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Abstract—Investigations into the influence of the substrate type (a glass substrate with a molybdenum sub-
layer, tantalum and molybdenum foils) on the surface morphology of Cu,ZnSnSe, thin films obtained by
selenization of electrochemically deposited and preliminary annealed metallic precursors are presented.
Metal foils are attractive for use as substrates of solar cells in both ground and space objects due to their light
weight, flexibility, and the possibility of using the commercial roll-to-roll technology of film fabrication,
leading to a reduction in the cost. At different stages of Cu,ZnSnSe, film preparation, their surface morphol-
ogy is studied by atomic-force microscopy and scanning electron microscopy in combination with energy-
dispersive spectrometry. The metal substrate morphology is demonstrated to have an insignificant effect on
the surface morphology of Cu,ZnSnSe, films, indicating that flexible-foil substrates are promising for the
production of thin-film solar cells.
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INTRODUCTION

Quaternary Cu,ZnSnSe, (CZTSe) semiconductor
compound is a promising material for thin-film solar
cells due to the corresponding band-gap (1.0 V), a
high radiation absorption coefficient in the visible
range (more than 10* cm™'), and p—type conductivity
[1, 2]. In contrast to Culn, _,Ga,Se, and CdTe mate-
rials, which are applied at present, CZTSe contains
earth-abundant, low-cost and nontoxic components
[2—4]. The maximum attainable photoelectric-con-
version efficiency of CZTSe solar cells is ~30% [5].

The electrochemical deposition technique has sev-
eral advantages over other methods enabling the
preparation of CZTSe thin films: the thickness and
morphology of the films can be controlled by adjusting
the electrochemical parameters, and film production
is economically profitable because there is no need for
high vacuum, powerful supply sources, and high reac-
tion temperatures [6]. CZTSe-based thin film solar
cells obtained by electrochemical deposition have 7%
power conversion efficiency [7]. This indicates that
the given fabrication method is competitive from view-
points of both cost and efficiency.

The advantages of solar panels on flexible metal
substrates are obvious, namely, light weight, flexibil-
ity, and strength, especially in the fields of their appli-
cation, such as outer space, aviation, electric cars, textile
goods, portable electronics, and so forth [8]. Foil sub-
strates make it possible to employ roll-to-roll technolo-
gies of film production ensuring a continuous process of
their deposition at high rates and exclude the necessity of
depositing a conducting back layer, thereby substantially
decreasing the cost of solar panel fabrication.

However, in contrast to glass substrates, metal foils
have rougher surfaces, which strongly affect crystal
growth and its orientation and, consequently, the solar
cell power conversion efficiency [9]. The purpose of
this work is to reveal the regularities underlying the
influence of the substrate type (glass substrate with a
molybdenum sublayer (or Mo/glass substrate) and Mo
and Ta foils) on the surface morphology of CZTSe
thin films.

EXPERIMENTAL

CZTSe thin films were prepared by the selenization
of preliminarily annealed Cu—Zn—Sn (CZT) precur-
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Table 1. Arithmetical mean (R,) and root-mean-square (R,) roughnesses of the substrate, precursor, and film surfaces

Substrate type Mo/glass Mo foil Ta foil
parameters R,, nm Rq, nm R,, nm Rq, nm R,, nm Rq, nm
Substrate 8.15 9.95 144.21 178.36 68.66 88.48
Deposited CZT precursor 80.80 109.60 273.00 335.20 225.48 282.81
Preliminarily annealed CZT precursor 162.06 208.52 44.89 58.49 31.60 40.50
CZTSe film 209.48 262.38 204.50 268.10 187.03 244 .43

sors, which were electrochemically deposited onto a
Mo/glass substrate and Mo and Ta foils. Before CZT
precursor deposition, the Mo and Ta substrates were
mechanically treated. Afterward, the metal substrates,
as well as the Mo/glass one, were washed in alcohol
and distilled water with subsequent drying in hot air.
CZT precursors were deposited layer-by-layer, and
the layered sequence was Cu/Sn/Cu/Zn. The anodes
were wafers of commercial anodic copper, high-purity
(99.999%) tin, and zinc. Electrolyte solutions were
prepared using sulfate solutions of the corresponding
metals. The obtained CZT precursors on metal Mo
and Ta foils were polished by an industrial Ultracut
(Poland) K2 polishing paste to remove the hydroxide
layer from the surface and washed with acetone and
distilled water.

Preliminary annealing of the deposited CZT pre-
cursors was carried out in a 95% Ar + 5% H, atmo-
sphere at a temperature of 350°C for 30 min. The
annealed CZT precursors were selenized in a quartz
container (its volume was 5 cm?®) with 13 mg of pow-
der-like Se at an Ar pressure of 1 bar and a temperature
of 580°C for 30 min.

CZT precursor and CZTSe film surfaces were
investigated using a Microtestmachines NT 206
atomic-force microscope operating in the contact
mode. To estimate the surface, no less than five scan-
ning areas with sizes of 10 X 10 um were chosen in dif-
ferent surface regions, enabling averaging of the relief
parameters. The chemical composition of the CZTSe
films was determined by energy-dispersive X-ray spec-
trometry using an Oxford Instruments Aztec Energy-
Advanced EDX electron-probe microscope equipped
with an X-act silicon-drift detector (the active crystal
area is 10 mm?) and operating at room temperature. The
primary ion-beam energy was 20 keV. The surface mor-
phology of CZT precursors and CZTSe films were inves-
tigated by scanning electron microscopy (SEM) using a
TESCAN Vega 3LMU electron microscope with an
Everhart-Thornley secondary-electron detector
(yttrium—aluminum garnet crystal).

RESULTS AND DISCUSSION

Atomic-force microscopy (AFM) studies demon-
strated that CZT precursor surfaces (Figs. 1b, 1c)
deposited onto Mo and Ta foils substrates have similar

microreliefs and differ from that observed on the
Mo/glass substrate (Fig. 1a) [10, 11].

The surface of the CZT precursor on the Mo/glass
substrate (Fig. 1a) is characterized by a local granular
structure. In this case, the sizes and height of large
agglomerates are 2 X 4 um and 150—200 nm, respec-
tively, and small grains are rounded and have sizes of
about 300 % 300 nm at a height of 15—20 nm. SEM
confirms that the CZT precursor surface contains
microscale agglomerates (Fig. 2a). The SEM image
shows a region of the initial surface of the Mo/glass
substrate (the lower right corner) and the structure
formed on the substrate surface due to CZT precursor
electrodeposition.

The surface of CZT precursors deposited onto
metal substrates is defined by a complex granular
structure (Figs. 1b, 1c). When the CZT precursor is
situated on a molybdenum foil, its surface incorpo-
rates nanoscale rounded and prolate agglomerates
with sizes of (50—100) X (200—400) nm, which are
oriented along a single direction. In the case of the
CZT precursor located on the tantalum foil, the size of
the observed rounded grains varies from 250 to 1000 nm
in the transverse section. The grains are also combined
into larger structures on the CZT precursor surface
observed on the tantalum foil. In this case, the gener-
ated cavities are larger than those corresponding to the
precursor on Mo foil, increasing the roughness up to
200 nm and higher (Table 1). In accordance with the
SEM data, the cavities observed on the CZT precursor
surface can be attributed to cracks (Fig. 2b) formed
during hydroxide-layer removal from the surface.

It is seen from the data of Table 1 that molybdenum
and tantalum substrates have a higher roughness than
that of the Mo/glass substrate because of mechanical
treatment. The surface roughness of CZT precursors
on the Mo/glass substrate increased by a factor of
8—10 as compared to the substrate. This can be
explained by the influence of large surface clusters of
the deposited CZT precursor (Fig. 1a). At the same
time, CZT precursors on Mo and Ta foil substrates are
characterized by the fact that the roughness increases
by a factor of 2—3 as compared to the substrate one.
However, the roughness of the CZT precursors on
metal substrates exceeds the values inherent to the
Mo/glass substrate. This evidences the fact that the
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Fig. 1. Typical AFM surface images of (a—c) electrically deposited and (d—f) preliminarily annealed CZT precursors and (g—i)
CZTSe films on (a, d, g) Mo/glass substrates and (b, e, h) Mo and (c, f, i) Ta foils.

metal-substrate surface affects the formation of the
surface morphology of precursors.

After preliminary annealing in an argon atmo-
sphere, the surface morphology of CZT precursors
considerably changed for all substrates (Figs. 1d—1f).
In the case of the CZT precursor on a Mo/glass sub-
strate, the grain size increased to 0.28—4 um, and,
simultaneously, the height gradient grew, increasing
the precursor surface roughness. On the contrary, the
CZT precursor surface on metal substrates became
more homogeneous, and the roughnesses decreased

appreciably as compared to the deposited CZT pre-
cursors. A set of small-grained aggregates is observed
on the surface of the CZT precursor on the tantalum
foil. Undoubtedly, this corresponds to growing grains
emerging from the CZT precursor surface. All these
results unambiguously indicate that, after preliminary
annealing, changes in the surface morphology of CZT
precursors are caused by both grain growth and mate-
rial agglomeration.

AFM studies demonstrated that a granular struc-
ture was formed on the surface of CZTSe films on all

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 12 No. 6 2018



1080

Fig. 2. Typical SEM surface images of CZT precursors
electrically deposited onto (a) Mo/glass and (b) Mo foil
substrates and CZTSe films deposited onto (c) Mo and (d)
Ta foils.

types of substrates, namely, Mo/glass substrates and
Mo and Ta foils (Figs. 1g—1i). It is possible to distin-
guish two types (large and small) of grains on the CZT
precursor surfaces located on Mo/glass and Mo foil
substrates. The grain sizes typical of CZTSe films on
the Mo/glass substrate are 400 X 200 and 270 X 130 nm
at heights of 160—194 nm. In the case of the film on
the Mo foil, the grain sizesare 6 X 7.2 and 1 X 1.1 um,
respectively, and their heights are approximately iden-
tical: ~280 nm. This agrees well with the parameters
calculated according to SEM images (Fig. 2c). When the
CZTSe film is deposited onto the Ta foil, a layered struc-
ture composed of 2—3-um-long agglomerates with a
cross section of 200 x 250 nm is generated. They are
packed in the form of “blocks” and located arbitrarily
with respect to each other. Such a structure of the
CZTSe film surface was determined by combining the
scanning probe and electron microscopy techniques.
This made it possible to estimate its parameters and
perform surface visualization (Fig. 2d). In accordance
with [12], when the film selenization pressure is high,
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the layer thickness increases, the grain morphology
becomes more pronounced, and angular boundaries
between grains are formed. This agrees with the afore-
mentioned results.

It is apparent from Figs. 1g—1i that cracks and
micropores are lacking on the CZTSe film surface on
all types of substrates. This indicates the high com-
pactness and homogeneity of the CZTSe layer, which
arise from further grain growth and material agglom-
eration. In all cases, the average size of CZTSe film
grains tends to increase, thereby increasing the surface
roughness of films as compared to the CZT precursors
(Table 1).

The roughness parameters of the CZTSe films
deposited on the Mo/glass and metal substrates unex-
pectedly differ little although foil substrates were pri-
marily characterized by higher roughnesses, defects in
the form of scratches, and the different surface mor-
phologies of the precursors after preliminarily anneal-
ing. Hence, the surface morphology of the metal sub-
strates insignificantly affects the micro- and nanore-
liefs of the thin films. This agrees well with the data
from [13, 14].

The chemical composition of the CZTSe films on
a Mo/glass, Mo and Ta foil substrates (Table 2) indi-
cates enrichment with zinc, corresponding to the cri-
terion of highly effective thin-film solar cells based on
CZTSe films [1]. In accordance with [15, 16], the
CZTSe films enriched with zinc are characterized by
the fact that large Cu,ZnSnSe, crystals begin to grow,
a compact layer is formed, and excessive zinc remains
on the surface. As a consequence, small crystallites of
zinc selenide are generated. This agrees well with
AFM data for CZTSe films (Figs. 1g—1i). It is likely
that when CZTSe films on Mo/glass and Mo foil sub-
strates are enriched with copper, the copper selenide
phase is created. For example, large crystals whose
shape is typical of copper selenide are observed on the
SEM surface image of the CZTSe film on the molyb-
denum foil (Fig. 2¢) [17, 18]. The X-ray spectrum of
the CZTSe film on the Mo foil (Fig. 3) includes peaks
corresponding to copper, zinc, tin, and selenium, and
less intense peaks that can be attributed to the sub-
strate. On average, the CZTSe film composition is
homogeneous over the entire surface. Selenium is pre-
dominant in the obtained X-ray spectrum of the
CZTSe film. Moreover, the mass dominance of zinc
over tin is observed. Therefore, calculations of the

Table 2. Chemical composition of the CZTSe films on different substrates

Cu Zn Sn Se
Substrate type
wt % at % wt % at % wt % at % wt % at %
Mo/glass 27.96 32.77 12.25 13.95 9.84 6.17 49.95 47.11
Mo foil 26.50 31.15 13.07 14.93 10.29 6.48 50.14 47.44
Ta foil 20.86 25.61 10.80 12.88 18.15 11.93 50.19 49.58
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Fig. 3. Typical X-ray spectrum of the CZTSe film onto Mo
foil substrates.

chemical composition of the films are confirmed
(Table 2). Analogous spectra were constructed for
CZTSe films on Mo/glass and Ta foil substrates.

CONCLUSIONS

The Cu,ZnSnSe, thin films are prepared by sele-
nizing layerwise electrochemically deposited and pre-
liminarily annealed Cu—Zn—Sn precursors on the
Mo/glass substrate and flexible metal Mo and Ta foil
substrates. It is demonstrated that the substrate type
affects the surface morphology of CZT precursors.
Preliminary annealing of the deposited CZT precur-
sors substantially changes the surface morphology.
After preliminary annealing, the surface roughness of
the CZT precursor on the Mo/glass and metal sub-
strates increases and decreases, respectively. In all
cases, a granular structure is formed on the CZTSe
film surfaces. An increase in the CZTSe film rough-
ness is caused by grain growth during selenization. The
CZTSe films on a glass substrate with a molybdenum
sublayer and on metal foils have close roughnesses.
This indicates that flexible metal foils can be
employed as substrates for thin-film solar cells. The
chemical composition of the CZTSe films determined
by energy-dispersive spectroscopy has no unwanted
components within the limits of method sensitivity.

In the near future, the obtained data will be used to
develop technology for preparing CZTSe thin films on
flexible metal substrates and create solar cells on their
basis.
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