO2

SiO2

TiO2

Au

gr
at

in
g

50 100 150 200 250 300 350

10

20

30

40

50

60 50 100 150 200 250 300 350

0.2

0.4

0.6

0.8

10

30

50

0.2

0.4

0.6

0.8

pr
op

ag
at

io
n 

le
ng

th
 [µ

m]
mo

de
 fr

ac
tio

n

50 100 150 200 250 300
gap width [nm]

1000 nm 200 nm 50 nm
(b) Density plots for the cross section of the HPW, showing the electric field intensity |E|2.
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(c) Fraction of the electric field contained in the gap, and propagation length, as a function of
gap width.

Figure 4.2 Design and main properties of the HPW. Markers are used to
track the properties of the hybrid mode at different locations in
the device, and for different gap widths.
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A gold grating on either side of the structures brings light into (or out
of) the TiO

2

layer, where it propagates towards the channel between the
gold islands, roughly as a TE mode [196, pag. 387-389]. As the light ap-
proaches the channel the mode becomes increasingly hybridised with the
plasmon mode on the edges of the gold islands. Figure 4.2b shows the
distribution of electric field energy density1 in channels of three different
widths. On the left, the gold edges are separated by 1000 nm and the
energy is mostly in the TiO

2

layer. In the middle panel, half the energy
has moved up to he edges of the gold, while on the right - the narrow-
est channel - most of the energy is near the gold. The fraction of the
field energy near the gold is plotted in figure 4.2c, where the abscissa is
the spacing between the gold edges in each cross section. There is no
dielectric confinement of the mode in the lateral direction, but the field is
prevented from spreading laterally by its coupling to the plasmon. This
requires careful adjustment of the thickness of the SiO

2

spacer layer. By
controlling the hybridisation in this way, it is possible to benefit from the
field confinement, while still retaining a long enough decay length2 that
the field can emerge from the structure and be coupled out the other side.
Figure 4.2c shows the propagation length, which decreases from 50 µm
to 5 µm over the three widths considered. Thus we expect that the field
can pass though the narrowest structure as long as the channel is short
compared with 5 µm.

As we introduced in chapter 1, the transverse confinement affects the
electric field of a photon. Let us now calculate that explicitly. The energy
of a single photon is given by

 h! =

Z
dV U, (4–1)

where U = 1

2

✏✏
0

|E
0

|2 is the energy density, and ✏ is the dielectric constant
at the position of the emitter. We can write the quantisation volume V as
AmL, where Am is the mode area and L is a quantisation length. The field
at the site of the emitter is then given by

|E
0

|2 =
2 h!

✏✏
0

AmL
. (4–2)

1I am indebted to Michael Nielsen for performing the Comsol simulations shown in
this figure.

2Depending on the metal-dielectric interface, the propagation length in a fully plas-
monic mode could be much shorter.



82 ������ ��������� ����������

This provides the definition of the mode area. Assuming a single trans-
verse mode, the density of states comes just from the 1D density with a
periodic boundary condition:

D(!) = 2 · d

d!

✓
k
L

2⇡

◆
=

n
g

L

⇡ c
, (4–3)

where n
g

is the group index of the mode. The factor of 2 is to include
both directions of propagation. For a molecule whose optical dipole is
parallel to the field of the mode, Fermi’s Golden rule gives the modified
transition rate as

� 0
1

=
⇡

2 h2

µ2

12

|E
0

|2D (!)

=
µ2

12

!

n2✏
0

 hc

n
g

Am
(4–4)

The molecule in a homogeneous medium of refractive index n would
radiate at a rate of approximately3 n� , where � is the free space rate
given in eq. (1–2). The ratio of these is the Purcell factor

F
p

=
3

⇡

n
g

n3

(�/2)2

A
m

. (4–5)

The final term (�/2)2 /A
m

can be considered as the ratio between a
diffraction-limited mode area and the new reduced waveguide mode area.
The mode area in the central channel is plotted in the upper panel of fig-
ure 4.3 as a function of the separation between the gold islands, with the
assumption that the molecule is placed at the maximum of the field. We
see that the area shrinks by about a factor of 10 as the channel width is
reduced from 300 to 50 nm, at which point it is ⇠ 200 times smaller than
(�/2)2. The bottom panel of figure 4.3 shows an estimate of the corres-
ponding Purcell factors. That was done at just two widths; 100 nm, where
n
g

= 3.2 and 200 nm, where n
g

= 2.5. The Purcell factor indicated in the
dashed line was then estimated assuming a simple line variation of n

g

with gap.
The gratings that couple light in and out of the TiO

2

layer are approxim-
ately 5 µm wide. This field is funnelled into the channel by the tapering
distance between the two gold islands. The angle of the taper has to be
chosen carefully. Too shallow and the field will have to propagate further

3I do not here go into the question of the local field correction. The literature presents
an ample analysis of the problem, and the reader is pointed to appendix C.1 for a more
in depth study. Here we can neglect the corrections as we are comparing emission in two
media with the same refractive index.
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Figure 4.3 Plots of mode area and Purcell factor for varying gap widths. In
the bottom panel, the solid points show where the guide index was
calculated. The markers on both plots refer to those in fig. 4.2b.
The dashed line is an estimated extrapolation from those points.

than one would like in this lossy guide. Too steep and the change will be
non adiabatic [197], causing the field to be reflected instead of entering
the channel.

The final result is an extremely versatile device. By clever use of tapers
the properties of the waveguide mode can be shifted towards the photonic
or the plasmonic regime. A low-loss, low-confinement mode can be used
to guide the light, that can then be shifted to the high-loss but high con-
finement mode whenever light-matter interaction is required. One can
visualise a device with several active regions, where the mode is highly
plasmonic and non-linear elements, like single DBT molecules, mediate
efficient photon-photon interaction.
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�.�.� Fabrication

The HPW were designed and fabricated to cover a wide range of para-
meters:

• the waveguide channels varied in:

������: 6 different lengths, from 0 to 10 µm;

�����: 11 different gap widths, from 60 to 240 nm;

• the grating couplers varied in:

������: 3 different periods, from 335 to 370 nm;

���� ������: 2 different values for each period;

Fabrication was carried out locally, in the laboratories of the EXSS
group at Imperial College4. The first fabrication steps are illustrated in
figure 4.4. The starting point was a silica microscope slip where 300 nm of
TiO

2

was deposited by evaporation (panel (a)). Next, PMMA5 was spin
coated to create a layer of 200 nm that provided the resist for electron
beam lithography (EBL). The electron beam printed the grating structure
on the PMMA by developing certain areas of the resist (panel (b)). The
sample was then immersed for 30 s in a solvent6 to remove the exposed
parts (“developing” phase, panel (c)), and then washed for 30 s in IPA.
This procedure created a negative image of the gratings in the PMMA.
Before moving on, the trenches were cleaned in an oven with oxygen
plasma, for 20 s at 40% of the maximum power.

4I am indebted to Javier Cambiasso for performing the fabrication of these devices.
5Poly(methyl methacrylate), A4 950k EM Resist.
6A 1:3 solution of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA).
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Figure 4.4 Fabrication of the HPW. Panels (a) to (h) present the different fab-
rication steps to deposit the gratings. Steps (b) through (f) were
repeated to deposit the gold slabs, with a SAM used instead of
Ti in step (d). The different combinations of waveguide width and
length and grating period and filling factor are arranged accord-
ing to panel (i). e-: electrons. MIBK: PPMA solvent.
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(a) Perfectly developed gold plates and waveguides, for case with the widest gap width.

(b) While the gold plates present the desired shape, the PMMA was removed from the gap
region during the developing phase (step (c) of fig. 4.4), which was thereof filled with gold.

Figure 4.5 SEM images of the HPW, for two sets with different waveguide
width.
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To improve the deposition efficiency of the gold parts, a thin layer of ti-
tanium of about 5 nm was evaporated onto the sample (panel (d)). The ti-
tanium binds well with its oxide, and provided a good substrate for gold
deposition. This was then thermally evaporated on the sample (panel
(e)), creating a uniform layer of about 35 nm. Finally, the sample was
immersed in acetone (“lift-off” phase, panel (f)). The acetone dissolved
the remaining PMMA, at the same time removing the gold and the ti-
tanium deposited on top. At the end of the process only the gratings and
a clean layer of TiO

2

were left. Lastly, 80 nm of SiO
2

were deposited on
the sample through sputtering, creating the spacing layer (panel (g)).

Fabrication of the waveguides followed a similar procedure. PMMA
was deposited again on the sample and exposed in the EBL. The devel-
oping phase was longer, about 1 min, to ensure that the sharp edges
of the gold plates were removed completely. At the same time, caution
had to be exercised in choosing this time, as an excessive immersion in
the solvent could remove the thinner gaps between the gold plates. The
sample was cleaned again in the plasma oven (12 s, at 40% power). In-
stead of titanium, a thin layer of a self-assembled monolayer7 (SAM) was
spin coated on the sample to facilitate gold adhesion to the SiO

2

. A 40 nm
layer of gold was evaporated on the sample, followed by another lift-off
in acetone.

The samples were arranged as shown in panel (i) of figure 4.4. The full
pattern of waveguides contained 396 individual devices, each one with a
unique combination of waveguide length and width, as well as grating
period and fill factor. In total, 12 copies of the full pattern were fabric-
ated on a single substrate, leaving us with an ample range of devices to
inspect.

Images of waveguides after fabrication, taken with a scanning electron
microscope (SEM), are reported in figure 4.5. Only waveguides with gap
widths greater than 105 nm developed efficiently. Devices with smaller
gap widths featured incomplete, or even absent gaps between the gold
plates, as visible in figure 4.5b. The developing phase has to be tuned, to
ensure a good rendition of the devices, but at the same time maintain its
minute features. The PMMA portion of the gap was too thin, and was
dissolved in the MIBK solution.

7(3-Mercaptopropyl)trimethoxysilane (MPTMS).
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�.� ������ �����������

�.�.� Optical setup

The setup followed the basic principles of confocal microscopy de-
scribed in chapter 3, but modified to allow imaging of the grating couplers.
A schematic of the setup is presented in figure 4.6.

Previously the excitation beam was directly hitting the objective lens.
The sample scans were limited to a few tens of µm due to the back aper-
ture of the objective clipping the beam when this was moved too far by
the scanning mirrors. The new setup included 2 lenses assembled in a
telescopic system. In this configuration, the two lenses were separated
from a distance equal to the sum of their focal lengths, and the objective
and the steering mirrors were placed in the focal plane of the last and
first lens respectively. The lenses were arranged to share the same optical
axis with the objective. In this way, if a beam was entering the telescopic
system along the optical axis, it would leave it unchanged, hitting the ob-
jective perpendicularly. A change in its angle, usually provided by a pair
of galvanometric mirrors, was transmitted through the lenses according
to Fourier optics. The first lens changed the angle into position, focus-
ing the beam at a distance h from the optic axis. The second lens then
collimated the beam again, and transformed the position back into angle.
In this manner it was possible to change the angle of incidence of the
beam onto the optical plane of the objective, while keeping it centred on
the back aperture. Moreover, the beam spot was magnified by the ratio
between the two focal lengths, and could then be matched to the back
aperture of the objective.

The rest of the setup followed the same principles described in sec-
tion 3.1. Here the pump and the fluorescence were separated by means of
a dichroic beam splitter (Chroma). In addition to increasing the signal-to-
background ratio, the dichroic had the advantage over the BS of deflect-
ing, and then wasting, a smaller fraction of the excitation light. Room
temperature single-molecule spectroscopy requires high power excitation
light, a demand that can be challenging once losses due to optical ele-
ments begin to accumulate. The objective lens (Nikon ApoPlan Fluo) had
the same NA = 0.9 and magnification of 100x of the previous objective.

The setup was adjusted to include in- and out-coupling from the grat-
ings. This was achieved by inserting a pellicle BS between the objective
and the last lens in the telescopic system8. The BS thus provided an addi-

8A detailed scheme of the setup is reported in figure C.1.
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Figure 4.6 Schematic of the confocal microscope used to study coupling
of single molecules to hybrid plasmonic waveguides. PMF:
polarisation-maintaining fibre. P: polariser. HWP: half-wave
plate. BF: band-pass filter. DM: dichroic mirror. SM: steer-
ing mirrors. TL: telescopic lenses. LP: long-pass filter. MMF:
multi-mode fibre. APD: avalanche photodiode.

tional access to the objective and to the sample, completely independent
from the main confocal path. This BS gave access to two additional beam
paths, one for each grating. These could be used to couple light into
or to collect the fluorescence from a grating: each beam path featured a
fixed-length collimator connected to a PMF, and, according to the case, a
half-wave plate or a long-pass filter.

The excitation light was supplied by an external cavity diode laser (Top-
tica), with a central frequency of 780 nm, or by a pulsed diode laser (Pi-
coQuant), similar to one used in the previous chapter but with a central
frequency of 780 nm. Both lasers were coupled into a PMF, that was then
butt-coupled to a PMF connecting to the main confocal path or to one of
the two grating ports.

This layout allowed two different modes of operation. Excitation light
can be provided through the main confocal path, with the molecular fluor-
escence collected simultaneously through the confocal path and through
both gratings. Each channel was monitored with an APD, and a raster
scan image was built from the collected fluorescence. This configuration
is ideal for measuring the optical properties of single DBT molecules, and
for estimating the coupling to the waveguide.
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Alternatively, the excitation light can be coupled to the waveguide
through one of the gratings, while molecular fluorescence can be collec-
ted from the other grating. At the same time, the sample can be raster
scanned using the confocal microscope. The scan should be dark, with
only the molecules coupled to the waveguide appearing as bright emit-
ters.

�.�.� Crystal growth

The Ac crystals described in the previous chapter are not ideal for nano-
photonics purposes. Despite the excellent optical properties, their thick-
ness of ⇠ 1 µm combined with the high refractive index of Ac turn these
crystals into a less than ideal candidate for bringing a single photon emit-
ter close to a waveguide structure [94]. The main challenge is to place
anthracene, and in particular single DBT molecules, into the narrow gap
of the HPW.

I employed a method recently developed in our group for coupling
single DBT molecules to dielectric waveguides [94, 132]. Contrary to
the co-sublimation technique described before, this method uses a super-
saturated anthracene vapour to grow very thin crystals, as required to
couple molecules with our small devices.

A vial is filled with Ac powder, and placed on a hot plate, that melts
the anthracene. The sample closes off the top of the vial; being colder
than the bottom, close to the sample the vapour is supersaturated. Un-
der this condition, uniformly thin crystals grow flat on the surface with
large transverse dimensions. It was shown [94] that single crystals, with a
thickness ⇠ 100 nm, can be repeatedly grown on different surfaces. When
DBT molecules are spin coated onto the sample prior to crystal depos-
ition, these are incorporated into the crystal, where they lie parallel to the
surface with their optical dipoles along the b axis, and are photo-stable.

I started with a stock solution of DBT in toluene, with a a concentration
of 1 mMol. I diluted it in diethyl ether, reaching a volume ratio of 1:2000.
I then spin-coated our sample with 20 µl of this solution, ramping up
until 2000 rpm over 5 s and holding for 60 s.



�.� ������ ����������� 91

(a) (b) (c)

(d) (e) (f)

Figure 4.7 Crystals of Ac from supersaturation regime. Panel (a) shows a
typical growth, with a uniform coverage of Ac over the whole sur-
face. The nature of the crystal sheet is put into relief by the
cross-polarisation image of panel (b). The single neighbouring
crystals are clearly visible. If the growth time is increased over 3
minutes, then cracks in the crystal sheet start to appear, as repor-
ted in panel (c). Panels (d) and (e) show the sample before and
after crystal growth, with the individual devices visible. A single
set of waveguides is reported in panel (f).

A glass vial was filled with 2 g of finely ground Ac powder9, and
placed, together with the sample, inside a glove box. This was purged of
oxygen by a pump and purge procedure with nitrogen gas (as also done
for co-sublimation) to decrease the chance of the molecules photobleach-
ing.

A hot plate, connected with a PID loop to a copper block that hosts the
vial, was placed inside the glove box and heated until the copper block
was at a temperature of 240 �C. This was slightly lower than the temperat-

9While the Ac was the same one used for co-sublimation, I noticed a difference
between individual orders from our supplier (VWR). The batches seemed to be differ-
ent in grain size, but especially in colours, ranging from pearly white to bright yellow.
This last batch proved to be the most suited for supersaturation growth. A company
inquiry is still open, but they suggest the difference could be due to a difference in water
concentration.
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ure reported in [94] (optimised for the growth of single, isolated crystals
of anthracene) because I found that it gave a more complete coverage of
the surface of anthracene. When the desired temperature was reached,
the vial was placed in the copper block and covered with a glass micro-
scope cover slip. After roughly 2 minutes the cover slip was removed
and the sample was put in its place. A growth time of about 2 minutes
provided the desired coverage of anthracene crystals.

I found the growth parameters to be robust, and the growth to be re-
peatable. Typical results are provided in figure 4.7. The seemingly uni-
form coverage shown in panel (a) is revealed, using crossed polarisation,
to be made up of many contiguous single crystals (b). I observed after
prolonged growth times that the crystal sheet became stressed and even-
tually cracked, as shown in figure 4.7(c). Panels (d)-(f) show waveguide
chips before and after crystal growth. During the preliminary tests we
found that the anthracene was reluctant to grow on gold, growing mostly
around the devices. However, as visible in figure 4.7(f), longer growth
times than those reported in [94] finally yielded a complete covering.

After crystal growth, the samples were rapidly checked under an op-
tical microscope and in the confocal setup. If the desired coverage and
density of emitters had been achieved than the sample was protected
with PVA, as described in sec. 3.2.1, in order to suppress sublimation of
the crystal.

�.�.� Characterisation

Before testing the coupling of single molecules to the HPW, I charac-
terised the losses due to grating coupling and waveguide propagation in
individual samples.

At first, I tested the coupling efficiency of the gratings as a function
of wavelength. This was essential because room temperature emission
spectrum of a DBT molecule (shown in figure 3.9) is several THz wide,
and from a peak at 790 nm extends past 900 nm. The spectrum and the
grating efficiency had to be combined to get a correct estimate of the
fraction of molecular emission that is harnessed in the waveguide.

The grating efficiency was obtained by means of throughput measure-
ments on the test gratings. A different confocal microscope was used for
these measurements, employing an objective with a lower NA = 0.4. The
emission from the grating has a well defined angular spread, that is well
contained even in this small numerical aperture, and the measurement
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Figure 4.8 Values of grating efficiency as a function of wavelength. The three
panels represent the three grating periods used in our sample, as
reported in the bottom left corner. For each plot we report the two
curves corresponding to the two filling parameters. The shaded
areas represent the statistical error.

actually benefited by the increased spot size of the focused laser beam
(cf. eq. (3–1)).

The laser beam was supplied by a broadly tuneable Ti:Sapph laser (Co-
herent Chameleon), providing an excitation wavelength from 780 nm to
900 nm. The laser, with an incident power of ⇠ 2 mW, was focused on
one of the gratings, and the light coupled out from the other grating
was collected from the objective and measured with a power meter, Pout.
This was repeated for different excitation wavelengths. The background
power levels Pbg were obtained by moving the excitation beam away from
the grating, while keeping the collection path unchanged. The values of
Pout(�) were then compared with the amount of light PAu(�) reflected
back through the setup by shining the laser light on a gold surface, that
acted as a mirror. Assuming that the device is symmetrical, the efficiency
for coupling the incident light into the centre of the device is given by

⌘grat(�) =

s
Pout(�)- Pbg(�)

PAu(�)
. (4–6)

The results are plotted in figure 4.8. It can be seen that the increase in the
period of the gratings shifts the peak wavelength of the efficiency curve
towards the red. For out-coupling photons therefore the best case was
the one corresponding to the third panel, with a period of 370 nm and a
bar width of 250 nm.
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After the initial characterisation I began the search for a single molecule
coupled to a device.

�.�.� Contamination

The first tests on the HPW revealed a high level of contaminants. Fig-
ure 4.9(a) shows a confocal raster scan on a region of the sample devoid
of Ac crystals. The many bright spots present on the scan are all prob-
ably contaminant bodies. They were identified as such from their heavy
blinking, and from their low photostability.

All the solvents used for cleaning and growth purposes were of high
purity, so I surmised that the source of the contamination was probably
in the fabrication process, where the general requirements for purity are
lower. I guessed that the contaminants were probably of organic origin,
and therefore easily removed by an oxygen plasma. Before doing so, I
decided to use these contaminants as a first probe of the waveguides.

A typical raster scan of a device is reproduced in figure 4.9(c), show-
ing many bright spots. As they didn’t display any polarisation depend-
ence, nor an antibunching signature, they were identified as contamin-
ants. Nonetheless, I tried to measure the coupling to the waveguide. As
a first test, I took a raster scan of the sample, at the same time collect-
ing the fluorescence from both gratings through the two additional ports.
Each port was aligned by coupling a laser into the PMF fibre, and moving
the laser spot on the grating, using the CCD camera. The spot was then
aligned on the collection grating; an 800LP filter was placed in front of
the collection lens and the PMF was moved from the laser to an APD. By
monitoring the fluorescence from the confocal microscope and from each
grating I was able to correlate spots on the grating scan with possible
emitters in the confocal scan. Such a scan is reported in figure 4.9. A
clear bright spot is visible in the grating scan of panel (e), corresponding
to the bright signal circled in the raster scan of panel (c).

The count rates collected for this particular emitter are reported in pan-
els (b) and (d) for the confocal path and the grating respectively. We can
immediately see that the two rates were perfectly correlated with each
other, even in case of extremely bright bursts of fluorescence10. The ratio
between the two rates, plotted in panel (f), gave an almost constant split-

10These are so far of unknown origin.
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Figure 4.9 Analysis of contaminants in the HPW samples, with a typical
raster scan (panel (a)). The fluorescence rate for the same emitter
is shown in panels (b) and (d), for collection through the confocal
path or through the grating ports. The emitter is highlighted in
the confocal and grating raster scans of panels (c) and (e). The
ratio between the two emission rates is reported in panel (f), while
a TCSPC measurement is reported in panel (g).
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Figure 4.10 Histogram C(t) for the contaminant emitter of fig. 4.9, recorded
from the confocal microscope, as in (b). here the time is the
electronic delay between the two detection paths. The bunching
at t ⇠ 250 ns is presumably due to the high radiation bursts. The
exponential decaying baseline is due to the high background
count rate.

ting ratio of 0.07 between photons collected by the confocal and photons
collected through the grating.

While I could not yet estimate the collection efficiency of our setup,
this was nonetheless a promising result. If we consider the collection
efficiencies to be equal for the confocal microscope and the gratings, then
we are seeing 7% coupling to the guide, in one direction.

To inspect more closely the nature of the emitter I analysed the radi-
ation with the time-correlator, performing a TCSPC and an antibunching
measurement on the radiation collected from the main confocal path. The
histogram built for the first measurement was aimed at measuring the
lifetime of the emitter, to compare it with the lifetime of a DBT molecule.
The result is shown in panel (g) of figure 4.9. Surprisingly, the expo-
nential decay showed had a time constant of 0.55 ns, well outside the
normal range for DBT in Ac. The sample in question had a channel gap
of 200 nm, so it should not produce the Purcell enhancement needed to
reach such a short lifetime. The signal-to-background ratio seemed high
enough to confirm the validity of the measurement, and the exponential
decay extended well past the jitter of the detectors (cf. figure 3.7).

The coincidence histogram for this particle is plotted in figure 4.10,
where the x-axis represents the electronic delay between consecutive de-
tection events11. In the plot, one sees a peak, rather than a dip, where
the path difference between the two channels is zero (t ⇠ 250 ns). This

11To recover the same plots previously presented, it is sufficient to translate the x axis,
setting the origin at the bunching peak, at t ⇠ 250 ns
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is presumably associated with the bright radiation bursts seen also in
figure 4.9(b,d). On fitting the data between 200 and 300 ns to the form

f(⌧) = a+ b t+ c e-�B|t-t

0

| (4–7)

I obtained a bunching time 1/�
B

⇡ 8 ns. This adds further weight to
the idea that these are not DBT molecules. We were unable to see the
temporal structure of the bursts directly because the card used to record
figure 4.9(b) did not have a sufficient temporal resolution.

As a final note, a bright emission spot can be seen on each corner of
the gold plates in figure 4.9. This was probably due to other organic
molecules placed close to the gold plates. The sharp edges of the plates
made the HPW act as an antenna, concentrating the field at the vertex and
enhancing the fluorescence of any emitter in the vicinity. The emission
from these bright spots showed the same irregular time trace of panels
(b) and (d) of figure 4.9.

This analysis of the contaminants had given useful information regard-
ing the efficiency of our setup, and provided a first estimate of the coup-
ling efficiency of the HPW, so I proceeded in cleaning the sample.

At first it was placed in distilled water at 70 �C to dissolve the PVA
cover, after which it was washed in high-purity toluene, acetone and
methanol in succession. It was not advisable to clean the sample in a
supersonic bath for fear of damaging the gold plates structure. Instead,
it was placed in an oven, to be cleaned with oxygen plasma (shown in
figure 4.11(a)). After this cleaning, I obtained the almost featureless ras-
ter scan in figure 4.11(b), which is spectacularly different from the scan
of the uncleaned chip in figure 4.9(a).

While most of the single emitters had been removed by the plasma
ashes, this cleaning could only affect the surface of the sample. Any
contaminant that was deposited on the sample before the sputtering of
the buffer SiO

2

layer would be trapped underneath. This was indeed the
case, as can be seen in figure 4.11(c). While no single emitter could be
identified, the background levels of ⇠ 100 kC/s were too high to be due
to only scattered laser light. I compared this sample with a similar one
previously fabricated, and noticed that there is no such fluorescence. The
samples were fabricated in the same manner, within 2 months from each
other. Probably a new batch of solvent in the fabrication process carried
a high dose of contaminants, that were then encapsulated in the sample.
An additional plasma cleaning step is then needed, before the gold plates
of the HPW are deposited.



98 ������ ��������� ����������

2 µm

0

40

80

kC/s

0

40

80

kC/s
2 µm

(b)

(c)

(a)

Figure 4.11 Plasma cleaning of the HPW. Panel (a) is plasma-oven used
to clean the sample from organic contamination. The purple
glow comes from the oxygen radicals. Panels (b) and (c) reports
two samples after cleaning, with the latter showing signs of
contaminants encapsulated in the underlying substrates.

�.�.� Coupling procedure

The procedure to find a molecule coupled to a HPW closely follows the
one presented in section 3.2 to identify single DBT molecules.

�����������: two raster scans of the sample, taken with polarisation
45 � apart. Emission from single DBT molecules would show mod-
ulation.

������� �������� : another series of raster scans at different polarisa-
tion could be taken, monitoring the fluorescence emitted from the
gratings. Any correlation with the main confocal scan is a signature
of an emitter coupled to the waveguide.

���������� ����: a measure of the saturation intensity Isat of the single
emitter is used to estimate the coupling efficiency. The fluorescence
is collected as a function of excitation intensity, monitoring both the
gratings and the confocal microscope.

������������ �����������: an antibunching dip is the definitive sig-
nature of single photon emission. This measurement is carried out
by splitting the microscope signal or the grating signal and then
measuring the time correlations as usual. Alternatively, the wave-
guide itself is used as a beam splitter, with the photons from the con-
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focal path being used as the stop, while the grating signal provides
the start. This last method has the virtue that the time trace of both
channels gives a first measurement of the coupling efficiency.

����� �����������: the final measurement is a TCSPC determination
of the lifetime of the excited state of the molecule. While this is
already indicated by the antibunching measurements, the TCSPC
provides a direct, independent and quick measurement of the life-
time.

Once all these tests are performed, the coupling efficiency of the emitter
to the waveguide can be estimated from the collected fluorescence rate.
The coupling factor � is defined as

� =
�wg

�tot
(4–8)

where �wg is the rate of emission of photons into the waveguide, while
�tot = S/(1+ S) · �

1

/2 is the total emission rate12 for a molecule driven on
resonance with saturation parameter S. Thus the coupling factor is

� = 2
S+ 1

S �
1

Rwg

⌘wg
. (4–9)

Rwg is the count rate collected from the grating, with detection efficiency
⌘wg.

The detection efficiency ⌘wg has multiple contributions. First, one has
to take into account the fraction of light that was coupled out of the grat-
ing and the fraction that is collected from the objective, together with
the transmission through the objective itself. All these factors have been
measured with the throughput measurement of section 4.3.3. These res-
ults have to be combined with the wavelength response of the gratings
themselves, obtained also in section 4.3.3. All the other optical elements,
such as beam splitters, filters or dichroic mirrors, also introduce losses.
Finally, we have to consider losses due to fibre coupling, and then the
efficiency of the silicon APD detectors.

When calculating the total value of coupling efficiency we have to go
further than simple multiplication. The emission spectrum for a DBT mo-
lecule at room temperature, shown in figure 3.9, is about 20 THz wide
and extends well into the infrared. Contrary to the low temperature meas-
urement, it is now necessary to take into account the spectral response

12I point again to appendix A.1 for a treatment of room temperature resonant excita-
tion of DBT molecules.
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(b) Modification of the spectrum of a single DBT molecules, as it goes through different optical

elements. The colour of the different curves is matched with the left panel of fig. 4.12a, so
that, in order, they represent light as it goes through: the gratings, the objective, the pellicle
BS, the long-pass filter and finally is detected from the APD. The inset compares the upper
curve of the main plot (the effect of the grating couplers) with the original spectrum, that
is shown dashed.

Figure 4.12 Wavelength response of several optical elements, and the effect
on the collected single molecule spectrum.

of all the components in the setup. Figure 4.12a reports the spectral re-
sponses of several optical elements, including the efficiency of the grat-
ings, already reported in figure 4.8.

We multiply the spectrum of DBT in Ac by these transmission func-
tions to calculate the net detection efficiency. The spectrum measured
in our setup was taken with a long-pass filter that removed the fluores-
cence below 770 nm. Recalling figure 1.8 the total emission spectrum is
expected to extend well below the ZPL as well, due to interaction with
lattice phonons. I therefore used as a starting point the spectrum presen-
ted in [91], obtained by exciting the molecule at a wavelength of 725 nm,
and collecting the whole spectrum of fluorescence. I had to deconvolve
from that spectrum the wavelength-dependent efficiency of the spectro-
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meter that recorded it. I did so using the response of the spectrometer in
our laboratory, which is very similar to the one in [91]. I then applied to
this spectrum the transmission functions presented in figure 4.12a, and
calculated the changes in the emission spectrum from emission to collec-
tion. Figure 4.12b plots the fluorescence spectrum as it is out-coupled
from the grating, collected and transmitted through the objective, passes
through two beam splitters, is filtered and finally detected from the APD.
In measuring the coupling efficiency, we excite the molecule at 780 nm,
and therefore we use both a 792 nm and a 800 nm long-pass filter to
suppress the unwanted scatter.

The main loss was due to the grating coupling efficiency, providing a
cut of 80% in collection efficiency. The other main loss was 50%, due to
detection efficiency of the APD. Finally, the spectral filtering before the
APD accounted for 40% or 30% loss, for the 792 nm or the 800 nm long
pass filter. The combination of all these losses cuts the net collection effi-
ciency to ⌘wg ⇡ 10-3. While this value is comparable with the detection
efficiency measured for the confocal path in section 3.2.2, it has to be
noted that the factors there are different. See appendix C.2 for a more in
depth calculation of the collection efficiency.

�.�.� First success

I searched for single molecules that were coupled to the waveguide,
and found 4 in the 50 waveguides with the widest channel gap (200 nm).
They all bleached before I was able to complete a full set of measure-
ments, but one of them lasted long enough to provide a good subset of
data. The confocal microscope scan in figure 4.13(a) shows that molecule,
marked by a dotted circle, and panel (b) shows the antibunching of its
fluorescence, detected through the confocal microscope. In figure 4.13(c)
I show the same molecule, viewed instead through one of the gratings,
again marked by a circle. In addition, this image has a bright spot on the
right which is due to excitation light scattered from the grating. The an-
tibunching curve in panel (d) shows the correlation of the light collected
directly from the molecule with that from the grating. After correcting
the two g(2)(⌧) curves for the background count rate ((3–7)), I obtained
the values of g(2)(0) = 0.25(9) and g(2)(0) = 0.19(9). This is a direct
proof that a single molecule was coupled to the guide. Unfortunately the
molecule stopped fluorescing before a saturation trace could be recorded,
and I had no saturation data from the other three molecules. Therefore I
was not able to determine the coupling efficiency to the waveguide from
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Figure 4.13 Preliminary coupling of a single DBT molecule to a waveguide.
Panels (a) and (b) report an antibunching measurement and a
confocal raster scan, with the emitter highlighted. Panels (c) and
(d) report similar measurements, but taken through the grating
couplers. In both cases the antibunching dip is visible, confirm-
ing the single photon nature of the radiation.

the data available. At this point I needed to stop taking data to write my
thesis, so further progress on this will be for the next student.

Before bleaching, the fluorescence from the molecule became unstable
in an unusual way, showing long dark periods of several tens of seconds.
This is much longer than the expected blinking time due to transit to the
triplet state. One possible explanation involves the position of the mo-
lecule in the Ac crystal. As the molecules are deposited on the devices
before the crystals are grown, they may well sit only in a few monolayers
inside the crystals, being close to the gold surfaces. These will inevitably
get warm due to the continuous excitation with the laser. The thermal
energy could be enough to rearrange the molecules of Ac in the crystal,
giving the DBT sufficient mobility to move to the gold plates. As we have
seen, below a certain distance from a metallic surface a single emitter
enters a quenching regime, where most of its emission is coupled to the
electrons in the metal and dissipated. This is what could have happened
to the molecule coupled to the waveguide. The reappearance of its emis-
sion could be due to the molecule being in an intermediate position, and
repeatedly lifting itself from the surface.
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The results obtained so far for the HPW are very promising. I have
recorded the emission from a single molecule coupled to a device, even
for the widest gap where the coupling is weakest. I measured the second-
order correlation function, both from the confocal arm alone, and using
the waveguide coupling as the beamsplitter. In both cases the curves
showed single-molecule antibunching.

My search for the molecules in the guide was very tedious and this
could be improved in the future. The lengthiest part was the search for
the emission through the grating couplers. This requires a PM fibre to
be aligned on the grating and optimised for maximum collection. Given
the low signal-to-background level, this positioning needs to be done pre-
cisely to avoid missing coupled molecules. These steps could be avoided
with the use of our CCD camera. Its sensor features a Peltier element and
water cooling, reaching a temperature of -80 �C. In this configuration it
can reach single photon sensitivity. The light from the grating could be
filtered and then sent directly to the CCD camera. Its field of view is
wide enough to collect light from both gratings at the same time. After
an emitter has been found on a waveguide, its coupling could be tested
immediately by exciting it through the confocal path and observing its
fluorescence with the CCD. This would be a quicker and more reliable
procedure to test whether an emitter is coupled to a waveguide.

�.�.� Towards cryogenic temperatures

The study in section 4.4.3 was carried out at room temperature. Ulti-
mately, of course, we want to operate at cryogenic temperatures, where
narrow, indistinguishable photons emitted on the molecule’s ZPL could
be suitable for quantum information and communication purposes. In
preparation for this, I made some cryogenic tests of DBT-doped Ac crys-
tals grown on a sapphire substrate using the method of section 4.3.2.

The temperature and growth time were modified, to match those ex-
plained in [94] in order to obtain single separated crystals. These were
then cooled in the cryostation, and analysed in the setup described in
figure 3.1. To single out narrow molecules we excited the same area of
the sample first with a laser tuned to the ZPL, and then with the 767 nm
laser. Because of their narrow ZPL, cold molecules were not expected to
be resonant with the first laser, but should be excited through the broad



104 ������ ��������� ����������

α

2 µm

β

2 µm 2 µm

784 nm 766 nm

Figure 4.14 Two raster scans of the same area of the sample, with different
excitation wavelength and similar saturation power. Additional
emitters are visible on the right panel, as possible narrow DBT
molecules, or simply scatterers with higher resonant frequency.
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1,3 transition. I therefore expected some additional emitters to
appear in the 767 nm scan.

One example is shown in figure 4.14 where new spots do indeed appear
in the shorter-wavelength scan. However, while I scanned that location
with a wide range of frequencies around the ZPL, no narrow ZPL fluor-
escence was observed. These new emitters could be impurities, or highly-
detuned molecule, with a resonant frequency around 767 nm. Other
scans were equally unsuccessful. One might wonder if the crystals are
too thin for the molecule to have a narrow line, however Gmeiner et al.
[198] have seen lines of 100 MHz in crystals of similar thickness to ours
(100 nm).

Wondering whether the crystals are good enough, we have refined our
growth technique. The results are shown in figure 4.15. In the picture,
taken from in an optical microscope with a 50x objective lens, several
single crystalline structures are visible. Despite their modest size (sev-
eral microns across), the resemblance with the co-sublimated crystals of
figure 3.5 is striking. In particular I have highlighted one structure that
presented the expected hexagonal shape. I have marked the two angles
↵ = 109� and � = 125� for the anthracene crystal [121, 199].

Several other structures presented a regular appearance. The obtuse
angles of these structures (highlighted in the figure) matched the ↵ angle
for Ac crystals. Moreover, the acute angle proved to be equal to 2 · (�-

90�). As the hexagonal crystal in figure 4.15 features a short side between
the two � angles, we can imagine how the crystal growth will be directed.
Moreover, we can immediately identify the b-axis of the crystals, and
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Figure 4.15 Picture of single crystals of anthracene showing regular shapes.
We have highlighted the two angle for the Ac crystals, ↵ = 109�

and � = 125�.

with it the orientation of the dipole of embedded DBT molecules13. I
conclude that the crystals themselves are indeed single crystals of high
quality. As mentioned in section 4.4.3, there remains the possibility that
the molecules, even though they are aligned with the b axis, may be too
close to the surface to have narrow lines.

A final, more radical approach could be taken, by changing the Ac
matrix. Recently, paradichlorobenzene (pDCB) showed great promise as
a host for DBT [112]. The new combination gives lifetime-limited ZPL at
782 nm, that is entirely suitable for our devices. pDCB melts at only 50 �C,
and it has recently been used to couple DBT to photonic nanostructures
[119]. If pDCB could be spin coated or melted on a chip, it could provide
a good alternative to the supersaturation growth. Tests of photostability
and dephasing in this matrix will be crucial to the project.

13This claim has yet to be confirmed by experimental results.





5
R E S O N A N T P R O C E S S E S
I N P H OTO N I C C R Y S TA L
D E V I C E S

The previous chapter dealt with plasmonic enhancement. In this chapter
I will expand on an alternative approach to emission enhancement, by in-
tegrating single emitters into an array of coupled optical cavities. In par-
ticular I will concentrate on resonant two-photon absorption in silicon
devices.

This final chapter presents the work I carried out during an internship
at the Photonic Nanostructure Research Group, at the NTT Basic Research
Laboratories [200]. The project combined the group expertise in fabricat-
ing high quality photonic crystals and in depositing crystalline layers of
erbium oxides. Coating a series of coupled photonic crystal cavities with
a layer of erbium oxide could enhance the interaction between coupled
light and single ions in the oxide lattice. This would create a passive
device with a highly enhanced light-matter interaction, that could be in-
cluded in several quantum information protocols.

�.� ����������

�.�.� CROWs

Coupled resonator optical waveguides, or CROWs, are a powerful al-
ternative to total internal reflection and Bragg wave-guiding [201]. A
schematic of a CROW is reported in figure 5.1a. They consist of a series
of optical resonators, coupled together in a chain. Light is coupled to the
first optical resonator, and is then transmitted through the chain until the
last cavity, from which is coupled out of the device. Several physical im-
plementations have been suggested, like evanescent coupling between mi-
cro disk cavities [202], or, like in our case, defect cavities in a 2D photonic
crystal [203, 204].

In figure 5.1b we report SEM images of the CROWs used during the
course of the experiment. The regular pattern of holes in a silica slab
creates a periodic modulation of the refractive index. This periodicity
creates an interval of forbidden frequencies, a photonic band-gap, in a
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(a) Schematic of a CROW. Input and output couplings are specified by �, while g is the coupling
constant between adjacent cavities.
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(b)(a)

1 µm
(b) SEM images of the CROWs fabricated at NTT. The left panel shows two ridge waveguides

coupled to an L3 cavity, the constituent element of the CROW. The right panel shows
multiple L3 cavities, arranged in a CROW. The angle between the cavities is chosen to
maximise the coupling between adjacent cavity modes, that have a peculiar x-shape.

Figure 5.1 Schematic of CROW, and SEM images of devices fabricated at
NTT.

similar fashion as the gap between the valence and conduction band for
semiconductors. Controlled disorder in the photonic crystal, like remov-
ing holes from the pattern, creates a localised defect with a high density
of modes, within the band gap. Light is now allowed in the defect, but
the group index of the allowed modes can be highly modified. The result
is a slow propagation of light, that presents a highly reduced group velo-
city. Record values of v

g

= 10-2c have been achieved, as well as optical
cavities with high quality factors [106, 205, 206].

The single constituent of the CROW used for our experiment is a cavity
obtained by removing three holes from a 2D photonic crystal. This design
is also called an L3 cavity, and an example is reported on the left panel
of figure 5.1b. The holes adjacent to the cavities can be adjusted in size
and position to increase the quality factor of the cavity up to a value of
⇠ 106 [206]. A collection of these cavities can be arranged in a CROW, as
reported in the right panel of figure 5.1b. Due to the particular profile of
the mode, the cavities have to be arranged at an angle to maximise the
coupling between consecutive resonators.
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Due to their analogy with atomic electrons in a solid, CROWs can be
treated using the tight-binding model of condensed matter physics. Un-
der these assumptions, it is straightforward to derive the dispersion rela-
tion for the waveguide mode of the CROW as

!
k

⇡ !
0

(1+ g cos(kC)) (5–1)

where k is the wave vector restricted to the first Brillouin zone of the
lattice, C is the dimension of the unit cell of the resonator (e.g. the cavity
length), !

0

is the resonance frequency of the resonators and g is the
coupling constant between consecutive resonators [201]. We can then
extract the group velocity of the CROW as

v
g

(k) =
d!

k

dk
= -g!

0

C sin(kC). (5–2)

As this quantity is only dependent on the constant g, weakly coupled
CROWs present a very low group velocity, with an almost flat dispersion
diagram. By looking back at eq. (1–3), we can see that this is a highly
desirable feature for nanophotonics, useful for harnessing and enhancing
emission from a single quantum emitter [57, 207].

In the frame of quantum optics, CROW-like devices can be easily de-
scribed by extending the input-output formalism for optical cavities [142,
ch. 7]. The interaction Hamiltonian HSR between a single mode of an
optical cavity, governed by HS, and the external field, governed by HR,
takes the form

HSR = ı h

Z
d!(!)

h
ba† - ab

i
. (5–3)

where a (a†) and b (b†) are the bosonic annihilation (creation) operators
for the electromagnetic field inside and outside the cavity. The function
(!) describes the coupling strength between the modes. The Heisenberg
equations of motion for a and b, in the rotating wave approximation and
in the interaction picture, are

ḃ = -ı!b+ (!)a (5–4a)

ȧ = -
ı
 h
[HS, a]-

Z
d!(!)b. (5–4b)

Eq. (5–4a) can be solved given an initial or a final condition. When in-
serted into eq. (5–4b), two different solutions for a(t) can be obtained. If
we consider the coupling function (!) to be constant over the relevant
frequency range1, and in particular to be (!) =

p
�/2⇡, then we can re-

1Note that this approximation is not valid for the case of two-photon absorption.
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Figure 5.2 Transmission spectrum for an n = 5 CROW, for different values of
loss parameter and coupling constant.

write eq. (5–4b) as a quantum stochastic differential equation, dependent
on initial or final conditions of b:

ȧ = -
ı
 h
[HS, a]-

�

2
a+

p
�aIN (5–5a)

ȧ = -
ı
 h
[HS, a] +

�

2
a-

p
�aOUT (5–5b)

where we have defined the input and output field operators as

aIN(t) = -
1p
2⇡

Z
d! e-ı!(t-t

0

)b
0

(!) (5–6a)

aOUT(t) =
1p
2⇡

Z
d! e-ı!(t-t

1

)b
1

(!) (5–6b)

where b
0

(!) = b(t = t
0

, !) and b
1

(!) = b(t = t
1

, !) are the field oper-
ators for the initial (t > t

0

) and final (t < t
1

) conditions. The boundary
condition that relates the field inside and outside the cavity is

aIN(t) + aOUT(t) =
p
�a(t) (5–7)

It is now possible to generalise this relationship, considering the case
of n cavities coupled together. The system Hamiltonian has the form

HS =  h
nX

j=1

!
j

a†
j

a
j

+ ı h
n-1X

j=1

g
j, j+1

⇣
a†
j

a
j+1

- a
j

a†
j,j+1

⌘
(5–8)
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where the j-th cavity is described by the operators a
j

and a†
j

, and cavities
j and j+1 are coupled with strength g

j, j+1

. Only the first and last cavities
are coupled to the outside. From this expression, we can adapt eq. (5–5)
to find the evolution of a(t) = {a

i

(t)}. For the i-th cavity, we find that

ȧ
i

= -ı!
i

a
i

- (g
i-1,iai-1

- g
i,i+1

a
i+1

)-
�

2
�
i,cai

+
p
�aIN, i. (5–9)

with c = 1 or n, to represent the input and output coupling of the first
and last cavity.

We can express this equation in matrix form in the frequency space as

Aa(!) = -
p
�aIN (5–10)

where aIN = {aIN i

}, and A is the matrix2 that includes the three contribu-
tions of input and output field I/O, hopping between the modes H and
the detuning D. For a 5-cavity CROW, these have the form

A = D+ I/O+H

= ı(!-!
0

)I+

2

6666664

�

2

0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 �

2

3

7777775
+

2

6666664

0 -g 0 0 0

g 0 -g 0 0

0 g 0 -g 0

0 0 g 0 -g

0 0 0 g 0

3

7777775

(5–11)

where I is the identity matrix and we have imposed g
i,j = g and!

j

= !
0

.
Finally, by inserting eq. (5–7) into eq. (5–10), the input-output relation for
a CROW are found to be

aOUT(!) = -A-1 (A+ �I)aIN(!). (5–12)

To calculate the field at the output of the last cavity, we need the last
element of the vector aOUT(!), for an input field that is non-zero only for
the first cavity, aIN(!) = (1, 0, 0, . . .). aOUT,n(!) gives us information on
the transmission spectrum of the CROW.

An example is reported in figure 5.2, for an n = 5 CROW and for
different values of loss parameter and coupling constant. For g > � the
spectrum presents n peaks where there is unity transmission, and a total
bandwidth of ⇠ n · g. The greater the ratio g/�, the sharper these peaks
are. The spectrum becomes almost flat as g ⇠ �, to then feature n - 2

peaks as g < �, that also get sharper for increasing �. By tuning the ratio

2Note that as A acts only on a, and not a†, it is non-hermitian.
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g/� is then possible to tailor the CROW, from a flat transmission line, and
therefore less dispersion, to a very narrow, comb-like filter.

Lastly, I shall highlight another useful feature of the CROW. The res-
onators in the chain are (usually) positioned in the optimal configuration
for cavity-cavity coupling. This configuration is not necessarily unique,
but depends on the symmetry of the resonator. If we consider the case of
whispering-gallery modes in micro disk resonators, then two consecutive
cavities can be arranged at any angle between each other, still maintain-
ing perfect coupling. In such a way a perfect, lossless bend of any angle
can be made in the waveguide. On a more general level, a bend of angle
2⇡/i can be made in a CROW made of resonators with i-fold rotational
symmetry. For our case of L3 cavities in a photonic crystal, two possible
arrangements are available, giving lossless ⇡/2 bends.

�.�.� Erbium oxide

Erbium is at the forefront of integration between rare-earth elements
and silicon devices. Its main application is light amplification in silicon
at telecom wavelengths [208–210]. Recently erbium, and generally rare
earth-doped materials have attracted renewed attention. Rare-earth ele-
ments present transitions within their 4f shell that are shielded from outer
perturbations and lattice interactions. They thus provide another plat-
form for coherent exchange of excitation between light an matter, owing
also to their long-lived states [211, 212]. However, there are several down-
sides to the wide spread use of doping, starting from the low oscillator
strength of a single ion. While relatively high doping can be achieved,
and therefore a high concentration of emitters, this usually comes at the
cost of emission quenching, due to the high number of defects in the
crystal.

Some of these issues can be resolved by replacing doping techniques
with naturally occurring compounds, such as, in our case, erbium oxide
(Er

2

O
3

) [208, 213]. A single cell of Er
2

O
3

contains 32 Er3+ ions, account-
ing to a remarkable ⇠ 1022 Er/cm3. Such a concentration of emitters,
aside from being two orders of magnitude higher than what is reachable
in erbium-doped glasses, does not affect the crystalline properties of the
matrix, as the single ions do not reside in the lattice as an impurity. Er

2

O
3

also benefits from a lattice constant that matches that of Si(111). An in-
tegrated, defect free layer of Er

2

O
3

could be added to silicon devices,
activating portions of optical chips for light-matter interaction.
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)

H. Omi and T. TawaraJpn. J. Appl. Phys. 51 (2012) 02BG07

02BG07-2 # 2012 The Japan Society of Applied Physics

1500 15401460 1580

(b) (c)

wavelength [nm]

Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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populationdynamicsindetailandpreciselywithouttheeffect
ofanon-radiativetransitionatthegrainboundaryandphonon
relaxationfromhigherstatesrequiresopticalcharacterization
usingsinglecrystalEr2O3undertheselectiveexcitationofa
certainStarklevelinthe4I13/2manifold.Inthispaper,we
growsinglecrystalEr2O3epitaxiallyonaSi(111)substrate
andinvestigatethepopulationdynamicsusingtheselective
excitationofthesecondlowerStarklevelinthe4I13/2mani-
fold,focusingparticularlyonthetimeconstantoftheuninten-
tionalenergytransferbetweenEr3þions,whichislimitedto
themanipulationtimeofthepopulationintheEr2O3crystals.

An85nm-thickEr2O3crystalwasgrownonapurity
Si(111)surfacewith7"7reconstructionbymolecularbeam
epitaxy(MBE)atgrowthtemperatureof715#Cwhich
bringsabouttheflatEr2O3surface.Weusedelectronbeam
depositioninultra-highvacuumchamberforMBEgrowth.
Thestreakpatternofthereflectionhighenergyelectrondif-
fraction(RHEED)wasmaintainedduringthegrowth(Fig.
1(b))andthecross-sectionalimageobtainedwithatransmis-
sionelectronmicroscope(TEM)aftergrowthprovesthatthe
Er2O3isepitaxiallygrownontheSi(111)surfacewithout
interfacialsilicatesorsiliconoxides(Fig.1(c)).

Theas-grownsamplesweremountedinacontinuous
flowliquidheliumcryostatandthetemperaturewasset
at4K.Photoluminescence(PL)andphotoluminescence
excitation(PLE)spectrawereobtainedbyusinganexcitation
sourceconsistingofacontinuous-wavetunablelaser
(1470–1560nm,spectralwidthof400kHz)withanerbium-
dopedfiberamplifier(EDFA).Thiswavelengthrangecorre-
spondstotheenergyofa4I13/2manifold.Theexcitationlaser
wasfocusedtoaspotwithadiameterofabout15lmandan
incidentangleof45#throughanobjectivelens.Thelumines-
cencefromthesamplewascorrectedperpendicularlybyadif-
ferentobjectivelenswithanumericalapertureof0.40.The
spectralresolutionwasabout60leV.Thetime-resolvedPL
wasmeasuredbyusingapulsedlaserformedofanacousto-
opticmodulatorandastreakcamera(HamamatsuC11293S).
Thespectralandtemporalresolutionsofthissystemwere
500leVand20ps(fora1nstimerange),respectively.

Figure2(a)showsaPLEcolorplotunder4I13/2manifold
excitationwithanexcitationpowerof3.3mW.Thedashed
anddottedlinesinthisfigureindicatetheassignedenergylev-
elsofthe4I13/2manifoldmeasuredforErdopedinpolycrys-
tallineY2O3.12Theenergylevelswerealmostthesameas
forEr:Y2O3andstrongluminescencefromtheY02-Z01and
Y01-Z01transitionsintheC3isitewereobservedatwave-
lengthsof1544.7and1548.2nm.Thespectrallinewidth(full
widthathalfmaximum)ofthePLemissionsrangedfrom200
to300leV,whichisasnarrowasthePLEabsorptionline-
width(Fig.2(b)).Sincethisismuchnarrowerthantheenergy
intervalsinthelowerenergystateofthe4I13/2manifold,we
canaccesseachStarkleveloptically.Interestingly,these
emissionsfromtheC3isiteappeareventhoughtheexcitation
energyresonateswiththeenergylevelsoftheC2site(Y1–5).
ThismeansthatenergymigratesbetweendistantC2andC3i

sites.Crossrelaxationinducedbyphotonemissionandre-
absorption,andaresonantenergytransferarisingfroma
dipole-dipoleinteraction(F€orstertype)13orwavefunction
overlapping(Dextertype)14areknowntobeenergymigration
mechanisms.Inourcase,weassumethatthelatter,resonant

energytransfer,isthemaincontributorsincecrossrelaxation
cannotoccurowingtothemismatchbetweenthetransition
energies.

Toinvestigatethisenergytransfertime,wemeasurethe
excitationpowerdependenceofthePLspectraobtainedwith
theselectiveexcitationoftheY2levelintheC2siteas
showninFig.3.ItisclearlyshownthatthePLintensityof
theY01-Z01transitionintheC3isiteissaturatedandthatfrom
theY1-Z1transitionintheC2siteappearsaroundanexcita-
tionpowerofPsat¼25mW.Thissuggeststhattheexcited
populationsintheC2sitearetransferredresonantlytothe
energylevelsinC3i(Y01–3)inashortertimethantheradia-
tivelifetimeoftheY01-Z01transition,andaftersaturationof
theY01populationtheexcesspopulationsremainandemit
photonsintheC2site.Toestimatethetimeconstantofthe
resonantenergytransferfromtheC2toC3isite(sTr¼1/cTr),
wesolvetheconventionalrateequationforthepopulationas
follows:

dn1

dt
¼G%1

s1
n1%cTrn1;

dn01
dt

¼cTrn1%
1

s01
n01;(1)

wheren1(0)isthepopulationattheY1levelintheC2site(at
theY01levelintheC3isite),Gisthepumpingrate,ands1(0)
isthedecaylifetimeoftheY1-Z1(Y01-Z01)transition.This
assumesthattherelaxationtimeinthesamesite,e.g.,from
Y2toY1ismuchfasterthans1(0)anditisnottakeninto

FIG.2.(a)PLEcolorplotmeasuredat4K.Dashedanddottedlinesindicate
theassignedenergylevelsofthe4I13/2manifoldmeasuredforErdopedin
polycrystallineY2O3(Ref.12).Thenoiseofthelowerpartiscausedbyscat-
teringfromtheexcitationlaser.(b)PLEspectradetectedatY01-Z01and
Y02-Z01transitions.
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Wegrowsinglecrystalerbium-oxide(Er2O3)epitaxiallyonaSi(111)substratebyusingmolecular
beamepitaxyandinvestigatethepopulationdynamicsinEr3þionsforthecoherentmanipulation
ofthepopulationinEr2O3.SharpanddiscreteStarkenergylevelsofthe4I13/2manifoldassmallas
200leVareobservedwithinhomogeneousbroadeningcausedbytheuniformcrystalfieldofthe
epitaxialEr2O3.Wealsoexperimentallydeterminethetimeconstantoftheresonantpopulation
transferbetweenspatiallydistantEr3þ-ionsites,whichislimitedtothemanipulationtimeofthe
populationintheEr2O3crystals.UsingselectiveexcitationoftheStarklevelinthe4I13/2manifold,
weobtaintheenergytransfertimesbetweenspatiallydistantEr3þions,andtheyareabout2ls
betweensiteswhosecrystallographicsymmetryisdifferentand10lsbetweensiteswhose
symmetryisthesame.VC2013AIPPublishingLLC.[http://dx.doi.org/10.1063/1.4812294]

Inquantuminformationtechnology,thecoherent
manipulationofpopulationsinquantumstatesisindispensa-
bleforreversiblymappingthequantuminformationina
lightfieldtothequantumstateofamaterial.1–3Untilnow
thishasbeenstudiedmainlyintrappedatoms,4–6because
theyhavedeterministic,discrete,andnon-perturbablequan-
tumstates.Inthesamecontext,rare-earth-dopedsolidsare
attractiveasarobustmaterialsystemforpopulationmanipu-
lationinasolid,becausetheintra-4ftransitionsinrare-earth
ionsareweaklyperturbedbythecrystallineenvironment,
andtheyexhibitresonancewithanarrowinhomogeneous
andhomogeneouslinewidth.However,thereareserious
issueswithpopulationmanipulationinrare-earthmaterials
inthattheoscillatorstrengthofasingleionisrelatively
small,andsoconcentrationquenchingisinducedbydefects
whentherare-earthionsarehighlydoped.7Moreover,itis
knownthattheinhomogeneousbroadeningoftheenergy
levelsisstronglyaffectedbythecrystallinequalityofthe
hostmaterialsandunintentionalenergytransferoccurs
betweenrare-earthions.8Thesephenomenainrare-earth
dopedsolidscomplicatethephysicsofpopulationdynamics.

Astrongcandidatesolutionfortheseproblemsisthe
utilizationofsinglecrystals,whicharerare-earthcom-
pounds.9,10Theyhavethehighestconcentrationofrare-earth
ionsperunitvolume,andthiseffectivelyincreasestheoscil-
latorstrength.Inaddition,wecanexpectauniformcrystal
fieldwithoutanon-radiativetransitionatthegrainboundary,
andstructuralflexibility,forexamplecontrolofthedistance
betweenionsbyanalloy,andopticalconfinementusingan
epitaxialheterostructure.

Asonesuchattractivematerial,weconcentrateoner-
biumoxide(Er2O3),whichcanmatchthelatticeconstantof
Si(111)andinteractwithatelecom-bandphoton.10,11Er2O3

crystalshaveacubicbixybitestructureandthelattice
constant(a¼10.54Å)isgenerallytwicethatofSi(111)
(a¼5.43Å).AunitcellofEr2O3contains32erbiumions,
24atsiteswithC2(non-inversion)symmetryand8atsites

withC3i(inversion)symmetry.Thenearestneighbordistan-
cesofEr3þionsbetweentheC2-C2,C2-C3i,andC3i-C3isites
are1.945,2.656,and5.268Å,respectively.Thetransition
fromthefirstexcitedstate(4I13/2manifoldwithStarklevels
Yi

(0),i¼1#7)tothegroundstate(4I15/2manifoldwithStark
levelsZi

(0),j¼1#8)inEr3þionsexhibitsphotonemission
ataround1.5lmasshowninFig.1(a).Here(forced)
electric-dipoletransitionsbetweentheStarklevelsare
allowedforEr3þinC2sites(Yi-Zj)andonlymagnetic-
dipoletransitionsarepossibleforEr3þinC3isites(Y0i-Z

0
j).

Inapreviousreport,weassignedeachStarkenergylevel
ofpolycrystallineEr2O3byreferringtothatinEr-dopedpoly-
crystallineY2O3,12andinvestigatedthepopulationdynamics
betweenEr3þionsatthelatticesitesofC2andC3iinpolycrys-
tallineEr2O3asafunctionoftemperaturewithhigherenergy
level(4I9/2)excitation.11Fromtheseresults,wefoundthata
phonon-assistedenergytransferoccursbetweenthedifferent
siteswithincreasingtemperature.However,understandingthe

FIG.1.(a)EnergydiagramofEr3þionsinY2O3(Ref.12).(b)RHEEDpat-
ternduringEr2O3growth.(c)Cross-sectionalTEMimageofEr2O3/Si(111). a)E-mail:tawara.takehiko@lab.ntt.co.jp.
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includingStarksplittingof4I15=2and4I13=2forthetwosites,
whichagreewiththeenergylevelsofC2andC3isites
determinedbyGruberetal.butnotwiththeonescalculated
byothers.12,13)

Figure3(b)showsthetemperature-dependenceofthePL
peakintensityratioofI1535toI1548.Theratiomonotonically
increaseswithincreasingtemperature,whichcanbe
explainedbyasimpletheoryallowingphonon-assisted

energytransferbetweentheC2andC3isites.Thesolidline
isthefittingcurveobtainedfromthetheory.11)Ascanbe
seeninthisfigure,theexperimentalresultsareingood
accordancewiththetheoryasdescribedbelow.

Tounderstandthedynamicsoftheenergytransfer
betweentheC2andC3isites,weconsiderasimplemodel.
Inthemodel,accordingtoref.11,therateofchangeof
theprobabilitythattheithsiteoftype!(1or2)isinthe
excited4I13=2stateisexpressedas

dP!i

dt
¼g!""!P!iþ

X

j

DjiP!j"
X

j

DijP!i

þ
X

j

Xjið!a!!ÞP!!j"
X

j

Xijð!a!!ÞP!!i;ð1Þ

whereg!isthepumpingrate,"!isthedecayratefor
isolatedionsatsitesoftype!,Dijisthetransferrate
betweenequivalentsites,andXijisthetransferratebetween
ionsatinequivalentsites(if!is1,then!!is2and
viceversa).Energytransferbetweeninequivalentsites
involvesabsorptionoremissionofaphonon,andsincethe
energyofsite1(C2site)ishigherthanthatofsite2(C3i

site)by"E&51cm"1[seetheinsetinFig.3(b)],which
islargerthantheminimumabsorptionof40cm"1,14)the
transferratesare

Xijð1!2Þ¼#WðRijÞ½nðj"EjÞþ1(;
Xjið2!1Þ¼#WðRijÞnðj"EjÞ;

ð2Þ

wherenðEÞ¼1=½expðE=kTÞ"1(isthenumberofphonons
permode,WðRÞistheresonanttransferrate,and#isa
positiveconstantrelatedtoelectron–phononcoupling.We
assumedherethatenergytransferbetweentheequivalent
sitesisresonantandthereforemuchfasterthanthatbetween
inequivalentsitesandthattheexcitationisalwaysequally
distributedamongstequivalentsites.Theratioofthe
intensitiesofluminescencefromsite1(C2)andsite2
(C3i)is

R¼I1
I2

¼"1N1P1

"2N2P2
¼C

Anðj"EjÞþ$"2

A½1þnðj"EjÞ(þð1"$Þ"1
;ð3Þ

whereC¼N1"1=N2"2,$¼g1=ðg1þg2Þ,N1andN2are
theproportionofcenters1(C2site)and2(C3isite),
respectively,andthetransfercoefficient

A¼$

N2
þ1"$

N1

!"X

ij

#WðRijÞ:ð4Þ

Fig.2.X-raypowderdiffractionpatternobtainedat!¼1:0)fromthe
sampleannealedat1000)CinArambience.TheX-raywavelengthwas
0.124nm.

Fig.3.(Coloronline)(a)Photoluminescencespectraobtainedfrom
Er2O3grownonSi(111)asafunctionoftemperature.(b)Temperature
dependenceofintensityratiosofI1535=I1548.Solidlineisthefittingbythe
theory.

TableI.Photoluminesencefrom4I13=2to4I15=2forC2andC3isitesat
300K.

%
(nm)

%
(nm)aÞ

Transitionfromemittinglevels
Yn!Zn

Sites

1515.91515.9Y4!Z1C2

1517.51517.4Y3!Z1C2

1526.41526.6Y3!Z2C2

1528.11527.9Y2!Z1C2

1530.51530.3Y0
3!Z0

1C3i

1535.81535.5Y1!Z1C2

1544.81544.7Y1!Z2C2

1548.11547.7Y0
1!Z0

1C3i

1555.71555.4Y3!Z5C2

a)PeakpositionsoftheErdopedY2O3obtainedbyGruberetal.9)

H.OmiandT.Tawara Jpn.J.Appl.Phys.51(2012)02BG07

02BG07-2#2012TheJapanSocietyofAppliedPhysics

15001540 14601580

(b)(c)

wavelength [nm]

Figure5.3Opticalpropertiesoferbiumoxide,reportinga)theemissionspec-
trumasafunctionofexcitationwavelength,b)theenergylevels
forthetwoinsertionsitesandc)theemissionspectrumasafunc-
tionoftemperature.Imagesadaptedwithpermissionfrom[218]
and[219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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Population dynamics in epitaxial Er2O3 thin films grown on Si(111)
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)

H. Omi and T. TawaraJpn. J. Appl. Phys. 51 (2012) 02BG07
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1500 15401460 1580

(b) (c)

wavelength [nm]

Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].
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population dynamics in detail and precisely without the effect
of a non-radiative transition at the grain boundary and phonon
relaxation from higher states requires optical characterization
using single crystal Er2O3 under the selective excitation of a
certain Stark level in the 4I13/2 manifold. In this paper, we
grow single crystal Er2O3 epitaxially on a Si(111) substrate
and investigate the population dynamics using the selective
excitation of the second lower Stark level in the 4I13/2 mani-
fold, focusing particularly on the time constant of the uninten-
tional energy transfer between Er3þ ions, which is limited to
the manipulation time of the population in the Er2O3 crystals.

An 85 nm-thick Er2O3 crystal was grown on a purity
Si(111) surface with 7" 7 reconstruction by molecular beam
epitaxy (MBE) at growth temperature of 715 #C which
brings about the flat Er2O3 surface. We used electron beam
deposition in ultra-high vacuum chamber for MBE growth.
The streak pattern of the reflection high energy electron dif-
fraction (RHEED) was maintained during the growth (Fig.
1(b)) and the cross-sectional image obtained with a transmis-
sion electron microscope (TEM) after growth proves that the
Er2O3 is epitaxially grown on the Si(111) surface without
interfacial silicates or silicon oxides (Fig. 1(c)).

The as-grown samples were mounted in a continuous
flow liquid helium cryostat and the temperature was set
at 4 K. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained by using an excitation
source consisting of a continuous-wave tunable laser
(1470–1560 nm, spectral width of 400 kHz) with an erbium-
doped fiber amplifier (EDFA). This wavelength range corre-
sponds to the energy of a 4I13/2 manifold. The excitation laser
was focused to a spot with a diameter of about 15 lm and an
incident angle of 45# through an objective lens. The lumines-
cence from the sample was corrected perpendicularly by a dif-
ferent objective lens with a numerical aperture of 0.40. The
spectral resolution was about 60 leV. The time-resolved PL
was measured by using a pulsed laser formed of an acousto-
optic modulator and a streak camera (Hamamatsu C11293S).
The spectral and temporal resolutions of this system were
500 leV and 20 ps (for a 1 ns time range), respectively.

Figure 2(a) shows a PLE color plot under 4I13/2 manifold
excitation with an excitation power of 3.3 mW. The dashed
and dotted lines in this figure indicate the assigned energy lev-
els of the 4I13/2 manifold measured for Er doped in polycrys-
talline Y2O3.12 The energy levels were almost the same as
for Er:Y2O3 and strong luminescence from the Y02-Z01 and
Y01-Z01 transitions in the C3i site were observed at wave-
lengths of 1544.7 and 1548.2 nm. The spectral linewidth (full
width at half maximum) of the PL emissions ranged from 200
to 300 leV, which is as narrow as the PLE absorption line-
width (Fig. 2(b)). Since this is much narrower than the energy
intervals in the lower energy state of the 4I13/2 manifold, we
can access each Stark level optically. Interestingly, these
emissions from the C3i site appear even though the excitation
energy resonates with the energy levels of the C2 site (Y1–5).
This means that energy migrates between distant C2 and C3i

sites. Cross relaxation induced by photon emission and re-
absorption, and a resonant energy transfer arising from a
dipole-dipole interaction (F€orster type)13 or wave function
overlapping (Dexter type)14 are known to be energy migration
mechanisms. In our case, we assume that the latter, resonant

energy transfer, is the main contributor since cross relaxation
cannot occur owing to the mismatch between the transition
energies.

To investigate this energy transfer time, we measure the
excitation power dependence of the PL spectra obtained with
the selective excitation of the Y2 level in the C2 site as
shown in Fig. 3. It is clearly shown that the PL intensity of
the Y01-Z01 transition in the C3i site is saturated and that from
the Y1-Z1 transition in the C2 site appears around an excita-
tion power of Psat¼ 25 mW. This suggests that the excited
populations in the C2 site are transferred resonantly to the
energy levels in C3i (Y01–3) in a shorter time than the radia-
tive lifetime of the Y01-Z01 transition, and after saturation of
the Y01 population the excess populations remain and emit
photons in the C2 site. To estimate the time constant of the
resonant energy transfer from the C2 to C3i site (sTr¼ 1/cTr),
we solve the conventional rate equation for the population as
follows:

dn1

dt
¼ G% 1

s1
n1 % cTrn1;

dn01
dt
¼ cTrn1 %

1

s01
n01; (1)

where n1(0) is the population at the Y1 level in the C2 site (at
the Y01 level in the C3i site), G is the pumping rate, and s1(0)
is the decay lifetime of the Y1-Z1 (Y01-Z01) transition. This
assumes that the relaxation time in the same site, e.g., from
Y2 to Y1 is much faster than s1(0) and it is not taken into

FIG. 2. (a) PLE color plot measured at 4 K. Dashed and dotted lines indicate
the assigned energy levels of the 4I13/2 manifold measured for Er doped in
polycrystalline Y2O3 (Ref. 12). The noise of the lower part is caused by scat-
tering from the excitation laser. (b) PLE spectra detected at Y01-Z01 and
Y02-Z01 transitions.
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Population dynamics in epitaxial Er2O3 thin films grown on Si(111)
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We grow single crystal erbium-oxide (Er2O3) epitaxially on a Si (111) substrate by using molecular
beam epitaxy and investigate the population dynamics in Er3þ ions for the coherent manipulation
of the population in Er2O3. Sharp and discrete Stark energy levels of the 4I13/2 manifold as small as
200 leV are observed with inhomogeneous broadening caused by the uniform crystal field of the
epitaxial Er2O3. We also experimentally determine the time constant of the resonant population
transfer between spatially distant Er3þ-ion sites, which is limited to the manipulation time of the
population in the Er2O3 crystals. Using selective excitation of the Stark level in the 4I13/2 manifold,
we obtain the energy transfer times between spatially distant Er3þ ions, and they are about 2 ls
between sites whose crystallographic symmetry is different and 10 ls between sites whose
symmetry is the same. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812294]

In quantum information technology, the coherent
manipulation of populations in quantum states is indispensa-
ble for reversibly mapping the quantum information in a
light field to the quantum state of a material.1–3 Until now
this has been studied mainly in trapped atoms,4–6 because
they have deterministic, discrete, and non-perturbable quan-
tum states. In the same context, rare-earth-doped solids are
attractive as a robust material system for population manipu-
lation in a solid, because the intra-4f transitions in rare-earth
ions are weakly perturbed by the crystalline environment,
and they exhibit resonance with a narrow inhomogeneous
and homogeneous linewidth. However, there are serious
issues with population manipulation in rare-earth materials
in that the oscillator strength of a single ion is relatively
small, and so concentration quenching is induced by defects
when the rare-earth ions are highly doped.7 Moreover, it is
known that the inhomogeneous broadening of the energy
levels is strongly affected by the crystalline quality of the
host materials and unintentional energy transfer occurs
between rare-earth ions.8 These phenomena in rare-earth
doped solids complicate the physics of population dynamics.

A strong candidate solution for these problems is the
utilization of single crystals, which are rare-earth com-
pounds.9,10 They have the highest concentration of rare-earth
ions per unit volume, and this effectively increases the oscil-
lator strength. In addition, we can expect a uniform crystal
field without a non-radiative transition at the grain boundary,
and structural flexibility, for example control of the distance
between ions by an alloy, and optical confinement using an
epitaxial heterostructure.

As one such attractive material, we concentrate on er-
bium oxide (Er2O3), which can match the lattice constant of
Si(111) and interact with a telecom-band photon.10,11 Er2O3

crystals have a cubic bixybite structure and the lattice
constant (a¼ 10.54 Å) is generally twice that of Si(111)
(a¼ 5.43 Å). A unit cell of Er2O3 contains 32 erbium ions,
24 at sites with C2 (non-inversion) symmetry and 8 at sites

with C3i (inversion) symmetry. The nearest neighbor distan-
ces of Er3þ ions between the C2-C2, C2-C3i, and C3i-C3i sites
are 1.945, 2.656, and 5.268 Å, respectively. The transition
from the first excited state (4I13/2 manifold with Stark levels
Yi

(0), i¼ 1# 7) to the ground state (4I15/2 manifold with Stark
levels Zi

(0), j¼ 1# 8) in Er3þ ions exhibits photon emission
at around 1.5 lm as shown in Fig. 1(a). Here (forced)
electric-dipole transitions between the Stark levels are
allowed for Er3þ in C2 sites (Yi-Zj) and only magnetic-
dipole transitions are possible for Er3þ in C3i sites (Y0i-Z

0
j).

In a previous report, we assigned each Stark energy level
of polycrystalline Er2O3 by referring to that in Er-doped poly-
crystalline Y2O3,12 and investigated the population dynamics
between Er3þ ions at the lattice sites of C2 and C3i in polycrys-
talline Er2O3 as a function of temperature with higher energy
level (4I9/2) excitation.11 From these results, we found that a
phonon-assisted energy transfer occurs between the different
sites with increasing temperature. However, understanding the

FIG. 1. (a) Energy diagram of Er3þ ions in Y2O3 (Ref. 12). (b) RHEED pat-
tern during Er2O3 growth. (c) Cross-sectional TEM image of Er2O3/Si(111).a)E-mail: tawara.takehiko@lab.ntt.co.jp.
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including Stark splitting of 4I15=2 and 4I13=2 for the two sites,
which agree with the energy levels of C2 and C3i sites
determined by Gruber et al. but not with the ones calculated
by others.12,13)

Figure 3(b) shows the temperature-dependence of the PL
peak intensity ratio of I1535 to I1548. The ratio monotonically
increases with increasing temperature, which can be
explained by a simple theory allowing phonon-assisted

energy transfer between the C2 and C3i sites. The solid line
is the fitting curve obtained from the theory.11) As can be
seen in this figure, the experimental results are in good
accordance with the theory as described below.

To understand the dynamics of the energy transfer
between the C2 and C3i sites, we consider a simple model.
In the model, according to ref. 11, the rate of change of
the probability that the ith site of type ! (1 or 2) is in the
excited 4I13=2 state is expressed as

dP!i

dt
¼ g! " "!P!i þ

X

j

DjiP!j "
X

j

DijP!i

þ
X

j

Xjið !a ! !ÞP !! j "
X

j

Xijð !a ! !ÞP !!i ; ð1Þ

where g! is the pumping rate, "! is the decay rate for
isolated ions at sites of type !, Dij is the transfer rate
between equivalent sites, and Xij is the transfer rate between
ions at inequivalent sites (if ! is 1, then !! is 2 and
vice versa). Energy transfer between inequivalent sites
involves absorption or emission of a phonon, and since the
energy of site 1 (C2 site) is higher than that of site 2 (C3i

site) by "E & 51 cm"1 [see the inset in Fig. 3(b)], which
is larger than the minimum absorption of 40 cm"1,14) the
transfer rates are

Xijð1 ! 2Þ ¼ #WðRijÞ½nðj"EjÞ þ 1(;
Xjið2 ! 1Þ ¼ #WðRijÞnðj"EjÞ;

ð2Þ

where nðEÞ ¼ 1=½expðE=kT Þ " 1( is the number of phonons
per mode, WðRÞ is the resonant transfer rate, and # is a
positive constant related to electron–phonon coupling. We
assumed here that energy transfer between the equivalent
sites is resonant and therefore much faster than that between
inequivalent sites and that the excitation is always equally
distributed amongst equivalent sites. The ratio of the
intensities of luminescence from site 1 (C2) and site 2
(C3i) is

R ¼ I1
I2

¼ "1N1P1

"2N2P2
¼ C

Anðj"EjÞ þ $"2

A½1þ nðj"EjÞ( þ ð1" $Þ"1
; ð3Þ

where C ¼ N1"1=N2"2, $ ¼ g1=ðg1 þ g2Þ, N1 and N2 are
the proportion of centers 1 (C2 site) and 2 (C3i site),
respectively, and the transfer coefficient

A ¼ $

N2
þ 1" $

N1

! "X

ij

#WðRijÞ: ð4Þ

Fig. 2. X-ray powder diffraction pattern obtained at ! ¼ 1:0) from the
sample annealed at 1000 )C in Ar ambience. The X-ray wavelength was
0.124 nm.

Fig. 3. (Color online) (a) Photoluminescence spectra obtained from
Er2O3 grown on Si(111) as a function of temperature. (b) Temperature
dependence of intensity ratios of I1535=I1548. Solid line is the fitting by the
theory.

Table I. Photoluminesence from 4I13=2 to 4I15=2 for C2 and C3i sites at
300K.

%
(nm)

%
(nm)aÞ

Transition from emitting levels
Yn ! Zn

Sites

1515.9 1515.9 Y4 ! Z1 C2

1517.5 1517.4 Y3 ! Z1 C2

1526.4 1526.6 Y3 ! Z2 C2

1528.1 1527.9 Y2 ! Z1 C2

1530.5 1530.3 Y0
3 ! Z0

1 C3i

1535.8 1535.5 Y1 ! Z1 C2

1544.8 1544.7 Y1 ! Z2 C2

1548.1 1547.7 Y0
1 ! Z0

1 C3i

1555.7 1555.4 Y3 ! Z5 C2

a) Peak positions of the Er doped Y2O3 obtained by Gruber et al.9)
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Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [218]
and [219].

(a)

co
un

ts
 [a

.u
.]

Figure 5.3 Optical properties of erbium oxide, reporting a) the emission spec-
trum as a function of excitation wavelength, b) the energy levels
for the two insertion sites and c) the emission spectrum as a func-
tion of temperature. Images adapted with permission from [213]
and [214].
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The optical properties of erbium have long been reported in the literat-
ure [215]. The emission spectrum is dominated, in the telecom band, by
the transition between the first excited state (4I

13/2

, Stark levels Y
i

) and
the ground state (4I

15/2

, Stark levels Z
i

). In the emission process, one has
to separate between the two insertion sites of the erbium ion in the lattice,
identified as C2 and C3i sites, with the former being the most abundant.
The two principal emission lines are at 1535 nm and 1548 nm, associated
to the transitions Y

1

! Z
1

for the C2 and C3i site respectively (the energy
levels of the two sites are reported in figure 5.3(b)). Figure 5.3(a) shows
the emission spectrum of erbium as a function of excitation wavelength.
As is common in rare-earth ions, population is transferred between the
two sites [214], assisted by phonons. The spectrum is then temperature
dependent, as is shown in figure 5.3(c).

Absorption of a remarkable magnitude has been observed in Er
2

O
3

.
The Y

1

! Z
1

line has shown a reduction of 364 dB/cm in a micro disk
resonator under resonant excitation [208]. Such a strong absorption, es-
pecially if enhanced by a cavity, is a useful asset for quantum informa-
tion purposes. Allowed transitions could be selected from its many en-
ergy levels, to reach schemes suitable for non-linear interactions, such as
electromagnetically-induced transparency or all-optical switching.

These non-linear interactions have already been demonstrated. Even at
low powers, the interaction between weak pulses, or even single photons,
is mediated by hot atomic vapours, or even single atoms. However, the
necessity of trapping devices for the atoms, and the hot cells for the va-
pours are all in contrast with the scalability requirement mentioned in the
introduction. By integrating the active element, the erbium oxide layer,
directly on the photonic crystal it could be possible to take advantage of
the tight confinement of optical cavities as well as of the slow light ef-
fect of photonic crystals. This would allow active manipulation of optical
signals directly on a chip [216].

A possible application of Er
2

O
3

and photonic crystal cavities is based
on the work of Franson, Jacobs and Pittman [217]. The authors sug-
gest placing three-level atoms inside a 50:50 fibre beam splitter, acting
as two-photon absorbers in each of the fibre cores. When light of suitable
wavelength is injected in the beam splitter, the atoms act as detectors for
the presence of two photons in each channel. This continuous measure-
ment of the state of the waveguide mode suppresses the probability of
two photons being in the same fibre, in an optical analog of the quantum
Zeno effect [218]. Therefore photons would behave as non-interacting
fermions in this modified beam splitter.
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4I15/2

4I13/2

4I9/2

6,510 cm-1

12,599 cm-1

6,089 cm-1

Yn

Zn

B5
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Figure 5.4 Suggested application of Er2O3 for quantum information purposes,
through two-photon absorption. Left: level scheme of Er2O3, with
highlighted the two transitions that could be used for TPA. Right:
scheme for the probabilistic C-NOT gate suggested in [219], with
the modified fibre beam splitter suggested in [217], with single
absorbers in the fibre cores. C: control; T: target; PBS: polarising
beam splitter.

An immediate application of this effect is in optical quantum comput-
ing [10]. Of the several suggested implementations, the probabilistic C-
NOT gate suggested by Pittman, Jacobs and Franson [219], illustrated
in the right panel of figure 5.4, would benefit from the quantum Zeno
effect. In this scheme, the information is encoded in the polarisation
of single photons. Each photon in the control and target channel is in-
cident on a polarising beam splitter, at input ports 1 and 1’. The other
input ports 2 and 2’ receive as input one photon from the entangled pair
�+ = (|HHi+ |VVi)/

p
2, where H and V stand for horizontal and vertical

polarisation. The C-NOT operation is successfully applied whenever one
and only one photon is detected at either of the two output ports 4 and
4’. In all other cases (two photons in the same mode, or none at all) the
operation fails. This corresponds to the case of two photons of equal
polarisation entering the beam splitter at the same time, and through
quantum interference exiting the gate from the same port. Therefore, the
gate has a 1/4 success probability. This can be increased by lowering the
failure probability through the quantum Zeno effect. Placing two-photon
absorbers in the polarising beam splitters, as shown in the right panel of
figure 5.4, inhibits two-photon coalescence, so that two identical photons
simultaneously incident on the beam splitter will leave from different
ports.
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Pittman, Jacobs and Franson’s scheme is based on fibre beam splitters.
Due to the limited concentration of absorber that can be achieved in these
devices, and considering the limits on the size of the core of the fibres, a
beam splitter of several meters in length would be necessary to achieve
100% success rate for the C-NOT gate. To overcome these problems, a
different application was suggested, employing the quantum Zeno effect
to implement all-optical switching. In two proposals the coupling of a
laser beam to a resonator was modified by the presence of a pump beam.
Whenever this control beam was present, an active material, like hot
rubidium vapours surrounding a microdisk resonator [220] or a phase-
matched crystal for difference-frequency generation in a Fabry-Pèrot cav-
ity [221], would perform a continuous measurement on the state of the
resonator, preventing the target light from coupling to it. A maximum
contrast of 35:1 was observed in the latter case.

The left panel of figure 5.4 reports a potential use of the energy levels
of Er

2

O
3

for a similar application, using TPA between the marked levels
to implement the continuous measurement for the Quantum Zeno effect.
The combination of strong absorption in erbium and the enhanced light
matter interaction in the CROWs could take these applications to chip-
level.
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This section develops a theoretical model for the process of resonant
two-photon absorption in a CROW. The input-output formalism that was
employed in the previous section is not valid in this context. The process
of TPA is inherently frequency dependent and, in our description, inco-
herent. This problem has been solved by considering a master equation
in the coherent state basis (that is, a Fokker-Planck equation), but only
for the case of a single cavity [222]. The presence of additional cavities
coupled together in a linear chain breaks the conditions under which an
analytical solution can be reached [223]. Aside from a full numerical ap-
proach, several strategies could be employed to solve this problem [224,
225], but they exceed the scope of this thesis.

Instead, I present a mean-field approach to resonant TPA in coupled
resonators. The system Hamiltonian3 can be obtained from eq. (5–13) by
adding a driving term to the first cavity:

HS =  h
nX

j=1

!
j

a†
j

a
j

+ ı h
n-1X

j=1

g
j, j+1

⇣
a†
j+1

a
j

- a
j+1

a†
j

⌘

+
ı

2
 h⌦

⇣
eı!0

ta†
1

- e-ı!

0

ta
1

⌘
.

(5–13)

The Hamiltonian HS describes a series of n coupled harmonic oscillators,
each of resonance frequency !

j

and coupling coefficients g
j, j+1

, with a
coherent driving on the first cavity. Note that the matrix [g]

j,k doesn’t
include input and output coupling.

The master equation is derived in a parallel fashion with the resonance
fluorescence case reported in appendix A.2.2. The reservoir interacting
with the system is modelled as a bath of oscillators of the electromagnetic
field:

HR1

=  h
X

k,j

!
k

b†
k,jbk,j (5–14a)

HSR1

=  h
nX

i=1

X

k,j

⇣
⇤k,j,ib

†
k,jai

+ k,j,ibk,ja
†
i

⌘
. (5–14b)

These introduce radiative losses on every cavity. The coupling constant
k,j,i depends on the cavity index i as the first and last cavity in the
CROW have additional loss channels from the input and output coup-
ling. The crucial difference from the case treated in appendix A.2.2 is

3The system Hamiltonian was written so as to give only real terms in the evolution
of ⇢, hence the extra ı in the driving term.
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the introduction of the two photon loss mechanism. It can be modelled
by introducing an additional reservoir R

4

of atoms [226], coupled to the
system only through exchange of two quanta of excitation. The Hamilto-
nians are

HR4

=  h
X

j

!
j

�
j,z (5–15a)

HSR4

=  h
nX

j=1

�(!)
⇣
a†2

j

⇤+ a2

j

⇤†
⌘

(5–15b)

where the reservoir operators are ⇤ =
P

k

�
k,-, and �(!) is the coupling

constant of two-photon exchange. The Pauli matrices �
j,z, �

j,- and �
j,+

are the operators describing the excitation and de-excitation of the atoms.

The master equation for a linear chain of coupled cavities with dissip-
ative two-photon loss is then

⇢̇ = -
ı
 h
[HS, ⇢] +L

1

+L
2

(5–16a)

L
i

=
nX

j=1

�
i,j

2

⇣
2ai

j

⇢a†i
j

- a†i
j

ai

j

⇢- ⇢a†i
j

ai

j

⌘

�
i,j =

8
<

:
�
j

for i = 1

�TPA(!) for i = 2

(5–16b)

L
1

is the 1-photon Lindblad term, with loss parameters �
j

that includes
also the coupling to the outside: �

j

= �+ �ext�
j,c with c = 1 or n, for

input and output coupling. L
2

is an additional Lindblad operator mod-
elling the loss of two photons to the reservoir, in case their frequency
matches the two-photon transition of the reservoir atoms. Both reser-
voirs are considered empty, to avoid the generation of two photons into
the system.

The master equation can be used to calculate the evolution of any sys-
tem operator O, as

⌦
Ȯ
↵
= Tr[O⇢̇]. From the form of the Hamiltonian of

eq. (5–13), we can identify the observables

N
i

=
D
a†
i

a
i

E

D
(±)
i

= ı±
D
a†
i

eı!0

t ± a
i

e-ı!

0

t

E

S
(±, j)
i

= ı±
D
a†
i

a
i+j

± a
i

a†
i+j

E
(5–17)

describing, respectively and for the i-th cavity, the mean number of photons,
the driving and the exchange of excitations with the j-th cavity. Here ı±
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is equal to 1 or ı, to ensure that the operators described in eq. (5–17) are
self-adjoint.

The evolution of each of the observables of eq. (5–17) can be calculated
through the master equation. However, due to the additional Lindblad
term L

2

, the system of differential equations is not closed. Within the
mean field frame, the following approximations:
D⇣

a†
i

a
i

+ a†
i+j

a
i+j

⌘⇣
a†
i

a
i+j

+ a
i

a†
i+j

⌘E
!

�
N

i

+N
i+j

�
S
(+, j)
i

(5–18a)
D
a†

i

a
i

a†
i

a
i

E
! N2

i

(5–18b)

simplify the dynamics, and close the evolution of N
i

, D(±)
i

and S
(±, j)
i

.
These assumptions are more lax than those usually employed in the mean
field approximation [227]. The validity of the result is confined only to
the case of strong pumping, that nonetheless can give useful insight into
the behaviour of the system.

The temporal evolution of N
i

, D
(±)
i

and S
(±, j)
i

, under the above as-
sumptions, is

Ṅ
i

=
⌦

2
D

(+)
1

�
i,1

+ g
⇣
S
(+,1)
i

- S
(+,1)
i-1

⌘

- �
i

N
i

+ �TPA(!)
�
N

i

-N2

i

�
(5–19a)
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(5–19b)
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i

= ±(!
i

-!
i+j

)S(⌥, j)
i

+ g
⇣
S
(±, j-1)
i+1

- S
(±, j-1)
i-1

+ S
(±, j+1)
i
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- �
i

S
(±, j)
i

+ �TPA(!)
�
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-N
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�
S
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i

(5–19c)

The index i goes from 1 to n. Eqs. (5–19a) to (5–19c) form a closed set of
differential equations that can be numerically solved in the time domain.
To soften the notation I have imposed equal coupling between the cavities,
that is, g

i,j = g. Moreover, there are only {n} relevant N
i

(t) and D
(±)
i

observables, and {n- j} relevant S(±, j)
i

. Therefore, when calculating the
evolution of these operators one should remember that D(±)

i

(t) = 0 and
N

i

(t) = 0 for i = 0 or n+ 1, and S
(±, j)
i

= 0 for i = 0 or i+ j > n.
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Figure 5.5 Plots of the observables presented in eqs. (5–19) for a n = 5
CROW, with �ext = 1/3 g and � = 10-6g. The first element
of the CROW was loaded with n

0

photons, and no driving was
present, ⌦ = 0.
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As a start, it is useful to consider the case of a highly coupled CROW,
where g > �ext. In these conditions photons inside the device bounce
between cavities several times before being lost. While it is not the ideal
case for dispersion, it is a useful configuration to observe the in-cavity
dynamics. The system is initialised with light only in the first cavity,
N

1

(0) = n
0

, and no driving, ⌦ = 0. The dynamics can be simplified
by considering the CROW to be composed of identical cavities, !

i

=

!
c

, and by taking the rotating wave approximation, !
c

= 0. TPA is
for now discarded (�TPA = 0), and there is therefore no need for the
approximations of eq. (5–18a) and eq. (5–18b).

The result, for an n = 5 CROW (�ext = 1/3 g, � = 10-6g, ) is reported in
figure 5.5. From the first cavity, the photons are progressively transferred
through the CROW, until the last cavity is reached. As can be seen in
figure 5.5a, a peak in the photon number of the last cavity is reached as
light reaches the end of the CROW. The coherence of the oscillations is
progressively lost due to out coupling losses, until the whole device is
empty.

As no driving is present, D(±)
i

⌘ 0. Moreover, as !
c

= 0, S(-, j)
i

are
decoupled from the dynamics, as they only couple to S

(+, j)
i

through the
first line of eq. (5–19c). An interesting pattern can be observed in the
S
(+, j)
i

, that can be interpreted as the flux of photons between cavities.
After a few bounces, the cavities are empty and S

(+, j)
i

tend to zero. While
for odd j the mean of S(+, j)

i

is zero, this is not the case for even j, as can
be seen in figure 5.5b.

This could be interpreted as a preferential direction for the exchange
of photons between cavities. The sign of S

(+,2)
i

for long times suggests
that the exchange of photons between cavities in position i and i + 2

is preferentially in the forward direction. The same observation on the
sign of S

(+,4)
i

suggests the exchange between cavities in position i and
i+ 4 is preferentially in the backwards direction. A complete analysis of
the phenomenon would rely on calculating the temporal evolution of the
S
(-, j)
i

as well. Then S
(+, j)
i

and S
(-, j)
i

can be treated as ladder operators
for a harmonic oscillator.
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(a) Plots of the cavity populations as a function of detuning between the excitation light and
!TPA, for increasing values of excitation intensity.
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(b) Plots of the cavity populations as a function of excitation intensity, for ⌦/g = 60 and for
decreasing values of detuning. The values reported in the plot labels correspond to values
of �TPA(�) of 10-5, 10-3 and 10-2.
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(c) Plots of the cavity populations as a function of time, for ⌦/g = 60 and for decreasing values
of detuning.

Figure 5.6 Plots of N
i

for a N = 3 CROW, with �ext = 3 g and � = 10-6g.
�TPA(!) has a Lorentzian distribution centred on !TPA, with max-
imum value of 10-2g and width � . All the populations N

i

(t) are
expressed in terms of g.
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Let us now move to the case of coherent loading of the first cavity.
As the cavity photon number is now considerably high, and the laser
provides a constant supply of photons, TPA is expected to have a stronger
effect. In particular, �TPA(!) is modelled with a Lorentzian curve4 (FWHM
� , and a maximum value of 10-2g) to represent dissipation from an
atomic absorption line. Under these conditions a weakly coupled CROW
is a more interesting candidate, due to its high dispersion and enhanced
light-matter interaction. The system of eqs. (5–19) can be solved only in
the steady-state regime. Figure 5.6 reports N

i

(t) for different values of
Rabi frequency ⌦ and detuning � from the absorption frequency !TPA

for an n = 3 CROW with �ext = 3 g and � = 10-6g.
As expected, the effect of TPA increases with power, as is visible in fig-

ure 5.6a. The three plots show the population of each cavity as the laser
frequency is swept across the absorption line, for increasing in-coupling
power. For weak coupling, the second cavity presents the highest popu-
lation. However, as the increasing power accentuates the effect of TPA, it
becomes almost empty. On the other hand, it is worth noticing that the
population of the first cavity is actually increased for values of detuning
� ⇡ � .

A similar behaviour can be witnessed by fixing the laser detuning,
and monitoring the populations for increasing power. As reported in
figure 5.6b, N

i

increases exponentially with ⌦ for large detuning, as TPA
can be neglected. For smaller detuning this behaviour is altered, and
eventually a saturation is reached. This can be interpreted as a balance
between the cavity pump and the TPA losses.

The effect of TPA can also be witnessed in the time domain, as reported
in figure 5.6c. Here the power is fixed, with ⌦/g = 60. As the detuning
is decreased, equilibrium in the cavity populations is reached at shorter
times, and with less pronounced oscillations with respect to large detun-
ing values. This can be interpreted as a consequence of the introduction
of disorder in the CROW, with the coherent oscillations of light disrupted
by TPA.

4Power-broadening of the line is neglected here.



124 �������� ��������� �� �������� ������� �������

1500 1520 1540 1560 1580 1600

-57

-56

-55

-54

-53-53

-54

-55

-56

-57

15201500 1540 1560 1580 1600
wavelength [nm]

tra
ns

mi
ss

io
n 

[d
Bm

]

100 nm

(b)

50 µm

(a)

Figure 5.7 Images of the fabricated CROWs. a) optical image of one samples,
showing the arrangement of the devices. b) SEM image of the
photonic crystal, showing the under etching. The holes in the
silicon present a roughened edge, due to the erbium oxide depos-
ition.

�.� ������������ �������

A wide range of individual samples was fabricated, differing in size
and separation of the holes, number of cavities and arrangement of the
CROWs. In every sample, an initial ridge waveguide, with a width of
8 µm, is tapered down until it reaches single mode operation. Light
was then coupled into a photonic crystal waveguide, itself coupled to a
CROW. A specular design is repeated at the other side of the CROW, for
a total length of a few millimetres. Light was coupled in and out of the
device from either end using objective lenses. The devices were divided
in groups with similar photonic crystals, each including CROWS of dif-
ferent number and design of cavities. An image of a portion of a device is
reported in figure 5.7(a). A ridge waveguide and a photonic crystal cavity
(L3) were added to every device, for calibration and alignment purposes.

The devices were fabricated at the NTT facilities, on a silicon-on-silica
substrate. On a substrate of Si(111) a layer of 1 µm of SiO

2

was deposited,
followed by another layer of Si(111), 200 nm thick. All the CROWs were
under-etched, so that the photonic crystal was suspended in air, as visible
in figure 5.7(b). This increased the confinement of light within the silicon
slab. The entire set of devices was fabricated twice on two 2 cm ⇥ 2 cm
silicon wafers, over which erbium oxide was epitaxially grown. The par-
ticular choice of silicon was made to provide a perfect match between
the lattices of silicon and erbium oxide [214]. A single crystalline layer of
erbium oxide was deposited on each device, for a total thickness 20 and
40 nm respectively.
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Figure 5.8 Transmission spectrum of a ridge waveguide, with 20 nm Er2O3
coating.

The most common silicon-based devices are usually grown on a Si(110)
substrate, and can therefore be cut by applying a mechanical force in
the desired position. The wafer then naturally breaks along the crystal-
lographic axis, leaving a clean facet. Due to the different configuration,
the crystal facets of silicon in the Si(111) were not favourable, and a dif-
ferent cutting procedure was necessary. While mechanical dicing with
a diamond-saw is a common option, the quality of the resulting facets
is not satisfying. Laser dicing instead provides a sharp and precise cut
line. Moreover, the laser ablates a smaller portion of the sample with
respect to mechanical dicing. This allowed a higher number of devices to
be fabricated on a single wafer, with thinner and denser samples.

As a first test, I measured the transmission spectrum of a ridge wave-
guide with erbium coating. The excitation light was provided by a semi-
conductor laser, that was tuned from 1500 to 1600 nm. The laser was
coupled into the devices from one end using a long working-distance ob-
jective, and collected in the same way from the other side. The collected
light was then analysed by means of a power meter.

A measured transmission spectrum is reported in figure 5.8. While a
wide plateau of almost unity transmission would be expected for a loss-
less silicon ridge waveguide, almost no transmission was recorded across
the device. Fringes with a period of ⇠ 6 nm were observed, and a Fourier
analysis of the data only revealed a minor resonance close to 260 pm. This
excludes any internal reflection between the facets of the device. How-
ever, the low level of transmission makes the transmission measurement
highly sensitive to any defect in the optical system, as for examples re-
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flection between optical elements. These could be at the origin of the
oscillatory behaviour of figure 5.8.

I first identified the source of this low transmission in the quality of
the facets of the device. An analysis with an optical microscope revealed
that the quality of the dicing was lower than expected, and that the facets
looked damaged. Some devices showed burn streaks on the cut lines,
signs of multiple dicing attempts. This became even more evident when
I compared them with a portion of the same device where the erbium had
not been evaporated on, as it is visible in figure 5.9a. A sharp and clean
edge was present in those cases, evidence for the problematic properties
of erbium oxide.

Indeed, the melting point of Er
2

O
3

is 800 K higher than the melting
point of either Si or SiO

2

. Due to the relative high thickness of the devices
(⇠ 3 mm) the erbium layer was too far from the focus of the cutting laser
beam. Before the topmost layer could be vaporised, it was locally heated
beyond the melting point of silicon, damaging the facets.

This hypothesis was confirmed by an SEM imaging of the facets, repor-
ted in figure 5.9b. Clearly the silicon slab had melted before the Er

2

O
3

could be cut. To confirm that damage from the laser dicing was indeed
the cause of the low transmission of figure 5.8, the facets of one device
were selected for polishing. Focused ion beam (FIB) milling was em-
ployed to remove the first ⇠ 8 µm on either end of a waveguide, leaving a
new, sharp facet. The result is visible in figure 5.9c, that reports an SEM
image of the milled waveguide, and another image, comparing it with the
damaged one. The obtrusions inside the milled trench in the left panel of
figure 5.9c are accumulations of gallium ions from the milling.

A ridge waveguide, an L3 cavity and a n = 10 CROW had their facets
milled. Unfortunately, the new transmission spectra showed little im-
provement, with still no recognisable pattern, as is visible in figure 5.10.
This result was confirmed by observing the region of the devices where
the ridge waveguides coupled to the photonic crystal. Usually a CCD
camera would detect some light scattering at this interface, but no such
fluorescence was observed for the milled devices. The same behaviour
could be seen in the sample reported in the right panel of figure 5.9c, that
was only half-covered in erbium. The scattering fluorescence disappeared
as the waveguide or the photonic crystal entered the region covered by
Er

2

O
3

. The fluorescence disappeared altogether as another layer of Er
2

O
3

was deposited over the whole sample.
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mechanical laser & ErO laser

(a) Results of different cutting techniques. The presence of the Er2O3 layer severely affects
the efficiency of the laser dicing.

Mechanical Laser & ErO Laser

(b) SEM image of the silicon facets of the devices. It is possible to notice the damage close to
the edges due to the high temperature of the cutting laser.

mechanical laser & ErO laser

milled damagedgallium

(c) Facets of a device after the FIB milling. Notice the accumulation of gallium ions close to
the trench. The right panel reports the comparison with the damaged facet.

Figure 5.9 Effects of laser dicing on the silicon facets of the devices, and the
results of FIB milling.
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Figure 5.10 Transmission spectrum of a ridge waveguide, an L3 cavity and
a CROW, after FIB milling. Still very little transmission can be
detected.

This unexpected absorption effect of Er
2

O
3

could have ben caused by
defects in the deposition procedure. An amorphous layer of oxide could
cause a high scattering of the photonic mode, hampering the transmission
through the devices. To further study the effect of the coating of Er

2

O
3

the samples were again inspected under the SEM.
As reported in the left panel of figure 5.11a, the 20 nm Er

2

O
3

layer
looked flat, and single crystalline. The situation was radically different
for the 40 nm layer, visible in the right panel of figure 5.11a. Single flakes
of Er

2

O
3

were clearly visible, confirming an unexpected growth of the
oxide layer.

As the emission and absorption spectra of Er
2

O
3

change with the crys-
tallinity of the oxide, I studied the 20 nm Er

2

O
3

layer at cryogenic tem-
peratures to test the samples against the results reported in figure 5.3.
The milled sample was placed inside a helium evaporation cryostat, and
brought to a temperature of 3 K. The sample was mounted on a copper
block in contact with the cold finger of the cryostat, and thermally con-
nected with silver paint. The copper mount presented an angled edge,
and the sample was pushed against it. In this way the topmost layer of
the sample was in contact with the cold sample mount5. Fluorescence
from the sample was collected from a confocal microscope and analysed
with a spectrometer.

5A similar sample mount couldn’t be used in chapter 3, as the distance between the
radiation shield and the sample is ⇠ 100 µm. Instead, we spread the silver paint up the
sides of the samples, to reach a similar effect.
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(a) SEM images of the erbium oxide layer. Devices with 20 nm of Er2O3 (left panel) show a
flat surface, while for the 40 nm case (left) the single crystallinity is compromised.
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(b) Analysis of the photoluminescence of the 20 nm Er2O3 layer. The comparison with fig. 5.3
points towards an amorphous layer of oxide. The inset shows a cut of the emission spectrum
along the dashed white line.

Figure 5.11 Analysis of the erbium oxide layer, revealing the differences with
the case of crystalline erbium.

The fluorescence from the sample for different excitation wavelengths
is reported in figure 5.11b. The contrast with figure 5.3 is striking, as none
of the recognisable features of the emission of Er

2

O
3

can be observed. The
right panel of figure 5.11b reports the fluorescence on the white, dashed
line of the left panel. This same fluorescence could be observed over
a wide range of excitation wavelengths, in contrast with the expected
trace of figure 5.3. None of the recognisable features of erbium oxide are
visible, hinting at a problem in the erbium oxide deposition.

This result was rather unexpected, as the deposition of Er
2

O
3

was
based on a well-established and reliable technique, and the growth para-
meters were not changed from previous experiments. However, the amor-
phous, or at least non-crystalline, nature of the oxide layer could be at
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the origin of the absence of transmission through the device, due to mul-
tiple scattering with crystalline units within the seemingly uniform Er

2

O
3

layer.

�.� ������� ��� �������

In this chapter I have presented the advances towards a passive integ-
rated device, capable of light-matter interaction through resonant TPA. I
have presented the master equation relative to this system, and by taking
a mean field approximation I have obtained a closed system of differen-
tial equations specifying the dynamics of the system. These were used
to simulate the behaviour of a CROW in two different configurations of
cavity-cavity coupling and driving. In the case of coherent loading of the
CROW, I showed that already for a value of �TPA = 10-2g the effect of
two-photon absorption becomes appreciable, leading to variations in the
distribution of photons in the cavities.

The approximations of eqs. (5–18a) and (5–18b) are only a first attempt
at solving the problem of dissipative two-photon loss in coupled cavities.
More conservative approximations, like those introduced by Casteels et al.
[227], are needed to obtain a reliable description of the system, especially
when considering the case of single photon loading of the CROW and
the problem of single-photon optical switching.

A crucial next step would consist in calculating a value for �TPA(!).
Following the master equation treatment, one could relate the expression
of �TPA(!) to the coupling constant of eq. (5–15b):

�TPA = ⇡

Z
d3kD

4

(k) |�(k)|2 �(kc-!). (5–20)

Here the density of states D
4

(k) for the reservoir modes can be replaced
by the density N of erbium atoms. The coupling constant �(k) could then
be related to the TPA cross-section for erbium.

An extensive study of TPA has been carried out in the case of dye
molecules [228]. For a collection of molecules in solution, the intensity of
excitation light decreases with length according to the equation

@I

@z
= -N�TPA F I (5–21)
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Figure 5.12 Plot of the transmission through a 1 mm long device coated in
erbium, for different input powers, and for different group indices.

where F = I/h⌫ is the photon flux, and �TPA is the two-photon absorption
cross section, defined as

�TPA =
2⇡h⌫2

✏2
0

c2n2

n2

gn
2

�

✓
µgi µif

Egi - h⌫

◆
2

. (5–22)

The cross section �TPA is expressed in Göppert-Mayer units, where 1 GM
= 10-50 cm4· s · photons-1 · molecule-1. In eq. (5–22), � is the width
of the TPA absorption band, in energy units. µgi and µif are the dipole
moments of the two transitions between the ground and intermediate
state, and between the intermediate and final state respectively. Egi is
the energy gap between the ground and the intermediate state. Finally,
ng = c/vg is the group index of the waveguide mode. We can now in-
sert the values for the relevant erbium levels, as presented in figure 5.4.
Considering the frequency of each transition, light with a wavelength of
⇠ 1587 nm would undergo TPA between the ground state and the 4I

9/2

level. The 4I
15/2

state of erbium, here working as the intermediate state
of TPA, has a long lifetime, of the order of ⇠ 10-2 s. On the other hand,
the 4I

9/2

manifold has a radiative lifetime of a few ms, due to fast multi-
photon decay. The dipole moments of both transitions can be calculated
form eq. (1–2). The refractive index of Er

2

O
2

is n = 1.9. Considering
an absorption line � of a few MHz and n

g

= 1, then �TPA for erbium
oxide is of order ⇠ 100 GM, a value comparable with dye molecules in
solution [228].

Starting from the solution to eq. (5–21), the attenuation of the field
intensity due to TPA follows the relation

I(z) = I
0

e-N�T
P

0

 
h!Az (5–23)
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where P
0

is the input power and A is the mode area. It is interesting
to use eq. (5–23) to calculate the output intensity as a function of input
power and group index for the case of a device of 1 mm in length, sim-
ilar to the devices fabricated for the project. The result is shown in fig-
ure 5.12. At first, one should notice that the dissipation from TPA has a
considerable effect, as with n

g

= 1 an input signal of a few hundred nW
is completely depleted at the end of the device. With increasing group
index the minimum input power required for a complete extinction of the
signal decreases, and reaches the fW level for n

g

= 20. While this group
index is feasible for a high quality photonic crystal, the results are based
on a mode area corresponding to the waveguide cross-section, instead of
the overlap between the waveguide mode and the erbium layer. A simu-
lation of the waveguide mode is necessary to calculate a precise value of
the attenuation.

Nonetheless, these preliminary results point at a considerable gain in
TPA by integration in photonic crystal structures. Lack of time prevented
a more thorough analysis of the devices fabricated at NTT. I believe that
the anomalous transmission was caused by an improper deposition of
erbium on the silicon substrate, especially considering the spectroscopic
results of figure 5.11. A new batch of devices could be fabricated, first
separating the samples with laser dicing, and then depositing a layer
of erbium oxide. As an additional precaution, a layer of erbium oxide
could be deposited on a pre-existing L3 cavity, checking wether the cavity
modes are again disrupted by the erbium oxide, or, instead, enhanced.



6 S U M M A R Y A N D
C O N C L U S I O N S

In this thesis I have demonstrated efficient and reliable single photon
emission from single DBT molecules in anthracene. A confocal micro-
scope was assembled to characterise DBT-doped anthracene crystals; the
density and orientation of the emitters, their saturation intensity, linewidth
and spectrum were recorded. The molecules followed the behaviour dic-
tated by the optical Bloch equations over the whole inspected range of
temperature and saturation parameter, the first test of this kind on a
single emitter in the solid state. At the same time I was able to char-
acterise the dephasing process of the molecule, measuring the frequency
of the local phonon field.

I also demonstrated the coupling of a single molecule to a photonic
nanostructure for the first time in our group. I am not aware of any
other experiment with single molecules coupled to hybrid plasmonic
waveguides. The preliminary results obtained showed a clear antibunch-
ing curve from a single DBT molecule in a waveguide. As the device
featured the weakest emission enhancement, these results represent the
minimum achievable for these devices, and can only be improved by mov-
ing to smaller channel widths. I suggested improvements in deposition
technique and optical inspection of the devices, that are currently being
employed to further investigate these devices.

Together, these results confirm DBT as an excellent candidate for single
photon generation. Moreover, molecules coupled to plasmonic wave-
guides or cavities can be used as integrated sources of optical non-linearity.
Both applications are being explored in our group, and we hope to further
establish dye molecules as a valuable tool of quantum nanophotonics.

Finally, I further explored the enhancement of light-matter interaction
by studying two-photon absorption in coupled optical cavities. I presen-
ted a mean field approximation that allowed me to describe the dynamics
of the system in case of coherent loading of the device. This analysis was
used to design a series of coupled photonic crystal cavities, with a coating
of erbium oxide as the active element. While no measurement could be
carried out due to a fabrication problem, a calculation of the two-photon
absorption cross section for these devices pointed to a potential applica-
tion in quantum computation.
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In this section I present the derivation of the solution of the optical
Bloch equations. The solution of the steady-state regime is used to derive
an expression for the collected fluorescence rate and for the saturation
intensity. The Laplace transform method used to derive the analytical
solution of eq. (2–14) is also outlined.

If we recall figure 1.7, and that the intersystem crossing rate �isc for
DBT in Ac is negligible, we can write these equations as

8
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(A–1)

where subscripts 1 and 2 refer to states S
0,0 and S

1,0 respectively. �
1

is
the total decay rate for population leaving the state S

1,0 by all of the trans-
itions S

1,0 ! S
0,⌫. It is assumed that all this population returns to S

0,0.
�
2

is the coherence decay rate of the |2i ! |1i transition. ⌦
0

= µ

12

E

 
h

is
the Rabi frequency, where E is the absolute value of the amplitude of the
electric field E and µ

12

is the projection of the transition dipole moment
along the direction of E. � = !-!

0

is the detuning between the excit-
ing field and the |2i ! |1i transition, which is resonant at frequency !

0

.
Equation (2–1) also makes the rotating wave approximation and adopts
an appropriate interaction picture to eliminate the time-dependence of
the interaction [1, sec. 2.7].
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Steady-state regime

The steady state regime for eq. (A–1) is
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Let us focus on the expression for the density matrix element ⇢
22

, de-
scribing the population of the excited state S

1,0. This can be easily ob-
tained as
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that has the expected Lorentzian response to frequency. We have already
highlighted the saturation parameter S =

⌦

2

0

�

1

�

2

. A more intuitive expres-
sion can be obtained if we include the expression for the on-resonance
Rabi frequency ⌦2

0

= (µE
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h
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2I
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c

, with µ as the transition dipole
moment, and E and I respectively as the electric field amplitude and in-
tensity of the excitation field. For resonant excitation (i.e. � = 0) eq. (A–3)
becomes
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⇢ss
22

represent the probability of excitation of the molecule in steady-state.
The rate of emission of photons R is then the product between ⇢ss

22

and
the spontaneous emission rate �

1

.

Eq. (A–4) describes the population dynamics for a single molecule, as
a function of the rates �

1

, �
2

and ⌦
0

. We have seen in section 2.1.2 and
figure 2.2 the different behaviours of the density matrix elements as sat-
uration and dephasing rate are increased. These results are valid for our
approximation of a single molecule as a pure two level system. While
it is a sensible assumption at cryogenic temperature, this approximation
breaks down at room temperature. The absorption profile of the ZPL and
of the other S

0,0 ! S
1,n transitions are overlapped, with each having an

unknown Franck-Condon and Debye-Waller factors (cf. figure 1.8).
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We therefore have to assume that, while we can discard any coherence
due to phonon interactions, a part of the excitation light is still resonant
with the ZPL. The dynamics of the molecule can be described by the rate
equations �

⇢̇
11

= -K (⇢
11

-↵(!) ⇢
22

) + �
1

⇢
22

⇢̇
22

= -⇢̇
11

(A–5)

with ⇢
22

+ ⇢
11

= 1. Here K = S�
1

is the pumping rate of the molecule
from level |1i to level |2i. The additional term ↵(!)K ⇢

22

represents the
stimulated emission due to the resonance between the excitation light
at frequency ! and the ZPL. This new set of rate equations gives the
solution for the excited state population

⇢
22

(t) =
K

(1+↵(!))K+ �
1

⇣
1- e-((1+↵(!))K+�

1

)t
⌘

. (A–6)

with steady-state solution ⇢ss
22

= K((1 + ↵(!))K + �
1

). We can assume
that, for excitation light resonant with the ZPL, ↵(!) assumes its max-
imum value of 1, while it decreases for increased blue-detuned pump-
ing. Eventually the overlap between the laser and the broadened ZPL is
negligible, ↵(!) = 0 and we recover the same result as eq. (2–22), with
⇢ss
22

= K/(K+ �
1

). On the other hand, if we assume perfectly resonant
light, ↵(!) = 1 and we recover the behaviour for �

1

/�
2

! +1, with
⇢ss
22

= K/(2K+ �
1

).

I am not aware of any measurement aimed at determining the para-
meter ↵(!). On one hand, an analysis of the absorption spectra of room-
temperature DBT could provide an answer. A saturation scan taken at dif-
ferent wavelengths can provide a wavelength dependent Rinf. This could
be compared with the lifetime of the emitter, according to the usual re-
lation Rinf = ⌘�

1

/(1+ ↵(!)), where ⌘ is the collection efficiency. Due to
the considerable uncertainty in the calculation of ⌘ and the small vari-
ation we are trying to oberserve, we need a comparison measurement.
We expect the maximum detectable count rate to decrease as the excita-
tion wavelength approaches the ZPL, until a minimum value is reached
for maximally resonant light. We expect ↵(!) ⇡ 0 when ! is above
⇠ 2⇡ c/760 nm, as we expect the ZPL to be broadened to a maximum of
14 THz [132]. We can then calculate the ratio

Rinf(!)

Rblue
inf

=
⌘(1+↵(!))-1�

1

⌘ �
1

=
1

1+↵(!)
(A–7)

from which we can extract the behaviour of ↵(!).
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An alternative method could be to compare Rinf at room and cryogenic
temperatures. We know that the 2-level system approximation holds for a
single DBT molecule excited resonantly at cryogenic temperatures. There-
fore, Rinf(T = 3 K) = ⌘ �

1

/2. This time it is not possible to simplify the
collection efficiency: as we have seen in figure 4.12 the collection effi-
ciency is highly dependent on the spectrum of the molecule. A similar
analysis could be carried out, once the position of the ZPL, the spectrum
and the lifetime of the molecule are known. Eq. (A–7) takes the form

Rwarm
inf (!)

Rcold
inf

=
⌘warm(1+↵(!))-1�

1

⌘cold�1/2
= 2

⌘warm

⌘cold

1

1+↵(!)
. (A–8)

A precise knowledge of the collection efficiency of the setup is necessary.
While it could be obtained in the same manner reported in section 4.4.2,
its uncertainty could compromise the precision of the measurement. It is
worth noticing that eq. (A–8) could work also for different molecules: in
this case the spontaneous decay rates cannot be simplified, and have to
be added to the final expression.

Analytical solution

The steady-state solution of the Optical Bloch equations allows us to de-
scribe the photoluminescence collected from a molecule over long times
t & �-1

1

, but we are also interested in the transit evolution over shorter
times of the populations ⇢

ii

(t) and of the coherences ⇢
ij

(t). While partial
solutions of the problem have been presented in the literature [88], I have
not found a full solution, so I present one here.

The eqs. (A–1) are a closed set of differential equations. A direct at-
tempt at solving them could result in involved calculations. The problem
can be tackled more efficiently by making use of Laplace transforms [229].
Taking the Laplace transform of each equation of (A–1) turns differential
equations into simple algebraic ones, due to the relation

L
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⇤
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ij

(s)- ⇢
ij

(0) (A–9)

where ⇢̃
ij

(s) = L
⇥
⇢
ij

⇤
(s) is the Laplace transform of the matrix element.

Another property of Laplace transform states that
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esit. (A–10)
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By solving the algebraic equations for ⇢̃
ij

, and expressing all the solutions
according to eq. (A–10) an easy expression for the time-domain form can
be achieved.

Let us concentrate on the population of the excited state. Considering
a system described by the optical Bloch equations (A–1) and for resonant
excitation, ⇢̃

22

(s) has the form
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The denominator has 3 solutions s
j

, therefore eq. (A–11) can be expressed
as the sum of 3 fractions:
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Using now eq. (A–10), it is possible to write ⇢
22

(t) as
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By inserting the values for s
j

and c
j

(note that one solution is null), we
reach the final expression:
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The same process can be repeated to obtain ⇢
11

and ⇢
12

, introduced in
eqs. (2–11).
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In the previous section we have obtained a solution for the OBEqs that
allowed us to understand the population dynamics of a two-level system
during absorption and emission. However, we are only able to gauge
this behaviour by collecting the fluorescence emitted by our molecules.
We need therefore a better understanding of the process of scattering of
light, keeping in mind the quantum nature of the interaction between the
exciting field and the molecular dipole.

A perturbative approach to the scattering process has indeed been at-
tempted. In the case of weak exciting field, this approach is successful in
describing the fluorescence spectrum of a driven two-level system [230].
However, due to the non-linear response to power of our system, soon
this description becomes inadequate. Even when the system is in equilib-
rium with the exciting field, oscillations about this value must be accoun-
ted for. These oscillations separate the scattered field into a coherent and
an incoherent component, the latter becoming more and more prominent
at high excitations [231]. The picture of scattering that emerges is that of
a coherent process of absorption and emission of photons, that cannot be
treated as independent events.

A more definite witness of the non-classical nature of the interaction
can be found if we analyse the photon statistics of the scattered field.
Be recording the time of arrival of the photons, we would see that the
probability of detecting two photons at the same time is negligible. This
is due to a peculiar property of the harmonic oscillator we are using to
model the two-level system. As there is only one available excited level,
a maximum of one quantum of excitation can be present at any given
time; two photons must be separated in time by an absorption event [232].
This particular phenomenon is called “antibunching”, and requires the
quantisation of the electromagnetic field to be accurately described [233].

We need to introduce new tools in order to study the properties of the
scattered field. Both the non-linear behaviour of the fluorescence spec-
trum and the antibunching of the scattered field arise from the quantum
nature of the system we are considering. The average values of the dipole
operators h�

i

i are known up to an uncertainty given by their probabilistic
nature. To take into account these stochastic effect, we introduce the first
and second-order correlation functions

G(1)(t, t+ ⌧) =
⌦
E- (t)E+ (t+ ⌧)

↵
(A–16a)

G(2)(t, t+ ⌧) =
⌦
E- (t)E- (t+ ⌧)E+ (t+ ⌧)E+ (t)

↵
(A–16b)
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of the electric field operator E (r, t) = E+ (r, t) + E- (r, t) where E- =

(E+)†, with special attention to the portion of E (r, t) that is scattered by
the two-level system.

In order to relate the correlation functions to the solutions of the Op-
tical Bloch equations obtained before we have to take a step back. Given
the state | i of the molecule we have seen that writing the Schrödinger
equation for the components of ⇢ = | ih | brings us to the optical Bloch
equations (2–1) [1, sec. 2.7]. However, the same result can be obtained by
writing the Heisenberg equation of motion. We will therefore start by in-
troducing the formalism of the master equation, from which we will able
to relate the dynamics of the two-level system with the scattered field.

�.�.� Open systems

Let’s start from the same assumption as before: a two-level system
interacting with a classical driving field

E (t) = ✏̂E cos (!t) (A–17)

where ✏̂ is the unit vector defining the polarisation of the field and E is
the amplitude, oscillating at the frequency !. The system is not isolated,
but is interacting with the environment. This is modelled as a reservoir
R
1

, a bath of harmonic oscillators [234, sec. 2.3]. For the case of single mo-
lecules these oscillators are the mode of the electromagnetic field. Quanta
of excitation can be exchanged from the system to the environment and
vice-versa, but the state of the reservoir is unchanged (Markov approx-
imation). Also, the reservoir and the system states are separable at any
given time (Born approximation). Under these assumptions it is possible
to recover the model of a driven two-level system. To fully account for our
case of single molecules in a matrix, we need to include the dephasing
effect of phonon interaction. To this purpose we introduce two additional
reservoirs R

2

and R
3

, each one in contact with one of the two levels of
the molecule [234, sec. 2.2.4]. We are thus introducing interactions that
conserve the number of excitations in the system, but destroy their phase.
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Figure A.1 Diagram of the open system composed of a two-level system and
three reservoirs R. The different Hamiltonians HSR1, HSR2 and
HSR2 model the interaction between the system and the reser-
voirs. The molecule is then driven with an external field E, that
is treated classically. To fully describe the radiation scattered by
the molecule field quantisation is necessary.

We can express the Hamiltonians governing the two-level system S, the
reservoirs R

1

, R
2

and R
3

, and the interactions S $ R
1

, S $ R
2

and
S $ R

3

as
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written in the rotating-wave approximation. We have introduced here the
Pauli matrices �- = |1ih2|, �+ = |2ih1| and �

z

= |2ih2|- |1ih1|, where �-
and �+ are the operators for the excitation or de-excitation of a molecule,
and �

z

is the population difference between states |1i and |2i. !
p

is the
frequency shift due to the phase-destroying processes. The operators a†

k,j

and ak,j, and b†
ij

and b
ij

are the creation and annihilation operators for
the reservoirs. In the case of R

1

they are related to creation or annihilation
of a photon of frequency !

k

, wave-vector k, and polarisation mode ✏̂k,j,



�.� ��� ��������� ����� 145

coupled to creation or annihilation of an atomic excitation. The coupling
constant of this process is

⇣k,j = -ıeık·rA

r
!

k

2 h"
0

V
✏k,j · µ (A–19)

where V is the quantisation volume and r
A

is the position of the molecule.
On the other hand, the interaction with the reservoirs R

2

or R
3

destroys
the phase of the dipole by virtual processes that annihilate a phonon of
energy  h⌫

1(2)i and create one of energy  h⌫
1(2)j, but conserves the excita-

tion of the system. The coupling constant is ⇠
1(2)i,j. As the reservoirs are

modelled by a collection of harmonic oscillators, it is possible to identify
a mean number of excitations present in each one. At room temperature,
the presence of optical photons can be disregarded, and R

1

is empty. This
is not true for phonons. n̄

1i

and n̄
2i

express precisely this quantity, the
mean number of phonons present in the reservoirs R

2

and R
3

.

We are interested in how the scattered field is related to the dynamics
of the two-level system. We can write the electric field E (r, t) in terms of
the operators of R

1

as

E+ (r, t) = ı
X

k,j

✏̂k,je
ık·r

s
 h!

k

2"
0

V
ak,j(t) (A–20)

in the Heisenberg picture. The field modes interact with the system
through HSR1

, that governs also the evolution of the operators ak,j(t).
The Heisenberg equations of motion are

ȧk,j = -ı!
k

ak,j - ı⇣⇤k,j�- (A–21)

that can be easily solved as

ãk,j(t) = ak,j(0)- ı⇣⇤k,j

Z
t

0

dt 0 �̃-(t
0)eı(!k

-!

0

)t 0
(A–22)

where ãk,j = ak,je
ı!

k

t and �̃- = �-e
ı!

0

t. From eqs. (A–20) and (A–22)
we can see that E+ (r, t) is divided into two components E

f

and E
s

, corres-
ponding to the free evolution of the field and to the portion scattered by
the two-level system. It is precisely this portion Ê

s

(r, t) that we are look-
ing for. We have already mentioned that we can consider the mean reser-
voir as empty. Therefore E

f

, whose temporal evolution is proportional to
ak,j(0), will not affect the correlation functions of eqs. (A–16). Substitut-
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ing eq. (A–22) into eq. (A–20) and considering only the scattered portion,
we can calculate the final expressions for G(1)(t, t+ ⌧) and G(2)(t, t+ ⌧):

G(1)(⌧) = h�+(0)�-(⌧)iss (A–23a)

G(2)(⌧) = h�+(0)�+(⌧)�-(⌧)�-(0)iss . (A–23b)

We are evaluating the expectation values in the steady-state because the
case of interest is the one with the field in equilibrium with the dipole. By
taking the limit for t ! +1 of eqs. (A–16) G(1)(t, t+ ⌧) and G(2)(t, t+ ⌧)
are independent of the initial conditions, and we can consider ⌧ as the
only variable.

�.�.� Master equation for resonance fluorescence

We have now transferred the properties of the scattered field from the
reservoir operators ak,j to the dipole operators �

i

that regulate the dy-
namics of the two-level system. According to eqs. (A–23) we need to
evaluate the temporal evolution of the expectation values of the Pauli
matrices. These can be obtained by writing a master equation. This sec-
tion details the steps necessary to obtain the master equation for reson-
ance fluorescence. This same procedure was used to calculate the master
equation for a CROW, presented in eq. (5–16a).

Let us consider a general case of system-reservoir interaction, that
will then be adapted to the specific case described by the Hamiltoni-
ans of eq. (A–18). Let W 2 HS ⌦ HR be the density matrix describ-
ing the system ⇢ 2 HS and the reservoir R

1

2 HR. The Hamiltonian
H = H

0

+HSR acts on W, and in the interaction picture the evolution of
fW = e
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A solution for fW(t) can be found integrating eq. (A–24). Replacing the
solution back into eq. (A–24) leads to

ḟW = -
ı
 h

h
eHSR, W(0)

i
-

1
 h2

Z
t

0

dt 0
h
eHSR(t

0),
h
eHSR(t

0), fW(t 0)
ii

(A–25)

Considering an interaction that starts at t = 0, and that no previous
coupling was present between the system and the reservoir, then W is
separable, and can be factorised as W = ⇢(0)⌦R

0

. Moreover, it is possible
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to assume that any coupling that might arise between the system and the
reservoir is weak, and does not affect the state of the reservoir. Under
these assumptions

fW(t) = ⇢̃(t)⌦ R
0

+O( eHSR) (A–26)

for all times. This is the Born approximation. Due to the weakness of the
interaction, it is possible to discard all the higher order terms of eHSR.
Eq. (A–25) can be simplified:

˙̃⇢ = -
1
 h2

Z
t

0

dt 0 TrR
h h

eHSR(t
0),

h
eHSR(t

0), ⇢̃(t 0)R
0

ii i
(A–27)

where Tr[ ] is the trace operator. The term
h
eHSR, W(0)

i
was discarded

under the assumption that

Tr
R

h
eHSRR

0

i
= 0, (A–28)

as the operators coupling to the system have zero mean in HR. This con-
dition can always be met by a rearrangement of the reservoir operators1.

The Born approximation differentiates the system and the reservoir.
This difference can be thought of as a “size” difference: any action that
⇢ could have on R is washed out, and lost. A second differentiation can
be introduced, by considering two different time scales: a slow one for ⇢,
and a fast one for R. It is then possible to exclude any effect of ⇢ on itself.
Information on the past states of ⇢ could only be stored in R, but this is
again washed out by its fast evolution. This is the Markov approximation,
under which ⇢̃(t 0) ! ⇢̃(t) in eq. (A–27).

It is now possible to introduce a model for the system-reservoir inter-
action. The usual choice is to consider R as a bath of oscillators. The
interaction is then described by

eHSR =  h
X

j

s̃
j

(t)e⇤
j

(t) (A–29)

1This was already accomplished with HSR3

and HSR4

, as the interaction between the
molecule and the mean reservoir field was included directly in HS, so that HSR3

+HSR4

would have a zero mean effect on ⇢. Cf. [234, sec. 2.2.4].
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where s̃
j

(t) is any system operator, while e⇤
j

(t) is a reservoir operator,
both in the interaction picture. After straightforward algebra, eq. (A–27)
can be written as

˙̃⇢ = -
X

i j

Z
t

0

dt 0
⌦⇥

s̃
i

(t)s̃
j

(t 0)⇢̃(t)- s̃
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⇤
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R
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e⇤
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(t)e⇤
j

(t 0)
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(t 0)s̃
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(t)- s̃
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j

(t 0)
⇤
TrR

h
R
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e⇤
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(t 0)e⇤
i

(t)
i↵

.

(A–30)

Starting from eq. (A–30), it is possible to introduce the specific Hamilto-
nians for our case. It is important to notice that while eHSR =

P
j

eHSRj,
simple calculations will show that any cross term eHSRj eHSRifW vanishes.
The interaction with HSR1

of eq. (A–18c) is described by

s̃
1

(t) = �-e
-ı!

0

t e⇤
1

(t) =
X

k,j

⇣⇤k,ja
†
k,je

ı!

j

t (A–31a)

s̃
2

(t) = �+e
ı!

0

t e⇤
2

(t) =
X

k,j

⇣k,jak,je
-ı!

j

t (A–31b)

while HSR2

+HSR3

is related to

s̃
3

(t) = �-�+ e⇤
3

(t) =
X

i,j

⇠
1i,j

⇣
b†
1i

b
1j

- �
i,jn̄1i

⌘
(A–32a)

s̃
4

(t) = �+�- e⇤
4

(t) =
X

i,j

⇠
2i,j

⇣
b†
2i

b
2j

- �
i,jn̄2i

⌘
. (A–32b)

It is worth noticing that the system operators s̃
1

(t) and s̃
2

(t) are an ap-
proximation, as they do not take into account the driving term of the
Hamiltonian in eq. (A–18a). However, the final result would differ by less
than 0.01% due to the great mismatch between optical frequencies and ⌦.
It is therefore possible to proceed with the definitions of eq. (A–31a) and
(A–31b). An exhaustive treatment of the problem is reported in [234,
sec. 2.3.2].
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I shall now detail the derivation only for HSR1

, that can then be used
as a guide for HSR2

+HSR3

. By noticing that e⇤
2

(t) = e⇤†
1

(t), eq. (A–30)
becomes
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(A–33)

where h.c. stands for the hermitian conjugate, and
D
e⇤†
1

(t)e⇤†
1

(t 0)
E

R1

= TrR
1

h
R e⇤†

1

(t)e⇤†
1

(t 0)
i

. (A–34)

An analytical form for this correlation function can be found by explicitly
considering the state of the reservoir, as a thermal bath:

R
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from which easily follows
D
e⇤†
1

(t)e⇤†
1

(t 0)
E

R1

=
D
e⇤
1

(t)e⇤
1

(t 0)
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= 0 (A–36a)
D
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(!
k
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where n̄
1

(!
k

, T) is the mean number of excitations of the reservoir modes
of R

1

.
The summations over the modes of the bath can now be replaced by an

integration over a continuum of frequencies:

X

k,j

��⇣k,j
��2 !

X

j

Z+1

0

d3kD
1

(k) |⇣(k, j)|2 (A–37)

where D
1

(k) is the density of the states for this particular reservoir.
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With the change of variable ⌧ = t- t 0, eq. (A–33) becomes

˙̃⇢ = -

Z
t

0

d⌧

�h
(�-�+⇢̃(t)- �+⇢̃(t)�-) e

-ı!

0

⌧

X

j

Z
d3kD

1

(k) |⇣(k, j)|2 eı!k

⌧ n̄
1

(!
k

, T)
i
+h.c.+

h
(⇢̃(t)�+�- - �-⇢̃(t)�+) e

ı!

0

⌧

X

j

Z
d3kD

1

(k) |⇣(k, j)|2 e-ı!

k

⌧ (n̄
1

(!
k

, T) + 1)
i
+h.c.

�

(A–38)

Recalling the Markov approximation, it is possible to extend the time
integral until -1, as over the time scale of the interaction, dictated by ⌧,
⇢(t) can be considered constant. Eq. (A–38) is simplified to

˙̃⇢ =↵ (�-⇢̃(t)�+ - �+�-⇢̃(t))+

� (-�-�+⇢̃(t) + �+⇢̃(t)�- + �-⇢̃(t)�+ - ⇢̃(t)�+�-) + h.c.
(A–39)

where the constants ↵ and � express the relationship with the density of
states
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X
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� = ⇡
X

j

Z
d3kD

1

(k) |⇣(k, j)|2 � (kc-!
0

) n̄
1

(kc, T) + ı� 0
0

= n̄
�

2
+ ı� 0

0

(A–40b)

where the two terms �
0

and � 0
0

are the principal part of the integrals:
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Inserting these results back into eq. (A–39), and recalling that �±�⌥ =
1

2

(1± �
z

), simple algebra leads to
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⌘
(A–42)

This procedure can be followed to solve for the interaction with reser-
voirs R3 and R4. Moreover, the master equation for coupled CROWS
presented in eq. (5–16a) can be obtained by considering s̃

1

(t) = âe-ı!ct

and s̃
1

(t) = â†e-ı!ct, and recalling that n̄
1

= 0 at optical frequencies.

The master equation can be obtained by summing all the contributions
of the different reservoirs into eq. (A–42). By recalling that

⇢̇(t) = -
ı
 h
[HS, ⇢(t)] + e-

ı

 
h

HS ˙̃⇢(t)e
ı

 
h

HS . (A–43)

and solving for ⇢̇, one obtains the master equation for resonance fluores-
cence in the rotating wave approximation
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(A–44)

The terms �p and �p are given by

�p =

Z1

0

d! (D
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(!)⇠
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(!, !)) n̄
2

(!, T) (A–45a)
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⇥ n̄
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where n̄
2

(!, T) is the mean occupation number of the reservoirs R
3

and
R
4

. Together with �
0

and � 0
0

, these terms shift the resonance frequency
of the atom. The effect of �p and �p can be observed in single molecule
spectroscopy, as they are related to the Debye-Waller factor ↵DW, regulat-
ing the relative strength between an electronic transition and its phonon
side-band. �

0

and � 0
0

are instead harder to observe, and are generally
neglected. However, they give a first approximation of the Lamb shift of
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the resonance frequency for the two-level system. A more thorough calcu-
lation of the Lamb shifts would require a calculation outside the rotating
wave approximation. I refer again to [234] and [235] for an exhaustive
treatment of the problem.

The damping term �, given by

� = ⇡
X

j

Z
d3kD

1

(k) |⇣(k, j)|2 � (kc-!
0

) (A–46)

can be easily related to �
1

by recalling the expression for ⇣(k, j) intro-
duced in eq. (A–19). Considering the density of states for each polarisa-
tion in k-space in a volume V

D
1

(k)d3k =
!2V

8⇡3c3
d! sin ✓d✓d�, (A–47)

simple calculations show that, as expected, � = �
1

. Finally the damping
term �p, given by

�p = ⇡
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(A–48)

can be related to the excess dephasing due to interaction with phonons:

�p = �
1

/2- �
2

. (A–49)

�.�.� G(1) (⌧) and fluorescence spectrum

Equation (A–44) is the master equation for resonance fluorescence. The
temporal evolution of any system observable can be expressed as

d

dt

⌦
Ô
↵
= Tr

⇥
Ô⇢̇

⇤
. (A–50)

Let’s consider the case of the Pauli matrices. The temporal evolution of
their expectation values can be obtained from eq. (A–50) and from the
master equation (A–44). However, by recalling that

⇢ = | ih | =
"
|c
1

|2 c⇤
1

c
2

c
1

c⇤
2

|c
2

|2

#

(A–51)
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and the matrix representation of dipole operators, we see that

h�-i = c⇤
1

c
2

= ⇢
21

(A–52a)

h�+i = c
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(A–52b)
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. (A–52c)

We can then use the solution of the Optical Bloch equations (2–1) found
with the Laplace transform method. Recalling eqs. (2–11), we can write
h�

z

i as

⇢
22

(t)- ⇢
11

(t) = -
�
1

�
2

⌦2

0

+ �
1

�
2✓

1+
⌦2

0

�
1

�
2

✓
p+ q

2q
e-(p-q)t -

p- q

2q
e-(p+q)t

◆◆
.

(A–53)

We can now evaluate the correlation function of eq. (A–23a). As we
are considering the steady-state regime for the Pauli matrices, we need
to consider the fluctuations of the averages h�

i

i. The Pauli matrices are
now expressed as �

i

= h�
i

iss +��i where h�
i

iss is the steady-state limit.
If we consider the vector � that has the Pauli matrices has components,
then from eqs. (2–11) and (A–53) we can write

� = h�iss +�� (A–54a)
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We can now separate G(1) (⌧) into the coherent and incoherent compon-
ents:

G(1) (⌧) = hh�+iss h�-ississ + h��+(0)��-(⌧)iss . (A–55)

The first part can be easily calculated from eq. (A–54). The second term
instead requires a more involved analysis. We can calculate the evolution
of �� from eq. (A–44) and eq. (A–54) singularly. We can then trans-
late the evolution to the correlation function h��+(0)��-(⌧)i due to the
quantum regression theorem, that states the equivalence between Heisen-
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berg equations of motion for expectation values of system operators and
for their correlation functions. We can then write

d

d⌧
h��+(0)��(⌧)iss = M h��+(0)��(⌧)iss (A–56a)

M =

2

64
-�

2

0 -ı⌦0

2

0 -�
2

ı⌦0

2

-ı⌦
0

ı⌦
0

-�
1

3

75 (A–56b)

We can solve eq. (A–56a) by diagonalising the matrix M. If we consider
⇤ as the matrix of the eigenvectors of M, then

�
⇤T

�-1

M⇤T = �, where
� is a diagonal matrix with diagonal elements given by the eigenvalues
of M. ⇤T is the transpose of ⇤. We have then
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from which easily follows
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We can express the initial conditions h��+��iss considering the steady-
state limit of eqs. (2–3) as
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Going back to eq. (A–55), by inserting eqs. (A–54), (A–58) and (A–59)
we obtain the expression for the first-order correlation function for resonance
fluorescence

G(1) (⌧) eı!0

t = Gcoh+

↵
⇣
e-�

2

⌧ +�e-(p-q)⌧ + �e-(p+q)⌧
⌘ (A–60)
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where we have used the substitutions
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(A–61a)

� =
�
1

4⌦2

0

⇢(ss)
22

✓
2+

�
1

- �
2

q

◆
(d- q) (A–61b)

� =
�
1

4⌦2

0

⇢(ss)
22

✓
2-

�
1

- �
2

q

◆
(d+ q) (A–61c)

in addition to the usual definition of eq. (2–12). Gcoh represents the
fixed contribution of the coherent scattering to the first-order correlation
function, and is expressed as

Gcoh =
�2
1

⌦2

0

4
�
�
1

�
2

+⌦2

0

�
2

=
�2
1

⌦2

0

⇣
⇢(ss)
22

⌘
2

(A–62)

This result is of particular importance, as we can use it to obtain the
spectrum of resonance fluorescence S(!) . This will also be separated into
a coherent and incoherent component, originating from the two scattering
processes. By taking the Fourier transform of eq. (A–60), we obtain the
general expression

S(!) = Scoh(!) + Sinc(!) (A–63a)
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(A–63c)

This is a generalisation of the result obtained first by Mollow [231]. Fol-
lowing his work several approximation have been made, finding alternat-
ives expression for eq. (A–63) under different conditions, especially weak
and strong incident field [1, sec. 8.4] [236, Ch. 4] [237, Suppl. Inf.].

Let us again vary the saturation and study the behaviour of S(!), as
reported in figure A.2. When the intensity of the excitation field is low,
the coherent scattering prevails. This means that the emission spectrum
does not present the spontaneous emission linewidth of eq. (2–7), but
is instead monochromatic. The molecule coherently scatters the excita-
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Figure A.2 3D and density plot for Sinc(!) for varying saturation S (left) and
dephasing �

2

(right). As the excitation intensity increases, the
incoherent scattering process prevails and the Mollow sidebands
appear. On the other hand, the central peak rapidly vanishes for
increasing values of �

2

, as the coherence is lost from the pumping
process.

tion light, and will retain its spectral profile. As the excitation intensity
increases, the incoherent process takes over, as

Scoh

Sinc
=
�
1

2d
⇡

�2
1

2⌦2

0

(A–64)

for the case of �
2

= �
1

/2. Already from eq. (2–13) and now from the
incoherent spectrum of eq. (A–63c) we see that the field has additional
frequency components, due to the splitting of the levels of the molecule.
These additional frequencies result in a triplet spectrum, with sidebands
at ! = !

0

±⌦ 0. At high intensities we can approximate the spectrum
as being composed of three Lorentzian peaks, with FWHM of �

2

for the
central peak and 3�

2

/2 for the sidebands. The integrated intensities of the
sidebands is half that of the central one. The incoherent process takes over
more rapidly if the dephasing rate �

2

is increased over the lifetime-limit.
We can see from the right panel of figure A.2 that the central peak rapidly
loses intensity, to finally disappear completely. While the Mollow triplet
spectrum has been observed in several physical systems [164, 238–240],
no study of its behaviour as a function of dephasing has been presented.
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�.�.� G(2) (⌧) and antibunching

We can now continue with our analysis, and in particular witness the
effect of the particular nature of this harmonic oscillator, that allows only
one excitation present at any given time. Already from the matrix rep-
resentation of �

i

we can see that �2± = 0, that is the molecule can’t be
excited twice, nor can two photons be emitted at the same time2. We are
therefore interested in the state of the system after the emission of one
photon.

The procedure to obtain G(2)(⌧) is the same as the one for G(1)(⌧) [234,
sec. 2.3.5]. Expanding eq. (A–23b) we have

G(2)(⌧) =
1

2
(h�+�-iss + h�+(0)�z(⌧)�-(0)i) (A–65)

and applying the quantum regression theorem we get

G(2)(⌧) =
1

2
h�+�-iss (1+ h�

z

(⌧)i) . (A–66)

Finally, after inserting eqs. (A–53) and (A–59) and normalising for long
times, we have the expression for the second-order correlation function for
resonance fluorescence

g(2)(⌧) = 1-
p+ q

2q
e-(p-q)⌧ +

p- q

2q
e-(p+q)⌧. (A–67)

The expression of eq. (2–14) is equivalent to the expression of the popu-
lation ⇢

22

(⌧) presented in eq. (2–11b). This is due to the fact that g(2)(⌧)
can be interpreted as the probability of detecting a photon at time t = ⌧,
given that a first one was detected at t = 0. As the molecule has to
transit to the excited state before it can emit a photon, the probability of
detection is proportional to the population ⇢

22

.

2This of course is valid in our approximation of the molecule as a 2-level system.





B A P P E N D I X TO C H A P T E R
3

I present here the detailed schemes of the optical setup used for the
cryogenic analysis of single DBT molecules. The components listed in
figure B.1 are

��� aspheric lens, Thorlabs C240TME-B or C560TME-B in case of the
diode lasers, or the Ti:Sapph laser;

��� polarisation maintaining fibre, Thorlabs P3-780PM-FC-5;

���: aspheric lens, Thorlabs F240APC-780;

�� ��� ��: lenses, Thorlabs LC1715-B and LB1437-B;

� ��� ���: polariser and half-wave-plate, molded;

��: band-pass filter, Thorlabs FB780-10, FB760-10

���: beam splitter, Thorlabs BS017;

���: pellicle beam splitter, Thorlabs BP145B2;

��: pinholes, Thorlabs irises;

���: cube beamsplitter;

��: galvanometric mirrors, Thorlabs GVS002;

��: long-pass filter, Chroma HQ800LP or 792LP;

���: aspheric lens, Thorlabs C560TME-B;

���: multimode fibre, Thorlabs with beam splitter FCMM625-50A-FC;

���: Andor, Luca 765 MONO;

���: collimator, Thorlabs OSL2COL;

��: liquid light;
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Figure B.1 Detailed scheme of the setup for SMS.



C A P P E N D I X TO C H A P T E R
4

I present here the detailed schemes of the optical setup used for the
cryogenic analysis of single DBT molecules. The components listed in
figure C.1 are

��� aspheric lens, Thorlabs C560TME-B;

��� polarisation maintaining fibre, Thorlabs P3-780PM-FC-2;

���: aspheric lens, Thorlabs C560TME-B;

�: polarising beam splitter, Thorlabs PBS052;

���: half-wave plate, Thorlabs WPH10M-780;

��: band-pass filter, Chroma D780/10X;

���: pellicle beam splitter, Thorlabs BP145B2;

��: galvanometric mirrors, Thorlabs GVS002;

�� ��� ��: lenses, focal lenses 75 and 250 mm;;

���: pellicle beam splitter, Thorlabs BP145B2;

���: pellicle beam splitter, Thorlabs BP108;

��: long-pass filter, Chroma HQ800LP or 792LP;

���: aspheric lens, Thorlabs C560TME-B;

���: aspheric lens, Thorlabs F260APC-780;

���: multimode fibre, Thorlabs with beam splitter FCMM625-50A-FC;

���: CCD, Andor iXon Ultra camera;

��: white light source, Thorlabs MCWHL5;

���: collimator, Thorlabs ACP2520-A;
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Figure C.1 Detailed scheme of the setup for the HPW.

�.� ����� ����� �����������

It has long been established that the optical transition rate �
1

for a
2-level system is strongly dependent on its environment. This is partic-
ularly evident in the case of a DBT molecule in an Ac crystal, since it
is precisely the interaction between the emitter and the host that allows
stable single photon emission. It is also important to consider the host
not only as stabilising the emission process, but also as modifying the
emission itself. One possible way to understand it is that the medium
surrounding the emitter changes the local density of states. Then, from
Fermi’s golden rule it is possible to calculate the correction to the vacuum
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transition rate �
1

. The general expression for the transition rate, following
the notation from [241], is:

� = n↵l�(n)�
1

(C–1)

where n is the refractive index and l(n) is the local field correction factor.
This last term specifies the relationship between the macroscopic electric
field in the medium and the field acting on the emitter. The aim of a full
analysis is to obtain the expression for the local field correction l(n) and
the values for the exponents ↵ and �.

Starting from the direct n-dependence, several paths are possible.
Through a macroscopic Greens-function approach Barnett, Huttner and
Loudon [242] were the first to obtain a result for ↵, in the particular
case of an absorbing dielectric medium. In their work they show that
� = < {n(!

a

)} �
1

, where < {n(!
a

)} is the real part of the refractive index
of the medium at the emitter resonant frequency !

a

. The same result
was obtained by specifying a microscopic Hamiltonian that included the
medium polarisation and the electromagnetic field. This result was then
confirmed by other works, based on field quantisation [243] or on re-
duced density matrix analysis [241]. Barnett et al. mention that their
calculations are incomplete, since there is no distinction between local
and macroscopic field, but at first they do not elaborate their choice of an
expression for l(n). The literature seems to be divided on the expression
for the local field correction, and three main models are suggested. The
first model is referred to as the Virtual Cavity Mode (VCM). In this case
the 2-level system is thought of as being placed inside a cavity in the
dielectric, that is filled with the same medium. The corrected expression
for the transition rate is:

� = n

✓
n2 + 3

2

◆
2

�
1

(C–2)

corresponding to a local field correction l(n) = n

2+3

2

and values ↵ =

1 and � = 2. This model is based on the work of Lorentz, and was
developed considering the interactions of impurity centres in a crystal
[244]. The VCM is also the model adopted and later demonstrated by
Barnett et al. [245], and received further experimental verification [246].

It was then suggested that the VCM correction is actually valid only
for emitters that are embedded into a medium. A new model was de-
veloped that considered an isolated emitter placed inside an empty cav-
ity, surrounded by a uniform medium [247, 248]. This Real Cavity Model
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(RCM) is suited, for example, for emitters substituting lattice atoms, and
has been widely verified experimentally and theoretically [249–251]. The
corresponding eq. (C–1) obtained in this approach is:

� = n

✓
3n2

2n2 + 1

◆
2

�
1

(C–3)

that shows the same values for ↵ and �, but a different expression for
l(n) with a heavily reduced dependance on n.

Another model was developed by Crenshaw and Bowden [252], that
significantly differs from the RCM and VCM. In their work, the authors
point out the lack in previous models of a back action from the emitter
onto the dielectric. The model is based on a many body derivation of
Langevin-Bloch equations, and implies a much weaker dependence on
the refractive index of the transition rate:

� =

✓
n2 + 3

2

◆
�
1

(C–4)

with a similar l(n) as the VCM, but differs with values of ↵ = 0 and
� = 1. This model was also validated experimentally [253].

Recently, another correction to the emission rate was obtained, follow-
ing an adapted version of the chain of Bogoliubov-Born-Green-Kirkwood-
Yvon (BBGKY) equations [241]. This model, that resembles the VCM in
the form of the local field correction:

� = n

✓
3n2

2n2 + 1

◆
�
1

(C–5)

was verified on the data from several experimental papers with differ-
ent type of emitters. A comparison of the different models is presented
in figure C.2. Considering the amount of experimental and theoretical
proof supporting corrections eqs. (C–2) to (C–5) it is difficult to choose a
suitable model for a given experiment. Several papers state that this dif-
ficulty is due to the limited conditions accessible in experiments, where,
once experimental errors are considered, all three models become accept-
able. We plan to perform our own tests on DBT in Ac, and find the model
that best suits our case.
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Figure C.2 plot of the local field correction n↵l�(n) for the presented models
of VCM (eq. (C–2)), RCM (eq. (C–3)), the Crenshaw and Bowden
model (eq. (C–4)) and the one derived from the BBGKY chain
(eq. (C–5)).
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In this section I present the emission patterns of DBT molecules close to
several substrates, used to calculate the collection efficiency of the setup. I
have used the software LumericalTM FDTD Solutions software to perform
finite-difference time-domain simulations of the emission pattern of a
molecule, and to calculate the percentage of field collected by a 0.9NA
objective. Polar plots of the emitted radiation in the three planes are
reported in figure C.3, together with a scheme of the substrate and the
alignment axes. The dipole was placed along the y-axis.

I studied at first the case of a DBT molecule embedded in bulk Ac. I
used the result as a first testbed for the simulations. The result is repor-
ted in figure C.3a, that shows the expected asymmetry of the emission
pattern for the three axes of anthracene, due to the different refractive
indices.

More interesting is the case for an anthracene crystal deposited over a
silicon nitride substrate, of the type described in chapter 3 (from top to
bottom: 120 nm of silicon nitride and 1µm of silica, over a silicon sub-
strate). I have started the simulations with an 80 nm layer of anthracene
and with the molecule at 20 nm from the silicon nitride surface. This case
corresponds to the case of a supersaturation crystal deposited over the
substrate.
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(a) Projections of the dipole emission patterns for the case of DBT in bulk anthracene.
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(b) Projections of the dipole emission patterns for the case of DBT 80 nm of Ac, situated at
20 nm over the silicon nitride substrate described in chapter 3. Only ⇠ 6% of the emitted
radiation is radiated upwards and collected by a cone of NA = 0.9.
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(c) Projections of the dipole emission patterns for the case of DBT 80 nm of Ac, situated at
20 nm over the titanium dioxide substrate described in chapter 4. Only ⇠ 17% of the emitted
radiation is radiated upwards and collected by a cone of NA = 0.9.

Figure C.3 Dipole emission patterns of DBT in Ac for various substrates.
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The polar plot of the emission is reported in figure C.3b. With respect
to the previous case the symmetry is broken by the layered structure.
Most of the radiation is emitted towards the high index silicon and silicon
nitride, with moderate reflections. Only about 6% of the fluorescence
from the dipole is collected from an objective.

As the anthracene layer is increased, and the position of the molecule
is changed within the crystal, the simulation showed an oscillatory be-
haviour of the direction of emission, and therefore of the collected por-
tion of the radiation. From a minimum of 6%, comparable with the pre-
vious case, the collection efficiency showed a modulation as a function
of the distance between the molecule and the top surface of anthracene,
reaching a maximum of ⇠ 12%. This is the case relevant for the thick
co-sublimation crystals presented in chapter 3, where the molecules are
evenly distributed inside the anthracene [116, 121]. A careful analysis has
to be taken into account when calcuating the collection efficiency for this
case.

Finally, figure C.3c reports the dipole emission pattern for a DBT mo-
lecule deposited over the titanium dioxide layer used for the HPW (from
top to bottom: 80 nm of silica and 300 nm of titanium dioxide, over a
silica substrate). The polar plot shows that, in contrast with the previous
case, the dipole emission is mostly directed towards the upper half space.
The integral showed a collection of ⇠ 18% of the total radiated emission
for the case of 80 nm of Ac, and the molecule sitting at 20 nm from the
top surface. By moving the position of the dipole inside the anthracene
layer it is possible to obtain a maximum collection efficiency of 21% for a
molecule close to the silica surface, and a minimum of 9% for a molecule
close to the Ac-air interface. It is important to remember that this simu-
lation is valid only for a molecule on the substrate, away from the gold
slabs, as these severely modify the emission pattern.

With this new information it is possible to validate the collection effi-
ciency calculation, presented in figure 4.12. By measuring a saturation
trace for a molecule placed on a known substrate like those presented
in fig. C.3, it is possible to compare the measured collection efficiency
with a theoretical calculation, accounting for every optical element in the
system.
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