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ARTICLE INFO ABSTRACT

Available online 15 October 2014 Culn(S,Se), (CISSe) photovoltaic grade thin films are usually grown by expensive vacuum based methods or
chemical routes that require highly toxic precursors. In this work, we present the synthesis of CISSe absorbers
by a simple chemical bath deposition (CBD) route. In the first step, In,S3/Cu, _ S stack was deposited as a
precursor by CBD on Mo-coated soda lime glass substrates, using respectively thioacetamide and N,N’-
dimethylthiourea as S source. Then the CISSe thin films were synthesized by the precursor's selenization at
450 °C. The obtained films were characterized by X-ray diffraction (XRD), Raman spectroscopy and scanning
electron microscopy (SEM). The tetragonal chalcopyrite structure of CISSe was identified by XRD and Raman,
confirming that the major part of S was replaced by Se. SEM images show a compact and homogeneous film
and by cross-section the thickness was estimated to be around 700 nm. Solar cells prepared with these absorbers
exhibit an open circuit voltage of 369 mV, a short circuit current density of 13.7 mA/cm?, a fill factor of 45% and an
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efficiency of 2.3%.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

[-11I-VI group compounds are among the leading light-absorbing
semiconductors for thin film solar cells, with record efficiencies exceed-
ing 20% at laboratory scale and 15% at module scale [1]. Among them,
copper indium sulfur-selenide (Culn(S,Se),—CISSe) has been one of
the most promising photovoltaic materials because of its optical and
electrical properties. It has a direct band gap between 1.0 and 1.5 eV de-
pending on S/Se ratio and an absorption coefficient exceeding 10° cm ™!
in the terrestrial solar spectrum range, which are ideal for the fabrica-
tion of thin film photovoltaic devices [2-4]. Although the band gap of
this material is not in the optimal range defined by the Shockley-
Queisser limit, CISe is a very interesting material for applications that
require high currents or as bottom cell in tandem concepts [5].

CISe thin films have been deposited by several techniques including
electrodeposition [6], electron beam evaporation [7], sputtering [8], and
chemical bath deposition (CBD) [4,9]. Efficiencies between 9 and 11%
have been reported using chemical based methods like particulate printing
processes, electrodeposition or hydrazine based methods [10]. Neverthe-
less, these processes involve both toxic and hazardous precursors and/or
complex synthesis methodologies. On the contrary, CBD is a simple and
low cost method that produces uniform, adherent, and reproducible large
area thin films, and has been spotlighted as an alternative to these methods,
due to their potential to realize low cost PV devices [11].
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Few studies reported solar cells using the CBD technique.
Vidyadharan et al. [ 12] first reported the synthesis of CulnSe; and its in-
corporation in a cell by the CBD technique on a single deposit, obtaining
a device with a maximum efficiency of 3.1%. Additionally, K. C. Rathod
et al. [13] deposited CulnSe, layers by CBD, incorporating it in a
photoelectrochemical cell, obtaining an efficiency of 0.82%.

In this study, we present a different approach for the synthesis of se-
lenium rich CISSe films by depositing In,Ss/Cu, _ S stacked layers by
CBD on SLG/Mo substrates, followed by a reactive annealing under Se
atmosphere. The advantage of the multi-stack precursor is that it allows
for an accurate control of the cationic composition of CISSe by simply
varying the In,S3 and Cu, _ S thicknesses. Using this approach a solar
cell with 2.3% maximum efficiency is reported, encouraging the future
development of this very low cost technology.

2. Experimental section

CISSe layers were synthesized using a two stage process: deposition
of In,S3/Cuy _ S stacked layers with a further annealing under Se atmo-
sphere in a graphite box. In the first step, the deposition of the indium
sulfide thin films was carried out on Mo-coated soda lime glass (SLG)
substrates (800 nm in thicknesses, 0.16 Q/[1). The composition of the
chemical bath solution is: In(NOs)3 (99.9%, Aldrich) 0.1 M, CH;COOH
0.5 M and CH3CSNH, (99%, Aldrich) 1 M at a pH of 2.0 that was adjusted
by adding diluted HCl; the final volume was adjusted to 100 mL with de-
ionized water (18 MQ). The chemical reaction was carried out at 55 °C
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for 3 h and 45 min under continuous stirring, resulting in a layer with
380 nm in thickness. Then, during the second step Cu, _ S layers
were deposited on the In,S3/Mo/SLG substrate. The procedure given in
Ref. [14] was followed to deposit copper sulfide thin films by using
CuCl;-2H,0 (99%, Aldrich) 0.5 M, Na,S,03 (98%, Aldrich) 1 M, and
N,N’-dimethylthiourea (99%, Aldrich) 0.5 M, with a final volume of
100 mL. These chemical reagents are typically used in CBD processes
for the growth of different materials, and although some of them
contain organic molecules, C contamination is not expected. The
chemical reaction was carried out at 70 °C for 1 h and 35 min under
continuous stirring, resulting in a film of 250 nm in thickness. The selected
thicknesses correspond to Cu-rich conditions, in particular to a Cu/In ratio
equal to 1.24. Cu-rich condition was selected because it promotes grain
growth during the selenization process, although other compositions (in
particular stoichiometric or Cu-poor) could be interesting for the
optimization of the solar cell performance.

Finally, the CISSe thin films were synthesized by the selenization of
the In,S3/Cu, _ S stack precursors in a tubular furnace, using a graphite
box with a volume of 23.5 cm?, containing 20 mg of Se powder with a
total pressure of 1 bar under Ar atmosphere. The system was heated
at 20 °C/min up to 450 °C for 30 min, and then naturally cooled down.
The total process takes approximately 120 min.

The structural properties of the obtained films were analyzed by X-
ray diffraction (XRD) using an X-ray diffractometer Siemens D-500 in
6-26 configuration (Cu K, radiation, N\ = 1.5418 A). The surface mor-
phology and film grain size were analyzed by scanning electron micros-
copy (SEM, FEI NovaTM NanoSEM 230) using a work distance of 5 mm
and an operating voltage of 5 kV. The thin films obtained were also char-
acterized by Raman spectroscopy in backscattering configuration using
a Raman probe developed at the Catalonia Institute for Energy Research,
coupled with an optical fiber to an iHR320 Horiba Jovin Yvon spectrom-
eter. In order to optimize the signal of the secondary phases present in
the layer, the Raman characterization has been performed under
532 nm and 785 nm excitation wavelengths. In both excitation wave-
lengths the optimal excitation power density has been studied in
order to avoid the thermal effect in the measurements. All measure-
ments have been calibrated fixing the 520 cm~! Raman shift for the
main mode of the Si monocrystal spectrum.

For the solar cells, absorbers were etched with a KCN solution (5% w/V,
2 min), CdS buffer layer (~60 nm) was deposited by CBD, and intrinsic
ZnO and ZnO:Al films were grown by pulsed direct current magnetron
sputtering deposition (CT100 Alliance Concepts). For the optoelectronic
characterization, 3 x 3 mm? cells were scribed using a micro-diamond
scriber (MR200 OEG). Measurement of the optoelectronic properties
was carried out using a pre-calibrated Sun 3000 Class AAA solar simulator
from Abet Technologies (uniform illumination area of 15 x 15 cm?, AM
1.5 filter) and the external quantum efficiency (EQE) of the devices was
also measured, using a Bentham PVE300 system.

3. Results and discussion

XRD diffractograms are shown in Fig. 1, including the as deposited
In,S3/Cuy — S layers (a) and the as annealed CISe layer (b). The
diffractogram of the as deposited In,S3/Cu, _ «S precursor layer is dom-
inated for the diffraction peaks corresponding to Mo (JCPDS file 042-
1120). Additionally, broad and weak peaks at 28.4°, 33.6° and 48.2°,
and a shoulder at 29.4° can be observed. These contributions are
assigned to In,S3 [15] and Cuy _ S (JCPDS file 29-6578) phases. The
weak intensity of these peaks and their high full width at half maximum
(FWHM) indicate the amorphous nature of the precursors. After the
selenization of the In,S3/Cu, _ S precursors, the crystal structure of
the resulting polycrystalline CISSe thin films correspond to the tetrago-
nal chalcopyrite phase (JCPDS 040-1487), with a [S]/([S] + [Se]) ratio of
0.08, estimated by the Vegard's law [16]. This suggests that during the
annealing process, almost all the S was substituted by Se, leading to a
Se rich CISSe chalcopyrite phase. The symmetry of the CISSe diffraction
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Fig. 1. XRD diffractograms: a) as-deposited In,S3/Cu, _ xS multi-stack precursor, and
b) absorber selenized at 450 °C/30 min.

peaks and their low FWHM (FWHM = 0.26° from (112) at 24.75°) sug-
gest a high crystalline quality absorber and constant CISSe in depth
composition. Additionally, a weak contributions at 29.0° and 42.0° and
a shoulder centered at 39.2° could be identified with diffraction peaks
corresponding to the Cu, _ «(S,Se) alloy. The formation of this phase is
in agreement with the Cu-rich composition of the precursor. This Cu-
rich phase act as crystallization flux, facilitating the grain growth and
allowing obtaining large grain layers [17]. Also, peaks at 31.7° and
56.0° are assigned to MoSe; (JCPDS 29-0914), demonstrating that Mo
was partially selenized during the annealing process. This confirms
that the methodology proposed in this paper is useful for the synthesis
of Se rich CISSe chalcopyrite layers from the selenization of Cu and In
sulfide precursors deposited by CBD.

In Fig. 2a the top view of Cu, _ S layer is presented, where
nanometric scale needles are observed. The cross section view of the
stacked precursor (Fig. 2b) supports the amorphous like nature of the
bi-layer, presenting a very fine grain structure. After selenization,
the morphology of the surface changes drastically (Fig. 2c to f). Larger
grains are observed in the surface (around 200 nm) confirming the ad-
equate crystallization of the material. Also, hexagonal platelets are
clearly seen on top (see Fig. 2c), which are typically associated with
Cu, _ ,Se and/or Cu, _ ,S, confirming the presence of Cu-rich secondary
phases. Using the cross sectional views of the absorber we can estimate
a thickness of 740 nm approximately (Fig. 2d), with a very thin MoSe;
layer (less than 50 nm), confirming the good crystallization of the pre-
cursor, and demonstrating the potentiality of this approach to produce
layers with large grain structure. After KCN etching (Fig. 2e and f for
top and cross sectional views respectively), the hexagonal platelets are
effectively removed from the surface, supporting that these over-
growths are Cu-chalcogenide binary phases. Additionally, the surface
is clearly smooth when compared with the as annealed absorber,
being this etching effect beneficial for the hetero-junction properties.

In Fig. 3 the Raman spectra of the as grown In,S; (spectraal and b1),
In,S3/Cu, _ S stacked layers (spectra a2 and b2), and the corresponding
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Fig. 2. SEM top (a) and cross sectional (b) views of the as-prepared precursors, top (c¢) and cross sectional (d) views of the as annealed one, and top (e) and cross sectional (f) views of the as
etched layers using a KCN solution.
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Fig. 3. Raman spectra of In,S; (a1-b1), In,S3/Cuy — S (a2-b2) and Culn(S,Se), (a3-b3) under 532 nm and 785 nm excitation wavelengths. Also the reference spectra of OVC phase is
included (spectra in black color).
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absorber after selenization (spectra a3 and b3), using 532 nm and
785 nm are presented. The penetration depth under both excitation
wavelengths is estimated below 100 nm providing information from
the sample surface. The a1 and b1 Raman spectra are characterized by
a broad band in the region of 150-400 cm™ !. The detection of this
band confirms the formation of amorphous like In,S; [18]. Additionally
under a 785 nm excitation wavelength a small contribution identified
with elemental sulfur is observed [19]. The presence of this signal sug-
gests the precipitation of rather small quantities of sulfur during the
growth of In,Ss. In the spectra corresponding to the In,S3/Cuy — S
stack (a2 and b2) the broad band assigned to amorphous like In,S; is
clearly modified, with changes in the shape and ratios between the dif-
ferent contributions, suggestion and improvement of the crystalline
quality [18]. This crystallization could be associated with the high tem-
peratures used for the chemical bath deposition of Cu, _ ,S. Additional-
ly, a weak contribution at 473 cm™! identified as Cu, _ ,S phase is
detected [20]. From the Raman analysis, there are no clear evidences
of the inter-mixing between Cu sulfide and In sulfide precursors, with
the concomitant formation of CulnS; or related phases. It is important
to remark that the In,S; Raman signal is also observed in the spectra
a2 and b2 because the upmost Cu, _ S layer is very porous (as is clearly
observed in Fig. 2a), and is not enough to cover completely the In,S3
bottom layer.

After the selenization of this precursor, the Raman spectrum with
green excitation (a3) shows a main peak at 176 cm™ !, with three weak-
er contributions at 212 cm™ !, 228 cm™ ! and 290 cm ™ !. The low FWHM
of the main A1 mode (10 cm™', in this system the FWHM of the
520 cm™ ! mode of crystalline Si used as reference is 6.4 cm™ ') confirms
the high crystalline quality of the absorber. These contributions are
assigned to very Se-rich Culn(S,Se), chalcopyrite phase (with more
than 90% of Se) [21], in close agreement with the XRD analysis. Using
a 785 nm excitation wavelength, two additional features are observed
in the 390-475 cm™ ! frequency region, and are tentatively assigned
to sulfur rich Cu, _ «(S,Se) [22,23]. The formation of this phase is in
agreement with the Cu-rich composition of the precursor. Additionally,
the intensity of the 228 cm™ ! mode increases (see spectrum b3) under
785 nm excitation. Under this condition, the increase of this contribu-
tion is assigned to the presence of Ordered Vacancy Compound (OVC)
phases, as is illustrated in the OVC reference spectra (corresponding to
CulnsSes) in the same figure [24]. Differences between the reference
and the absorber spectra correspond to different OVC compositions
(OVC phases have several stoichiometries including CulnsSeg,
Culn,Ses s, and Culny 5Se,) [24,25]. Although the OVC phases are usually
associated with Cu-poor conditions, it was reported that these phases
can be also formed close to Cu-Se secondary phases in Cu-rich layers,
as those observed in Fig. 2a [17]. In this case, the grains in contact
with the Cu-Se binary phase can be Cu-poor (although the overall com-
position of the layer is Cu-rich), explaining the unexpected presence of
OVC phases in Cu-rich layers.

To confirm the potential of the absorbers produced by the two stage
process, CISSe layers obtained from the selenization of In,Ss/Cu,S stacks
at 450 °C/30 min were tested as absorber materials in solar cells. Fig. 4a
shows the obtained current density-voltage (J-V) curve for the best cell,
where the following optoelectronic parameters were extracted: open
circuit voltage, Vo = 369 mV; short circuit current density, Jsc =
13.7 mA/cm?; fill factor, FF = 45%; and efficiency of 2.3%. The V. is
only slightly lower than those reported in literature for the best CISe
solar cells [10], suggesting that the absorber has a good quality, as was
demonstrated before using Raman spectroscopy. Also, the presence of
OVC's in the surface detected by this technique (see Fig. 3b) could con-
tribute to the reduction of the density of defects [25,26], enhancing the
cell's voltage. Nevertheless, the Js. and FF of the cell are remarkably
lower than values expected for this material [27,28]. The low current
could be related, at least in part, to the thinner absorber which is only
700 nm in thickness with respect to typical 1.5-2.0 um used in this tech-
nology. The low FF can be explained by the low shunt and high series
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Fig. 4. ]-V illuminated and dark curves of the best cell obtained in this work (a) and cor-
responding EQE (b).

resistance characteristics of this device that could be related to the Cu-
rich conditions employed in this work (and the concomitant formation
of Cu-Se binary phases). Additionally, no optimized junction and/or
electrical contacts could be the reason of these low values. Finally, the
voids observed in Fig. 2b are also contributing to the deterioration of
the current of the cell. The external quantum efficiency (EQE %) spec-
trum for the CISSe thin film solar cell is shown in Fig. 4b. The maximum
value of the EQE is around 40%, confirming the non-optimized charge
carrier collection, which origin is under study to improve the solar cell
characteristics. Using the high wavelength region of the EQE we esti-
mate a band gap of the material equal to 1.0 eV, in agreement with
XRD and Raman spectroscopy, where Se-rich CISSe absorber was ob-
served. Nevertheless, although the efficiency of the devices presented
here is considered low, the technique has potentiality to produce a pho-
tovoltaic grade material. Future improvements in the cationic composi-
tion (Cu/In ratio), modifications in the bath conditions to increase the
deposition rate, optimization of the annealing parameters, passivation
of the rear contact, etc., will be a pre-requisite to increase the efficiency.

In summary, CISSe based thin film solar cells obtained in this work
by the CBD technique are viable for low cost concepts for the synthesis
of ultra thin Se-rich CISSe absorbers. However, there are many aspects
to be considered in the future for increasing the efficiency of these de-
vices. An interesting alternative is to use a passivation layer formed by
MgF,/Al;03, as was reported by B. Vermang et al. [28], to increase the
Voc and Jsc and consequently the device efficiency.

4. Conclusions

Culn(S,Se), ultra-thin films were prepared on Mo/SLG, by means the
selenization of chemically deposited In,Ss/Cu, _ S stacked layers. The
structural, morphological and optical properties of precursors as well
as absorbers were investigated. XRD and Raman spectroscopy show
that the precursor is formed by amorphous like In,S3 and Cu, _ ,S bina-
ry phases, with rather marginal mixing between them. After
selenization, Se-rich Culn(S,Se), layers with large grains, tetragonal
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chalcopyrite structure and approximately 700 nm in thickness were ob-
tained, with Cu, _ (S,Se) binary compound as the secondary phase.
Solar cells prepared with this absorber exhibit a maximum conversion
efficiency of 2.3%, with 369 mV of V., 13.7 mA/cm? of |, and 45% of
FF. In summary, the possibility to synthesize photovoltaic grade Se-
rich CISSe absorbers by a two step CBD technique is demonstrated.
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