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Abstract

In recent years, In,S; thin films were widely used as buffer/window layer in thin film solar cells as an
alternative to toxic CdS. In the present work, we demonstrate the potential of surface photovoltage
spectroscopy for estimation of minority carrier diffusion length, band gap energy and refractive index
of thermally evaporated In,S; thin films. The estimated minority carrier diffusion length of In,S; thin
films from SPV measurements were 0.112 pm and 0.052 pm for films annealed at 250 and 300 °C
respectively.

1. Introduction

Indium sulfide (In,S;) is a I1I-VI semiconductor compound which is a promising material for various
optoelectronic applications. It is an n-type semiconductor with band gap energy range from 2.0 to 3.3 eV and it
is appearing to be suitable for use in thin film solar cells as a buffer layer [1]. Recently, Spiering et al 2] reported
18.2% conversion efficiency achieved by using a In,S; buffer layer in Cu(In, Ga)Se, thin film solar cells that is
close to the value in case when CdS buffer layer is used [3].

One of the factors that limit the performance of a photovoltaic device is the recombination of free charge
carriers that take place at bulk, interface or surface regions. This may lead to lower diffusion length and lifetime
of photo-generated charge carriers, which can influence the performance of the device. Therefore,
determination of the minority carrier diffusion length and carrier lifetime of the semiconductors acting as active
layers in the device is essential. In this context, surface photovoltage (SPV) spectroscopy is widely used to
determine the minority carrier diffusion length in semiconductors. Based on the obtained SPV signal, the type of
conductivity of the material can be determined [4, 5].

There were a small number of reports on SPV studies of In,S; films [6—10]. However, to the best of our
knowledge, the use of the SPV is to find the minority carrier diffusion length of polycrystalline In,S; thin films
was not performed previously. The experimental, structural, morphological and optical properties of as-
deposited and annealed In,S; films were reported elsewhere [11].

2. Experimental

In,S; thin films with thickness of ~0.5 ym were deposited on soda lime glass substrates using the thermal
evaporation technique at a constant substrate temperature of 300 °C and the as-deposited films were annealed at
different temperatures (200 °C-300 °C) in sulfur atmosphere about 1 h.

The SPV measurements were performed in non-contact mode of metal-insulator-semiconductor (MIS)
configuration according to the scheme presented in figure 1(a). The glass spacer was used to ensure an equal
distance between sample’s surface and each electrode. The experimental setup used for the SPV measurement is
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Figure 1. (a) Schematic representation of MIS configuration and (b) experimental setup of surface photovoltage spectroscopy
measurement.

shown in figure 1(b). The setup uses a 300 Watt Xenon lamp and the emitted light was monochromatized
through an OMNI-300 grating monochromator. This monochromated light beam was modulated by Standford
Research SR 540 mechanical chopper along with a phase sensitive amplifier, which locks the modulating light
frequency. Thus, the modulated light beam incident on the sample resulted in a variation of capacitance of MIS
cell (figure 1(a)), which was detected by an SR 830 lock-in amplifier. The SPV signals were measured in the
wavelength range of 400-700 nm at a constant frequency of modulation (226 Hz). The optical transmittance of
the films was measured using Photon RT spectrophotometer.

The SPV is the illumination-induced variation of the surface potential. The surface potential is generally
proportional to the concentration of generated carriers. During excitation of the sample with the light, the excess
minority carriers are generated and due to diffusion and recombination processes, the minority carrier
concentration distribution is changed. This causes a change in surface potential.

The surface photovoltage AV, (AVp) is the difference of surface potentials presented on the surface A (B)
during ‘light on” and ‘light off’. Totally measured SPV signal is proportional to the difference between surface
photovoltage of side A and side B.

USPV = AVA - AVB (1)

Usually, the assumptions are made that both the light and diffusing carriers do not reach the bottom side
(a > d Hand (L < d)(aisabsorption coefficient, d is thickness of the film and L is carrier’s diffusion length).
Then

Uspy = AV 2

3. Results and discussions

Figure 2 shows the SPV signal (Uspy versus photon energy (hv) for as-deposited and annealed In,S; films. All
In,S; films gave a positive SPV signal which indicates that they had n-type conductivity [12].

From figure 2, the generated surface photovoltage increases with annealing temperature. A very low surface
voltage has been obtained for as-deposited and films annealed at T, = 200 °C. It may be due to the
recombination of the photo-generated carriers through available defect or surface states in the band gap region.
On the other hand, the surface photovoltage is increased for films annealed at 250 and 300 °C. This may be due
to these annealed layers having lower concentrations of bulk- and surface-defects, resulting in the increase of
photo-induced carrier concentration near the surface region. This increase in carrier concentration causes an
increase in surface voltage. At photon energies close to the band gap there is often a sharp change in slope of the
SPV signal. The band gap energies of the films were determined more precisely from the intercepts of the SPV
signals and were found to be 1.99, 2.12, 2.55 and 2.49 eV for as-deposited and those annealed at 200, 250 and
300 °C respectively (figure 2) [6, 9].

The refractive indices (1) of the In,S; films were estimated from the Herve-Vandamme formula [13, 14],
which provides small deviation for many semiconductors and chalcopyrites.

2/2
n=|\1+ A 3
E,+ B

where A and Bare constants equal to 13.6 eV and 3.4 eV respectively. The obtained refractive index values are
tabulated in table 1 and decrease with increasing annealing temperature. El-Nahass et al [15] also reported that
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Figure 2. SPV signal versus photon energy of In,S; films (a) as-deposited (b) T, = 200 °C, (¢) T, = 250 °Cand (d) T, = 300 °C.

Table 1. Comparative table of minority carrier diffusion length of different semiconductors.

Semiconducting material Type of conductivity Thickness (pim) Minority carrier diffusion length (zim) References
CdS n-type 3-8 0.2-0.46 [17]
CdSe n-type — 0.12 [20]
CdTe n-type 4.0 0.8 [19]
— 0.13-5.0 [20]
ZnSe n-type — 0.017-1.20 [18]
— 0.45 [20]
SnS, n-type — 0.17-0.23 [21]
In,S; n-type 0.5 0.112 Present work

the refractive index decreased with increase of annealing temperature of In,S; thin films deposited by the
thermal evaporation technique.

Here, we also used the SPV method to determine the minority carrier diffusion length of the
semiconductors. In the present work, the variation of SPV signal generated at different photon energies was
measured and compared with the different absorption coefficient values corresponding to the photon energy
values. In the constant flux method, for small excitation level, i.e. surface photovoltage AV, (AVg) is much
smaller than kT/q, the SPV signal Uspy is related to the absorption coefficient (a) by the relation (4) [16],

1 nolsi+ Dy/Ly) (Ly + 1/a)
Uspyv  (kT/q9)(1 — R)¢ Ly

where Cis a constant, Ly, is the diffusion length of holes and the absorption coefficient (o) values were taken from
the optical transmittance measurements using the following relation.

=Cy+ 1/a) 4

InT
a=—-—— 5)
7 (
where d is the thickness of the films and T'is optical transmittance. The variation of o' with photon energy is as
shown in figure 3.
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Figure 4. The plot of Uspy versus a ' of In,S; films annealed at T, = 250 and 300 °C.

Thelinear fit of the plot 1/Uspy against 1/a (hv > E,)yielded a straight line for which the intercept on the
1/« axiswhen 1/Uspy = 0 directly gives the minority carrier diffusion length (Ly,). This method was used earlier
by researchers for diffusion length measurement of different binary semiconductors like CdS, CdSe, ZnSe and
CdTe[17-19]. For the as-grown and the films annealed at 200 °C, the Ly, values could not be determined as the
films exhibited mixed phases with poor crystallinity and high density of impurity states present in the films
which was already reported elsewhere [11]. Figure 4 shows the plot of Uspy (mV ™~ Y versus o' (um) of In,S;
films annealed at 250 °C and 300 °C, through which the determined Ly, values are 0.112 ym and 0.052 pm. It
should be noted that generally the carrier diffusion length may change due to various factors (various impurities,
point defects, clusters, grains and grain boundary parameters) which affect the recombination process,
especially in such non-perfect materials.

Table 1 lists some of the reported values of minority carrier diffusion length of II-VI, ITI-V and IV-VI group
semiconductors along with our results, which are mostly used as buffer/window layers in thin film solar cells.

Moreover, the mobility—lifetime product (zu,-m,) can be deduced from the diffusion length, L, = /Dy,

and Einstein equation, Dy = p, (%T) [22,23]

q
Uy Th = (E)Lﬁ = 38.65L¢ (6)

where yu,, 7, and Ly, are in cm?/V-s, s and cm respectively and these values are tabulated in table 2. Robert et al
[24] reported the mobility-lifetime product valueas 6 x 10~” cm® V"' for In,S; thin films prepared by ALD
technique. Also, the 7 product can influence the drift length (Ly; = p7 - E) of the carriers and hence it defines
the quality of the material.
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Table 2. The optical and optoelectronic parameters of as-deposited and

annealed In,S; films.

T,(°C) Eq(eV) n Ly, (uim) pnTh (em® V)
As-deposited 1.99 2.71 — —

200 2.12 2.65 — —_

250 2.55 2.48 0.112 0.484 x 1078
300 2.49 2.50 0.052 0.100 x 10°®

4, Conclusion

The SPV method was employed to study the optical and optoelectronic properties of the In,S; films. The
experiments have shown the real possibility of completely non-destructive measurement of the In,S; thin-film
structures using the quasi-non-contact SPV measurement method and determination of the parameters
essential for materials that are promising for photovoltaic application. The measurements revealed that all the
films had n-type conductivity and the surface photovoltage increases with annealing temperature. The present
work revealed that In,S; films annealed at 250 °C had wider band gap (2.55 eV) with lower refractive index and
larger diffusion length (0.112 pim) compared to all other layers and hence such films are the most suitable as
window/buffer layer in the development of hetero-junction thin film solar cells.
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