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Time-resolved measurements of the radiative recombination in GaAs/Al„Ga& „As heterostructures

J. P. Bergman, Q. X. Zhao, P. O. Holtz, and B. Monemar
Department ofPhysics and Measurement Technology, Linkoping Uniuersity, S-581 83 Linkoping, Sweden

M. Sundaram, J. L. Merz, and A. C. Gossard
Center for Quantized Electronic Structures (QUEST), Uniuersity of California, Santa Barbara, California 93106

(Received 18 May 1990)

The radiative recombination of two-dimensional (2D) carriers in an n-type-channel modulation-
doped GaAs/Al„Gai As heterojunction has been studied with time-resolved photoluminescence
(PL). Two emission bands related to the recombination of 2D electrons, the so-called K band 1

(HB1) and K band 2 (HB2), are observed in PL. Their spectral shape and position are strongly
dependent on the sample and the experimental conditions, and are, e.g. , found to shift within a large
photon-energy range with the excitation intensity. We have in this study measured the decay time
of these PL bands as a function of recombination photon energy, under different experimental con-
ditions. We find that the measured decay times of both the HB1 and HB2 emissions are strongly
dependent on the detection photon energy. The decay times are found to increase with decreasing
photon energy, in the range 1 —100 ns for HB1, and 100 ns to 10 ps for HB2. This increase is ex-
plained as due to a spatial separation between the recombining electron and hole. The results are
consistent with a recombination process involving 2D electrons, confined in the interface notch, and
holes either from the valence band (HB1) or from neutral acceptors (HB2) in the active GaAs layer.
We further show that the band bending in the active GaAs region influences the observed decay
times of the HB2 emission, while the HB1 emission is almost unaffected.

INTRODUCTION

The properties of the two-dimensional (2D) electron
gas formed at the interface potential in a modulation-
doped GaAs/Al„Ga, „As heterojunction have attracted
great interest, ever since its first observation. ' The
GaAs/Al„Ga& As interface can be prepared almost free
from interface defects and provides an ideal system for
studying fundamental physical properties of a 2D elec-
tron gas, such as the quantized and fractional quantized
Hall effect. ' The high mobility of the localized 2D elec-
trons is also of high technological interest, resulting in
devices such as the high-electron-mobility transistor
(HEMT).

Recently, a number of photoluminescence (PL) investi-
gations involving the 2D electrons in GaAs/Al Ga& As
heterostructures have been reported. PL emissions have
been observed in samples grown by both liquid-phase epi-
taxy' (LPE) and molecular-beam epitaxy ' (MBE) with
either n-type or p-type doping in the Al Ga, As layer,
corresponding to electron or hole accumulation, respec-
tively. The properties of the observed broad PL bands,
the so-called H bands, vary considerably between
different types of samples and different experimental con-
ditions. One characteristic feature observed in all sam-
ples is that the PL peak position varies strongly with the
optical excitation intensity, and is shifted towards higher
energies with increasing excitation intensity. The ob-
served decay times of the emissions have been reported to
have values ranging from 1 ns (Ref. 7) up to 10 ps (Ref.
5).

Different recombination processes have been suggested
in order to explain the observed PL properties. The most
recent PL measurements of the H bands perturbed by a
magnetic ' or electric" field favor a model of a recom-
bination process between quantized two-dimensional elec-
trons confined in the interface notch and holes in the
GaAs layer. A recent study has explained the drastic
variation between spectra measured on different samples
or at varying experimental conditions as due to different
band bending on the active GaAs layer. '

In this paper we present detailed time-resolved mea-
surements of the two different H-band emissions observed
in a double heterostructure, which explain the large
difference in the previously obtained decay-time results,
and supports the recombination model presented in Ref.
13. Preliminary results from this work have previously
been reported elsewhere. ' '

EXPERIMENTAL PROCEDURE

The samples used in this study were grown by MBE on
a semi-insulating GaAs substrate. On top of the sub-
strate followed a 10-period GaAs/A1As superlattice (SL),
a 500-A-thick GaAs layer, an undoped 200-A
Alo 35Gao 65As spacer layer, an 800 A n-type layer of
Alo 35Gao 65As, and finally a 50-A-thick undoped GaAs
cap layer. Both the SL and the GaAs layer were slightly
p type (p =10'5 cm ). Different samples were manufac-
tured, in which the Al Ga, As layer was doped with Si
to a concentration of 10', 10', and 10' cm, respec-
tively. The interface potential containing the 2D electron

43 4771 1991 The American Physical Society



4772 J. P. BERGMAN et al. 43

gas is formed between the G-aAs and the undoped
Al„Ga, „As spacer region.

The samples were placed in a combined bath and How
cryostat, and all measurements were performed at a tem-
perature below 2 K. Both the normal PL spectral and
the PL decay measurements were obtained by excitation
from a cavity dumped dye laser synchronously pumped
by a mode-locked Ar+ laser. We used a DCM dye so
that the laser excitation wavelength could be selected ei-
ther below or above the Al Ga& „As band gap. The
luminescence was dispersed through a 0.6-m-focal-length
double monochromator and detected by a multi-channel-
plate photomultiplier tube with S1 response. The PL de-
cays were detected by a time correlated photon counting
system with a time resolution better than 250 ps.

KXPKRIMKNTAI. RKSUI TS AND DISCUSSIGN

In Fig. 1 we show a typical PL spectrum for a
GaAs/Al„Ga& As n-type-channel heterostructure, ob-
tained with pulsed excitation. The observed H-band
emissions (denoted HB1 and HB2 in Fig. 1) originate
from the radiative recombination between 2D electrons
confined in the interface notch and holes in the GaAs lay-
er. The excitation intensity is adjusted in such a way that
the two 2D related emissions, HB1 and HB2, appear at a
comparable PL intensity level. At increased excitation
intensity, the high-energy band HB1 will dominate, while
at lower excitation intensities only the low-energy band,
HB2, can be seen. The peak positions of both HB1 and
HB2 shift towards higher energies with increasing optical
excitation intensity. The bound exciton (BE) and donor-
acceptor-pair (DAP) recombinations are relatively I I

200 500

stronger with the pulsed excitation compared with con-
tinuous (cw) laser excitation. ' These BE and DAP emis-
sions are in this case found to originate from the GaAs
substrate. The increase of the PL intensity of the
substrate-related emissions with pulsed excitations can be

0
explained as saturation of the absorption in the 500-A
GaAs region, during the short (=5 ps) laser excitation,
increasing the penetration depth into the GaAs substrate.

The difterent recombination processes are further ex-
plained in Fig. 2, which schematically shows the poten-
tial for a typical heterointerface. The shape of the poten-
tial in the Al„Ga& „As region is strongly inAuenced by
the donor concentration. For the sample with highest
doping, ND = 10' cm, the potential dip in the
Al„Ga& „As layer is expected to be deeper than with
lower doping, ' giving rise to an equilibrium electron
concentration in the Al Ga& As, as well as in the active
GaAs layer.

Upon optical excitation, with photon energies below
the Al„Ga& As band gap, electrons and holes are creat-
ed in the GaAs region. Most of these electrons are forced
to the GaAs/Al Ga, As interface notch, while the
holes move towards the GaAs/SL interface, due to the
built-in potential. The photoexcited holes will rapidly be
captured at the ionized acceptors in the active GaAs lay-
er, until all acceptors outside the notch region are neu-

0
tral. The concentration of acceptors in the 500-A GaAs
region is about 5 X 10 cm . The remaining free holes
will form a quasiequilibrium concentration of carriers in
the valence band that can recombine with the confined
electrons in the conduction-band notch, resulting in the
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FIG. 1. Typical PL spectrum of a modulation-doped hetero-
structure at low temperatures, obtained with pulsed laser excita-
tion with photon energy above the Al Ga& „As band gap. The
HB1 and HB2 emissions originate from a recombination of elec-
trons confined in the interface notch with free holes and accep-
tor holes, respectively. The bound exciton (BE) and the donor-
acceptor-pair (DAP) recombination are believed to be related to
the substrate.

AI 0 35Ga As GaAS SL

FIG. 2. A schematic drawing of the potential of a typical
heterointerface. The two difterent recombinations, HB1 and
HB2, are indicated. The dotted line in the GaAs valence band
represents the effective hole quasi-Fermi-level, caused by pho-
toexcited carriers. The relative energy between the valence and
conduction bands is not drawn to scale.
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HB1 PL emission.
Some care must, however, be taken during short pulsed

excitation, since the intensity in the pulse is rather large,
and the number of created carriers can momentarily be
high. With a typical average excitation intensity of 100
mW/cm, a repetition frequency of 3.7 MHz, and an as-
sumed absorption of 20%% in the GaAs region, we obtain
a number of initially created electron-hole pairs, for each
excitation pulse, on the order of 2 X 10' cm . These
nonequilibrium carriers affect the potential in the GaAs
region in two different ways. Firstly, the total electron
concentration in the interface notch increases due to the
photoexcited electrons, n h. This also increases the
effective Fermi level in the notch, according to
EF' EF + n ph p2D whe p2D is the 2D density of states.
The increase of the Fermi level is, for our case, with an
excitation intensity as above, on the order of 1 meV. As
a consequence of the increased electron concentration,
the ground-state energy for the 2D electrons in the notch
will also increase, approximately proportional to
(n, +n h), ' where n., is the equilibrium electron
concentration in the notch.

Since the concentration of the photoexcited carriers
decreases with time after excitation, due to electron-hole
recombination, the 2D electron energy levels will change
slightly during the decay measurements. This effect is ex-
pected to be small in the samples with high doping in the
Al Ga, As layer (ND=1X10' cm ), where the con-
centration of photoexcited electrons n h is much less
than the equilibrium concentration n, , estimated to be
3X10"cm . For samples with lower doping, where n,
is smaller, the inAuence of the photoexcited electrons will
be larger.

The photoexcited holes will also infiuence the potential
since they neutralize the acceptors in the active GaAs re-
gion. The bending of the potential in the region outside
the notch will then be reduced with increased excitation.
This effect is also dependent on the time after excitation,
when the acceptors are again ionized by e1ectron-hole
recombination. We believe that this influence on the
electrostatic potential caused by the photoexcited holes is
the major contribution to the observed energy shift of the
PL emission, with increased excitation intensity. '

In Fig. 3 we show some typical decay curves of the
HB1 emission, measured at different detection wave-
lengths. The curves exhibit an almost exponential decay,
even if we observe an initial nonexponential part towards
lower detection energies. At detection energies close to
8300 A the recombination of the HB1 overlaps with the
free to bound (FB) and DAP recombinations related to
the substrate. The FB recombination is seen as the fast
component in the last decay curve in Fig. 3, while the de-
cay at even lower detection energies is totally dominated
by the slow nonexponential DAP recombination from the
substrate. We further observe in Fig. 3 that the decay at
high photon energies is characterized by a fast decay time
with a value below 1 ns, and that the decay time increases
with decreasing detection photon energy. This is also
seen in Fig. 4, which shows the measured decay time as a
function of detection wavelength, for three samples with
different doping in the A1 G-a, As region. The increase
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of the observed decay time is a result of different contrib-
uting processes.

From the schematic drawing of the potential in Fig. 2
we see that the HB1 recombination occurs between spa-
tially separated electrons and holes. The recombination
probability is strongly dependent on the separation dis-
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FIG. 4. The measured decay times of the HB1 recombination
as a function of detection wavelength. The different curves cor-
respond to measurements in samples with different doping in
the Al„Ga& „As layer. The decay times are measured with the
excitation energy above the Al Gal As band gap with an
average excitation intensity about 100 mW cm

FIG, 3. Typical decay curves of the HB1 recombination mea-
sured at different spectral positions with excitation energy
below the Al Gal As band gap. The curves are measured in
the sample with lowest doping in the Al Ga& „As region,
XD =10' cm '. The higher background for the curves with
longer decay time is due to the repetition frequency of the exci-
tation, fML =9.44 MHz (corresponding to 106 ns between the
pulses). For clarity, the different decay curves are shifted along
the time axis.
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tance, and the decay time can be written as BE HB1

2

cp z cp z dz

where the integral is the overlap of the electron and hole
wave functions and ~o the decay time corresponding to
maximum overlap, e.g. , almost vertical transitions ac-
cording to Fig. 2. ' A larger separation, corresponding to
a smaller overlap, will then give a longer decay time.
Furthermore, a recombination between electrons and
holes with a small separation will, due to the bending of
the potential, give a higher energy compared to recom-
bination of electrons and holes with larger separation.
This explains the observed increase of the decay time
with increasing detection wavelength, as seen in Fig. 4.

In addition there are other processes during pulsed ex-
citation which infIuence the observed decay time. The
previously discussed dynamical effects, caused by the
photoexcited carriers, wi11 shift the recombination energy
from higher to 1ower energies, as the concentration of ex-
cess carriers decreases. The number of particles involved
in the high-energy transitions will then decrease faster
than expected from the radiative recombination rate.
The measured decay time for these transitions is then fas-
ter than the corresponding radiative decay time as given
from Eq. (1).

Such effects can also explain the partially nonexponen-
tial decay, observed for the lower recombination energies.
This is seen most clearly in Fig. 3, for the curves mea-
sured with detection at 8240 A.

The previously observed shift of the emission peak of
the HB1 recombination, with decreasing excitation inten-
sities, ' can also be seen with pulsed excitation. In Fig. 5
we show the emission spectra measured at different time
delays after the excitation pulse. The uppermost spec-
trum in Fig. 5 is measured during the excitation pulse,
when the photoexcited carrier concentration has its max-
imum, and we notice that the HB1 recombination has the
emission peak close to 8200 A. With increasing time de-
lay the peak shifts towards lower energy and disappears
at about 8260 A. We furthermore observe that the
substrate-related BE emission has a very fast decay, cor-
responding to a decay time below 1 ns. The likewise
substrate-related DAP recombination has, as expected, a
longer decay time and dominates the spectra at longer
time delays.

We have also measured the decay of the HB2 recom-
bination, which is interpreted as the recombination of the
2D electrons confined in the GaAs/Al Ga, „As inter-
face potential, with holes bound at acceptors in the active
GaAs region. These measurements are made with a low
excitation intensity (=10mW/cm ), and it is usually
not possible to observe the HB1 recombination under
these conditions. The previously discussed effects, caused
by an increase of the electron concentration in the notch,
can in this case be neglected. The potential in the 500-A
GaAs layer will, however, change during the decay mea-
surement, due to the change in charge state of the accep-
tor, when the hole bound at the acceptor recombines.
The importance of this is dificult to estimate without a
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FIG. 5. PL spectra of the HB1 recombination measured at
different time delays after the excitation pulse. The measure-
ments are done with high excitation intensity and an excitation
energy above the Al Ga& As band gap, in a sample with

ND =10' cm '. The time delay is, from top to bottom, 0, 1.2,
2.4, 4.8, 9.6, 20, 32, 55, 78, and 100 ns. Note the logarithmic
scale for the PL intensity.

detailed knowledge of the band potentials.
Typical decay curves for the HB2 recombination, with

low intensity excitation below the Al Ga& „As band gap,
are shown in Fig. 6. The curves exhibit a single exponen-
tial decay, as is expected for a recombination between
holes bound at an acceptor with 2D electrons localized in
the notch. In contrast to the case of the HB1 recombina-
tion, we observe significant difFerences in the decay time
of the HB2 recombination measured in different samples.
This can be seen in Fig. 7, which shows the measured de-
cay time as a function of detection wavelength, for sam-
ples with different doping in the Al Ga~ As layer. One
possible explanation for this can be that a higher doping
in the Al Ga, As causes an increased bending of the
band potential in the GaAs region outside the interface
notch, due to the higher electron concentration in the
notch. With a larger bending, the variation of the recom-
bination energy as a function of distance from the inter-
face will be larger. The increase of the decay time will
then occur over a wider energy range, as can be seen in
Fig. 7 for the highly doped sample, AD=10' cm . The
higher electron concentration in the notch, giving elec-
trons with a large energy distribution EF—Eo, will also
contribute to the large variation in observed recombina-
tion energies.

Following the arguments given above, we expect a
sample with lower doping, ND, to have more Oat band
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FIG. 6. Decay curves of the HB2 recombination measured at
difterent detection wavelengths, obtained with excitation below
the Al Ga& „As band gap. The increased background level for
the last curves, which has a relatively longer decay time, is due
to an overlap with the decay from the preceding laser pulse.

FIG. 8. Decay curves measured at dift'erent detection wave-
lengths, with excitation above the Al„Ga& „As band gap. The
slow component in the first curve is due to overlap with the
DAP emission. The values corresponding to the exponential de-
cay time are also shown.

10000
T=2.0K

= 6735 A

P ( 25 mW/cm

LLI

C3
LLI

1000 —.

000
00

0
0 p

p
0 p

CP

p
p

pp

0
p

N =10 cm
t6 -3

D

N =10 cm
D

N =10 cm

100

8300
I

8400

PHOTON WAVELENGTH (A)

8500

potential in the region where the acceptors involved in
the HB2 recombination are located. The energy
difference between different recombinations will then be
smaller than in the high doping case. We will conse-
quently observe a large increase of the decay time, in a
relatively narrow recombination energy range. This is
seen in Fig. 7, represented by the sample with lowest dop-
ing, ND = 10

The values of the observed decay time for the HB2
recombination are longer than for the HB1 recombina-
tion, and are at low energies longer than the upper time
resolution of our detection system (=10 ps). In some
measurements we observe an initial very fast decay,
whose origin is not fully understood.

The measured decay time at a fixed detection energy of
both the HB1 and HB2 recombination is independent of
the excitation intensity, if the excitation is below the
Al Ga& As band gap. With above-band-gap excitation,
some changes occur together with an increased nonex-
ponentiality of the observed decay. We believe that this
is mainly due to changes in the band bending caused by
the high concentration of nonequilibrium carriers. Fig-
ure 8 shows typical decay curves of the HB2 recombina-
tion measured at different wavelength positions, with
above-band-gap excitation. The HB2 is shifted towards
higher energies, as compared to the case with below-
band-gap excitation. In the lower-energy decay curves in
Fig. 8, we observe a saturation of the decay at short times
after excitation. This is, as discussed before, due to trap-
ping of photoexcited holes to neutral acceptors. The con-
centration of neutral acceptors will be constant as long as
free holes exist in the valence band, and the decay will
ideally have a Aat initial part. The time during which
this saturation can be observed, is comparable to the
measured decay time of the corresponding HB1 recom-
bination.

It should finally be noted that we observe no PL emis-
sions that are possible to relate to excited energy levels in
the interface notch. One possible explanation for this can
be that since such an emission is expected to have a decay
time and recombination energy similar to that of the
substrate-related BE emission, it will not be possible to
experimentally distinguish these two emissions.

SUMMARY

FIG. 7. The observed decay time of the HB2 recombination
measured as a function of the detection wavelength. The
diA'erent curves correspond to samples with different n-type
doping in the Al„Ga, As layer.

We have in this study presented time decay measure-
ments of two PL emission bands, HB1 and HB2, related
to 2D electrons in a modulation-doped
GaAs/Al Ga& „As heterointerface. Our results are con-
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sistent with the proposed models for the two emissions,
where the 2D electrons recombine with holes in the
valence band (HB1) and holes bound at acceptors in the
active GaAs region (HB2), respectively. The increase of
the observed decay time of the HB1 and HB2 emissions,
at lower photon energies, is quantitatively explained by a
tunneling process between spatially separated particles.
Theoretical calculations to verify our experimental re-

suits, which includes detailed calculation of the band po-
tential, are underway.
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