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INTRODUCTION

Solar cell is an optoelectronic device that converts solar radiation
directly to electricity. Solar cells are based on the photoelectric effect that was
discovered by Alexandre Edmond Becquerel in 1839. In 1905, Albert Einstein
explained the mechanism behind the photoelectric effect and received the Nobel
Prize in physics for the work. If a photon of light that has higher energy than the
binding energy of an electron is absorbed in material, it could eject electrons
from the material (photoelectric effect) or make them free to move in a
semiconductor (internal photovoltaic effect).

Photovoltaic solar cell operates by exploiting the photovoltaic effect, in
which separated photo-generated charge carriers are carried out through an
external circuit. As a semiconductor absorbs a photon, an electron-hole pair can
be generated, which normally recombine and generate a small amount of heat or
photoluminescence radiation. However, in a PV solar cell, a built in electric field
is used to separate the electron-hole pair before recombination. This is achieved
by formation of a semiconductor p-n junction, as illustrated in Fig. 1 a). The p-n
junction is formed between the n-type semiconductor buffer layer and the p-type
semiconductor absorber layer, which works as a light absorber in solar cells. The
band structure at the junction bends in order to align the Fermi level energies Er
of the different layers and generates an electric field in this region. Now, when
an absorbed photon generates an electron-hole pair, these charge carriers will be
separated by the field and run outside of the device into an external circuit
shown in Fig. 1 b) [1]. At the same time, two quasi-Fermi levels are created, Er,
and Er, in the p-type and n-type region, respectively. The gap between the quasi-
Fermi levels eV, determines the solar cell open circuit voltage. With the higher
light intensity, more quasi-Fermi levels split and Voc increases.

a)
-type n-type
p-type nype PP P
. C.B. min. . .
C.B. min V== C.B. min.
i e :_ —
Fermi level S EF"_ R 4_/ — .
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Figure 1. Band structure of the solar cell in thermal equilibrium a) and under
illumination b).
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According to the technologies used, solar cells can be divided into three
main generations [3]:

- First generation - solar cells from this generation are based
mainly on crystalline silicon wafers, either single crystalline or
multicrystalline and have reached efficiencies of approximately
15-25 % [4].

- Second generation — is based on the thin film PV technology and
includes three main families: 1- amorphous or also
microamorpohous silicon; 2- Cadmium Telluride (CdTe) and 3-
Copper-Indium- Gallium —Selenide (CIGS).

- Third generation — includes novel technologies and materials,
such as epitaxial thin films, multijunction and organic PV cells that
are still in the development phase or have not yet been widely
commercialized similar to novel concepts under study. The aim is
to increase also the efficiency of semiconductor solar cells close to
the Shockley-Queisser theoretical limit, which is the maximum
theoretical efficiency of a solar cell with single p-n junction,
according to the absorber bandgap energy value [5].

Solar cell structure is formed between different layers and consists of a
front contact, window layer, buffer layer, absorber layer, back contact, and the
substrate [2]. Focus in this thesis is mainly on the absorber layer and p-n
junction. Absorber layers have a number of parameters that are extremely crucial
for solar cell performance. A good absorber material has preferably p-type
conductivity; high absorption coefficient, usually 10* to 10°> cm™'; earth abundant
constituents, and it should be easy and economical to manufacture. Additionally,
it should have a bandgap in the range of 1-1.5 eV for optimal solar energy
absorption, low recombination velocity and sufficiently long diffusion length of
minority charge carriers [6]. So far, monocrystalline silicon is the most widely
spread, studied and manufactured absorber for PV solar cells. In contrast to
previously described desired requirements for a good absorber, Si is an indirect
bandgap semiconductor with a poor absorption coefficient (10 cm™) [4].
Nevertheless, it held about 80% of the market share in 2014 [8] and the cost of
0.45-0.65 EUR/W [9]. However, it is needed to lower the price of solar power,
thus new absorber materials and concepts are under study.

One possibility to achieve the reduction of solar cell prices is to develop
and implement new materials for the absorber layer or significantly improve
existing devices. Recent research of thin film solar cells is focused on the new
and auspicious materials, such as kesterites CuyZnSnSs, CuxZnSnSes,
CuzZnSn(SSe)s and binary/ternary compounds like SnS, AgGaTe,, Cu;BiS; .
Nevertheless, in order to implement these materials in the solar cell fabrication
process, comprehensive knowledge of the physical, optical and electrical
properties of the materials is needed.
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To gain the necessary knowledge, modulation spectroscopy (MS) is used
as a valuable tool to study some of the important fundamental parameters of
semiconductors. The basic idea of modulation spectroscopy is to measure an
optical spectrum of the sample and at the same time apply external modulation
to one of the system parameters. The resulting optical response spectrum has a
derivative nature in respect to the perturbing parameter. The first study of
modulation spectroscopy was reported by Moss et al. [10] who used
transmission configuration. Moss applied the electric field modulations through
the contacts to the GaAs sample with a voltage amplifier. It was discovered that
operating in reflection rather than in transmission configuration would give
much higher resolution than was previously obtained [11]. The focus shifted to
the reflectance application in the use of MS and soon the first electroreflectance
study was performed and reported by Seraphin et al. [12]. Further, Wang et al.
[13] developed photoreflectance spectroscopy in order to find a nondestructive
method to study the energy band structure in solids. With different types of
modulation spectroscopy techniques we are able to evaluate the bandgap energy,
crystal quality, surface/interface electric field, alloy composition etc. One
important parameter that describes semiconductors is the bandgap energy,
especially in the perspective to use them in solar energy conversion. Bandgap
value of an absorber determines absorption edge of the material and also defines
the maximum theoretical efficiency of a single junction solar cell. Therefore,
determining the precise bandgap value of semiconductors is very important and
one possibility is to use MS techniques.

In this thesis, different solar cell absorber materials are characterized by
temperature dependent photo- and electroreflectance spectroscopy. Materials
under study were: AgGaTe, [I], CdTe [II], SnS [II], Cu3;BiS; [IV], and
CuzZnSnSes [V]. In papers [I, III, IV] temperature dependent photoreflectance
measurements were performed on single crystals [I, III] and thin polycrystalline
film [IV]. To evaluate a material bandgap energy and its behavior from a
temperature, also give feedback on material quality. In papers [III, V] we used
temperature dependent electroreflectance spectroscopy to study p-n junction
properties and absorbers’ bandgap energy of CdS/CdTe and CdS/Cu,ZnSnSes
solar cells, respectively.
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1. LITERATURE REVIEW AND THE AIM OF THE
STUDY

1.1 Introduction to modulation spectroscopy

The main idea behind different kinds of optical spectroscopy techniques is to
study light interaction with material. As a result of the measurement, optical
response intensity as a function of the wavelength or energy of the light is
obtained. A number of different spectroscopy techniques are available for
electrical and optical study, the choice depending on the features of interest. One
of them is photoluminescence spectroscopy that provides information about
defect structure but not so much about valence — and conduction band edges and
transitions above the bandgap. In order to study the wider area of the material
energetic structure, other optical characterization techniques need to be used,
like spectroscopic ellipsometry, absorption or reflectivity. These are relatively
good techniques but with rather limited sensitivity. The sensitivity problems
often appear in the studies of novel low-dimensional structures where the
material to be investigated is of nanometer size (as in quantum wells, quantum
wires or quantum dots) and very often buried inside many other layers of a
semiconductor [14]. One possibility to cope with the sensitivity problems is to
use modulation spectroscopy methods. This means investigation of a derivative
of an optical (i.e. the reflectivity) response with respect to some parameter that is
periodically changed, i.e. modulated. Principally, one parameter inside the
sample is changed to call out a change in the optical reflectance spectrum of the
material [15]. The measured optical signal depends on the joint density of states,
making this method sensitive to transitions at the critical point in the Brillouin
zone of the studied material. The resulting modulated reflectance spectrum has
sharp, derivative—like features on a featureless background even at room
temperature [14]. In Fig. 2, a comparison of electroreflectance and reflectivity
spectra of GaAs monocrystal is shown. Both spectra were measured over the
same photon energy region at room temperature. From the reflectivity spectrum,
we can see very broad features with very strong background signal. However, in
the electroreflectance spectrum, there are several very well pronounced sharp
lines corresponding to the changes in the reflectance spectrum and a negligible
background signal [16]. The weak features that are relatively difficult to observe
in the reflectivity spectrum are enhanced in the electroreflectance spectrum.
These sharp derivatives like features correspond to the interband transitions
which are also seen from the band diagram of GaAs in Fig. 3. The modulation
mechanism can easily be applied to the sample by varying some parameter
related to the sample or the experimental system, such as the wavelength of the
light, the applied stress, the temperature, or the electric field. The
electromodulation techniques are based on the modulation of the internal or
surface electric field. Most common electromodulation techniques are
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photoreflectance (indirect electric field modulation) and electroreflectance
(direct electric field modulation) spectroscopy where the varying parameter is
the internal (built in) electric field. [17]
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Figure 2. Reflectance and electroreflectance spectra
of GaAs at room temperature [16].
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In the case of photoreflectance, the incident pump light (usually laser) that is
periodically chopped with given frequency generates carriers in the sample if the
energy of the photons is higher than the bandgap energy of the material. The
schematic mechanism of photo induced modulation of the internal electric field
(Fpc) in the case of n-type semiconductors can be seen in Fig. 4. The Fermi-
level (Er) pinning at the surface of the sample produces a space charge region
and the surface states are occupied by electrons from the bulk; it is the cause of
built-in electric field appearance (Fpc) and band bending near the surface. After
photon absorption in the sample, the photo-excited carriers (electron-hole pairs)
generated close to the surface are separated by the electric field. The minority
carriers (in our case holes) are able to move to the surface and neutralize the
trapped charges there. As a result, it causes the reduction of the built-in field
from Fpcto Fpc - Fac, where Fyc is change in the field [19]. After the laser is
turned off, the equilibrium is restored. Change in the electric field causes band
bending in the sample. This in turn causes a change in the dielectric function,
which is closely related to the optical properties of the material, like the
reflectivity coefficient R. Material reflectivity R is different under or without
laser illumination and the change between the reflectivity coefficients is visible
in the measured reflectance spectrum as a sharp derivative feature near the
critical points. A more detailed theoretical approach is described in Section 2.
For the heterostructures, the externally generated charge carriers can also move
to interfaces and modulate the electric field there. In the case of
electroreflectance, external AC-voltage is applied to the heterostructure through
the attached contacts with a pulse generator, in order to modulate the electric
field within the region of the junction. The applied voltage leads to a carrier
redistribution, which influences the internal electric field inside the sample and
causes a change of the dielectric function in the space charge region. Therefore,
the reflectivity R of the studied heterostructure varies with the applied AC-
voltage [19, 20].
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Figure 4. Modulation mechanism in photoreflectance with the n-type
semiconductor, a) band bending b) Fermi level position and electric field
along the z-direction [19].

The aim of this work was to study various prospective solar cell
absorber materials by temperature dependent photo- and electroreflectance
spectroscopies. The task was to clarify some open questions related to the
electro-optic properties of the studied materials that are still unclear or under
discussion. Absorbers under the study were AgGaTe,, CdTe, SnS, Cu;BiS; and
CZTSe. One of them is already being used for commercial thin film solar cell
production (CdTe) and others are under study or manufactured only on a
laboratory scale. However, there is a long way to go to improve the material
quality and junction properties of the solar cells to reach the Shockley-Queisser
limit.

As a result of these studies, adjusted bandgap energies for the studied
absorbers were found and their behavior depending on the temperature was
determined; material crystal quality was evaluated and the magnitude of
surface/interface electric field was estimated. Additionally, for CdTe solar cells,
the p-n junction properties were studied and solid solution of CdSiTeix was
detected in the depletion region. Finally, modulation spectroscopy proves its
advantages and implemental simplicity in the semiconductor material research in
a wide temperature range.
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1.2 Prospective materials for solar energy conversion
1.2.1 AgGaTe:

AgGaTe; is one of the chalcopyrite tellurides that belongs to the group
of I-III-VI, semiconductor family. Chalcopyrite tellurides’ unique optical,
magnetic, and electrical properties have raised not only fundamental interest; in
addition, they offer an excellent possibility in technological applications [21].
The most well-known chalcopyrite ternary is CulnSe;. It is used mainly in solar
energy conversion. Thin film solar cells with the CulnSe; absorber have shown
an efficiency as high as 20.9% [22]. AgGaTe; is also a potential absorber
material for solar energy conversion, electro-optical modulators, narrow-band
filters in the visible and IR spectra ranges [23]. It has high absorption coefficient
>10* cm” and bandgap energy close to the optimal value for solar energy
conversion. It is reported that AgGaTe; has a direct bandgap with energy around
1.3 eV at room temperature [24, 25].

1
F— Tsc
c-band
Alg |c
4
' 7y
v-band
ACf 4 F65V
y
Aso
A y r75v

Figure 5. Schematic band structure of chalcopyrite
ternary, showing splitting of the valence band due to the
crystal field splitting (Acf) and spin-orbit coupling (Aso)-
I'4, ,T2yand T3, are three split valence bands and
I'l. conduction band; A, B, C show three different
bandgaps [26].

AgGaTe; lattice type is tetragonal like for all chalcopyrite ternaries.
Photovoltaic solar cell with an AgGaTe, absorber layer has shown an efficiency
of 2.1% [27]. According to the referred paper, the relatively low efficiency is
caused by the poor p-n junction formation between the used p-type AgGaTe; and
n-type Si [27]. Due to valence band splitting caused by the combined effect of
crystal field splitting (Acr) and spin-orbit coupling (As), chalcopyrite ternaries
have up to three energy gaps, see Fig. 5 [26]. Tell et al. [24] have reported
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AgGaTe, bandgaps with energy 1.316 eV, 1.472 eV and 2.26 eV, measured
using optical absorption. Although AgGaTe; is a prospective material for solar
energy conversion and different electro-optic devices, fundamental studies
published about this semiconductor are scarce, especially about bandgap
engineering. Majority of the published studies include photoluminescence
properties of a material and its defect structure [21]. At the same time, there is
wide variation in the actual value of its bandgap energy and its electronic band
structure has different interpretations. The most common method to measure
bandgap energy is an optical absorption. However, it is known that in
chalcopyrite ternaries large potential fluctuations are usually present and
therefore the density of states function near band edges is quite complex [28].
That is why absorption spectra have strong dependence on the depth of these
potential fluctuations. Deeper fluctuations usually give additional absorption at
lower energies and thus the absorption tail is formed. The shape of this tail is not
always known and therefore the bandgap energy calculated from the absorption
spectrum could be incorrect [29]. Therefore, modulation spectroscopy
techniques could give us more accurate bandgap energy and clarify the
discrepancy about its real value.

1.2.2 CdTe

CdTe is one of the most widely investigated semiconductors used in
solar energy conversion. CdTe has high absorption coefficient > 5 * 10° cm™,
which means that roughly 99% of photons that have energy greater than bandgap
can be absorbed within 2 pm of CdTe thin film. It has a direct bandgap around
1.5 eV that is nearly optimally matched to the solar spectrum for PV applications
[30]. P-type CdTe is widely used as an absorber material in thin film solar cells
and it holds the second place in the world after silicon as the most utilized solar
cell material. However, the record efficiency of CdTe solar cells 21.7% [31] is
far from its theoretical maximum (Shockley-Queisser limit) 29.7% [5]. On the
one hand, some authors believe that the efficiency is limited by the graded
bandgap in junction. In CdS/CdTe solar cells sulphur diffuses into CdTe and Te
diffuses into the CdS and CdS,Tei.x solid solution is formed in the junction area.
Substitutional Te impurities in CdS form isovalent defect levels inside the band
gap. These isovalent defects form electron traps and are responsible for large
bandgap reduction and low photocurrent in the CdS layer [32, 33]. On the other
hand, the CdS«Te,« layer is thought to be important because it relieves strain at
the CdS/CdTe interface that would otherwise exist due to the 10% lattice
mismatch between these two materials [34]. As far as there is uncertainty in this
field, every study which tries to clarify the effect of the CdS Tei.« layer between
CdS and CdTe is valuable. Also, it is clear that one limiting factor of CdTe solar
cell efficiency is a back contact barrier. It is often detected from I-V
measurements where light curve crosses dark curve at positive voltages,
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commonly referred to as “rollover”. It has been shown that it is relatively
difficult to form ohmic contact between CdTe and a metal, for the back contact
of a solar cell [33]. Although CdTe is a well-known material for solar energy
conversion, there are no temperature dependent electroreflectance studies
conducted in order to investigate the depletion region, changes in the internal
electric field and its behavior depending on the temperature.

1.2.3 SnS

SnS, a group IV-VI semiconductor, is a cheap and abundant material
with low toxicity. SnS is a binary compound semiconductor with a high
absorption coefficient of 10*~10° cm ™" and a bandgap energy of about 1.3 eV, it
also has appropriate carrier concentration ((p)~10'® cm™) [35]. It has been
reported that with Ag doping it is possible to increase carrier concentration in
SnS up to 10" cm™ [36]. According to the listed parameters, we can conclude
that SnS is a prospective material to be used in solar energy conversion.
Theoretical calculations predict a conversion efficiency of up to 25% for SnS
photovoltaic devices [37]. However, recent world record of SnS solar cell is only
4.46% [38]. The available amounts of tin and sulfide are large enough to supply
entirely the world’s photovoltaic production demand [36].

SnS crystal structure belongs to the orthorhombic space group Pbnm
where six sulphur atoms surround each tin atom with three short Sn-S bonds
within the layer and three long bonds connecting two neighboring SnS layers
[47]. SnS has additionally hexagonal and cubic structures. Due to the easy
formation of additional phases such as SnS; and Sn,S; [35], the growth of
polycrystalline SnS thin film or SnS monocrystal must be very carefully
controlled. Even small deviation in temperature, time or vapor pressure causes
the deviation from a narrow monophase region. These secondary phases cause
bandgap shifting to higher values and a decrease of solar cell performance [39].
SnS bandgap values in the range of 1.1-1.87 eV at room temperature are
reported in the literature [35, 37]. The use of modulation spectroscopy would
help to clarify this mismatch and give more precise value of bandgap energy.

1.2.4 Cu3BiS;

Ternary compound Cu3BiS; is a new semiconductor for photovoltaic
applications with non-toxic elements that have sufficient margin in the earth
crust. Its fundamental bandgap energy is estimated to be 1.5 - 1.7 eV [40]; it has
a high absorption coefficient and p-type conductivity. The analysis has revealed
that Cu;BiS; has a much higher absorption coefficient (>10°cm™') than other
Cu-S based materials like CulnS; and Cu,ZnSnS4 [40]. Some authors claim that
Cu3BiS; is an indirect bandgap material [40]; at the same time, Cu3BiS; is
reported to be a direct bandgap material [41]. There are still some issues related
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to fundamental physical properties of Cu3BiS; that are not well understood. As
already described, there is no common consensus which type of bandgap
material it is - direct or indirect. Furthermore, the bandgap energies reported
vary in the range of 1.15 to 2.75 eV [40, 41, 51], different types of
measurements give different values of the bandgap energy. Although many
studies have covered the fabrication of Cu3BiS; thin films, no reports of a
working CusBiS; solar cell are available. However, according to the material
properties, research interest on this compound and demand of new solar cell
materials, fabrication of the Cu3BiS; solar cell is predicted to be reported in the
near future. As long as there are uncertainties in the bangap energy values of
Cu;BiSs, every work is valuable and the use of MS techniques could clarify
these mismatches.

1.2.5 CuzZnSnSe4

Kesterite CuZnSnSes (CZTSe) is a potential material for solar energy
conversion. It has p-type conductivity, high absorption coefficient 10* cm™ and
direct bandgap around 1.0 eV [2]; additionally, it is attractive due to the Earth
abundant constituents [42]. Due to the similar crystalline lattice of Cu(InGa)Se;
(CIGS) and CZTSe, kesterite is believed to have similar optical and electronic
properties. Solar cells made with a CIGSe absorber have shown very good solar
cell performances and hold the conversion efficiency record as high as 21.7%
[43]. However, the main disadvantage with CIGS is the use of expensive In and
Ga, which are replaced with cheap Zn and Sn in kesterite. The reported
conversion efficiency record for CZTSe-based solar cells exceeds
11.6% [44], making them potential candidates for the large-scale production of a
thin film PV [42]. Many issues occur during the growth of kesterite and affect
the fundamental material properties. One of them is the problem with the
formation of different binary and ternary phases, such as ZnSe, Cu,.«Se, SnSe,
SnSe;, and Cu,SnSe; [28]. Additionally, CZTSe can exist as an ordered - or
disordered kesterite crystal structure, which is related to the nature of intrinsic
defects that causes structural disorder in the cation sublattice of the host lattice.
The degree of disorder depends on the cooling rate after sample synthesis, rapid
cooling usually gives the highest degree of disorder [45]. It was found that the
critical temperature is 200+20 °C where the order-disorder transition takes place
[42]. Ray et al. [42] have reported that the bandgap energy could vary up to 110
meV between fully ordered and - disordered material. Based on this knowledge,
the bandgap energy value is a good parameter to describe the material order-
disorder ratio. In this perspective, the use of MS to find bandgap energy could be
very useful.
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2. THEORY OF MODULATION SPECTROSCOY

As described in Section 1, in modulation spectroscopy, a periodic
perturbation produces a sharp derivative —like features in the optical response of
the sample [46]. The optical response is measured using either a reflectance or
transmission configuration. The derivative nature of the spectra enhances the
features in the energy region of interband transitions at the critical point in the
Brillouin zone. Depending on the modulation source, we can classify modulation
spectroscopy into two general categories. The first type of perturbation
maintains the translation invariance of the crystal, however it can change the
symmetry of the lattice. This type of modulation includes changes in the sample
temperature or its lattice constant through applied temperature or stress
modulation, respectively. In this case, the modulated optical reflectance
spectrum has a nature of first derivative with respect to a perturbing variable
[16]. The second type of perturbation breaks the translational invariance of the
studied crystal along an appropriate direction, therefore electrons and/or holes
are being accelerated. The resulting modulated optical reflectance spectra have a
nature of the third derivative with respect to photon energy [16]. An applied
electric field modulation is one of the causes of acceleration of electrons and
holes in the opposite direction in bulk semiconductor that results as the third
derivative like the spectra of the modulated optical reflectance function [16].
The resulting spectrum has a sharp derivative — like features on a featureless
background.

In electromodulation, the relative change in the reflectivity coefficient can be
defined as:

A_R _ Roff_Ron

(1)

R Roff

where R,, and R,y are the reflection coefficients at the application of
electromodulation and without it. The electromodulation can be applied
indirectly with a pump beam (laser) in the case of PR and directly with a voltage
generator in the case of ER. It is known that electrical and optical properties of a
material are described by the complex dielectric function:

E=¢g t+igy, (2)

where &; is the real part of the function and &, the imaginary part of the function.
The value &; shows the degree of polarization of a material when an electric
field (oscillating light wave) is applied due to the creation of electric dipoles in
the material. Variable &, is related to light absorption in a material. The real and
imaginary parts of the complex dielectric function are related to each other by
Kramers-Kronig relation [48]. If there is an applied external modulation on the
sample, the differential change in the reflectance is related to the perturbation of
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the complex dielectric function and the effect of the modulation parameter on
these properties must appear as a change in the real and imaginary parts of it
[49]. According to this, the relative change in the reflectivity coefficient can be
written as expressed by Seraphin and Bottka [50]:

AR
== a (€1, 82)Ae; + (&1, &2)As;, 3)

where R is the reflectivity, Ae; and Ae, are changes in the real and imaginary
part of the dielectric function, @, 8 are the Seraphin coefficients related to the
unperturbed dielectric function &; and &, [50] and can be written as:

1 dR
= Re @
and
1 dR
ﬁ - Ed&‘z (5)

[48]. Seraphin coefficients have a characteristic variation in semiconductors:
below the bandgap, the imaginary part of the dielectric function can be
neglected, because usually light absorption does not take place below the
bandgap and the equation is formed as:

AR/AR = a(&q, &3)Ae; . (6)

Above the bandgap energy and its vicinity, both parts, real and imaginary,
should be taken into account [52].

without perturbation
-------- W.Ith perturbation
--------- difference

Figure 6. Schematic diagram of the imaginary part of the
dielectric function in the vicinity of the absorption edges
with the third derivative modulation process (PR) [53].
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Fig. 6 shows the imaginary part of the dielectric function in the vicinity of the
absorption edge [53] at electric field modulation. The imaginary part (&,) of the
dielectric function vary marginally with the electric field, however its influence
is more clearly seen in the change of the imaginary part (Ag;) and it has a shape
of the third derivative at the energy of the optical transition.

There are additional parameters that also affect the calculation of the dielectric
function whether the € has a nature of a derivative or additional oscillations
appear. When the electric field is applied to the semiconductor, the resulting
characteristic energy, so called “electro-optic energy”- h, of a charged particle
with mass u can be found with the equation by Aspnes [53]:

ho = 3 [e2n?F? ’ (7)

2p

where, F' is the strength of the electric field, u is the reduced interband mass of
the charge particle in the direction of the field, /% is reduced Planck's constant, e
is the electron charge. According to the relative strengths of electro-optic energy,
electromodulation can be classified into three categories: low, intermediate, and
high field [53]. To estimate the strength of the field, we have to bring in
additional three parameters: eFay - potential drop across the unit cell (where ay is
the lattice constant), £, - bandgap energy, and 7/ -broadening parameter due to
lifetime-induced uncertainty in perturbed levels. The broadening parameter, in
other words linewidth, /" is often used as a measure of crystal quality since its
magnitude is primarily determined by lattice defects such as disorders,
vacancies, and impurities [33]. The previously described three field categories,
together with parameters and their requirements are summarized in Table 1[53].

Table 1. Three ranges of ER spectra

Perturbation energy | Potential drop vs. bandgap energy
Range Interband Interband
High he| > T eFay~E,
Intermediate |lhe| =T eFa, < E,
Low lhe| < T eFa, < Eg

In a low electric field where the requirement |h@| < I is satisfied, the
electromodulation destroys the translation symmetry of the material and can
cause acceleration of free electrons and/or holes in the crystal. In this case, we
can use the approach developed by Pollak and Glembocki [16]. As it is known,
an electric field has influence on the dielectric function; in this regard, it is
needed to find the energy gained by the free particle if it is in an electric field.
For that, Aspnes and Rowe [54] have replaced the wave vector k£ with k +
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qFt/h in the time dependent Schrodinger equation. As a result, they found that
energy gained by the free particle is equal to

2F2t2

E(F) = T . (8)

If we consider an optical structure near a critical point with energy Eg, the
dielectric function has the general form [16]:

e=¢(E—E;TI), 9)

where E is photon energy.
The change in the dielectric function induced by an electric field is given by

Ae = e(E—Eg +E(F))—£(E—Eg). (10)

If the field is sufficiently small (low field regime), Eq. (10) can be expanded in a
Taylor series to yield [16]:

he = E(F) () e(E = By, 1) = (ZFZ L) (L) e(E - By D). (1)

In quantum mechanics, the time ¢ is also an operator:
_ (4
t=in(3). (12)
Eq. (11) becomes
2F2h2
Ae = (q )(dE3) e(E —EgI) = (h9)3( )S(E Eg, 1) (13)

2u

It can be seen from Eq. (13) that Ae is proportional to the square of the electric
field since Ae ~ (h6)3 ~F?% [16]. If we assume uniform broadening, the
dielectric function has a generalized Lorentzian form for solids [55] and Ag from
Eq. (13) can be computed. Then, according to Egs. (3) and (13), the change in
reflectivity can be expressed generally as:

AR i N ()

— = Re[de"(E —E, +iI') "]. (14)
After converting Eq. (14) we obtain:

AR 2 -

—=AX [(E—Eg) +F2] > x cos(p —my), (15)

and
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1 E-Eq4

g, 16
/(E—Eg)2+r2 (1o

where E is the photon energy and A4, ¢, E,, and [ are the amplitude, phase,
energy, and broadening parameter of the spectrum. The amplitude and phase
factors A and ¢ determine the amplitude and asymmetry of the lineshape
respectively, £, and / determine the energy location and width of lineshape [49].
Variable m is a parameter that depends on the critical point type. For 2D critical
point, one-electron transition m=3; for 3D critical point, one-electron transition
m=2.5; for 1D excitonic transition m=2. Additionally, m shows an order of the
derivative. Regularly, low field electromodulation spectra exhibit one positive
and one negative extrema for each critical point. It can be seen in Fig. 7 how
parameters interact in determining the lineshape for 2D and 3D simple parabolic
critical point models. The amplitude factor only scales the lineshape determined
by ¢, m, E; , and " and thus does not enter into the actual lineshape
determination. Only the phase ¢ is the dominant factor determining the
lineshape, nevertheless, disregarding the magnitude of ¢, the critical point
energy always situates between the two extrema and the energy separation
between the two extrema is nearly constant. [49].
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Figure 7. Lineshape of AR /R depending on
the phase ¢ variation for 2D- and 3D critical
point models, critical point is at x=0 [49].

25



In the intermediate electric field approach, where|h8| > I' and eFay < E, g > the
dielectric function can exhibit Franz-Keldysh oscillations (FKO) [17], see Fig. 8.

----no field
—— in electric field

b)

%U/\U/\/ .

energy —

Figure 8. Schematic diagram of dielectric function
imaginary part (&,), in the intermediate electric field,
with electromodulation and without a), FKO are clearly
seen in the change of the imaginary part (Ae,) [56].

AE,

Beyond the low field regime, the Franz-Keldysh effect causes a more
complicated lineshape that can be presented with the Airy function A4i and Bi
with their derivatives [46], the change in the dielectric function can be expressed
as:

e o 5 VRBIG(n) + iH ()] (17)
where

G(n) = n[Ai'(n)Bi'(n) — AimBi(n) + [nu@®)], (18)

H(n) = n[Ai"? () —nAi*(n) — [—nu(-n)], (19)

(20)
and u is a Heaviside unit step function.
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It can be seen from Egs. (17)-(19) that the exact form of AR/R is quite
complicated in the intermediate field regime. However, Aspnes and Studna have
developed the expression in [17] and have derived a relatively simple formula:

1 3
AR 1 ST 4 (E-Ey)2
— X ———exp |—2(E — E,;)? X cos| = + 21
R By P [ ( ) (he)%l (3 (he)? X) -
From the expression above, position of the n™ extreme in the FKO is given by:
3
4 (En—Eg)2
=250 (22)
(h6)2

where E, is the photon energy of the n™ extreme and y is an arbitrary phase
factor [17]. Fig. 9 represents the electromodulation spectra of a GaAs
monocrystal, as it can be seen, spectra exhibit FKO, indicating the intermediate
electric field.

FKO

297K

AR/R (arb. units)

I | 1 1 i | 1 i 1
1.3 1.4 1.5 1.6 1.7 1.8

energy (eV)

Figure 9. PR spectrum of GaAs, FKO is exhibited in the
spectrum, indicating the intermediate field regime [57].

The high electric field case is rather similar to that of the intermediate field
where FKO will appear into the spectrum above the bandgap energy. However,
the electro-optic energy must fulfill the requirements [h6| > I' and eFay~E

and additionally Stark shifts are produced, where energy levels in the crystal are
shifted due to the strong electric field [58].
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3. EXPERIMENTAL DETAILS

3.1 Photoreflectance and electroreflectance measurements

Photoreflectance (PR) measurements were made with a traditional setup
where the =40 cm grating monochromator together with a 250 W halogen bulb
was used for a primary beam and the 80 mW semiconductor laser diode ( A=405
nm) as a secondary beam. The reflectance signal at 85 Hz was detected using a
Si detector and a lock-in amplifier. For PR measurements, the samples were
mounted inside the closed-cycle He cryostat that enables us to measure in the
temperature range from 10 K to 325 K. The samples were mounted inside the
cryostat on a vertical surface of the cold finger using silicon grease as an
adhesive material. The schematic view of the experimental setup is shown in
Fig. 10 a).

it 1 Lock-in
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Monochromator Sample i
SPM-2 ample in
cryostat

Figure 10. Schematic view of a) photoreflectance and b) electroreflectance setups.

In the electroreflectance measurements, DC- and AC-voltages were
applied to the solar cell under study via back and front contact in order to
modulate internal electric field in the depletion region. Voltage was generated by
a pulse generator with the frequency of 275 Hz, AC value was 0.8 V and DC
component -0.8 V. Computer controlled grating monochromator SPM-2 (=40
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cm) together with a 250W halogen bulb was used for illumination. The ER
signal was detected using a Si or Ge detector and a lock-in amplifier (SR 810).
Solar cells under study were mounted into a closed-cycle He cryostat to perform
temperature dependent ER measurements in the range of T=100-300 K.
Schematic view of the experimental setup is shown in Fig. 10 b) and Fig. 11.

Figure 11. Experimental setup of photoreflectance measurements at Tallinn
University of Technology.

3.2 Sample preparation

3.2.1 AgGaTe;

An ingot of AgGaTe, (AGT) has been grown by the vertical Bridgman
technique often used for fabrication of CulnSe, and the other chalcopyrite
ternary compounds [59]. A pseudobinary phase diagram for AgGaTe, has been
determined by Palatnik and Belova [60], establishing the melting point at 725.7
°C [61]. First, a near stoichiometrical mixture of high (99.999%) purity Ag, Ga
and Te was sealed under vacuum of 10 mbar in a thick wall (3mm) quartz
ampoule of 10 mm inner-diameter. Then, this mixture was prereacted at 900 °C
for two hours in a rocking furnace and solidified in horizontal position. After
cooling down, the ampoule was introduced into the upper (hot) zone of a two
zone vertical furnace. The material was melted again and held at a temperature
900 °C for six hours. Then, the temperature in the upper part of the furnace was
reduced to 800 °C and the lower part to 700 °C. The furnace was slowly moved
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up, translating the ampoule into the lower (cold) zone with the speed of 2 cm a
day through temperature gradient. Solidified material was cooled at the rate of 3
°C/h down to 200 °C. In the middle part, the grown ingot had a 2 cm long
cylindrical shape single grain of AgGaTe,. The elemental composition of the
resulted crystals was confirmed by EDX and RBS measurements. The elemental
composition was varying along the ingot gradually becoming Ag rich close to
the end of freeze (top) zone. The middle part from ingot was sliced and chosen
for our investigation. Phase analysis was performed with Raman spectroscopy
(Fig. 12) where the main peaks are clearly seen; the most intensive is at 130 cm™
and the other peaks are at 94, 201, and 221cm™. These peaks are typical of an
AgGaTe2 crystal [62] and these spectra confirm that we have a pure AgGaTe2
single crystal without additional phases.
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Figure 12. Raman spectra of AgGaTe, at room
temperature. Typical AGT peaks are seen in the figure.

3.2.2 CdTe

We studied two types of CdS/CdTe solar cell samples. Thin film
CdS/CdTe solar cells were fabricated on glass substrates with an area of 2x2
cm?, covered with a SnO, layer with a sheet resistivity of about 10 Q/0. SnO,
served as the transparent front contact to CdS. Both undoped CdS and CdTe
layers were grown sequentially without intermediate processing by the close-
space-sublimation (CSS) method. CdS had the resistivity of 2-3 Q-cm and
transparency over 80%. The CdTe layers had the resistivity in the range of
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~5-10° Q-cm. After the CdTe layer was deposited, the structures were held in
CdCl,:H,0 saturated solutions and then annealed in the air at 410 °C for ~30
min. To minimize the back contact barrier, an additional layer (~300nm) of Te
for one cell (Cell 1) or Cu for the other cell (Cell 2) was used. In Cell 1 the
CdTe was deposited at a substrate temperature of 440 °C, in Cell 2 at the
temperature of 430 °C. The CdTe source temperature in both cases was 580 °C.
All cells were completed with a Ni metal contact thermally deposited in vacuum.

J (mA/cm?)

0.0 0.2 0.4 0.6 0.8 1.0

U (V)
Figure 13. The room temperature I-V curves of studied solar cells under
illumination.

Table 2. Solar cell performances under AM 1.5 illumination conditions

Sample Buffer | Voc (mV) Jsc (mA/cm?) | FF (%) Efficiency (%)
Cell 1 Te 783 23.1 53.1 9.6
Cell 2 Cu 661 18.2 34.5 4.1

Typical I-V curves of thin film CdS/CdTe heterojunction solar cells
under the illumination are presented in Fig. 13. As it can be seen from Fig. 13
and Table 2, Cell 1 shows better solar cell parameters, however both solar cells
were fabricated nearly in the same conditions. Cell 2 has shortcomings in all
parameters characteristic of a solar cell, however the largest drop is in the fill
factor, which indicates higher series resistance that probably is related to the
buffer between CdTe and the metallic back contact. However, drop in Voc
indicates changes in the junction.

Also, it can be seen in Fig. 14 that in comparison with the external
quantum efficiency measurements, Cell 1 has much steeper QE spectrum at the
long wavelength side than Cell 2. The steeper shape of Cell 1 QE spectrum at
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the long wavelength side leads to the steeper bandgap edge and could be one
reason for better junction properties and higher solar cell performances.

Normalised QE

A (nm)

Figure 14. Normalized QE curves of the studied solar cells.

3.2.3 SnS

The SnS was synthesized from “pro analysi” quality Sn and 3N purity S.
Precursors were mixed and sealed into an evacuated quartz ampoule and inserted
into the furnace. The furnace was slowly heated up to 700 °C for about 100 hours
and kept at that temperature for 24 h. After that the furnace with the ampoule
was cooled to the room temperature. Later the same polycrystals were sealed
into the evacuated ampoule to perform sublimation. Hot part of the ampoule
where the SnS powder was located was kept at around 650 °C and SnS single
crystals grew at low temperature zone at 620 °C, sublimation process was
running for three weeks. Single crystals of SnS had platelike shape with good
reflecting surface and sized at approximately 3x3 mm. Raman spectra of the SnS
monocrystal are shown in Fig. 15. All these four peaks belong to the
orthorhombic SnS, as reported in [63]. Additionally, Fig. 15 shows the full width
of the measured Raman peaks at half maximum (W), relatively thick pikes,
indicating comparatively good crystal quality. Orthorhombic crystal structure
was additionally proved by XRD measurements presented in Fig. 16.
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Figure 15. Room-temperature Raman spectrum for single-crystal
SnS together with peak position and peak full width at half
maximum (W).
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Figure 16. XRD pattern for SnS single crystals.
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3.2.4 Cu3BiS;

Thin films of CusBiS; were fabricated using a two stage process. First,
0.3 um thick precursor layers of Cu and Bi were magnetron sputtered on Mo-
coated soda-lime glass from 5N-purity elemental targets. 1.5 pm thick films of
4N-purity sulphur were thermally evaporated on these precursor layers. Then
such structures were heated for 30 min at a temperature of 250 °C in Ar
atmosphere at a pressure of 1 mbar. An excess of sulphur was provided in order
to ensure full sulphurization of the precursor layer during the heating process.
Hot probe measurements revealed p-type conductivity of the synthesized
Cu3BiS; material. The XRD pattern of the film along with the standard (pdf:
043-1479) orthorhombic pattern shown in Fig. 17 reveals the formation of a
wittichenite lattice structure (with the lattice parameters a =0.7661 nm, b =
1.0388 nm, ¢ = 0.6712 nm), peaks associated with metallic molybdenum and
bismuth, implying the presence of Bi clusters.

Raman spectra measured at different points of the films at room
temperature consistently reveal four modes at 96, 125, 264 and 292 cm', as
shown in Fig. 18. The dominant peak at 292 cm' has a full width at half
maximum (FWHM) of 12 cm ™', which is a relatively low value, indicating rather
good crystal quality. Because of no references found in the literature about
Cu3BiS; Raman spectra, we have to rely on the XRD pattern of CuzBiS; that
confirms the existence of single phase CusBiS;.
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Figure 17. XRD pattern of Cu3BiSs/ Mo/ glass.
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Figure 18. Raman spectra of CuzBiS; thin film.
3.2.5 Cu2ZnSnSey

CZTSe absorber for this study was prepared by reactive thermal
annealing of metallic precursor stack deposited by DC magnetron sputtering
onto Mo coated soda lime glass substrates, as described elsewhere in more detail
[64]. The CZTSe absorber composition was measured by X-ray florescence
spectroscopy, showing relative cation composition of Cu=38.0%, Zn=36.7% and
Sn=25.3%, which results in cation ratios of Cu/(Zn+Sn)=0.61, Zn/Sn= 1.45,
Cu/Zn=1.04, and Cu/Sn=1.5. Highest device performance is reported in this Cu
poor Zn rich compositional range and recently even for very Cu poor absorber
layers performant devices with especially high Voc values are reported in [84].
Solar cells were finished by depositing a CdS buffer layer by chemical bath
deposition followed by DC-pulsed sputtered ZnO (50nm) and In,Os3 :SnO,
(90/10 wt.%; 350 nm, R.=50 Qcm™") window layer. Prior to CdS deposition, the
CZTSe absorber was etched using an oxidizing etching to remove possible ZnSe
secondary phases from the surface, as reported in [64]. The compositional values
presented here were measured prior to the specific surface etching because the
time between surface etching and buffer layer deposition is crucial to avoid
surface contamination. Thus, a reduction in Zn composition is expected in the
final CZTSe absorber layer. The individual solar cell used for this study shows a
power conversion efficiency of | = 6.6% with J,.= 28.3 mAcm™, Vo= 368 mV,
and FF = 63%.
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4. RESULTS AND DISCUSSION

4.1 Photoreflectance of AgGaTe; single crystal

The detailed growth procedure of monocrystalline AgGaTe, was
described in Section 3. Raman spectra confirm the monophase of AgGaTe;
single crystal. Single crystal surfaces sized about 2x2 mm were freshly cleaved
from the ingot for PR measurements.
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Figure 19. Photoreflectance spectra of the AgGaTe, crystal at
different temperatures. Continuous lines represent the fitting
results. A and B bandgaps are clearly resolved.

At low temperature 7=30 K, we detected very strong derivative like a
lineshape in the recorded PR spectra of AGT around 1.35 eV and not so well
pronounced but still relatively strong spectra around 1.46 eV, see Fig. 19. The
two photoreflectance transitions obtained indicate two bandgap energies of the
studied crystals. It has been reported that in AgGaTe, valence band splitting up
to three subzones appears [24], the splitting of valence band is common to the
ternary I-III-VI semiconductor compounds with a chalcopyrite structure [24].
After fitting these results with Lorenzial third derivative functional form Eq.
(14), we obtained bandgap energies at low temperature of 1.355 and 1.466 eV;
unfortunately, the third bandgap did not appear, which has been reported by
other authors [23, 24].
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Figure 20. Temperature dependence of A and B bandgap energies of AgGaTe,
crystal obtained from photoreflectance spectra. At higher temperatures, nearly
linear dependence can be observed.

All PR measurements were made at 7=25-295 K. From these
measurements, after fitting with Eq. (14), E,* and E,® were found and the results
are presented in Fig. 20. It can be seen that both bandgap energies have a
maximum at about 7=90 K. This behavior is typical of ternary compounds
containing Ag and the same kind of behavior in AGT was also observed by
Bodnar et al. [25]. It is suggested that this trend can be due to the effects of
lattice dilation and -electron—phonon interaction. At the same time, the
temperature dependence of bandgap energies found by Arai et al. [65] showed
no maximum. At higher temperatures, the temperature dependence of bandgap
energies shows a nearly linear trend, but the rate of this trend is different for
different bandgaps (see Fig. 20). The lowest bandgap energy at room
temperature E,"=1.320 eV shows a temperature coefficient dE,* /dT= -2.1x10*
eV/K, which is very close to the value 2.02x10* eV/K found by Bodnar et al.
[25]. The next bandgap energy was E,°=1.425 eV and the temperature
coefficient dE;® /dT=-3.4x10* eV/K. The temperature coefficients found by Arai
et al. [65] for their A—C bandgaps are all in the range dEq/dT=-(2.4-2.6)x10*
eV/K. The bandgap energy maximum was around T=90 K with values
E.*=1.357 eV and E;°=1.474 eV.
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4.2 Electroreflectance of CdTe solar cells

The fabrication procedure and conditions of thin film CdS/CdTe solar
cells are described in Section 3. It was surprising that the solar cells fabricated in
similar conditions showed huge differences in their performance. One of the
reasons probably lies in the p-n junction formation.

Temperature dependent ER measurements are shown in Figs. 21 and 22
for Cell 1 and Cell 2, respectively. Dots represent experimental data and the
continuous line fitting with Eq. (14). A good blueshift of the spectrum related to
the bandgap energy shift from the temperature is seen. In addition to the
temperature decrease, the intensity of the ER signal increases, see scale factors
from Figs. 21 and 22; it is related to the change in magnitude of the electric field
in the junction.
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Figure 21. ER spectra of sample Cell 1 at 100 K, 200 K and 300 K. Dots show
experimental results and continuous lines are the fitting results with Eq. (14).
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Figure 22. ER spectra of sample Cell 2 at 100 K, 200 K and 300 K. Dots
show experimental result and continuous lines are the fitting results with
Eq. (14).

Temperature dependence of bandgap energies obtained from the fittings
with Eq. (14) is plotted in Fig. 23. E, values are considerably lower than the
reported reference values of monocrystalline CdTe, see Fig. 23 [66].
Temperature coefficients were found to be dE/dT=—3.1x10"* eV/K for Cell 1
and dE,/dT=—3.5x10"* eV/K for Cell 2. These values are in good agreement with
the results obtained by Mathew et al. [67].

The bandgap energies obtained are smaller than those found for
monocrystalline CdTe in other papers [66, 68]. Smaller bandgap energies in our
cells can be explained by assuming that CdTe;—«Sx solid solution was formed in
the p—n junction region. Sulfur has incorporated into CdTe during the thermal
treatment. Hadrich et al. [69] have found that the dependence of the bandgap
energy of the CdTe;«Sx solid solution is expressed by the following empirical
equation:

E (x)=24x+1.51(1-x)—1.8x(1-x) . (23)

The equation enables us to calculate sulfur value in CdTe;«Sx solid solution
from the values of room temperature bandgap. We found bandgap energies at
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room temperature E,=1.499 eV and E,=1.481 eV for Cell 1 and Cell 2,
respectively. According to Eq. (23), we have a CdTe;Sx solid solution with an
average sulfur content of x=0.01 for Cell 1 and x=0.03 for Cell 2. It is obvious
that the solid solution layer has no abrupt edge and probably we have a layer
with varying concentration of sulfur. Cell 1 with lower sulfur content in the solid
solution showed a better solar cell performance, as shown by [-V measurements
in Section 3. Similar behavior was described also by Hédrich et al. [69].
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Figure 23. CdTe bandgap energy values as a function of temperature
found from ER fittings. The upper curve represents the bandgap energy
of monocrystalline CdTe from [66].

The broadening parameter /" is often used as a measure of crystal quality
since its magnitude is primarily determined by lattice defects such as disorders,
vacancies, and impurities [33]. In our experiment, as shown in Fig. 24, I" was
found to be 29 meV for Cell 1 and 27 meV for Cell 2 at room temperature and it
is decreasing with the temperature falling. From the comparison of our results
with those of other authors, it can be concluded that CdTe samples with a
broadening parameter value around 30 meV and less can be classified into good
quality sample category [70].
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Figure 24. The temperature dependence of the broadening
parameter I with fittings (solid curves) using Eq. (24). Fitting
parameter /; represents the broadening due to the temperature-
independent mechanism, /7 shows the strength of electron—
phonon coupling and @r is an average phonon temperature.

The effect of temperature provides not only the shift of the bandgap
energy but also the change in the broadening parameter. If we grant the
electron—phonon coupling as a main broadening mechanism, its parameter value
can be written by taking into account the Bose—FEinstein occupation factor, as in
[71]:

1—‘0
F(T):F] + ®r— ) (24)
e 7 -1

where [ represents the broadening due to temperature-independent
mechanisms, such as crystalline imperfections and surface scattering, /7
represents the strength of electron—phonon coupling, ®r is an average phonon
temperature. Fig. 24 shows the ER broadening parameter /" as a function of
temperature and least-squares fit (solid curves) with Eq. (24) together with
fitting parameters. The obtained /7; values of 23 meV and 21 meV for samples
Cell 1 and Cell 2, respectively, indicate relatively high quality of the CdTe thin
film. Calculated values of /=12 meV and &r=338 K for Cell 1 and /=8 meV
and ©@=233 K for Cell 2 are comparable for both solar cells. It is interesting that
a lower efficiency solar cell shows also a lower value of /7. This difference
between broadening parameters could also be an important factor in the
properties of the respective p—n junction.
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4.3 Photoreflectance of SnS monocrystals

The detailed growth procedure of monocrystalline SnS was described in
Section 3. As already mentioned, the single crystals of SnS had platelike shape
with a good reflecting surface, sized approximately 3x3 mm. The sample
showed very well pronounced PR spectrum at low temperature and was
recordable up to 200 K, at higher temperatures, the PR signal quenches.

Temperature dependent measurements of SnS single crystals show
visible blueshift due to the change in the bandgap energy depending on the
temperature, also intensity decreases as observed from scale factors (Fig. 25).
Each PR spectrum was analyzed by fitting the data to a low-field lineshape
function with a third-derivative functional form Eq. (14) from Section 2.

Normalised AR/R

E (eV)

Figure 25. Temperature dependent PR spectra of a SnS single crystal.
Circles show experimental results and continuous lines are fitting the
results with Eq. (14).
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Figure 26. Bandgap energy values for single-crystal SnS determined by

fitting the PR spectra as a function of temperature, the data fit to Eq. (25),
and data reported by Parenteau and Carlone [72].
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Temperature dependence of the SnS bandgap energies obtained by
fitting PR spectra are plotted in Fig. 26. Obtained experimental data were fitted
to the O'Donell expression [73]:

E,(T)=E,(0)-S < ho > [coth(< hw >/2kT) - 1] (25)

where F,4(0) is the bandgap energy at 0 K, S is a dimensionless coupling constant
and </hw> represents an average phonon energy. Obtained fitting parameters
were Eg(0) = 1.375 eV, S = 1.86 and <iw> = 24.3 meV. By extrapolating the
fitting result to the O'Donnell equation for higher temperatures it is possible to
estimate the bandgap energy at room temperature, resulting in £, =1.317eV. The
average phonon energy of (ho)= 24.3 meV =196 cm™ is very close to the value
of 191 cm-' measured by Raman spectroscopy in Section 3.

Fig. 26 also shows the temperature dependence of the bandgap energy
for SnS obtained by Parenteau and Carlone [72] for comparison. The
comparison reveals differences in the bandgap energy values and their
temperature-dependent behavior. The reason for this discrepancy may lie in the
different samples and measurement methods. Parenteau and Carlone applied
optical absorption for bandgap studies [72], while we used PR.
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4.4 Photoreflectance of CuzBiS3 thin film

The detailed growth procedure of polycrystalline CusBiS; was described
in Section 3. XRD spectra confirm the existence of a single phase CusBiSs.

AR/R (arb. units)

11 12 13 14 15 16
Photon energy (eV)

Figure 27. Temperature dependent PR spectra of Cu3BiS;
single crystal. Circles show experimental results and
continuous lines are fitting the results with Eq. (14).

Fig. 27 shows room temperature PR spectra, which demonstrate a strong
resonance at 1.2 eV. Decreasing the temperature down to 80 K shifts this
resonance towards higher energies and reveals a second resonance at 1.5 eV.
Further decrease of temperature, down to 10 K, shifts the resonances further
towards higher energies and makes both resonances sharper, as shown in Fig. 27.
The experimental PR spectra were fitted with Eq. (14). The fitted curves for the
temperature 10, 80 and 300 K are shown by solid lines in Fig. 27.

Values for E, for different temperatures determined using the best fits
are shown in Fig. 28. The presence of two band gaps can be associated with
splitting of the valence band. Such splitting has been reported for ternary I-I1I-
IV, semiconductor compounds with chalcopyrite structure [74]. Measurements
on AgInS;, a semiconductor compound, which crystallizes in two different
phases, chalcopyrite and orthorhombic, reveal a splitting of the valence band
into three sub-bands for both of them [75]. In the chalcopyrite phase, splitting
into A, B and C sub-bands occurs due to the simultaneous influence of the
crystal field and spin orbit interaction whereas in the orthorhombic one splitting
into X, Y and Z sub-bands is considered to be solely due to the influence of the
crystal field. In the orthorhombic structure of Cu3BiSs, we use the notations X
and Y for the top two bands.
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The temperature dependencies of E;* and E,” were fitted with the
expression introduced by O'Donnell and Chen [73]:

E,(T)=E,(0)-S <ha > [coth hiw>/2kT) 1] (26)

where E,(0) is the bandgap energy at 0 K, S is a dimensionless coupling constant
and </i@> represents an average phonon energy. The solid curves in Fig. 28 are
the best fits of the E,(7) values using Eq. (26) with the fitting parameters shown
in Table 3. The determined average phonon energies are in the range of the
measured energies of the Raman modes, reported in Section 3. Fig. 28
demonstrates a strong decrease of both energy gaps with an increasing
temperature, so at room temperature £;° = 1.18 eV. A reduction in the splitting
of the valence bands from 0.28 eV at 10 K to 0.27 eV at 100 K can also be
observed. Low temperature T=10 K values for bandgap energies were E;* =1.24
eV and E," =1.53 eV.
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Figure 28. Bandgap energy values of CusBiS; single crystal
found from PR fittings as a function of temperature, together
with fittings.

Table 3. The bandgap E,, coupling constant S and average phonon energy <#@> for the
X and Y valence bands determined by fitting the experimental temperature dependencies
of E; using Eq.( 26).

Valence band E¢ (0), eV S <h@>, meV
X 1.24 0.54 6
Y 1.53 0.70 20
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4.5 Electroreflectance of Cu,ZnSnSes solar cells

The CZTSe solar cell fabrication procedure was described in detail in
Section 3.

600 B R B T T 7 T 7T v 7 T v v 7
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Figure 29. ER spectra of CZTSe solar cell at 135 K and 295
K. Dots show the experimental data and continuous lines are
the fitting results with Eq. (14).

Temperature dependent ER spectra together with Aspnes fit (Eq. (14))
of CZTSe cell are presented in Fig. 29. It is clearly seen that the spectrum shifts
towards higher energies with decreasing temperature, but the shift is very small
and the shape of ER peak remains relatively unaffected. This means that the
linewidth is determined by the inhomogeneous broadening. Although the
spectral fit with Eq. (14) gives good results near the critical point, we still notice
some deviation at higher energies, see Fig. 29. This deviation could be an
indication of a second critical point at higher energy. For example, in [76] the
room temperature Ey(C) bandgap of CZTSe due to spin-orbit splitting of valence
band was found at 1.272 eV. However, our ER signal was too low near this
energy and therefore we fitted only the main peak. The overall shape of the main
peak is determined by a high concentration of charged defects and spatial
fluctuations of the band edge in this compound. As a result, the dielectric
function will be affected and inhomogeneous broadening mechanisms start to
dominate. Moreover, the best fit was achieved using remarkably high m values
m > 3. However, according to our calculations, the exponent m mostly
determines the line-shape of the ER spectrum far from a critical point and does
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not affect the spectrum near the bandgap energy E,. An average value of the
broadening parameter /” = 125 meV is practically constant over the whole
temperature range. One of the possible explanations is that not only potential
fluctuations, but also the bandgap energy fluctuations due to presence of ordered
and disordered structures and/or different defect clusters [77, 78, 79] are
affecting the inhomogeneous broadening. Very similar bandgap energy
fluctuations were discovered by PL in the ternary compound CuGasSes [28] and,
as a rule, they lead to an abnormal widening of PL and ER bands. Therefore, the
bandgap energy E, obtained from ER fittings always represents some average
value. Very wide room temperature ER spectra were measured also in CZTSSe
by Krammer et al. [80]. They noticed that due to inhomogeneous broadening
mechanisms, the resulting modulus spectra calculated from ER experiments
could be better fitted with a Gaussian lineshape instead of Lorentzian. It seems
that this inhomogeneous broadening due to spatial bandgap energy and potential
fluctuations is a typical feature in all kesterites and does not depend on the
bandgap energy. Unfortunately, ER measurements were not possible at 7 <
100K because the ER signal dropped significantly. At low temperatures, holes
start to localize in the valence band potential wells and as a result, the series
resistance of the solar cell increases considerably [81, 82]. This leads to a
reduction of an external electric field on a junction and accordingly, the ER
signal drops.
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Figure 30. Bandgap energy values found from ER fittings as a
function of temperature. Solid curve is a fitting result with Eq.
(27). The dashed curve represents the bandgap energy of CZTSe
according to data from [83].
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The resulting band gap values for the CZTSe cells are shown in Fig. 30.
The temperature dependence of £, was fitted with the expression introduced by
O’Donnell and Chen [73]:

E(T)=E,0)-S < hw >[coth(< hw >/2kT)-1], 27)

where Eg(0) is the band gap energy at 0 K, S is a dimensionless coupling
constant and </ @> represents an average phonon energy. The solid curve in Fig.
30 is the best fit of the E,(7) values using Eq. (27) with the fitting parameters E,
(0)=1.006 £ 0.001 eV, $=2.0 £ 0.6 and </iw> = 85 = 13 meV. The overall shift
of E, is only about 13 meV from room temperature to 7= 0 K. Somewhat greater
shift was found by Choi et al. [83], see Fig. 30. Bandgap value of the CZTSe
absorber at room temperature was 0.993 eV.
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CONCLUSION

Different types of new and prospective solar cell absorbers were studied

using temperature dependent modulation spectroscopy techniques, namely
photoreflectance and electroreflectance. These methods prove their advantages
in the study as simple and nondestructive techniques, while the obtained
information is relatively wide. We found precise bandgap energies to the studied
samples from the measured spectra and clarified some mismatches about the
physical and optoelectronic properties of the materials.

1.

Temperature dependent photoreflectance study was preformed to
AgGaTe;. In the studied AgGaTe, monocrystal valence band, splitting
was detected, however only two bandgaps were identified,;
unfortunately, we were unable to detect the third bandgap reported in
the literature. At room temperature, the lowest bandgap energy was
found to be E,*= 1.320 eV with the temperature coefficient dEga/dT= -
2.1x10* eV/K. Higher room temperature bandgap energy was detected
at E;°=1.425 eV with the temperature coefficient dEgp/dT=3.4x10*
eV/K. The bandgap energies showed maximum around T=90 K with
values E,*=1.357 eV and E,®=1.474 eV. This kind of behavior is quite
usual to the Ag containing ternaries.

Two CdS/CdTe solar cells were studied with temperature dependent
electroreflectance spectroscopy. Room temperature bandgap energies
were Eg=1.499 eV for Cell 1 (efficiency 9.6%) and Es~=1.481 eV for
Cell 2 (efficiency 4.1%). The low value of the broadening parameter I"
for both solar cells shows a good quality of CdTe absorber layers. The
formation of CdTe;—«Sx solid solution in the p—n junction region was
detected for both solar cells. The sulphur value was found to be x=0.01
and x=0.03 for Cell 1 and Cell 2, respectively. However, Cell 2 had
smaller broadening parameter value, but Cell 1 showed a better solar
cell performance

Monocrystalline SnS was investigated with photoreflectance
spectroscopy in the temperature range of 20-200 K. The temperature
dependence of the bandgap energy was fitted using the O'Donnell
expression. The O'Donnell model gave a room-temperature bandgap
estimate of 1.317 eV.

Temperature dependent photoreflectance study was preformed to thin
film CusBiS;. At low temperature T=10 K, two bandgap energies were
detected with the values of Eg*=1.24 eV and E,"=1.53 eV, which are
attributed to the valence band splitting. At room temperature, only one
bandgap energy was detected E;*=1.18 eV.
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Temperature dependent electroreflectance analysis was done to the
CdS/CuzZnSnSes solar cell. The bandgap energy shift was very small
from room temperature to 0 K only 13 meV, from 0.993 to 1.006 ¢V,
respectively. High values of the broadening parameter =125 meV are
related to the high concentration of charged defects and spatial
fluctuations of the bandgap energy caused by the presence of both
ordered and disordered structures and/or different defect clusters in
CZTSe.
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ABSTRACT

This thesis is focused on the application of temperature dependent
photo- and electroreflectance spectroscopy in order to study novel and potential
materials in solar energy conversion. Photoreflectance and electroreflectance
belong to the modulation spectroscopy techniques, where during reflectance
measurements, the external modulation is applied in respect to one system
parameter. Within the techniques used in this thesis, the periodically modulated
parameter was the built-in surface/internal electric field. Changes in the electric
field cause changes in the complex dielectric function and this in turn is directly
related to the material reflectance ability. The recorded modulated reflectance
spectra had a nature of a third derivative near the interband transitions. These
methods allowed us to estimate the bandgap energy of studied materials with
relatively high precision, and additionally to evaluate the quality of crystals. The
main advantage of photo- and electroreflectance spectroscopies over other
optical characterization techniques is that they are nondestructive, simple,
applicable at room temperatures and high precision. My study included
AgGaTe,, SnS and CusBiS; materials with photomodulation and CdTe and
CZTSe solar cells with electromodulation. As a result, proper bandgap energies
of the materials were found and their behavior depending on thetemperature was
described.

In AgGaTe, monocrystal valence band splitting was detected and two
bandgap energies were found with room temperature values E,*= 1.320 eV and
E.°=1.425 eV. Maximum energies were around T=90K E,*=1.357 eV and
E."=1.474 eV.

Monocrystalline SnS bandgap energy value was found from PR spectra
in the temperature range of 20-200 K. Above 200 K, PR signal vanished and
O'Donnell’s model was used to estimate a room-temperature bandgap value that
was found to be 1.317 eV. Highest measured bandgap energy 1.377 eV was
detected at T=30 K.

In a polycrystalline Cu3BiS; thin film, valence band splitting at low
temperature T=10 K was detected and two bandgap energies were found
atvalues of E;*=1.24 eV and E,"=1.53 eV. At room temperature, only lower
bandgap energy was found E,*=1.18 eV.

Room temperature bandgap energies for CdS/CdTe solar cells were
found to be E,=1.499 eV and E,=1.481 eV for Cell 1 and Cell 2, respectively.
The formation of CdTe;«Sx solid solution in the p—n junction region was
detected for both solar cells. The sulphur value was found to be x=0.01 and
x=0.03 for Cell 1 and Cell 2, respectively.

Kesterite CurZnSnSe; solar cell showed very small bandgap energy shift
from temperature, only about 13 meV from room temperature to 0 K. The value
of broadening parameter /=125 mel was relatively high, indicating a high
concentration of charged defects and spatial fluctuations of the bandgap energy.
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KOKKUVOTE

Antud t66 on keskendunud uute ja perspektiivsete piikesepatareides
kasutatavate pooljuhtmaterjalide uurimisele fotopeegeldus- ja
elektropeegeldusspektroskoopia  meetoditel. Need meetodid  kuuluvad
modulatsioonspektroskoopia valdkonda, kus mingi parameetri mddtmise ajal
moduleeritakse vélismojutajat. Antud t60s kasutati sisseehitatud elektrivilja
modulatsiooni materjali dielektrilise funktsiooni muutmiseks, mis otseselt
mdjutab uuritava materjali peegeldusvdimet. Elektrivdlja modulatsiooni moju
avaldub peegeldusspektri kolmanda tuletise kujus kohal, kus toimuvad
tsoonidevahelised iileminekud. Kasutatud meetodid voimaldavad suhteliselt
tdpselt midrata uuritavate pooljuhtmaterjalide keelutsooni laiuse vairtusi ja
hinnata uuritavate materjalide kvaliteeti. Fotopeegeldus- ja
elektropeegeldusspektroskoopia meetodite eeliseks on nende suhteline lihtsus,
suur tépsus ja rakendatavus toatemperatuuril modtmisobjekti kahjustamata.

Antud t606s uuriti hobegalliumtelluriidi (AgGaTe;), tinasulfiidi (SnS) ja
vaskvismutsulfiidi  (CusBiS3;) fotopeegeldusspektroskoopia  meetodil ja
kaadmiumtelluriidi  (CdTe) ning vasktsinktinaseleniidi  (Cu.ZnSnSes)
elektropeegeldusspektrosoopia abil. T606 tulemusena leiti tdpsustatud keelutsooni
laiuste védrtused ja nende muutused soltuvalt temperatuurist. AgGaTe,
monokristalle uurides leiti kinnitus asjaolule, et selle materjali keelutsoon on
Idohenenud ja nende kahe keelutsooni laiuseks maédrati toatemperatuuril
E.*=1,320 eV ja E,"=1,425 eV. Avastati, et keelutsoonide laiused suurenevad
temperatuuri vihenemisel allapoole toatemperatuuri kuni 90K-ni, kus nad
saavutavad kdrgeimad viirtused vastavalt E,*=1,357 eV ja E,°=1,474 eV.
Edasisel temperatuuri langusel keelutsoonide véirtused vihenevad taas.

Monokristalse tinasulfiidi keelutsooni vddrtuse muutust uuriti
fotopeegeldusspektroskoopia meetodil temperatuuride vahemikus 20-200K.
Korgematel temperatuuridel fotopeegelduse signaal kadus ja SnS keelutsooni
laiuse hindamiseks korgematel temperatuuridel kasutati O’Donelli ldhenduse
mudelit, mille abil leiti tinasulfiidi toatemperatuurseks keelutsooni vaértuseks
1,317 eV. Tinasulfiidi keelutsooni laius oli kdige suurem 30K juures: 1,377 eV.

Poliikristalses CusBiSs3-s avastati valentstsooni 16henemine madalatel
temperatuuridel, kasutades fotopeegeldusspektroskoopia meetodit.
Keelutsoonide laiuse viirtus 10K juures leiti E;*=1,24 eV ja E,"=1,53 eV.
Toatemperatuuril oli voimalik midrata vaid iihe keelutsooni laiuse véértus -
E.=1,18 eV.

CdTe keelutsooni laius maiirati kahes CdS/CdTe péaikesepatarei
struktuuris elektropeegeldusspektroskoopia abil, kusjuures CdTe keelutsooni
laiuseks toatemperatuuril saadi nendele erinevad tulemused: E,=1,499 eV ja
E,=1,481. Kuna saadud vidirtused on viiksemad kui kirjandusest leitud
monokristallilise CdTe keelutsooni laius, siis jéareldati, et CdS/CdTe
struktuurides olid p-n siirde piirkonnas tekkinud erineva koostisega CdSxTe;«
tahked lahused x véirtustega x=0,01 ja x=0,03. Madaltemperatuursed
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keelutsooni laiused molemale pdikesepatareile olid vastavalt 1,561 eV ja 1,551
eV.

Kesteriitse pdikesepatarei absorbermaterjali Cu,ZnSnSes keelutsooni
laiuse muutus toatemperatuurilt kuni temperatuurini T =0 K oli kdigest 13meV.
Lahendusparameetri /" vordlemisi suur vdirtus 125meV viitab suurele laetud
defektide hulgale ja keelutsooni ruumilistele fluktuatsioonidele.
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Ternary chalcopyrite AgGaTe,

The optical properties of ternary chalcopyrite AgGaTe, were studied by photoreflectance spectorscopy
(PR). Due to the optimal direct energy gap and high absorption coefficient AgGaTe, is a promising material
for solar energy conversion. Single crystals used in this work were grown by the vertical Bridgman
technique. The PR temperature dependent spectra were measured in the range of 25-300 K. At room
temperature two energy gaps in AgGaTe, were detected: Ef =1.320eV and Ef=1425eV, with
temperature coefficients dEQ/dT: —2.1x10"%eV/Kand clEg/dT: —3.4x10~* eV/K. At low temperature
(T=25K) these bandgap energies were EQ =1.355eV and Eg =1.466eV. Temperature dependence of
bandgap energies is maximum at about T=90 K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Despite the fact that optical properties of AgGaTe, (AGT) have
been studied for over 30 years, there are still some open questions.
It is known that AGT is a member of chalcopyrite ternaries and the
reported direct energy gap is suitable for solar energy conversion.
At the same time there is wide variation in the actual value of this
bandgap energy and the electronic band structure has different
interpretations. The most common method to measure bandgap
energy is optical absorption. However, it is known that in chalco-
pyrite ternaries usually large potential fluctuations are present and
therefore the density of states function near band edges is quite
complex [1-4]. This is why absorption spectra greatly depend on
the depth of these potential fluctuations. Deeper fluctuations
usually give additional absorption at lower energies and thus the
absorption tail is formed. The shape of this tail is not always known
and therefore the bandgap energy calculated from the absorption
spectrum could be incorrect. Another approach to obtain the
bandgap energy is to use various modulation methods like
electroreflectance, photoreflectance or thermoreflectance. Tell
et al. [5] measured the electroreflectance spectra of an AgGaTe,
single crystal at 77 and 300 K. At room temperature they found the
lowest bandgap energy E;=1.316 eV, while at 77 K the bandgap
energy was E;=1.356 eV. Due to valence band splittings they also
measured higher energy bandgaps at 77 K: Ef =1.472eV and
Eg =2.26eV. Very similar results were published by Bodnar et al.
[6] on AGT thin films using absorption measurements. At room

* Corresponding author. Tel.: +372 620 3210.
E-mail address: taavi.raadik@ttu.ee (T. Raadik).

0921-4526/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.physb.2010.11.002

temperature they found E§ =1.32 eV, Ef =1.43 eV,and Eg =2.14 eV.
Thermoreflectance spectroscopy was also recently used for single
crystals of AGT by Arai et al. [7] at T=20-300 K. The lowest direct
bandgaps determined from thermoreflectance spectra were
Ef=136eV, EE=1.19 eV, and E;=2.00 eV at T=20 K. As can be
seen the lowest bandgap in this paper has an energy E=1.19 eV. At
the same time the low temperature (T=15 K) bandgap energy
determined using optical absorption from the same single crystals
was about 1.25eV. It is interesting that different methods give
different bandgap energies. In this paper we will present the
photoreflectance data of Bridgman grown AGT measured in a wide
temperature range.

2. Experimental

An ingot of AGT was grown by the vertical Bridgman technique
often used for fabrication of CulnSe, and other chalcopyrite ternary
compounds [8]. A pseudobinary phase diagram for AgGaTe, has
been determined by Palatnik and Belova [9], establishing the
melting point to be 725.7 °C [10]. At first a near stoichiometrical
mixture of high (99.999%) purity Ag, Ga, and Te was sealed in
vacuum of 10~° mbar in a thick walled (3 mm) quartz ampoule of
10 mm inner-diameter. Then this mixture was prereacted at 900 °C
for 2 h in a rocking furnace and solidified in a horizontal position.
After cooling down the ampoule was introduced into the upper
(hot) zone of a two-zone vertical furnace. The material was melted
again and held at a temperature of 900 °C for 6 h. Then the
temperature in the upper part of the furnace was reduced to
800 °C and that in the lower part to 700 °C. The furnace was slowly
moved up, translating the ampoule into the lower (cold) zone at the
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speed of 2 cm a day through a temperature gradient. The solidified
material was cooled at a rate of 3 °C/h down to 200 °C.In the middle
part the grown ingot had a 2 cm long cylindrical shaped single grain
of AgGaTe,. The elemental composition of the resulting single
crystals was confirmed by EDX and RBS measurements. The
elemental composition varied along the ingot, gradually becoming
Ag rich close to the end of the freeze (top) zone.

Single crystal surfaces with a size of about 2 x 2 mm were
freshly cleaved from the ingot for PR measurements.

Before PR measurements Raman measurements were made at
room temperature with a micro-Raman spectrometer Horiba Yobin
Yvon HR800; a Nd-YAG laser with /=532 nm was used for
excitation. Photoreflectance (PR) measurements were made with
a traditional setup, where an f=40 cm grating monochromator
together with a 250 W halogen bulb was used for the primary beam
and the 50 mW He-Cd laser (/=441 nm) as a secondary beam. The
reflectance signal at 225 Hz was detected using a Si detector and a
lock-in amplifier. The crystals under study were glued with
cryogenic grease on the cold finger of the closed-cycle He cryostat.

3. Results and discussion

From the Raman measurements in Fig. 1, 4 main peaks are
clearly seen; the most intensive is at 130 cm~ ' and the others are at
94, 201, and 221 cm™". These peaks are typical for an AgGaTe,
crystal [11] and according to these spectra we can be sure that we
have a pure AgGaTe, single crystal without additional phases.
Photoreflectance spectra at two different temperatures are shown
in Fig. 2. Despite our efforts we detected only two signals
originating from A and B bandgaps. Even at low temperatures
the C bandgap reported by Tell et al. [5] and Bodnar et al. [6] could
not be detected.

Each PR spectrum has been analyzed by the low-field electro-
reflectance line-shape function, the third derivative functional
form [12]

AR/R = Re{Fe'(E—Eg)+il'}", 1)

where E is the photon energy and F, 0, Eg, and I" are the amplitude,
phase, energy, and broadening parameter of the spectrum, respec-
tively; m is a parameter that depends on the critical point type and
m=>5/2 (the three-dimensional critical point) has been used in this
study. Results of this analysis are also presented in Fig. 2 as
continuous lines.
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Fig. 1. Room temperature Raman spectrum of AgGaTe; crystal.
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Fig. 2. Photoreflectance spectra of AgGaTe, crystal at different temperatures.
Continuous lines represent the fitting results. A and B bandgaps are clearly resolved.
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Fig. 3. Temperature dependence of A and B bandgap energies of AgGaTe, crystal
obtained from photoreflectance spectra. At higher temperatures nearly linear
dependence can be observed.

All PR measurements were made at T=25-295 K. From these
measurements, after fitting with Eq. (1), EQ and Eg were found and
the results are presented in Fig. 3. It can be seen that both bandgap
energies have a maximum at about T=90 K. This behavior is typical
for ternary compounds containing Ag and the same kind of
behavior in AGT was also observed by Bodnar et al. [13]. It is
suggested that this trend can be due to the effects of lattice dilation
and electron-phonon interaction. At the same time the tempera-
ture dependence of bandgap energies found by Arai et al. [ 7] did not
show any maximum. At higher temperatures the temperature
dependence of bandgap energies shows a nearly linear trend, but
the rate of this trend is different for different bandgaps (see Fig. 3).
The lowest bandgap shows a temperature coefficient dEfg‘ [dT=
—2.1x10"%eV/K and this value is very close to the value
—2.02 x 10~#eV/K found by Bodnar et al. [13]. The temperature
coefficients found by Arai et al. [7] for their A-C bandgaps are all in
the range dE,/dT= —(2.4-2.6) x 10~*eV/K. Thus our results sup-
port the findings made by Tell et al. [5] and Bodnar et al. [6,13].

4. Conclusion

AgGaTe, crystals were studied at different temperatures using
photoreflectance spectroscopy. The lowest bandgap energy at
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room temperature was found to be EQ =1.320 eV and the tempera-
ture coefficient was dE{g‘/dT: —2.1 x 10~*eV/K. The next bandgap
energy was Eg =1.425eV and temperature coefficient dEg [dT=
—3.4x10"*eV/K. The bandgap energy maximum was around
T=90 K with values Ef=1.357 eV and Ef =1.474 eV.
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Cadmium telluride is a promising material for large scale photovoltaic applications. In this paper we study
CdS/CdTe heterojunction solar cells with electroreflectance spectroscopy. Both CdS and CdTe layers in solar
cells were grown sequentially without intermediate processing by the close-space sublimation method.
Electroreflectance measurements were performed in the temperature range of T= 100-300 K. Two solar cells
were investigated with conversion efficiencies of 4.1% and 9.6%. The main focus in this work was to study the tem-
perature dependent behavior of the broadening parameter and the bandgap energy of CdTe thin film in solar cells.

Room temperature bandgap values of CdTe were E; = 1.499 eV and E; = 1.481 eV for higher and lower efficiency
solar cells, respectively. Measured bandgap energies are lower than for single crystal CdTe. The formation of
CdTe; _4Sx solid solution layer on the surface of CdTe is proposed as a possible cause of lower bandgap energies.

1. Introduction

Cadmium telluride is a promising material for thin-film solar cells
due to its direct optical bandgap with energy of about E; = 1.5 eV and
high absorption coefficient >5+10°/cm [1-4]. Record conversion effi-
ciency of 17.3% was recently reported by First Solar for polycrystalline
CdTe thin-film solar cell [5]. However, the record efficiency of CdTe
solar cells is much less than its theoretical maximum (~29%). One
possible reason for this could be related with problems in p-n junc-
tion between CdS and CdTe. It is proposed that the formation of
CdS; _Tey solid solution layer with lower bandgap energy somehow
affects the behavior of CdS/CdTe solar cells [6]. Also, the interface and
bulk recombination reduces solar cell efficiency. Among other methods
the electroreflectance spectroscopy (ER) is proven to be quite a power-
ful technique for investigation of junction properties. Room tempera-
ture ER studies were performed in several papers, mainly the bandgap
energy and crystal quality were investigated [3,7,8]. Dhere et al. [9]
performed room temperature ER measurements of CdTe solar cells
and showed the presence of a high field region of 32 kV/cm in the
CdS/CdTe interface layer. At the same time it could be interesting to
study also temperature dependent electroreflectance behavior and
find differences between different solar cells.

In the present work two CdS/CdTe heterojunction solar cells with
different properties were studied. Differences between studied cells
were in fabrication parameters and in back contact preparation. We
used temperature dependent electroreflectance for characterization of
CdTe solar cell junction properties. In addition to ER measurements,
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the results of current-voltage (I-V) curve measurements and external
quantum efficiency measurements (QE) are presented.

2. Experimental details

Thin film CdS/CdTe solar cells were fabricated on glass substrates
with an area of 2 x 2 cm? covered with a SnO, layer with a sheet resis-
tivity of about 10 Q/C1. SnO, served as the transparent front contact
to CdS. Both undoped CdS and CdTe layers were grown sequentially
without intermediate processing by the close-space-sublimation
(€CSS) method. CdS had the resistivity of 2-3 Q'cm and transparency
over 80% The CdTe layers had the resistivity in the range of
~5%10°Q cm. After the CdTe layer was deposited, the structures were
held in CdCl,:H,0 saturated solutions and then annealed in the air at
410 °C for ~30 min. To minimize the back contact barrier, an additional
layer (~300 nm) of Te for one cell (Cell 1) or Cu for another cell (Cell 2)
was used. In Cell 1 the CdTe was deposited at the substrate temperature
of 440 °C, in Cell 2 at the temperature of 430 °C. The CdTe source tem-
perature in both cases was 580 °C. All cells were completed with a Ni
metal contact thermally deposited in vacuum. Both types of the solar
cells have been fabricated in a superstrate configuration, and more
details were given in [10].

Before ER measurements, I-V and QE measurements were made.
[-V curves were measured at room temperature with illumination
of 100 mW/cm? using the Oriel class A solar simulator 91159A. For
electroreflectance measurements the DC- and AC-voltage was applied
to a solar cell under study via back and front contact by a pulse gen-
erator with frequency of 275 Hz, AC value of 4 0.8 V and DC compo-
nent of —0.8 V. Computer controlled grating monochromator SPM-2
(f=40 cm) together with a 250 W halogen bulb was used for illumi-
nation. The ER signal was detected using a Si detector and a lock-in
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amplifier (SR 810). Solar cells under study were mounted into a
closed-cycle He cryostat to perform temperature dependent ER mea-
surements in the range of T=100-300 K.

3. Results and discussion
3.1. I-V curves and QE of solar cells

Typical I-V curves of thin film CdS/CdTe heterojunction solar cells
under the illumination are presented in Fig. 1. As it can be seen, Cell 1
shows better solar cell parameters with open circuit voltage Voc=
783 mV, short circuit current density Jsc=23.1 mA/cm? and conver-
sion efficiency of 9.6%. The Cell 2 has quite different parameters, but
still the open circuit voltage is Voc =661 mV and the short circuit
current density is Jsc = 18.2 mA/cm?, whereas the cell efficiency is
lower, only 4.1%.

A comparison of the external quantum efficiency measurements,
see Fig. 2, shows that Cell 1 has much steeper QE spectrum at long
wavelength side than Cell 2. In the long-wavelength range the spectra
restricted to the value of the CdTe bandgap energy which is equal
to 1.499 eV (827 nm) for Cell 1 and 1.481 eV (837 nm) for Cell 2 at
room temperature as measured by ER. The steeper shape of Cell 1
QE spectrum at long wavelength side leads to the steeper bandgap
edge and could be one reason for better junction properties.

3.2. Temperature dependence of electroreflectance

Electroreflectance is a modulation spectroscopy where the exter-
nal AC voltage is applied to the structure in order to modulate inter-
nal electric field.

Electroreflectance can be classified into three categories: weak,
intermediate and strong field regimes, depending on the strength of
a local electrical field in the junction. ER spectra with a weak field
approach can be well fitted with a third derivative functional form
(TDFF) given by Aspnes [11]:

% —Re [Ce“"(E—Eg + ir)_’“}, )
where E is the photon energy (hv), C is an amplitude parameter,
¢ phase parameter, E, energy of the bandgap and I' a broadening
parameter, that reflects structural and compositional disorders. The
exponent m depends on the type of the critical point and determining
its proper value is of particular importance in analyzing ER spectra.
Enloe and Parker [3] and Yu et al. [8] have improved their electro-
reflectance and photoreflectance fits by using m as independent var-
iable and we used the same logic. Value m = 2.5, corresponding to a
three-dimensional critical point, did not give a good fitting result.
Therefore m =3, corresponding to a two-dimensional critical point,
was used for the fitting of all ER spectra since this value yielded an

Fig. 1. I-V curves of the studied solar cells under illumination at room temperature.
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Fig. 2. Normalized QE curves of the studied solar cells.

excellent fit for majority of our data. To use m=3 there are two
possible explanations. A better fit is expected since the electron effec-
tive mass is significantly larger in one symmetry direction than the
other two near the X point. Actually, neither n=2.5 nor m=3 can
be strictly correct since both were derived under the assumption of
a parabolic-band structure. Another possibility is that excitonic effect
may be contributing to the transition in high-quality CdTe samples.
The influence of excitons can cause a three-dimensional transition
to appear as a two-dimensional in nature [3]. Temperature dependent
ER spectra together with Aspnes fit (Eq. (1)) of Cell 1 and Cell 2 are
presented in Figs. 3 and 4. It is clearly seen that the spectrum shifts
towards higher energies with decreasing temperature and the ER
signal intensity increases as can be seen from scale factors.

Temperature dependence of bandgap energies obtained from the
fittings with Eq. (1) is plotted in Fig. 5. E; values are considerably
lower than reported reference values of monocrystalline CdTe,
see Fig. 5 [1]. Temperature coefficients were found to be dEg/dT = —
3.1x10* eV/K for Cell 1 and dE4/dT= —3.5x10* eV/K for Cell 2.
These values are in good agreement with the results obtained by
Mathew et al. [12].

It is seen that the obtained bandgap energies are smaller than
those found for monocrystalline CdTe in other papers [1,2]. The small-
er bandgap energies in our cells can be explained by assuming a for-
mation of CdTe; _,Sx solid solution in the p-n junction region. Sulfur
has incorporated into CdTe during the thermal treatment. Hadrich
et al. [6] have found that the dependence of the bandgap energy of
the CdTe; S solid solution is given by the empirical equation:

Eg(X) = 2.4% + 1.51(1—x)—1.8x(1—X). )

Normalised AR/R

! 1 L L L L

1.40 145 1.50 1.55 1.60 1.65

E (eV)

Fig. 3. ER spectra of sample Cell 1 at 100 K, 200 K and 300 K. Dots show the experi-
mental result and continues lines are the fitting results with Eq. (1).
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Normalised AR/R

Fig. 4. ER spectra of sample Cell 2 at 100 K, 200 K and 300 K. Dots show the experi-
mental result and continues lines are the fitting results with Eq. (1).

At room temperature we found bandgap energies E;=1.499 eV
and E;=1.481 eV for Cell 1 and Cell 2, respectively. According to
Eq. (2) we have a CdTe; _4Sx solid solution with average sulfur con-
tent of x=0.01 for Cell 1 and x=0.03 for Cell 2. It is obvious that
the solid solution layer does not have any abrupt edge and probably
we have a layer with varying concentration of sulfur. Cell 1 with
smaller sulfur content in solid solution, showed a better solar cell per-
formance, as we saw from I-V measurements. Similar behavior was
described also by Hadrich et al. [6].

The broadening parameter [ is often used as a measure of crystal
quality since its magnitude is primarily determined by lattice defects
such as disorders, vacancies, and impurities [3]. In our experiment,
as it can be seen from Fig. 6, T is found to be 29 meV for Cell 1 and
27 meV for Cell 2 at room temperature and it is decreasing with
decreasing temperature. Comparing our results with other authors,
it can be concluded that CdTe samples with a broadening parameter
value around 30 meV and less can be classified into good quality sam-
ples category [3].

The effect of temperature provides not only the shift of the
bandgap energy but also the change in the broadening parameter. If
we grant the electron-phonon coupling as a main broadening mech-
anism, its parameter value can be written, by taking into account
the Bose-Einstein occupation factor, as in [13]:

T
[(T) =T, + 0 > 3
M=I (eef/T—l 3)
1.60 : T
¢ Celt
1581 o Cell2 .
—— CdTe ref[1]
1.56 «
Q
i 1.54} -
W52} 1
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148} o~
100 180 200 250 300
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Fig. 5. Bandgap energy values found from ER fittings as a function of temperature. The
upper curve represents the bandgap energy of the monocrystalline CdTe from ref. [1].
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Fig. 6. The temperature dependence of the broadening parameter I with fittings (solid
curves) using Eq. (3).

where I'; represents the broadening due to temperature-independent
mechanism such as crystalline imperfections and surface scattering,
[ represents the strength of electron-phonon coupling, Oy is an aver-
age phonon temperature.

Fig. 6 shows the ER broadening parameter I as a function of tem-
perature and least-squares fits (solid curves) with the Eq. (3) togeth-
er with fitting parameters. The obtained I'; values of 23 meV and
21 meV for samples Cell 1 and Cell 2, respectively, indicate relatively
high quality of the CdTe thin film. Calculated values of [, =12 meV
and ©r=338 k for Cell 1 and I[,=8 meV and ©r=233 « for Cell 2
are comparable for both solar cells. It is interesting that solar cell
with lower efficiency shows also a lower value of I'y. This difference
between broadening parameters could also be an important factor
in properties of the respective p-n junction. However further studies
are needed in order to clarify this assumption.

4. Conclusion

Temperature dependent ER measurements (T=100-300 K) were
performed with two different CdS/CdTe solar cells. All ER spectra
were fitted using Aspnes third derivative functional form. Room
temperature bandgap energies E;=1.499 eV and E;=1.481 eV for
Cell 1 and Cell 2, respectively, were found. The low value of the broad-
ening parameter I for both solar cells shows a good quality of CdTe
absorber layers. The formation of CdTe;_4Sx solid solution in the
p-n junction region was detected for both solar cells. However, Cell
2 had smaller broadening parameter value, but Cell 1 showed a better
solar cell performance. In conclusion, we showed that the tempera-
ture dependent ER measurements could give valuable information
about the junction properties of solar cells.
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The optical properties of single-crystal SnS were studied by photoreflectance (PR) spectroscopy.
Temperature-dependent PR spectra were measured in the range 20-200K. A room-temperature
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bandgap energy obtained from the PR spectra. The vibrational properties of orthorhombic SnS were
studied using Raman spectroscopy. Four vibrational modes were detected at 95, 163, 191, and 218 cm™.
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1. Introduction

Orthorhombic tin monosulfide (SnS) thin films have attracted
much attention because of their suitability for solar energy cells
with properties such as a direct optical bandgap [1-3], p-type
conductivity, and a high absorption coefficient of 10*-10° cm~!
[2,3]. SnS, a group IV-VI semiconductor, is a cheap and abundant
material with low toxicity. Theoretical calculations revealed con-
version efficiency of up to 25% for SnS photovoltaic devices [4]. The
highest value reported so far for an inorganic-organic heterojunc-
tion solar cell based on SnS-sensitized mesoporous spherical TiO,
electrodes is 2.8% [5]; however, thin-film SnS solar cells have
shown efficiency of only ~2.04% [6].

Although the optical properties of SnS have been studied for
over 30 years, there are still some open questions. The room-
temperature bandgap energy reported for SnS varies in the range
1.1-1.87 eV and the correct value is still unclear [1-3,7]. Kim and
George investigated SnS epitaxial films grown by atomic layer
deposition on glass substrates and found a bandgap energy of
E;=1.87eV [1]. Reddy et al. calculated bandgap energy of
Eg=1.47 eV from transmittance spectra for SnS films prepared by
thermal evaporation [2]. SnS films deposited by chemical bath
deposition had bandgap energies of 1.75 and 1.12 eV for zinc
blende and orthorhombic structures, respectively [3]. Lambros
et al. found bandgap energies of 1.14 and 1.10 eV for SnS single
crystals from absorption and reflectance spectra, respectively [7].
Large differences in the bandgap values could be caused by other
phases such as SnS; and Sn,Ss in the films, as described by Cheng
and Conibeer [8], or by change in absorption edge due to an
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indirect transition at lower energy. Additional studies using con-
trolled single-phase samples and different experimental methods
are needed to solve these discrepancies.

Photoreflectance (PR) has been widely used as a general
method for studying the optical and electrical properties of
semiconductors [9]. Because it is non-destructive and requires
no electrical contact, PR is one of the most useful among
modulated spectroscopy techniques. Here we present PR data for
monocrystalline SnS measured over a wide temperature range.

2. Experimental

SnS was synthesized from Proanalysi grade Sn and 3 N purity S.
The precursors were mixed and sealed in an evacuated quartz
ampoule and inserted into a furnace. The furnace was slowly
heated to 700 °C over 100 h and then kept at that temperature for
24 h before cooling to room temperature. The resulting polycrys-
tals were then sealed in an evacuated ampoule for sublimation.
The part of the ampoule in which the SnS powder was located was
kept at ~650 °C and SnS single crystals grew in the part at a lower
temperature zone of 620 °C. The sublimation process was allowed
to run for 3 weeks. The single SnS crystals obtained had a plate-
like shape with a good reflecting surface and were approximately
3 mm x 3 mm in size.

Raman spectral measurements were made at room tempera-
ture on a high resolution micro-Raman spectrometer (Horiba
JobinYvon HR800) equipped with a multichannel CCD detection
system in the backscattering configuration. An Nd-YAG laser
(=532 nm) with a spot size of 10 um in diameter was used for
excitation. X-Ray diffraction (XRD) measurements were performed
using a Bruker D5005 diffractometer (Bragg-Brentano geometry)
with Cu K, radiation (A=1.5406 A) at 40 kV and 40 mA and a
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graphite monochromator. The ICDD PDF-4+2012 database was
used for identification. The XRD pattern obtained for an SnS
monocrystal is shown in Fig. 1. All the XRD peaks closely match
those for orthorombic SnS. Lattice constants of a=1.1200 nm,
b=0.3980, and ¢=0.4320 nm were obtained for the crystal.

PR measurements were made using a traditional setup [9] with
a 40-cm grating monochromator and a 250-W halogen bulb as the
primary beam and a 51-mW solid-state laser (A=405 nm) as the
secondary beam. The reflectance signal at 85 Hz was detected
using a Si detector and a lock-in amplifier. The single crystals
investigated were glued onto the cold finger of a closed-cycle He
cryostat with cryogenic grease.

3. Results and discussion

Four main peaks are evident in the Raman spectra (Fig. 2). The
most intense peak is at 191 cm ™" and the others are at 95, 163, and
218 cm™'. According to the literature, these can be attributed to
orthorombic SnS [8,10,11]. The presence of additional phases could
not be detected from the Raman data. The Raman spectra were
fitted using Lorentzian functions to resolve the peaks. The lattice
vibrations at 95, 191 and 218 cm ™' correspond to the A, modes,
and the peak at 163 cm ™! to the B ¢ mode of SnS [10].

PR spectra at three different temperatures are shown in Fig. 3
for measurements in the temperature range 20-200 K. As the
temperature increases, the PR signal shifts to lower energy and
decreases in intensity, as observed from the scale factors.

Each PR spectrum was analyzed by fitting the data to a low-
field line-shape function with a third-derivative functional
form [12]:

AR/R = Re[Ae (E—Eg +ir) "], M

where E is the photon energy, A is the amplitude, ¢ is the phase, Eg
is the bandgap energy, and T" is the spectral broadening parameter.
The exponent m depends on the type of critical point and
determination of a suitable value is of particular importance in
analyzing PR spectra. A value of m=3, corresponding to a two-
dimensional critical point, did not give a good fitting result.
Therefore, m=2.5, corresponding to a three-dimensional critical
point, was used for PR spectral fitting since this yielded an
excellent fit for the majority of our data.

The temperature dependence of the bandgap energy obtained
by fitting the PR spectra to Eq. (1) is plotted in Fig. 4. Experimental
data were fitted to the O’'Donnell expression [13]

Eg(T) = Eg(0)—S(ho) [coth ((hw) /2kT)—1], 2)
where Eg(0) is the bandgap energy at 0K, S is a dimensionless

coupling constant, and (aw) is the average phonon energy.
The fitting parameters obtained were Eg(0)=1.375+0.001 eV,

T T T T
350+ 3 g
SnS

300+ g
250+ q

200 q

150+ q

Intensity (a.u.)

20 30 40 50 60 70
20 (degrees)

Fig. 1. XRD pattern for SnS monocrystals.

$=1.86+0.21 and (hw)=24.3 + 3.0 meV. By extrapolating the
fitting result to the O’'Donnell equation for higher temperatures
it is possible to estimate the bandgap energy at room temperature,
resulting in E; =1.317 eV. The average phonon energy of (ho)=
243 meV =196cm™! is very close to the value of 191 cm™'
measured by Raman spectroscopy (Fig. 2).

Fig. 4 shows the temperature dependence of the bandgap energy
for SnS obtained by Parenteau and Carlone [14] for comparison.
The comparison reveals differences in bandgap energy values
and their temperature-dependent behavior. Different samples and
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Fig. 2. Room-temperature Raman spectrum for single-crystal SnS.
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Fig. 3. Temperature-dependent PR spectra for single-crystal SnS. Circles show

experimental results and continuous lines are the fitting results according to
Eq. (1).
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Fig. 4. Bandgap energy values for single-crystal SnS determined by fitting the PR

spectra as a function of temperature, the data fit to Eq. (2), and data reported by
Parenteau and Carlone [14].
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measurement methods could be the reason for this discrepancy.
Parenteau and Carlone used optical absorption for bandgap studies
[14] while we used PR. These disparities confirm the need for
further studies of the properties of SnS.

4. Conclusion

PR of monocrystalline SnS was investigated in the temperature
range 20-200 K. The PR data obtained were analyzed by fitting the
spectra to a low-field line-shape function, from which the bandgap
energy at different temperatures was determined. The temperature
dependence of the bandgap energy was fitted using the O'Donnell
expression. The O’'Donnell model gives a room-temperature band-
gap estimate of 1.317 eV.
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1. Introduction

Large scale fabrication of thin film solar cells requires the develop-
ment of photovoltaic (PV) technologies based on cheap and non-toxic
elements abundant in the Earth's crust. The current leaders for single
junction thin film solar cells [1], namely Cu(InGa)Se; and CdTe-based
devices, have shown major successes but their large scale manufacture
faces difficulties due to the limited availability of indium (In) and galli-
um (Ga) as well as of selenium (Se) and tellurium (Te) [2], and also due
to toxicity issues with Se, Cd and Te. There is therefore a high demand
for semiconductor compounds for solar cell absorber layers containing
low cost, non-toxic, and easy to mine elements with high world re-
serves. A prime candidate for this is Cu,ZnSn(SSe),, which is a further
development of CulnSe, where rare and expensive In/Ga are substituted
with cheap and abundant Zn and Sn, alternating in the lattice on the
indium site of the chalcopyrite structure [3,4]. However the complexity
of this compound could be too challenging due to a very narrow single
phase region in its phase diagram resulting in a variety of secondary
phases present in the material [3].

* Corresponding author at: Department of Physics, SUPA, University of Strathclyde,
Glasgow G4 ONG, UK.
E-mail address: michael.yakushev@strath.ac.uk (M.V. Yakushev).

http://dx.doi.org/10.1016/j.tsf.2014.04.057

Alternative ternary semiconductors based on Cu, S and Bi, a non-
toxic element with an estimated reserve exceeding those of In and Ga
by two orders of magnitude [5], are potential candidates. One of the
leading among these is the natural mineral wittichenite Cu;BiS; with
an orthorhombic crystal structure and direct band gap [6,7]. This
compound also has a high absorption coefficient of ~10° cm™ ! and
can be p-type doped [8,9].

However the basic electronic properties vital for development of
Cu3BiS; photovoltaic devices are almost unexplored, as reflected in the
wide scatter of reported experimentally determined bandgap values
from 1.14 [7] to 1.41 eV [8]. Theoretical studies of this compound
suggested an indirect band gap of 1.69 eV while the smallest direct
band gap was estimated to be of 1.79 eV [10]. A study on defect states
and surface passivation of p-type CusBiS; has recently been reported
[11]. Theoretical studies suggest that doping CuzBiS3 with oxygen can
be used for the formation of an intermediate band (IB) extending
theoretical limit of conversion efficiency for Cu;BiS3-based IB solar cell
to 46% [12]. There are no publications on experimental studies of the
electronic band structure. Neither photoluminescence (PL) nor Raman
spectra have been reported.

The most common technique for bandgap measurement is optical
absorption. However, multinary compounds can often have deep poten-
tial fluctuations [13] generating tails in the absorption spectra [14]

0040-6090/© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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making such analysis difficult. Therefore the bandgap energy calculated
from the absorption spectrum could often be incorrect. More reliable
techniques for measuring the bandgap are electro- or photoreflectance
modulation methods [15].

In this paper we report the fabrication of photosensitive thin films of
Cus3BiS; by thermal annealing of metal precursors with a layer of
thermo-evaporated S and detailed characterisation of their structural,
optical and electronic properties.

2. Experimental details

Thin films of Cu3BiS; were fabricated using a two stage process. At
first 0.3 um thick precursor layers of Cu and Bi were magnetron
sputtered on Mo-coated soda-lime glass from 5 N-purity elemental tar-
gets. 1.5 um thick films of 4 N-purity sulphur were thermally evaporated
on these precursor layers. Then such structures were heated for 30 min
at a temperature of 250 °C in Ar atmosphere at a pressure of 100 Pa. An
excess of sulphur was provided in order to ensure full sulphurisation of
the precursor layer during the heating process. Hot probe measure-
ments revealed p-type conductivity of the synthesised Cu3BiS; material.
More information on the synthesis of sulphide compound films by
chalcogenisation of magnetron deposited multilayer metallic precur-
sors with a layer of sulphur can be found in references [16-19].

The morphology of the deposited films was analysed using a
low-vacuum FEI Quanta FEG 250 environmental scanning electron mi-
croscope (SEM) at an electron beam energy of 30 keV. The elemental
composition and lateral homogeneity were studied by Cameca SX100
wavelength-dispersive X-ray (WDX) microanalysis at an electron
beam energy of 5 keV. The structural properties and the presence of
secondary phases were examined by Raman spectroscopy and X-ray
diffraction. X-ray diffraction (XRD) measurements were performed
using a Bruker D5005 diffractometer (Bragg-Brentano geometry) with
Cu K1 radiation (A1/41.5406 A) at 40 kV and 40 mA and a graphite
monochromator.

Photoresponse was measured by immersing the films in a glass
cell with 0.2 M aqueous solution of Eu(NOs)3, as electron scavenging
redox electrolyte, using a three electrode configuration with Ag/AgCl
reference electrode, counter platinum electrode as well as the mo-
lybdenum back contact. Samples were illuminated with 75 Hz
chopped monochromated light from a tungsten halogen lamp. The
measured photo-current was maximised by adjusting the potential
with respect to the reference electrode. Photo-current excitation
spectra were recorded using a standard Bentham lock-in amplifier
and then normalised against calibrated silicon and germanium
photodiodes. Such normalised spectra correspond to the apparent
quantum efficiency (AQE).

The photoreflectance (PR) measurements were carried out at
temperatures from 10 to 300 K using a 40 cm focal length single grating
monochromator, Si detector and closed-cycle helium cryostat.
Monochromated light from a halogen lamp was employed as the prima-
ry beam whereas the 85 Hz modulated 405 nm line of an 80 mW solid
state laser was used as the secondary, pumping beam source. The
photoluminescence (PL) measurements were carried out using a 1 m
focal length single grating monochromator and the 514 nm line of a
200 mW Ar™ laser for excitation and either a closed-cycle helium cryo-
stat for temperature resolved measurements or a liquid helium cryostat
to analyse excitation intensity dependencies. The PL signal was detected
by either an InGaAs photomultiplier tube (PMT) or a photodiode for
measurements in the spectral ranges from 0.9 to 1.7 um and 0.9 to
1.9 pm, respectively.

3. Results and discussion

The cross-section and surface views of the film, shown in Fig. 1(a) and
(b), respectively, demonstrate a dense homogeneous layer with an

il

Fig. 1. Cross sectional (a) and surface (b) SEM micrograph views of the Cu3BiS; films.

average thickness of 0.7 pm. The cross-section in Fig. 1(a) demonstrates
that the film structure is columnar with the column diameter of 0.1 um.

WDKX analysis of the film indicates an elemental composition of
42.4 at.% Cu, 14.7 at.% Bi and 42.9 at.% S with a statistical uncertainty
of £0.6 at.%. This gives a formula of Cus ooBi; 045303 With uncertainties
of +0.04. A beam energy of 5 keV corresponds to a sampling depth of
approximately 0.1 pm. A WDX line-scan across several millimetres
of the surface demonstrates good lateral homogeneity of the films, as
shown in Fig. 2.

The XRD pattern of the film along with the standard (pdf: 043-1479)
orthorhombic pattern shown in Fig. 3 reveals the formation of
a wittichenite lattice structure (with the lattice parameters a =
0.7661 nm, b = 1.0388 nm, ¢ = 0.6712 nm), peaks associated with
metallic molybdenum and bismuth implying the presence of Bi clusters.

Raman spectra, measured at different points of the films at room
temperature, consistently reveal four modes at 96, 125, 264 and
292 cm™ ! as shown in Fig. 4. The dominant peak at 292 cm™! has a
full width at half maximum (FWHM) of 12 cm~ .

The electronic structure of CusBiSs was analysed using PR. A modu-
lation of the built-in electric field, created by the surface band bending
due to the photo-injection of electron-hole pairs by a chopped incident
laser beam, generates differential changes of the complex dielectric
function and the amplitude of the PR signal AR/R [15]. Fig. 5 shows
room temperature PR spectra, which demonstrate a strong resonance
at 1.2 eV.

Decreasing the temperature down to 80 K shifts this resonance to-
wards higher energies and reveals a second resonance at 1.5 eV. Further
decrease of temperature, down to 10 K, shifts the resonances further
towards higher energies and makes both resonances sharper as
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Fig. 2. WDX line-scan of the S, Bi and Cu elemental composition.
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Fig. 3. XRD pattern of CusBiS; on Mo coated glass in comparison with standard
wittichenite orthorhombic pattern.

shown in Fig. 5. The experimental PR spectra were fitted with the
function [20,21],

p . —
AR/R=Re > Cje" (E—Egj+irj) " 1)
=

where E is photon energy, G, 0;, Eg j and [ are the amplitude, phase,
transition energy and broadening parameter of each resonance, respec-
tively, p is the number of resonances and i is the imaginary unit. A two
resonance (p = 2) fit was used for low temperature PR spectra. The m
parameter is defined by the type of the critical point and m = 5/2,
corresponding to interband transitions and a three-dimensional critical
point, has been assumed for the calculations. The fitted curves for the
temperature 10, 80 and 300 K are shown by solid lines in Fig. 5.
Values for E, for different temperatures, determined using the best
fits, are shown in Fig. 6. The presence of two band gaps can be associated
with splitting of the valence band. Such splitting has been reported for
ternary I-11I-1V, semiconductor compounds with chalcopyrite struc-
ture [22,23]. Measurements on AgInS,, a semiconductor compound
which crystallises in two different phases chalcopyrite and orthorhom-
bic, reveal a splitting of the valence band into three sub-bands for both
of them [24]. In the chalcopyrite phase the splitting into A, B and C
sub-bands occurs due to the simultaneous influence of the crystal field

CuBBiS3 292 cm™

96 cm”’ 264 cm”

125 cm’

!

Intensity (arb.units)
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200 300

Raman Shift (cm™)

1
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Fig. 4. Raman spectra of the Cu3BiS; thin films.

AR/R (arb. units)

Photon energy (eV)

Fig. 5. PR spectra of Cu3BiSs films at different temperatures (b); symbols are experimental
PR spectra, and the curves are best fits using Eq. (1). Temperature dependence of the X and
Y bandgap energies (c); symbols are experimental E,, and the curves are best fits using
Eq. (2).

and spin orbit interaction whereas in the orthorhombic one a splitting
into X, Y and Z sub-bands is considered to be solely due to the influence
of the crystal field. For the orthorhombic structure of Cu3BiS; we use the
notations X and Y for the top two bands.

The temperature dependencies of Egx and Egy were fitted with the
expression introduced by O'Donnell and Chen [25],

E4(T) = E4(0)—S<fw>/| coth(<hw>/2kT)—1] 2)

where Eg(0) is the bandgap energy at 0 K, S is a dimensionless coupling
constant and < hiw > represents an average phonon energy. The solid
curves in Fig. 6 are the best fits of the E,(T) values using Eq. (2) with
the fitting parameters shown in Table 1. The determined average
phonon energies are in the range of the measured energies of the
Raman modes.

Fig. 6 demonstrates a strong decrease of both energy gaps with
increasing temperature so at room temperature E,(X) = 1.18 eV. A
reduction in the splitting of the valence bands, from 0.28 eV at 10 K to
0.27 eV at 100 K can also be observed.

PL spectra provide information on the mechanisms of radiative re-
combination and the nature of defects [26]. The low temperature
(4.2 K) PL spectrum in Fig. 7, measured with the extended range detec-
tor, contains two non-resolved broad bands: A1 at about 0.99 eV with a
full width at half maximum (FWHM) of 160 meV and (A2) at 0.84 eV
with a FWHM of 140 meV. The relative intensities of the bands vary at
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Fig. 6. Temperature dependence of the X and Y bandgap energies E,; symbols are experi-
mental Eg, and the curves are best fits using Eq. (2).



198 M.V. Yakushev et al. / Thin Solid Films 562 (2014) 195-199

Table 1

The bandgap Eg, coupling constant S and average phonon energy < fio > for the X and Y
valence bands, determined by fitting the experimental temperature dependencies of Eg
using Eq. (2).

Valence band E; (0), eV S <hw>, meV
X 124 0.54 6
Y 153 0.70 20

different points on the sample, but their spectral positions remain the
same.

The dependence of the total integrated PL intensity (I) of both bands
on increasing laser power P was fitted to the equation I ~ P”. A deter-
mined value of y = 0.71 suggests that these bands are associated with
defect related transitions [27]. No significant spectral shifts were
observed as the excitation laser power density was increased from
0.26 to 2 W/cm?.

The PLintensity of the A1 band increases at a greater rate than that of
the A2 band, as clearly seen in Fig. 8 which shows spectra excited with
laser power densities of 0.26, 0.78 and 2 W/cm? and normalised to the
A2 band intensity for 2 W/cm?. The low energy tail of the A2 band is
cut-off beyond the 1.7 um limit of the PMT used for this measurement.

The temperature dependence of the PL spectra from 5 to 90 K is
shown in Fig. 9(a). These spectra reveal significant water absorption at
0.9 eV. The spectral positions of the A1 and A2 bands do not shift within
this temperature range. Also the A1 band is seen to quench at a greater
rate than A2. An Arrhenius plot of the temperature quenching for the
integrated intensity of both bands I is shown in Fig. 9(b), revealing a
straight line region between 50 and 90 K.

The best fit of the experimental data points in this region was
achieved assuming one recombination channel model I(T) = Iy
[1 + Aexp(—E, / kT)], where I, (intensity at the lowest temperature),
E, (activation energy) and A are the fitting parameters and k is the
Boltzmann constant. An activation energy of 40 4+- 4 meV is determined.

The excitation intensity and temperature analysis of the bands sug-
gests a preliminary interpretation as the recombination of electrons
bound to deep donors and holes bound to deep acceptors [28]. Accord-
ing to this model, recombination of electrons and holes of close highly
localised donors and acceptors with different spatial separations can
generate several peaks each corresponding to a particular separation.

An increase in the laser intensity leads to recombination of closer
located donor-acceptor pairs, which have greater Coulomb energy.
This redistributes the intensity towards higher energy peaks.

For merged peaks this process results in a spectral shift of the PL
band maximum towards higher energy with increasing laser power,
whereas redistribution of intensities is a characteristic of non-merged

42K
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Fig. 7. Extended PL spectrum of Cu3BiSs.
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42K 0.26 Wicm W

E, / — 55mW

0.78 W/cm®

Normalised PL intensity

I 1 I 1
0.8 1.0 1.2

Photon Energy, eV ‘

Fig. 8. Normalised PL spectra at different excitation powers (E. is the detector cut-off
energy).

peaks. Ionisation of a shallower defect, located at 40 meV from the
valence or conduction band, can cause the observed temperature
quenching of both bands. An AQE spectrum, shown in Fig. 10(a),
demonstrates a photoresponse of about 1% in the photon range of 1.1-
2.3 eV. A similar photoresponse also measured using Eu™> electrolyte
has been reported in [9]. Varying the potential with respect to the
reference electrode the authors of [9] derived the doping density values.
AQE depends on absorption coefficient « as [29],

AQE = 1— exp(—aW), 3)

where W is the width of the space charge region. For a direct allowed
transition, the dependence of the absorption coefficient on the photon
energy hv should follow the relation,

ahw e (h—E)", @)

Therefore [hv In(1 — AQE)]?, as a function of photon energy hv,
should follow a straight line. Fig. 10(b) demonstrates a clear linearity
of the [hw In(1 — AQE)]? dependence on hv suggesting a direct allowed
nature of the bandgap in CusBiSs. Extending this line to the intersection
with the hv axis, as shown in Fig. 10(b), gives an estimate of E; =
1.22 eV which is close to that determined from PR measurements at
room temperature.
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Fig. 9. Temperature dependence of the PL spectra (a), Arrhenius plot of the temperature
quenching of the A1 and A2 band integrated intensity (o experimental data, - fitted
straight line) (b).
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Fig. 10. Apparent quantum efficiency of the CusBiS; film (a), the dependence of [ahv]? on
hv and estimation of E, (b).

4. Conclusion

Thin films of p-type CusBiS; with good lateral homogeneity and
wittichenite orthorhombic lattice structure have been synthesised by
thermal annealing of Cu and Bi precursor, magnetron sputtered on
Mo/glass substrate, with a layer of thermo-evaporated S. Photo-
reflectivity spectra at 10 K reveal two band gaps, at 1.24 and 1.53 eV,
which were associated with the X and Y valence sub-bands, respective-
ly, split due to the crystal field influence. Two broad emission bands at
0.99 and 0.84 eV were observed in the PL spectra at low temperatures.
Excitation power changes did not shift the bands causing a redistribu-
tion of PL intensity towards the higher energy band. Both bands were
quenching at a temperature of 90 K. An activation energy of 40 meV
was determined by the Arrhenius analysis of the quenching. The photo-
current excitation spectra demonstrate a photoresponse of the films and
suggest a direct allowed nature of the band gap.
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ABSTRACT

Electroreflectance measurements (ER) of Cu,ZnSnSe, (CZTSe) solar cell were performed in

the temperature range of T=100-300 K. ER spectra were fitted using the Lorentzian line

Keywords:
Kesterite shape functional form. The broadening parameter did not change with temperature and
CZTSe had very high value of 125 meV. High concentration of charged defects and spatial

Electroreflectance
Bandgap

fluctuations of bandgap energy caused by the presence of both ordered and disordered
crystal structures and/or different defect clusters are the main reasons for broadening of

the ER spectra. The temperature dependence of the band-gap energy for CZTSe was
determined from ER data. The overall shift of the bandgap energy was found to be only
about 26 meV from room temperature to T=0 K.

© 2015 Published by Elsevier Ltd.

1. Introduction

In recent years kesterite Cu,ZnSnSe, (CZTSe) thin films
have been intensively investigated as a potential low cost
absorber for solar cells. Cu,ZnSn(S,Se; _x)4 (CZTSSe) based
thin film solar cells have achieved efficiencies as high as
12.6% [1] while CZTSe cells have shown efficiency of 11.6%
[2]. However, compared to thin film solar cells with a
similar band gap E, but based on the related Cu(In,Ga)(S,
Se), absorber, CZTSe cells have lot of additional problems.

It is known from different experiments that kesterites
exhibit a disorder in the Cu-Zn layers at z=1/4 and z=3/4
of the unit cell due to [Znc,-Cuz,] antisite defect pairs
[3,4]. The presence of Cu-Zn disorder and different defect
clusters can significantly reduce the bandgap energy E,

* Corresponding author. Tel.: +372 6203364; fax: +372 6203367.
E-mail addresses: juri.krustok@ttu.ee (J. Krustok),
taavi.raadik@ttu.ee (T. Raadik), maarja.Grossberg@ttu.ee (M. Grossberg),
sgiraldo@irec.cat (S. Giraldo), mneuschitzer@irec.cat (M. Neuschitzer),
slopez@irec.cat (S. Lopez-Marino), esaucedo@irec.cat (E. Saucedo).

http://dx.doi.org/10.1016/j.mssp.2015.04.055
1369-8001/© 2015 Published by Elsevier Ltd.

[5,6]. The coexistence of ordered and disordered structures
in CuyZnSnS, (CZTS) was experimentally discovered using
low temperature photoluminescence (PL) measurements
[7]. It was found that the difference between bandgap
energies of ordered and disordered structures is about
80 meV, the latter being smaller. Similar results have been
obtained also in CZTSSe (S/Se-ratio of 8%), where using the
electroreflectance the room temperature bandgap energy
E; of ordered and disordered CZTSSe was found to be
1.08 eV and 0.96 eV respectively [8]. In pure CZTSe the Cu-
Zn ordering can increase E; by 110 meV as compared to
fully disordered material and therefore E; can be used as
an order parameter [9]. The critical temperature for the
CZTSe order-disorder transition was found to be about
200 °C [9]. At equilibrium, the CZTSe is completely dis-
ordered if the temperature is above 200 °C. Below this
critical temperature the equilibrium ordering degree
increases continuously and the perfect order is reached
only at OK. It was found that the room temperature
bandgap energy E; of ordered and disordered CZTSe
is about 1.057 eV and 0.94 eV respectively [9]. Degree of
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Cu-Zn ordering can be changed also by using different
cooling rates near the critical temperature after the high
temperature treatment [8,10].

It is expected that the total charged defect concentra-
tion is lower in ordered CZTSe, but recent PL measure-
ments of CZTSe thin films [9] and also CZTS monograins
did not confirm this hypothesis [10]. At the same time, the
defect structure and the nature of defect complexes
changed with a cooling rate. It is worth to mention that
CZTSe with the lowest defect concentration so far and
showing an excitonic photoluminescence emission has a
room temperature bandgap energy of E;=1.01 eV [11] and
thus a significant quantity of Cu-Zn disordering. Besides
Cu-Zn disordering the bandgap energy depends also on
quality and composition of samples. These are the main
reasons for a large discrepancy between reported E, values
of CZTSe in the literature.

Majority of measured CZTSe samples show properties
of so-called heavily doped material. The conditions of
heavy doping originate from the high concentration of
native defects that is often observed in kesterites [12-14].
In a semiconductor with a random distribution of charged
donors and acceptors spatial fluctuations of the electro-
static potential are formed. These potential fluctuations
will lead to a local perturbation of the band structure, thus
broadening the defect level distribution and forming band
tails. As a result, the band gap in the heavily doped
semiconductor is not well defined and is usually deter-
mined by the percolation levels of electrons and holes.
This fact introduces additional problems when the band-
gap energy is measured using common methods like the
absorption or an external quantum efficiency (EQE) spec-
tra. In [14] it was shown that the band gap of CZTSe can be
estimated by extrapolation of the low-energy slope of the
recorded EQE curve only at temperatures T> 250 K. At
lower temperatures EQE starts to decrease and this is
related to a localization of generated holes inside deep
valence band potential wells. It is obvious that EQE
depends not only on the absorption coefficient but also
on the ability of generated charge carriers to reach the
front and back contacts. At T < 250 K the mobility of holes
rapidly decreases due to localization and the bulk recom-
bination through these deep wells increases reducing the
overall EQE.

At the same time not only a room temperature band
gap is important but also a temperature dependence of Eg.
Recently Choi et. al. [15] published their spectroscopic
ellipsometry study of the dependence of the band-gap
energy for CZTSe on temperature ranging from 50 to
350 K. Their thin film samples showed a room temperature
bandgap energy of E;=0.97 eV and according to [9], this
low E; must be related to high degree of Cu-Zn disorder-
ing. It was found that E; of CZTSe decreases with increas-
ing temperature, but the variation seems to be relatively
small. However, the measurement of the absorber band
gap in finished solar cells is often also interesting and
probably gives additional information about solar cell
properties. For example, in the CdTe/CdS solar cells a
formation of CdS,Te;_, solid solution at the interface
was detected in [18]. Moreover, it could be attractive to
test a temperature dependence of E; on samples with

higher degree of ordering. Many experimental techniques
have been applied to measure band gaps of CZTSe cells.
One such technique is the electroreflectance spectroscopy
(ER). Electroreflectance spectroscopy is staging an impor-
tant role in determining the electronic structures and
probing the optical properties of semiconductors due to
its easy implementation and exhibition of relatively sharp
spectra without noticeable background even at room
temperature. Modulation of the electric field by an AC
voltage in a space charge region of a thin film solar cell
offers a convenient and non-destructive way to detect
critical points within the region of the barrier. Recent room
temperature ER measurements of CZTSSe solar cells [8]
proved that this method can really be used for a band gap
measurements even in highly doped kesterites. In CZTSe
solar cells ER is not used before and no data about the
temperature dependence of E, in real solar cells is present.

In this paper, we report on temperature dependence of
the bandgap energy E, in CZTSe thin film solar cells
detected by ER.

2. Experimental details

CZTSe absorber for this study was prepared by reactive
thermal annealing of metallic prepursor stack deposited by
DC magnetron sputtering onto Mo coated soda lime glass
substrates, as described elsewhere in more detail [20]. The
CZTSe absorber composition was measured by X-ray flores-
cence spectroscopy showing relative cation composition of
Cu=38.0%, Zn=36.7% and Sn=25.3% which results in cation
ratios of Cu/(Zn+Sn)=0.61, Zn/Sn= 145, Cu/Zn=1.04, and
Cu/Sn=1.5. Highest device performance is reported in this
Cu poor Zn rich compositional range and recently even for
very Cu poor absorber layers performant devices with
especially high Voc values are reported [24]. Solar cells were
finished by depositing a CdS buffer layer by chemical bath
deposition followed by DC-pulsed sputtered ZnO (50 nm)
and In,05:5n0, (90/10 wt%; 350 nm, R,=50 Q cm~ ') win-
dow layer. Prior to CdS deposition the CZTSe absorber was
etched using an oxidizing etching to remove possible ZnSe
secondary phases from the surface as reported in [20]. The
compositional values presented here were measured prior
the specific surface etching because time between surface
etching and buffer layer deposition is crucial to avoid surface
contamination. Thus a reduction in Zn composition is
expected in the final CZTSe absorber layer. The individual
solar cell used for this study shows power conversion
efficiency of 7=6.6% with Jc=28.3 mA cm 2, V,.=368 mV,
and FF=63%.

For the electroreflectance measurements the DC- and
AC-voltages were applied to a solar cell under study via
back and front contacts by a pulse generator with fre-
quency of 275 Hz, AC value of + 0.8 V and DC component
of —0.8 V. Computer controlled grating monochromator
SPM-2 (f=40 cm) together with a 250 W quartz-tungsten
halogen lamp was used for illumination. The change in
reflectance AR and reflectance R were both measured
using a lock-in amplifier (SR 810) and a Ge detector in
the spectral range from 0.8 to 1.5 eV. The solar cell was
mounted into a closed-cycle He cryostat to perform
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temperature dependent measurements in the range of
T=100-300 K.

Electroreflectance can be classified into three cate-
gories: weak, intermediate and strong field regimes,
depending on the strength of a local electrical field in
the junction. In our case the weak field regime seems to be
present. ER spectra near the fundamental band-gap energy
with a weak field approach can be well fitted with a third
derivative functional form (TDFF) given by Aspnes [16]

AR i : —-m
T:Re[Ce'/’(E—EgHF) } )

where E is the photon energy, C is an amplitude parameter,
@ phase parameter, E, energy of the bandgap and /" is a
broadening parameter. The exponent m depends on the
type of the critical point and is usually related to the line
shape of the dielectric function (e.g., Lorentzian or
Gaussian).

3. Results and discussion

Temperature dependent ER spectra together with
Aspnes fit (Eq. (1)) of CZTSe cell are presented in Fig. 1. It
is clearly seen that the spectrum shifts towards higher
energies with decreasing temperature, but the shift is very
small and the shape of ER peak remains relatively unaf-
fected. This means that the linewidth is determined by the
inhomogeneous broadening. Although the spectral fit with
Eq. (1) gives good results near the critical point, we still
notice some deviation at higher energies, see Fig. 1. This
deviation could be an indication of a second critical point
at higher energy. For example, in [15] the room tempera-
ture Eo(C) bandgap of CZTSe due to spin-orbit splitting of
valence band was found at 1.272 eV. However, our ER
signal was too low near this energy and therefore we fitted
only the main peak. The overall shape of the main peak is
determined by a high concentration of charged defects and
spatial fluctuations of the band edge in this compound. As
a result the dielectric function will be affected and inho-
mogeneous broadening mechanisms start to dominate.

600 T T T T
Cu,ZnSnSe,
400 | g
T=135K
)
‘c 200 | B
=
£
© ofo,
N—" L) J.n%
r Ors e
% WA
experiment 295K
-200 |- fitting T
E 9 o experiment 135K
gl l fitting
-400 1 1 1 1
0.8 0.9 1.0 1.1 1.2 1.3

E (eV)

Fig. 1. ER spectra of CZTSe solar cell at temperatures 135 K and 295 K.
Dots show the experimental data and continues lines are the fitting
results with Eq. (1).

Moreover, the best fit was achieved using remarkably high
m values m > 3. However, according to our calculations the
exponent m mostly determines the line-shape of the ER
spectrum far from a critical point and does not affect the
spectrum near the bandgap energy E.. An average value of
the broadening parameter /"~ 125 meV is practically con-
stant over the whole temperature range and one possible
explanation is, that not only potential fluctuations, but also
the bandgap energy fluctuations due to presence of
ordered and disordered structures and/or different defect
clusters [5,6,22] are affecting the inhomogeneous broad-
ening. Very similar bandgap energy fluctuations were
discovered by PL in the ternary compound CuGasSes [19]
and, as a rule, they lead to an abnormal widening of PL and
ER bands. Therefore, the bandgap energy E, obtained from
ER fittings always represents some average value. Very
wide room temperature ER spectra were measured also in
CZTSSe by Krammer et al. [8]. They noticed that, due to
inhomogeneous broadening mechanisms, the resulting
modulus spectra calculated from ER experiments could
be better fitted with a Gaussian lineshape instead of
Lorentzian. It seems that this inhomogeneous broadening
due to spatial bandgap energy and potential fluctuations is
a typical feature in all kesterites and does not depend on
the bandgap energy. Unfortunately, ER measurements
were not possible at T< 100 K because ER signal dropped
significantly. At low temperatures holes start to localize in
the valence band potential wells and as a result, the series
resistance of the solar cell increases considerably [14,23].
This leads to a reduction of an external electric field on a
junction and accordingly ER signal drops.

The resulting band gap values for the CZTSe cells are
shown in Fig. 2. The temperature dependence of E; was
fitted with the expression introduced by O’Donnell and
Chen [17]:

E¢(T) = E¢(0)—S < hw > [coth( < ha > /2kT)—1], )

where E,4(0) is the band gap energy at 0K, S is a dimen-
sionless coupling constant and (4®) represents an average
phonon energy. The solid curve in Fig. 2 is the best fit of

1.010 p— T T T

1.005

1.000

0.995

S\ "
L 099 | fitting ]
w” el m  experiment
0.985 - “\\\ - - - - data from [15]
0.980 | e ]
0.975 |+ Seo \_
100 150 200 250 300

T(K)

Fig. 2. Bandgap energy values found from ER fittings as a function of
temperature. Solid curve is a fitting result with Eq. (2). The dashed curve
represents the temperature dependence of bandgap energy of CZTSe
according to data from ref. [15].
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the Eg(T) values using Eq. (2) with the fitting parameters
E; (0)=1.006+0.001¢eV, $S=2.0+0.6 and (hw)=85+
13 meV. The overall shift of E, is only about 26 meV from
room temperature to T=0 K. Somewhat greater shift was
found by Choi et al. [15], see Fig. 2.

4. Conclusion

In conclusion, temperature dependent ER measure-
ments (T=100-300 K) were performed with CZTSe solar
cell. All ER spectra were fitted using Aspnes third deriva-
tive functional form. High values of the broadening para-
meter /I are explained by the high concentration of
charged defects and spatial fluctuations of the bandgap
energy caused by the presence of both ordered and
disordered structures and/or different defect clusters in
CZTSe. Temperature dependence of the bandgap energy of
CZTSe was determined. The overall shift of the bandgap
energy was found to be only about 26 meV from room
temperature to T=0 K.
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