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Piezoelectric photoacoustic studies of optical recovery of metastable states
related to EL2 and EL6 levels in semi-insulating GaAs
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Effect of secondary-light illuminations ofhn50.9 and 1.45 eV on photoquenched and photoenhanced states
in semi-insulating GaAs are investigated using piezoelectric photoacoustic~PPA! measurements at 80 K. It is
found that the secondary-light illuminations of 0.9 and 1.45 eV cause an optical recovery of the PPA signal
from EL2* to EL20. We observed an appearance of a broad band at 0.8–1.0 eV in the PPA spectrum after the
secondary-light illumination of 0.9 eV. The most important finding is that the PPA spectra after the secondary-
light illumination of 0.9 eV both on the photoquenched and on the photoenhanced states are the same in the
whole photon-energy region. We conclude that the secondary-light ofhn50.9 eV induces both an optical
recovery and a generation of metastable state of the EL6 level at the same time. The different rates for the
transformation of these two processes explain well the observed complex natures of the PPA signal under the
secondary-light illumination.@S0163-1829~98!04343-4#
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I. INTRODUCTION

Piezoelectric photoacoustic~PPA! spectroscopy has re
cently been used for investigating physical properties
semiconductors. One of the great advantages of the P
spectroscopy is that it is a direct monitor of the nonradiat
recombination processes. The other advantage is that
PPA spectroscopy is sensitive to a very small optical abs
tion coefficient in a highly transparent sample. The prese
of these two great advantages indicates that PPA spec
copy would be a very useful tool for investigating deep le
els in GaAs. In our previous papers, we reported that
electron transition involving EL2 in a semi-insulating~SI!
GaAs sample could be observed by using P
measurements.1,2 The usefulness of the PPA technique f
the characterization of the deep levels were also dem
strated.

Deep-lying defect level EL2 is known to be a domina
donor to accomplish a SI nature of GaAs substrate for la
scale integration applications. Since EL2 transforms to
metastable state by the monochromatic-light illuminat
about 1.1mm at the low-temperature, so-called photoquen
ing effect,3 its electronic structure has been extensively st
ied. One of the commonly accepted properties about
metastable state (EL2* ) is that the initial state before pho
toquenching (EL20) can be revived after annealing th
sample above 130 K. In addition, the existence of an opt
recovery from EL2* to EL20 was observed in SI samples b
Manasreh and Fischer.4 Although they reported that photon
around 0.9 eV and/or ranging from 1.4 to 1.51 eV enable
to resume EL20 partly, to our knowledge, no thorough dis
cussions were carried out yet.

Jiménez, Alvárez, and Bonnafe´5 reported a very strong
enhancement of the photocurrent~EPC! by the prolonged
monochromatic-light illumination about 1.1mm after photo-
quenching of EL2. They concluded that EPC was attribu
to the EL6 level that is ubiquitous in bulk GaAs. They al
PRB 580163-1829/98/58~19!/12868~8!/$15.00
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reported an additional optical quenching of EPC by t
secondary-light illumination ofhn50.9 eV.6 However, to
our knowledge, EPC and its optical quenching in the pho
conductivity measurements have never been confirmed
other experiments.

We have already reported that there are two kinds
photoinduced states of the PPA signal in SI GaAs after
quenching-light illumination ofhn51.12 eV at 80 K.7 One
is the quenched state generated by a short period illum
tion. The other is the enhanced state attained by a prolon
illumination. Since we will report on the effect of th
secondary-light illumination on these two photoinduc
states, we briefly review the previous results to make cl
the current discussions. In this paper, we refer to these
photoinduced states asQ and E states, respectively. Both
states were effectively generated when the quenching l
was set in the similar photon-energy region from 1 to 1.2 e
The typical PPA spectra of the state before the quench
light illumination, referral to as theN state, and those of the
two photoinduced states are shown in Fig. 1. A hump ab
1.0 eV up to the band-gap energy (Eg51.51 eV at 77 K! is
observed in the PPA spectrum of theN state as shown by the
solid curve. We concluded in our previous papers that t
hump was caused by the electron nonradiative transiti
involving the EL2 level.1,2 Vanishing of this hump occurs by
the quenching-light illumination for a short period of 2 or
min because of the photoquenching effect of EL2~Q state,
shown by the broken curve!. The E state produced by the
quenching-light illumination for a long time shows a wid
band over the range from 0.6 to 1.4 eV as shown by
dotted curve in the figure. We refer to this wide band as
E band.

A typical time dependence of the PPA signal during t
quenching-light illumination is shown in Fig. 2. After th
sample was cooled down to 80 K in the dark, the quench
light illuminated on sample. The PPA signal intensity athn
51.12 eV was recorded as a function of illumination tim
12 868 ©1998 The American Physical Society
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As shown in Fig. 2, the time-dependent PPA signal sho
the complex feature specified by three states as labeled in
figure. The PPA signal intensity at this photon-energy reg
in GaAs is considered to be proportional to the absorpt
coefficient and to the total EL2 concentration.7 A decrease of
the PPA signal due to photoquenching of EL2 is obser
for a short period of 2.5 min. This state corresponds to thQ
state in Fig. 1. Strong enhancement of the PPA signal a
fully photoquenching is observed by the prolong
quenching-light illumination. If the temperature of th
sample was kept at 80 K both photoinduced states were q
stable. TheN state could be obtained by heating the sam
in the quenched and/or enhanced states above 130 K
subsequent cooling down to 80 K. This means that a ther
recovery from theQ and/or E states to theN state occurs
around this temperature.

The presence of the deep donor EL6 level and its m
stable state EL6m were proposed to explain theE state of the
PPA signal. EL6 donates electrons to compensate a pa
the carbon acceptor after the EL20 to EL2* transformation is
accomplished. In this situation, positively ionized EL61 can
transform to metastable EL6m, which becomes optically ac

FIG. 1. The typical PPA spectra of theN, Q, andE states at 80 K.

FIG. 2. The typical time-dependent PPA signal at 1.12 eV d
ing the quenching-light illumination ofhn51.12 eV. The PPA sig-
nal shows the complex feature specified by three states as labe
the figure.
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tive by the quenching-light illumination for a long time. Th
nonradiative recombinations of photoexcited electrons fr
the valence band~VB! and/or from the compensated carbo
acceptor to EL6m take place. These nonradiative recombin
tions are detected as theE band in the PPA spectrum of th
E state.

In this paper, we report the effects of the secondary-li
illuminations of hn50.9 and 1.45 eV on the two photoin
duced states observed in the PPA spectra at low tempera
from a nonradiative recombination point of view. Optic
recovery from EL2* to EL20 was observed by illuminating
the secondary light with photon energy ofhn50.9 and/or
1.45 eV. In addition, we also observed an appearance
broad band at 0.8–1.0 eV in the PPA spectrum after
secondary-light illumination of 0.9 eV on both photoinduc
states. The most important finding was that the PPA spe
after the secondary-light illumination ofhn50.9 eV on both
photoinduced states were the same in the whole pho
energy region. We concluded that the secondary light
hn50.9 eV induced both an optical recovery and generat
of metastable state of the EL6 level. The different rates of
transformations for these two processes explain well the
served complex natures of the PPA signal under
secondary-light illumination.

II. EXPERIMENTAL PROCEDURES AND RESULTS

Two samples were prepared from carbon-concentra
controlled SI GaAs wafers grown by a liquid-encapsula
Czochralski ~LEC! method. The carbon concentrations
samples 1 and 2 were 1.1 and 0.431016 cm23, respectively.
The total EL2 concentrations in the two samples were
same at (1.2– 1.4)31016 cm23. Since these wafers wer
thermally treated by a three-stage annealing method,8 a mini-
mum amount of irrelevant intrinsic defects was expect
Details of the experimental setups for the PPA measurem
are reported elsewhere.9 The quenching and the seconda
light were provided from a monochromator with an extern
150-W halogen lamp. The photon energy of the quench
light was set at 1.12 eV, while that of the secondary lig
was set at 0.9 or 1.45 eV. The illuminations were carried
at 80 K. We hereafter refer to the step of the secondary-li
illumination for 30 min at 80 K as the SLI.

A sequence of measuring an effect of the SLI ofhn
50.9 eV on theQ state is shown in Fig. 3. After the samp
was cooled down to 80 K in the dark, the quenching light
1.12 eV was illuminated on the sample for 2.5 min to tran
form the sample to theQ state and was then cut off~curve 1
in Fig. 3!. Next, SLI of hn50.9 eV was carried out with
keeping the temperature of the sample at 80 K~curve 2 in
Fig. 3!. At this time, both the probe and the secondary lig
were set at the photon energy of 0.9 eV. Finally, the tim
dependent PPA signal intensity at 1.12 eV was measu
again with illuminating the quenching light. The result
shown by curve 3 in Fig. 3. The PPA signal intensity ha
value of that in theN state first and exhibits the photo
quenching and following enhancement as in the case of
2. This experimental result implies that the secondary li
with photon energy of 0.9 eV causes an optical recov
from theQ state to theN state.

In the same way as theQ state, the effect of the SLI of 0.9

-
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eV on theE state was measured. A sequence is shown in
4. The quenching light was first illuminated on the sam
for 15 min to transform to theE state~curve 1 in Fig. 4!. The
secondary light with photon energy ofhn50.9 eV was illu-
minated on the sample for 30 min~curve 2 in Fig. 4!. The
time dependence of the PPA signal intensity at 1.12 eV w
then measured as a function of the quenching-light illumi
tion time and the result is shown by curve 3 in Fig. 4. R
covery of the PPA signal to theN state at 1.12 eV and fol
lowing photoquenching and enhancement of the PPA sig
are observed. This is the same as that in the case on tQ
state. This implies that an optical recovery from theE state
to theN state occurs by the SLI of 0.9 eV.

The time dependences of the PPA signal under
quenching-light illumination from theN state~curve 1 in Fig.
3! and optically recovered states from theQ state~curve 3 in
Fig. 3! and from theE state~curve 3 in Fig. 4! by the SLI of
0.9 eV are replotted in Fig. 5 to compare with each other.
the optically recovered states, photoquenching and enha

FIG. 3. A sequence of measuring the effect of the SLI of 0.9
for theQ state at 80 K. After the sample was cooled down to 80
in the dark, the quenching light of 1.12 eV was illuminated for 2
min to transform the sample to theQ state ~curve 1!. Next, the
secondary light ofhn50.9 eV was illuminated for 30 min with
keeping the temperature at 80 K~curve 2!. Finally, the time-
dependent PPA signal at 1.12 eV was measured again with illu
nating the quenching light~curve 3!.

FIG. 4. A sequence of measuring the effect of the SLI of 0.9
for theE state at 80 K. The same manner was used as in the cas
the Q state. The quenching light of 1.12 eV was illuminated for
min to transform the sample to theE state~curve 1!.
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ment by the quenching-light illumination occur faster th
that for theN state. It is also found that signal intensities
theQ state in two curves after the SLI of 0.9 eV~broken and
dotted curves! are larger than that in theN state~solid curve!,
while the signal intensities at theE state in three curves ar
the same.

The effect of the SLI ofhn50.9 eV on the PPA spectrum
of the Q state was also measured. The sample was
cooled down to 80 K in the dark and underwent to theQ
state by the quenching-light illumination for 2.5 min. Nex
the SLI ofhn50.9 eV was carried out with keeping the tem
perature at 80 K. Finally, the PPA spectrum was measure
a function of photon energy of the probe light ranging fro
0.6 to 1.45 eV. It was also confirmed that there was no eff
of the probe light during the spectrum measurements.
probe light did not cause any further transformation on
states. The result is shown in Fig. 6 by the open circles.
shown in the figure, a broad band at 0.8–1.0 eV and a hu

i-

for

FIG. 5. The time dependences of the PPA signal under
quenching-light illumination from theN state~curve 1 in Fig. 3!,
the Q state after the SLI of 0.9 eV~curve 3 in Fig. 3!, and theE
state after the SLI of 0.9 eV~curve 3 in Fig. 4! are replotted again
in Fig. 5.

FIG. 6. The PPA spectra after the secondary-light illuminat
of 0.9 eV on theQ andE states for 30 min. A broad band at 0.8–1
eV and a hump above 1.1 eV up to the band-gap energy are
served. The PPA spectra of theN, Q, andE states at 80 K are also
shown.
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above 1.1 eV up to the band-gap energy appear. The
spectra of theN andQ states are also shown in the figure f
the sake of comparison. It seems that the PPA spectrum
the higher photon-energy region above 1.1 eV almost
cover to that of theN state by the SLI of 0.9 eV on theQ
state. However, the broad band at 0.8–1.0 eV appears in
lower photon-energy region. We hereafter refer to this bro
band as theA band. It was found that after the sample w
annealed at 130 K for a few min and was subseque
cooled down to 80 K, theA band completely vanished an
the PPA spectrum of theN state was obtained again.

The PPA spectrum after the SLI of 0.9 eV on theE state
for 30 min was also measured in the same manner with
case for theQ state. The result is shown in Fig. 6 by the op
triangles. The PPA spectrum of theE state is also shown in
the figure by the dotted curve. In Fig. 6, a hump above
eV up to the band-gap energy appears in the higher pho
energy region. An optical recovery from theE state to theN
state may occur partly in the higher photon-energy reg
above 1.1 eV by the SLI of 0.9 eV. A broad band at 0.8–
eV is still observed in the lower photon-energy region a
the intensity and the spectral width are small compared w
that of theE band in the PPA spectrum of theE state. Al-
though the spectral shape is similar to that of theA band, we
label this broad band at 0.8–1.0 eV as theB band. It was
found that after the sample was annealed at 130 K for a
min and was subsequently cooled down to 80 K, theB band
completely vanished and the PPA spectrum showed thN
state. It is found from Fig. 6 that the PPA spectra after
SLI of 0.9 eV on theQ and E states are the same in th
whole photon-energy region.

The effect of the SLI was also measured when the s
ondary light is set at the photon energy of 1.45 eV. T
experimental procedures were the same as that when the
ondary light was set at 0.9 eV. The sample was first coo
down to 80 K in the dark and underwent to theQ or E state
by the quenching-light illumination for respective tim
Next, the SLI of 1.45 eV on theQ or E states was carried ou
with keeping the temperature at 80 K. After that, the tim
dependent PPA signal intensities at 1.12 eV and the P
spectra as a function of photon energy of the probe li
ranging from 0.6 to 1.45 eV were measured. The tim
dependent PPA signal after the SLI of 1.45 eV on theQ and
E states are shown in Fig. 7 by the open circles and triang
respectively. The PPA signal after the SLI of 1.45 eV on
Q state starts from the midvalue smaller than that of theN
state. This means that theQ state is not completely recovere
by illuminating the secondary light of 1.45 eV. On the co
trary, no effect of the SLI of 1.45 eV on theE state can be
observed. The PPA signal intensity remains constant e
after the SLI of 1.45 eV.

The effects of the SLI of 1.45 eV on the PPA spectra
the Q and E states are shown in Fig. 8. The PPA spectr
above 1.1 eV is slightly increased by the SLI of 1.45 eV
the Q state for 30 min as shown by the open circles. T
PPA spectra of theN andQ states are shown by the solid an
broken curves, respectively. This result is in agreement w
the result in the time-dependent PPA measurement in Fig
The value att50 after the SLI of 1.45 eV on theQ state is
slightly larger than the value of theQ state. On the contrary
the PPA spectrum of theE state is not influenced by the SL
A
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of 1.45 eV for 30 min. The spectrum is the same as tha
the E state as shown by the open triangles. This is also c
sistent with the result of the time-dependent PPA meas
ments shown in Fig. 7.

III. DISCUSSIONS

We could observe the effects of the SLI of 0.9 eV or 1.
eV on two photoinduced states by measuring the tim
dependent and spectral PPA signals. As we have reporte
our previous paper,7 two photoinduced states are due
metastable transformations of EL2 and EL6, respectively.
clarify the effects of the SLI on these defect levels in mo
detail, we will first discuss the SLI on theQ state.

A. Secondary-light illuminations on the Q state

From the time-dependent PPA measurement, as show
Fig. 3, a recovery of the PPA signal intensity at 1.12 eV to

FIG. 7. The time-dependent PPA signal of 1.12 eV after
secondary-light illumination of 1.45 eV on theQ andE states for 30
min. The PPA signal intensity increases from a value of theQ state.
On the other hand, the secondary-light illumination of 1.45 eV d
not affect theE state. The PPA signal intensity shows a value of t
E state even after the secondary-light illumination for 30 min
shown by the open triangles.

FIG. 8. The PPA spectrum after the secondary-light illuminat
of 1.45 eV on theQ state for 30 min. An optical recovery of th
PPA signals are observed.
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value the of theN state is observed by the SLI of 0.9 eV o
theQ state. In Fig. 6, the PPA spectrum is also recovered
that of theN state after the SLI of 0.9 eV on theQ state.
These experimental results imply that the secondary l
with a photon energy of 0.9 eV causes an optical recov
from theQ state to theN state. We have already reported th
the PPA signals below the band-gap energy region in thN
state are caused by the nonradiative recombinations of e
trons involving the EL2 level, and that theQ state is the
result of the photoquenching of EL2.1,2 Therefore, the in-
crease of the PPA signals above 1.1 eV implies that an
tical recovery from EL2* to EL20 occurs by the SLI of 0.9
eV on theQ state at 80 K.

When the secondary light was set at the photon energ
1.45 eV, an optical recovery also occurred. In Fig. 7,
PPA signal after the SLI of 1.45 eV on theQ state increases
to about 20mV. When the quenching light is further illumi
nated, the PPA signal begins to decrease due to the ph
quenching of EL2. This partial recovery of the PPA spe
trum from theQ state is also shown in Fig. 8 by the ope
circles. The PPA spectrum has almost the same shape a
1.1 eV as that of theN state. A complete recovery of theN
state was accomplished by heating the sample at 130 K f
few min and was subsequently cooled down to 80 K. A
though the effectiveness of the optical recovery is sma
than in the case of 0.9 eV, we consider that the optical
covery from theQ state occur certainly when the photo
energy of the secondary light is set at 1.45 eV.

Manasreh and Fischer reported by using infrared opt
absorption measurements that a partial optical recovery f
EL2* to EL20 occurred by the monochromatic-light illum
nation ofhn50.9 eV and/or ranging from 1.4 to 1.51 eV.4 It
is noted here that the observed features of the optical re
ery in our PPA measurements are similar to those obse
in the infrared optical-absorption measurements except
the appearance of theA band. Although the signal-generatio
mechanisms are different among the two experiments, it
be considered that the effects of the SLI on the pho
quenched state may be the same. Therefore, we conclude
the secondary-light illumination of 0.9 and/or 1.45 eV on t
Q state for 30 min at 80 K causes an optical recovery fr
EL2* to EL20. It is found from the present experiment
results that the light with photon energy of 0.9 eV is mo
effective than in the case of 1.45 eV. To our knowledge, t
is the first time that an optical recovery of EL2 from i
metastable state is observed from a nonradiative recomb
tion point of view.

It is noted that theA band appeared in the PPA spectru
after the SLI of 0.9 eV is not observed in the PPA spectr
of the N or Q state. In addition, when the secondary light
set at 1.45 eV, theA band does not appear. If the sample w
heated to 130 K and subsequently cooled down to 80 K,
A band vanished and the sample showed the PPA spec
of the N state. These experimental results cannot be
plained by simply supposing that the SLI of 0.9 eV causes
optical recovery of EL2 as discussed above. It seems tha
SLI of 0.9 eV on theQ state produces a subsidiary effec
Since the similar broad band is also observed after the SL
0.9 eV on theE state, we will discuss below about the tw
broad bands in more detail.
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B. Secondary-light illumination on the E state

We next discuss the effects of the SLI of theE state. A
recovery of the 1.12 eV PPA signal intensity to a value of t
N state is observed by the SLI of 0.9 eV on theE state as
shown by curve 3 in Fig. 4. After the recovery, the PP
signal at 1.12 eV shows the typical time dependence of
photoquenching and following enhancement by the conti
ous quenching-light illumination. This experimental res
suggests that an optical recovery to theN state also occurs
even from theE state by the SLI of 0.9 eV. Indeed, the PP
spectrum after the SLI of 0.9 eV on theE state shows the
optical recovery to that of theN state in the higher photon
energy region above 1.1 eV as shown in Fig. 6. We ha
already reported in our previous paper7 that when the sample
is in the E state, two metastable states of EL2* and EL6m

exist. Therefore, it is necessary to consider the effects of
SLI on both EL2* and EL6m at the same time. As discusse
above, EL2* can optically recover to EL20 by the SLI of 0.9
eV or 1.45 eV on theQ state. Since the PPA signal after th
SLI of 0.9 eV on theE state shows the same time depe
dence as that of theN state~shown by curve 3 in Fig. 4!, an
optical recovery to theN state should occur. Therefore, w
can consider that optical recoveries both from EL2* to EL20

and from EL6m to EL61 occur at the same time by the SL
of 0.9 eV on theE state. In the lower photon-energy regio
below 1.1 eV, theB band appears after the SLI of 0.9 eV o
the E state. This band cannot be observed in the PPA sp
trum of theN state. If the optical recovery of both EL2 an
EL6 are completely accomplished, the spectrum should
show theB band. Since the thermal recovery above 130
always change the spectrum to that of theN state, the presen
optical recovery to theN state may not be completed.

On the other hand, when the secondary light is set at
photon energy of 1.45 eV, the PPA signal in theE state
remains unchanged by the SLI as shown in Fig. 7~the open
triangles!. If the sample was annealed at 130 K for a few m
and was subsequently cooled down to 80 K, the PPA sig
showed the same time dependence as that of theN state. The
PPA spectra before and after the SLI of 1.45 eV on theE
state are also the same as shown in Fig. 8. These imply
metastable EL2* and EL6m still exist even after the SLI of
1.45 eV. This is quite different from the case for theQ state,
where an optical recovery occurs both for the secondary l
at 0.9 and 1.45 eV.

In the present experimental results, the most import
finding is that both the PPA spectra after the SLI of 0.9
on theQ andE states for 30 min at 80 K are the same in t
whole photon-energy region. The broad band at 0.8–1.0
the A or B band, and a hump above 1.1 eV up to the ba
gap energy appear. Since the thermal stabilities of these
are the same, it can be considered that the states generat
the SLI of 0.9 eV on theQ and E states are identical. Al-
though the intensity and the spectral width of theA and B
bands are small compared with that of theE band in the PPA
spectrum of theE state, the origin of these broad bands a
the E band seems to be the same. In order to check
assumption, we carried out an additional measurement.
investigate a change of the PPA spectrum as a function of
time of the SLI on theE state, the PPA spectra were me
sured one by one by illuminating the secondary light
every 30 s. It was found that the overall PPA signals for
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E band decreased monotonously except for the pho
energy region for theB band. Therefore, we considered th
the appearance of theB band was the result of the optica
recovery of theE band by the SLI of 0.9 eV on theE state.
In the higher photon-energy region above 1.1 eV, the P
spectrum first decreased to the spectrum of theQ state and
subsequently increased to that of theN state. This is consis
tent with the above discussion that in the higher phot
energy region above 1.1 eV, the optical recovery to theN
state occur even from theE state by the SLI of 0.9 eV. The
PPA spectrum was finally coincident with that shown in F
6 by the open triangles. Even if the secondary light of 0.9
further illuminated on this state more than 30 min, no chan
in the PPA spectrum was observed.

A change of the PPA spectrum as a function of the time
the SLI of 0.9 eV on theQ state was also measured in th
same manner for theE state. The PPA spectrum above 1
eV monotonously increased from the PPA spectrum of thQ
state with increasing the illumination time. At the same tim
an increase of the PPA spectrum at the photon-energy re
for the A band was observed. As a result, the PPA spect
after SLI of 0.9 eV on theQ state for 30 min coincided with
that of the recoveredE state in the whole photon-energ
region as shown in Fig. 6. If the quenching light of 1.12 e
further illuminated on these recovered states, theA and B
bands monotonously increased to form theE band in the
PPA spectrum of theE state, while the PPA spectra abov
1.1 eV first decreased to that of theQ state and subsequent
increased to that of theE state. Finally, the PPA spectr
showed theE state.

From these additional measurements, we conclude
the states generated by the SLI of 0.9 eV on theQ and E
states are identical, and that the optical recovery from EL*
to EL20 occurs by the SLI of 0.9 eV on both theQ and E
states. The optical recovery increases a number of elect
excited from EL20 to the conduction band~CB!. This results
in an increase of the PPA spectrum in the higher phot
energy region above 1.1 eV as shown in Fig. 6. In the low
photon-energy region below 1.1 eV it was also found that
A andB bands were the intermediate state in the transfor
tion process to theE band. Since theB band is the result of
the partial optical recovery of theE band by the SLI of 0.9
eV on theE state, we can consider that the origins of tw
broad bands and theE band are the same. In our previou
paper,7 we have reported that the electron transition from V
and/or from the compensated carbon acceptor to ELm

causes theE band. TheA andB bands are also caused by th
electron nonradiative transitions involving EL6m. We con-
clude that the SLI of 0.9 eV on theE state induces the optica
recovery of EL6m partly. Since this results in the decrease
electrons excited from VB and/or compensated carbon
ceptor to EL6m, the intensity and width of theE band de-
crease except for the photon-energy region for theA and B
peaks.

According to our present model, EL6m should be gener-
ated by the SLI of 0.9 eV on theQ state. In our previous
paper,7 we reported that when the sample is in theQ state,
EL6m does not exist and that the metastable transforma
from EL61 to EL6m effectively occurred in the photon
energy region from 1 to 1.3 eV. To explain the present
perimental results, we propose here that the SLI of 0.9
n-
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can induce both the optical generation and dissociation
EL6m. If the sample is in theE state, all of EL6 already
transforms to EL6m. Therefore, theE band partly decrease
by the SLI of 0.9 eV due to optical recovery from EL6m to
EL61 except for the photon-energy region for theB band.
When the sample is in theQ state, all of EL6 exist as EL61

due to the compensation of the carbon acceptor.7 A meta-
stable transformation from EL61 to EL6m occurs by the SLI
of 0.9 eV and results in an increase of the PPA signal in
photon-energy region for theA band. The difference rates o
the transformation for these two processes of the genera
and dissociation of EL6m explain the observed complex na
tures of the PPA spectra after the SLI of 0.9 eV. Since
SLI of 0.9 eV also induce an optical recovery of EL20, the
PPA spectra in the higher photon-energy region above
eV increase at the same time. As a result, the PPA spe
after the SLI of 0.9 eV on theQ andE states are coinciden
with each other in the whole photon-energy region as sho
in Fig. 6.

It should be noted that the current model is based on
assumption that the presence of metastable EL2* is not a
necessary condition for the transformation from EL61 to
EL6m. There is no correlation between the mechanisms
the metastable generation of EL2* and EL6m. However, we
have reported in our previous paper that theE state could not
be achieved without undergoing theQ state.7 In order to
check the validity of the former assumption, we investiga
an effect of the SLI of 0.9 eV on theN state. When the
sample is in theN state, EL2 and EL6 exist as normal EL20

and EL61, respectively. If the metastable transformati
from EL61 to EL6m does not need a photoquenching situ
tion of EL2, the SLI of 0.9 eV should increase the PP
signal in the photon-energy region for theA and B bands.
After the sample was cooled to 80 K in the dark, the seco
ary light of 0.9 eV was immediately illuminated on th
sample for 30 min. The PPA spectrum was measured a
function of photon energy of the probe light ranging from 0
to 1.4 eV. The result is shown in Fig. 9 by the open circl
The PPA spectra after the SLI of 0.9 eV on theQ and E
states and that of theN state are shown in the figure t
compare the result. A small but certain broad band aro

FIG. 9. The PPA spectrum after the secondary-light illuminat
of 0.9 eV on theN state for 30 min. A small but certain broad ban
around 0.8–1.0 eV appears.
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0.8–1.0 eV appears. This broad band was quite stable un
the temperature of the sample increased above 130 K as
as the thermal behaviors of theA andB bands. It is noted tha
the PPA signals in the higher photon-energy region ab
1.1 eV are not influenced by the SLI of 0.9 eV.

The time-dependent PPA signal after the SLI of 0.9 eV
theN state was also measured by using the same manne
the Q andE states. The PPA signal showed the typical tim
dependence as for theN state. This result is in agreeme
with the PPA spectrum of theN state after the SLI of 0.9 eV
These experimental results suggest that the SLI of 0.9
cannot change the situation of the EL2 level. This is con
tent with our previous papers that the photoquenching
EL2 occur by illuminating the monochromatic light in th
photon energy ranging from 1.0 to 1.3 eV.3,7 Therefore, we
conclude that the metastable transformation from EL61 to
EL6m can occur even from theN state by the SLI of 0.9 eV
and that there is no correlation between the metastable tr
formation mechanisms of EL6m and EL2* . No matter what
the EL2 level is in any situation of normal or metastable,
SLI of 0.9 eV causes the metastable transformation fr
EL61 to EL6m and the PPA signal around 0.9 eV increas

In Fig. 5, it takes only 2 and 10 min to reach theQ andE
states for the recovered states after the SLI of 0.9 eV on
Q andE states, respectively. They are faster than that for
N state, which is shown in Fig. 2. It is also found that sign
intensities at theQ state in the open circles and triangles a
larger than that in the solid curves, while those at theE state
are the same. A complex feature of the time-dependent P
signal at 1.12 eV is due to overlapping of two photoinduc
processes.7 One is the photoquenching of EL2 and the oth
is the metastable generation of EL6m. When the sample is in
the N state, EL2 and EL6 exist as normal EL20 and EL61,
respectively. If the secondary light of 1.12 eV illuminate
the metastable transformations both for EL2 and EL6 occ
The delay of the metastable transformation of EL6m than
that of EL2 can be explained by assuming that the metast
transformation probability of EL2 is larger than that of EL
After the SLI of 0.9 eV on theQ andE states, the situation
changes. According to the above discussions, a part of
already exists as EL6m. Although the metastable transform
tion probability of EL6 may be small, it takes a relative
short time to form theE state. Accordingly, a resultant time
dependent PPA signal shows the relatively fast quench
and enhancement to theE state as shown in Fig. 5 because
the overlapping of two photoinduced processes. The sig
intensities of theQ state after the SLI of 0.9 eV on theQ and
E states increase due to the fact that a part of EL6 alre
transforms to EL6m. On the contrary, since all of EL6 trans
form to EL6m by the quenching-light illumination for a long
time, the saturated signal intensities of theE state in three
curves are the same as shown in Fig. 5.

In the present model, however, there still remain diffic
ties. As shown in Fig. 9, the broad band around 0.8–1.0
that appeared after the SLI of 0.9 eV on theN state is small
in width and intensity compared with those of theA and B
bands. Even after further illumination for longer than 30 m
there is no further increase in width and intensity of th
broad band. According to the above discussions, the inten
and width of this broad band should be the same as thos
the A andB bands. In addition, the PPA spectrum and tim
ss
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dependence are not influenced by the secondary light of 1
eV as shown in Figs. 7 and 8. Since we concluded that
SLI of 0.9 eV on theE state caused an optical recovery fro
EL2* to EL20, the PPA spectrum should increase in t
higher photon-energy region above 1.1 eV. These imply t
there is some correlation between the metastable transfo
tion mechanisms of EL6m and EL2* . A detailed explanation
is not yet conclusive.

The present model is based on our previous report that
photoquenching and following enhancement of the PPA s
nal are due to the metastable transformation of EL2 and E
respectively.7 We cannot present concrete evidence that
effects observed in the present paper are related to the p
ence and its metastable transformation of EL6. However
is discussed in our previous paper, there are some indicat
for this fact. Although the chemical nature of EL6 is as y
unknown, this level is identified as a deep donor at 0.35
below CB. Its concentration is on the order of 1015 cm23 in
LEC-grown SI GaAs6 and its electron photoionization spe
trum has been reported to be similar to that of EL2 in t
0.7–1.5 eV spectral range.10 These features indicate that th
EL6 level plays an important role on the PPA signal gene
tion mechanisms. Since the EL6 level has a much lar
Frank-Condon shift of 0.6 eV than that of EL2 of 0.12 eV10

the nonradiative recombination probability of electrons
volving EL6 may be larger than that of EL2. This fact e
plains our experimental result that the PPA signal intensi
in theE state (EL6m) is larger than that in theN ~state EL2!
despite the lower concentration of EL6 than EL2. The de
level transient spectroscopy measurements should be ca
out for the same samples to evaluate the EL6 concentra
and proceed to further discussions.

IV. CONCLUSIONS

The effect of the secondary-light illuminations ofhn
50.9 and 1.45 eV on two photoinduced states, the quenc
and the enhanced states, were investigated by using the
technique. We found that the secondary-light illumination
0.9 and 1.45 eV on the quenched and enhanced state fo
min at 80 K causes an optical recovery from EL2* to EL20.
This is in agreement with the results reported by Manas
and Fischer by using infrared optical-absorption measu
ments. We observed an appearance of the broad band at
1.0 eV after the secondary-light illumination for 30 mi
which could not be observed in the PPA spectrum of theN
state. The most important finding was that the PPA spe
after the secondary-light illumination of 0.9 eV on theQ and
E states were the same in the whole photon-energy reg
We concluded that the secondary-light illumination of 0.9 e
induced both an optical generation and dissociation of m
stable state of EL6. The observed complex experimental
sults were explained by considering that the rates of tra
formation for these two processes were different under
secondary-light illumination of 0.9 eV.
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