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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,
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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

4062620464

o S
(b)
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20+ 1

40
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Fig. 2. WDX line-scan of the S, Bi and Cu elemental composition.



M.V. Yakushev et al. / Thin Solid Films 562 (2014) 195-199 197

Bi

—_
»
a
c
=1
Q
o
L
>
=
@
Sl=

= =)
Elz = g
25 E 12
% N
X

(020
(
(

20 30 40 50
20 (degrees)

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)

1 1
200 300

Raman Shift (cm™)

1
100

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

155 F
L & o °
__150F M
S
L = =
W25
=]
120 o
| | | |
0 700 200 300

Temperature (K)

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).
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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

A1

A2

PL intensity (arb.units)

0.8

1.0
Photon energy (eV)

Fig. 7. Extended PL spectrum of Cu3BiSs.

2——40 mW
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.

5K

i . [
(a) %:-2\ O O
2 850 ©
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& W L L
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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.

Acknowledgements

This work was supported by the EPSRC Materials in Engineering
(4.5.01), SUPERGEN programme “Photovoltaics for the 21st Century”,
KTF, BCFR (F11MC-021), RFBR grants 11-03-00063, 13-03-96032,
12-U3-1006, and 14-02-00080 and Estonian Science Foundation Grant
G-8282.

References

[1] M.A. Green, K. Emery, Y. Hishikawa, W. Warta, Solar cell efficiency tables (version
37), Prog. Photovolt. Res. Appl. 19 (2011) 84.

[2] B.A. Andersson, Materials availability for large-scale thin-film photovoltaics, Prog.
Photovolt. Res. Appl. 8 (2000) 61.

[3] S. Siebentritt, S. Schorr, Kesterites—a challenging material for solar cells, Prog.

Photovoltaics 20 (2012) 512.

F. Luckert, D.I. Hamilton, ML.V. Yakushev, N. Beattie, G. Zoppi, M. Moynihan, . Forbes,

AV.Karotki, AV. Mudryi, M. Grossberg, ]. Krustok, RW. Martin, Optical properties of

high quality Cu,ZnSnSe, thin films, Appl. Phys. Lett. 99 (2011) 062104-1.

[5] U.S.Geological survey, Mineral Commodity Summaries, January 2012.

[6] P.K.Nair, L. Huang, M.T.S. Nair, H. Hu, E.A. Meyers, R.A. Zingaro, Formation of p-type

Cus3BiS; absorber thin films by annealing chemically deposited Bi,S;~CusS thin films,

J. Mater. Res. 12 (1997) 651.

V. Estrella, M.T.S. Nair, P.K. Nair, Semiconducting Cu3BiSs; thin films formed by the

solid-state reaction of CuS and bismuth thin films, Semicond. Sci. Technol. 18

(2003) 190.

[8] F. Mesa, G. Gordillo, Effect of preparation conditions on the properties of CusBiS3
thin films grown by a two-step process, J. Phys. Conf. Ser. 167 (012019) (2009) 1.
[9] D. Colombara, L.M. Peter, K. Hutchings, K.D. Rogers, S. Schéfer, J.T.R. Dufton, M.S.

Islam, Formation of Cu3BiS; thin films via sulfurization of Bi-Cu metal precursors,
Thin Solid Films 520 (2012) 5165.

[10] M. Kumar, C. Persson, CusBiSs as a potential photovoltaic absorber with high optical
efficiency, Appl. Phys. Lett. 102 (2013) 062109-1.

[11] F. Mesa, G. Gordillo, Th. Dittrich, K. Ellmer, R. Baier, S. Sadewasser, Transient surface
photovoltage of p-type CusBiSs, Appl. Phys. Lett. 96 (2010) 082113-1.

[12] C. Tablero, Photovoltaic application of O-doped Wittichenite-CusBiSs: from micro-
scopic properties to maximum efficiencies, Prog. Photovolt. Res. Appl. 21 (2013)
894

[4

[7

[13] J. Krustok, H. Collan, M. Yakushev, K. Hjelt, The role of spatial potential fluctuations
in the shape of the PL bands of multinary semiconductor compounds, Phys. Scr. T79
(1999) 179.

[14] L Dirnstorfer, Mt. Hofmann, M.D. Lampert, F. Karg, B.K. Meyer, Culn(Ga)Se, solar
cells: characterization of the absorber material, Inst. Phys. Conf. Ser. 152 (1998) 233.

[15] F.H. Pollak, H. Shen, Modulation spectroscopy of semiconductors: bulk/thin film,
microstructures, surfaces/interfaces and devices, Mater. Sci. Eng. R10 (1993) 275.

[16] D. Colombara, L.M. Peter, K.D. Rogers, K. Hutchings, Thermochemical and kinetic
aspects of the sulfurization of Cu-Sb and Cu-Bi thin films, J. Solid State Chem. 186
(2012) 36.

[17] B.M. Basol, V.K. Kapur, Deposition of CulnSe, films by a two-stage process utilizing
E-beam evaporation, [EEE Trans. Electron Devices 37 (1990) 418.

[18] I. Forbes, K. Reddy, D. Johnston, R.W. Miles, D.W. Lane, K.D. Rogers, A. Chapman, R.f.
sputtering of high-quality Cu/In precursor layers and conversion to CulnS, using
elemental sulfidization processes, J. Mater. Sci. Mater. Electron. 14 (2003) 567.

[19] P. Maiello, G. Zoppi, RW. Miles, N. Pearsall, I. Forbes, Chalcogenisation of Cu-Sb
metallic precursors into Cu3Sb(SexS1 — x)3, Sol. Energy Mater. Sol. Cells 113
(2013) 186.

[20] D.E. Aspnes, in: M. Balkanski (Ed.), Handbook on Semiconductors 1I, vol. 2, North-
Holland, Amsterdam, 1980, p. 109, (Chap. 4A).

[21] T. Raadik, J. Krustok, M.V. Yakushev, Photoreflectance study of AgGaTe2 single
crystals, Phys. B Condens. Matter 406 (2011) 418.

[22] M.V. Yakushev, F. Luckert, C. Faugeras, A.V. Karotki, A.V. Mudryi, RW. Martin,
Diamagnetic shift of the A free exciton in CuGaSe2, Appl. Phys. Lett. 97 (2010)
152110-1.

[23] J.L. Shay, ].H. Wernick, Ternary Chalcopyrite Semiconductors-Growth, Electronic
Properties, and Applications, Pergamon Press, Oxford, 1975.

[24] J.L. Shay, B. Tell, LM. Schiavone, H.M. Kasper, F. Thiel, Energy bands of AgInS; in the
chalcopyrite and orthorhombic structures, Phys. Rev. B9 (1974) 1719.

[25] K.P. O'Donnell, X. Chen, Temperature dependence of semiconductor band gaps,
Appl. Phys. Lett. 58 (1991) 2924.

[26] H.B. Bebb, E.W. Williams, in: R.K. Willardson, A.C. Beer (Eds.), Semiconductors and
Semimetals, Academic, New York, 1972.

[27] T. Schmidt, K. Lischka, W. Zulehner, Excitation-power dependence of the near-
band-edge photoluminescence of semiconductors, Phys. Rev. B 45 (1992) 8989.

[28] J. Krustok, J. Raudoja, M. Krunks, H. Mandar, H. Collan, Nature of the native deep
localized defect recombination centers in the chalcopyrite and orthorhombic
AgInS, J. Appl. Phys. 88 (2000) 205.

[29] J.Scragg, P.J. Dale, LM. Peter, G. Zoppi, I. Forbes, New routes to sustainable photovol-
taics: evaluation of Cu,ZnSnS, as an alternative absorber material, Phys. Stat. Sol. (b)
245 (2008) 1772.






Appendix A

Article V

J. Krustok, T. Raadik, M. Grossberg, S. Giraldo, M. Neuschitzer, S. Lopez-
Marino, E. Saucedo. Temperature dependent electroreflectance study of
CupZnSnSe;s solar cells. Materials Science in Semiconductor Processing, (in

press).

87






n

13

15

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

57

59

61

Materials Science in Semiconductor Processing  (1nsn) mni-s

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/mssp

X R aterials Science
in Semiconductor

Materials Science in Semiconductor Processing

Temperature dependent electroreflectance study

of Cu,ZnSnSe,4 solar cells

Jiiri Krustok ®*, Taavi Raadik ?, Maarja Grossberg?, Sergio Giraldo ",
Markus Neuschitzer®, Simon Lépez-Marino ”, Edgardo Saucedo”

2 Department of Materials Science, Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia
b Catalonia Institute for Energy Research, IREC, Jadins de les Dones de Negre 1, 08930 Sant Adria de Besos, Barcelona, Spain

ARTICLE INFO

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

10.1016/j.mssp.2015.04.055
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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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