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ABSTRACT

In this study, AgGaSe, (AGS) thin films were formed onto cleaned glass substrates by using
the stacked elemental layer (SEL) deposition technique in vacuum. The films were prepared at the
post-deposition annealing temperature from 100 to 350°C for 15 min duration. The atomic
composition of the films was measured by energy dispersive analysis of X-ray (EDAX) method.
The films ascertain the compositional uniformity. The X-ray diffraction (XRD) has been employed
to study the structure of the films. The structures of the films are found to be polycrystalline in
nature. The lattice parameters, grain size, strain and dislocation densities of the films were
calculated. Optical characteristics of the films were ascertained by spectrophotometer in the photon
wavelength ranging between 300 and 2500 nm. The transmittance was found to increase with the
increase of annealing temperature. The transmittance falls steeply with decreasing wavelength. It
revealed that AGS films have considerable absorption throughout the wavelength region from 400
to 800 nm. The optical band gap energy has been evaluated. Two possible direct allowed and direct
forbidden transitions have been observed for all the AGS films in visible region. The former varied
from 1.67 to 1.75 eV and the later from 2.05 to 2.08 ¢V, depending on the post-deposition
annealing temperature of the films.

INTRODUCTION

In recent years, there has been a great deal of interest in the study of ternary
semiconducting materials as well as technological point of views. This semiconductor
appears to be a promising element for thin film solar cells due to its near-optimum band gap
energy, high optical absorption coefficients and long-term-stability."” AGS belongs to the
group of I-III-VI, semiconducting materials with tetrahedral coordinates and crystallizes
with a tetragonal chalcopyrite structure.” It is known that chalcopyrite compound
semiconductors are direct band gap materials, showing a two optical structure near the
fundamental edge due to crystal-field and spin-orbit splitting of the uppermost valence
band. Studies on AGS thin films as absorber material are still more attractive, since they
allow tailoring of the optical band gap and other properties. Silver indium selenide (AIS),
the most prospective thin-film material obtained so far for photovoltaic applications, has
been extensively studied.®™ One of the problems with AIS is that its band gap energy is
somewhat low to match the optimum solar spectrum. Substituting indium by gallium in
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AglInSe,, the optical band gap can be increased from 1.25 to 1.75 eV.® AGS is minimal”'"
as far as the thin film form is concerned. It has been proved to be stable and efficient
absorber materials for fabricating polycrystalline thin film heterojunction solar cells.""" ' A
better understanding of the structural and optical properties is essential for optimizing these
films for solar cell fabrication. Hence, an attempt has been made to study the post-
deposition annealing temperature effects on the structural and optical properties of AGS
thin films.

EXPERIMENTAL
Growth of the films

The films of silver, gallium and selenium were deposited sequentially onto
chemically and ultrasonically cleaned glass substrates by thermal evaporation of
individual elemental layers to form a stack, in vacuum (=10~ mbar) by using oil diffusion
pump (E306A, Edwards, UK). The thickness of the stoichiometric films was 500 = 50
nm. In our previous report, ¥ we described the growth of AGS thin films.

Compositional measurements

The elemental atomic composition of the samples was accomplished with an energy
dispersive analysis of X-ray (EDAX) attachment with the scanning electron microscope
(SEM) (Philips XL-30 system).

Structural measurements

The X-ray diffraction (XRD) was used to investigate the structure of AGS thin films. The
diffraction patterns were recorded using a Philips PW 3040 X’Pert PRO XRD system with
Cu-Ka radiation, operated at 40 KV and 30 mA, with angular range 20° < 20 < 50°.

Optical measurements

The variations of transmittance and specular absolute reflectance of the films with
wavelength of light incident on them were measured by using a dual beam UV-VIS-NIR
recording spectrophotometer (Shimadzu, UV-3100, Japan) in the photon wavelength
ranging between 300 and 2500 nm. We have employed these measurements in our

previous reports.!* 9

RESULTS AND DISCUSSION

Compositions at three different places on each sample were determined by energy
dispersive analysis of X-ray (EDAX) method. They show reasonably identical values
(£0.01 at.%) that ascertain the compositional uniformity of the sample. In our previous

report,'¥

we addressed the typical EDAX spectrum of AgGaSe, thin film having
stoichometric. In our observation, all films are found to be stoichometric with different

annealing temperatures.
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Fig. 1 shows the X-ray diffraction patterns of stoichometric AGS films having different
temperatures. The X-ray diffraction revealed that the films were polycrystalline in nature.
Expected peak"® '” for AGS thin films are (112), (201), (211), (220), (204), (301) and
(312). But in our films (110), (112), (211), (114), (220), (204) and (310) peaks are present.
The intensity and position of (112) peak is in good agreement with ASTM data for
tetragonal silver gallium selenide. The (112) peak is prominent peak for AGS thin films.
Other workers obtained (112) peak of higher intensity."® '” In our case, the films annealed
at 200, 250 and 350°C show low-intensity (112) peak. This peak is absent for the film
annealed at 100°C. Sample annealed at 300°C shows (112) peak of higher intensity. The

high intensity of reflection from the (112) plane indicates the preferred orientation."¥
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Fig. 1. The XRD spectra of AGS thin films having different temperatures of deposition.

In our previous report,”> we addressed the variation of lattice parameters and grain
size with different annealing temperatures. It exhibits tetragonal chalcopyrite structure
with average lattice parameters, a ~ 6.00 A and ¢ ~ 10.92 A and c/a = 1.82. A qualitative
estimate of the grain size of the films deposited at different annealing temperature

was calculated by using the well-known Scherrer’s formula"” simplified by Bragg
094
crystallite= BCOSH (1)

where A is the wavelength of Cu Ka radiation, and B is them full-width half-maximum
(FWHM). The unit of B should be converted into radian. Therefore, the above equation
takes the form,

50.97 4
Bcrystallite = BCOSQ (2)

The average grain size of the films was calculated to be 40 nm, which conforms
reasonably well to the literature value."® The lattice parameters are independent unlike
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the grain size that varies directly with annealing temperatures. The grain size increases
with increasing annealing temperature. When annealing temperature increases the line
width becomes narrow due to the increase in grain size. Narrower peak also reflects the
decrease in the concentration of lattice imperfection due to the decrease in the internal
microstrain within the film.*” Similar results have been reported by other workers.?" >
Larger grain size minimizes the imperfect regions of the film, which is also supported by
the smaller strain and dislocation densities.
The strain, & was calculated by using the following formula®
Bcos 6
P

4

3)

The dislocation density, & defined as the length of dislocation lines per unit volume

of the crystal, was evacuated from the formula®

1
§=——— (4)

( Bcrystallite )2

Strain and dislocation densities decrease as annealing temperature increases (Fig. 2).
Since dislocation density and strain are the manifestation of dislocation network in the
films, the decrease in dislocation density indicates the formation of high-quality films.**
The inhomogeneous strain component is localized at the sub grain and sub domain level
near grain boundaries. Pertsev and Arlt* introduced a fictitious dislocation density to
model the inhomogeneous strain. The spontaneous strain in their model is analogous to
the mechanical plastic deformation, for instance, in metals. This facilitates the analysis
substantially because models developed for dislocations can be readily applied. They
obtained two components of strain/stress fields: a homogeneous volume component
extending over the whole grain volume and an inhomogeneous component concentrated
near grain boundaries. We argue that dislocation effects are a real origin of
inhomogeneous strains in AgGaSe, thin films and that large changes in dislocation
density and configuration may occur. This is possibly because of the fact that when the
annealing temperature is kept at 300°C, the dislocations get more thermal energy. These
are the manifestation of dislocation network in the films. The decrease indicates the
formation of high-quality films at higher annealing temperatures.”® The structural
parameters are shown in Table 1.

Table 1.
The structural parameters of AGS thin film having different annealing temperatures.
Annealing Tempera- _ Lattice Parameters Grain Strain, ex10™*  Dislocation density,

ture, Ta (°C) a(A) c(A)  size(mm)  (line? m™) 5x10" (line/m?)

100 5.93 11.32 14.85 23.20 4534

200 6.00 10.91 17.10 20.13 34.20

250 5.99 10.89 34.20 10.11 8.64

300 6.01 10.93 41.04 8.38 5.93

350 5.99 10.89 45.90 7.50 4.74
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Fig. 2. Dependence of strain and dislocation density of AGS thin films having different temperatures.

Fig. 3 shows the optical transmittance and reflectance spectra of five films that are annealed
for 15 min at different temperatures from 100 to 350°C. From the transmittance pattern it is clear
that the ternary compound of AGS is not formed at the annealing temperature of 100°C as the
corresponding spectrum does not show any well-defined absorption region.
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Fig. 3. Dependence of optical transmittance and reflectance on photon wavelength for AGS thin
films having different temperatures.
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If the sample is annealed at 200°C for 15 min, it goes to attain semiconducting
properties, which indicates adherence to the formation of compound starting at this
temperature. The transmittance spectrum attains its perfect shape for the sample annealed at
300°C for 15 min. Same inference can be drawn from the reflectance curves. The film
annealed at 300°C for 15 min is better than that annealed at other temperatures. The better
quality of the material annealed at 300°C for 15 min has also been ascertained from
absorption coefficient spectra as shown in our previous report.”

In our previous report,'” we addressed the absorption coefficient curve of the film
annealed at 300°C for 15 min has lower sub-band gap absorption and steeper
fundamental absorption region. Most of the films show tail absorptions. This tail
absorption occurs due to departure of the lattice structure from perfect periodicity. This
departure is caused owing to the presence of thermal lattice vibrations and lattice
imperfections and/or trapping sites located in the grain boundaries in particular.
Absorption of optical energy can occur in the scattering process. Scattering broadens the
absorption threshold. Generally, the broadening or shift is dominated by transitions
involving optical phonon absorption.?” Tell et al®® have also found shallow defects or
impurities in bulk AGS. In our observation, the optical absorption behavior of the films
above the fundamental absorption edge can be interpreted by considering the existence of
two types of optical transitions. The nature of the first transition (band gap) is direct
allowed and the subsequent one is direct forbidden. Analysis of the absorption coefficient,
o above the fundamental edge that it has high values (~10° cm™) and the rise of o in the
photon energy range 1.773<hv<2.068 eV follows a relation for an allowed direct interband

A 1/2
« =—l[hv—E } 5)
hv g1

transition,*” described by

where, E; is the band gap energy of the interband transition and A, is a parameter that
depends on the probability of transition and the refractive index of the material . The
transition energy E,;, and the value of A; were found out from the plot of (athv)® versus hv
in the range 1.773<hv<2.068 eV. Direct allowed transitions vary between 1.67 and 1.75
eV depicted in Fig. 4.
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Fig. 4. Variation of (cthv)? vs photon energy extracted from absorption coefficient.

Now, if we calculate the absorption coefficient for hv>2.068 eV putting the obtained
values of E,4 and A, in equation (5) and call it o, (theoretical o) then we find that o, is
smaller than the experimentally measured absorption coefficient, o.. This discrepancy can
only be explained by assuming an additional absorption o, = o-o; above 2.068 eV of
photon energy. The additional absorption curve, (o) is further analyzed and found that it
follows the relation for direct forbidden interband transition quite well for 2.25< hv<2.75 eV
described by

a2=:—j[hv—Egz]” (©)

The so-called forbidden energy gap E,, and the parameter A, were extracted from the
plot of (o, hv)*? versus hv, as shown in Fig. 5. The optical parameters are shown in Table 2.

Table 2.
The optical parameters of AGS thin film having different annealing temperatures.

tem‘;gf;ilr‘gfo o EaEV) A (cm’eV'?) Eg?(eV) A, (cmleV'?)
100 1.67 1.554E+05 2.07 2.813E+05
200 1.70 1 246E+05 2.08 1 247E+05
250 1.72 1.077E+05 2.06 1.173E+05
300 1.75 7.814E+04 2.08 1 349E+05

350 1.71 1.422E+05 2.05 1.533E+05
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Fig. 5. Variation of (cthv)”” vs photon energy extracted from absorption coefficient.

Direct allowed transition increases as annealing temperature increases and attains its
maximum value of 1.75 eV at 300°C (conforming to the literature value). The direct
allowed transition decreases for further increase of annealing temperature. This indicates
that at the post-deposition annealing temperature of 300°C, the material becomes perfect
in structure. This prediction was also confirmed by the XRD studies. Direct forbidden
transition has no such correlation with annealing temperature.

Fig. 6 shows the dependence of optical absorption coefficient on annealing
temperature at wavelengths 1750 and 2450 nm. At the annealing temperature of 300°C,
the films show minimum sub-band gap absorption. This also ascertains the preference of
annealing temperature to be 300°C for attaining better quality of the films.
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Fig. 6. Dependence of absorption coefficient on temperature for AGS thin films at wavelengths
1750 and 2450 nm.
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CONCLUSIONS

The films were reasonably homogeneous in composition as evident from the EDAX
data at various locations on the films. The XRD reveals that the films were
polycrystalline in nature. The lattice parameters are independent unlike the grain size that
varies directly with annealing temperatures. The strain and dislocation density vary
indirectly with post-deposition annealing temperatures. The optical absorption behaviour
of AGS thin films above the fundamental absorption edge can be interpreted by
considering the existence of two types of optical transitions from valence band to
conduction band. The first transition, Eg is direct allowed and the subsequent one, E,; is
direct forbidden. The E,; varies directly with the post-deposition annealing temperature
while E,, shows no such correlations. Hence, by the present investigation, we can grow
the films of AGS having different energy gaps. This skill of varying energy gap of AGS
may be worth fabricating device, such as thin film solar cell absorber.
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