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Abstract

The aim of plasmonics is to exploit the strong coupling between photons and collec-
tive electron oscillations in metals, so-called surface plasmon polaritons, which enable
a strong confinement of the electromagnetic field to metal-dielectric interfaces. The
interaction of confined optical states with electronic transitions within matter ac-
celerates these otherwise slow light-matter interactions. This work’s purpose is to
investigate accelerated light-matter interactions within plasmonic lasers, which arise
due to optical confinement, and how these influence laser dynamics. In particular,
this work focuses on the fabrication, demonstration and characterisation of plasmonic
lasers.
The devices investigated in this work consist of semiconductor nanowires made from
zinc oxide (ZnO) placed in the proximity of a silver substrate. In this geometry the
metal allows for strong optical confinement, whereas the semiconductor delivers the
necessary gain to achieve lasing. Operating at room temperature, the emission from
ZnO lies near the surface plasmon frequency, where confinement and loss become
maximal, leading to accelerated spontaneous recombination, gain switching and gain
recovery compared with conventional - photonic - ZnO nanowire lasers.
To assess the lasing dynamics, in this work a novel double-pump spectroscopy tech-
nique is used, which exploits the non-linearity of the laser process to allow the inves-
tigation of accelerated light-matter interactions. This novel technique is necessary, as
the speed of plasmonic devices is too fast for electrical detection, and the emission of
single devices is too weak for non-linear spectroscopic techniques.
Comparing photonic and plasmonic devices reveals contrasting dynamics between
both, highlighting the benefits of plasmonic confinement, but also exposing an im-
portant limitation. Plasmonic devices could potentially be faster, but are ultimately
limited by internal relaxation processes of the chosen gain medium. The findings of
this work will improve the understanding of plasmonic lasers and their limitations,
but also lead to improved knowledge of internal semiconductor processes.
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Chapter 1
Introduction

The interaction of light with matter defines our visual perception and that is probably
why these interactions have been studied since centuries [1, 2]. While the fundamen-
tals of light-matter interactions might not affect our daily vision, they set limitations
to modern optical applications, which have a great impact on our modern daily life.
In order to fulfil the growing demand for smaller, faster, and more efficient optical
devices, it has become necessary to understand and engineer light-matter interactions.
Probably one the most significant limitations is the diffraction limit formulated by
Abbe [1,3]. The diffraction limit states that light cannot be focussed to sizes smaller
than half the wavelength light has in the medium it is propagating in. Thus, the
smallest size resolvable with an optical instrument, such as a microscope, is limited
by the diffraction limit.
In principal the diffraction limit is still valid nowadays, however, there are several
techniques, such as stimulated emission depletion (STED) microscopy [4, 5] or near-
field scanning optical microscopy (NSOM/SNOM) [6,7], which can circumvent it, and
hence allow sub-wavelength optical resolution. Together with improved fabrication
techniques, this allows for the investigation of optical phenomena on the nanometre
scale, forming the field which is nowadays known as nanophotonics [8–11]. Nanopho-
tonics aims to investigates the interaction of light and matter at nanometre scales and
has a great impact on the development of solar-cells [12], photodetectors [13,14], op-
tical communication [15,16], and many others [8–11]. Optical communication, which
probably has the greatest influence on our modern life, was greatly influenced by the
development of nanophotonic waveguides [17,18], modulators [19], and amplifiers [20].
A long-standing goal behind the use of nanophotonic devices in optical communication
is the development of all-optical logical devices [21,22]. However, dielectric nanopho-
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tonic devices suffer from the fundamental diffraction limit, which limits the size of
these devices and the coupling efficiency between devices. Thus, hindering such de-
vices to become a viable alternative to electronic logic devices [15,16].
Here, the field of plasmonics, which strictly speaking is a sub-field of nanophoton-
ics, has recently gathered a lot of interest. The strong interaction of light waves
with electronic oscillations at a metal surface are capable of exposing light’s true
sub-wavelength nature [8, 23]. A consequence of the strong light-matter interactions
in metals is a large refractive index, which - considering Abbe’s diffraction limit -
allows for sub-wavelength confinement. Conversely, transparent materials only inter-
act weakly with light, and thus have a small refractive index. Based on the strong
light-matter interactions in metals, in recent years there have been many realisations
of sub-diffraction limited plasmonic structures, such as plasmonic waveguides [24,25],
nanofocussing elements [26–28], or nanoantennas [29,30]. Hence, plasmonic structures
are capable of accessing sub-wavelength scales, and in fact nowadays researchers are
only limited by fabrication capabilities [31].
The confinement of light to such sub-wavelength length scales leads to a strong elec-
tromagnetic field enhancement, which has been exploited in sensing [32–36] and non-
linear applications [37,38]. Besides the strong electromagnetic field enhancement, the
focussing of electromagnetic energy to a small volume also leads to an acceleration of
the light-matter interactions. This was first proposed by Purcell [39], and since then
has been demonstrated by many works [40–44].
However, the strong optical confinement in metal-based devices also comes with a
drawback; the large optical losses of metals [43]. Large losses clearly limit the prac-
tical use of plasmonic devices [45]. Thus, in order for plasmonics to be compatible
with photonic devices it is vital to overcome the inherent plasmonic losses.
A way of compensating the loss in plasmonic devices, while maintaining the strong op-
tical confinement, has been has been proposed by Bergman and Stockman in 2003 [46].
Their idea of a light emitting device is based on surface plasmon amplification by stim-
ulated emission, a so-called SPASER. The strong optical confinement allows such a
device to generate intense nanoscopic light fields with ultrafast modulation capabili-
ties, due to the Purcell enhanced light matter interactions. [47,48] Stimulated emission
from plasmonic devices has been demonstrated, however these operated away from the
surface plasmon frequency, where optical confinement and loss become maximal [49].
Therefore, this work aims to investigate if plasmonic loss compensation close to the
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surface plasmon frequency is possible and if light-matter interactions are significantly
enhanced in such a device. Hence, this work studies the feasibility of laser operation
under the extreme conditions near the surface plasmon frequency.

1.1 State of the art plasmonic amplifiers and lasers

The first demonstration of a laser device incorporating a metal was in 2007 by Hill et
al., using 260nm wide gold coated cylindrical nano-cavities [50]. However, this device
operated at a wavelength of 1400nm, far away from the surface plasmon frequency.
Considering that the device had an effective index of about 3.4 the device’s dimen-
sions were not sub-wavelength. Thus, this device only exploited maximal photonic
confinement. It was then in 2009 that the same group along with other researchers ex-
perimentally verified laser emission in truly sub-wavelength plasmonic cavities, shown
in Fig. 1.1.

Figure 1.1 – Overview of recently demonstrated plasmonic laser devices. a One of the
first demonstrations of a plasmonic laser in an electrically pumped metal-insulator-metal
waveguide geometry, allowing confinement in one dimension [51]. b Demonstration of plas-
monic lasing in the hybrid-plasmonic nanowire geometry, allowing mode confinement in two
dimensions [49]. c Plasmonic lasers in dye doped silica shell coated gold spheres, which allow
confinement in all three dimensions [52].

In the work by Hill et al. [51], a semiconductor heterojunction supplied the neces-
sary gain to achieve lasing; encapsulating the semiconductor with a metal, to form
a metal-insulator-metal waveguide with a thickness of just 120nm, and electrically
contacting the device, allowed them to observe laser emission at around 1350nm, see
Fig. 1.1a. In this work the authors used SiN coated InP/InGaAs waveguides with
refractive indices of about 2.0 and 3.1, respectively. Thus, their device indeed allowed
one dimensional sub-wavelength confinement of the propagating waveguide mode.
Another approach was followed by Oulton et al. [49], where a CdS nanowire in the
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proximity of a metal substrate was used as the lasing geometry. Here, the semicon-
ductor nanowire supplied the necessary gain and formed a cavity, and the underlying
metal film allowed two-dimensional confinement of the mode into the region between
the nanowire and the metal substrate, see Fig. 1.1b. In this geometry, the operational
mode had a size on the order of λ2/400. By optically pumping the device from the
top, scattered laser emission at around 500nm from the nanowire end-facets could be
detected from only 50 nm wide nanowires.
Three dimensional confinement of the plasmonic mode was achieved by encapsulation
of a gold sphere with a dye doped silica shell [52], see Fig. 1.1c. In this design the
mode confinement arises from the gold sphere, which had a diameter of around 14 nm,
and gain is supplied by the dye molecules placed in the silica shell of around 15 nm
thickness. Optical excitation of a suspension containing these nanoparticles allowed
the observation of stimulated emission at around 530nm. Up to date the work by
Noginov et al. [52] is the only work that suggested light emission from a suspension
of cavities, which are sub-wavelength in all three dimensions.
Since these initial demonstrations many researchers have demonstrated plasmonic
lasing in various cavity designs [40, 53–58]. Despite the improvement of plasmonic
confinement in these structures, there is still no work which demonstrated plasmonic
laser emission from a single device operating close to the surface plasmon frequency,
where confinement and loss become maximal. Therefore, the possibility of laser op-
eration at the surface plasmon frequency remains unclear.

1.2 Scientific goals

The acceleration of optical processes through strong optical confinement, evoked by
surface plasmons, has been verified by many works [39–44]. However, these works
only considered spontaneous emission processes, and only recently did Altug et al.
demonstrate the acceleration of stimulated emission using a diffraction limited pho-
tonic cavity [59]. Yet, accelerated stimulated emission from plasmonic systems has
not been demonstrated. In particular, exploiting the large optical confinement at the
surface plasmon frequency would lead to an extreme acceleration of optical processes.
To this end this work not only aims to demonstrate plasmonic lasers operating close to
the surface plasmon frequency, but also aims to investigate the accelerated plasmonic
laser dynamics of such a device. Here, the hybrid plasmonic geometry proposed by
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Oulton et al. [49,60] is used to build plasmonic lasers. This geometry has the advan-
tage that plasmonic devices are easy to construct and that the guided mode is not
directly confined in the metal region, thus reducing losses. In contrast to the work by
Oulton et al., where cadmium sulphide (CdS) was used as a gain material, here zinc
oxide (ZnO) is used. On one side ZnO’s bandgap allows laser operation close to the
surface plasmon frequency of this hybrid plasmonic geometry, and on the other side
its large gain is capable of compensating the large losses close to the surface plasmon
frequency [61].
To highlight the consequences of an operation close to the surface plasmon frequency,
the plasmonic laser devices are compared to their non-metallic, photonic counter-
parts. These well studied photonic nanowire lasers allow a clear identification of the
plasmonic effects on the laser emission [62–65].
To assess the temporal lasing dynamics, in this work a novel double-pump spec-
troscopy technique is used, which exploits the non-linearity of the laser process itself,
as illustrated in Fig. 1.2. The use of this novel technique is a consequence of the
operation close to the surface plasmon frequency. A device operating in this regime
generates highly localised near-field emission, but emits only weakly into the far field.
Thus, the emission from such a device is too weak to be characterised by non-linear
spectroscopy techniques [66]. Furthermore, the speed of plasmonic devices operating
close to the surface plasmon frequency is too fast for electrical detection [59].
Unlike conventional pump-probe spectroscopy, in this double-pump technique the re-
sponse of a device to two energetically identical pump pulses is measured for various
temporal delays between the pulses. Here, only one pump beam has sufficient power
to excited the nanowires above laser threshold, whereas the second pump beam can
only generate spontaneous emission. The technique primarily exposes the internal
dynamics of the gain material, but also provides insight into the output pulse shape.
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Figure 1.2 – Schematic showing the double pump technique developed in this work. A
nanowire lying on a metal substrate is excited with two pump pulses of same energy separated
by a time delay τ . Under the right conditions this pumping with two temporally separated
pulses also leads to two output pulses which are separated by a time τm.

1.3 Structure of the thesis

In Chapter 2 a general overview of the principal physical concepts needed to un-
derstand the construction and operation of plasmonic nanowire lasers is given. This
includes a short derivation of the dispersion relation of surface plasmon polaritons at
planar metal interfaces and a discussion on the optical confinement achievable with
plasmonics. The aspect of confinement is then discussed in more detail for different
geometries and leads to the introduction of the hybrid plasmonic geometry. Based on
this geometry, this chapter ends with a discussion on loss and loss compensation by
gain.
The following chapter, Chapter 3, then focusses on the description of the laser mech-
anisms in semiconductor nanowire lasers. In the beginning a basic introduction into
the concepts of nanowire laser devices is given, which is followed by a discussion on
the different supported waveguide modes in the photonic and plasmonic geometry.
Based on the strong optical confinement in the plasmonic geometry, the next part
investigates the spontaneous emission enhancement and its effect on laser emission.
Then, the discussion focusses on the material properties, in particular on the gain
mechanisms in ZnO. With the knowledge about the origin of gain in ZnO, the last
part of this chapter then introduces a laser rate equation model, which is used to
simulate the transient laser response of plasmonic laser devices.
Next, in Chapter 4 the preparation of the laser devices is discussed and the optical
setup - used to investigate the nanowire laser devices - is introduced. The first part
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of this chapter concentrates on the fabrication and characterisation of the photonic
and plasmonic nanowire laser devices. This is then followed by a description of the
optical setup to perform the spectral and temporal characterisation. After introduc-
ing the double-pump setup its physical principles are explained, using the laser rate
equations from Chapter 3. This also includes simulations of the expected response of
a nanowire laser device under double-pump excitation.
The following two chapters then discuss the experimental characterisation. In these
two chapters the plasmonic effects on the laser characteristics are highlighted by com-
paring conventional photonic - non-metallic - laser devices to their plasmonic - metallic
- counterparts. Chapter 5 focusses on the spectral characteristics of the plasmonic
laser emission. Beginning with an identification of the differences between photonic
and plasmonic laser, such as emission spectrum, laser output polarisation, and laser
threshold, the discussion continues with a comparison of different devices. Here, the
same laser aspects are compared, but also the dependency of the laser emission on
geometrical parameters such as nanowire length and diameter is investigated. This
chapter ends with a discussion on preliminary studies, which highlight the internal
processes in these laser devices.
The second experimental chapter, Chapter 6, discusses the temporal lasing charac-
teristics. Again, first the general differences between photonic and plasmonic lasers
are discussed and then the dependency on geometrical parameters are investigated.
First, changes in the laser output intensity, when the temporal separation between
the two pump pulses is varied, are discussed. Next, the laser output response under
double-pump excitation is monitored spectrally, visualising the effects of two coher-
ent output pulses. The distinct time scales in each measurement allow the temporal
dynamics of these lasers to be evaluated.
Chapter 7, then summarises the results of this study and discusses the potential im-
pact of these in the context of the original hypothesis. Furthermore, future possible
projects based on the investigations and results of this work are proposed.





Chapter 2
Plasmonic confinement and loss

This chapter gives an overview of the fundamentals of light localisation in metallic
nanostructures providing the necessary background to describe the operating prin-
ciples of plasmonic laser systems. For simplicity and clarity, the overview starts by
considering optical confinement and propagation loss of surface plasmons polaritons
on planar metal interfaces, illustrating the key benefits and limitations of plasmonic
systems. An introduction to more elaborate plasmonic systems from recent literature
follows including a discussion of their advantages and disadvantages over conventional
photonic systems. Since the trade-off between confinement and loss is pivotal in the
application of plasmonics in general and to the study of plasmonic lasers in this thesis,
the overview finishes with a discussion on the origin of loss in plasmonic waveguides
by means of Poynting’s theorem. This chapter not only introduces the principals for
the study of plasmonic lasers systems, but also establishes rigorous criteria for useful
application of plasmonics.

2.1 Fundamentals of plasmonics

Collective longitudinal oscillations of quasi-free electrons in bulk metals, so-called
volume plasmons, can only be excited with high electron or photon energies in excess
of 10 eV [67]. Related oscillations also exist at the interface of a metal, so-called
surface plasmons, which can be excited by much lower energy electrons and photons.
This latter aspect allows surface plasmons to be accessed at optical frequencies [68,
69]. Furthermore, the electromagnetic fields of surface plasmons evanescently decay
away from the interface which allows a strong localisation of surface plasmons to
the interface [70]. We see later that surface plasmons are free electrons, which give
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the metal a negative permitivvity. Therefore, we start with a discussion of the Drude
model describing the permittivity of metals. This also serves the description of surface
plasmon localisation and propagation loss later in the chapter.

2.1.1 The permittivity of metals

The quasi-free electrons in metals can be treated as a free electron gas of density n
which moves against a positive charged background originating from the fixed metal
ion cores. Applying an external time-harmonic electric field of the form E = E0e−iωt to
the metal leads to oscillations of the quasi-free electrons. Scattering of the oscillating
electrons with each other occurs on a distinct time scale τ = 1/γ, which results in
a damping of the electron oscillations. The equation of motion of electrons in this
simplified model - also known as the Drude model - is described by,

mẍ +mγẋ = −eE (2.1)

where e is the charge of the electron and m its effective mass. Note that this is just
the equation of a harmonic oscillator, but without a restoring force, as the electrons
are assumed to be free. Every displaced electron causes a net polarisation P which
can be described by the solutions of the equation of motion x(t) as,

P = −nex = − ne2

m(ω2 + iγω)
E . (2.2)

With the relation for the electric displacement field D = ε0εbE+P we find a frequency
dependent expression for the permittivity of the metal,

ε(ω) = εb −
ω2

p

ω2 + iγω
≈ εb −

ω2
p

ω2
. (2.3)

Here, ωp =
√
ne2/ε0m is the plasma frequency of the free electron gas in the metal

which for silver is around ~ωp ≈ 9 eV [71], ε0 is the permittivity of the vacuum, and
εb is the background permittivity due to the residual polarisation of the positively
charged background. To eliminate the imaginary part of ε(ω) in Eq. (2.3), we made
the assumption that ω � γ which is true for most metals in the visible wavelength
regime where ω < ωp. Later, with the definition of the surface plasmon frequency
(ωsp), we see that this regime has to be refined to ω < ωsp < ωp. Now, we can
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verify the accuracy of the Drude model by comparing the calculated permittivity
from Eq. (2.3) with the measured Ag data from Palik [72], see Fig. 2.1.

Figure 2.1 – The figures show the real (a) and imaginary (b) part of Ag’s permittivity
described by the Drude model from Eq. 2.3 (solid lines) and compares it to the measured
data (dashed lines) from the handbook by Palik [72]. For the Drude model a background
permittivity of εb = 5 and a scattering rate of γ = 0.07 fs−1 was used [46].

The comparison shows that the Drude model describes the real part of the measured
permittivity (ε′) quite well throughout the shown regime, from near-UV down to near-
IR energies. For the imaginary part of the permittivity (ε′′), however, the Drude model
clearly underestimates the measured losses in the visible regime. Only for energies
below about 1.5 eV does the Drude model then correctly predict the measured losses.
The deviation of the Drude model in the visible regime shows that the electrons in
silver only behave as free electrons at near-IR energies. For energies approaching the
visible regime interband transitions, which are not accounted for in the Drude model,
become important, thus the measured ε′′ deviates in this regime from the predictions
of the free electron gas model [73, 74]. To improve the Drude model a frequency
dependent scattering rate γ, which accounts for the intricacies of the metal’s band
structure, would be required [75].
Alternatively, more accurate descriptions of the dielectric response of metals usually
separate the metal’s permittivity into free electron (intraband effects) and bound
electron (interband effects) parts. The contribution of the bound electrons can then
be described by a set of Lorentzian oscillators and the free electron contribution by the
Drude model [71,76,77]. A more sophisticated model which accounts for the effect of
bound electrons has been proposed by Rakic et al., and is based on a Brendel-Bormann
model - a superposition of infinite oscillators [71].
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Figure 2.2 – A comparison of the real (a) and imaginary (b) part of the permittivity of Ag
using the model described in [71] (solid lines) to the permittivity data from Palik [72] (blue
dotted lines) and Johnson and Christy [78] (red dashed lines). The hatched region indicates
the energy range of surface plasmons for various geometries and the shaded region indicates
the energies where laser emission in this work is observed, see also Fig. 3.5.

For completeness we compare in Fig. 2.2 the data of Palik [72] and Johnson and
Christy [78] to this model. Even though this model now describes the behaviour of
the complex permittivity of both datasets over a broad range there still remain some
small discrepancies. Nevertheless, this behaviour is satisfactory for the essentially
qualitative modelling conducted in this work. Here, we are especially interested in
the region of the surface plasmon frequency (hatched area in Fig. 2.2) and the region
where we observe laser emission (shaded region). In this region the model by Rakic
agrees well with the measured data and we later use this model, in particular the
model for the data of Palik, to describe the surface plasmon polariton dispersion of
the investigated laser geometry. For simplicity and a better physical understanding,
we use the Drude model description of ε(ω) for our analytical discussion of the surface
plasmons on planar metal interfaces.



Section 2.1
Fundamentals of plasmonics 13

2.1.2 Surface plasmon polaritons at planar metal interfaces

In Fig. 2.3 we show a schematic of surface plasmons at metal - dielectric interface
with permittivities ε1 and ε2, respectively. Surface plasmons couple to free space
electromagnetic radiation forming surface plasmon polaritons (SPPs) which propagate
as surface waves along the metal - dielectric interface.

Figure 2.3 – Schematic of surface plasmon oscillations along an interface between a metal
(ε1) and a dielectric (ε2). The interface extends in the x-y plane at z = 0 and the surface
plasmons propagate along the x-axis. The black arcs illustrate the evanescent electric field
(Ez) perpendicular to the interface. This evanescent field decays exponentially into the metal
and dielectric over a decay length of d1 and d2, respectively, as indicated by the left axis.

Similar to surface plasmons, SPPs are confined to the interface as their electric field
component perpendicular to interface evanescently decays into the two half-spaces.
However, their confinement varies with their momentum. To physically understand
this change of confinement and the coupling of photons to surface plasmons in general
it is useful to discuss their dispersion relation. Prior to this discussion we outline the
derivation of the SPP dispersion relation; a more detailed derivation can be found in
the literature [77,79,80]. As SPPs are coupled excitations of electromagnetic radiation
and collective oscillations of electrons in the metal, we begin the discussion with the
macroscopic Maxwell’s equations, following our earlier separation of the charges into
bound and unbound parts.

∇× E(r,t) = −µ0µr(r)
∂H(r,t)

∂t
(2.4)

∇×H(r,t) = ε0εr(r)
∂E(r,t)

∂t
+ Jf(r,t) (2.5)

ε0∇ · (εr(r)E(r,t)) = ρf (2.6)

µ0∇ · (µr(r)H(r,t)) = 0, (2.7)
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where ε0 and µ0 are the electric and magnetic vacuum permittivity, εr(r) the relative
permittivity, and ρf the charge density of the unbound charges. In the discussion
about the metal’s permittivity we saw that the unbound charge contribution only be-
comes important for low energies in the near-IR regime. Here, we are more interested
in the optical regime where the contribution of bound charges is more significant, and
thus we can set ρf = 0 and Jf = 0. Furthermore, in the optical regime the perme-
ability of most materials is µr(r) = 1; therefore, we omitted the permeability in the
macroscopic Maxwell equations [81]. Neglecting free charge carriers means that the
response of the medium is only due to the polarisation from the movement of charge
carriers relative to the atoms. This contradiction to the Drude model comes from
the earlier assumption that the metal only contains free electrons, which must be the
source of polarisation in the medium. For more detailed discussion on the topic of
bound and unbound charges we refer to the literature [77, 82]. Despite this contra-
diction we use the simple analytical form of Eq. (2.3) as it aids our understanding of
surface plasmons.
When we combine Eqs. (2.4) and (2.5), using the identity ∇×∇×E(r,t) = ∇ · (∇ ·
E(r,t))−∇2·E(r,t), and keep in mind that in a homogeneous medium ε0εr∇·E(r,t) = 0

we obtain the wave equation,

−∇×∇× E(r,t) = ∇2 · E(r,t) = ε0εrµ0
∂2E(r,t)

∂t2
. (2.8)

We can identify the speed of light in vacuum as ε0µ0 = 1/c2. An analogous equation
can be obtained for the magnetic field. Solutions to Eq.(2.8) are plane waves of the
form E(r, t) = E0ei(k·r−ωt), where k = (kx, ky, kz) is the wave vector, r = (rx, ry, rz)

the position vector, ω the angular frequency, and E0 the amplitude of the plane wave.
Substituting E(r, t) into Eq. (2.8) gives the Helmholtz equation,

∇2 · E(r,t) + k2
0εrE(r,t) = 0, (2.9)

where k0 = ω/c is the wavevector in free space. In general the Helmholtz equation de-
scribes the propagation of electromagnetic waves along a waveguide; for a discussion
on the Helmholtz equation in general we refer to [83,84].
At this point we can simplify the derivation: As we are looking for waves propagating
along the metal interface, we assume, without loss of generality, that the interface
lies in the x-y plane with the wave propagating along the x-direction and the in-
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terface being isotropic in the y-direction (ky = 0), see Fig. (2.3). In this geometry
the Helmholtz equation has only two solutions; transverse electric waves (TE-waves),
which have no electric field component in the propagation direction or transverse
magnetic waves (TM-waves), which have no magnetic field component in the propa-
gation direction. We continue the derivation by first discussing TM-waves and with
the above simplifications Eqs. (2.4) and (2.5) become

Ex = − i

ωε0εr

∂Hy

∂z
, (2.10)

Ez =
β

ωε0εr
Hy, (2.11)

and the Helmholtz equation Eq. (2.9) simplifies to

∂2Hy

∂z2
+ (k2

0εr − β2)Hy = 0, (2.12)

where we relabelled kx ≡ β. From these equations we can derive the following expres-
sions for the electric and magnetic fields

Ei(r, t) = Ai

 kz,i/ωε0εi

0

β/ωε0εi

 ei(βx−ωt)e∓ikz,iz, (2.13)

Hi(r, t) = Ai

 0

1

0

 ei(βx−ωt)e∓ikz,iz, (2.14)

where i represents the half space; (1) for the bottom and (2) for the top one. The
minus sign in the exponent of the z-component (e∓ikz,iz) is valid for the bottom (z < 0)
and the plus sign for the top (z > 0) half space. With Eq. (2.12) and (2.14) the
propagation constant becomes

β = ±
√
εrk2

0 − k2
z,i, (2.15)

where the two solutions correspond to forwards and backwards propagating waves.
Furthermore, we can see that for β > εrk0 the wavevector perpendicular to the
interface kz,i becomes complex. In this situation, kz,i describes an evanescent wave,
which decays away from the surface, and thus is bound to the interface.
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The macroscopic Maxwell equations from the beginning of this chapter only describe
the fields inside a material, but they must also hold at the boundary across materials.
The curl equations (2.4) and (2.5) imply that that the tangential components to the
boundary of E(r, t) and H(r, t) are continuous across the boundary and the divergence
equations (2.6) and (2.7) imply the continuity of the normal components of εrE(r, t)

and µrH(r, t) [8,83,85]. Applied to the geometry discussed, the continuity conditions
across the boundary are,

Ex,1 = Ex,2 (2.16)

Hx,1 = Hx,2 (2.17)

ε1Ez,1 = ε2Ez,2 . (2.18)

Now, with these continuity conditions and with Eqs. (2.13) and (2.14) the conditions
for a TM-wave to be bound to the interface are A1 = A2 and,

kz,1
ε1

+
kz,2
ε2

= 0 . (2.19)

Rewriting Eq. (2.15),

k2
z,i + β2 = εi

(ω
c

)2

, (2.20)

and using Eq. (2.19) the dispersion relation for surface plasmon polaritons can be
derived as

β =
ω

c

√
ε1ε2

ε2 + ε1

. (2.21)

A similar derivation can be applied to TE-waves [77,80] which leads to the condition
for bound waves,

A1(k1 + k2) = 0 . (2.22)

Since for bound waves the real parts of the wavevectors have to be positive, A1 =

A2 = 0. Therefore, for this geometry no bound TE-waves exists, and thus SPPs only
exist for TM polarisation. Note, that we earlier set µr = 1; without this assumption
we would find a similar condition as Eq. (2.19), but instead of εr with µr. In the
next section we see that the SPP dispersion relation requires a negative permittivity
in order to describe waves, which are bound to the interface. Thus, bound TE-
waves require a negative permeability, which cannot be found in naturally occurring
materials and can only be artificially engineered [81,86].
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2.1.3 Conditions for the existence of surface plasmons

Up to this point we have not made any restrictions to the dielectric functions of
the two materials. Here, we are only looking for solutions which are bound to the
interface, hence have an evanescent component perpendicular to it, i.e. kz must be
purely imaginary. If we combine Eqs. (2.15) and (2.21) and first consider the upper
half space we get

kz,2 =
√
k2

0ε2 − β2 = k0

√
ε2 −

ε1ε2

ε2 + ε1

= k0ε2

√
1

ε2 + ε1

. (2.23)

In order for kz,2 to be imaginary the term under the square-root has to become nega-
tive, which is the case for ε2 < −ε1. In the visible spectrum this condition is true for
most metal (ε1) - dielectric (ε2) interfaces. A similar condition can be found for the
lower half space. Those conditions show that a bound mode propagating along the
surface can only exist at a metal-dielectric interface if the magnitude of the metal’s
permittivity is greater than the dielectric’s (ε2 < |ε1|).
Prior to a closer investigation of the SPP dispersion relation (Eq. (2.21)) and the
resulting properties of surface plasmons we discuss the consequences that these can
only exist at a metal-dielectric interface. Of particular interest is the dielectric func-
tion of the metal which is complex and depends on the frequency, as discussed in
Sect. 2.1.1. First, we discuss the consequence of a complex dielectric function of the
form ε1 = ε′1 + iε′′1. For simplicity we are assuming only a real permittivity for the
dielectric ε2 = ε′2 (ε′′ = 0) and a real ω. Note a real ω is only valid for an optical
excitation of SPPs as the excitation source, typically a laser, has a well defined fre-
quency. In contrast, for excitation with fast electrons with well defined momentum
β becomes a real quantity and ω is a complex quantity. Here, we are only discussing
the optical excitation of SPPs, therefore ω is real.
Now, substituting the complex permittivity into the SPP dispersion relation and sep-
arating β into real and imaginary components we get in first order approximation [87],

β = β′ + iβ′′ ≈ ω

c

(√
ε′1ε2

ε2 + ε′1
+ i

(
ε′1ε2

ε2 + ε′1

)3/2
ε′′1

2 (ε′1)2

)
. (2.24)

We can now use the real and imaginary parts of the Drude model expression, Eq. (2.3),
to describe the SPP dispersion relation,
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β =
ω

c

√
ε2εb

ε2 + εb

√
ω(ω + iγ)− ω2

p/εb

ω(ω + iγ)− ω2
p/(ε2 + εb)

(2.25)

≈ ω

c

√
εbε2 − ε2ω2

p/(ω
2 + γ2)

ε2 + εb − ω2
p/(ω

2 + γ2)
(2.26)

+ i
ω

c

(
εbε2 − ε2ω

2
p/(ω

2 + γ2)

ε2 + εb − ω2
p/(ω

2 + γ2)

)3/2
ω2

pγ/(ω(ω2 + γ2))

2(εb − ω2
p/(ω

2 + γ2))2

In Fig. 2.4 we sketched the dispersion relation for a metal-air (ε2 = 1) interface. In
the low frequency regime (ω → 0) the SPP dispersion follows the light line (ω = βc)
but bends to higher momentum with increasing frequency.

Figure 2.4 – Sketch of the dispersion relation of surface plasmon polaritons. The blue solid
curve shows the dispersion relation of SPPs at a metal-air interface when metal losses are
neglected (ε′′ = 0). In this case the SPP dispersion shows a frequency gap between the
surface plasmon frequency ωsp (grey dashed line) and the plasma frequency ωp (grey dotted
line). Taking the metal losses into account, ε′′ 6= 0, leads to a finite momentum at ωsp (blue
dotted curve) as the losses (red dashed curve) reach a maximum. The black line shows the
dispersion of light in air.

When the losses in the metal are neglected, thus taking only the real part of the dielec-
tric function (Eq. (2.26)) into account (solid curve in Fig. 2.4), the surface plasmon
polariton momentum tends to infinity and the frequency asymptotically approaches
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the surface plasmon frequency,

ωsp =
ωp√
εb + ε2

. (2.27)

For ω → ωsp the group velocity (∂ω/∂β) and the phase velocity (ω/β) go to zero.
In this high momentum regime SPPs become localised oscillations of the electron
density. For frequencies greater than ωsp a forbidden frequency gap appears until ω
approaches the plasma frequency ωp. The upper branch then describes the dispersion
of volume plasmons which only exist in the bulk metal [77].
Now, if we take the losses in the metal into account the surface plasmon polariton
momentum becomes finite close to ωsp, see dotted curve in Fig. 2.4. At the same time
the losses, caused by electron collisions in the metal, reach a maximum, see dashed
curve in Fig. 2.4. In fact, from Eqs. (2.26) and (2.27) we see that for frequencies
approaching the surface plasmon frequency β′ ≈ β′′. This means that SPPs decay in
less than one optical cycle, and thus no SPP propagation is possible. For frequencies
above ωsp both, β′ and β′′, decrease which leads to a bending of the SPP dispersion
to lower momentum. With frequencies approaching the plasma frequency ωp the SPP
dispersion approaches the dispersion of a loss less metal.
We see that optically excited SPPs have a finite momentum β at the surface plas-
mon frequency. A large momentum, as indicated by the lossless dispersion, can only
achieved with an excitation by fast electrons, which have a large well defined momen-
tum [88–90].

2.1.4 Origin of plasmonic confinement

The trend of the SPP dispersion relation (Eq. (2.21)) following the light line for
small frequencies (Fig. 2.4) indicates a photonic like character in this regime. As the
dispersion bends away from the light line towards higher momentum SPPs become
more surface plasmon-like. Here, the terms photonic- and plasmonic-like relate to the
confinement of SPPs with respect to the interface. To understand this confinement
behaviour, we can examine the field distributions of SPPs in each layer. As a measure
of confinement we use the distance di in z-direction for which the electric field intensity
decays by 1/e of its value at the interface, see Fig. 2.3. This decay is related to the
imaginary part of the wave vector kz by e−z/di = e−2k′′z,iz. If we use the Drude formula
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(Eq. (2.3)) the wavevector in z-direction becomes:

kz,1 = −ik0

ω2
p/ω(ω + iγ)− εb√

ε2 + εb

√
1

ω2
sp/ω(ω + iγ)− 1

(2.28)

kz,2 = ik0
ε2√
ε2 + εb

√
1

ω2
sp/ω(ω + iγ)− 1

. (2.29)

And the decay length follows as,

d1 = − 1

2=(kz,1)
=

√
ε2 + εb

2k0

<


√
ω2

sp/ω(ω + iγ)− 1

ω2
p/ω(ω + iγ)− εb

 (2.30)

d2 =
1

2=(kz,2)
=

√
ε2 + εb

2k0ε2

<
(√

ω2
sp/ω(ω + iγ)− 1

)
. (2.31)

These equations show that in the low frequency limit the decay into the dielectric
goes to infinity (d2 → ∞), whereas for the metal d1 → 0; the field penetrates less
and less into the metal with decreasing frequency. Thus, in the low frequency regime
the surface plasmon mode is hardly confined to the interface and the surface plasmon
polariton behaves more like a guided photon. We verify this behaviour by plotting
the decay d1 and d2 of the SPP field into the metal and dielectric, respectively, see
Fig. 2.5b.

Figure 2.5 – a Dispersion relation of SPP at a planar Ag - Air interface (blue line) and
the light dispersion in air (black line). b The 1/e decay length (d) of the electric field of
a SPP in the metal (red curve) and dielectric (blue curve) region. The point where the
field confinement becomes smaller than the diffraction limit is indicated by the vertical
grey dashed line. The horizontal line links this point to the corresponding position on the
dispersion curve.
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Indeed, we observe that in the low frequency regime, where the SPP dispersion follows
the light line (Fig. 2.5a), the SPP is hardly confined to the metal interface. In
this regime the confinement is much greater than the diffraction limit, d2 � λ/2

(d1 ≈ 0). With increasing frequency the SPP becomes more confined, apparent from
the decrease in d2/λ. At the point where the SPP dispersion starts bending to higher
momentum compared to a free-space photon the confinement becomes smaller than
the diffraction limit, d2 < λ/2. At the same time with increasing frequency the
SPP field does slowly penetrate into the metal region. Close to the surface plasmon
frequency (ω → ωsp) the field gets strongly confined to the metal interface and in this
regime we can approximate d2 to,

d2

ω→ωsp

≈
√
ε2 + εb

2k0ε2

<

(√
−iγ

ωsp

)
=

√
γ

2ωsp

√
ε2 + εb

2k0ε2

ω→ωsp

≈ d1 . (2.32)

Here, we assumed that γ
ωsp
� 1 which is true for most metals. For example for

silver γ ≈ 0.1 fs−1 (hγ ≈ 0.4 eV) [46] and ~ωp ≈ 9 eV [71] thus for a silver-air in-
terface γ

ωsp
≈ 5 × 10−3. In addition to strong confinement at the interface of just

a few nanometres, Eq. (2.32) shows that around ωsp the decay into both media ap-
proximately becomes identical. This also becomes apparent from Fig. 2.5, where
close to the surface plasmon frequency d1/λ and d2/λ cross each other. Furthermore,
Eq. (2.32) shows that the ability of a metal to confine the SPP field to the interface
strongly depends on the metal losses. This simple approximation of the field decay
into the metal and dielectric region justifies the treatment of plasmons as photonic-like
or plasmon-like in the low and high frequency limits, respectively. The strong confine-
ment of the electric field to the metal interface results in a high field enhancements
which has been exploited in many applications [33,34,77,79,91–93].

Microscopic origin

From the above macroscopic electromagnetic treatment of SPPs we have seen that
close to the surface plasmon frequency the electric field is strongly confined to the
metal interface. Now, we discuss how this can be understood on the microscopic scale.
In the regime close to ωsp SPPs become localised fluctuations of the charge density,
which approximately can be described by classical electrostatics. We assume that
the electromagnetic field of SPPs perturbs the electrons in the metal, described by
a local charge Q. In an unperturbed metal the net charge is zero and therefore the
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electrostatic potential given by the Poisson equation is ∇2Φ = 0,

Figure 2.6 – a In a metal of charge density ρ(r) a local perturbation of net charge Q leads
to a local variation of the charge density dρ(r). The perturbation is fully screened by the
free electrons in the metal over the Thomas-Fermi screening length, kT. b Within metals a
perturbation at the surface is fully screened over kT ≈ 1Å.

however, due to the local perturbation we have to re-write the Poisson equation as,

∇2dΦ(r) =
1

ε0

(Qδ(r)− edn(r)) . (2.33)

The free electrons surrounding this local perturbation, Qδ(r), will move to compensate
for the induced polarisation leading to a change in the local electron density dn(r), and
hence modifying the potential in the background, dΦ. In order to solve the perturbed
Poisson equation we need to find a relation between dΦ(r) and dn(r). From the
electron density of states of a free electron gas we find the perturbed electron density
dn = (k2

F/π
2)dkF, where kF is the Fermi wavevector. And the energy of the free

electron gas gives us a relation between Fermi energy EF and Fermi wavevector,
dEF = edΦ = (~2kF/me)dkF. Combining both equations we find

e

ε0

dn(r) = k2
TdΦ(r), (2.34)

where kT is the Thomas-Fermi screening length given by

kT =

√
mee2kF

ε0π2~2
. (2.35)

The Thomas-Fermi screening length describes the length up to which a perturbation
can be felt in the metal and is on the order of ≈ 1Å. We can now substitute Eq. (2.34)
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into the perturbed Poisson equation Eq. (2.33) and find,

∇2dΦ(r) + k2
TdΦ(r) =

Q

ε0

δ(r), (2.36)

which has a general solution of the form

dΦ(r) =
Q

4πε0

e−k0r

r
. (2.37)

Thus, in bulk metal the modified potential rapidly decays and any perturbation of
the local charge density is completely screened over a small screening length of about
1Å. At the interface of the metal to the dielectric, however, this is not the case. Due
to the low free charge carrier density in the dielectric a perturbation at the interface
caused by SPPs, cannot be completely screened. Therefore, we expect a charging of
the metal-dielectric interface.
In our earlier derivation of SPPs from the macroscopic Maxwell equations we under-
stood SPPs as propagating waves, which have electric field components parallel and
perpendicular to the metal-dielectric interface. Now, we can link this macroscopic
understanding to the microscopic picture of a local perturbation, via Gauss’s law,

∇ · E = −E · ∇ε(r)

ε(r)
=
ρeff(r)

ε0

. (2.38)

The permittivity across the interface can be described as ε(z) = εm + (εd − εm)Θ(z),
where Θ(z) is the step function which is zero in the metal and one in the dielectric.
Together with Gauss’s law the effective charge density of SPPs at the surface becomes,

ρeff(z) = ε0E2
εm − εd

εd

δ(z) . (2.39)

Again this leads to a charging of the interface, independent of the used description,
microscopic or macroscopic.
So far we discussed the strong confinement of SPPs, described by the component
of the propagation constant perpendicular to the interface, kz,i, but we have not
discussed the propagation length of SPPs, described by the imaginary part of the
parallel component, β′′.
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2.1.5 SPP propagation length on planar metal interfaces

Similar to our analysis of confinement we use the inverse of the imaginary part of
the propagation constant, (β′′)−1, to describe the propagation length, Lsp, of surface
plasmons along the interface. Using the propagating harmonic wave descriptions of
the SPP fields, Eqs. (2.13) and (2.14) and use α = 2β′′ for the modal loss, we get

e−iβx = e−iβ′xeβ
′′x = e−iβ′xeαx/2 = e−iβ′xex/2Lsp . (2.40)

Upon substitution of Eq. (2.3) into the imaginary part of Eq. (2.24), we find for
frequencies close the ωsp,

1

Lsp

= α = 2β′′ ∼ ω2γ

2cω2
p

ε
3/2
2 . (2.41)

This simple analysis shows that the propagation length of SPPs not only depends on
the losses of the metal, but is also strongly dependent on the permittivity of the sur-
rounding material. In fact the propagation length for surface plasmons in the visible
regime can varry between 1 µm to 100 µm depending on the materials used. Further-
more, a comparison of the results from Eqs. (2.32) and (2.41) shows that when ω

approaches the surface plasmon frequency (ωsp) the confinement increases, but at the
same time the propagation length decreases. This is consistent with SPPs becoming
stationary oscillations at ωsp. The trade-off between confinement and propagation
length is a fundamental problem of plasmonics, especially for plasmonic waveguide
structures, which are discussed in the next section.

2.2 Exploiting plasmonic confinement

In the previous section we introduced the confinement and propagation length of
SPPs at planar interface as the 1/e decay of the electric fields. At this point we want
to emphasize that the definition of SPP confinement as the exponential decay away
from a planar surface is not always the best choice in plasmonic waveguides. As these
waveguides can have sharp features, which lead to high fields around these, more care-
ful definitions are required to accurately measure the true extent of the field. Several
alternative measures have been proposed, however, there is no general measure which
would allow a consistent comparison of confinement in different plasmonic waveguide
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structures [94,95]. Nevertheless, this ambiguity only holds for the plasmonic confine-
ment and not for the propagation length which is well defined.
We further mentioned that the SPP field causes a charging of the metal-dielectric in-
terface due to the large screening length in the dielectric material. It is this charging
of the interface which allows the storage of electromagnetic energy, similar to a capaci-
tor. This capacitor-like charging has been exploited in so-called metal-insulator-metal
(MIM) or insulator-metal-insulator (IMI) waveguide structures. Other than planar
metal waveguides, MIM and IMI waveguides can be operated at frequencies away
from the surface plasmon frequency, reducing the losses while maintaining a strong
confinement.
Alternatively, researchers also exploited the effect of geometrical confinement in metal
waveguides, leading to two-dimensional metal waveguides. While multilayer and two-
dimensional metal waveguides can achieve good waveguiding properties, they still
suffer from significant losses in the metal compared to non-metallic photonic waveg-
uides. In the visible wavelength regime the losses in the metal are inevitable, therefore
to reduce the losses more energy needs to be stored in a region other than the metal.
This approach has been exploited in so-called hybrid-plasmonic waveguides. This
geometry consist of a high refractive index photonic waveguide close to a metal sur-
face which allows strong confinement of light in the low refractive index spacer layer
between dielectric and metal. This geometry not only offers a trade-off between con-
finement and loss, but can also operate close to the surface plasmon frequency, which
is important for this work.

2.2.1 Broadband plasmonic confinenemt

Planar geometry

The discussion in Sect. 2.1.4 showed that for a planar metal interface an increase in
plasmonic confinement is associated with an increase in in-plane SPP momentum,
making strong confinement only possible close to the surface plasmon frequency. To
decouple confinement from SPP momentum, another interface can be introduced,
causing the charges at both interfaces to interact, providing the separation of the
interfaces is small enough. There are two possibilities to create a second interface
either by limiting the thickness of the dielectric and capping it with a metal, a so-
called metal-insulator-metal (MIM) geometry, or creating an insulator-metal-insulator
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(IMI) structure by limiting the metal thickness and encapsulating it with a dielectric
material, see Fig. 2.7a and b, respectively [77,96–100].

Figure 2.7 – a The interaction of surface charges from two closely spaced metal films can
provide energy storage below the diffraction limit, similar to a capacitor. b A metal slab
much smaller than the wavelength causes a charging at each interface which will rapidly
decay, allowing a higher confinement than in a planar metal film.

In the first case the charging at the two metal-dielectric interfaces will evolve inde-
pendently, as there is no charge screening in the dielectric, allowing the SPPs at the
interfaces to be out of phase with each other [97]. In this capacitive like case the
energy is stored in the dielectric region and confinement can be controlled via the
thickness of the dielectric. The second case is similar, for a thin metal slab the sur-
face charges at both interfaces interact, but this time leading to an energy storage
in the metal region [96]. While the storage of energy in the metal region leads to
high losses, it allows for a strong field confinement far below the surface plasmon
frequency. Note that both geometries also support other charge configurations, which
are not discussed here and for further reading we refer to the literature [77,79,96–100].
Now, let us assume that the thickness of the metal layer in an IMI geometry is re-
duced so far that we cannot distinguish the charges at the two interfaces. In that
case the charges in the metal can simply be treated as a single line of charge. From
electrostatics we know that the electric field of a line of charge decays with the inverse
of the distance from the charge; a much faster decay than the exponential decay of
the planar interface. So, reducing the thickness of a planar metal waveguide to an in-
finitesimal line charge leads to an increasing confinement. If we go a step further and
bend the planar metal waveguide, such that it forms wire, then we expect a similar
behaviour of the field decay when the diameter of the wire is reduced.
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Circular geometry

If we start with a metal wire of infinite radius, we expect the field decay to behave
similar to that of a planar waveguide; the field decays exponentially with distance d
from the nanowire. However, reducing the radius the field close to the wire decays
with the inverse of the distance d. For a metal wire this behaviour can be described
by a modified Bessel function [101], see Fig. 2.8.

Figure 2.8 – The decay of a modified Bessel function of second kind K2
1 (d) (solid line)

follows an inverse decay 1/d2 (dashed line) for small d and an exponential decay 1/e2d

(dotted line) for large d.

For small distances the Bessel function follows a 1/d2 behaviour which turns for larger
d into an exponential decay, e−2d. The same behaviour as shown in Fig. 2.8 can be
observed for a changing wire diameter [101]. Thus, independent of the excitation
wavelength a strong confinement, which only depends on the geometrical parameters
of the nanowire, can be obtained. Now, to further demonstrate the stronger con-
finement achievable with a metal wire we compare its electric field decay to a planar
metal surface. In Fig. 2.9a we show the field distributions of a 150 nm nm wide silver
nanowire and a planar silver film excited at a wavelength of 1500 nm. We clearly
see the much stronger confinement of the nanowire geometry compared to the planar
metal film. Even though these calculations are performed far away from the surface
plasmon frequency of silver we observe a strong confinement in the nanowire, which
can be simply attributed to the different geometry.
Comparing the field decay of a plasmonic Ag nanowire with a photonic ZnO nanowire
of the same diameter we see that the field intensity for the metal nanowire decays
much faster than for the dielectric wire, see Fig. 2.9a. As both have the same geome-
try, in this case the increased confinement must be due to the free charge carriers in
the metal. A comparison of the effective index of both wires shows that with decreas-
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ing diameter the effective mode index, neff , of the photonic nanowire mode approaches
the refractive index of air, whereas neff in the silver nanowire increases, see Fig. 2.9b.
This behaviour indicates that confinement increases for the silver with decreasing
nanowire diameter whereas confinement decreases for the photonic nanowire.

Figure 2.9 – a Normalised field distributions for a 150 nm wide Ag (black solid line) and
ZnO nanowire (red dashed line), and a planar Ag surface (blue dotted line). b Effective
mode index of the fundamental mode against nanowire diameter for a Ag (solid black line)
and ZnO nanowire (red dashed line). The calculations were performed at a wavelength of
1500 nm away from the surface plasmon resonance of Ag.

2.2.2 Two-dimensional plasmonic confinement

The above discussion showed that besides capacitive confinement of electromagnetic
energy, confinement can also be achieved by altering the geometry of the waveguide.
Specifically, introducing two-dimensional features into the geometry, which allow for
capacitive confinement as well as sharp features. Furthermore, the discussed IMI
and MIM geometries only allow a confinement in one dimension, whereas in the
cylindrical geometry SPPs can already be confined in two dimensions. We now discuss
further plasmonic structures, which allow two-dimensional confinement through a
combination of capacitive and geometric confinement. An overview of several designs,
which allow strong confinement and guiding of SPPs, is given in Refs. [24,54,95], see
also Fig. 2.10.
The guiding and confinement properties of plasmonic waveguide devices is strongly
dependent on the operational wavelength as well as on the geometrical parameters
such as tapering angle for wedge (WPP) and channel (CPP) plasmons or gap width for
gap plasmon polariton (GPP) waveguides [24, 102–106]. To discuss the relationship
between geometrical confinement and propagation length we focus on the simplest
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structure a metallic nanowire as discussed in Sect. 2.2.1 and described by [101,107]. At
wavelengths below the surface plasmon frequency guiding of SPPs in sub-diffraction
limited silver nanowires has been reported and strong near-field confinement was
verified [108–110].

Figure 2.10 – Overview of common plasmonic waveguide designs: a metal nanowire, b
wedge (WPP), c gap (GPP), d channel (CPP). The SPP field distribution in each waveguide
geometry is indicated by the transparent regions.

Even though the nanowire waveguides were operated at visible wavelengths, away
from the surface plasmon frequency, propagation lengths of only ≈ 10 µm could be
demonstrated [108]. Furthermore, combining the effects of geometrical and capacitive
confinement in a plasmonic waveguide does not significantly alter the propagation
length of SPPs. For example in a CPP waveguide excited at a wavelength of around
1 µm a propagation length of only ≈ 100 µm could be demonstrated [111]. Note that
in conventional photonic - purely dielectric - waveguides propagation lengths on the
order of several cm can be achieved [83,84,112,113]. Clearly, pure metallic waveguides
are not capable of achieving both high confinement and long propagation length inde-
pendent of excitation wavelength and waveguide geometry. Furthermore, the strong
confinement in metallic waveguides makes these devices sensitive to surface roughness,
which can lead to scattering losses. Therefore, to achieve a long propagation distance
with strong confinement, dielectric-loaded plasmonic waveguides have been proposed
and demonstrated [114–118]. However, these devices usually only exploit the high
refractive index of the metal and usually operate in the near-IR regime away from
the the surface plasmon frequency, where losses are high. Therefore, we now discuss
an alternative combination of a photonic and plasmonic waveguide, which allows the
operation close to ωsp and is still capable of achieving long propagation length while
maintaining strong confinement.
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2.2.3 Hybrid plasmonic waveguides

So far we have seen that both multilayer and two dimensional plasmonic waveguides
are capable of guiding light below the diffraction limit by storing optical energy in the
metal region. However, as the metal also introduces high losses, especially in the vis-
ible wavelength regime, the strong confinement is accompanied by a low propagation
length, usually on the order of ≈ 10 µm. These short propagation lengths are a clear
drawback of plasmonic waveguides compared to photonic waveguides. On the other
hand, while nanophotonic structures such as photonic crystals are capable of guid-
ing light without significant losses, they are fundamentally limited by the diffraction
limit [119,120]. In this respect, Oulton et al. [60] proposed a hybrid plasmonic waveg-
uide consisting of a high refractive index semiconductor nanowire, which is separated
from a metal substrate by a low refractive index spacer layer, see inset of Fig. 2.11a.

a b

Figure 2.11 – a shows the normalised energy density along x = 0 for three different spacer
layer thicknesses. The grey shaded area is the metal region and the green shaded area
is the region of the semiconductor nanowire. b A comparison of normalised propagation
length Lm/λ versus mode area Am/A0 for different nanowire geometries. Image taken from
Ref. [60].

In Eq. (2.41), we derived that the propagation length of SPPs scales with the cube
of the surrounding medium’s refractive index; in order to ensure a long propagation
length in the hybrid plasmonic waveguide, it is essential to avoid direct contact of the
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high refractive index semiconductor with the metal layer. Besides reducing losses the
thin spacer layer leads to strong confinement of the mode to the low refractive index
region, see Fig. 2.11a.
In this geometry the guided light shows both nanowire-like and planar SPP-like mode
characteristics. By varying the nanowire diameter the mode character can be con-
trolled from photonic nanowire like for large diameters to SPP like for small nanowire
diameters. Furthermore, this geometry is capable of supporting hybrid plasmonic
modes down to sub-diffraction limited nanowire diameters where no photonic nanowire
waveguide mode exists, see Fig. 2.11b (green solid line). The variation of the distance
between the metal and the semiconductor nanowire allows control of the confinement
and the propagation length of the guided mode. For small distances the mode area can
be 100 times smaller than the diffraction limit and can propagate 10’s of wavelengths.
For larger distances the mode area increases and becomes photonic like while the
propagation length approaches 1000’s of wavelengths, reaching into the mm regime,
see red lines in Fig. 2.11b.
Besides strong confinement and long propagation lengths the hybrid plasmonic struc-
ture has another great advantage compared to other plasmonic waveguides: the ca-
pability of the semiconductor nanowire to compensate for the propagation losses in
the metal [60,94,95,121]. Adding a gain material with high refractive index to other
plasmonic waveguides would not only alter the properties of the guided mode, but
also decrease the propagation length as discussed earlier, see Eq. 2.41. In contrast
to the hybrid plasmonic structure where the gain material is part of the fundamental
design. With a suitable gain medium it is even possible to overcome the metal losses
and achieve laser emission from deep sub-wavelength scales [49,56,122]. The principle
of these plasmonic lasers will be discussed later in Chap. 3.

2.3 Attenuation and loss compensation

So far we used the imaginary part of the SPP propagation constant (β′′) to calculate
the losses in plasmonic waveguides. This quantity is useful for designing and char-
acterising plasmonic waveguides, however, the propagation constant itself does not
tell us anything about the physical origin of plasmonic losses. Furthermore, for the
design of a laser it is important to know the total modal loss in the cavity which has
to be compensated by a suitable gain medium. In order to compensate for the losses,
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we need to identify the origin of the modal loss and here, we will follow a similar
approach to that shown in Refs [64] and [123]. In these works the authors derived an
equation for the modal gain in an arbitrary two-dimensional waveguide geometry by
calculating the net power flow through two adjacent planes. As we are interested in
the hybrid plasmonic structure, we need to modify these derivations to account for
the losses in the metal region.

2.3.1 Origin of loss in plasmonic waveguides from Poynting’s

theorem

From electrodynamics we know that the energy flow out of a region is described by
Ponyting’s theorem. We can apply this theorem to calculate the power flow along a
plasmonic waveguide, which allows us to derive the modal losses and to identify the
different loss terms. In Poynting’s theorem the power flow out of a volume V with a
boundary s is related to the sum of the stored electromagnetic energy in the volume
and the induced material polarization P by,

−
∮
s

E(r,t)×H(r,t)ds =
1

2

∂

∂t

∫
V

(ε0E
2(r,t) + µ0H

2(r,t))dV

+

∫
V

E(r,t)
∂P(r,t)

∂t
dV . (2.42)

This form of Poynting’s theorem is only correct for materials with no dispersion or
losses as it assumes a frequency independent ε (and µ). In plasmonic systems we need
to take the frequency dependence of the complex susceptibility χ(r,ω) into account,
such that P(r,ω) = ε0χ(r,ω)E(r,ω) [124]. Here, we assume that the intensity of the
electric field is weak enough so that the material response is linear. The susceptibility
is a well defined quantity in the frequency domain and its causal dependence on the
electric field makes it difficult to implement into the time domain form of Poynting’s
theorem, Eq. (2.42). Therefore, we need to Fourier transform the electric and magnetic
fields into the time domain. Assuming time harmonic fields and small losses we can
then write the Poynting theorem as [85,125]
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−1
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(
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[
1 +

d[<{ωχ(ω)}]
dω

]
|E|2 + µ0 |H|2

)
dV

+
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2
ε0ω

∫
V

={χ(ω)} |E|2 dV . (2.43)

Here, we used the time averaged expressions of the fields defined by A(t) · B(t) →
1
2
<{A ·B∗} to account for the real field response measured in experiments. In the

above equation we can identify the time averaged energy density,

U =
1

2

(
ε0

d[<{ωε(ω)}]
dω

|E|2 + µ0|H|2
)

= UE + UH (2.44)

and can then rewrite Poynting’s theorem as

−
∮
<{E ×H∗} ds =

∫
∂U

∂t
dV + ε0ω

∫
={χ(ω)} |E|2 dV . (2.45)

Figure 2.12 – A schmetic of an arbitrary
waveguide. For the derivation of the modal
loss α we assume a mode propagation along
the x-direction. The mode enters through the
area a at x = x0 and propagates for a short
distance δ before it leaves through a similar
area a at x = x0+δ. The confinement restricts
the power flow through a along the propaga-
tion direction x, and thus no real power leaves
the waveguide in radial direction.

This expression now correctly states the
energy conservation in a lossy medium
relating the averaged power flow out of
a region to the rate of change of energy
and the loss in the material. Note that
the energy density is also corrected where
the additional factor d[<{ωε(ω)}]dω is
related to the kinetic energy of the charge
carriers [126]. So far we have seen that
the loss of a system is described by the
ability of a material to respond to the
electric field, given by the imaginary part
of the susceptibility (={χ(ω)}). Now,
we want to use the above expression of
energy conservation, Eq. (2.45), to de-
scribe the loss α of a propagating mode.
We consider a strongly confined mode
propagating along the x-direction, as de-
picted in Fig. 2.12. We then assume
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that the fields can be separated into an exponentially decaying part for the com-
ponents into the propagation direction and into a part which only varies slowly
under propagation. With this assumption we can write the Poyting vector as
S = E × H = |A(x)|2(Ē × H̄∗ + Ē∗ × H̄) [64]. As we are considering a guided
mode propagating along the x-direction, there is no real power flow perpendicular to
the propagation direction. Hence, the net power flow is the difference between the
power flow through an infinite area a at x = x0 and the shifted area at x = x0 + δ,
see Fig. 2.12. With this assumption the surface integral in Eq. (2.45) simplifies to
[|A(x0 + δ)|2− |A(x0)|2]

∫
<
{
Ē × H̄∗

}
xda. We are also only looking for steady state

solutions, and can therefore neglect any time variations and only need to take spatial
dependences into account. This allows us to write Eq. (2.45) as

−|A(x0+δ)|2−|A(x0)|2]

∫
<
{
Ē × H̄∗

}
xda = ε0ω

∫ x0+δ

x0

|A(x)|2dx

∫
={χ(ω)}|Ē|2da

(2.46)
If the distance δ is small enough, we can assume the mode shape to be constant and
the field intensity |A(x)|2 will exponentially decay following the Lambert-Beer law -
exp(−αx). The difference of input and output power flow can then be assumed to be
exp(−αδ)− 1 ≈ −αδ and we can solve for the modal losses,

α =
ε0ω

∫
={χ(ω)}|Ē|2da∫
<{Ē × H̄∗}xda

. (2.47)

In the previous sections we have seen that the fields in plasmonic waveguides are
strongly confined to the metal interface, thus the loss in the metal is dominant and we
can restrict the integration area of the loss term in Eq. (2.47) to the metal region. If we
further use the expression for the energy velocity vE =

∫
<{Ē×H̄∗}xda/

∫
Uda [125]

and UE from Eq. (2.44) we get our final expression for the modal loss as,

αm =
ω

vE

∫
metal

2UEda∫
total
Uda

χ′′m
d[<{ωεm}]dω

, (2.48)

where the subscript, m, denotes that the loss comes from the metal region. From
the above expression we can now identify three different effects as a source of loss in
plasmonic waveguides. Firstly, the modal loss is proportional to the inverse of the
energy velocity vE of the mode. While SPPs propagate along the waveguide, they will
experience losses through electron collisions, which occur on distinct time scales, and
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thus with a decrease in vE the losses of the mode will go up. The next loss term we
can identify in Eq. (2.48) is the ratio of the mode’s energy residing in the metal to the
total energy of the mode. This means, the more the plasmon is confined to the metal
the more losses it will experience. We have discussed this behaviour already when
we talked about the propagation length of SPPs. If the SPP approaches the surface
plasmon frequency more and more energy gets stored in the metal region decreasing
the propagation length, i.e. the SPP losses increase. Finally, the modal losses are also
determined by the ability of the dispersive medium to respond to the electric field,
described by the imaginary part of the susceptibility ={χ(ω)}. The denominator in
the last term is the correction factor which arises in Poynting’s theorem for dispersive
media and which accounts for the energy storage in a dispersive medium.
While we identified the different loss mechanism of a propagating SPP mode, it re-
mains difficult to associate the first part of Eq. (2.48) with measurable material pa-
rameters - the energy velocity and the confinement of the mode. The confinement
term in Eq. (2.48) can be approximated with the decay length of the SPP field into
the metal (d1) and dielectric region (d2), Eqs. (2.30) and (2.31), and becomes with
the previous used assumption γ � ω,∫

metal
2UEda∫

total
Uda

≈ d1

d1 + d2

≈ ε2

ω2
p/ω

2 − εb + ε2

=
ε2

(ω2
sp/ω

2 − 1)(εb + ε2) + 2ε2

. (2.49)

Here, we used ω2
sp = ω2

p/(εb + ε2). Note that for this assumption we used the pene-
tration depth of SPPs propagating on planar interface; for curved surfaces where the
field does not decay exponentially the assumption has to be modified, see Sect. 2.2.2.
For ω → ωsp the confinement term approaches 1/2; this is what we would expect as in
this regime the SPP energy is equally shared between both regions and d1 ≈ d2, see
also Eq. (2.32). Furthermore, in the high frequency regime (γ � ω) the confinement
term scales with ∝ ε2ω

2/ω2
p. The energy velocity can be approximated with the group

velocity vg by
c

vE

≈ c

vg

= ng =
d(ωnspp)

dω
, (2.50)

where nspp is the effective mode index of the SPP mode and is proportional to
√
εd.

Plugging the approximation for the energy velocity and the confinement into the
equation for the modal loss we see that α ∼ ε3/2, which is in good agreement to our
previous finding for the propagation length of SPPs along a planar metal interface,



36
Chapter 2

Plasmonic confinement and loss

see Eq. (2.41). In summary, we see that the losses of propagating SPP modes are not
only related to the losses in the metal but also strongly dependent on the surround-
ing medium. This latter dependence might not be obvious initially but surely the
surrounding dielectric will effect the confinement and the speed of the propagating
mode.

2.3.2 Limitations of loss compensation in plasmonic

waveguides

In this work we are interested in achieving laser emission from the hybrid-plasmonic
structured discussed above. Therefore, it is not only important to understand where
the losses come from in these structures, but also how to compensate for them and
what the limits of the loss compensation are, i.e. what the maximum achievable
gain is. At this point we are not interested in the microscopic nature of the gain
and simply write the gain G of a propagating mode as the negative of the losses α.
We can therefore, calculate the modal gain by using Eq. (2.47) and follow the same
approach as for the modal loss in the metal. However, this time we have to integrate
over the gain region which in the case of the hybrid-plasmonic structure will be the
semiconductor nanowire,

Gs = − ω

vE

∫
NW

2UEda∫
total
Uda

χ′′s
d[<{ωεs}]dω

, (2.51)

where we used the subscript ’s’ to denote the integration over the semiconductor
region. The modal gain is usually defined as the product of material gain G0 =

ωχ′′/(
√
ε′c) and confinement factor Γ [64]. From Eq. (2.51) we can identify with

Eq. (2.50) the confinement factor in the gain region as,

Γs = −
√
ε′sng

d[<{ωεs}]dω

∫
NW

2UEda∫
total
Uda

, (2.52)

where we have taken the dispersion of the gain material into account, as described
by the first fraction. In the case of a non-dispersive medium with a weak mode
confinement, 2UE = εsε0Ē

2 and ng
∼= ns, the confinement factor Γs describes the

fraction of the mode’s electromagnetic energy in the gain region [127]. Similar to the
confinement factor in the gain region we can identify the confinement factor in the
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metal region Γm from Eq. 2.48 and can then write the net gain of the hybrid-structure
as,

G = ΓmG0,m + ΓsG0,s . (2.53)

Note that G0,m has the opposite sign to G0,s, as there is no gain in the metal region.
The net gain of the system is therefore nothing else as sum of the modal gain (or
loss) in each waveguide region weighted by the confinement factor of the mode in the
corresponding region. And we can see from our discussion in the previous section
that the confinement factor describes the proportion of total energy in the gain (loss)
region times the gain (loss) through material dispersion. So, in order to have a positive
net gain, necessary to achieve lasing, the modal gain in the semiconductor region has
to exceed the losses in the metal region. This can be achieved by either by choosing
a semiconductor (metal) with a high (low) material gain (loss) G0 or by maximising
(minimising) the confinement factor in the gain (loss) region.
Furthermore, operating at the surface plasmon frequency, where the electric field is
equally distributed between the metal and dielectric region, even more material gain
is necessary. We have to remember that the high index gain region has to be separated
from the metal substrate by a low index dielectric to minimise the losses. Now, by
approaching the surface plasmon frequency the electric field gets pulled towards the
metal increasing the mode overlap with metal, but also reducing the mode overlap
with gain region. Thus by approaching the surface plasmon frequency more and more
gain is necessary to compensate the modal losses.

2.4 Conclusion

The discussions about confinement and loss in metal based systems in this chap-
ter highlighted the fundamental strength and weaknesses of plasmonic devices. The
initial discussion about the dispersion relation of surface plasmons at planar metal
interfaces showed that maximum confinement of light can be achieved at the surface
plasmon frequency, ωsp. However, at ωsp, where the SPP field is equally shared be-
tween the metal and dielectric region, also the losses become maximal. Thus, there
is a fundamental trade-off between loss and confinement in plasmonic systems. This
trade-off highlights a main challenge in the demonstration of a plasmonic laser device
operating close to ωsp. In order to achieve maximal confinement, it becomes apparent
that this cannot be achieved without accepting significant losses.
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To understand the origin of this trade-off a discussion on the plasmonic confinement
followed. While a macroscopic discussion showed a transition from photon-like to
plasmon-like when approaching the surface plasmon frequency, a microscopic dis-
cussion revealed a charging of the metal-dielectric interface. It is this charging which
allows strong confinement away from ωsp and is exploited in plasmonic geometries such
as IMI and MIM waveguides and circular waveguides. While the discussed multilayer
waveguides are based on capacitive-like confinement to store energy in sub-wavelength
metal waveguides, the confinement in circular waveguides is purely based on geomet-
rical parameters. Even though, these waveguides allow strong confinement over a
broad wavelength range they still suffer from high losses introduced by the metal.
Even more complicated plasmonic waveguides, which generate confinement through
a combination of capacitive and geometrical confinement, do not lead to a significant
reduction in loss, and thus are not suitable for a plasmonic laser device. Therefore,
the hybrid plasmonic geometry, a photonic waveguide close to a metal surface, was
introduced.
A comparison to the other plasmonic waveguides revealed its superiority in terms
of confinement to loss trade-off. Furthermore, the hybrid plasmonic structure has
another advantage compared to other plasmonic waveguides: the integration of a
photonic waveguide, which can be used as a gain medium to achieve laser emission.
Based on this waveguide geometry a more detail analysis of the origin of loss in plas-
monics followed. Interestingly, the losses of SPPs not only depend on the loss in
the metal, but are also strongly dependent on the permittivity of the surrounding
dielectric material. Thus, in hybrid plasmonic waveguides it is crucial to avoid direct
contact of the high dielectric gain material with the metal substrate. However, at
the same time the overlap of the guided mode with the gain medium has to be large
enough to support sufficient gain for compensating the metal’s losses. This overlap be-
comes even more important close to the surface plasmon frequency, where the guided
mode is strongly confined. From the final discussion about loss compensation some
basic design rules for constructing a plasmonic laser based on the hybrid plasmonic
geometry can be deduced.
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This chapter now discusses the principles of laser operation in the hybrid plasmonic
geometry. Starting with a general description of nanowire cavities the discussion then
focusses on the achievable optical confinement and compares the plasmonic geometry
to its photonic, non-metallic, counterpart. The chapter continues by examining con-
ventional laser theory and identifies where this theory has to be adapted to account for
the strong optical confinement and the corresponding acceleration of light-matter in-
teractions in plasmonic structures. This modified laser theory is then used to develop
a laser model capable of describing the internal dynamics of photonic and plasmonic
lasers. In later chapters this model is then applied to describe the experimentally ob-
served spectral as well as temporal response of photonic and plasmonic laser devices.

3.1 Nanowire laser resonators

A laser is broadly speaking a device which amplifies the light it generates and is made
of three essential elements [128]. Firstly, a cavity which provides optical feedback
through reflections from its ends. Secondly, a gain medium which is capable of com-
pensating for the optical losses in the cavity. Thirdly, a pumping process which can
supply a necessary threshold intensity to generate a population inversion in the gain
medium. Thus, light passing through the gain medium is coherently amplified, leading
to stimulated emission from the cavity. Of course laser emission from the cavity will
only occur if the cavity losses are equal or smaller than the achievable gain. The gain
medium and the optical cavity can be of many kind of forms, shapes, and materials

39
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and an overview of different arrangements can be found in textbooks [128, 129]. The
pumping process of the gain medium can be either electrically or optically. In this
work, we focus on optically pumped semiconductor nanowire lasers, where the semi-
conductor nanowire is the gain medium and cavity in one; with gain arising from the
semiconductor material and a Fabry-Pérot cavity is being formed by the reflections
at the nanowire end-facets, see Fig. 3.1.

Figure 3.1 – Sketch of an optically pumped semiconductor nanowire laser device. The
semiconductor nanowire acts as gain medium and as a cavity at the same time. The light is
partly reflected at the end-facets of the nanowire, forming a cavity.

3.1.1 Fabry-Pérot cavities

The feedback in conventional semiconductor Fabry-Pérot laser cavities is obtained
from reflections at the cavity ends [130]. A similar feedback mechanism occurs in
nanowire lasers where the light is guided in the semiconductor material and is re-
flected at the end-facets of the nanowire. An estimation of the reflectivity is rather
difficult as the nanowire diameter is usually smaller than the excitation wavelength
and also depends on the quality of the end-facets [131]. Furthermore, as we discuss in
the next section, the nanowires support multiple transverse modes, which, due to dif-
ferent modal field distributions, differ in their reflection coefficients [63, 131, 132]. To
estimate how much light is reflected at an end-facet for the moment we assume that
the reflection from the nanowire end-facets is similar to that from a planar ZnO-Air
interface. The reflection of a plane wave can be calculated with the Fresnel equations
and with a refractive index of 2.4 for ZnO we find a reflection coefficient of r = 0.41.
Hence, about 17% of the light would be reflected at a nanowire end-facet. Thus, at
the nanowire end-facet most of the light is coupled out of the nanowire cavity and
therefore cannot contribute to the build up of laser oscillations.
In order achieve lasing, the medium has to supply sufficient gain during one round
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trip to compensate for these mirror losses but also for the propagation losses αm,
which include the earlier discussed modal losses, see Sect. 2.3.1. Therefore, the gain
at threshold (gth) has to be at least equal to the cavity loss (αc) under one round
trip [128,133],

gth = αc = αm −
1

L
ln(R), (3.1)

where we assumed equal reflections R from both end-facets. Assuming a nanowire
length of L = 10 µm we find, with the above estimated reflection, end-facet losses of
≈ 2000 cm−1.
Now, the reflected light will propagate back and forth between the ends of the
nanowire, and if the length of the nanowire L is a multiple of half the wavelength
λm, standing waves will form in the nanowire cavity. From this resonance condition
the resonance wavelength of the cavity can be derived to,

λm =
2L

q
, (3.2)

with q being an integer number. If the wavelength dependent refractive index (n(λ))
of the semiconductor is taken into account the difference between two resonant wave-
lengths can be calculated in first order as [128],

∆λ =
λ2

m

2L(n− λ dn/dλ)
. (3.3)

Thus, the spacing between two consecutive resonant modes is inversely proportional
to the product of the nanowire length and the group index (ng = n−λ dn/dλ) of the
guided mode. In experiments we can usually directly measure the spacing between the
mode from the emission spectrum, and from an SEM measurement we can determine
the length of the nanowire. Therefore with Eq. (3.3) we can calculate the group index
of the guided mode. Furthermore, plotting ∆λ against 1/L for several nanowires of
different length we can calculate the material dispersion from the slope of this linear
relationship. Here, for ZnO typical values for dn/dλ are ≈ −0.015 nm−1 [63, 134].
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3.1.2 Transverse nanowire waveguide modes

Photonic nanowire modes

Dependent on its diameter a nanowire usually can support several waveguide modes
each with a different electric field distribution and effective mode index. While the
different effective mode indices lead to a variation of the Fabry-Pérot mode spacing,
the electric field distribution leads to different light output polarisations. Thus, both
attributes help to determine the lasing mode in this geometry.
To find all supported modes, Maxwell’s equations have to be solved for the guided
modes in a nanowire. For a free standing nanowire Maxwell’s equations could be
solved analytically, however the asymmetry of the here investigated geometry renders
an analytical solution difficult, and therefore we numerically solve for the modes using
the finite element solver COMSOL Multiphysics. Here, we use the RF module and
model a simplified 2D geometry which describes a slice through the nanowire geometry
(see insets in Fig. 3.2) with waves propagating into the plane. The boundaries of the
calculation domain were chosen to be scattering boundaries and to avoid artefacts
from reflected fields a calculation region of about 3λ was chosen. COMSOL then
determines the mode index of the supported modes by finding the complex eigenvalues
of the Helmholtz equation for the transversal magnetic field components. The solution
of this analysis also return the eigenfunctions which describe the field distribution of
the mode.

Figure 3.2 – The effective mode index (neff) of the guided modes calculated for a wavelength
of 385 nm against nanowire diameter for (a) the photonic case and (b) the plasmonic case.
The photonic structure does not support any waveguide modes for diameters below ≈ 130 nm
whereas in the plasmonic case the HSP1 does not experience any cut-off.
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Figure 3.2a shows a plot of the effective mode index neff against the nanowire diameter
d calculated at a wavelength of λ = 385 nm for the photonic lasing geometry; a ZnO
nanowire lying on a SiO2 substrate surrounded by air. Figure 3.2b shows similar
calculations for the plasmonic lasing geometry; a ZnO nanowire lying close to an Ag
substrate only separated by a 10 nm thin LiF layer.
In the photonic case the solutions approximately lie between the refractive index
of ZnO and SiO2 which are 2.38 [135] and 1.54 [136] at λ = 385 nm, respectively.
For thick nanowires TM,TE, and HE modes are supported with an effective index
close to that of ZnO revealing the confinement of the mode to the nanowire. With
decreasing nanowire diameter the modes lose their confinement which is indicated
by the decrease of the effective mode index. Here, we can see the influence of the
substrate on the nanowire mode. While for a free standing nanowire the effective
mode index would approach the refractive index of the surrounding, in this geometry
the mode index approaches that of the SiO2 substrate. Note, while the modes are
pulled into the substrate for smaller diameters, for thicker nanowires the modes are
hardly affected [63], see also Fig. 3.3.
From Fig. 3.2a it is also apparent that with a decrease in nanowire diameter fewer
and fewer modes are supported with the degenerate HE11 modes being the last to
experience a cut-off at d ≈ 130 nm.
Initially, this would suggest that the HE11 is going to be the lasing mode. However,
as we already mentioned the reflection from the nanowire end-facets is different for
each guided mode and thus also the end-facet losses. A full analysis of the reflection
coefficient of each mode is out of the scope of this work and we refer to the literature
for a more detailed analysis [63, 131, 132, 137]. For ZnO it was shown that the TE01

mode has the largest reflection coefficient with a maximum of r > 0.7 and it is
therefore anticipated to be the lasing mode [63,131]. In contrast, the HE11 mode has
a maximum reflection coefficient of only r > 0.44.
Now, using Eq. (2.51) we can use the numerical calculations to determine the modal
losses αm from the electric energy density. For a 200nm wide nanowire we find for
both modes similar modal losses of about 8000 cm−1.
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Figure 3.3 – Electric field distribution in a photonic (a, b) and plasmonic (c, d) lasing
geometry at λ = 385 nm. The arrows indicate the mode’s electric field vector and the colour
plot shows the normalised electric field of the mode. a Shows the HE11 mode and b the
TE01 mode of a 200 nm diameter ZnO nanowire on SiO2. c shows the HSP1 and d the HSP2

mode of a 150 nm diameter ZnO nanowire on Ag/LiF substrate.

Again, assuming a 10 µm long nanowire we find with the reflection coefficients of both
modes and Eq. (3.1) a necessary gain at threshold of 9600 cm−1 and 8700 cm−1 for
the HE11 and TE01 mode, respectively. While the literature and the lower cavity
losses of the TE01 mode suggest that this is lasing mode, it is difficult to verify this
in experiments. Due to their similar mode indices it is challenging to distinguish
the different laser modes by measuring the spacing between the Fabry-Pérot modes.
For example, assuming a 200nm wide and 10 µm long nanowire with mode indices
of nTE01

eff = 1.6 and nHE11
eff = 2.0, a central lasing wavelength of λm = 385 nm, and a

dispersion of dn/dλ = 0.015 nm−1, then with Eq. (3.3) the difference in mode spacing
will only be ≈ 0.1 nm. This value is below the resolution of our spectrometer.
Alternatively, we can measure the laser output polarisation to obtain information
about the lasing mode. In Figs. 3.3a and b we compare the electric field vectors
of both modes in a cross-section view. The TE01 has strong electric field component
perpendicular to nanowire axis whereas the HE11 has both a component perpendicular
and along the nanowire (not shown here) axis. Thus, we can differentiate between
the modes by measuring the polarisation of the emitted laser light.
Now, from Fig. 3.2 we see that with decreasing diameter the TE01 mode looses its
confinement and is being cut-off at d ≈ 190 nm. For smaller diameters only the HE11 is
still supported and therefore it will become the lasing mode. In the experiments, this
transition of lasing modes from the TE01 mode to the HE11 mode with decreasing
nanowire diameter should be accompanied by a change of the polarisation of the
emitted laser light.
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Plasmonic nanowire modes

Now, in the plasmonic lasing geometry, a nanowire placed close to an Ag substrate,
similar modes to the ones in the photonic geometry and also two additional modes
are supported, see Fig. 3.2b. Due to their hybrid-plasmonic character we denote the
high and low index modes as HSP1 and HSP2, respectively.
The mode index of the HSP1 is much higher than the index of all other modes whereas
the HSP2 mode has a mode index similar to the photonic-like ones. Furthermore, the
HSP1 mode is supported for all nanowire diameters whereas the HSP2 mode experi-
ences a cut-off below diameters of ≈ 100 nm. The high effective index of the HSP1

mode suggests a strong confinement to the metal. The lower index of the HSP2 mode,
on the other hand, suggests a much weaker confinement. This difference in confine-
ment becomes clear when comparing their electric field distributions shown in Fig. 3.3c
and d. Indeed, the HSP1 mode is strongly confined to the spacer layer between the
metal and the nanowire. The HSP2 mode, on the other hand, is much less confined,
but still has its main field components in the spacer layer. Even though in Fig. 3.3
we only show the in-plane electric fields, these modes also have a strong component
into the plane due to the transverse magnetic nature of surface plasmons. Therefore,
we expect these modes to show a laser output polarisation along the nanowire axis.
Using the expected ZnO dispersion of dn/dλ = 0.015 nm−1 and the neff from Fig. 3.2b
we can estimate the group indices of both modes to nHSP1

g ≈ 8.8 and nHSP2
g ≈ 7.4.

As in the plasmonic case the nanowires are placed close to a metal substrate we are
expecting the two hybrid-plasmonic modes to experience much higher losses than the
photonic-like modes, see also discussions in Sect. 2.3.2; however due the higher field
confinement and the high gain available in ZnO the HSP modes are most likely to be
the lasing modes in this geometry.
Similar to the photonic case we can calculate the modal losses, but now we have to
integrate over the nanowire and metal region separately. We can then use Eq. (2.53)
to calculate the net modal lass αm of the plasmonic structure. Interestingly, these
calculations yield a similar modal loss for both mode on the order of 10 000 cm−1.
Note that these simulations assume stationary modes but to fully describe the system
spatio-temporal simulations would be necessary. Furthermore, we only calculated the
modal gain at λ = 385 nm, however in experiments lasing from the plasmonic devices
is observed at higher energies where more gain is available, as we discuss later.
Finally, we can compare the mode sizes A of the photonic and plasmonic modes using
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Eq. (5) from Ref. [95],

A =
(
∫

total
Uda)2∫

total
U2da

. (3.4)

This measure is based on a statistical approach and the use of the energy density U
gives an indication of the electromagnetic size of the mode. With Eq. (3.4) we find
that the plasmonic modes are about 30 times smaller than the photonic modes. This
is in good agreement with previously reported mode sizes in this geometry [49].

3.1.3 Dispersion of photonic and hybrid plasmonic modes

To allow a fair comparison of the guided modes in the photonic and plasmonic geom-
etry in the previous section we fixed the excitation wavelength to 385nm (3.22 eV),
which is close to the experimentally observed laser emission wavelength from the pho-
tonic laser devices [62,63,138]. Laser emission from the plasmonic geometry, however,
can usually be observed at higher energies and additionally shows a dependency on
the nanowire diameter, see Sect. 5.1.4. Furthermore, as these devices operate at en-
ergies similar to the bandgap of ZnO, where the refractive index rapidly changes, a
small shift of the laser emission energy can strongly effect the properties of the guided
mode.

Figure 3.4 – a Photon energy against normalised mode momentum k/k0 for the HE11 and
TE01 modes (solid curves) of a 200 nm wide nanowire in the photonic geometry. The vertical
lines indicate the light line in air (dashed line), in SiO2 (dotted line), and in ZnO (dashed
dotted line). b Plot of the HSP1 and HSP2 mode dispersion (solid curves) for a 130 nm
wide nanowire in the plasmonic geometry. The dotted curves show the SPP dispersion of
Ag/ZnO interface (lower curve) and an Ag/Air interface (upper curve). The vertical dashed
lines indicate the light line in Air and in ZnO. In both panels, a and b, the highlighted
regions indicate the operational regime of photonic and plasmonic devices, respectively.



Section 3.1
Nanowire laser resonators 47

Therefore, in Fig. 3.4a and b we plot the mode energy against the normalised mode
momentum k/k0 for the HE11 and TE01, and HSP1 and HSP2 modes, respectively.
Note that k/k0 is equivalent to the effective mode index. For the refractive index of
ZnO we used a fit to the data from Ref. [135]. Note that the refractive index of ZnO
is slightly anisotropic with respect to the orientation of electric field parallel to the
c-axis of ZnO’s hexagonal crystal structure (E||c) or perpendicular (E⊥c). However,
the difference is relative small and here we use the data with E⊥c. Furthermore,
we remark that the anisotropy of ZnO’s dielectric function might have an influence
on the behaviour of the guided modes, however we leave this investigation to future
work.
For low energies the two photonic modes show a mode index below the refractive index
of SiO2 indicating poorly bound modes which leak into the surrounding air. With
increasing energies the modes get more and more bound, which is apparent from the
increasing effective mode index. In the regime from 3.18 eV to 3.26 eV, where laser
operation is usually observed from these devices (highlighted region), both modes have
a mode index between nSiO2 and nZnO showing a strong confinement to the nanowire.
For higher energies both modes start to loose their confinement; the HE11 mode
index stays above the SiO2 light line, whereas the TE01 surpasses the the SiO2 light
line. In general, the mode index of HE11 mode is larger than for the TE01 and also
increases more rapidly in the low energy regime. This behaviour agrees well the
earlier discussion where we saw that the TE01 experiences a cut-off around diameters
of 190nm, see Fig. 3.2a. Therefore, we also expect a cut-off of the TE01 in the low
and high energy regime. In the operational laser regime, however, both modes show
a strong confinement to the nanowire.
Now, in the plasmonic case the mode index of the hybrid mode is not only affected by
the dispersion of the guiding material but also by the SPP dispersion, see Fig. 3.4b.
In Sect. 2.1.4 we derived an equation for the surface plasmon frequency, Eq. (2.27),

ωsp =
ωp√
εb + ε2

,

which showed a dependency of ωsp not only on the permittivity of the metal (εb) but
also on the permittivity of its surrounding medium (ε2).
In the hybrid plasmonic case the nanowires are only covering a fraction of the metal
surface, therefore we expect the surface plasmon frequency in this geometry to lie
between that of an Ag-Air and an Ag-ZnO interface. Indeed from Fig. 3.4b we see
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that both hybrid modes show a large resonance between these two surface plasmon
frequencies. While the large HSP1 mode index indicates a strong interaction between
the surface plasmons and the guided mode, the mode index of the HSP2 mode in
this regime is not that conclusive. Note that also the photonic modes show a strong
increase in mode index around 3.2 eV–3.4 eV, which is due to the bandedge of ZnO.
This strong change of the mode index also leads to an increased gain for both modes.
However, in this regime the behaviour of the hybrid mode becomes complicated, as
the ZnO bandedge and surface plasmon frequency lie in the same energy regime.
This overlap leads to a strong interaction between surface plasmons in the metal and
the charge carriers in ZnO which alter the gain properties and cannot completely be
captured by our simplified model. To fully understand the behaviour around ωsp a
more rigorous investigation becomes necessary in future work.
Now, away from the surface plasmon frequency at lower energies the HSP1 mode is
still confined to the dielectric interface. The HSP2 mode, on the other hand, shows a
poor confinement apparent from the low mode index which is close to light line in air
and only with increasing energy does this mode get confined. Again, the behaviour
of these two modes agrees with our previous discussion, which showed a mode cut-off
for the HSP2 mode for diameters below 100nm, see Fig. 3.2b.

Influence of the metal permittivity on the hybrid-plasmonic mode

In Sect. 2.1.1 we discussed the differences of the silver permittivity measured by
Palik [72] and Johnson and Christy [78]. In the above discussion we used the data by
Palik to model the hybrid-plasmonic modes. We now compare how the differences in
the data from Johnson and Christy affects these modes. Here, we focus our discussion
on the HSP1 mode as it showed a larger mode index than the HSP2 mode around ωsp.
In Fig. 3.4b we already showed the HSP1 mode dispersion and observed an overlap
of the surface plasmon frequency with the ZnO bandgap around 3.37 eV. In Fig. 3.5a
we show the same dispersion but now also added the exciton lines of ZnO to highlight
the intricate interplay between the surface plasmons and the ZnO material properties.
The material properties of ZnO are discussed in more detail in Sect. 3.3.
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Figure 3.5 – a Dispersion relation of an Ag-ZnO (dashed) and Ag-Air (dotted) interface,
and the hybrid-plasmonic structure (solid) using the silver permittivity from Palik [72]. b
Same dispersion relations as shown in a with the silver data from Johnson and Christy [78].
The three ZnO exciton lines are labelled with XA, XB, XC and the energy regime where
laser emission is observed in this work is highlighted.

Now, using the Ag permittivity data from Johnson and Christy (Fig. 3.5b) we observe
two significant differences. Firstly, the mode index of the hybrid-plasmonic mode is
larger than when the data from Palik is used. In Sect. 2.1.3 we saw that loss in the
metal leads to a finite momentum at the surface plasmon frequency. Therefore, the
here observed difference in mode momentum can be explained by the lower loss in
the Johnson and Christy data, see Fig. 2.2. Secondly, the use of the Johnson and
Christy data also leads to an increase of the surface plasmon frequency. While there
are differences in the real part of the permittivity in both data sets, which affect the
surface plasmon frequency (Eq. (2.27)), these seem to have a much smaller effect on
the surface plasmon energy of an Ag-Air interface than on an Ag-ZnO interface or the
hybrid-plasmonic case. Despite these differences between two data sets, we expect our
devices to operate in the regime enclosed by these two, as the data from Palik usually
overestimates the losses and the data from Johnson and Christy underestimates the
losses.

3.2 Spontaneous emission enhancement

A simple comparison of the mode areas in the photonic and plasmonic geometry in
Sect. 3.1.2 indicated an about 30 times smaller mode area for the plasmonic geometry.
Note that for this comparison the mode areas were simulated at λ = 385 nm, away
from the surface plasmon frequency. Thus, closer to the surface plasmon frequency,
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where we expect these devices to operate, the mode area in the plasmonic geometry
will most likely be even smaller.
In this section we are going to discuss the effect of a large optical confinement on
the interaction of light with matter. As we want to keep this discussion general, we
are not taking any material parameters into account. Therefore, we simply assume a
two level system with atomic-like energy levels E1 and E2, which are separated by an
energy E2 − E1 = ~ω, as depicted in Fig. 3.6.

3.2.1 Einstein’s A and B coefficients

Now, let us assume that photons of energy ~ω with an energy density U(ω) excite
the two level system. In this situation, the system can absorb a photon and transfer
its energy to a charge carrier which is then excited from energy level E1 into the
energetically higher level E2, see Fig. 3.6b. The probability of this process to occur
is proportional to the energy density and is given by B12U(ω). The energy in the
excited system can then be released via two processes; either the charge carrier decays
spontaneously and emits a photon of energy ~ω (Fig. 3.6c) or another photon with
energy ~ω disturbs the system and thereby cause the charge carrier to decay into E1

under the emission of a photon of the same energy (Fig. 3.6d).

Figure 3.6 – a The effect of a charge carrier being spontaneously excited into a higher level
does not conserve energy and is therefore not allowed. b A photon of energy ~ω is absorbed
by the atom and excites a charge carrier from the lower level E1 into the energetically higher
level E2. c The excited charge carrier can then spontaneously decay into E1 and emit a
photon of energy ~ω or d another photon can perturb the excited atom thereby causing the
excited charge to decay into E1 under the emission of a photon.

The first process (Fig. 3.6c) is not triggered externally and occurs randomly at an av-
erage spontaneous emission rate A21. Similar to the absorption of a photon, stimulated
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emission is proportional to the energy density and occurs at a stimulated emission
rate, B21. Note the inverse process to spontaneous emission, spontaneous absorption
(Fig. 3.6a), is not allowed as then energy would not be conserved and is here only
added for completeness.
The above introduced emission rates A and B are the Einstein coefficients, which are
independent of energy density and are a specific material property. To understand the
relation between these two coefficients, we can set up a simple rate-equation model,
which describes the temporal evolution of the two level populations N1 and N2,

dN1

dt
= −dN2

dt
= A21N2 −B12U(ω)N1 +B21U(ω)N2 . (3.5)

To solve this equation we assume that the total number of charge carriers N is con-
served, i.e. N = N1 + N2. Furthermore, we assume that the system is in thermal
equilibrium, hence there are no external contributions. Then, the occupation of the
two levels is described by Boltzmann’s law with N2 = N1exp(~ω/kBT ). With these
assumptions the energy density in steady state (dN2/dt = 0) can be expressed as,

U(ω) =
A

B12e~ω/kBT −B21

≈ A

B

1

e~ω/kBT − 1
. (3.6)

This expression should be valid for all temperatures, which is only the case if B21 =

B12. The last term in Eq. (3.6) then describes Planck’s law which finally leads to the
following relation for A and B,

A =
~ω2

π2c3
B . (3.7)

Thus, we see that the spontaneous emission rate is fundamentally linked to the stim-
ulated emission rate.

3.2.2 Spontaneous emission factor β and Purcell effect

Next, let us assume that the two-level system is placed in a cavity, which has a resonant
frequency ωcav close to the transition of the two-level system ωT, see Fig. 3.7. The
spectral width of the spontaneous emission from the two-level system is given by
the spontaneous emission rate A. The emission rate for the cavity is given by γcav.
Now, if both emission spectra overlap, the two-level system can couple to the cavity.
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Figure 3.7 – Schematic drawing of the spon-
taneous and cavity emission spectra. The
spontaneous emission spectrum is centred
around ωT and has a linewidth given by the
spontaneous emission rate A. The cavity emis-
sion is centred around ωcav with a linewidth
γcav. After Ref. [139].

In other words the two-level system is in
resonance with the cavity. Alternatively,
we can think of this emission spectrum as
a set of well defined cavity modes, sim-
ilar to the earlier discussed Fabry-Pérot
cavity modes. In this picture the emis-
sion from the two-level system couples
to the modes of the cavity. Independent
of the picture we can define a sponta-
neous emission factor β which describes
the ratio between the emission from the
two-level system into the cavity and the
total spontaneous emission of the two-
level system [139–142]. In the case that
both emission spectra are identical and
ωT = ωcav all the spontaneous emission

is emitted into the cavity, thus β becomes equal to one. However, in general β ≤ 1

and for photonic nanowire lasers it is usually around β < 0.02 [63, 143,144].
Generally, the spontaneous emission spectrum and its emission rate are a property of
the system which we cannot modify. Therefore, in order to increase β we can only
change the cavity properties. However, as both systems are coupled to each other a
modification to the cavity also alters the spontaneous emission properties. This link
between spontaneous emission and cavity design was first observed by Purcell in 1946
for a system emitting at radio frequencies which is coupled to a resonant electrical
system [39]. In his seminal work he discussed the enhanced spontaneous emission rate
of atoms, γ, when placed in a resonant cavity. The enhancement factor is described
by the Purcell factor F which is given by,

F =
γ

γa

=
3

4π2

(λ/n)3

Vm

Qcav, (3.8)

where γa ≡ A is the spontaneous emission rate of the uncoupled emitter, n is the
material’s refractive index, Vm the volume of the cavity mode, and Qcav = ω/γcav

the quality factor of the cavity. So, we see that there are two ways of increasing the
Purcell enhancements. Either the mode volume Vm is reduced such that it becomes
much smaller than volume of a cavity photon (λ/n)3. Alternatively, the cavity quality
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factor Qcav is increased.
In photonic structures the latter approach is followed as the mode volume is limited
by the diffraction limit and usually high quality factors on the order of > 103 can be
achieved [59, 145–147]. However, a too high quality factor would defeat the purpose
of accelerating the dynamics as Q is inverse proportional to the cavity lifetime. Thus,
a large Q would decrease the coupling bandwidth between cavity and emitter [148].
In plasmonic systems the mode volume is not limited by diffraction, thus high Purcell
enhancements can be achieved despite small quality factors [29,43,148].
We see that the spontaneous emission of an emitter can significantly be increased by
coupling it to a cavity [39–44, 149]. From our discussion about the Einstein’s coeffi-
cient we also know that spontaneous emission is fundamentally linked to stimulated
emission. Therefore, if the spontaneous emission is enhanced by the Purcell effect
also the stimulated emission has to be enhanced [140, 150]. Indeed this has been
recently verified by Altug et al. [59], where they used a diffraction limited photonic
crystal cavity to demonstrate ultra-fast modulation of this device. In this work the
cavity had a quality factor of Q ≈ 1000, which allowed for fast optical processes,
despite the diffraction limited cavity volume. However, for plasmonic devices where
much smaller mode volumes are achievable accelerated stimulated emission has not
been demonstrated, yet. Besides the demonstration of a laser operating close to the
surface plasmon frequency this is another main motivation of this work.

3.2.3 Thresholdless lasing

The above discussion showed that by optimizing the cavity properties it is possible
to increase the spontaneous emission rate and thus also the spontaneous emission
factor β. This means that for a laser device, which uses a gain medium with a slow
spontaneous emission rate, β can be significantly enhanced when a cavity with small
Vm and/or a reasonable large Q is used. Earlier, we mentioned that typical photonic
nanowire lasers show β values of 0.02. In a plasmonic nanowire laser, which supports
much more confined modes (Sect. 3.1.2), we can therefore, expect much larger β
values [35,49,142].
To investigate the effect of an increased β on the laser output we again assume an
atomic-like two-level system, described by Eq. 3.5, but now place it into a cavity with
a lifetime 1/γcav. We further assume that the transition out of the lower level is fast
such that N1 ≈ 0 at all times [128]. Based on these assumptions we can develop the
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following laser rate equation model for the upper state population N2 and the photon
number s in the cavity when pumped at a constant rate R,

dN2

dt
= R− βAsN2 − AN2 (3.9)

ds

dt
= βAsN2 + βAN2 − γcavs . (3.10)

To analyse these rate equations we assume steady state conditions, d/dt = 0. In this
situation the upper level population and photon number become,

N2 =
R/A

1 + βs
(3.11)

s =
βR/γcav − 1

2β
+

√(
βR/γcav − 1

2β

)2

+
R

γcav

. (3.12)

Now, in Fig. 3.8a we show the laser output described by Eq. (3.12) against the pump
rate for various spontaneous emission factors. Here, we plot the laser output on
a double-logarithmic scale to visualise the superlinear increase of the light output
around threshold.

Figure 3.8 – a Simulated laser output Pout against pump Pin for different spontaneous
emission factors β using a 2-level rate equation model. The solid line indicates the slope of
the output below and above threshold. b Population of the upper level N2 against pump
Pin for different spontaneous emission factors β.

A comparison of the different lasing curves reveals a clear influence of β on the laser
output [151, 152]. For small values of β a clear transition from the spontaneous
to stimulated emission is visible as a superlinear increase in the light output. With
increasing β this transition becomes less pronounced until at β ≈ 1 no clear transition
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is observable, suggesting a thresholdless laser [153]. However, from the population of
the upper laser level N2 we can still identify a laser threshold, see Fig. 3.8b. In
the spontaneous emission regime the upper level population increases linear with
increasing pump rate, but starts to clamp with the onset of laser emission. For small
β this clamping occurs suddenly whereas with increasing β the transition becomes
more smooth. In contrast to the photon number even at β = 1 a transition can be
observed.
Besides the variation of the laser output and the upper level population around the
laser onset also a clear reduction in laser threshold with increasing β can be observed.
This clearly shows a more efficient pumping process as by definition β describes the
number of spontaneously emitted photons which couple to the cavity. Thus, at β = 1

every spontaneously emitted photon couples to the cavity and therefore contributes to
light emission. This explains why with increasing pump power the output gradually
changes without a significant transition between spontaneous and stimulated emission.
This is in contrast to low β values where below threshold photons can radiate into
multiple cavity modes, and thus are randomly emitted out of the cavity. Only at
threshold all photons are emitted into the lasing mode which becomes visible as
sudden increase in laser output.

3.3 Gain mechanisms in ZnO

The above two-level laser system is clearly a simplification of a much more compli-
cated system. For example, we simply assumed a two-level system which shows laser
emission when the pump is sufficiently strong. However, we did not account for where
the necessary gain for laser emission originates from. Note a real two-level system
cannot achieve inversion and above we indirectly assumed a third level.
In the here discussed hybrid-plasmonic geometry the gain is delivered by the ZnO
nanowires and in Sect. 3.1.2 we already saw that ZnO is capable of delivering the
necessary gain for both, photonic and plasmonic structures. We now discuss the in-
ternal gain mechanisms occurring in II-VI semiconductors such as ZnO. Note that in
II-VI semiconductors these gain processes are complicated and are strongly depen-
dent on the charge carrier density and temperature. As the investigation of these
processes is still part of active research, and as a detailed discussion would go beyond
the scope of this work, we only give a summary and refer for more details to the
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literature [63, 138, 143, 154–157]. Furthermore, we only focus on the charge carrier
density dependency and discuss the situation at room temperature.

Figure 3.9 – Real (solid) and imaginary (dashed) part of the permittivity of ZnO (E⊥c)
from the data of Ref. [135]. The three ZnO exciton lines are labelled XA (dashed line), XB

(dotted line), and XC (solid line).

We start our discussion with the energy dependent dielectric function of ZnO using the
data from Ref. [135], see Fig. 3.9. In the discussion about the hybrid-plasmonic mode
dispersion we already showed the real part of the ZnO permittivity. We mentioned
the peak close to the bandgap of ZnO around 3.37 eV which is close to the surface
plasmon frequency of silver and the hybrid plasmonic geometry, see Fig. 3.4. Here, we
also show the imaginary part of ZnO’s permittivity which peaks at similar energies.
From this data we can estimate the material gain of ZnO using G0 = ωχ′′/(

√
ε′c) and

find a maximum gain of 250 000 cm−1 at the bandgap which is about 4 times higher
than at λ = 385 nm but also significantly higher than values given in the literature
which are usually <10 000 cm−1 [61,157,158]. Nevertheless, sufficient to overcome the
cavity losses, see Sect. 3.1.2.
The internal processes behind the gain in ZnO are dependent on the charge carrier
density which can be controlled by the excitation power, as sketched in Fig. 3.10. At
low excitation absorption in ZnO originates from the two energetically lowest excitons
of three excitons (~ωA = 3.309 eV, ~ωB = 3.315 eV, and ~ωC = 3.355 eV) that have
a sufficiently large binding energy (60meV) to be stable at room temperature [159].
Thus, the strong peak in the permittivity around 3.31 eV is due to these two excitons,
see Fig. 3.9.



Section 3.3
Gain mechanisms in ZnO 57

Figure 3.10 – Sketch of the EHP formation with increasing excitation intensity and possible
scattering processes. Sketch after Ref. [154].

Meanwhile, with increasing excitation power the exciton density increases to a point
where they start to interact with each other. This is the so-called intermediate density
regime. Laser action from the direct recombination of an exciton is not allowed as at
least a three level system is needed to obtain inversion. Therefore, to describe laser
action an additional process becomes necessary [160,161]. This process can either be
the scattering of an exciton with another exciton (Ex-Ex) [63, 154, 162, 163], an exci-
ton with a free charge carrier (Ex-e) [63, 154, 162, 163], or an exciton can recombine
with a longitudinal optical phonon (Ex-LO) [63,161–163]. However, the latter process
is only observed at low temperatures and at room temperature the Ex-e process is
anticipated to be the dominant one [162,163].
The scattering processes lead to a homogeneous broadening of the excitonic resonance
and together with a broadening due the thermal distributions of excitons this results
in a broadening of the absorption edge below the bandgap [155]. Therefore, in the
intermediate regime spontaneous photoluminescence and gain occur below the band-
edge near 3.24 eV in the so-called Urbach tail [155,164,165].
With an even further increasing excitation power, carrier screening causes exciton
dissociation into an electron hole plasma (EHP). In this regime the density of ex-
citons nc can be so large that the average distance between an electron-hole pair
can become smaller than the Exciton-Bohr radius [154]. Even though the transi-
tion from an sea of excitons to an EHP is in direct-bandgap materials generally
smooth and not abrupt usually a critical electron-hole pair density is required to
observe this transition. This is the so-called Mott density and for ZnO it is about
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nc = nMott = 1× 1018 cm−3 [155,156,166].
We see that the gain mechanisms in II-VI semiconductors are complicated and strongly
dependent on the electron-hole pair density, nc. We can summarise the effects as fol-
lows [167]:
With increasing electron-hole density the bandgap decreases causing a so-called bandgap
renormalisation. At the same time the exciton binding energy decreases due to
Coulomb screening, leading to a shift of the exciton energies closer to the bandgap.
However, the bandgap renormalisation nearly compensates for this redshift, thus the
absolute exciton energy remains almost constant. The width of the excitonic res-
onance still increases leading to gain far below the bandgap. Now, with a further
increase in nc, approaching nMott, excitons no longer exist and the electron-hole pairs
form a new phase, the EHP. Together with renormalisation of the bandgap the EHP
provides gain as low as ≈ 2.85 eV and up to ≈ 3.35 eV [156,157].

3.3.1 Gain model

These multiple processes leading to gain in ZnO make it difficult to create a single
model which can describe gain in ZnO for all charge carrier densities. However, to
observe laser emission from photonic nanowire lasers usually the EHP gain mechanism
is necessary, which is capable of delivering gain on the order of 4000 to 10 000 cm−1 [62,
143,157,166]. Thus, assuming only one gain mechanism allows us to use a simplified
gain model. As in an EHP the majority of excitons is dissociated, we can omit their
contribution to the gain and only need to consider the electrons and holes in the
conduction and valences bands, respectively.
The loss in a semiconductor follows the shape of the density of states and can be
written as [167,168],

α = α0

√
E − Eg, (3.13)

where α0 is a loss coefficient and Eg the bandgap.
However, the gain in a semiconductor comes only from the occupied states in the
bands. The charge carriers in the bands follow a thermal distribution and at a certain
excitation power the conduction and valence bands are filled up to the quasi Fermi
levels Ee

F and Eh
F , respectively, see Fig.3.11a.
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Figure 3.11 – a Sketch of the emission from an EHP. At room temperature electrons
and holes are occupying states up to the quasi Fermi energies EeF and EhF , respectively.
The separation of both defines the chemical potential µ which is larger than the bandgap
Eg. b Sketch of gain (g) and loss (α) in a semiconductor. With increasing charge carrier
concentration nc the available gain increases with a maximum gain that follows ∼

√
E − Eg.

Due to excitions and charge carrier concentration dependent gain effects the real gain curves
in ZnO are more complicated, indicated by the sketch of ZnO loss (red curve).

The charge carrier density dependent thermal distribution of electrons and holes in
the conduction and valence band, respectively, can be described by a Fermi-Dirac
distribution f . The gain then becomes [133],

g ∼ g0

√
E − Eg(fe(E, nc)− fh(E, nc)− 1), (3.14)

where g0 is the gain coefficient. The functional shape of g, omitting renormalisation
effects, for increasing nc is sketched in Fig. 3.11b. A full calculation of the gain
with Eq. (3.14), however, remains difficult as it requires more information about the
ZnO bandstructure and also the dependency of the bandgap on the charge carrier
density has to be considered. Furthermore, as in this work we are only interested in
a qualitative model, we use a simple linear gain model [130,133],

g ∼ g0(nc − n0), (3.15)

where n0 is the charge carrier density at the transparency condition.

3.3.2 Expected emission spectrum

We now use the gain curves from Fig. 3.11b to describe the expected laser emission
spectrum from the ZnO nanowires. In Sect. 3.1.1 we saw that in the nanowire cavity
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the reflections from the nanowire end-facets cause the formation of longitudinal Fabry-
Pérot modes. In the frequency domain these modes have a well defined frequency
and are equally spaced by ωm. As only the Fabry-Pérot modes which spectrally
overlap with the gain will be amplified, we expect the laser emission spectrum to be a
superposition of the gain spectrum and the cavity modes, see Fig. 3.12. We see that
this superposition leads to a spectral modulation of the laser emission.
With the above discussion we can expect the spectral position of the whole laser
emission to be below the ZnO bandgap. Furthermore, we also expect the laser emission
to occur at lower energies compared to the spontaneous emission due to the charge
carrier density dependant bandgap renormalisation. Note that this is just a simplified
picture. For example an increasing nc also shifts the spectral position of the cavity
modes due to a change of the materials refractive index [169]. Furthermore, with
increasing charge carrier concentration also band-filling effects occur which can lead
to a blueshift of the emission [130].

Figure 3.12 – The expected laser emission spectrum is a superposition of the gain spectrum
and the equally by ωm separated Fabry-Pérot cavity modes. Homogenous line broadening
and scattering processes lead to gain and thus also spontaneous emission (grey area) from
below the bandgap Eg. With increasing pump intensity the electron-hole plasma density
increases leading to a renormalisation of the bandgap and thus a redshift of the laser emission
compared to the spontaneous emission.

Now, with the understanding of the gain mechanism in II-VI semiconductors and the
spectral emission characteristics of nanowire lasers, we can model the output of these
devices by using laser rate equations.
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3.4 Laser rate equation modelling

The dynamics and emission characteristics of a laser can be modelled by setting
up a set of rate equations which describe the temporal change of the charge carrier
population in each laser level. In solid-state lasers the sharp energy levels of the atoms
allow the modelling of the laser levels as discrete states [128].
In semiconductor lasers, however, where transitions occur between different bands
of energy the distributions of the charge carriers as well as the density of states
in those bands have to be taken into account [133]. An atomic-like energy level
model can usually only be applied if the charge carriers have reached an equilibrium
distribution [130]. For example, if the semiconductor laser is electrically pumped, a
simple semiconductor gain model is usually applied since current injection does not
extend to the ultra-fast regime. The system is then always in steady (or quasi-steady)
state.
In this work we are interested in the ultrafast dynamics of the plasmonic laser devices,
and therefore pump the devices with femtosecond (fs) optical pulses. Thus, the devices
run far from steady state conditions. Ideally, this would require a full many-body
semiconductor theory to capture the whole physics. Such a treatment is beyond the
scope of this work and here we are only interested in finding a qualitative model to
describe our experimental observations. The requirements for our model are two-fold.
Firstly, it needs to take the carrier density dependent gain of the semiconductor into
account and therefore we use the simplified linear gain model described by Eq. (3.15).
Secondly, to account for the fast pumping process and to fully capture the dynamics,
we need to include a thermalisation process of carriers.

3.4.1 Laser models

Photonic vs. Plasmonic laser model

As discussed in the previous section the gain mechanism for optically pumped pho-
tonic ZnO nanowires has been widely accepted to be due to an electron hole plasma
(EHP) which provides suitable gain for nanowire laser emission especially at room
temperature [157,164,166,167].
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Figure 3.13 – a shows a schematic of a 4-level laser model to describe absorption and
emisssion in a photonic nanowire laser. b The overlap of absorption and laser emission in
plasmonic nanowire lasers suggests a 3-level laser model. c Sketch of the absorption spectrum
in ZnO. The shaded regions indicate the typical emission regions of plasmonic (pink) and
photonic (blue) nanowire lasers.

EHP formation allows optical gain to occur energetically below the band gap of un-
excited ZnO, where the optical absorption might only take place in the Urbach tail,
which was demonstrated in many experiments on highly excited II-VI semiconduc-
tors [154, 157, 167, 170]. This is typically the case for the photonic nanowires which
show laser emission in a spectral region where the ZnO absorbs very little, and sug-
gests to treat it as a 4-level system. However, in experiments we observe that the
plasmonic lasers operate at shorter wavelengths where absorption is higher. Since the
plasmonic laser emission overlaps more with the ZnO material absorption spectrum,
this suggests to treat this situation as a 3-level model [128,171]. Both situations (pho-
tonic and plasmonic) are sketched in Fig. 3.13 for a better understanding, according
to Ref. [167].

Atomic vs. Semiconductor laser model

In a simple atomic laser model the laser rate equations describe the number of atoms
Ni in a certain energy level i. To describe the decay processes we assume for the
moment an atomic three-level model, see Fig 3.14a. A pump beam excites atoms
from the ground state E1 into the pump level E2. The lifetime of this pump level
is usually very short, such that the atoms decay fast into the upper laser level E3.
Relaxation into the ground state from the upper laser level then happens under the
emission of a photon. Laser emission from such a system can be described by a set of
cavity rate equations which link the number of atoms Ni to the number of photons
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in the cavity s. As the decay from E2 to E3 is fast, one can assume that at all times
N2 ≈ 0 [128]. Therefore, the cavity rate equation can be reduced to two simple rate
equations describing N3 and s.

Figure 3.14 – a Schematic of the laser processes in atomic 3-level system. A pump excites
carriers from N1 into the upper level N2. Charge carriers non-radiately decay into the laser
level N3, where they then decay into the ground state by emitting a photon. b A pump
excites charge carriers from the valence band into the conduction band. c The excited charge
carriers then thermalize to the bandedge where they recombine and emit a photon.

Now, in a semiconductor, pumped by an ultra-short laser pulse, the situation is more
complicated as charge carriers do not occupy sharp energy levels. Instead, due to the
spectral width of an ultra-short laser pulse they are energetically distributed in the
conduction and valence band, see Fig. 3.14b. In the experiments the optical pumping
above ZnO’s band gap is caused by 3.5 eV high energetic pump photons - this defines
effective ground and pump levels. The excited charge carriers in the conduction and
valence bands thermalize by scattering with other carriers and phonons very fast to
the edges of those bands [155,167], see Fig. 3.14c. Since the lifetime of this thermalized
state is much longer than the thermalisation time, this defines the equivalent of an
upper laser level, N3 in Fig. 3.14a. From the upper laser level the charge carriers then
recombine by emitting a photon, see Fig. 3.14c.
In the case that only equilibrium situations are considered the semiconductor rate
equations can be simplified to a set of atomic-like rate equations and the pump level
again can be assumed to be empty at all times [130]. However, here we are interested
in the dynamics of these laser devices and therefore cannot omit the thermalisation
of charge carriers.
We see that there are some clear differences between the atomic and semiconductor
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laser models. Therefore, we cannot simply describe photonic and plasmonic devices
by a 4- or 3-level model, respectively. However, to be able to model the laser dynamics
of both nanowire laser geometries without applying a full many-body semiconductor
model we start with an atomic-like 3-level laser model, as depicted in Fig. 3.14a,
and account for the charge carrier dependent gain by using the linear gain model
introduced earlier, see Sect. 3.3.1. The differences between photonic and plasmonic
devices are then accounted for by using different transparency conditions. This then
effectively controls how close the model is to a real 3- or 4-level laser model.

3.4.2 Rate equations

Now, following the above discussion we can write the cavity laser rate equations as,

dN2

dt
= R(N1 −N2)− N2

τtherm

(3.16)

dN3

dt
= −βFA0s(N3 −N0)− FA0N3 +

N2

τtherm

− cN3
3 (3.17)

ds

dt
= βFA0s(N3 −N0) + FA0N3 − γs . (3.18)

Here, Ni is the population in the ith state and N0 describes the population at which
transparency occurs, β is the spontaneous emission factor, A−1

0 = τm = 350 ps is the
ZnO exciton lifetime [172], F is the Purcell factor, R is the input pump rate, s is
the photon cavity number, γ−1 is the cavity photon lifetime, and τtherm = 1 ps is the
thermalisation time of the EHP [173]. Note that the themalization of charge carriers to
the bandedge occurs on the order of 100 fs, but this does not take the EHP formation
time into account. Therefore, we use τtherm = 1 ps which also qualitatively matches
the observed experimental results. Here, we also included Auger recombination, which
is proportional to cN3

3 , to explain our experimental observations [50,174]. To simplify
the discussion, for the moment we set c = 0.
The pump beam is described by a Gaussian laser pulse of intensity,

P (t) = R0e−4 ln 2t2/τ2pulse , (3.19)

with amplitude R0 and pulse width τpulse. Although the pump laser used in experi-
ments produces pulses of 150 fs width, we are modelling the dynamics using a pulse
width of τp = 250 fs to account for the dispersion of the optics in the measurement
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apparatus.
In order to describe the dynamics of plasmonic and photonic lasers with the rate
equations (Eqs. (3.16) - (3.18)) we only need to change the following parameters: In
Sect. 3.2 we discussed that the strong optical confinement of plasmonic laser devices
lead to an accelerated spontaneous emission and to a larger spontaneous emission
factor β. To take these effects into account we use β = 0.2 and F = 10 for the
plasmonic lasers, compared to β = 0.01 and F = 1 for the photonic devices. The
β values were estimated from fitting the measured laser input-output curves and the
Purcell factor was estimated from the mode calculations. To account for the higher
losses in the plasmonic lasers, which effectively decrease the lifetime of photons in the
cavity, we use a cavity lifetime of γ = 50 fs for the plasmonic devices and γ = 5 ps for
the photonic devices.
Next, we need to estimate the total population NT = N1 + N2 + N3 as well as the
transparency condition N0. To this end we assume a 150nm wide and 10 µm long
nanowire with a volume of 1.8× 10−13 cm3. For the plasmonic devices the mode dis-
tribution is strongly confined to the interface as shown in Fig. 3.3 and by Ref. [49,60].
Therefore, we can assume a 30 times smaller volume for plasmonic devices.
Several experiments showed that the electron-hole pair concentration in an EHP un-
der lasing conditions is on the order nEHP ≈ 5× 1020 cm−3 [166] and therefore, using
the above nanowire mode volumes, we chose a total population for the photonic lasers
of NT = 1× 108 and for the plasmonic laser of NT = 1× 106.
To estimate the number of charge carriers at the transparency condition we use
n

(th)
0 = I/(~ωD) from Ref. [166]. Here, I is the pump fluency at threshold which

in our experiments is typically 40 µJ cm−2 and 200 µJ cm−2 for the photonic and plas-
monic lasers, respectively, and D is the nanowire diameter. With these values the
carrier density at threshold becomes for the photonic devices n(th)

EHP ≈ 5× 1018 cm−3

and for the plasmonic devices n(th)
EHP ≈ 2× 1019 cm−3, which are clearly above the

Mott density of nMott ≈ 1× 1018 cm−3 [155, 156, 166]. Finally, with these values we
can set the transparency condition for the photonic devices to N0 = 1× 106 and for
the plasmonic devices to N0 = 1× 105. Note, that this simplified lasing model cannot
capture all processes occurring in the semiconductor such as EHP formation and the
transition from excitonic to EHP decay; however, with the here chosen parameters it
qualitatively describes the observed experimental results.
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3.4.3 Gain vs. laser dynamics

We mentioned already that the semiconductor gain process undergoes a transition
from excitonic to EHP gain when the charge carrier reaches the critical Mott density
(nM). The fundamental differences of these processes is reflected in their different
characteristic time scales. As excitons are stable at room-temperature we can assume
an instantaneous formation of excitonic gain [164, 175, 176]. For the formation of an
EHP, however, first sufficient carriers have to be excited into the pump level which
then can thermalize to the bandedge. The time taken for this EHP formation is in
ZnO on the order of 1.5 ps [173]. By pumping the system with an ultra-fast laser pulse
above threshold, we therefore expect a certain time delay between the pump pulse
and output pulse of the laser devices. This delay which is due to the thermalisation
of charge carriers and the time taken to form an EHP is captured in our model by the
finite thermalisation time of τtherm = 1 ps. The decay of the different gain mechanisms
then occurs on much longer time scales than their formation.
While the decay time of the excitons is on the order of τm = 350 ps [172], the EHP
life time is much shorter and on the order of 3 to 5 ps [164]. Clearly, as in this model
the Mott transition is not taken into account and only the exciton lifetime is used for
the decay of the lasing level no quantitative conclusion about the dynamics of these
devices can be drawn. However, by comparing photonic with plasmonic devices we can
make a qualitative statement about the plasmonic acceleration of the modelled laser
dynamics. Using the above rate equations with the stated parameters for photonic
and plasmonic laser devices we now compare in Fig. 3.15 the laser dynamics below (a
and b) and above (c and d) the threshold of those devices. Here, the top panel shows
the temporally resolved input laser profile Pin. The central panel shows the normalised
inversion, ∆N/NT against time and is negative below threshold and becomes positive
above laser threshold. The bottom panel shows the normalised photon output number,
s/smax, against time.
As expected, due to the stronger plasmonic confinement, already below threshold a
clear acceleration of the spontaneous emission dynamics in plasmonic devices becomes
apparent. This is indicated by the inversion as well as the photon output of the
plasmonic device which decay over the here shown 50 ps time scale much quicker than
for the photonic device, see Fig. 3.15a and b. Above threshold, when the inversion
becomes positive, the accelerated dynamics become even more apparent; again the
plasmonic device shows a much faster decay of the population inversion but also
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a significantly shorter output pulse width than the photonic counterpart. In both
devices we can clearly see the delay between pump pulse and output pulse which is
due to the above mentioned build up time of the gain, see Fig. 3.15c and d.

Figure 3.15 – Comparison of the lasing dynamics of photonic (left) and plasmonic (right)
devices below (a,b) and above threshold (c,d). The top graph of each panel shows the input
pulse (Pin), the central graph shows the normalised inversion (∆N/NT) and the bottom
graph shows the normalised photon output (s/smax).

3.4.4 Auger recombination

Auger recombination is a non-radiative mechanism which involves three charge car-
riers; energy released during the recombination of an electron-hole pair is transferred
to another electron or hole, which then gets excited into a higher energy level, see
Fig. 3.16. The excited charge carrier then relaxes back by losing its energy through
scattering with phonons. Auger recombination is proportional to the cube of the
charge carrier density and usually has only a significant effect in highly excited, small
bandgap semiconductor devices [174].
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Figure 3.16 – Schematic of a Auger process in a direct bandgap semiconductor. The basis of
the Auger effect is the Coulomb interaction between electrons 1 and 2. Electron 1 recombines
with the hole 1’ and the excess energy is transferred to electron 2 which is excited to state
2’.

In fact non-radiative loss mechanisms other than surface recombination and recom-
bination through defects are usually not considered to have a significant effect in
semiconductor lasers operating in the visible regime. However, we have seen that the
necessary charge carrier density, to achieve the transparency conditions, is in plas-
monic devices much greater than for the photonic devices. Together with the strong
mode confinement this leads to high local charge carrier densities. Hence, Auger re-
combination can have an effect in plasmonic devices, even though it is usually not
considered in photonic devices.
It should be remarked that many-body effects could be numerous, especially since in
EHP the carrier concentration can be large. In general the recombination rate R of
charge carriers with density n is given by [174],

R(n) = An+Bn2 + Cn3 . (3.20)

Here, the first term describes non-radiative surface and defect recombination at a rate
A, the second term describes radiative recombination of rate B, and the last term
describes Auger recombination. Due to the high crystallinity of the nanowires we
can neglect the first term. As we already discussed radiative recombination, that is
spontaneous and stimulated emission, we now only focus on the last term.
The Auger recombination coefficient C reported for various semiconductors varies
from 10−26–10−30 cm6/s [177–179]. In II-VI semiconductors slightly lower values rang-
ing from 10−27 to 10−31 cm6/s have been reported [180–182]. However, for ZnO only
one work could be found which reported a value around 10−27 cm6/s [173].
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Figure 3.17 – Simulated normalised laser output Pout/P
(th)
out against normalised pump power

Pin/P
(th)
in for different Auger coefficients C.

As Auger recombination is a non-radiative loss mechanism, it effectively limits the
available charge carriers, thus saturating the laser output. To discuss this effect
we plot in Fig. 3.17 the integrated photon number normalised to its value at laser
threshold, Pout/P

(th)
out , against the normalised pump, Pin/P

(th)
in , for different Auger co-

efficients.
Comparing the laser output with and without Auger recombination, Fig. 3.17 shows
that already in the spontaneous emission regime Auger recombination affects the out-
put. With increasing C the deviation from the expected linear output becomes more
apparent and indicates saturation of the output. Interestingly, the laser then seems
to recover from saturation close to the laser threshold and shows a clear transition
from spontaneous to stimulated emission in the input-output curve. At higher pump
powers we can then again observe a saturation effect. Note, that the saturation effect
around threshold cannot be modelled by varying other parameters such as NT or N0.
As Auger recombination adds additional loss to a plasmonic device it leads to an
increase of the laser threshold. At the same time the transition from spontaneous
emission to stimulated emission becomes more apparent than without Auger recom-
bination, even for high β values. Interestingly, for a high Auger recombination con-
stant stimulated emission does not surpass the extrapolated linear output trend of
spontaneous emission as expected when no Auger recombination is present, see dash
dotted and solid lines in Fig. 3.17.
However, to observe a significant effect on the laser output large Auger recombina-
tion coefficients are necessary and for values of C, which are on the order of reported
values in ZnO, only a small effect can be observed.



70
Chapter 3

Theory of laser action in optically confined semiconductor structures

3.4.5 Pump pulse width dependent laser threshold

Next, we investigate the dependency of the lasing curve and in particular the laser
threshold on the pulse width of the pump beam. This study helps us to understand the
experimental results in Sect. 5.4.1, where we compare two different pumping schemes;
device excitation with either a femtosecond or nanosecond laser pulse. Furthermore,
simulating the response of the nanowires lasers to different pump pulses, also shows
us how sensitive the system is to variations in the pump pulse width. Thus, allowing
us to estimate the effect of pump pulse broadening through dispersion by the optical
elements in the setup. Here, we only discuss the effects on a plasmonic nanowire laser
and assume that the photonic devices follow a similar trend. With the above rate
equations, it is difficult to model the response under excitation with a nanosecond
pulse and therefore, we limit the maximal pulse width to 10 ps.
In Fig. 3.18 we show the simulated lasing curves of a plasmonic laser device when
excited with four different pump pulses. Here, we normalised the laser output, Pout,
to the value at threshold, P th

out. Plotting the laser output against the pump energy
density, allows for a better comparison of the lasing curves.

Figure 3.18 – Simulated light input-output curves of a plasmonic laser device showing the
dependency of the laser threshold on the pump pulse width.

If we first compare the general shape of the lasing curves, no significant differences are
noticeable. Only, for large pump intensities, when the laser output starts to saturate,
small differences become discernible. The response under excitation with a 250 fs
pulse starts to saturate at much lower pump intensities compared to excitation with
broader pump pulses. Clearly, for larger pulse widths, there is more time during one
pulse for the charge carriers to decay out of the upper laser level, and thus saturation
effects are less distinct.
Now, comparing the laser threshold, apparent as a sudden super-linear increase of the
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laser output, a clear increase in the laser threshold value with increasing pulse width
can be observed. Note, that in terms of power density the situations is reversed; the
longest pump pulse shows the smallest laser threshold. While the difference in laser
threshold between a 250 fs and a 1.5 ps pump pulse is small, the laser threshold sig-
nificantly increases for a 5 ps wide pump pulse. These observations show us, that the
nanowire laser devices are most likely not sensitive to small pulse broadening effects
caused by dispersion. However, concerning the comparative study about femtosecond
and nanosecond pumping, we can expect stark variations in the laser threshold.

3.5 Conclusion

This chapter covered the operational principle of a hybrid-plasmonic semiconductor
nanowire laser. In this geometry the nanowire acts as a waveguide with feedback
arising from its end-facets, thus forming a Fabry-Pérot cavity. This cavity geometry
only supports discrete longitudinal modes with a frequency spacing that depends on
the length of the nanowire and the effective mode index. Dependent on the gain
spectrum each cavity mode experiences different gain leading to a modulation of the
expected spectral laser output. Measuring the spacing of these modes together with
an analysis of the emitted laser polarisation then gives an indication of the underlying
transversal laser mode.
A comparison of the supported modes in the photonic and plasmonic geometry re-
vealed a much stronger confinement for the expected plasmonic lasing modes. Acceler-
ated by the Purcell effect, this smaller plasmonic mode volume leads to an acceleration
of the spontaneous emission. As spontaneous emission is linked to stimulated emission
via Einstein’s coefficients, plasmonic devices are also expected to show accelerated
laser emission. Indeed using the in this chapter developed laser model simulations
support this statement, however it has to be further verified by experiments.
Besides an acceleration of the laser emission a Purcell enhanced spontaneous emission
also effects light output of a plasmonic laser device described by the spontaneous emis-
sion factor β. Interestingly, with an increasing β the laser threshold becomes smaller.
As for plasmonic devices a larger β value is expected, the analysis of the two-level
system suggested that these devices effectively show a lower laser threshold, than ini-
tially expected from the larger plasmonic losses. However, this threshold reduction is
most likely compensated by the significant larger losses of plasmonic devices.
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While the laser dynamics can be described by a rate equation model, this model alone
does not give insight into the internal gain processes, which determine the dynamics
of a laser device. Therefore, prior to the description of the rate equation model the
gain mechanism in II-VI semiconductors and especially in ZnO were discussed. For
low charge carrier density the gain is caused by the ZnO excitons whereas for charge
carrier densities exceeding the Mott density the gain originates from an electron hole
plasma, EHP. In previous experiments it was shown that even for photonic nanowire
lasers the EHP mechanism is required for sufficient gain to overcome the high cavity
loss [62,166]. Thus, it is expected that the EHP mechanism also occurs in plasmonic
lasers.
Based on these gain discussions a linear gain model was introduced which then was
used in the atomic-like laser rate equation model to describe the laser output response.
The strong field confinement in plasmonic devices leads to much larger charge carrier
densities, thus also many body effects such as Auger recombination are taken into
account. As Auger recombination is a non-radiative process it limits the light output
of the cavity which becomes apparent as a saturation effect. However, to observe a
significant effect on the laser output Auger recombination coefficients, much larger
than reported for ZnO, are necessary. Thus it can only be verified by experiments if
Auger recombination has an effect on plasmonic laser devices.
Furthermore, with the rate equation it is possible to qualitatively describe the internal
laser dynamics. Comparing the laser dynamics of plasmonic with photonic devices
clearly revealed the accelerated dynamics in plasmonic devices, which are due to the
much stronger optical mode confinement in these devices. However, in experiments
these temporally resolved internal process are not directly accessible. Therefore, the
next chapter focusses on techniques to measure the plasmonic laser dynamics and a
model, based on the developed laser model, to describe the outcome of the measure-
ments is introduced.
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The discussions in this chapter focus on the experimental methods needed to inves-
tigate the spectral and temporal characteristics of photonic and plasmonic nanowire
lasers and are split into two parts; the first part describes the necessary equipment
to perform the measurements and the second part discusses the expected temporal
responses.
The first part begins with a short introduction of the synthesis of ZnO nanowires,
which is followed by a discussion about the fabrication and characterisation of nanowire
laser samples. Next, the necessary optical setup to characterise the spectral as well as
the dynamical response of photonic and plasmonic nanowire laser devices is explained.
Here, the weak emission from single plasmonic nanowires required the development
of a novel double pump spectroscopy technique; single nanowire devices are optically
excited with two temporally separated ultra-short laser pulses and their laser response
is recorded for various time delays between the pump pulses.
Due to the novelty of this technique, the physics behind these temporal measure-
ments are explained in the second part of this chapter. A detailed discussion on the
internal dynamics under double pump excitation is followed by an investigation of the
expected temporal laser output response. The chapter then ends with a discussion on
the interference of two expected output pulse, which is a consequence of the double
pump excitation.

73
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4.1 Sample preparation

4.1.1 Nanowire synthesis

The synthesis of ZnO nanowires itself was conducted by our collaborators at the
Friedrich Schiller University Jena. Here, for completeness and to understand possible
discrepancy between different growth batches, we only briefly discuss the synthesis of
the ZnO nanowires used in this work. For more detail on the nanowire synthesis we
refer to our collaborators’ previous work [63,65,183,184].
Crystal defects and impurities in the ZnO nanowires inevitably lead to an increase
of the optical losses, which then affect the spectral output as well as the temporal
dynamics of the nanowire laser devices. To minimise losses, single crystalline ZnO
nanowires with low structural defect concentrations are important. The nanowires
used in this work were synthesised with the vapour-liquid-solid (VLS) method, which
was originally developed by Wagner and Ellis [185], see Fig. 4.1.

Figure 4.1 – a Sketch of nanowire growth with the VLS technique. b SEM image of a ZnO
nanowire batch as grown with the VLS technique (with courtesy of Robert Röder).

In this method a high-purity growth material in the form of a powder is placed in
a furnace and is then vaporised. The vapour is transported via an inert gas flow,
usually Argon, to a substrate sample, which is covered with a thin catalyst layer.
Under high temperatures, the catalyst forms small liquid droplets, which act as a
template for the nanowire growth, with the size of the droplet defining the diameter
of the nanowire. Once the temperature and vapour pressure are sufficient, the catalyst
droplet will supersaturate with the growth material and a nanowire will start to grow
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at the liquid-solid interface, pushing the catalyst upwards [186]. Initially, to grow
II-VI semiconductors such as ZnO only Au as a catalyst was used, but nowadays
also Al:ZnO or even intrinsic ZnO are used as catalysts [63, 183]. With this method
highly crystalline ZnO nanowires without structural defects or amorphous regions can
be grown with diameters ranging from <100nm to 400nm and with lengths up to
100 µm [63].
In this work, we mainly used ZnO nanowires, which were grown with an Al:ZnO or
an intrinsic ZnO catalyst. The used nanowires usually had nominal widths of 100nm
to 300nm and an average length of about 10 µm.

4.1.2 Substrate fabrication and characterisation

In Chap. 3 we introduced the two laser geometries which are investigated in this work;
the photonic geometry - ZnO nanowires lying on a SiO2 substrate - and plasmonic ge-
ometry - ZnO nanowires separated from an Ag substrate by a 10 nm thick LiF spacer
layer.
To construct the plasmonic laser devices, first a 100nm thick Ag film is thermally
evaporated onto a Si(100) substrate followed by an in situ evaporation of a 10 nm
thick LiF film (Angstrom Engineering Amod). The materials are evaporated at room-
temperature in a high vacuum environment (∼ 1× 10−6 mbar) with deposition rates
of 1.2 nm/s and 0.1 nm/s for the Ag and LiF films, respectively. For the photonic
laser devices commercially available Si/SiO2 substrates with a 1.5 µm thick thermal
oxide layer are used.
In order to minimise losses and ensure a uniform field confinement, a smooth film be-
neath the nanowire is essential, such that the nanowire lies flat on the substrate [56,57].
While the thermally grown oxide layer of the photonic substrates has an atomically
flat surface, this is not the case for the thermally evaporated plasmonic substrates.
To verify that the evaporated film quality is sufficient, in terms of crystallinity and
roughness, we performed SEM and AFM measurements on the plasmonic substrates.
The SEM machine (Raith eLine) allows a choice between the In-Lens and SE2 detec-
tor, which give the opportunity to investigate different sample properties.
The detected signal in a SEM measurement is, generally speaking, formed by two
types of electrons, backscattered (BSE) and secondary electrons (SE). Backscattered
electrons are electrons originating from the electron beam, that interact with the spec-
imen via elastic scattering, and thus are back-scattered out of the interaction volume.
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Secondary electrons originate from the specimen atoms and are ejected from the atom
through inelastic scattering with the beam electrons [187]. Even though both detec-
tors are sensitive to BSEs and SEs, their absolute sensitivity to these electrons vary
due to their position in the machine.
The In-Lens detector is positioned inside the electron column, which makes it more
sensitive to secondary electrons than BSEs. In contrast, the SE2 detector is posi-
tioned outside the electron column, usually at a certain angle to the sample, making
it sensitive to both, secondary electrons and BSEs [187]. These two characteristics,
position and sensitivity to different types of electrons, of the two detectors allow ob-
taining different information about the sample quality. The In-Lens detector gives
information about crystallinity and material composition, whereas the SE2 detector
is sensitive to the topography of the sample [187–190].

Figure 4.2 – a SEM image of an Ag/LiF substrate using the In-Lens detector to visualise
the crystalline LiF patches. b The same area as shown in a taken with the SE2 detector
suggesting a relative smooth film. c A magnified image of a plasmonic sample using the SE2
detector showing areas of different surface roughness. d AFM measurement of a representa-
tive Ag/LiF film (with courtesy of Ye Xiao). The RMS roughness over an area of 10×10 µm
is about 1.3 nm.
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For the plasmonic samples the LiF layer prevents any direct access to the Ag film and
therefore any observation with In-Lens detector is rather related to the crystalline
composition of LiF. With the here used growth parameters, we expect the LiF to
be a porous film with crystalline islands [191–193]. Indeed, SEM measurements of
the same position on a plasmonic sample, taken with the In-Lens and SE2 detector,
suggest a film of different crystalline quality, see Fig. 4.2a and b, respectively. Here,
typically a 5 kV acceleration voltage was used.
The measurement with the In-Lens detector shows areas of brighter contrast than
the surrounding region. These bright spots are not visible in the SE2 detector, which
suggests a different film quality in these areas. From the measurement with the SE2
detector at this position, the film looks relatively smooth and only by increasing
the magnification we can observe patches of different film roughness, see Fig. 4.2c.
Furthermore, by comparing Fig. 4.2a and c we can see that the bright spots, observed
with the In-Lens detector, correspond to regions with a lower surface roughness than
the surrounding area, indicating a higher crystallinity in those regions. Despite the
patches of lower roughness the overall film quality looks sufficiently homogeneous and
smooth for the aim of this work.
However, to quantify the surface topology, we measure the roughness of a plasmonic
substrate from the same growth batch with an AFM, shown in Fig. 4.2d. The RMS
value of 1.3 nm over an area of 10 × 10 µm quantifies the expected film smoothness.
Furthermore, similar to the SEM measurements, the AFM measurement also shows
patches of different roughness, which are apparent as areas of darker colour than their
surrounding, see Fig. 4.2d. Overall, the measured surface roughness is sufficiently
small, that we can assume a nanowire to lie flat on the substrates.
In this work we only investigated combined Ag/LiF films, as we are only interested in
the roughness of the surface the nanowire is lying on. Therefore, these measurements
do not allow us to directly conclude on the roughness of the individual Ag and LiF
films. An investigation and improvement of the individual film quality, and thus the
overall film quality, is left for future work. For example, Lu et al. used a process
of alternating low temperature growth and room temperature annealing, to grow
atomically flat Ag films on Si(111) substrates [56]. However, this process is very slow
and requires low temperature growth capabilities. Alternatively, template stripping,
where an Ag film is evaporated on an atomically flat substrate and then pealed off to
reveal the Ag surface previously in contact with the substrate, as well as evaporation
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on mica substrates showed promising ultra-smooth Ag films [194–197].

4.1.3 Device fabrication and characterisation

To construct the photonic and plasmonic nanowire laser devices, the nanowires need
to be transferred from the growth sample (Fig. 4.1b) onto the photonic or plasmonic
substrate (Fig. 4.2). In the two most common transfer processes, the nanowires are
either dispersed via a solution or via a dry process [65, 143]. In this work the dry
transfer processes is used, where the surfaces of the nanowire growth sample and the
substrate are brought into contact with each other and then are gently moved against
each other, as depicted in Fig. 4.3a. This process usually allows a sufficient amount
of nanowires to be transferred, with sufficient space between nanowires, to allow for
single nanowire laser characterisation. In this work we investigate nanowires with
typical diameters of 100 < D < 300 nm and lengths of 5 < L < 20 µm.
In Fig. 4.3b we show a SEM image of such a nanowire transferred onto a plasmonic
substrate.

Figure 4.3 – a Sketch of the dry transfer process. Bringing the nanowire growth sample and
the substrate into contact and gently moving them against each other (1), allows dispersing
single nanowires on either a photonic or plasmonic substrate (2). b A SEM image of a 11 µm
long and 180 nm wide ZnO nanowire lying on a plasmonic substrate.

The nanowires are usually first optically characterised and then their length and di-
ameter are determined, using the SEM. In order to find the correct nanowire in the
SEM, prior to evaporating the Ag/LiF film a pattern of fine lines is scratched into
the Si substrate, using a diamond scribe. For the photonic samples a pattern of num-
bered Au squares is used to find the position of the previously optically characterised
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nanowire [65].

4.2 Experimental apparatus

The aim of this work is to characterise the spectral and temporal response of plasmonic
nanowire lasers operating close to the surface plasmon frequency. The nanoscale size
of these devices requires a microscopy setup which is capable of imaging as well as
exciting single nanowire laser devices, and is described in the first part of this section.
In Chap. 3 we discussed the strong optical confinement of plasmonic devices, which
leads to an increased spontaneous emission rate, known as the Purcell effect [39–43].
Furthermore, we showed that an enhanced spontaneous emission rate affects the laser
input-output curves and also leads to a modification of the internal laser dynamics.
To examine the influence of confinement on the stimulated emission dynamics, ideally
we should fully characterise the temporal shape of light pulses emanating from these
lasers. However, this presents a significant challenge, as we anticipate the plasmonic
lasers devices to operate in the sub-picosecond regime, which is at the limit of electri-
cal detection techniques, such as streak cameras [59]. Generally, nonlinear all-optical
techniques would be required to characterize such short light pulses [66, 198, 199];
however, individual nanowires produce insufficient signal for such time-resolved non-
linear spectroscopy techniques [49].
Furthermore, in order to monitor the accelerated optical processes occurring in the
plasmonic laser devices, an ultra-fast optical excitation of these devices is required.
Therefore, we explore the temporal dynamics of these nanowire lasers by measur-
ing their response to the optical excitation with two energetically identical ultra-fast
pump pulses, separated by a variable time delay. The technique is described in more
detail later in Sect. 4.3 and here, in the second part of this section, we describe the
experimental setup behind this technique.

4.2.1 Imaging photoluminescence microscopy

To image and spectrally characterise the nanowire lasers a photoluminescence mi-
croscopy setup was constructed, sketched in Fig. 4.4.
For imaging the nanowires in a camera, the sample is illuminated using the Köhler
configuration [200,201]. In this method the image of the light source is focussed onto
the back focal plane of the microscope objective, thus imaging a near uniform emission
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pattern onto the sample plane. The reflected light from the sample is then collected
by the same objective, separated from the incoming light by a beamsplitter/dichroic
mirror, and then focussed onto the camera. In these experiments we could not use a
dichroic mirror as the spectral separation of the pump and emission wavelengths is
too small.
In order to create charge carrier inversion in the ZnO nanowires, we need to pump
them with energies larger than the bandgap of ZnO, which is at 3.37 eV (≈ 368 nm).
To this end we chose an optical excitation at 355nm, which is the frequency doubled
710nm output of our laser system (Coherent Chameleon Ultra), and at the lower
end of the achievable wavelength range of the system. The laser output pulses are
nominally 150 fs long and have a repetition rate of 80MHz.

Figure 4.4 – Photoluminescence setup to locate single nanowires on the sample and to
measure their lasing characteristics. The sample is uniformly illuminated using the Köhler
configuration and is then imaged in a camera. A cylindrical lens (LC) focusses the pump
beam onto the sample and the laser emission from the excited nanowire is spectrally recorded
in the spectrometer. Any reflected pump light is blocked by the Razoredge filter (F). A lens
(L2) can be placed in front of the spectrometer, which then allows imaging the laser emission
in the Fourier plane. In order to switch between the imaging and spectroscopy setup, the
mirrors (M) in front of the light source and the camera can be flipped out of the way,
indicated by dashed lines.
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However, to avoid heating of the nanowires this 80MHz repetition rate is reduced to
800 kHz using a pulse picker (APE pulseSelect).
Now, to observe laser emission of theses devices and at the same time to fully charac-
terise their optical response, we need a sufficiently large energy density to excite these
devices to at least twice their laser threshold. Therefore, we focus the laser beam onto
a single nanowire, see Fig. 4.4. Here, the pump beam first passes through a cylindrical
lens with a focal length of f = 300mm, to form an elliptical beam, that allows a more
efficient nanowire excitation than a circular beam spot. The elliptically shaped beam
is then focussed onto the sample through a 20x, NA = 0.4 UV microscope objective
from Thorlabs (LMU-20x-NUV), which has a nominal transmission of greater than
90% at 355nm. In this work the spot typically covers an area of 300± 13 µm2, that
completely encompasses a single nanowire.
The power of the pump beam is measured using a calibrated photodiode (Newport
818-UV) with an estimated error of ≈ 1% resulting in an error in the pump inten-
sity of ∆Pin/Pin ∼ ±4.5%. The emitted light from the nanowires is collected by the
same objective, separated from the incoming pump beam by a 30:70 (R:T) beamsplit-
ter, and detected by either the camera or the spectrometer (Princeton Instruments
SP2300). To achieve the maximal spectral resolution of ≈ 0.14 nm, the spectrome-
ter’s aperture is closed to a width of usually < 100 µm. Any residual pump light is
blocked by a 355nm Razoredge filter (Semrock LP02-355RE-25), further ensuring,
that only light emitted from the nanowires is recorded. Despite the Razoredge filter’s
transition width of only 1.8 nm, we can only detect nanowire laser emission down to
about 365nm, due to the spectral width of the ultra-short laser pulse.
An optional lens (L2) can be placed in front of the spectrometer, which then allows
us to monitor the nanowire laser emission in the Fourier plane. If not explicitly stated
this lens is not used.
To allow full control over the nanowire orientation relative to the focus of the elliptical
pump beam, the sample is mounted onto a 3-axis piezo-controlled translation stage
(Thorlabs MAX312D, ≈ 20 nm resolution). This allows us to accurately position a
single nanowire in the pump spot (x-y plane) and also gives us a fine control over the
spot size by varying the distance between the objective and the sample (z-direction).
Furthermore, we mount the sample onto a rotational stage, which allows the align-
ment of the nanowire parallel to the long axis of the elliptical pump beam as well as
to the long axis of the spectrometer’s aperture.
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The mirrors in front of the light source and the camera are mounted on flip-mounts
to easily switch between imaging and spectroscopy setup, indicated by dashed lines
in Fig. 4.4.

4.2.2 Double-pump spectroscopy

In order to characterise the temporal dynamics of the nanowire laser devices, we need
to generate a second pump pulse, which can be temporally delayed with respect to
the pump pulse. To this end we use a double-pump spectroscopy setup, sketched in
Fig. 4.5. This setup is an extension to the microscopy setup described above and for
simplicity, the white light imaging part is left out.

Figure 4.5 – Sketch of the double-pump setup to measure the temporal dynamics of the
nanowire laser devices. A beamsplitter (BS (45:55)) sends about 45% of the incoming pump
beam through a delay stage (dashed box). After combining the delayed beam with the pump
beam via a half-mirror (HM), both beams are focussed onto the sample. The double-pump
response from the nanowire is then detected by a spectrometer or by modulating the delayed
beam by a photodetector which is connected to a Lock-In amplifier.

To measure the laser dynamics of the nanowire lasers, their response is recorded when
pumped with two temporally separated laser pulses. To create a second pump pulse,
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the initial pump beam is split using a 45:55 beamsplitter and the weaker beam is
delayed with respect to the other. From now on we refer to the delayed beam as the
weak pump beam and the other beam as the strong pump beam. The weak pump is
delayed using a retro-reflector mounted onto a motorised translation stage (Thorlabs
PT1-Z8), with a spatial resolution of about 200nm. With this spatial resolution a
minimum temporal delay between the pulses of about 1.3 fs is achievable, and the to-
tal travel of the translation stage of 25mm allows a maximum delay of about 167ps.
Next, we need to spatially rejoin both pulses to be able to excite a single nanowire.
Here, we use a half-mirror to recombine both beams, as depicted in Fig. 4.5. Then,
we focus both rejoined beams through the cylindrical lens and the UV microscope
objective onto the sample, to form two overlapping elliptical beams, that completely
encompass a single nanowire. The beams are aligned such that the strong pump hits
the sample under normal incidence and the weak pump is incident under a small an-
gle.
The response of the nanowires under double-pump excitation can then either be de-
tected in the spectrometer or by modulating the weak pump with a chopper wheel
in a photodiode which is connected to a Lock-In amplifier (Stanford Research Instru-
ments SRS830). For measurements over the full delay range the Lock-In amplifier
allows a faster less noisy measurement, however it only measures the spectrally in-
tegrated temporal response from the nanowires. To obtain information about the
spectral characteristics, in particular for small time delays, the nanowire response can
be measured with the spectrometer.

4.3 Physics of double-pump spectroscopy

Next, we discuss the theoretical response from the nanowires under double-pump
excitation using the rate equations described in Sect. 3.4.2. Here, we use a simpli-
fied model, which does not account for the effects of Auger recombination, thus in
Eq. (3.17) we set c = 0.
In the double-pump measurements the intensity of the strong pump is sufficient to
excite the nanowire lasers above threshold, whereas the weak pump beam cannot in-
duce lasing on its own. The double-pump pulses, which are separated by a time delay
τ , can be described by a pump rate,

R(t) = R0(P (t) + ρP (t− τ) + 2
√
ρP (t)P (t− τ) cos(ωτ)), (4.1)
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where P (t) is described by Eq. (3.19) and ρ is the ratio of the two peak pulse powers.
Information about the dynamics of the nanowires lasers are obtained by varying the
time delay between strong and weak pump. This allows us to separate our discussion
into two situations: negative time delay (τ < 0) and positive time delay (τ > 0).

4.3.1 Negative time delay (τ < 0)

Figure 4.6 – Simulated double-pump response of a plasmonic nanowire laser using the rate
equation model from Sect. 3.4.2. Two pump pulses separated by a time delay τ excite the
nanowires (top panel). The population difference between the excited and ground state
normalised to the total number of carriers (∆N/NT) is shown in the central panel. The
bottom panel shows the normalised cavity photon number (s/smax).

For negative time delays τ < 0 the weak pulse initially excites carriers into the pump
level, which thermalize at a rate of 1/τtherm to the upper laser level and subsequently
recombine spontaneously, see Fig. 4.6. The intensity of the weak pump is not sufficient
to excite the devices above threshold, therefore the difference between the upper and
lower laser level population is negative (∆N/Ntot < 0). Only when the strong pump
arrives does the population difference surpass the threshold condition (∆N/Ntot = 0)
and the system starts to lase. The onset of lasing is also evident by the sudden
increase of the normalised cavity photon number (s/smax). Prior to the arrival of the
strong pulse, the excited state population exponentially decays at the spontaneous
recombination rate, thus increasing the laser output power with decreasing delay
between the pulses, see Fig. 4.8. A similar behaviour can be expected for the photonic
nanowire lasers.
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4.3.2 Positive time delay (τ > 0)

Figure 4.7 – Simulated response of a plas-
monic nanowire laser for τ > 0. In this situa-
tion three regimes can be identified: a τ ≥ 0,
only one output exist, b τ > 0, in this regime
two output pulses can form, and c τ � 0,
the weak pump only adds to the spontaneous
emission.

For positive time delays (τ > 0) the
strong pump pulse initially creates an in-
version, generating an output laser pulse,
that partially depletes the excited state
population. The weak pump pulse may
now have a significant effect on the laser’s
response as the residual excited state
population can facilitate lasing. In this
situation we can further identify three
regimes. For a small time delay (τ & 0)
the excited state is still near peak popu-
lation and the weak pump pulse merely
amplifies the output pulse, see Fig. 4.7a.
Note that the strong pump pulse de-
pletes the ground state and thus reduces
the nanowire’s absorption of the weaker
pump pulse, see Fig. 4.8. For increased
time delays (τ > 0), absorption of the
weaker pump pulse grows, and as the sys-
tem is still close to inversion, this leads to
the gradual formation of a second output
pulse as well as the amplification of the
first output pulse, as shown in Fig. 4.7b.
The two output pulses emerge on distinct
time scales: time delays between pump
and output pulses, t1 and t2, occur for
the strong and weak pump pulses, re-
spectively; and the peak to peak separa-
tion of the two output pulses is τm. These
time scales are related to the pump pulse
delay by,

τm = τ − (t1 − t2) . (4.2)
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Note since the initial pump pulse must create the inversion, usually t1 � t2. Further-
more, we should mention that Eq. (4.2) is a simplification of a more complex temporal
behaviour, as the delay between pump and output pulses also depends on the pump
intensity. While this does not significantly affect t1, it adds an additional time delay
dependence on t2. However, this simplification of time delay independent t1 and t2

allows us to understand the observed system better. Finally, for large time delays
(τ � 0) the residual excited population gradually depletes with the spontaneous re-
combination time until a point, where the second pump pulse no longer induces lasing
and merely creates incoherent emission, see Fig. 4.7c.

4.3.3 Integrated response

In the experiments, the above internal dynamics are not directly measurable and only
the time integrated response of the devices Pout is accessible. This corresponds to
an integration of the cavity photon number s over the whole simulated time scale t.
The time integrated response Pout at an excitation intensity of twice the threshold
value, 2P

(th)
in , plotted against the time delay between the two pump pulses, is shown

in Fig. 4.8, next to the absorption response of the weak pump. Here, the absorption
is defined as the difference between ground state and upper laser level multiplied by
the weak pump pulse.

Figure 4.8 – The left axis shows the simulated output response (Pout) under double-pump
excitation. Pout is determined by integrating the cavity photon number (s) at each time
delay at an excitation intensity of twice the threshold value, 2P

(th)
in (black solid line). The

right axis shows the simulated absorption response of the weak pump pulse modulated by
the strong pump pulse and indicates the material’s gain depletion and recovery during a
plasmonic laser pulse (red dashed line). The time delay where the second output pulse
becomes maximal is indicated by the vertical line and is labelled tmax.
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For negative time delays, Pout shows the expected slow signal increase with decreasing
time delay. This is caused by the increasing residual population in the excited laser
level prior to the arrival of the strong pump. As the weak pump cannot excite the
system above threshold, the upper laser level decays with the spontaneous emission
rate. Therefore, from the decay of Pout at negative time delays, we can obtain infor-
mation about the spontaneous emission time of the system.
Around the zero delay point we can expect intricate interference of the two input
pulses [202], which only becomes apparent with varying time delay. The double-
pump response around zero delay corresponds to the sum of the laser responses,
when pumped with the individual strong and weak pump pulse.
For positive time delays, the time integrated laser output increases and reaches a
maximum at a time denoted as tmax = 2.3 ps. Simultaneously, the absorption of the
weak pump recovers. At tmax the first output pulse is nearly terminated, thus the
population difference ∆N/NT rapidly decreases to the transparency condition. The
decrease of ∆N/NT leads to a sufficient number of charge carriers in the ground state
such that the absorption of the weak pump pulse rapidly increases. Now that the
absorption of the weak pump has recovered, and as the system is still close to inver-
sion, even the weak pump can create a second output pulse. While with increasing
delay the absorption of the weak pump increases, the excited population decreases
such that at tmax the optimum condition between absorption and excited population
is reached, maximising the second output pulse. Furthermore, as tmax is related to the
termination of the first output pulse in the experiments, tmax allows us to estimate
an upper limit of the first output pulse width.
With increasing time delay the population of the excited state gradually decreases
with the spontaneous recombination time until the excited state population is de-
cayed so far that the intensity of the second pump is not sufficient to excite a second
output pulse. In this case the weak pump only adds to incoherent emission. Note that
in this model the transition from an EHP decay to an excitonic decay is not included.
Therefore, the here described behaviour is only qualitative and the measured decay
times will vary from the ones shown here. While the decay at negative time delays
is directly related to the spontaneous emission time, for positive times the situation
is more complicated. As at these times two output pulses exist, which terminate at
different times, the time integrated response Pout is related to a combination of spon-
taneous and stimulated emission times. However, in Sect. 3.2.2 we showed that both
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are fundamentally linked via Einstein’s A and B coefficients and that plasmonic de-
vices are Purcell enhanced. Therefore, we also expect the plasmonic devices to show
an enhanced decay at positive delays compared to photonic devices.

4.3.4 Effects of Auger recombination on the temporal

dynamics

As discussed in Sect. 3.4.4, for a high density of charge carriers many body effects, such
as Auger recombination, can have a significant effect on the laser output response.
Similar to the influence on the light input-output curve of the plasmonic nanowire
lasers, we can expect Auger recombination to influence the temporal dynamics of
these devices [173].

Figure 4.9 – A comparison of the temporal dynamics of a plasmonic nanowire laser for no
Auger coefficient (black solid), a small Auger coefficient (red dashed line), and a large Auger
coefficient (blue dotted line).

Indeed, from the temporal responses of a plasmonic nanowire an acceleration of the
dynamics becomes apparent with an increasing Auger recombination coefficient, see
Fig. 4.9. As Auger recombination is a non-radiative loss channel, it reduces the
available charge carriers in the upper laser level. While this leads to an saturation
effect in the laser output, it effectively decreases the upper level laser lifetime, leading
to an acceleration of the observed emission, explicitly the spontaneous emission [203].
A clear acceleration of the spontaneous emission becomes apparent by comparing the
different integrated output responses at negative time delays, see Fig. 4.9. However,
only for small time delays has Auger recombination an effect on the dynamics. For
larger negative time delays, where only the weak pump excites the nanowire, the
spontaneous decay gets independent of Auger recombination. We saw in Sect. 3.4.4
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that small Auger recombination coefficients only have a small effect on the light input-
output curve, however the effect on the laser dynamics is more severe.

4.4 Aspects of ultra-fast optics

We now want to focus our discussion on the dynamics, which occur at small positive
time delays, τ & 0. In Fig. 4.8 we remarked that at zero time delay the two input
pulses interfere with each other, leading to strong oscillations of the output signal
Pout. As Pout corresponds to the expected light output of the laser device, the strong
oscillations around τ = 0 indicate a modulation of the light output itself. This
modulation is caused by the interference of the two pump pulses; moving the two pump
pulses temporally across each other leads to alternating constructive and destructive
interference of the two pump fields at the position of the nanowire, hence modulating
its output.
We also discussed that at small positive time delays, τ & 0, two output pulses appear,
see Fig. 4.8b. As the second output pulse feeds from the inversion of the first output
pulse, we expect a certain degree of coherence to exist between them. Of course the
coherence only exist as long as the first output pulse remains on, and only in this time
does the coherence then allow the output pulses to interfere with each other. While
the interference of the input pulses occurs at the same point and time the two output
pulses, on the other hand, are separated in time, thus their interference can only be
resolved spectrally.

Figure 4.10 – a Two temporally separated Gaussian shaped pulses with pulse width τp =
150 fs and amplitude ratio 5:1. b The Fourier transform of the two pulse from a into
frequency domain shows a clear interference pattern with a modulation period of 0.24 nm
(see also inset).
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To mimic the expected spectral response around τ & 0, we show in Fig. 4.10b the
interference spectrum of two Gaussian pulses, delayed by τm = 2 ps. The electric field
amplitudes of the pulses can be described by,

E(t) = E0e−t
2 ln 2/

√
2τ2pulseeiω0t, (4.3)

with a pulse width of τpulse = 150 fs, an amplitude ratio of 5:1, and a central frequency
ω0 = 2πc/λ0, where λ0 = 355 nm.
In the time domain the two pulses are represented by two time dependent electric
field amplitudes E1(t,τ) and E2(t − τm,τ). As we are detecting their time averaged
interference with the spectrometer, we have to write these fields in the frequency
domain; E1(ω,τ)eiφ1(ω,τ) and E2(ω,τ)ei(φ2(ω,τ)−ωτm), where φi(ω,τ) is the spectral phase
of the pulse. We can then write their interference as,∣∣E1eiφ1(ω,τ) + E2ei(φ2(ω,τ)−ωτm)

∣∣2 =
∣∣E1eiφ1(ω,τ)

∣∣2 +
∣∣E2ei(φ2(ω,τ)−ωτm)

∣∣2
+ 2E1E2 cos(ωτm + ∆φ(ω,τ)),

(4.4)

where ∆φ(ω,τ) = φ1(ω,τ) − φ2(ω,τ) is the difference between the spectral phases of
the two pulses. So, for two interfering output pulses we expect from Eq. (4.4) to
observe an increase in the modulation period with increasing temporal separation of
the two output pulses. To verify this, we model the expected spectral response by
varying the delay between the two pulses, see Fig. 4.11a.

Figure 4.11 – a Differential spectral intensity ∆I(ω)/I0 of two interfering output pulses
against the time delay. The top panels show ∆I(ω)/I0 at a time delay of 0.3 ps (left) and
1.0 ps (right). b The Fourier transform of the differential spectral intensity shown in a
against the time delay.



Section 4.4
Aspects of ultra-fast optics 91

Here, we plotted the normalised differential spectral intensity ∆I(ω)/I0, which with
Eq. (4.4) can be written as,

∆I(ω) = I(ω)1+2 − I(ω)1 − I(ω)2 = 2E1E2 cos(ωτm + ∆φ(ω,τ)), (4.5)

and I0 = I(ω)1 + I(ω)2. Figure 4.11a clearly shows the decrease of modulation period
with increasing time delay between the two pulses. As the weak pump pulse has only
a fifth of the power of the strong pump pulse, we observe a maximum differential
spectral intensity of 0.4. Note that normalising the spectral intensity, ∆I(ω), to
I(ω)1 + I(ω)2 still allows the experimental modulation amplitudes to be greater than
2E1E2, due to the non-linearity of the laser process.
Now, in experiments the time delay τm between the two output pulses is not directly
accessible. Thus, to obtain information about the temporal characteristic of the
output pulse, we have to Fourier transform the spectral intensity modulation, which
will be related to the temporal convolution of the two output pulses,

F−1{∆I(ω)} = E1(−t,τ) ∗ E2(t− τm,τ) . (4.6)

Even though this convolution restricts an explicit reconstruction of the temporal pulse
shape, it does give an indication of the relative strength of the pulses with time de-
lay τ . To fully characterise the pulse shape of an weak ultrafast laser pulse novel
characterisation techniques based on optical interferometry or ultrafast optical gating
become necessary [204,205].
As expected, the Fourier transform of the differential spectral intensity into the time
domain reflects the temporal characteristics of the two output pulses visible as a side-
band in Fig. 4.10b. As we did not take the amplitude decay of the weak output pulse
into account, the observed sideband of the Fourier transform does not become weaker
with increasing time delay. This sideband, which is related to the separation from the
weak to the strong output pulse, follows the linear trend described by Eq. (4.2).
At this point, we want to add some remarks about factors affecting the observation
of this interference: First of all, to observe this spectral interference, each input pulse
has to create an output laser pulse. This criterion not only limits the temporal win-
dow where this interference can be observed, but it also requires a sufficient power of
the the weak pump pulse. As the weak pump power is usually set at a fifth of the
strong pulse power in our experiments, the strong pulse needs to excite the system
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far above laser threshold.
Furthermore, with increasing time delay the second output pulse becomes weaker, as
it feeds from the residual inversion caused by the first pump pulse. The decrease of
inversion can affect the output power of the second pump pulse and also the shape of
the pulse itself.
As a last remark we note that in order to observe the spectral interference, the first
output pulse has to decay fast enough to allow the formation of a second output pulse.
Here, the spectrometer’s resolution limits us to pulse widths and pulse separations of
τp < 4 ps.

4.4.1 Influence of dispersion on temporal characteristics

In the above discussion we assumed two perfectly coherent Gaussian pulses with only a
spectral phase term φ(ω0), see Eq.(4.3). The Fourier transformed spectral interference
of these Gaussian pulses leads to a smooth continuous sideband, see Fig. 4.11b. While
we can assume a Gaussian pulse shape for the two pump pulses, this assumption is
not necessarily valid for the output pulses. For example, in Fig. 4.7 we saw that
the output pulse already deviates from a Gaussian pulse shape even though the two
pump pulses had a Gaussian shape. Furthermore, before the light escapes from the
nanowire end-facets it propagates through the nanowire, which leads to dispersion of
output light.
In the frequency domain additional dispersion causes a pulse broadening, which is
described by higher spectral phase terms, φ(ω) = φ(ω0) + φ′(ω0)ω + φ′′(ω0)ω2 +

φ′′′(ω0)ω3. While non-linear phase terms only lead to a broadening of the pulse in the
frequency domain, they lead to a significant distortion of the Gaussian pulse shape in
the time domain [206]. The temporal distortion also affects the Fourier transform of
the spectral interference.
The linear phase term φ′(ω0)ω only causes a temporal shift of the Gaussian pulse and
can therefore be neglected. Furthermore, the second order phase term φ′′(ω0)ω2 leads
to a pulse broadening in the time domain [206], hence a broadening of the sidebands
in the Fourier transform, shown in Fig. 4.11b. Therefore, we also neglect this term
and only discuss the effect of the third order phase term, φ′′′(ω0)ω3, on the Fourier
transform of the output pulse interference.
In the frequency domain higher order terms can be simply added to the phase term of
the Gaussian pulse, however, in the time domain they do alter the pulse equation [206].
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A Gaussian pulse with a third order phase term can be described in the time domain
by,

E(t) =

√
π

2 ln 2

τpulse

τ0

Ai

(
T − t
∆τ

)
e
− ln 2

2

2
3T−t
τ1/2 , (4.7)

where τ0 =
3

√
|φ′′′|

2
, φ3 = 2(ln 2)2φ′′′, ∆τ = τ0sign(φ′′′), T =

64τpulse

16φ3
, τ1/2 =

φ3

τ 2
pulse

,

and Ai is the Airy function.
The value of the third order phase, φ′′′, can be determined from the refractive index,
n, with [206,207],

φ′′′ =
λ2

4π2c2
· d

dλ

(
λ3 d2n

dλ2

)
. (4.8)

Due to the strong increase of the refractive index around ZnO’s band gap, see Fig. 3.9,
we find third order dispersion values ranging from 500 fs3 m−1 to 2000 fs3 m−1 and for
our simulations we choose a value of 500 fs3 m−1 .
The Fourier transform of the spectral interference using a non-dispersed Gaussian
pulse for the strong pulse and a dispersed pulse as described by Eq. (4.7) for the weak
pulse, is shown in Fig. 4.12b.

Figure 4.12 – a Temporal representation of a Gaussian pulse experiencing third order
dispersion on the order of 400 fs3 separated by τm = 2 ps from non-dispersed Gaussian pulse
centred at t = 0 ps. b Fourier transform of the spectral interference of the two pulses from
a for varying time delay τ between them.

The third order dispersion added to the weak pulses leads to a series of post-pulses,
see Fig. 4.12a. As each post pulse is still coherent with the initial pulse, they can
interfere with the strong non-dispersed pulse centred around t = 0 ps, which leads to
a modulation of the sideband. This interference also adds less pronounced modulated
sidebands to the Fourier transformed signal.
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We note that third order dispersion is not necessarily required to observed a modula-
tion of the sidebands. A similar effect on the Fourier transformed interference signal
can also be expected, if the second output pulse shows afterpulsing. However, this is
difficult to model and should be investigated in future work.

4.5 Conclusion

In the beginning of this chapter the fabrication and characterisation of the plasmonic
and photonic laser samples was discussed. Using a combination of SEM and AFM
measurements, to investigate the plasmonic sample quality, revealed uniform films
with a RMS roughness of . 1.3 nm. This roughness is sufficiently small such that a
nanowire lies evenly on the substrate, which ensures a good optical confinement of
the plasmonic mode.
The next part of this chapter focussed on the experimental setup to characterise the
nanowire laser devices. The optical setup constructed in this work allows the char-
acterisation of the optical properties of a single nanowire laser devices as well as
its temporal laser dynamics. The development of a novel double-pump setup became
necessary, as the emission of a single nanowire laser is too weak for classical non-linear
approaches and its laser dynamics are too fast for electrical detection. Furthermore,
these fast laser dynamics highlight the necessity of an ultra-fast pump pulse.
To understand the nanowire laser response under double-pump excitation, the rate
equations from the previous chapter were used to model the expected laser output
for various time delays between the two pump pulses. While the response at negative
time delays is a clear indication of the spontaneous emission, the response at posi-
tive times is more elusive. For positive time delays two output pulses with different
decay time exist, which renders a clear identification of the stimulated emission time
difficult. Nevertheless, the strong optical confinement in plasmonic devices leads to
accelerated dynamics through the Purcell effect, which then results in a faster decay
of the output signal of plasmonic devices compared to photonic devices.
Furthermore, the fast gain recovery time in plasmonic systems leads to a strong ab-
sorption of the weak pump pulse at times, where the system is still close to inversion,
and thus allows the formation of a second output pulse. As a consequence of the
much slower internal dynamics in photonic devices, the first output pulse persist for
longer time scales, thus preventing the formation of a second output pulse; at least
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not in the detectable time window of 4 ps. Therefore, it is also expected that photonic
devices show larger tmax, the time which indicates the termination of the first output
pulse.
The discussion showed that the two output pulses, which are expected to form in plas-
monic devices, can temporally interfere with each other. However, in contrast to the
interference of the two pump pulses this interference can only be observed spectrally.
To obtain an insight into the temporal dynamics, the interference spectrum needs
to be Fourier transformed into the time domain. From the appearance of sidebands
and their shape further insight into the gain formation time of ZnO as well as its
dispersion can be deduced.
With the physical understanding of the spectral and temporal processes in ZnO
nanowire laser devices, obtained in the last chapters, the next chapters focus on
their experimental characterisation.





Chapter 5
Characteristics of plasmonic ZnO
nanowire lasers

The focus of this chapter lies on the characterisation of plasmonic nanowire laser de-
vices which operate close to the surface plasmon frequency. The discussion begins
with a general examination of the basic lasing properties by comparing a plasmonic
and photonic nanowire laser device. By focussing on the spectral laser response as
well as the light input-output behaviour of these devices common features but also
differences are identified. In particular, the effects of strong optical confinement and
high cavity losses on the plasmonic laser output, which were discussed in earlier chap-
ters, are highlighted. Then, in a more detailed analysis specific trends of plasmonic
laser characteristics as a function of their geometrical parameters are studied by com-
paring a large set of photonic and plasmonic devices.
After verifying plasmonic laser emission and examining its fundamental laser char-
acteristics the next part of this chapter then focusses on the identification of the
transverse lasing mode. To this end first the longitudinal modes in these Fabry-Pérot
cavity devices are analysed and then the effect of the transverse lasing mode on the
laser output is studied; again for a large set of photonic and plasmonic devices.
The results presented in this chapter reveal the deeper physical consequences of op-
erating a plasmonic laser close to the surface plasmon frequency where loss and con-
finement are maximal.

97
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5.1 Photonic and plasmonic laser transition

In the first section we demonstrate plasmonic laser emission from ZnO nanowires
and highlight the plasmonic effects on the laser emission by directly comparing the
emission from the photonic and plasmonic lasers, described in Sect. 3.1.2. To identify
the general differences between the two geometries we begin with a comparison of
two representative devices and then during the course of this section we investigate
certain features in more detail by comparing a large set of devices.

5.1.1 General spectral features

The transition from spontaneous to stimulated emission in a Fabry-Pérot cavity laser
is accompanied by the appearance of sharp and evenly spaced emission lines which
rapidly increase with pump intensity. However, the transition is not necessarily sharp
and includes the regime of amplified spontaneous emission (ASE) which can be mis-
taken as lasing [63]. To highlight this we use the photoluminescence setup described
in Sect. 4.2.1 to excite a single photonic or plasmonic nanowire and record its spectral
emission. In Fig. 5.1a and b we present the typical spectral emission of a photonic
and plasmonic laser, respectively, for various pump powers ranging from ≈ 0.3x− 3x

the laser threshold.

Figure 5.1 – Emission spectra (I) of the photonic (a) and plasmonic (b) laser device for
various pump intensities ranging from ≈ 0.3x− 3x the laser threshold.

Comparing the spectra in Fig. 5.1 we can clearly identify several differences between
photonic and plasmonic devices. For low pump powers, around 0.3x the threshold, we
observe near bandedge photoluminescence from photonic and plasmonic devices with
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peaks centred around 3.29 eV (377nm) and 3.23 eV (384nm), respectively. In ZnO
nanowires the emission around 3.29 eV (377nm) is usually attributed to the recombi-
nation of the free excitons whereas emission at lower energies is considered to be due
waveguiding [208]; the exitonic emission guided along the nanowire can be re-absorbed
by states in the Urbach tail and then be re-emitted at lower energies [65, 209–211].
This process can occur many times during light propagation along the nanowire and
leads to a redshift of the photoluminescence.
With increasing pump intensity the emission intensity linearly increases and popula-
tion inversion starts to build up, leading to amplified spontaneous emission (ASE). In
this regime we start to observe the formation of sharp emission lines and due to their
even spectral spacing we identify them as Fabry-Pérot peaks, see Sect. 3.3.2. The
appearance of sharp emission peaks in the ASE regime must not be mistaken with
laser lines in the stimulated emission regime despite their same origin [63]. For the
photonic device the emission lines appear at the low energy side of the photolumines-
cence peak, at energies around 3.2− 3.25 eV, which is in the EHP regime and similar
to previous works [63, 64, 138, 167]. However, for the plasmonic device, on the other
side, the emission lines appear on the higher energy side of the photoluminescence
peak, at energies around 3.3 eV, close to the energies of the A and B excitons of ZnO.
We attribute this blueshift of the plasmonic laser emission to the increased losses in
the plasmonic cavity, thus requiring more gain which is available from higher states
in the conduction band of ZnO.
Increasing the pump intensity further, both devices start to show stimulated emission.
In this pump regime a clamping of the spontaneous emission from the photonic device
can be observed. At even higher pump intensities the photonic device shows a broad
laser response with a maximum intensity output of 4.3 × 106 counts/s extending to
the low energy side of the initial lasing lines and only shows some weak Fabry-Pérot
peaks at the initial lasing wavelength. The plasmonic device shows a very different
behaviour. After the initial appearance of the Fabry-Pérot peaks the spontaneous
emission continues to increase alongside the lasing peaks and only at about 1.8x the
threshold spontaneous emission starts to clamp. Increasing the pump power further
to about 3x the threshold value the plasmonic device shows a maximum output of
about 2× 106 counts/s with a laser spectrum that starts to broaden, however, in con-
trast to the photonic device, towards higher energies.
Interestingly, both devices show a broadening of the laser response with less pro-
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nounced Fabry-Pérot peaks. The processes behind this behaviour are not fully un-
derstood, but for the photonic device the broadening of the laser response towards
lower energies is most likely due the re-normalisation of the bandgap [154, 169]. For
the plasmonic device on the other hand the broadening of the laser response towards
higher energies is most likely due to state filling effects and the increased gain available
from higher states in the conduction band [154,165,182,211,212].

5.1.2 Lasing curves

Figure 5.2 – Laser light-output (Pout) versus pump intensity (Pin) for the photonic (a)
and plasmonic (b) laser devices both normalized to their threshold values (P (th)

out and P (th)
in ).

The insets show the normalised light input-output against energy density. The highlighted
measurement points correspond to the spectra shown in Fig. 5.1 and the grey lines of identical
slope indicate the output behaviour below and above threshold. The bottom panels show the
spontaneous emission for the photonic (c) and plasmonic device (d) against normalised pump
intensity. The grey dashed lines indicate the emission trend below and above threshold.

As mentioned above, by only monitoring the output spectrum it is not always obvious
to identify the laser threshold. Therefore, we integrate the spectral response over the
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full spectral range to obtain the total optical output power (Pout) of a laser device.
Plotting Pout against the pump intensity Pin on a double logarithmic scale the laser
threshold then becomes apparent as a kink in the light input-output curve, because of
the super-linear intensity increase of stimulated emission, see Fig. 5.2a and b. Here,
we normalised the data of the two devices from Fig. 5.1 to their respective threshold
values (P (th)

out and P (th)
in ).

Both devices show a linear increase in Pout for Pin < P
(th)
in ; consistent with the linear

increase of spontaneous emission with increasing pump intensity, see Figs. 5.1 and 5.2.
For Pin approaching the threshold value the integrated response of both devices start
to deviate from this linear increase.
The photonic device shows a clear super-linear increase of Pout around threshold. At
the same time plotting the spontaneous emission output, Psp, from Fig. 5.1 against
pump intensity a sudden clamping of Psp for the photonic device becomes apparent
around threshold, see Fig. 5.2c. Here, Psp is obtained by only integrating the spectral
response from the maximum of the spontaneous emission around 3.3 eV (376nm) to
higher energies. For Pin > P

(th)
in the output of the photonic device again increases

linearly with the pump intensity and only for Pin ≈ 3P
(th)
in does the output start to

deviate from the linear increase, indicating a saturation of the pump absorption and
charge carrier density.
Using a multi-longitudinal-mode laser model [213] to fit the laser output response we
can find a laser threshold of P (th)

in = 43 µJ cm−2 and a fitting parameter x0 ≈ 0.05

which is proportional to the spontaneous emission factor β. This small spontaneous
emission factor agrees well with the sudden clamping of the spontaneous emission
output at threshold. In Sect. 3.2.3 we discussed the upper laser level population of a
two-level system and observed a sudden clamping of the population around threshold
for small values of β.
In contrast, Pout of the plasmonic device already starts to deviate from the linear be-
haviour for pump intensities approaching the laser threshold (Pin ≤ P

(th)
in ) and shows

a saturation-like behaviour, see Fig 5.2b. Here, we can identify a threshold for the
plasmonic device of P (th)

in = 200 µJ cm−2, which is larger than for the photonic laser,
due to higher losses of the plasmonic geometry [45, 49, 214]. Similar to Pout also the
spontaneous emission Psp shows a different behaviour than for the photonic device.
Instead of a sudden clamping Psp slowly increases even for pump intensities above
threshold.



102
Chapter 5

Characteristics of plasmonic ZnO nanowire lasers

With increasing pump intensities, surpassing the laser threshold, the plasmonic laser
output recovers from this saturation and shows a super-linear intensity increase. Even
though the plasmonic device also shows a super-linear intensity increase above laser
threshold this kink in the lasing curve is much less pronounced than for the pho-
tonic device and only becomes apparent due to the saturation-like behaviour close
to threshold. Now, increasing the pump intensity even further the super-linear trend
quickly turns into a linear trend and for pump intensities approaching Pin ≈ 3P

(th)
in

the output starts to saturate again.
As discussed in Sect. 3.4.4 this kind of input-output behaviour can be described by
many-body effects such as Auger recombination which become important for large
charge carrier densities. Interestingly, the integrated laser output above threshold
does not significantly surpass the linear trend for low pump intensities which is in
contrast to the lasing curve of the photonic device; this behaviour is indicated by
the straight solid lines in Fig. 5.2. If we compare this behaviour to the modelled
curves in Sect. 3.4.4, we can estimate an Auger recombination constant in the range
of C = 4× 10−27 − 1× 10−26 cm6/s. This range is slightly above reported values for
II-VI semiconductors and therefore might suggest a different mechanism behind this
saturation behaviour.
Furthermore, the here used laser model does not take any many-body effects into
account, thus it is difficult to find a good fit to the lasing curve of the plasmonic
device. Therefore, we can only give an estimate of the spontaneous emission param-
eter of x0 ≈ 0.15. The larger value agrees with the observed smooth transition of Psp

around threshold which can only be observed for large spontaneous emission factors,
see Sect. 3.2.3.

5.1.3 Comparison of laser thresholds

The above comparison of the two devices revealed an increased laser threshold of the
plasmonic device which we associate with the larger losses of the plasmonic cavity.
Now, to verify the observed trend we compare the laser threshold of a set of photonic
and plasmonic devices. Furthermore, plotting the threshold against the nanowire
diameter allows us to discuss a possible laser mode cut-off, which is usually indicated
by a sudden increase in laser threshold [49].
From the waveguide mode discussion in Sect. 3.1.2 we are expecting the photonic
devices to show a cut-off of the HE11 mode for nanowire diameters around 130nm.
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For the plasmonic devices the waveguide mode simulations suggested either the HSP1

or the HSP2 mode to become the lasing mode. The latter mode showed a cut-off
around nanowire diameters of 100nm, whereas for the other lasing mode not cut-off
was identified.
In Fig. 5.3a we are first showing the laser threshold against nanowire diameter for a
set of photonic devices with diameters ranging from 150nm to 300nm. Interestingly,
we cannot observe an increase of the laser threshold for nanowires diameters close to
150nm. In fact, a linear regression through all the measured device thresholds shows
a near constant slope and we find an average laser threshold for the photonic devices
of P̄ (th)

in = (40± 19) µJ cm−2. While the near constant threshold suggests no mode
cut-off, we could not observe laser emission from nanowires thinner than 150nm,
which agrees well with reported works [62,63,65].

Figure 5.3 – Measured lasing threshold (P (th)
in ) for a set of photonic (a) and plasmonic

(b) nanowire lasers. The solid lines show a linear fit of the measured thresholds for various
diameters.

Now, in Fig. 5.3b we show the laser threshold of a set of plasmonic nanowire devices
with diameters ranging from 120nm to 240nm. Similar to the photonic devices no
clear increase of the laser threshold with decreasing diameter can be observed. Even
though a linear regression suggests a small threshold increase for thinner nanowires
this slope could be skewed by some possible outliers, see Fig. 5.3b. Thus, assum-
ing a diameter independent threshold we find an overall average laser threshold of
P̄

(th)
out = (87± 57) µJ cm−2.

For the plasmonic devices the missing of a clear mode cut-off suggests the HSP1

to be the lasing mode, however in this work we only observed laser operation from
plasmonic nanowires with diameters down to 120nm; for thinner nanowires no laser
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emission could be observed. This observation then suggests that the plasmonic lasing
mode is the HSP2 mode which experiences cut-off at diameters around ≈ 100 nm, see
Fig. 3.2.
Despite the lack of a clear increase in laser threshold, we see that for both laser ge-
ometries the observation of laser emission is limited by a critical nanowire diameter,
suggesting a mode cut-off. The reason, why no increase in laser threshold for thin
nanowires can be observed, could be the large uncertainty of the average laser thresh-
old which is caused by several effects. First of all, the in Fig. 5.3 presented nanowire
lasers varied in their length, which can have a significant effect on the laser thresh-
old [65]. Another explanation could be variations in material quality. To be able to
compare a sufficient amount of laser devices we used nanowires from different growth
batches measured on different substrates. Note that a direct comparison, if possible,
of nanowires form the same batch and measured on the same substrate also does not
reveal an increase in laser threshold.
An additional uncertainty arises simply through the fact that the different devices
were measured at different days, leading to variations in the measurement conditions.
For example, we mentioned in Sect. 4.2.1 that the initial 80MHz repetition rate of the
laser system has to be reduced to 800 kHz to avoid heating of the devices. This pro-
cess involves sophisticated optical alignment procedures and always leaves a residual
80MHz background signal which can lead to heating effects and thus to differences
in the laser threshold.

5.1.4 Spectral blueshift

In Fig. 5.1 we compared the emission spectra of a photonic and plasmonic nanowire
laser and could observe a clear blueshift of the laser emission from the plasmonic
nanowire. We argued that this spectral shift to higher energies is due to the increased
losses in the plasmonic system which have to be compensated by an increased gain only
available at higher states in the ZnO conduction band. Furthermore, at high pump
intensities the photonic device in Fig. 5.1a shows a spectral broadening towards lower
energies, whereas the emission from the plasmonic device broadens towards higher
energies. To verify that the spectral blueshift and the broadening to higher energies
are typical characteristics of plasmonic devices, we plot in Fig. 5.4a the normalised
emission spectrum of six plasmonic nanowires with diameters ranging from 188nm
to 133nm recorded at pump intensities between 3 to 4 times the respective laser
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thresholds.

Figure 5.4 – a Normalised lasing spectrum against photon energy for six plasmonic nano-
wires with diameters ranging from 188 nm to 133nm. The spectra were recorded at pump
intensities between 3 to 4 times the respective laser thresholds. b Comparison of the nor-
malised lasing curves of the nanowires from a.

Interestingly, with decreasing diameter the laser emission continuously shifts towards
higher energies and the emission of the thinnest devices even surpasses all three ZnO
exciton lines. Parallel to the blueshift of the laser emission the spectral line shape
significantly changes with decreasing nanowire diameter. While the laser response of
the thickest, 188nm wide, nanowire shows a broadening towards lower energies, the
broadening decreases with decreasing diameter and turns into a broadening towards
higher energies for thinner, below 170nm wide, nanowires. Furthermore, while the
188nm wide nanowire still shows some discernible Fabry-Pérot peaks, the thinnest,
133nm wide, nanowire only shows a single laser peak. Despite these differences of the
stimulated emission peaks also an increase of the spontaneous emission background
with decreasing nanowire diameter can be observed.
In general, these observed spectral features suggest a photonic-like emission for the
thicker nanowires and only with decreasing diameter does the emission reflect the
plasmonic features discussed in the context of Fig. 5.1. This change of emission char-
acter is also reflected by the normalised light input-output curves of these devices,
shown in Fig. 5.4b.
Comparing the lasing curves of these devices, reveals a decreasing slope of the light
input-output curve with decreasing diameter verifying the earlier observation of a
transition from photonic-like to plasmonic-like laser emission. This is further con-
firmed by the transition from spontaneous to stimulated emission which becomes less
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pronounced with decreasing diameter, in accordance to the increase of spontaneous
emission in the above discussed laser spectra, see Fig. 5.4a. Interestingly the 155nm
wide nanowire does not show a kink at all suggesting a high spontaneous emission
factor. In fact, the increase of the spontaneous emission background with deceasing
nanowire diameter suggests an increase of the spontaneous emission factor, β. How-
ever, at the same time also saturation effects increase which make the observation of
an increasing β in the laser output curves difficult.
In Fig. 5.3 we showed that the lasing threshold does not significantly increase with
decreasing nanowire diameter. Thus, pumping a thin nanowire at a similar energy
density than a thick nanowire necessarily leads to a higher charge carrier density in
the thinner wire. It is therefore consistent that thinner nanowires experience stronger
many-body effects than thicker nanowires. This then leads to a more pronounced
saturation around threshold and hence to an apparently larger super-linear increase
in the light input-output curve above threshold.
Overall, the observed features in Fig. 5.4 suggest that with deceasing nanowire di-
ameter the effect of plasmonic confinement on the laser operation increases. To fur-
ther investigate this behaviour and to verify that no such effect can be observed for
photonic devices we plot in Fig. 5.5 the central lasing wavelength around threshold
excitation against nanowire diameter; again, for the same set of laser devices shown
in Fig. 5.3.

Figure 5.5 – Comparison of the central lasing wavelength around threshold for a set of
photonic (a) and plasmonic (b) nanowire lasers. In the photonic case the diameters vary
between 150 nm and 300 nm and in the plasmonic case between 120 nm and 240 nm. The
solid and dashed lines in a and b indicate the trend of the lasing wavelength with decreasing
nanowire diameter.

The laser emission from the measured photonic nanowires with diameters ranging from
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150nm to 300nm lies between 3.2 eV and 3.27 eV (380nm and 385nm), see Fig. 5.5a.
This laser emission lies well in the EHP gain regime and agrees well with reported
ZnO nanowire lasers [62, 63, 138]. In contrast to the above shown plasmonic lasers,
we cannot observe a significant variation of the lasing wavelength with decreasing
nanowire diameter. Only for nanowires with diameters approaching the cut-off region
around 150nm a vague spectral shift towards higher energies can be discerned. This
observed trend for the photonic devices indicates that the gain at the bottom of the
ZnO conduction band is sufficient to achieve laser threshold. Only with decreasing
mode confinement, close to the cut-off around 150nm, do these devices require more
gain which is available from higher states in the ZnO conduction band.
Conversely, the plasmonic devices follow a different trend with decreasing nanowire
diameter. These devices show a blueshift in laser emission with decreasing diam-
eter down to ≈ 3.4 eV (365 nm), which is at the detection edge of our system, see
Sect. 4.2.1.
Devices with diameters & 170 nm emit in the same region as photonic devices and
only for smaller nanowires does the emission start to blueshift. This trend agrees well
with our earlier separation into photonic- and plasmonic-like laser emission of these
devices.
For thin nanowires a general blueshift towards the exciton energies is observable, but
at the same time there is also a certain ambiguity in the trend for sub 150nm wide
nanowires. One trend (solid line in Fig. 5.5b) seems to continue towards higher ener-
gies, even surpassing the C exciton line and the surface plasmon frequency (Fig. 3.5a),
the other trend (dashed line in Fig. 5.5b) seems to approach the A and B exciton
lines but then turns around towards lower energies for thinner nanowires.
Note that the surface plasmon frequency of the hybrid structures varies dependent
on the used metal data; with the data from Palik we found a surface plasmon fre-
quency ωsp ≈ 3.35 eV whereas with the data from Johnson and Christy we found
ωsp ≈ 3.43 eV. These differences in the simulated surface plasmon frequency suggest
a strong dependence of the lasing wavelength on the material quality. This material
quality dependence might explain the different observed trends of the lasing wave-
length in Fig. 5.5b where we used the data from different nanowire batches measured
on different plasmonic substrates.
To highlight the sample dependent trends, we plot in Fig. 5.6 the shift of the lasing
wavelength for only two representative samples. The comparison clearly shows the
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different trends of the two samples. While the lasing wavelength with decreasing
nanowire diameter of sample 1 (triangles) tends towards the A and B exciton lines,
the emission wavelengths of sample 2 tend towards ≈ 3.4 eV (365 nm) surpassing the C
exciton line. Additionally, we also compared two different nanowire growth batches on
the same plasmonic sample and could observe a similar trend as observed in Fig. 5.6.
This suggest that the observed trends not only depend on the metal parameters but
also show a strong dependence on the nanowire parameters.
Independent of the material quality the observed blusehift of the plasmonic laser
emission with decreasing nanowire diameter highlights the intricate interplay between
plasmonic confinement and loss and the available gain in ZnO.

Figure 5.6 – Central lasing wavelength against nanowire diameter for two selected samples
(triangles and circles) from Fig. 5.5b showing the variations at small diameters between
different samples

5.2 Longitudinal mode structure

In the previous section we discussed the effects of a plasmonic substrate on the spectral
laser emission as well as the laser output curve of ZnO nanowire lasers. By compar-
ing these devices to their photonic counterparts we could identify typical features of
plasmonic laser emission which suggest an operation close to the surface plasmon fre-
quency. However, to verify that the observed features are indeed caused by one of the
hybrid plasmonic modes we need to identify the underlying laser mode in the plas-
monic devices. From our discussion about the guided transverse modes in photonic
and plasmonic geometries in Sect. 3.1.2 we expect different laser modes to operate in
these devices. As each transverse mode has a different effective mode index, which
effects the longitudinal cavity modes, we begin by investigating the characteristics of
these longitudinal cavity modes.
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5.2.1 Determination of the group index from Fabry-Pérot

modes

In the laser spectrum of the photonic device, shown in Fig. 5.1a, for all pump intensi-
ties a clear modulation of the laser emission is discernible. In contrast, the plasmonic
laser spectrum only shows such a modulation for pump intensities close to threshold;
for high pump intensities the modulation disappears and only a broad laser emission
is observable. Due to the even spacing of these sharp laser lines and the fact that the
nanowire acts as a Fabry-Pérot cavity, we identify this modulation as Fabry-Pérot
modes [49,63,64,138,143].
We discussed in Sect. 3.1.1, that the spectral spacing ∆λ between Fabry-Pérot modes
is related to the group index ng of a nanowire laser device by ng = λ2/(2L∆λ), see
Eq. (3.3). The group index together with the dispersion of the refractive index n(λ)

then gives insight into the underlying lasing mode. Therefore, we calculate the group
index for the same plasmonic nanowires as shown in Fig. 5.3b by measuring the mode
spacing for pump intensities close to threshold, see Fig. 5.7a. Note that typically
spectra at higher pump intensities are used to determine the group index [49, 63].
However, as mentioned above, for the plasmonic devices Fabry-Pérot modes can only
be observed close to the laser threshold.

Figure 5.7 – a Group index ng of the measured plasmonic nanowires lasers against nanowire
length L calculated from the Fabry-Pérot mode spacings ∆λ using Eq. (3.3). The pink
shaded region shows the standard error of the calculated average and the grey region is the
standard deviation of the average group index. b Mode spacing ∆λ against inverse nanowire
length L. A fit of the slope allows either the calculation of the ZnO dispersion dn/dλ using
the effective mode neff or by using literature values for the dispersion the mode index can
be calculated.

To ensure that only a single transverse lasing mode contributes to the longitudinal
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mode spacing we only take nanowires with diameters smaller than 180nm into ac-
count. Here, we plot the group index ng against the nanowire length L and find
an average group index of n̄g = 8.2 ± 0.3. As expected this value is larger than for
photonic devices which have a group index of about 7 [63].
While most of the devices deviate less than one standard deviation (grey box in
Fig. 5.7a) from the average group index, some devices show a much larger deviation
from this value. Of these devices, the longer ones tend to have a smaller group index
whereas the shorter devices show a deviation towards higher values. It also interesting
to note that most of these devices emit at a wavelength smaller than 376nm (3.3 eV)
which is close to the ZnO A and B exciton lines and the expected surface plasmon
frequency in this geometry, see Figs. 3.4 and 3.9. In Sect. 3.1.3 we saw that in this
regime the dispersion of the hybrid modes significantly changes. As the group index is
related to the dispersion via ng = n−λ dn/dλ, this might explain the strong deviation
of the group index from these devices.
Now, instead of directly calculating the group index we can also plot the mode spacing
against the inverse nanowire length. For a fixed emission wavelength this plot should
show a linear relationship with a slope proportional to λ2/2ng. Indeed, from Fig. 5.7b
we can see that the determined peak spacings scale linearly with the inverse of the
nanowire length, even though the here measured plasmonic nanowires showed emis-
sion over a range of about 15 nm. From a linear fit of the data we can determine the
slope of this relationship to (8.38± 0.20)× 10−15 m2. Assuming an average emission
wavelength of 380nm we find a group index of 8.6± 0.2 which is in good agreement
with the average group index determined for each nanowire in Fig. 5.7a. Interestingly,
the devices, which deviate from n̄g in Fig. 5.7a, do not show a significant deviation
from the linear trend observed in Fig. 5.7b.
Ideally, we would use the here found n̄g to identify the lasing mode and to calculate
the ZnO dispersion. We could then compare them to the values of nHSP1

g = 8.8,
nHSP2

g = 7.4, and dn/dλ ≈ −0.015 nm−1 from Sect. 3.1. However, the broad emission
range of the measured devices and the strong spectral dependence of the dispersion
render this calculation rather difficult. Furthermore, we also have to consider that the
dispersion depends on the underlying gain, which most likely differs between devices,
but also dependence on the pump intensities. The link between pump intensity and
dispersion also leads to frequency pulling effects, which can further effect the mea-
sured group index [49, 128, 167]. Hence, a more detailed study becomes necessary to
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clearly identify the underlying lasing mode from the spectral emission and the mode
spacing of plasmonic devices.

5.2.2 Fabry-Pérot modes in the Fourier plane

Next, we further investigate the observed modulation in the laser emission spectrum
to identify some general features of the Fabry-Pérot modes. To this end we resolve
the laser emission in the Fourier plane. We can then verify that the spectral oscil-
lations are indeed caused by longitudinal oscillations. Furthermore, by mapping the
emission in the Fourier plane, as opposed to real space, we obtain information about
the emission direction of these devices.
Here, to record the emission of the nanowire in the Fourier plane we place an addi-
tional lens in front of the spectrometer, see lens L2 in Fig. 4.4. In contrast to previous
work, where the Fourier image was only recorded with a CCD [215], here the spec-
tral resolution allows the identification of different Fabry-Pérot modes. Thus, in our
measurements the horizontal axis relates to the spectral component and the vertical
axis to the Fourier component.

Figure 5.8 – a Sketch of a nanowire with the position of the aperture to record only the
emission of one nanowire end and two abitary longitudinal modes. b Using a Fourier lens in
front of the spectrometer allows the detection of the interference of the laser emission from
both nanowire end-facets (central panel). Using an aperture the laser emission spectrum of
each nanowire end can be recorded separately; showing no interference pattern and suggest-
ing a hemispherical emission pattern (top and bottom panel). c Shows the spectral intensity
of an even (top panel) and odd (bottom panel) mode, and the sum of both modes (central
panel).
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The near point-like and coherent laser emission from both nanowire end-facets allows
us to draw an analogy to Young’s famous double-slit experiment. Far away from
the nanowire the point source-like emission from the end-facets become plane waves.
Similar to the double-slit experiment, the emission from the point-like sources then
leads to an interference pattern when imaged in the Fourier plane [138, 215]. Thus,
the spatial separation on the screen relates to an angular separation in the Fourier
plane.
In the central panel of Fig. 5.8b we show the spectrally resolved emission of both
end-factes from a photonic nanowire laser. Along the horizontal axis we can clearly
identify the different Fabry-Pérot modes and along the vertical axis we observe a
modulation of the intensity caused by the interference of the end-facet emission. In-
terestingly, for a fixed horizontal position one mode shows a maximum in emission
intensity, whereas the next spectral mode shows a minimum, see also Fig. 5.8c. This
out of phase behaviour of two spectrally neighbouring cavity modes can be explained
by the cavity resonance condition, Eq. (3.2). The cavity only supports modes with
a wavelength which is an integer fraction of twice the cavity length. Thus, resonant
modes are integer multiple of π, see Fig. 5.8a. Therefore, the spectrally observed
modes are alternating even and odd modes which are π out of phase with each other.
Plotting the spectral intensity of the even and odd modes in Fig. 5.8c the out of
phase behaviour of the modes becomes apparent by the spectral shift of the emission
lines. Note that the labelling of even and odd modes is arbitrary. To highlight, that
we cannot distinguish between even and odd modes in the usual real space measure-
ments, we plot in the central panel of Fig. 5.8c the sum of the even and odd mode’s
spectral intensities. While we can clearly identify the strongest even and odd modes,
the weaker modes are not visible in the sum spectrum. For example, the broad peak
of the highest order even mode spectrally overlaps with the much weaker highest or-
der odd mode, and thus this odd mode is not discernible in the sum spectrum. This
suggests that imaging the emission spectrum in the Fourier plane would allow a more
accurate identification of different Fabry-Pérot modes and thus would allow a more
certain determination of the group index.
Now, using an aperture in the secondary image plane the Fourier spectrum of either
the top or bottom end-facet can be recorded separately, see top and bottom panel
in Fig. 5.8b, respectively. As expected the modulation along the vertical direction
disappears. Here, the alignment of the nanowire along the spectrometer’s aperture
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allows us to identify the direction of emission from the nanowire. Placing an aper-
ture above the nanowire’s top end-facet shows a strong signal in the top half of the
spectrometer (top panel in Fig. 5.8b), whereas placing the aperture on the nanowires
bottom end-facet shows a stronger signal in the bottom half, see bottom panel in
Fig. 5.8b. This behaviour suggests a hemispherical emission, which is in contrast to
previous work where the nanowire’s emission was interpreted to be spherical [215].

5.3 Transverse mode structure

Even though the investigation of the longitudinal modes did not allow for a clear
identification of the lasing mode in plasmonic devices, the measured average group
index of the plasmonic devices suggested a plasmonic mode to be operating. In this
section we now try to further identify the operating plasmonic mode by measuring the
polarisation of the laser emission. We can then correlate the laser output polarisation
and its orientation relative to the nanowire with the electric field distributions of the
guided modes, discussed in Sect. 3.1.2, to identify the lasing mode character.

Figure 5.9 – Spectra (I) of photonic (a) and plasmonic (b) nanowire lasers excited at
about 2 times their respective thresholds. The solid curves represent the emitted light
polarised parallel to the nanowire axis and the dotted curves show the emitted light polarised
perpendicular to the nanowire axis. All curves are normalised to the maximum of the laser
emission (Imax).

In Fig. 5.9 we show a typical polarisation resolved lasing spectrum of the photonic and
plasmonic nanowire from Fig. 5.1, both excited at twice their respective thresholds.
Here, the solid curves show the laser emission polarised along the nanowire axis and
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the dotted curves represent the laser emission polarised perpendicular to the nanowire
axis.
Comparing the polarisation of both devices, we see that the photonic nanowire is
predominantly polarised perpendicular to the nanowire axis, whereas the plasmonic
device shows a strong polarisation along the nanowire axis. This difference in the
polarisation of the emitted laser light is a strong indication of the different transverse
lasing modes occurring in both devices. Following the discussion on the supported
waveguide modes in Sect. 3.1.2, the photonic lasing mode is most likely the TE01 mode
and the plasmonic lasing mode is either the HSP1 or HSP2 mode. However, by only
examining the scattered output light polarisation it is challenging to clearly identify
the underlying lasing mode. For example, the two HSP modes but also the HE11

modes have a strong electric field component along the nanowire axis, see discussion
in Sect. 3.1.2. Thus, measuring the laser output polarisation only allows us to explore
which kind of transverse modes are responsible for the laser operation. To completely
identify the lasing mode a sophisticated ‘head-on‘ measurement becomes necessary,
which allows imaging the different electric field distributions [63, 132].

Figure 5.10 – Ratio of the emitted laser polarisation parallel (bottom half) and perpen-
dicular (top half) to the nanowire axis plotted against the nanowire diameter for several
measured photonic (a) and plasmonic (b) nanowoire lasers.

Now, we further verify the nature of the transverse lasing modes by comparing the
laser output polarisation for the set of measured nanowire devices shown in Fig. 5.3.
In order to compare the laser output polarisation of these devices we measure the
light polarised parallel (‖) and perpendicular (⊥) to the nanowire axis and calculate
the polarisation ratio using (⊥− ‖)/(⊥+ ‖). Hence, a positive ratio indicates a pre-
dominant light polarisation perpendicular to the nanowire axis and a negative ratio
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a light polarisation parallel to the nanowire axis. In Fig. 5.10a and b we show the
polarisation ratios of the photonic and plasmonic nanowire lasers, respectively.
For photonic nanowire lasers with diameters & 200 nm we mostly observe a positive
polarisation ratio which again suggests the TE01 mode to be operating. Note that
in nanowires with these thickness also other modes are supported which might also
show weak laser emission. However, as the TE01 mode has the largest feedback it is
the dominant mode and other modes can usually not be observed in spectral mea-
surements. We discuss the possibility of other modes to be lasing later in Sect. 6.2.1.
Now, nanowires with diameters smaller than ≈ 190 nm show a laser output polarisa-
tion orientated parallel to the nanowire axis, see Fig. 5.10a. Note in the transition
region between 190nm to 200nm no clear polarisation trend is observed. The change
of laser output polarisation from perpendicular to parallel with decreasing nanowire
diameter suggests a switching of the transverse laser mode and agrees well with the
mode calculations shown in Fig. 3.3. These showed that the TE01 has a cut-off for
nanowire diameters smaller than ≈ 190 nm and that for thinner nanowires only the
HE11 mode is supported. This observation is consistent with the literature suggesting
that the TE01 mode has a larger feedback and thus is more favourable of showing
lasing emission [63, 131, 132]. Thus, the ambiguity in the transition region could be
related to the nanowire end-fact quality. In this work no lasing from nanowires with
diameters thinner than 150nm was observed; similar to the expected mode cut-off of
the HE11 mode which was calculated to be around 130nm.
In contrast, the plasmonic nanowires show independent of their diameter a polarisa-
tion parallel to the nanowire axis down to diameters of 120nm which agrees well with
the expected HSP1 or HSP2 lasing modes. Note that the absolute value of the po-
larisation ratio also depends on the quality of the nanowire end-facets which explains
the stark fluctuations for both, photonic and plasmonic, nanowire lasers. Overall,
the comparison of the polarisation ratios confirms our earlier observation that in the
plasmonic case either the HSP1 or HSP2 mode are the operating laser modes. For
the photonic case the comparison also reveals a transition from the TE01 mode for
diameters & 200 nm to the HE11 mode for thinner nanowires.
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5.4 Preliminary studies

In this last section we are discussing the results obtained from two preliminary studies
which, even though the results have to be taken with care, might lead to a better
understanding of the internal processes in the here investigated nanowire laser devices.
However, to able to draw conclusions from these results more detailed measurements
are necessary.

5.4.1 Femtosecond versus nanosecond pumping

In the first study we compare the spectral response of ZnO nanowire devices when
excited with either a femtosecond (fs) or nanosecond (ns) laser pulse. In Sect. 3.4.5
we discussed the effect of a different pump pulse width on the lasing curve and found
an increase in the threshold energy density with increasing pulse width. Therefore, we
also expected the nanowire devices to show a larger threshold energy density under
nanosecond pumping.
As described in Sec. 4.2.1, the primary laser system used in this work had a nominal
pulse width of 150 fs. As a ns laser source we used a laser at our collaborator’s lab
which had a nominal pulse width of 7 ns and a repetition rate of 100Hz. Note that
the nanosecond pulse is significantly longer than the exciton lifetime in ZnO, thus
it is appropriate to assume that in this pumping scheme the system operates under
quasi-steady state conditions.
We begin the discussion with the measured laser response of a > 300 nm wide and
23 µm long photonic nanowire excited with the fs laser pulse (solid curve) and the ns
laser pulse (dashed curve), see Fig. 5.11a. From the laser spectrum above threshold
shown in Fig. 5.11a we can immediately observe two significant differences; a blueshift
of the laser emission of about 40meV and a broadening of the Fabry-Pérot laser lines
under fs pumping which both suggests higher losses. Interestingly, in a previous
study only a small blueshift with decreasing pump pulse width of about 10meV was
observed [166]. Intuitively, we would expect the larger repetition rate of the fs laser
system (800 kHz) to cause a spectral redshift of the laser emission due to heating of
the device, which leads to a decreasing bandgap. The here observed blueshift indicates
that the additional losses under fs pumping compensate this effect, however, the origin
of these losses needs to be investigated in future work.
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Figure 5.11 – a Spectral response of a > 300 nm wide and 23 µm long photonic nanowire
when excited with a fs (solid curve) and a ns pulse (dashed curve) at about twice the
corresponding laser threshold. b Lasing curve of the nanowire shown in a when excited with
a fs (open symbols) and ns pulse (closed symbols).

From the lasing curves in Fig. 5.11b we see that both devices require similar energy
densities to achieve laser threshold, where the fs pump pulse requires slightly less.
Note that in terms of power density the ns pulse has a significantly smaller threshold.
Now, from the larger slope of the linear light input-output curve above threshold it
becomes apparent that the ns pulse is indeed more efficient than the fs pulse, which
agrees with the observed spectral blueshift under fs pumping.

Figure 5.12 – a Spectral response of a > 300 nm wide and 24 µm long plasmonic nanowire
when excited with a fs (solid curve) and a ns pulse (dashed curve) at about 1.5x the corre-
sponding laser threshold. b Lasing curve of the nanowire shown in a when excited with a fs
(open symbols) and ns pulse (closed symbols).

Next, we show the laser response of a > 300 nm wide and 24 µm long plasmonic
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nanowire device again excited with a fs laser pulse (solid curve) and a ns laser pulse
(dashed curve), see Fig. 5.12. The spectral emission of the plasmonic device lies
between 3.18 eV (390nm) and 3.27 eV (380nm), which is in a similar regime as the
photonic device shown above in Fig. 5.11. From our discussion about the spectral
blueshift with decreasing diameter in Sect. 5.1.4 we know that plasmonic devices with
diameters larger than 170nm start to show photonic-like laser emission. Hence, this
devices lies well in the trend observed in Fig. 5.5.
Again, under fs pumping we can observe a blueshift of about 40meV, a broadening of
the Fabry-Pérot modes, and also a broadening of the general lasing response. Even at
1.5x the laser threshold the laser spectrum under ns pumping still shows clear Fabry-
Pérot lines, which is not the case under fs pumping. Here, the broadening of the cavity
modes leads to an spectral overlap of the modes making it difficult to distinguish
between different modes. For example, if we use the spectra shown in Fig. 5.12a we
find two different group indices of 9.2 and 5.1 for ns and fs, respectively. Even the fs
spectrum close to threshold only yields a group index of 6.2. While we might expect a
lower group index for this device, due to its photonic-like emission character, there is
clearly an ambiguity in the group index. This dependency of the group index on the
pumping conditions further highlights the difficulties in determining the lasing mode
from the group index, as discussed earlier in Sect. 5.2.1.
Comparing the threshold energy densities, we see that under fs pumping laser emission
begins at about 0.19mJcm−2 which is lower than under ns pumping, where laser
emission can only be observed above 1.40mJcm−2 under ns pumping. This agrees
well with our discussion in Sect. 3.4.5, where we discussed an increase of the threshold
energy density with pump pulse width, and the results reported by Ref. [166].
The here observed results indicate that under fs pumping the devices require lower
energy densities to achieve laser threshold, however the differences in the lasing curves
suggest more efficient pumping of the ns pulse. This is further supported by the much
sharper cavity modes observed under ns pumping. However, to verify this finding a
more detailed study is required in future work.

5.4.2 State filling under high pumping conditions

In our last study we investigate state filling effects in the plasmonic laser devices
when excited far above threshold. In Fig. 5.4 we observed that the lasing spectra of
thin nanowires not only show a strong blueshift compared to thicker and photonic
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nanowire lasers, but also a broadening towards the high energy side at high pump
intensities. Even though thicker nanowires show a spectral broadening towards lower
energies, the overall emission shape is symmetric with Farby-Pérot modes appearing
on the high energy side. Conversely, thinner plasmonic nanowires usually show an
asymmetric peak with a smooth decay on the high energy side and a sharp intensity
drop on the low energy side. Furthermore, thin nanowires usually only show a single
or double lasing peak but no clear Fabry-Pérot modes.
In our earlier discussions we associated the blueshift and the broadening towards
higher energies with the increased plasmonic losses; thus, these devices require addi-
tional gain which is only available from higher states in ZnO’s conduction band.
The occupation of the conduction band states follows a thermal distribution and
can be described by a Fermi function [76]. Therefore, to verify that the smooth de-
cay on the high energy side of the lasing spectrum is indeed due to state filling we
fit the lasing spectrum (I) under strong excitation to a Fermi function of the form
I ∝ (e(E−µ)/kBT + 1)−1. Here, E is the energy, µ is the chemical potential, which
is defined as the difference of the quasi Fermi levels in the conduction and valence
bands [155], kB the Boltzmann constant, and T the temperature.
In Fig. 5.13 we use the Fermi function to fit the lasing spectrum of the 170nm wide
plasmonic nanowire from Fig. 5.4 under excitation at 4 times its threshold.

Figure 5.13 – Using a Fermi function to fit the lasing spectrum of a 170 nm wide plasmonic
nanowire excited at about 4x the laser threshold, verifying the state filling in plasmonic
nanowires.

The Fermi function converges at lower emission intensities and only starts to deviate
at higher emission intensities when the lasing peak becomes dominant. From the
fitting parameters we can extract the temperature of the excited states to about
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330K according to the ambient room-temperature measurements. The other fitting
parameter suggest a chemical potential of about 3.26 eV. At high pump densities the
large charge carrier density leads to a renormalisation of the bandgap as well as a
shift of the chemical potential to higher values [155, 167]. As both effects lead to an
opposite trend with increasing pump intensity it is difficult to predict the shift of the
chemical potential. Nevertheless, the fit of the Fermi function to the high energy side
of the laser spectrum verifies state filling effects in the plasmonic laser device. This
thermalisation of the population inversion, which leads to the thermal emission tail as
well as the spectral blueshift with increasing pump intensity might imply condensation
effects in these lasers [216–219].

5.5 Conclusion

This chapter verified the plasmonic lasing character of the metal based nanowire de-
vices as well as the operation of these devices close to the surface plasmon frequency.
The plasmonic effects of confinement and loss on the laser emission were highlighted
by comparing plasmonic nanowire lasers to their photonic counterparts.
Here, the photonic devices showed a similar lasing behaviour as previously reported
devices with clearly visible Fabry-Pérot modes and a lasing wavelength between
380 nm − 390 nm (3.27 eV − 3.2 eV), verifying the EHP gain mechanism in these de-
vices. In contrast, plasmonic nanowire lasers only showed Fabry-Pérot like peaks at
low pump intensities and in general showed laser emission at higher energies of up
to 3.4 eV (365nm); near the calculated surface plasmon frequency of the hybrid plas-
monic structure, see Sect. 3.1.3.
The general blueshift of the laser emission from plasmonic devices compared to pho-
tonic devices is due to the higher losses of the plasmonic cavity. The observed blueshift
of the plasmonic laser emission with decreasing nanowire diameter can be explained
by the decreasing overlap of the plasmonic mode with the nanowire. Thus, smaller
devices require more gain which is only available in higher states within ZnO’s con-
duction band. At the same time the spectral blueshift leads to an operation closer to
the surface plasmon frequency increasing the confinement further, but also increas-
ing the losses. Comparing devices measured on different samples revealed a material
dependent blueshift which could be related to the variation of the hybrid plasmonic
dispersion with material quality, see Sect. 3.1.3.
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Across all measured plasmonic devices the increased confinement compared to the
photonic devices became apparent in the smoother light input-output curve and the
smoother clamping of the spontaneous emission. The larger losses of plasmonic devices
lead to a broadening of the observed Fabry-Pérot peaks. This broadening, together
with an additional broadening due to fs pumping made it difficult to clearly identify
the transverse lasing mode from the longitudinal mode spacing. However, by measur-
ing the laser output polarisation the plasmonic character of the lasing mode could be
identified.
Despite the plasmonic mode character no laser emission of plasmonic devices with
diameters smaller than 120nm could be observed. A comparison of several plasmonic
nanowires did not reveal a significant increase in laser threshold with decreasing diam-
eter, suggesting no modal cut-off for thin nanowire lasers. However, for the photonic
devices, which have a known cut-off for diameters < 150 nm, also no increase in
threshold could be observed. Thus, an increase in laser threshold could be hidden in
the large threshold uncertainty caused by variations in the measurement conditions.
Interestingly, the observed blueshift with decreasing nanowire diameter also revealed
laser emission close to the exciton lines of ZnO. The proximity of the ZnO exciton
lines to the surface plasmon frequency of the hybrid structure could lead to cou-
pling of both. Therefore, the here observed blueshifted emission and the vanishing
of Fabry-Pérot modes at high pump intensities could be related to a coupled surface
plasmon-exciton state, despite the fact that at high pump intensities excitons should
be dissociated into an EHP.





Chapter 6
Dynamics of plasmonic ZnO
nanowire lasers

After determining the plasmonic lasing characteristics in chapter 5 and identifying
the effects of plasmonic confinement and loss on the laser emission, this chapter now
focusses on the temporal dynamics of these plasmonic laser devices. The temporal res-
olution of conventional techniques, such as streak cameras, is not sufficient to measure
the Purcell enhanced dynamics of plasmonic devices and to this end, a novel double-
pump technique, introduced in chapter 4, is used. Measuring the time-integrated
response of the devices under double-pump excitation then gives information about
ZnO’s material dynamics. Insight into the dynamics of gain formation in ZnO as well
as the output pulse width of these devices, is obtained by resolving the double-pump
response spectrally.
Following the same strategy as in chapter 5, the laser dynamics in plasmonic devices
are highlighted by a direct comparison to photonic devices. Also, first the diameter
dependence of the laser dynamics from all measured devices are compared together,
and then, to investigate the material dependency of the laser dynamics, each sample
is compared separately.

6.1 Time-integrated response

In Sect. 4.3 we already discussed the expected time-integrated response for varying
time delays τ between the two pump pulses, and the information we can obtain from
the measured signal. Prior to discussing the experimental results, we describe the ex-
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pected output of a laser when excited with two different pump pulses. This discussion
will help us to further understand the physics of the double-pump technique. Note
for this discussion we are neglecting internal dynamical processes and only consider
the output relative to the laser curve. To this end, we begin with a schematic of a
lasing curve and indicate the position of the weak (P1

in) and strong (P2
in) pump pulse

relative to the lasing curve with arrows, see Fig. 6.1. The individual output responses
corresponding to the excitation with the weak and strong pump are P1

out and P2
out,

respectively.

Figure 6.1 – Schematic of a light input(Pin)-output(Pout) curve and the relative positions
of the weak (P1

in) and strong (P2
in) pump pulse, as used in double-pump experiments. The

sum of both pump pulses is marked as P1+2
in = P1

in + P2
in. Due to the nonlinearity of the

laser process P1+2
out 6= P1

out + P2
out

While for the two input beams P1+2
in = P1

in+P2
in, for the laser output P1+2

out 6= P1
out+P2

out,
due to the nonlinearity of the lasing curve. For large time delays between the pump
pulses we expect the time-integrated signal to be proportional to P1

out + P2
out, as both

pulses excite the device individually. For small time delays, τ ≈ 0 ps, when both
pump pulses merely produce a single response, the output will be on the order of
P1+2

out . Thus, with decreasing time delay the output signal increases from P1
out + P2

out

to P1+2
out . Because the weak pump can only generate spontaneous emission, which

decays much slower than stimulated emission, the shape of time-integrated signal is
asymmetric, as shown in Fig. 4.8. And only, if P1

in = P2
in, does the time-integrated

signal become symmetric. Note as we are neglecting internal dynamical processes
P1+2

out is not the output at tmax, observed in in Fig. 4.8. In fact, P1+2
out is in most cases

smaller than the output at tmax.
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In the measurements we use a Lock-In amplifier, which outputs the difference signal
between the laser response under double-pump excitation and under single strong
pump excitation. If we then normalise the measured Lock-In signal (∆Pout) to the
strong pump signal (Pout) and assume a near linear response above laser threshold,
then P1+2

out and P1
out + P2

out are related to the ratio of the pump pulses, and are nearly
independent of the strong pump pulse power. In particular for devices with large
spontaneous emission factors, as for these devices the slope below and above thresh-
old become similar.
Figure 6.2 now shows the normalised differential time-integrated response of the pho-
tonic and plasmonic laser devices presented in Figs. 5.9 and 5.2.

Figure 6.2 – The normalised differential double-pump response (∆Pout/Pout) of the pho-
tonic (a) and plasmonic (b) nanowire laser devices from Fig. 5.9 against time delay (τ) for
three different pump energy densities. c, d Laser light-output (Pout) versus pump intensity
(Pin) for the plasmonic and photonic nanowires, both normalized to their threshold values
(P (th)

out and P (th)
in ). The values for x0 are obtained by fitting the curves with the model used

in Ref. [213]. The vertical arrows (labelled i, ii, and iii) show the strong (solid) and weak
(dashed) pump powers, used to generate the responses given in a and b, relative to the
lasing curve of each nanowire. Typically the strong pump pulse is near threshold P (th)

in for
situation iii, 1.5× P (th)

in for situation ii, and 2× P (th)
in for situation i.
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For the double-pump measurements we fixed the strong pump to weak pump ratio to
5:1 and measured the laser response for three different strong pump intensities (Pin),
labelled i, ii, and iii. The power of the strong pump pulse for these three measure-
ments is in case i at about twice the laser threshold (2 × P

(th)
in ); in case ii around

1.5× P (th)
in ; and in case iii around P (th)

in .
To adjust the strong pump to weak pump ratio, we first excite the nanowire with a
weak strong pump far below threshold and record the photoluminescence spectrum.
Then, we excite the nanowire with the weak pump such that the intensity of the
emission spectrum is at a fifth of the value when excited with only the strong pump.
The relative position of the three strong pump and weak pump powers on the lasing
curve is shown in Fig. 6.2c and d for the photonic and plasmonic devices, respectively.
Comparing the signal levels around τ ≈ 0 ps and τ � 0 ps, then for the plasmonic
device these are in all the three cases, i, ii, iii, similar, as expected from the above dis-
cussion. For the photonic devices we can only compare the signal amplitude around
τ ≈ 0 ps, due to the slower signal decay. However, these also do not change signifi-
cantly.
Next, we focus on the temporal evolution of the signal. The time integrated response
of the plasmonic device shows at negative time delays (τ < 0) a clear accelerated
spontaneous recombination, evident from the much faster decay of Pout compared to
the near flat response of the photonic device. While we can clearly observe an acceler-
ation of the spontaneous emission in the plasmonic device, it is difficult to quantify a
decay time. This is due to a combination of slow decay and limited temporal range of
the measurement setup, and also due to the shallower non-linear light versus pump-
curve of the plasmonic device compared to the photonic device. Therefore, from the
comparison of the photonic and plasmonic response, we can only assume a larger
Purcell factor in the plasmonic case, but cannot determine a value.
The enhanced spontaneous recombination in the plasmonic device becomes even more
apparent for positive time delays (τ > 0), where after-pulsing from the weaker pump
pulse persists for less than a 10th of the time scale with respect to the photonic de-
vice; for example comparing the decay of 122ps for the photonic device to a decay
of 10.6 ps for the plasmonic device in case i. However, it remains difficult to quantify
the Purcell effect as the exponential decay of Pout for positive time delays is related
to a combination of both, spontaneous and stimulated emission.
Interestingly, the double-pump responses in Fig. 6.2a and b become faster with de-
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creasing pump energy density. This is in contrast to the decay for negative time delays
which remains nearly constant for all three pump energy densities; indicated by the
grey lines, which have the same slope in all three cases. The decay for negative time
delays is only related to the energy density independent spontaneous emission decay,
and is therefore expected to be nearly constant. The decay for positive delays is re-
lated to a combination of both, spontaneous and stimulated emission, and therefore
the varying decay might on first sight be counter intuitive. However, we note that the
ratio of pump intensities is fixed to 5:1, so both pump pulses change intensity here.
Consequently, a second output pulse becomes less sustainable for larger time delays,
leading to an apparently faster double-pump response. A more reliable indication of
the accelerated plasmonic laser dynamics is the peak response time, tmax.
From Fig. 6.2 it is apparent that tmax is fairly constant for the various pump inten-
sities and indeed even for various devices, see Sect. 6.5. Also, from the discussions
in Sect. 4.3 we know that the maximum in output indicates the optimal use of both
pump pulses and this suggests that the absorption recovery follows the first output
pulse, see Fig. 4.8. tmax is therefore an indication of the gain recovery time and it
also indicates when the first pulse is terminated. Therefore, tmax puts an upper limit
on the pulse width. Remarkably, the plasmonic laser reaches tmax much earlier than
the photonic device. This places an upper limit on the first output pulse width of the
plasmonic laser at τp < 1.9 ps, whereas the photonic laser’s pulse width has an upper
limit in the region of τp < 12.5 ps. Clearly, this further highlights the accelerated
emission dynamics in plasmonic devices.

6.1.1 Pump pulse interference

The theoretical calculations of the expected time-integrated response, shown in Fig. 4.8,
predict a strong oscillation around τ = 0 ps, caused by the strong interference of the
two pump pulses. In the measured signals shown so far usually only a dip in the signal
around τ = 0 ps could be observed, because of the relative low resolution used in these
experiments. While the used resolution is sufficient to observe tmax and ensures a rea-
sonable measurement speed, it does not allow us to observe this interference signal
in detail. Therefore, to observe the pump pulse interference, we measure the time-
integrated response around τ = 0 ps with a temporal resolution of 6 fs, see Fig. 6.3.
Now, the time-integrated response clearly shows a strong oscillatory behaviour, which
peaks at τ = 0 ps, as we expect from our numerical simulations. In fact, it is this



128
Chapter 6

Dynamics of plasmonic ZnO nanowire lasers

interference behaviour which allows us to determine the zero time delay point.

Figure 6.3 – Measurement of the time-integrated signal (∆Pout/Pout) around zero time
delay with a temporal resolution of 6 fs.

In Fig. 6.3 we also show a fit to the measured signal using an envelope function.
Interestingly, for the upper envelope we find a full width at half maximum (FWHM)
of 450 fs, whereas the lower envelope shows a FWHM of 640 fs. The reason for this
difference is the nonlinearity of the light input-output response of the laser. If we
assume a near linear laser response above threshold, then in the case of constructive
interference of the two pump pulses, we expect a linear response from the system. In
the case of destructive interference, however, the signal response is nonlinear. Thus,
the FWHM of the upper envelope is indicative of the coherence time of the system,
whereas the width of the lower envelope is rather related to the pump pulse width.
However, due to the mentioned nonlinearity of the laser response we cannot accurately
determine the pump pulse width from this measurement. Therefore, we use the
average of both to obtain an estimate of the input pulse width of about 270 fs.

6.2 Diameter dependent temporal decay

We now further investigate the stimulated emission dynamics as a function of diam-
eter, and to this end we discuss the time-integrated response at positive delays for
several photonic and plasmonic nanowires. Plotting the exponential decay time, τi,
of the time-integrated response from nanowires pumped at twice their laser threshold
against the nanowire diameter allows us to discuss the effects of confinement and loss
on the lasing dynamics, see Fig. 6.4. Despite its slower decay, we chose to compare
the decay at twice the laser threshold, as it shows a much better signal-to-noise ratio
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than the decay at lower pump densities, and therefore allows a better comparison
between different devices.

Figure 6.4 – Double pump decay time τi against device diameter for all measured photonic
(a) and plasmonic (b) devices. The trend lines were obtained using an exponential fit.

From the comparison of all photonic devices it is difficult to reveal a clear trend of
the emission dynamics with varying nanowire diameter. Nevertheless, we highlighted
two possible trends by separating the devices into fast (τi < 100 ps) and slow devices
(τi > 100 ps). Here, we used an exponential fit to obtain the trend lines, in Fig 6.4.
Both trends indicate a decrease in decay time with decreasing diameter. However, the
slow devices show a sudden decrease of τi around diameters of 190nm, which cannot
be seen for the faster devices.
For the plasmonic devices also no clear trend can be identified. Again, using an ex-
ponential fit suggests a possible acceleration of the plasmonic devices with decreasing
nanowire diameter.
A comparison of the spectral blueshift with decreasing nanowire diameter between
various samples in Sect. 5.1.4 revealed that the different observed trends are related
to a variation in material properties between different nanowire batches and sample
substrates. Thus, the large spread of the measured temporal dynamics of all devices
again could be related to a dependency on the material properties. Therefore, to
rule out any material quality effects in the time-integrated response, we only compare
photonic and plasmonic nanowire lasers from the same growth batch.
In Fig. 6.5 we first compare photonic and plasmonic lasers from one selected sam-
ple and then in Fig. 6.6 we compare more samples. The comparison of all devices
suggested some exponential trends, and we therefore plot the decay time on a loga-
rithmic scale. The temporal trends with decreasing nanowire diameter are highlighted
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by broken lines.

Figure 6.5 – Comparison of the double-pump decay time τi of different plasmonic (closed
circles) and photonic (open circles) nanowire lasers, pumped at twice their respective thresh-
olds. The trend of the temporal response with changing nanowire diameter is indicated by
the broken lines. Note that the jump in the temporal response of photonic lasers is accom-
panied by a change in the laser output polarisation.

Indeed, by plotting τi only for one sample much clearer trends become apparent. The
fact, that we can only observe a clear trend in the laser dynamics for the individual
sample, suggests a large sensitivity to material parameters and experimental condi-
tions. In contrast, in Sect. 5.1.4, even by comparing all measured devices, we could
observe clear trends in the spectral blueshift of the laser emission
Now, we first look at the trend of the plasmonic devices in Fig. 6.5. For decreasing
diameters, we can observe a decrease in the decay time, which reaches a minimum at
about 2 ps for the smallest device. In Sect. 5.1.4 we discussed the spectral blueshift
of the laser emission with decreasing nanowire diameter; with the emission from the
thinnest devices approaching the surface plasmon frequency. Thus, the here observed
acceleration of the optical processes is most likely related to a laser operation closer
to the surface plasmon frequency, where confinement and loss become maximal.
In contrast, the photonic devices show a more complicated behaviour. Thick nanowire
lasers show lasing dynamics of about 100ps much slower than any plasmonic device.
With decreasing nanowire diameter the laser dynamics become even slower until at di-
ameters around 190nm a sudden acceleration of the lasing dynamics can be observed.
With further decreasing diameters the devices again become slower approaching de-
cay times of about 100ps.
Interestingly, the jump in the photonic devices’ temporal laser dynamics at diameters
of about 190nm is accompanied by a change of the laser output polarisation. Here,
the polarisation changes from an orientation perpendicular to the nanowire axis for
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device diameters larger than 190nm to an parallel orientation for thinner devices.
Hence, in combination with the mode calculations from Sect. 3.1.2 and the discussion
on the laser output polarisation in Sect. 5.3, the here observed polarisation and tem-
poral behaviour suggest a switching of the laser modes; from the TE01 mode for thick
nanowires to the HE11 mode for thinner nanowires. Furthermore, the decrease in the
lasing dynamics prior to the jump and with decreasing nanowire diameter after the
jump can be attributed to the loss of mode confinement, occurring when the lasing
mode reaches cut-off. This is further emphasized by the fact that no laser emission
was observed from devices with diameters < 150 nm.

Figure 6.6 – Double pump decay time τi against device diameter, d, for four nanowire
batches. On each sample photonic (open symbols) and plasmonic (closed symbols) nanowires
originate from the same growth batch. Sample 1 (a) and Sample 2 (b) are the same ones
as shown in Fig. 5.6. The plasmonic devices in Sample 2b (c) were transferred on the same
plasmonic substrate as Sample 2, but originate from a different growth batch. The two
devices from Fig 6.2 are from Sample 3 (d).

Now, that we identified the two different lasing modes, we see that the HE11 mode
shows in general faster laser dynamics than the TE01 mode, but is still slower than
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the plasmonic lasing mode.
The above discussion of the laser dynamics of photonic and plasmonic devices only
focussed on one set of nanowires from the same growth batch. While we chose that set
due to its clear trends, we also measured other nanowire growth batches on different
photonic and plasmonic substrates. In Fig. 6.6a and b, we compare Sample 1 and 2,
which are the same two samples as in Fig. 5.6. Additionally, in Fig. 6.6c we compare
a third nanowire growth batch, which was measured on the same plasmonic substrate
as Sample 2 from b, hence the label 2b. For completeness, Fig. 6.6d shows the same
devices as discussed above in Fig. 6.5.
Comparing all the samples, we can clearly identify trends for the different samples,
highlighted by the dashed lines, which further verifies the high sensitivity of the tempo-
ral measurements on the material parameters. Furthermore, the temporal behaviour
of the plasmonic devices on all samples highlights the correlation of the spectral
blueshift and the accelerated lasing dynamics with decreasing nanowire diameter.
In Fig. 5.6 we saw that the laser emission of nanowires on Sample 1 with diameters
≤ 150 nm did not surpass ZnO’s A and B exciton lines. Instead, for thinner diam-
eters the laser emission seemed to redshift. The emission from devices on Sample 2
instead, showed a continuous blueshift surpassing the C exciton line. Comparing the
laser dynamics from these two samples, we can observe a similar behaviour. The plas-
monic devices in Sample 1 show the expected acceleration of the laser dynamics with
decreasing nanowire diameter, however for diameters around 140nm the dynamics
start to become slower again. In contrast, the plasmonic devices of Sample 2 become
faster and faster with decreasing nanowire diameter.
In Sect. 5.1.4 we related the differences in the spectral behaviour of Samples 1 and
2 to the material dependent surface plasmon frequency, which can also explain the
different trends in the measured laser dynamics. Comparing nanowires of the same
diameter, but measured on a different sample, then these devices operate either closer
or further away of the relative surface plasmon frequency, and thus experience a dif-
ferent acceleration of the laser dynamics. While this is one possible explanation of
the different observed trends, it is also possible that for example the thin plasmonic
devices on Sample 1 approach a mode cut-off. Even though no substantial increase
in laser threshold with decreasing device diameter could be observed for this sample,
see also Fig. 5.3. This latter argument would then suggest that the plasmonic lasing
mode is the HSP2 mode which has a cut-off around nanowire diameters of 100nm.
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Another effect, which we have not discussed yet, are many body effects. With de-
creasing nanowire diameter, and thus an operation closer to the surface plasmon
frequency, the optical confinement increases. This then leads to an increasing charge
carrier concentration in the plasmonic devices, which increases the probability of many
body effects. In Sect. 4.3.4 we discussed that these can also cause an acceleration of
the observed laser dynamics.
Despite the reason for the here observed acceleration of the plasmonic laser dynamics
with decreasing diameter, there is clearly a relation to the spectral blueshift of the
laser emission.
Now, comparing Samples 2 and 2b, again the plasmonic devices show a clear accel-
eration of the laser dynamics with decreasing nanowire diameter. In contrast, the
photonic devices become slower with decreasing nanowire diameter, which is in good
agreement with the devices on Sample 3, see Fig. 6.5. Similar to the photonic de-
vices shown in Fig. 6.5, the photonic devices in Sample 2 show a jump in the laser
dynamics, which is accompanied by a change in the laser output polarisation. This
polarisation change further verifies the switching of the laser modes, as discussed ear-
lier. Interestingly the photonic devices on Sample 2b do not show such a behaviour.
For these devices the laser dynamics continuously decreases, and all devices show a
laser output polarisation along the nanowire axis, suggesting the HE11 mode to be
lasing throughout. The only exception is an about 210nm wide nanowire, marked by
a cross, which shows a laser output polarisation perpendicular to the nanowire axis.

6.2.1 Time-integrated response from thick nanowires

The time-integrated measurement of the photonic nanowire shown in Fig. 6.2 reflects
a typical photonic nanowire response; however, for some thicker nanowires we observe
a variation to this response as shown in Fig. 6.7b.
For negative time delays the response shows the typical flat behaviour, we expect
from a photonic nanowire, and only for positive delays does the response show an
atypical behaviour. While we would expect a constant or small increase in the signal
until tmax, this device shows an immediate fast decay (τ ′) of the response. The output
signal then increases again and reaches a local maximum at tmax = 13.9 ps before it
then starts to slowly decay again (τ).
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Figure 6.7 – Light input and output curve (a) and time-integrated response (b) for a
≈ 214 nm wide photonic nanowire laser. In b τ ′i is the first decay time and τi is second decay
time.

Interestingly, the initial fast decay time, τ ′, becomes slower with decreasing pump
intensity, whereas the slow decay, τ , becomes faster, such that for low pump intensities
tmax is only apparent as a saddle point in the time-integrated response. While it is
not clear which process causes this double decay, we assume that it is related to two
different lasing modes supported by thicker nanowires.
From the mode calculations shown in Fig. 3.2, we know that for these nanowire
diameters TE01 and HE11 modes are supported and most likely compete for gain.
Due to different reflection of the modes at the nanowire end-facets usually only one
mode can achieve sufficient gain to become the lasing mode [63, 131]. This has also
been verified by the polarisation measurements where usually only one mode was
observed, see Fig 5.10.
Now, in the double-pump measurements at small time delays, the intensity of both
beams simply adds up such that the nanowire can be excited much higher up its
lasing curve. In this situation the pump intensities of both beams together might be
sufficient to excite a second mode above threshold. This might also explain why the
fast decay is more pronounced at high pump intensities and short time delays.
We showed in Fig. 6.6 that the HE11 mode usually experiences faster laser dynamics
than the TE01 mode, which might explain the significantly different decay times in
Fig. 6.7b. Furthermore, the here shown nanowire has a diameter of around 214nm.
This is close to region where the TE01 mode reaches its cut-off and the HE11 starts to
be the operating laser mode, which further explains the significantly different decay
times. This observation suggests that in the transition region both the TE01 and HE11



Section 6.2
Diameter dependent temporal decay 135

mode can be supported.
In Fig. 6.8 the two decay times of thicker devices from Sample 1 and Sample 3 are
plotted. Note that devices on the other samples did not show such double decays,
which might indicate that the observation of the double decay is also related to the
material properties.

Figure 6.8 – Some plasmonic devices on Sample 1 (a) and some photonic devices on Sample
3 (b) showed two decay times τi. The triangles represent the decay times not shown in
Fig. 6.6.

For the plasmonic devices in Fig. 6.8a a double decay can only be observed for diam-
eters above 150nm. This suggests that either the other HSP mode starts lasing or
the HE11 mode, which has a cut-off around 150nm. In either case, the much slower
second decay follows the same trend, an acceleration with decreasing diameter than
the faster decay. Here, one possible reason for the observed mode competition in these
devices could be a spacer layer which was thicker than the aimed 10 nm.
For the devices in Sample 3 only some photonic devices showed a double decay, which
all follow the trend of the HE11 modes. Interestingly, also two devices with diameters
< 190 nm show a double decay. As in this diameter region only the degenerate HE11

modes are supported, it is most likely that the observed double decay relates to these
the HE11a and HE11b modes. However, to verify these observations a more elaborate
study on this double decay becomes necessary. For example, to investigate the ef-
fect of the substrate, a similar diameter dependent study with devices from the same
nanowire growth batch, however on a different substrate could be performed. To iden-
tify, if a poor nanowire quality is responsible, x-ray diffraction as well as transmission
electron microscopy measurements on nanowires are necessary [63].
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6.3 Signature of two output pulse interference

The interference of the two pump pulses was identified as strong oscillations in the
time-integrated response of a nanowire laser, as shown in Fig. 6.3. In Sect. 4.3 we
stated that for small positive time delays, τ > 0, between the two pump pulses two
output pulse can be formed. In contrast to the two pump pulses, which spatially
and temporally interfere at the position of the nanowire, the interference of the two
output pulses cannot be observed in the time integrated response. With the 800 kHz
repetition rate of our pump laser, we can only measure the average of all output
pulses in the temporal integration window, and due to small phase differences between
consecutive pulses, this averaging removes any interference in the time-integrated
response. But, due to the spectral stability of the laser pulses we can observe their
interference when resolved spectrally. Indeed, recording the emitted laser output
against the time delay τ we observe a modulation of the laser output spectrum, see
Fig. 6.9.

Figure 6.9 – Normalised spectral intensity I/Imax against photon energy for time delays
between the two pump pulses ranging from 0 ps to 4 ps in steps of ≈ 130 fs. For this mea-
surement the same nanowire as in Fig. 5.9b was used

Here, we present the modulated spectrum measured at twice its lasing threshold (sit-
uation i) from the same nanowire as shown in Figs. 5.9b and 6.2b. We normalised
each spectrum I to its maximum value, Imax, to allow for a better comparison of the
modulation with increasing time delay τ . For small time delays (τ . 0.3 ps) the effect
of the input pulse interference is still apparent as only a small peak around 378nm
is visible. With increasing time delay the spectrum "recovers", and at τ ≈ 0.6 ps it
becomes similar to the spectrum under single pump excitation, see Fig. 5.9b. Increas-
ing the time delay further, to about 1.3 ps, we can identify the onset of modulation,
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which shows a decreasing modulation period with increasing time delay, as we expect
from Eq. (4.4). However, due to the limited resolution of the spectrometer of about
0.14 nm, the modulation becomes less distinct for larger time delays around 4 ps. Fur-
thermore, with increasing time delay a shift of the spectrum to lower energies can be
observed, indicating a decreasing effect of the second pump pulse on the laser output
spectrum.
As discussed in Chap. 4, at small time delays the weak and strong pump pulses simply
add, acting as one strong incident pump. The observed spectral blueshift for small
time delays, is therefore related to the blueshift at larger pump intensity, as discussed
in Sect. 5.1.3. With an increasing time delay the two pump pulses eventually excite
the nanowire incoherently, leading to the observed redshift of nanowire laser emission.
Now, following the approach from Sect. 4.4 we plot the differential spectral intensity
∆I(ω)/I0 against wavelength λ and time delay τ using Eq. (4.5), see Fig. 6.10.
Here, I0 is given by the double-pump spectrum at a time delay of τ = 0.6 ps, which
corresponds to the spectrum under excitation with two separate pump pulses. De-
spite a weak pump pulse of just a fifth of the strong pump’s intensity, we observe
a maximum differential spectral intensity ∆I(ω)/I0 ≈ 2. From Eq. (4.5) we expect
only a maximum of 0.4, however, due to the non-linearity of the laser process this
value can be significantly larger, see also Fig. 6.1. In fact, the observed maximum
differential spectral intensity suggests a second output pulse of similar intensity to
the first output pulse.

Figure 6.10 – Spectrally resolved differential spectral intensity ∆I(ω)/I0 against time delay
τ . The two top panels show ∆I(ω)/I0 at 2 ps (left) and 3.1ps (right) over the same spectral
range as the main panel.

As already discussed for the previous figure, we can see a redshift of the laser emission
and a decrease in the modulation period with increasing time delay. To highlight
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the decreasing modulation period, we show in the two top panels of Fig. 6.10 the
differential spectral intensity at 2.0 ps (left panel) and at 3.1ps (right panel). While
the spectral modulation of the laser output clearly verifies the existence of two output
pulses, which are temporally separated, it is difficult to quantify the real output pulse
separation and its dependence on the pump pulse delay from this figure. Therefore,
we Fourier transform the spectra into the coherence domain to obtain more insight
in to the temporal behaviour of the two output pulses.

6.4 Temporal dynamics of two laser output pulses

Remarkably, when the differential spectral intensity ∆I(ω)/I0 from Fig. 6.10 is Fourier
transformed to the coherence domain we recover sidebands following a linear trend,
indicated by the white line in Fig. 6.11.

Figure 6.11 – Fourier transform of the spectral intensity from Fig. 6.10 against pump
pulse delay τ . The white trend line follows t = τ − τon ≈ τm, indicating a turn on time of
τon = 1.1 ps. The inset shows the amplitude decay of the Fourier transform along the white
trend line. The presented data in this figure correspond to measurements at the highest
pump power (situation i), shown in Fig. 6.2b.

As described in Sect. 4.3, we attribute this trend to the relationship between pump
and output pulse delays, which is described by τm = τ − (t1− t2) (Eq. (4.2)), see also
Fig. 4.7b. From the simulations of the double-pump measurements in Sect. 4.3, we
know that the delay between the strong pump pulse and the first output pulse (t1)
is much greater than the delay between the weak pump and the second output pulse
(t2). This is because the first pump pulse must initially create an inversion, and hence
t1 � t2. Therefore, t1 ≈ τon, which is the time taken to establish the first output pulse,
and thus τon is also related to the gain formation time. Extrapolating the observed
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sidebands in the Fourier transform, we obtain a turn on time of τon ≈ 1.1 ps. In a
semiconductor such as ZnO, the gain formation is determined by the thermalisation of
charge carriers from the pump level to the upper laser level. In ZnO the thermalisation
time of the EHP is on the order of τtherm ≈ 1 ps [173]. Since EHP thermalisation
is solely dependent on the gain material, we expect τon to be independent of the
electromagnetic environment.
The measured sideband signal is proportional to a modified temporal convolution of
the two output pulses, as described by Eq. (4.6). Although this convolution restricts
explicit temporal pulse re-construction for each time delay, τ , it does indicate the
relative strengths of the two output pulses as a function of τ .
Figure 6.11, showing the Fourier transformed spectral response versus time delay, now
clearly highlights the three regimes discussed in Sect. 4.3.2. For τ & 0, no interference
is visible, indicating that only one output pulse is formed and all additional power from
the weaker pump pulses simply adds to the first output pulse, see Fig. 4.7a. With
increasing time delay we eventually observe interference, which becomes apparent
as the onset of the sideband modulation. With the earlier assumption t2 ≈ 0 this
indicates the formation of a second output pulse at τon = 1.1 ps, see Fig. 4.7b. For
τon ≤ τ ≤ tmax, the second output pulse forms and competes with the first output
pulse for gain. This is evident from the modulation visibility’s bi-exponential decay
with delay τ (inset of Fig. 6.11). The initial faster decay is related to the decay of
the first output pulse, whereas the slower decay corresponds to the second pulse’s
use of residual excited carriers. This decay at τ > tmax is indicative of the EHP
recombination time [164]. We emphasize that the transition from fast to slow decay
corresponds directly to the peak in the double-pump response, τ = tmax, observed
in Fig. 6.2b, where the second output pulse starts to dominate over the first output
pulse. Since τon ≈ t1 indicates the start of the first output pulse and tmax indicates
where it terminates, their difference, tmax− τon, suggests that this plasmonic laser has
a pulse width of τpulse ≈ 800 fs.
Now, for the photonic device from Fig. 6.2a the double-pump spectra evolve quite
differently with varying pump pulse delay. Here, the laser spectra show a time delay
independent modulation caused by the Fabry-Pérot modes, however, for small positive
delays we can still observe a weak interference effect. A Fourier transform of the
photonic’s spectra, indeed reveals a different temporal behaviour, see Fig. 6.12.
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Figure 6.12 – a Fourier transform of the modulated spectral intensity for the photonic
nanowire shown in Fig. 6.2a against pump pulse delay τ . The white trend line of slope 1
suggests a turn on time of τon = 1.6 ps. The data in this figure correspond to measurements
at the highest pump power (situation i), shown in Fig. 6.2a. b Fourier transform of the
photonic nanowire laser excited with a single pump pulse at twice its lasing threshold. The
grey dotted lines indicate the temporal positions of the observed Fabry-Pérot peaks.

For all time delays we can observe constant sidebands, which only shows some weak
disturbance for time delays larger than ≈ 1 ps. As these sidebands do not show any
dependency on the time delay, and appear at delay times even before a second out-
put pulse can be formed, they must be due to a constant modulation of the laser
spectrum. We verify this by a Fourier transform of the laser emission spectrum from
this nanowire under single pump pulse excitation at twice its lasing threshold, see
Fig. 6.12b. Here, we clearly observe peaks at similar time scales, t′, as the Fourier
transform of the double-pump response at small time delays. This explains why these
additional sidebands could not be observed in the plasmonic case, which does hardly
show any Fabry-Pérot peaks in its laser spectrum, see Fig. 5.1b.
Now, we focus on the weak disturbance of the sidebands for time delays τ > 1 ps.
Similar to the plasmonic device we can observe a linear trend. By extrapolating this
trend, indicated by the white line in Fig. 6.12, we can identify a turn on time of
τon = 1.6 ps. This turn on time is on the same order as for the plasmonic device, ver-
ifying the material dependent gain formation time. With this τon and the maximum
of the time integrated output of tmax = 12.5 ps, see Fig. 6.2, we can estimate the pulse
width of this photonic device to τpulse ≈ 10.9 ps.
This larger pulse width is a consequence of the lower optical confinement in photonic
devices, and the thus smaller enhancement of the laser dynamics compared to plas-
monic lasers (Sect. 6.2). Furthermore, the large pulse width of the photonic device
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also explains why we cannot observe distinct pump pulse dependent sidebands in the
Fourier transform. As the first output pulse persist for longer times, there is not suffi-
cient gain available for the weak pump pulse to form a strong second output pulse; at
least not in the 4 ps time window, which is defined by the spectrometer’s resolution.
The fact that we can still observe interference around τ ≈ 1.6 ps suggests, however,
some kind of gain competition between the two pump pulses, but which only seems
to last for a few picoseconds.
In Fig. 6.12a we indicated the linear trend of the weak sidebands with increasing time
delay by a white line, which, similar to the plasmonic device, follows τm = τ−(t1−t2).
However, here, for the photonic device the interference shows a much slower evolution
with increasing τ , which we attribute to the simplification of this trend. As discussed
in Sect. 4.3.2, we assume the pump pulse to output pulse delays t1 and t2 to be in-
dependent of time delay τ . The deviation from the trend line with slope 1 though,
suggests a time delay dependency of these times.
While we only presented the Fourier transformed double-pump responses of a selected
photonic and plasmonic device the observed responses reflect the general observation
of photonic and plasmonic devices.

6.4.1 Nanowire length dependency of the sideband modulation

Figure 6.13 – Nanowire length L against the peak spacing of the Fourier transform side-
bands ∆t′ for photonic (open circles) and plasmonic (closed circles) devices.

So far, we discussed the observed modulation of the constant sidebands, and found
that these are caused by Fabry-Pérot modes. However, also the sidebands caused by
the interference of two output pulses show a modulation and are visible in both, pho-
tonic and plasmonic, devices. In Sect. 4.5 we discussed that this kind of modulation
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in the sidebands can be modelled by third order dispersion.
In Fig. 6.13, we plot the spacing of the modulations peaks ∆t′ against the nanowire
length L.
Interestingly, we rather observe a linear trend for photonic and plasmonic devices
than a cubic trend with respect to time, which we expect from third order dispersion.
This suggest that the sideband modulation is caused by an effect different to third
order dispersion. A possible alternative could be after pulsing from the second output
pulse.

6.5 Estimation of the nanowire laser pulse width

In Sect. 6.2 we verified the accelerated laser dynamics in plasmonic devices by compar-
ing the photonic and plasmonic decay time of the measured double-pump response.
Besides the accelerated spontaneous and stimulated emission, we could also observe
a shorter tmax for the plasmonic device, see Fig. 6.2. As tmax indicates where the
second output pulse becomes maximal and the first output pulse terminates, the dif-
ferent values of tmax between the photonic and plasmonic devices already indicated
a much shorter pulse width for the plasmonic device. From the Fourier transform of
the spectral interference of the two output pulses in Sect. 6.4, we were then able to
identify the turn on time τon of the first laser output pulse. The difference of these
two time scales, tmax − τon, further allowed us to improve the estimated pulse width
for the photonic and plasmonic device from Fig. 6.2 to τp ≈ 10.9 ps and τp ≈ 800 fs,
respectively.

Figure 6.14 – Simulations of the internal laser dynamics under double pump excitation at
time delays τ = τon (a) and τ = tmax (b).
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To further visualise, that the the difference between tmax and τon is indeed related to
the pulse width of the output pulse, we show in Fig. 6.14 simulations of the double-
pump response at these time delays. For the simulations, τon is obtained from the turn
on time of the laser pulse under single-pump excitation and tmax from the maximum
of the time-integrated double-pump response, see Fig. 4.8.
Indeed, the simulations are backing our earlier observations that the difference tmax−
τon is related to the first output pulse width; under double-pump excitation τon is still
related to the turn on time of the first output pulse and at τ = tmax the first output
pulse is nearly terminated. Here, the simulation suggests an output pulse width of
1.2 ps, which, considering the simplified laser model, is close to the experimentally
determined output pulse width, see Sect. 6.4.
Now, with this verification of our interpretation of the difference tmax−τon as the out-
put pulse width, we investigate the behaviour of tmax and τon for the devices shown
in Fig. 6.4. By comparing the photonic and plasmonic devices, we observed a clear
dependency of the temporal dynamics on the nanowire diameter and on the electro-
magnetic environment. Therefore, we now discuss if the pulse width experiences a
comparable trend with varying diameter. Similar to our previous discussions we first
focus on all the devices and then compare the different samples separately. Further-
more, as the here used method for determining the pulse width is more qualitatively
than quantitative, we are showing in Fig. 6.15 both time scales, tmax and τon, sepa-
rately.

Figure 6.15 – Turn on time (open symbols) and tmax (closed symbols) for photonic (a) and
plasmonic (b) devices. The dashed lines indicate the average value of these times and from
their difference, tmax − τon the output pulse widths of these devices can be estimated.

Perhaps the most remarkable difference between photonic and plasmonic devices is the
time at which the second output pulse is maximized. On average t̄max = 2.1± 0.9 ps
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is consistently faster for plasmonic lasers than for photonic devices, which show an
average t̄max = 5.8± 2.9 ps for diameters d ≤ 190 nm and t̄max = 12.3± 6.6 ps for
d > 200 nm. These two different t̄max for the photonic devices agree well with the
jump in τi, we observed in Fig. 6.5, and which occurs at the transition between the
TE01 and the HE11 lasing mode. Besides this transition, we cannot observe a variation
of tmax with decreasing nanowire diameter for either photonic or plasmonic devices,
which is in contrast to the laser dynamics discussed in Sect. 6.2. The short tmax for
the thin photonic devices are consistent with the EHP decay time for ZnO [164]. The
longer tmax for larger photonic nanowire diameters could be caused by gain compe-
tition between the two supported modes [220, 221]. The much shorter time scale for
plasmonic devices again highlights the accelerated dynamics in these devices.
In contrast to tmax we cannot observe a transition of the turn on time of photonic
devices around 190nm. In fact, as already indicated in Sect. 6.4, the measured τon

for photonic and plasmonic devices are similar and do not show any dependency on
the nanowire diameter. Here, we find an average turn on time for both geometries
of τ̄on = 1.20± 0.34 ps. This independence on the electromagnetic environment of
the laser’s turn on time suggests that τon solely depends on the gain material and is
directly related to the gain formation time. The here found average τ̄on is on the same
order as reported EHP formation times of 1.5 ps [173], and confirms the reported EHP
gain mechanism in ZnO nanowire lasers [62,143,166].
From the difference of the average t̄max and τ̄on we can now estimate the average pulse
width of plasmonic devices to τ̄pulse ≈ 900 fs. The difference, tmax − τon, for photonic
lasers suggest much broader output pulses. Here, we find average pulse widths of
τ̄pulse ≈ 4.5 ps for d < 190 nm and τ̄pulse ≈ 11 ps for d > 190 nm.

6.5.1 Sample dependent laser pulse width

The above comparison of tmax and τon between photonic and plasmonic devices verified
the acceleration of the lasing dynamics in the plasmonic system, leading to shorter
output pulse widths. While for the plasmonic devices only a small spread of the mea-
sured values between different samples could be observed, for the photonic devices, in
particular for devices with diameters > 190nm, a large variation of the measured time
scales was observed. Therefore, we now compare these measured time scales for each
sample individually, in order to identify any material dependencies. Furthermore, in
Fig. 6.16 we directly compare photonic and plasmonic devices from the same sample,
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to further highlight the accelerated laser dynamics. Comparing the turn on time on
all samples separately, again highlights its independence of the electromagnetic envi-
ronment.

Figure 6.16 – tmax (circles) and τon (diamonds) of photonic (open symbols) and plasmonic
(closed symbols) devices measured on samples 1, 2, and 2b. The bottom dashed line always
indicates the average τon and the other lines indicate average tmax values for the plasmonic
and photonic lasers.

As for Sample 1 no photonic wires were measured, we can only compare tmax for var-
ious nanowire diameters. Interestingly, we observe a variation of tmax with changing
nanowire diameter, which follows a similar behaviour than τi, see Fig. 6.6a. No other
set of plasmonic nanowires showed such a dependency of tmax on the nanowire diam-
eter, suggesting devices of poorer quality; consistent with the earlier observation of
the double decay in Fig. 6.8a. In fact plasmonic devices on the other samples show a
relative constant, diameter independent tmax.
Now comparing the photonic devices, on all samples a tmax ≈ 5 ps for devices with
d . 190 nm can be observed. For larger devices, however, the average tmax between
samples varies, which explains the large spread we could observed in Fig. 6.15.
Also in the transition region, where the lasing mode changes, certain differences be-
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tween the samples can be observed. For example the devices on Sample 2 switch
the laser output polarisation for d < 200 nm, and the two devices with 200 nm >

d > 190 nm show a tmax between the two average values. In contrast, the devices on
Sample 3 switch the laser output polarisation for d < 190 nm. Interestingly, for this
sample the two devices with d ≈ 200 nm show a fast tmax, indicating an HE11 mode to
be operating, but laser emission from these devices is polarised perpendicular to the
nanowire axis, indicating a TE01 mode to be operating. Note that these two devices
do not show two time decays in the time integrated response. These differences in
the transition region highlight the sensitivity of the lasing mechanism on the material
quality.
In general, these observations confirm our interpretation of the different lasing mech-
anisms for nanowire laser devices with d & 190 nm. However, in the transition region
the trends are less clear analogue to the observation of the laser output polarisation
between device diameters of 190 and 200nm, see Sect. 5.3.

6.6 Conclusion

This chapter verified the contrasting dynamics of photonic and plasmonic devices
highlighting the benefits of plasmonic confinement for achieving ultrafast laser dy-
namics.
The clear acceleration of the plasmonic lasing dynamics, apparent from the decay at
positive double-pump delay times, highlights the effect of increased confinement and
losses occurring close to the surface plasmon frequency. In particular the correlation
between accelerated laser dynamics and spectral blueshift of the laser emission ob-
served in chapter 5 accentuate the operation of these plasmonic devices close to the
surface plasmon frequency.
In contrast, photonic devices decelerated with decreasing nanowire diameter, indicat-
ing the mode cut-off in these devices. In particular, the transition from the TE01 to
the HE11 lasing mode became apparent by a sudden change of the laser dynamics.
Thus, verifying the observations from chapter 5, where the mode transition was indi-
cated by a change of the laser output polarisation.
While the observed decay of the time-integrated double-pump response relates to
light-matter interaction processes, the time where this response becomes maximal,
tmax, indicates the gain recovery time of ZnO. Resolving the laser dynamics under



Section 6.6
Conclusion 147

double-pump excitation spectrally, lead to the observation of coherent artefacts, re-
vealing the existence of a second output pulse. Thus, the time where these artefacts
start to appear, τon, indicates the gain formation time of ZnO and the here measured
values agree well with values reported in the literature.
The difference between tmax and τon revealed sub-ps pulse widths of the plasmonic
devices; about ten times faster than their photonic counterparts. These ultrafast
dynamics of plasmonic devices show why conventional techniques, such as streak
cameras, could not be used to determine the plasmonic laser dynamics. Furthermore,
they highlight the strength of the double-pump technique, which is based on the non-
linearity of the laser process itself.
While tmax is significantly accelerated in plasmonic devices, τon remains constant de-
spite the electromagnetic environment. Thus, the time taken to establish laser action
solely depends on the gain material. Furthermore, tmax and τon are independent of
the nanowire diameter. Conversely, the emission from plasmonic devices becomes
faster with decreasing nanowire, apparent from the decrease of τi. This suggests that
recombination in plasmonic devices could potentially be too fast to allow the build-up
of a population inversion [75, 222], explaining why no plasmonic lasing was observed
in sub 120nm diameter wires.
For photonic devices, tmax shows a strong dependency on the nanowire diameter espe-
cially in transition region between the TE01 and the HE11 lasing modes. Interestingly,
devices operating in HE11 mode regime showed faster laser emission than devices op-
erating in the TE01 mode regime.
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This work approached the challenging task of realizing and characterising plasmonic
lasers operating close to the surface plasmon frequency. The study reported in this
thesis shows that the large metal losses close to the surface plasmon frequency are
surmountable, but exposes other limitations that were previously not apparent. In
particular, the strong confinement of surface plasmons leads to accelerated light mat-
ter interactions that prohibit the formation of a population inversion. Furthermore,
operating near the surface plasmon frequency reduces the overlap of the laser mode
with the gain medium, and thus pushes gain materials to their absolute limits. It
is pertinent to point out that only due to the large gain achievable within ZnO it
was possible to achieve lasing close to the surface plasmon frequency. Thus, it might
remain a challenge to achieve lasing near the surface plasmon frequency in other ma-
terial systems. Yet, the results of this work also show why this kind of research offers
a great opportunity to investigate new and enriching physics.
The final chapter of this thesis aims to assess the broader implications of the results
found in this study. It addresses potential applications both from the perspective of
fundamental physics and potential future applications. Furthermore, it evaluates the
general implications on the field of plasmonics and plasmonic lasers. But is also dis-
cusses the findings in the context of ongoing nanowire physics and their contribution
to this field. Finally, the chapter concludes with some proposals for future studies
and briefly assess the outlook for research in this specialist field of study.

149
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7.1 Conclusion

Identification of ultrafast plasmonic laser emission

In this thesis the feasibility of plasmonic laser operation close to the surface plasmon
frequency was demonstrated. Furthermore, by measuring the temporal laser dynam-
ics of these devices the acceleration of stimulated emission due optical confinement
was verified.
Ideally, the spectral measurements alone would have been sufficient to verify the oper-
ation of a plasmonic laser mode. The spectral emission and the lasing curves already
showed effects of plasmonic loss and confinement, and the polarisation measurements
suggested the operation of a plasmonic mode. However, the lack of distinct Fabry-
Pérot modes, a consequence of the ultrafast pumping and the increased plasmonic
losses, did not allow a conclusive determination of the operational mode. Yet, the
results from the temporal measurements, the accelerated laser dynamics compared to
photonic devices and the observation of two output pulses, strongly supported the
conclusions from the spectral characterisation. Thus, only the results from both, the
spectral and temporal characterisation together allowed a convincing demonstration of
plasmonic laser operation. From this general perspective these measurements verified
the operation of a plasmonic mode; however the results of this work also highlighted
the effects of a plasmonic mode on the laser operation.
For example, the increased confinement and loss, a consequence of such a plasmonic
mode, lead to an intricate interplay of a spectral blueshift of the laser emission and
an operation closer to the surface plasmon frequency, where plasmonic confinement
and loss become maximal. Consequently, this resulted in an operation close to the
surface plasmon frequency for the thinnest plasmonic nanowires. Furthermore, the
effect of strong confinement lead to the observation of accelerated light-matter inter-
actions in the temporal measurements. In fact, these temporal measurements verified
the conclusion of previous work on photonic lasers that increased optical confinement
accelerates stimulated emission, but now this was also verified for plasmonic laser
devices.
In this thesis acceleration of stimulated emission become apparent by a clear accel-
eration of the double-pump decay time with decreasing nanowire diameter and the
general faster operation of plasmonic lasers compared to photonic laser. Conversely,
photonic devices neither showed a spectral emission blueshift nor an acceleration of
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the laser dynamics with decreasing nanowire diameter. However, in contrast to the
spectral measurement the consequence of an operation closer to the surface plas-
mon frequency could in the temporal measurements only be observed by comparing
nanowire batches individually. Thus, suggesting that the temporal characterisation
is more sensitive to material quality than the spectral characterisation.
Despite the verification of plasmonic lasing and the acceleration of optical processes
through optical confinement in these devices, the temporal characterisation also re-
vealed an important limitation. Plasmonic lasers are consequently limited by the
internal gain formation time, which cannot be engineered by the Purcell effect. Fur-
thermore, this suggests that recombination in plasmonic devices could potentially be
too fast to allow the build-up of a population inversion [45, 222]. If it is possible to
overcome the limitation by internal relaxation processes in other geometries, has to be
investigated in the future. However, as optical confinement only accelerates emission
processes, it remains questionable if gain formation time can be accelerated, too.

Applications and research opportunities of plasmonic nanowire lasers

Several of the characteristics of plasmonic lasers, which were observed in this work
can be exploited in future applications or to investigate physical processes:

• The observed spectral blueshift with decreasing diameter would allow these de-
vices to be exploited as tuneable light sources. A similar use has been proposed
for other material systems [57, 165, 211]. However, to this end a better control
of material parameters is required, to ensure a controlled emission wavelength
with a certain nanowire diameter.

• For the thinnest devices the spectral blueshift lead to the observation of laser
emission close to both, the surface plasmon frequency and the exciton lines
of ZnO. Even though the gain originates from the EHP mechanism in such
devices, there can still be some residual Coulomb correlation between charge
carriers [156, 167]. Therefore, the laser emission, in particular from thinner de-
vices, could originate from a coupled plasmon-exciton-polariton state. However,
to further identify the emission characteristics and theoretical understanding of
such a coupled state more sophisticated numerical simulations are necessary.

• In the lasing curves of plasmonic devices the strong optical confinement lead to a
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reduced apparent kink around the laser threshold. Usually, this makes it difficult
to determine the laser threshold; however, in this geometry non-radiative effects
caused saturation of the laser emission around threshold, highlighting the laser
threshold. Nevertheless, by measuring the laser’s coherence it should be possible
to clearly identify the laser threshold of nanoscale lasers, even in the absence of
non-radiative effects.

• The operation of these devices close to the surface plasmon frequency leads to
highly localised emission and also strong optical mode confinement, which both
allow for new research opportunities. For example, in a recent work the strong
optical confinement in the gap between a ZnO nanowire and an Ag substrate
was exploited to increase the spontaneous emission from emitters placed in this
gap [35]. However, in this recent work, which reported a 60 fold spontaneous
emission enhancement, the devices operated away from the surface plasmon res-
onance, where optical confinement is lower. Thus, closer to the surface plasmon
frequency even larger spontaneous emission enhancement should be possible.
Alternatively, the highly localised light emission from these devices can be ex-
ploited in non-linear optics. To this end, either the non-linearity of ZnO it-
self [223, 224] of by substituting LiF with a material which has a large non-
linear susceptibility, for example KBBF [225], the strong field confinement of
these plasmonic devices could be used to generate deep UV light or to exploit
other non-linear responses. Such a nanoscale deep UV light source would allow
sensing with high energy photons and could also be used for improved optical
data storage.

• The short pulse width of plasmonic devices of approximately 800 fs together
with the ≈ 1 ps turn on time allow the exploitation of these ultrafast dynamics
in optical communication, for example as ultrafast optical modulators. Fur-
thermore, there small size, and the ultrafast dynamics allows the use of these
devices as a near-field probe for ultrafast spectroscopy, for example to monitor
charge transfer processes in organic solar cells [226,227].

Photonic nanowire response

The initial purpose of characterising photonic laser devices was to highlight the effects
of confinement and loss close to the surface plasmon frequency on the laser opera-
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tion. However, this study on the generally well-known photonic nanowire lasers also
revealed new insights into the operation of these devices.
In particular, the laser output polarisation of photonic devices showed a dependency
on the nanowire diameter, suggesting different modes to operate. Here, for nanowire
diameters of about 190nm the photonic devices showed a change in output polarisa-
tion from perpendicular to parallel orientation. In combination with the numerical
simulations this change in output polarisation allowed to conclude a switching of the
lasing modes in these devices, which has not been reported before. This switching of
laser modes was further verified by the characterisation of the laser dynamics. For
nanowire diameters around 190nm a change in the temporal dynamics was observed.
Specifically, the temporal measurements revealed that the HE11 mode operates faster
than the TE01 mode. This acceleration cannot be explained by an increased con-
finement of the HE11 mode, as both modes have similar confinement factors [63].
Furthermore, the constant τon suggests the same gain mechanism for both modes.
Thus, one explanation for the slower emission dynamics in thicker devices could be
gain competition between modes [220,221]. If a similar behaviour can also be observed
for other semiconductor materials has to be investigated in the future.

Remarks on the double-pump technique

Due to the novelty of this technique a short summary of the strengths and weaknesses
of this technique is given: As this double-pump technique is based on the non-linearity
of the lasing process, the measured signal becomes sensitive to the pump power.
Therefore, to obtain reliable data a careful adjustment of the pump power is required.
In this work a fixed strong to weak pump power ratio was used, which allowed for
comparable signals, nearly independent of the strong pump power. Alternatively, the
weak pump power can be fixed and only the strong pump power can be varied, which
might result in a more intuitive time-integrated laser response behaviour.
The spectral measurements of the double-pump response gave insight into the gain
formation time. In the Fourier transform of the spectral interference at small pump
pulse delays, τon marked this gain formation time - even for the photonic devices,
which usually only showed a weak disturbance around the turn on time. Note that in
order for these measurements to be a reliable indicator of the gain formation time large
pump powers of at least twice the laser threshold had to be used. The independence
of τon on the electromagnetic environment suggested that the turn on time of the
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laser pulse depends solely on the gain material. This seems to be confirmed, by
unpublished work which suggests that different semiconductor materials indeed show
different τon. The found average gain formation time clearly verified the expected
EHP gain mechanism in a II-VI semiconductor such as ZnO.

7.2 Outlook

In this work laser operation close to the surface plasmon frequency was demonstrated
and it was verified that strong optical confinement leads to accelerated laser operation.
Still, there remain several challenges which need to be investigated in future work,
besides the preliminary studies presented in Chapter 5. Clearly more theoretical
modelling is necessary to shed more light into the mode structure as well as the laser
dynamics, however here only future experimental works are discussed.

Identification of lasing mode in plasmonic devices

The polarisation sensitive measurements revealed that plasmonic devices, independent
of their nanowire diameter, are polarised along the nanowire axis, which suggests that
one of the plasmonic hybrid modes is operating in these devices. An analysis of the
Fabry-Pérot modes, observed in the laser spectrum of these devices, however, could
not clearly identify the operating laser mode. The average group index of n̄g = 8.2,
obtained from this analysis, lies between the two group indices of the HSP1 and HSP2

mode found by numerical simulations.
Even the comparison of fs to ns pumping did not allow for a clear identification of
the lasing modes. On one side, fs pumping caused a spectral blueshift of the laser
emission, which lead to an operation in a regime of a higher group index. This would
then mean that the experimentally determined n̄g is higher than the numerically cal-
culated value, suggesting the HSP2 mode to operate. On the other side, under fs
pumping the Fabry-Pérot modes were broadened, which lead to an apparent increase
of the mode spacing. This would indicate an underestimation of n̄g, suggesting the
HSP1 mode to operate.
The fact that no lasing from devices with diameters thinner than 120nm could be
observed together with the numerical mode calculations suggest the HSP2 mode to
operate. However, the analysis of the temporal dynamics of plasmonic devices lead
to a contradicting conclusion. Namely, the accelerated internal relaxation processes
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might be too fast to allow population inversion in devices thinner than 120nm.
Thus, there still remains an ambiguity which of the two hybrid plasmonic modes,
the HSP1 or the HSP2, is operating. Therefore, more sophisticated measurements,
such as performed by Röder et al. [132], become necessary. Alternatively, by placing
resonant emitters close to the nanowire it might be possible to detect the emission
pattern of the lasing mode, which would also allow for an identification of the under-
lying lasing mode. Furthermore, the operation of these devices close to the surface
plasmon frequency should also lead to the generation of surface plasmons propagation
along the metal surface. In particular the leaky character of the HSP2 mode leads to
surface plasmons propagating away from the sides of the nanowire. Thus, to distin-
guish between the modes one could use a focussed ion beam to mill trenches into the
substrate around the nanowire, acting as out-couplers for surface plasmons.

Determination of the pulse width

The temporal characterisation of photonic and plasmonic devices highlighted clear dif-
ferences in the lasing dynamics, which are reflected in the laser output pulse widths.
In this work the pulse width was estimated by the difference between tmax and τon. To
clearly verify the significantly shorter pulse width of plasmonic devices, novel charac-
terisation techniques are required [204, 205]. Usually electrical detection techniques
cannot be used, as, in particular, plasmonic devices operate too close to the detection
limit of modern streak camera systems [59]. Furthermore, non-linear spectroscopy
systems are also not a viable option, due to the inherently weak output of plasmonic
nanowire laser devices [49].
Knowing the pulse width and shape of plasmonic devices might then also lead to a
better understanding of the sideband modulation observed in the Fourier transform
of the spectral interference spectrum. In simulations, these could only be reproduced
using third order dispersion terms. However, an analysis of the sideband’s modula-
tion period for various devices only revealed a linear dependency on nanowire length,
suggesting a different mechanism behind this modulation. Here, it was proposed that
this could be due to after pulsing of the second output pulse; however, this has to be
verified in future work.
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Electrical excitation

Probably the greatest obstacle, which has to be overcome in order for these devices
to be exploited as components in integrated circuits, is that electrical excitation has
not been demonstrated. Up to date there have been many demonstration of light
emission from single, electrically pumped nanowires [228–231], however there is cur-
rently only one work which claims to observe laser emission from such a device [232].
The usual approach for electrical contacting a nanowire laser device is by evaporat-
ing metal contacts onto the nanowire [230], but it was shown that electrical contacts
influence the emission properties of nanowires [233]. Here, the plasmonic geometry
has the great advantage that the metal substrate could also be used as a contact;
similar to the structure shown by Hill et al. [50,51,234]. The general feasibility of an
electrically pumped, sub-wavelength plasmonic laser device is strongly debated in the
literature [45, 235].
Yet, the consensus is that the losses of plasmonic laser devices have to be reduced sig-
nificantly. In this work the used ZnO nanowires are already of high quality, thus the
other option is to reduce losses by improving the quality of the metal film; this would
also lead to an improved carrier injection efficiency. Indeed, several authors demon-
strated low threshold plasmonic lasing by improving the metal film quality [56, 57].
Note that these devices usually operated at low temperatures or away from the surface
plasmon frequency.
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