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Abstract

SnS is an earth-abundant material that is a potentially suitable candidate for the absorber
layer in solar cells. Here spray-pyrolized SnS thin films doped with vanadium were studied
using structural and opto-electrical methods. The thin films have an orthorhombic structure
with a preferential (111) crystallographic direction. SnS has an indirect bandgap of around
1.05 eV, whereas doping with vanadium changes the band edge and shifts the absorption
threshold to around 1.2 eV. The photoluminescence study revealed a broad peak related to
the band-to-band transition of energy at around 1.2 eV and an additional sharp peak
positioned at 1.17 eV related to vanadium. Additionally, a non-radiative recombination
mechanism followed by hopping through band fluctuation barriers has been proposed for
photoluminescence quenching at increased temperatures. The conductivity measurements
reveal that conductivity weakly increases with V-doping, whereas its activation energy
decreases from around 0.38 eV to 0.35 eV.
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Introduction

The efficiency of conventional solar cells is related to the balance between the
generation and recombination of photo-induced electron-hole pairs. Additionally, if the
photon energy is greater than the semiconductor energy bandgap needed to generate an
electron-hole pair, this excess energy is lost due to the rapid thermalization to the band
extremum. The limit of photovoltaic conversion efficiency for a single bandgap solar cell was
calculated by Shockley and Queisser [1] (the so called S-Q limit) using a detailed balance
theory. For the AM1.5 sun spectrum, the limit places the maximum efficiency at around
33.7% for a bandgap of 1.34 eV [2]. Several concepts have been presented to overcome the
S-Q limit. One approach is to increase the photocurrent by a two-step excitation that
employs an isolated intermediate band (IB) located within the bandgap of the host material.
By inserting this additional band into the forbidden bandgap, two additional transitions (VB-
IB and IB-CB) are allowed at energies lower than the bandgap energy, therefore enabling the
absorption of subbandgap photons (Figure 1).

The theoretical limit for the efficiency of a single-junction solar cell with IB is 63.2%
for a semiconductor with a bandgap of 1.98 eV [3]. The beneficial effect of an IB on
photocurrent generation occurs for the absorbers with bandgap energies greater than 1.14
eV [4]. However, there are additional features that an intermediate band should have. It
should be delocalized and indiscrete to minimize the non-radiative recombination.
Additionally, it should not overlap with the valence or conduction bands to prevent the
thermalization of charge carriers to the IB. Finally, the IB should be partially occupied by
electrons to increase the probability of the lower energy transition (E, in Figure 1). Even
though many materials have been proposed and investigated, to our knowledge, the
semiconductor and its dopant that fulfill all the requirements for the perfect material with
an intermediate band have yet to be found. However, one of the promising pathways
consists of doping semiconductors with transition metals. Depending on the crystal
symmetry, transition metals can introduce their d orbitals within the bandgap of a host
material [5], thus allowing the formation of the isolated band when their concentration is at
the atomic level. Theoretical studies utilizing density functional theory (DFT) have proposed
many host-dopant pairs for the photovoltaic absorbers to form an intermediate band. They
include GaAs:Ti [6], Si:Au [7], Si:Ti [8], CuGaSe,:Cr [9], CdTe:Sn [10], In,S;:V [11], and
SnS,:(V,W) [12]. However, the last two materials are more likely to be used as the buffer or
window layer of a solar cell due to their wide bandgaps. Here we focus our attention on SnS,
which is considered a solar cell absorber. Even though it has an indirect bandgap of around
1.1 eV its absorption is dominated by direct transitions with energies around 1.4-1.5 eV [13].
This large offset between its effective absorption and the bandgap is undesirable because
the energy difference is lost due to thermalization. However, introducing an intermediate
band to the material could enable the additional absorption of low energy photons and
lower the losses due to thermalization. Here we prepared V-doped SnS thin films by spray
pyrolysis [14][15] and studied their basicelectrical and optical properties.



Experimental
Thin film preparation

The SnS thin films were prepared by chemical spray pyrolysis from an aqueous
solution containing tin (ll) chloride dihydrate (SnCl,-2H,0), thiourea (CS(NH,),), and
vanadium chloride (VCl,) at different percentages (0%, 2%, 4%, and 6%). The surface tension
of water was reduced by adding 10% ethanol to the solution. The molarities of both solutes
were 0.1 M. Due to the dissolution of SnCl,-2H,0 in bi-distilled water, the stannous chloride
dihydrate was dissolved with 37% chloride acid before adding it to the sulfur solution. The
solution was sprayed at a rate of 1.5 mL min™ on a heated soda-lime glass substrate for 4
min, which was kept in an ultrasonic bath and cleaned with acetone, distilled water, and
ethanol prior to use. The substrate temperature was kept constant at 350°C. The
compressed air was used as a carrier gas and its pressure was 700 hPa, and the distance
from the nozzle to the substrate was 25 cm. To avoid growth of the Sn,S; and SnS, phases,
Sn(ll) was used instead of Sn(lV) [16]. The SnS thin films were grown using the technique
described in Sall et al.[17][18]. Based on the previous studies [18] we have estimated the
[Sn]/[S] ratio to be close to one.

Thin film characterization

The structural properties of the prepared SnS:V thin films were verified by X-Ray
Diffraction (XRD) using a Rigaku Ultima IV diffractometer with the Bragg-Brentano
configuration and Cu:Ka radiation (A = 15.418 nm). The data were collected in the 10°-60°
20 range, with a step size of 0.02°. The morphology of the film surface was analyzed using an
NT-MDT NTEGRA PRIMA atomic force microscope in semi-contact mode. The optical
characterization, including the transmittance and reflectance measurements, was carried
out using the Bentham PVE300 setup in the 300-1800 nm light wavelength range. The setup
was equipped with halogen and wolfram lamps and Ge and Si photodetectors. The
reflectance was measured using an integration sphere that collected the diffused light. For
the photoluminescence (PL) measurements, the 514.5 nm line of an Ar" laser was used for
the excitation in the 4-500 mW power output range, which corresponds to the light power
density range of approximately 100 mW cm™ to 12.5 W cm™. The lock-in technique was
used for the excitation, where the signal was collected with an iHR550 grating
monochromator and then detected by a nitrogen-cooled Ge detector. The samples were
cooled in a helium closed-cycle setup, and the PL spectra were analyzed in the 10-100 K
temperature range. Al electrodes were evaporated on the SnS films in a planar configuration
to perform the electrical measurements. The electrodes were in the form of stripes, around

300 thick and the distance between electrodes was 4 mm. The conductivity was measured in
a liguid nitrogen-cooled cryostat in the 80—330 K temperature range.

Results and discussion



Structural analysis

The diffraction spectra of the synthesized SnS:V thin films are presented in Figure 1.
All of the synthesized films are polycrystalline. The main diffraction peak is located at
260 = 31.645 + 0.021°, which corresponds to the (111) crystallographic direction of the SnS
orthorhombic phase (JCPDS #39-0354). The peaks are broad, which is a characteristic of
disordered materials and points to the small size of the crystallites. The crystallite size can be
calculated by fitting the diffraction peaks with the Gaussian function defined in Scherer’s
equation, T = kA/B cos 0, where T is the crystallite size, k is the factor related to the
crystallite shape £ is the full width at half maximum of the maximum intensity peak (FWHF),
and @ is the Bragg diffraction angle. In general, the k factor is defined as the ratio of FWHM
to the integral breadth of the peak, which is the ratio of the peak area and its maximum
height. Using this approach, we have calculated the crystallite size of investigated thin films.
The crystallite size slightly increase with the V content from 19.0 A to 20.4 A but the change
is almost within the uncertainty range. Moreover if we compare the raw XRD (111) peaks for
allthe samples they almost coincide. The calculated sizes are presented in Table 1.
Figure 2 shows the atomic force microscopy (AFM) images of undoped SnS and SnS:V 6%
thin films. The rest of the SnS:V thin films share the features of those presented in Figure 2.
The scan area was 5 um x 5 pm with a resolution of 512 x 512 points. The images show
irregular film structures, with needle-like, longitudinal-type grains already observed in the
SnS thin films prepared by spray pyrolysis [17][19]. Taking into account the error bars, as
well as the shape of the grains, the mean grain size is comparable among the samples, but
the roughness of the film surface increases significantly in the V-doped thin films. The
calculated crystallite sizes are roughly two times smaller than the mean grain size. However,
this may arise from the different parameters calculated by the XRD and AFM analyses. XRD
provides the minimum crystallite size, whereas AFM images the mean size of the grain. As
the grains are longitudinal, the width of the grains might actually correspond to the
minimum crystallite size, as well as lower the mean grain size comparing to its length. Thus,
despite the discrepancy in the XRD and AFM results, the grains might actually consist of a
single crystallite.

Transmission and absorption

To obtain information on the optical properties of the investigated thin films,
transmission and reflection were measured as a function of photon energy. Based on the
results, the absorption coefficient (@) was calculated assuming a 1-um thickness for the
layers. The results of the calculated absorption coefficients and transmittances are
presented in Figure 4. The absorption is highest in the undoped SnS thin film and for the
energies above the bandgap absorption coefficient, reaching maximum values of around 8 x
10* cm™ (Figure 4a). The V-doped SnS thin films have lower maximum absorption values, as
low as around 4 x 10* cm™, but no systematic dependence on the amount of vanadium has
been observed. However, the point where the absorption saturates shifts to lower energies



in the V-doped thin films, ranging from around 2.1 eV in the undoped SnS sample to around
1.8 eV inthe SnS sample doped with 6% vanadium.

Extrapolation of the straight part of (ahv)¥? and (ahv)? versus hv provides the
bandgap energy of the material for indirect and direct bandgaps, respectively. The undoped
SnS thin film has an indirect bandgap energy slightly below 1.1 eV (Figure 4a), which agrees
well with the theoretically calculated value of 1.07 eV [13]. The band edge in the V-doped
thin films does not have a clear direct or indirect character, and the absorption coefficient is
not linear versus hv. The estimated energy threshold for the absorption is around 1.2 eV for
all the SnS:V thin films (Figure 4a). Even though the direct transition agrees with the
theoretical value of Eg, the absorption edge is wide and extends to higher energies than
expected for SnS. Partially this might be caused by band tails present in highly distorted
material. The second reason might be related to the formation of SnO or SnS;.,O, during the
deposition in the air atmosphere. Different studies indicate different bandgap energies of
SnO (i.e. 2.7 eV and 3.4 eV depending on the annealing atmosphere [20]). In one of the
previous studies [18] the correlation of SnS measured band edge and oxygen content was
proposed and the shift of the band edge to higher energies was interpreted as the influence
of SnS,.,0, formation.

Photoluminescence

Radiative recombination processes in semiconductors can be studied by PL, which
provides information about the types of radiative recombination and the defect parameters
taking part in the recombination. Figure 5 shows the PL spectra for all the SnS:V thin films
measured at 9.6 K. All the spectra are centered on 1.2 eV, being non-symmetrical with a
more distributed low-energy part of the peak. The thin films doped with vanadium, in
comparison to the undoped sample, exhibit an additional very sharp peak at 1.17 eV. The
SnS bandgap energy changes with temperature. Parentau and Carlone [21] measured the
energy of direct and indirect transitions in SnS at different temperatures, where they

calculated the temperature coefficientsdE/dT, obtaining dE/dT = —0.36 meV K" for the
indirect transition. In the case of our measurements, the difference between the
transmission and PL measurements is around 287 K, yielding a change in energy of the
indirect bandgap of 103 meV. Therefore, we tentatively assign the 1.2 eV PL peak as the
band-to-band transition, because its energy equals the indirect bandgap energy corrected
for temperature. An exponential fit to the low-energy slope of the peak gives the Urbach
energy Ey [22], which is related to the width of the band tails (Table 2). The 1.17 eV peak,
present in the V-doped samples, is very sharp compared to the main PL signal. This is PL
response arises from the transitions between atomic orbitals [23] or from band transitions in
high-quality crystals [24], where the energies of the electron levels are well defined in both
cases. Our investigated thin films have a very low crystal quality, and it is known that the
atomic orbital of some of the transition metals can locate within the bandgap of the host
material [5]. Therefore, we suggest that the observed peak might be related to PL from the
electron orbitals in vanadium.



We investigated the PL evolution with laser power and temperature to gain more
insight into the nature of the observed PL signal. The results for the undoped SnS and SnS:V
6% samples are presented in Figure 6. The intensity of the PL signal depends on the
excitation intensity I, as:

o, = A1 (1)

where A and y are constants. The type of the observed transition is dependent ony. A
donor-acceptor transition is defined by y <1, a band-to-band transition by y =1,
transitions involving excitons by 1 <y < 2 [25]. Fitting the PL data to Equation 1 gives
y = 0.54 £0.08 for the undoped SnS samples and around y = 0.8 for all the SnS:V samples
(Table 2). The calculated y values thus suggest the donor-acceptor transition. However, the
peak energy fits the bandgap energy very well, which strongly points to band-to-band
recombination.

The evolution of the PL spectrum with temperature is dependent on the type of
transition. When the defects take part in the recombination processes, the PL will be
quenched due to thermal emission from a defect level prevailing over the radiative
recombination. The thermal activation energy of this shallower defect taking part in the
recombination can then be calculated using [26]:

1
oc 1 T3/2 —eEi /kgT 7
+T¥2> " ae

i=1

PL

(2)

where a; is a constant that includes the capture cross-section, E,; is the thermal activation
energy of the defect, and kg is the Boltzmann constant. The quenching of PL spectra for the
undoped SnS and SnS:V 6% samples are presented in Figure 6a, with their resultant
activation energies listed in Table 2.

PL due to band-to-band recombination does not depend on the temperature, except
in the shifting of the PL peak to lower energies due to a bandgap change. Here the PL spectra
depend weakly on temperature, and the activation energies of thermal quenching are low,
being on the order of millielectronvolts. This means that there is a mechanism of non-
radiative recombination being activated with temperature, which starts to prevail over the
radiative recombination when the temperature increases. Low activation energies suggest
that they are not related to a defect level but to some other mechanism. For example, this
can be the activation over small barriers within the band arising from band fluctuations [27].
In such a case, the carriers move within the band, hopping over the potential fluctuations
until they find a non-radiative recombination path. The recombination paths can be related
to spatially localized defect clusters, dislocations, or grain boundaries. This mechanism is
schematically presented in Figure 7 and has been previously observed, such as in SiC
[28][29].

Conductivity



Apart from high absorption and good morphology, materials that absorb light in a
solar cell should also be able to transport the photo-generated carriers to the external circuit
without significant losses. Figure 8 presents the conductivity dependence on temperature

for all the SnS thin films. The conductivity depends exponentially on T with thermal
activation energy E,, which can be obtained from a linear fit to the logarithm of conductivity

versus T71. The conductivity of the undoped SnS sample only follows this dependence above
approximately 250 K, with E, = 379 meV, whereas the conductivity is approximately
constant at lower temperatures. The conductivity becomes thermally activated across the
full range of temperatures in the V-doped samples. The activation energy is slightly lower,
decreasing to 352 meV in the SnS:V 6% sample. The calculated activation energy can be in a

p-type semiconductor, energy of a main acceptor but can also be related to any potential

barrier i.e. located at the grain boundaries. The fact that the activation energy changes

rather points into lowering a potential barrier at the grain boundaries assuming that the

main acceptor responsible for conductivity in SnS is the same in all the samples. The

conductivity of the samples increases, with a factor of 3.3 increase in conductivity between
the undoped SnS and SnS:V 6% samples at 300 K. This increase can be related to the
lowering of the activation energy, which then leads to an actual factor of 2.8 increase in
conductivity after taking the reduced activation energy into account.

Conclusions

In this work we have presented a comparative study of the optical and electrical
properties of vanadium-doped SnS thin films made by spray pyrolysis. XRD analysis revealed
an orthorhombic structure of the investigated thin films, with (111) being the preferred
crystallographic direction of crystallites. The films consist of a polycrystalline structure with
longitudinal grains. V-doping slightly increases the crystallite size, but the average grain sizes
are similar within the uncertainty range. The material has an indirect bandgap slightly below
1.1 eV. V-doping increases the absorption, but the absorption edge loses its clear direct
character, and the absorption threshold increasing to around 1.2 eV. The PL study reveals a
band-to-band dominant transition with an additional sharp peak in the V-doped samples,
which we attribute to the transition between atomic orbitals in vanadium. Based on the PL
results, we also suggest the existence of spatially localized defects taking part in non-
radiative recombination. The conductivity increases in the V-doped SnS samples, which we
attribute to the lowering of their activation energies.
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Table 1. XRD (crystallite) and AFM (grain) data for the SnS films.

sample

crystallite size
[nm]

mean grain size
[nm]

mean roughness height

[nm]

Undoped SnS

19.0+0.4

32.7+4.9

SnS:V 2%

18.5+0.4

45.0+7.1

SnS:V 4%

194+04

33.0+6.6

SnS:V 6%

20.4 £0.5

37.0+5.3

Table 2. Photoluminescence (PL) spectra parameters for the undoped and V-doped SnS

films.
sample [a.u.] [eV] [meV]

Undoped 0.56 + 0.08 0.17 £ 0.02 5.7

SnS +

0.9

SnS:V 2% 0.80 £ 0.06 0.23 £ 0.03 4.2

+

0.2




SnS:V 4% 0.78 £ 0.02 0.21+0.04 4.6

I+

0.4

SnS:V 6% 0.80 £ 0.02 0.26 £ 0.04 4.5

I+

0.3

Figure 1. A schematic diagram of the possible optical transitions in a semiconductor having
a bandgap energy E; and an intermediate band (IB) located within the forbidden energy gap.
This creates the availability of two optical transitions, with energies Eg/Z <E; <E;and
E, <E;/2.

Figure 2. XRD spectra of the V-doped SnS thin films. The results for of the SnS thin films
doped with 0%, 2%, 4%, and 6% vanadium in the sprayed solution are shown, and the
preferential crystallographicdirections are identified.

Figure 3. AFM images of an undoped SnS thin film (left image) and an SnS thin film doped
with 6% vanadium in the sprayed solution (right image).

Figure 4. (a) Absorption coefficient and (b) transmission for the films for different degrees of
V-doping. For calculation of absorption coefficient thickness of 0.4 um was taken. The inset

in (a) includes the (ahv) fits to the undoped SnS and SnS:V 6% samples, shown as black
lines, which yield the bandgap energy.

Figure 5. Photoluminescence (PL) spectra for the SnS:V thin films. The red line on the
undoped SnS PL spectrum provides an example of fitting the low-energy slope of the PL peak
with the exponential function.

Figure 6. Integrated area of the PL spectra measured at 9.6 K as a function of (a) laser power
and (b) temperature. The best-fit curves to the data in (a) and (b) are from Equations 1 and
2, respectively.

Figure 7. Schematic band diagram for the proposed mechanism of PL quenching of the band-
to-band recombination. Luminescence occurs by recombination of the electron-hole pairs in
the bulk material. Non-radiative recombination lowers the PL signal and takes place after the
hoppingof charge carriers through the potential fluctuation to a spatially localized defect.



Figure 8. Temperature dependence of electrical conductivity for the investigated thin films.
Linear fits were madein the 250-330 K range for each of the samples.
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