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We investigated the physical properties of modulation-doped GaAsi@8As heterojunctions by photo-
luminescence. We found two types of transitions and attributed them to the space direct excitons in the GaAs
flat band region and the space indirect excitons near the heterojunction notch. We propose the vertical transport
of photoexcited carriers prior to the actual exciton formation under the influence of the two-dimensional carrier
gas. Therefore, the photoluminescence intensities of the two types of excitons are correlated. The vertical
transport model explains successfully the experimental results of the optically detected cyclotron resonance,
the photoluminescence intensity oscillation with magnetic field and the long rise time of the photolumines-
cence intensity for the excitonic transitiori§0163-1829)09011-9

[. INTRODUCTION the transition from the 2DCG to the photoexcited holes in the
GaAs flat band region. It was shown later by magneto-PL
Modulation-doped GaAs/Ga,Al,As heterojunctions are experiments that thisl band might correspond to the recom-
known to be useful for the fabrication of high-mobility de- bination of electrons from the second subband instead of the
vices. Such structures are also frequently used to demotiewest subband in heterojunctioh3his assignment seemed
strate the fundamental physics related to a two-dimensiondb be confirmed by recent time-resolved PL measurements
carrier gas(2DCG), in particular, the quantum Hall effect. and theoretical calculations of the transition lifetime by
Many experimental methods have been applied to reveal theundstran et al.” Some other authdtseferred theH band to
many-body interactions in the 2DCG, where photoluminesdefect pairs situated at the interface although their arguments
cence(PL) is known to provide direct information regarding become weak as the sample quality improves. The above
the carrier self-energies. However, publications based on ogrontroversy calls for the necessity of a careful reexamination
tical spectroscopy are in some cases still controversial corsf the origin of these transitions.
cerning the sample structures used and the spectral line To review the investigation on the quantum confined
shapes obtained. Buhmaret al. have introduced @-type  gtark effect (QCSE (Ref. 9 would be a great help to
&-doping layer in GaAs fon-type heterojunctions in order to achieve a deeper understanding of the PL in modulation-
trap photoexcited holes near the 2DCGhe PL Spectrum  qoned heterojunctions. The QCSE shows that the exciton
obtained has only a broad feature and develops into La”di[?eak energy in the quantum well can be reduced by several

Iaeve_![s ”;h;g;oﬂerl]ds];\/heerrezz '2rgft‘;r?#:rgt'%nbiévr'tgzu;ﬁ; ens of meV by applying an external electric field of several
P-typ ping fayer, sev u : v ns of kV/cm along the sample’s normal direction. Hence,
peaks at energies close to the GaAs excitons that do ncc)f

: R ue to the strong interface electric field in heterojuncttBns
develop into Landau levels in high fields! However, two- he transitions with energies close to or even coinciding with
dimensional behaviors such as PL intensity oscillations irf 9 9

the field and the peak energy discontinuity have still bee he GaAs excitons can hardly be assigned to the transitions

observed. Because of these two-dimensional properties, tHE°M the 2DCG.. _

PL peaks were assigned to transitions from the first and sec- MOst publications also showed that the PL peaks in het-
ond subbands of the heterojunction notch and no discussigefoiunctions shift diamagneticaffywhich suggests that the
about the transitions from GaAs excitons was carried3out.transitions are excitonic. Similar conclusions can be found
This assignment, however, is not in good agreement with théor double heterostructur€sand for heterojunctions under
research results published before. Ywral® have found a  Selective excitation? According to the phase filling theory
broad PL line shape besides a group of sharp peaks. Thef Schmitt-Rink™® excitonic transitions cannot originate
named the broad peak thkband and assigned the rest of the from the 2DCG. Even considering simply the screening ef-
peaks to the GaAs excitons. They attributed thdand to  fect, we find it quite suspect to assign peaks with an energy
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TABLE I. Parameters of GaAs/Ga,Al,As heterojunctions.

Sample () 2 (n) 3P 4 (p) 5(p) 6 (p)

Al% 33 33 60 56 50 50

n,p (10%cn) 4.3 3 1.99 6.72 8.3

w (CméIV s) 2x10°  2.4x10° (2K) 7100 (0.5 K) 5600 (0.5 K) 3128 (77 K)

mi (m,) 0.48 0.5 0.48

m (m,) 0.073 0.078
exactly coinciding with GaAs excitons to transitions from a [l. EXPERIMENTAL SYSTEMS AND SAMPLE
2DCG. PARAMETERS

In order to clarify more exactly the excitonic nature of the We have constructed two ODCR measurement systems
PL tran_smonsc,j 'P hetzrolurgjctmns, we will review the PL .0 \yith a solonoid and one with a split coil magnetic cry-
spectra in modulation doped quantum W&V's) for com- gt The sample normal could be rotated with respect to the

parison. In modulation doped QW’s with well width below a magnetic field in the split coil magnetic cryostat. For the
certain value, the PL originates from band-band transitioroppcR and the magneto-PL experiments, argon ion lasers
involving the 2DCG. The zero-field PL spectrum has an exwere used as excitation source. The PL spectra were mea-
ponential intensity decrease on the high-energy side due t§ured by a 1-m Jobin-Yvon spectrometer with a high spectral
the Boltzman distribution of the photoexcited holes and aesolution and collected by a photomultiplier. The micro-
broadened band edge on the low-energy side due to thgaves are generated by a backward wave osciliBovO)
band-edge fluctuations. The PL line shape can be well dgRef. 18§ with a maximum output power of 200 mW. The
scribed taking into account the breaking of the selection rulenicrowave frequencies could be varied continuously be-
for the dipole transition$? The line shape is non-Gaussian tween 35 and 183 GHz. The microwaves were chopped to on
and, under some conditions, the Fermi edge singularity caand off states. A photon counter detected the photolumines-
be observed when the carrier localization plays an importargence signal with microwaves @A) and off (B) separately.
role® In magnetic fields, the PL spectra develop into dis-The differential signalA—B, reflects the microwave effect
crete peaks characterizing both diagofaileying the dipole 0N the photoluminescence intensity. The ODCR signal was
selection rulg and nondiagonalbreaking the dipole selec- Obtained by adjusting the spectrometer to follow the peak
tion rule) transitions between Landau levels of the conduclPosition with increasing magnetic field under the microwave
tion and valence barf. The peaks shift linearly in low mag- €Xcitation. For the time-resolved PL experiments, a mode
netic fields and the energy positions oscillate slightly in highlocked titanium sapphire laser with a frequency doubler was

magnetic fields due to the oscillation of the electron and hoIé’S(ad as exutaﬂon. The pulse width of the mode locked laser
self-energy’® These phenomena are, in principle, different V@S 120 fs. The time-resolved PL spectra were measured by

than those observed in heterojunctions without an intentionaof|_5|arr;"j‘matsu streak came@4334 with a time resolution
&-doping layer. Therefore, the origins of the transitions in PS.

! : . . X The samples studied were modulation doped and
QW's and heterojunctions should be different. In QW's, thep—type heterojunctions. The sample parameters are listed in

transitions are from the 2DCG while in heterojunctions theyghe | The values of the effective masses of electrons and
transitions are excitonic and should not involve the 2DCG. \ges confined in the notch are measured by the ODCR. The
The following question arises: if these transitions do nOtsampIes investigated in this work were ndtloped in the
involve the 2DCG, why do they still exhibit the two- GaAs layer for preventing the escape of the photoexcited
dimensional behavior of the 2DCG? In our previous publi-carriers as mentioned before. Photoexcited holestiype or
cations, we have briefly introduced a carrier vertical transelectrons inp-type heterojunctions were allowed to drift
port model to solve this probleﬂﬁ.ln this paper, we will away from the heterointerface.
present our experiments and analysis in more detail. After a
brief introduction of our measurement system, we will first IIl. BLUESHIET AND DIAMAGNETIC SHIFT
present our results of magneto-PL spectroscopy. From the
peak positions, diamagnetic shifts and the rotation symmetry Figure Xa) shows typical PL spectra with increasing laser
argument we will demonstrate that the PL spectra we obexcitation power similar to those in other publicatidesgy.,
served are the recombinations of GaAs excitons or excitonRef. 5. Two types of transitions are observed. They are a
near the flat band region and they do not involve the 2DCGbroad peak, shifting to higher energies with increasing exci-
However, in optically detected cyclotron resonaf@®CR),  tation intensity, and a group of narrow peaks, remaining
the PL intensities of these excitons do exhibit the propertie§ixed. All narrow peaks are located exactly at the energy
of the 2DCG. This extraordinary experimental behavior ispositions typical for excitons of three-dimensional GaAs.
explained by a vertical transport model of the photoexcitedlhey correspond extremely well to the published data listed
carriers. Following this discussion, we present further experibelow: the upper polaron branch of free excitons FX's at
mental evidence for the vertical transport model with time-1.5153 eV, the lower polaron branch of FX’s at 1.515 eV,
resolved PL spectra and the PL intensity oscillations withthe excitons bound to neutral dono® % X) at 1.5141 eV,
magnetic field. the excitons bound to ionized donor® {,X) at 1.5133 eV
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and the three spin-split states of the acceptor bound excitons 8000 —
(A°,X) at 1.5128 eV forJ=3%, 1.5124 eV forJ=2%, and L (@) H-band Sample 4(p)
1.5122 eV ford=3.1° Because of this exact coincidence of 7000 L GaAs/GaAlAs
the peak positions with literature values, these transitions can »
obviously not be assigned to be from the 2DCG. 146W/em

The broad transition peak, referred to as khéand, lies . 6000 - h
between the GaAs exciton and the GaAs donor-acceptor pair & " 100W/cm?
transitions. The most outstanding feature of thband is its S 5000 .
blueshift with increasing laser power as shown in Fi@).1 S L 70W/em?
Some other features of thé band published so far include @ 4000 F i
the peak shift with the temperatutehe Al composition in E L 40W/em?
the barrier and the carrier concentration, or by means of an '
external electric and magnetic fiéld° Furthermore, the life- s S000T oOW/om? ’
time of theH band is extremely long and depends on its i< I
transition energy’?2 The H band disappears completely 1 2000 fy o2 -
when the heterointerface is removed. o A

However, not every sample exhibits an obviddiband. 1000 E5W/em2 J
Especially samples with a high mobility of the 2DCG show :
mainly a group of features at the energies of the GaAs exci- T=1.7K, B=0T1
tons. Nevertheless, through careful analysis of the spectra in or ]

the excitonic region with increasing excitation intensity, we 1500 1505 1510 1515 1520
can identify a peak with the same characteristic blueshift as

the H band, although it is not so pronounced, see Fig).1 Photon Energy (eV)
Because of this characteristic blueshift, we believe that this 12000
slightly broadened peak that overlaps the GaAs excitonic Sample 3(p) (b)
transitions should have the same origin as kthéands at I

low-energy positions. The recombination energies of kthe 10000 | 5.5W/cm?
band are found, therefore, to be able to approach the energies '
of the FX’s. The above experimental results suggest that the i

H band should also be of excitonic origins in GaAs. We will 8000 L (A%X)
show that the excitons for thel band are distorted to a
varying extent by the corresponding interface electric field.
In the following, we will present the diamagnetic shifts and
the rotation symmetry of thél bands at lower- and higher-
energy positions.

Figure 2 depicts the magnetic-field-induced energy shifts
for H bands of two different samples. A clear diamagnetic
behavior can be found in both cases at low fields although
the energy shifts are different. This implies that théand is
of excitonic origins. Thed-band emission cannot come from 2000
the 2DCG since the transition involving the 2DCG can only
be a band-band transition due to the phase filling efféct.

With increasing magnetic field a band-band transition will OF T=1.7K, B=0T
shift linearly to higher energies, which contradicts our obser-
vations and also the experimental results published so far.

The nonlinearity of the diamagnetic shift is energy depen- Energy [eV]
dent, with a stronger shift for thid band at lower energies. _ o o
Since a smaller energy shift indicates a larger exciton bind- F!G. 1. (@ The H band in ap-type heterojunction, which lies
ing energy, the binding energy of thé-band excitons in- energetically .Iowe.r than the GaAs e)§C|t0rQb) TheH band in a
creases with their increasing recombination energy. p-type heterojunction that overlaps with GaAs excitons. The com-

The reduction of the recombination and binding energy of"on feature qf theSH'.banO.l emiSSionfs Is their rela.tiv'? broad ".ne'
the H-band excitons can be understood with the theory of théNIdth and their blueshift with increasing laser excitation density.
QCSE. According to the QCSE, the recombination energy

and the exciton binding energy will be reduced by an extersion of excitons closer to the heterointerface where the inter-
nal electric field in QW’S.  Similarly, the interface electric face electric field is stronger.

field within the heterojunction should reduce the recombina- The above identification can be proved by the anisotropy
tion and binding energy of the excitons located near the hetef the diamagnetic shifts when the sample normal is rotated
erointerface. A lower recombination energy, and therefore avith respect to the magnetic field. We compare now the dia-
smaller exciton binding energy, reflects a stronger electrienagnetic shifts in the Faraday and the Voigt configuration
field at the place where the exciton recombines. Therefordpr the H bands at higher and lower energy. In the Faraday
the H band with lower energies can be identified as the emiseonfiguration the magnetic field is applied perpendicular to

FX

0.6W/cm?

6000

80mW/cm?

4000

PL Intensity (arb. units)

smW/cm?

4mW/cm?

T T T T T T T
1.512 1.513 1.514 1.515 1.516
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1.509- a0 » Faraday || IV. MICROWAVE INFLUENCED PL AND ODCR
1.508 - mboo o Voigt - Till now we have assigned all the transitions observed in
—————— the heterojunction samples to excitons not directly involving
0 2 4 6 8 the 2DCG. However, we will demonstrate in the following
B(T) that the PL intensities of all types of excitons are strongly

influenced by the 2DCG. We will first demonstrate the ver-
FIG. 2. Diamagnetic shift of thél band for samples 4 and 3 in tical movement of the photoexcited carriers during their life-
the Faraday and Voigt configuration. The diamagnetic shift differstime, driven by the interface electric field. Then we will
strongly for the two configurations in the case of the low-enddgy show that these photoexcited carriers, which recombine later
band in sample 4 but not for the high-enetgyoand in sample 5.  as theH-band excitons and the GaAs excitons, have been or
o . ) . are being influenced by the 2DCG. The effect of the 2DCG
the plane of the 2DCG, while in the Voigt configuration they is reflectged in the intensity of the exciton recombination. We

are parallel. The 'Iow—efnelrgM band for samplg 4 shpws 4 have studied this mechanism by microwave-influenced PL
larger diamagnetic shift in the Faraday configuration than

that in the Voigt configuration. While the diamagnetic shifts and t_he ODCR experlments. Lo .
for the high-energyH band(sample 3 are almost the same Itis knqwn that microwaves gpplleq in addition to .the
for both configurations. This shows that the rotation symme2S€ excitation reduce the intensity of the exciton
try is broken to a larger extent for thé-band excitons with recombination&: Thgrefore, |_f we assume that the total
lower emission energies. Therefore, these excitons are e@mount of photoexcited carriers remains unchanged, more
posed to a stronger interface electric field. Instead, the rotd[€€ carriers are available in the material with microwave
tion symmetry of theH-band excitons with higher emission €Xcitation. Typical microwave-induced PL intensity varia-
energies is broken to a minor extent due to a weaker electritons for the heterojunctions are shown in Fig. 4. We refer to
field. the PL spectrum with microwave excitation as spectrim
We would like to emphasize that-band excitons can be and the PL spectrum without microwave excitation as spec-
located so far away from the heterointerface that the bindingrum B. Their difference, A—B, represents the microwave
energies of these excitons are hardly influenced by the inteeffect on the PL. For all heterojunction samples investigated,
face electric field. Figure 3 compares the diamagnetic shift ofve always observed a PL intensity decrease forHheand
the high-energyH band at 1.5145 eV with the diamagnetic and a PL intensity increase for the GaAs excitons if the laser
shift of the GaAs excitons. The experiment shows that theind the microwave power were kept reasonably low, see Fig.
diamagnetic shifts are almost the same. A similar energy. If the broadH band is overlapped with bound excitons, the
shift for all types of excitons at low magnetic fields indicatesdifferential spectrum shows a negative background with an
a similar exciton binding energy for both thé-band exci- upward peak at the bound exciton lines, see sample 5 in Fig.
tons and the GaAs excitons. Hence, thésband excitons 4. For most samples, the integrated signal of the differential
should be located in an area where the interface electric fieldpectra vanishes. This demonstrates that the increase of the
is extremely weak and very close to the flat band region irPL intensity of the GaAs excitons occurs at the expense of
the GaAs. the H-band excitons. This important experimental fact dem-
Summarizing, the recombination energy and the bindingonstrates clearly an internal correlation between the recom-
energy of theH-band excitons are reduced by the interfacebinations of theH-band excitons and the GaAs excitons. As
electric field of different strengths. Their properties dependdiscussed in the previous section, tHeband excitons are
on their location in real space. The PL in heterojunctionssituated closer to the heterointerface than the GaAs excitons.
therefore, consists of standard GaAs excitons in the flat bandnder microwave excitation, a spatial redistribution of the
region and theH-band excitons that are distorted by the in- photoexcited carriers occurs. The experiment shows that the
terface electric field to different extents. extra free carriers due to the reduction of the recombination
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tial spectra A—B) by chopping the microwaves of sampleg4p- 8 - bl
pen, 5 (middle), and 3(lower). The spectra of sample 3 are taken at E 0.4 3, M * I O
the resonant magnetic field to enhance the microwave influence. £ 02:"" ey «
The H band always exhibits a negative PL intensity change while % ' detected on FX e ".’.‘tg,-f,
the GaAs excitons show a PL intensity increase with microwaves. « 0.0} )
) 00 05 10 15 20 25 30
rate of theH-band excitons are now transferred to the flat B(T)

band region to form GaAs excitons.

Now we should point out the large conceptual difference FIG. 5. (a) Differential PL spectra with microwave on and off at
between the PL of common bulk or epilayer samples and theifferent magnetic fields. A resonant intensity decrease forHhe
PL of heterojunction samples. In bulk or epilayer samplespand and a resonant intensity increase for the GaAs excitons are
the carriers lose their phase coherence and relax to the bandserved(b) Normalized ODCR signalA—B)/B detected on the
edge after the laser excitation. These carriers will barelyeak of theH band and the GaAs exciton transitions.
move in real space. However, this is not the case in hetero-
junction samples. In this case, a giant spatial drift of theport and spatial redistribution of the photoexcited carriers. If
photoexcited carriers occurs during their lifetime, as demonthe magnetic field is swept and the spectrometer is adjusted
strated by the experiment in Fig. 4. Due to this drift, theto follow the maximum of the PL intensity of the FX, a
carriers that finally recombine far from the heterointerface asontinuous positive ODCR signal is recorded, Fih)5The
the H-band or the GaAs excitons were created in an areayclotron resonance can be well attributed to the two-
very close to the 2DCG where they could interact with thedimensionally confined holes although it is detected on the
2DCG. The cyclotron resonance of the 2DCG, shown in FigFX of GaAs. If it were the hole cyclotron resonance in the
5, detected on both thid-band and the GaAs excitons is a GaAs flat band region, then a more obvious ODCR signal of
good demonstration of this interaction. the electron cyclotron resonance should be observed due to

The resonance occurs in a magnetic field of 1.24 T at dheir higher mobility. The electron cyclotron resonance is not
microwave frequency of 70 GHz for thetype sample in observed in this sample. Hence the cyclotron resonance in
Fig. 5. In this sample, thél band is mixed with both the our experiment represents the resonance of the 2DCG al-
(A°,X) and O°,X) transitions. By applying microwaves, a though neither théd-band excitons nor the GaAs excitons
broad negative differential signal is observed for théand directly involve the 2DCG. The above conclusions appear to
while the signal for the FX of the GaAs remains alwaysbe contradictory, however, they reflect the nature of the ver-
positive. Throughout the negative background for thetical transport of the photoexcited carriers in the vicinity of
H-band differential signal, upward peaks can always be obthe 2DCG: The carriers recombine near or in the flat band
served at A°,X) transitions, demonstrating an increase ofregion, but they interacted with the 2DCG when they were
(A°,X) recombinations. Again the integration of each differ- created near the heterointerface. From this special property,
ential spectrum equals zero, which reflects the vertical transwe were able to extract the effective mass values of the two-
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dimensional electrons in-type heterojunctions and the two- valence band to the conduction band within a certain pen-
dimensional holes im-type heterojunctions. These values etration depth. In heterojunction samples, the photoexcited
are listed in Table I. holes will drift away from the interface and the photoexcited
Up to this point we have provided evidence for the verti-electrons will drift towards the interface driven by the inter-
cal transport of photoexcited carriers that interact with therace electric field, see Fig. 8. Because the interface electric
2DCG. In order to cover the topic more generally, we con-fie|d in the vicinity of the heterojunction reaches values up to
sider more complex experimental results. In the case of a fewq kV/cm2® most of the photoexcited holes drift to a certain

high-quality samples only a negative differential PL signal gistance away from the heterointerface before they are cap-
has been observed, see Figa)Gfor the ODCR signal with  ,req py the photoexcited electrons to form excitons. A

low microwave attenuation in dB. But this is no proof for the simple estimation with a hole mobility of 500 &\ s and a

absence of a vertical transport of the photoexcited carriers Uollision time of 10" 13s gives a mean free path of 250 A for

the _Iack Of: EL gmi?sity qorrela't‘j\on between }P:ceband h hotoexcited holes at 50 kV/cm. The effective notch width is
excitons and the GaAs excitons. As a matter of fact, whe pically about 50 A. Within this distance there are no holes

we redt;ced bOt.h tzgﬁ Iaser_ lint.ensilt¥ arlibthe q migror;’vav%vailable for the recombination with the 2DCG. In fact, this
power, the negative differential signal for theband and the. region is depleted of holes by the interface electric field. This
positive differential signal for the GaAs excitons were still

. ) S : explains why no band-band transitions can be observed in
observedFig. 6(a), ODCR signals with high microwave at- modulation doped heterjunctions.

tenuatior). To understand this phenomenon, we need to com- The holes drifting vertically may capture electrons that

pare the corresponding PL spectra for various MICTOWaVey it towards the interface and form excitons. These excitons

Fowirs '?tE'gH %3)' '(Ij'he expﬁrlment .ThOV\.’tSh t':]hat the PLIn- 2re distorted by the interface electric field and become space
e”$t' { 0 V\?h ?hnde-l kc)]ueg% es_eat5| yﬂ\]/w PL € m'tcroanZindirect. The space indirect excitons are not accelerated by
excitation. Wwhen and dominates the FL Spectrum anty,q jnterface field because they are neutral in charge. But

when the spectrally integrated PL intensity is not reduce heir recombination ener S
. ; . . gy, as well as their binding energy,
[Fig. &(b), the curves with attenuation of 189 HEan in- is reduced by the interface electric field according to the

crease ofdthe m|]ccrovya;/e Eov&e;Areducgs MSng PLh!n— QCSE?® The recombination of these excitons contributes to
tensity and transfers it to the s excitons. Under this Cong, o hr5adH band shown in Fig. 1. The reduction of the

dition, an enhanced PL intensity of the GaAs excitons hasb- : . .

’ . e inding energy due to a larger spatial separation of electron
bgen observed,_see F'qaﬁ If the H—band emission alrgady and hole increases the photon energy emitted byHtirand
d:{s%p%e%rg at high mlcfrowr?ve .powéFsg. Gf(b)r'] attenuation g, cirons. However, in addition to this, a large reduction of
of 5— curvey; a further ncrease o t'e MICTOWAVE yq potential acting on electrons and holes takes place. This
power reduces the spectrally integrated PL intensity. Therg, 4o ¢ 5 strong actual reduction of the transition energy.
fore only a negative differential PL signal has been observe his concept explains why the transition peak of Hxeand

for the excitons of the GaAs layer, see Figa)6 i ;
. . . s always energetically lower than that of the GaAs free ex-
For the samples like that of Fig. 6, the ODCR signal re-Gitons y 9 y

corded with increasing magnetic field is very complicated to The exciton binding energy and the emitted photon en-

analyze..The recorded curves are digplayeq in Fig. 7. Thgrgy of theH band depend on the location of thé&band
ODCR signal detected on tité band with a microwave at- xcitons. When they are located closer to the interface,

tenuation of 24 dB resonantly reduces at the magnetic fielg,q e the electric field is stronger, the binding energy of the

of 0'1.9 T (peak 1 indicated in Fig.)?corrgsponding 00 an y phand excitons becomes smaller and the photon energy
effective mass of 0.076,. Compared with the effective gnisaq is also smaller. How far the-band excitons will be

mass of 0.066%, for the bulk GaAs, this effective mass is |,cated from the interface depends on the vertical mobility of
large and can b? .attrlbuted to the quantum confinement a e photoexcited carriers and the strength of the interface
the non-parabolicity of the conduction band. The strongesecyric field. With a stronger interface electric field or a
resonant peak of the 0-dB curve detected on thé,X)  higher carrier mobility, the final distance of tieband ex-
(peak 2 indicated in Fig.)7corresponds to an effective mass gjions from the interface is larger and the final electric field
of 0.065m,. It may be attributed to three-dimensional elec-\hich affects theH-band excitons is smaller. This explains
trons or less confined electrons. Further features shown ifyq gifferent energy positions of thé-band excitons for dif-
Fig. 7 are not well understood and can be partly attributed tqg ont samples, as shown in Fig. 1, and also their sensitivity
the complexity of the PL intensity variation described for 1 other sample parameters like mobility or Al composition,
Fig. 6.'A more detalle_d discussion over these results will be;g \vell as experimental parameters such as temperature and
given in the next section. laser excitation power, etc., as discussed previously.
If the laser excitation power is increased, the interface
V. VERTICAL TRANSPORT MODEL OF THE electric field or the notch potentir_:tl is flatt.ened by the Cou-
PHOTOEXCITED CARRIERS lomb force _between the photoexcned_ carriers and the 2D_CG.
The reduction of the interface electric field results in an in-
Now we begin to construct our model of the vertical crease of the recombination energy and the binding energy of
transport of photoexcited carriers from the analysis of theghe H-band excitons. The energy increase depends on the
experimental results discussed so far. The model will bdocation of theH-band excitons in real space. When they are
demonstrated for antype heterojunction. It can be similarly located closer to the notch, where the interface electric field
applied forp-type samples. is initially stronger, the electric field is more obviously re-
In PL experiments, the laser excites electrons from thaluced with increasing laser excitation power. Thus a larger
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FIG. 8. Dynamics for the photoexcited carriers in atype
heterojunction. Four steps are involved in the PL process. They are
FIG. 6. (a) Differential spectra of sample 2 for different attenu- (1) carrier relaxation(ll) vertical transport(lll) exciton formation,
ations of the microwave powetb) PL spectra for different attenu- and (IV) exciton recombinations. The excitons in the flat band re-
ation of the microwave power. For small microwave powers, thegion are not influenced by the interface electric field and will emit
H-band PL intensity quenches and the differential signal is positiveexcitons of GaAs. Thei-band excitons are subjected to the inter-
for GaAs excitons. At big microwave powers tie band disap- face electric field of different strength and, therefore, their recom-
pears. A further increase of the microwave power only quenches theination energies are reduced to different extent. It is attributed to
PL intensity for all transitions. the breadth of théd band.
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blueshift is observed in Fig.(4). Contrary to this, if the creases. This argument is reasonable since we do observe
excitons are located far away from the notch where the inexperimentally that for most samples only the PL intensity
terface electric field is initially weak, the potential variation for the H-band decreases, which means that only the carriers
is also small and only slight blueshifts can be detected, se®r the H-band excitons are heated through the thermal con-
Fig. 1(b). ductance(Fig. 4). The PL intensity of the GaAs excitons
When theH-band excitons are located closer to the het-increases, demonstrating that the effect of thermal conduc-
erointerface, the exciton binding energy is smaller, so dion for these excitons is less important than the carrier ver-
larger diamagnetic shift can be expected. While for thelical transport. For most samples, the energetically integrated
H-band excitons located near the flat band region, the excintensity of the differential spectra equals zero, which indi-
ton binding energy is larger and a smaller diamagnetic shiffates a huge temperature difference between the carriers for

is observed in Fig. 2. If thél-band excitons are subjected to the H-band excitons and for the GaAs excitons, see Figs. 4

extremely weak electric fields, they have a similar excitona.nd 5|..By swetgpmfg t?ﬁe{m;gn(;anc ge_ld, th(_at.ODfCRﬂ:esonant
binding energy like those excitons in the flat band region>'9na! IS Negative for -band and 1S positive for the ex-

TheseH-band excitons exhibit a similar diamagnetic shift citons in the GaAs flat band region for these samples.
like the GaAs excitons shown in Fig. 3. However, for samples where the thermal conductance

Due to the drastic decrease of the interface electric field il%eads to a similgr temperature in(_:rease for both the ca_rriers of
the H-band excitons and the carriers for the GaAs excitons, a

the sample normal direction, the rotational symmetry of the . ;
H-band excitons at different locations is broken to a different’€9atVe ODCR _S|gnal_ of the 2DCG can be obsc_erved for
both types of excitonéFig. 7). But due to the larger distance

extent. When the photoexcited carriers drift to a certain disf the heterointerf . i in the flat band -
tance from the heterointerface, the fiktband excitons are rom the heterointertace, the excitons In e Tat band region
require more microwave power than thieband excitons in

subjected only to a weak electric field. Their diamagnetic

shift is almost space isotropic, as observed for the sample %rdf-:-r totrtlelacrs a S'tm.'latrhODCR mtensﬂ;: Olf ggCZFLDC.G' II:X'
(Fig. 2. The opposite occurs if the vertical transport is weakPerimentaiy, to obtain the same amount o signa’ on

and theH-band excitons are situated closer to the heteroithe GaAs excitons as on tié band we must use a 15 dB

interface. These excitons feel a much stronger interface ele ch\ilgr attenuat;ﬁn g;Athe m';crowavg tﬁogﬁmggpare the th
tric field and the anisotropy of the diamagnetic shift becomes’, curve on the S excitons and the =4-db curve on the

stronger, see sample 4 in Fig. 2. -band excitons in F|g.)7_ . I

The photoexcited carriers that form excitons far away . Fur.thermore, the carriers Wh'.Ch were initially photoex-
from the heterointerface in the GaAs flat band region ma)f:'t.ed in the (jaAs:[l flafn?an_d tr_egl_on are also heatedd by ttr?e
have been created already in this region by the exciting Iaseil‘'CrO\'V‘"‘VeS rectly. This Intrinsic process can reduce the

light. But they also may have been originally created close OLD (i;néegizi;éo;f tbhlikGGaaéAss excitons and contribute to the
to the heterointerface and vertically drifted to the flat band The ODCR signal for the excitons in the GaAs flat band

region. Nevertheless, as the finally experienced electric field . ¢ th ibl iqins- first. the ph
at the location of recombination is negligibly small, the ex- region may come from threée possiblie origins. Tirst, the pho-

citon recombination energy and the exciton binding energ oexqted carnersbof thsse (?Iz(;:ltons 'rtnayfbe h?gted dILecé!lytby
are not reduced. These are space direct excitons and th microwave absorption. The exciton formation probabriity

: : : : : duced by the increased carrier temperature, which in-
emit photons with energies typical for GaAs bulk or epllayerI re . :
materials, see Fig. 1. duces a negative ODCR signal of the bulk electron cyclotron

The application of microwaves probes the dynamic pro_resonance. Secondly, the photoexcited carriers of these exci-
cess of the vertical transport. According to Romestain an ons may be indirectly heated by the.m|c.rowaves th.rough the
Weisbuch? the exciton emission intensity is reduced by the hermal conductance to the 2DCG, yielding a negative cyclo-

microwave excitation. If we assume that the total amount ogon resonance signal of the 2DAEig. 7, the 9-dB curve

photoexcited carriers remains constant, the reduction of th hirdly, dthe tdetr;]sny gf Q{homefxfl;fg cgrlr;eLrg tmay_talso dm-
exciton emission intensity should be balanced by an jnCrease due to the reduction o an Inténsity an

creased density of free carriers. In theype structure shown the vertical transport of these photoexcited carriers. This re-

in Fig. 8, the additional photoexcited holes, freed by theSUItS in a positive ODCR signal of the 2DCEig. 5). The

microwave excitation, drift to the GaAs flat band region andexperimental ODCR si_gnal on the e_xciton transitions in the
y g,aAs flat band region is a combination of these three effects

recombine with the free electrons in that area. The existenc d therefore the ob 4 ODCR i I
of the free electrons can be confirmed by the relatively lon nd therefore the observe curves are extremely com-
licated to analyzé€Fig. 7).

lifetime of the electron-acceptor transitions. Therefore th We now end our di ion on the experimental obsery
reduction of theH-band PL intensity is balanced by the in- . € now end our discussion on the experimental observa-
dions presented so far. To summarize our model, the transi-

crease of the PL intensity on the exciton lines in the GaA ! ; . L .
y tions in the heterojunction are excitonic. But they still reflect

flat band region with microwave excitation, shown in Fig. 4. . . .
Modulation doping increases the carrier mobility of the the properties of th_e 2DCG through the carrier verthal trans-
ort. In the following, we will present more experimental

2DCG. While the carriers near or in the flat band region ard’ . i T
believed to have a much smaller mobility. Thus, the micro-.res'm.tS which corroborate the special properties in hetero-
wave energy should be absorbed mostly by the 2DCG anl’!tJnCtlonS presented so far.

then transferred to the area near tidand excitons or the
excitons in the GaAs flat band region by thermal conduction.
According to this argument, the effective carrier temperature The time-resolved PL is known for revealing dynamic

will be less enhanced as the distance to the interface irproperties of excitons and photoexcited carriers. The pub-

VI. TIME-RESOLVED PL
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FIG. 9. On the lower left is the three-dimensional image of the time-resolved PL spectra of sample 1 at 4.2 K. The horizontal direction

represents the wavelength and vertical direction is the time evolution. Excitation wavelength of the laser is 3950 A. The upper left part is the
time-integrated PL spectrum. Five excitonic transitions are identified according to the three-dimensional image and the energy references in

the literature(Ref. 15. The right part is the time evolution of the energy-integrated PL intensity for five types of excitons. The PL intensity
rise of all five types of excitons can be split into two stages with different rise times.

lished time-resolved PL on heterojunctions deals only withfirst part of the PL intensity ris&) as the intrinsic formation
the extremely long lifetime of théd-band transitioné?>??  of excitons by photoexcited carriers locally excited by the
We will report, to our knowledge for the first time, the ex- laser. The slow risgb) is identified as the excitons formed
traordinary long rise time of the PL intensity for excitonic by the photoexcited holes that are created near the interface,
transitions in heterojunctions. but vertically transported to an area near the flat band region.
The long lifetime of the low-energy H band has beenThese holes recombine with free electrons in that area. Since
reproduced in our experiment. We found that if the energyne interface electric field decreases drastically after typically
position of theH-band emission increases, its I|f_et|me_be- 100 A, the vertical transport time can be much longer than
comes shorter and comparable to those of excitons in thge eyxciton formation time. This transport time for the pho-
GaAs flat band region. Similar results have been reported by, citeq carriers is responsible for the PL intensity rise time

Bergmanet al.™ A three-dimensional image of the time- of (b). The relative intensity ratio between the first risg&f

resolved PL spectrum for the excitonic transitions of sampledue to the intrinsic exciton formation and the second fie

1is shown in Fig. 9. The horizontal axis represents the Wavedue to the vertical transport process depends on the amount
length. It increases from left to right. The time develops from port p P

the upper to the lower direction. The time integrated specpf the vertically transported holes. The excitation intensity

trum is plotted on the upper side of the three-dimensionahas been varied to change the density of holes reaching the

image. The time evolution of the PL intensity, energeticallyflat band region In Fig. 10. For botkD(’,)_() mixed with the
integrated for(1) the excited states of FX(2) FX, (3)  H band and &",X), the intrinsic pari(_a) is dominant when
(D%,X), (4) (D",X), and(5) (A% X) excitons is plotted on the laser excitation power is low. This can be understood as
the right-hand side of the three-dimensional image. wedollows: if the excitation power is low, the total amount of
found that the lifetimec) of the excitonic transitions is typi- holes accumulated in the flat band region is small. The
cal for GaAs epilayers. However, the rise time is extraordi-chance for these vertically transported holes to capture free
narily long. The PL rise can be separated into two time steplectrons in that area is small. With increasing laser excita-
A part (a) with quicker rise time is commonly observed with tion power, more photoexcited holes are generated and drift
a time constant of several picoseconds. The farthas a to the flat band region. Consequently the probability for ex-
much slower rise time, almost 1-2 ns. It cannot be explainediton formation becomes higher. In this case, the second rise
by the exciton relaxation process, as this long rise time igb) becomes dominant due to the vertical transport contribu-
also observed for the transitions of the free excitons andion for the PL rise time. This nonlinear power dependence
excited states of free excitor&ig. 9). It can also not be of the PL intensity is consistent with the experimental results
explained by the carrier relaxation from the,GgAl,As bar-  in Fig. 1 where, with increasing laser excitation power, the
rier to the GaAs, because this long rise time is still observedelative PL intensity of the GaAs excitons increases more
when we excite below the barrier. Within our model of the strongly than that of théd-band excitons. Thus, we have
vertical transport of the photoexcited carriers, we identify theconfirmed the vertical transport of the photoexcited carriers
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FIG. 10. The laser excitation density dependence of the two-step FIG. 11.(a) PL intensity oscillations witHA) and without(B)
PL rise time on(a) the neutral donor-bound excitonB{,X) over- ~ Microwaves and the change of the PL intensAy-(B)/B for theH
|apped by theH bandl andb) the neutral acceptor_bound excitons bal’ld and the GaAs free eXCitOnS. The dOtted |il’leS are guide“nes f0r
(A% X). peak comparison(b) Two-dimensional properties of the ODSdH
effect. It shows that the ODSdH effect reflects the oscillatory prop-

for exciton recombinations in the heterojunctions by meang"ties Of the carriers confined in the notch.

of time-resolved spectroscopies. magnetic field when the spectrometer was adjusted to follow

the maximum peak positions. Typical traces for exciton re-
combinations, both with and without microwave excitation,
are shown in Fig. 1®&). The PL intensity of both, thel band
and the free-exciton lines, oscillates with the magnetic fields.
Now we will focus on the interactions between the pho-The maxima of the oscillation are periodic with the inverse
toexcited carriers and the 2DCG, shown by their effects orof the magnetic-field strength. The experimental technique
the exciton recombination in the heterojunctions. The PL in-and the observed curves are similar to those of the
tensity of a heterojunction was recorded as a function oShubnikov—de Haa&éSdH) effect and will be referred to as

VIl. OSCILLATIONS OF THE
PHOTOLUMINESCENCE INTENSITY
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properties of the 2DCG confined in the notch. The above
experimental result reveals the influence of the 2DCG on the
carrier vertical transport more exactly.
It is well known that the in-plane transport of the 2DCG is

- > determined by the electron density at the Fermi level. In

0-23mWiem 12/‘\0/r\* magnetic fields, the den;ity of states splits' into broadeqed
| s mW/em? J\M/, | Landau levels. By sweeping th_e magnetl_c fleld, the density
\'/w 1210 ,8\\ o_f stgtes at the Fermi Ieve_l oscillates, which mduce_s _the 0s-
- /l“/-J A cillation of the magnetoresistance and the Hall coefficient. In
] ] a two-dimensional system, the Hall resistance is quantized
with a low dissipation current flowing in the plane of the
2DCG when the Fermi level lies between two Landau levels.
By comparing the oscillating PL intensity and the oscillating
differential PL intensity under microwave excitation, we
T found that the vertical transport of the photoexcited carriers
] is similarly modulated as the in-plane transport.
1000 [~ 23mW/cm? . The relative change of the PL intensity caused by the

I \ 2(n): H-Band microwave excitation, denoted a&{ B)/B, is plotted in

T=1-[7K I—!—F—r Fig. 11(a). It reaches a minimum when tl&-band PL inten-

N ) sity is at a minimum. The relative change of the PL intensity
represents the in-plane conductivity of the sample in our mi-
crowave measurement. Hence, tHeéband has the smallest

—— PL intensity when the in-plane conductivity is lowest. There-
Sample 2(n) | fore, When the Fermi level lies between two Landau levels,
40 i the vertical transport becomes more favored for the photoex-
b) | cited carriers, similar to the carrier in-plane transport. Under
this condition, most of the photoexcited carriers can escape
4.0 1 y and reach the flat band region. This reducesHhgand PL

. 1 intensity to its minimum. The PL intensities of th&4 X)

3.8 . and the FX oscillate with opposite phase to that of Ehe
band due to the PL intensity correlation discussed so far. For
comparison we also plot in Fig. 11 the oscillation of the PL
intensity detected on the FX. The antiphase oscillation and
its relation to the SdH effect are similar to the results re-
3.4 1 ported by Turberfieldet al®> However, we emphasize that
these oscillations are detected on transitions not involving
3.2 . i the 2DCG. The PL intensity oscillation with microwaves dis-

] \ ] appears at low magnetic fields due to the extremely strong
304 T=1.7K - | heating of the 2DCG. Cyclotron resonances are observed
’ - with complicated patterns in low magnetic fields as dis-

" cussed before.

The oscillatory period of the ODSdH reflects the carrier
Excitation density (mW/cm2) concentration in the notch. We have recorded ODSdH oscil-
lations under different laser excitation intensities, shown in
Fig. 12. A peak shift, and therefore a change of the oscilla-
tory period, is observed. The oscillatory periaq1/B) be-
comes smaller with increasing laser intensity, indicating a
decrease of the electron concentration and thus a flattening of
optically detected SAHODSdH oscillations in the follow- the space charge potential in the notch. With stronger laser
ing. excitation, more photoexcited holes drift into the GaAs flat

The oscillation of the PL intensity displayed in Fig.(@1  band region and the electric field created between the 2DCG
is two dimensional although it is detected on tHeband and photoexcited holes becomes stronger. It reduces the
excitons or three-dimensional excitons of the GaAs. Tooriginal interface electric field and flattens the space charge
verify the two-dimensional character, we rotated the samplgotential. The flattened space charge potential raises the sub-
normal 30° with respect to the external magnetic field. Theband energy and reduces the electron concentration in the
ODSdH peaks shift to higher magnetic fields, shown in Fig.notch. It raises also the photon energy emitted byHHzand
11(b). The peak shifts satisfy the relation oB(L) excitons. So the reduction of the electron concentration is
=B(30°)cos(30°). Therefore the ODSdH effect detected orconsistent with the blueshift of thE-band transition with
the H-band and the GaAs bound exciton lines represents thimcreasing laser intensitfFig. 1).
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FIG. 12. (a) ODSdH effect at different laser excitation densities.
The oscillation period ofA(1/B) becomes larger for higher laser
intensities.(b) The concentration of electrons confined in the notch
as a function of the laser excitation intensity.
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VIll. CONCLUSION oscillations with magnetic field in heterojunctions. The ver-
tical transport is also responsible for the extremely long rise

We have studied the photoluminescence 0ftime of the PL intensity for all observed excitonic transitions.

GaAs/Ga_,Al,As heterojunctions. We discovered that the
transitions are excitonic and therefore do not directly involve

the_2DCG. quever, we _have demonstrated that prior to ACKNOWLEDGMENTS
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