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Abstract

CulnGaSe, solar cells, commonly known as CIGS solar cells, have achieved high device
efficiency owing to two major research breakthroughs: the implementation of a Ga gradi-
ent into the CIGS absorber, and the alkali atoms treatment. Though many studies have
been focused on optimising these two techniques to further enhance device efficiencies,
the minority charge carrier dynamics inside such complex system are still under investiga-
tion. Hence, in this thesis, transient absorption spectroscopies (TAS) in the time range of
picosecond to nanosecond and microsecond to second are utilized primarily to investigate

the minority charge carrier dynamics inside such devices.

Chapter 3 presents the results of steady state and transient optical studies on CIGS (no
Ga gradient and no alkali treatment), CulnSe; (CIS), and SboSes thin film, respectively.
The study on CIGS/CIS is to set a foundation for the following two chapters. Additionally,
the results of ShySes are included because ShoSes also belongs to the Se-based chalcogenide
family. In all three materials, two major transient absorption features are discovered: 1.
A photobleach signal appeared in picosecond-nanosecond timescale, which is assigned to
the ground state bleach, and 2: a positive absorption signal appeared in microsecond to
second scale, which is linked to the presence of trapped charge carriers. Analyzing these
two TA features, it is found that CIGS/CIS has a longer minority carrier lifetime and a

smaller amount of trapped charges compared to ShySes.

In Chapter 4, a Ga-graded CIGS device with RbF+NaF post deposition treatment
(PDT) is investigated primarily by TAS, which allows to have a real-time observation of
minority carriers dynamics. A drift-diffusion kinetic model is established, which success-
fully deconvolutes the two competitive kinetics, recombination and drift, in a Ga-graded
CIGS device. Furthermore, the drift time constant obtained from the kinetic model en-
ables to calculate the minority carrier mobility (16.3 £ 4.0 cm?V~!s™1) in the high Ga

region of a Ga-graded CIGS solar cell. As far as [ am aware of, this is the first time that



the minority carrier mobility in that region is determined.

Chapter 5 makes use of the kinetics model established in Chapter 4 to analyze the
impact of Na and Rb atoms treatments on minority carrier mobility and recombination
throughout the Ga-graded CIGS device. It is found that Na atoms prolong the minority
carrier lifetime throughout the CIGS absorber regardless of the [Ga]/([|Ga]+[In]) (GGI)
ratio. On the other hand, passivation with Rb atoms works best in the domain with low
Ga concentration, suggesting an ineffective passivation of Rb atoms in the regions of high

Ga concentration.
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1.1 Renewable energy

Renewable energies are an essential building block to decarbonize the global primary
energy production and tackling climate change. Climate change refers to the change of
the surface temperature of the earth by external forces, for example, human activities.
The global temperature has risen by 1 °C compared to preindustrial levels[I], as shown

in the black scattered line in Figure [1.1]
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Figure 1.1: The correlation between COs emission and the rising temperature of Earth from

1960 till now [IJ.

Even though this seems to be a comparable small increase of the global average tem-
perature it poses a huge threat to all living beings on earth. More heatwaves and droughts,
changes in precipitation patterns, rising sea levels by approximately 1 - 4 feet until 2100,
and the Arctic becoming ice-free..etc are all part of predictions made by scientists[2)].
Besides, all of these effects are irreversible.

The earth’s climate is maintained by greenhouse gases[3]. When the Sun shines on
the earth, most of the visible light will pass through the atmosphere and be absorbed by
molecules at the earth’s surface. Afterwards, these molecules will radiate infrared light as
a form of heat back to space through the atmosphere. The radiated infrared light will then
be absorbed by the greenhouse gases such as carbon dioxide (CO;) and methane (CHy)
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in the atmosphere. The atmosphere is therefore heated and radiate infrared light (heat)
back to the earth’s surface as a return. This process is called the greenhouse effect and
is essential so that the earth’s climate is a suitable habitat. However, the concentration
of greenhouse gases is significantly increased by human activities such as burning fossil
fuels and agricultural activities over the past decades. This leads to an unusual growth
of global temperature as well as other negative effects like sea water acidification [4][5].
A clear correlation can be seen between these two is shown in Figure [L.1]

Renewable energies emerged in an attempt to replace traditional fuels such as oil,
gas and coal. It refers to using those renewable resources such as sunlight, water- and
wind-power as well as biomass to produce energy. Most of the countries are now aware
of the damage to the environment resulting from climate change and therefore invest
renewable energy technologies to decarbonize their energy demand. Figure (a) shows
the primary energy demand in the UK from 2008 projecting to 2035[6]. The steady growth
of the energy demand met by renewable energy sources is projected. On the other hand,
a sharp decline of solid fuels (coal) is forecasted to happen, resulting in only 2 % of the
overall UK energy demand will be met by coal in 2035. Among all the renewable energy
sources in the UK, both offshore and onshore wind power as well as solar photovoltaics
(PV) have a high share of the overall capacity[7], as shown in Figure (b), indicating

their high potential in facilitating the energy transition.
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Figure 1.2: Primary energy demand in the UK from 2008 to 2035 (projection)[6] and electrical
generating capacity by main renewable sources between 2000 to 2018[7]. Figure (a) and (b) are
reprinted from reference [6] and [7], respectively. Both figures are reproduced with permissions

from the Open Government Licence v3.0.
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1.2 Introduction to solar cell technologies

The working principle of solar cells is to convert solar irradiation directly into electricity.
The ratio of the incoming energy from sunlight to the released electric energy is termed
the ”Solar cell efficiency”. Solar cells that are currently on the market can be categorized
into five technologies[§] based on the type of the semiconductor: (1) Crystalline Si (c-Si),
(2) Amorphous Si (a-Si), (3) III-V, (4) Chalcogenide, and (5) Emerging PV. Table
lists the semiconductor materials within these five technologies and their current state-
of-the-art solar module efficiencies along with the manufacturing groups and the installed
areas. In addition, these five technologies can be further classified into three generations

based on the crystallinity of the material and their current research status.

1.2.1 First generation solar cells

The first generation solar cells are the cells made from c¢-Si, including both monocrystalline
and multicrystalline Si. ¢-Si technology currently takes up 62% of whole solar cell market
for their high module efficiency, reasonably cheap price and technology maturity[9]. Mono-
crystalline Si solar cells, which the cells are sliced from a large single Si crystal, have the
highest efficiency (state-of-the-art module up to 24.4 %) among all Si-based solar modules.
However, the downside is the energy-intensive fabrication process owing to the tightly
controlled condition for growing single crystal Si in a large volume. On the other hand,
for multicrystalline Si solar cells, due to the cell is grown from multiple Si crystals, the
fabrication costs are much cheaper. Unfortunately, multicrystalline Si solar cells suffer
from a lower device performance (state-of-the-art module efficiency up to 20.4%). Note
that all Si solar modules suffer device efficiency losses under low irradiation levels and high

temperature, which makes them difficult to generate energy in certain weather conditions..

1.2.2 Second generation solar cells

The second generation solar cells correspond to thin film solar cells, including a-Si, I1I-V,
and chalcogenide technologies. This generation is estimated to own 5 % of the current
market share [9]. They were developed owing to the following reasons: 1. Thin film solar
cells can be fabricated on flexible substrates and therefore have more installation flexibil-

ity. 2. Comparing to traditional c-Si solar cells, thin film solar cells require much less raw
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Table 1.1: State-of-the-art solar module efficiencies of the representative materials in the five
technologies along with the corresponding manufacturing companies and the installed areas [§].

HJ stands for heterojunction and OPV stands for organic photovoltaics.

Technology Generation | Detailed De- | Group(s) Efficiency | Area
scription (%) (cm?)
First
) Multicrystalline | Hanwha Q | 204 14818
c-Si generation
silicon cells
Monocrystalline | Kaneka 24.4 13177
silicon; HJ rear
junction; 108
cells
. Second )
a-Si amorphous Si Solarex 9.8 933
generation
I11I-V GaAs, thin film, | Alta De- | 25.1 866.45
single crystal vices
CdTe thin film First Solar | 19 23573
Chalcogenide
CIGS thin film Miasole 17.4 10850
Third
) Perovskite Panasonic 17.9 802
Emerging PV | generation
01:aY% ZAE Bay- | 11.7 204
ern

material and are therefore more lightweight. Hence, there are less restrictions in integrat-
ing thin film solar modules to rooftop or buildings. Below provides brief information on
each of the technology in this generation.

a-Si solar cells: Unlike c-Si solar cells, a-Si solar cells are made by deposited a thin
layer of Si onto a substrate (for example: metal or glass). Consequently, a-Si solar cells can
be made flexible, which allows them to be easily cooperated onto any surface. However,
the downside of a-Si solar cells is that the cell efficiency is very low, approximately half
of the efficiency of c-Si cells. As a result, a-Si solar cells require almost double the area
of the installed panels to have the same electricity output as c-Si cells.

III-V solar cells: III-V solar cells correspond to the solar cells which the main
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light absorbers are composed of group III (for example: Al, Ga, and In) and group V
(for example: N, P | As, and Sb) elements. GaAs solar cells are the best known I1I-V
solar cells for their outstanding device performance. The current state-of-the-art module
efficiency of a single junction GaAs solar module is 25.1%, which is the highest among all
solar technologies. Unfortunately, due to their high fabrication costs and the utilization
of scarce material like Ga, GaAs solar cells are mainly implemented in aerospace-related
applications (for example: satellites, space vehicles) for its high reliability and small
temperature coefficients.

Chalcogenide solar cells: CdTe and CIGS solar cells are the most common and
mature thin-film chalcogenide technologies in the market at present. CdTe solar cells
is a promising candidate for thin-film PV production for its low manufacturing costs
and fabrication with the earth-abundant material Cd. However, the toxicity of Cd posts
significant challenges to the required safety and recycling procedures. CIGS solar cells
have become a promising technology in thin-film PV industry after years of intensive
research. The advantages of CIGS include low power loss to increasing temperature, high
energy yield, the possibility to be deposited on flexible substrates and a lower energy
payback time compared to Si solar cells. In 2019, the efficiency of CIGSe research cells
surpassed CdTe research cells, as listed in Table[1.2] demonstrating its ability as a leading

technology in thin-film photovoltaics in the future.

Table 1.2: Device efficiencies, the research groups, and the year of validation of the current
state-of-the-art research cells in the Chalcogenide technology [10]. HUST stands for Huazhong

University of Science and Technology.

Technology Description Group(s) Efficiency | Year
(%)
CIGS thin film Solar Frontier 23.4 2019
CdTe thin film First Solar 22.1 2016
Chalcogenide | CZTSSe thin film IBM 12.6 2013
SbySes core-shell | Hebei/Jinan 9.2 2019
structured nanorod University
ShoSes thin film HUST 7.6 2018

On the other hand, the downside of CIGS is the utilization of scarce materials such as
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In and Ga. Consequently, many efforts have been put into developing solar cells that are
made from earth abundant materials. CuyZnSn(S,Se), (CZTSSe) solar cells are therefore
developed from this concept. Unfortunately, CZTSSe solar cells are struggling to reach
high efficiency even though after 10 years of intensive development. The highest efficiency
of a CZTSSe research cell, as listed in Table |1.2, was developed back in 2013 and is only
half of the performance of the current state-of-the-art CIGS solar cells. The major issue of
CZTSSe solar cells is the high amounts of secondary phases formed during the synthesis
process, resulting in significant loss of device efficiencies [I1]. SbySes, is another earth
abundant semiconductor material that emerged as an alternative in thin film chalcogenide
technology. As a binary compound, ShoSes is easier to synthesis and therefore the cost
of fabrication is reduced compared to making CIGS and CZTSSe. However, the current
state-of-the-art efficiency of a SbhySes solar cell is still far behind CdTe and CIGSe solar
cells. High amounts of defect states in ShySes are suggested to be responsible for its low
device efficiency. In chapter 3 in this thesis, a comparison of CIGS and SbySesz from a
charge carrier dynamics points of views is provided and discussed. Note that an in-
depth introduction of CIGS solar cells is given in chapter as CIGS is the
main topic of this thesis. An introduction of Sb,Se; on its material and optical

properties can be found in chapter

1.2.3 Third generation solar cells

Third generation solar cells refer to the solar cells that are not yet widely applied in
industries and are still in the research phase. Hence, third generation solar cells can be
also called as emerging PV. In this category, organic PV (OPV) and perovskite solar cells
are the two types currently on the market. The cheap materials and the relatively simple
fabrication procedure makes OPV and perovskite solar cells good candidates for large
scale roll-to-roll manufacturing fabrication. In particular, perovskite solar cells receive
numerous attentions in the solar cell research field for its rapid increase in device efficiency
[12]. Both OPV and perovskites solar cell can be made thin and flexible. Therefore, they
can be implemented in a wide range of applications such as building integrated PVs,
mobile electronics, etc. The disadvantages of OPV and perovskite solar cells are that
they degrade rapidly under exposure to air, which remains the biggest challenge that still

awaits to be solved.
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1.3 Basic principles of solar cells

Essentially, what happen in solar cells is the interactions between light and matter through
time, space, and energy. In a solar cell, upon irradiation, charge carriers (e~ and h™) are
generated by absorbing photons in the absorber layer. The collection efficiency of these
charge carriers is associated directly with the solar cell device performance. Below provides
some basic semiconductor concepts to understand the solar cell material and how charge

carriers behave after light absorption and how they determine device performance.

1.3.1 Photon absorption and charge carrier generation in semi-

conductors

Employing a semiconductor with a suitable bandgap as the main light absorber in a
solar cell allows effective photon absorption and charge carriers generation. In solid state
physics, bandgap corresponds to the energy levels in a solid that are unable to be occupied
by electrons. It is also referred to the energy difference (E,;) between the valence band
maximum (VBM) and conduction band minimum (CBM), where VBM corresponds to
the highest energy level electrons stay at 0K and CBM corresponds to the lowest vacant
energy level, as illustrated in Figure [I.3]

Conduction band (CB)
€ - CBM

»

hszg

h? - VBM
Valence band (VB)

Figure 1.3: Schematic of charge carrier generation in a semiconductor. E, corresponds to
bandgap energy. hv corresponds to the energy of light. CBM and VBM correspond to the

conduction band minimum and valence band maximum, respectively.

In semiconductors, upon illumination, the e~ — h™ pairs are generated by absorbing

photons (hv), as shown in Figure . Whether the photons are absorbed by the semi-
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conductor depends on the following two key factors. The first key factor is the energy
of the photon. As long as the photons have energy equal to or higher than the bandgap
of the semiconductor, they can be absorbed. The second key factor is the absorption
coefficient () of the material, which refers to the distance a light of a specific wavelength
can travel before it is fully absorbed. A higher @ means a stronger absorption by the
material. Figure illustrates the « of the five solar technologies introduced in the pre-
vious section. It can be seen that the absorption onset of GaAs, CdTe, and CIGS solar
cells is much sharper than that of Si-based solar cells. This is due to the fact that Si is
an indirect bandgap material, whilst GaAs, CdTe and CIGS has direct bandgap. The
difference between direct and indirect bandgap materials is that the electrons and holes
do not have the same momentum in indirect bandgap material. This means to excite an
electron in an indirect bandgap material would require not only photon absorption but
also an extra momentum supply by a phonon. As a result, the absorption in indirect
bandgap materials is weaker compared to direct bandgap materials, as can be seen clearly
in Figure 1.4, This also means that the indirect bandgap semiconductors require thicker
layers to absorb more photons. For example: the thickness of the absorber in c¢-Si solar

cells is hundreds of pum, whilst in CIGS solar cells is only 2-3 pm.
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Figure 1.4: Absorption coefficient of ¢-Si, a-Si, GaAs, CdTe, and CIGSe solar cells. This figure

is adapted with permission under CC BY-NC 4.0 license from reference [13].

Theoretically, the maximum solar cell (with a single light absorber layer) efficiency,
also called Shockley-Queisser limit (SQ limit), is defined by the bandgap energy. SQ
limit was calculated by William Shockley and Hans-Joachim Queisser using 6000K black



39 1.3. BASIC PRINCIPLES OF SOLAR CELLS

body radiation as solar spectrum (black curve in Figure [l.5[a)) in 1961 [14]. However,
in reality, the irradiation from the sun will be absorbed and reflected by the earth’s
atmosphere. Consequently, Riihle recalculated the SQ limit by replacing the 6000K black-
body spectrum with a measured AM 1.5G spectrum (red curve in Figure [1.5(a)) [15] in
2016. The AM 1.5G spectrum is now the stand solar spectrum utilized in measuring
solar cell efficiency. The corresponding result showed the maximum efficiency (33.7 %) is
reached on a solar cell with a bandgap of 1.34 eV[I5]. Figure [L.5|(b) illustrates different
state-of-the-art solar cells relative to the their corresponding S-Q limits. It can be seen
that the highest solar conversion efficiency (> 32 %) lies in the bandgap range of 1.1
to 1.5 eV, suggesting choosing a semiconductor of which the bandgap in this range is
favourable for high efficiency solar cells. The state-of-the-art GaAs solar cell, with a
bandgap energy of 1.42 eV, performs the closest to its S-Q limit compared to all other
existing technologies. For the state-of-the-art CIGS solar cell with a device efficiency of

23.5 %, the corresponding SQ limit reached 75 %.
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Figure 1.5: (a) Solar spectrum: BB 6000 K — 6000 K black body spectrum, AM 0: spectrum
calculated based on irradiation outside of the earths atmosphere. AM 1.5D: spectrum calculated
based on sunlight irradiation considering absorption of earth atmosphere only, AM 1.5G: similar
as AM 1.5D spectrum but with consideration of light scattering. This figure is adapted with
permission of the copyright holder (Elsevier) from reference [I5]. (b) Shockley-Queisser limit
(S-Q limit, shown as the black line) as a function of bandgap of current record-efficiency cells.
Two grey lines refer to the 75 % and 50 % of SQ limit. This figure is reproduced from reference
[16] and [I7] with permissions of the copyright holder (the owner and AAAS).
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1.3.2 p-n junction

Once the e= — h™ pairs are generated, they need to be separated successfully so that
electrons in the conduction band and holes in the valence band will have chances to be
collected as electrical current. A material with high relative permittivity shows a good
ability to separate electrons and holes.

Furthermore, to successfully collect electrons and holes, an ideal design of a solar cell
is required to help transport of these charge carriers. Below gives introduction of the long-
established and key model of a solar cell: A single p-n junction solar cell. To understand

p-n junction, it is essential to understand first the idea of doping in a semiconductor.

1.3.2.1 Doping

Doping means introducing impurities intentionally (in most of the cases) into an undoped
semiconductor. As a result, the electrical, optical, and structural properties of the semi-
conductor doped with impurities are modulated. Take Si as an example, since Si has
4 electrons in its outer shell, consequently, in a Si crystal, one Si atom will form four
covalent bonds with its four neighbouring Si atoms, as illustrated in Figure (a). In a
case when boron atoms (B) (or any III element) are doped into a Si crystal, the boron
doped Si crystal will have extra holes since B only has three electron in its outer shell. As
a result, holes become the majority charge carriers in this Si crystal. On the other hand,
if phosphorous atoms (P) (or any V element) are introduced, the phosphorous doped Si
crystal will have extra electrons since P has 5 electrons in its outer shell. As a result,
electrons become the majority charge carriers in this case. The semiconductor which holes
are majority charge carriers, it is called p-type. Whilst if electrons are majority charge
carriers, it is called n-type. The doping atoms that lead to a p-type conductivity of a
semiconductor are called acceptors, and the doping atoms that lead to a n-type conduc-
tivity of a semiconductor are called donors. The whole concept is clearly illustrated in
Figure [1.6a)-(c).

Fermi level, is an important concept in the physics of solar cells. It can be understood
as a hypothetical level that it has a 50 % probability to be occupied by electrons in a

thermodynamic equilibrium condition. It can be written as:

E.+E, kgT, K N,
= Dot B BBy, (1.1)

E
F 2 2 N,
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, where E. and E, corresponds to the energy of CBM and VBM, respectively, kg is boltz-
man constant, N, and N, is the carrier concentration of electrons and holes, respectively,

and T is the temperature.

(a) Intrinsic (Undoped) Si (b) p-type doped Si (c) n-type doped Si

‘extra h*

O h*
(d) Intrinsic (e) p-type (f) n-type
Conduction band (CB) Conduction band (CB) Conduction band (CB)
- CBM CBM - CBM
___________ EF
EQ __________ EFi EQ Eg
___________ Er

-+ \VBM —_— > VBM ——VBM
Figure 1.6: Schematic of bondings of (a) intrinsic Si, (b) p-type Si, and (c) n-type Si

semiconductors.(d)-(f) illustrates the correspond the fermi level (Ef) in a band diagram.

In an intrinsic semiconductor, since the numbers of electron and holes are equal, the
fermi level is located in the middle of CBM and VBM, as illustrated in Figure[L.6(d). In
a p-type semiconductor, since there are more holes than electrons, the fermi level shifts
closer to VBM, as illustrated in Figure [1.6(e). Whilst in a n-type semiconductor, which
electrons are more than holes, the fermi level shifts towards to CBM, as illustrated in
Figure (f) With the concepts of what n and p type semiconductors are, one can
understand a p-n junction as an interface where a n-type semiconductor is in contact
with a p-type semiconductor. P-N junction can be classified into two different types:

Homojunction and Heterojunction. They will be introduced in the following.
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1.3.2.2 Homojunction and Heterojunction

Homojunction occurs when the n and p semiconductors in contact with each other have
the same badngap energies despite the difference in doping. c-Si solar cells is a classic
example of homojunction solar cells. Figure illustrates the band diagram of a pn
homojunction in the dark condition (without illumination and without bias) before and
after equilibrium. When a p-type semiconductor is in contact with a n-type one, the
excess holes in the p-type semiconductor will diffuse into the n-type semiconductor, and
the excess electrons in the n-type semiconductor will diffuse into the p-type semiconductor.
Those electrons that diffuse into p-type semiconductor will quickly recombine with the
majority holes. Similarly, the holes diffuse into n-type semiconductor will recombine with
the majority electrons. This mechanism results in the formation of a depletion region
at the p-type semiconductor/n-type semiconductor interface. This depletion region, also
named as space charge region (SCR), is charged by the immobilized ions and void of free
charge carriers. The immobilized ions generates an electric field across the junction, which
counteracts the charge diffusion and the equilibrium of the depletion region is reached
once these two mechanisms counterbalance each other[I§]. Tt is important to note that
the fermi level of the p-type semiconductor and the n-type semiconductor, respectively,

is lined up once the equilibrium is reached, as shown in the band diagram in Figure[1.7]

Heterorjunction occurs when the n and p type semiconductors in contact with each
other have different bandgaps. As illustrated in Figure [1.8, when two different semicon-
ductors form a junction, due to the bandgap differences, a spike and/or a cliff may form
at the interface. In a poor solar cell design, the spike/cliff serves as a blocker for charger
carriers and lead to enhanced interface recombination. On the other hand, in an optimal
design, the spike/cliff may prevent one type of charge carrier from flowing to a wrong

direction, resulting in a more effective carrier collection.

Whether it is homojunction or heterojunction, the main purpose is to help transport
electrons and holes effectively and aid charge carriers collections. In the following section,
how charge carriers are transported and how recombination affects the transportation are

explained.
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(a) Before equilibrium

(b) After equilibrium
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Figure 1.7: Schematic of a pn homojunction and the corresponding band diagrams in the dark

condition (without illumination and without bias) before and after equilibrium.
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Figure 1.8: Schematic of a band diagram of a pn heterojunction. AFE. and AFE,corresponds

to the conduction band energy and valence band energy difference at the interface, respectively.

1.3.3 Charge transportation and recombination
1.3.3.1 Transportation of charge carriers

Charge carriers can be transported by the following three mechanisms in a solar solar cell.
i. Diffusion: Upon illumination, the regions that are excited are in the non-equilibrium
state due to the generation of free charge carriers. The concentration difference of the free

charges at different regions facilitates a directional net current of charges from the region
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Figure 1.9: Schematic of transportation mechanisms of charge carriers in a Si solar cell.

with higher concentration to the region with lower concentration until the equilibrium is
reached. This process is called ”diffusion”. As shown in Figure[1.9] if the free charges are
generated in the quasi neutral region, there is no force that drives the free charges and
therefore they only move via diffusion. The ”diffusion length” is an important parameter
in solar cells. It defines how far a free charge carrier can travel before it recombines. It

can be expressed as:

L=+vDr (1.2)

, where D is the diffusion coefficient (cm?/s) and 7 is the charge carrier lifetime. Conse-
quently, a higher charge carrier lifetime corresponds to a higher diffusion length, which is
desirable for a high efficiency solar cell.

1t. Drift: Once the free charges reach the SCR, they are accelerated forward by
the electric field. Figure [1.9] illustrates the drift process of the free charge carriers in a
c-Si solar cell. The mobility (in conjunction with the strength of the electric field) is a

measure of the speed of this transportation process and it can be expressed as follows:

=% (1.3)

, where v is the velocity and E is the electric field. The probability of a free charge carrier
to be collected depends on the competition of recombination processes and transportation

to the contact. A higher mobility leads to a shorter transportation time and therefore
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increases the likelihood of the free charge carrier to be collected. Hence, determining
the charge carrier mobility, especially the minority carrier mobility, is of importance to
understand current performance constraints and eventually further advance solar cell
efficiency.

11t. Tunnelling: The third mechanism of transportation is the tunnelling of charge
carriers, as illustrated in Figure [[.I0] In classical physics, to overcome a potential barrier
(expressed as V in figure , the particle needs to have energy (expressed as E in figure
larger than V. Otherwise, the particle cannot pass through the barrier. However,
in quantum physics, a particle is seen as a wave function. In the case of E<V, the wave
can still pass through the potential barrier but with a probability that is exponentially
decreased with the height and width of the barrier. This phenomenon predominantly

occurs at the heterojunction interface due to the band discontinuity.
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Figure 1.10: Schematic of a particle (with energy E) tunneling through a potential barrier V.

This figure is reproduced with permission under CC BY-SA 3.0 license from reference [19].

1.3.3.2 Recombination of charge carriers

Recombination refers to the elimination of free charge carriers after photon-excitation.
One can classify all recombination processes into two categories: Radiative recombination
and Non-radiative recombination processes.

i. Radiative recombination: The radiative recombination processes can be di-
vided into two categories: (1) spontaneous emission and (2) stimulated emission. Spon-
taneous emission refers to an electron decaying from an excited state to a lower energy
state and emitting a photon during this process. As illustrated in Figur(a), sponta-
neous emission can be originated from (1) CBM to VBM (i.e. band to band), (2) shallow
donor states to VBM, (3) shallow donor states to shallow acceptor states, and (4) CBM

to acceptor states. In some cases, an emitted photon can stimulate another occurrence of
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photon emission. This process is called stimulated emission, as shown in Figurdl.11{(b).

(a) Spontaneous emission (b) Stimulated emission
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Valence band (VB) Valence band (VB)

Figure 1.11: Schematic of (a) spontaneous and (b) stimulated emission in a semiconductor.

1t. Non-radiative recombination: The imperfection of the crystal structure and
impurities induce the formation of defect states. Depends on their energetic level within
the bandgap, defects can be categorized to two different types: 1) shallow traps, which
refers to the defects that are localized ~0.4 eV lower (higher) from the CBM (VBM)
and 2) deep defects. Deep defects are those localised energy-wise in the mid-bandgap
and can capture both electrons and holes. Besides, once the charge carriers are captured,
they cannot be easily released back to the band-edges via thermal emission. Hence,
non-radiative recombination can occur when two charges of the opposite polarity are
captured in the same deep defect state before one of either is re-emitted. This type of
recombination is also called as Shockley-Read-Hall recombination (SRH recombination).
In heterojunction solar cells, recombination centres are also formed at interfaces and
surfaces, which result in a high recombination rate and poor open circuit voltage.

Auger recombination is also a non-radiative recombination process. When an electron
releases its energy after decaying from a high energy state to a low energy state, part
of this energy is transferred to another electron in the same energy state. The electron
that received the energy can therefore be excited to an even higher energy state. this
mechanism is called auger recombination. Note that Auger recombination is of importance
in highly doped solar cells.

Here marks the end of the brief introduction of the physics of solar cells. If you would
like to understand more in depth, I recommend the text book ”The physics of solar cells”

written by Professor Jenny Nelson [I§].
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1.4 Introduction to CIGS solar cells

The state-of-the-art CIGS module efficiency is up to 19.2 % and has surpassed CdTe solar
modules, becoming a leading figure in the thin-film PV market. At laboratory scale, the
efficiency of the current champion CIGS cell is 23.35 %[I0], which holds a competitive
position next to high efficiency mono-crystalline Si and perovskite solar cells. What has
lead to the enhancement of CIGS device performance can be traced back to several re-
search breakthroughs over the years, as detailed below. CIGS is a p-type semi-conductor
that is obtained from the CulnSe, (CIS) material, which was first synthesized by Hahn
in 1953[20]. The first CIS solar cell was synthesized as a form of single crystal with a re-
ported photovoltaic efficiency of 12 %[21]. The polycrystalline thin film CIS, on the other
hand, suffered from low device performance until the employment of the co-evaporation
technique in 1980[22]. The record efficiency increased from around 5 % to more than 15
% [23]. This material was thus proved to be a potential candidate for thin-film solar PV
and started to receive significant research attention that led to further progress in device
performance. Band gap tuning by the introduction of gallium (Ga) atoms[24] [25][26] and
the alkali treatments|27][28] are two of the most important breakthroughs that further
promoted device performance. Further details of these two key performance techniques
will be described in the following section. Overall, these achievements make CIGS an at-
tractive material for further academic research as well as industrial upscaling. Currently,
CIGS modules hold approximately 2 % of all PV markets[29][30]. For a 15 % module
efficiency, the production cost is about $0.34 per W[29], which is competitive to ¢-Si pro-
duction cost (trending to $0.2 per W[31]). Solar Frontier, a PV company from Japan, is
the biggest CIGS supplier and producer. The current capacity of their production line
is 1 GW, and modules accumulating to 5 GW were already installed globally[32]. Even
though CIGS is already considered a mature technology, there are still many unsolved
puzzles underlying this complex material. This thesis is aimed at unravelling some critical
effects in CIGS with the goal to enable significant advances in the future. In the following,

the basic principles and properties of CIGS devices are described.
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1.4.1 CIGS material properties
1.4.1.1 Crystal structure

I-VI [-T-VI
Zinc-blende Chalcopyrite

Figure 1.12: Schematic of zincblende and chalcopyrite structures. Figures reproduced with

permissions under CC BY-NC 4.0 license from reference [13].

CIGS is a material of tetragonal chalcopyrite structure, as shown in Figure The
chalcopyrite structure is originally obtained from a cubic zincblende structure. Substi-
tution of half of the Zn atoms with Cu atoms and the other half with In (and/or) Ga
atoms leads to the formation of the chalcopyrite structure. Inside the unit cell, one Se
atom forms two bonds with Cu atoms and another two bonds with In/Ga atoms. The
asymmetry of Cu-Se bonds and In-Se/Ga-Se bonds induces a distortion (the lattice pa-
rameter ratio (c/a) # 2) in the lattice, which constitutes an additional difference to the

symmetric Zincblende structure[33].

1.4.1.2 Band structure

CIGS is a direct bandgap material. The valence band maximum (VBM) is constituted
of Cu 3d and Se 4p anti-bonding orbitals, whilst the conduction band minimum (CBM)
is comprised of In/Ga 5s and Se 4p bonding orbitals[34]. Varying Ga to In ratio in the
material (quantified by GGI = [Ga]/([|Ga] + [In])) allows the modulation of the bandgap
of the CIGS material[35]. The band-gap difference originates from the rise of the CBM
with increasing Ga concentrations while the VBM stays relatively constant[34][36], as
illustrated in Figure [1.13
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Figure 1.13: Comparison of the band alignment (VBM in blue, CBM in red) obtained by slab
calculations of CulnSes and CuGaSes. Figures reproduced with permissions of the copyright

holder (ROYAL SOCIETY OF CHEMISTRY) from reference [34].

The band-gap in pure CIS is approximately 1 eV, whilst in pure CuGaSe, (CGS) the
band-gap is around 1.7 eV [34][37][38]. The bandgap energy of CIGS can be approximated

via the equation:
Eg(l') = Eg7015(1 — $) + Eg,C’GS($) — bl‘(l — ZL‘) (14)

,with x equal to the GGI ratio and b the measured bowing coefficient depending on growth
conditions[36][39]. The GGI ratio along the CIGS absorber can be obtained by secondary
ion mass spectrometry measurements, and bowing coefficients by a secondary polynomial

fit of absorption coefficient spectrum[40)].

1.4.1.3 Defects

Intrinsic defects play important roles in shaping the electronic properties of CIGS thin
films. These defects can either act as shallow acceptors/donors or deep recombination
centres. Numerous studies including theoretical calculations and experiments such as
photoluminescence spectroscopy, neutron scattering and the Hall measurements have been
performed in attempts to identify the origin of intrinsic defects. Different intrinsic defects

based on the current findings[33][34] [41] [42][43][44] are categorized below, and Figure[L.14]
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from the publication of Spindler et.al illustrates the defect levels of different intrinsic

defects[41].
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Figure 1.14: Illustration of the defect levels (including intrinsic defects and deep defects) in
CulnSey and CuGaSes system. The one with a * mark means the defect assignment is with low

certainty. This figure is adapted with permission under CC BY 4.0 license from reference [41].

i. shallow acceptors (coloured in blue in Figure
The shallow intrinsic point defects determines the doping levels, and hence the electronic
characteristics of the CIGS material. For CIGS grown under copper poor (Cu-poor)
conditions, the dominant shallow acceptors are considered to be copper vacancies (V¢y,).
For CIGS grown under copper rich (Cu-rich) conditions, copper atoms on indium sites
(Cuyy,) are the predominant shallow acceptors. Both Vg,and Cuy, have low formation
energies. Indium or gallium vacancies (Vy, or Vg,) are less likely to form due to their
high formation energy (>2.5 eV). However, in some cases where CIS or low gallium CIGS
has been grown under high selenium pressure, the presence of V, was detected.

1. shallow donors(coloured in green in Figure m
Indium atoms on copper sites (Ing, ) are regarded as the primary shallow donor states
due to their low formation energy in Cu-poor CIGS. For Cu-rich CIGS, copper interstitials

(Cw;) are predicted to be the main shallow donors. In pure CGS, the dominant shallow
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donor is considered to be Cu;, since gallium atoms on copper sites (Gac,) was calculated
to be >0.4 eV below the conduction band.
Selenium vacancies (V) have been viewed as the dominant donor states, especially in the
material grown under a Se deficient atmosphere. However, recent studies revealed that
the shallow donor states that were assigned to be Vg, before are rather a meta-stable
defect complex (Vge-Vy). So far, there is no consensus of the contribution of Vg, to the
intrinsic doping in CIGS.

5. Deep recombination centres (coloured in red in Figure
Gallium atoms are suggested to be the major source for the formation of deep defects
based on DFT calculations. Two charge states exist in Gac,, antisites, one is +1/42, and
the other is 0/41. Both of the charge states are buried deep below the conduction band
(0.4 eV for the charge state +2, 0.25 eV for the charge state +1) in pure CGS. However,
with the addition of In into the material, these deep defects become more shallow, and
hence have less detrimental impact on the device performance, as shown in Figure [I.14]
A broad density of defects located at approximately 0.8 eV above the valence band were
detected in both CIS and CGS. Their origin is considered to be point defects such as
Cuy, or Cug,. This hypothesis is supported by both theoretical and experimental data.
However, the existence of point defects does not explain such a broad energetic defect
distribution in the bandgap as well as high defect densities. Grain boundaries and dislo-
cations were also hypothesized to be a plausible source for these defects, but experimental

results disprove this. Hence, the origin of these defects remain unknown so far.

1.4.2 CIGS device properties

CIGS is a p-n heterjunction solar cell. Figure m (a) shows the typical layer structure of
a CIGS solar cell. A 0.5-1pm thick molybdenum (Mo) layer is deposited on the substrate
and serves as the back contact of the device[45][46]. On top of the Mo layer is the p-type
CIGS layer, which acts as the main light absorber of the cell. The typical thickness of
the CIGS absorber is around 2 to 3 um. Two deposition techniques include 1. three-
stage co-evaporation process[47][48], and 2. selenization process[49] are commonly used
as both lead to high device efficiency. A chemical bath deposition of CdS layer of approx-
imately < 50 nm thickness on top of the CIGS is the buffer layer of the device[50] [51][52].

Among other functions, it naturally forms a p-n heterojunction with the p-type CIGS
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Figure 1.15: (a) Schematic of a typical CIGS solar cell stacks and its corresponding (b) band

diagram at equilibrium in the dark.

absorber[53][54][55]. The window layer of the cell, ~60 nm of i-ZnO and ~100 nm of
heavily aluminium doped ZnO (AZO), are deposited by sputtering]48]. Ni/Al metal grids
serve as front contact and are deposited by e-beam evaporation. An anti-reflective coating
layer (ARC) is often applied to further increase efficiency in solar cells[50].

Figure m (b) illustrates the band diagram of a typical CIGS solar cell shown in
Figure m (a) at equilibrium in the dark. In CIGS solar cells, due to a high doping
concentration of CdS, the SCR is primarily extended 300 nm to 600 nm into a CIGS of
10 doping density at room temperature[33][57][58]. If free charge carriers enter the SCR,
they will be accelerated forward by the electric field and posses mobilities. The mobility
of the minority charge carriers differs greatly in CIGS field. It depends significantly on
the choice of measurement tools and the results are in the range of 0.02 to 1000 cm?/V .s.
A more detailed discussion on the mobility of minority charge carrier is given
in Chapter 4. On the other hand, the diffusion length inside the CIGS film correlates
highly with the GGI ratio. For pure CIS, the diffusion length is around 3 pm, whilst
for pure CGS, it’s only about 0.7 um. To avoid recombination at grain boundaries, it is
essential to have a diffusion length that has a similar range as the film thickness. Hence,
one would expect to observe a higher recombination rate at grain boundaries in CIGS
device with a high Ga concentration. Note that the band discontinuities present at the

interfaces inside the CIGS device are due to the different bandgaps of materials[18].
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1.4.3 Ga gradient for bandgap engineering
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Figure 1.16: Schematic of the double Ga-gradient CIGS profile.

Looking back to the historical improvements in CIGS solar cell performance, vary-
ing the GGI ratio to modulate the device band gap, as introduced in Chaptenl.4.1.2]
plays a very important role. A double Ga-gradient profile (Ga-rich/Ga-poor/Ga-rich) is
commonly implemented in high-efficiency CIGS solar cells[25][48][59]. This double Ga
gradient profile refers to an increasing GGI ratio towards the back and front contact,
resulting in a GGI minimum region in between, as shown in Figure [[.16] The length
of the front contact gradient is designed to be within SCR[60]. Also, the GGI ratio is
designed to increase more towards the back contact than the front contact. Increasing
Ga concentrations has been shown to induce a spatial gradient in the conduction band
edge, whilst the valence band stays comparatively unchanged. The potential gradient in
the conduction band edge from the back contact leads to an electric field that drives the
minority charge carriers towards the SCR[6I]. As a result, the reduction in the electron
density near the back contact has been shown to suppress recombination losses, thereby

considerably increasing device open-circuit voltage[59][62] [63].

Optimisation of the CIGS film thickness, composition and the Ga-gradient profile has

largely been carried out largely following observed improvements of device efficiency [26] [48] [64]

[65] [66][67] [68][69] [70][63], yet the minority charge carrier dynamics inside a Ga-graded
CIGS are still under investigation[69] [7T1][72][73][74]. In this thesis, a key aim is to

elucidate these minority charge carrier dynamics in such devices via a series

of optical measurements.
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1.4.4 Alkali PDT treatment in CIGS
1.4.4.1 Overview

The importance of alkali atoms was first realized in 1993 by Hedstrom, who observed a
clear loss of open-circuit voltage (Voc) and fill factor (FF) after changing the device sub-
strate from soda-lime glass (SLG) to borosilicate glass[75]. It was proposed that diffusion
of Na during CIGS synthesis resulted in the enhancement in crystal quality and electronic
properties that eventually lead to the improvement of device efficiency. Later in 1997,
Contreras et al. deposited a thin-MF precursor layer (M= Na, K, Cs) prior to CIGS de-
position and discovered that Na, K and Cs all unexpectedly enhance device performance,
but Na has the single largest positive impact[76]. Since then, alkali treatment in CIGS
solar cells is considered as an essential procedure for achieving high device efficiencies.
There are several ways of alkali atoms incorporation[77], for example, utilization of SLG
substrates (in the case of Na incorporation), employment of an alkali atoms precursor
on the device substrate prior to the CIGS synthesis, and alkali atom post deposition
treatments (PDTs). With PDTs, it has been suggested that the amount of alkali atoms
diffusing into the CIGS absorber layer can be controlled precisely[27][77]. Besides, PDTs
are highly compatible with different CIGS synthesis routes and substrates. For example,
PDTs are widely implemented in CIGS absorbers which utilize low temperature deposi-
tion processes, and also can be employed on a CIGS absorber that is grown on a flexible
substrate[48]. In 2011, Chirila et al. utilized NaF and KF post deposition treatment on
the CIGS absorber layer deposited on a polyimide substrate, boosting device efficiency
from below 16 % to 20.3 %[48]. Jackson et al. raised the efficiency of CIGS cell to 22.6
% by implementing RbF PDT in 2016[78].

1.4.4.2 NaF PDT

The effects of Na have been intensively investigated in the CIGS research community. It
is generally observed that the open circuit voltage and fill factor increase with the optimal
Na incorporation[79][80][81][82]. Several studies correlated the increase in the open circuit
voltage and fill factor with the increased p-type character of the sodium treated CIGS
absorber[79] [81] [83][84], which can be explained by the following three reasons. First, DF'T

calculations|85] [86][87] and experimental results suggest that Na is incorporated into the
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CIGS lattice by migration via copper vacancies (V) or interstitial sites due to the low
migration energy[88][89]. Consequently, a reduction of compensating donors such as Ing,
anti-sites is achieved by Na atoms occupying Cu or In vacancies (i.e. forming Nac,,, Nay,
anti-sites)[76] [81] [84][87][90]. Second, since the solubility of Na in CIGS is temperature
dependent, it has been reported that Na is prone to diffuse out from the copper sites
during the cool down process after the PDT, leaving behind V¢, in the bulk[86] [87][91].
Indeed, higher concentrations of V¢, have been measured and account for the increased
p-type conductivity observed after Na incorporation[91]. Last, it is proposed that Na
atom acts as a catalyst, oxidizing Se vacancies that act as compensating donors[80].

Other studies showed that the increase in Voo and FF can result from the passi-
vation of non-radiative recombination centres at grain boundaries (GBs), supported by
several atom probe topography studies showing Na accumulation predominantly at GBs
compared to grain interiors (GIs)[90][92] [03][94] [95].

Transient optical studies also showed a correlation of increased minority carrier lifetime
with optimal Na atoms incorporation[96][97]. Nevertheless, the passivate with Na atoms
on grain interiors and/or grain boundaries are still under investigation. More discussion
on how Na impacts minority carrier lifetime and whether it passivates grain interiors

and/or grain boundaries will be followed in Chapter [f|
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1.4.4.3 RbF+NaF PDT

In the case of applying a combined NaF+RbF PDT, Rb atoms can easily replace the
position of Na atoms at grain boundaries and cause Na migrating into the grain, as
evidenced by atom probe topography and secondary ion mass spectroscopy experimental
results[98][99]. However, unlike Na atoms, Rb atoms are much more likely to form a
secondary phase: Taguchi et al. discovered the formation of a RbInSe, thin layer on
the CIGS (GGI = 0.2-0.3) surface via transmission electron microscopy[100], which was
found to create an additional valence band offset at the CIGS/CdS junction, leading to
reduced recombination at this interface[27][I0I]. Besides, the modified front interface
of the CIGS absorber layer improves the coverage of CdS, and therefore, a less thick
CdS layer is needed to form a good CdS/CIGS junction[I02][I03]. Since the parasitic
absorption of CdS increases with its thickness, a thinner CdS layer allows more photons to
enter the CIGS absorber, leading to an increase in Jgo [102]. A recent Kelvin-Probe force
microscopy (KPFM) study demonstrated that the Rb segregation at GBs have a beneficial
effect on the band bending at GBs, leading to an increase in open-circuit voltage in the
CIGS device[104][105]. However, we need to put into consideration that KPFM detects
the characteristics of grain boundaries only at the surface and the analysis was conducted
solely on the area where the Ga concentration of the CIGS device is low ([Ga]/(|Ga] +
[In])(GGI) = 0.32). In addition to the beneficial effect of Rb on CIGS surfaces, it is
also proposed that Rb incorporation reduces non-radiative recombination centres in the
space charge region. Heinemann et al. indicated the Rb treatment reduces the rate of
bulk recombination by utilizing J-V measurements along with device simulations[106].
Siebentritt et al. recently observed the radiative efficiency and the quasi-Fermi level
splitting (i.e. photovoltage) both to increase by similar amounts in RbF-treated Ga-
graded CIGS and concluded that the alkali treatment suppresses recombination in the
space charge region due to a decrease in tail states[I05]. However, these studies mainly
revealed the influence of Rb on the regions within 1 pum depth (out of a ~ 3um film),
where typically the GGI ratio is below 0.5. In a Ga-graded CIGS device, where GGI ratio
varies strongly and may lead to a distinct microstructure throughout CIGS film, the effect

of Rb on minority carrier dynamics is not yet understood.
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1.4.5 Photophysics studies of CIGS

In the following, photo-physical studies on CIGS utilizing external quantum efficiency
(EQE) measurement tools, steady state UV-VIS spectroscopy, steady state and transient
PL spectroscopies, and pump-probe spectroscopy are given. Note that a detailed intro-
duction of each instrument including theoretical principles and experimental details will

be given in Chapter 2 instead.

1.4.5.1 External quantum efficiency studies

For the current state-of-the-art CIGS solar cell with a device efficiency of 23.5 %, the
corresponding SQ limit almost reached 75 % [16] (see Figure [L.5|(b)).

-'\V\
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Figure 1.17: (a) CIGS device structure utilized for EQE simulation model. Thicknesses of
layers from top to bottom are (in nm): 250, 60, 70, 1600 and 320. (b) Comparisons of simulation
EQE results with the EQE measurement data (shown in dashed lines) and 1-R (shown in solid
lines) data. The areas with different colour indicate the light absorption by each material. This

figure is reproduced with permissions of the copyright holder (OSA Publishing) from reference

[107].

EQE is equal to the ratio of the amount of charge carriers collected to the total number
of incident photons. Since EQE efficiency is directly affected by both the light absorption
and charge collection rate, simulating EQE performance of a solar cell allows to analyse
the loss mechanisms in a solar cell [I07]. Figure illustrates a simulated EQE result

compared to the measurement data of a CIGS device. Here, the EQE loss mechanisms
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can be simply classified into three categories: reflection, absorption, and recombination
losses. First of all, approximate 10 % of the overall incoming light is reflected and will
not be absorbed CIGS (shown as the yellow area in Figure . Second, it is obvious
that the window layer (AZO and ZnO) and buffer layer (CdS) absorbs majority of the
light in the range of 300-450 nm. Furthermore, most of the light in the near-IR range
(1050 nm onward) is either absorbed by Mo or will not be absorbed by CIGS due to the
photon energy is smaller than the CIGS bandgap. Third, comparing the simulated EQE
(brown area in Figure to the measurement data of CIGS (dashed lines in Figure
1.17)), an EQE loss in the range of 450 — 1000 nm is observed. This is because charge
carriers recombine (due to the presence of defects) before they get collected.

Takuya Kato from Solar Frontier further analysed the EQE performance in correspon-
dence with device properties with simulation techniques[49]. The analysis was performed
on a 19.7 % CIGS solar cell and the results showed that this device (blue triangle with
light grey square in Figure [1.18h) is just above 60 % SQ limit, as shown in Figure [L.18h.
Figure shows losses in the efficiencies of this device relative to SQ limit. First, for
the loss channel of Voo and FF, it is obvious that defects (yellow colour) are the main
channels for elimination of charge carriers. These defects correspond to non-radiative re-
combination centres for charge carriers, as discussed in the previous section. On the other
hand, the shortage of Jgc mainly results from the loss due to transmission (dark blue
with diagonal lines), absorption (light blue with straight lines) and reflection (blue white
stripes). This result agrees well with the simulation EQE simulation results presented in

Figure 1.17]

1.4.5.2 Steady state UV-VIS studies

UV-VIS is a common tool to investigate the steady-state optical signals of a material.
Figure[L.19illustrates steady-state optical signals (transmittance (T), reflectance (R), and
absorptance(A)) of a non Ga-graded (GGI = 0.29, CGI = 0.82) CIGS sample before and
after Br wet polishing examined by Carron et al.[40]. The sample (SLG/Epoxy/CIGS)
for the UV-VIS measurement was prepared by mechanically peeling of the CIGS layer
from Mo back contact. This is to examine the optical properties of films deposited in
the conditions as that of high-efficiency devices. The transmittance and reflectance were

measured directly, in contrast, the absorbance was calculated by: A =1—T — R. The
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Figure 1.18: (a) Optical efficiency versus electrical efficiency with respect to SQ limit of
different record solar cells. (b) Loss analysis on a 19.7 % CIGS device (blue triangle with light
grey square in (a) ).The analysis was performed by combing the simulated results of EQE and
device performance. This figure is reproduced with permissions of Copyright (2017) The Japan
Society of Applied Physics from reference [49].

Br wet polishing procedure is to reduce CIGS surface roughness. It can be seen that the
optical signals in the infrared range oscillated much more significantly in the sample etched
with Br than the one without, as shown in Figure [1.19a. Furthermore, 10% absorptance

signal appearing in the infrared range in the non-polished sample disappeared after Br wet
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Figure 1.19: (a) Steady state optical signals (transmittance, reflectance, and absorptance)
of a SLG/Epoxy/CIGS (GGI = 0.29,CGI = 0.82,F, = 1.198¢V) obtained from UV-VIS
measurements. The continuous lines and dash lines correspond to CIGS with and without wet
Br polishing, respectively. (b) Schematic of the light absorption affected by light scattering,
reflection, and light trapping within layers owing to different scale of surface roughness of the
CIGS layer. Figures reproduced with permissions under Creative Commons Attribution License

from reference [40)].

polishing. As illustrated in Figure[l1.19b, when a light source passes through a sample with
a rough surface, light is much more easily scattered and trapped within layers compared
to a sample with a smooth surface, resulting in an overestimated absorption but reduced
oscillation in transmittance and reflectance signal in the infrared range. UV-VIS optical
signals are also utilized to estimate the optical bandgap of a material. For the CIGS
sample without Ga gradient, plotting a Tauc plot following Equation (c: absorption
coefficient, h: Planck’s constant, v: photon’s frequency, B: constant, E,: optical bandgap,
and v: % for direct bandgap material) is the most straightforward method. Figure m
shows an estimation of the optical bandgap of a CIS thin film from a Tauc plot. In
addition, extracting the optical bandgap from the 1%¢ derivative of UV-VIS absorptance

is also common in the circumstance when a dominant absorptance signal exists[109] [110].
(ahv)7 = B(hv — E,) (1.5)

It is important to note that the optical bandgap of a Ga-graded CIGS sample cannot
be simply calculated by constructing a Tauc plot. Instead, one can determine the optical
bandgap along a Ga-graded CIGS film by Equation [I.4] as introduced earlier in Chapter
.4.1.2
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Figure 1.20: Tauc plot of a CIS thin film (thickness: 1.3 um). Figures reproduced with

permissions of the copyright holder (Elsevier) from reference [108].

1.4.5.3 Photoluminescence (PL) studies

. Steady state PL

PL spectroscopy can be utilized to characterize radiative transitions of charge car-
riers in materials. As illustrated previously in Figure [I.11] radiative recombination
can occur via 1) band-to-band transition, 2) donor-to-acceptor transition, and 3)
CBM-to-acceptor or donor-to-VBM transitions. One can distinguish and identify
these transitions by measuring PL at low temperature[I13][IT14][115]. At room-
temperature, the PL signals often exhibit near-band-edge characteristics as band-
to-band transitions are dominant[116]. An example can be seen in Figure [1.21h,
both CIGS (GGI=0.41) cell and film showed a dominant near-band-edge PL peak
at room-temperature[ITI]. However, the other two transitions may also appear or
be dominant in the PL spectrum depending on the material quality. For example,
in Figure [1.21], the PL spectrum of the CIGS film showed two extra peaks below
the near-band-edge peak. These two peaks were assigned to CBM-to-acceptor and
donor-to-VBM transitions[I11]. Another example is shown in Figure [1.21p, where
two CIGS devices with bandgap energies of 1.21 eV exhibit PL peaks smaller than
the bandgap. This blue-shifted PL originates from the donor-to-acceptor transitions
due to the Cu-poor conditions of the CIGS devices[I12]. Another important fact
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Figure 1.21: (a)Room temperature PL spectra of a CIGS cell and an as-deposited CIGS thin
film. The GGI ratio is 0.41 for both the cell and the film. Figures reproduced from reference
[T11] with permissions from the copyright holder (Elsevier). (b) Room temperature PL spectra
of two CIGS devices (device efficiency of A and B is 15.3% and 13.0%, respectively) of 1.21
bandgap energies. Figures adapted from reference [112] with permissions from the copyright

holder (Elsevier).

to point out is that PL is also an indicator for material quality. In Figure [1.21},
the PL amplitude of the CIGS film is 6.4 times smaller than the one of the cell. In
Figurdl.21p, the CIGS device with higher efficiency (device A) exhibited a higher
PL amplitude than the one with lower efficiency (device B). To summarize, a mate-
rial exhibiting a higher PL. amplitude indicates reduced non-radiative recombination

transitions.

ii. Time-resolved PL (TRPL)

Time-resolved PL is often utilized for the determination of the minority charge car-
rier lifetime in CIGS materials. Figure shows a typical TRPL signal of a CIGS
device of high device efficiency (18-19.4%). The TRPL data was fitted with a single
exponential function and a decay time constant of 250 ns was obtained. This time
constant was assigned to the minority charge carrier lifetime. The minority charge
carrier lifetime obtained from TRPL measurements are sensitive to measurement

conditions, injection levels, and material quality[69][117].
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Figure 1.22: Time-resolved PL of a polycrystalline CIGS thin film corresponding to 18-19.4%
devices. The red coloured line indicates a single exponential fitting of the TRPL data. This
figure is reprinted from Appl. Phys. Lett. 93, 022110 (2008) [117], with the permission of the
copyright holder (AIP Publishing).

1.4.5.4 Optical pump-probe spectroscopy studies

Optical pump-probe spectroscopy such as transient absorption spectroscopy (TAS), tran-
sient reflectivity spectroscopy, and optical pump terahertz probe spectroscopy allows to
measure a wide range of charge carrier dynamics including electron-hole pair recombina-
tion, charge carrier transfer, charge trapping. Unlike PL spectroscopies which measure
radiative recombination of a material, optical pump-probe spectroscopy measures non-
radiative processes. Optical pump-probe spectroscopy has been utilized in the fields of or-
ganic and hybrid organic-inorganic perovskite photovoltaic materials[118][119]][120][121],
but so far only a few optical pump-probe studies have been conducted in the CIGS field.
In 2012, Chen et al. studied the charge carrier relaxation processes in sputtered and
co-evaporated CIGS devices and found the relaxation mechanisms vary significantly with
different deposition processes[122]. Later in 2014 and 2015, Okano et al. published a
series of transient absorption spectroscopy (TAS) studies, investigating the intraband
charge carrier relaxation and localization processes in an ultra-thin film CIGS absorber
layer (film thickness around 200 nm) at fs to ns timescales[123][124][125]. A TA spectrum
of such CIGS film published in one of their studies is shown in Figurdl.23| as an example.
It can be seen that a photobleach signal at 1.25 eV was dominant in the whole spectrum

and this feature was assigned to the band to band transition of charge carriers.
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Figure 1.23: (a) Transient absorption map of a E; = 1.24eV CIGS thin film. (b) Transient
absorption spectra of (a) recorded at 0.2, 1, 10, 100, 500, 1000, 2000 ps. The CIGS thin film
is excited following 1000 nm excitation wavelength. This figure is reprinted from Appl. Phys.
Lett. 106, 181903 (2015) [123], with the permission of the copyright holder (AIP Publishing).

Optical pump-probe spectroscopy can also be utilized to investigate the impact of
different interfaces on charge carrier lifetime in CIGS devices. Lee et al. investigated
charge carriers from the surface and the bulk by exciting the CIGS film with 400 nm
and 800 nm excitation energies[I26]. Parts of their results are reproduced here in Figure
As shown, a faster decay kinetics was observed in the 400 nm excitation case, which
was proposed to be associated with a higher amount of V¢, defects serving as electron
scavengers close to the surface. In this thesis, TAS is utilized as the main tool for the
analysis of charge carrier dynamics in alkali atoms treated and Ga-graded CIGS devices,

and more optical pump-probe studies will be discussed along with the experimental results.
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Figure 1.24: Schematic of electron dynamics of CIGS following excitation with 400 nm and
800 nm excitation energies. Yellow circles indicate Vg, defect. 75 and 71 correspond to charge
carrier trapped by defects at the surface and in the bulk, respectively. (b) Normalized AT
(transmittance) signals as a function of time of the CIGS thin film following 400 nm and 800 nm
excitation. This figure is adapted from reference [126], with permission from ACS Appl. Energy
Mater. 2018, 1, 2, 522-530. Copyright (2018) American Chemical Society.

1.5 Introduction to SbySe; solar cells

ShoSes, a p-type semiconductor of bandgap ranging from 1-1.2 eV, high absorption coef-
ficient, and earth-abundant constituents, is considered as a promising material for next
generation solar cells/solar fuels. Below gives a brief introduction on the basic material

and optical properties of ShyoSes.

1.5.1 Crystal structure

ShsySes is a binary compound of orthorhombic crystal structure, as shown in Figure [1.25]
The lattice constant is listed as follows: a = 11.6330 A, b = 11.7800 A, ¢ = 3.9850 A
[127]. It can be seen that the crystal exhibits a long ribbon-like structure of [ShySeg)s,
units along the [001] direction. And between each ribbon, a clean plane is in between.
Consequently, the bonding inside the ribbon is strong (covalent bond), whilst in between
each ribbon is weak (van der walls) [127]. It is claimed that the one dimensional ribbons

are beneficial for charge carrier transporting.
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Figure 1.25: Crystal structure of SbaSes. Se and Sb atoms are represented by yellow and
brown balls, respectively. This figure is reproduced with permission of the copyright holder

(IOP Publishing, Ltd) from reference [127].

1.5.2 Bandgap

Figure [L.26|a) shows both partial and total density of states (DOS) of SbySes. It can
be seen that the highest occupied valence band is mainly contributed by Se 4p orbitals,
whereas the lowest conduction band is mainly contributed by Sb 5p states. Figure m(b)
shows the first Brillouin zone allowing to see if ShboSes a direct or indirect bandgap ma-
terial. It can be seen that the VBM is located at I' point, whereas the CBM is located
between I' and Y point. This indicates that SboSes can have both direct and indirect
transition. It is often reported that the direct bandgap of ShoSes is approximately 1.2 eV,
whilst the indirect bandgap is close to 1 eV [127] [128]. As discussed in previous section
[1.3.7] bandgap within the range of 1.1 to 1.5 eV allows to have maximum theoretical solar
cell efficiency. For SbySes solar cell the theoretical efficiency is above 30%, though the

current state of the art efficiency is still far from this target.
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Figure 1.26: (a) Total and partial density of states (DOS), (b) energy band diagram in first
Brillouin zone, and (c¢) the S-Q limit of SbeSes. This figure is reproduced with permission of

the copyright holder (Elsevier) from reference [129].

1.5.3 Device structure of SbySe; solar cells

Here the device structure of the current state-of-the-art thin film SbhySes solar cell (effi-
ciency: 7.6 %) is given as an example [130], as shown in Figure

It can be seen that the device structure is analogous to a typical CIGS solar cell. SboSes
is the main light absorber with a thickness of 900 nm, fabricated by vapor evaporation
method on top of the n-CdS/ITO/Glass substrate. Similarly to CIGS solar cells, the
n-type CdS layer forms a p-n heterojunction with the p-type SboSes layer and serves as
an electron transport layer. Figure illustrates the band alignment of a wide range of
transparent electrode (TE), window /buffer, hole transport layer (HTL), and back contacts
(BCs) in SbySey solar cells. As illustrated, it is desirable to choose a buffer/window layer

with relatively low conduction and valence band energies as it helps to transport electrons
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Figure 1.27: The device structure of the current-state-of-the-art thin film SboSes solar cell.

This figure is reproduced with permission of the copyright holder (Springer Nature) from refer-

ence [130].

and at the same time block holes. The interface at absorber /back contact is notorious for
having numerous interface recombination for its semiconductor /metal Schottky junction.
Consequently, implementing a hole transport layer which not only assist holes transport

but also serve as a buffer between the semiconductor/metal Schottky junction is found to

improve device efficiency [131][132].
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Figure 1.28: Band alignment of a wide range of transparent electrode (TE), window/buffer,
hole transport layer (HTL), and back contacts (BCs) in SbaSes solar cells. This figure is repro-

duced with permission of the copyright holder (Elsevier) from reference [129].
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1.6 Thesis aim and outline

This thesis aims to unravel the impact of bandgap tuning by Ga grading and alkali atoms

incorporation into the CIGS absorber layer on the device performance from a minority

charge carrier kinetics point of view. The structure of the thesis is listed below:

1.

11.

1il.

1v.

Chapter 2 - Experimental methods:

This chapter will give a detailed introduction to the working principles of the mea-
surement equipment including data interpretation and analysis. The main focus will
be on optical spectroscopy including transient absorption spectroscopy, photolumi-
nescence spectroscopy, and UV-VIS spectroscopy, as they are the main measuring

techniques in this thesis.

Chapter 3 - Transient absorption studies on CIGS and the correlation

with emerging photovoltaic materials like SbySe;:

Steady-state and transient optical studies on CIGS thin film to establish a firm
ground for the next two chapters. Furthermore, the optical results of CIGS are

compared with those of ShySes thin film to broaden the scope of this chapter.

Chapter 4 - Transient absorption studies on electron dynamics along the

Ga-gradient in CIGS solar cells:

This chapter is focused on the influence of the Ga gradient on the minority charge
carrier kinetics in a high-efficiency CIGS device. Here, the charge mobility, recom-
bination time, effective minority charge carrier lifetime throughout the whole GGI
profile are investigated by using ultrafast transient absorption spectroscopy as well
as other techniques. A Matlab fitting function was employed for supporting the
experimental results. Also, scanning electron microscopy and secondary ion mass

spectrometry were applied as additional characterization methods.

Chapter 5 - Effects of incorporated alkali atoms (Na and Rb) on minority

charge carrier kinetics in Ga-graded CIGS solar cells:

The impact of alkali atoms (Rb and Na) on minority charge carrier kinetics will
be explored and discussed in this chapter. The three samples utilized for this

study all include a Ga gradient but use different alkali treatments (without any
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PDT, NaF only PDT and RbF+NaF PDT). By employing a TAS system in the
picosecond-second time range along with other optical spectroscopy and material
characterization measurements, the mobility of minority charge carrier and non-
radiative recombination time between different PDT samples are obtained. From
the experimental results, details of how minority charge carrier kinetics are affected
by different alkali atoms are derived. Furthermore, utilizing a TAS system in the
microsecond-second time range leads to novel experimental results that reveal the
impact of incorporated alkali atoms on defects. This is the first time that minority
charge carrier dynamics in the second time range have been discovered in CIGS

solar cells

Chapter 6-Concluding remarks:

The overall conclusion based on the results from the previous chapters and the

remaining challenges are given in this chapter.
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Chapter 2

Experimental methods

Note that all the optical measurements of CIGS thin films and devices in this thesis were
performed by myself. On the other hand, fabrications of CIGS thin films/devices and the
corresponding device characterizations in this thesis were all conducted by the research

group of Professor. Ayodhya N. Tiwari in EMPA Switzerland.
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2.1 Optical characterization

2.1.1 Ultraviolet—visible spectroscopy (UV-VIS)

Once the UV-VIS light (190 nm-750 nm) propagates into a thin film , several situations
are likely to occur:

(1) Absorption: Photon absorption induces an electron transition from the ground state
to an excited state within the material. Hence, the intensity of the light will be reduced
after absorption.

(2) Reflection: There are two types of reflections, one is diffuse, the other is specular.
Diffuse reflection is the reflection of the light at many random angles (i.e. scattering),
whilst specular reflection is the mirror reflection of the incident light.

(3) Transmittance: The residual light passes through the sample that is neither absorbed
or reflected by the sample.

Though the absorption could not be directly measured, it can be calculated from the
transmittance and reflection (both specular and diffuse) measurements and from using

the equation below:
Absorption(%) = 1 — Transmittance(%) — Reflection(%) (2.1)

UV-VIS spectroscopy provides the information of the steady-state absorption character-
istic of the sample. For example, the absorption onset of a semiconductor material in
the UV-VIS spectrum, can be related to the material band gap, as only photons en-
ergy larger than the band gap could be effectively absorbed. In this thesis, a UV-2600
Shimadzu UV-Vis spectrophotometer with a two-detector integrating sphere module (Shi-
madzu ISR-2600Plus), or an Agilent Cary 60 spectrophotometer was utilized.

2.1.2 Steady-state photoluminescence spectroscopy (PL)

Steady-state photoluminescence spectroscopy detects the sum of the photons emitted from
the specimen as a consequence of radiative recombination. In a solid semiconductor, after
excitation, charge carriers may undergo four possible radiative recombination channels:
CBM to VBM, CBM to acceptor levels, donor levels to acceptor levels, and donor levels
to VBM, as illustrated in Figure 2.1]
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Figure 2.1: Schematic of radiative recombination channels (coloured in red) in a solid semi-

conductor.

The intensity of photoluminescence can be described as:

number of photons emitted

PL intensity = (2.2)

number of photons absorbed

In principle, a higher PL intensity indicates less occurrences of non-radiative recombina-
tion in a material, and therefore the better quality of the material is. Literature reviews
on PL studies on CIGS devices can be found in Chapter [[.4.5.3]

In this thesis, the sample was measured via emission mode in Horiba Fluorolog-3
modular spectrofluorometer. The emission mode refers to the sample excited by a fixed
light source (LED white light in our case), with its emitted photons scanned after a
monochromator and collected by an IR detector, generating a spectral distribution profile

of all emitted photons.

2.1.3 Transient absorption spectroscopy (TAS)

TAS is the main spectroscopic tool utilized in this thesis. A detailed introduction of this
technique is described below for better comprehension of the TAS data in the following

result chapters.
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2.1.3.1 Principle

TAS is commonly used to study the charge carrier dynamics in photovoltaic and photo-
electrolysis systems. In a TAS experiment, a pulse laser (pump) in nJ range is pumped
directly to the sample, exciting charge carriers from the ground state to the excited state.
Subsequently, a continuous white light beam (probe) is then sent through the sample
with a delay time ranging from ps to ns scale (7) relative to the pump. An absorption
difference between pumped and unpumped sample is then recorded at each time delay
as a function of wavelength and 7 profile. This profile contains information of carrier
dynamics process such as electrons trapping, bimolecular recombination, and carrier sep-
aration process...etc. in the desired system. In comparison to steady-state absorption
spectroscopy (ex: UV-vis), which we observe long-lived intermediates due to continuous
excitation of the sample, with TAS both short-lived and long-lived intermediates will be
able to detect due to short laser pulse. Furthermore, compared to photoluminescence and
fluorescence spectroscopies with TAS, we can observe the evolution of non-emissive states

in TAS.

2.1.3.2 TAS data calculation and analysis

In TAS measurement, an absorption difference (AA) of the specimen before and after
pump excitation is recorded and calculated. Due to the excitation, the charge carriers are
generated and excited from the ground state, which induce the change of the probe light
spectrum with respect to the time. By subtracting the ground state absorbance from the
excited state absorbance at each wavelength (equation [2.3)), as shown in Figure [2.2](a),
we will be able to obtain a transient absorption profile as a function of time (ps) and
wavelength.

AA = Apy — Ags (2.3)

The absorption profile holds three main processes, as shown in Figure 2.2

A. Negative signals (AA <0)

1. Ground-state bleaching. After excitation, charge carriers are excited from the ground
states to the excited states. Due to the occupation of charges on the excited states in the
pumped sample, the amount of charges that can be excited by the upcoming probe light

is reduced. Hence, a decreased absorption is observed in the pumped sample than the
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Figure 2.2: (a) TAS profile demonstrating the change of absorbance of the sample before
and after pump excitation at each wavelength. (b) Schematic of the three main charge carriers
processes after pump excitation in the energy band. GSB denotes Ground state bleach, SE

denotes Stimulated emission, Ex-abs denotes excited states absorption

unpumped sample, leading to a negative signal shown in the TAS spectrum.

1. Stimulated emission. The origin of stimulated emission comes from a pulse light passing
through an excited sample, inducing the photons in the excited states to return to the
ground states. Also, the direction of the emission is the same as the probe light, thus both
of the emission will be detected. Stimulated emission only occur in an optically allowed
transition and the photon usually contains less energy, thus a stoke shift is commonly
observed.

B. Positive signals(AA >0)

1. Fxcited-state absorption. After pump excitation, the charge carriers generated to the
excited states might further absorb the energy from the probe light to an even higher
excited states or other transient states, such as charge transfer states or triple states,

contributing to an overall absorption spectrum at absorbed wavelengths.

2.1.3.3 fs-TAS set-up

The fs-TAS system employed here is commercially designed as shown in Figure [2.3] The
laser output is from the Ti:Sapphire laser system (Solstice, Spectra-Physics), generating
800 nm laser energy with a width of 92 fs at a repetition rate of 1 kHz. This 800 nm laser
light will be split into two light paths, pump pulse and probe pulse, after passing through



2.1. OPTICAL CHARACTERIZATION 92

500 Hz

ﬂﬂﬂﬂﬂ]ﬂ) Chopper

AN

Ti:Sa Crystal
(White light @223
generation)

Probe beam

= Pump beam

SOLISTICE ToPAS

800 nm ——
Ti:Sapphire
laser

Ref. Detector

R ﬁ
Computer

Signal Detector
Absorbance

0 - S | 7l/

Wavelength

1300 nm laser

(@AY

Figure 2.3: Schematic representation of the fs-TAS system.

an amplifier inside Solstice. First, we describe the pump pulse, which is shown in the red
path. With Ti:Sapphire laser alone, the laser wavelength is restricted to 800 nm only. To
broader the range of wavelength for pump pulse, the initial 800 nm laser passes through a
transient Optical Parametric Amplifiers (TOPAS, Light Conversion) to generate 1300 nm
pump pulse, and then enter a frequency mixer (NirUVis, Light Conversion) to generate
specific wavelength ranges for experimental purposes. In our set-up, the pump wavelength
ranges from ~290 nm up to the NIR region. An optical chopper with 500 Hz rotating
frequency is applied before the pump pulse hits the specimen. The probe beam is shown
in the green path. After splitting from the pump pulse, the probe pulse enters a delay
stage which is up to 6 ns delay with respect to the pump pulse. This process defines
when exactly the sample is probed. After the probe pulse leaves the delay stage, it passes
through a Ti:Sapphire crystal and generates a continuum white light. Subsequently, the
continuum white light is then divided into two paths by an adjustable semitransparent
mirror, one probes through the sample directly, the other acts as a reference. The probe
pulses from the sample and the reference pulses are collected by either a Si or InGaAs
multi-channel detector depends on the measurement wavelength range. The change of
absorption (AA) with respect to time and wavelength of the specimen before and after
pump excitation is then successfully recorded. In this thesis, the measurement wavelength
range is NIR (from 850 nm to 1600 nm). The pump excitation energy is measured via a

power meter (VEGA P/N 7Z01560, OPHIR Photonics) with a 500 gm diameter aperture.
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Figure 2.4: Schematic representation of the pus-TAS system.

Figure [2.4] shows the configuration of our home-built us TAS system. The source of
the pump beam is the 1024 nm Nd:YAG laser (Big Sky Laser Technologies, Ultra CRF)
with a pulse width shorter than 10 ns. The 1024nm laser generates a fixed 355 nm pump
excitation via 3rd harmonic output port, and a tunable pump pulses (400 nm-2200 nm)
via an optical parametric oscillator (OPOTEK Opolette). The pump excitation intensity
can be adjusted via placing neutral density (ND) filters in between the sample and the
pump pulse, or tuning the Q-switch delay. The source of the probe beam is the 100 W
halogen lamp (Bentham, IL 1), and it’s stabilized by a stabilized power supply (Bentham,
605). A monochromator is placed after the sample to filter the specific wavelength for
measurements. The signal is then detected via a silicon photodiode (Hamamatsu S3071)
at the end of the set-up. Note that the detectors are placed inside a black box to minimize
the scattering and emission effect. The signals are acquired differently based on their time
scales. The pus—ms timescale signal will go through an amplifer (Costronics 1999 amplifier)
before being recorded in an oscilloscope (Tektronix DPO 2012B). On the other hand, the
ms—s timescale signal is recorded in a DAQ card (National Instruments USB-6211 or USB-
6361) without being amplified. Last, all signals are processed with a home-built LabView

software in a computer.
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2.2 CIGS device fabrication and characterization

2.2.1 Device fabrications

All the CIGS samples studied in this thesis were fabricated by the research group of
Prof. Ayodhya N. Tiwari in EMPA Switzerland via a modified three-stage co-evaporation
process[l]. The substrates of the CIGS devices studied here are Mo coated soda lime
glass. CIGS layers were deposited on top of the substrates by co-evaporating Cu, In, and
Ga elements at a maximum substrate temperature of 450 degrees through three-stage

processes, as shown in Figure 2.5
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Figure 2.5: Schematic representation of (a) deposition setup and (b) a three-stage deposition

process of CIGS thin films. Figures are adapted from references [I] and [2], respectively.
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Once the co-evaporation process was finished, the CIGS film was taken out from the
chamber and then a 30 — 50 nm CdS layer was deposited on top of it via a chemical
bath deposition method. Window layers ZnO and Al:ZnO (AlyO3, 2 wt%) were deposited
by RF magnetron sputtering after CdS deposition. Finally, the device was finished by
coating an anti-reflective layer MgFy and Ni/Al grids by e-beam evaporation.

Note that for NaF PDT treated samples, evaporation of NaF was conducted in a
Se atmosphere in the same chamber following the standard three-stage coevaporation
process. For RbF+NaF PDT sample, RbF was evaporated in the same manner following
the NaF PDT deposition. Standard deposition rate for both NaF and RbF PDT was
approximately 1-2 nm/ min, and the duration was 20 minutes each[3][4]. After the PDT
processes, the CIGS samples were taken out from the vacuum chamber and rinsed gently
with diluted ammonia to wash away the unreacted alkali fluorides on the surface. Note
that in PDT treated samples, a silicon oxide layer was deposited between Mo and SLG
to stop the unwanted diffusion of Na atoms from SLG to CIGS absorber.

2.2.2 Device characterizations

e Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS)

TOF-SIMS is an analytic tool that can reveal the composition of solid surfaces and the
element depth profile from few angstroms to tens of micrometers. The physics behind this
technique is illustrated in Figure[2.6|and explained in the following. First, a certain area of
a sample is bombarded by a high energy analysis beam, resulting in ionized particles (also
often called as secondary ions) emitting from that area. Afterwards, these secondary ions
are individually detected and analyzed by a mass spectrometer. To obtain the element
depth profile of the sample, a sputter beam is utilized simultaneously to etch the sample
gradually.

It should be noted that the SIMS profile reveals the relative concentrations of each
element instead of absolute quantities. Figure gives an example of comparing Na
concentrations in the CIGS absorber with and without additional RbF/KF PDT. It can
be seen that the Na concentration decreased by half in the absorbers with additional KF
and RbF PDT compared to the one without.
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Figure 2.6: Principles a TOF-SIMS system. This figure is reproduced with permission of the

copyright holder from reference [5].
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Figure 2.7: SIMS depth profiles signals from Na, K, Rb, and Cu in the CIGS absorbers
treated by NaF PDT, NaF and KF PDT, and NaF and RbF PDT. This figure is reproduced

with permission from Copyright (©) 2017, American Chemical Society from reference [3].

In this thesis, a TOF-SIMS system (ION-TOF GmbH TOF SIMS5) is utilized to
detect the [Ga]/([|Ga]+[In]) (GGI) concentration ratio across the 2.7 ym CIGS film. The
analysis beam is Bit with 25 keV acceleration and the sputtering beam is OF with 2 keV

acceleration.
e Scanning electron microscopy (SEM)

Scanning electron microscopy provides information of the morphology, topography, and
the cross-section of the sample. The physics behind this technique is given as follows:
After being scanned by a focused and relatively low energy electron beam, the atoms

of the detected sample interact with the injected electrons and generate various typed
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of signals, for example, secondary electrons, cathodoluminescence, etc, as illustrated in
Figure In SEM, only the secondary electrons generated close to the surface are
collected to produce three dimensional image of the sample. Secondary electrons are low
energy electrons (10-50 eV) resulting from the collisions between the injected electrons
and the loosely bonded electrons of the atoms. Figure [2.9] gives an example of utilizing
SEM to obtain a cross-section image of a CIGS device, demonstrating that the difference
in grain size and layer structures can be easily spotted and distinguished in a SEM image.

The SEM image in this thesis was taken on a Hitachi S-4800 electron microscope that

has an interaction volume of >1 pum.
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Figure 2.8: Schematic of interactions between primary electrons and the atom and the signals
generated due to this interaction. Reproduced with permission under CC BY-SA 4.0 license

from reference [6].

e Current (I) - Voltage (V) measurement

An I-V measurement corresponds to applying a series of voltages to a solar cell under
either dark or illuminated condition and measuring the current flow through the device
at each voltage simultaneously. Figure [2.10] shows a typical I-V curve of a solar cell
measuring under dark and illuminated condition.

Several important parameters of a solar cell can be obtained from the I-V curve.
The open circuit voltage, Vp¢, corresponds to the voltage which the net current through
the device is zero. Vp¢ is influenced by several factors such as the optical bandgap

and recombination of the material as well as the device temperature. The short circuit
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Mo
(surface)

Figure 2.9: SEM cross-section image of a high efficiency (> 18%) CIGS device grown on a
polyimide substrate. Reproduced with permission of the copyright holder (Springer Nature)

from reference [7].

current density, Jsc, corresponds to the maximum current flow through the device when
the applied voltage is zero. Jgo reflects how many charge carriers are generated and
collected in the solar cell after illumination. The power (P) of a solar cell is defined by
the generated current and voltage (P = I x V'), hence, the maximum power point of a
solar cell can be defined, as indicated in Figure . The maximum power point (Pyp)
refers to the point where the overall output of current density (Jpp) and voltage (Vasp) is
maximized. Fill factor (FF) is employed for indication of the ratio of the actual maximum
power to the overall output of the short circuit current (Jg¢) and open circuit voltage
(Voo).

Pyp
FF = — " 2.4
Voo X Jsc (2.4)

The device efficiency 7 is therefore defined as below:

PMP _VOCXJ50XFF

(2.5)

Pillumination jjillumination

, where Pjjumination Tefers to the standard 1 sun condition (AM1.5G, 25°C, 100 mWem™2).

The behaviour of a single junction solar cell can be represented by a single diode
with two resistors, the series resistance (R) and the shunt resistance (Rygy,), as illustrated
in Figure 2.10b. The presence of R, reduces the voltage of the device. In the open
circuit condition, due to the overall current flows through the solar cell the Voo remains
unchanged. Consequently, R can be extrapolated by simply calculating the slope of an

IV curve at the Voo point. The presence of Ry, reduces the current flows through the
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Figure 2.10: (a) An typical I-V curve of a single junction solar cell (19.3% CIGS solar cell as
an example). The label MPP stands for maximum power point, Ry, stands for shunt resistance,
and R stands for series resistance. (b) An equivalent diode circuit of a single junction solar cell

under illuminated condition. The label D stands for diode and I, stands for photocurrent.

solar cell. R, can be obtained from the slope of an IV curve at the Jsc point. Both R,
and Ry, impact the FF (i.e. the shape of the IV curve) of the device significantly.

The I-V measurement in this thesis was conducted under 1 sun condition with the
solar simulator (LOT-QuantumDesign) that was calibrated with a certificated Si diode.

The electrical measurements was performed by a Keithley 2400 in four-points measuring

mode.
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e External Quantum Efficiency Measurement (EQE)

EQE efficiency is equal to the ratio of the amount of charge carriers being collected to
the total number of incident photons. The Jg¢ is the result of integration of a spectral

EQE, as described in the following equation:
Tpiiv—o = Jsc = /0 G(\) * EQE(X\)dA (2.6)

, where Jppjv—o is the photocurrent at 0 V, and G(\) is the incident photon flux.

The EQE result not only reflects the ability of a solar cell to absorb the sunlight
but also reveals the losses due to charge carrier recombination, parasitic absorption, and
reflection. In Chapter [[.4.5.1] a detailed analysis on the EQE results of a CIGS solar cell
is given.

In this thesis, a calibrated chopped (260 Hz) white light source (900 W halogen lamp)

with a monochrometer was utilized for EQE measurement.

2.3 CIGS samples for optical measurements

All the TAS measurements in this thesis were performed in a transmission
mode and in ambient atmosphere with low humidity. If the CIGS and CIS samples are
measured in reflection mode, the optical signals have to be reflected back by the Mo back
contact and re-absorbed by CIGS and CIS absorbers. However, due to the thickness of
the absorber layers, the TA signals obtained are small such that the signal-to-noise ratio
is very low. To measure CIGS samples in a transmission mode, the Mo back contact
was detached from the rest of the CIGS stacks. To achieve this, a peeling-off method
was utilized, as shown in Figure [2.11] and step-by-step procedures are given as follows.

First, the CIGS solar cell (named as ”Sample”) is glued with epoxy to another 2 mm
thick glass substrate (named as ”Substrate A”) for support, as shown in Figure 2.11](a).
A small droplet of transparent epoxy glue DP100 is then placed on top of the CIGS solar
cell, as shown in Figure 2.11[(b). A glass substrate (named as ”Substrate B”) is then used
to cover the epoxy droplet and placed starting with an angle to avoid air enclosure, as
shown in Figure (c) A small weight is placed carefully on the assembly and kept for
1 day, as shown in Figure [2.11](d). Afterwards, the sandwiched sample is heated to 50 °C
for 1 hr and allowed to cool down before the top glass piece is pulled from the bottom

piece, thereby, peeling off a circle of the solar cell stack from the Mo back contact.
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Figure 2.11: Schematic of the procedure of peeling off the rest of the CIGS cell stacks from

its Mo back contact.
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Figure 2.12: (a) CIGS device structure (b) CIGS sample utilized for TAS measurements

Figure[2.12) (a) illustrates the CIGS device structure studied in this thesis. The 2.7 ym
p-type CIGS absorber layer is deposited on a Mo coated glass substrate. The absorber
is then coated with n-type CdS and contacted via ZnO and Al:ZnO. Figure (b)
illustrates the resulting architecture of the CIGS stacks for TAS measurement after the
peeling off procedure. Note that in TAS measurements, the excitation impinges
either from the peeled-off Mo side (denoted as back side excitation throughout
this thesis) or the glass/epoxy/AZO/ZnO/CdS side (denoted as front side

excitation throughout this thesis).
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3.1 Introduction

The aim of this thesis is to unravel the influence of Ga gradient implementation and
alkali atoms PDT on charge carrier dynamics in a high efficiency CIGS device. However,
before stepping directly into studying such a complex system, a series of steady state and
transient optical studies are being discussed on a less complex system: a CIGS thin film
without any Ga gradient and no PDT treatment. This is to lay a foundation for the
following studies presented in the next two chapters.

A detailed introduction of the CIGS material and its photo-physical characteristics
is presented in Chapter [l In short, in the CIGS research field, numerous PL studies
have been carried out to understand the dynamics of charge carriers in CIGS absorbers
and devices. It is generally observed that the PL emission of CIGS arises from either
free-to-bound or donor-to-acceptor transitions within the bandgap (see Chapter
for more details). For CIGS, the PL decay time, which corresponds to radiative recom-
bination processes, can measure up to hundreds of nanoseconds depending on the quality
of the film[I]. On the other hand, there is much less focus on understanding the charge
carrier dynamics in CIGS at the timescale of picosecond to nanosecond, which is the
regime of non-radiative processes such as charge carrier trapping[2][3][4]. Besides, there
are currently no optical studies in CIGS on the microsecond to second timescale. Here in
this chapter, transient absorption spectroscopies in picosecond to nanosecond (ps-ns) and
microsecond to second (us-s) timescales are utilized for investigating the charge carrier
dynamics in a polycrystalline CIGS thin film. This is the first time that the transient
absorption (TA) features of CIGS over such a broad time range are revealed.

To broaden the scope of this chapter, the TA results of CIGS are compared with
another member of the CIGS family: CIS, and another type of chalcogenide material -
SbySes. CIS, as introduced previously in Chapter [I] without the incorporation of Ga
atoms, it has a smaller bandgap compared to CIGS. Due to the low bandgap energy, the
device performance of CIS has a higher Jg¢ but a much lower V. Recently, SboSes has
been utilized as absorber layer for thin film photovoltaics[5][6] [7][8][9] and solar fuel appli-
cations [10][11][12][13], though after years of development, the device efficiency remains
low. The highest efficiency for a thin film ShySes solar cell so far is 7.6 %[7], which is far
behind the record of CIGS solar cells (23.35 %)[14]. The main loss of device efficiency in

SboSes results from a high Voo deficit, which is twice as much as in the CIGS device of
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the same bandgap[15][16]. Trap states in the bulk and at surfaces and interfaces|[7][17] [1§]
are considered to be the main reason. Though CIGS devices are still suffering from V¢
deficit due to defects[19][20][21], nevertheless, after 40 years of intensive research and

development, an obvious improvement is achieved.

Comparing different materials with similar features can help to deepen understanding
of processes in complex material systems. Therefore, a series of TA studies are also
performed on SbsSes, and the results are compared with those of CIGS with an attempt

to find any similarity or difference in charge carrier dynamics between these two.

3.2 Experimental methods

In this chapter, steady state UV-VIS, PL spectroscopy, ps-ns and us-s TAS are the main
tools for the investigation of the photo-physics in CIGS, CIS, and SbySes materials. The
details of each instrumental set-up and fundamental principles are described in detail in

Chapter [2|

The fabrication methodology of the CIGS and CIS thin films investigated here is
described previously in Chapter [2.2.1] Both samples have a structure as shown in Figure
B-1h. The thicknesses of CIGS/CIS film is 2 pgm. The samples for TAS measurements are
prepared by peeling off the Mo back contact from the rest of the CIGS/CIS stack and
the corresponding sample structure is illustrated in Figure [3.Ip. As described in Chapter
[2.3] the reason for peeling off Mo is to measure CIGS/CIS in a transmission mode in TAS
to maximize the signal-to-noise ratio. The CIGS/CIS samples can be either excited from

the front side or the back side.

SbhoSes thin films were fabricated via a sputtering method by Prabhakar et al.[13].
The 300 nm SbySes film is deposited on a 5 nm Au layer on a glass substrate, and covered
with a ~30 nm amorphous MoS,, layer. The fabrication details can be found in reference
[13]. The ShySes thin film is measured in a transmission mode using a ps-ns TAS system.
However, the signals obtained from the transmission mode using the ps-s TAS system
suffers from a low signal to noise ratio, therefore the sample was measured in reflection
mode instead. For the SbySes samples, all the TA measurements are carried out in Ny

atmosphere as the film decays rapidly in air.
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a. CIGS (CIS) thin film b. CIGS (CIS) Sample Structure
deposited on Mo back for TAS measurement
contact front side excitation

/

{Peel-off procedure)

Back side excitation

Figure 3.1: Schematic of a (a) CIGS (CIS) thin film deposited on Mo back contact and (b) the
corresponding CIGS sample utilized for TAS measurement. For TAS measurements, since now
the sample can be measured in transmission mode, it allows to excite the sample from the front

side (epoxy side) and the back side (the peeled-off Mo side), as illustrated in the schematic

3.3 Results and Discussion

3.3.1 CIGS (no Ga gradient, no alkali post deposition treat-

ment)
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Figure 3.2: Steady state UV-VIS results of a CIGS (GGI=0.4) thin film sample. (a) Absorp-
tance spectra following excitation from the front and back side, respectively. (b) The corre-

sponding 1% derivative results of UV-VIS absorptance.

First, the results of UV-VIS steady-state measurements on CIGS thin film are pre-
sented. As shown in Figure 3.2h, the CIGS absorptance spectra obtained from the back

side excitation showed a slightly higher absorption than the one from the front side. This
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is due to a lower reflectance response when the sample was excited from the back side, as
shown in Appendix Figure [A.T] Nevertheless, a Tauc plot analysis shows that both spec-
tra exhibit a 1.21 eV bandgap energy, which agrees well with previous literature. Note
that in both spectra, the signals oscillate in the IR region, especially when the sample
is excited from the front side. Since the CIGS thin film was fabricated via a three-stage
co-evaporation method, the film is of high thickness uniformity and low surface roughness.
These characteristics lead to a strong light interference effect during an optical measure-
ment. As a result, intense oscillations appear in the weak absorption and transparent
regions of the investigated material[22][23]. It should also be noted that the 20% absorp-
tance detected in the IR region is considered to be an experimental artifact resulting from
light trapping and scattering in the tested samples[24] (More details of UV-VIS experi-
mental artifacts can be found in Chapter [1.4.5.2)). Figure shows the results of the
1% derivative of UV-VIS absorptance spectra. The 15! derivative spectra of both samples
have shapes similar to a Gaussian distribution, ranging from 900 nm to 1050 nm. The
1% derivative absorptance peaks are between 990 nm to 1000 nm (equivalent to 1.24-1.25
eV). A 0.03 eV mismatch between the Tauc plot and the 1% derivative absorptance is
likely to be originated from the scattering light.

To observe the transient absorption features, the CIGS sample was excited following
an excitation wavelength of 600 nm at a 3.3 uJ/cm? fluence from both the front side
and the back side, and the results are shown in Figure [3.3h,b, respectively. With 600
nm excitation, charge carriers within 160 nm depth beneath the excitation surface were
excited, as shown in Appendix Figure[A.2] In both cases, a prominent photobleach signal
with a shape similar to a Gaussian distribution and a peak at 960-970 nm, was detected
during the first hundreds of picoseconds. This prominent photobleach decayed with time
in both cases and in the front side excitation case the photobleach is found to red-shift
to 990 nm over the next 3 ns, which aligns well with the peak of the first derivative of
UV-VIS absorptance. Therefore, this photobleach signal is assigned to the ground-state
bleach. Note that the decay is more pronounced in the back side excitation case. The
decay kinetics probed at the maximum TA peak wavelength of both cases (970 nm for
front side excitation case and 960 nm for back side excitation case) were shown in Figure
B.3k. First of all, it is clear that the signal from the front side excitation decays much

slower than the one from the back side excitation. Furthermore, the signal from the
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Figure 3.3: Transient absorption spectra of a CIGS (GGI=0.4) thin film sample recorded at
2 ps, 10 ps, 100 ps, 500 ps, 1 ns ,3 ns and 6 ns using an excitation wavelength of 600 nm from
the (a) front and (b) back side. The fluence is 3.3 pJ/cm?, equivalent to 10'3 photons/cm?. (c)
Normalized TA kinetics probed at the maximum peak wavelength of the TA spectra a and b.
Both kinetics were fitted with a stretched mono-exponential function (y = a * exp — ((kz)?),
B: stretching component). The fitting result of the kinetics of front side excitation case shows

B =1, whilst for the kinetics of back side excitation 8 = 0.42.

front side excitation can be fitted well with a mono-exponential function. In contrast, the
kinetics from the back side excitation were fitted very well with a stretched exponential
function (y = a * exp — ((kx)P), B: stretching component =0.42) rather than a mono-
exponential function. A stretched exponential decay is commonly seen in disordered
materials or materials with a distribution of defect states[25][26][27][28], which leads to
dispersed recombination lifetimes rather than a single recombination lifetime which can
be fitted with a mono-exponential decay model. This further indicates that there is a

larger distribution of defects in the back region than in the front region. This can be
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further supported by the PL experiments showing that the PL signal was only detected
when the sample was excited from the front region (see Appendix Figure , which
again indicates a higher number of non-radiative recombination centres in the back region
than in the front region. Here, the charge carrier lifetime is determined by the period in
which the signal amplitude decays to 50% of its initial value (tso%). This is because the
rate constant of a single exponential function has different units if the stretching exponent
is different. Consequently, for the back side excitation case tsgy = 140 ps, whilst for the
front side excitation, tsqy = 650 ps. A 4-5-fold increase tsqy in the front side excitation

case further implies charge carriers are longer-lived in the front region.
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Figure 3.4: (a) Fluence-scaled study on TA decay kinetics probed at 960 nm of a CIGS
(GGI=0.4) thin film sample following an excitation wavelength of 600 nm from the back side
with 3.3, 16.2, and 45.1 pJ/cm? fluences. (b) The maximum signal amplitude as a function
of fluences. (c) Normalization of 960 nm kinetic trace at 2 ps. 3.3 uJ/cm? equals to 103

photons/cm? absorbed.
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In addition, a fluence dependant TA experiment (fluences range from 3.3 pJ/cm? to
45.1 pJ/cm?) was also performed, as shown in Figure . Note that the fluence 3.3
pJ/cm? was chosen because it allows to obtain signals with high signal to noise ratio.
The results show that the amplitude of the photobleach increases linearly with excitation
fluences. However, the normalized kinetics are insensitive to the excitation fluence. With
fluences ranging from 3.3 pJ/cm? to 45.1 wuJ/cm?, the population densities of photo-
excited charge carriers are within the range of 107 to 10 ¢cm™2, which is higher than
the suggested intrinsic carrier concentration of a GGI=0.4 CIGS abersorber layer (~10'°
cm?)[29]. In the high-injection regime, the Shockley-Read-Hall (SRH) recombination
rate is directly proportional to the population of photo-excited charge carriers (n), whilst
for radiative recombination and Auger recombination it is directly proportional to n?
and n3, respectively[30]. Therefore, if radiative and Auger recombination are the main
recombination pathways of the free charge carriers observed at this timescale, a significant
power dependent decay signal would be expected. Instead, the observation that the

decay kinetics are insensitive to the excitation fluence indicates that the decrease of the

photobleach is mainly via free charge carriers which undergo SRH recombination[31].
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Figure 3.5: (a) Transient absorption spectra recorded 1 us, 10 us, 100 us, 1 ms and 10 ms after
excitation of a CIGS (GGI=0.4) thin film sample from the back side using 355 nm excitation
wavelength. The fluence was 0.33 mJ/cm?, equivalent to 5.9x10'* cm~2 photons absorbed. (b)
The TA decay kinetics probed at 1000 nm with fluences from 45 to 248 uJ/cm?. (c) Shows the
corresponding kinetic trace normalized at 1us and (d) shows the highest AA amplitude as a

function of fluence.

Figure[3.5h shows the TA feature after 355 nm excitation from the back side in the time
range of 1 us to 10 ms. With a 355 nm excitation, it is expected to excite charge carriers
within a 100 nm region from the back surface. Instead of observing a photobleach signal
as in ultrafast TA measurements, an absorption feature centred at 1000 nm was detected.
Another interesting point is the shape of this absorption feature which fits well with the
1%t derivative of the UV-VIS absorptance (Figure ) Within our measurement time
window (1 ps to 50 ms), it is clear that the signal magnitude is the highest at 1 us and
decays to almost zero by the end of the measurement. Figure to illustrate the
decay kinetics of this absorption feature under different fluences. The transient absorption

signal increases linearly with increasing fluence, yet the normalized decay kinetics remain
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unchanged. Furthermore, the decay kinetics fit well with a stretched exponential function,
with a stretching constant () of 0.2, as shown in Appendix Figure Note that the
fluence chosen for us TA study is much higher than the one chosen for ps-ns TA study.
This is because if fluence chosen is lower than 45 puJ/cm? in us TA measurement, the
signal-to-noise ratio is too low that the data did not seem to be trustworthy.

An absorption feature with such a long time scale can be assigned to the presence of
localized charges (i.e. charges are being trapped)[32][33]. Furthermore, the decay kinetics
following a stretched exponential behaviour indicate that the charge carriers decayed in
multiple processes owing to varying carrier localizations[34][35][26]. Consequently, the
species at 1000 nm is speculated to be trapped charge carriers that are generated in a
larger number with higher light intensity and recombine on the ms timescale. Note that
the two highest fluence chosen (236 and 248 ;1J /cm?) in us TA fluence-scaled measurement
are both above 1 sun level, indicating a potentially higher impact of this type of defect

on solar cell performance under concentrated light illumination.
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Figure 3.6: The comparison of peak positions among (1) normalized TA spectrum probed at
10 ps (red dots) and 3 ns (pink dots), (2) normalized TA spectrum of 355 nm excitation probed
at 10 ps (yellow dots), 100 us (brown dots) and 1 ms (green dots), (3) 1%¢ derivative of UV-VIS
absorptance spectrum (black dots), and (4) steady state PL emission following 1 sun white light
illumination from the front side of a CIGS (GGI=0.4) thin film sample . Note that the 10 ps
and 3 ns signal here are mirrored on the x-axis for an easier comparison with the other signals

(absorptance).

Figure [3.6]is shown for an overall comparison of peaks positions of TA signals recorded
at ps, ns, and us timescales, 1% derivative of steady-state UV-VIS absorptance, and steady
state PL emission signal of the CIGS thin film sample. Note that the 10 ps and 3 ns TA

signals here are mirrored on the x-axis for an easier comparison with other signals.

First of all, it is clear that TA signals obtained from the measurements followed the 1%¢
derivative of UV-VIS absorptance spectrum. Though at ps timescale, the peak of the TA
signal shows an approximately 30 nm blue shift compared to the peak of the 1%¢ derivative

of the UV-VIS absorptance spectrum, it can be seen that this signal gradually shifts
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towards the 1%¢ derivative absorptance peak with time. Therefore, the TA photobleach
signal in the time range of ps to ns is assigned to the ground state bleach of the CIGS
sample. Analysing the decay kinetics of this TA photobleach allows to extract the tsqy
lifetime of charge carriers, and results show a tsyy lifetime of 140 ps in the back region
and 650 ps in the front region. This decay is regarded primarily as SRH recombination
of free charge carriers. A short tsoy lifetime in the back region of CIGS indicates that
the non-radiative recombination is more pronounced than in the front region. From 1 us
onward until 10 ms, a positive TA was detected and the shape matches almost exactly
to the peak of the 1%¢ derivative of the UV-VIS absorption spectrum. This long-lived
and structured TA signal is proposed to originate from trapped charge carriers. Last, it
should also be noted that the steady-state PL signal shows a ~50 nm difference in peak
position compared to the peak of the 1% derivative of the UV-VIS absorption spectrum.
This further suggests that the stimulated emission does not contribute significantly to the

transient absorption signal.
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Figure 3.7: Steady state UV-VIS results of a CIS thin film sample. (a) Absorptance spectra
following excitation from the back side. (b) The corresponding 1% derivative of the UV-VIS

absorptance spectrum.

Figure [3.7] shows the steady state UV-VIS results of a CIS thin film sample. Similarly
to the UV-VIS results of the CIGS sample, CIS shows a strong absorption of the light
with energies above the bandgap energy. The bandgap energy determined by the Tauc
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plot is 0.96 eV and using the peak of the 1" derivative results (as shown in Figure )
in 0.99 eV. These values align well with literature[36][37]. On the other hand, the sub
bandgap absorption presumably originates from light scattering and light trapping in the

material as in the case of CIGS.
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Figure 3.8: Transient absorption spectra recorded at 3 ps, 10 ps, 100 ps, 500 ps, 1 ns ,3 ns
and 6 ns of a CIS thin film sample following excitation wavelengths of (a) 600 nm and (b) 1100
nm from the back side. The fluence is 11.5 pJ/cm? for the 600 nm excitation, and 25.5 ;J/cm?

for the 1100 nm excitation so that the photons absorbed per volume are the same.

Figure [3.8| shows the TA results of the CIS thin film sample following an excitation
wavelength of 600 nm and 1100 nm from the back side. Note that here the fluence of
each wavelength was adjusted so that the photons absorbed per cm? is the same in both
cases. With 600 nm excitation, charge carriers were generated up to 130 nm deep with
respect to the back surface. On the other hand, with 1100 nm excitation, charge carriers
were generated up to 540 nm deep with respect to the back surface, which allows the
observation of the kinetics of charge carriers generated in different regions of the film
(Appendix Figure . In both cases, an intense photobleach with a single peak was
detected. For 600 nm excitation, the peak starts from 1180 nm and gradually red-shifts
to 1200 nm. For 1100 nm excitation, the peak starts from approximately 1190 nm before
it shifts to 1200 nm after a few picoseconds and remains in its position until the end of
the measurement (6 ns). In addition, the photobleach signals decays with time in both
cases, yet it can be seen that in the case of 1100 nm excitation, the decay is slower than

in the case of 600 nm excitation.
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Figure 3.9: TA kinetics of a CIS thin film sample probed at 1200 nm normalized at 2 ps in
the case of utilizing 1100 nm, 900 nm (spectrum shown in Figure ), and 600 excitation
from the back side. All kinetics were fitted with a stretched mono-exponential function (y =
a x exp — ((kz)?), B: stretching constant). The stretching constant is 0.36, 0.39, and 0.42 for

600 nm, 900 nm and 1100 nm excitation cases, respectively.

Figure illustrates the normalized TA kinetics probed at 1200 nm with different
excitation energies, and it is clear that the TA kinetics decay faster with increasing pho-
ton energy and thus being located closer to the surface. Furthermore, all these kinetics
can be fitted well with stretched exponential functions. The fitting results show that the
stretching constant is larger when the sample is excited with lower photon energies, and
the t59y, for each excitation case is 580 ps, 200 ps and 72 ps for 1100 nm, 900 nm and
600 nm excitation, respectively. A higher stretching constant indicates a broader distri-
bution of defect states/tail states, resulting in higher dispersed recombination kinetics.
These results indicate that the closer the charge carriers are generated to the back sur-
face, the shorter is their lifetime, which may be attributed to the increased non-radiative

recombination near the back surface, as in the case of CIGS film.

A fluence-scaled TA measurement was performed and the results are shown in Figure

The CIS sample was excited following 900 nm excitation wavelength from the back
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Figure 3.10: Fluence-scaled TA study on a CIS thin film sample following an excitation
wavelength of 900 nm from the back side with 1.5, 3.1, 9.2 and 27.5 pJ/cm? fluences. (a) TA
spectrum recorded at 1 ps, 10 ps, 100 ps, 500 ps, 1 ns, and 6 ns. (b) TA kinetics probed at 1200
nm. (¢) The maximum signal amplitude as a function of fluences. (d) TA kinetic trace of 1200

nm normalized at 2 ps. 3.3 uJ/cm? equals to 1013 photons/cm? absorbed.

side at 1.5, 3.1, 9.2 and 27.5 uJ/cm? fluences. It can be seen that the photobleach am-
plitude increases linearly with fluence (Figure [3.10f), yet the normalized kinetics (Figure
3.10d) shows almost no change upon increasing fluence. This indicates that the recovery

of the photobleach in CIS is primarily due to SRH recombination of free charge carriers,

as in the case of CIGS film.

Figure shows the TA feature of the CIS film after 355 nm excitation from the
back side in the time range of 1 us to 10 ms. The signal almost decayed to zero after
10 ms, therefore the signal afterwards is not presented. As in the case of CIGS, a clear
and broad band edge absorption is observed. Figure to show the results of

corresponding power dependency measurements. The absorption signal increases linearly
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Figure 3.11: Slow transient absorption spectra of a CIS thin film sample recorded at 1 us, 10
us, 100 us, 1 ms and 10 ms after excitation of a CIS thin film sample using 355 nm laser. The
fluence is 248 ;1J /cm?, equivalent to 4.4¥10'* photons/cm? absorbed (b) The TA decay kinetics
probed at 1200 nm with fluences from 45 to 248 puJ/cm?. (c) Shows the corresponding kinetic

trace normalized at 1 us and (d) shows the highest AA amplitude as a function of fluence.

with increasing intensity but the normalized kinetics remain unchanged. Also, the decay
kinetics fit well with a stretched exponential function, with a stretching constant of 0.1
(Appendix Figure [A.6)). As discussed previously in the CIGS section, this absorption

feature is proposed to result from the presence of localized charges.

3.3.3 Summary of charge carrier dynamics in CIGS and CIS
e Picosecond-nanosecond timescale
In both CIGS and CIS materials, a dominant photobleach with a peak close to its

band edge is observed. This chalcogenide material exhibits a high dielectric constant

(~13.6)[38], which results in an efficient and rapid charge separation process. In addition,
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the effective mass of an electron is smaller than the one of a hole[39]. For a direct bandgap
semiconductor, the TA amplitude is proposed to be inversely proportional to the effec-
tive mass of the associated charge carriers[40], the photobleach TA feature observed at
ultrafast timescales is most likely attributed to the ground state bleach of free electrons.
Furthermore, the decay kinetics of the photobleach signal differ significantly depending
on where the charge carriers are generated. The closer the charge carriers are generated
towards the back surface, the shorter-lived they are, and their decay kinetics also exhibit
a much more stretched exponential behaviour. The time in which the signal amplitude
decays to 50% of its initial value (t50%) within the investigated CIGS material varies be-
tween 140 ps to 650 ps and within CIS between 70 ps to 580 ps (from the back region
to the front region). As the grain size and the GGI ratio is homogeneous throughout the
entire film in both cases, the reason for observing such different time constants within one
film is likely to be from MoSe; residuals that potentially act as recombination centers,
the defects formed during the peeling-off procedure, and the surface oxidation at the air-
exposed back region, resulting in more charge carriers recombining there. However, till

this point, it is not possible to identify what defects specifically contributed to this effect.

e Microsecond-second timescale

In CIGS and CIS, a clear and structured absorption with a maximum at the band edge
is observed in microsecond-second timescale. Though a long-lived structured absorp-
tion is commonly associated with charge carriers being trapped in defect states, in this
study it is not clear whether the defects are directly involved in the absorption process
or not. For example, if the defect states are not directly involved but instead building
up an electric field after accumulation of trapped charges, this electric field will affect
the band edge absorption. In literature, band edge absorption is discussed in the context
of Stark [41][42][43]and Franz-Keldysh effects[44] which both are seen as an electroab-
sorption signal at the bandedge. Here, despite the fact that the bandedge absorption in
the microsecond-second timescale aligns well with the feature in the 1% derivative of the
UV-VIS absorptance spectrum, more experiments need to be conducted in the future to

figure out the origins of this type of defects.
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Figure 3.12: Steady state UV-VIS results of a SbySes thin film sample. (a) Absorptance
spectra. (b) The corresponding 15¢ derivative result of UV-VIS absorptance. Note that this
UV-VIS measurement was carried out by Dr. Rajiv Ramanujam Prabhakar from University of

Zurich.

3.3.4 Sb2863

Figure , b shows the steady-state absorption spectrum and the corresponding 15
derivative of a ShoSes polycrystalline thin film, respectively. From the Tauc plot and the
result of 1%¢ derivative of the UV-VIS absorption spectrum, the bandgap of the SbySes thin
film sample is estimated to be 1.12-1.18 eV, which agrees well with previous literature[45].
To further investigate the charge carrier dynamics in SbySes thin films, a 700 nm wave-
length (~1.77 €V) was chosen for the excitation due to being larger than the bandgap
of SbySe; and therefore all the photons are presumed to be fully absorbed. The pene-
tration depth of a 700 nm laser pulse is estimated to be ~200 nm. Figure [3.13| shows
the TA spectra of a ShySes thin film sample recorded from 0.5 ps to 6 ns following an
excitation wavelength of 700 nm. First of all, it is clear that the spectra evolve over time,
indicating different TA species being observed. At 0.5 ps, a photobleach with a peak at
approximately 960 nm is dominant in the whole spectrum. The prominent photobleach
signal red-shifts to ~980 nm within 2 ps likely due to charge carrier relaxation. However,
this photobleach signal recovers fast and turns into an absorption signal with a peak at
~980 nm at 100 ps. This absorption signal grows within several nanoseconds and remains
constant until the end of the measurement. The 980 nm photobleach signal (PB1) is

assigned to a ground state bleach, as it appears relatively close to the band edge (at the
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lower end of the 1% derivative of the UV-VIS absorptance spectrum). On the other hand,
it is suspected that the long-lived absorption signal (PA1) results from the trapped charge
carriers[46] [47].

By analysing the charge carrier kinetics, more details of the charge carrier dynamics
can be revealed. Figure illustrates the normalized 980 nm TA kinetics (maximum
photobleach position) under a range of fluences (17.8 uJ/cm? to 131 uJ/cm?). Probing at
980 nm allows a direct observation of both free and trapped charge carriers. It is clear that
the decay kinetics are insensitive to varying fluences, suggesting that the free charges do
not undergo radiative or Auger recombination. Instead, it suggests that the depopulation
of free charge carriers is predominantly occurring by charge trapping, because the fluences

do not affect the distribution of defect states.
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Figure 3.13: Transient absorption spectra recorded at 0.5 ps, 2 ps, 50 ps, 100 ps, 1 ns and
6 ns of a SbaSes thin film following an excitation wavelength of 700 nm. The fluence is 131
pJ /em?, equivalent to 4.7x10'* photon/cm? being absorbed. Photobleach is denoted as PB,

whilst photoabsorption is denoted as PA.
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Figure 3.14: Normalized TA kinetics at 980 nm (the photobleach maximum) of Figure |3.13

using a range of power intensities between 17.8 pJ/cm? to 131 pJ/cm?. t509 =15 ps

Since the 980 nm photobleach is comprised of both free and trapped charge carrier
dynamics, to obtain the decay time constant of free charge carriers and the rise time
constant of the trapped charge carriers requires more in-depth analysis such as global
analysis. Due to the scope of this chapter, instead of performing a global analysis, the
time in which the signal amplitude decays to 50% of its initial value before turning zero
(tso%) is extracted as an estimation of the free charge carrier lifetime. As a result, a tso
of 15 ps is obtained, which is close to the results from previous literature (~23 ps)[46].
Unfortunately, the lifetime of trapped charge carriers can only be extracted if a global

analysis is performed.

A pus-s TA measurement is performed and a prominent absorption is detected from 1
ps until 0.1s, as shown in Figure . This absorption has the same peak (1050 nm) as
in the 1°% derivative of the UV-VIS absorptance spectrum (Figure ), however, the
absorption range appears to be broader than the UV-VIS one. It is suspected that this us
absorption results from the same species that induced the absorption in the nanosecond
timescale due to the following reasons. The ns and us absorption signal both range from
900 nm to 1300 nm, and both absorption peak positions are located at the bandedge.

However, the types of defects are not distinguishable from this result.

Further comparing it to the absorption signal detected in the picosecond-nanosecond
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Figure 3.15: (a) Transient absorption spectra recorded at 10 us, 100 ps, 1 ms and 10 ms of
a SboSes thin film sample following an excitation wavelength of 355 nm. The fluence is 0.33
mJ/cm?, equivalent to 5.9*10'*cm =2 photons absorbed. (b) The TA decay kinetics probed at

1050 nm. The measurement was taken under Ny atmosphere in the DR-TAS system.

timescale, though both spectra show an absorption range from 900 nm to 1300 nm, the
peak of the absorption in the picosecond-nanosecond timescale is 50 nm blue-shifted and
is 4 times larger than the absorption at 1200 nm. A long-lived absorption signal is com-
monly linked to trapped charge carriers, and the defects can be either directly involved
in the absorption process or not, as discussed previously in Chapter [3.3.3] Furthermore,
the decay kinetics can be fitted well with a power law function (y = a * =) with the
power component («) equals to 0.52, as shown in Figure . As the power compo-
nent is smaller than 1, it suggests a trap-limited recombination, further supporting the

assignment of charges trapped in the defect states.

3.3.5 Summary of charge carrier dynamics in Sh,Ses

e Picosecond-nanosecond timescale

For the SbySe; material, a photobleach with its peak close to the bandedge is observed
already at 0.5 ps, however, this photobleach quickly evolves into an absorption signal for
which the amplitude remains constant until the end of the measurement. The t5oy of
this photobleach signal is estimated to be 15 ps, which corresponds to the lifetime of free

charge carriers.
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e Microsecond-second timescale

A prominent absorption signal with a peak at bandedge is observed in the microsecond-
second timescale. This long-lived absorption signal is proposed to originate from the same
species which induce the absorption in the nanosecond timescale. The decay kinetics
probed at the bandedge is fitted well with a power law function, indicating the existence

of trapped charges in the microsecond-second timescale.

3.3.6 Comparison between CIGS/CIS and Sb;Se;

e Picosecond-second timescale

Comparing the tsoy of all three materials, it can be seen that the SbySes exhibits the
lowest value. The CIGS and CIS materials have overall higher charge carrier lifetimes
even in the defective back region, indicating that SboSes is more defective than CIGS or
CIS. In all three samples, the decay kinetics of the prominent photobleach is insensitive
to the fluence, considering the fact that the injection level is higher than the doping level
in all three cases, suggesting that the reduction of the photobleach is mainly caused by
SRH recombination rather than radiative or Auger recombination.

Last, it is important to note that in the SboSes case, the photobleach turns into a
positive absorption after approximately 100 ps. This is not observed in the CIGS or CIS
cases, in which the photobleach lasts till the end of the measurement (6 ns). A detailed
discussion on the origin of this absorption signal and the possible difference between the

CIGS, CIS and SbySes materials are given below.
e Microsecond-second timescale

With the assignment of the absorption signal to the charge carriers trapped in defect
states, an explanation for why this absorption signal appears much earlier in the ShySe;
case (absorption signal detected after 100 ps) than in the CIGS/CIS case (absorption
signal only detected from 1us onwards) is provided here. The peak position and range
of this long-lived absorption is identical with those of the photobleach signal at the early
timescale. Hence, these two signals counter each other and how fast the absorption
appears depends highly on the amount of free charge carriers being trapped. If the ratio

of trapped charge carriers to free charge carriers is >>1, the band edge absorption would
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appear earlier than in the case of a lower ratio. In the ShySes case, assuming equal
attenuation coefficients of trapped and free charge carriers, the ratio of deeply trapped
charge carriers to free charge carriers is estimated to be 25 % (Figure . In both
CIGS/CIS cases, no absorption signal is observed in TA measurements in picosecond-
nanosecond timescale regardless of excitation energy and fluence. This suggests that the

amount of trapped charges is significantly lower in CIGS/CIS than in SbySes.

3.4 Conclusion

The study in this chapter reveals a long-lived absorption signal in CIGS/CIS material
that has never been found before. Though the nature of this absorption needs further
investigation, it is likely that it associates with the deep defect states that trapped charges
for long time (second timescale). It is also interesting to see that the long-lived absorption
signal is more significant in SheSez than CIGS/CIS material, which coincides with a much
faster charge carrier lifetime in ShoSes. This suggests that this long-lived absorption signal
may serve as an indicator for detecting the quality of the material.

In addition, this chapter provides a solid foundation not only for the studies presented
in the next two chapters but potentially for any future relevant work. It reveals the
methods to obtain TA signal in CIGS/CIGS/SbySe; with decent signal-to-noise ratio
and the fluence required to achieve this. Furthermore, this study also gives reasonable
assignment for each TA signal observed in a near-IR wavelength range along with the

appropriate data analysis in all three materials.
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4.1 Abstract

An engineered Ga-gradient profile across the CIGS thin film along with an alkali atom
post-deposition treatment improves device efficiency significantly. However, one of the key
indications for a Ga-gradient high efficiency cell: the minority carrier mobility in the bulk
and towards the back contact, is not well established. In this chapter, the competition
between recombination and drift of minority carriers (electrons) after photoexcitation in
a state-of-the-art CIGS solar cell with a Ga-gradient profile and NaF+RbF PDT treat-
ments will be investigated by means of ultrafast transient absorption spectroscopy. A
proposed kinetic model and experiments fully decouple carrier transport and recombina-
tion behaviour in this complex Ga-graded device structure. The results reveal that the
recombination times differ significantly depending on the GGI ratio, ranging from ~100
ps for GGI > 0.6 (close to the Mo back contact) to 19.1 ns for GGI=0.2. Furthermore,
minority carriers excited at the high GGI region drift-diffuse within 2 ns to an engineered
energy notch around 2.7 pm into the film, corresponding to a mobility of 16.3 £ 4.0

cem?V—1sg1,

4.2 Introduction

Engineering the compositional profile of solar cells to achieve good device performance
is employed in a wide range of commercialized and emerging photovoltaics such as Si
[1], CdTe[2], CIGS[3], and perovskite[4]solar cells. State-of-the-art CIGS solar cells make
use of a bandgap engineering approach, varying the [Ga]/([Ga]4[In]) ratio (GGI ratio)
across the absorber film. The introduction of Ga into the CulnSe; lattice can widen the
band gap from 1 eV[5][6] up to 1.68 eV[7] in pure CuGaSes. A double Ga-gradient profile
(Ga—rich/Ga—poor/Ga—rich), which the GGI ratio is designed to increase towards both
front and back contacts and leave a low GGI region in between, is commonly implemented
in high-efficiency CIGS solar cells[3][8][9]. As introduced in detail in Chapter such
design has been shown to suppress recombination losses associated with smaller CIGS
grain sizes near the Mo back contact and with interfacial recombination at the CIGS/Mo
junction[9], thereby significantly increasing device open-circuit voltage Vo [10][11][12].
Optimisation of the CIGS film thickness, composition and the Ga-gradient profile

has largely been carried out by monitoring improvements in device efficiency, with only
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limited knowledge of the underlying minority carrier dynamics driving electrons to the
electron collecting contact. In particular, minority carrier mobility and drift-diffusion
times in high-efficiency CIGS solar cells are important parameters to quantify in order to
understand performance losses in state-of-the-art devices. There have been several stud-
ies focusing on CIS and CIGS materials measuring mobility by a variety of techniques,
but large variations in calculated mobilities are found, as listed in Table Further-
more, as it is experimentally difficult to access in the presence of a composition gradient,
only few studies investigated Ga-graded CIGS. Weiss et al. determined a lower limit of
8.3 cm?V~1s™! for the minority carrier mobility of a single back-graded CIGS via both
simulations and TRPL spectroscopy[13]. Kuciauskas et al. carried out time-resolved pho-
toluminescence (TRPL) studies on a Ga gradient device and estimated a minority carrier
mobility of 55-230 cm?V~!s™! in the SCR at the CdS/CIGS interface [14], but did not
address electron transport across the Ga-gradient towards the back contact region.

Herein, by using broadband TAS on picosecond to nanosecond timescales, both electron
transport and recombination processes are probed. This broadband ultrafast TAS study
focuses on monitoring minority carrier dynamics across the entire Ga-graded CIGS film
(from the high GGI region near the Mo back contact to the low GGI energy notch (band
gap minimum) in the SCR) in efficient solar cells, studied after removal of the Mo back
contact. By tuning the wavelength of monochromatic excitation pulses to selectively
excite different spatial depths of the Ga-gradient CIGS film, it is possible to calculate
minority carrier mobilities outside the SCR and to monitor the kinetics of the compet-
ing charge recombination losses. Furthermore, a kinetic model is proposed that takes
into account the dynamic competition between transport and recombination, allowing to
decouple both processes and obtain the electron mobility across the CIGS film in the pres-
ence of a Ga-gradient. Experiment results reveal that the charge carrier lifetime reduced
significantly with increasing GGI ratio of the detected region, and no charge transport
is detected from the region where CIGS shows small grains. The resultant insights on
electron mobility and recombination in optimized high-efficiency solar cells will be espe-
cially useful in guiding further optimisation of device performance by addressing the back

surface field near the Mo contact.
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Table 4.1: Electron/hole mobility of CIGS at room temperature measured by the Hall effect,

Admittance spectroscopy, Time of Flight, Terahertz, Time-resolved photoluminescence (TR-

PL), and transient absorption spectroscopies (TAS)

Measurement  |Material |[Sample Ga |Mobility |Mobility of|Reference
technique type gra- |(cm?/Vs)
dient
n-CIS Thin film |x 1-80 e [15][16] [17] [18]
n-CIS Single X ~1000 e [19] [20)[21] [22]
Hall crystal
p-CIS Thin film |x  |0.2-80  |h* [16],[17], [23]
p-CIS Single  |x  |60-360  |h* 191, [221. [24]
crystal
p-CIGS  |Thin film |x 160-310  |h* [25]
Admittance p-CIGS  |Thin film |x 3-22 h* [26], [27]
Spectroscopy
Terahertz p-CIS Thin film |x 1000 e [28]
Time of Flight |p-CIGS  |Thin film |x o> |© =
0.02-0.7 |bt 130]
p-CIS Thin film |x 32-45 e [13]
TR-PL 55-230  |e~ 4]
p-CIGS  |Thin film |v/
lower limit: e~ [13]
8.3
TAS p-CIGS Thin film |v/ 16.3 e This study
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4.3 Experimental methods

In this chapter, TAS in picosecond—nanosecond timescale is utilized as the main tool to
investigate electron dynamics along the Ga gradient in a high efficiency CIGS device.
Other techniques such as steady-state UV-VIS, PL, SIMS, and J-V measurement are
also utilized for examining the steady-state optical, material and device properties of the
CIGS device. Details of each instrument set-up and fundamental principles are described
in Chapter 2.

The CIGS device studied in this chapter is subjected to Ga gradient imple-
mentation and RbF+NaF PDT. The fabrication methods of the whole CIGS device
can be found in Chapter 2.2.1] The CIGS device structure is illustrated previously in
Figure 2.12h. And as described in Chapter [2.3] to measure the CIGS device in a trans-
mission mode in TAS, the CIGS sample is prepared by peeling of the Mo back contact
from the rest of the CIGS stacks, as shown in Figure [2.12p.

4.4 Results and Discussions
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Figure 4.1: Cu(In,Ga)Ses solar cell properties. a) J-V curve of CIGS device measured under
simulated sunlight (100 mW c¢m~2, 1 sun). b) Compositional depth profile from the secondary
ion mass spectroscopy (SIMS) measurements of the CIGS film, showing the varying GGI ratio

throughout the CIGS film and the corresponding calculated band gap energy, E,.

The study presented in this chapter was carried out on a CIGS solar cell with a device

efficiency >19% as shown in Figure [i.1h. In this device, the ratio of indium and gallium
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is adjusted through the course of CIGS film evaporation leading to a characteristic Ga-
gradient profile[31][32][33]. The Ga gradient profile was extracted from a depth profile
secondary ion mass spectrometry (SIMS) measurement, and the result is shown in Figure
. From this composition profile the optical band gap, E,, can be approximated with

Equation [4.1]

E,(z) = E,(CIS)(1 —x)+ E,(CGS)x — bx(1 — x) (4.1)

E, c1s and E; cgs is the direct band gap of pure CulnSe; (~1 eV) and CuGaSe; (~1.68
eV) respectively, x is the GGI ratio, and b is the measured bowing coefficient[34] [35] [36].
For the materials studied in this thesis, the bowing coefficient, b, has been characterised
by means of reflectance and transmittance, and the calculated value is around 0.03[37].
Resulting values of E, as a function of film depth are also shown in Figure alongside
the GGI ratio. It is apparent that the CIGS bandgap first drops from 1.22 eV (GGI ratio
of 0.33-0.34) at the CIGS/CdS interface to a bandgap minimum of 1.13 eV (GGI ratio
of 0.2) 300 nm into the layer. The bandgap remains at 1.13 eV until approximately 800
nm and increases all the way to 1.44 eV at the Mo back contact (corresponding to a GGI
ratio of 0.66-0.67). Note that in this thesis the bandgap minimum region is termed the

"energy notch”.
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Figure 4.2: Simulated carrier generation profile in a Ga-gradient CIGS film following excitation
wavelengths of 600 nm, 800 nm, 900 nm and 1000 nm from the back side. Along with the carrier

concentration profile, the band gap profile from the SIMS measurements in Figure o is shown.
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To further observe charge carrier dynamics in different GGI regions of the CIGS,
a transmission TAS study using varying excitation energies (600 — 1000 nm) was per-
formed. Figure illustrates the charge carrier generation profile in such Ga-graded
CIGS absorber after 600, 800, 900 and 1000 nm excitation energies from the back side.
As illustrated, employing different excitation energies results in charge carriers generated
from different GGI regions. For example, exciting with 1000 nm (1.24 eV) charge car-
riers are predominantly excited in the energy notch (between 0 pym — 1.2 pym from the
CdS/CIGS interface) whereas exciting with 600 nm laser, charge carriers are generated

in the high bandgap region within 200 nm from the back interface.

Figure shows the corresponding time-resolved absorption study on the CIGS TAS
sample using 600, 800, 900 and 1000 nm excitation wavelengths from the back side.
In Figure , a negative AA signal with a minimum at 1025 nm (1.21 eV) appears
shortly after excitation with 1000 nm laser light (i.e.: within 1 ps). This signal essentially
maintains its spectral signature during the entire time window of the measurement (from
1 ps to 6 ns), with only a modest decay in signal amplitude and a slight red-shift to a peak
position of 1030 nm (1.20 eV). The energy of the photobleach (1.20 eV) coincides with the
1% derivative of the steady-state absorptance spectrum (see Appendix Figure and
can hence be attributed to a band edge photobleach. Furthermore, a ~70 meV Stokes-
shift between the steady-state emissions relative to the absorption feature is also observed
(see Appendix Figure . This is analogous to the results of the non Ga-graded CIGS
sample studied in Chapter 3. The presence of a 70 meV Stoke shift indicates stimulated
emission does not contribute significantly to the transient absorption signal. In Figures
—d, laser pulses with increasingly higher photon energies (900 nm, 800 nm and 600
nm) were applied. 1 ps after excitation, bleach signals centred at 936 nm (1.32 eV), 892
nm (1.39 eV) and 875 nm (1.42 eV) were observed, respectively. These signals are in
agreement with the calculated band gap energies in the respective excitation volumes.
For example, the bandgap close to the back interface is calculated to be between 1.42 eV
and 1.44 eV (Figure 4.1p). With time, a decay of these initial signals was observed in
concurrence with a rise of a 1025 nm bleach signal. The 1025 nm kinetics corresponds to
the band gap energy (1.21 eV) at the energy notch. By 6 ns, the initial bleach signals
are fully decayed (Figure and [1.3) and solely the 1025 nm bleach is observed for all

excitation wavelengths. The rise of the 1025 nm bleach signal is thus a direct probe of the
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Figure 4.3: Ultrafast transient absorption spectra recorded 1 ps, 10 ps, 100 ps, 500 ps, 1 ns,
4 ns and 6 ns after excitation of a Ga-gradient CIGS sample using excitation wavelengths a)
1000 nm, b) 900 nm, ¢) 800 nm, and d) 600 nm from the back side. The light penetration
depth of light impinging on the back side and the resultant excitation volume in the CIGS
film are indicated in the inset in each spectrum. For (b), and (c), the fluence is 15.3 and 17.4
pJ /em?2 respectively, equivalent to 7%10'® photon/cm? absorbed. The photon/cm? absorbed is

normalised to 7¥10'3 photon/cm? absorbed for (a), and (d).

kinetics of minority charge carrier transport from the higher bandgap excitation region to
the low bandgap notch region, with the amplitude of the emerging 1025 nm bleach being
a measure of the efficiency of this transport process. Note that a series of TA experiment
following 355 nm and 700 nm excitation from the front side also shows that the bleach
signal red-shifted to 1025 nm by 6 ns (see Appendix Figure . It should also be noted
that for 900 nm excitation, the decay of the initial photobleach at 936 nm is coincident
with a rise of the photobleach at 1025 nm. However for 800 nm and 600 nm excitation,

a significant fraction of the initial photobleach decays faster and prior to growth of the
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1025 nm photobleach.
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Figure 4.4: (a) The schematic of the proposed drift-diffusion model for electrons in a Ga-

graded CIGS absorber excited with 900 nm excitation wavelength from the back side. k. and
kH

rec

and in the regions of high bandgap/GGI ratio (named as H). This schematic is based on SIMS

denote the decay constants of recombination of electrons at the energy notch (named as L)

data shown in Figure . (b) Charge carrier generation profile following 900 nm excitation
wavelength from the back side. (c), (d) Integrated TAS spectra taken from Figure at 1
ps and 4 ns, respectively. At 1 ps, the integrated area of the 936 nm and the 1025 nm signals
correlate to the electrons excited in GGI=0.5 region and in the energy notch. The corresponding
integrated area of the 936 nm and 1025 nm peaks are -2.4 and -0.9 respectively. At 4 ns, the
1025 nm peak dominates the TAS spectrum, with an integrated area of -2.3. R? > 0.99 for (c)
and (d)
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Figure illustrates a kinetic model that is employed to explain and quantify the
charge carrier dynamics in the Ga-graded CIGS absorbers studied herein. Note that
this model does not include consideration of the fast initial photobleach decay observed
following excitation adjacent to the back (Mo) interface, which will be discussed further
below. Electrons generated at high GGI regions (denoted as “H carriers” in this thesis),
are expected to undergo two competitive processes: 1) recombination and 2) drift-diffusion

to the energy notch region. Kinetics for these two processes are given by equation [£.2] and

E-3l
dH

7 = (ko + k) [H] (4.2)
H(t) = [H]p x e~ Fpthreo)t (4.3)

with kL and kp representing the decay constants of recombination and drift processes,
respectively, and [H]y the initial concentration of excited carriers in the high GGI region.
The number of electrons [H|(t), that drift to the energy notch, impacts the dynamics of

carriers, [L](t), in the energy notch region as given by equation [4.4] and [4.5]

dL
E - _kfec[L] + kD[H] (44)
L(t) = ([L kD H kLt kD H kp + K2\t
( ) - ([ ]0 + kD + k_gc —_ kfec[ ]O)Bxp(_ rec )_ kD + kgc _ kﬁec[ ]oe:cp(—( D+ rec) )
(4.5)

Equation [4.5]is the solution to the differential Equation [4.4) containing all necessary param-
eters to understand kinetics in a Ga-graded CIGS crystal. It enables to extract electron
mobilities across the Ga-graded layer and understand GGI-dependent recombination in
state-of-the-art CIGS devices. In the following a straightforward step-by-step approach

to extract all parameters from this equation is presented.
e Electron dynamics in the energy notch (GGI=0.2) region

As the spectra in Figure shows, excitation with 1000 nm laser light excites carriers
in the energy notch. As no photo-generated charge carriers were extracted, the decay of

the bleach signal was mainly from recombination. The decay constant of minority

L

rec?

and the corresponding time constant is 7%, = 1/kL .. Further,

rec’

charge carrier is set as k

L

T,.. 15 obtained by fitting a mono-exponential function to the 1025 nm kinetics, as shown

in Figure . As aresult, 72, = 19.1 ns .
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Figure 4.5: Normalized TA decay kinetics probed at 1025 nm following 1000 nm excitation
wavelength from the back side. A mono-exponential function was employed for data fitting. The

red line represents the fitting result.

e Electron dynamics in GGI=0.2-0.5 region: the competition between

drift and recombination

Looking at the 1 ps spectrum of 900 nm excitation wavelength case (Figure ), the
bleach peaks at 936 nm (~1.32 eV) but unlike the Gaussian-shaped bleach signal when
exciting the energy notch region with 1000 nm excitation wavelength (Figure [£.3h), the
1 ps spectrum in Figure shows a tail towards lower energies. It is postulated that
this tail comes from charge carriers generated in the energy notch volume by the 900
nm excitation wavelength as the charge carrier generation profile suggests. Figure 4.4b
reveals that upon 900 nm excitation, the largest proportion of electrons are generated at
1.5 pm depth position. According to the SIMS result (Figure ), the 1.5 um depth
position corresponds to an energy bandgap of 1.32 eV, which dovetails with the 936 nm
peak in the 1 ps TAS spectrum. On the other hand, the amount of electrons generated in
the energy notch (0.8 pum depth) is still too considerable to be ignored. These electrons in
the energy notch therefore result in the long tail in the 1 ps TAS spectrum. Consequently,
by deconvoluting the 1 ps spectrum as Gaussian peaks centred at 936 nm and 1025 nm
peaks and integrating the areas underneath, the amount of charge carriers generated in

the GGI=0.5 region and in the energy notch respectively were estimated, as shown in
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Figure [£.4c. With increasing time delay, the 936 nm signal decays whilst the 1025 nm
signal grows in and reaches a plateau at approximately 4 ns which is shown in Figure {.4(d.
The proportion of electrons drifting to the energy notch can therefore be estimated with
the integrated areas. The ratio of electrons drifting to the energy notch compared to the
number of electrons excited in the high GGI region initially is estimated to be 58%. Since

this proportion is the outcome of the two processes, drift and recombination, competing

H
rec

Equation [4.6] and [4.7] As a result, k!, = (10/14) kp was obtained.

Tec

in the Ga graded system, the relation of kp and k’.. can be acquired accordingly via

k? A nm,dns ~ A nm,lps 14
D ~ _ 1025nm,4 1025nm,1p. _ 58% (46)
kD + krec A936nm,1ps 24
10
e — 4.7
rec 14 D ( )

To further obtain kp, Equation 4.5 was employed as a fitting function for the mea-
surement data of 1025 nm kinetics. Since now the relation of kp and k7, is obtained, k7
in Equation can therefore be replaced by 10/14 kp, leaving only one variable: kp in
the equation. Equation [£.5] can therefore be re-written, as shown in Equation 4.8 After
plugging-in all the known parameters, as listed in Table the fitting result is then ob-

tained and shown in Figure The obtained time constants of drift and recombination

processes are 1998 ps (7p) and 2797 s (7)) respectively.
kp L kp 24
L) = ([Llo+ P [H kR P hgeap(— (2 4.
(t) ([ ]0+ (%)kD — kﬁec[ ]O)pr( krect) (%)kD _ kﬁec[ ]()Gl'p( ((14)]{:D)t) ( 8)

The TAS kinetics probed at 936 nm and 1025 nm were extracted and are shown in
Figure [£.6] It is obvious that the decay of the 936 nm kinetics and the rise of the 1025
nm kinetics share the same time constant, ¥ = &+ kp = (1/1164)s~!, which further
validates the kinetic model established here. The time constant of the drift-diffusion
process, Tp, can be employed to calculate the electron mobility in the Ga-graded CIGS

absorbers using Equation 4.9,

B (Ax)? B (Ax)?
F="AoAt ~ Aorp (4.9)

with Az being the carrier travel distance, A¢ the corresponding potential change, and
At the carrier travel time. A minority carrier mobility of 16.3 £ 4.0 cm?V ~1s7! in the

large grain region (where GGI = 0.2 to 0.5)is calculated.



145

4.4. RESULTS AND DISCUSSIONS

-5

-10.

-15

-20

-25

-30

0.0

Pump energy: 900 nm

.0m A
Om
.0m ~
.0m ~

.Om 4

{— Probe 936 nm
Probe 1025 nm

.O0m

100

Time (ps)

1000

Figure 4.6: TA decay kinetics probed at 936 nm and 1025 nm following 900 nm excitation.

The black lines represent the fitting results. For both decay kinetics, the fitting time constant
(k') is (1/1164) s~

Table 4.2: The plug-in parameters for the fitting of the 1025 nm signal in the 900 nm excitation

case and the fitting results.

Plug-in parameters Results

1/ (Kree), 1/(kp), | 1/(k/e.),
Ly Hy

unit: ps unit: ps | unit: ps
-0.01 | 19,100 | -0.026 1998 2797

Table 4.3: Carrier location, travel distance, potential change, travel time and mobility retrieved

from fs-TAS measurement on CIGS sample with 900 nm excitation from the back side.

Carriers location |Travel Potential Travel Mobility
Pump Energy Unit: pm distance |Change time (At)|(u)
(Ax) (Ag)
1 ps 6 ns Unit: pm [Unit: eV |Unit: ns |Unit:em?V 157}
900 nm 1.5 £0.075]0.8 & 0.04 |0.7 £ 0.085]0.15%+0.0075 |1.998+0.02|16.3 £ 4.0
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Reported electron mobilities of poly-crystalline CIGS and CIS vary five orders of mag-
nitude ranging from 0.02 to 1000 ¢m?V ~!s71, as summarised in Table Comparing
the different experimental techniques, it is apparent that Time of Flight (TOF) mea-
surements tend to measure mobility values on the lower edge of the above mentioned
range (typically 0.02-0.06 cm?V ~1s71)[29]. In contrast, Tera-Hertz measurements, pro-
vided an electron mobility of 1000 cm?V ~'s~! in a stoichiometric CIS thin film[28], which
is similar to the mobility for a CIS single crystal. This indicates that Tera-Hertz mea-
surements probe primarily to intragrain mobilities. Therefore, it gives a relatively high
value compared to other methods, as it neglects the grain boundary effects in the poly-
crystalline CIGS. On the other hand, a mobility of 16.3 £ 4.0 cm?V ~!s7! in the large
grain region (where GGI = 0.2-0.5) is obtained from this work, which is in good agree-
ment with electron mobilities obtained from Hall measurements in n-type CIS thin films
(1-80 cm?V—1s~1)[15][16][17][18] and from transient photoluminescence (TR-PL) studies
for p-type CIS (32-45 cm?V ~!s~! for CIS[13]) and CIGS (lower limit of electron mobilities
in a Ga-graded CIGS: 8.3 em?V~'s™! [13]) thin films.

e Electron dynamics in GGI>0.6 region

Il Pump 600 nm [l Pump 800 nm
x 10"

Carrier generation (cm'3)

1
—_—

00 04 08 12 16 20 24
Film depth (um)

Figure 4.7: Simulated minority charge carrier concentration profile in the Ga-graded CIGS
absorber after 600 nm, 800 nm and 900 nm excitation from the back side. The SEM cross-
section image demonstrates the morphology of the Ga graded CIGS absorber utilized for TAS

measurements in this work.
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Now turn to consideration of the dynamics of electrons generated close to the back
side, and in particular to the fast decay of the initial photobleach noted above. In Figure
4.7 a cross-section SEM image of the Ga-graded CIGS is presented. Large grains of CIGS
on the order of >2 pym dominate the device structure but at the interface with the Mo back
contact the grain size is significantly smaller, on the order of 0.5 ym (brownish shaded
area). From the fitting results (overlaid curves in Figure [1.7), with 600 nm excitation
wavelength impinging on the sample from the back side, generates charge carriers mostly
in the high bandgap (i.e. high GGI) regions where small grains dominate. With 800
nm excitation wavelength, the charge generation profile was more evenly distributed and
extended further into the regions with bigger grains. In the following paragraphs, for the
simplicity of description, the high GGI regions with big grains are abbreviated as “H-BG”

and those with small grains as “H-SG”.
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Figure 4.8: (a) The TA kinetics probed at 892 nm and 1025 nm following 800 nm excitation
wavelength from the back side. (b) The TA kinetics probed at 875 nm and 1025 nm following
600 nm excitation wavelength from back side. The red short dash lines represent the fitting

results.

Figures [4.8h, b illustrate the transient absorption kinetics after 800 nm and 600 nm
excitation. The 892 nm (Figure [4.8h) and 875 nm (Figure [4.8b) signals correspond to the
initial (1 ps) photobleach peak positions in the TAS spectra (Figure[4.3|c,d), and therefore
track the populations of carriers generated in the H-SG region. As discussed above, the
1025 nm probe kinetics correspond to carriers in the energy notch region. As can be seen

in Figures ,b, the decay time constant of 892 nm/ 875 nm signal is significantly faster
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than the rise time constant of the 1025 nm signal , with only small residual decays at
892 and 875 nm on the timescale of the 1025 nm rise. This indicates that the fast decays
observed at 892 and 875 nm are primarily associated with fast charge recombination to
ground, rather than charge transport to the notch region. Following consideration of the
SEM image discussed above, it appears most likely that this fast decay represents ‘H-SG’
charge carrier recombination in small CIGS grains, and the slower 1025 nm rise signal
from H-BG charges generated in the larger grains.

To quantify the amount of H-BG and H-SG charges generated initially, first the 800
nm excitation case is considered: the 1 ps TA spectrum was fitted with two peaks: 1) 892
nm, which corresponds to the H-SG charges, and 2) 936 nm, which corresponds to the
H-BG charges, as shown in Figure [4.9n. The fitting result showed that only 29% of the
charges generated are H-BG charges. In the 600 nm excitation case, the ratio of H-BG/H-
SG charges is only 5%, as shown in Figure [4.9b. The 1025 nm signal rise amplitude in
the 800 nm excitation case is larger than in the 600 nm excitation case, consistent with

this analysis of a varying ratio of H-BG to H-SG carriers in different excitation volumes.
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Figure 4.9: Integrated TAS spectra of (a) 800 nm and (b) 600 nm excitation taken from Figure
[4.3c,d at 1 ps. In the 800 nm excitation case, the integrated area of the 892 nm and the 936
nm signals correlate to the H-SG electrons and H-BG electrons, respectively. The corresponding
integrated area of the 892 nm and 936 nm peaks are -1 and -0.4. In the 600 nm excitation
case, the integrated area of the 875 nm and the 936 nm signals correlate to the H-SG electrons
and H-BG electrons respectively. The corresponding integrated area of the 875 nm and 936 nm

peaks are -0.95 and -0.05.
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14

From the 900 nm excitation case, the charge transport ratio —2— is equal to 2

kp+kIL,
therefore, the 1025 nm yield in 800 nm and 600 nm excitation case can be calculated via
Equation In 800 nm excitation case, with 936 nm signal amplitude being -3 mAA,
the resulting yield of 1025 nm signal is calculated to be -1.75 mAA. This is consistent
with the experimental data, which the yield of 1025 nm signal is -1.85 mAA, as shown in
Figure[4.10p. In 600 nm excitation case, with 936 nm signal amplitude being -1 mAA, the
resulting yield of 1025 nm signal is estimated to be -0.58 mAA, which is also comparable
with the experimental result (-0.65 mAA), as shown in Figure [4.10p.

, ko
kp + kH

rec

Yieldio2snm = Yo36nm (4.10)
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Figure 4.10: TA kinetics probed at 1025 nm following (a) 800 nm and (b) 600 nm excitation.
The yield of 1025 nm signal is -1.85 mAA for 800 nm excitation case and -0.65 mAA for 600

nm excitation case.

Note that in this study, a series of fluence dependence TA measurement following 800

nm, 900 nm, and 1000 nm laser pulse from the back side was performed (see Appendix

Figure [B.3| [B.4} and [B.5)). The results show that all the charge carriers decay kinetics

regardless of the wavelength of the laser pulse are insensitive to fluence, which is not
surprised as the same phenomenon is observed for non Ga-graded CIGS (data presented
and discussed in Chapter 3).

It can be concluded from this work that the number of electrons drifting to the notch

region decreases significantly for excitation nearer to the Mo back contact. This can
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Figure 4.11: Illustration of minority charge carrier dynamics inside the Ga graded CIGS
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and k-

absorber after 600 nm excitation wavelength from the back side. kZ . kHZ-LG

rec) Tec

denote the charge recombination processes at the energy notch (region L), in the high bandgap

regions exhibiting large grains (named as H-BG) and small grains (named as H-SG) respectively.

be attributed to much faster carrier recombination at the region where the GGI ratio
exceeds 0.5 and small grains are predominant (see Appendix Figure for TA decay ki-
netics probed at band gap positions following excitation energies from 355 nm to 1000 nm
from the back side), as shown in Figure [1.11] This is consistent with previous literature
regarding the impact of different GGI ratios on the grain size, the corresponding recom-
bination, and the overall device performance. In 2019, Spindler et al. summarized the
electronic defects of CIS and CGS studied by photoluminescence, admittance, and pho-
tocurrent spectroscopies in previous studies and showed that deep recombination centres
exist when the GGI ratio exceeds 0.5[38]. In fact, the grain size itself is also influenced by
the GGI ratio: it has been shown that Ga atoms have a low diffusivity and tend to accu-
mulate at CIGS/Mo interface where they restrain grain growth[39]. Fan et al. designed
four different Ga gradient profiles and found that a separated layer consisting of small
grains was formed close to CIGS/Mo interface in all four samples[40]. Lundberg et al.
observed that the grain size of CIGS decreases with shorter deposition time, and a smaller
grain size correlates with a decrease in cell performance which was attributed to increased
grain boundary recombination[41]. In addition to a higher GGI ratio leading to a faster

charge recombination, in this case, the air exposed small grain surface is likely affecting



151 4.5. CONCLUSION

the recombination times measured. As discussed in Chapter 3, the charge carrier lifetime
in the region unaffected by the surface oxidation is approximately 4-5 times longer than
those affected by the surface oxidation. Note that even if the charge carrier lifetime of
the H-SG charges is 5 times longer (without surface oxidation), it is still 2-3 times shorter
than the rise time constant of the 1025 nm signal. As a result, the charge transport from
the small grains to the energy notch would still be unlikely. Though it would be desirable
for future studies of the small grain region, to prepare the samples in an inert environment
and encapsulate thereafter, it should be noted that the measurements of the SG region
are still relevant to understanding device performance. Especially in devices and modules
with pinholes and other fabrication defects, those regions will likely be prone to undergo
surface oxidation which eventually will result in recombination rates as fast as measured
in this work (~100 ps). Such fast recombination at the back contact most likely decreases
device efficiency. A correlation between device efficiency and competing charge carrier

dynamics in devices with different alkali atom PDTs will be discussed in Chapter 5.

4.5 Conclusion

To conclude, the challenge of experimentally accessing the minority charge carrier dynam-
ics in Ga-graded CIGS devices is addressed herein by transient absorption spectroscopy.
In this study, the behaviours of recombination and transport kinetics in state-of-the-art
NaF+RbF treated Ga-graded CIGS devices were successfully decoupled and an electron
mobility of 16.3 (+ 4.0) cm?V~!'s7! (for GGI=0.2-0.5) is obtained. Moreover, charge
carrier recombination is found to be not only depends on the GGI ratio within a large
grain (i.e. ~3 ns in GGI=0.5 versus ~19 ns in GGI=0.2), but is highly dependent also on
the morphology. When grain size is rather small (i.e. 0.5 gm) then recombination times
decrease to values significantly lower than 1 ns (i.e. ~100 ps in this study to ~400 ps
estimated for the device). The device model established in this work and the correspond-
ing kinetic time constants provide important insight to guide future CIGS device design
especially at the back region where recombination is predominant due to a higher GGI
ratio and smaller grain sizes. This work shows that transient absorption spectroscopy is
a powerful tool for immediate observation of minority carrier dynamics, often difficult to

track with other techniques.
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4.6 Publications

The results of this chapter is also utilized for the manuscript in the publication:
Chang, Y.-H. et al. Insights from transient absorption spectroscopy into

electron dynamics along the Ga-gradient in CIGS solar cells. (2020).
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159 5.1. ABSTRACT

5.1 Abstract

An engineered Ga-gradient profile in the bulk along with an alkali atom postdeposition
treatment (PDT) is essential for high efficiency CIGS solar cells. Although numerous
studies have aimed at unravelling the effect of alkali atom incorporation in CIGS solar cells,
the influence of alkali atoms (especially of Na and Rb) on minority charge carrier dynamics
in the regions of different [Ga|/([Ga]+[In]) (GGI) ratios is still under investigation. Here,
a transient absorption spectroscopy (TAS) study focused on the differences in carrier
dynamics originating from varying PDTs is presented. The device with NaF PDT shows a
2.3 — 2.5 -fold extension in electron lifetime and 1.3 times as fast electron transport across
the Ga-gradient of the CIGS absorber compared to the untreated sample. Comparing
electron dynamics in the RbF+NaF PDT sample to the NaF PDT sample, it can be seen
that Rb incorporation clearly improves electron lifetime in CIGS exhibiting a GGI ratio
< 0.5. In the region where GGI > 0.6 and the grain size < 500 nm, the improvement is
insignificant and no electron transport was detectable from this region towards the energy
notch, independent of PDT. Moreover, a long-lived absorption signal (up to 0.01 s) which
is considered to be charge trapping process at CIGS defects is detected in the ps-s timescale
TAS measurements conducted herein. The signal amplitude does not change with PDTs
but with the GGI ratio. In the context of previous studies on alkali atom passivation, the
results of this study propose that Na atoms effectively passivate recombination centres in
grain interiors and at grain boundaries in the CIGS of GGI ratio ranging from 0.2 — 0.67.
On the other hand, Rb passivation works exclusively in low GGI domains (GGI < 0.5).

5.2 Introduction

Alkali atom incorporation in CIGS absorber fabrication has long been considered to be
essential for achieving high device efficiency[1][2]. While earlier works benefited from
diffusion of Na't ions from soda lime glass into the CIGS absorber, nowadays a post
deposition treatment with a range of alkali fluorides offers better reproducibly in device
fabrication and can be implemented in devices with flexible substrates where the absence
of soda lime glass (and hence Na+ ions) leads to relatively poor device performances. In
this chapter, the effect of Na and Rb incorporation into Ga-graded CIGS absorbers on

minority carrier dynamics will be discussed. A detailed literature review on NaF PDT
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and RbF+NaF PDT on CIGS solar cells are given previously in Chapter Hence, in
the following paragraphs, only the literature discussing the impact of NaF and RbF PDT

from a kinetic point of view will be introduced in detail.

Among all the alkali atom PDTs, the effect of Na PDT has been studied most inten-
sively. It is generally observed that the Voo and FF increase with Na incorporation[3] [4] [5] 6],
which is correlated with the increased p-type characteristic[3][5][7][8] and/or the passiva-
tion of non-radiative recombination centres at grain boundaries[9)[10][1T][12][13]. Tran-
sient optical studies also showed a correlation of increased charge carrier lifetime with
optimal Na atoms incorporation. Eid et al. utilized ultrafast pump-probe reflectance spec-
troscopy to study Ga-graded CIGS devices with different thicknesses of NaF (incorporated
prior to selenization) and found a 1.5-fold increase in minority carrier lifetime in samples
with higher Na concentrations which was correlated with higher device performance[6] [14].
However, owing to the GGI profile changing significantly with different Na concentrations
in their experiments, whether Na atoms passivate grain interiors (GIs) and grain bound-
aries (GBs) cannot be elucidated. Lee et al. detected a ~5 fold prolonged charge carrier
lifetime on CIGS (GGI=0.14) grown on soda-lime glass compared to reference films grown
on borosilicate glass, indicating the addition of Na atoms prohibits the formation of defect
states at CdS/CIGS junction and hence increases carrier lifetime[I5]. Though the study
did not address the correlation between defect states and GBs, a smaller grain size was
observed in the borosilicate CIGS device. Using time-resolved photoluminescence spec-
troscopy, Jarzembowski et al. showed that the rear surface recombination velocity in a
GGI=0.4 CIGS thin film with NaF PDT is reduced 3-fold compared to the one without
any PDT[16], indicating Na atoms can effectively passivate defects at Mo/CIGS interface.

Following this large body of research on NaF PDTs, recent studies have focused on a
combined NaF+RbF PDT. Rb atoms were found to easily replace the position of Na atoms
at GBs and cause Na migration into the grain[I7][I8]. At CdS/CIGS junction, a thin layer
of RbInSe, was found to form[19], resulting in a beneficial band bending and thus reduced
interface recombination[20] [21]. Rb incorporation is also proposed to reduce non-radiative
recombination centres in the space charge region|22][23]. Furthermore, several studies
observed charge carrier lifetime in Ga-graded CIGS absorbers to increase by a factor of
4 after RbF PDT[22][24][25]. However, these studies revealed the influence of Rb in only
the first 1 um from the CdS/CIGS interface which typically exhibits GGI ratios <0.5 and
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the effect of Rb in different GGI regions of typically Ga-graded CIGS absorber layers has
not yet been studied.

Here, a TAS study on ps-ns and pus-s time scales investigating the impact of Na and Rb
on minority carrier dynamics in CIGS absorbers spanning a range of GGI ratios typically
employed in high-efficiency CIGS solar cells is performed. The kinetic model established
in Chapter [4] allows to decouple the charge carrier recombination from minority carrier
drift across the conduction band edge gradient in Ga-graded CIGS absorbers. This kinetic
model is utilized here to understand the effect of NaF and NaF+RbF PDTs on the kinetics
of minority carriers in Ga-graded CIGS solar cells comparing alkali treated devices to

equivalent devices without a PDT (labelled as ‘No PDT" in this chapter).

5.3 Experimental methods

CIGS sample with CIGS sample with CIGS sample with
V Ga gradient V Ga gradient V Ga gradient
X NoPDT Vv NaF PDT V NaF+RbF PDT
<2
& &

{\j\‘*:\
J/

Figure 5.1: Schematic of the Ga gradient CIGS samples (No PDT, NaF PDT, and NaF+RbF

PDT) utilized for transient absorption measurements

In this chapter, Ga-graded CIGS devices with 3 different post deposition processing
conditions (No PDT, NaF PDT and NaF+RbF) are investigated primarily using transient
absorption spectroscopy. In addition, other techniques such as steady-state UV-VIS, PL,
SIMS, and J-V measurement are also utilized for examining the steady-state optical,
material and device properties of the CIGS device. Details of each instrument set-up and
fundamental principles are described in Chapter [2]

The fabrication methods of the whole CIGS device can be found in Chapter [2.2.1]
The CIGS device structure is illustrated previously in Figure 2.12h. And as described
in Chapter 2.3 to measure the CIGS device in a transmission mode in TAS, the CIGS
sample is prepared by peeling of the Mo back contact from the rest of the CIGS stack.
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Figure[5.T]illustrates the three CIGS samples peeled off from the Mo back contact for TAS
study. The first sample is the pristine CIGS device without any PDT treatment. The
second and the third sample is subject to NaF PDT and RbF+NakF PDT, respectively.

5.4 Results
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Figure 5.2: Device characteristics of Ga-gradient CIGS solar cells without any PDT, termed
‘No PDT” (black), with NaF PDT (green) and RbF+NaF PDT (blue), respectively. a) Secondary
ion mass spectroscopy measurements, illustrating the increasing [Gal/([Ga]+[In]) (GGI) ratio
along CIGS absorber towards CdS and Mo sides (with especially high GGI ratios towards the
Mo side) leaving a region with minimum GGI ratio in between in all three devices (termed
energy notch). As the GGI ratio is directly proportional to the energy bandgap, the region with
minimum GGI is therefore the energy notch of the cell. b) J-V characteristics conducted under

simulated sunlight (100 mW cm~2, 1 sun), and c¢) external quantum efficiency (EQE).

In this study, all three samples have a typical CIGS device structure and an identi-

cally engineered Ga-gradient across each of the CIGS absorber layers as shown in Figure

5.2h. Figure show the J-V characteristics of No PDT, NaF PDT and RbF+NaF
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PDT CIGS devices. It is evident that efficiency enhancement in devices with alkali PDT
results largely from a significant improvement in Voo (25% and 28% increase after NaF
PDT and NaF+RbF PDT, respectively). Figure shows external quantum efficiency
(EQE) spectra. Device characteristic spectral EQE response in two wavelength intervals
is observed: i) ~800-1000 nm and ii) ~400-550 nm. The photocurrent and EQE im-
provements in the 400—500 nm range are due to a 50 nm thinner CdS layer employed
in the RbF+NaF PDT device[26][27][28]. To understand the lower EQE response in the
800-1000 nm region, and the Ve loss in the No PDT device, a transient absorption study

investigating charge carrier dynamics on ps-ns time scales (Figure [5.3) is performed.
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Figure 5.3: Picosecond to nanosecond transient absorption study showing spectral snapshots
at 1 ps, 500 ps and 6 ns after excitation (follow columns) with 1000 nm, 900 nm, and 700 nm
laser light (follow rows) of No PDT (black traces), NaF PDT (green), and RbF+NaF PDT(blue)
samples). As indicated in the schematic on the right hand side, samples were excited from the
peeled-off Mo side in different excitation volumes (shaded areas based on carrier generation
profiles in Appendix Figure leading to several processes for the photogenerated charge
carriers (as indicated by the arrows). The laser excitation density utilized is equivalent to

7*1013 photons/cm? absorbed.
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1000 nm, 900 nm and 700 nm excitation wavelengths are selected to track charge
carriers from different GGI regions across the CIGS film. The schematic in the last column
of Figure [5.3] shows the excitation volumes for each pump energy based on the charge
carrier generation profiles in Appendix FigurdC.1] In Chapter [4] a correlation between
the 1 ps peak position of the photobleach in the Ga-graded RbF+NaF and the excitation
volume where each pump wavelength is absorbed strongest is established. This correlation
seems to hold for all 3 samples investigated herein. Following are the photobleach peak
positions observed at 1 ps in the 1000 nm, 900 nm, and 700 nm excitation cases: i) in the
energy notch (at ~1025 nm or 1.21 eV, GGI = 0.2 indicated by the intense red shading in
Figure (sketch)) for excitation with 1000 nm, ii) half-way on the Ga-gradient towards
the Mo side (at 935 nm or 1.33 eV, GGI = 0.5, intense orange shading) for excitation with
900 nm and iii) close to the (removed) Mo back contact (885 nm or 1.40 eV, GGI = 0.66,
intense pink shading) for excitation with 700 nm laser light. Note that in the 900 nm
excitation case the usually Gaussian-shaped curves show a tail extending towards 1100

nm because of the extended absorption and charge carrier generation profile as shown in

Appendix Figure [C.1]

Comparison of the 1 ps spectra of all 3 samples (with and without PDTs), shows no
significant difference in spectral shape or intensity (for same number of photons excited),
as one would expect based on the identical GGI profiles (Figure ) Note that in the
1000 nm excitation case, a slightly more redshifted photobleach peak position in the No
PDT sample (1040 nm) compared to the PDT samples (1025 nm) is observed whereas
steady-state PL is slightly blue-shifted by 26 meV as seen in Appendix Figure[C.2] While
a more dedicated study to this phenomenon would surely be needed, one explanation to
consider would likely be a slight change in carrier concentration and statistical carrier dis-
tribution near the valence band edge upon PDT. This hypothesis would be consistent with
the observed increase in p-type character upon alkali atom PDT treatment[7] [18][25][29)].

To understand the 500 ps and 6 ns spectra in Figure[5.3] the kinetic model established
in Chapter [ tracking minority carrier drift-diffusion in Ga-graded CIGS absorbers is
exploited. As shown in Figure [5.4h, this kinetic model is based on four decay constants
predicting minority carrier movement in the Ga-graded CIGS absorber layer which is
divided into three excitation volumes probed with 1000 nm, 900 nm and 700 nm, yielding

decay constants kZ . for electrons decaying in the energy notch (GGI=0.2) , kZ-B% and

rec Tec
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kp for recombination and drift in large grains with GGI gradient varying from 0.5 to

0.2 and kZ-5¢ for electrons decaying in small grains with GGI>0.6 (see SEM image in

rec

Appendix Figure [C.3]).

In the energy notch region no significant changes in the signal size and the photobleach
peak position are observed till ~500 ps in both PDT samples. Only when the signal starts
decaying significantly a shift in peak position from 1025 nm to 1030 nm is also observed.
As no photocurrent is extracted in this case, the only decay process of charge carriers
generated in the energy notch region is due to recombination. Fitting the kinetics of
the decay at the respective peak position (1025 nm for PDT and 1040 nm for No PDT
samples) with a single exponential function (Figure , full circles), recombination times,
7L =5.3ns, 13.2 ns, and 19.1 ns for No PDT, NaF PDT, and RbF+NaF PDT samples,

respectively, is obtained.

Now discuss charge carrier dynamics in the excitation volume excited by 900 nm laser
pulse. This volume is denoted as "H-BG” indicative of the increasing GGI ratio from
0.2 to 0.5 and predominantly large/big grain size of CIGS. In Figure (second row)
a notable red-shift in the photobleach signal in all three samples is observed: while the
initial photobleach peak position coincides with the initially excited volume with the
respective band gap and GGI ratio, by 6 ns, the photobleach peak is red-shifted to 1025
nm for the PDT samples and 1040 nm for the No PDT sample, which is identical to the
peak position in the energy notch as discussed above. In addition, at 6 ns, it can be
seen that the spectral intensities for all 3 samples are almost identical as in the case of
excitation with 1000 nm with the signal size of the photobleach in the RbF+NaF PDT
sample being ~4 times larger than in the No PDT sample. Earlier in Chapter [} the
red-shifted photobleach was assigned to a drift-diffusion process of electrons from their
initial excitation volume to the energy notch region, and a kinetic model was established
to decouple the kinetics competition between recombination process (with recombination
H-BG _ | /|H-BG

time constant 7, = ee

o ) and drift process (with drift time constant 7, = 1/kp),

as illustrated in Figure [5.4a. This kinetic model is utilized here to obtain the 7p and

7H=BG of NoPDT and NaF PDT samples, following the method demonstrated previously

rec

in Chapter 4| (see Appendix Figure for the fitting results). Figure shows the

fitting results for each sample, yielding recombination time constants 77-5¢ = 620 ps,

1430 ps, and 2797 ps and transfer times 7p = 3980 ps, 2950 ps, and 1998 ps for No PDT,
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Figure 5.4: (a) Schematic of the proposed drift-diffusion model in a Ga-graded CIGS system.
The GGI ratio and the corresponding energy bandgap is based on the SIMS result of RbF+NaF
PDT sample in Figure la. kL, kH-BG

s Koo and kZ-9¢ denote the decay constants for charge

recombination in the energy notch (names as L), in the high bandgap regions exhibiting large
grains (named as H-BG) and small grains (named as H-SG) respectively. Studies of transient
absorption decay kinetics with b) 700 nm laser excitation probed at 885 nm wavelength and
1000 nm laser excitation probed at 1025 nm wavelength respectively, ¢) 900 nm laser excitation
probed at 1025 nm (in NaF PDT and RbF+NaF PDT samples )/ 1040 nm wavelength (in
No PDT sample). The red thin lines showed the fitting results. The laser excitation density
utilized is equivalent to 7*10'® photons/cm? absorbed (d) Histogram showing time constants
of the TAS signals decayed at the energy notch (7%.), in the H-BG (7f/7B%), and the H-SG
(1 H-5G) regions and the corresponding drift time constant (7p) of charge carriers. The stars

indicate the competition between charge recombination and drift.

NaF PDT, and RbF+NaF PDT samples, respectively.
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Further, carrier dynamics in the volume excited by 700 nm laser excitation, which is
denoted as “H-SG” indicative of the high GGI ratio (GGI > 0.6) and small CIGS grain
size, is discussed. In Figure (3" row), a rapid photobleach decay in all 3 samples
(more than half of its original amplitude decays by 500 ps) is observed. From the 880 nm
probe kinetics (Figure [5.4p) fitted with a single exponential function, recombination time

constants in the air-exposed small grain region of 7/7-5¢ = 40 ps, 100 ps, and 110 ps for

No PDT, NaF PDT, and RbF+NaF PDT samples, respectively, is observed. It is noted
that that the small signal centred at 1025 nm in RbF+NaF PDT and NaF PDT samples
or at 1040 nm in the No PDT sample results from charge carriers generated in the large
grain (H-BG) region (see absorption tail of 700 nm light in Appendix Figure [C.1)). The

fast recombination rates on the order of ~100 ps prevent charge carriers generated in this

region to drift towards the energy notch region. The resulting four time constants (7%,
TH-BG 75, and 7H-5%) for all 3 samples were plotted in comparison in Figure and

are discussed below.

5.5 Discussions

e Comparison of NaF PDT versus No PDT

From the results, it is clear that the incorporation of Na atoms improves the charge carrier
lifetime by a factor of 2.3 — 2.5 across the entire CIGS absorber layer with GGI ratios
varying between 0.2 — 0.67. This improvement is effective in large grain and in small
grain CIGS, suggesting a homogenous passivation of recombination centres throughout
the CIGS layer (inclusive of GIs and GBs). Furthermore, a 1.3 fold increase in electron
mobility in the NaF treated sample calculated from the electron drift time constant in the
large grain region (8.2 cm?V ~'s7! in the No PDT, 11.1 ¢m?V~!s~! in the NaF treated
sample) is obtained. Since the increase in electron lifetime in the small grain region with
a higher grain boundary surface area is not proportionally larger compared to the lifetime
enhancement in the energy notch region and because the electron mobility is obtained
in the large grain volume of the CIGS film, all suggest a homogenous defect passivation
throughout the CIGS film in its GIs and at the GBs.

Na has been suggested to reduce compensating donor defects such as the Se vacancy

(Vse) or the In on Cu anti-site (Ing,) in the GIs and GBs leading to the observed increase



5.5. DISCUSSIONS 168

in p-type character in CIGS[30][31]. Siebentritt et al. calculated Urbach energies in CIGS
devices that were fabricated analogous to the samples herein and found a reduced density
of tail states in samples with NaF PDT[23]. Interestingly, a 15 meV blue shift in the
peak positions of the photobleach in the energy notch region in the NaF and NaF+RbF
treated samples (1025 nm in PDT samples versus 1040 nm in No PDT) is observed despite
an identical GGI ratio in all 3 samples in this region. This would support both of the
above-mentioned observations though in this study it is not distinguishable whether Na

atoms passivate a specific shallow defect state or a distribution of tail states in CIGS.
e Comparison of RbF+NaF PDT versus NaF PDT

As shown in Figure 5.4d, compared to a NaF PDT, the combined NaF+RbF PDT in-
creases charge carrier lifetime 1.4-fold in the energy notch and ~2.0-fold in the bandgap-
graded H-BG region. On the other hand, in the small grain, high GGI (H-SG) region,
RbF barely affects electron lifetime (only 1.1- fold increase). Electron transport in the
H-BG region across the conduction band gradient is ~1.5 times faster in the NaF+RbF
treated sample compared to the NaF equivalent.

Taguchi et al. showed the formation of a surface RbInSey layer on CIS and CIGS
but could not detect a separated phase on CGSe surfaces[I9]. Furthermore, Ishizuka
et al. demonstrated no significant improvement in device performance in a CGSe device
with RbF PDT compared to one without[32]. The results in this chapter show a negligible
effect of Rb in the H-SG volume and support those observations, suggesting that no surface
passivation layer is formed on CIGS surfaces with GGI ratios exceeding 0.6. Neither, do
significant evidence for passivation of defects in GIs by Rb within these small grains is
obtained. As a result, all 3 samples show fast recombination in the small grains such
that all photogenerated electrons are lost to recombination without any left to drift to
the energy notch region. Neither NaF nor a combined NaF+RbF PDT offer effective
passivation in this H-SG region. It remains to determine if the ultrafast recombination is
a result of surface or/and bulk recombination and how the high GGI ratio (>0.6) impacts
the formation of additional bulk and/or surface defect states.

A pus-s transient absorption study (see Appendix Figure and is conducted and
the results show a long-lived positive absorption signal (up to 10 ms) in all three samples.
As discussed in Chapter [3] this positive signal is related to the absorption caused by
charge carriers trapped in the deep defect states. The amplitude of the absorption signal
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is observed to be the same among the three samples but decreases towards lower GGI.
This finding agrees well with a faster recombination in regions of higher GGI ratio due to
the presence of more deep defects that are not passivated by either of the PDTs studied

herein.

While the smallest impact of Rb on carrier dynamics is observed in the small grain
and high GGI region (H-SG), the largest improvement is visible in the H-BG volume
where drift (7p = 1998 ps) outcompetes recombination (7278 = 2797ps, k2 -BC /kp =
0.7) in the NaF+RbF treated sample, whilst the other two samples both show faster
recombination (k278 /kp = 2.1 and 6.4 for NaF and No PDT, respectively). This kinetic
competition between recombination and drift of minority carriers photogenerated in the
H-BG volume (indicated with stars in Figure [5.4d) controls the yield of minority carriers
in the energy notch, where carriers are most long-lived and detrimental to photocurrent
and photovoltage generation. This result obtained from the H-BG region is in good
agreement with the trend in EQE (Figure [5.2k), showing an enhanced EQE in the 750
nm — 1000 nm range in NaF and NaF+4+RbF devices. The resulting higher mobility and
slower recombination rates in RbF+NaF PDT samples (compared to NaF PDT) can be

the result of further tail state or shallow defect state passivation analogous to the NaF

PDT as discussed above.

Siebentritt et al. reported that RbF PDT could further reduce the density of tail
states which were already somewhat smaller than in the untreated devices[23]. And
while Taguchi et al. attributed the improved device performance to the formation of
a surface RbInSe, layer[I9] at CdS/CIGS interface, other works find Rb to passivate
recombination centres in the space charge region[22][24][25]. From the results of this
study, clear improvements in electron lifetime not only are observed in the energy notch
region (within the space charge region) but also in the GGI=0.2-0.5 big grain region.
Though it is not able to distinguish whether the passivation is on the defects in GIs or at
GBs from the results of this study, previous atom probe topography studies have shown
Rb is mostly accumulated at GBs[I7][18], suggesting it is more likely that Rb atoms
passivate defects at GBs.

It should also be noted that the charge carrier lifetime detected in the TA experi-
ments (non-radiative decay) here are much shorter compared to those measured by time-

resolved PL (radiative)[24][25]. However, this phenomenon has been observed in most of
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the CIGS TA studies[0][15][33][34]. For example, Chen et al. obtained a non-radiative
recombination lifetime of ~750 ps on a 12.35% CIGS device via transient reflectivity
spectroscopy[34]. Whilst the radiative recombination lifetime (time-resolved PL decay
time) is expected to be 10 ns for a CIGS device with similar efficiency[35]. If consid-
ering the ~13 fold difference between TA decay time and time-resolved PL decay time
observed in Chen’s study, the radiative recombination lifetime in the energy notch region
of the RbF+NaF PDT CIGS sample investigated in this study would be 247 ns, which is
consistent with the values reported in literature[24] [25][22].

5.6 Conclusion

In this chapter, Ga-graded CIGS devices with 3 different post deposition processing con-
ditions (No PDT, NaF PDT and NaF+RbF) using transient absorption spectroscopy
are investigated. The kinetic model established previously in Chapter 4] divides each of
these CIGS films in 3 main volume slabs namely the energy notch region (GGI = 0.2),
bandgap graded region (GGI = 0.2 — 0.5 (H-BG)) and a region with GGI>0.6 and pre-
dominantly smaller grain size. Comparing recombination kinetics of NaF treated and
pristine CIGS, it is found that the minority carrier lifetime is increased 2.3 — 2.5-fold in
all 3 regions, indicating a homogeneous passivation of recombination centres throughout
the CIGS layer (in both grain interior and in grain boundaries) after NaF PDT. Further,
comparing RbF+NaF PDT to the NaF PDT sample, the minority carrier lifetime in the
energy notch (GGI = 0.2) and big grain region (GGI=0.2-0.5) increases another 1.4-fold
and 2.0-fold, respectively, whereas in the small grain region (GGI>0.6) the improvement
is negligible (1.1-fold). These results suggest that the passivation of recombination centres
after RbF PDT is rather ineffective in the GGI>0.6 small grain region, indicating that
the effectiveness of Rb passivation depends on the GGI ratio and works the best in the
GGI<0.5 domain. Furthermore, a kinetic competition between electron recombination
and transfer to the energy notch in the H-BG region that determines the yield of elec-
trons in the energy notch where they are most long-lived determining the photocurrent
and photovoltage generation is found. The effective passivation in the big grain region
by the PDTs significantly increases electron mobility and explains the observations of

higher EQEs in the 750 nm — 1000 nm range and an increased open-circuit voltage in the
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PDT CIGS devices. Last, a positive long-lived absorption signal, which is linked to the
presence of charge carriers trapped in the deep defects, is found in both PDT and un-
treated samples with a stronger signal in the high GGI small grain volume slab. Though
it needs further studies to investigate which type of deep defects give rise to this positive
absorption signal on the ms timescale, it can be concluded that the alkali PDTs studied

herein do not passivate these effectively.

5.7 Publications

The results of this chapter is also utilized for the manuscript in the publication:
Chang, Y.-H. et al. Impact of RbF and NaF postdeposition treatments
on charge carrier transport and recombination in Ga-graded CIGS solar cells.

(2020).



BIBLIOGRAPHY 172

Bibliography

1]

3]

[4]

Jonas Hedstrom, Hakan Ohlsen, Marika Bodegard, Angela Klyner, Lars Stolt, Dim-
itri Hariskos, Martin Ruckh, and Hans Werner Schock. ZnO/CdS/Cu(In,Ga)Se2
thin film solar cells with improved performance. In Conference Record of the IEEE

Photovoltaic Specialists Conference, pages 364-371. Publ by IEEE, 1993.

Miguel A. Contreras, B. Egaas, P. Dippo, J. Webb, J. Granata, K. Ramanathan,
S. Asher, A. Swartzlander, and R. Noufi. On the role of Na and modifications to
Cu(In,Ga)Se2 absorber materials using thin-MF (M = Na, K, Cs) precursor layers. In
Conference Record of the IEEE Photovoltaic Specialists Conference, pages 359-362.
IEEE, 1997.

Dominik Rudmann. Effects of sodium on growth and properties of Cu(In,Ga)Se2 thin
films and solar cells. PhD thesis, 2004.

Leeor. Kronik, David Cahen, and Hans Werner Schock. Effects of Sodium on
Polycrystalline Cu(In,Ga)Se2 and Its Solar Cell Performance. Advanced Materials,
10(1):31-36, jan 1998.

Su Huai Wei, S. B. Zhang, and Alex Zunger. Effects of Na on the electrical and
structural properties of CulnSe2. Journal of Applied Physics, 85(10):7214-7218, may
1999.

Jessica Eid, Anwar Usman, Issam Gereige, Jeroen Van Duren, Vadim Lyssenko,
Karl Leo, and Omar F. Mohammed. Ultrafast pump-probe reflectance spectroscopy:
Why sodium makes Cu(In,Ga)Se2 solar cells better. Solar Energy Materials and
Solar Cells, 140:33-37, 2015.

Tokio Nakada, Daisuke Iga, Hiroki Ohbo, and Akio Kunioka. Effects of Sodium on
Cu(In,Ga)Se2-Based Thin Films and Solar Cells. Japanese Journal of Applied
Physics, 36(Part 1, No. 2):732-737, feb 1997.

Ryuhei Kimura, Tokio Nakada, Paul Fons, Akimasa Yamada, Shigeru Niki, Takeo
Matsuzawa, Kiyoshi Takahashi, and Akio Kunioka. Photoluminescence properties of

sodium incorporation in CulnSe2 and Culn3Se5 thin films. Solar Energy Materials

and Solar Cells, 67(1-4):289-295, mar 2001.



173

BIBLIOGRAPHY

[9]

[10]

[11]

[12]

[14]

[15]

[16]

David W. Niles, Mowafak Al-Jassim, and Kannan Ramanathan. Direct observation
of Na and O impurities at grain surfaces of CulnSe2 thin films. Journal of Vacuum

Science & Technology A: Vacuum, Surfaces, and Films, 17(1):291-296, jan 1999.

Pyuck Pa Choi, Oana Cojocaru-Mirédin, Roland Wuerz, and Dierk Raabe. Compar-
ative atom probe study of Cu(In,Ga)Se 2 thin-film solar cells deposited on soda-lime

glass and mild steel substrates. Journal of Applied Physics, 110(12):124513, dec 2011.

E. Cadel, N. Barreau, J. Kessler, and P. Pareige. Atom probe study of sodium
distribution in polycrystalline Cu(In,Ga)Se2 thin film. Acta Materialia, 58(7):2634—
2637, apr 2010.

D. Braunger, D. Hariskos, G. Bilger, U. Rau, and H. W. Schock. Influence of sodium
on the growth of polycrystalline Cu(In,Ga)Se2 thin films. Thin Solid Films, 361:161—
166, feb 2000.

Mohit Raghuwanshi, Emmanuel Cadel, Sébastien Duguay, Ludovic Arzel, Nicolas
Barreau, and Philippe Pareige. Influence of Na on grain boundary and properties
of Cu(In,Ga)Se2 solar cells. Progress in Photovoltaics: Research and Applications,

25(5):367-375, may 2017.

Jessica Eid, Anwar Usman, Issam Gereige, Jeroen Van Duren, Vadim Lyssenko,
Karl Leo, and Omar F. Mohammed. Ultrafast pump-probe reflectance spectroscopy:
Why sodium makes Cu(In,Ga)Se2 solar cells better. Solar Energy Materials and
Solar Cells, 140:33-37, sep 2015.

Woo Jung Lee, Dae Hyung Cho, Jae Hyung Wi, Won Seok Han, Yong Duck Chung,
Jaehun Park, Jung Min Bae, and Mann Ho Cho. Na-Dependent Ultrafast Carrier
Dynamics of CdS/Cu(In,Ga)Se2 Measured by Optical Pump-Terahertz Probe Spec-
troscopy. Journal of Physical Chemistry C, 119(35):20231-20236, jul 2015.

Enrico Jarzembowski, Frank Syrowatka, Kai Kaufmann, Wolfgang Franzel, Torsten
Holscher, and Roland Scheer.  The influence of sodium on the molybde-
num/Cu(In,Ga)Se2 interface recombination velocity, determined by time resolved

photoluminescence. Applied Physics Letters, 107(5):051601, aug 2015.



BIBLIOGRAPHY 174

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Arantxa Vilalta-Clemente, Mohit Raghuwanshi, Sébastien Duguay, Celia Castro,
Emmanuel Cadel, Philippe Pareige, Philip Jackson, Roland Wuerz, Dimitrios
Hariskos, and Wolfram Witte. Rubidium distribution at atomic scale in high ef-
ficient Cu(In,Ga)Se2 thin-film solar cells. Applied Physics Letters, 112(10):103105,
mar 2018.

R. Wuerz, W. Hempel, and P. Jackson. Diffusion of Rb in polycrystalline
Cu(In,Ga)Se2 layers and effect of Rb on solar cell parameters of Cu(In,Ga)Se2 thin-
film solar cells. Journal of Applied Physics, 124(16):165305, oct 2018.

Noboru Taguchi, Shingo Tanaka, and Shogo Ishizuka. Direct insights into RbInSe2
formation at Cu(In,Ga)Se2 thin film surface with RbF postdeposition treatment.
Applied Physics Letters, 113(11):113903, sep 2018.

Fabian Pianezzi, Patrick Reinhard, Adrian Chirila, Benjamin Bissig, Shiro Nishiwaki,
Stephan Buecheler, and Ayodhya N. Tiwari. Unveiling the effects of post-deposition
treatment with different alkaline elements on the electronic properties of CIGS thin

film solar cells. Physical Chemistry Chemical Physics, 16(19):8843-8851, may 2014.

D Hauschild, D Kreikemeyer-Lorenzo, P Jackson, T Magorian Friedlmeier, D
Hariskos, F Reinert, M Powalla, C Heske, and L. Weinhardt. Impact of a RbF
Postdeposition Treatment on the Electronic Structure of the CdS/ Cu(In,Ga)Se 2
Heterojunction in High-Efficiency Thin-Film Solar Cells. 2017.

Marc Daniel Heinemann, Tim Kodalle, Charles Hages, Michael Klupsch, Dieter
Greiner, Lars Korte, Sergej Levcenco, Thomas Unold, Rutger Schlatmann, and Chris-
tian A. Kaufmann. Evaluation of recombination losses in thin film solar cells using
an LED sun simulator the effect of RbF post-deposition on CIGS solar cells. EPJ
Photovoltaics, 9:9, sep 2018.

Susanne Siebentritt, Enrico Avancini, Marcus Bar, Jakob Bombsch, Emilie Bour-
geois, Stephan Buecheler, Romain Carron, Celia Castro, Sebastien Duguay, Roberto
Félix, Evelyn Handick, Dimitrios Hariskos, Ville Havu, Philip Jackson, Hannu-Pekka
Komsa, Thomas Kunze, Maria Malitckaya, Roberto Menozzi, Milos Nesladek, Nico-
leta Nicoara, Martti Puska, Mohit Raghuwanshi, Philippe Pareige, Sascha Sade-

wasser, Giovanna Sozzi, Ayodhya Nath Tiwari, Shigenori Ueda, Arantxa Vilalta-



175

BIBLIOGRAPHY

[25]

[26]

[28]

[29]

[30]

Clemente, Thomas Paul Weiss, Florian Werner, Regan G. Wilks, Wolfram Witte,
and Max Hilaire Wolter. Heavy Alkali Treatment of Cu(In,Ga)Se2 Solar Cells: Sur-
face versus Bulk Effects. Advanced Energy Materials, 10(8):1903752, feb 2020.

Thomas Feurer, Fan Fu, Thomas Paul Weiss, Enrico Avancini, Johannes Lockinger,
Stephan Buecheler, and Ayodhya N. Tiwari. RbF post deposition treatment for
narrow bandgap Cu(In,Ga)Se2 solar cells. Thin Solid Films, 670:34-40, jan 2019.

Shankar Karki, Pran Paul, Grace Rajan, Benjamin Belfore, Deewakar Poudel, Angus
Rockett, Evgeny Danilov, Felix Castellano, Aaron Arehart, and Sylvain Marsillac.
Analysis of recombination mechanisms in RbF-treated cigs solar cells. IEEFE Journal

of Photovoltaics, 9(1):313-318, jan 2019.

Adrian Chirila, Patrick Reinhard, Fabian Pianezzi, Patrick Bloesch, Alexander R.
Uhl, Carolin Fella, Lukas Kranz, Debora Keller, Christina Gretener, Harald Hagen-
dorfer, Dominik Jaeger, Rolf Erni, Shiro Nishiwaki, Stephan Buecheler, and Ayod-
hya N. Tiwari. Potassium-induced surface modification of Cu(In,Ga)Se2 thin films

for high-efficiency solar cells. Nature Materials, 12(12):1107-1111, dec 2013.

Patrick Reinhard, Fabian Pianezzi, Lukas Kranz, Shiro Nishiwaki, Adrian Chirila,
Stephan Buecheler, and Ayodhya N. Tiwari. Flexible Cu(In,Ga)Sey solar cells with
reduced absorber thickness. Progress in Photovoltaics: Research and Applications,

23(3):281-289, mar 2015.

Enrico Avancini, Romain Carron, Benjamin Bissig, Patrick Reinhard, Roberto
Menozzi, Giovanna Sozzi, Simone Di Napoli, Thomas Feurer, Shiro Nishiwaki,
Stephan Buecheler, and Ayodhya N. Tiwari. Impact of compositional grading and
overall Cu deficiency on the near-infrared response in Cu(In, Ga)Se2 solar cells.

Progress in Photovoltaics: Research and Applications, 25(3):233-241, mar 2017.

Yun Sun, Shuping Lin, Wei Li, Shiqing Cheng, Yunxiang Zhang, Yiming Liu, and
Wei Liu. Review on Alkali Element Doping in Cu(In,Ga)Se2 Thin Films and Solar
Cells. Engineering, 3(4):452-459, aug 2017.

David J. Schroeder and Angus A. Rockett. Electronic effects of sodium in epitaxial

Culnl-xGaxSe2. Journal of Applied Physics, 82(10):4982-4985, nov 1997.



BIBLIOGRAPHY 176

[31]

[32]

[35]

A. Rockett. The effect of Na in polycrystalline and epitaxial single-crystal Culn
1-xGaxSe2. In Thin Solid Films, volume 480-481, pages 2—7, jun 2005.

Shogo Ishizuka, Noboru Taguchi, Jiro Nishinaga, Yukiko Kamikawa, Shingo Tanaka,
and Hajime Shibata. Group III Elemental Composition Dependence of RbF Postde-
position Treatment Effects on Cu(In,Ga)Se 2 Thin Films and Solar Cells. 2018.

Woo Jung Lee, Dae Hyung Cho, Jae Hyung Wi, Hye Jung Yu, Won Seok Han,
Jung Min Bae, Jaehun Park, and Yong Duck Chung. Ultrafast Photocarrier Dy-
namics at the p-n Junction in Cu(In,Ga)Se2 Solar Cell with Various Zn(0O,S) Buffer
Layers Measured by Optical Pump-Terahertz Probe Spectroscopy. ACS Applied En-
ergy Materials, 1(2):522-530, feb 2018.

Shih-Chen Chen, Yu-Kuang Liao, Hsueh-Ju Chen, Chia-Hsiang Chen, Chih-Huang
Lai, Yu-Lun Chueh, Hao-Chung Kuo, Kaung-Hsiung Wu, Jenh-Yih Juang, Shun-
Jen Cheng, Tung-Po Hsieh, and Takayoshi Kobayashi. Ultrafast carrier dynamics in
Cu(In,Ga)Se_2 thin films probed by femtosecond pump-probe spectroscopy. Optics
Ezpress, 20(12):12675, jun 2012.

Sho Shirakata and Tokio Nakada. Time-resolved photoluminescence in Cu(In,Ga)Se2
thin films and solar cells. Thin Solid Films, 515(15 SPEC. ISS.):6151-6154, may 2007.



Chapter 6

Concluding remarks

177



6.1. CONCLUDING REMARKS 178

6.1 Concluding remarks

The aim of this thesis is to unravel minority charger carrier kinetics in Ga-graded and alkali
treated CIGS solar cells. To achieve this, transient absorption spectroscopy is utilized
as the main tool, allowing to investigate non-radiative processes such as charge carrier
trapping and drifting of minority charge carriers over a broad timescale (picosecond-
nanosecond and microsecond-second) in a such complex structure.

In Chapter |3, minority charge carrier dynamics of a GGI=0.4 CIGS thin film (without
Ga gradient and alkali PDT), a CIS thin film, and a SbySes thin film are investigated.
In all three materials, a photobleach which clearly follows the 1st derivative of the UV-
VIS absorptance is observed in the picosecond-nanosecond timescale, is assigned to the
ground state bleach. The time constant of this ground state bleach decay is calculated
to be 650 ps, 580 ps, and 15 ps for CIGS, CIS, and SbySes, respectively. It should
be noted that in CIGS and CIS samples, the decay time constant of an air-exposed
region is 4-5-fold smaller than the epoxy-covered region. This may be due to MoSe,
residuals and/or surface oxidation that act as recombination centers. In microsecond-
second timescale, a prominent bandedge absorption is observed in all three samples. This
long-lived absorption is assigned to the presence of trapped charge carriers, though the
type of defects cannot be specified. In the SbySes thin film, a higher amplitude of the
absorption signal per photons/cmj, is obtained compared to the CIGS and CIS samples,
indicating a more defective film quality of the ShoSes sample.

In Chapter [4 minority carrier dynamics of a 19.3% efficient CIGS solar cell with an
implemented Ga gradient (GGI ranges from 0.2-0.67) and RbF+NaF PDT is investigated.
A kinetic model established here divides such CIGS films into 3 main volume slabs namely
the energy notch region (GGI =0.2), bandgap graded region (GGI 0.2 to 0.5 (H-BG))
and a layer with GGI>0.6 and predominantly smaller grain size. Moreover, it allows to
decouple the recombination and drift kinetics in the H-BG region of the device, and a
corresponding electron mobility of 16.3 (£ 4.0) cm?V~!s7! is obtained. Further, it is found
that the minority carrier lifetime decreases from 19 ns in the energy notch region (grain
size >2um) to 100 ps (400 ps estimated for the sample without detachment of the Mo
back contact) in the H-SG region (grain size < 0.5 pum). This indicates that the minority
carrier lifetime in the CIGS film depends on both the GGI ratio and the crystalline grain

size.
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In Chapter [5, minority carrier dynamics of three CIGS devices with an identical Ga
gradient profile but three different alkali PDTs (without any alkali treatment, NaF PDT,
and RbF+NaF PDT) are investigated. Making use of the kinetic model established in
Chapter [4] the time constant of recombination in every region (energy notch, H-BG, and
H-SG) and drift in the H-BG region of each sample is obtained and compared, respec-
tively. It is found that the minority carrier lifetime of the Na treated sample is increased
by a similar degree compared to the one without any alkali treatment in all 3 regions, in-
dicating a homogeneous passivation of recombination centres throughout the CIGS layer
(in both grain interior and at grain boundaries) after NaF PDT. On the other hand,
comparing the RbF+NaF treated device to the NaF treated one, the minority carrier
lifetime increases more profoundly in the energy notch and the H-BG region, whereas in
the H-SG region the improvement is negligible. These results suggest that the passivation
of recombination centres after RbF post deposition treatment is more effective in the low
GGI (GGI<0.5) region.

Nevertheless, it can be concluded that both Na and Rb atoms passivate the big grain
region (including the energy notch and the H-BG region) effectively, which leads to not
only a higher minority carrier lifetime but also a faster minority carrier mobility. Conse-
quently, a higher amount of minority carriers drift to the front region and being collected,
which explains the observations of higher EQEs in the 750 nm — 1000 nm range and an in-
creased open-circuit voltage in the PDT-treated CIGS devices. Last, a positive long-lived
absorption signal, which is assigned to the presence of trapped charge carriers, is found
in all three samples with a stronger signal in the H-SG region. Though further research
is needed to investigate which type of defects give rise to this positive absorption signal
on the ms timescale, it can be concluded that both Na and Rb atoms do not passivate

these effectively.
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6.2 Future work

Though the results of this thesis unravel some pieces of the puzzle in the field of CIGS,

many questions are still waiting to be answered.
e For CIGS

1. Origins of the positive absorption signal existing in the microsecond-
second timescale needs further investigation. This long-lived positive bandedge
absorption appears in every CIGS sample investigated in this study, though it is speculated
to result from trapped charge carriers, further evidences are surely needed. A comparison
between CIGS with single crystalline and poly-crystalline structures would be worthwhile
investigating. This is due to a single crystalline CIGS is proposed to have less defects
(less grain boundaries) than a poly-crystalline one. Further, conducting applied potential
transient absorption experiments will also help to understand how transient optical signals
change with external bias.

2. The air-exposed region due to the detachment of Mo back contact. In
this study, it is found that the charge carrier recombines much faster in the air-exposed
back region than in the encapsulated front region. Though it may be contributed by
MoSe; and/or the surface oxidation due to air exposure, it is not possible to distinguish
which poses a major impact. Therefore, designing experiments that perform the peeling-
off procedure in a glove box and encapsulate the detached region with epoxy immediately
may elucidate the main cause.

3. Rb atoms passivation on the GGI>0.6 small grain region. From this study,
no significant improvement is detected in the small grain region comparing RbF+NaF
PDT and NaF PDT samples. However, it cannot be derived from this study why Rb
atoms do not passivate recombination centers in the small grain region. As the small
grained region is associated with the high GGI ratio, the chemical compositions of the
CIGS region might be a determining factor for the effectiveness of Rb atoms passivation.

A detailed DFT calculation implementing these findings might provide further insights.



181 6.2. FUTURE WORK

e For Sb2563

Note that the investigation of SbySes material is only a small side topic for this thesis,
hence, the corresponding results presented in this thesis are basic. For sure, much in-depth
research is needed to draw a clear picture on charge carrier dynamics in this material.

1. Deconvolution of the ground state bleach and the positive absorption
associated with trapped charge carriers observed in the picosecond-second
timescale. From the results of this study, the ground state bleach signal and the positive
absorption signal are superimposed on one another. Therefore, to obtain a recombination
and charge trapping time constant with high accuracy, a detailed kinetic model or global

analysis is needed.
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Figure A.1: Transmittance (T) and Reflectance (R) spectra of a GGI = 0.4 CIGS thin film

upon excitation from the front and back side.
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Figure A.4: Stretched exponential fitting (y = ae — (kz)?, k: decay constant, 3: stretching
component) of normalized TA kinetics probed at 1000 nm of a GGI = 0.4 CIGS thin film
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Figure A.5: Absorption coefficient and penetration depth of CIS thin film.
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Figure B.3: Fluence-scaled TA decay kinetics probed at 1025 nm following 1000 nm excitation
wavelength with 0.7, 3.4, 9.7 and 16.8 uJ/cm? fluence. (a) shows the amplitude of delta A as a
function of fluence. (b) show the normalized kinetic trace probed at 1025 nm. 1uJ/cm? equals

to 4*10'2? photons/cm? absorbed.
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Figure B.4: Fluence-scaled study on TA decay kinetics probed at (a) 936 nm and (b) 1025 nm

following 900 nm excitation wavelength with 0.6, 2.3, 9.2, 15.3, and 30.6 uJ/cm? fluence. (a)

and (b) show the amplitude of delta A as a function of fluence of 930 nm and 1025 nm probe,

respectively. (c¢) and (d) show the normalized kinetic trace probed at 936 nm and 1025 nm,

respectively. 1 pJ/cm? equals to 4¥10'2 photons/cm? absorbed.
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Figure B.5: Fluence-scaled study on TA decay kinetics probed at (a) 892 nm and (b) 1025 nm

following 800 nm excitation wavelength with 0.76, 4.6, 17.4, 52.6, and 122.3 uJ/cm? fluence. (a)

and (b) show the amplitude of delta A as a function of fluence of 892 nm and 1025 nm probe,

respectively. (c) and (d) show the normalized kinetic trace probed at 892 nm and 1025 nm,

respectively. 1 pJ/cm? equals to 4¥10'2 photons/cm? absorbed.
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Figure B.6: Normalized transient absorption kinetics probed at 1025 nm for 1000 nm laser
pulse (colour red), 892 nm for 800 nm laser pulse (colour blue), 875 nm for 600 nm laser pulse

(colour purple), and 870 nm for 355 nm laser pulse (colour black) from the back side.
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Figure C.1: Charge carrier generation in a Ga-graded CIGS absorber following 700 nm, 900

nm and 1000 nm excitation from the peeled-off Mo side. The bandgap profile is based on the
SIMS result of RbF+NaF PDT sample, as shown in Figure .
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Figure C.2: (a) steady state PL measurements of No PDT, NaF and RbF+NaF PDT samples,

respectively. (b) Gauss fitting of PL spectrum of the No PDT sample. For the two PDT samples,
the peak positions are at 1100 nm, whilst for No PDT sample the peak position is at 1075 nm.
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Figure C.3: SEM cross section of the Ga-graded NaF+RbF-treated CIGS device investigated

in this study
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Figure C.4: As demonstrated in detail in Chapter Equation can be utilized to fit the
decay constants kp and k!, of the 1040 nm (for No PDT sample)/ 1025 nm (for NaF PDT
sample) kinetics. Inputting the parameters listed in Table into Equation the fitting
results of the (a) 1040 nm kinetics of the No PDT samples and (b) 1025 nm in the NaF PDT

sample are shown as red lines, respectively.

Table C.1: Plug-in parameters for Equation of No PDT and NaF PDT samples. Hy and Lg
are the initial amplitudes of the 939 nm/943 nm and 1025 nm/ 1040 nm signals of the No PDT

and NaF PDT samples. k% is the decay constant obtained in the case of 1000 nm excitation.

lejfljc 7 is estimated with the TAS integrated areas, as shown in Figure |C.5

rec

Plug-in parameters

1/(k

TCC)’

Lo Hy kD/(kD+k7{{ec)

Sample

unit: ps
No PDT | -0.0072 | 5,250 | -0.029 7.6/23.2
NaF PDT | -0.0105 | 13,200 | -0.026 3.5/26
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Figure C.5: Integrated TAS spectra taken from Figure (900 nm excitation) in the main
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text of NaF PDT sample probed at (a) 1 ps and (b) 2 ns, respectively. At 1 ps, the integrated

area of the 939 nm and the 1025 nm signals correlate to the electrons excited in GGI<0.5 region

and in the energy notch. The corresponding integrated areas of the 939 nm and 1025 nm peaks

are -2.32 and -0.84 respectively. At 2 ns, the 1025 nm peak dominates the TAS spectrum, with

an integrated area of -1.60. (c) and (d) show the integrated TAS of No PDT sample probed at

1 ps and 1 ns, respectively. At 1 ps, the integrated area of the 943 nm and the 1040 nm signals

correlate to the electrons excited in GGI<0.5 region and in the energy notch. The corresponding

integrated area of the 943 nm and 1040 nm peaks are -2.60 and -0.61 respectively. At 0.9 ns,

the 1040 nm peak dominates the TAS spectrum, with an integrated area of -0.96.
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Figure C.6: Microsecond - second transient absorption study on the CIGS cell. Excitation
from the peeled-off Mo side with 355 nm laser light excitation. Laser excitation density: 0.36

mJ/cm?. An absorption signal is observed in all three samples in the near-band gap position.
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Figure C.7: Microsecond - second transient absorption kinetics probed at 1020nm from peeled-
off Mo side following (a) 450 nm, (b) 600 nm, and (c¢) 900 nm laser light excitation on No PDT
(purple line), NaF (green line) , RbF+NaF (blue line) samples with 9E14 photons/cm? input.
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Cu(In.Ga)Se2solar
cells.Science and
Technologyof Advanced
Materials., 19(1):396-410.
dec 2018.

partnership with Taylor &
Francis

Permissions summary for third party copyright works - 2.

Table D.2



202

Page Typeof | Name of work Source of work Copyright holder and permissio | Ihave Permission note
No. work: contact n permiss
requested | ion
on yes /mo
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