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a b s t r a c t

AgInS2 sprayed thin films have been deposited on glass SnO2:F substrates using an aqueous solution
which contains silver acetate (AgCH3CO2), thiourea (SC(NH2)2) and indium chloride (InCl3) as precursors.
The depositions were carried out at the substrate temperature of 420 ◦C. The concentration ratio in the
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spray solution of indium and silver elements x = [Ag+]/[In3+] was equal to 1.3 whereas y = [S2−]/[In3+] was
varied between 5 and 7. The current–voltage study of SnO2:F/AgInS2/Al Shottky diodes as a function of y
composition has been carried out. A rectifier effect has been shown and the transport process is mainly
governed by the generation-recombination and tunneling effects.

© 2010 Elsevier B.V. All rights reserved.
pray pyrolysis technique
–V characteristics

. Introduction

Silver indium disulfide AgInS2 which belongs to I–II–VI2 ternary
ompounds is an attractive material in possible photovoltaic and
ptoelectronic applications [1,2] because of its large absorption
oefficient and its band gap energy lying in 1.87–2.03 eV domain
3,4]. During the last decade, the conversion efficiencies for poly-
rystalline CIGS based solar cells have been improved and the best
ell is now reported close to 20% [5]. As a possible alternative,
gInS2 based chalcopyrite semiconductor is also expected to make
ood solar cell absorber layer. This material has been prepared
sing different methods [6–9]. However, chemical deposition tech-
iques have not been frequently used [10] to obtain this ternary
ompound which can crystallize in two forms: chalcopyrite and
rthorhombic. Moreover, this compound could be obtained as n
r p semiconductor type using appropriate experimental chemical
onditions [11,12]. Recently, it is reported that AgInS2 with p type
onductivity has been obtained by introducing tin element Sn as
opant [13].

In this work, we report the I(V) characteristics of
nO2:F/AgInS2/Al diodes in which the silver indium disulfide
hin films have been obtained by the spray pyrolysis technique
sing different concentration of sulfur in the starting solution.
To date, the I(V) study of such diodes based on p type AgInS2
ernary semiconductor has not been tested.

∗ Corresponding author. Tel.: +216 71 872 600; fax: +216 71 885 073.
E-mail address: abdellatif.bouzidi@isi.rnu.tn (A. Bouzidi).
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2. Experimental

2.1. Film preparation

AgInS2 thin films were obtained on 2 cm × 2 cm of SnO2:F/glass substrates by
spraying an aqueous solution containing silver acetate (CH3COOAg), indium chlo-
ride (InCl3) and thiourea (SC(NH2)2) as precursors. The substrate temperature Ts,
of the order of 420 ◦C is used to prepare these films. The indium and silver concen-
trations were taken constant at 10−2 M and 1.3 × 10−2 M respectively whereas the
concentration ratio of sulfur y = [S2−]/[In3+] varied from 5 to 7. In our laboratory,
successful deposition of crystalline AgInS2 ternary compounds by the spray process
was achieved thanks to a careful control of the spray temperature and solution com-
position [11,12]. The solution and gas flow rates were kept constant at 2 cm3/min
and 4 l/min respectively corresponding to a mini-spray pyrolysis. Nitrogen was used
as the carrier gas to avoid chemisorptions of oxygen.

2.2. Characterization techniques

First, film surfaces were analyzed by atomic force microscopy (AFM) (VEECO
digital instrument 3A) in contact mode.

Second, for resistivity measurements, an electrometer Keithley 230 pro-
grammable voltage source 230 was used to measure the film’s resistivity at room
temperature and the type character for the film was found using the hot probe
method.

To test AgInS2 (p) sprayed thin films as absorbers in expected possible photo-
voltaic solar cells in our laboratory, it seems necessary to understand their electrical
properties. For this purpose, the mechanisms of conduction of AgInS2 (p)/Al Schot-
tky structures have been developed. The analysis of electrical junctions requires an
ohmic contact on the side of the semiconductor AgInS2 (p). 0.5 �m thick sprayed tin
oxide SnO2 doped with fluorine (F) (SnO2:F (FTO)) has chosen as substrate [14].
Finally, Al evaporated thin film (700 Å) is used as front contact while a conduc-
tive oxide-coated glasses SnO2:F with mean resistance value of the order of 10 �
were used as back contact electrode. In the same line, I–V data collection was made
by using the same electrometer and LabView data acquisition software. The active
area of these diodes was 1 cm2. The schematic drawing of the diode is presented in
Fig. 1.

dx.doi.org/10.1016/j.jallcom.2010.07.053
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:abdellatif.bouzidi@isi.rnu.tn
dx.doi.org/10.1016/j.jallcom.2010.07.053
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Fig. 1. Schematic drawing of SnO2:F/AgInS2/Al Schottky diode.
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Fig. 3. Resistivity and roughness measurements as a function of the concentration
ratio y.

Table 1
Fig. 2. Ohmic contact of SnO2 (F)/AgInS2/Au for y = 5.

. Results and discussion

.1. SnO2 (F)/AgInS2 (p) contact

To ensure the ohmic nature of SnO2 (F)/AgInS2 (p) contact, a
old film evaporated directly on AgInS2 (p) side. This film acts as a
econd electrode for this test. As shown in Fig. 2, the curve I(V) the
tructure of SnO2 (F)/AgInS2 (p)/Au exhibits a good linearity which
onfirms that SnO2/AgInS2 contact is ohmic.

.2. Resistivity and morphology

Fig. 3 depicts the resistivity values of spayed AgInS2 films using
arious concentration ratios y (5, 6 and 7). All films prepared with

hese concentration ratios and having 1.6 �m as thickness, exhibits
semiconductor type character. We note firstly an increase in the

esistivity when y increases which may be due to the excess in sul-
ur element leading to the formation of Ag2S [13]. The presence of
ndesirable secondary phase, as a function of the composition, is

Fig. 4. 2D AFM micrographs of the sprayed AgInS2 films corresponding to differen
Vd values in terms of the concentration ratio y.

y 5 6 7
Vd (V) 0.50 0.52 0.54

also reported by other authors using different experimental con-
ditions [4,15]. Thus, the resistivity remains higher than 103 � cm
when the ratio y is equal to 7.

2D AFM micrographs, shown in Fig. 4, reveal that all AgInS2 films
surfaces are rough. These perturbed surfaces are probably due to
very small droplets resulting from the mini-spray pyrolysis tech-
nique that vaporize above the glass substrates and condense as
micro-crystallites with various sizes. Indeed, for sample prepared
at y = 5 and 6 we have rounded clusters and the roughness parame-
ter increases when the sulfur composition increases in the spray
solution, Fig. 3. This phenomenon may be due to sulfur excess
in solid phase. Indeed, as far as the composition increases, the
presence of Ag2S secondary phase becomes visible in AgInS2 thin
film as shown in X-ray diffraction (XRD) study reported previously
[13].

3.3. I–V characteristics simulation based on double diode model

The experimental forward and reverse bias I(V) characteristics

of SnO2/AgInS2/Al Schottky diodes at room temperature are shown
in Fig. 5.

These characteristics reveal clearly the rectifier behavior for all
these junctions characterized by a diffusion potential Vd having an
average value of 0.52 V, Table 1.

t concentration ratio of sulfur y = [S2−]/[In3+]: y = 5 (a), y = 6 (b) and y = 7 (c).
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ig. 5. The experimental forward and reverse bias I(V) characteristics of Schottky
ontacts SnO2/AgInS2/Al for various y.

In this section, the double exponential physical parameters of
gInS2/Al junction have been extracted using Matlab software by
imulating the I(V) characteristics.

The I(V) characteristic of such junctions can be written as an
mplicit equation:

=I01

(
exp

(
V − RSI

VT

)
−1

)
+ I02

(
exp

(
V − RSI

AVT
− 1

))
+ V − RSI

Rsh

(1)

here VT = kT/q is the thermal voltage, A is the junction quality
actor related to the recombination processes, Rs and Rsh are the
eries and the shunt resistances respectively in the equivalent cir-
uit, I01 and I02 are the diode reverse saturation currents. I01 is the
urrent generated in the bulk of the junction and I02 is rather the
ecombination one.

These five physical junction parameters Rs, Rsh, I01, I02 and A
re calculated from the current–voltage measured characteristics
n such way that the simulated I–V characteristic of the diode is as
lose as possible to the measured one. The difference between the
wo curves is calculated as a simulation quality factor (SQF) using
he last square method.

First, the series resistance Rs is determined by linear fitting of
(dI/dV) = f(I), and its value is equal to 2.48 � for diode using y = 5.

Second, the shunt resistance Rsh is deduced by Rsh = (dV/dI) near
ero, which gives Rsh = 1000 � for y = 5.

After that, and for each value of A and D, I2 = I02exp((V − RsI)/AVT)
urrent value is determinate as a solution of the Newton equation:

− V − RsI

Rsh
= I2 + D.IA

2 (2)

Then we calculated:

(I) = V − VT · ln(IA
2 ) (3)

hich is linear when A and D correspond to the Eq. (1): f(I) = RsI + b.
The saturation currents I01, I02 are then obtained as follows:

02 = exp
( −b

VT A

)
and I01 = DIA

02 (4)

Finally, these parameters (Rs, Rsh, I01, I02 and A) where replaced
n Eq. (1) and the simulation quality factor SQF has been calculate(∑

2
)1/2
sing: SQF = d
i

; where di is the distance between the sim-
lated points and the measured ones from positive experimental

–V characteristic. N is the number of points.
The lowest SQF corresponds to the best values of the junction

arameters model. This simulation gives SQF equal 0.133 × 10−4
Fig. 6. The measured and simulated I(V) characteristics of AgInS2/Al corresponding
to y = 5 (a), y = 6 (b) and y = 7 (c).

for samples with y = 5 corresponding to values: A = 2, Rs = 2.480 �,
Rsh = 1000 �, I01 = 1.3753 × 10−13 A and I02 = 9.2714 × 10−8 A.

Fig. 6 gives the I(V) measured and simulated characteristics of

AgInS2/Al structures for various concentration ratio y.

In Table 2 the I(V) calculated performances of these diodes in
terms of the y composition are summarized.

As seen in Table 2 and Fig. 5, good simulated I–V characteristics
corresponding to SQF as lower as 10−4 is obtained for AgInS2/Al
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Table 2
SnO2:F/AgInS2/Ag diodes calculated parameters as a function of the concentration
ratio y.

AgInS2

samples
Qmin A Rs (�) Rsh (�) I01 (pA) I02 (nA)

S
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[
[

[

y = 5 0.13 × 10−4 2 2.5 1000 13.7 92.7
y = 6 4.68 × 10−4 2.01 3.7 5100 3.9 27.1
y = 7 4.58 × 10−4 2.04 4.2 6200 5.4 46.3

chottky diode prepared using y = 5. This result is consistent with
FM morphology and resistivity studies described above.

It is noted that, in an ideal case Rs should be zero and Rsh should
e infinite to get 100% fill factor. In general, Rs and Rsh depend on
etal contact nature and bulk defaults respectively. Although, Rsh

alue of AgInS2/Al diode prepared using y = 6 and y = 7 are higher
han Rsh corresponding to y = 5 one, and an avalanche effect has
een observed for this diode showing the presence of un-negligible
efaults in bulk which can be explained by the presence of sul-
ur excess. The magnitude of Rsh and Rs is influenced by chemical
omposition as well as the morphology of the AgInS2 sprayed thin
lms. Moreover, changes in the front and back contacts can further

nfluence Rsh and Rs values.
For all diodes prepared at various concentration y, the ideality

actor A is higher than 2. In the same way, I02 values are so greater
han I01 ones. These results show that the electrical transport pro-
ess is governed by the generation-recombination and tunneling
ffects.
. Conclusion

Based on the electrical current–voltage I–V, the electrical param-
ters of SnO2:F/AgInS2/Al Schottky diodes have been achieved

[

[

[

mpounds 506 (2010) 492–495 495

using the double exponential model. The series resistance Rs is low
for all diodes (Rs < 5 �) whereas the shunt resistance Rsh is greater
than 1 k�. On the other hand, the ideality factor A of the diode
is greater than 2 indicating that the transport process is governed
by the generation-recombination and tunneling effects. This study
seems to be attractive since photovoltaic solar cells with AgInS2-
absorbers could be tested.
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