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We present a study of the radiative transitions in Al, ;Gag ;As under hydrostatic pressure in the range
0-70 kbar using photoluminescence at 15 to 125 K. A new trapping center is reported. The center
forms an efficient carrier trap, and produces a pressure-induced hysteresis in the intensity of the radia-
tive transitions. A generic large-lattice-relaxation model with an unusually large emission barrier is pro-
posed to understand the strong hysteresis. We postulate that the center is higher than the X conduction
band at ambient pressures, and present arguments to show that it is indeed a different center, not caused
by either the DX or the shallow-donor centers. We have also obtained pressure coefficients of several
direct and indirect transitions. The activation energies of various radiative transitions and an under-
standing of the scattering processes at chosen pressures is obtained from the temperature dependence of

the luminescence intensities.

I. INTRODUCTION

Al,Ga,_, As has been one of the best studied III-V ter-
nary alloys owing to its technological value and the many
interesting phenomena it exhibits. These alloys have
properties that make them attractive for the fabrication
of heterojunction devices such as lasers, light emitting
diodes, and high mobility transistors. One of the impor-
tant limiting factors in the III-V semiconductors is the
presence of deep donor levels. A deep level that has been
the focus of several theoretical and experimental investi-
gations"? since its identification® in 1977 is the DX
center.

One of the fundamental properties of interest is the be-
havior of deep levels as the band structure is changed
with alloying. The binding energies of the levels change
dramatically* as the alloy changes from a direct to an
indirect-band-gap semiconductor around x =0.38. In
this paper we investigate the shallow and deep levels in
Al ,Ga,_,As as the band structure is changed from
direct to indirect by the application of hydrostatic pres-
sure. Hydrostatic pressure is a fundamental thermo-
dynamic tool that has been used to alter band gaps and
the associated impurity levels in a continuously tunable
fashion. In Al Ga,;_,As, the band ordering changes
from I'-L —-X to X-L -T as a function of either compo-
sition or pressure. A pressure study allows the investiga-
tion of the band and impurity related levels as the
conduction-band ordering is changed in a single sample,
where the number of impurities, defects, etc. remains un-
changed. This is in contrast to the large number of sam-
ples required for an equally detailed investigation where
composition is the parameter that is changed. The use of
a single sample is vital where the intensity of the radia-
tive transitions has to be monitored as the band structure
is changed.
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In the present work a study of the intensity of radiative
transitions has led to the uncovering of another type of
trapping center. The center becomes active at 50 kbar,
and quenches all radiative transitions. Upon increasing
the pressure to 70 kbar and then reducing it, the radiative
intensity does not recover until low pressures are reached.
The center is found to have a very deep emission barrier,
much deeper than DX, and does not empty even at 300
K. We will present arguments to show that this trapping
state is not due to the known DX and shallow-donor (SD)
centers, dislocations, or level crossings.

Pressure coefficients of the various electronic transi-
tions are obtained, and several indirect deep transitions
are identified using laser power density and temperature-
dependent studies. Activation energies of various levels
at several pressures in the direct and indirect regimes are
obtained. A comparison is made between the photo-
luminescence (PL) intensities of the indirect transitions in
the bulk sample and the indirect but staggered transitions
in a quantum well, in order to estimate the efficiency with
which electrons transfer across the heterointerface.

The paper is organized as follows. Section II presents
experimental details. Section III A discusses pressure
coefficients of electronic transitions. Section IIIB
discusses the trapping center. Section III C compares the
PL efficiency in bulk and quantum-well samples. Section
III D presents results on the temperature studies and the
activation energies obtained. Section IV is a conclusion.

II. EXPERIMENTAL DETAILS

Photoluminescence from unintentionally doped bulk
Al ;Ga, ,As (10'° Si/cm?®) is studied in a pressure range
of 0 to 70 kbar and a temperature range of 15 to 125 K.
The Aly3Gag;As layer was 2.5-um thick, grown on a
0.5-um GaAs buffer layer by molecular-beam epitaxy on
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a GaAs substrate. PL was excited by the 5145- and
4880-A lines of an Ar™ laser. Laser powers of 0.014 to
15 mW were incident on a spot 30 to 50 um in diameter.
A 0.85-m double grating monochromator with a cooled
GaAs photomultiplier tube and photon counting elec-
tronics was used to spectrally analyze the emitted radia-
tion. Measurements under hydrostatic pressure were per-
formed in a Merrill-Bassett-type diamond anvil cell with
argon as the pressure transmitting medium. A He refri-
gerator was used to cool the cell. Ruby flourescence was
used as the in situ manometer. Further details are pub-
lished elsewhere.’

III. RESULTS AND DISCUSSION

Bulk Al ;Gag ;As is a direct gap semiconductor at at-
mospheric pressure, and becomes indirect at ~ 14 kbar
where the T" and X conduction bands (CB’s) cross (Sec.
IIT A). A typical PL spectrum at 15 K, using the 5145-A
laser line, is shown in Fig. 1 (inset). At 1 bar, the dom-
inant structure is due to the neutral donor bound exciton

Alg 3Gag 7As
1bar 15K
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0.91W/cm?
1.8

PHOTOLUMINESCENCE INTENSITY (Arbitrary Units)
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FIG. 1. PL spectra at 1 bar (inset) and 22 kbar at 15 K, excit-
ed using the 5145-A laser line. The I bound exciton and DAT
recombination are observed in the direct regime at 1 bar. These
transitions give way to features associated with the indirect
CB’s at higher pressures. In the region where the X CB is dom-
inant, 22 kbar, the spectra consist of the X donor bound exciton,
BE?* (peak A), and D A* recombination (peaks B, C, and D) at
high excitation intensities. At lower intensities, the free exciton
FEX (peak 4’) is observed. The power densities were calculated
assuming a spot 50 um in diameter.
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(BET). The linewidth of BE' was 1.6 meV at 15 K and
the PL signal was intense (1.6X 10° counts/s when excit-
ed with 15 uW of 5145-A radiation). Weaker peaks due
to a donor-acceptor recombination (DAT) from the hy-
drogenlike shallow donor to an acceptor 22 meV above
the VB are also observed at lower energies. These transi-
tions are similar to the D A recombination seen by Din-
gle.® The binding energy of the acceptor suggests’ that it
is C,,. The activation energy of the D A" peaks obtained
from an analysis of PL intensity as a function of tempera-
ture (Sec. III D) confirms an activation energy of 21+5
meV.

At pressures above the I'-X crossover the PL spectra
change radically. Levels associated with the indirect X
CB appear. These peaks are considerably weaker in in-
tensity, and exhibit a strong dependence on excitation in-
tensity. Spectra at 22 kbar for a few sample laser powers
are shown in Fig. 1. At the highest laser powers em-
ployed, the spectrum at 15 K shows a bound exciton
(BE®) labeled A and deeper localized levels labeled B, C,
and D.

In an attempt to identify these peaks, we study the
spectra as a function of incident laser power density. At
a low power density, 4.0 Wem ™2 in Fig. 1, two broad
peaks B and D are observed. As the laser power is in-
creased to 37 W cm ™~ 2, the intensity of peak B grows rela-
tive to that of D, and two weaker peaks 4 and 4’ appear
at higher energies. At the highest laser power densities,
peak A grows rapidly, masking A4’, while peak D’s inten-
sity relative to B declines. A shoulder, peak C, is also
seen on the lower-energy side of B. From their peak en-
ergy positions, pressure, and temperature behavior, 4’ is
identified as the free exciton (FE*) and A the neutral
donor bound exciton (BE*) associated with the X CB
minimum. Peaks B and D are D A* recombination peaks
that arise from donor levels.

In Fig. 2 the intensities of all peaks are shown as a
function of exciting laser intensity at 22 kbar. The linear
sections of the curves in the low power density region are
fit to the expression I =¢™, where I is the PL intensity in
counts per second and o is the incident power density
calculated for a 50-um-diameter spot in units of W cm 2.
The laser power was measured at the sample position,
and corrected for the reflection losses at the air-diamond
and diamond-argon interfaces. The highest power densi-
ty of 746 W cm ™2 corresponds to 15 mW of laser power
on the sample. From fits to the linear region, we obtain
m =0.64 for peaks B and C, m =0.37 for peak D, and
m =3 for peak A. The uncertainty in m is about 20%.

From the values of m obtained, it is evident that B and
C increase in intensity at the same rate while D grows
more slowly. From Fig. 2, it is also clear that D saturates
at lower powers than B. The different m values and ear-
lier saturation suggest that peaks B and D arise from two
different donor levels, and that D is not a phonon replica
of B. This identification is confirmed by the activation
energies: the scattering processes to the CB are the same
for C and B, but not for D. B and C probably terminate
on the same acceptor level C,,. The saturation of peak D
at low laser powers suggests that D is due to an impurity
or defect level with relatively few available states. There-
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FIG. 2. Intensities of peaks 4’, 4, B, C, and D as a function
of exciting intensity at 15 K and 22 kbar. Note that the bound
exciton (A) is observed only above a power density of 37
W/cm?, corresponding to a laser power of 0.7 mW, and that the
saturation for D begins at lower powers than that for B and C.

fore, it saturates at low laser powers, after which recom-
bination from B and C is seen.

Peak C is distinct when the signal-to-noise ratio of the
spectrum is good, at the higher laser powers. It tracks
peak B in intensity, temperature, and pressure. We
therefore assign peak C as a phonon replica. Its energy
separation of 10 meV below B indicates that it is assisted
by the TA(X —K) phonon.

When B and C are sufficiently populated, the higher
energy levels A and A4’ are seen. At still higher powers
A (BE®) increases rapidly with a large exponent m and
becomes the dominant peak, dwarfing 4’ (FE*). The
laser power, then, provides a sensitive tool for selectively
enhancing the various peaks. Conversely, the recombina-
tion efficiency can be gauged from the shape of the spec-
tra, along with the PL intensity itself. This feature will
be used in a later discussion in Sec. ITI B.

A. Energies of radiative transitions under pressure

The peak energies of the transitions observed at 15 K
are displayed as a function of pressure in Fig. 3. In the
pressure range of ~0 to 9 kbar levels tied principally to
the I" CB are observed. The pressure coefficients are list-
ed in Table I. The pressure coefficients of BE' obtained
are in good agreement with previous works.2 71 We be-
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FIG 3. Energies of the peaks in the PL spectra of
Aly 3Gag ;,As at 15 K as a function of pressure from O to 70
kbar. Note the appearance of transitions from deep donor lev-
els beyond 9 kbar, which show a bowing in the region of the I'-
X crossover.

lieve that the previous value of 9.9+0.1 meV/kbar is a
more accurate value because of the better statistics in
that set of data, as well as more even sampling over the
~ 14-kbar pressure range over which the BE! peak is ob-
served. The DAT(3) and D A'(4) peaks are weak shoul-
ders whose energies cannot be determined with accuracy.
They are, however, shown in Fig. 3 to indicate the pres-
sure at which they disappear and give way to the indirect
peaks.

In the intermediate pressure range of ~9 to 20 kbar,
where L-X mixing occurs, one sees the evolution of the
deep levels B, C, and D, as well as the levels tied to the X
CB minimum FE¥ (4’) and BE* (A) above 13 kbar. The
highest-energy peak FEX crosses BE! at 12.5 kbar. As-
suming FE¥ is 30 meV below the X CB and BET is 10
meV below the I' CB, the I'-X band crossing occurs at 14
kbar. While BEX and FE* shift linearly in energy with
pressure through the entire pressure range, the D A~ lev-
els exhibit a bowing in the vicinity of the crossover due to
L-X mixing.

The pressure coefficients obtained are listed in Table I,
fit to linear functions for all peaks. We found that fits to
a second-order function gave virtually the same residual
sum of squares as the first-order fits for all observed lev-
els. For example, for the BEX (peak A), the residual sum
of squares for both fits was exactly the same, 3.4 X 104,
The first-order fit is listed in Table I. The second-order
fit gave E(0)=2.0294+0.0022 eV, a=—1.6210.28
meV/kbar, and B=—4.5X10""%3.5X 10 ° meV/kbar?.
We therefore used the criterion that the lowest-order fit
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TABLE 1. Pressure coefficients of the peaks in Al ;Gag ;As, fit to E(P)=E (0)+aP.

Pressure
range
Transition E(0) (eV) a (meV/kbar) (kbar)
BE’ 1.9001+0.0033 9.47+0.32 0-18
DAT(1) 1.8731+0.0025 8.76+0.27 0-15
DAT(2) 1.8637+0.0015 8.56%0.15 0-15
DAT(3) 1.8398+0.0018 6.64+0.19 0-15
DAT(4) 1.8125+0.0045 6.431+0.50 0-15
FEX 2.0388+0.0025 —1.43+0.09 15-40
BEX 2.0300£0.0022 —1.65+0.05 15-70
DA (B) —1.65+0.06 20-70
DA (C) —1.68+0.08 20-70
DA (D) —1.72%0.12 20-50
Previous works (nominally x =0.3)
BET 1.872+0.002 9.9+0.1 0-20, 8 K®
BEX 2.013+0.003 —0.93+0.09 15-42, 8 K?
Band gap (I’ 10.8+0.1 0-10, 300 K®

*References 8 and 9.
bReference 10.

was adequate unless the residual sum of squares de-
creased for a higher-order fit. In the case of
Al Ga,_,As, linear fits gave the lowest residual sum of
squares. This is not necessarily true of other materials,
particularly for direct transitions observable over large
pressure ranges. !

It is evident from the bowing of B, C, and D between 9
and 20 kbar (Fig. 2) that the levels are resonant above the
I’ CB at ambient pressures. However, the data we have
in the region of the bowing did not allow us to quantita-
tively define a second- or higher-order term and accurate-
ly establish the energies of the levels at 1 bar. Therefore
only linear pressure coefficients in the pressure range of
20 < P <70 kbar are obtained, and E (0) is not quoted for
these levels in Table I. It is important to realize that
though the a’s of the deeper levels are close to those of
BE?, their energies are considerably lower. Similar line
shapes are seen in quantum wells, with similar laser
power dependence.'>? Remembering that BEX is not ob-
served until higher laser powers are used, it is vital to
properly identify the levels from their shapes, particularly
when staggered transitions are used to calculate the VB
offset in quantum wells.

We note that the energy of level D at crossover (14
kbar) is about 120 meV below the band crossing, after ac-
counting for the 22-meV downshift in the transition ener-
gy since it terminates on an acceptor rather than on the
VB. This is consistent with the binding energy of the
DX? center, calculated to be ~150 meV following the
prescription of Ref. 1. Apart from the coincidence in the
depths below the CB, there exists no clear evidence to
link D to the DX center.

B. A deep center in Al 3;Gag ;As

While the energies of the X associated levels follow a
predictable pattern, their PL intensities show rather

unusual behavior. Levels B, C, and D have a high and
steady intensity up to about 45 kbar. At ~50 kbar, the
PL intensity from these levels abruptly drops, and de-
creases by two orders of magnitude around 70 kbar.
Upon reducing the pressure from 70 kbar (downstroke), a
surprising result is observed. The PL intensities of the
levels tried to the X CB do not recover following the same
path along which they decreased. In fact, recovery of PL
intensity does not occur until very low pressures are
achieved (~ 10 kbar).

A localized center in bulk Al,;Gagy;As, observed for
the first time to the best of our knowledge, is believed to
cause this phenomenon. In this section we will present
evidence to show that a simple model of a trapping center
can explain this pressure-induced hysteresis, and further-
more, that this center is not any of the known centers
such as the normal DX or SD centers, but a different type
of center.

Substitutional group-IV and -VI dopants in
Al ,Ga,_,As give rise to two types of electronic states.
One is a shallow hydrogenic level and the other is a more
localized level, the DX center, believed to arise from lat-
tice distortion near the donor. The relative stability of
these states depends on alloy composition.! At x <0.22
the localized state is a resonance above the I' CB. At
higher Al compositions, the DX center becomes a bound
state and more stable than the shallow-donor level. The
application of hydrostatic pressure has an effect similar
to increasing Al composition. The I' CB moves up in en-
ergy, making the DX a stable state!37 16 at finite pressures
for x <0.22. In GaAs this shallow-deep transition occurs
at 24 kbar.

The center we observe in this work is qualitatively rem-
iniscent of some of the properties of the DX center. The
center is resonant above the conduction band, in this case
above the X CB minimum, at pressures below 40 kbar. In
contrast, the DX is resonant above the I’ CB. At higher
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FIG 4. PL spectra in the indirect regime showing the hysteresis in the intensity. In panels (a) and (b) (upstroke) the PL intensity
remains relatively constant. Beyond ~ 50 kbar it drops sharply. At 65 kbar, panel (c), it has decreased by about two orders of magni-
tude. Upon decreasing the pressure (downstroke) the PL intensity does not recover, as seen in panels (d) and (e), which show spectra
at almost the same pressure as (a) and (b), respectively. Note the presence of the transitions due to GaAs:N in the substrate: they are
dwarfed by Al,Ga,_,As at 44 kbar in the upstroke, panel (b), while the reverse is true in the downstroke, panel (e). The intensities of
GaAs:N serve as an internal calibrant, and show that the loss of intensity is not due to misalignment of the sample. Recovery of in-

tensity ultimately takes place at very low pressures, < 10 kbar.

pressures the center becomes stable and captures all elec-
trons that are photoexcited into the X CB, causing a
sharp drop in the PL intensity. When pressure is re-
duced, to PL intensity does not recover despite thermal
cycling to room temperature. This indicates a trapping
center with an unusually deep emission barrier, much
deeper than that of the DX center.

The decline in PL intensity and the hysteresis observed
upon pressure cycling have been repeatedly seen in both a
bulk Al;;Ga;,As and in a GaAs/Alj ;Gajy ,As MQW
sample.!” A typical spectrum observed in the bulk
Al ;Gag ;As sample beyond the I'-X crossover, for in-
creasing pressure (upstroke) is shown in Fig. 4(a) at 32
kbar. The high-energy peak A is the exciton bound to
the X CB, BE*, while the broad peaks B, C, and D are
D AX recombinations described in Sec. III A. Figures 4(a)
and 4(b) show that these peaks are quite intense up to
~45 kbar. At ~ 65 kbar the PL intensity has declined by
two orders of magnitude. Note that the intensities in
Figs. 4(b)—-4(e) are normalized to that of Fig. 4(a).

The unusual hysteresis in the intensity occurs when the
pressure is reduced (downstroke). An example is shown
in Figs. 4(d) and 4(e), where the spectra are contrasted to
those at almost the same pressures as in Figs. 4(a) and
4(b) (upstroke). Pressurizing the sample to 70 kbar and
then decreasing the pressure has reduced the observed PL
intensity by a factor of 17 at 44 kbar [compare Figs. 4(b)
and 4(e)]. The peak energy positions and the spectral line
shapes remain the same in the upstroke and downstroke
spectra at 44 kbar. At 31 kbar the intensity ratio has im-

proved to a factor of 6 [Figs. 4(a) and 4(d)], however, the
line shape has changed drastically.

A plot of PL intensity versus pressure is seen in Fig. 5.
The sharp decline in the intensity indicates that another
level has crossed the BEX and D 4 levels so that recom-
bination occurs via a nonradiative process. As the pres-
sure is reduced, recovery of the PL intensity finally
occurs below 10 kbar where BET dominates the spec-
trum.

Several plausible causes were explored to explain the
decline in PL intensity and the pressure-induced hys-
teresis effect. A decrease in PL intensity due to a level
crossing is a common feature. It was used in GaAs, for
example, to establish the I'-X crossover pressure.!®!®
When the ' and X bands cross, electrons scatter prefer-
entially to the X CB, the I'-VB recombination decreases
by several orders of magnitude. The same process is ob-
served when the I" and X CB’s cross in Al ;Ga, ,As as
shown in the low-pressure region Fig. 5.

Another example is the crossing of the deep levels of
substitutional nitrogen in GaAs with the X CB near 70
kbar.’® When the nitrogen levels become resonant with
the X CB their intensity drops. As in the case of BET, the
GaAs:N transitions reappear upon decreasing the pres-
sure with the same intensity and at the same pressure as
in the upstoke. We see these transitions from the GaAs
substrate layer [Figs. 4(b) and 4(c)]. The decline and
recovery of the GaAs:N PL intensity is shown in Fig. 6,
and is markedly different from the hysteresis observed in
Al,Gs,_, As. Therefore, the hysteresis in the PL intensi-
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FIG. 5. PL intensities as a function of pressure from 0 to 70
kbar showing the hysteresis effect from 20 to 70 kbar for
upstroke and downstroke. BE' spectra were excited with 0.91
W/cm? while spectra in the indirect regime were excited with
587 W/cm?. The circles represent the upstroke data, and the
triangles the downstroke for the main peak (B) in the indirect
regime. The solid lines through the data points are the fits dis-
cussed in the text. The dashed line is the recovery curve expect-
ed if the pressure were changed at 15 K (see text). In the low-
pressure region (10 to 20 kbar), the drop in intensity of BE"
(squares) is due to the crossing of the I' and X CB’s. The line
through the squares is a fit to a function similar to Eq. (1), but
with the parameters appropriate to the I'-X crossing

ty rules out a simple level crossing.

The GaAs:N levels from the substrate seen at 44 kbar,
Figs. 4(b) and 4(e), provide an internal calibration of the
Al ;Gagy ,As  intensities. The Al ;Gagy,As  levels
overshadow them in the upstroke regime [Fig. 4(b)] while
the reverse is true in the downstroke regime [Fig. 4(e)].
This confirms that the intensity differences we observe
are not due to problems of alignment in the pressure cell.

Another possible cause for a decrease in PL intensity is
due to dislocations that occur near a structural phase
transition, seen in several direct gap materials such as
CdS (Ref. 5) and CdTe.2?? In Al,;Ga,,As, however,
the phase transition takes place?® at ~ 150 kbar, and is
unlikely to cause dislocations at 70 kbar. A characteris-
tic of dislocations is that releasing the pressure does not
allow the PL intensity to recover. Since near total
recovery is observed at ~ 10 kbar, we conclude that dislo-
cations do not cause the effect seen.

A simple model that describes the effect is a trapping
center with lattice relaxation. Since the hysteresis effect
is large, it is likely that the lattice relaxation is large as
well. A schematic model is shown in a configuration
coordinate diagram scheme in Fig. 7. The minimum in
the potential energy for the center Uy is displaced from

PRESSURE (kbar)

FIG. 6. The PL intensity of the main peak of the GaAs:N
transitions. Note that the intensity drops at 62 kbar in the
upstroke, but has recovered to its original value at 55 kbar in
the downstroke, with no indication of a hysteresis. The scatter
in the data is mainly because the PL intensity was optimized for
the Al,Ga,;_, As rather than for the GaAs peaks in each pres-
sure run.

Upstroke Downstroke
U U
Ux (a) T Ux ® T
20 - 30 kbar E kT
Ep >>kT
(b) e)
30 - 40 kbar
Ep >kT E, >kT
(©) (d)
50 - 60 kbar
Ep~kT E, >>kT

FIG. 7. Configuration coordinate diagram for a large lattice
relaxation model. Upstroke regime, left panel: (a) at low pres-
sures AE >>kT and no electrons scatter to Uy; (b) intermediate
pressures, although the bottoms of Uy and Uy line up, AE > kT,
and still no electrons transfer to Ur; (c) at high pressures
AE ~ kT and electrons transfer to Uy and are trapped. Down-
stroke regime, right panel: (d) at high pressures the emission
barrier E, >>kT and trapped electrons cannot return to Uy; (e)
at intermediate pressures E, > kT and most electrons remain in
Uy; (f) at low pressures E, ~ kT and electrons repopulate Uy.
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that of the hydrogenic-donor state associated with the X
CB Uy. It is assumed that the X CB is the feeder level
for the deep levels B, C, and D. Scattering to Uy may
occur thermally via the capture barrier Eg or via an in-
termediate state E,, as has been postulated for the DX
center.”* Our data does not make it possible to
differentiate between the two processes. For simplicity,
we assume that the level that mediates the transfer of
electrons from Uy to Uy is separated from the bottom of
Uy by an energy AE, and the AE varies linearly with
pressure. We remark that if the transfer of electrons oc-
curred thermally via Eg, AE, defined by the intersection
of Uy and Uy, would be proportional to P2. Without
knowledge of the exact mechanism, however, a simple
linear approximation is justified.

At low pressures between 20 to 30 kbar, U, is high
above the X CB, as is E,,. In this pressure region
AE >>kT for T=15 K and no electrons scatter to the
center. Strong recombination is observed from electrons
that are photoexcited into the X CB [Fig. 7(a)]. At slight-
ly higher pressures =~40 kbar where the bottoms of the
potentials line up, there is still no transfer of electrons to
U, since AE is still larger than kT [Fig. 7(b)]. At yet
higher pressures ~50 kbar, U, is well below Uy,
AE ~ kT, electrons transfer to the trap, and the PL inten-
sity decreases sharply [Fig. 7(c)]. At the highest pres-
sures ~ 65 kbar, all electrons are transferred to the trap
and the PL intensities from all states die below experi-
mentally detectable levels.

On the downstroke, when the pressure is reduced back
near 50 kbar where the intensity was initially observed to
decline, few electrons recombine radiatively and PL in-
tensity is low [Fig. 7(d)]. The thermal emission barrier
for the electrons to escape from the center E, >>kT and
the trapped electrons cannot return to Uy. Upon de-
creasing the pressure further to ~40 kbar, E, decreases
but is still larger than k7T, and most of the electrons
remain in Uy [Fig. 7(e)], even though some of the PL in-
tensity is observed to recover. At low pressures [Fig.
7(0)], E, ~kT (26 meV) and the center Uy empties out as
witnessed by the recovery of PL intensity to prepressuriz-
ing levels. We note that even in this simple model, the
quenching process and the hysteresis, though arising
from the same trapping center, are determined by
different quantities. The quenching of PL and the pres-
sure at which it occurs is determined by the crossover en-
ergy, the carrier density, and E of trapping centers. The
hysteresis is determined by the activation energy and ki-
netics of the center. This difference may allow selective
tuning of the quenching and recovery pressures in future
experiments.

The upstroke PL intensity I (P) as a function of pres-
sure P was fit to the following equation,'®!® which has
been used to describe the carrier transfer when the I" and
X CB’s cross under pressure:

Ip)= 14 AeAE/KT

where AE =(ay—a,, (P —Pr) is the energy separation
between the mediating level and the X CB, «,, and ay

S (1)

ROACH, CHANDRASEKHAR, CHANDRASEKHAR, AND CHAMBERS 44

are their respective pressure coefficients, P is the cross-
over pressure, defined by the pressure at which the ener-
gy difference between E,, and the bottom of Uy =~kT, k is
Boltzmann’s constant, and A4 is a fitting parameter.

From the fit we obtain P;=45+1 kbar and
Aa=(ay—a,, )=0.8%0.1 meV/kbar, giving
a,, =—2.410.3 meV/kbar, since ay=-—1.6%0.2

meV/kbar. Similar fits to the MQW sample'? yield
Pr=47+1 kbar, and «,, =—3.5+0.3 meV/kbar, values
from two different samples that are within two standard
deviations of each other. These fits are shown as the solid
line in Fig. 5. When Eq. (1) is used for the I'-X cross-
over,! 10 I /T =T are/ Trad» Where 7., is the scattering
time from the higher to the lower valley, and 7,4 is the
radiative lifetime. If we assume the same interpretation,
this ratio for our system is ~ 1072, Table II lists the pa-
rameters obtained from these fits for both the bulk
Alj 3Gaj ;As and the MQW sample studied.

This qualitative model for the emptying of electrons
from U; to Uy would predict a sharp recovery curve
(dashed lines in Fig. 5) if the temperature was held at 15
K while pressure was reduced. However, some trap emp-
tying occurs because the sample is cycled to 300 K in or-
der to change the pressure. Above 46 kbar, a few elec-
trons transfer out of U, into Uy and then to the VB.
These electrons are photoexcited into Uy at 15 K where
most of them transfer back to U, while a few undergo
radiative recombination. This causes the downstroke
curve seen in Fig. 5 to be smoother than the upstroke.
Below 46 kbar the photoexcited electrons do not transfer
back to Uy since they have too high a capture barrier to
overcome in order to scatter into Up. However, since
some electrons are still in Uy, the PL intensity has not
yet recovered.

The fact that only a few photoexcited carriers partici-
pate in radiative recombination in the downstroke regime
below 46 kbar is borne out by the change in the line
shape of the spectrum. While the 44-kbar spectra for the
upstroke and downstroke look alike, with clearly defined
A, B, and C peaks [Figs. 4(b) and 4(e)], the upstroke and
downstroke spectra at 31 kbar do not [Figs. 4(a) and
4(d)]. Recall that peak A4 is seen only for high exciting
intensities, while B and D are more pronounced for low
excitation intensities (Fig. 1). The spectra shown in Fig.
4 were all obtained at the same laser power density of 764
Wcem ™ 2. The spectrum seen in Fig. 4(d) looks remark-
ably like the spectrum seen for a lower power density of
37 Wem ™2 in Fig. 1. This leads us to conclude that at
the higher pressures in the downstroke (44 kbar), there
are few states available and the few electrons available
populate B, D, and A as well. At lower pressures in the
downstroke regime (31 kbar) there are few electrons
available, while the number of available states is larger
than at 44 kbar. Therefore the electrons preferentially
populate the lower-energy levels B, C, and D, and do not
populate level A.

The downstroke PL intensity data is fit to Eq. (1) using
AE=Aa'(P —Pg)at T=300K. A downstroke recovery
pressure Pp =27+3 kbar is obtained, consistent with that
observed from the MQW sample studied and the qualita-
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TABLE II. Parameters obtained by fitting the intensities of radiative transitions to Eq. (1). Aa and
P refer to the upstroke, while Aa’ and Py refer to the downstroke data.

Sample and Aa (Aa') Py (Pg)
transition Stroke A (meV /kbar) (kbar)
Al,Ga;_,As (15 K)

Main X peak Up 0.90+0.20 0.76+0.12 44.8
Down 0.46+0.09 5.12+0.31 27.1

GaAs/Al,Ga,_,As (80 K)
E(X) Up 0.64+0.22 1.84+0.21 47.8
Down 1.09+0.64 4.54+1.06 33.1
Level B Up 0.83+0.31 1.88+0.32 459
Down 1.03+0.94 6.20+1.92 32.3

tive picture presented by the hysteresis in Fig. 7. A sharp
recovery curve is predicted by our model if the pressure
were changed at 15 K. This curve is shown in Fig. 5
(dashed lines), generated using Pr =27 kbar, Aa’, and
T =15 K. The data obtained from the fit to the down-
stroke data is not sensitive enough to separate out com-
peting processes above 46 kbar. It is assumed that the
dominant process of trap emptying due to cycling to
room temperature prevails over the retransfer of elec-
trons from Uy to Uy. Because of the competing process-
es, Aa’ does not directly give the pressure coefficient of
the level that mediates the recovery process. However,
since Aa’ is quite different from Agq, it is possible that the
emptying of the center occurs via the thermal E, while
trapping occurs via an intermediate state.

While the microscopic origin of the center is not
known at present, we can eliminate certain known
centers as being the cause of the phenomenon we observe.
The DX center is the first such center that comes to mind.
The DX is known to be present in Al, Ga,_, As between
x =0.22 and at least?® 0.74. However, the DX empties at
300 K, and has an E,~300 meV. The fact that this
center does not empty at 300 K indicates that it is not the
normal DX center. Besides, the DX is present already at
low pressures, but does not affect the spectra. The work
of Brunthaler and Ploog?® has shown that the DX does
not appear to affect PL on the long time scales in time in-
tegrated spectra such as ours. Once the DX saturates
upon irradiation with light, which can take a few
seconds, radiative recombination proceeds as if it were
absent. One therefore does not expect the DX to have
any further effect on the radiative recombination. All
these arguments serve to show that the normal DX is not
the cause of the effect we observe.

That the effect occurs at high pressures suggests that
the center has an energy that is resonant above the X CB
at low pressures and comes below it at high pressures.
This is similar to several defect-induced levels, such as
the DX in GaAs or the N levels in GaAs, which are meta-
stable and therefore resonant at ambient pressure and
then become stable at higher pressures. This center is
even higher than the levels mentioned above, so that it
appears below the X CB only at 45 kbar. A recently ob-
served level that crosses to come below the X CB at high
pressure is the SD level.?’” However, this level has a fairly
low emission barrier of 200 meV, and therefore cannot be
this center.

A different way to look at the drop in intensity and
hysteresis is not so much in terms of energy-level dia-
grams but in terms of the availability of the shallow-
donor or BEX levels. If the deep center occurs due to the
breaking of bonds and the motion of the donor into an in-
terstitial site, that donor would not contribute a shallow-
donor level or a donor bound exciton to the states avail-
able to the electron. Thus it is both the energetics and
the density of available states that will determine the in-
tensities of the transitions. That the recovery of the
available shallow levels is important is indicated by the
line shapes of the upstroke and downstroke spectra near
the recovery pressure, Figs. 4(a) and 4(d) at 32 kbar, and
by the energies of the transitions seen in the doped
quantum-well sample'>!” where a similar drop in the PL
intensity of the staggered transitions in GaAs-
Al ;Gajy ;As MQW’s has been observed.

The DX is indeed postulated to be due to bond break-
ing and lattice relaxation as described above.! In the
model, one bond is broken, and the donor captures two
electrons and becomes negatively charged. In our case, it
is possible that the donor occupies a different interstitial
site, which allows it to have a deeper emission barrier
than DX. It is also possible that this other interstitial site
becomes more favorable because of the additional lattice
strain energy provided by the decreased lattice constant
under hydrostatic pressure. At the present time no calcu-
lations exist for this center.

Our discussions above have assumed that this center is
an electron trap. It is well known that at low tempera-
tures PL is dominated by hole trapping.?® In order to ob-
serve this effect, the authors cooled the sample in the
dark so that all the electrons were trapped by the DX
center (which was lower than the shallow-donor center in
their sample). Upon irradiation with light, electrons and
holes were available in the CB and VB, respectively. The
holes were trapped by the DX center, converting it to the
shallow-donor level. This process occurred until all the
DX centers were converted to the neutral donor level, a
process that took about 20 s (in a sample with 1.5X10'®
Si/cm?, 2-um thick), or roughly as long as it took to irra-
diate it with as many photons at Si atoms. During this
period, the competition between holes being trapped at
DX and the holes recombining with electrons causes a
gradual rise in the PL intensity to its maximum value
I(). Once all the DX’s are converted at low tempera-
ture, the transient can be repeated only by warming the
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sample and repopulating the DX.

In our experiment, the time scales of the experiment
are considerably longer. No particular care was taken to
cool the sample in the dark. Spectra were typically
recorded an hour or two after the first irradiation with
light. If hole trapping were indeed responsible for the de-
creased PL intensity when this center becomes active,
then it implies that at the time of the measurement we
are still on the rising edge of the transient. We conclude
this because there appears to be no evidence that the
presence of the DX center decreases the saturation inten-
sity I( o ): no such effect has been observed in GaAs PL
as one crosses the DX center. If the lowered intensity we
observe is due to our still being on the rising edge of the
transient, it implies hole trapping with a very long time
constant, of the order of several hours.

If the center is hole dominated, then the turn-on pres-
sure would have to be the same in GaAs as in
Alj ;Gag ;As, in order to account for the identical P,
values that we have observed in the bulk and MQW sam-
ples. An electron trap, on the other hand, would not
have this requirement, since the conduction state in-
volved in both samples is the Al,Ga,_,As X CB. At
present Pr in GaAs is not known.

In our studies of the doped MQW, we have observed a
sudden shift in the energy of the main staggered peak to a
value about 12 meV higher at ~40 kbar. We interpret
this as a shift from a screened transition below 40 kbar
(due to the large number of electrons from the well) to a
free exciton above 40 kbar, when all the electrons are
trapped. This higher-energy free excitonic transition is
preserved in the downstroke. This phenomenon is easier
to understand on the basis of electron rather than hole
trapping. At present therefore, we feel that there is more
evidence to support the idea that the center traps elec-
trons rather than holes. However, more detailed studies
are required before the issue is resolved.

As estimate of the position of E,, at ambient pressures
can be made from a linear extrapolation. Using average
values from Table II of Aa=(ay—«a,)=—1.3
meV/kbar, and P,=46 kbar , E,, is 6026 meV above
the X CB at ambient pressures. The linear extrapolation
has a large uncertainty because the data that describes
the pressure coefficient occurs over small range of pres-
sures between 45 and 60 kbar, i.e., in the steep part of the
upstroke curve in Fig. 5. From this extrapolation we
conjecture that the center may be important at large
values of x between 0.7 <x < 1.0.

We conclude that the center we have observed is
indeed of a different type, and that it has never previously
been observed. Its presence in two different samples
confirms the belief that it may be generic to Al ;Ga, ;As.
It is possible that the center is present at all Al composi-
tions, and that it is active at ambient pressures at large x
values. This depends on the role played by the strain en-
ergy in determining the stability of the center. We are
currently investigating several samples of different Al
compositions and dopants to establish the pressures at
which the center becomes active at different x’s. From
these studies we expect to predict whether the center is
active at ambient pressures.
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Apart from the microscopic origin of the trapping
center, there are several other unknowns that are of im-
portance. The most important is the density of traps and
whether it is closely related to the number of donors. If
it is equal to the number of donors or a multiple, it would
indicate a singly or multiply charged donor, respectively.
Traditionally, this has been a difficult quantity to mea-
sure. The emission and capture barriers and their pres-
sure dependence are also unknown at present. We are
currently conducting annealing experiments to determine
E,. Another important quantity is the capture rate of
electrons into empty traps and holes into filled traps.
These rates will determine the kinetics of steady-state
recombination, and are not known at present. Yet anoth-
er question is whether the traps can be saturated by a
higher level of photoexcitation, and therefore alter the
pressure at which the PL quenching occurs.

C. Comparison between bulk and quantum-well PL intensities

An interesting question that arises in
GaAs/Al,Ga,;_, As quantum-well structures, where the
indirect transition takes place from the X CB of
Al ,Ga,_,As to the I" VB of GaAs, is the efficiency with
which electrons transfer across the interface.” We can es-
timate the transfer efficiency by comparing the PL inten-
sity in the indirect regime of a bulk Al,Ga,_, As sample
to that of a quantum-well sample. Figure 8 shows the PL
intensities in the upstroke for peaks 4 and B in two sam-
ples: the bulk Al, ;Ga, ;As sample (open symbols) and a
quantum-well sample (MQW) which consisted of 80
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FIG. 8. A comparison of upstroke PL intensities in the in-
direct regime for the bulk Al,Ga,_,As sample and a MQW
sample. The exciting intensities were 15 mW for the bulk and
3.75 mW for the MQW. Owing to saturation at higher powers
(Fig. 2), the PL intensity in the MQW is smaller than that of the
bulk by a factor of 3 (see text). The difference is indicative of
the efficiency with which electrons transfer across the heteroin-
terface. The lines are a guide to the eye.
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periods of (40 A)/(80 A) GaAs/Al, ;Ga, ;As with center
doped wells (10'® Si/cm?), denoted by the solid symbols.
The region of interest in Fig. 8 is between 30 and 45 kbar,
before the intensity drops due to the trapping center that
we observe. In the MQW sample, the region between 20
and 30 kbar shows a decline in intensity, presumably be-
cause that is the region where the X CB in GaAs crosses
the I' in GaAs, after which the electron cascade takes the
path GaAs I' CB—GaAs X CB—AIl _Ga;_,As X CB.

The data shown in Fig. 8 are the raw data taken at 15
K, with 15 mW of excitation power for the bulk sample
and 3.75 mW for the MQW. From Fig. 2 we see that the
PL intensity is already in the saturation regime at these
powers. The fourfold difference in power corresponds to
only a twofold increase in the PL intensity for the bulk
sample. Corrected for the incident intensity, the radia-
tive efficiency of the MQW is about three times less than
that of the bulk sample.

The efficiency of transfer of electrons across the inter-
face should depend on the well width, which affects the
penetration of the wave function into the barrier. The
relative sample quality is also important when PL intensi-
ties are being compared. In the present comparison, the
two samples were grown at different times and under
slightly different conditions, and therefore the sample
qualities cannot be compared. The doping in the MQW
sample was able to provide a large number of electrons in
the CB. Due to the differences in the samples, the factor
of 3 difference in the recombination efficiency should be
regarded as an order of magnitude estimate.

D. Temperature dependence of radiative transitions

The peak position energies and intensities of the PL
spectra obtained from bulk Al,;Gaj;As are strongly
temperature dependent. To study this dependence, tem-
perature studies were conducted at representative pres-
sures of 1 bar, 6, 26, 33, and 44 kbar. The laser excitation
power density was held constant at 764 W cm ™2 using the
5145-A line while varying the temperature between 15
and 125 K. An example is seen in Fig. 9, where spectra
at a few temperatures are shown at 26 kbar. The energy
axes for spectra at temperatures above 15 K have been
shifted relative to the 15 K spectrum to compensate for
the shift in the band gap with temperature according to
the Varshni?® equation:

a'T?
T+pB "’

where a’ and B are the Varshni coefficients?® for the ap-
propriate symmetry points. Values for GaAs are used:
a'=4.6X10"* eV/K and B'=204 K for X, and
a’'=5.405X10"*eV/K and B’'=204 K for the I" CB.

In the 15 K spectrum peaks A4, B, C, and D are easily
seen. As the temperature is raised BEX (A4) shifts to
higher energies, indicated by A4’, and lower relative PL
intensities. The shift is approximately 12 meV between
15 and 45 K (after compensating for the temperature
shift of the band gap), and coincides with the position of
FE* (A’) at lower laser powers in Fig. 1. The energy

E(T)=E(0)—

(2)
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FIG. 9. PL spectra at 26 kbar for several temperatures. The
lowest-energy axis corresponds to energies at 15 K. The axes
for other temperatures are shifted by an energy equal to the
temperature shift of the X band gap.

shift indicates an ionization of BEX to FEX with tempera-
ture, and is consistent with the activation energies to be
discussed later. The D A levels B and D are almost sta-
tionary in energy up to ~75 K, beyond which they de-
crease in intensity and new peaks, B’ and D’, 20-meV
higher in energy appear. This is consistent with the ion-
ization of the acceptor at the higher temperatures, and
conversion of the D A ¥ transition from a bound-to-bound
to a bound-to-free transition. The process is once more
corroborated by the activation energies. At 125 K, B’ is
the dominant level while peak D has disappeared entirely
and a weaker peak D’ remains.

In order to obtain the activation energies, Lorentz os-
cillators were fit to the spectra and the integrated intensi-
ty for each peak was calculated at each temperature and
pressure. A sample fit is shown in Fig. 10. The integrat-
ed intensities were plotted as a function of inverse tem-
perature to obtain Arrhenius plots, using the following
equation:

I,

D=5 C exp(—E,, /&T) ¥
J

I(T) is the integrated intensity, I is the integrated inten-

sity at 7=15 K (taken to be the asymptotic value at O
K), E,; is the activation energy, and j =1 or 2 depending
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FIG. 10. A Lorentz oscillator fit to the PL spectrum at 44.2 kbar and 15 K for bulk Al,Ga,_ As in the indirect regime. The cir-
cles represent the data. The dashed lines are the individual Lorentzians fit to the four peaks, and the solid line is the sum of the four

Lorentzians.

on whether one or two activation energies described the
energy level. E,; and C; are used as fitting parameters.
Sample Arrhenius plots of the levels associated with the
I' and the X CB’s are shown in Figs. 11(a) and 12(a), at 1
and 26 kbar, respectively. For example, in Fig. 12(a) at
26 kbar, the 4, B+ C, and D levels all exhibit similar
two-step activation processes in the temperature range
15-125 K. In the Arrhenius plots we used the combined
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intensities of the B and C peaks, since Fig. 9 shows that
as the temperature is raised levels B and C become indis-
tinguishable. This analysis is reasonable if C is con-
sidered to be a phonon replica of B, as discussed in Sec.
IIT A. The activation energies E, obtained for all pres-
sures are listed in Table III.

Figures 11(b) and 12(b) show a plot of the actual peak
energy positions (solid lines with data points) and the
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FIG. 11. (a) Arrhenius plots for the I" bound levels in bulk Al; ;Gag ;As at 1 bar. The integrated intensities are represented by the

data points (BE! is the open star and D AT is the triangle) and the

solid line is a fit to Eq. (3). The activation energies obtained are

listed in Table III. (b) Energies of I" peaks as a function of temperature (BET is the open star and D A" is the triangle); the energies
corrected for the shift in the band gap with temperature are shown by the dashed lines.
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FIG. 12. (a) Arrhenius plots for the X levels in bulk Al ;Ga, ;As at 26 kbar: BEX (peak A) is the square, D 4 ¥ (peaks B + C) is the
circle, and D A (peak D) is the star. The solid lines are fits to Eq. (3). (b) Energies of X bound peaks as a function of temperature:
BEX is the square, DA (B) is the triangle, DAX (O is the circle, and D A* (D) is the star; the energies corrected for the shift in the

band gap due to temperature are shown by the dashed lines.

temperature shifted energy positions (dashed lines),
which indicate the position of the energy level relative to
the 0 K position of the energy bands.

Coupling the information from the activation energies
and the energy shifts of the peaks with temperature leads
to an understanding of the associated scattering mecha-
nisms listed in Table III, and an associated energy-level
diagram,!? Fig. 13. The scattering processes are shown in
Fig. 13 at the appropriate pressure as vertical arrows that
start at the initial energy level and terminate an E,

above. When there are two successive activation process-
es, the arrows corresponding to E, ; and E, , are stacked
vertically. The scattering processes for different energy
levels at a single pressure are shown side by side. For the
sake of clarity, the uncertainties in the E,’s are not
shown. In the indirect region, the energies of the donor
levels that give rise to the transitions D A (B and D) are
shown rather than the transition energies, since it is from
these donor levels that the scattering processes occur.
These levels are indicated at Bcg and D g, respectively,

TABLE III. Activation energies in Al ;Ga, ;As at selected pressures.

Scattering
Pressure Transition E, (meV) process
1 bar BE" 2145 To I CB
101£11 FE' to L CB
DAT 23+4 Ionization of acceptor
6 kbar BET 21+8 To I' CB
85120 FE' to L CB
DAt 24+10 Ionization of acceptor
1115 Donor to L CB
26 kbar BE* (4) 9+1 BEX to FEX
73+17 FE* to L CB
DAY (B+C) 9+2 To BE* (4)
56+3 DA% to X CB
DA*X (D) 30+5 Ionization of acceptor
116+9 DAY (D) to X or E,,
33 kbar BE* (4) 11£1 BEX to FEX
DA* (B+C) 9+3 To BE* (4)
43+£5 DA% to X CB
44 kbar BE* (4) 13+4 BEY to FEX
44+£13 FE* to X CB
DAX (B+C) 19+3 To FEX (4)
143+32 To L CB
DAX (D) 29+3 Ionization of acceptor
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FIG. 13 An energy-level diagram showing the scattering pro-
cesses listed in Table III. Most of the data points (shown in Fig.
3) have been removed for clarity. In the indirect region, the en-
ergies of the donor levels relative to the X CB (rather than the
transition energies) that give rise to B and D are shown, labeled
Bcg and Dcg, respectively (see text). The scattering processes
are indicated by the vertical arrows at the five pressures listed in
Table III. Also shown in this figure is the position of the energy
level E,,, which mediates the scattering of electrons from the X
associated levels to the trapping center.

Since the transitions B and D terminate on the acceptor,
the energy of the donor level relative to the VB is 22 meV
(the acceptor binding energy) higher than the respective
transition energy. Also shown in Fig. 13 is the position
of the state that mediates the trapping, E,,, from a linear
extrapolation as described in Sec. III B.

The scattering processes in the direct region are as ex-
pected. At 1 bar, the BET scatters to the I' CB with an
E,, of 21£5 meV at low temperatures, ionizes to the FE"
around 35 K, then scatters to the L CB with an E,, of
10111 meV, consistent with the 15 K I'-L separation of
110 to 117 meV.*® The acceptor in D AT undergoes ion-
ization with an E, of 23+4 meV. At 6 kbar the process
for BE! is the same as that at 1 bar. The D AT, however,
undergoes a two-step activation process from a bound ac-
ceptor to a free valence state with E,; of 24+10 meV,
then scatters to the L CB with an E,, of 1115 meV.
Presumably the second step of D AT scattering is not seen
at 1 bar because the L CB is higher in energy. Using the
pressure coefficients a; =5.5 meV/kbar®! and ar=9.9
meV/kbar,®® the I'-L separation decreases at 6 kbar by
26 meV (to 91 meV), making the L CB more accessible to
scattering processes in the temperature range of our mea-
surements.

In the indirect regime, we discuss the 26-kbar data as
an example. At 26 kbar, BEX has E, =9+*1 meV, corre-
sponding to scattering to FEX in the low-temperature re-
gion, which is consistent with the 10-meV increase in en-
ergy seen in the energy position [Fig. 12(b), dashed lines]
and the binding energy of the donor bound exciton.
Above 45 K, E,,=73+17 meV, consistent with scatter-
ing to the L CB. The DA” levels show a similarly con-
sistent picture. B+C at 26 kbar shows a low-
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temperature activation energy of E, ;=9+2 meV, indi-
cating scattering to BEX (4) between 15 and 40 K. This
value of E, ; is in agreement with the separations of the
donor levels: the transition energies of 4 and B at 26
kbar and 15 K are 1.990 and 1.958 eV, respectively. Re-
calling that B terminates on an acceptor 22 meV above
the VB, the donor level of B should be 1.980 eV above the
VB, 10 meV below A. Between 40 and 120 K,
E,,=56%t3 meV, which corresponds to scattering of
electrons from DAX(B+C) to the X CB. Again, this
value is consistent with the donor-X separation’? of 45 to
50 meV. Level D has E, ;=30£5 meV, indicating that
the acceptor ionizes at low temperatures, then scatters to
the X CB or the mediating level to the trapping center
E, with an E,, of 116+9 meV. The acceptor binding
energy of 22 meV is consistent with Cy,.

The processes are as expected, scattering to higher
donor levels or nearby bands until 44 kbar is reached. At
this pressure the scattering processes take a qualitative
deviation in their pattern which once again provides evi-
dence for the new deep center discussed in Sec. III B. At
44 kbar, close to the crossing of the trapping center with
X, DA* (B +C) shows an E, ;=19+3 meV where it ion-
izes to the free exciton FEX (4') level. In contrast, at 26
and 33 kbar (Table III and Fig. 13) the same level is ion-
ized to the bound exciton BEX (A) with E, ;=10 meV.
This change of scattering channel indicates again that
there is a disappearance of available BEX levels, and is
also consistent with the observed switching of radiative
energies by 12 meV to FEX in the MQW sample at ~40
kbar.'>'7 At higher temperatures, DA% (B +C) at 44
kbar scatters to the L CB with an E,,=143+32 meV.
Again, this is in contrast to the second (higher-
temperature) scattering process to the X CB with
E,,~50 meV at 26 and 33 kbar. D A* (D) at 44 kbar un-
dergoes a one-step acceptor ionization process with an
E,=29+3 meV, while at 26 kbar D A* (D) is observed to
have a two-step activation process.

Thus, from Arrhenius plots of integrated intensities
and Varshni corrections for peak energy positions,
scattering processes are proposed and an energy-level dia-
gram is obtained. While these data would not by them-
selves provide concrete evidence for a trapping center,
they are consistent with the existence of the trapping
center, and indicate that it originates from above the X
CB.

IV. CONCLUSIONS

In summary, we have studied the radiative transitions
in bulk Alj;Gay,As at 15 to 125 K under hydrostatic
pressures of 0—70 kbar. From these studies we have ob-
tained the following.

(i) The pressure coefficients of all transitions were ob-
served, including free and bound excitons and donor-
acceptor-recombination peaks in the indirect regime.

(ii) We have observed a trapping center which causes a
pressure-induced hysteresis in the intensity of the indirect
radiative transitions. A generic large lattice relaxation
model of an electron trapping center is proposed to ex-
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plain the data. In this model, the center has an energy
about 60125 meV above the X CB at ambient pressures,
and crosses to come below it at 46 kbar. The center has
an unusually deep emission barrier and is neither the DX
nor the SD center.

(iii) A comparison of the PL intensities of indirect tran-
sitions in bulk Al,Ga;_,As and in a quantum-well sam-
ple indicates that the PL intensity is about a factor of 3
lower in the quantum well, and provides an estimate of
the transfer efficiency of electrons across the heterointer-
face.

(iv) A study of the temperature dependence of the PL
intensities at.selected pressures provides activation ener-
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gies of various levels and a picture of the scattering pro-
cesses involved, which is consistent with the trapping
center becoming active near 45 kbar.
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