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High-pressure photoluminescence measurements on modulation-doped and undoped GaAs-
Al,Ga,_,As quantum-well structures have been performed for the first time in magnetic fields up
to 15 T. We have observed Landau fans from interband transitions of the two-dimensional free-
electron gas in the modulation-doped sample between O and 9 kbar. In this pressure regime the
slope of the Landau fan changes at the rate of 2.6%/kbar; this value is surprisingly larger than the
predicted rate of increase for the reduced effective mass. Above 9 kbar, the free Landau transitions
disappear and magnetoexciton behavior dominates the spectrum. The influence of pressure on the
band gaps causes a controlled trapping of the free electrons from the GaAs well to DX centers (Si
deep donors) in the Al,Ga,_,As layers. Many-body effects are reduced and excitonic effects are
enhanced. This is observed as a larger than predicted change in slope of the Landau transitions
with pressure. The measurements were repeated on an undoped quantum-well sample. From the
measured diamagnetic shift, an increase in the electron effective mass of 0.9%/kbar was deter-
mined. This value is comparable to that predicted by k-p theory.
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I. INTRODUCTION

We report the first high-pressure, magnetophoto-
luminescence investigations of GaAs-Al,Ga,_,As
quantum-well (QW), structures at low temperature. Our
measurements show that in an undoped quantum well the
pressure dependence of the electron effective mass, deter-
mined from the excitonic diamagnetic shift, is compara-
ble to the value predicted by k-p theory. However, in
modulation-doped GaAs-Al,Ga,_,As heterostructures,
the corresponding change in the electron effective mass
with pressure is considerably larger. In addition, pres-
sure causes a controlled trapping of the free electrons
from the GaAs well to DX centers in the Al ,Ga;_,As
layer. Consequently, in a single sample, using magneto-
photoluminescence spectroscopy, we can measure the rel-
ative influence of many-body effects and exciton effects on
the electron effective mass.

GaAs-Al, Ga,_  As QW systems are ideal for studying
two-dimensional (2D) carriers in semiconductors. Modu-
lation doping in the Al ,Ga,_, As layer and the incor-
poration of undoped buffer regions near the GaAs inter-
face have led to electrons and holes with extremely high
mobilities.! As such these systems have important appli-
cations in high-speed electrophotonic devices.? The pres-
ence of a two-dimensional electron gas (2D EG) in the
GaAs well causes many-body interactions, band bending
and band-gap renormalization, etc.>* There is much in-
terest attached to these fundamental interactions, espe-
cially in systems of reduced dimensionality. Interband
transitions can be conveniently monitored by photo-
luminescence (PL) spectroscopy.

Hydrostatic pressure (HP) has a strong influence on the
electronic states in semiconductors. For example, in bulk
GaAs, HP is known to cause the I' and L bands to in-
crease at the rate of 10.7 and 2.8 meV/kbar, respectively,
while the X band decreases by 1.3 meV/kbar.’ These
changes affect the curvature of the E-k dispersion curves,
thereby modifying the electron and hole effective masses.
In QW’s, just as in bulk semiconductors, various
pressure-induced phenomena have been studied experi-
mentally. The shifts of the confined quantum levels with
respect to bulk bands have been observed,® the crossing
of band extrema has been used as a means of determining
band offsets”® and structural phase transitions between
layers’ have been investigated. Mercy et al.'° in HP
transport studies of modulation-doped QW’s found that
the carrier concentration could be decreased with in-
creasing pressure when the samples were cooled to low
temperatures. Perry et al.!' used PL spectroscopy to
monitor and analyze the pressure-induced transition re-
ported by Mercy et al. They determined the Fermi ener-
gy Er, from the PL linewidth in the O—10-kbar range; the
results were consistent with those of Mercy et al. and
they concluded that electrons in the GaAs could be
driven into metastable deep levels within the
Al ,Ga,;_, As band gap by the application of high pres-
sure.

In this work we have used HP (i) as an effective probe
of the deep donor states, and (ii) to tune the 2D electron
density over a wide range. The motivation was to investi-
gate many-body effects of 2D EG, to determine the pres-
sure dependence of the effective mass, and to monitor a
metal-insulator transition when electrons in the wells are
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transferred back in to the barriers and neutralize their
parent Si donors. This was achieved by combining mag-
netic field PL studies with high-pressure investigations;
the combination allowed us to distinguish free-carrier
recombination from exciton recombination as we tuned
the carrier density in a modulation-doped QW sample.
The 2D EG displays interband Landau transitions in a
magnetic field.'® The PL energies of the associated Lan-
dau fan are linear with field and the slopes directly give
the inverse reduced mass, (1/u=1/m}+1/m}).'>"¥ In
contrast, magnetoexcitons observed in undoped
quantum-well structures show a diamagnetic shift
(~aB? in the small-field limit, '* where a is inversely pro-
portional to the cube of u. Therefore, using both
modulation-doped and undoped QW samples, we are able
to determine both the pressure dependence and many-
body effects on the GaAs I' electron effective mass.

II. EXPERIMENT

We have studied the effects of hydrostatic pressure
(0-40 kbar) and magnetic field (0-15 T) on the low-
temperature  photoluminescence spectra of both
modulation-doped and undoped GaAs-Al,Ga,_, As
quantum-well heterostructures.

The samples were grown by molecular-beam epitaxy.
The modulation-doped sample (No. 1) consisted of 15 cy-
cles of the following layers: 258- A-wide GaAs well, 495-
A-wide Aly ;;Gag 79As barrier; Si donors were doped in
the center portion of the barrier layer with an undoped
110-A buffer layer on either side. The electron areal con-
centration, N,, in each well at 4.2 K and atomospheric
pressure was 5.1 X 10!! cm ™2, giving a Fermi energy Ep
of ~16 meV (with respect to the lowest confinement en-
ergy E,). The undoped QW sample (No. 2) had a 60- A-
wide GaAs well; the Al fraction of the Al,Ga,_,As bar-
rier was 0.3.

The samples (approximately 100 umX 100 pm X 30
um) were mounted in a specially constructed Be-Cu
diamond-anvil cell (DAC). A 1:1 mixture of n-
pentane:isopentane was employed as a pressure transmit-
ting medium. The pressure was applied and clamped at
room temperature. The cell was immersed in liquid heli-
um in a cryostat inserted into a 15-T Bitter magnet. A
multiple optical fiber system with a graded-index input-
output lens coupler was used to illuminate and to collect
the PL signal from the sample in the DAC. The lumines-
cence spectra from small ruby chips in the DAC were
used to calibrate the pressure and to monitor the homo-
geneity of the pressure medium. A slight broadening of
the ruby peak indicated a ~5% inhomogeneity in the hy-
drostatic pressure at 4.2 K; this caused a corresponding
increase in the intrinsic linewidths in the PL spectrum
from each sample.

PL was excited by a 514.5-nm radiation from an Ar™-
ion laser. The input laser intensity to the optical fiber
was between 10 and 80 mW; such powers can produce
relatively high electron temperatures.'!

III. RESULTS AND DISCUSSION

The zero-field PL spectrum of the modulation-doped
multiple-quantum-well (MQW) heterostructures consists
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of several broad peaks (with widths ~E). They are at-
tributed to conduction-band-to-valence-band (BB) and
conduction-band-to-acceptor-impurity (B A) radiative
transitions. In a magnetic field each of these PL peaks
splits into a series of interband Landau transitions (0-0,
1-1, etc.)!21315.16

PL spectra taken as a function of pressure between O
and 40 kbar for a modulation-doped MQW sample at
zero magnetic field have been reported previously by Per-
ry et al.' In Fig. 1 we show a selection of PL spectra
taken at a fixed magnetic field of 5 T as a function of
pressure between O and 13.4 kbar for the modulation-
doped sample No. 1. This figure is representative of the
PL data taken at other magnetic fields and at pressures
up to 40 kbar. Below 9 kbar the intensities of the lowest
(0-0) Landau BB and B A transitions increase by about a
factor of 3 between O and 15 T. The intensity of the (1-1)
BB peak decreases with increasing pressure at each field.
These effects are due to changes in the electron density
and redistribution below the Fermi level. At ~9 kbar a
marked change takes place in the spectrum. The respec-
tive Landau transitions disappear and the BB and the B 4
fans are each replaced by a single peak. The PL peak en-
ergies are plotted versus magnetic field in Fig. 2 for some
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FIG. 1. Photoluminescence (PL) spectra of modulation-
doped MQW sample No. 1 at 4.2 K over pressure range 0—13.4
kbar at B =5 T. The peaks below 8.4 kbar display Landau-like
behavior and are labeled (0-0), (1-1), . . .band-to-band (BB), and
(0-4), (1- 4), . . .band-to-acceptor (B A) transitions, respectively.
In contrast, the spectra at 11.4 and 13.4 kbar display magne-
toexcitonic (ME) behavior.



42 HIGH-PRESSURE MAGNETO-OPTICAL STUDIES OF TWO-. . .

2.5 kbar 4.6 kbar

8.4 kbar

§ 1810
5]

11.4 kbar 25.4 kbar

Photon Energies (meV)
g
O

4 L
o & o 1760
gﬁp ol i3 ooy a® 1oz

. éggm ﬁ Qm 1770 -

/. 1. N 1.1 L1
0 51015 0 5 1015 0 5 1015 0 5 1015 0 5 10 15

B(T)

1630

FIG. 2. PL peak energy vs magnetic field B at 4.2 K. Exam-
ples of Landau fans are shown at 2.5, 4.6, and 8.4 kbar. Here, O,
@, O, and ¢ indicate the 0-0 BB, 1-1 BB,0-A BA,and 1-4 BA
transitions, respectively. Diamagnetic shifts associated with the
magnetoexcitons are clearly observed at 11.4 and 25.4 kbar.

selected pressures up to 25 kbar. The linear behavior of
free Landau transitions transforms to a diamagnetic shift
for the single peaks that displays magnetoexcitonic (ME)
character. In the pressure regime above 9 kbar the inten-
sities of the ME peaks remain constant with magnetic
field. The relatively large spectral widths are primarily
due to the pressure inhomogeneity. A 5% variation can
cause the ME line shape to be broadened by about 10
meV at 20 kbar.

A. The role of DX centers

1. Trapping of free electrons by DX centers

It has been shown recently that deep donor states,
known as DX centers in Al Ga,_,As-GaAs structures,
can participate in emission and capture processes. Using
the expression Epy =0.54x +1.57 eV quoted by Chand'’
for Si-doped Al,Ga,_,As, we obtain the energy of the
DX level relative to the top of the valence band,
Epy=1.683 meV. This is about 272 meV below the L
conduction band of Al _Ga,_, As. Saxena'® states that
the DX level lies ~205 meV below the L point. The DX
level seems to closely follow the L level either for increas-
ing x (for 0.19 <x <0.43), 17,18 or for increasing pressure
(for P <20 kbar) (Ref. 19) before the I'-X crossover.
Shan et al.' reported dEpy/dp~0.8dE, /dp =0.8
X 2.8 meV/kbar. For x =0.21, the I conduction-band-
edge energy shifts with pressure by ~10.4 meV/kbar.
Using these results and those of Ref. 5, the calculated I,
L, X, and DX energies with respect to the top of the
valence band at 4 K are shown as a function of pressure
in the inset of Fig. 3.

The real-space conduction bands for three different
pressure regimes are depicted in Fig. 3. In the case of
sample No. 1, the Si donors start to form DX centers al-
ready at 1 atm. These donors are influenced by a para-
bolic potential due to the band bending of the barrier as
shown in Fig. 3(a). For our sample, which is heavily
doped, we estimate that the Fermi level coincides with
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FIG. 3. A schematic representation of the ' (——), L
(—— —),and X (- - . .) conduction bands, the confined sub-
bands E,, E,, and the Fermi level E of a quantum well in the z
direction (in real space) at 4 K are shown for three pressure re-
gimes. The diagram is applicable to the Si modulation doped
GaAs-Al,Ga,_,As MQW sample (No. 1). Electrons in the
GaAs well are denoted by e; ionized DX centers and neutral DX
centers in the barrier are denoted by @ and O, respectively.
Three pressure regimes are indicated: (a) P=1 bar, (b) 1
bar < P <9 kbar, and (c) P > 10 kbar. The inset (window) shows
the I', L, X, and DX energy levels with respect to the top of the
valence band as a function of pressure at 4 K for the
Alg ;,Gag 19As barrier. The plots are based on parameters given
in Refs. 5, 17, and and 19.

the bottom of the parabolic DX level. Consequently, DX
centers lying below E cannot contribute electrons to the
GaAs well and these neutralized DX centers cause a flat-
tening of the bottom of the parabolic bands of the doping
barrier.

With increasing pressure, the separation between I'
and L conduction-band minima decreases. As this ener-
gy difference becomes much smaller than the L-DX ener-
gy separation (Fig. 3, inset), the energy level of the DX
centers decreases with respect to the GaAs I' level. Pho-
toexcited electrons from the GaAs I' well can recombine
with the DX centers via L or X states in the Al, Ga,_ As.
At the relatively high electron temperatures encompassed
in our experiments, electrons that recombine with the DX
centers that drop below the Fermi level are trapped, thus
reducing the electron concentration in the GaAs well
[Fig. 3(b)]. As the concentration of electrons decreases,
band-bending effects are reduced. Finally, when all the
DX centers lie below the lowest confined subband E), all
the electrons are trapped and the well is essentially empty
[Fig. 3(c)]. This situation takes place at ~ 10 kbar, where
free Landau BB transitions transform to ME behavior.

2. Self-consistent calculations

In order to confirm the model described above, the
electron subband energies, the band bending, and Ep of
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the quantum-well structure were calculated self-
consistently as a function of the electron density n,,
which is varied from O to N,. (N, is the initial density
=5.1X10" ecm~') As can be seen in Fig. 3(b) the
Al,Ga,_, As barrier potential is linear in the buffer layer,
parabolic in the layer where ionized DX centers lie above
the Fermi level, and flat in the center portion where the
neutral DX center coincides with Er. Since n, is directly
related to the ratio of the length of the depletion layer
(parabolic potential portion) to the length of the initially
ionized doping layer at 1 atm (parabolic + flat portions),
we can distribute the charge of n, uniformly (assuming
that all the Si donors become DX centers), according to
the appropriate length of the doping layer. Assuming
that dEpy/dP~0.8dE, /dP,'° we can determine the
pressure from the energy difference between the center of
Al,Ga;_,As I' band and E using the pressure
coefficients of the L and I" points. At the center of the
barrier,

=AEI-—0.8AEL

where ar=dE /dP and a; =dE; /dP. E—E depends
on the valence-band offset which is chosen to be 35% in
our calculation. We neglect the pressure dependence of
the conduction-band-gap offset and choose an average
value of Epy =1.72 eV (Refs. 17 and 18) for a qualitative
verification. By varying the percentage of the length of
the initial depletion layer width to the length of the total
doping layer, we can cause Ep to be degenerate with the
lowest Epy to match the initial conditions at 1 atm.
After several reiterations of the calculation, we found
that the initial depletion layer width was about 74% of
doping layer thickness in the case of our sample. Figure
4 shows the result of the calculation, confirming the ob-
servation that the electron population decreases almost
linearly with pressure until the empty state is reached at
~ 10 kbar. We estimate the average change in the elec-
tron concentration with pressure, dn, /dP ~—0.5X 10"
cm~2kbar~!. Ej decreases likewise almost linearly with
pressure, but there is a discontinuity in the slope when
the second occupied subband E; becomes empty at ~2.5
kbar.

B. Pressure dependence of the electron effective mass
and the influence of many-body effects

1. Results from the modulation-doped sample

From the slopes of the Landau fans for BB and the B A
transitions, we can determine both the electron and hole
effective masses. At 1 atm, we find m}=0.067m, and
my; =0.62m,, in reasonable agreement with accepted
values. As the pressure is increased in the range 0-9
kbar, the slopes of both the BB and the B A Landau fans
decrease slightly. It is not possible to distinguish the
difference in the change in slopes between the BB and the
B A fans because the difference is smaller than the experi-
mental error. Since
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FIG. 4. Slopes of the Landau fans vs pressure (0-9 kbar) for
sample No. 1. Solid lines are least-squares fits to the data points
from the 0-0 BB (®), 1-1 BB (&), and 0-4 BA (O) transitions,
etc. From the fits we obtain A(slope)/AP =—0.028, —0.069,
and —0.020 meV T~ 'kbar ™! for 0-0 BB, 1-1 BB, and 0-0 B A4,
respectively.

AlizAm: Amy )
2 *2 2
I m, my

where [Am}/m}| <1072 kbar~! (Ref. 20) and

my >>mJ; the change that we observe is due primarily to
a change in the electron effective mass, mS, with pres-
sure. The pressure shift of the hole mass can thus be

neglected. From Fig. 5 we estimate —A(slope)/
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FIG. 5. Fermi energy E, and electron areal density n, as a
function of energy difference, E, 4(x)— Ep and as a function of
pressure. The results were obtained from a self-consistent cal-
culation (for sample No. 1 with the Al fraction, x =0.21.) Here,
E .4(x) is the energy of the midpoint of the '-Al,Ga, _, As bar-
rier layer. The discontinuity in slope of E, at ~2.5 kbar occurs
when E| is completely empty.
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(slope X Ap) for each Landau transition and obtain a best
overall value of 0.026+0.006 kbar .

2. Theoretical estimate of d In(m?)/dP

A theoretical prediction of the variation of the effective
masses in GaAs can be calculated using four-band k-p
perturbation theory?"?? based upon a simplified single-
particle model. To first order, the eigenvalue correspond-
ing to the conduction-band energy can be written as??

k 27)2

E, ~

E=6,+ (3)
where &, is the conduction-band edge energy,
P=(#/my){u,lp,|lu,) is the matrix element, u,
represents the s-like conduction-band Bloch function, u,
represents the p-like valence-band Bloch function, and E,
is the band gap. Since

27,2
6= + Tk (4a)
¢ < 2mr
then
Eg
me*“;;; (4b)

The theoretically predicted increase in the electron
effective mass with pressure should thus follow the
change in the band gap (dInm; /dP =dInE, /dP =0.007
kbar " !). This value is 3 to 4 times smaller than our ex-
perimentally determined value from the modulation-
doped sample No. 1. The theoretical model is strictly for
single “free’” electron in a crystal lattice. In our case,
many-body effects are important and are known to cause
a reduction in m*.?* This reduction in m} should thus
diminish as the number of 2D electrons in the well de-
creases with pressure causing a reduction in many-body
effects. Consequently a larger increase in m with pres-
sure is to be expected. When the electron density be-
comes so small that many-body effects can be neglected,
the slope of the Landau fan is further reduced due to an
increasing excitonic contribution. (i.e., the slope at any
point for a pure excitonic diamagnetic shift particularly
in the low-field region is less than that for a pure free-
carrier linear Landau transition.) The overall effect
causes an increase in m} with pressure that is more than
the (mJ = E,) prediction for a single-particle model;
these arguments are in qualitative agreement with our ex-
perimental observations of the significantly steeper de-
crease in the “Landau” slopes.

3. Results from the undoped sample

We have repeated the pressure-PL measurements in a
magnetic field on the undoped quantum-well sample No.
2. In this sample the magnetoexciton transitions allow us
to measure the pressure dependence of the effective mass
free from the influence of many-body effects present in a
modulation-doped MQW. In Fig. 6 we plot a selection of
the PL peak energies (for the undoped GaAs/
Al,Ga,;_,As quantum well) versus magnetic field from 0
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FIG. 6. PL peak energy of the undoped QW sample No. 2 vs
magnetic field B at 4.2 K for some selected pressures between 0
and 20 kbar. The PL peak is a magnetoexciton ls transition
from the lowest confined conduction subband to the corre-
sponding valence subband.

to 15 T for several pressures from 0 to 19 kbar. In the
small-field region the energy shift for a 1s ME state can
be written'*
244
AE = 4D263ﬁ;H2 cgs units . (5)
ceu*

Here, € is the delectric constant in GaAs, D is a parame-
ter which is unity for a purely three-dimensional system,
and 2 for a purely two-dimensional system. The energy
shifts parabolically with magnetic field H, and is inversely
proportional to the cube of the reduced effective mass p*.
Using E,,=aB*+E(0), we have fitted the diamagnetic
shift below 5 T to obtain the coefficient a for different
pressures. A plot of a versus the pressure P is shown in
Fig. 7. The value of a calculated from Eq. (5) [using
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FIG. 7. The factor a from AE, =aB? vs pressure from O to
20 kbar for sample No. 2. The data points (® with associated er-
ror bars) were obtained from least-squares fits to the pressure-
dependent diamagnetic shifts in the small field limit (B <5 T).
A calculated a obtained from Eq. (5) at 1 bar is shown by (O).
The solid line is the least-squares fit to the data ©; it gives
da /dP =0.0014 meV T *kbar .
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D =1 (Ref. 14) and the accepted value u*=0.06y,] at 1
atm is also shown in Fig. 7. This value is in good agree-
ment with the value determined from fitting to experi-
mental result. Using

da __ du* dm}

=3 ~— ,
adP Mx dP m:dP

(6)

where 1/m; has been neglected [see Eq. (2)], we obtain
the rate of increase of the electron effective mass with
pressure,

*
dm,

P =(0.940.3)% kbar ™! . (7
me

This value is in closer agreement with the theoretical pre-
diction. We can only conclude that the difference be-
tween  Aln(slope)/AP=2.1% kbar~! for the
modulation-doped MQW and d Inm* /dP =0.9% kbar !
for the undoped QW is due to the many-body effects (in-
cluding the excitonic effects). We estimate that the elec-
tron population affects the slope of the Landau fan on
average by about

A(slope)

= —3%/(10" cm?) . 8
(slope) X An, % /(107 em ) ®)

C. The pressure coefficient ar

In Fig. 8 we have plotted (for the doped MQW sample
No. 1) the energy of the lowest PL transition as a func-
tion of pressure at zero field. Above 9 kbar the energy of
the transition from the n =1 level in the conduction band
to the n =1 heavy-hole level in the valence band shifts at
the rate of 10.4+0.6 meV/kbar. This value is obtained
from the solid line in Fig. 8, which is a least-squares fit to
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FIG. 8. The 4.2 K PL peak energy of (i) the BB transition (O)
and (ii) the exciton transition (0) from O to 40 kbar for the
MQW sample No. 1. The solid line is a least-squares fit in the
exciton regime; the slope is 10.4 meV/kbar.
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the data over the pressure range 10—37 kbar and is slight-
ly smaller than that found for dEgr/dP =10.7 meV/kbar
in bulk GaAs.® Such a result is expected since the
confinement energy of the electron in the well is propor-
tional to the inverse of the effective mass y, which is in-
creasing with pressure. Consequently, the confinement
energy decreases with respect to the top of the GaAs
band gap with increasing pressure, thus reducing the
pressure coefficient. The transition from BB to excitonic
behavior at 9 kbar is clearly observed as a shift in the
peak energy. Below 9 kbar the peak displays a nonlinear
shift with pressure due the continuous reduction in the
band bending in the GaAs well and a concomitant
change in the band-gap renormalization, as the electron
concentration is decreased with increasing pressure.

IV. CONCLUSIONS

We have performed magnetophotoluminescence mea-
surements on GaAs-Al,Ga,_, As MQW heterostructures
at high pressures between 0 and 40 kbar. Free Landau
transitions of the 2D EG in a modulation-doped sample
are observed up to 9 kbar. The slopes of the Landau
transitions as a function of magnetic field change at the
rate of 2.6% per kbar. This change is brought about by
an increase in the electron effective mass with increasing
pressure; the increase is due to a decrease in curvature of
the conduction band in k space and due to a decrease of
many-body effects as the electron subband depopulates
with increasing pressure. In addition, the decrease in
many-body effects leads to an increase in excitonic effects,
which causes a further decrease in slope of the Landau
fan. At ~9 kbar the Landau fans disappear completely
and are replaced by a single peak, which exhibits the fa-
miliar diamagnetic shift associated with magnetoexciton
behavior. Si donors in Al,Ga,_, As provide DX centers
that act as electron traps. The relative shifts in the I and
L band gaps cause a controlled trapping of free electrons
in the GaAs well to the DX centers. In the high-pressure
regime the pressure coefficient of the I' conduction-band
edge was found to be 10.4+0.6 meV /kbar, which is com-
parable to the accepted value in undoped GaAs
quantum-well heterostructures. We determined the
change in the GaAs electron effective mass with increas-
ing pressure to be 0.9%/kbar from the diamagnetic shifts
of the undoped sample. This increase is comparable with
the theoretically predicted value of 0.7%/kbar obtained
from a k-p calculation. Analysis of the experimental re-
sults yields that the population of the 2D electron affects
the slope of the Landau fan by about —3%/10'' cm 2.
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