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Characterization of CuyZnSnSe4 (CZTSe) thin films deposited by thermal evaporation sequentially from
the pure elemental sources and in-situ post annealing was carried out at 400 C under Se evaporation
atmosphere. Another annealing process was applied in nitrogen atmosphere at 450 °C to get poly-
crystalline monophase CZTSe film structure. XRD analysis together with Raman spectroscopy was used to
determine the structural properties. Spectral optical absorption coefficient evaluated from transmission
data showed the band gap value of 1.49 eV for annealed film. Electrical measurements indicated that
CZTSe thin films have p-type semiconductor behavior with the carrier density and mobility values of
107 ecm™3 and 0.70 cm?/(V.s). Illumination effects on the device properties of Ag/n-Si/p-CZTSe/In
heterostructure were investigated by analyzing current-voltage(I-V) and frequency dependent
capacitance-voltage(C-V) data. Under the illumination, Ag/n-Si/p-CZTSe/In heterostructure showed
photodiode behavior having V. value of 100 mV and I, value of 27.5 pA. With the illumination, series
resistances (Rs), diode ideality factor (n) and barrier height (®p,) decreased and shunt resistance (Rsp)

increased. Capacitance value at lower frequency decreased due to the illumination effect.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Developments and research on thin film solar cells, such as CdTe
and CIGS have still attraction due to their high power conversion
efficiency over 22.1 and 22.3% respectively [1,2]. Nevertheless, in
commercialization stage of these solar cells has some limitations
owing to the toxicity, the shortage and the cost of Cd, In and Ga
elements [3—5]. These restrictions have guided the works to search
alternative materials of quaternary Cuy-II-IV-VI4 compounds [6,7].
Recently, several studies were reported on the family of compounds
including CuyZnSnSey4 (CZTSe) and CuyZnSnS4(CZTS) structures as
alternative for the popular film layers with theoretical efficiency
value of 30% [8]. With similar physical properties to CIGS com-
pounds, they become one of the most attractive absorber layers for
the photovoltaic applications due to the abundance of Zn and Sn
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elements, low costs, non-toxicity, high absorption coefficient and
suitable band gap [9]. In literature, kesterite thin films could be
fabricated by various methods, including vacuum-based evapora-
tions; thermal evaporation and magnetron sputtering deposition,
non-vacuum based techniques such as; spin coating, electrodepo-
sition and spray pyrolysis [10—25]. Through them, kesterite based
thin film solar cell with the highest efficiency value of 12.6% was
achieved by utilizing the hydrazine-based precursors technique
[10]. Considering the highly toxic and explosive nature of hydra-
zine, this method is not suitable for the mass production. Due to the
advantages on easily controlling the composition and crystalline
structure in thin film fabrication and reproducibility for large scale
production, vacuum based deposition methods are the most widely
used techniques [26].

In device applications, the use of heterostructures is a consid-
erable research field for determining and manipulating the elec-
tronic and optoelectronic properties of semiconductor devices [27].
Under these circumstances, constructing Si-based diode structure
has been commonly point of interest in order to find the funda-
mental of diode characteristics of the synthesized thin film layer
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[28]. In electronic research field, Si-wafer is a popular material of
choice due to well-known and established material with abundant
and non-toxic characteristic [29,30,31].

In order to determine the structural, morphological and device
behavior of CZTSe thin films, the deposition was carried out by
sequentially onto soda-lime glass and n-Si wafer substrates from
elemental sources by thermal evaporation. The investigation of the
material properties of the obtained thin film structure was
completed with X-ray Diffraction (XRD), Raman, Scanning Electron
Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS), optical transmission and Hall Effect measurements.
Post-annealing process at 450 °C under N, atmosphere was applied
to get the desired film properties. CZTSe thin films also deposited
onto n-Si substrate to analyze the device characteristics of p-CZTSe/
n-Si heterojunction. Current-Voltage (I-V) and capacitance-voltage
(C-V) measurements were performed under dark and illuminated
conditions. Then, the illumination effects on the device behavior
of p-CZTSe/n-Si heterojunction were investigated. The results of
the fabricated heterostructure give rectifying behavior and photo-
voltaic response to illumination. By combining polycrystalline
CZTSe film layer with low cost Si wafer substrate, well-matched
photovoltaic diode can be achieved [9]. The device performance
indicates that CZTSe synthesized by thermal evaporation technique
can be used as the absorber layer of solar cells.

2. Experimental details

CZTSe thin films were deposited by thermal evaporation
method onto well cleaned soda lime glasses and one side polished
600 um thick n-type Si with (100) orientation in a stacked layer
formation. Deposition was carried out sequentially from 4N pure
elemental (Cu,Sn.Zn,Se(Alfa Aesar, USA)) evaporation sources and
during the deposition, substrate temperature was kept at room
temperature and the vacuum was controlled at about 10~ Torr.
Following to the deposition of the stacked layers, the substrate
temperature in-situ was increased slowly to 400 °C. The films were
annealed at this temperature for an hour under Se evaporation (as
grown). The thickness of the films was close to 700 nm after the
deposition and selenization process. Furthermore, annealing pro-
cess was applied under nitrogen atmosphere at 450 °C (annealed)
to get the secondary and elemental phases free structural
properties.

The structural properties of as-grown and annealed films were
studied by XRD and Raman scattering spectroscopy measurements.
In this study, X-ray measurements were performed by using a
Rigaku Miniflex XRD system equipped with Cu Ka radiation source
and Raman scattering experiments were performed by using
Horiba Jobin Yvon Ihr550 imaging spectrometer including three
grating monochromator. The thicknesses of the samples were
measured by using Dektak 6M profilometer. The surface
morphology and composition of the samples were studied by
scanning electron microscope (SEM) equipped with energy
dispersive X-ray analysis (EDAX) detector facility. Transmission
spectra of the films were measured by using the Lambda 45 UV/VIS/
NIR Spectrophotometer in the wavelength range of 300—900 nm to
define the optical properties of CZTSe thin films. Room temperature
resistivity and Hall Effect measurements were carried out at 0.9
Tesla using Nanomagnetic Hall Effect system.

In order to study the device behavior of Ag/n-Si/p-CZTSe/In
heterojunction structure, Ag back ohmic contact annealed at
450 C before the evaporation of p-CZTSe films was deposited and
following to the polished surface cleaning of n-Si wafer, Indium(In)
dot ohmic contacts in 1 mm diameter using copper masks were
coated by thermal metallic evaporation after thin film growth. To
deduce the device characteristics of the fabricated Ag/n-Si/p-

CZTSe/In heterojunction structure, it was analyzed by using cur-
rent—voltage (I-V) and the room temperature capacitance-voltage
(C-V) measurements for frequencies of 10 kHz and 1000 kHz un-
der dark and illumination conditions. During these analyses, the
computer-controlled measurement setup with a 2401 source
measure unit, the Model 22 CTI Cryogenics closed-cycle helium
cryostat and DRC-91C temperature controller were used. By the
same way, the frequency dependent C-V measurements were car-
ried out by using HP 4192A LF Impedance Analyzer.

3. Results and discussion
3.1. Characterization of CZTSe thin films

Atomic compositions of the deposited CZTSe thin films were
given in Table 1, which was acquired from EDS measurement
with +2% uncertainty. When the results were analyzed, it
showed that there are slight differences in the atomic composition
of as-grown and annealed films after annealing process and both
films are Zn-rich and Cu-deficient compositions. This is acceptable
condition since Zn-rich composition may lead to improve the
p-type conductivity and optical properties of deposited films
[32,33].

As shown the XRD spectra of as-grown sample in Fig. 1, it has a
polycrystalline CZTSe structure. However, the dominant peak
observed in the spectra at 20 = 29.3° and the other peak at
20 = 31.1° may not be the characteristic phases of the CZTSe
structure, since these phases match closely with ZnSe and CuSe
diffraction peaks [11]. Further analysis must be done using Raman
spectroscopy to be sure about the phases in the CZTSe structure. On
the other hand, the XRD pattern of the sample subjected to
annealing process showed that main diffraction peaks at 20 = 27.3°,
45.3° and 53.7° labeled as (112), (204) and (312) planes are the
phases of CZTSe structure, and any secondary phases in the
diffraction pattern with respect to (ICDD data #00-052-0868
CZTSe) weren't detected. Other reflections having low-intensity
corresponding to CZTSe structure was also indexed in Fig. 1. The
strongest peak of annealed sample at 26 = 27.3° indexed as (112)
plane was fitted using mixed of Gaussian and Lorentzian functions
and full width at half maximum (FWHM) was found to be 0.229°.
Then, using Scherrer's formula, crystallite size was approximated as
35.8 nm [12].

In addition to XRD analysis, Raman spectroscopy measurements
were also applied further to investigate the secondary phases, but it
is known that Raman spectroscopy is sensitive to the surface region
instead of bulk region. In order to obtain the information about the
phases related with the bulk and surface region, the grazing
instance XRD measurements must be taken together with Raman
analysis [34]. The Raman spectra of as-grown and annealed sam-
ples were given in Fig. 2. For an as-grown sample, it is shown that
there are two peaks centered at 186 and 260 cm~! which are
attributed to SnSe; and CuSe, respectively [26,27,35,36]. This could
be the indication of the secondary phase formation during the
growth process but it isn't easy to resolve them in as grown form.

Table 1
EDS results for asgrown and annealed CZTSe thin films.

Sample Chemical Ratio of Compositions

Compositions (at %)

Cu Zn Sn Se Cu/(Zn+Sn)  Zn/Sn  Se/(Cu+Zn+Sn)
As-grown 10 28 10 52 0.26 2.80 1.08
Annealed 10 31 9 50 025 3.44 1.00
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Fig. 1. XRD patterns for asgrown and annealed CZTSe thin films.

On the other hand, observed peaks at 173, 196 and 233 cm~! in
Raman spectra of annealed film are the phases of CZTSe compound
[32,37].

Transmission spectra in the wavelength range of 300—900 nm
for asgrown and annealed CZTSe thin films were given in Fig. 3. The
absorption coefficient and band gap value for the films were
determined by using Tauc method and corresponding (¢hv)? vs hv
plots are given in Fig. 4 [29,38]. The absorption coefficient was
evaluated around 10# cm~! and the band gap value was determined
as 1.48 eV for both asgrown and annealed samples. Thus, the ob-
tained result is consistent with the reported values in literature
[39—42].

By the way, the room temperature electrical measurements
indicated that CZTSe thin films have p-type semiconductor
behavior and the resistivity value was obtained around 103 Q cm.
As a result of Hall effect measurement, the hole carrier density was
calculated in the order of 10!° cm~3 and the mobility was obtained
around 0.70 cm?/V.s for CZTSe thin films.

3.2. Device properties of Ag/n-Si/p-CZTSe/In sandwich structure

The schematic diagram and cross sectional SEM micrographs for
Ag/n-Si/p-CZTSe/In heterostructure were given in Fig. 5.
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Fig. 2. Raman spectra for asgrown and annealed CZTSe thin films.
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Fig. 3. Transmission spectra of asgrown and annealed CZTSe thin films.

As seen from figure, SEM micrograph of the annealed film
shows uniform surface morphology with thickness of ~670 nm
that is almost the same average value measured by Dektak
profilometer.

[-V characteristics for Ag/n-Si/p-CZTSe/In heterostructure were
measured under dark and illuminated conditions at room tem-
perature as given in Fig. 6. The behavior was analyzed by using
standard diode expression;

I=1Iy [exp(%) — 1}

where, Iy is the reverse saturation current, V is the bias voltage, R is
the series resistance, n is the ideality factor and k is the Boltzmann
constant [15].

The reverse saturation current is given by the following relation;

(1)
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Fig. 4. (ahv)? vs. hv plots of asgrown, and annealed CZTSe thin films.



340 0. Bayrakl et al. / Journal of Alloys and Compounds 709 (2017) 337—343

N /

(a)

In this equation, ¢y, is the potential barrier, A is the device area, A’
is Richardson constant for n-type Si, [43]. By using Eq. (1), the diode
ideality factor “n” can be deduced as;

1 _ kT d(In(I)) (3)
n q dv

For the ideal contact, value of n should be equal to one where
the pure thermionic emission mechanism is the dominant trans-
port mechanism. However, for this structure it is greater than one,
the contribution of the other transport mechanisms such as
tunneling and recombination should be taken into account
[10,44,45].

Fig. 6 points out In(I) vs V plot for the heterostructure. By using
this plot, experimental ¢, and n values were calculated from the
current axis intercept and the slope of the linear region of the
forward-bias region for both dark and illuminated conditions.
While the barrier height ¢, and n values were calculated as 0.84 eV
and 2.69 for the dark condition, 0.53 eV and 2.40 for illuminated
condition, respectively According to the studies given in the liter-
ature on the similar Si-based heterostructure, the calculated room
temperature n values are consistent with the reported values
[6,7,46]. When the complete diode structure was considered, they
were different from each other depending on Se and/or S

)

-14

In(I(A))

— Dark
-1§ — lllimunated

-18

-2 0 05 \9(9/) 05 10

Fig. 6. In(I) vs. V graph for Ag/n-Si/p-CZTSe/In heterostructure under dark and illu-
minated condition.

(b)

Fig. 5. (a) The schematic diagram of Ag/n-Si/p-CZTSe/In heterostructure and (b) cross sectional SEM micrograph of CZTSe film on glass substrate.

contribution in the film structure and the calculated ¢p, values were
greater than the reported values [7,46]. On the other hand, Fig. 6
shows that the reverse current of the heterostructure increases
with illumination. This increase was consistent with the generated
carriers due to the light absorption and their contribution to the
photocurrent [16].

As seen from -V characteristics, they deviate from linearity both
in forward and reverse bias voltages for each condition. At the high
forward bias values, the junction resistance reaches to a constant
value, which equals to Rg value. The same behavior occurs also in
the reverse bias voltages leading to the determination Rg, value.
The series resistance Ry is the resistance of the bulks and metallic
contacts, on the other hand, the shunt resistance R, is responsible
for the loss of the current at the edge of the device and the surface
inhomogeneity [47,48]. Rs and Ry, are the parasitic resistances of
the device structure and they were calculated by using the
expression, R; = dV/dI [6,10,35,49].

In general, Rg in the diode has pronounced effect on the fill
factor, and it could be the reason of low short-circuits current
values. On the contrary, low Ry, value in the diode can provide an
alternative conduction path for the light-generated current and
therefore, it can pave the way for power losses in diodes. For dark
and illuminated conditions, R values were obtained as 610 Q and
379 Q respectively. This reduction in the value of Rg with the illu-
mination could also be the determination of the increase in the

dark
—— illimunated
2.0x107
@ 0.
= Vv, =0.1V
o |
S0 1,=27.4 uA
0.0 0.1 0.2
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Fig. 7. I-V plot in the voltage range of 0—0.2 V for dark and illuminated condition.
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Fig. 8. Capacitance-Voltage (C-V) plots for the frequency of (a) 10 kHz (b) 1000 kHz under dark and illuminated conditions.

conductivity with the generated photocurrents [18]. Furthermore,
Rsh values for the dark and the illuminated conditions were ob-
tained as 2.8 MQ and 3.8 MQ respectively. The augmentation of the
Rsp values with the illumination may be the indication of local in-
homogeneities. They could lead to non- uniform flow of current
across the heterojunction [50,51]. Shunt resistance is generally
related with the localized defect regions and these regions become
electrically active with the traps having larger concentrations. In
fact, these traps could behave as cavity for majority carriers or light-
generated minority carriers and they capture carriers from neigh-
borhood regions [50,52]. When the heterojunction is illuminated
with the light source, the trap starts getting filled and this reduces
the shunt current that leads to increase in the shunt resistance of
the diode [53,54].

Fig. 7 shows I-V plot in the voltage range of 0 and 0.2 V for both
dark and illuminated conditions. These plots indicate that, Ag/n-Si/
p-CZTSe/In heterostructure responses to illumination having the
open circuit voltage (Voc) value of 100 mV and the short circuit
current Isc value of 27.4 pA. Therefore, these values can be taken as
the primary works in this fabrication of simple p-n junctions of
kesterite thin films by n-Si substrate [9,27]. When the solar cell
parameters obtained in this work were compared with the other
studies, this device structure exhibits a good electronic behavior
under solar illumination.

C-V measurements give information about built-in potential,
carrier concentration, series resistance, surface states, etc. of the
heterostructure. In order to get the information about these values,
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C-V measurements were carried out under both dark and illumi-
nated conditions. And these measurements were done for different
frequencies of 10 kHz and 1000 kHz for both conditions. Fig. 8 in-
dicates that, in the higher frequency case, there is not a significant
effect of the illumination on the C-V characteristics. However, for
lower frequency under dark condition; the plot has a peak due to
the presence of inter-face states. By the illumination, these states
disappearing. Moreover, capacitance values decreased with the
illumination. When the sample is illuminated, some of the elec-
trons generated due to the illumination could be trapped, or the
illumination may result in the release of the trapped electrons.
These trapping and releasing processes can be considered as
charging and discharging respectively. Moreover, they are random
processes in the n-Si with the illumination and they may occur at
the same time. When the charging process is dominant, capaci-
tance decreases [55,56]. Moreover, the anomalous peak at zero bias,
in the dark condition case, disappeared with the illumination. This
disappearance may be consisted with the thermal effect due to the
illumination [57].

C—V characteristics were analyzed by using the following
expression;

1 2

% _(Vy—V 4
C2 queoé’sAZ( bi ) ( )

2.5x10" — 7T 7
© f= 1000 kHz
2.0x10
1.5x10" s
0.70 eV
'S
[
.
O 1.0x10" E

Dark

18
5.0x10" + lllimunated

0.0 N L . 1 N L N 1 L
-3 -2 -1 0 1 2 3

V(V)

Fig. 9. C-2 vs V plot for the frequency of (a) 10 kHz and (b) 1000 kHz under dark and illuminated conditions.
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Table 2
The calculated device parameters from the slope and intercept values of C2 vs V
plot.

Condition Vi (eV) Ng (cm~3) x 106 d(eV)
10 kHz (dark) 0.70 3.35 0.87
10 kHz (illuminated) 0.51 4.21 0.67
1000 kHz (dark) 0.74 9.29 0.88
1000 kHz (illuminated) 0.34 103 0.49
2
Ny = 20d (1 (5)
acoesh” [y ()|

here Vy; is the built-in potential, Nq is the donor concentration. g, is
the permittivity of free space, s is the dielectric constant of Si (11.7)
and A is the diode area.

C~2 vs V plots for different frequencies are shown in Fig. 9. Their
variations are linear with the intercept on voltage axis which gives
the built-in potential and from the slope of this plot; carrier con-
centration (Ng) can be calculated by using equation-5. Moreover,
the barrier heights (®p,) of the heterojunction diode can be calcu-
lated from the equation;

_ kT Nc
(Db = Vbi +?ln(N—d) (6)

where N is the effective density of state in the conduction band
(N¢ = 2.8 x 10"°cm3). All results for all conditions are tabulated in
Table 2. As seen from Table 2, illumination led to increase in Ng
values and decrease in Vy; and @, values due to photo-generated
carriers. Moreover, the barrier height values in dark condition ob-
tained from I-V measurements were comparable with the values
obtained from C-V analysis.

4. Conclusion

In this study; structural, optical and electrical characterization of
CZTSe thin films and the device behavior of for Ag/n-Si/p-CZTSe/In
heterostructure were analyzed. According to structural character-
ization, post-annealing process under N atmosphere at 450 °C must
be applied to get the desired film properties. The band gap energy
values were obtained as 1.45 and 1.49 eV for asgrown and annealed
films, respectively. CZTSe films have p-type semiconductor
behavior as observed from Hall voltage and hot probe measure-
ments. [-V analysis of Ag/n-Si/p-CZTSe/In heterostructure showed
that, Rs value reduced under illumination. This could be taken as
the contribution of photo generated carriers for the increase in the
conductivity. C-V analysis indicated that the heterojunction device
parameters were completely related with the trap and interface
states, so that the illumination may initiate the release of the
trapped charges depending on the characteristics of trap levels and/
or impurity states. This can be considered as the charging and
discharging effect. Ag/n-Si/p-CZTSe/In heterostructure has a
photodiode behavior having the V. value of 100 mV and I value of
27.4 pA. This study can initiate the studies which aim to develop a
tandem structure based on well- developed high efficiency CZTSe
or CZTS solar cells in long term.
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