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In this work, the pulse electrodeposition technique was employed for the first time to deposit AgInSes films.
The films were deposited at room temperature from a bath containing Analar grade 10 mM silver sulphate, 50 mM
indium sulphate and 5 mM SeO;. The deposition potential was maintained at —0.98 V (SCE). Tin oxide coated
glass substrates (5.0 ©/sq) were used for depositing the films. The duty cycle was varied in the range of 6-50%. The
X-ray diffraction pattern of the thin films deposited at different duty cycles indicated the peaks corresponding to
AgInSe;. The transmission spectra exhibited interference fringes. Resistivity of the films increased from 1.5  cm
to 12.4 Q cm. Mobility increased with duty cycle. Carrier density decreased with duty cycle. The photovoltaic
parameters of CdS/AgInSe; solar cells increased with duty cycle.
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1. Introduction

Ternary semiconductor compounds have attracted the
technological interest owing to their promises for prac-
tical application in the areas of visible and infrared
light emitting diodes, infrared detectors, optical para-
metric oscillators, nonlinear optics, solar cells, optical fre-
quency conversion, second harmonic generation devices,
and many other electro-optical devices [1-4]. In the pro-
duction of stable and radiation resistant polycrystalline
thin film photovoltaic solar cells, reasonably high power
conversion efficiency values have been achieved by using
the ternary chalcopyrite semiconductors as an absorber
layer [5]. Ternary chalcopyrite compounds have photo-
voltaic potential for solar cells since their optical band
gap lies between 0.8 and 2.0 eV and they can be grown
either n- or p-type [6]. Thin film solar cells made from
ternary chalcopyrite compounds, such as CulnSes and its
analogous alloys, have begun to fulfill the promise of low-
-cost, power generation from non-polluting, clean energy
sources. AgInSe; (AIS) is one of the potential candi-
dates of this family of alloys due to its band gap around
1.2 eV [6], which makes it ideal absorber material for solar
cells. AgInSes crystallizes in the chalcopyrite structure,
which is closely related to the zinc blende structure. The
commonly used methods for preparing silver indium se-
lenide thin films are flash evaporation [7], rf magnetron
sputtering [8], thermal evaporation [9-11], hot wall vac-
uum deposition [12], pulse laser deposition [13, 14], elec-
trodeposition [15, 16] and co-evaporation [17]. The ob-
jective of the present work is to deposit silver indium se-
lenide by the pulse electrodeposition technique and study
their properties. To our knowledge this is the first report
on pulse electrodeposited AgInSes films.
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2. Experimental methods

AgInSes films were deposited by the pulse electrode-
position technique at room temperature from a bath con-
taining Analar grade 10 mM silver sulphate, 50 mM in-
dium sulphate and 5 mM SeO,. The deposition poten-
tial was maintained as —0.98 V (SCE). Tin oxide (SnO5)
coated glass substrates (5.0 €2/sq) was used for the de-
position of the films. The duty cycle was varied in the
range of 6-50%. Thickness of the films measured by sur-
face profilometer increased from 600 nm to 800 nm as
the duty cycle decreased from 50% to 9%. Structural
characteristics was studied by using X’pert pro diffrac-
tometer using Cu K, (1.541 A) radiation from 40 kV
X-ray source running at 30 mA. Optical characteristics
were studied by using U 3400 UV-VIS-NIR spectropho-
tometer. The surface morphology and roughness of the
films were analyzed using a Nanoscope E-3138j AFM/
STM atomic force microscope (AFM).
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Fig. 1. XRD pattern of AgInSe, films deposited at dif-
ferent duty cycles: (a) 9%, (b) 33%, (c) 50%.
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In pulse electrodeposition [18, 19] the potential or cur-
rent is alternated swiftly between two different values.
This results in a series of pulses of equal amplitude, du-
ration and polarity, separated by zero current. Each
pulse consists of an ON-time (Ton) during which po-
tential and/current is applied, and an OFF-time (Topr)
during which zero current is applied as shown in Fig. 1.
It is possible to control the deposited film composition
and thickness in an atomic order by regulating the pulse
amplitude and width [20, 21]. They favor the initiation
of grain nuclei and greatly increase the number of grains
per unit area resulting in finer grained deposit with bet-
ter properties than conventionally plated coatings. The
sum of the ON and OFF times constitute one pulse cycle.
The duty cycle is defined as follows:

ON time

~ ON time + OFF time
A duty cycle of 100% corresponds to conventional plat-
ing because OFF time is zero. In practice, pulse plating
usually involves a duty cycle of 5% or greater. During
the ON time the concentration of the metal ions to be
deposited is reduced within a certain distance from the
cathode surface. This so-called diffusion layer pulsates
with the same frequency as the applied pulse current.
Its thickness is also related to the current but reaches a
limiting value governed primarily by the diffusion coeffi-
cient of the metal ions. During the OFF time the con-
centration of the metal ions builds up again by diffusion
from the bulk electrolyte and will reach the equilibrium
concentration of the bulk electrolyte if enough time is
allowed. These variables result in two important charac-
teristic features of pulse plating which make it useful for
alloy plating as well as property changes as mentioned
earlier.

(i) Very high instantaneous current densities and hence
very high negative potentials can be reached. The high
over potential causes a shift in the ratio of the rates of
reactions with different kinetics. This high over potential
associated with the high pulse current density greatly
influences the nucleation rate because a high energy is
available for the formation of new nuclei.

(ii) The second characteristic feature is the influence
of the OFF time during which important adsorption and
desorption phenomena as well as recrystallization of the
deposit occurs.

Pulse plating technique has distinct advantages com-
pared to conventional electrodeposition namely, crack
free, hard deposits and fine grained films with more uni-
formity, lower porosity and better adhesion. It is well
known that by using pulse current for electrodeposition
of metals and alloys it is possible to exercise greater
control over the properties of electrodeposits and to im-
prove them by modifying their microstructures [22]. It
has been reported that a significant reduction in inter-
nal stress could be obtained when pulse current was
used, compared to the use of conventional direct cur-
rent [23]. Pulsed electrodeposition improved the hard-
ness compared to direct current deposits [24].

duty cycle(%) x 100. (1)

3. Results and discussion

The films deposited at different duty cycles were char-
acterized by the X-ray diffraction (XRD) studies. All the
reflections could be indexed as the chalcopyrite AgInSe,
with the lattice parameters a = 6.134 A, ¢ = 11.813 A,
which were very close to the reported data (JCPDS
Cards, 35-1099). As the duty cycle increased, the inten-
sity of the peaks increased. Peaks corresponding to the
(112), (204), and (312) reflections were observed (Fig. 1).
The height of the peak increased with duty cycle. No
characteristic peaks of other impurities, such as AgsSe
or InySes, were detected in the patterns. The crystallite
size was determined from Scherrer’s equation [25]:

crystallite size = 0.9A/(8 cos 0), (2)
where X is the wavelength of Cu K, X-rays (1.541 A),
B is the full width at half maximum and 6 is the Bragg
angle. The crystallite size was found to vary in the range
of 40 to 18 nm with increase of duty cycle. The trend
of decreasing grain size with increasing duty cycle can
be best explained by an increased number of nucleation
sites caused by the higher overpotential at longer current
on-times. The same behavior of increasing overpotential
with duty cycle was also found during zinc deposition
from a chloride-based electrolyte but at lower overpoten-
tial [26]. The formation of large grains at lower duty cy-
cles (i.e. shorther ON time and longer OFF time) can also
be explained by desorption of some loosely bound parti-
cles (deposited during the ON time) during the longer
OFF times which activates the growth centers and re-
sults in grain growth. Also the adatoms at longer OFF
times have sufficient time to migrate over the substrate
surface and enhance the grain growth process.

The dislocation density d, defined as the length of dis-
location lines per unit volume of the crystal has been
evaluated using the formula [27]:

§=1/D* (3)
TABLE I

Microstructral parameters of AgInSes films
deposited at different duty cycles.

Duty . Lattice Grain . Dislocation
Thickness . Strain N
cycle parameter [A] | size 1o-4 density
(%] [nm] a ¢ [nm] [x1077] (x10"® em~3)
50 650 6.127 | 11.809 18 2.59 3.08
33 700 6.130 | 11.810 24 2.25 1.73
15 760 6.132 | 11.812 31 1.98 1.04
9 850 6.134 | 11.813 40 1.76 0.625

The microstructural parameters are presented in
Table I. From the table it is observed that the dislocation
density decreases with increase of grain size. Informa-
tion on the particle size and strain for the AgInSe, films
was obtained from the full-width at half-maximum of the
diffraction peaks. The full-width at half-maximum b can
be expressed as a linear combination of the contributions
from the particle size, D and strain, ¢ through the rela-
tion [28]:

Becos@/A=1/D+ esinf/A. (4)
The plot of Bcos@/\ vs. sinf/\ allows us to determine
both strain and particles size from slope and intercept of
the graph.
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The estimated values for films deposited at different
duty cycles are listed in Table I. The deviation in the lat-
tice parameter values from the bulk value observed in the
present case clearly suggests that the grains in the films
are under stress. Such a behaviour can be attributed to
the change of nature, deposition conditions and the con-
centration of the native imperfections developed in thin
films. This results in either elongation or compression
of the lattice and the structural parameters. The den-
sity of the film is therefore found to change considerably
in accordance with the variations observed with the lat-
tice constant values [29]. The grain size is observed to
increase from about 18 nm to 40 nm with decrease of
duty cycle. The stress developed at higher duty cycles is
likely to be due to the formation of native defects devel-
oped from the lattice misfit or dislocations. The defects
have a probability to migrate parallel to the substrate
surface with the surface mobility greatly influenced by
the duty cycle so that the films will have a tendency to
expand and develop an internal tensile stress. This type
of change in internal stress is always predominant by the
observed recrystallization process in polycrystalline films.
The stress relaxation is mainly considered as due to dislo-
cation glides formed in the films. The decrease of internal
stress may be attributed to a decrease in dislocation den-
sity. The reduction in the strain and dislocation density
with decrease of duty cycle may be due to the reduc-
tion in concentration of lattice imperfections due to the
improved crystallinity at lower duty cycles.

Composition of AglnSe; films deposited TABLE II
at different duty cycles.

Duty cycle [%]|Ag [at. %] |In [at.%] |Se [at.%]| Ag/In
9 24.87 24.56 51.59 | 1.012
15 24.89 24.99 50.12 | 0.995
33 24.90 25.08 50.02 | 0.993
50 24.90 25.10 50.00 |0.992

Composition of the films was estimated by recording
the energy dispersive X-ray spectroscopy (EDS) spec-
trum of the films deposited at different duty cycles
(Table II). It is observed that films deposited at lower
duty cycles were silver rich. For the films deposited at
9% duty cycle, the Ag/In ratio was 1.012. As the duty
cycle increased, the films became indium rich. This is
due to the fact that at higher duty cycles, more flux of
indium ions are available for deposition compared to the
flux of indium ions at lower duty cycles, which results
in higher concentration of indium thus decreasing the
Ag/In ratio. Based on the defect chemistry model of
ternary compounds [30], compositional deviations of the
AgInSes can be expressed by non-stoichiometry param-
eter (Ay = [2Se/(Ag + 3In)] — 1). The parameter Ay is
related to the electronic defects. For Ay > 0, the film has
a p-type conductivity and it has an n-type conductivity
for Ay < 0. In this study the value of Ay is greater than
zero and the films exhibit p-type conductivity.

Insight on the surface topography was made using
AFM micrographs. The AFM images of the AglnSes

Fig. 2.
posited at different duty cycles:
(c) 50%.

Atomic force micrographs of AgInSes films de-

(a) 9%, (b) 33%,
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Fig. 3. Transmission spectra of AgInSes films de-
posited at different duty cycles: (a) 50%, (b) 33%,
(c) 15%, (d) 9%.

films deposited at different duty cycles are shown
in Fig. 2. These images give a clear understanding about
the topographical changes in the films. It shows that the
films are composed of nanoparticles and the films’ sur-
faces are condensed, uniform and smooth. The decrease
in duty cycle increases rms value of surface roughness
from 0.35 nm to 1.56 nm on the AFM images due to the
increase of grain size. The grains become larger as the
duty cycle is decreased. This is also supported by the
X-ray diffraction data.

Figure 3 shows the room temperature transmittance
spectra of AgInSes thin films deposited at different duty
cycles. Interference can be observed in all samples. The
value of the refractive index was calculated by the enve-
lope method using the following relations:

n =[Ny + (N} + s%)"/2)1/2, (5)
where
Ny = 2s[(Tnt — To) /Toa T + (82 +1)/2. (6)

Twm and Ty, are the values of maximum and minimum
transmission values at a particular wavelength, “s” is the
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refractive index of the substrate. Refractive index can
be estimated by extrapolating envelopes corresponding
to Ty and Ty,. These fringes can be used to calculate
the refractive index (n) of the thin films using the above
equations. The refractive indexes corresponding to Ty
and T}, for the same wavelengths are calculated. The re-
fractive index varied in the range of 2.302 to 2.313 with
increase of duty cycle. The variation of refractive index
with wavelength is shown in Fig. 4. The refractive index
values agree with earlier report [31].
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Fig. 4. Variation of refractive index with wavelength of
AglnSe; films deposited at different duty cycles: (a) 9%,
(b) 15%, (c) 33%, (d) 50%.
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Fig. 5. (ahv)? vs. hv plot of AgInSe films deposited
at different duty cycles: (a) 9%, (b) 15%, (c) 33%,
(d) 50%.

Figure 5 shows photon energy vs. (ahv)? plot of
AgInSes thin films deposited at different duty cycles,
with a and hv being the absorption coefficient and pho-
ton energy, respectively. Bandgap energy (Ej) can be
calculated using the following equation for estimating the
absorption coefficient («):

o= A/hv(hv — Eg)Y/2 (7)
A bandgap energy in the range of 1.16-1.21 eV was ob-

tained using ahv = 0. This value is comparable with
the previous reports of 1.21 eV [14]. The lower values of

band gap obtained at 10% duty cycle is due to the slight
excess of silver in these films. The indium concentration
increases gradually with increase of duty cycle and hence
the band gap value increases from 1.16 eV to 1.21 eV. This
is supported by energy dispersive spectroscopy (EDAX)
data.

TABLE III

Transport parameters of AgInSe, films deposited at
different duty cycles.

Duty cycles | Resistivity Mobility Carrier density
[%] [Qcm] | [em? V7 sT | [em™¥] x 106
9 2.8 34.1 6.54
15 4.7 30.2 4.39
33 8.6 27.1 2.67
50 12.4 23.8 2.12

The room temperature transport parameters were
measured by Hall-Van der Pauw technique by providing
gold ohmic contact. The influence of duty cycle on the
resistivity of the films is shown in Table III. The films ex-
hibit p-type conductivity. The EDAX results support the
p-type conductivity, since the non-stochiometry parame-
ter is greater than zero. The magnitude of the resistivity
increased from 0.10 2 cm to 3.67 2 cm as the duty cycle
is increased. The resistivity values are lower than earlier
report [32]. The variation in resistivity with duty cycle
can be explained in terms of the Ag/In ratio obtained
from EDAX measurements. At low duty cycles, a high
Ag/In ratio is observed. At higher duty cycle, Ag/In ra-
tio is less than unity, hence as the concentration of silver
decreases, the resistivity increases. The variation of room
temperature mobility and carrier density with duty cycle
is also shown in Table II. The increase of resistivity at
50% duty cycle can also be explained in terms of the de-
crease of carrier density with increase of duty cycle. The
values of mobility and carrier density decrease with in-
crease of duty cycle. Mobility and carrier density values
are higher than in earlier report [32].
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Fig. 6. Photovoltaic characteristics of CdS/AgInSe,
solar cells fabricated with AgInSes films deposited at
different duty cycles: (a) 50%, (b) 33%, (c) 15%, (d) 9%.
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TABLE IV

Photovoltaic parameters of CdS/AgInSe, fabricated with
AglInSe; films deposited at different duty cycles (illumina-
tion — 100 mW cm™?).

Duty Voc Jse N pp | m | Bs Rgn
cycles [%] | [V] | [mA cm™?] [%] | €] (k9]
50 0.49 9.0 0.40 | 1.74 | 50 1.10

33 0.50 9.7 0.50 | 2.40 | 45 1.20

15 0.52 10.8 0.51 | 2.88 | 40 1.15

9 0.53 12.0 0.71 | 4.54 | 28 1.90

The current—voltage characteristics of the AgInSes
based solar cells with n-CdS is shown in Fig. 6. The
solar cell parameters, open circuit voltage (Vj.), short
circuit current (Iy.), series resistance (R), shunt resis-
tance (Rgn), and fill factor (FF) are given in Table IV.
From Table IV, it is clear that as the duty cycle for depo-
sition of AgInSes decreased, the photo output increased.
Arya et al. [33] have reported that the low value of open
circuit voltage in CulnSes/CdS solar cells is due to the
exposure of CulnSey to atmosphere before CdS deposi-
tion. In our case, after the deposition of each layer, the
films are taken out. There is every possibility for the
formation of a thin insulating layer at the interface. Fur-
ther, the short circuit current density is low due to the
high series resistance. This may be the reason for the low
efficiency of the fabricated solar cells.

4. Conclusions

This study clearly illustrates that the pulse plat-
ing technique can be employed for the deposition of
nanocrystalline AgInSes films. Films with transmission
around 80% can be prepared. Films possessing resistance
around 12 §2 can be prepared. Solar cells fabricated with
AglnSe, films deposited at 9% duty cycle and CdS films
exhibiting a V. of 0.53 V, J of 12 mA cm~2, FF of
0.71, and efficiency of 4.54% can be prepared.
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