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Photoenhancement and photoquenching of the 0.68-eV EL2 photoluminescence emission
in GaAs grown by molecular-beam epitaxy at low temperatures
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We report the photoenhancement and photoquenching of the 0.68-eV EL2 photoluminescence emis-

sion in low-temperature GaAs grown at 200-350'C. EL2 exists in both a quenchable and unquenchable

configuration. For the layer grown at 200'C, EL2 is exclusively in the unquenchable configuration. The
concentration of EL2 in the unquenchable configuration decreases with increasing growth temperature.
The quenchable and unquenchable configurations can be explained by a model of the isolated AsG, under

relaxed and strained conditions, respectively. The stress present in low-temperature layers is responsible
for the unrelaxed condition and consequently for the lack of quenchability. The photoenhancement is

attributed to the hole photoionization of (AsG, )+ and to the presence of a high concentration of the com-

pensating VG, .

Molecular-beam epitaxy (MBE) GaAs is normally
grown at substrate temperature (TG) between 580 and
600'C. However, low-temperature (LT) GaAs grown at
TG (500'C has recently attracted much attention be-
cause of the unique material properties and excellent de-
vice performance. The most outstanding characteristic
of LT MBE GaAs is its nonstoichiometry' with up to 1

at. % excess As for the material grown at 200'C. The
excess As is incorporated as about 10 crn As&,
centers in 200'C as-grown materials and primarily as
—10' cm As precipitates after annealing such materi-
al for 10 min at 600'C. Thus, assessment of LT materials
roust address the excess As and the associated intrinsic
defects: As&„VG„As, , and associated pair defects. The

AsG, center is known as EL2 itself ' or as a component'
of EL2 as a defect complex. Perhaps the most prominent
property of EL2 in the usual GaAs is its photoinduced
metastability: at low temperatures, illumination with
light at energies of 0.8-1.5 eV makes the EL2 level
disappear, and the defect is transformed from its normal
state EL2-N to the metastable state EL2-M. The meta-
stable state is electrically as well as optically inactive in
the ambient condition. The transformation from the
metastable to normal state is achieved by (i) a pure
thermal process due to heating the sample above 140 or
above 50 K, respectively, ' for semi-insulating and n-

type materials, and (ii) optically assisted thermal
recovery above 60 K as well as pure optical recovery'
under the ambient condition, and the pure optical
recovery caused by the capture" of a photocreated hole
on the negatively charged state (EL2 M) under hydro--
static pressure.

The quenching due to metastability of EL2, as ob-
served in the usual GaAs, was also reported' ' for LT
GaAs. Quenchable and unquenchable configurations of

EL2 are found for the LT layer. ' ' The transition to the
metastable state takes place in a much broader energy
range, and the maximum efficiency is substantially shift-
ed' ' to a higher energy of 1.4 eV for a 220'C as-grown
layer' compared to the value of 1.18 eV in the usual
GaAs. The term "usual GaAs" denotes material grown
by the liquid-encapsulated Czochralski (LEC) or Bridg-
man methods. However, thermal recovery of the
quenched configurati. on of EL 2 occurs at —130 K for LT
materials, ' which is the typical recovery temperature for
the usual GaAs. Current measurements' on LT layers
grown at 200'C and annealed at 550'C showed a larger
reduction of the current after light illumination
(h v( l. 12 eV) compared to that of as-grown or annealed
layers at (350'C.

In the present work, we report the metastability associ-
ated with 0.68-eV EL2 photoluminescence (PL) emission
present in LT MBE GaAs grown at 200, 230, 250, 300,
and 350'C. The 0.68-eV PL band present in the usual
GaAs quenches' over the energy of 0.8—1.5 eV. For the
present LT GaAs, we Gnd both quenching and enhance-
ment of the 0.68-eV EL2 PL intensity, which depends on
the growth temperature of the LT layers.

The MBE layers were grown in a Varian Gen-II system
under As4 using a nonindium-bonded substrate holder.
Growth temperatures were 200, 230, 250, 300, 350, and
400 C and were determined by a noncontacting thermo-
couple. The thickness of the layers was -2 pm. Details
of the growth are explained elsewhere. ' PL measure-
ments were made using a variable-temperature Janis opti-

0
cal Dewar. The 5145-A line of an Ar-ion laser was used
as an excitation source with an intensity of 10 —10
W/cm . PL spectra were obtained with Spex monochro-
mators of focal length f =0.5 and 1.29 m and were
detected with a C31034 photomultiplier tube, a liquid-
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nitrogen-cooled Ge, and a liquid-nitrogen-cooled InAs
detector. The light from a focal length f=

—,
' m Bausch-

Lomb monochromator connected to a 40-W iodine-
tungsten lamp was used for transforming the EL2-N to
the EL2-M state at 2 K. Exposure time was 30 min for
each wavelength. Thermal recovery from the EL2-M
state to the EL2-N state was afFected by heating the sam-

ple at 200 C for 20 min. The same Aux of 4X10'
photon/cm sec was used for the entire energy region of
0.8—1.5 eV. Heat treatments were performed at
300-600'C for 10 min in a conventional furnace purged
with flowing N2. A GaAs wafer was placed on top of the
LT layer during heat treatments in order to inhibit As
loss. Structural characterization of the layers was per-
formed using a double-crystal x-ray diffractometer,
mounted onto a water-cooled generator equipped with a
Cu target. Nondispersive, surface-symmetric rocking
curves were measured using the (004) re6ection.

The type of deep-center PL emission in LT GaAs de-
pends mostly on the growth temperature, but also on the
As4/Ga beam equivalent pressure (BEP) ratio. The as-

grown 200'C grown layers show two PL bands at ap-
proximately 0.68 and 1.1 eV. The 0.68- and 1.1-eV emis-
sions are more prominent in wafers grown with BEP ra-
tios of 16 and 26, respectively. The 230, 250, and 300'C
grown layers show only one dominant PL emission at
0.68 eV. With increasing growth temperature the 0.68-
and 1.1-eV bands are quenched. The 400'C grown layers
show only one emission, peaking approximately at 0.8
eV. However, the 350'C grown layers generally show
only one type of emission, either at 0.68 or 0.8 eV. The
0.8-eV emission is attributed to the associated pair center
of As;-VG, . Details of the assignment will be published
elsewhere. ' The 0.68-eV emission can be attributed to a
transition from the (EL2-E} state to the valence band
based on the results of previous work' ' with GaAs
grown by the LEC or Bridgman methods. Samples hav-
ing only the 0.68-eV EI.2 emission present in the LT lay-
ers grown at 200, 230, 250, 300, and 350'C were chosen
for the present study of metastability. Figure 1 shows the
EL2 PL spectra obtained at 2 K from the layers grown at
200 and 350'C. The PL spectra are identical except for a
larger value (147 meV) of full width at half maximum
(FWHM} for the 200'C grown layer compared to that of
the 350'C grown layer (110meV). The values of FWHM
for 230, 250, and 300'C grown layers lie between those of
200 and 350'C grown layers. The increasing FWHM
with decrease of growth temperature can be attributed to
the larger inherent stress at lower temperatures. In fact,
the FWHM of the 350'C grown layer is the same as
that' ' of LEC semi-insulating GaAs.

Figure 2(a) shows the metastability efficiency M vs pho-
ton energy E used to transform EL2-N to the EL2-M
con6guration for layers grown at TG =300 and 350 C. M
is defined as (Iz Isr )/I~, where Iz—and I~ are the PL
intensity of the 0.68-eV EL2 emission before and after il-
luminating with a metastability-inducing photon. Posi-
tive and negative signs of M indicate quenching and
enhancement of the EL2 emission intensity, respectively.
The M-vs-E curves for the two growth temperatures
show the same shape over all the quenching wavelength.
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The maximum of the quenching efBciency is approxi-
mately at 1.18 eV, which is the same as that usually ob-
served' for LEC GaAs. Also, the entire quenching ener-

gy region is almost the same as that observed in LEC
GaAs. Figure 2(b) shows the M-vs-E relation for 250 and
200'C grown layers. For the 250'C grown layer, photo-
quenching and photoenhancement occur, respectively,
for photon energies of -1.0-1.35 and -1.35-1.55 eV.
The M-vs-E relation for the 230'C grown layer shows al-
most the same inverted S shape as for the 250'C grown
layer. However, the maximum and minimum values of
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FIG. 2. (a) M-vs-E relation for the layers grown at 300 and
3SO C. M is defined as (IN —IM /I&), where I& and IM are the
PL intensity of the 0.68-eV EL2 emission before and after il-

luminating with a metastability-inducing photon. E is the ener-

gy of the photon. (b) M-vs-E relation for the layers grown at
200 and 250'C. (c) M-vs-E relation for the layer grown at
200 C and heat treated for 10 min at 400'C.
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FIG. 1. Photoluminescence spectra of the 0.68-eV EL2 emis-
sion present in the layers grown at 200 and 350'C.
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FIG. 3. UQ ( = 1 M) vs TG relation, w—here -T-G is the
growth temperature of the layer.

M are 0.07 at 1.18 eV and —0.05 at 1.38 eV, respectively.
For the 200'C grown layer, only photoenhancement
occurs. Figure 3 shows the UQ vs -TG-relation for 200,
230, 250, 300, and 350'C grown layers, where the param-
eter UQ is defined as UQ=1 —M. UQ ( I and UQ ) 1

thus indicate quenching and enhancement, respectively.
Even though the amount of the quenching and enhance-
ment depends on the intensity of the transforming photon
and duration of the illumination time, Fig. 3 clearly
shows that the unquenching con6guration of EL2 in-
creases with decrease of growth temperature, and that all
the EL2 is in an unquenchable configuration for the
200'C grown layer. The lack of quenchability will be ex-
plained below. The enhancement will be discussed later.

The lattice constant of the LT layers has been deter-
mined in order to understand the lack of quenchability in
terms of the inherent stress present in the LT layers due
to the lattice expansion. The determined values of
[b,a /ao ] are 9.5 X 10 and 3.9 X 10, respectively, for
200 and 250'C grown layers, where ao is the lattice con-
stant of substrate material. These values are similar to
those determined by Kaminska and Weber, ' but smaller
than those measured by Wie et al. This discrepancy
may be from uncertainties of determining the growth
temperature. We do not find any significant change of
the lattice constant for the layers grown at 300 and
350'C. The built-in biaxial stress due to the lattice ex-
pansion present in the LT layers is determined by using
the obtained values of [b,a /ao ] and the relation,
e„=2S,zX, between the strain perpendicular to the
growth layer and stress X in the layer. Here S,2 is the
elastic compliance constant of GaAs. The determined
values of X are 1.3 and 0.53 kbar, respectively, for 200
and 250'C grown layers. These values are not enough to
cause the acceptorlike level" of the EL 2-M
configuration to enter into the band gap. Without a
larger pressure than 3 kbar, the acceptorlike level is reso-
nant with the conduction band and therefore unoccupied.
The presence of the acceptorlike level inside the band gap
is a key configuration for the photorecovery from the
metastable to the normal configuration. " We do not
consider that any other recovery processes described

earlier " can explain the present unquenchable
configuration.

We invoke that (a) EL2 exists in both quenchable and
unquenchable configurations depending on the situation,
(b) the increase of unquenchable EL2 with decrease of
growth temperature is due to the increase of stress due to
the lattice expansion, and (c) the quenchable and un-

quenchable configurations are due to the isolated As&,
under relaxed and strained conditions, respectively. Jost
et al. observed only the presence of the unquenchable
configuration of EL2 for a LT GaAs layer grown at
200'C using electron spin resonance. However,
Manasreh et al. ' reported the presence of both quench-
able and unquenchable configurations of EL2 from a 20-
pm-thick LT layer grown at 200'C, using near-infrared
absorption. The unquenchable con6guration of EL2 can
also be found from EL2 created by electron, high-
energy proton, and neutron irradiation on LEC or
Bridgman-grown GaAs. The unquenchable EL 2
configuration has been attributed to isolated Aso, (Refs.
25 —27) by some workers. From Fig. 3, we know that all
the EL2 is in the unquenchable configuration for the
200'C grown LT layer and that the unquenchable
configuration increases with the decrease of growth tem-
perature. However, the present observation of the un-

quenchable configuration for the 200'C grown LT layer
is in direct contrast with the work' by Manasreh et al. ,
where the 200'C layer shows both quenchable and un-

quenchable configurations of EL2. This can be explained
easily with the present model. Manasreh et al. ' used a
rather thicker layer of -20 pm compared to the thick-
ness of 2 JMm for the present experiment. It is known
that LT layers grown near 200'C are generally of very
high crystal quality, possibly up to —3 LMm thickness and
become polycrystalline beyond —3 pm. The polycrystal-
line layer can be considered as the built-in stress being re-
laxed. So, the thick layer has relaxed and strained por-
tions of the layer, which can be attributable to the
quenchable and unquenchable configurations of EL2 for
the thicker layer. Also, the x-ray diffraction measure-
ments show that the stress due to the biaxial compression
increases with the decrease of growth temperature. Note
that we attribute the increase of the unquenchable
configuration to the increase of stress. Thus, the quench-
able configuration is dominant in relatively stress-free
materials such as LEC or Bridgman-grown GaAs. Also,
we believe that the unquenchable ELZ configuration
present in electron-, high-energy proton-, and neutron-
irradiated samples comes from the stress built dur-

ing the irradiation. From Fig. 3, we can also expect that
LT GaAs grown below 200 C does not show any quench-
ing for the 0.68-eV PL band. One support for our mode&

comes from Fig. 2(c), where the M vs Erelation is depict---
ed over an energy range of —1.0—1.6 eV for a 200 C
grown layer, which was heat treated at 400 C for 10 min.
The M-vs-E relation differs from that of the as-grown
200 C layer which is shown in Fig. 2(b), but is similar to
that of the 250'C grown layer. Heat treatment causes a
decrease of the lattice constant of a LT layer, and the lat-
tice constant reaches the usual value after heat treating
at -600 C. In fact, the double-crystal x-ray diffraction
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measurement gives [b a /ao ) =5.7 X 10, which is
slightly larger than that of the 250'C grown layer as seen
in Fig. 2(b).

Additional support for our model comes from theoreti-
cal work on the transformation of EL2 to the metastable
state. Dabrowski and SchefBer's model of EL2 shows
that EL2 is the isolated Aso, and that the metastable
state configuration is the V~,As; pair structural transi-
tion from the normal state Aso, . The unrelaxed isolated

Aso, center has a deep a, level in the band gap and a t2
resonant state at the bottom of the conduction band. The
t2 state consists of degenerate 2a and le states. With the
displacement of the arsenic atom, the t2 state splits into
2a and le states. The driving mechanism causing the dis-
placement along the [111) direction is the Jahn-Teller
effect under the relaxed situation with the nearest neigh-
bor. The splitting of the 2a and le states is a precursor
for the transformation to the metastable state. We sug-
gest that the internal strain field present in LT GaAs pos-
sibly reduces the probability of a [111]direction displace-
ment. Thus, the metastable transformation probability
would be reduced. In this model, the quenchable and un-
quenchable EL2 configurations are AsG, in relaxed and
strained environments, respectively.

Now, we turn our attention to the enhancement ob-
served in the layers grown at 200, 230, and 250'C. The
enhancement shows a broad feature peaking at 1.2—1.4
eV over the photon range of 1.0-1.55 eV for the 200'C
grown layer, whereas the enhancement for the 250'C
grown layer is over the photon energy range of 1.3-1.55
eV with a sharp peak at —1.38 eV, while the quenching
is dominant over other photon energies. The enhance-
ment of the 0.8-eV PL intensity indicates an increase of
(EL2-N) since the 0.68-eV emission is due to the transi-
tion from (EL2 N) to the v-alence band. An immediate
first-step process is by hole photoionization to the (EL2-
N)+ state. The capture cross section cr for hole photo-
ionization to (EL2 N) was de-termined experimental-
ly. However, a recent theoretical calculation by
Baraff and Schluter finds that the experimental values
do not represent the real o.

~ and shows that o~ is almost
flat in the energies of 0.9-1.4 eV. This indicates that the
hole photoionization to the (EL2-N)+ alone cannot ex-
plain the enhancement peak observed from the 250'C
grown layer. So we invoke the presence of a two-step
process for increasing (EL2 N) where (i-) the

conduction-band electrons are produced by the electron
photoionization of compensating acceptors and (ii) the
conduction-band electrons transform the (EL2 N-)+ to
(EL2-N) . The compensating acceptors should be of in-
trinsic origin, considering the large number of (EL2
N) -3X10' cm (Ref. 12) for a 200 C grown layer.
Isolated VG, centers of -5X10' cm are observed to
be present in a 250 C grown layer. ' Even for a 300'C
grown layer, a large number of VG, are shown to be
present using slow positron annihilation. Theoretical
calculation places the energy levels of V&,
VG, ', and VG, at 0.168, 0.283, and 0.436 eV
above the valence band. We believe the —1.38-eV
enhancement maximum from the 250'C grown layer
[Fig. 2(b)] is related to the Vo, level. So, the con-
tribution from the process, (EL2 N)++-h v~(EL 2
N) +hole, is relatively small for the 250'C grown layer
compared to the two-step process involving VG, +. The
fat enhancement from the 200'C grown layer can be at-
tributed to the two mechanisms enhancing (EL2-N): (1)
the above-mentioned two-step procedure through neutral
and negatively ionized Vo, and (ii) the hole photoioniza-
tion of the (EL2-N)+ state to the valence band.

In conclusion, the photoenhancement and photo-
quenching of the 0.68-eV EL2 photoluminescence emis-
sion were observed from LT GaAs layers grown at 200,
230, 250, 300, and 350'C. EL2 consists of unquenchable
and quenchable configurations. The concentration of
EL2 in the unquenchable configuration increases with de-
creasing growth temperature. The quenchable and un-
quenchable configurations can be explained with a model
of the Aso, under strained and relaxed conditions. The
inherent stress present in LT GaAs due to the lattice ex-
pansion causes the strained state and, consequently, the
lack of quenchability. The enhancement was attributed
to the hole photoionization of (As )o+ and to the neutral
and positively ionized VG, .
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