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Abstract—The p-type semiconductor Cu,SnS; is alloyed with Ag
to investigate its effect on absorber layer and solar cell properties.
Ag replaces the Cu in (Cu;-,Agy),SnS; (ACTS) up to x < 6% at
550 °C. Above this percentage, Ag forms secondary phases. We find
a significant increase in grain size, from hundreds of nanometers
to several microns, and increased photoluminescence yield with in-
creasing Ag concentration. Low-temperature photoluminescence
measurements show that compensation is increased for the ACTS
absorber layers, which could be beneficial for CTS, but also that
the electrostatic band gap fluctuations are increased. The external
quantum efficiency of the solar cells made from ACTS shows an
increased carrier collection length from 320 nm for CTS to 700 nm
and a thicker buffer layer. We attribute the increase in collection
length to both increased depletion width (increased compensation)
and diffusion length (larger grains). Overall the ACTS solar cells
have a lower power conversion efficiency due to lower shunt resis-
tance and open-circuit voltage, which are attributed to increase in
pinholes, electrostatic fluctuation, and changes at the CdS/ACTS
interface.

Index Terms—Cu(In,Ga)S, (CIGS)/Cu,ZnSn(S,Se); (CZTS),
heterojunctions, photoluminescence (PL), photovoltaic cell, thin
films.

1. INTRODUCTION

HE emerging material Cu,SnS; (CTS) is a potential p-type
T absorber layer in thin film solar cells. It has a band gap
of around 0.93 eV [1]-[5] and contains only earth-abundant el-
ements similar to Cu,ZnSn(S,Se), (CZTS). Advantageously, it
has fewer possibilities for secondary phases, defect complexes
[6], and avoids the structural disorder arising with Cu/Zn ex-
change [7]. Solar cells made from CTS have reached an effi-
ciency up to 4.6% synthesized from a NaF/Cu/Sn stacked pre-
cursor [8]. This is still far from the best CZTS efficiency of
12.6% [9] and several reasons are proposed for this deviation.
The first reason is the structural disorder generated by local vari-
ations in the coordination of the Cu—Sn cations around S anions.
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CTS consists of two motifs, Cu,Sn, and CusSnj, periodically
arranged and tetrahedrally bound to sulfur atoms [10]. Long
range order of the motifs leads to the monoclinic structure and
disorder to the cubic structure [11]. The disorder of the motifs
is driven by entropy and may be unavoidable [12]. For CZTS,
Cu/Zn disorder can shift the valence band up to 200 meV [7],
while defect complexes involving Sn cause fluctuating conduc-
tion band edges of similar and even higher values [6]. Changes
in band gap have neither been confirmed nor disproved for the
disordered/ordered CTS polymorphs. However, theoretical cal-
culations have shown that the cubic polymorph has several deep
defects [11] and hence this phase should be avoided. This is
also reflected in the performance of CTS solar cells, since the
highest efficiencies are obtained from the monoclinic phase [1],
[3]-[5] and consistent band gap values of (0.93 £ 0.02) eV with
another optical transition at 1.00 = 0.03 eV [1]-[5] are reported.
The visible second transition is due to the splitting of the va-
lence band and confirms the monoclinic polymorph [13], [14],
but does not exclude the simultaneous presence of the cubic
polymorph. Another potential problem with CTS is that the net
doping is too high for good current extraction [11], [15]. Sim-
ilarly to other copper chalcogenide semiconductors, the p-type
doping is attributed to copper vacancies [16] and hence control
of this is desirable. Baranowski et al. [11] found that the dop-
ing decreased several orders in magnitude when going from the
cubic to monoclinic polymorph. They achieved a lowest dop-
ing level of 10'7 cm™ that is still rather high for good current
extraction [17]. Theoretical calculations have shown that the
defect formation energy of Cu vacancies is half of that of CZTS
[18] and hence a high density of Cu vacancies is expected. An-
other way to control the doping is by compensating acceptors
by adding donors. Based on the similar oxidation states of Cu
and Ag, we propose to tackle the aforementioned problems by
alloying CTS with Ag (ACTS). Alloying chalcopyrite materials
with Ag has been shown to have several advantageous proper-
ties for kesterite and Cu(In,Ga)S, (CIGS) absorbers [19]-[26]
[(Ag, Cu),ZnSnS, (ACZTS) and (Ag,Cu)(In,Ga)S, (ACIGS)].
Ag replaces Cu in these materials, which increases the band gap
[19], [23], [24], [26], decreases the p-type doping [23], as well
as reduces intragrain defects and defect states [19]-[21], [23],
[26]. All these effects may be beneficial for CTS as well. First,
the band gap of CTS is around 0.93 eV [1]-[5], which is lower
than desired for single-junction solar cells. Second, a decrease
of p-type doping when alloying with Ag is expected since the
formation energy of Ag donor defects is lower than for acceptors
for Ag,ZnSnS, (AZTS) [19], and Ag may occupy Cu vacancies
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Left: XRD diffractogram of pure CTS and ACTS with Ag/(Ag + Cu) of 0.6% (bottom), 6%, and 12% (top) as prepared. At higher than 6% Ag/(Ag +

Cu), secondary phases # appear. CTS reference is plotted with Powdercell (c) (PDF 04-010-5719). The peaks marked with x are related to NayCuSnS3 [1]. Right:
XRD peak shift of the main CTS peak at 28.40 and integrated PL yield dependence on the Ag concentration.

in ACZTS as well [22]. We expect the same effect for ACTS
due to the similar chemistry and the fact that the Ag;SnS; com-
pound is n-type [27]. The last effect, i.e., reduction in intragrain
defects, is especially beneficial for CTS since it is found that
its planar defects increase the disorder and with that the deep
defects [11]. Hence, Ag may reduce the deep defects in CTS via
reduction of planar defects.

II. EXPERIMENTAL

To investigate the effect of Ag in CTS, ACTS absorber lay-
ers are prepared from Cu/Sn stacked precursors (400 nm each)
sputtered on Mo/sodalime glass (SLG) via dc magnetron sput-
tering from high-purity metal targets. On top of the Cu/Sn stack,
various thicknesses of Ag are deposited by ion beam sputtering
from an Ag target (99.5%). Similar layers are prepared with-
out the Ag layer to make pure CTS. The SLG/Mo/Cu/Sn/(Ag)
stacks are then annealed at 550 °C for 30 min with a background
pressure of 1 or 10 mbar 90%N,/10%H, in the presence of S
and SnS powders. The latter is to avoid Sn losses and/or to add
Sn via the SnS gas phase [28]. The resulting absorber layers
are around 3 pum thick. Both CTS and ACTS absorber lay-
ers are characterized with grazing incidence-X-ray diffraction
(XRD) (GI-XRD: 6 = 0.6° to 2.0°, Bruker D8, Cu K (142) X-
ray source). Micrographs are recorded with a scanning electron
microscope [Hitachi SEM (SU-70), 7 keV] and Cu/Ag/Sn/S
compositions are measured by energy dispersive/wavelength
dispersive X-ray (EDX/WDX) (Oxford instruments INCA X-
MAX, 20 keV) on large areas (120 x 130 xm?) and on points
(1 pum?). Photoluminescence (PL) measurements were per-
formed on all samples in a home-built setup (excitation wave-
length 514 and 660 nm) at room temperature (RT-PL, 514 nm)
and at 10 K (LT-PL, 660 nm). Devices are prepared following
the SLG/Mo/(A)CTS/CdS/iZno/AZO configuration with Ni/Al
front contacts. Potassium cyanide (KCN) etching is performed
prior to CdS deposition. External quantum efficiency (EQE) and
current density—voltage (JV) measurements were carried out in

home-built setups. The JV light intensity was calibrated to be
100 mW/cm? with a calibrated silicon solar cell.

III. RESULTS AND DISCUSSION

A. Structural and Morphological Properties of ACTS
Absorber Layers

Fig. 1 (top left) shows the XRD pattern of a silver-free CTS
film, i.e., 0% Ag/(Ag + Cu) crystallized in the monoclinic
phase. This phase is accompanied with the secondary phase
NayxCu;-xSnSs, as explained in [1] and peaks attributed to this
phase are assigned with *. For the ACTS sample with the lowest
Ag/(Ag + Cu) ratio of 0.6%, we see that the peaks belonging to
Na,Cu;-,SnS3 have virtually disappeared and only pure mon-
oclinic ACTS is formed. This is a significant change for such
a low amount of Ag. Apparently, Ag suppresses the formation
of the Na compound. This can be expected based on its +1
valence and competition with Cu sites. While increasing the Ag
concentration, we found that pure ACTS without any secondary
phases was formed up to a concentration of Ag/(Ag + Cu) <
6% (see Supplementary Fig. S1.1). Higher concentrations of
Ag lead again to the formation of secondary phases. This is
shown in Fig. 1 (left below), and the peaks not matching CTS
are assigned with #. The peaks with # could not be matched
to any phase in the ICDD PDF 2016 database; however, we
did find that they are removed with KCN etching (see Sup-
plementary Fig. S1.2). EDX before and after etching showed
that mostly Ag was removed, implying that these # phases con-
tain Ag (see Supplementary Fig. S1.3). Unfortunately, etching
away these secondary phases left large pinholes behind (Supple-
mentary Figs. S1.4 and S1.5), making the layer unsuitable for
solar cell application. Hence, the maximum Ag/(Ag + Cu) used
in this study in the following experiments is 6%. Unidentified
XRD reflections were also observed for ACIGS [20] and were
also attributed to secondary phases. However, this happened for
ACIGS with Ag/(Ag 4+ Cu) > 50%, while in our experiments,
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Fig.2. SEM images for (a) 0.0%, (b) 0.6%, (c) 2%, and (d) 6% Ag/(Ag + Cu).
Grains are increasing from less than 1 pum to several microns with increasing
Ag(Ag + Cu) ratio. All micrographs have the same magnification.

it occurred already at 6%. This low solubility of Ag may be
attributed to the fact that Ag,SnS; crystalizes in another mon-
oclinic space group (C2/c) than CTS (Cc) and replacing more
Cu with Ag becomes energetically unfavorable as it wants to
form another crystal structure. Despite this low concentration
of Ag, significant changes are found. When Ag goes onto the Cu
lattice sites, shifts of the XRD peaks to lower 260 angles are ex-
pected. This is observed in our samples and shown on the right of
Fig. 1. This shift is attributed to the increase of the lattice con-
stant, due to the larger size of the Ag atom and therefore confirms
the incorporation of Ag on Cu sites in the CTS lattice. The shift
is not changing with increasing grazing incidence angle, i.e.,
X-ray penetration depth, from which we conclude that the Ag
concentration is constant through the thickness of the layer (see
Supplementary Fig. 2). A uniform distribution was also found
for ACZTS [22]. Fig. 2 shows the SEM images for several ACTS
layers with different Ag/(Ag + Cu) ratios. The apparent grain
size increases from hundreds of nanometers to several microns.
The effect of Ag on the intragrain defects and crystal growth
is discussed for both ACZTS [22], [23], [25] and ACIGS [20].
Gershon et al. [23] and Su et al. [25] found largely increased
grain size for ACZTS for a Ag/(Ag + Cu) ratio of ~10%. For
ACIGS [20] and ACZTS [22], it was shown that the number of
planar defects is decreased. For ACIGS, the authors attributed
this decrease to a lower melting point of the Ag compound,
while for ACZTS, the authors attributed this decrease of pla-
nar defects to the filling the copper vacancies. Our changes are
already observed for Ag/(Ag + Cu) ratios as low as 0.6% [com-
pare Fig. 2(a) and (b)], which we speculate would not change
the melting point significantly. Additionally, the chemistry of
CTS is closer to that of CZTS and hence we believe the changes
we found are due to the filling of copper vacancies.

B. Photoluminescence

RT-PL is performed on all samples under the same conditions
to compare the PL yield of the different (A)CTS layers. The

results are shown in Fig. 1 (on the right). With Ag, the PL
yield is always higher than pure CTS and has a maximum at
Ag/(Cu + Ag) = 2%. A higher PL yield indicates larger quasi-
Fermi level splitting, which is a measure for V. [29]. Fig. 3
shows the normalized LT and RT-PL spectra for three samples:
pure CTS (0% Ag), the highest PL yield [2% Ag/(Ag + Cu)],
and the largest grains [6% Ag/(Ag + Cu)]. We see no positional
peak shift of the maximum, implying that the band gap has not
significantly changed with this low Ag incorporation. This is not
so surprising, since the band gap of pure Ag,SnS; is determined
to be 1.26 eV [27]. At RT, the PL peak maximum is at 0.95 eV
and is attributed to the conduction to valence band transition [1].
At lower energies, we see that the RT-PL yield is not going to
zero, in agreement with our previous work [1], where we found
that CTS has a large broad peak around 0.83 eV extending to
the main transition. This 0.83 eV peak was mostly visible when
the sample had signatures of the cubic phase [1]. The emission
below 0.95 eV was attributed to tailing and defects belonging
to the disordered cubic phase. It is seen though that the relative
intensity for these defects/tail states lowers with increasing Ag
concentration. This implies that incorporation of Ag results in a
lower defect density and/or a more ordered compound.

Recently, defect transitions in CTS were examined by LT-
PL [30], [31]. Several different donor to acceptor transitions
were identified at 0.804, 0.840, and 0.865 eV. The individual
peaks had slightly different k-values, activation energies, and
blue shift per decade indicating that these are different defects.
Unfortunately for CTS, lattice defects are not classified yet and
hence they cannot be assigned to specific ones. For our samples,
we see only one broad peak just below 0.81 eV, see Fig. 3.
This peak is slightly broadened and red-shifted from 0.806 to
0.803 eV with increasing Ag/(Ag + Cu) ratio, as shown in the
inset. The peak appearing below 0.78 eV is excluded, since itis at
the edge of the detectors’ sensitivity and hence the apparent peak
maximum cannot be confirmed. Additionally, a peak at 0.93 eV
emerges for higher Ag ratios and is visible in both the LT and
RT-PL spectra, previously assigned to an exciton transition [31].
Since it is both visible in RT and LT spectra, we think it is also
a defect transition. This hints to an increase of a certain defect
in ACTS absorber layers, which is not directly related to the
disordered cubic phase. From intensity-dependent LT-PL (see
Fig. 3, on the right), we extract a blue shift of 1.7 meV/decade
of the main peak around 0.8 eV for pure CTS, while the Ag
samples give higher values of 3.5 and 4.1 meV/decade. This
indicates an increase in compensation [32], which is what we
expected and may be advantageous for solar cells. However, the
broadening and red-shift of the defect peak may be attributed to
increase in electrostatic fluctuations [32], which is bad for solar
cell performance.

C. Devices

Solar cells are processed from ACTS absorber layers and
compared with pure CTS absorber layers. All cells were pro-
cessed the same way. Fig. 4 shows the JV curves of the best cells
without Ag and with 4% Ag/(Ag + Cu). The power conversion
efficiencies are 3% and 1%. The ACTS-based cell has a lower
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Left: dark (dash) and light (solid) JV curves of the best cells without and with 4% Ag/(Ag + Cu). Middle: dark curves before and after light soaking (LS)

Right: EQE of the two cells shows an increased collection length W + L for the Ag solar cells.

efficiency than the CTS solar cell due to a lower shunt resistance
that causes a decrease in V,.. The lower shunt resistance may
be attributed to an increase in pinhole size and number, since on
large area, larger pinholes were visible in the ACTS absorber
(see Supplementary Material 3). Increase in pinholes or void for-
mation can have many origins, such as having a bilayer structure
with diffusion of one species into the other layer [33] and/or for-
mation of secondary phases with volatile species [34]. Both are
likely for the AgSnCu precursor, since Ag does not alloy with
CuSn [35] leading to a bilayer structure and Sn forms volatile
species at the annealing temperature used [28]. The increase of
shunt paths we see in the ACTS absorber layers may be solved

by changing the growth condition and/or the layer stacking. A
decrease in V,. can have various additional causes on top of
the low shunt resistance. From low-temperature PL, we inferred
that the potential fluctuations in the bulk material are increased,
which is known to be bad for V. [36]. Another possible reason
for the reduced V. could be changes at the CdS/ACTS interface.
For ACIGS, it was found earlier that the defect concentration is
increased at the CIGS/CdS interface, which could be reduced
by light soaking (LS) [21]. To check whether the diode of our
ACTS cells shows the same trend under LS as for ACIGS/CdS,
dark curves were measured before and after 1 h of LS. The re-
sults are shown in Fig. 4 (in the middle). Interestingly, in our
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case, it is the diode of CTS solar cells that has improved diode
behavior, as can be seen from the dark current at positive bias
voltage. The ACTS solar cell shows no improvement. It is even
worsening the shunt resistance and there is barely any diode be-
havior left. Improvement of the diode under LS was also found
for CZTS/CdS [37] and attributed to the removal of defects at
the interface. There are several possibilities for this difference
between ACTS and CTS. First, adding a new element, in this
case silver, may add an interface defect; this was also found
for the ACIGS/CdS interface [21]. Second, KCN etching has
been shown to affect the surface band gap, leading to changes
in recombination [38]. However, it is something that could be
solved by optimizing the CBD parameters and/or add an etching
step before the CdS deposition.

We see another difference concerning CdS when looking at
lower wavelengths of the EQE, see Fig. 4 (on the right). The
lower spectral response in this region can be attributed to a sig-
nificantly thicker and/or more defective CdS layer on the ACTS
absorber layer. This is another indication that the CdS growth is
not the same on the CTS and ACTS absorbers, despite the same
chemical bath synthesis. These differences could arise from re-
duced surface roughness of the ACTS surface due to the larger
grains and/or increased nucleation of CdS onto the ACTS sur-
face. From the shape of the EQE curves at higher wavelengths, it
is clear that the effective collection length [depletion width (W)
+ diffusion length (L.¢)] has drastically increased for the ACTS
absorber. The EQE data for wavelengths longer than 540 nm
were modeled with the formula c-(1 — exp(—a(W + L)),
with ¢ being a constant for parasitic absorption and interface
recombination [15]. Details of the modeling procedure and ab-
sorption coefficient can be found in [13] and [15]. From the mod-
eling, we determine an enhanced collection length (W + L)
from 320 to 700 nm for the ACTS solar cells. The thickness of
the CdS layer itself has only minor influence on the current col-
lection [36]. Hence, the enhanced collection length (W + L)
is likely due to an increased depletion width (W) due to a lower
net doping in the absorber layer attributed to the higher com-
pensation and increased diffusion length (L) due to the larger
grains.

Unfortunately, these advantages were canceled out by the
problems previously mentioned: increased shunt paths and prob-
lems with the standard CdS deposition. Fortunately, both prob-
lems could be tackled by adapting the synthesis.

IV. CONCLUSION

We have shown that alloying CTS with Ag results in absorber
layers with increased grain size and higher PL yield, which
should be beneficial for solar cell performance. These changes
are accompanied with increased electrostatic fluctuations.
Devices prepared from ACTS have lower power conversion ef-
ficiencies than pure CTS. The main loss is a low shunt resistance
due to increase in pinholes and reduced V. Interestingly, there
are no current losses due to increased effective carrier collection
length in the ACTS absorber compared to CTS, implying over-
all beneficial absorber layer properties. Hence, it seems that the
device structure is not optimized, and when the ACTS absorber

layer is to be applied in solar cells, several aspects have to be
taken care of. First, the number of shunt paths should be reduced.
This may be possible by adapting the growth of the absorber
layer and/or use different layer stacking. Second, the efficiency
is likely reduced further due to a defective/unoptimized
CdS/ACTS interface. We see different effects of the diode upon
LS, but also from EQE measurements, we noticed that the CdS
layer is thicker on the ACTS surface, which has an impact
on the performance as well. Both problems can be tackled by
optimizing the deposition of the absorber layer and the CdS
layer and/or add some etching steps prior to device processing.
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