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Piezoelectric photoacoustic (PA) measurements on liquid-encapsu1ated-Czochralski-grown n
GaAs were carried out at room temperature. A continuous broad band below 1.35 eV
and a peak at 1.383 eV were observed in the PA amplitude spectra. By comparing with the
optical-absorption spectra, it is concluded that the broad band is due to the electron
transition involving the EL2· deep-lying defect levels. For the observed peak at 1.383 eV, the
origin is considered to be dislocation related. The possibility that this peak is an
apparent one expected from the proposed models for the PA signal generation is denied.

I. INTRODUCTION

Photoacoustic (PA) measurements have recently been
used to investigate physical properties of semiconductors. 1

One of the great advantages of a PA measurement is that it
is a direct monitor of a nonradiative relaxation channel.
Therefore, the PA technique may complement absorption
and photoluminescence (PL) spectroscopic techniques. A
piezoelectric PA measurement has been recently developed
by Jackson and Amer2 utilizing a piezoelectric transducer
(PZT) as a PA signal detector. Since the transducer has a
wide frequency response and can be used over a wide range
of temperature and pressure, the transducer method be
comes more useful for physical interest as well as industrial
requirements.3 By using the ZnO-sputtered film trans
ducer, Wasa, Tsubouti, and Mikoshiba have succeeded in
observing nonradiative deexcitation signals in the PA spec
tra of CdS by comparing with their PL spectra.4

Another advantage of PA measurements is that they
are sensitive enough to measure the very small optical
absorption coefficient {3 in a highly transparent medium.
Typical examples are investigations for the midgap states
of amorphous semiconductors. Since the conventional ab
sorption and reflection experiments cannot measure the
absorption coefficient {3 smaller than about 10 cm - 1, the
localized states removed from the Urbach's tail of amor
phous semiconductors are usually difficult to observe opti
cally. However, using PA spectroscopy, Caesar, Abkowitz,
and Lin detected low values of{3 as low as 10- 1 cm - I for
the amorphous Se thin films with thicknesses less than 20
[.Lm. 5 This fact indicates that the PA technique should be
quite useful in detecting low-optical-absorption coefficients
in such thin-film samples.

The two advantages discussed above indicate that the
PA measurements will be a useful tool for investigating the
deep-lying defect levels in GaAs such as EL2. These levels
usually involve nonradiative electron transitions due to the
strong electron-lattice interaction and their concentration
is very low, e.g., of the order of 1016 cm - 3for the EL2. We
have already reported the preliminary results of the PA
spectra of GaAs single crystals below room temperature,6

and we have considered that the observed peak below the
energy gap Eg is related to the dislocation densities. How-

ever, the possibility that the observed peak is an apparent
one has still remained. In this paper, we extensively discuss
the origin of the peak by adding further experimental re
sults and by taking into account the calculated spectra
using proposed models for the PA signal generation mech
anism.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The samples were cut from an unintentionally doped
lHype GaAs wafer grown by the liquid-encapsulated-Czo
chralski (LEC) method. The resistivity was of the order of
106 n em. The typical sample dimensions were 0.5XO.5
XO.05 cm3. The PZT detector was attached to the rear
surface of the sample with respect to the incident light
using a silver conducting paste to obtain good thermal and
mechanical contacts. The incident light from the grating
monochrometer was mechanically chopped at frequencies
ranging from 77 to 860 Hz. The experimental configura
tions of the sample and the detector have been reported in
detail previ6usly.3,7 Since the resonant frequency of the
PZT was 193 kHz, our experiments were carried out in
off-resonant conditions. The pellets cut from the wafer
were polished and lapped by using an alumina powder
(particle size of 0.3 [.Lm) to obtain thin samples for the
measurements of the sample thickness dependence of the
PA spectra. The chemical etching to obtain a mirrorlike
surface was carried out by immersing the sample in a
H2S04(3):HzOz(l):H20(l) solution and the etching rate
was 40 [.Lm/min.

The photoacoustic (PA) amplitude and the phase
spectra of n-GaAs at room temperature are shown in Figs.
1(a) and l(b), respectively, where the modulation fre
quency f was varied from 77 to 800 Hz. The thickness of
the sample was 530 [.Lm. The actually observed PA signal
voltages are of the order of a few tens of microvolts, and
are indicated in the ordinate. The PA amplitude signal
increases gradually with the incident photon energy hv and
has a distinctive peak at 1.383 eV followed by a dip at 1.40
eV. Hereafter, we refer to this peak as the A peak. Above
the hv of 1.40 eV, the amplitude signal rises steeply up to
1.42 eV and changes its slope more gradually. The energy
of this edge agrees well with- the energy gap Eg of GaAs,
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FIG. 1. (a) The photoacoustic (PA) amplitude and (b) the phase spec
tra of n-GaAs at room temperature where f = 77 Hz (dotted), 400 Hz
(dashed), and 800 Hz (solid curve), and L = 530 p.m. The absorption
spectra at room temperature are also shown by the dot-dashed curve in
the amplitude spectra.

1.42 eV, at room temperature. When the modulation fre
quency increases, the height of the A peak decreases as
1-0.7; however, the height above Eg decreases more grad
ually as 1-0

.
5

• Similar PA amplitude spectra have also
been observed for semi-insulating (SI) GaAs.6

The PA phase signal at 1= 77 Hz remains constant
below about 1.38 eV except a small dip near 1.36 eV as
shown in Fig. 1(b). Just above the energy of 1.38 eV, near
the A peak in the amplitude spectra, the phase is drasti
cally delayed by 180·. No phase shift was observed by the
further increase of hv above Eg. When the modulation fre
quency increases, the overall features for the PA phase
spectra are unchanged. However, the rigid shift of the
phase to the lower values is observed and the dip near 1.36
eV smears out.

Figures 2(a) and 2(b) show the PA amplitude and the
phase spectra, respectively, for the samples of different
thickness L at room temperature. The modulation fre
quency was set at 77 Hz. The PA amplitude and the phase
spectra for the 277-J.Lm-thick sample [dashed curve in Fig.

FIG. 2. (a) The PA amplitude and (b) the phase spectra for thin samples
of 277 p.m (dashed) and 139 p.m (solid curve). f was set at 77 Hz.

2(b)] is almost the same as that for the sample of L = 530
J.Lm in Fig. 1. However, the height of the A peak relative to
that of the higher-energy region above Eg decreases. For
the thinnest sample of L = 139 J.Lm, the A peak becomes
significantly small. The peak energy slightly shifts to the

. higher-energy side for the thinner samples. The difference
of the A-peak energy is about 5 meV between 530- and
139-J.Lm-thick samples. A pronounced decrease of the
phase signal appears for the 139-J.Lm-thick sample near 1.36
eV as shown in Fig. 2(b). This decrease of the phase cor
responds to the observed dip near 1.36 eV in the phase
spectra of Fig. 1(b) .

In the case for the spectra of Figs. 1 and 2, the PZT
detector was attached to the rear side of the sample surface
with respect to the incident light beam. Since the detector
geometry drastically influences the PA spectral shapes,2

the PA measurements were also carried out by using a
ring-shaped PZT transducer attached to the front surface
of the sample. The light beam was directed to the sample
surface through the annulus of the detector, and the detec
tor itself was shaded from the incident light. The results
are shown in Fig. 3. The observed PA signal is of the order
of a few microvolts which is about ten times smaller than
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III. DISCUSSION AND CONCLUSION

FIG. 3. The PA amplitude and the phase spectra when the detector was
attached to the front surface of the sample, where L = 550 f.Lm and! = 77
Hz.

v-(3[ - r exp( - KL)F(KL) - r exp(KL)F( - KL)

+rexp( -(3L)F(KL) +rexp( -(3L)F( -KL)

- exp( -KL)F( - (3L) + exp(KL)F( - (3L)]

X {({32- K 2 )[exp( - KL) - exp(KL) n-1, (1)

F(m) = [exp(m) - l]1m±6[(l + m12)

- exp(m)( 1- m12) ]1m2
• (2)

The plus sign is valid when the detector is away from the
incident beam, Le., the detector is attached on the rear side
of the sample. When the detector is on the front side of the
sample, one should use the negative sign. The surface con
duction from the sample to the surroundings was supposed
to be negligible. In Eq. (l), K 2 = iwlA and r = (31K, where
A. is the thermal diffusivity, ill = 21Tf and P= - 1. The
thermal diffusivity A. is defined by KlpC, where p is the
density, K the thermal conductivity and C the specific heat.
In the present case of GaAs, we use the parameters p

3= 5.32 g/cm , K = 0.46 WIcm K, and C = 0.35 Jig K for
the calculation.

By using Eq. (l) and the physical parameters for
GaAs, the expected PA spectrum as a function of the op
tical-absorption coefficient {3 is easily calculated. However,
the PA signal as a function of the incident photon energy

where

elastic waves propagate through the sample. The piezoelec
tric PA technique is intended to detect these waves simul
taneously. Since the disk-shaped PZT detector is attached
to the rear side of the sample in our experiments,6 there is
a possibility that an apparent maximum appears in the PA
spectra.2 We discuss this possibility in detail to investigate
the PA signal generation mechanism.

,The theory of a piezoelectric PA spectroscopy has been
developed by Jackson and Amer? When the light is inci
dent on the center of the platelet sample, the temperature
of the illuminated volume increases and leads to an expan~

sion of that region as well as an outflow of heat. In the case
of a weakly absorbing solid, the incident light is transmit
ted through the sample and the heat is generated in the
entire region of the sample. The enlargement of the central
illuminated region causes the general expansion of both the
front and the rear surface of the sample. In the case of
strongly absorbing solids, however, the light beam is com
pletely absorbed in the illuminated thin surface layer.
Then, the heat generated in this region decays spatially
along the thickness of the sample. Consequently, the front
position of the sample expands more than the rear, result
ing in a bending of the sample. Such bending compresses
the rear surface and opposes the general expansion. There
fore, when the PA spectra are measured near the optical
absorption edge, the PA spectral shape should be strongly
affected by the detector geometries.

Assuming that the pyroelectric effect is negligible and
the sample is thick compared to the PZT transducer and
the transducer is relatively compliant, the observed PA
voltage by the detector is given by2
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3
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that in Figs. l(a) and 2(a). The peak in the amplitude
spectra is also observed in this detector geometry: The peak
is observed at 1.392 eV and is slightly shifted to the higher
hv region. The phase advances about + 40· across Eg con
trary to that in Figs. 1(b) and 2(b), where the phase is
always delayed about 180·.

As shown in the PA amplitude spectra in Figs. l(a),
2(a), and 3, the PA signal in the lower-energy region be
low about 1.35 eV monotonously increases with hv and
merges into the tail of the A peak. The similar continuous
absorption band below Eg has also been observed for the SI
LEC-grown GaAs by ir-absorption measurements at 9 K
by Fischer,S who concluded that this absorption is due to
the EL2 deep levels. Since the absorption coefficient {3 due
to the EL2 defects is expected to be lower than 10 cm - \
the product {3L becomes 0.5 when the sample thickness is
about 500 f-Lm. This is in the region where the linear de
pendenceof the PA signal on {3 would be expected.2 This
means that the observed signal in the PA spectra below the
A-peak reflects directly the absorption spectra. Therefore,
we conclude that the broad band below 1.35 eV in the PA
amplitude spectra is due to the transitions involving the
EL2 centers. It should be emphasized here that the low
density of EL2 could be observed for the thin samples less
than 500 f-Lm using PA measurements. Usual transmittance
measurements require a sample a few mm thick to detect
such low levels of the absorption coefficient and such thick
samples are difficult to prepare. A detailed discussion, es
pecially in the lower-hv region below 1.2 eV, will be pro
vided elsewhere.

We have already reported the PA amplitude spectra of
81 GaAs and have assigned the observed peak at 1.38 eV to
the transitions concerned with the dislocations.6 However,
an alternative explanation of the A peak still seems to be
possible. When the heat is generated in the solid samples
by the nonradiative deexcitation process, the thermal and
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proportional to {3 for the small value of{3 and is saturated
for the higher values of {3. No maximum appears. The
phase delays from + 90 to + 3D· with the increase of {3
across Ego For the spectra off= 800 Hz and L = 500 J.Lm,
a distinctive maximum and dip occurs at 1.365 and 1.375
eV, respectively. Hereafter we refer to this maximum as an
apparent maximum. The appearance of the maximum and
the dip is caused by the bending of the sample when the {3
increases as discussed qualitatively above. The incident
light is completely absorbed in thin surface layer of the
sample. The energies hv at the maxima and the dips in the
calculated PA amplitude spectra do not change drastically .
with a change in f. However, a small but finite change of
the energy of the maximum is observed by changing the
sample thicknesses L and is estimated graphically from the
calculated curves. Although the height of the maximum
relative to that above Eg almost remains constant, the
depth of the dip becomes deeper when f and L increases.
The phase changes near the apparent maxima become
more steep when f and L increase.

In the experimentally observed PA amplitude spectra
in Fig. 1(a) for L = 530 f.Lm and f = 77 Hz, the large A
peak at 1.383 eV was observed. Since no maximum appears
in the calculated spectra for these f and L, the presence of
the A peak in the experimental results is curious. However,
we suppose here conventionally that the A peak always
appears even for low f and small L in order to discuss the
shifts of the observed peaks and dips. Accordingly the ap
pearances of the A peak in Figs. 1(a) and 2(a) can be
expected in the calculated curves, even when the optical
absorption coefficient {3 monotonously increases with hv.
The sudden decrease of the signal phase with increase ofhv
near the dip in the amplitude spectra is also expected. The
energy of the A peak in Fig. 1(a) is almost unchanged with
f within our experimental error and this fact agrees with
the calculated curves in Fig. 4 (a). The phase change in
Fig. 1(b) is also well interpreted by the present model
calculation. However, one significant disagreement be
tween the model and the experimental results remains.
This is for the frequency dependence of the heights of the
A peak. They are larger than that above Eg at low f and
become smaller when f increases from 77 to 800 Hz as
shown in Fig. I (a). This variation of the peak height with
f could not be interpreted by the present model using Eq.
(1). Details are discussed below.

The effect of the sample thicknesses L on the PA am
plitude and the phase spectra were also calculated. The
results show that the energies of the maxima and the dips
shift toward the lower-energy region when the sample
thickness L increases. From the graphical analysis of dif
ferent L as shown in Fig. 4, the energy shift of the A peak
can be estimated as 0.015 eV between 530- and 139-f.Lm
thick samples. The height of these apparent maxima do not
change drastically with L and the PA amplitude signals
always saturate in the higher value of{3. In theexperimen
tal results in Figs. I (a) and 2(a), the A peak appears at
1.383, 1.384, and 1.388 eV for 530-, 277-, and 139-f.Lm
thick samples, respectively. Since our observed shift of
0.005 eV is considerably smaller than the expected value,
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hv would be preferable for comparing the present model
with the experimental results. The absorption spectra near
the energy gap Eg of GaAs has been reported by Moss and
Hawkins.9 Their results are reproduced in Fig. 1(a) by the
thin dot-dashed curve. The {3 at Eg is of the order of 103

cm ~. 1. Below the energy gap, {3 vs hv is well interpreted by
the exponential behavior (so-called Urbach's tail) down to
{3 around 2 cm - 1. Therefore, the expected PA spectrum as
a function of hv was deduced by using Eq. (1) and sup
posing that log {3 is proportional to hv. The parameters of
the Urback's tail were evaluated to obtain a best fit to the
absorption spectra9 below Eg in Fig. 1(a).

We have calculated the expected PA signal versus hv
by changing the modulation frequency f and the sample
thickness L from 77 to 800 Hz and from 100 to 500 f.Lm,
respectively. Typical calculated PA amplitude and the
phase spectra as a function of hv are shown in Figs. 4(a)
and 4(b), respectively. The PZT detector was supposed to
be at the rear side of the sample. The amplitude spectra
were normalized at high values of {3 above Ego The PA
amplitude signal for f =77 Hz and L = 500 f.Lm is directly

2411 J. Appl. Phys., Vol. 71, No.5, 1 March 1992 Ikari et al. 2411



+180r---------------,

f= 800Hz, L= 500}Jm

, :::l

01 - , 'to
<II \

\ ~'"0 \
, --I

, <II
I

f "0I
<II 0 I I ::l
III I I .....
<1l

I I
\ I a.

J::. En. , ,, , <{,-----------
<{ , <{
n. I n.

I --frontI, I ---- rear,-I

1.42

FIG. 5. The calculated PA amplitude and the phase spectra, where the
detector is at the front side of the sample (solid curves): L = 500 pm and
f = 800 Hz. The calculated spectra for the rear surface detector are also
shown by the dashed curve to aid in comparison.

the peak shift with the sample thickness could not be well
explained by the present model.

We consider here again the variations of the height of
the A peak with f and L. One of the critical assumptions in
deriving Eq. (1) is that the pyroelectric effect was not
taken into account. This effect may also be important in
understanding the peak height variations. In the case
where only the generated heat caused by the absorption of
light was detected directly by the transducer at the rear
side of the sample, we can alternatively apply the
Rosencwaig and Gersho modello to explain the experimen
tal results. The results of the calculations show that the
apparent maximum can also be expected for high values of
Land f as in the case of Jackson and Amer's model. The
peak height increases with increases of Land f. Although
the increase in peak heights with the increase of L can be
expected from this alternative model, their f dependence
still disagrees with the experimental results. The peak
heights become smaller with f in our observed results.

The PA amplitude and the phase spectra of different
detector geometry, where the piezoelectric transducer is at
the sample front surface toward the incident light, are cal
culated by using Eq. (1) and the results are shown in Fig.
5. The typical case of f = 800 Hz and L = 500 fLm is
drawn in the figure. The calculated spectra for the back
surface detector geometry were also shown in the figure by
the dashed curve to aid in comparison. When the detector
is at the front surface of the samples, the calculated spectra
show that the PA signal amplitude monotonously increases
and saturates with the increases of hv. No apparent max
imum appears. The phase slightly advances with the in
crease of hv and the phase shift is about + 10°. However,
in the experimental results as shown in Fig. 3,a distinctive
peak evidently appeared at 1.392 eV and the phase delayed
prior to the adYance above 1.40 eV. According to the cal
culated curves by using Eq. (1), no such peak and no delay
of the phase are expected. If this peak is supposed to be an
apparent maximum as in the case when the detector was at

the rear side of the sample, the complex signal generation
mechanism should be necessary to interpret the origin of
this peak.

From the discussions above, it is concluded that the
observed A peak in the PA spectra could not be interpreted
by any of the proposed models for the PA signal generation
mechanisms. This suggests that the A peak is not an ap
parent maximum but has a physical origin. In the previous
report on the PA spectra of SI GaAs,6 we suggested that
the peak height increases with the etch pit densities (EPD)
of the samples, which may be proportional to the disloca
tion densities. Although we have never carried out PA
measurements for samples with different EPDs in a wide
range of variety, the dislocations in the crystal may play an
important role in PA signal generation.

In the previous report, we also showed the PA spectra
measured at low temperatures, at 181 and 91 K.6 When the
samples were cooled down, the height of the A peak in
creased drastically compared with the signals far above Eg
in the experimental results. We have also tried to calcu"
lated the expected PA spectra at low temperature by using
Eq. (1) to investigate the variation of the spectral shape
with temperature. The temperature dependence of the ab
sorption coefficient is included in the experimental factor
of the Urback's tail discussed above. The slope of log f3 vs
hv becomes steeper when the temperature decreases. I I We
have calculated the PA spectra by using the exponential
dependencies of the absorption spectra and Eq. (1), and
we have found that the calculated height of the apparent
maxima never change with a decrease in temperature down
to about 5 K. This is contrary to our experimental results:
The observed height of the A peak drastically changed
with the temperatures. Thus, the proposed model cannot
explain the results. If the A peak has a physical origin, e.g.,
due to the localized electronic states in the energy band
gap, the thermally activated behavior of the peak height
can be expected, and the peak height may drastically
change with temperature as in the case observed in the
experimental results.

Another indication that the A peak is not an apparent
one can be seen in our previous report of the PA spectra for
layer semiconductors InSe, GaSe,1 and BiI3,3 which have
absorption coefficients from 103 to 105 cm - I at the exciton
peaks. No peak has ever been observed in the room-tem
perature PA spectra. The PA signal monotonously in
crease with hv and saturates far above Eg- Since GaAs has
a f3 of the order of 103 cm - 1 just above E8' a similar
spectrum as that for the layer semiconductors may be ex
pected; no apparent maximum will be seen.

In conclusion, we have obtained the PA amplitude and
the phase spectra of n-GaAs by changing the modulation
frequencies f and sample thicknesses L. We concluded that
the observed broad band below 1.35 eV in the PA spectra
is due to the electron transitions involving the EL2 deep
defect levels by comparing with the optical-absorption
spectra. As for the A peak at 1.383 eV in the PA amplitude
spectra, we have done some. model calculations as pro
posed by Jackson and Amer, where the piezoelectric de
tector is attached to the rear side of the sample. Although
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the observed shift of the A-peak energy by changing the
sample thickness L has the same sign as that estimated
from Eq. (1), their values are quite different, and the vari
ation of the A-peak height with f and L exhibits an oppo
site tendency between the experimental results and the the
oretically expected curves. Accordingly, we consider at the
present time that the A peak is not an apparent one but has
a physical origin. Further investigations are now proceed
ing to understand what gives rise to the A peak in the PA
spectra of GaAs.
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