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ABSTRACT

In this work, the influence of post-annealing on the structural, morphological, and optical properties of copper
selenide thin films deposited on glass substrate by thermal evaporation was investigated in detail. The post-
annealing process at different ambient temperatures in a nitrogen atmosphere was applied to thin films deposited
at room temperature. The X-ray diffraction (XRD) patterns showed the presence of cubic Cu,Se phase, and it
was observed that the crystallinity improves with increasing annealing temperature. In addition, it was deduced
that the average crystallite size increased with the annealing temperature. Scanning electron microscopy (SEM)
and atomic force microscopy (AFM) were employed to investigate the surface morphology of thin films. It was
seen that all samples have compact and densely packed surface morphology and grains on the surface become
larger. Surface roughness increased from 11nm to 53 nm as the annealing temperature increased. On the other
hand, the optical properties of as-deposited and annealed thin films were investigated by utilizing a UV-Visible
spectrophotometer. The direct bandgap energies of as-deposited and annealed samples were estimated to be 2.34
eV, 2.31 eV, and 2.29 eV by using the well-known Tauc relation, respectively. The direct bandgap energy of thin
films was also calculated using the derivative spectroscopy technique.
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Bu calismada, termal buharlastirma yontemi ile cam alttaglar iizerine kaplanmig bakir seleniir ince filmlerin
yapisal, morfolojik ve optik o6zelliklerine, iiretim sonrasi 1sil islemin etkisi detayli olarak arastirildi.Oda
sicakliginda tiretilen ince filmlere, azot gazi altinda farkl: sicakliklarda iiretim sonrasusil islem uygulandi. X 1§11
kirmim (XRD) deseni analizi, {iretilmis filmlerin kiibik yapida Cu,4Se fazinda oldugunu ve 1sil iglem sicakligi
arttik¢a filmlerin kristallesme seviyesinin arttigm gosterdi. Ayrica, artan sicaklikla ortalama kristal boyutunun
arttig1 sonucu elde edildi. Filmlerin yiizey morfolojisini arastirmak i¢in taramali elektron mikroskobu ve atomik
kuvvet mikroskobu kullanildi. Filmlerin kompakt ve siki paketlenmis yiizey morfolojisine sahip oldugu ve artan
is1l iglem sicakligr ile ylizeydeki tanelerin boyutlarmin arttigi goriildii.Isil islem sicakligi arttikga, yiizey
purtizliligi 11 nm’den 53 nm’ye yiikseldi. Diger yandan, iiretilen ve 1s1l islem uygulanan ince filmlerin optik
ozellikleri, ultraviyole- goriiniir 151k spektrofotometrekullanilarakincelendi. Filmlerin direkt bant araliklari, iyi
bilinen Tauc bagintis1 kullanilarak sirasiyla 2.34eV, 2.31eV ve 2.29 eV olarak bulundu. Ayrica, ince filmlerin
direkt bant araliklar1 tiirev spektroskopi teknigi kullanilarak da hesaplandi.
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I. INTRODUCTION

Fabrication and characterization of metal chalcogenide thin films including metal sulfides and metal
selenides have gained attention in the last decades due to their superior properties for various applications[1,2].
Particularly, copper selenide thin films have received considerable attention due to their potential in solar cells,
gas sensors, supercapacitors, nano switches, medical devices, and photocatalysis applications[3-6]. Copper
selenide is a p-type semiconductor having low electrical resistance, and it has suitable bandgap energy and
absorption coefficient, as well as earth-abundant and low-cost material [7,8]. Copper selenide can exist in many
phases and crystal structures (hexagonal, cubic, tetragonal, orthorhombic, etc.) having different bandgaps, which
are stoichiometric (CuSe, Cu,Se, CusSe;, CuSe,) and non-stoichiometric (Cu,xSe) phases. Among them, non-
stoichiometric Cu,.xSe having a face-centered cubic (FCC) structure (space group Fm3m) is often achieved during
the synthesizing process[9,10]. Cu.-xSe thin films have a high potential to use in Schottky diodes and absorber
layers for solar cells. Besides, it is used as a precursor for copper gallium indium diselenide (CIGS) thin film solar
cells and it is frequently encountered as a secondary phase in CZTSe thin film solar cells. Therefore, it is necessary
to investigate the physical properties of Cu,.Se thin films [10-12].

There are many techniques for the growth of copper selenide films which are chemical bath deposition
[1], the hydrothermal method [13], electrodeposition [14], atomic layer deposition [3], thermal evaporation
[15,16], magnetron sputtering [7], and pulsed laser deposition method [17]. Among these methods, thermal
evaporation has some advantages in terms of controllability and suitability for large-scale production.

The present study aims to elucidate the effect of the post-annealing process on the physical properties of
the Cup«Se thin films. Cu,.,Se thin films were thermally evaporated on glass substrates at room temperature as
single-step deposition. The post-annealing process was applied to samples at different temperatures. The structural,
morphological, and optical parameters of as-deposited and annealed Cu,.xSe thin films were investigated utilizing
several characterization techniques including X-ray diffraction (XRD), Scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), atomic force microscopy (AFM), and transmission/reflection
measurements.

1. MATERIAL AND METHODS

To deposit the copper selenide thin films on soda-lime glass substrates (SLG), a thermal evaporation
technique was applied. Copper (1) selenide powder having 99.95% purity was used as a deposition source. Before
the deposition process, glass substrates were cleaned chemically in the ultrasonic bath. Subsequently, all samples
were dried in an N, atmosphere at room temperature. Then, samples were mounted on a substrate holder and
loaded into the evaporation system. During the deposition, substrates temperature was kept at room temperature
and the chamber pressure was kept at 1x10® Torr nearly. The deposition rate was controlled by Inficon XTM/2
thickness monitor and it was in the range of 2-5 A s™. The total thickness of films was adjusted to be 700 nm
nearly. After the deposition, samples were exposed to post-annealing under a nitrogen atmosphere to determine
the effect of heat treatment on the physical properties of deposited thin films. The annealing temperatures were
adjusted to be 200°C and 300°C for half an hour as a result of the optimization process since it was observed that
annealing temperatures above 300°C were degrading the film adhesion to the glass substrate. The as-deposited
sample was labeled as S1 while the annealed samples at 200°C and 300°C were labeled as S2 and S3, respectively.

A horizontal Lindberg furnace was utilized for the post-annealing process. After the fabrication of thin-
film, the total thickness of as-deposited and annealed samples was measured by Dektak 6M profile meter within
the error limit of 5nm. The morphological investigations and elemental atomic compositions of as-deposited and
annealed samples were carried out by using scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM, Zeiss EVO16 SEM attached to the EDX detector). The phase compositions of the samples
were determined by X-ray diffraction measurements (Rigaku Miniflex diffractometer having CuKa radiation
source). The surface topography of all samples was further characterized by atomic force microscopy (AFM,
Nanomagnetic Instruments) in taping mode. The spectral transmission and reflection of samples were conducted
with a UV-Vi-NIR spectrophotometer in the wavelength range of 300-1100 nm (Perkin-Elmer Lambda 45).

I11. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of all samples. All diffraction peaks of samples were well matched with
the standard pattern of cubic Cu..xSe phase (JCPDS No. 06-0680). According to the standard card for Cu,.xSe
phase, diffraction peaks at 20°~ 27.1°, 44.8°, 53.1° were labeled as (111), (022) and (113) crystal planes in Figure

1, respectively [9,18].
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Figure 1. XRD patterns of the S1, S2 and S3 samples

It was observed that there are no characteristic peaks that belong to other phases of copper selenide in the
patterns. Higher intensity of diffraction peaks was observed with increasing annealing temperatures, which
indicates the improvement in crystallinity. The (022) plane is the most intense peak in the XRD pattern of all
samples and this peak was utilized to the estimation of the average crystallite size (D) taking into consideration of
Scherrer’s relation [19,20]:

KA

b= B cos6 (1)
where A is the wavelength of X-ray, K is the shape factor, gis the full-width half maximum (FWHM) of diffraction
peak in radian, 8 is the half of the Bragg diffraction angle. The average crystallite sizes were estimated to be 24
nm, 25 nm, and 27 nm for the S1, S2 and S3 samples, respectively (as shown in Table 1). This indicates the
formation of larger grains with increasing post-annealing temperature.

Table 1. Structural parameters of S1, S2, and S3 samples

Peak Diffraction Crystallite Dislocation Lattice Strain
Samples
Degree (°) Plane size (nm) Density (3) (m?) (LS)
S1 44.8 (022) 24 1.7x10% 0.0037
S2 44.8 (022) 25 1.6x10" 0.0036
S3 445 (022) 27 1.3x10% 0.0034

dislocation density (8) and lattice strain (LS) values were also found to compare the structural parameters of
samples by using the following expressions [21],

§=— &)

Ls =L ®)

~ 4tanéd

A decreasing trend was observed in dislocation density and lattice strain with increasing annealing
temperatures. It means that the annealing process improves the crystalline level of deposited films. All calculated
structural parameters from the XRD measurement were given in Table 1. Table 2 demonstrates the atomic
percentages of the S1, S2, and S3 samples obtained by EDS measurements. It is seen that the ratio of the atomic
percentages (Cu/Se) of samples confirmed the presence of the Cu,xSe phase. It was also observed that atomic
percentages of Se in S3 decreased, which may be attributed to the re-evaporation of the selenium at high
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temperatures. Thus, it can be deduced that post-annealing under argon atmosphere leads to a decrease in selenium
content when compared to the atomic composition of as-deposited film.

The top-view SEM images of S1, S2, and S3 samples were presented in Figure 2. The surface of all
samples has well-covered, uniform, and dense-packed morphology. It can be seen that annealing temperature
affects the surface morphology of thin films directly. While the surface of sample S1 has relatively smooth, that
of S2 has a columnar structure. On the other hand, the surface of S3 has some voids which may be due to the re-
evaporation of selenium with the increasing annealing temperature. As seen in Table 2, EDX results justify this
explanation.

Table 2. Atomic percentages of Cu and Se in the S1, S2 and S3 samples.

Elements S1 S2 S3
Cu(at%) 63 65 66
Se (at%o) 37 35 34

The morphological features of as-deposited and annealed samples were also studied by AFM
measurements. Figure 3 shows the three-dimensional AFM images in the size of 5um x 5um of S1, S2, and S3
samples. It was seen that surface morphology changes with the annealing process. The grains on the surface
increased with the annealing temperatures. The root mean square surface roughness (orms) for S1, S2, and S3
samples were determined as 11nm, 19nm, and 53 nm, respectively. It was obtained that the surface roughness
increases as the annealing temperature increases. The increase in surface roughness can provide optical gain in
some applications. For this reason, surface roughness is an important parameter for device applications. On the
other hand, the optical properties of samples were determined by transmission and reflection measurements in the
range of 300-1100 nm. Transmittance (T) and reflectance (R) plots as a function of wavelength of S1, S2, and S3
samples were given in Figureda. It was observed that there is a sharp increase in transmittance in the vicinity of
550 nm, corresponding to the bandgap of Cu,Se phase. The transmittance and reflectance of S2 in the visible
region were less than the other samples. This is consistent with the SEM and AFM results since S2 has a columnar
structure on the film surface which causes the decrease in reflectance. Using the transmittance and reflectance
spectra, the absorption coefficient of samples was calculated employing the following equation [22],

T=(1-R»)e ™™ Q)

where a is the absorption coefficient, t is the total thickness of the thin film. The most common method to estimate
the optical bandgap (Eg) of a material is the Tauc relation and the expression for direct transition is as follows
[19,23],

Figure 2. SEM micrographs of (a) S1, (b) S2 and (c) S3 samples
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Figure 3. 3D AFM images of S1, S2 and S3 sample from 5pum x Spm scan area

(ahv) = A(hv — Eg)l/2 )

In strong absorption region, the plot of (ahv)? vs (hv) gives the linear region. The intercept point to the
energy axis of the linear part is the bandgap energy. According to Figure 4(b), using the linearity of the strong
absorption region, the bandgap energy of S1, S2, and S3 samples were found to be 2.34, 2.31, and 2.2%V,
respectively. This is in good agreement with previously reported research [7]. In addition, the derivative

spectroscopy technique was employed to expand this work on the estimation of the value of Eg. In this technique,

the plot of the first-order derivative of the transmittance with respect to wavelength (%) gives a peak,

corresponding to the optical bandgap energy [24]. The peak positions were illustrated in the inset of Figure 4 (b).
The bandgap energy of S1, S2, and S3 samples were found around to be 2.28, 2.23, and 2.21eV, respectively.
There was observed a slight difference in the peak position as the annealing temperature increased, that is, there
was a bandgap shift slightly. This can be attributed to several reasons such as improvement in crystallinity,
variation in density of impurities, and the Burstein-Moss effect [25-26].
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Figure 4. (a) Transmittance spectra (inset shows the reflectance spectra), (b) (ahv)?vs hv plots (inset is the first-order derivative of transmittance
spectra) of S1, S2, and S3 samples.

IV. CONCLUSION

In this study, the effect of the post-annealing process on the structural, morphological, and optical
properties of Cux«Se thin films on glass substrates that were deposited by thermal evaporation. The post-annealing
processes were carried out at 200°C and 300°C for half an hour. The XRD patterns of samples demonstrated
preferential orientation along the (022) plane and cubic phase of Cu,.xSe. With increasing annealing temperature,
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it was observed that the XRD peak related to preferential orientation becomes more intense. According to the
results of SEM and AFM measurements, although grains on the surface increased with increasing annealing
temperatures, deterioration was observed on the surface of the sample which was annealed at 300°C. Using the
transmission and reflectance spectra of samples, the direct bandgap energies of samples were found to be2.34,
2.31, and 2.29 eV, respectively. As a result of all measurements, it was observed that the annealing process at
200°C paves the way for enhancement in all physical properties of Cu,.Se films while higher annealing
temperature leads to deterioration in the surface morphology and related physical features.
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