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Chalcogenide-based In,Se; thin films were deposited by RF magnetron sputtering method
at room temperature, and then were annealed at different temperature under nitrogen
atmosphere in order to study the effect of annealing temperature on structure and optical.
X-ray diffraction analysis show that, the preferred orientation in (110), (006), and (207)
plane were observed in XRD result of the film sample annealed at 400°C. The Raman
spectrometer result reveals that the main Raman peaks were identified as the y-phase
In,Se; structure and the peak in the film annealed at 400°C moves to small direction
indicates the inner structure changes occurrence. A Spectroscopic Ellipsometer was
employed to measure the optical constants including refractive index and the extinction
coefficient of the films. The optical bandgap decreased from 3.41 eV to 2.45 eV with the
annealed temperature increasing. The variation is attributed to the Burstein-Moss effect.
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1. Introduction

Chalcogenide glass have recently attracted a lot of attention duo to its unique physical,
electrical and optical properties “°, Which is including the relatively wide transparency window ’,
the photo-induced phenomena 8, the low-energy phonons ° and the high nonlinear refractive
indices *°. these properties make chalcogenide application in the next generation optoelectronic
devices **°. As binary chalcogenide, Indium Selenium as binary chalcogenide is a well-known
direct band gap semiconductor ***". which is beneficial for efficient light absorption and detection
regarded as a kind of ideal material for radiation detector, switching and photovoltaics **%.
Commonly, the thermal treatment influences greatly on the thin films physical properties”?°. |
addition, the In,Se; film is a kind of thermal sensitive materials. Therefore, it is necessary to
investigate the temperature-dependent physical properties of In,Se; thin films.
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In this paper, the In,Se; thin films were deposited by RF magnetron sputtering method at
room temperature, and then were annealed at different temperature under nitrogen atmosphere. We
discussed the thermal treatment as a tunable tool to affect the properties of In,Se; films and shown
the temperature-dependent changes of the structures and optical films.

2. Experimental

The In,Sesthin films were deposited on both fused quartz and Si (100) substrates by the
magnetron sputtering method at room temperature. All the substrates were cleaned by using the
ultrasonic cleaner under the standard cleaning of process. The In,Se; target purity is about
99.999%. The chamber was evacuated down to approximately 7x10° mbar. And the working
pressure was approximately 2.8x10° mbar. The sputtering power was controlled at 60 W with RF
mode during 30min deposition. The films thickness is about 150 nm. Then, the film samples under
the same conditions were annealed under nitrogen atmosphere at 100 °C, 200 °C, 300 °C and 400
°C, respectively.

The fabricated In,Se; films were detected by X-ray diffractometer (XRD) (Bruker D8
Advance) with Cu-Ka (2 = 1.54056 A) radiation. The diffraction angles were set from 10° to
60° at 0.02° interval each step. The Raman spectra of the films were recorded by Raman
micro-spectroscopy (Nanofinder 30). The optical transmission spectra were obtained using a dual
light path UV-VIS-NIR (Lambda 1050) spectrophotometer in the wavelength range from 300 nm
to 2500 nm. The Spectroscopic Ellipsometer (V-VASE) was employed to obtain the films optical
parameters.

3. Results and discussion

The structural features of all the films were analyzed according to the XRD pattern. Fig. 1.
shows the XRD patterns of both as-deposited and annealed In,Ses film samples. The absence of
structural peaks for as-deposited film confirms the amorphous state of In,Se; as well as the sample
at the annealing temperature of 100°C. It indicates different polycrystalline characteristics of
remaining samples that the emergence of sharp Bragg diffraction peaks at higher annealing
temperature such as 200 ‘C, 300 C and 400 ‘C. Obviously, the preferential orientation of samples
was changed into (102), (110), (006), (202), (116), (207), and (306) peaks at high annealing
temperature of 400 °C from that of in (006) and (134) peaks at low annealing temperatures
including 200 “C and 300 °C. It indicates that the thermal treatment acts as a tunable role affecting
two crystalline phases. The observed (006), (207) and (134) peaks were identified as the y-phase
In,Se; structure®’. All the diffraction peaks correspond well to the hexagonal defect wurtzite
structure®.

As shown in the Fig. 2, the Raman spectra of the films selected can identify that the phase
transition of the samples is caused by the annealing effect. The energy range of vibrations extends
to 400 cm™ or so and is almost the same for all samples. This indicates the similarity in mass and
bond forces among the two elements of In and Se. The main Raman peaks of pure In-Se films are
consistent with other works®’. The peaks at 103 cm™, 154 cm™ and 307 cm™ are related to the
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In-Se phase®. The peak in the film annealed at 400 ‘C moves to small direction indicates the
inner structure changes occurrence. The strong Raman peak at 154 cm™ is related to the zone
center mode of the y-phase In,Se; crystal. The weaker peak at 248 cm™ is probably attributed to
the Se-Se chain. The main Raman peaks were identified as the y-phase In,Ses structure, which is
consistent to the XRD results.
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Fig.1. The XRD spectra of the as-deposited and annealed In,Se; films.
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Fig. 2. The Raman spectra for the as-deposited and annealed In,Se; films.

As a function of wavelength, the optical transmission spectra of the as-deposited and
annealed In,Se; films is shown in Fig. 3. The spectrum range is from 300 nm to 2500 nm.
Obviously, the transmittance spectra of the films varied significantly with the thermal process. It is
observed that the transmittance of the films in visible light region is lower than that in the
near-infrared light region. The transmission spectrum of the as-deposited film is similar to that of
the film sample annealed at 100 °C. It reflects the absence of phase transition in the annealed
sample, which was coincident with the results of Raman and XRD measurements. All of the
absorption edges of the films shift toward longer wavelength (red-shift) during the thermal process,
which indicates the narrowing of band gap. Moreover, the transmittance is between from 50% to
90% in near-infrared region which allows this chalcogenide glasses to have various applications in
infrared fiber optics and other infrared systems *. Moreover, it is clearly that thermal treatment
can be as an effective mean for tunable of transmittance.
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Fig. 3. Transmittance spectra of the as-deposited and annealed In,Se; films

Both of refractive index (n) and extinction coefficient (k) curves for the as-deposited and
annealed In,Se; films were given in Fig. 4. It is clear that there is an inverse relation between the
refractive index (n) and extinction coefficient (k). Moreover, a clear peak in n and k spectra
confirms that optical transition energy levels in In,Se; will appear at around 400 nm. The value of
n increases firstly and then decreases in the visible light region. It is increasing in the near in
near-infrared region. The value of k decreases firstly and then increases in the visible light region.
The n and k in 400 Cannealing temperature film are different with other films which is
correspond with the different structure. The n has higher values about 3.4-3.8 in the weak
absorption region. This may be as a result of the resonance effect between the incident photons and
the electron polarization which causes coupling of electrons in the oscillating electromagnetic filed
% The high refractive index (n) is good indicators for integrated optics. In near-infrared region, the
values of k increases with the wavelength increasing. The study of extinction coefficient (k) is
extremely important as the prepared material for application in photo-sensor, photo-electronic,
phase transition material, memory devices etc.*
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Fig. 4. (a) Refractive index (n) for the films. (b) extinction coefficient (k) for the films.

The absorption coefficient a plays as an important parameter in the constant calculation of
semiconductor films. It can be calculated from the extinction coefficient k by the following
formula *:

o =4mk/h €
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As the thickness increase, the energy level seems to be changed which may be due to the
incorporation of new energy states or the change of defects. The optical band gap (E,) of the films
can be investigated using Tauc relation *:

ahv = A(hv — Eg)™" 2

where, hv is the photon energy, A is a constant, n is equal to 1/2 for direct band gap. The optical
band gap E, is obtained by extrapolating the linear portion of the plot to the energy axis. The plot
of variation of (ahv)® versus huv is shown in Fig. 5. The obtained values of the optical band gap
were listed in Table 1. It is clearly that the decreases from 3.41 eV to 2.45 eV as the annealing
temperature increasing. Generally, the dependent of band gap on the thermal process can appear
due to a less density of dislocation (structural defects) as the annealing temperature increases **.
These defects can introduce localized states near the band edges leading to an increase in the band
tailing width leading to E, increases. In other words, the thermal process effect on carrier
concentration which is decreases with increasing annealing temperature. The decrease in carrier
concentration contributes to the decrease of the optical bandgap which is primarily attributed to the
Burstein-Moss effect shift. The Burstein-Moss effect can be written as AEjM %,

(3m?n)?/3

AEBM —
g 2mye

®)

where n is the carrier concentration and my, is the effective mass. The equation shows that the
decrease in carrier concentration and photonic bandgap correlates positively with n?*,

Table 1. The E, and for the In,Se; films.

Sample As deposited 100 C 200 C 300 C 400 C

E, (V) 3.41 3.25 3.0 2.75 2.45

« As deposited 200°C

@hv 12.10%cm-1 eV)2
((xhv,\zx 1 Og(cm'1 e\.l)2
@hv2:10%cm 1 eV)2
(“h\')zl 1 09.jcm -1 eV)z
@hvi2:10%cm™1ev)2

............
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Fig. 5. The optical band gap of the as-deposited and annealed In,Se; films.
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Fig. 6. (a) The real part (). (b) the imaginary part (g;).

For a better understanding the optical properties of the films with different thickness, it is
necessary to investigate the dielectric constant. The complex dielectric constant, € components
(e, = n? —k?) and (g; = 2nk) are related to the optical constants. The real part (g,) determines
how radiation is refracted while the imaginary part (g;) relates to absorption of energy duo to
dipole dislocation *. Fig. 6 shows the plots of &, and ¢; as a function of photon energy. It is
obviously that the €, have the same behavior as the refractive index (n) due to the lower value of
the extinction coefficient compared to the refractive index. The €, have similar performance with
different annealing temperature, while there was a notable change in g; with the increasing of
annealing temperature.

4. Conclusions

In this paper, The In2Se3 chalcogenide films were prepared by the magnetron sputtering
method and annealed in nitrogen at different temperature. The effect of annealing on the physical
properties of the films has been investigated. The XRD analysis shows that the thermal annealing
process induces amorphous-crystalline transformation in nature exhibit a hexagonal defect
wurtzite crystal structure with preferred orientation in (110), (006) and (207) plane. The Raman
results and XRD analysis both confirm the crystalline films as the y-phase In,Se; structure. The
transmittance studies are useful for application in infrared fiber optics and other infrared systems.

The Spectroscopic Ellipsometer analysis reveals that the optical constants can be tunable
by the thermal annealing process at different temperatures. The high refractive index (n) is good
indicators for integrated optics. The optical band gap decreases from 3.41 eV to 2.45 eV as the
increasing annealing temperature. The variation of the optical band gap at different annealing
temperature is attributed to the Burstein-Moss effect. Moreover, the In,Se; demonstrates as a
promising semiconductor material for photovoltaic application.
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