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Photoacoustic spectroscopy (PAS) has proved to be an effective technique for the evaluation of the inherent
defect population in a wide range of materials for various applications. This paper demonstrates the use
of this technique in transmission mode, and hence, evaluates the optical properties of flash-evaporated
Culn, ,5Ga, ,5Se, (CIGS) thin films. Both the photoacoustic and transmission spectra were recorded at
room temperature using high-resolution near-IR of the gas-microphone-type PAS, which revealed a very
broad transmission region (about 300 meV) near the fundamental band edge in the as-grown CIGS thin
films due to the presence of several shallow defect levels. The postdeposition heat treatment of the samples
under Se ambient, followed by annealing under inert and forming gas ambient, showed significant changes
in the behavior of the PAS spectra, particularly near the fundamental band edge. The absorption coeffi-
cient has been derived from these spectra to determine the energy band gap values and the activation
energies for several defect related energy levels. Using PAS, the energy band gap values were in the range
of 1.197 to 1.202 eV. The optical transmission spectra were also recorded from the routinely used spec-
trophotometer. The transmission data was used to determine the energy band-gap values, which were
calculated to be in the range from 1.159 to 1.194 eV. These values were found to be in good agreement with
each other, as well as with values reported in the literature.
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1. Introduction

The polycrystalline thin film solar cells based on the chal-
copyrite compound Culn/GaSe, semiconductor have been pro-
duced with a record solar conversion efficiency of more than
19% (Ref 1), and studies are still in progress all over the world
to further improve this efficiency. Although Culn, ;5Ga, »55¢e,
(CIGS) appears to be a promising candidate for use in hetero-
junction solar cells, there is a lack of information regarding its
electro-optical properties. Conventional methods, used to de-
termine the optical properties of a semiconductor thin film,
measure the transmission of the film as a function of wave-
length in both the transparent and absorption region. Many
authors (Ref 2, 3) have independently proposed different meth-
ods to estimate the optical constants, such as the optical band
gap, absorption coefficient, and defect levels, of thin films
using only the transmission spectra. There is currently an in-
creased demand for the determination of optical absorption
coefficients below the band gap energy of thin films, as valu-
able information on band tailing and defect states can be ob-
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tained. When using conventional optical absorption techniques,
the derived transmittance spectra can be misinterpreted. This
could be due to either neglecting or incorrectly considering
light scattering effects caused by surface roughness, grain
boundaries, variations in film thickness, compositional inho-
mogeneities throughout the film, and by the use of inaccurate
values of the refractive index of both the film and the substrate.

All the above problems can be avoided if the contactless,
nondestructive, photoacoustic spectroscopy (PAS) technique
(Ref 4) is applied to measure the optical absorption spectra. In
this approach, only the absorbed light, which is converted into
heat, contributes to the measured spectra (Ref 4). This tech-
nique relies on the generation of an acoustic signal when a
sample, placed inside a closed cell, is illuminated with chopped
monochromatic light. The measured acoustic signal, detected
by a sensitive microphone, is a function of the optical absorp-
tion properties of the sample. PAS has proved to be an effective
technique for evaluating not only the standard optical proper-
ties but also inherent shallow and deep level defects in a wide
range of materials (Ref 5). For single crystals or thick films,
where the thermal diffusion length is less than the thickness of
the sample, the PAS signal is proportional to the absorption
coefficient. However for thin films, where the thermal diffu-
sion length is greater than the film thickness, the effects of the
substrate and the multiple reflections within the film have to be
taken into account.

In this paper, it is demonstrated that the same PAS system
can be used both in the photoacoustic and transmission modes
to gain detailed information, including deep and shallow defect
level states and the energy band gap of semiconductor materi-
als, and in particular, CIGS compounds in thin film form. The
samples were deposited using a modified flash evaporation
technique onto glass substrates. The effect of deposition tem-
perature and the postdeposition annealing under various ambi-
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Fig. 1 Photoacoustic spectrum of the standard carbon black powder

ent conditions have been examined at different temperatures
and times on the optical properties of CIGS thin film samples.
Using a PAS system in transmission mode has produced iden-
tical results to those obtained using standard PAS.

2. Experimental Procedures

The PAS system was modified to operate in transmission
mode. TPAS employs a gas-microphone-type detection cell,
containing fine grain carbon black powder, which is covered by
a suitable quartz window. The thin film or single crystal (200
pm thick) semiconductor sample is placed on top of the cell
window and exposed to a monochromatic light source. The
modulated light, after passing through the sample, is absorbed
by the carbon black powder, which acts as a true light trap with
a flat response at all wavelengths (Ref 4). The sample has the
effect of filtering out certain wavelengths so that, when com-
paring the PA spectra obtained with that of the standard carbon
black spectra, the missing values of wavelengths can be ascer-
tained and related to absorption levels in the sample.

Using this setup, measurements were registered for the
flash-evaporated CIGS thin films. Thin film samples were de-
posited by the modified flash evaporation technique onto glass
substrates, the temperature of selected samples was varied be-
tween room temperature and 200 C (Ref 6). These were com-
pared with spectra recorded from clean virgin glass substrates
and also with spectra recorded using the standard PAS tech-
nique. All the measurements were recorded at room tempera-
ture using a chopping frequency of 112 Hz and a photon energy
range of 0.7 to 1.4 eV. The final output was read by a personal
computer, which was also configured to control the monochro-
mator. The photoacoustic spectra were corrected to account for
the spectral distribution of the optical system, the cell geom-
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Fig. 2 Normalized transmission photoacoustic spectra of virgin glass
slide and CIGS thin films

etry, and the microphone response by normalizing the output
signal of the specimen to that of fine grain carbon black pow-
der. The optical transmission spectra were also obtained from
a Hitachi 2000 (Hitachi, Basking Ridge, NJ) double beam spec-
trophotometer in the wavelength range from 800 to 1800 nm.

Various postdeposition annealing regimes were adopted:
annealing in vacuum, annealing in an inert gas, annealing in an
ambient 9:1 mixture of N,/H,, and annealing in a Se atmo-
sphere. The influence of various temperatures in the range of
200 to 500 <C was investigated for 30 min. Two stage anneal-
ing was then used to optimize the general properties, in par-
ticular, the optical properties of the CIGS thin films.

3. Experimental Results and Discussion

Figure 1 details the photoacoustic amplitude data obtained
from the carbon black standard from which all other spectra of
single-crystal and thin-film samples were normalized. The av-
erage particle size of the standard carbon black powder was in
the range of 1 to 10 m, and the spectra was measured at room
temperature with a modulating frequency of 112 Hz in the
wavelength range of 800 to 1800 nm.

Figure 2 illustrates the normalized transmission photoacous-
tic spectra of as-grown CIGS thin films (approximately 1 pm
thick) as a function of photon energy Av. It can be seen that all
the spectra are dominated by defect levels both near the fun-
damental band edge as well as in the low photon energy range.
Because of the presence of one or more shallow defect levels
close to the band edge, the nature of the fundamental band-to-
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Fig. 3 Normalized transmission photoacoustic spectra of two stage
annealed CIGS thin films

band transition is difficult to establish as this region is extended
across a 300 meV photon energy range. This was not surprising
as the photoacoustic signal depends strongly on the structure
and uniformity of the sample. In the case of thin films grown
by flash evaporation for this work, the existence of voids and
grain boundaries, and deviation from the stoichiometry (Ref 6),
gave rise to these defects. The structural properties of the as-
grown samples showed a preferred orientation in the form of a
less intense and comparatively broad single (112) diffraction
line, and the grain size was found to be less than 0.2 wm. The
respective random Rutherford backscattering spectroscopy
(RBS) spectra of these samples further confirmed the observed
PAS results as they revealed a nonuniform composition
through the depth of the film (Ref 6). In contrast, the normal-
ized transmission photoacoustic spectra from the CIS and
CIGS single-crystal samples always showed the region near the
fundamental band edge to be free of defect states, therefore,
displaying a steep transition edge (Ref 7).

To confirm that these transition peaks in the normalized
transmission photoacoustic spectra are characteristic of CIGS
thin films, a virgin 800 pm thick cleaned glass slide was also
analyzed using the same setup. The normalized transmission
photoacoustic amplitude signal recorded in the same photon
energy range is plotted in Fig. 2 along with the spectra of thin
films. It can be seen that the response is almost flat with an
approximate 97% transmission across the energy range of in-
terest with no major absorption peaks observed. An almost
similar spectrum, to that of a cleaned glass slide, was observed
from high-quality (approximately 99%) thin film of indium tin
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Fig. 4 Room temperature plots of (a/v)? versus photon energy

oxide (ITO) prepared by electron beam evaporation (Ref 8).
These observations support the idea that the transitions in the
low photon energy range of the normalized transmission pho-
toacoustic amplitude signal of CIGS thin film are the charac-
teristic of the sample as they do not appear in the photoacoustic
amplitude spectrum of the virgin substrates.

The as-grown CIGS thin films when annealed under maxi-
mum Se vapor pressure at 300 C for 120 min followed by an
anneal in forming gas or Ar ambient at 200 °C for 30 min
revealed significant changes in the transmission photoacoustic
spectra. Figure 3 shows the resultant spectra of such CIGS thin
films. One can note that the transition edge for annealed sample
(CIGS-4) under forming gas ambient has fallen after that of the
film (CIGS-5) annealed under Ar ambient. This apparent shift
may be caused by the appearance of a broad dip at approxi-
mately 0.94 eV. Near the fundamental band edge the defect
related shallow peaks disappeared and a clear indication of the
band edge is now available. However, the peak position of the
defect structure in the low photon energy range remains unal-
tered. The changes observed in the transmission photoacoustic
spectra were found to be in good agreement with the improve-
ments in the physical properties of the annealed sample (Ref 9).
X-ray diffraction (XRD) spectrum showed a dramatic change
in the film structure as the characteristic peaks of the chalcopy-
rite structure appeared. The RBS spectrum of the sample also
confirmed improvements in the film uniformity and homoge-
neity as the excess surface indium was redistributed into the
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Fig. 5 Comparison of PAS and TPAS spectra of deep level transi-
tions in CIGS thin films

bulk along with the incorporation of selenium due to the an-
nealing process. An increase in the grain size and correspond-
ing decrease in the film resistivity have been measured together
with an enhancement in the film composition towards that of
the starting material. This indicates that the annealing process
has resulted in the redistribution of the atoms and many of the
defect states are annealed out.

The absorption coefficient calculated from the photoacous-
tic spectra of annealed CIGS thin films was used to determine
the energy band gap from the room temperature plots of (ahv)>
against the photon energy hv, and the representative curves are
shown in Fig. 4. By the extrapolation of curves to zero, the
measured energy band gap value (~1.202 eV) of samples an-
nealed in forming gas was found to be slightly higher than that
observed (~1.197 eV) for Ar annealed thin film. The observed
higher value of the energy band gap may arise for several
reasons including the measurement error (~0.5%), composi-
tional variations through the depth of the sample, or the ap-
pearance of some defect level. The possibility of this deviation
caused by variations in composition with sample depth can be
ruled out because the thickness of the sample in most of the
cases was of the order of 1 wm, which is very small compared
with the thermal diffusion length of 120 wm at the modulating
frequency of 112 Hz. This would allow all the light to pass
completely through the sample. Repeated transmission/
photoacoustic measurements of the sample showed the same
spectral behavior, therefore, the likelihood of measurement er-
ror can arguably be discarded. As discussed earlier, this ob-
served deviation of energy band gap can largely be attributed to
the appearance of a broad shoulder in the normalized transmis-
sion photoacoustic spectra (Fig. 5).

To compare the transitions observed in the low photon en-
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Fig. 6 Transmission spectra of CIGS thin films deposited at different
substrate temperature

ergy range from 0.7 to 1.10 eV, the normalized signal was
measured using the spectrometer in photoacoustic and trans-
mission modes and the acquired data is plotted in Fig. 5. In
both cases, seven different peaks (labeled as E, to E;) were
observed at approximately 0.75, 0.78, 0.816, 0.857, 0.895,
0.96, and 1.035 eV, respectively. In the case of transmission
photoacoustic spectra, these peaks are better resolved, indicat-
ing sharp transitions at their respective photon energy values.
However, in photoacoustic spectra, the transitions are less pro-
nounced, and some of the peaks (e.g., E, and E;) appear to be
a combination of two smaller peaks whose photon energy val-
ues are very close to each other. A similar type of spectrum was
observed from CIGS single crystals (Ref 10), however, the
intensity of the peaks was less in single crystal compared with
those observed in thin films. Because the peak positions are the
same in single crystals and thin films, their origin is also likely
to be the same and can be attributed to transitions from one
defect state to another, or transitions between defect states and
the conduction or valence bands (Ref 11).

Figure 6 shows the transmission spectra of CIGS thin films
deposited at various substrate temperatures. The spectrum of
the film deposited at room temperature is smeared with a maxi-
mum transmission level of approximately 40%. However, the
spectra representing films deposited at higher substrate tem-
peratures were sharp with a higher maximum level of trans-
mission approaching to 60%. These changes were found to be
in good agreement with enhancements in the physical proper-
ties of the samples deposited at higher substrate temperatures
or annealed after deposition (Ref 9, 12). This strongly indicates
that, at higher temperatures, processes involving redistribution
of atoms and the reduction of defects are occurring more rapidly.
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Fig. 7 Room temperature plots of (ahv)> versus photon energy of
polycrystalline CIGS films

In determining the respective energy band gap values of the
flash-evaporated CIGS thin film samples, (ahv)® was plotted
against the photon energy. Figure 7 shows the representative
curves obtained. Extrapolation of the curves down to a zero
(ahv)? level gave an energy value of 1.159 eV for the film
deposited at room temperature. This band gap value increased
as the substrate temperature was raised. The resultant shift was
1.175 eV for 100 °C and 1.194 eV for 200 °C. The band gap
value of 1.194 eV for films deposited at 200 °C substrate
temperature is in good agreement with the reported value (Ref
5, 11). The low band gap value for the film deposited at room
temperature appears to be linked to structural imperfections.
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The films deposited by such methods contain additional states
in the vicinity of the band edge caused by structural defects
within the grains and grain boundaries, causing a smaller
effective band edge. This behavior is consistent with results
from scanning electron microscopy, XRD, and Raman spectra
(Ref 9).

4. Conclusions

Photoacoustic spectrometry in transmission mode can pro-
duce identical results to those obtained using the standard pho-
toacoustic system or spectrophotometer, but the analysis of the
data from thin film samples is greatly simplified. An added
advantage of this new configuration is its ease of operation. In
the standard setup, each new sample has to be resealed before
spectra can be obtained. In transmission mode, the cell is ini-
tially filled with carbon black and then sealed for life. Each
new sample, regardless of its size, is simply placed on top of
the photoacoustic cell quartz window and the spectra obtained.
The calculated energy band gap values of flash-evaporated
CIGS thin films were found to be in good agreement with each
other as well as to those reported in the literature.
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