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Abstract

®

CrossMark

In this work we report the successful assembly and characterization of a TiO,/In,S3-Sb,S3/

CuSCN extremely thin absorber solar cell. Nanostructured TiO, deposited by screen printing on
an ITO substrate was used as an n-type electrode. An ~80 nm extremely thin layer of the system
In,S3-Sb,S5 deposited by successive ionic layer adsorption and a reaction (silar) method was

used as an absorber. The voids were filled with p-type CuSCN and the entire assembly was
completed with a gold contact. The solar cell fabricated with this heterostructure showed an
energy conversion efficiency of 4.9%, which is a promising result in the development of low cost

and simple fabrication of solar cells.

Keywords: extremely thin absorber solar cell, In,S3, Sb,S;, silar

(Some figures may appear in colour only in the online journal)

1. Introduction

One of the greatest challenges humanity is facing is the
development of technologies based on renewable energies.
Over recent years, attention has been focused on solar energy,
where the final goal is the fabrication of low cost and high
performance photovoltaic devices [1]. The concept of an
extremely thin absorber (eta) solar cell has emerged with great
expectations, due to the numerous advantages given by this
novel design. The eta solar cell is a photovoltaic device of 2
to 10 um of thickness, made of an extremely thin absorber
material forming an interpenetrating heterogeneous junction
with p-type material and n-type material [2]. This design
combines the advantages of using an extremely thin absorber
material of cheap and easy preparation deposited on nanos-
tructured substrates with the characteristic stability of solid
state solar cells [3]. Besides, the optical scattering on the
surface of the nanostructured substrate will enhance the
optical path of the light inside the absorber material, pro-
moting better photon absorption. This effect is known as light

0268-1242/16,/085011+-10$33.00

trapping [4]. Due to this design, the use of materials with low
electronic quality becomes possible, therefore, low cost
materials can be used as absorbers.

Different chalcogenides have been widely studied as
possible absorber materials in photovoltaic devices: PbSe [5],
CdSe [6], Sb,Se; [7], CdTe [8], CdS [9], PbS [10], In,S5 [11],
Cu,_,S [12], CulnS, [13], and Sb,S; [14]. Solar cells con-
structed with indium [11] and antimony [14] sulphides have
showed promising conversion efficiencies: 2.3% and 3.7%,
respectively. Both sulphides are very attractive materials due
to their stability and remarkable optical properties, such as
suitable band gaps for absorber layers (Eg In,S; = 2.1 eV and
Eg Sb,S; = 1.8 eV) and high absorption coefficients.

Asawindow layer and n-type material TiO,
(Eg = 3.15eV) [15] and ZnO (3.35eV) [16] have been
extensively used. The unique properties of charge transport
and low recombination rates observed on TiO, contributed to
make this material the most suitable n-type semiconductor for
solar cells. CuSCN (Eg = 3.60eV) [17] and PEDOT:PPS
(Eg = 1.40-2.5eV) [18] have been commonly studied as

© 2016 IOP Publishing Ltd  Printed in the UK
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p-type materials. High efficiencies have been obtained with
heterostructures conformed by TiO, and CuSCN as n and
p-type materials [19-22]. The use of a nanostructured sub-
strate of n-type material on an eta solar cell increases the
optical path of light inside the structure and promotes a better
absorption. For instance, TiO, thin layers have been deposited
by spin coating [23] and dip coating [24] techniques, through
precursors prepared by sol-gel methodologies: electrostatic-

‘ CuSCN

Load

TiO, dense layer
ITO

ThaoTn

hv

Figure 1. General construccién of a TiO,/In,S;3-Sb,S;/CuSCN
solar cell.

Stage 1. Deposit of TiO,
dense layer by spin coating.

Stage 2. Deposit of TiO, porous
layer by screen printing.

TiO, porous layer

layer-by layer deposition is also used for making TiO, films.
It combines both the sol-gel and block copolymers for the
synthesis of TiO, films [25]. These techniques involve the
deposition in situ of TiO, thin layers by the process of
hydrolysis and condensation from a precursor solution
(metallic salts or alcoxydes) on the substrate, followed by a
heat treatment, this will conduce to the preparation of thin
layers with dense nanocrystalline structure or macropores [23]
of limited porosity for its application on solar cells. The
addition of block copolymers on the precursor solution is a
good alternative to improve the mesoporosity, leading to the
obtention of ordered mesopores on the layer and an increase
on the surface area [26]. Techniques involving the use of
block copolymers are screen printing [27] and doctor
blades [28].

Electrochemical [29], vapor phase epitaxial [16] and
ionic layer gas reaction [13] deposition methods, among
others, have been used in the preparation of thin layers of
absorber materials for solar cells. Recently, successive ionic
layer adsorption and the reaction (silar) method has been used
for the deposition of CdS and CdTe thin layers for eta solar
cells [30]. This method involves an effective mechanism for
the deposition of thin and homogeneous layers, and consists
of the immersion of the substrate in a sequential order in two
separate solutions: a cationic and an anionic solution with an
intermediate rising stage. The advantages of this method
include its simplicity, the capacity to carry the process at
room temperature through simple cationic and anionic pre-
cursors and the controlled and uniform growth of the layers.
The thickness of the deposited layers can be controlled by the

Stage 3. Deposit of In,S;-Sbh,S;
alternative layers by silar
method.

TiO, porous layer

Stage 5. Deposit

by vaccum thermal evaporation.

of Au contact Stage 4. Deposit of CuSCN by

impregnation.

N
)
¥

TiO, dense layer

ITO

f?“’ TiO, porous layer

Figure 2. [llustration of the fabrication process of a TiO,/In,S3-Sb,S;/CuSCN extremely thin absorber solar cell.
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Figure 3. (a) SEM and (b) AFM images of a TiO, dense layer deposited by spin coating on conducting glass.

number of deposition cycles. In this work we study the het-
erostructure TiO,/In,S3-Sb,S;/CuSCN on eta solar cells. In
order to enhance the capacity of light absorption of the solar
cell and improve its efficiency, alternative layers of In,Ss-
Sb,S3 were deposited by the silar method over a nanos-
tructured substrate of TiO,. A p-type material and hole
transporter CuSCN is used.

2. Experimental

The heterostructure of the constructed eta solar cell and its
band diagram is shown in figure 1. Commercial indium-tin
oxide (ITO) conducting glass (10Wcm72) was used as
substrates. The substrates were rinsed ultrasonically in acet-
one, isopropanol and deionized water for 15 min before
deposition. In order to avoid a short circuit between the p-type
semiconductor and the substrate, a TiO, seed layer was grown
on coated glass by the spin-coating method. The TiO, pre-
cursor solution was prepared dissolving 3 ml of titanium
isopropoxide (C;,H»304Ti, 97% Aldrich) and 2ml of die-
thanolamine (C4H;NO,, 98% Sigma-Aldrich) in 10ml of
absolute ethanol (Fermont). The solution was stirred for
10 min. The deposition was carried out using a laboratory-
made spin-coater, adding 1 ml of TiO, precursor solution on
the conductive side of the substrate and rotating at 1000 rpm
for 2 min. The deposited TiO, thin layer was annealed for
30 min at 450 °C.

For the n-type material, a nanostructured porous TiO,
layer was deposited over the seed layer by a screen printing
method. The paste used for the deposition was prepared by
grinding 10 g of TiO, (P25 Degussa) with 20 ml of absolute
ethanol and 1 ml of acetic acid (CH;COOH, CTR Scientific).
The paste was dispersed in an ultrasonic bath for 2 min. The
screen printing deposition was carried out through a polyester
mesh (60 mm). The TiO, porous layer was annealed for
60 min at 450 °C.

e 101

Intensity

25

Figure 4. XRD pattern of a TiO, dense layer deposited by spin
coating.

In,S3 and Sb,S; thin layers were deposited over the TiO,
porous layer by the silar method. The precursors used were
antimony (III) chloride (SbCls, 99% Sigma-Aldrich), indium
) chloride (InClz, 99% Sigma-Aldrich), 99% Sigma-
Aldrich) and thioacetamide (C,HsNS, 95% Sigma Aldrich).
A 0.2M metal sulphide solution in ethanol was used as
cationic solution, and 0.3 M thioacetamide in ethanol as
anionic precursor. The substrate was immersed for 5 min on
the cationic precursor, rinsed with deionized water and then
immersed for 5 min on the anionic precursor with a final step
of rinsing with deionized water. The thin layer deposited was
annealed on a vaccum oven (Shel Lab 1410, 3 x 102 torr)
for 30 min at 150 °C, and then a second layer of the alter-
native system was deposited using the same procedure. Five
deposition cycles of the system In,S3-Sb,S; were used for the
preparation of the absorber layer.
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Figure 5. (a) Reflectance spectra of a TiO, dense layer deposited by spin coating, and (b) calculated Tauc plot.
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Figure 6. (a) SEM and (b) AFM images of a TiO, porous layer deposited by screen printing.

For the p-type material, a thin layer of CuSCN was
deposited by an impregnation method over the absorber mat-
erial. A saturated solution of CuSCN in propyl sulphide was
required. 0.5 ml of the saturated solution was dropped on the
substrate pre-heated at 80 °C. The deposited layer was annealed
30 min at 250 °C. For the negative electrode, a nanostructured
substrate of TiO, covered with the absorber system and a p-type
material was used, and for the positive electrode, a gold contact
was deposited by vaccum thermal evaporation. Figure 2 shows
the entire process of fabrication of the TiO,/In,S3-Sb,S;/
CuSCN extremely thin absorber solar cell.

The structural properties of the prepared thin films were
analyzed by x-ray diffraction, using a Bruker D8 Advance

diffractometer operating at 40kV and 40 mA with Cu Ko
radiation (\ = 1.5406 A), from 10° to 70° (26 angle). The
scanning electron microscopy images were recorded on a
JEOL Model JCM-6000. Surface rugosity was studied
through a Nanoscope III Multimode AFM. Optical properties
were analyzed using a UV-vis spectrophotometer (Nicolet
Evolution 300 PC) in the diffuse reflectance mode. Current—
voltage (/I-V) measurements was performed on a potenciostat-
galvanostat Metrohm Autolab, using a Xenon lamp of 150 W
as the white light source; the intensity of the lamp was
measured through a piranometer (Eplab spectral). The solar
cell was illuminated with an intensity of 500 Wm > at AM
1.5 and 25 °C. The effective area of the solar cell was 1.5 cm®.
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3. Results and discussion

SEM and AFM images of the TiO, dense layer deposited by
spin coating are shown in figure 3. As can be seen in
figure 3(a), the TiO, dense layer shows a uniform deposit of
particles with a grain size around 20nm. The rugosity
observed in figure 3(b) was around 34.82 nm. According to
this, the TiO, dense layer showed a low rugosity as expected
for a dense layer, and an homogeneous coverage over the
conducting substrate, so it will be functional as a seed layer
for the deposition of a porous layer and for avoiding the
contact between the p-type material and conducting glass.
Figure 4 shows the XRD pattern of the prepared TiO, dense
layer. As shown on figure 4, the TiO, dense layer exhibits
the characteristic diffraction peaks of the anatase phase
(ICDD: 01-089-4921) of a body-centered tetragonal structure.

7000

01

® TiO,Anatase

ICDD: 01-089-4221

6000 Body centered tetragonal
O TiO, Rutile
ICDD: 021-1278
Tetragonal

5000 -

4000 —

3000 -+

Intensity (a.u.)

*200

<
[=]
[=J
.

*105
0220

2000 —

1000 -

10

Figure 7. XRD pattern of the TiO, porous layer deposited by screen
printing.

The production of the anatase phase was favored by the
annealing treatment employed (450 °C-60 min) and the sol-
gel method.

The diffuse reflectance spectra of the TiO, dense layer
were obtained by UV-vis spectroscopy. Figure 5(a) shows the
reflectance spectra of the TiO, dense layer deposited by spin
coating and figure 5(b) shows the calculated Tauc plot. As
shown in figure 5(a), the obtained reflectance spectra corre-
sponds to TiO,, considering this compound absorbs energy
on lower wavelengths, to 400 nm. The band gap of the TiO,
layer was calculated through the Tauc plot shown in
figure 5(b), using a value of n equal to Y2 due to TiO, exhi-
biting indirect transitions [31]. The calculated band gap was
3.28 eV, which corresponds to TiO,. The morphology and
crystalline structure SEM and AFM images of the TiO,
porous layer deposited by screen printing are shown in
figure 6. As can be seen in figure 6(a), the TiO, porous layer
shows a deposit of a rough layer with a homogeneous particle
distribution. The observed grains showed an average size of
37nm. The rugosity observed in figure 6(b) was around
118.61 nm. The AFM image shows the deposit of the TiO,
porous layer with uniform morphology and particles of uni-
form size. The high rugosity presented by the TiO, porous
layer is favorable because it will work as a nanostructured
substrate on the solar cell and promote a larger optical path of
light inside the structure and better photon absorption.
Figure 7 shows the XRD pattern of the prepared TiO, porous
layer. As shown in figure 7, the TiO, porous layer exhibits
two phases, the first being the principal phase anatase (ICDD:
01-089-4921) of body-centered tetragonal structure, and the
secondary phase, rutile, (ICDD: 021-1276) of tetragonal
structure. The presence of a rutile phase is attributed to the
TiO, nanoparticles used for the preparation of the screen
printing paste (P25 Degussa), which present both phases in
their composition. For photovoltaic applications, anatase is
considered the most active phase of TiO,, as this phase

4.0 - 2.5
-
S 3.0- 2.0
8 ] X
X (a) —~ 15
c 4 S
S 2.0 i
= 4
N J I 1.0—'
X 1.0 -
g 4
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Figure 8. (a) Reflectance spectra of the TiO, porous layer deposited by screen printing, and (b) calculated Tauc plot.
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Figure 9. (a) SEM image of the In,S3-Sb,S; absorber layer deposited by the silar method on a TiO, nanostructured substrate, and (b)

elemental mapping made by EDS.

75.91nm
70.00nm

60 D0nm
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Figure 10. AFM image of the In,S;-Sb,S; absorber layer deposited
by the silar method.

presents a high superficial area, given by its crystallographic
orientation and its higher band gap energy. On rutile, the
recombination process occurs more frequently, which is
detrimental for the efficiency of solar cells [32].

The diffuse reflectance spectra of the TiO, porous layer
was obtained by UV-vis spectroscopy. Figure 8(a) shows the
reflectance spectra of TiO, porous layer deposited by screen
printing and figure 8(b) shows the calculated Tauc plot. As
shown in figure 8(a), the obtained reflectance spectra of the
TiO, porous layer corresponds, as does the TiO, dense layer,
to TiO,, showing absorption on the ultraviolet region. The
band gap energy of the TiO, porous layer was calculated

1.0
J (a) TiO, porous layer with 5 deposition
cycles of the system In,S;-Sb,S;

(b) TiO, dense layer

(c) TiO, porous layer

0.9 4

0.8 -

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelenght (nm)

Figure 11. (a) Absorbance spectra of the In,S3-Sb,S; absorber layer
compared to that obtained by TiO, (b) dense and (c) porous layer.

through the Tauc plot shown in figure 8(b), using the same
procedure described before. The decrease of the band gap
energy can be attributed to the presence of the rutile phase.
The band gap energy reported for anatase is 3.20eV [33],
while for the rutile phase is 3.02 eV [33]. Figure 9(a) shows
the morphology of the In,S;3-Sb,S; absorber layer deposited
by the silar method and figure 9(b) shows the elemental
mapping made by energy dispersive X-ray spectroscopy
(EDS). As can be seen in figure 9(a), the In,S;-Sb,S;
absorber layer presents a homogeneous and rough surface
with particles of regular size. This morphology is similar to
that observed on the TiO, nanostructured substrate, so we
assume that the deposition of the absorber layer did not
modify the morphology of the nanostructured TiO,. The
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Figure 12. (a) SEM image of the CuSCN layer deposited by impregnation, and (b) elemental mapping made by EDS.
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Figure 13. AFM image of the CuSCN layer deposited by
impregnation.

elemental mapping carried out by EDS confirmed the
deposition of the absorber material on the TiO, substrate and
the homogeneity of the deposit. Figure 10 shows the AFM
image of the In,S3;-Sb,S3 absorber layered by the silar
method. As shown in figure 10, the roughness observed on
the In,S3-Sb,S3 absorber layer was around 75.91 nm, which
confirms the formation of an extremely thin absorber layer
(<100 nm). The image obtained by AFM of the absorber
layer showed the deposit of a thin layer with a homogeneous

surface and particles of regular size. Figure 11 shows the
XRD pattern obtained by the In,S;-Sb,S; absorber layer
deposited by the silar method on the TiO, nanostructured
substrate. The XRD pattern of the In,S3;-Sb,S; absorber
layer on TiO, nanostructured substrate exhibits two phases,
one being the principal anatase with a body-centered tetra-
gonal structure, and the secondary phase, rutile, of tetragonal
structure, which is quite similar to the TiO, porous layer in
figure 7. No additional peaks were observed on the XRD
pattern. This can be possibly attributed by two reasons: 1)
the absorber layer presents low crystallinity or 2) the amount
of absorber material deposited is too small to be detected by
this technique. The confirmation of the deposit of the
absorber layer was carried out by EDS, as shown in
figure 9(b).

The absorbance spectra of the In,S;-Sb,S; absorber
layer deposited by the silar method on TiO, nanostructured
substrate is shown in figure 11(a), compared to that obtained
by the TiO, dense (figure 11(b)) and porous (figure 11(b))
layer. As shown in figure 11, the absorbance of the TiO,
porous layer is modified by the deposit of the In,S3-Sb,S;3
absorber layer, showing an increase of the absorbance on the
visible region of the spectrum. This result confirms the fact
the absorber layer is harvesting the light on the visible
region of the spectrum due to the characteristic absorption
properties of In,S; and Sb,S;. Figure 12(a) shows the
morphology of the CuSCN layer deposited by impregnation
and figure 12(b) shows the elemental mapping made by
EDS. As can be seen in figure 13(a), the CuSCN layer
presents a rough surface with particles of regular size.
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Elemental mapping confirms the uniform deposit of CuSCN
over the absorber material. Figure 13 shows an AFM
image of the CuSCN layer deposited by impregnation. As
shown in figure 13, the roughness observed on the CuSCN
layer was around 379.55 nm. The image obtained by AFM
shows a surface of homogeneous morphology and particles
of uniform size. Figure 14 shows the XRD pattern
obtained by the In,S; CuSCN layer deposited by
impregnation. As shown in figure 14, the XRD pattern of
the CuSCN layer exhibits the characteristic peaks of the
phase b-CuSCN (ICDD: 029-0581) of rhombohedral
structure. The diffuse reflectance spectrum of the CuSCN
layer was obtained by UV-vis spectroscopy. Figure 15(a)
shows the reflectance spectra of CuSCN and figure 16(b)
shows the calculated Tauc plot. As shown in figure 15(a),
the obtained spectra correspond to CuSCN, as this

25000 - * B-CuSCN

ICDD: 029-0581
Rhombohedral

101

20000 -

*003

15000 -

10000 —

Intensity (a.u.)

5000 -

S

20

L

30 70

Figure 14. XRD pattern of the CuSCN layer deposited by
impregnation.

compound absorbs energy to wavelengths to 350 nm. The
band gap energy was calculated through the Tauc plot
showed in figure 15(b), using a value of n equal to 2 due
to CuSCN presenting direct transitions [34]. The calcu-
lated band gap was of 3.67 eV, which corresponds to that
reported for CuSCN [17].

As we described in section 2, the electrical character-
ization of the device was performed illuminating the solar cell
with an intensity of 500 Wm 2 at AM 1.5 and 25 °C. The
effective area of the solar cell was 1.5 cm?. In order to study
the effect of the addition of both systems as absorber layers
(In,S5-Sb,S3), additional eta solar cells were prepared using
only In,S; or Sb,S3 as absorber materials. Three solar cells
were characterized, we show, in figure 16, the most repre-
sentative I-V curves. The characteristic parameters of the
solar cells, the short circuit current density (Jy.), open circuit
voltage (V,.), fill factor (FF) and conversion efficiency were
extracted from the data shown in figure 16 and have been
summarized in table 1. The total efficiency obtained from the
eta solar cell assembled in this work was higher than that
obtained by the solar cells using absorber materials as sepa-
rate sulphides. This could be attributed to the effective band
alignment of the materials on the heterostructure, a better light
absorption due to the combination of the absorption properties
of each sulphide and, probably, to the realization of reduced
thickness of the absorber material through a better control of
the deposition layers by the silar method.

In figure 17 we present an energy level of diagram of the
ITO/TiO,/In,S3-Sb,S3/CuSCN/Au solar cell. The conduc-
tion band (CB) and valence band (VB) edges were obtained
from the literature [35] where we can see the alignment at the
interface of the heterostructure. As can be seen, In,S; and
Sb,S; CBs and VBs are in a favorable position with respect to
the TiO, and CuSCN layers, so the photons will be absorbed
on the In,S3-Sb,S; layers and the electrons will be promoted
to the TiO, layer, while holes will be transported to the

30 4.0
A (a) . (b)
£ L0 S
v 20 £
c = 2.0-
S5 | 4
= L
g 1.0
| ' E =3.67eV
_Q 0-0—
- 1 ,
\¢ 0.0
200 300 400 500 600 700 800 3.0 3.4 3.8 4.2 4.6 5.0
Wavelenght (nm) Energy (eV)

Figure 15. (a) Reflectance spectra of the CuSCN layer deposited by impregnation, and (b) calculated Tauc plot.
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Figure 16. /-V curve of nanostructured eta solar cells under
illuminated conditions (500 W m~2, AM 1.5, T = 25 °C).

CuSCN layer. According to this, In,S3-Sb,S;5 is a good can-
didate to act as an absorber layer.

4. Conclusions

We have demonstrated the fabrication and characterization of
a nanostructured TiO,/In,S3-Sb,S3/CuSCN extremely thin
absorber solar cell. The heterostructure showed a promising
efficiency conversion of 4.9%, which indicates that it has a
favorable band alignment and good photon harvesting on the
visible region of the spectrum. This led to the formation of
higher efficiencies than sulphides as absorber materials by
separation. This solar cell design provides a good alternative
photovoltaic device fabricated from relatively non-toxic and
abundant materials through simple and cheap preparation
methods.

Table 1. Characteristic parameters of eta solar cells obtained by illuminating the cells at 500 Wm™2, AM 1.5, T = 25 °C.

Structure of the eta solar cell Voc (V) Jsc (mA cm™?) FF  Efficiency (%)

TiO,/In,S3-Sb,S3/CuSCN 0.545 7.8 0.58 4.9

TiO,/In,S3/CuSCN 0.508 5.2 0.55 2.9

TiO,/Sb,S;/CuSCN 0.520 6.2 0.56 3.6
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Figure 17. Energy level diagram of a TiO,/In,S3-Sb,S3/CuSCN solar cell.
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