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Deviations from Stoichiometry and Molecularity in Non-Stoichiometric
Ag-In-Se Thin Films: Effects on the Optical and the Electrical Properties
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Non-stoichiometric Ag-In-Se (AIS) thin films were prepared using co-sputtering with InSe2 and
Ag targets followed by rapid thermal annealing. The internal stress of the non-stoichiometric AIS
thin films was strongly affected by the deviation from molecularity, Δm. When Δm was far from
stoichiometry, the non-stoichiometric AIS thin films showed better crystallinity. The improvement
in the crystallinity and the release of internal stress led to a reduction in the optical band gap
from 1.63 to 1.19 eV and in the resistivity from 6.45 × 10−2 to 3.21 × 10−3 Ω·cm for the non-
stoichiometric AIS thin films, with a similar tendency for the deviation from molecularity, Δm.
The non-stoichiometric AIS thin films, with Δm < 0 and Δs < 0, exhibited n-type conductivity
with carrier concentrations on the order of magnitude of 1018 cm−3. The mean absorbance of
the 200-nm-thick non-stoichiometric AIS thin films was 1.50, corresponding to an absorption of
approximately 96.84 % of the incident light in the visible region.
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I. INTRODUCTION

The AI-BIII-CVI ternary chalcopyrite Ag-In-Se (AIS)
has a direct band gap (∼1.2 eV) and a large optical ab-
sorption coefficient (> 104 cm−1) [1, 2]. AIS is one of
the potential candidates for use in many applications
such as photovoltaic cells, near-infrared (NIR) optical
devices, nonlinear optical devices, ligh-emitting diodes
(LEDs), Schottky diodes, and thermoelectric power gen-
eration [3, 4]. The optical band gap (Eg) of AIS thin
films can be varied from 1.18 to 1.42 eV with either n-
or p-type conductivity by changing the preparation and
the post-treatment methods [5–7]. Various methods have
been used to prepare AIS thin films, including flash evap-
oration, RF magnetron sputtering, thermal evaporation,
solution growth, electro-deposition, co-evaporation, hori-
zontal Bridgman method, molecular beam epitaxy, solid
state microwave irradiation, vertical gradient tempera-
ture freezing method, and pulsed laser deposition (PLD)
[7–9].

In this study, AIS thin films were prepared by using
a co-sputtering process with Ag and InSe2 targets, fol-
lowed by rapid thermal annealing (RTA). Controlling the
stoichiometry of the ternary indium selenides is usually
difficult because Se is known to have high volatility dur-
ing high-temperature synthesis for a long time [8,10,11].
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Therefore, the influence of the various compositions in
the AIS thin films on the characteristics by minimizing
the volatility of Se during the preparation of AIS thin
films should be investigated. The microstructure and
the electrical and the optical properties of the AIS thin
films with different compositions caused by the deposi-
tion conditions were examined.

II. EXPERIMENTAL DETAILS

AIS thin films, approximately 200 nm in thickness,
were deposited on Corning glass (20 × 20 mm2) sub-
strates by using RF magnetron co-sputtering (IDT En-
gineering Co.) with commercial InSe2 (LTS Chemical
Inc., 99.99 % purity, diameter: 50.8 mm) and Ag (LTS
Chemical Inc., 99.999 % purity, diameter: 50.8 mm) tar-
gets. The process parameters were set as follows: pre-
sputtering for 3 min, a substrate-to-target distance of 5.0
cm, an Ar gas flux of 50 sccm, a base pressure of 1.0 ×
10−6 Torr, and a vacuum pressure of 7.5 × 10−3 Torr at
room temperature. The chemical composition of the AIS
thin films was controlled by regulating the RF power of
the Ag target. The RF power for Ag was set to 15, 17,
19, 21, and 23 W for different samples by using sputter-
ing times of 765, 715, 660, 610, and 560 s, respectively,
to maintain a total thickness of approximately 200 nm
when the RF power for InSe2 was fixed at 30 W with
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Fig. 1. (Color online) Chemical compositions of the RTA-
treated AIS thin films at sputtering powers of (a) 15, (b)
17, (c) 19, (d) 21, and (e) 23 W for the Ag target with a
fixed power of 30 W for the InSe2 target. The correspond-
ing co-sputtering times were 765, 715, 660, 610, and 560 s,
respectively.

a deposition rate of 12.0 nm/min. The individual de-
position rates of Ag for these process parameters were
3.69, 4.78, 6.18, 7.67, and 9.43 nm/min at 15, 17, 19,
21, and 23 W RF power, respectively. RTA (GD-TECH
Co., GRT-100) of the 200-nm-thick thin films was per-
formed at 400 ◦C for 10 min under N2 gas to reduce the
volatilization of Se from the thin films by using a short
process time and decreased thermal exposure [11,12].

The crystalline structure of the AIS thin films was ana-
lyzed using X-ray diffraction (XRD, PANalytical X’pert
PRO MRD) at 40 kV and 30 mA with Cu Kα X-ray
source (λ = 0.15406 nm) over the 2θ range of 10 -
90◦. An energy-dispersive X-ray spectroscope (EDX,
Oxford Instruments, INCA), attached to a field-emission
scanning electron microscope (FESEM, JEOL, JSM-
7500F), was used for analyzing the chemical composi-
tion of each element in the AIS thin films. The optical
properties of the AIS thin-films were characterized using
an ultraviolet-visible spectrophotometer (BaySpec Inc.,
UNIR-230) over the range of 400 - 1500 nm. The electri-
cal properties of the AIS thin films, including the resistiv-
ity, carrier concentration, and mobility, were measured
using a Hall-effect measurement system (Accent Optical
Technologies, HL5500PC) at room temperature.

III. RESULTS AND DISCUSSION

The chemical compositions of the RTA-treated AIS
thin films were examined by using an EDX, and the re-
sults are shown in Fig. 1. The Ag content was controlled
by adjusting the individual thickness in the films by vary-
ing the RF power for each target in the co-sputtering
process. The RF powers for the Ag target were (a) 15,
(b) 17, (c) 19, (d) 21, and (e) 23 W for sputtering times
of 765, 715, 660, 610, and 560 s, respectively, with a fixed

Fig. 2. (Color online) Deviation parameters Δm =
[Ag]/[In] − 1 and Δs = 2[Se]/([Ag]+3[In]) − 1 derived
from the chemical compositions of the non-stoichiometric
AIS thin films at (a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50, (c)
AgIn1.23Se0.36, (d) AgIn1.32Se0.34, and (e) AgIn1.41Se0.29.

RF power for the InSe2 target in order to increase the
Ag content in the AIS thin films at the maintained total
thickness. However, the atomic percentages of the AIS
thin films did not depend on the thickness ratio in the
co-sputtering process [13–15], as shown in Fig. 1. The
atomic percentage of Ag remained relatively constant
with increasing RF power for the Ag target while the
atomic percentage of In increased gradually as the atomic
percentage of Se decreased rapidly. For the shorter depo-
sition times, Se is not only more volatile but also more
difficult to deposit than In in the In-Se interlayer [16,
17]. Hence, the conditions were re-defined by varying the
compositional ratios of In and Se with a fixed Ag con-
tent in the non-stoichiometric AIS thin films, such as (a)
AgIn1.10Se0.59, (b) AgIn1.15Se0.50, (c) AgIn1.23Se0.36, (d)
AgIn1.32Se0.34, and (e) AgIn1.41Se0.29, with the AIS thin
film being near-stoichiometric at Ag1−xIn1−3xSe2(1+3x),
where x ≤ 0.045 [4].

Two parameters Δm and Δs were examined to sur-
vey the deviations from molecularity and stoichiom-
etry, respectively: Δm = [Ag]/[In] − 1 and Δs =
2[Se]/([Ag]+3[In]) − 1 [18–20]. In the case of stoichio-
metric compounds, the parameters exhibited no devia-
tion. Figure 2 shows the Δm and the Δs in the non-
stoichiometric AIS thin films for various compositional
ratios of In and Se with a fixed Ag content. Ag-poor (Δm
< 0) and Se-poor (Δs < 0) compositions were obtained
in all the specimens. As the In content was increased, the
non-stoichiometric AIS thin films showed Δm = −0.414,
−0.504, −0.637, −0.663, and −0.705. Their Δs values
were −0.491, −0.502, −0.517, −0.545, and −0.570, re-
spectively. When both Δm and Δs became far from
‘0’ in the non-stoichiometric AIS thin film, the film was
generally departing from a stoichiometric composition.
In the non-stoichiometric AIS thin films deposited to at-
tain the same thickness for a shorter deposition time, the
compositional ratios show larger In contents and lower
Se contents at fixed Ag content; then, both Δm and Δs
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Fig. 3. (Color online) XRD patterns of the non-
stoichiometric AIS thin films with different compositions
(a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50, (c) AgIn1.23Se0.36, (d)
AgIn1.32Se0.34, and (e) AgIn1.41Se0.29.

are farther from the value for a near-stoichiometric com-
position.

The XRD patterns of the non-stoichiometric AIS thin
films with different compositional ratios with increasing
In content and decreasing Se content at a fixed Ag con-
tent were obtained over the 2θ range of 10 - 90◦, and the
results are shown in Fig. 3. The non-stoichiometric AIS
thin films showed major diffraction peaks corresponding
to the AIS chalcopyrite phases with the preferred orien-
tations of (112), (004), (211), and (204) at 2θ = 25.77◦,
30.58◦, 33.49◦, and 42.77◦, respectively, as shown in Fig.
3 [2, 4, 9]. Some weak peaks were also observed in the
specimens at 2θ = 28.81◦, 40.46◦, 51.17◦, 60.87◦, 65.94◦,
69.63◦, and 76.78◦ corresponding to the positions of the
(200), (220), (116)/(215), (400), (332), (316), and (424)
peaks [9]. The observation of the weak peaks in the XRD
patterns means that small grains were formed and that
insufficient grain growth occurred along the orientations
not shown in Fig. 3. The peaks at 2θ = 37.00◦ and 45.04◦
are those of the unreacted Ag which the strong peak at
2θ = 22.91◦ corresponds to AgIn5Se8 in the specimens in
(c) AgIn1.23Se0.36 and (e) AgIn1.41Se0.29, which indicates
that the specimens are not of good quality [9]. Moreover,
the peak corresponding to the (112) orientation shifted
to lower 2θ values from 25.77◦ for the compositions (a)
AgIn1.10Se0.59 and (b) AgIn1.15Se0.50 to 25.67◦ for the
composition (d) AgIn1.32Se0.34 and to 25.64◦ for the com-
positions (c) AgIn1.23Se0.36 and (e) AgIn1.41Se0.29. This
is consistent with the typical shift in the diffraction pat-
tern to lower angles with increasing In or Se content due
to increase in the ‘a’ and the ‘c’ lattice constants [21–23].
The d spacing decreased as more of the larger In or Se
atoms were added to the normal AIS lattice. Therefore,
XRD suggests that polycrystalline AIS was rebuilt on the
substrate and that the crystal quality could be modified
by changing the In or the Se content in the co-sputtering

Fig. 4. (Color online) Strain and dislocation density of the
non-stoichiometric AIS thin films with different compositions:
(a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50, (c) AgIn1.23Se0.36, (d)
AgIn1.32Se0.34, and (e) AgIn1.41Se0.29. The inset shows the
grain sizes in the non-stoichiometric AIS thin films under the
same conditions

process. However, in this study, the composition ratio of
the non-stoichiometric AIS thin films changed with an
increase in the In content and a simultaneous decrease
in the Se content.

The strain (ε) and the dislocation density (δ) were
calculated by using the equations ε = ω cos θ/4 and
δ = 1/D2, respectively, where ω is the full width at half
maximum (FWHM) of the preferred diffraction peak, θ
is the angle corresponding to the preferred reflection and
D is the mean grain size of the crystallites in the non-
stoichiometric AIS thin films [24–26]. The strain and the
dislocation density were calculated using both the pre-
ferred (112) and (204) peaks. The strain along the (112)
direction gradually decreased with an increase in the In
content and a simultaneous decrease in the Se content,
but the strain in the non-stoichiometric AIS thin films in-
creased for the composition (d) AgIn1.32Se0.34, as shown
in Fig. 4. The strain along the (204) direction increased
and decreased for the compositions (b) AgIn1.15Se0.50

and (d) AgIn1.32Se0.34, respectively. The increase in the
strain is strongly involved in introducing crystalline de-
fects, such as dislocations and stacking faults, in the
crystal [27–29]. The non-stoichiometric AIS thin films
grew greater along the (204) direction with a decrease in
the strain/stress for the composition (d) AgIn1.32Se0.34

whereas the AIS thin films were highly oriented along the
(112) direction for the compositions (b) AgIn1.15Se0.50

and (e) AgIn1.41Se0.29. This result agreed with the op-
posite trends for the grain size along the directions (the
inset of Fig. 4), which was calculated using the Debye-
Scherrer formula D = 0.94λ/ω cos θ, where λ is the wave-
length of the Kα radiation of Cu (λ = 0.15406 nm), ω
is the FWHM of each diffraction peak and θ is the angle
corresponding to each reflection [30–32]. The dislocation
density, defined as the length of the dislocating lines per
unit volume of the crystal [33], showed a tendency similar
to the strain along each direction. The lowest dislocation
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Fig. 5. (Color online) Distortion parameter η and inter-
planar d spacing of the non-stoichiometric AIS thin films with
different compositions: (a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50,
(c) AgIn1.23Se0.36, (d) AgIn1.32Se0.34, and (e) AgIn1.41Se0.29.

densities of 17.31 × 1013 and 8.24 × 1013 line/m−2 were
observed for the compositions (e) AgIn1.41Se0.29 and (d)
AgIn1.32Se0.34 along the (112) and the (204) directions,
respectively, which indicates that the lowest lattice mis-
match was obtained under these conditions with a release
of strain [34,35].

The lattice constants a and c were calculated using
the equation 1/d2 = (h2 + k2)/a2 + l2/c2 combined with
Bragg’s law d = λ/2 sin θ in the tetragonal structure.
In both equations, hkl are the Miller indices, d is the
inter-planar spacing in the atomic lattice, θ is the angle
between the incident ray and the scattering planes, and
λ is the wavelength of the Cu Kα radiation (λ = 0.15406
nm) [4, 9, 34]., The d spacing can be determined using
Bragg’s law for a particular incident X-ray wavelength,
λ, and angle, θ, from XRD. The lattice constants a and c
can be simultaneously calculated using the (112), (004),
(211) and (204) peaks. The lattice constants were in
the range a = 0.6050 - 0.6088 and c = 1.1620 - 1.1795
nm. The tetragonal distortion parameter in the non-
stoichiometric AIS thin films for different compositional
ratios, η = c/a, was also in the range of 1.914 - 1.943,
as shown in Fig. 5. These values are in good agreement
with the values reported for most chalcopyrite tetrag-
onal crystals [4, 9, 36, 37]. The distortion parameter of
the non-stoichiometric AIS thin-film was affected by the
compositional ratios of the thin films themselves, with a
similar tendency for the normalized value of Δm (Fig. 2).
The inter-planar spacing of the (112) and the (204) peaks
(d(112) and d(204)), determined from the peak positions
of each sample, in the non-stoichiometric AIS thin films
at different compositional ratios were calculated using
Bragg’s law, and the results are shown in Fig. 5, which
showed a similar trend of increasing slightly and show-
ing a ’W’ shape with further addition of larger In atoms
to and removal of larger Se atoms from the AIS lattice,
generally indicating better crystallinity because of the
decrease in the number of structural defects and inter-
nal stresses [20]. Determining whether if the increasing

Fig. 6. (Color online) Optical transmittances of the non-
stoichiometric AIS thin films with different compositions:
(a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50, (c) AgIn1.23Se0.36, (d)
AgIn1.32Se0.34, and (e) AgIn1.41Se0.29. The inset shows the
mean optical transmittance in the visible (400 - 800 nm) to
the NIR (800 - 1500 nm) spectral region under the same con-
ditions.

trend of the d spacing can be attributed to the increase
in the In content or the decrease in the Se content in the
non-stoichiometric AIS thin films is difficult. Note that
both the d(112) and the d(204) values showed an oppo-
site trend for Se (Fig. 1) and/or a similar trend for the
normalized value of Δm (Fig. 2).

Figure 6 shows the optical transmittance in the visible
to the NIR spectral region for the non-stoichiometric AIS
thin films. All the spectra showed optical transmittances
of ≤ 42 % in the visible region (400 - 800 nm), and the
mean optical transmittance was ≤ 18 % over the same
wavelength range. The mean optical transmittance of
the non-stoichiometric AIS thin films was 7.29 % for the
composition AgIn1.41Se0.29 (Fig. 6(e)). This was some-
what lower than the mean optical transmittances for the
specimens with relatively lower In content (17.42 % at
AgIn1.10Se0.59), as shown in Fig. 6(a). The mean op-
tical transmittance showed a tendency to decrease with
increasing In content. The non-stoichiometric AIS thin
films showed considerable absorption in the visible re-
gion. All the optical transmittances converged to zero
regardless of the In content. The Burstein-Moss (B-M)
shift was also observed with increasing In content. The
B-M shift is a shift of the absorption edge to a larger
wavelength. This highlights the advantages of using non-
stoichiometric AIS thin films as the absorber layer in
thin-film solar cells, i.e., the decrease in the spectral
transmission range for the minimum in the solar emis-
sion spectrum [38–40]. The observation of the B-M shift
means that the advantage of using AIS thin films as ab-
sorber layers was caused by an increase in the In content.
The absorption coefficients (α) of the non-stoichiometric
AIS thin films were calculated using Beer-Lambert’s law
in the high absorption region [41,42]: α(ν) = (2.303/d)A,
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Fig. 7. (Color online) Tauc plots of (αhν)2 vs. photon
energy (hν) for the non-stoichiometric AIS thin films with
different compositions: (a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50,
(c) AgIn1.23Se0.36, (d) AgIn1.32Se0.34, and (e) AgIn1.41Se0.29.
The insets show the mean absorbance in the visible (400-800
nm) spectral region and the optical band gaps (Eg) of the
non-stoichiometric AIS thin films under the same conditions.

where α(ν), d, and A are the absorption coefficient, the
film’s thickness, and the film’s absorbance, respectively.
The absorption coefficient is the ability of a semiconduc-
tor to absorb photons, i.e., a measure of how far below
the surface of the AIS thin film an incident photon of a
particular wavelength is absorbed [43,44]. This can be
expressed as α = (1/d) ln[(1 − R)/T ], where T , d, and
R are the optical transmittance, reflectance, and film’s
thickness, respectively [45]. The absorption coefficient of
the AIS thin film was high (approximately 105 cm−1) in
the visible region; however, it was somewhat lower (ap-
proximately 104 cm−1) in the NIR region (not shown).
The absorption coefficients of the non-stoichiometric AIS
thin films with the same thicknesses were directly af-
fected by the optical transmittance. The lower optical
transmittance of the non-stoichiometric AIS thin films
with an increased defect density caused by an increase
in In and a simultaneous decrease in Se to the normal
AIS lattice is thought to be attributed to more phonon
scattering and is thought to prevent incident visible light
from being transmitted through the non-stoichiometric
AIS thin film in the visible region [46].

The absorbance was calculated using the following for-
mula: A = − log T = log(I0/I), where A is the ab-
sorbance, T is the transmittance, I0 is the intensity of
incident radiation and I is the intensity of the transmit-
ted radiation at a given wavelength. The absorbance
of the non-stoichiometric AIS thin films showed mean
values over the 400- to 800-nm range. The mean ab-
sorbance for the lower composition of In content at (a)
AgIn1.10Se0.59 thin film was in 0.93, which means that
approximately 88.25 % of the incident photons in the
400- to 800-nm range are absorbed by these approxi-
mately 200-nm-thick non-stoichiometric AIS thin films.
The mean absorbance was enhanced by increasing In and

Fig. 8. (Color online) Hall-effect measurements of the
resistivity (ρ), carrier concentration (n), and carrier mobil-
ity (μ) of the non-stoichiometric AIS thin films with differ-
ent compositions: (a) AgIn1.10Se0.59, (b) AgIn1.15Se0.50, (c)
AgIn1.23Se0.36, (d) AgIn1.32Se0.34, and (e) AgIn1.41Se0.29.

simultaneously decreasing Se, as shown in the inset of
Fig. 7. The maximum mean absorbance value of the
non-stoichiometric AIS thin films was 1.50 for the (e)
AgIn1.41Se0.29 thin film, which suggested that approxi-
mately 96.84 % of the incident photons in the visible re-
gion were absorbed by these non-stoichiometric AIS thin
films. The optical band gap of the non-stoichiometric
AIS thin films was estimated by linearly extrapolating
each of the Tauc plots of (αhν)2 vs. the photon energy
(hν) back to the energy axis, as shown in Fig. 7, where α
is the absorption coefficient, h is Planck’s constant, and ν
is the frequency of the incident photon. The optical band
gaps of the non-stoichiometric AIS thin films were in the
range 1.19 - 1.63 eV. Note that the optical band gaps
of the non-stoichiometric AIS thin film showed a simi-
lar tendencies for Δm (Fig. 2) and the Se composition
(Fig. 1). The optical band gap is attributed to both the
crystallinity and the intrinsic defects that cause a shift
in the absorption edge [47]. Higher crystallinity leads to
a decrease in the optical band gap because a lower free-
carrier concentration and lower potential barriers origi-
nated from large particles with fewer grain boundaries
and imperfections [48].

Hall-effect measurements were performed to examine
the electrical properties, such as the conductivity type,
resistivity, carrier concentration, and carrier mobility, of
the non-stoichiometric AIS thin films with increasing In
content and simultaneously decreasing Se content in re-
lation to the In target’s sputtering power, and the re-
sults are shown in Fig. 8. The Hall-effect measurements
showed n-type conductivity in all the non-stoichiometric
AIS thin films with Δm < 0 (In-rich) and Δs < 0 (Se-
deficient), as shown in Fig. 2. The conductivity type
of Cu-In-Se single crystals was determined by the de-
viations [49], and the Cu-In-Se thin films with Δm <
0 and Δs < 0 always had n-type conductivity [19]. A
systematic study is necessary to apply the relationship
to the AIS thin films. The carrier concentration of the
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non-stoichiometric AIS thin films were on the order of
magnitude of 1018 cm−3 excess electrons because they
had n-type conductivity and their carrier mobility varied
from 38.5 to 272.0 cm2·V−1s−1, which is in close agree-
ment with previously reported values for AIS thin films
[50]. The increased carrier concentration, with the carri-
ers acting as donors in n-type AIS thin films, can lead to
a decreased band gap in the AIS thin films. This would
allow more efficient harvesting of incident light at larger
wavelengths. The resistivities of the non-stoichiometric
AIS thin films were on the order of 10−3 - 10−2 Ω·cm.
The resistivity of a thin film generally depends on the
carrier concentration and the carrier mobility, which is
similar to the trend for Δm (Fig. 2) and the normal-
ized value of Δm (Fig. 5), respectively. The decreased
resistivity of the non-stoichiometric AIS thin films was
attributed to the reduced grain boundaries because the
improved crystallinity decreased the scattering of charge
carriers and subsequently decreased the resistivity, with
increasing In content. The reduced resistivity would af-
fect the improvement of the short-circuit current density
and fill factor of the solar cell because of the decreased
series resistance of the thin films.

IV. CONCLUSION

AIS thin films were treated with RTA in a N2 ambi-
ent following co-sputtering with Ag and InSe2 targets.
The chemical composition of the AIS thin films did not
depend on the thickness ratio in the co-sputtering pro-
cess, and the thin films were obtained with varying ra-
tios of the In and Se content in the non-stoichiometric
AIS thin films. The deviations from molecularity and
stoichiometry, Δm and Δs, respectively, in the non-
stoichiometric AIS thin films were examined, and the
results showed that all the specimens were In-rich (Δm
< 0) and Se-deficient (Δs < 0). The internal stress,
including the distortion parameter and the d spacing,
of the non-stoichiometric AIS thin film was strongly re-
lated to the deviation from molecularity, Δm. When
both Δm and Δs became far from the stoichiometric
composition in the AIS thin film, the crystallinity be-
came better because of the reduced number of structural
defects and the reduced internal stresses. The better
crystallinity and the released intrinsic defects led to de-
creases in the optical band gap and the resistivity of
the non-stoichiometric AIS thin films. The optical band
gaps of the non-stoichiometric AIS thin films were in
the range of 1.19 - 1.63 eV, showing a similar tendency
for the deviation from molecularity, Δm. The mean ab-
sorbance value of the non-stoichiometric AIS thin films
was 1.50, suggesting that approximately 96.84 % of the
incident photons in the visible region were absorbed by
these non-stoichiometric AIS thin films. The carrier con-
centration was on the order of magnitude of 1018 cm−3

excess electrons of n-type conductivity at deviations of

Δm < 0 and Δs < 0 in all the non-stoichiometric AIS
thin films. The resistivities of the non-stoichiometric AIS
thin films were in the range from 10−3 to 10−2 Ω·cm.
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