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Influence of tellurium on physical properties of ZnIn;Se4 thin films solar cell
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ZnlIny(SeixTex)s (ZIST) chalcopyrite semiconductor thin films at various contents (x = 0.0,
0.2, and 0.4) are deposited on glass and p type silicon (111) substrate to produce
heterojunction solar cell by using the thermal evaporation technique at RT where the
thickness of 500 nm with a vacuum of 1x10 mbar and a deposited rates of 5.1 nm/s. This
study focuses on how differing x content effect on the factors affecting the solar cell
characteristics of ZIST thin film and n-ZIST/p-Si heterojunction. X-ray diffraction XRD
investigation shows that this structure of ZIST film is polycrystalline and tetragonal, with
(112) preferred orientation at 20 = 27.01. Moreover, atomic force microscopy AFM is
studying the external morphology of film, and it is shown that both surface roughness and
average diameter increase with increasing x content, hence increasing the crystallite size of
thin films. UV/visible spectrophotometer was analyse the optical features of ZIST films,
such as absorption coefficient, optical energy, and these films possessed a direct gap that
decreased with increase of x content until it reached its lowest value of 1.6 eV at x = 0.4.
Hall measurement displayed that the ZIST thin film is n-nature semiconductors with a
maximum carrier concentration Ny = 6.2 X 10'8 (1/cm® , minimum resistivity 0.047 Q.cm.
The illumination current-voltage characteristics revealed that the n-ZIST/p-Si solar cell
heterojunction at x = 0.4 content has a maximum efficiency of 2.97%.
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1. Introduction

Heterojunctions that combine crystalline and amorphous semiconductors have been
extensively studied and have attracted significant attention because of their high potential in a
variation of applications [1-3], for example solar cell, light-emitted diodes, photodetectors, injection
lasers, etc. [4]. Zinc indium selenide ZnIn,Se4 is a ternary chalcopyrite semiconductor that included
to A'BIICY! group. ZIS semiconductor thin films have been considered due to their significant
technical application, including solar cell and opto-electronic device [5]. The crystal structure for
ZIS is a tetragonal where lattice parameters a and ¢ equal to 5.7095 A, 11.449 A respectively [6].
Various methods are used to production ZIS thin films, for example the thermal evaporation
technique [7], the flash evaporation technique [8], the spray pyrolysis technique [9], the chemical
transport method [10], the chemical bath technique [11], the chemical vapor deposition technique
[12], and the electrodeposition technique[13]. ZIS has an energy gap type direct ranging ( 2-2.2)
eV [14] and a high absorption coefficient (10>-10°) cm™'[15, 16].

ZIS is suitable for optoelectronic applications due to its high photoelectric sensitivity, which
ranges from the visible to the near infrared spectrum [15,17]. The conductivity of ZIS
semiconductors is n-type [9, 18], and has a high electrical conductivity at low temperatures [19],
with electron mobility of 8x107 cm?/V.s [20]. Several researchers have investigated ZIS thin films.
Giulli et al. prepared ZIS thin films using the thermal evaporation technique in a nitrogen
environment at varying annealing temperatures. The optical tests reveal that the optical absorption
coefficients are 10* cm™, and the optical energy gap ranges between 2.52 and 2.26 eV [21]. Dhruv
et al. deposited ZIS thin films by flash-evaporation on substrates (glass and pyrographite). I-V
properties of the memory devices were investigated at various annealing temperatures [22]. El-
Nahass, et al. deposited ZIS thin films onto substrates made of glass using the thermal evaporation
method. The XRD pattern of the films displays a structure of nanocrystalline with (112) plane
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orientation, the maximum barrier height was found to be 0.4 eV [7]. Babu et al. was studying the
effects of the pH on properties of ZIS thin film by using the chemical technique. The XRD displays
that the film has a poly-crystalline structures, with a preferred (112) orientation. The optical gap
ranged from (2.15 to 2.64) eV [11]. Choe, Sung-Hyu employed the vertical Bridgman method to
investigate the optical gaps of un-doped and (Co) doped ZIS single crystals. The measurements
showed the energy gaps were direct given by 1.77 eV for the un-doped ZIS and 1.41 eV for the (Co)
doped at 300 K [23]. This work focuses on the effect of Te content on the properties of ZIS thin film
for the fabrication of (n-ZIST/p-Si) heterojunction solar cell by the using thermal evaporation
method and their characterization utilizing optical measurements, XRD, the Hall effect, -V
properties, and the conversion efficiency.

2. Experimental

Znlny(Sei<Tex)s (ZIST) alloys have been produced with a (1:2:4) stoichiometric weighed
proportion and a high purity (99.99%) of zinc, indium, selenium, and tellurium, as well as variable
concentrations of (x = 0.0, 0.2, and 0.4). these elements are mixed and fused in cleaned ampules of
quartz, 22 cm long, with a pressure of 5X 10~ mbar. The ampules were heated in an electric-oven at
1273 K for (six hours) before cooling to room temperature (RT) to produce three alloys. It is
important to note that the temperature necessary to thoroughly solidify the alloy exceeded the
melting points of ZIS and ZIST. The vacuum thermal evaporation technique was utilized to form
thin films of ZIST with different contents of (x = 0.0, 0.2, and 0.4) and thicknesses of 500 nm onto
well-cleaned glass and p-type silicon (111) substrates to produce solar cell. The rate of deposition
of ZIS and ZIST thin films was 5.1 nm/s in a vacuum of 1x10” mbar. X-ray diffraction (LabX-
6000 SHIMADZU Japan) is used for investigate crystal structure of thin film (A¢y k= 1.5418 A).

Scherer's equation was utilized for determine the crystal size C.S [24-27]:

09 A

CS=
B cosB

(1

The symbol 8 : the full-width at half-maximum of primary peak, 0: the reflection angles
(Barak's angle). Lattice constants a & c for a tetragonal structure are determined using the following
equation [28]:

4sin*0 h%>+k* I?
A2 - a? -l_c_2 (2)

where (hkl) Miller incidents. AFM technology (Core AFM 2023, Nano. Surf. AG, Switzerland) was
used to determine the average diameter, surface morphology, and roughness of thin film materials
and found that these parameters are influenced by increasing the x content. The transmittance and
reflectance were measured using a UV- spectrophotometer (EMCLAB-61PC) within the 400 to1000

nanometers wavelength. The optical energy gap (Egpt) and the absorption coefficient (o) were found
by using the Tauc equation and the Lambert law, respectively [29-33]:

ahv = F (hv — EJP%)? 3)
2.303 A
a=— 4

The symbol (F) is a constant that is dependent on the characteristics of the valence and
conduction bands, in addition to the ambient temperature. (hv) represents the magnitude of energy
incident photon's. (z): parameter that defines the kind of transition (direct or indirect), where z equals
2 and 0.5 for direct and indirect energy gap, respectively. (A) is the absorption. (t) is the thickness.
The Van-der Pauw (Ecopia-HMS-3000) is used for determine the predominant carrier
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concentrations, mobility carrier, and carrier type in ZIS and ZIST thin films for Hall effect studies.
The features of I-V were calculated using the Shockley equation. Finally, conversion efficiency (1))
of solar cell was considered by using the following formal [34, 35]:

_FF X o XV

0,
> x 100% 5)

n

The symbols (Jsc),(Voc), and (F.F) are the values of short circuit current density, open
circuit voltage, then fill-factor correspondingly. Py, the input power and equals 100 mW/cm?.

3. Result and discussion

Figure 1 displays the XRD pattern for ZIST thin film with (x = 0.0, 0.2, and 0.4) at RT and
thickness 500 nanometers. This Figure show that the ZIST thin films have a polycrystalline
tetragonal structure with the (112) preferred orientation at 20 =~ 27.01, and this agrees with the study
[36]. Table 1 shows an excellent match between the experimental and standard values on the ICDD
00-039-0458 card. From the same Table, we can observe that the crystallite size increased as x
content increased and FWHM decreased. The prepared films reveal an important shift in peak
positions with an increase in x content, and that can be due to the slight stress generated by the entry
and diffusion of x atoms into the host material and the occupation of sites in the ZIS crystal lattice.
We can also be distinguished that as the x content growths, the intensity increases, and this is due to
the fact that the crystallinity of the film increases with the increasing in x content [37, 38].
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Fig. 1. Pattern of XRD for ZIST thin films with x (0.0, 0.2, and 0.4).

Table 1. XRD data for ZIST thin film at x 0.0, 0.2, and 0.4.

X dA) Std. | d(A) 20 (Deg.) | 20 (Deg.) hkl B C.S

Exp. Std. Exp. (Deg.) | (nm)
3.29 3.29 27.01 27 (112)

ZIST (x = 0.0) 2.01 2.01 44.82 44.82 (204) 0.82 10.4
1.72 1.72 53.15 53.15 (312)
3.29 3.29 27.01 27 (112)

ZIST (x=0.2) 2.01 2.02 44.82 44.8 (204) 0.55 | 15.51
1.72 172 53.15 5308 (312)
3.29 3.32 27.01 26.8 (112)

ZIST (x =0.4) 2.01 2.02 44.82 44.76 (204) 0.28 | 30.46
1.72 1.73 53.15 52.8 (312)
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Figure 2 illustrates three-dimensional 3D images of ZIST thin film at RT and various x
contents. From Table 2, we can note that both the roughness and average diameter increase with
increasing x content, and that is expected because of the growth in the C.S of thin films. The
maximum values reached for both surface roughness and average diameter were 39.16 nm and 96.9
nm at x content equal to (0.4), respectively. Likewise, for the root mean square (r.m.s.), it increases
with increase x content until reaching the highest values of 44.69 nm.

Table 2. Aaverage diameter, surfaces roughness, (r.m.s.) for thin films ZIST at RT.

Thin films

Surfaces roughness
(nm)

Average diameter
(nm)

r.m.s. (nm)

ZIST (x = 0.0)

6.96

19.3

8.43

ZIST (x =0.2)

19.63

79.99

26.1

ZIST (x = 0.4)

39.16

96.9

44.69
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Fig. 2. 3D AFM micrographs of ZIST thin film at x 0.0, 0.2, and 0.4.
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Figures 3a and 3b illustrate transmittance and absorbance vs. wavelength, which were
measured within the range of 400 nm to 1000 nm. It can be observed that transmittance of ZIST thin
film with different contents x 0.0, 0.2, and 0.4 increases with increasing wavelength, in contrast to
absorbance, which decreases with increasing wavelength. The greatest absorbance value was
attained at a value (x = 0.4) of around 75-80% in the visible band 400-700 nm. Table 3 shows that
the absorption coefficient (a) increases with decreasing wavelength, reaching (4 x 10* cm™) at
wavelength (450 nm) and (x = 0.4) content. High absorption coefficient values (o > 10* cm™)
indicate a direct bandgap. The absorption coefficient acting an important role in defining the ability
of a material for absorb the electromagnetic spectrum and, thus, determining the appropriate
application for that material. The absorption coefficient of the ZIST thin films increases as we
approach the visible spectrum region, as show in Figure 3c. This shows that the film is acceptable
for solar cell applications. From Table 3 and Figure 3d, we note clearly that the optical energy gap
(Egpt) decreases as x content increases, eventually reaching 1.6 eV at wavelength 450 nm, and this

is expected because of an increasing in the crystalline size resultant from an increase in the average
diameter of ZIST thin film material.
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Fig. 3. The transmittance (a), absorbance (b), & absorption coefficient (c) vs. wavelength, (ahv)? (d) vs.
photon energy for ZIST thin films at RT.

Table 3. The absorption coefficient and optical band gap (A= 450 nm) of ZIST thin film at RT.

Thickness (500) nm Egpt (eV) a X 10* (cm™)
ZIST (x = 0.0) 2 2.41
ZIST (x=0.2) 1.68 3.96
ZIST (x=0.4) 1.6 4
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To produce the heterojunction, we need to know the type of thin films p or n-type. The Hall
coefficient (Ry) determines the majority carrier type and the mobility (un) of ZIST thin films, which
have different x contents at RT. The results obtained showed that all manufactured thin films possess
a majority carrier of the negative type, which indicates that these films are of the n-type
semiconductor and the carriers are electrons, as in Table 4, and this result is agree with [39]. From
the same Table, we can notice that the Hall coefficient (Ry) for ZIST thin films decreases as the
carrier concentration (Ng) increases, resulting in an increase in the currents (I) and voltage (V)
flowing done the film due to the increasing probability of collision between the carrier’s
concentration. This means a decrease in resistivity (p) and an increase in conductivity (c) for thin
films. The maximum value of (Ny) was reported at (x = 0.4) content equal to (6.2x10'® cm™) at RT.

Table 4. The electrical parameters of ZIST thin films at RT.

Thin films p(Q.cm) | Ru(ecm’C?) | Nu (1/em?) pu (cm?/V.s)
ZIST (x=0.0) 1 -71.8391 8.7 x 1016 71.83
ZIST (x = 0.2) 0.1 -1.5625 4% 1018 15.62
ZIST (x=0.4) 0.047 -1.00806 6.2 x10'8 21.16

Figure 4 displays the current density and voltage under the illumination conditions of an n-
ZIST/p-Si heterojunction solar cell. From Figure 4, we can detect that the values of the current-
density (J) increasing with the increasing in tellurium due to the increasing in the concentrations of
Nau. The values of, maximum current density, maximum voltage, short circuit current density, open
circuit voltage, fill factor and conversion efficiency are listed in Table 5. The conversion efficiency
is increased with the incident photon power (100 mW/cm?) for ZIST thin films due to an increase
(Jsc) as a result of the decrease in the optical energy gap [40]. However, there is a rise in the value
of (Voc), which will increase the absorption coefficient, roughness, concentration of carriers.

150 4
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Fig. 4. I-V characteristic under illumination of a n-ZIST/p-Si solar cell at RT.

Table 5. I-V factors under light of the n-ZIST/p-Si solar cell at RT.

Thickness Voe Volt Jse Vm Volt Jm F.F 1l %
(500) nm mA/cm? mA/cm?
ZIST (x=0.0) 0.3757 4.76 0.3159 33 0.582 1.04
ZIST (x=0.2) 0.56 7.4 0.45 5.5 0.597 2.47
ZIST (x=0.4) 0.585 8 0.48 6.2 0.635 2.97
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4. Conclusions

ZnIny(SeixTex)s (ZIST) chalcopyrite semiconductor thin films at various contents (x = 0.0,
0.2, & 0.4) were successfully prepared by thermal evaporation technique at RT. It was found that
increasing X content improved the physical properties of ZIST thin film. The XRD revealed a
tetragonal structure of a polycrystalline in all films. As the x content increased, the crystallites size
grew from 10.4 to 30.46 nm, and the optical gap decreased from 2 eV to 1.6 eV. Absorption
coefficient also increased from 2.41x10* to 4x10* cm™ which makes them suitable thin films for
electro-optical applications, especially solar cell. Hall measurements established that all films have
n type conductivity. I-V characteristic under light power of 100 mW/cm? shows that n-ZIST/p-Si
solar cell heterojunction has the highest conversion efficiency (2.97%) and fill factor (0.635) at x
content equal to 0.4.
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