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ABSTRACT Nano-sized indium incorporated silver sulphide (Ag–In–S) nanocomposites were synthesized by
simple wet chemical method as an electron transport layer in zinc oxide (ZnO) for high efficient photovoltaic
(PV) cell. The inclusion of high conductivity indium ions in Ag2S will improve the facile electron transfer and the
assembled hetero-structure features the solar light harvesting in PV cell. The powder X-ray diffraction (XRD)
studies confirmed the formation of indium incorporated Ag2S (AIS) nanocomposites and ZnO/AIS (ZAIS) com-
pound nanocomposites crystallizing in pure monoclinic phase and mixed wurtzite hexagonal, monoclinic and
tertiary phases respectively. The wide particle size distributions in ZAIS clearly revealed the adherence of
AIS nanocomposites in ZnO lattice thus, promoting the light adsorption property. In addition, the tuning of the
optical bandgap covering the entire solar spectrum (UV, visible, and infra-red regions), multiple-band electron
transitions and hence, promoting the fast electron transportation are effectively achieved in ZAIS compound
nanocomposites. With this simple positive approach, the PV cell efficiency is pushed forward with the In3+

metal ion incorporation however; enhanced, enriched solar cell efficiency can be later tuned up with the de-
tailed optimization studies.
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1. Introduction

Nanocrystals are increasingly gaining importance in modern technological advances due to their unique properties
as well as the efforts to miniaturize the systems [1, 2]. In order to explore the novel physical properties and to realize the
potential applications of these nanocrystals, the ability to fabricate and process nanocrystals are the first corner stone in
nanotechnology [3, 4]. Silver sulphide (Ag2S) is an important I-VI inorganic semiconductor material which finds diverse
applications in energy devices [5,6]. Ag2S easily crystallizes in monoclinic phase and exhibits an anisotropic growth with
controlled particle size. The Ag2S in nano-sized structure appears to be a promising candidate in the conversion of the
solar energy to the electrical energy as it has a narrow optical bandgap which can be tuned in the range of 1 eV to 2 eV.
Tuning the bandgap and aligning the bandgap with the lattice matched hetero-structures play an important role in sensing
and adsorbing the maximum available light energy (visible region and infra-red region) of the solar spectrum [7,8]. Thus,
the influence of above two parameters (nano-size confinement and optical bandgap engineering) on light harvesting is
effectively investigated with the incorporation of high conductivity indium (In) metal ion by conventional wet chemical
precipitation method into Ag2S lattice. The major advantages of wet chemical method are relatively economical, large
scale production, low energy consumption, and wide ranges of metals, metal oxides, metal sulphide, and nanocomposites
are synthesized with peculiar morphology [9, 10]. The choice of In3+ metal ion, promotes more electron injections and
with high ionic conductivity of σ = 107Ω−1m−1 enhances the electron transfer process and hence, reduces the electron-
hole recombination process.

Mingxia J., et. al. reported the strong emitting photoluminescence properties of silver indium sulphide AgInS2

quantum dots towards the power conversion efficiency (PCE) and long stability bio-imaging [11]. Highly luminescent
AgInS nanoparticles are synthesized by Watcharaporn H., et. al. through two-step injection process [12]. Here, the AgInS
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TABLE 1. The photovoltaic performance of Ag2S, In2S3, and silver indium sulphide AgInS2 as an
adsorber and buffer layer in solar cell

Sample Solar cell Synthesis method
Photovoltaic Performance

Ref. No.
VOC(V) JSC(mAcm−2) η %

Ag2S as absorber layer
Inverted organic Spray pyrolysis

0.52 16.50 5.15 [15]
polymer solar cell Nano-particles

In2S3 as buffer layer CIGS PVD Thin film 0.51 30.83 2.88 [16]

In2S3 as electron Perovskite solar Solvent-thermal method
1.06 21.56 15.88 [17]

transport layer cell Nanosheets

Cu diffused AgInS2
Heterojunction Solution method

0.54 6.74 1.13 [18]
solar cell Nano-powder

AgInS2 as electron Perovskite solar Solution method
1.12 22.20 13.8 [19]

transport layer cell Nano-powder

core is coated with the gallium sulphide (GaSx) shell and enhanced the photoluminescence quantum efficiency yield.
The systematic characterization studies of graphene (Gr) incorporated indium sulphide nano film exhibited significant
modifications in structural and opto-electronic properties especially in PV and photocatalyst applications [13]. A review
article on tailored indium sulphide based solar materials for solar energy conversion and utilization is systematically
summarized and its advancements are highlighted in detailed [14]. Mohammed Hamed S.G. employed silver sulphide
nanoparticles as light trapping layer in an inverted solar cell [15]. The literary surveys on silver sulphide and indium
sulphide for light harvesting are many in numbers. Despite these improvements, in this paper, an approach is made to
integrate the properties of indium sulphide and silver sulphide into indium incorporated silver sulphide as light sensitizers
/ adsorbers in stable metal oxide ZnO based pn junction PV cell. To differentiate and to characterize the significance of
the present work, Table 1 is tabulated to show the PV performance of individual chemical compounds Ag2S, In2S3 and
silver indium sulphide AgInS2 acting as an adsorber or buffer layer in solar cell [15–19].

Here, a wet chemically synthesized Ag2S and In incorporated Ag2S are individually added with the ZnO nanorods to
form the compound nanocomposites. The so-formed compound nanocomposites are deposited as n-type layer in hetero-
junction PVl and the efficiency of the assembled devices are compared, measured and evaluated by current density –
voltage (J-V ) characterization.

2. Experimental

2.1. Synthesis

The following reagents – silver nitrate AgNO3, sulphur powder, sodium hydroxide pellets (NaOH), indium acetate
In(CH3COO)3, poly-ethylene glycol (PEG), zinc nitrate ZnNO3, cetrimide (CTAB), ammonia solution NH3OH, were
purchased from Merck with high purity and were used without further purifications.

In a typical synthesis of ZnO nanorods, 0.1 M of zinc nitrate was dissolved in 80 mL of deionized water (DW). To
establish a controlled and anisotropic growth, 0.1 mM of capping agent namely PEG was added and stirred continuously
for 30 min. A clear transparent solution was obtained implying the complete dissolution of crystal. Further, to initiate
the precipitation process, 0.2 M of NaOH pellets were added and the transparent solution turned to milky white. Then,
the solution mixture was transferred to hot air oven maintained at 90◦C for 6 h and finally, the obtained solution was
centrifuged repeatedly and vacuum dried at 60◦C for 4 h to get crystallized white ZnO nanopowders (“Z”).

The pure and indium incorporated silver sulphide nanocomposites were prepared similarly. For Ag2S synthesis,
0.2 M of silver nitrate and 0.2 mM of CTAB were dissolved in 50 mL of EG and pre-heated at 120◦C for 30 min. Then a
solution mixture of 0.6 M of sulphur powder and 1 M of NaOH pellets were dissolved in another 50 mL of EG and stirred
for 30 min. Now, both the solutions were mixed and maintained at 120◦C for 8 h in hot air oven. A black precipitate was
obtained after centrifugation, vacuum dried at 60◦C for 4 h and the sample was named as “AS”. The same methodology
was adopted to synthesize indium incorporated Ag2S nanocomposites, where 40 mM of indium acetate was added along
with the silver precursor and the resulted sample powder was referred as “AIS”.

In the synthesis of compound nanocomposites by in-situ chemical precipitation method, the host material compound
“Z” and the light sensitizer were taken in the ratio of 4:1 and were grown simultaneously. The as-synthesized “Z” was
dispersed in 30 mL of EG, 10 mL of DW and 10 mL of methanol. The above solvent composition was mainly to promote
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the adhesion of light sensitizer to the host compound and further, to establish controlled growth kinetics. Now, the as-
synthesized “AS” and “AIS” were individually dispersed in the above solution mixture and maintained at 120◦C for 8 h in
hot air oven. The obtained precipitates were washed, centrifuged and vacuum dried. The as-synthesized nanocomposites
were referred as “ZAS” and “ZAIS”.

The entire procedures involved in the nanocomposites synthesis and the photograph of Z, AS, AIS, ZAS, and ZAIS
were shown in the Fig. 1 and Fig. 2 respectively. In Fig. 2, the addition of In3+ metal ion precursor and the formation
of nanocomposites resulted in a wide color variations from dirty white (Z) and black (AS) to dark grey (ZAS) and orange
brown (AIS and ZAIS) solutions. The color variations might be due to the formation of different crystal structures or
unusual optical properties which would be evaluated in the subsequent material characterizations.

FIG. 1. The entire synthesis procedures of ZnO based compound nanocomposites by wet chemical method

2.2. Characterizations

The crystalline phases were verified with Mini Flex II Rigaku X-ray diffractometer (XRD) at a scanning rate of
0.2◦/min in the range of 20◦ to 60◦ with Cu Kα1 radiation (1.5406Å) operated at 40 kV and 35 mA. The morphological
study was carried out using TESCAN Vega III scanning electron microscopy (SEM) at an accelerating voltage of 5 kV
to 10 kV. Room temperature UV-visible diffusion reflectance spectroscopy (DRS) data was acquired using T90+ UV/Vis
spectrophotometer. Here, BaSO4 powder was used as reference and the spectrum was recorded at room temperature in the
wavelength range of 200 nm to 900 nm with the speed of 0.5 nm/s. The J–V measurements for the device were measured
using a Keithley sourcemeter with 100 mW/cm2 AM 1.5G of solar spectrum illumination.

FIG. 2. Photographic view of the as-synthesized samples Z, AS, AIS, ZAS and ZAIS nanocomposites

3. Results and discussions

3.1. Phase analysis

The Fig. 3 shows the typical XRD pattern of as-synthesized ZnO nanostructures (Z). All the diffraction peaks were
referred with standard JCPDS database of 89-1397 and indexed as hexagonal phase wurtzite structure of ZnO. The absence
of other secondary diffraction peaks indicates the phase purity of the as-synthesized ZnO nanostructure. The diffraction
pattern consists of very narrow and sharp peaks, revealing the improved crystalline with ordered orientation of atoms in the
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FIG. 3. The XRD pattern of PEG capped ZnO nanostructures (Z)

crystal lattice. For crystallite size analysis, the high intense (101) reflection of the hexagonal phase ZnO was employed.
The average crystallite size davg was calculated from the instrumental corrected full width half maximum using Scherrer

equation davg =

(
0.9λ

β cos θ

)
and was found to be 47 nm for Z synthesized by the chemical precipitation method [20].

The XRD patterns of silver sulphide (AS) and transition metal indium incorporated silver sulphide (AIS) nanostruc-
tures were shown in the Fig. 4(a) and Fig. 4(b), respectively. All the diffraction peaks of AS were referred, matched

FIG. 4. The XRD patterns of (a) pure, (b) indium incorporated silver sulphide nanoparticles and (c) the
peak shift
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and indexed with the standard JCPDS data number 89-3840. Here, the sample crystallizes in monoclinic phase and the
preferred growth orientation was along the (121) plane at 34◦. The AIS sample as shown in Fig. 4(b) also exhibits the
similar diffraction pattern with increased intensity and slightly broadened in comparison to AS. The peaks are matched and
indicated by the symbol “o” in the Fig. 4(b). Here, the dominant diffraction peak was slightly shifted towards the higher
scattering angle implying the presence of tensile strain originating from the incorporation of In3+ metal ion in the lattice
site of Ag+ ion. As the ionic radius of In3+ (81 pm) was smaller than the Ag+ ion (126 pm), the diffraction peak shift was
towards the greater angle from 34.34◦ to 34.40◦. The In3+ ions were well incorporated in the parent lattice and forming a
solid solution with no clear demarcation of secondary phase. The secondary phase of InS2 might be hidden as they share
the common diffraction angle like 26◦–27◦, 38◦–39◦ and 52◦–54◦. The calculated davg using Scherrer equation for AS
and AIS samples were 38 nm and 34 nm, respectively.

However, in the preparation of the compound nanocomposites (ZAS and ZAIS) by in-situ chemical precipitation
method, few variations were cited in comparison to the pure sample. In ZAS sample, the diffraction peaks corresponding
to both the hexagonal phase ZnO and monoclinic phase Ag2S were noticed and represented by the symbol “#” and “o”,
respectively, in Fig. 5(a). Here, the Ag2S nanoparticles formed a compound with the parent matrix material ZnO and,
hence, a ZAS nanocomposite was formed with the second phase (monoclinic). As the composition of ZnO and Ag2S was
maintained as 4:1, the growth of ZnO nanostructures was predominant. In ZAS compound nanocomposites, the XRD peak
intensity of (002) at θ = 34◦ was amplified and heightened than (100) plane in comparison to the pure Z nanostructure.
The observation might be attributed to the superposition of (002) plane of ZnO and (121) plane of Ag2S nanostructures or
due to the inclusion of Ag2S nanoparticles the ZnO preferred to grow along the c-axis orientation which can be evaluated
from SEM study.

FIG. 5. The XRD patterns of (a) ZAS and (b) ZAIS compound nanocomposites synthesized by in-situ
precipitation method

In ZAIS sample (Ref. Fig. 5(b)), apart from the crystal phases of ZnO and Ag2S, a tertiary impurity peaks represented
by the “$” symbol, correspond to the indium hydroxide (In(OH)3) peaks (200) centered at 22.4◦ and (400) centered at
45.5◦ were referred and matched from the standard JCPDS data file number 73-1810 [21, 22]. Fig. 5(b) reflects that the
diffraction peak intensities of hexagonal ZnO phase were highly suppressed and the growth was well pronounced along
(100) plane due to the large distribution of small sized tertiary phase particles on ZnO lattice. The above reflections might
be ascertained to the rapid nucleation and increased growth rate of tertiary phase in the prescribed synthesis condition.
The tertiary phase particles were chemically well-reacted with the host material and strained their lattices to a greater
extent. Moreover, the activation energy required for the growth of metal hydroxides In(OH)3 (≈840 meV) was usually
lower than the metal oxide formation ZnO (≈1 eV) particles and hence, the impurity formation. The SEM studies might
support the above establishments.

In both the compound nanocomposites ZAS and ZAIS, the ZnO was strained tensile due to the occupation of other
phase materials. From Scherrer equation, a reduced davg was obtained for ZAS (22 nm) and ZAIS (16 nm) compound
nanocomposites due to the pure and In3+ metal ion incorporated Ag2S light sensitizers.

3.2. Particle size distribution

The particle size distribution was collected by MALVERN Zetasizer version 6 and for the measurement, the powder
samples were suspended in the water solvent. Here, the Z, AS, AIS, ZAS, and ZAIS particles exhibited a wide size dis-
tribution as depicted in Fig. 6 ranging from 400 nm to 1.2 µm. The wide particle size distributions were ascertained to
the inclusion of nano-sized In(OH)3, Ag2S and indium incorporated Ag2S on the high crystalline ZnO nanostructures.
Approximately 3% of InS2 secondary phase is seen in the AIS sample which was not identified in the XRD (Ref. Fig. 4(b))
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TABLE 2. The Z-average and particle size/phase distribution of Z, AS, AIS, ZAS, and ZAIS nanocomposites

Sample Z-Average Peak 1 – ZnO Phase Peak 2 – Ag2S Phase Peak 3 – Impurity Phase

Z 1967 992 – 100%

AS 582 367 – 100%

AIS 466 522 – 97.10% 5049 – 2.90% (InS2)

ZAS 1144 2117 – 100% Hump at 400 nm

ZAIS 1202 1343 – 89.70% 5376 – 3.30% (InS2)

196 – 7.00% (In(OH)3)

due to the peak overlapping. In ZAIS compound nanocomposites, the particle distributions were referred in three differ-
ent segments implying the formation of small percentage of tertiary phase impurities with reduced crystallite size. The
Z-average, particle size and phase distribution of all samples are tabulated in Table 2.

FIG. 6. The particle size distribution of Z, AS, AIS, ZAS, and ZAIS nanocomposites

3.3. Heat transfer mechanism

To evaluate the formation of secondary and tertiary phase impurities in the synthesized nanocomposites, the thermal
decomposition study was performed by TG/DTA analysis where the samples were heated from room temperature to 800◦

at constant heating rate of 10◦C/min in air and depicted in Fig. 7. All the samples exhibit similarity with host atom and
dopant atom decomposition and the weight reduction is found to be low. While the maximum weight reduction of 29%
is observed for the ZAIS due to the existence of residual phase materials present in the sample. Further, the occurrence
of multistage decomposition beyond 400◦C implies the process of crystallization and chemisorptions of intermediate
molecules as inferred from the DTG curve. The DTG curve of ZAIS shows multiple sharp exothermic peaks revealing the
thermal instability of as-synthesized samples.
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FIG. 7. The TG/DTG plot of (a) Z, (b) AS, (c) AIS, (d) ZAS, and (e) ZAIS nanocomposites

3.4. Morphological analysis

The typical SEM images of the ZnO nanoparticles were shown in Fig. 8(a) and Fig. 8(b). From the low and high
magnified SEM micrographs, one can visualize the flower-like arrangement of ZnO nanostructures. Each petal of varying
dimensions was assembled and architecture to form a flower-like arrangement. In high magnified SEM image shown in
Fig. 8(b), the dimension of each petal was measured and was in the range of 400 nm to 720 nm. Few of the petals were
immature and unable to form a complete flower-like structure. Here, the capping molecule PEG confine the growth and
promote an anisotropic growth and, thus, resulting in unique morphology. The as-synthesized AS and AIS samples were
nano-sized and non-homogeneous particle in nature and were displayed in Fig. 9 and Fig. 10. In Fig. 10(a-b), the nano-
sized AS come closer to each other due to large surface area and forms an uneven oval, spherical and irregular structure.
However, in Fig. 11(a-b), the degree of aggregation and agglomeration of AIS particles were higher than AS and, hence,
distinct particle size and definite morphology cannot be assigned.

The SEM micrographs of ZAS and ZAIS compound nanocomposites synthesized by in-situ chemical precipitation
method were portrayed in the Fig. 11 and Fig. 12, respectively. The image in Fig. 11(a) and in Fig. 12(a) clearly pictures



Solution processed Ag–In–S nanoparticles as light adsorber in ZnO for... 461

FIG. 8. (a) Low and (b) high magnified SEM micrographs of Z nanostructures

that the samples were composed of both particle and rod like structures implying the formation of blender mixtures. The
rods were evolved from the ZnO nanostructures and particles were grown from the AS and AIS nanoparticles. A long solid
ZnO nanorods were developed from flower-like ZnO nanostructure (Ref. Fig. 8(b)) and re-crystallized in c-axis as inferred
from the XRD characterization depicted in the Fig. 5(a). The light sensitizer nano-sized AS particles occupy the ZnO
surface, they hinder the multi-dimensional growth and promotes the 1D rod like structure. The AS particles were randomly
distributed and aggregated certainly. However, the ZnO nanorods so formed in the ZAIS compound nanocomposites were
shortened, flat and broken due to the Oswald ripening process and re-crystallization (Ref. Fig. 12(b)) [23]. As the
activation energy of tertiary phase particles were dominant, the growth and formation of solid 1D ZnO nanorod were
highly inhibited and, hence, broken, immature, crushed rods with reduced crystallite size davg were produced. The
promptly nucleated nano-sized AIS particles densely adhere to the broken surface and get adsorb to the rod surface firmly
and evenly than AS particles. Thus, an ordered flower-like arrangement was distorted during the formation of compound
nanocomposites.

FIG. 9. (a) Low and (b) high magnified SEM micrographs of AS nanostructures

3.5. Diffuse Reflectance Spectroscopy

In adsorption study, room temperature UV-visible DRS spectra were recorded for the as-synthesized samples and
were shown in Fig. 13. The ZnO nanostructures open a broad reflectance edge around 330 nm of wavelength. The nano-
sized AS and AIS samples exhibit a narrowed reflectance with the onset of reflectance was found around 1220 nm. While
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FIG. 10. (a) Low and (b) high magnified SEM micrographs of AIS nanostructures

FIG. 11. (a) Low and (b) high magnified SEM micrographs of ZAS compound nanocomposites

FIG. 12. (a) Low and (b) high magnified SEM micrographs of ZAIS compound nanocomposites
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the compound nanocomposites, ZAS and ZAIS shows a reflectance commencing from 1100 nm. The sharp rise in the
spectrum reveals the electronic band gap transition between the valence band and the conduction band.

FIG. 13. The DRS spectra of Z, AS, AIS, ZAS and ZAIS nanocomposites

The optical band gap of the samples was derived from the Kubelka-Munk (K-M) function given by the equation

F (R∞) =
(1 −R∞)

2

2R∞
=

k(λ)

s(λ)
= α =

(hυ − Eg)
1/2

hυ
. Here, F (R∞) is the K-M function, R∞ is the diffuse re-

flectance of an infinitely thick sample, k(λ) is the absorption coefficient, s(λ) is the scattering coefficient, and hυ is the
photon energy. The optical band gap Eg was obtained by extrapolating the linear portion of the curve plotted between
[F (R∞) (hυ)]

2 and energy in eV [24]. For pure zinc oxide, the line is extrapolated and intersects at 3.16 eV as seen from
Fig. 14(a). While AS and AIS samples exhibit an almost similar optical band gap of 0.82 eV implying that the dopant
indium was properly substituted in the host lattice site silver sulphide (Ref. Fig. 14(b)). However, in ZAS and ZAIS, a
linear extrapolation appears at 0.91 eV and further, an elemental rise appears around 2.5 to 3 eV involving the convoluted
band gap of ZnO. Thus, in the compound nanocomposites, the optical bandgap occupies the intermediate position of Z
and light sensitizers and, thus, covering the UV, visible and infra-red regions of solar spectrum. As a result, an optical
bandgap tuning required for the photo-excitation of electrons can be accomplished with the ZAS and ZAIS sensitized by
AS and AIS light sensitizers for solar cell applications.

4. Photovoltaic cell

The influence of light sensitizers AS and AIS in ZnO and the device performance were evaluated by the density-
voltage (J-V) characteristics obtained using Keithley sourcemeter with 100 mW cm−2 AM 1.5 G solar illumination. The

FIG. 14. Energy bandgap of as-synthesized (a) Z, ZAS, ZAIS nanocomposites and (b) AS, AIS samples
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PV cell parameters of the devices, including the Jsc, Voc, and FF values were calculated. In assembling the PV cell,
sol-gel processed spin coating and successive ionic layer adsorption and reaction (SILAR) method were adopted for the
film growth as prescribed in our earlier work [25]. To evaluate the role of light sensitizers and the In3+ metal ion, two
different combinations of pn-junction based PV cells were designed. The first device composed of ZAS and the second
with the ZAIS as n-type layer and Rose Bengal (RB) as p-type layer. Both the layers were successively spin coated on the
ITO coated glass substrate. Finally, a proper Ohmic contact was established on the n-type material and p-type material by
the selective etching of ITO substrate and DC sputtering of Au electrode respectively. The schematic model of PV device
architecture and the device performance for ZAIS was illustrated in Fig. 15. An interface is formed between the RB and
ZnO based nanocomposites. When solar light energy was absorbed by the junction, free charge carriers were generated
and transported by means of driving force due to in-built electric field. The presence of nano-sized light sensitizers and
the energy band matching of RB and nanocomposites, promoted more photons adsorption and transportation and thereby,
inducing more current flows.

FIG. 15. The schematic model of photovoltaic device and working of ZAIS composed pn junction PV cell

The coating thickness of the hetero-layer (p-layer and n-layer) was visualized and measured from the cross-section
SEM images of the ITO coated glass substrate as portrayed in Fig. 16(a) and Fig. 16(b). The chemical coating process
resulted in dense overlapped coating with the thickness approaching 120 µm and the individual layer was not recognized.

FIG. 16. The (a) cross-sectional images and (b) the approximate thickness measurement of assembled
PV cell

4.1. J-V characteristics

The PV cell composed of ZAIS exhibited a higher efficiency of 1.2% evaluated against ZAS of 0.76% as revealed
from Fig. 17(a) and Fig. 17(b). For the PV device applications, the pn-junction should promote facile charge transport
which can be achieved by the incorporation of transition metal dopant In3+ ions.

In comparison with ZAS, the obtained results in ZAIS nanocomposites can be addressed by the following causes. In
ZAIS, the structure of ZnO was strained and modified by the inclusion of indium incorporated Ag2S nanoparticles which
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FIG. 17. Current density and voltage characteristics and power calculation of PV cells composed of (a)
ZAS and (b) ZAIS compound nanocomposites

TABLE 3. Solar cell parameters of ZAS and ZAIS composed pn junction PV devices

PV devices VOC(V ) JSC (mA/cm2) FF % η(no unit)

RB / ZAS 0.56 2.70 50.00 0.76

RB / ZAIS 0.62 4.00 50.00 1.20

resides either at the lattice sites or on the surface of ZnO and, therefore, leads to the formation of defects (tertiary phase
impurities).The strained region of ZnO lattice exhibits higher chemical reactivity and consequently easy displacement of
electron density from the lattice plane. This surface alteration and intact adherence of nano-sized indium incorporated
Ag2S nanoparticles on the ZnO surface render facile and rapid charge transfer within the device. In addition, the size
quantized AIS nanoparticles with optical band gap of 0.91 eV was included to absorb wide range of the solar spectrum
and the nanoscale mixing of AIS nanoparticles into the ZnO matrix increased the interfacial area and promoted large
number of excitons per incident photon. The above factors, thus, simultaneously control the Jsc, Voc, and η parameters of
the PV device.

Table 3 summarizes the PV cell parameters obtained for the two devices. From the table, the high VOC and JSC
values were mainly due to the incorporation of In3+ metal ion with excess electrons and high conductivity respectively.
The In3+ ions occupy beneath the conduction band of Ag2S, donating the free electrons with low energy absorption
and simultaneously transferring the excited electrons to the stable metal oxide ZnO due to its high conductivity. By this
process, long lived more number of free electrons are transferred between the material compounds and, thus, increasing
the current density J value from 2.7 mA/cm2 in ZAS to 4.0 mA/cm2 in ZAIS nanocomposites.

Though the choice of materials adopted for PV cell designing were preferable, the calculated efficiency was still
not appreciable and the cause might be due to the tertiary phase impurities resulting in higher series resistance existing

in the junction. The current-voltage I-V equation for the pn junction is given by VOC =
kBT

e
ln
Iph
IsO

[26]. In single

junction ZAIS PV cell, the low efficiency was attributed to the defect induced recombination loss due to the existence of
tertiary phase material. In addition, the thermalization loss further suppress the efficiency as residual intermediate phase
materials were present which was evident from the TGA/DTA curve. In future work, an optimized synthesis method will
be followed to furnish the higher efficiency.

5. Conclusions

In summary, we have established a simple wet chemical process nano-sized Ag2S and In3+ metal ion incorporated
Ag2S method to enhance the light adsorption and light energy conversion for PV application. The improvement was
attributed to the maximum light absorption in the visible and infra-red regions of the solar spectrum offered by the
low optical bandgap Ag2S and facile charge transport which arises from the high conductive indium metal ion in Ag2S
nanoparticles along with the 1D ZnO nanorods. The present work initiates the advantage of nano-sized AS and AIS
inclusion in ZnO for PV application and with the proper device organization it would paves the way towards the high
efficient PV cell.
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