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In this work we have studied the variable range hopping as a predominant electronic transport mechanism for
semiconductor materials used as absorbent layer in photovoltaic devices. Dark conductivity measurements were
carried out from 120 to 420 K in Si, Cu3BiSs, SnS, CuzZnSnSes, and CulnGaSe; thin films. In the low-temperature
range, variational range hopping was established for all samples. Using classical equations from the percolation
theory and the diffusional model, the density of states near the Fermi level (Nr), as well as the hopping parameters
(W — activation energy and R — hopping range) were calculated. A correlation between both models allowed us

to evaluate the validity of the diffusional model in semiconductor compounds.
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1. Introduction

In recent years, technology in the development of pho-
tovoltaic devices has focused its interest in the appli-
cation of ternary and quaternary semiconductor mate-
rials for disposal as absorber layer in solar cells [1-4].
Of these materials one can emphasize compounds such
as CusBiS3, CulnGaSe; (CIGS), SuS, and CusZnSnSey
(CZTSe), among others. Mono- and microcrystalline sil-
icon is still being investigated to develop thin film solar
cells and optoelectronic devices [5, 6]. The studies re-
lated to electric transport have focused on understanding
the mechanisms governing the transport and lead to the
quality of material for application in photovoltaic devices
[7-9].

In this work measurements of conductivity (o) as
a function of temperature for compounds of CusBiSs,
CIGS, SnS, and CusZnSnSes were done. Measurements
were carried out between 120 and 420 K. It was observed
that the conductivity measurements as a function of tem-
perature are characterized by the Arrhenius type behav-
ior for the region of T > 300 K, leading to thermally
activated carrier transport between the bands. For the
low temperature region it was found that the mechanism
governing the transport between variable range hopping
(VRH) is the localized states near the Fermi level.

A detailed study on the parameters that character-
ize the VRH transport is presented: activation energy
and range hopping via percolation theory. We report,
comparatively, the values obtained through the diffusion
model for these parameters along with the density of
states near the Fermi level for each of the compounds.
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From the correlation between the two models there is
demonstrated the validity of the diffusional model for
obtaining the parameters that characterize the hopping
behavior of semiconductor materials.

2. Diffusional model

Most of the studies carried out has reported that for
semiconductor materials for the region of low tempera-
tures (i.e. for T' < 273 K), the conductivity does not have
Arrhenius behavior that indicates a conduction process
via thermal activation [8, 10, 11]. Contrary to the above
the percolation theory has been widely used to study and
explain the possible mechanisms of transport of semicon-
ductor materials.

According to the Mott equation in the case of 3D [12]
(see Eq. (1)) the density of states is considered constant
over a range of kg7 energy around the Fermi level

o= 0fexp (— (?) M) : (1)

where T is the absolute temperature, and T, are con-
stants depending on the material. Using percolation the-
ory it is possible to find the values of the parameters W
and R, which characterize the hopping transport, how-
ever, due to the discrepancy in the expected range for
these parameters, we developed in a previous work [7] a
model, called diffusional model, which takes into account
on the one hand, the relationship between the diffusion
coefficient and the probability of hopping, and on the
other hand, the Einstein relation between mobility and
diffusion coefficient and conductivity. We have found a
factor of dependence between hopping parameters ob-
tained through percolation theory obtained from the dif-
fusion model, which significantly improved the value cor-
responding to the activation energies of variable range
hopping (see Table I).
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TABLE I
Equations for R and W parameters governing

VRH transport. A = (128/9)7 and B = (9/8)7
1/4, o — localization length, kg — Boltzmann
constant, 7' — temperature [7].

Diffusional model
W = Zrks(ToT%)"/*
4
R= BT )

a

Percolation theory
W = ks(ToT?) %
R=3T,/*T~V4 (1)

-8 a

3. Experimental

Electrical conductivity measurements in temperature
dependence were carried out in samples of CusBiSs,
CulnGaSes, SnS, and CusZnSnSes semiconductor com-
pounds. Measurements were made using the Van der
Pauw method (according to ASTM F76) in a vacuum
system, by varying the temperature in a range of 120 to
420 K. Al contacts were deposited for samples CusBiSs
and SnS, Mo for CusZnSnSe; and CulnGaSe; com-
pounds. The arrangement of the contacts was copla-
nar type. Deposition parameters of the sample can be
checked from reports made with each of the materials
[7, 8, 13].

4. Results and discussion

Figure 1a shows the conductivity curves obtained for
the samples of the compounds CIGS, CuzBiS3, SnS, and
CZTSe. We have additionally included one of the mea-
surements carried out in microcrystalline silicon (m-Si),
given that this material is also one of the semiconductors
used in the manufacture of photovoltaic devices. Fig-
ure 1b shows the o of CZTSe compound separately. For
the latter case, the high values in the conductivity of
the material are attributed to the presence of Cu in the
preparation stage [14].
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Fig. 1. Conductivity measurements as a function
of TV for (a) samples of CIGS, SnS, and CusBiS3
semiconductor compounds. It includes a measurement
with a sample of microcrystalline silicon (open circles).
(b) Cu2ZnSnSes compound.

In Fig. 1 it is clearly visible that the conductivity
curves as a function 7-1/4 exhibit behavior where low
temperature can be adjusted with a linear function and
this behavior demonstrates the transport of charge car-
riers via processes hopping between states present on
the band-gap of the material. As established by Mott
[12] the VRH is characterized by parameters that relate
the energy gap between traps or activation hopping (W)
and the distance between jumps or hopping range (R).
Table IT reports the values obtained by both the percola-
tion theory and the diffusional model, VRH parameters
for each of the samples.

TABLE II

Obtained values for the parameters W and R hopping in semiconductor samples from percolation theory (PT) and the diffusional
model (DM). The values for the density of states near the Fermi level N(Er) were reported.

Sample Location radio [A] | N(Er) [cm ™3 eV 1] R [PT] [cm] W [PT] [eV] | R [DM] [cm] W [DM] [eV]
Si 10 [7] 2.139 x 10'° 1.46744 x 107° 0.36128 1.4695 x 10~° 0.09628
Cus BiS3 257 [15] 3.269 x 10'7 3.83624 x 107° 0.05145 3.8415 x 107° 0.01293
CulnGaSes 257 [15] 1.579 x 107 4.60166 x 1076 0.06172 4.6080 x 10~° 0.01551
SnS 257 [15] 8.139 x 10*° 9.65752 x 1077 0.01295 9.6709 x 107" 0.00326
Cu>ZnSnSes 257 [15] 3.403 x 10'® 1.25004 x 1077 0.02052 1.0332 x 1077 0.06359

Table IT shows the values obtained for the range hop-
ping both the diffusion model as from percolation theory
are consistent with each other. However, hopping acti-
vation energy calculated from percolation theory is noto-
riously much higher than that obtained by the diffusion
model. This was also observed in samples of microcrys-
talline silicon compensated with boron [7].

The values reported in Table II corresponding to W
from the diffusion model, confirm the initial assumption

(

that the band-width around the Fermi level, which is re-
sponsible for driving the mechanism of VRH, is too nar-
row for the region of low temperatures. In accordance
with the above it can be seen in Fig. 2 that the values of R
increase as the temperature decreases while the opposite
occurs with hopping activation energy. This fact char-
acterizes the mechanism of VRH, where carriers tend to
perform jumps over great distances in order to find sites
that remain energetically closer than its near neighbors.
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Fig. 2. Hopping range variation as a function of tem-
perature of CIGS, SnS, and Cu3BiS3; semiconductor
samples. Open symbols: diffusional model, closed sym-
bols: percolation theory.

Table I shows that the calculated values for N (Er) are
consistent with those expected for materials that are used
in the manufacture of photovoltaic devices [7, 16, 17].
Density of states acceptable for semiconductor mate-
rials must be established between a range of 10'° to
1020 cm?® eV~!, with defect states in the gap that en-
able the transport of carriers. These states can be ad-
dressed and emptied into the energy dependence acquired
by thermal processes.

5. Conclusions

Conductivity measurements were carried out on semi-
conductor samples of CuzBiS3, CIGS, SnS, and CZTSe.
It was shown that the transport mechanism that governs
the low temperature region is the VRH. It was observed,
in all cases, that a good agreement occurs between the
values obtained for the parameter R by both the per-
colation theory and the diffusion model. It was found
that in diffusional model, the value of the hopping acti-
vation energy decreases substantially in accordance with
the behavior expected for a VRH.
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