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Effect of secondary-light illuminations dfyr=0.9 and 1.45 eV on photoquenched and photoenhanced states
in semi-insulating GaAs are investigated using piezoelectric photoac@gB&t® 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 EL2’. 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-lightvef0.9 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.S0163-182608)04343-4

I. INTRODUCTION reported an additional optical quenching of EPC by the
secondary-light illumination ohv=0.9 eV® However, to

Piezoelectric photoacousti®®PA) spectroscopy has re- our knowledge, EPC and its optical quenching in the photo-
cently been used for investigating physical properties otonductivity measurements have never been confirmed by
semiconductors. One of the great advantages of the PPéther experiments.
spectroscopy is that it is a direct monitor of the nonradiative We have already reported that there are two kinds of
recombination processes. The other advantage is that thghotoinduced states of the PPA signal in SI GaAs after the
PPA spectroscopy is sensitive to a very small optical absorpguenching-light illumination ohy=1.12 eV at 80 K. One
tion coefficient in a highly transparent sample. The presencis the quenched state generated by a short period illumina-
of these two great advantages indicates that PPA spectrosen. The other is the enhanced state attained by a prolonged
copy would be a very useful tool for investigating deep lev-illumination. Since we will report on the effect of the
els in GaAs. In our previous papers, we reported that theecondary-light illumination on these two photoinduced
electron transition involving EL2 in a semi-insulatii§l)  states, we briefly review the previous results to make clear
GaAs sample could be observed by using PPAthe current discussions. In this paper, we refer to these two
measurements? The usefulness of the PPA technique for photoinduced states & and E states, respectively. Both
the characterization of the deep levels were also demorstates were effectively generated when the quenching light
strated. was set in the similar photon-energy region from 1 to 1.2 eV.

Deep-lying defect level EL2 is known to be a dominant The typical PPA spectra of the state before the quenching-
donor to accomplish a Sl nature of GaAs substrate for largdight illumination, referral to as thé&l state, and those of the
scale integration applications. Since EL2 transforms to itdwo photoinduced states are shown in Fig. 1. A hump above
metastable state by the monochromatic-light illumination1.0 eV up to the band-gap energi(=1.51 eV at 77 K is
about 1.1um at the low-temperature, so-called photoquench-observed in the PPA spectrum of tNestate as shown by the
ing effect? its electronic structure has been extensively studsolid curve. We concluded in our previous papers that this
ied. One of the commonly accepted properties about thiiump was caused by the electron nonradiative transitions
metastable state (EI*3 is that the initial state before pho- involving the EL2 level? Vanishing of this hump occurs by
toquenching (EL9 can be revived after annealing the the quenching-light illumination for a short period of 2 or 3
sample above 130 K. In addition, the existence of an opticamin because of the photoquenching effect of B2 state,
recovery from EL2 to EL2° was observed in S| samples by shown by the broken curyeThe E state produced by the
Manasreh and FischérAlthough they reported that photons quenching-light illumination for a long time shows a wide
around 0.9 eV and/or ranging from 1.4 to 1.51 eV enable uband over the range from 0.6 to 1.4 eV as shown by the
to resume EL2 partly, to our knowledge, no thorough dis- dotted curve in the figure. We refer to this wide band as the
cussions were carried out yet. E band.

Jimaez, Alvaez, and Bonnafereported a very strong A typical time dependence of the PPA signal during the
enhancement of the photocurrefPQ by the prolonged quenching-light illumination is shown in Fig. 2. After the
monochromatic-light illumination about 14m after photo- sample was cooled down to 80 K in the dark, the quenching
guenching of EL2. They concluded that EPC was attributedight illuminated on sample. The PPA signal intensityhat
to the EL6 level that is ubiquitous in bulk GaAs. They also =1.12 eV was recorded as a function of illumination time.
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tive by the quenching-light illumination for a long time. The

nonradiative recombinations of photoexcited electrons from
the valence bané@vB) and/or from the compensated carbon
acceptor to EL8' take place. These nonradiative recombina-

w----- E-slate tions are detected as tlieband in the PPA spectrum of the
E state.

In this paper, we report the effects of the secondary-light
illuminations of hv=0.9 and 1.45 eV on the two photoin-
duced states observed in the PPA spectra at low temperature
from a nonradiative recombination point of view. Optical
. recovery from EL2 to EL2’ was observed by illuminating
» oD the secondary light with photon energy bf=0.9 and/or

oo - === e Ty 1.45 eV. In addition, we also 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 on both photoinduced
states. The most important finding was that the PPA spectra
after the secondary-light illumination ¢fv=0.9 eV on both
photoinduced states were the same in the whole photon-

As shown in Fig. 2, the time-dependent PPA signal show&nergy region. We concluded that the secondary light of
the complex feature specified by three states as labeled in te’=0.9 eV induced both an optical recovery and generation
figure. The PPA signal intensity at this photon-energy regiorPf metastable state of the EL6 level. The different rates of the
in GaAs is considered to be proportional to the absorptioffransformations for these two processes explain well the ob-
coefficient and to the total EL2 concentratibA.decrease of Served complex natures of the PPA signal under the
the PPA signal due to photoquenching of EL2 is observedecondary-light illumination.

for a short period of 2.5 min. This state corresponds toQhe
state in Fig. 1. Strong enhancement of the PPA signal after
fully photoquenching is observed by the prolonged
quenching-light illumination. If the temperature of the Two samples were prepared from carbon-concentration
sample was kept at 80 K both photoinduced states were quiigontrolled SI GaAs wafers grown by a liquid-encapsulated
stable. TheN state could be obtained by heating the sampleCzochralski (LEC) method. The carbon concentrations in
in the quenched and/or enhanced states above 130 K a’dmples 1 and 2 were 1.1 and 8.20'° cm™3, respectively.
subsequent cooling down to 80 K. This means that a thermathe total EL2 concentrations in the two samples were the
recovery from theQ and/orE states to theN state occurs same at (1.2—-1.410'® cm 3. Since these wafers were
around this temperature. thermally treated by a three-stage annealing metreodini-

The presence of the deep donor EL6 level and its metamum amount of irrelevant intrinsic defects was expected.
stable state ELB were proposed to explain tiiestate of the  Details of the experimental setups for the PPA measurements
PPA signal. EL6 donates electrons to compensate a part @efre reported elsewhe?eThe quenching and the secondary
the carbon acceptor after the EL1» EL2* transformation is  light were provided from a monochromator with an external
accomplished. In this situation, positively ionized EL6an  150-W halogen lamp. The photon energy of the quenching
transform to metastable Ef'6 which becomes optically ac- light was set at 1.12 eV, while that of the secondary light

was set at 0.9 or 1.45 eV. The illuminations were carried out
50 at 80 K. We hereafter refer to the step of the secondary-light
illumination for 30 min at 80 K as the SLI.

A sequence of measuring an effect of the SLI tof
=0.9 eV on theQ state is shown in Fig. 3. After the sample
was cooled down to 80 K in the dark, the quenching light of
1.12 eV was illuminated on the sample for 2.5 min to trans-
form the sample to th® state and was then cut difurve 1
in Fig. 3). Next, SLI of hv=0.9 eV was carried out with
keeping the temperature of the sample at 8QcKrve 2 in
Fig. 3). At this time, both the probe and the secondary light
were set at the photon energy of 0.9 eV. Finally, the time-
dependent PPA signal intensity at 1.12 eV was measured

PPA Signal Intensity (arb. units)

0.6 0.8 1 1.2 1.4
Photon Energy (eV)

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

II. EXPERIMENTAL PROCEDURES AND RESULTS
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again with illuminating the quenching light. The result is
shown by curve 3 in Fig. 3. The PPA signal intensity has a
value of that in theN state first and exhibits the photo-
guenching and following enhancement as in the case of Fig.

FIG. 2. The typical time-dependent PPA signal at 1.12 eV dur-2. This experimental result implies that the secondary light

ing the quenching-light illumination div=1.12 eV. The PPA sig-

with photon energy of 0.9 eV causes an optical recovery

nal shows the complex feature specified by three states as labeledfifom the Q state to theN state.

the figure.

In the same way as th@ state, the effect of the SLI of 0.9
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FIG. 3. A sequence of measuring the effect of the SLI of 0.9 eV
for the Q state at 80 K. After the sample was cooled down to 80 K
in the dark, the quenching light of 1.12 eV was illuminated for 2.5
min to transform the sample to th@ state (curve 1. Next, the
secondary light ohv=0.9 eV was illuminated for 30 min with
keeping the temperature at 80 urve 2. Finally, the time-

nating the quenching lighicurve 3.
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FIG. 5. The time dependences of the PPA signal under the
guenching-light illumination from thé\ state(curve 1 in Fig. 3,
the Q state after the SLI of 0.9 e\curve 3 in Fig. 3, and theE
state after the SLI of 0.9 eYturve 3 in Fig. 4 are replotted again

dependent PPA signal at 1.12 eV was measured again with illumiln Fig. 5.

ment by the quenching-light illumination occur faster than

eV on theE state was measured. A sequence is shown in Fi
4. The quenching light was first illuminated on the sample
for 15 min to transform to th& state(curve 1 in Fig. 4. The
secondary light with photon energy bi=0.9 eV was illu-
minated on the sample for 30 migurve 2 in Fig. 4. The
time dependence of the PPA signal intensity at 1.12 eV was
then measured as a function of the quenching-light illumina-
tion time and the result is shown by curve 3 in Fig. 4. Re-
covery of the PPA signal to thd state at 1.12 eV and fol-
lowing photoquenching and enhancement of the PPA sign
are observed. This is the same as that in the case o) the
state. This implies that an optical recovery from thatate
to theN state occurs by the SLI of 0.9 eV.

The time dependences of the PPA signal under th
guenching-light illumination from thal state(curve 1 in Fig.
3) and optically recovered states from tQestate(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. For

hat for theN state. It is also found that signal intensities at
he Q state in two curves after the SLI of 0.9 é€broken and
dotted curvepsare larger than that in thd state(solid curve,
while the signal intensities at tHe state in three curves are
the same.
The effect of the SLI ohv=0.9 eV on the PPA spectrum

of the Q state was also measured. The sample was first
cooled down to 80 K in the dark and underwent to the
state by the quenching-light illumination for 2.5 min. Next,
dhe SLI ofhv=0.9 eV was carried out with keeping the tem-
perature at 80 K. Finally, the PPA spectrum was measured as
a function of photon energy of the probe light ranging from
0.6 to 1.45 eV. It was also confirmed that there was no effect
of the probe light during the spectrum measurements. The
probe light did not cause any further transformation on the
states. The result is shown in Fig. 6 by the open circles. As
shown in the figure, a broad band at 0.8—1.0 eV and a hump
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FIG. 6. The PPA spectra after the secondary-light illumination
FIG. 4. A sequence of measuring the effect of the SLI of 0.9 eVof 0.9 eV on theQ andE states for 30 min. A broad band at 0.8—1.0
for the E state at 80 K. The same manner was used as in the case feV and a hump above 1.1 eV up to the band-gap energy are ob-
the Q state. The quenching light of 1.12 eV was illuminated for 15 served. The PPA spectra of thg Q, andE states at 80 K are also
min to transform the sample to tlestate(curve 1. shown.
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above 1.1 eV up to the band-gap energy appear. The PPA 50
spectra of thdN andQ states are also shown in the figure for
the sake of comparison. It seems that the PPA spectrum in
the higher photon-energy region above 1.1 eV almost re-
cover to that of theN state by the SLI of 0.9 eV on th@
state. However, the broad band at 0.8—1.0 eV appears in the
lower photon-energy region. We hereafter refer to this broad
band as théA band. It was found that after the sample was
annealed at 130 K for a few min and was subsequently
cooled down to 80 K, thé\ band completely vanished and
the PPA spectrum of thH state was obtained again.

The PPA spectrum after the SLI of 0.9 eV on thestate
for 30 min was also measured in the same manner with the . —
case for the state. The result is shown in Fig. 6 by the open 5 10
triangles. The PPA spectrum of tiiestate is also shown in Hlumination Time (min)
the figure by the dotted curve. In Fig. 6.’ a hump above 1.1 FIG. 7. The time-dependent PPA signal of 1.12 eV after the
eV up to the band-gap energy appears in the higher photor%'econdary-light illumination of 1.45 eV on tli¢andE states for 30
energy region. An Op“c"’?' recove.ry from tRestate to theN . _min. The PPA signal intensity increases from a value ofQstate.
state may occur partly in the higher photon-energy reQIoH, the other hand, the secondary-light illumination of 1.45 eV does
above 1.1 eV by the SLI of 0.9 eV. A broad band at O'8_1'Onot affect theE state. The PPA signal intensity shows a value of the

eV is still observed in the lower photon-energy region andg giate even after the secondary-light illumination for 30 min as
the intensity and the spectral width are small compared Witihown by the open triangles.

that of theE band in the PPA spectrum of tHe state. Al-

though the spectral shape is similar to that of Aleand, we  of 1.45 eV for 30 min. The spectrum is the same as that of
label this broad band at 0.8~1.0 eV as Biéand. It was theE state as shown by the open triangles. This is also con-
found that after the sample was annealed at 130 K for a fewistent with the result of the time-dependent PPA measure-
min and was subsequently cooled down to 80 K,Bnigand  ments shown in Fig. 7.

completely vanished and the PPA spectrum showedNthe
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state. It is found from Fig. 6 that the PPA spectra after the IIl. DISCUSSIONS
SLI of 0.9 eV on theQ and E states are the same in the
whole photon-energy region. We could observe the effects of the SLI of 0.9 eV or 1.45

The effect of the SLI was also measured when the seceV on two photoinduced states by measuring the time-
ondary light is set at the photon energy of 1.45 eV. Thedependent and spectral PPA signals. As we have reported in
experimental procedures were the same as that when the s&gi previous papef,two photoinduced states are due to
ondary light was set at 0.9 eV. The sample was first coolednetastable transformations of EL2 and EL6, respectively. To
down to 80 K in the dark and underwent to tieor E state  clarify the effects of the SLI on these defect levels in more
by the quenching-light illumination for respective time. detail, we will first discuss the SLI on th@ state.

Next, the SLI of 1.45 eV on th® or E states was carried out

with keeping the temperature at 80 K. After that, the time- A. Secondary-light illuminations on the Q state

dependent PPA signal intensities at 1.12 eV and the PPA
spectra as a function of photon energy of the probe Iighh
ranging from 0.6 to 1.45 eV were measured. The time-
dependent PPA signal after the SLI of 1.45 eV onhand

E states are shown in Fig. 7 by the open circles and triangles, T=80K : sample #2

From the time-dependent PPA measurement, as shown in
g. 3, arecovery of the PPA signal intensity at 1.12 eV to a

respectively. The PPA signal after the SLI of 1.45 eV on the N-state
Q state starts from the midvalue smaller than that of kthe — -Q-state
state. This means that tiggstate is not completely recovered & | - E-state
by illuminating the secondary light of 1.45 eV. On the con- 70 - Q-state + 1.45¢V/30min /

& E-state + 1.45¢V/30min

trary, no effect of the SLI of 1.45 eV on the state can be
observed. The PPA signal intensity remains constant even
after the SLI of 1.45 eV.

The effects of the SLI of 1.45 eV on the PPA spectra of
the Q and E states are shown in Fig. 8. The PPA spectrum
above 1.1 eV is slightly increased by the SLI of 1.45 eV on
the Q state for 30 min as shown by the open circles. The
PPA spectra of thél andQ states are shown by the solid and
broken curves, respectively. This result is in agreement with
the result in the time-dependent PPA measurement in Fig. 7.
The value at=0 after the SLI of 1.45 eV on th@ state is FIG. 8. The PPA spectrum after the secondary-light illumination
slightly larger than the value of th@ state. On the contrary, of 1.45 eV on theQ state for 30 min. An optical recovery of the
the PPA spectrum of thE state is not influenced by the SLI PPA signals are observed.

PPA Signal Intensity (arb. units)

0.6 0.8 1 1.2 1.4
Photon Energy (eV)
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value the of theN state is observed by the SLI of 0.9 eV on B. Secondary-light illumination on the E state

the Q state. In Fig. 6, the PPA spectrum is also recovered t0 \ye next discuss the effects of the SLI of tEestate. A
that of theN state after the SLI of 0.9 eV on th@ state.  recovery of the 1.12 eV PPA signal intensity to a value of the
These experimental results imply that the secondary lighly state is observed by the SLI of 0.9 eV on tBestate as
with a photon energy of 0.9 eV causes an optical recoverghown by curve 3 in Fig. 4. After the recovery, the PPA
from theQ state to theN state. We have already reported thatsignal at 1.12 eV shows the typical time dependence of the
the PPA signals below the band-gap energy region ilthe photoquenching and following enhancement by the continu-
state are caused by the nonradiative recombinations of eleous quenching-light illumination. This experimental result
trons involving the EL2 level, and that th@ state is the suggests that an optical recovery to tHestate also occurs
result of the photoquenching of ELZ. Therefore, the in- even from theE state by the SLI of 0.9 eV. Indeed, the PPA
crease of the PPA signals above 1.1 eV implies that an ogspectrum after the SLI of 0.9 eV on tie state shows the
tical recovery from EL2 to EL2° occurs by the SLI of 0.9 optical recovery to that of thél state in the higher photon-
eV on theQ state at 80 K. energy region above 1.1 eV as shown in Fig. 6. We have

When the secondary light was set at the photon energy dilready reported in our previous paptiat when the sample
1.45 eV, an optical recovery also occurred. In Fig. 7, thelS in the E state, two metastable states of ELand ELE"

PPA signal after the SLI of 1.45 eV on ti@state increases exist. Therefore, it is necessary to consider the effects of the
to about 20uV. When the quenching light is further illumi- SL! on both EL2 and ELE" at the same time. As discussed

nated, the PPA signal begins to decrease due to the photBP0ve, ELZ can optically recover to EL2by the SLI 0f 0.9

quenching of EL2. This partial recovery of the PPA spec-ev or 1.45 eV on th&) state. Since the PPA signal after the

; P SLI of 0.9 eV on theE state shows the same time depen-
trum from theQ state is also shown in Fig. 8 by the open P
circles. The PPA spectrum has almost the same shape abo(\j/gnce as that of thid state(shown by curve 3 in Fig. 4an

1.1 eV as that of thel state. A complete recovery of thé optical recovery to thé\ state should occur. Therefore, we

) ) can consider that optical recoveries both from ELta EL2°
state was accomplished by heating the sample at 130 K for 2nd from ELE" to EL6" occur at the same time by the SLI
few min and was subsequently cooled down to 80 K. Al-

: s X of 0.9 eV on theE state. In the lower photon-energy region
though the effectiveness of the optl_cal recovery is S_ma"eBelow 1.1 eV, theB band appears after the SLI of 0.9 eV on
than in the case of 0.9 eV, we consider that the optical refhe E state. This band cannot be observed in the PPA spec-
covery from theQ state occur certainly when the photon trym of theN state. If the optical recovery of both EL2 and
energy of the secondary light is set at 1.45 eV. EL6 are completely accomplished, the spectrum should not
Manasreh and Fischer reported by using infrared opticaihow theB band. Since the thermal recovery above 130 K
absorption measurements that a partial optical recovery fromlways change the spectrum to that of Mstate, the present
EL2* to EL2° occurred by the monochromatic-light illumi- optical recovery to thé state may not be completed.
nation ofhv=0.9 eV and/or ranging from 1.4 to 1.51 é\t On the other hand, when the secondary light is set at the
is noted here that the observed features of the optical recoyphoton energy of 1.45 eV, the PPA signal in tRestate
ery in our PPA measurements are similar to those observa@mains unchanged by the SLI as shown in Figthg open
in the infrared optical-absorption measurements except fotriangles. If the sample was annealed at 130 K for a few min
the appearance of theeband. Although the signal-generation and was subsequently cooled down to 80 K, the PPA signal
mechanisms are different among the two experiments, it cashowed the same time dependence as that dfitbiate. The
be considered that the effects of the SLI on the photoPPA spectra before and after the SLI of 1.45 eV on Ehe
guenched state may be the same. Therefore, we conclude ttstate are also the same as shown in Fig. 8. These imply that
the secondary-light illumination of 0.9 and/or 1.45 eV on themetastable EL?2 and EL8" still exist even after the SLI of
Q state for 30 min at 80 K causes an optical recovery froml.45 eV. This is quite different from the case for Qestate,
EL2* to EL2°. It is found from the present experimental where an optical recovery occurs both for the secondary light
results that the light with photon energy of 0.9 eV is moreat 0.9 and 1.45 eV.
effective than in the case of 1.45 eV. To our knowledge, this In the present experimental results, the most important
is the first time that an optical recovery of EL2 from its finding is that both the PPA spectra after the SLI of 0.9 eV
metastable state is observed from a nonradiative recombinan theQ andE states for 30 min at 80 K are the same in the
tion point of view. whole photon-energy region. The broad band at 0.8-1.0 eV,
It is noted that theA band appeared in the PPA spectrumthe A or B band, and a hump above 1.1 eV up to the band-
after the SLI of 0.9 eV is not observed in the PPA spectrungap energy appear. Since the thermal stabilities of these state
of the N or Q state. In addition, when the secondary light is are the same, it can be considered that the states generated by
set at 1.45 eV, th& band does not appear. If the sample wasthe SLI of 0.9 eV on theQ and E states are identical. Al-
heated to 130 K and subsequently cooled down to 80 K, théhough the intensity and the spectral width of #heand B
A band vanished and the sample showed the PPA spectrubands are small compared with that of theand in the PPA
of the N state. These experimental results cannot be exspectrum of theE state, the origin of these broad bands and
plained by simply supposing that the SLI of 0.9 eV causes athe E band seems to be the same. In order to check this
optical recovery of EL2 as discussed above. It seems that theessumption, we carried out an additional measurement. To
SLI of 0.9 eV on theQ state produces a subsidiary effect. investigate a change of the PPA spectrum as a function of the
Since the similar broad band is also observed after the SLI adime of the SLI on theE state, the PPA spectra were mea-
0.9 eV on theE state, we will discuss below about the two sured one by one by illuminating the secondary light for
broad bands in more detail. every 30 s. It was found that the overall PPA signals for the
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E band decreased monotonously except for the photon-
energy region for th@ band. Therefore, we considered that T=80K: sample #1
the appearance of thg band was the result of the optical
recovery of theE band by the SLI of 0.9 eV on thE state.
In the higher photon-energy region above 1.1 eV, the PPA
spectrum first decreased to the spectrum of@hstate and
subsequently increased to that of tRestate. This is consis-
tent with the above discussion that in the higher photon-
energy region above 1.1 eV, the optical recovery to lkhe
state occur even from the state by the SLI of 0.9 eV. The
PPA spectrum was finally coincident with that shown in Fig. >
6 by the open triangles. Even if the secondary light of 0.9 eV A /
further illuminated on this state more than 30 min, no change | et K./ L
in the PPA spectrum was observed. 0.6 0.8 1 1.2 1.4
A change of the PPA spectrum as a function of the time of Photon Energy (eV)
the SLI of 0.9 eV on th&) state was also measured in the
same manner for thg state. The PPA spectrum above 1.1
eV monotonously increased from the PPA spectrum oQhe
state with increasing the illumination time. At the same time,
an increase of the PPA spectrum at the photon-energy region
for the A band was observed. As a result, the PPA spectrumgan induce both the optical generation and dissociation of
after SLI of 0.9 eV on the&) state for 30 min coincided with EL6™. If the sample is in theE state, all of EL6 already
that of the recoveredE state in the whole photon-energy transforms to EL8. Therefore, theE band partly decreases
region as shown in Fig. 6. If the quenching light of 1.12 eV by the SLI of 0.9 eV due to optical recovery from EL&o
further illuminated on these recovered states, shand B EL6" except for the photon-energy region for tBeband.
bands monotonously increased to form tBeband in the When the sample is in th@ state, all of EL6 exist as EL6
PPA spectrum of th& state, while the PPA spectra above due to the compensation of the carbon acceptérmeta-
1.1 eV first decreased to that of testate and subsequently stable transformation from EL6to EL6™ occurs by the SLI
increased to that of th& state. Finally, the PPA spectra of 0.9 eV and results in an increase of the PPA signal in the
showed thekE state. photon-energy region for th& band. The difference rates of
From these additional measurements, we conclude thdhe transformation for these two processes of the generation
the states generated by the SLI of 0.9 eV on @hv@ndE  and dissociation of EL8 explain the observed complex na-
states are identical, and that the optical recovery from*EL2 tures of the PPA spectra after the SLI of 0.9 eV. Since the
to EL2° occurs by the SLI of 0.9 eV on both t@ andE  SLI of 0.9 eV also induce an optical recovery of B, 2he
states. The optical recovery increases a number of electrof®A spectra in the higher photon-energy region above 1.1
excited from EL2 to the conduction baneCB). This results eV increase at the same time. As a result, the PPA spectra
in an increase of the PPA spectrum in the higher photonafter the SLI of 0.9 eV on th& andE states are coincident
energy region above 1.1 eV as shown in Fig. 6. In the lowewith each other in the whole photon-energy region as shown
photon-energy region below 1.1 eV it was also found that thén Fig. 6.
A andB bands were the intermediate state in the transforma- It should be noted that the current model is based on one
tion process to th& band. Since th® band is the result of assumption that the presence of metastable *Ei2not a
the partial optical recovery of thE band by the SLI of 0.9 necessary condition for the transformation from EL€
eV on theE state, we can consider that the origins of two EL6™. There is no correlation between the mechanisms of
broad bands and thE band are the same. In our previous the metastable generation of EL2nd ELE". However, we
paper, we have reported that the electron transition from VBhave reported in our previous paper that Ehstate could not
and/or from the compensated carbon acceptor to "EL6 be achieved without undergoing th@ state’ In order to
causes th& band. TheA andB bands are also caused by the check the validity of the former assumption, we investigated
electron nonradiative transitions involving EL6We con-  an effect of the SLI of 0.9 eV on th#&l state. When the
clude that the SLI of 0.9 eV on tHestate induces the optical sample is in theN state, EL2 and EL6 exist as normal EL2
recovery of EL®" partly. Since this results in the decrease ofand EL6", respectively. If the metastable transformation
electrons excited from VB and/or compensated carbon adrom EL6" to EL6™ does not need a photoquenching situa-
ceptor to EL#", the intensity and width of th& band de- tion of EL2, the SLI of 0.9 eV should increase the PPA
crease except for the photon-energy region forah@endB  signal in the photon-energy region for tieand B bands.
peaks. After the sample was cooled to 80 K in the dark, the second-
According to our present model, EC6should be gener- ary light of 0.9 eV was immediately illuminated on the
ated by the SLI of 0.9 eV on th@ state. In our previous sample for 30 min. The PPA spectrum was measured as a
paper’ we reported that when the sample is in fBestate,  function of photon energy of the probe light ranging from 0.6
EL6™ does not exist and that the metastable transformatioto 1.4 eV. The result is shown in Fig. 9 by the open circles.
from EL6" to EL6™ effectively occurred in the photon- The PPA spectra after the SLI of 0.9 eV on tQeand E
energy region from 1 to 1.3 eV. To explain the present ex-states and that of th&l state are shown in the figure to
perimental results, we propose here that the SLI of 0.9 e\¢ompare the result. A small but certain broad band around

N-state

—o— N-state + 0.9 eV/30min S
— -Q-state + 0.9 eV/30min )
----- E-state + 0.9 ¢V/30min /

PPA Signal Intensity (arb. units)
~

FIG. 9. The PPA spectrum after the secondary-light illumination
of 0.9 eV on theN state for 30 min. A small but certain broad band
around 0.8-1.0 eV appears.
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0.8—1.0 eV appears. This broad band was quite stable unledependence are not influenced by the secondary light of 1.45
the temperature of the sample increased above 130 K as waV as shown in Figs. 7 and 8. Since we concluded that the
as the thermal behaviors of theandB bands. It is noted that SLI of 0.9 eV on theE state caused an optical recovery from
the PPA signals in the higher photon-energy region abov&L2* to EL2°, the PPA spectrum should increase in the
1.1 eV are not influenced by the SLI of 0.9 eV. higher photon-energy region above 1.1 eV. These imply that
The time-dependent PPA signal after the SLI of 0.9 eV orthere is some correlation between the metastable transforma-
the N state was also measured by using the same manner f§Pn mechanisms of ELBand EL2". A detailed explanation
the Q andE states. The PPA signal showed the typical timeiS Not yet conclusive.
dependence as for the state. This result is in agreement  The present model is based on our previous report that the
with the PPA spectrum of thid state after the SLI of 0.9 ev. Photoguenching and following enhancement of the PPA sig-
These experimental results suggest that the SLI of 0.9 epal are due to the metastable transformation of EL2 and EL6,
cannot change the situation of the EL2 level. This is consistespectively. We cannot present concrete evidence that the
tent with our previous papers that the photoquenching offfects observed in the present paper are related to the pres-
EL2 occur by illuminating the monochromatic light in the €nce and its metastable transformation of EL6. However, as
photon energy ranging from 1.0 to 1.3 &V Therefore, we IS discussed in our previous paper, there are some indications
conclude that the metastable transformation from Elte  for this fact. Although the chemical nature of EL6 is as yet
EL6™ can occur even from thi state by the SLI of 0.9 eV unknown, this level is identified as a deep donor at 0.35 eV
and that there is no correlation between the metastable tran@elow CB. Its concentration is on the order of-16m™ in
formation mechanisms of El'5and EL2*. No matter what LEC-grown Sl GaA8and its electron photoionization spec-
the EL2 level is in any situation of normal or metastable, thelfum has been reported to be similar to that of EL2 in the
SLI of 0.9 eV causes the metastable transformation fron®-7—1.5 eV spectral randé These features indicate that the
EL6" to EL6™ and the PPA signal around 0.9 eV increases EL6 level plays an important role on the PPA signal genera-
In Fig. 5, it takes only 2 and 10 min to reach t@eandE tion mechamsms: Since the EL6 level has a much larger
states for the recovered states after the SLI of 0.9 eV on thErank-Condon shift of 0.6 eV than that of EL2 of 0.12 &V,
Q andE states, respectively. They are faster than that for théh€ nonradiative recombination probability of electrons in-
N state, which is shown in Fig. 2. It is also found that signalv0lving EL6 may be larger than that of EL2. This fact ex-
intensities at the) state in the open circles and triangles areplams our experlmer!tal result that the I_?’PA signal intensities
larger than that in the solid curves, while those atBrstate N the E state (ELE") is larger than that in thl (state EL2
are the same. A complex feature of the time-dependent PP@espite the lower concentration of EL6 than EL2. The deep-
signal at 1.12 eV is due to overlapping of two photoinducedeV9| transient spectroscopy measurements should be car_ried
processed.0ne is the photoquenching of EL2 and the otherout for the same sample_s to eyaluate the EL6 concentration
is the metastable generation of EL6When the sample is in @nd proceed to further discussions.
the N state, EL2 and EL6 exist as normal ELand EL6",

respectively. If the secondary light of 1.12 eV illuminates, IV. CONCLUSIONS
the metastable transformations both for EL2 and EL6 occur. _ _ o
The delay of the metastable transformation of EL#han The effect of the secondary-light illuminations &fv

that of EL2 can be explained by assuming that the metastable 0.9 and 1.45 eV on two photoinduced states, the quenched
transformation probability of EL2 is larger than that of EL6. and the enhanced states, were investigated by using the PPA
After the SLI of 0.9 eV on the&) andE states, the situation technique. We found that the secondary-light illumination of
changes. According to the above discussions, a part of EL8.9 and 1.45 eV on the quenched and enhanced state for 30
already exists as EL'6 Although the metastable transforma- min at 80 K causes an optical recovery from EL@® EL2°.
tion probability of EL6 may be small, it takes a relatively This is in agreement with the results reported by Manasreh
short time to form thé state. Accordingly, a resultant time- and Fischer by using infrared optical-absorption measure-
dependent PPA signal shows the relatively fast quenchingents. We observed an appearance of the broad band at 0.8—
and enhancement to tlfiestate as shown in Fig. 5 because of 1.0 eV after the secondary-light illumination for 30 min,
the overlapping of two photoinduced processes. The signavhich could not be observed in the PPA spectrum offithe
intensities of the state after the SLI of 0.9 eV on tf@and  state. The most important finding was that the PPA spectra
E states increase due to the fact that a part of EL6 alreadgfter the secondary-light illumination of 0.9 eV on tQeand
transforms to EL8. On the contrary, since all of EL6 trans- E states were the same in the whole photon-energy region.
form to EL6™ by the quenching-light illumination for a long Ve concluded that the secondary-light illumination of 0.9 eV
time, the saturated signal intensities of tBestate in three induced both an optical generation and dissociation of meta-
curves are the same as shown in Fig. 5. stable state of EL6. The observed complex experimental re-
In the present model, however, there still remain difficul-Sults were explained by considering that the rates of trans-
ties. As shown in Fig. 9, the broad band around 0.8—1.0 eformation for these two processes were different under the
that appeared after the SLI of 0.9 eV on tKestate is small ~secondary-light illumination of 0.9 eV.
in width and intensity compared with those of theand B
bands: Even after fu_rther iIIum_inatipn for Ionger tha}n 30 min, ACKNOWLEDGMENTS
there is no further increase in width and intensity of this
broad band. According to the above discussions, the intensity The authors acknowledge Dr. Yohei Otoki of Hitachi
and width of this broad band should be the same as those €fable Co., Ltd. for supplying high-quality GaAs wafers, and
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