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ABSTRACT

One of the major reasons for a recent stuck of the development of kesterite based photo-
voltaic devices is related to the problems in their open circuit voltage. Several limitations
can be pointed out as a possible origin. In particular, for a case of Cu and Zn containing
kesterite compounds, a lattice disorder connected to these cations is considered to bring in
an important contribution to the limitations above. Extensive studies showed a significant
influence of this disorder being an intrinsic property of kesterites to structural, optical and
vibrational properties of the related materials. However, detailed investigations focused to
the role of disorder in formation of the electrical properties of the kesterite materials are
still lacking. In order to cover this gap, here is investigated resistivity of Cu,ZnSn(S;-xSex)a
(CZTSSe) powder samples with x = 0.48—1.00 at temperatures between ~ 10 and 300 K. A
detailed analysis of the measured data permits to establish various conductivity mecha-
nisms within different temperature ranges, and to obtain a set of important macroscopic
and microscopic electronic parameters. By itself, their dependence on x does not reveal any
univocal behavior. In contrast, all the electronic parameters above exhibit a clear corre-
lation with the order parameter Q. This is explained completely by a strong sensitivity of
the electronic properties of CZTSSe to the Cu/Zn disorder.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Cu,ZnSnSe; (CZTS) and Cu,ZnSn(S;.xSex)s (CZTSSe)
compound semiconductors are widely discussed now due to a
possible application in photovoltaic and other optoelectronic
devices [1-3]. Indeed, the efficiency up to 12.6% has been
achieved in CZTSSe based solar cells [1]. At this point, such
properties of CZTS and related materials as low cost, low
toxicity, abundance of their elements in the crust, and a high
flexibility of their physicochemical properties look probably
no less attractive. However, several limitations existing in the
kesterite type compounds have led to a current stagnation in
the increase of the solar cell performance [4—6]. One of the
most important out of them is connected to the influence of a
disorder in a cation sublattice of the kesterite type structure.
Namely, the Cu/Zn disordering was indicated as one of the
limiting factors for further development of the kesterite based
photovoltaic technology [7—9]. Structural properties [10,11],
photoluminescence [10—12], Raman scattering [13,14] and
transmittance [15] spectroscopies, as well as the absorption
coefficient [12], have been discussed in this sense. These
extensive investigations have revealed clear correlations be-
tween the Cu/Zn disordering and the properties of CZTSSe,
mentioned above. However, any detailed studies of such in-
fluence on the electronic transport properties of CZTSSe are
still lacking.

Generally, the electronic transport in CZTSSe and related
materials is widely investigated, including single crystals
[16—19], thin polycrystalline films [20—22] and powder sam-
ples [23,24]. One of its most characteristic features is the ex-
istence of a broad temperature interval with the Mott variable
range hopping (VRH) conductivity [25,26]. However, manifes-
tations and importance of this conduction mechanism in
general depend substantially on the sample type (single
crystals, powders or thin films), growing conditions and post-
grown treatment [16—24]. Most commonly, the electronic
transport is influenced by the chemical composition of the
investigated material, namely the cations ratios Cu/(Zn + Sn)
[27—-30], Zn/Sn [27—29,31—33] and Cu/Sn [34], or even by a
concentration of one of the cations [23,35]. On the other hand,
the obtained picture still looks rather controversial in general
(e.g. compare results of Refs. [32,33]), without evidence of any
direct correlations in most of the cases reported [21,27]. A
possible influence of the Cu/Zn disorder on the electrical
properties of CZTSSe has been proposed [27,36]. However,
such infer looks rather preliminary, containing no deeper

analysis of the results and absence of any quantitative data
characterizing the disorder.

In this context, in the present work detailed investigations
of the resistivity in CZTSSe powder samples within a broad
range of composition and temperature have been performed.
A choice of the powder sample was connected with their high
structural and compositional uniformity and with a possibility
to perform an independent direct investigation of their order
parameter by a neutron diffraction study [11]. A combined
analysis of these results with those of the resistivity above
have been done. This permitted to obtain an important set of
macroscopic and microscopic electronic parameters, yielding
a reliable information about a strong influence of the cation
disorder on the electronic properties of CZTSSe.

2. Experimental details

The samples were grown by solid—state reaction; detailed
analysis of their structural, vibrational and irradiative prop-
erties has been published elsewhere [11]. The phase content
and chemical composition of the synthesized polycrystalline
powder samples were measured by wavelength dispersive X-
ray spectroscopy (WDX), using an electron microprobe system
(JEOL-JXA 8200). Grains, identified to belong to the same phase
(i.e. with the same amounts of Cu and/or Zn and/or Sn and/or
S within the error of the WDX measurement), were averaged.
As has been found from these data, the values of the Cu/
(Zn + Sn) and Zn/Sn ratios are equal to unity for all samples,
whereas the Se/(Se + S) ratio or x varies within the range of
x = 0.48—1.00 with a step of ~0.1 [11]. Besides the anions ratio
above, the variation of the degree of disorder has been found
in the investigated samples. The disorder is characterized by
the order parameter Q (see Table 1), which can be defined via
the site occupation factors of 2c and 2d sites by the Cu and Zn
atoms, respectively [10], in the kesterite type structure,

[CUZC + and] - [anc + CUQd]

Q - [CUZC + and] + [Zn2c + Clhd]‘

(1)

The site occupation factors have been determined by
neutron diffraction investigations (the details can be found in
Refs. [10,11]). Note, that the parameter Q is defined with Eq. (1)
in such a way that Q = 0 for a complete disorder and Q =1 fora
complete order. However, in what follows, a conjugate order
parameter, Q' = 1 — Q, will be widely used for convenience.

The hot probe method, addressed to the thermopower
measurements, showed the p-type conductivity in all

Table 1 — Anionic ratio and order parameter of the analyzed CZTSSe powder sample, together with temperature intervals,

width of the acceptor band and activation energies of the observed conductivity mechanisms.

X Q Q AT, (K) To (103 K) W (meV) AT, (K) E, (meV) AT, (K) Eq (meV)
0.48 0.38 0.62 55—-125 13.10 17.3 120-165 19.0 12—-16 0.22
0.58 0.2 0.8 45-100 66.80 21.7 140—180 26.7 11-17 0.59
0.70 0.14 0.86 65—-125 44.90 233 150—-185 27.0 15-19 0.71
0.79 0.5 0.5 55-90 3.00 12.3 95—-115 11.8 13-17 0.12
0.90 0.6 0.4 30-70 0.29 4.4 40—-80 5.4 12—-16 0.02
1.00 0.4 0.6 30—-90 7.36 11.7 85—115 13.3 11-14 0.29
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samples, as typical of the whole family of Cu based kesterite
type compounds. The temperature dependence of the re-
sistivity was investigated with the Van der Pauw method. For
these purpose, CZTSSe powder samples were pressed into
pellets with a diameter of 5 mm and a thickness of ~2—3 mm.
Silver paste was used to produce the contacts. The CZTSSe
pellet was placed in a closed circle helium cryostat to vary the
temperature between T = 10—300 K.
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X = 0.90
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Fig. 1 — (a) Temperature dependence of the resistivity for
different x. (b) Dependence of the resistivity on the
compositional value x for different temperatures. (c) Plots
of Q' vs. x. The lines are the spline interpolation of the data
points.
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convenience, some data are shifted along the vertical axes
by the values in parenthesis.
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3. Results and discussion
3.1.  Experimental results

As can be seen in Fig. 1a, the majority of samples exhibit an
activated dependence of p(T) within the whole temperature
range. The only exclusion is observed at x = 0.9, where such
dependence takes place only below T = 150 K. The different
strength of p(T) with decreasing temperature is attributable to
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different proximity of the samples to the metal-insulator
transition (MIT), what has been often observed in kesterites
and related materials with different morphological state
[16—19,21,24]. On the other hand, the dependence of p(x) is
quite unusual, being essentially non-linear at any T, including
a maximum near Xmax = 0.6 and a minimum close to Xpin =
0.9 (Fig. 1b). However, such behavior of p(x) following
approximately that of Q'(x), shown in Fig. 1c, is quite in line
with the strong sensitivity of the resistivity to the degree of the
cation disorder. This has been assumed earlier in Cu,ZnSn,.
Ge;.xSes (CZTGeSe) solid solutions [19]. It can be seen, that the
shape of the p(x) curves in Fig. 1 do not follow that of the order
parameter explicitly. However, one should keep in mind the
macroscopic nature of the resistivity, containing various
random factors (depending in particular on preparation de-
tails), which are difficult to take into account precisely. How-
ever, such factors are expected to have a smaller influence on
the microscopic electronic parameters of the materials, which
suggests a further analysis of the resistivity and will be
evident below.

3.2.  Macroscopic behavior of p(T)

As mentioned in the introduction, the Mott VRH conduction is
common for many kesterite type and related materials, taking
place within a broad temperature range, irrespective of the
macroscopic sample state. The resistivity for this mechanism
is given by the expression

p(T)= DT* exp {(TO /T)l/‘*], 2)
where D is the VRH prefactor coefficient, and

To=8/ [keg(r)a’] ®3)

is the VRH characteristic temperature, p = 21 is the nu-
merical constant, g(n) is the density of the localized states
(DOS) at the Fermi level, u, and a is the localization radius of
charge carriers, scaling the space decay of the impurity wave
functions [25,37].

As can be seen in Fig. 2a, all the exhibited plots have broad
linear intervals, pertinent to the Mott VRH conduction ac-
cording to Eq. (2). With a linear fit of the measured resistivity
data, the values of Ty, along with the temperature intervals,
AT, of the Mott VRH conduction, were obtained (see Table 1).
In addition, the width of the acceptor band (AB) W has been
found with the expression W = 0.5 kB (T3 To)¥* [16,17,37],
where Ty is the Mott VRH onset temperature on cooling (the
left value of the intervals ATy in Table 1), and is collected in
Table 1, too. The obtained here values of W are comparable
with those of ~11-37 meV reported for Cu,ZnSnS, (CZTS)
single crystals and as-grown thin films [16,18,21], but signifi-
cantly smaller than those of ~90—174 meV obtained for CZTS
powder-samples [24] and thermal treated thin films [21]. This
can be related to an increased cationic disorder in the latter, as
well as to presence of significant amount of point defects due
to the off-stoichiometric composition of these samples.

On the other hand, the nearest-neighbor hopping (NNH)
conductivity mechanism, given by the law

p(T) = CT ' exp [En/ (ksT) |, (4)

where C is the NNH prefactor constant and E,, is the NNH
activation temperature, is expected within a temperature in-
terval AT, lying generally above AT, provided that E, ~ W [37].
This has been already observed in CZTS and CZTGeSe single
crystals [16,18,19]. At this point, one can choose intervals AT,
of linearization of the resistivity data plots in Fig. 2c to satisfy
both the conditions above. Indeed, this can be seen by
comparing the data of AT, and E,, collected in Table 1, with
those of AT, and W, respectively. The only exception is for
CZTSSe with x = 0.9, where the intervals of AT, and AT, are
overlapped. This is not too surprising due to a quite week
temperature dependence of the resistivity for this sample in
general.

The last conduction mechanism out of those analyzed here
is convenient to discuss after formulating the AB DOS model,
which is given in Fig. 3. It is considered to be of the Anderson
type [25], centered at Ex = O (where E, is the acceptor activa-
tion energy) and is characterized by a finite total width of 2W.
The parameters —E. and E. in Fig. 3 are the mobility edges,
separating the delocalized acceptor states from the localized
states (which are hatched), and E, is the edge of the valence
band. The activated behavior of p (T) above (see Fig. 1) corre-
sponds to a position of p inside one out of the intervals of
localized states, whereas MIT takes place when p passes
through —E. or E. [25]. Therefore, different strength of p(T) in
the activated interval, associated with different closeness to
the MIT above, is given by the various distances between p and
one of the mobility edges, E, = |u — E(|

The actual position of p in Fig. 3 corresponds to a strong
degree of compensation, K = N/N, where N’ and N are the
concentrations of donors and acceptors, respectively. In such
a situation, one can expect the existence of a temperature
interval AT,, where the conductivity, connected to a thermal
activation of charge carriers from p to the energy interval (—E,,

Fig. 3 — Image of the DOS vs. energy with width 2W in the
acceptor band (schematically, not in scale). The extended
states lie between the mobility edges —E. and E, the
localized states are hatched (solid line). The dotted line
represents the approximation of the DOS with the
rectangular shape, given by the average DOS g,, = N/(2W).
The dashed line is the DOS in the valence band and E, is its
edge.
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E.), should dominate. The resistivity for such a mechanism is
given by the expression

p(T) = po exp [Ea / (ksT)] , ®)

where po is the prefactor constant [25]. The particularity of this
conductivity mechanism consists in the fact that the tem-
perature ranges in which it is realized, AT,, can lie at tem-
peratures higher or lower than ATy, depending on energetic
distance between p and —E. [38]. The mechanism above has
been already observed in Cu,ZnSiSe, [17] single crystals and
CZTS powder samples [24] at temperatures AT, ~200—300 K
lying above ATy, as well as in Cu,ZnGeS, single crystals both at
temperatures higher and lower than AT, [38]. This is in line
with the strong degree of compensation in these materials.
The existence of a third charge transfer mechanism, or the
intervals AT, above, can be verified in our case after the
determination of the parameters p and E. in our samples,
assuming the strong compensation and the position of p as
shown in Fig. 3.

3.3. Determination of microscopic parameters

To simplify the problem, we apply a rectangular DOS
approximation, given in Fig. 3 by the dotted line, where
Jav = N/(2W) is the average DOS value, which will be used
instead of the explicit one or g(E). Such approximation has
been reasonably utilized in the analysis of p(T) in kesterites
[16—18,21], although it can provide another source of errors,
what has been discussed in [16,17].

The general expression of the localization radius can be
given in the form:

a= ag(1 —N/N¢)™, (6)

where v = 1 is the critical exponent of the correlation
length, ag = h’c/(me?) is the Bohr radius, m is the hole
effective mass, ko is the dielectric permittivity far from the
MIT and Nc¢ is the critical acceptor concentration of the MIT
[25,26,37,39]. The latter is connected to ag with the universal
Mott criterion, N¥3ag = 0.25 [25,26,39]. Combining this cri-
terion with Eq. (3) at g(n) = gav and Eq. (6), one can find the
expression

To 1/4~ » Ne 1/3 N\"
(ﬁ) =46 (W) (“wi)’ )

yielding the values of N/N¢ and those of a/ag (see Table 2). For
the next step, according to Ref. [25], another expression of a,
conformed with the energy scale of Fig. 3, can be written as

a:aB<17“\§/:£>ﬁ, 8
where
E.= —W+V§/[4(Z—1)}]. 9)

Here, Vo = 2W is the typical width of the carrier potential
energy, expanded due to disorder, z = 6 is the coordination
number and ] = J, exp (—R/ag) is the overlap integral [25]. The
parameter R = (4 Na/3)"¥* describes the half of the mean
distance between acceptors, whereas the prefactor J, for the
case of a broad impurity (acceptor) band can be expressed as
[17,25].

e? [3 R\ 1/R\?
Jo= s [5 (”@) *é(@) } (10)

In the calculations we apply a linear approximation of the
hole effective mass, m(x) = 0.49 (1 — x) + 0.23 x, where the
values of m = 0.49 and 0.23 (in units of the free electron mass)
are addressed to the mean hole effective mass in the end
members of the CZTSSe solid solution, which are CZTS and
CZTSe [40,41]. In addition, here we use the same approxima-
tion of the band gap energy, Eg(x) = 1.5 (1 — x) + 0.8x (in eV) [41].
Finally, with the results of Ref. [42] one can obtain the relation
Ko(X) = 7.0 + 1.9x within the linear approximation, too. The
calculated values of ag and N¢ are collected in Table 2. The
values of a and N, are evaluated with those of N/Ng, ag and N¢
in Table 2, yielding in turn those of g,y (see Table 2) obtained
with the corresponding data of W in Table 1. Finally, the
values of p and E. are calculated with Eq. (8—10) by variation of
p at any x to reproduce explicitly the values for a above with
Eq. (8). The values of p, Ec and E&®) = |u — E | are collected in
Table 2. All the obtained values agree reasonably with those
observed earlier in other related kesterites [16—19,21,24],
depending on proximity to the MIT and on the cationic
disorder.

3.4. Identification of the third (low-temperature)
conduction mechanism

As can be seen in Table 2, all the calculated values of E2)
correspond to an interval AT, at low temperatures (LT) lying
definitely below the Mott conduction or AT,. Hence, those of
AT, have been searched by linearization of the plots in the
middle panel of Fig. 2 according to Eq. (5) at T < 30 K. The data
of AT, and the experimental values of E,, obtained with linear
fits of the plots in the middle panel of Fig. 2, are collected in
Table 1. For convenience, the data of E, are reproduced in

Table 2 — Microscopic electronic parameters of CZTSSe powder samples.

X ag (A) Nc(10®cm™) a/ag N/Ne¢ g (10¥ cm > meVY) —E (meV) —p(meV) EfY (meV) E, (meV)
0.48 11.7 9.70 3.8 0.74 2.07 16.5 16.7 0.22 0.22
0.58 13.1 6.96 2.6 0.61 0.98 20.0 20.7 0.65 0.59
0.70 14.3 5.38 2.9 0.66 0.76 21.2 21.9 0.72 0.71
079 162 371 54 081 1.23 116 11.7 0.12 0.12
0.90 17.8 2.78 8.2 0.88 2.75 4.3 4.3 0.01 0.02
1.00 20.5 1.80 4.0 0.75 0.58 10.7 11.0 0.25 0.29
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Fig. 4 — Plots of W vs. x (a), of E, vs. x (b) and of E,, vs. x (c),
displayed along with the plots of Q' vs. x. The lines are the
spline interpolation of the data points.

Table 2, too, near the calculated values of E€?). One can see a
reasonable agreement between E, and E£?). This supports the
strong compensation in the CZTSSe samples and the exis-
tence of the LT charge transfer mechanism, connected to the
activation of the holes on the mobility threshold according to
Eq. (5). The result for the case of CZTSSe with x = 0.9, where
both parameters are only comparable, indicates probably an
insufficient accuracy of our calculations under the rectangular
approximation for this case, where the dependence of p(T) is
too weak (Fig. 1). Indeed, the values of E, and E®) themselves
for x = 0.9 are practically on the order of the error or difference
between the corresponding data for the rest of samples.

3.5. Discussion (role of disorder)
First of all, one should mention the values of a/ag and N/N¢ in

Table 2 in the context of the strength of the activated p(T)
behavior (see Fig. 1a). Indeed, a clear correlation of the both

data sets is evident, which is in a complete agreement to the
different proximity of the samples to the MIT at different x
values, as has been supposed preliminary in Section 3.1. In
particular, the highest values of a/ag and N/N¢ for CZTSSe
x = 0.9 (Table 2) indicate the most closeness of this sample to
the MIT. At the same time, the weakest dependence of p(T) for
this sample suggests just the same situation. Similar infer-
ence can be drawn with the data of E. and p (Table 2), both
lying quite close to the AB edge (cf. them with the data of W in
Table 1), and especially with the values of E£2" in Table 2.

On the other hand, all the electronic parameters, which
determine the charge transfer mechanisms (collected in
Tables 1 and 2), are quite sensitive to the degree of the
microscopic structural disorder in general. This has been
already observed for different kesterite type and related ma-
terials, but only indirectly, without specification of the disor-
der type and details [17—19,21]. Here, we concentrate on the
direct evidence for different important parameters, depend-
ing on the degree of the cation disorder, based on direct in-
dependent determinations of the order parameter in the same
samples [11]. For this purpose, we plot the dependences of W,
E. and E, versus x along with that of Q' on x. As can be seen in
Fig. 4, all the data above are reproduced with the Q'(x) curves
in detail. This is demonstrated alternatively in Fig. 5, where
the dependencies of W, E, and E, on Q are close to linear.
Some deviations of the shape of the corresponding curves
from that of Q/(x) in Fig. 4 and from the linearity in Fig. 5 are
attributable to a small additional disorder, induced by the
variation of the S/(S + Se) ratio, as well as some random un-
controlled factors above. At the same time, one can see that
the correlations between the data of W, E,, and E, with those of
Q' are much better, than the corresponding behavior in Fig. 1a
and c. This is not surprising, taking into account a smaller
influence of the random factors on the microscopic parame-
ters with respect to that of the macroscopic parameters such
as the resistivity.

Finally, in the frame of the general scheme above, we plot
the reciprocal values of some electronic parameters in Table 2
along with the dependence of Q/(x), as shown in Fig. 6. Clear
correlations between the curves of No/N and a/ag vs. x with

Q'
0.4 0.6 0.8

Fig. 5 — The dependencies of W and E,, on Q'. Inset: Plot of
E, vs. Q'. The lines are linear fits.
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Fig. 6 — Plots of N¢/N (a) and of ag/a vs. x (b), displayed
along with the plots of Q' vs. x. The lines are the spline
interpolation of the data points.

that of Q/(x) are evident, too, although somewhat less explicit
than those in Fig. 4. However, one should keep in mind that
the corresponding data in Fig. 6 have been obtained within a
less direct way, than those in Figs. 4 and 5. In particular, the
former contain some additional error, connected to a rectan-
gular approximation of an unknown DOS shape (in Fig. 3).
Nevertheless, a strong direct influence of the cation disorder
on the microscopic electronic parameters of the CZTSSe
compounds can be deduced from Fig. 6, too, which is in line
with the results discussed above.

It is worth to mention, that selected uniform powder
samples had cations ratios close to unity, as mentioned in
Section 2. In addition, no or insignificant amount of additional
point defects were found in the investigated samples, as has
been established by the neutron diffraction analysis [11]. The
data of the conductivity mechanisms and of the electronic
parameters found here can be compared with those published
previously for different kesterite type compounds (including
different elemental compositions [27—35] and morphological
states [16—24]). In this way, one can establish an insignificant
dependence of the general behavior of the resistivity in these
materials on the cations ratio, including even a partial or
complete replacement of Sn. This permits to infer, that the
Cu/Zn disorder is probably a main reason, which contributes
to the formation of the acceptor band. In turn, this leads to
observation of a rather complicated conductivity mechanism,
related to the hopping of the charge carriers already up to the

room temperature, in the kesterite type materials. In this
respect, detailed investigations of the electronic transport in
the quaternary compounds from the same family but with the
partial or complete replacement of Cu or Zn cations may be
recommended in order to reach a deeper insight of the role
and details of the cation disorder in these materials.

4, Summary and conclusions

The resistivity of the Cu,ZnSn(S;-xSey)s solid solution (powder
samples) in a wide temperature range has been investigated.
The analysis of p(T) has permitted to determine the charge
transfer mechanisms in CZTSSe within different temperature
intervals, including the high-temperature nearest neighbor
hopping conductivity, followed by the Mott variable-range
hopping with lowering T and, eventually, by the activation
of the holes on the mobility edge of the acceptor band at
lowest temperatures. The characteristic resistivity parame-
ters for all the mechanisms above have been determined. In
turn, their further analysis has yielded important microscopic
parameter, such as the localization radius and the acceptor
concentration, as well as some details of the hole spectrum in
the acceptor band. These include the bandwidth and positions
of the Fermi energy as well as the mobility threshold. A special
attention has been paid to the influence of the cation disorder
on the electronic properties of the material. Namely, the
observed quite unusual dependence of p(x) has been inter-
preted by a similar shape of the conjugate order parameter
Q/(x). In addition, even a more dramatic role of the cation
disorder in CZTSSe has been established by the observation of
direct correlations between the order parameter and the
microscopic electronic parameters, obtained by the analysis
of p(T) data. To summarize, a direct evidence of the influence
of the cation disorder on the electronic properties of CZTSSe
has been established. Moreover, the high compositional uni-
formity and absence of additional point defects in the
analyzed samples should be underlined. The comparison with
the previously published results on detailed investigation of
electrical properties of kesterite type compounds is important
at this point, too. The items above permit to infer, that namely
the disorder in the Cu/Zn substructure is probably a decisive
factor, which is responsible for appearance of the acceptor
band and the observed complicated charge transfer mecha-
nism in these materials.
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