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ABSTRACT: The control and removal of secondary phases is
one of the major challenges for the development of
Cu,ZnSn(S,Se), (CZTSSe)-based solar cells. Although etching
processes have been developed for Cu(S,Se), Zn(S,Se), and
CuSn(S,Se) secondary phases, so far very little attention has
been given to the role of Sn(S,Se). In this paper, we report a
chemical route using a yellow (NH,),S solution to effectively
remove Sn(S,Se). We found that Sn(S,Se) can form on the
surface either because of stoichiometric deviation or by
condensation. After etching, the efficiency of devices typically
increases between 20 and 65% relative to the before etch

Eff. =5.9%

efficiencies. We achieved a maximum 5.9% efficiency in Se-rich CZTSSe-based devices. It is confirmed that this feature is related
not only to the removal of Sn(S,Se) but also to the unexpected passivation of the surface. We propose a phenomenological
model for this passivation, which may open new perspectives for the development of CZTSSe-based solar cells.
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B INTRODUCTION

As an ideal candidate for substituting Culn;_,Ga,(S,Se),
(CIGSSe) solar cells due to its earth-abundant and low-toxic
constituent elements, Cu,ZnSn(S,Se), (CZTSSe) solar cells are
developing very quickly, recently achieving a record efficiency
that exceeds 12%." The technological applications of this family
of materials range from solar cells to counter electrodes for dye-
sensitized solar cells, photoelectrochemical hydrogen produc-
tion, etc,” " because of its capability of covering a wide range
of band gaps depending on the ratio of S/Se. However, this
fascinating as well as complex material exhibits intrinsic
properties that complicate its future development. Among
these properties, it is important to mention the extremely
narrow single-phase existence zone in the phase diagram, the
off-stoichiometry conditions used for the preparation of high-
efficiency devices (Zn-rich and Cu-poor composition), and the
nonequilibrium conditions used during thermal treatments.>~”
Because of these peculiarities, secondary phases like ternary
CuSn(S,Se) and binary Zn(S,Se), Cu(S,Se), and Sn(S,Se) are
prone to appearing in the as-prepared absorbers and have
already been detected in several works."”~'° If present, these
secondary phases can potentially degrade the performance of
solar cells, as has been recently observed.'®'* They may be
present either at the interfaces (surface and back contact) or in
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the bulk, and in fact there are several reports confirming their
possible presence along the whole thickness of the films (see,
for example, refs 11 and 12 for S and Se compounds,
respectively).

When present in the back region or in the bulk,'' the
detrimental effects of secondary phases cannot be avoided, and
in fact prevention is probably the only solution, by choosing
idealized synthesis conditions: precursors, composition, process
parameters, post-treatments, etc. Conversely, when present on
the surface, one of the solutions is to remove them by etching.
KCN etching is now a daily routine for CIGSSe processing,
which can effectively remove Cu(S,Se) also for kesterites.">~"
Br,/MeOH was reported to remove Cu—Sn—Se-related
secondary phases."®'” For ZnS, a 5~10% (75 °C) hot HCI
solution is a useful way of selectively removing it.'® For ZnSe
removal, an oxidation route using KMnO,/H,SO, followed by
a Na,S solution rinse was developed, and its effectiveness was
shown.'” Table 1 shows the summary of the most interesting
etching routes developed up to now for CIGSSe and CZTSSe
solar cells.
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Table 1. Summary of the Etching Procedures for CIGSSe and CZTSSe Solar Cells
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However, the development of a method for the removal of
Sn(S,Se) secondary phases is still a pending task presumably
because this secondary phase occurs to a lesser extent than
Cu(S,Se) in CIGSSe and Zn(S,Se) in CZTSSe absorbers.
Nevertheless, its presence has been noticed in other literature
cases.”**!

Sn(S,Se) is a low-band-gap phase with E, approximately
equal to 1 eV (this value was reported for a 1:1 stoichiometry
compound; other stoichiometries typically exhibit band gaps
between 1.1 and 2.5 eV).*? If this phase is located in the
CZTSSe/CdS interface, some subenergy levels will form and
thus V. of the devices will be pulled down, although, in fact,
the impact of Sn(S,Se) on the solar cell properties has not been
thoroughly investigated yet. In addition, because it is common
now to use Sn or Sn(S,Se) to suppress Sn loss during thermal
treatment,” it is possible that an excess of Sn(S,Se) in the
atmosphere may condense onto the surface of as-prepared
absorbers during the cooling process. Then the occurrence of
this secondary phase may happen by both composition- and/or
process-related issues.

During the synthesis of CZTSSe absorbers with the
methodology used in this paper and published elsewhere,”* it
was found that there are no Zn(S,Se) phases on the surface of
Se-rich CZTSSe films, while Sn(S,Se) may be detected. In
consideration of this problem, in this paper a chemical route to
selectively remove Sn(S,Se) with a (NH,),S etching solution is
presented, and optoelectronic properties before and after
etching are discussed. We will demonstrate that the etching is
highly effective at removing Sn(S,Se) secondary phases and
also, as an additional novel feature, the solution is very useful in
effectively passivating the CZTSSe surface.

B EXPERIMENTAL SECTION

Metallic Precursor Preparation. Cu/Sn/Cu/Zn precursor stacks
were deposited by direct-current (dc) magnetron sputtering (Ac450
Alliance Concepts) onto Mo-coated soda-lime glass (10 X 10 cm? 800
nm thickness; R[] = 0.25 Q/[]). The conditions for the deposition of
each metal can be found elsewhere.'®'® Moreover, before metallic
precursor deposition, the i-ZnO (10 nm) layer was deposited onto the
Mo surface to minimize detrimental reactions between Mo and
CZTSSe absorbers during high-temperature annealing.'> Determined
by X-ray fluorescence (XRF; Fisherscope XVD), the metallic stacks
were approximately 600 nm thick, with composition ratios of Cu/(Zn
+Sn) = 0.8 and Zn/Sn ~ 1.2.

Absorber Preparation. For solid solution CZTSSe absorbers,
metallic precursors were reactively annealed in a graphite box at S50
°C, 1 mbar argon atmosphere for 30 min, and using two crucibles, one
with a mixture of selenium (48 mg, Alfa-Aesar, 99.999%) and sulfur
powder (2 mg, Alfa-Aesar, 99.995%) and the other with tin powder (5
mg, Alfa-Aesar, 99.999%). The ratio of S/(S + Se) in solid solution
CZTSSe absorbers used in this paper was 0.45—0.55, as estimated by
X-ray diffraction (XRD), which corresponds to a band gap of 1.22—
1.27 eV. Varying the cooling down step of the annealing process, we
have produced two types of samples: with low (CZTSSel) and high
(CZTSSe2) quantities of Sn(S,Se) on the surface. Using a natural
cooling down step under relatively high vacuum (1 X 1073 bar), we
produced CZTSSel samples with little Sn(S,Se) on the surface,
whereas using a fast cooling down process under ambient pressure, we
obtained CZTSSe2-type samples, with a high quantity of the Sn(S,Se)
secondary phase on the surface.

Etching Treatments. Etching of the absorbers was performed at
room temperature using a (NH,),S [4—22% (w/w), Alfa-Aesar]
aqueous solution or KCN [2% (w/v)] or Na,S (1 M) solutions for 1
min in all cases. The solutions were stirred during the whole etching
process.

dx.doi.org/10.1021/am502609c | ACS Appl. Mater. Interfaces 2014, 6, 12744—12751
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Solar Cell Fabrication. Solar cells were assembled by depositing
CdS (50—-60 nm) by chemical bath deposition onto CZTSSe
absorbers, followed by the pulsed dc magnetron sputtering deposition
of intrinsic ZnO (50 nm) and ZnO:Al (450 nm, 25 Q/[]; CT100
Alliance Concepts).

Characterization. Inspection of the surface using Raman spec-
troscopy with three excitation wavelengths (532, 458, and 325 nm)
allows us to confirm the absence of Cu(S,Se) and Zn(S,Se) secondary
phases on the surface of both types of samples. In all cases, a Horiba
Jobin—Yvon T64000 spectrometer at a backscattering configuration
was used, and the excitation power density was kept below 100 kW/
cm? to minimize the presence of thermal effects in the spectra. The
scanning electron microscopy (SEM) images were obtained through a
Zeiss series Auriga microscope using an accelerating voltage of 10 kV.
Energy-dispersive X-ray spectroscopy (EDS; Oxford Instruments, X-
Max) was performed using 10 and 20 kV in the working distance 5—8
mm. XRD measurements were performed using a Siemens DS00
diffractometer in a 260 configuration ranging from 10° to 80°. For the
optoelectronic characterization, cells (3 X 3 mm?*) were scribed, and
the illuminated I-V curves were obtained using an ABET
Technologies Sun 3000 Class AAA solar simulator. The external
quantum efficiency (EQE) of the devices was performed on a Bentham
PVE300 system without a bias voltage or with a bias voltage of —1 V.

B RESULTS AND DISCUSSION

Secondary Phases on the Surface of CZTSSe
Absorbers. Parts a and b of Figure 1 show the SEM images
and EDS mappings of two different types of features observed
on the surface of the typical as-annealed CZTSSe films,
including the quantification of Cu, Zn, Sn, S, and Se. In
particular, Figure la shows the typical phase with a rodlike
shape, integrated into the surface of the CZTSSe film (type 1),
whereas Figure 1b shows the typical phase with approximately

Figure 1. SEM images and EDS mappings of features with different
morphologies observed on the surface of CZTSSe absorbers: (a) type
1, encrusted Sn(S,Se); (b) type 2, overgrowth originating from the
condensation of Sn(S,Se) from the annealing atmosphere. Different
color codes for the intensity of each element are included (Cu in
green, Zn in violet, Sn in light blue, Se in red, and S in yellow), from
black (no presence of the element) to full color scale (presence of the
element).
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round or semicircular shape, which probably originates from
Sn(S,Se) condensation from the annealing atmosphere (type
2), as we will show later. EDS mappings performed in the
surrounding area that includes these morphologies clearly
demonstrate that these two kinds of phases are formed by Sn,
Se, and S, suggesting that they are Sn(S,Se) and/or Sn—Se and
Sn—S mixed secondary phases. Quantification with EDS shows
that the atomic ratio is approximately Sn:Se:S & 50:40:10 in
both cases [see also the Supporting Information (SI), part 1],
suggesting that these two phases are probably SnSegS,,. This
agrees with the phase diagram of both systems (Sn—S and Sn—
Se), where under the conditions used in this work, SnS and
SnSe are the stable phases.”>*® The same analysis performed at
several points on the CZTSSe layer (excluding these features)
allows us to quantify the average kesterite composition: Cu/
(Zn + Sn) = 1.03, Zn/Sn = 1.02, and S/(S + Se) = 0.58 (the
last ratio is in good agreement with the values obtained by
XRD). It is important to remark that both types of Sn(S,Se)
features are present in all absorbers used in this paper and that
the composition of these absorbers is approximately the same.
As we will show in the next section, the removal of both types
of Sn(S,Se) features from the CZTSSe surface leads to different
consequences on the etched surface.

Figure 2 shows the XRD and Raman spectra of typical as-
annealed CZTSSe absorbers. The XRD pattern (Figure 2a)
shows that the as-annealed films contain Sn(S,Se) as the
secondary phase. In fact, the peak labeled as 3 in the figure
presents a slight shift toward high angles with respect to the
(400) diffraction peak of SnSe (PDF 00-048-1224), confirming

(a) 1.Cu,ZnSn(S,Se),
:‘E 1 2. Mo
= 2 3. 5n(S,Se)
3
2
8
£
o
@
N
©
£ 1
Zo 1 1 3 1
w Hi! 3 121
10 20 30 5 60 70 80
26(°)
(b) CZTSSe
3 nS
M
= 2™ order
3 ZnS|
= 1
S
> 325 nm A
g A’J i 2m order ZnSe
2 3 :
532 nm
1 IZnse 1 1 1 1 1
100 200 300 400 500 600 700

Raman shift (cm™)

Figure 2. (a) XRD pattern of typical CZTSSe absorbers. (b) Raman
spectra of typical CZTSSe absorbers with 532, 458, and 325 nm
excitation light.
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the presence of some S in this secondary phase. Additionally,
this is in agreement with the SEM and EDS results that show
the formation of Se-rich Sn(S,Se) together with the main
kesterite phase. To unambiguously demonstrate the absence of
secondary phases other than Sn(S,Se) on the surface, Raman
spectra (Figure 2b) were obtained using three different
wavelengths: 532, 458, and 325 nm. Raman with 532 nm is
useful for detecting kesterites and Cu(S,Se) secondary phases,
while 458 and 325 nm are highly sensitive to detection of ZnSe
and ZnS, respectively.”’ > As is shown in the literature, even
tiny ZnSe or ZnS quantities on the surface can be detected
using these resonant Raman conditions (peaks at 249 and 500
cm™' correspond to ZnSe, and those at 348 and 697 cm™!
correspond to ZnS).* From Figure 2b, we can conclude that
the CZTSSe surface of the samples under study in this work is
free of Cu,S, Cu,Se (x < 1.8), ZnSe, and ZnS. In particular, the
absence of the characteristic 260 cm™ peak in the spectrum
acquired using a 532 nm excitation wavelength confirms that a
Cu,Se secondary phase is not present on the surface (green
spectrum in Figure 2b).>” Additionally, the absence of the first-
order (249 cm™) and second-order (500 cm™") peaks of ZnSe
using a 458 nm excitation wavelength (blue spectrum in Figure
2b), as well as the first-order (348 cm™) and second-order
(697 cm™") peaks of ZnS using a 325 nm excitation wavelength
(violet spectrum in Figure 2b), allows us to discard the
presence of these two secondary phases on the CZTSSe
surface. The presence of ternary CuSn(S,Se) phases cannot be
discarded, but considering the imposed Zn-rich and Cu-poor
compositional conditions, their formation is highly unexpected.
Thus, in these types of samples, Sn binaries are the only
secondary phase on the surface, namely, Sn(S,Se), being ideal
for the study of the etching process and the influence of
Sn(S,Se) on CZTSSe solar cell parameters. This phase has
already been observed in the literature by other authors,
indicating that its formation can occur during different standard
processes (see, for example, refs 20 and 21).

Removal of Sn(S,Se) Secondary Phases. To demonstrate
the effectiveness of the (NH,),S etching, as-annealed layers
were submitted to processes with different etchant solutions.
Figure 3 shows the XRD diffractogram of CZTSSe absorbers

1.Cu,ZnSn(S,Se), ——Unetched
2.Mo Na,S etch
3.5n(S,Se) ——KCN etch

s

——(NH,).S etch
N 472

L1
L

normalized intensity(arb.units)

L
N

] .
1
1 1
11 BT 121
L} L L} v L}
10 20 30 40 50 60 70 80
20/°

Figure 3. XRD of CZTSSe absorbers before and after etching. The
concentrations of the solutions are 2% (w/v) KCN, 1 M Na,S, and
22% (w/w) (NH,),S. We use different units to express the
concentrations in order to facilitate the preparation of each of them.
In particular, the molarity of KCN and (NH,),S is not presented
because the exact density of these solutions is unknown.
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before and after etching with different solutions [KCN, Na,S$,
and (NH,),S], as described in the Experimental Section. From
Figure 3, it is clear that KCN and Na,S etchings are not
effective at removing Sn(S,Se), while after etching in a 22% (w/
w) (NH,),S solution for 1 min, Sn(S,Se) is removed from the
surface. The results show that the peak intensities of CZTSSe
barely change before and after (NH,),S etching, which
indicates the selective removal of Sn(S,Se), suggesting that
the main kesterite phase is slightly or even not affected.

To demonstrate the selectivity of this process, the etching
rate of different Sn binaries as well as CZTSSe is present in
Table 2. The etching rate was determined using films prepared

Table 2. Etching Rate of 22% (w/w) (NH,),S on Sn—S, Sn—
Se, and CZTSSe Thin Films

thin film etching rate (nm/s) thin film etching rate (nm/s)
CZTSSe <0.13 SnS 1.1

SnSe” 1.2 SnS,” 0.5

SnSe, 0.2

“SnSe mixes with a little SnSe,, and SnS, mixes with a little SnS.
However, the conclusion is not affected. See the SI, part 2.

on glass (see the SI, part 2, for a detailed description of the
methodology employed for the etch rate estimation) and
measuring the thickness of these layers after different etching
times by XRF. From Table 2, it is clear that the etching is very
effective for the removal of SnS and SnSe [under the analyzed
conditions: 22% (w/w) solution and room temperature],
whereas it seems to be less effective for the SnS, and SnSe,
phases. However, increasing the concentration of a (NH,),S
solution or reaction temperature should be helpful for the
improvement of the etching rate on SnS, and SnSe,.** The
kesterite phase is apparently not or very slightly etched,
confirming the selectivity of the chemical process. It is
important to remark that solubility tests were performed with
powders of different secondary phases (ZnS, ZnSe, Cu,Se,
Cu,S, SnSe, and SnS) and show that the solubility of the Zn
and Cu binary compounds is negligible in this solution (see
part 2.1 of the SI for a detailed description of the experiment).

However, the process presented here also has effects on the
morphology of the films (see Figure 4). Type 2 Sn binary
phases are easily removed from the surface and do not have any
apparent impact on the surface morphology. This is expected,
taking into account that this type of secondary phase is a
surface overgrowth. Nevertheless, the situation is different for
the type 1 Sn binary secondary phases. After etching, there are
some long trenches along the surface (see Figure 4b,c), which is
the outline of the Sn(S,Se) rods after removal by yellow
(NH,),S. Note that these elongated trenches are shallow, and
after removal, it is expected to have an impact only on the
surface. However, no trace of the Sn(S,Se) phase with round
shape (type 2) can be found (those corresponding to Figure
4a). This demonstrates that these two kinds of phases
originated from different sources. The phases with elongated
shape are most probably formed during the synthesis process,
explaining why they are encrusted on the surface, while the
other one may come from the condensation of Sn(S,Se) during
the cooling process, explaining why it is on the surface of the
films. When the annealing furnace is cooled down under
vacuum, there are less type 2 secondary phases on the surface,
which also supports this conclusion.

dx.doi.org/10.1021/am502609c | ACS Appl. Mater. Interfaces 2014, 6, 12744—12751
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before etching

before etching

After etching

P\

Figure 4. SEM images of type 2 (a) and type 1 (b) Sn(S,Se) secondary phases before etching on CZTSSe absorbers. (c) Surface image after removal
of the type 1 Sn(S,Se) secondary phase with 22% (NH,),S chemical etching, showing the formation of shallow trenches.

The effectiveness of the etching process can be evaluated also
with its impact on the global composition of the layers. Table 3

Table 3. Compositions of CZTSSe Absorbers before and
after 22% (w/w) (NH,),S Etching by XRF

sample Cu/(Zn + Sn) Zn/Sn thickness (ym)
unetched 0.86 1.22 1.73
(NH,),S etched 0.89 128 1.56

shows the composition of the absorbers before and after
(NH,),S etching. After etching, both Cu/(Zn + Sn) and Zn/Sn
increase, which is consistent with the removal of Sn(S,Se), i.e.,
with the diminution of the Sn concentration. The S/(S + Se)
ratio seems to be unaffected by the etching, whereas the
thickness slightly decreases, probably because of removal of the
thin SnSe(S,, secondary phases on top of the layer. Similar
changes in the thickness have been observed after etching of
the ZnS and ZnSe phases on the surface and have been
attributed to the removal of these phases.'”"’

Note that the composition of the absorbers before etching
measured by XRF differs from that obtained by EDS as
mentioned before. This may be because XRF has a greater
penetration depth than EDS, and Zn(S,Se) usually accumulates
in the back, thus leading to lower Cu/(Zn + Sn) and higer Zn/
Sn ratios in XRF measurements.

To better understand the effect of etching in the CZTSSe-
Sn(S,Se) system, it is important to analyze the route for the
selective removal of Sn binaries. It was reported that yellow
(NH,),S (namely, containing some S° traces) can dissolve SnS
and SnS, via the formation of complexes.**** Although not
reported, considering the similar properties of S- and Se-based
compounds, it is reasonable to suppose that SnSe [or Sn(S,Se)]

behaves similarly. Tin(II) sulfide, selenide, or sulfoselenide will
react with yellow ammonium sulfide, being oxidized to the
tin(IV) state, forming the soluble ammonium thiostannate(IV)
species (reaction I), and after with ammonia (reaction II), by
means of the following reactions (the reactions are illustrated
for the pure Se compounds but are analogues for the sulfide
and sulfoselenide ones):

SnSe + S>7'S = SnSeS,>” (1)

2NH,* + SnSeS,”” = (NH,),SnSeS, (soluble) (10)

Thus, using yellow (NH,),S, the formation of soluble tin—
ammonium chalcogenide complexes is the most probable
chemical path for etching of the Sn binaries. Conversely, Cu
and Zn complexes are not formed in the conditions studied in
this work, probably because of the lower solubility of these
compounds in an ammonia medium. It is important to remark
that the use of colorless (NH,),S (without the presence of S°)
has a very limited impact on the solubility of tin chalcogenides
and is considerably less effective for the removal of these
secondary phases.

Improvements in the Optoelectronic Properties and
Mechanism Discussion. To further investigate the role of
Sn(S,Se) on the optoelectronic properties of CZTSSe solar
cells, two different CZTSSe absorbers were prepared. CZTSSel
has a little Sn(S,Se) content on the surface (check with SEM),
while CZTSSe2 has a lot of Sn(S,Se) on the surface, as is
described in the corresponding Experimental Section. With
these two types of absorbers, devices were prepared with and
without (NH,),S etching and J—V curves were measured (see
Figure Sa).

From Table 4, we can see that, after (NH,),S etching, the
Voo Jio FF, and efliciency for CZTSSel devices increase

30 80 15
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Figure S. Illuminated J—V curves of CZTSSel and CZTSSe2 solar cells before and after 22% (w/w) (NH,),S etching and the best solar cell
obtained with the optimized process, producing a 5.9% efficiency device (a). EQE curves of CZTSSel and the best cell (b) and EQE(—1 V)/EQE(0

V) curves for CZTSSel and the best cell (c).
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Table 4. Optoelectronic Properties of Devices before and after 22% (w/w) (NH,),S Etching

Jo(mA/ V.,  FE  EFF R (Q/ Ry (Q/ Jo (ma/
type absorber etching cm?) (mV) (%) (%) cm?) cm?) A cm?
CZTSSel  low Sn(S,Se) content on the unetched 21.1 397 498 42 1.5 91 20 12 X 1072

surface
(NH,),$ etched 24 427 529 5.1 2.6 142 17  21x107
CZTSSe2  high Sn(S,Se) content on the unetched 23.9 296 393 2.8
surface
(NH,),S etched 26.5 349 495 46
best cell (NH,),$ etched 25.1 406 57.6 59 0.7 109 17 14x10°
H
@ o o (b) T (c)
HS HS 4 -
S N S <782 RN
7 0 )~ TH0+2Mss, H® \ H® _
Voo N P v\ % S Passivated
S el L dsurface L Surface __/ P
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Figure 6. Schematic representation of passivation of the CZTSSe surface using yellow (NH,),S solutions: removal of the native oxides with the HS™
ions (a); electron transfer from the semiconductor toward the H* ions of the solution and production of H, (b); formation of the bond between the

S and the dissolved chalcogen (c).

relatively by 7.6%, 6.2%, 6.2%, and 21.4%, respectively, while
those for CZTSSe2 increase by 17.9%, 10.9%, 26%, and 64.2%,
respectively. This shows that after etching all parameters were
improved. Comparing the optoelectronic parameters of
CZTSSel devices with those of CZTSSe2, we conclude that
the higher the Sn(S,Se) quantity on the surface, the higher the

Voo Jio and FF relative increase after etching. Nevertheless, the
impact of the etching on ], is considerably less pronounced
than that on V. and FF. This indicates that Sn(S,Se) mainly
degrades V, somehow also affecting FF of the devices because
of, among others, the low band gap of this secondary phase.
Additionally, R, slightly changes, while Ry, markedly increases
in the CZTSSel sample. Aside from the effect of Sn(S,Se)
removal, the pronounced FF and Ry, increases could also be
related to passivation effects of a (NH,),S solution on the
surface of absorbers, as we will discuss below. After
optimization of all processes, we obtain a cell with a maximum
conversion efficiency of 5.9% (see the optoelectronic
parameters in Table 4 and related curves in Figure S), which
is, to our knowledge, one of the highest values reported for a
CZTSSe-based solar cell prepared from dc-sputtered metallic
precursors. This efficiency, although still relatively low in
comparison with the highest efficiencies reported in the
literature for the CZTSSe solid solution based solar cells, is
very encouraging, taking into account that the methodology
presented here for the synthesis of CZTSSe absorbers is quite
innovative. In ref 1, a 12.6% efliciency device was reported but
using precursors containing S and a methodology involving the
use of a highly toxic and explosive hydrazine compound.
Additionally, other approaches using precursors containing S*
and/or S—Se® compounds as precursors have reported
efficiencies in the range of 6—9%. In our approach, we are
using only metallic stacks as precursors, incorporating S and Se
in a controlled manner using a one-step sulfoselenization
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process. In this sense, this methodology is suitable for the
future industrial application of CZTSSe-based technologies and
the obtained efficiencies are very encouraging for the future
competitiveness of this technology. We have tested this etching
with about 12 groups of devices, showing that the efficiency of
all of the devices after etching increases by 20—65% relative to
unetched values and depending on the quantity of Sn(S,Se) on
the surface (the average increased value for the efficiency is 43%
relative). In addition, the influence of the (NH,),S solution
concentration on the optoelectronic properties of CZTSSe
solar cells was also investigated, which shows that a 22% (w/w)
(NH,),S solution is more effective than those with lower
concentrations (see the SI, part 3.1).

To understand the improvements of the illuminated J-—V
characteristics after (NH,),S etching, CZTSSel was analyzed
to measure EQE with and without bias voltage. Parts b and ¢ of
Figure S show EQE and EQE(—1 V)/EQE(0 V) curves of
CZTSSel-based solar cells before and after (NH,),S etching.
EQE shows that in the range 500—900 nm there are significant
increases in EQE, which is consistent with the improvements of
the p—n junction. From this EQE curve, we calculate the J
values, which are in very good agreement with those obtained
from the J—V illuminated curves (see the SI, part 3.2),
indicating that there is a small influence of light-induced
defects. Moreover, from Figure Sc, we know that after etching
the EQE(—1 V)/EQE(0 V) curve is below that before etching,
which means EQE is less dependent on the bias voltage,
indicating that the device has better carrier collection efficiency.
Note that EQE(—1 V)/EQE(0 V) curves increase considerably
in the short-wavelength range for both samples, which is often
associated with a low electron lifetime, or low field strength at
the p-n interface, allowing electron back-diffusion into the p
layer.*® This problem is relatively well solved in the case of the
best cell. In addition, ideality factor A and diode current density
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Jo were also extracted from the illuminated J—V curves of the
CZTSSel sample by Sites’ method®” and are shown in Table 4.
After etching, A decreased from 2.0 to 1.7 and ], reduced
almost one order of magnitude, which demonstrates better
junction quality and less interface recombination in the device.

These results demonstrate that etching based in yellow
(NH,),S has two beneficial effects on kesterites: (i) the
selective removal of Sn binary secondary phases on the surface
and (ii) the possible passivation of the surface. This passivation
effect promoted by sulfide compounds has already been
observed in II-V semiconductors®® * and very recently
reported for CZTSe solar cells treated with Na,S.'” We
propose a route for this passivation in the case of kesterites and
using (NH,),S as a passivating agent, which implies the
elimination of surface oxides and the formation of S passivated
species. The mechanism is based on a three-step process, as
shown in Figure 6. In the first step, the S ions (preferentially
HS™ due to the pH of the solution) react with the surface
metallic oxides, breaking the bond between the chalcogen and
the metals as presented in Figure 6a, forming soluble metal
chalcogenide species, and leaving H' ions in the solution. This
process produces free bonds at the surface for subsequent bond
formation with S ions from the (NH,),S solution. After
dissolution of the native oxides, in a second step, the electrons
from the conduction band of the semiconductor are transferred
to the solution to neutralize the H" ions created in the previous
step (Figure 6b), with the concomitant formation of H,(g), the
formation of which is already observed during the etching
process (formation of bubbles in the solution). This electron
transfer allows the formation of chemical bonds between the
S*~ free in the solution and the chalcogen atoms of the
semiconductor (Figure 6c), explaining passivation of the
surface. This mechanism explains the passivation effect of
(NH,),S observed here and also reported previously for
CZTSe with a Na,S solution and is the key effect for the
improvement of Ry, and FF presented in this work. A similar
mechanism was proposed for III-V semiconductors.*!
However, it is the first time that we use the updated
mechanism to explain the passivation effects of (NH,),S or
Na,S on chalcogenide-based solar cells. This opens a
perspective for improvement of the CZTSSe/CdS hetero-
junction properties by elimination of the tail states in the
kesterite surface before junction formation using yellow
(NH,),S as a passivating agent.

Bl CONCLUSIONS

In summary, in this paper we present a very effective chemical
route using a yellow (NH,),S solution for the highly selective
removal of Sn(S,Se) on the CZTSSe absorber surface. We find
that Sn(S,Se) can form either from stoichiometric deviation or
by condensation from the annealing atmosphere, which usually
contains Sn and the chalcogens. We have shown that the
presence of this detrimental secondary phase clearly degrades
the performance of devices mainly because of the reduction of
V. Additionally, we report that the yellow (NH,),S solution
not only is effective for the selective removal of Sn(S,Se) but
also can passivate the surface, decrease interface recombination,
and ultimately improve the p—n junction quality and the
conversion efliciency of CZTSSe-based solar cells. We propose
a surface passivation mechanism of CZTSSe with this type of
solution, which can open new perspectives toward the
preparation of high-efficiency devices with these kinds of
earth-abundant absorbers.
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