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The optical and electrical properties of SnS thin film solar cell, manufactured by close spaced sublimation, was
studied by electroreflectance spectroscopy, external quantum efficiency and current-voltage characteristics in the
temperature range of T = 20-300 K. Temperature dependence of the open circuit voltage indicated to the

interface recombination as the main limiting factor for the device performance. Room temperature external
quantum efficiency curves of SnS solar cell showed two optical transitions at 1.30 eV and 1.53 eV. These findings
contribute to the better understanding of the fundamental properties of SnS as a prospective absorber material

for next-generation solar cells.

1. Introduction

There is a continuous search for earth abundant, nontoxic and cheap
materials for solar energy conversion. Orthorhombic SnS has all the
necessary parameters to be a good absorber material in thin film solar
cells, namely p-type conductivity, high absorption coefficient 10*-10°
cm ! and a direct optical bandgap of Eg=1.317 eV at room temperature
[1-4]. On the other hand SnS bandgap value of Eg=1.1 eV for ortho-
rhombic - and Eg=1.7 eV for cubic crystal structure has been reported
[5,6], additionally in SnS an indirect optical transition is possible with
band gap energy of 1.07 eV [7]. Despite the fact that the optical and
electrical properties of SnS have been studied for a decade, there are still
many uncertainties and open questions, especially concerning bandgap
energy values and behavior from temperature. Nevertheless, SnS has
been defined as a next challenge and breakthrough among emerging
solar energy materials as an earth abundant and cheap absorber for
photovoltaics (PV). Although the theoretical maximum device efficiency
of a SnS solar cell should be 32% [8], experimentally only 4.36% [8] has
been obtained, meaning there is still a long way to go. The poor per-
formance of SnS solar cells has been attributed to the weak material
quality, band alignment problems and rapid carrier recombination at
trap states near the interface between SnS and the n-type buffer layer [9,
10].

Electroreflectance spectroscopy (ER) is a non-destructive and
powerful technique to study material’s optical properties, it provides an
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exceptionally precise tool for evaluating the band gap energy of the
material. In the studies of SnS solar cells ER hasn’t been used before and
precise data about the temperature dependence of band gap energy of
the absorber in the complete solar cell device is absent in the literature.
Thus, the focus of this study was to perform in-depth analysis of tem-
perature dependent optoelectronic properties of SnS thin film solar cell
by combining advanced ER and classical current-voltage (I-V-T) and
external quantum efficiency (EQE) measurements techniques. The ob-
tained results bring insights into the fundamental properties of the
emerging PV absorber material SnS and pave the way to improve the
performance of the corresponding solar cell device.

2. Experimental details

Fabrication of SnS solar cells in superstrate configuration included
the deposition of the CdS buffer layer onto the fluorine doped tin oxide
(FTO) layer, ot top of the glass substrate by close space sublimation
(CSS) method from powdered source material with 5 N (99.999%) pu-
rity (Alfa Aesar), the completed device structure is as follows glass/FTO/
CdS/SnS/Au. The deposition time, source temperature, and substrate
temperature for CdS layer were established as 8 min, 590 °C, and 300 °C,
respectively. The thickness of CdS layer was approximately 80 nm.
Following the deposition sequence, SnS absorber layer of ~1.5 pm
thickness was also deposited by CSS (from 4 N granulated SnS source
material, Testbourne Ltd). The CSS source temperature, substrate
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Fig. 1. a) I-V curve of the studied SnS solar cell at room temperature, b) Temperature dependence of the Voc of the SnS solar cell together with a linear fit from the

linear part of the slope.

temperature, and deposition time were kept constant at 560 °C, 500 °C,
and 2 min, respectively. Prior to evaporation, the SnS source material
passed the so-called ‘“standardization” pre-annealing procedure to
remove the secondary phases [11]. Typical sheet resistance of the FTO
substrate layer was 20 Q/sq, with a nominal film thickness of 200 nm. To
complete the cells, Au back contacts with square geometries (25 mm?)
were deposited by vacuum evaporation through a mica mask placed
between the evaporation source and the sample. X-ray diffraction (XRD)
measurements were preformed to the CSS deposited SnS film, which
confirmed the presence of an orthorhombic SnS, no other phases were
detected. Electroreflectance measurements were carried out using
traditional set-up [12], where 250 W halogen lamp together with Horiba
Jobin Yvon FHR640 monochromator (f = 640 mm) was used for illu-
mination. The spot size of the reflected light was around 1 x 2 mm. At
the same time the DC- and AC-voltage were applied to a solar cell under
study via back and front contact by a pulse generator with frequency of
223 Hz, AC value of +0.5 V and DC component of —0.5 V, in order to call
out the disruptions in reflectance near the critical points in material. The
signal was detected by Si detector and lock-in amplifier (SR 810).

I-V curves were measured using an Autolab PGSTAT system. As a
light source we used a standard halogen lamp with calibrated intensity
with maximum of 100 mW/cm?. For external quantum efficiency mea-
surements (EQE) a 100 W calibrated halogen lamp was used as a light
source together with the a SPM-2 prism monochromator. Mono-
chromatic and modulated (120 Hz) light was focused on the front sur-
face of the solar cell. The generated short circuit current was detected
with a DSP Lock-In amplifier (SR 810). In order to perform temperature
dependent measurements of ER, EQE and I-V, the solar cell was mounted
on the cold finger of a closed-cycle He cryostat (Janis) and the tem-
perature of the cell was changed from 320 to 20 K with AT = 10 K.

3. Results and discussion

The current — voltage I-V curve of the SnS cell at room temperature is
presented in Fig. 1a), measured under AM1.5 condition. The solar cell
exhibited a conversion efficiency of 1.49% with open-circute voltage
223 mV, short-circuit density 14.5 mA/cm? and fill factor 46%.

To detect dominant recombination mechanism in SnS solar cell, the
temperature dependent I-V measurements were preformed in the range
of 20 — 320 K and under the illumination of 100 mW/cm?2. The tem-
perature dependence of V¢ is given in Fig. 1b). As it can be seen, the
Voc is following the theoretical trend where with the decrease of the
temperature Vo is increasing. The relationship between Voc and T can
be described by Eq. 1:
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Fig. 2. (EQE*E)? vs photon energy curve of SnS solar cell at room temperature
together with Eg; and Ego.

Joo
In (I)
where E, is the activation energy that depends mainly on the domi-
nating recombination mechanism, q is the elementary charge, n is the
ideality factor, k is the Boltzmann constant, T is the temperature, Joo is
the diode reverse saturation current prefactor and Jy, is the light gener-
ated current density [13,14].

To find the activation energy and to compare it with the band gap
energy we need to extrapolate the linear part of the V¢ from Voc vs T
plot, that is presented on Fig. 1b) in the range of 325 K to 250 K. We
found that the activation energy is E;~517 meV, which is much less than
the band gap energy of 1317 meV at 0 K, that is reported in the literature
[4]. It is indicating that charge carriers recombination, at least at tem-
peratures around room temperature, according to the theory takes place
in the interface region and it could be the main predominant factor for
limiting the device performance [13,15-19].

Quantum efficiency measurement is a well-known method to
describe optical and electronic losses in solar cell but also estimate the
bandgap energy of the absorber material of the device. If we consider
SnS as a direct bandgap semiconductor, then from the low energy side of
the EQE curve i.e. near the band gap energy E ~ Eg, the effective band
gap energy Eg* can be determined [20] by using an approximation
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Fig. 3. ER spectra of SnS solar cell at 20 K, 100 K, 200 K and 300 K together
with fitting results with Eq. 3.

proposed by Klenk and Schock [21]:

12
EQE ~ KalLyy ~ A(E - E) / E @

where constant A includes all energy independent parameters, Lefr = w
+ Lg is the effective diffusion length of minority carriers, Lq is their
diffusion length in the absorber material, w is the width of the depletion
region, and « is the absorption coefficient of the absorber material. The
constant K is unity in absolute measurements [22,23]. By plotting
(EQE*E)2 vs E we can detect linear segment, from where it is possible to
find the effective band gap energies. As it can be seen on Fig. 2 from the
(EQE*E)? vs E graph, we can detect two linear sections and after
extrapolating these areas on the graphs we can determine the room
temperature band gap energies as Eg~1.30 eV and Eg~1.53 eV.
Similar behavior, where two absorption edges were detected in SnS, has
been also reported by other authors [10,24,25]. As SnS can exist in the
form of different polymorphs such as orthorhombic (x-SnS) and cubic
structure (n-SnS), it could be possible that both polymorphs are present
in our sample, as bandgap of a-SnS ~1,30 eV and bandgap of n-SnS 1.5 -
1.70 eV values have been reported [26,27]. However, the XRD mea-
surements showed only a presence of orthorhombic SnS phase in our
films, but it could be possible that cubic SnS phase exists in such a tiny
amount in the film and it is located in the interface area, so that XRD is
not able to detect it. Co-existence of different polymorphs is nothing
unusual in chalcogenides [28]. However, there is still no clear under-
standing about the origin of Ego in SnS, meaning more future studies are
needed for clarification. To evaluate the temperature dependent
bandgap behavior, we preformed EQE measurmenst in the range of
20-300 K.

Electroreflectance is one type of modulation spectroscopy, where the
external AC voltage is applied to the structure with a pulse generator in
order to modulate internal electric field within the region of the junc-
tion. The applied voltage leads to a carrier redistribution, which in-
fluences 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 and the change between the reflectivity coefficients is visible in
the measured reflectance spectrum as a sharp derivative feature near the
critical points [29].

All electroreflectance spectra measured at different temperatures
were fitted with a Aspenes third-derivative functional form [30]

AR/R = Re[Ae"” (E —E, +il') "] (3)

where E is the photon energy, A corresponds to the amplitude, ¢ is the
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Fig. 4. Temperature dependent bandgap shifting behavior according to ER data

from current study together with fitting with Eq. (4) and comparison with SnS
monocrystal PR data [4] and polycrystal absorption data [39].

Table 1
Fitting parameters of temperature dependent bandgap shifting with Eq. (4).

Parameter ODonnell fit Eg; ODonnell fit Egy ODonnell fit Eg
(EQE) (EQE) (ER)

Eg(0) (eV) 1.394 + 0.001 1.590 + 0.002 1.382 + 0.001

S 2.4+0.1 1.1+0.1 3.7 +£0.3

<ho> meV 16.6 + 2 41.3 +£2.3 31.1 £0.3

phase, Eg value of band gap energy and I' broadening parameter of the
spectrum. Parameter m is defined by the type of the critical point, m =
2.5 was used in our study. It corresponds to the three dimensional
critical point that is related to interband transition between the
conduction-band minimum and valence-band maximum [30]. Experi-
mental results together with fittings can be seen on Fig. 3. It is clearly
seen that the band gap energy of SnS shifts toward the lower energy with
increasing temperature. Interestingly, the gamma value (I') or broad-
ening parameter, which is usually related to structural and composi-
tional disorders in the material and classically drops with the decrease of
the temperature showed an abnormal behavior. It stayed practically
constant with the value of I' ~ 60 meV within the temperature range of
300-50 K and slightly increased for the temperatures below 50 K. Such a
abnormal behavior of broadering parameter has been seen in other
chalcogenide PV materials [31,32]. Krustok et al. [31] explained this
phenome could be related to the presence of potential and band gap
energy fluctuations in kesterite materials. It is well known fact that or-
dered and disordered kesterite structure can be present in the material
[33-35] that cause the bandgap fluctuation, in addition different defect
clusters could be the reason for localized bandgap decreasing [36]. In
SnS bandgap fluctuations could be related to the high concentration of
native point defects, similar phenome has been reported in other binary
compound [37], main defects in SnS are Sulphur vacancies [11] that
most probably will cause the inhomogeneous broadening of ER spectra.

The temperature dependence of the band gap energy found from
fittings, together with fitting curves with ODonnell expression [38] (Eq.
(4)), can be seen on Fig. 4.

O’Donnell expression [38] is given as

E,(T) = E,(0) — S(hw)[coth((hw) / 2kT) — 1] 4)

where E4(0) is the band gap energy at 0 K, S is a dimensionless coupling
constant and <hw> represents an average phonon energy. Obtained
fitting parameters are presented in Table 1.

The temperature dependent behavior of the band gap energy of the
polycrystalline SnS thin film is a bit different from the behavior of the
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Fig. 5. Temperature dependence of band gap energies found from EQE fits,
together with band gap energies found from ER and fittings with Eq. 4.

SnS single crystals photoreflectance (PR) data, as we have previously
reported [4], but almost identical to what was reported by Parenteau
et al. [39]. However, band gap enrgy values obtained from the current
study are a bit smaller and the change from temperature is more pro-
nounced, compared to the study by Parenteau et al. [39], see Fig. 4.

Interestingly, we were not able to detect the second bandgap around
1.6 eV, contractitinally to the EQE measurments, from the electro-
reflectance, that is the reason why the ER spectra are presented up to
1.49 eV.

Temperature dependent effective band gap energies, found with
(EQE*E)? method, together with the band gap energy detected from
electroreflectance and fittings with Eq. (4), are presented in Fig.5.
Effective band gap energy is following the trend of bandgap obtained by
ER, nevertheless, there is a slight mismatch at low and high tempera-
tures but it is in the range of measurements error. Fitting parameters of
the curves can be found in Table 1.

The Voc temperature dependent measurements indicates to the
interface recombination as dominant limitation of the device perfor-
mance. However inhomogeneous broadening of the ER spectra from the
temperature, suggest that interface recombination might be not the only
limiting factor and the bulk recombination (due to the high density of
the charged defects) still have a significant contribution. This results
suggest that more research effort should be put on optimization of both
absorber - buffer interface as well as the absorber itself.

4. Conclusions

In this work, we performed a detailed analysis of the optoelectronic
properties of close spaced sublimated SnS thin film solar cells using
temperature-dependent ER, EQE, and I-V-T characteristics. It was found
that the band gap energy of SnS absorber layer changed from 1.38 eV to
1.28 eV with the increase of temperature from 20 K to 300 K. EQE
response of the device showed the presence of two absorption edges,
Eg1~1.30 eV and Eg»~1.53 eV at room temperature, that could be
related to co-existence of both orthorhombic and cubic polymorphs of
SnS. The activation energy E,~517 meV, determined from Voc tem-
perature dependence, indicated to the interface recombination as the
main predominant factor for limiting the device performance. Never-
theless inhomogenius broadering of ER spectra from temeprature indi-
cating contribution of bulk recombination, due to the high density of the
charged defects, that have a contribution to the poor device
performance.
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