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We present a study of the exciton dynamics in modulation doped Gaps/@igAs heterojunctions and
GaAs epilayers. The comparison permits to identify the features characteristic for the heterojunctions. In
particular, we analyze the rise time of the transient photoluminesa@igeintensity. In general, we find a
longer PL rise time for the lower-energy excitons indicating that the time required for the energy relaxation
process increases with increasing binding energy of the excitons. Moreover, the rise time of the free excitons
turns out to be conspicuously longer in heterojunctions than in epilayers although the time integrated PL
spectra of the two systems are similar. From our analysis we conclude that the long rise time observed in the
heterojunctions is closely connected with the vertical drift of the photoexcited carriers driven by the interface
potential. In fact, we find that the carriefise., holes inn-doped samplesgphotoexcited in the heterojunctions
drift vertically from the heterointerface to the flat band region, where they finally recombine after forming
excitons(bimolecular formatiohwith oppositely charged and locally excited carriérs., electrons im-doped
samples

[. INTRODUCTION tion of the excitons of the flat band region. This is not pos-
sible because the quantum confined stark effect in the inter-
The exciton recombination process occurs in a time scaléace electric field shifts the recombination energy. Moreover,
of a few hundred picoseconds to nanoseconds. This timee point out that discontinuities and oscillations on the en-
domain is easily accessible to time-resolved photoluminesergy scale observed in an energy-field contour plot of the
cence(PL) experiments and therefore many studies of themagneto-PL intensity has still not found a reliable
exciton recombination process have already been carrieeixplanatior? Recently, we have shown that the PL signal in
out! Instead, the much faster processes of energy relaxatiometerojunctions arises not from the 2DEG but from carriers
of the carriers and exciton formation have been studied onlphotoexcited near the heterointerface and recombining in the
recently and in only few PL experiments. In one of theseflat band region after a vertical transport proc¥sBhe driv-
new studie$, assisted by the recent development of the up-ing force for the vertical transport of the carriers is the self-
conversion technique, the fine difference between théuilt interface electric field arising in modulation doped het-
dephasing time of coherent excitons and the momentum scatrojunctions and directly coupled to the 2DEG. This
tering could be distinguished in the PL signal. In general, itinterface field drives the different charges of the photoex-
is believed that the processes of energy relaxation and exctited carriers to the two opposite directions, with the elec-
ton formation should occur within 20 psThere are though a trons (holeg drifting towards the heterointerface and the
few reports of exceptionally long rise times well over 20 psholes (electron$ towards the flat band region imtype (p-
attributed to the momentum relaxation of excitons with largetype) samples. After reaching the flat band region, the holes
wave vectors towards the radiative zone arolw0.% In capture free electrons excited there, forming excitdmso-
qguantum wells, PL rise times as long as 400 ps have beeecular formation. The existence of long living free elec-
reported®® Furthermore, a rise time as long as 1 ns has beetrons in the flat band region has been confirmed by the ob-
surprisingly reported for GaAs epilayetsjthough this latter servation of a long decay time for the electron-acceptor
result could not be confirmed by our study. transitions and also by recently the nongeminate bimolecular
In contrast, the dynamics of the excitons in heterojuncformation of excitons2According to the vertical transport
tions is still unclear. Even the assignment of the peaks obmodel° the carriers first drift along the interface electric
served in the PL spectra of heterojunctions is controversiafjeld under the influence of the screening by the 2DEG, and
except for the sampled doped close to the interfadeThe  finally reach the flat band region where they form excitons
fact that the magneto-PL intensity in heterojunctions shows&nd recombine. Therefore, one understands why the PL sig-
oscillations with the field similarly to the in-plane nal shows oscillations typical for the 2DEG although the
magnetoresistantéeaded to the incorrect interpretation that recombination does not involve the 2DEG directly. Our iden-
the observed PL signal arises from recombinations of thdification of the final location of the recombining carriers is
two-dimensional electron gd2DEG). With this assignment consistent with the analysis presented in Ref. 13 although we
of the PL signal, it had been difficult to explain why the PL do not need to involve acoustic phonon emission in our in-
peaks are located at the energies typical for the recombinderpretation. In our previous work,we have compared the

0163-1829/2000/64)/27658)/$15.00 PRB 61 2765 ©2000 The American Physical Society



2766

magneto-PL spectra of a heterojunction with the spectra of a
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Hetero#1

guantum well sample in which the recombinations of the 10000 - _ (D% %)  Fx
2DEG are observed in the PL signal. The magnetic field |77~ Epilayer ',."\‘
dependence of the PL peaks in these two samples is totally 1 Y
different! although the host material for the 2DEG is GaAs 5000 [T § ]

for both samples. This demonstrates that the optical transi-

tions connected to the PL signal observed in quantum wells
and in heterojunctions have a different origin. The key point
in our interpretation is the vertical transport of the photoex-
cited carriers from the interface to the flat band region before
they form excitons and recombine.

The purpose of this work is to give a decisive experimen-
tal proof of the vertical transport model by the comparison of
the PL rise times observed in heterojunctions and epilayer
samples. In fact, the vertical transport is a movement of the
carriers in real space. Therefore, in heterojunctions the exci-
ton formation is delayed until the carriers reach the flat band
region. The issues of the paper are threef¢dl:verify the
assignment of the PL signal observed in heterojuncti@s,
confirm the model of the vertical drift of the carriens)
characterize the PL signal of the carriers drifting vertically.
The paper is organized as follows. We first identify the PL
peaks observed in the heterojunctions by comparison with
the PL spectra of the GaAs epilayer sample. Then, we dis- )
cuss the magnetic field dependence of the PL peaks, before FIG. 1. Comparison between the PL spectra of the hetero No. 1

coming to the discussion of the time-resolved PL data. FiSample and the epilayer sample at 0, 2, 4, and 6 T.

nally, we characterize the PL signal of the carriers driftingForthe GaAs epilayer, the well kno®tPL peaks of the FX
vertically in the_ heterojunction_s on the basis of the analySi%eutral donor bound ’excitonsDP,X) and neutral acceptér
of the free excitor(FX) dynamics. bound excitons A% X) are indicated. All these peaks shift
diamagnetically in the field. For the heterojunction we ob-
served very similar PL peaks at nearly the same energies
] ] except one peak, called tih€band, related to spatial indirect
The samples used in this study were MBE grown GaAsexcitons near the heterointerfa®e Furthermore, we ob-
epilayers and modulation doped GaAs{GgAl,As hetero-  served also the same diamagnetic field dependence of all
junctions. In the heterojunctions, the electron mobilities wergnese peaks in the heterojunction as in the epilayer sample.
better than 5 10°cn/V's. The PL spectra of all epilayer Therefore, for the herojunction we assign the PL peaks dis-
and heterojunction samples were well reproducible. Therepjayed in Fig. 1 to the recombinations in the flat band region
fore, we selected three representative samples, i.e., one epdf the excitons FXH band, 0%,X), and (A% X), in corre-
ayer sample and twar-type heterojunction samples with spondence with the assignments of the peaks observed in the
33% Al. The magneto-PL measurements were carried out iBpilayer sample. Still, the magneto-PL taken in the herero-
a cryostat with a superconducting magnet enabling fields upinction shows some additional features, as can be seen in
to 7.5 T with a sample bath temperature of 1.7 K. Insteadthe contour plot of Fig. 2. The black filled circles show the
the time-resolved PL measurements were performed at 2 Ko peak positions for the GaAs epilayer sample for compari-
For the optical excitation, for the magneto-PL experimentsson, The three strong and narrow peaks have been identified
we used an argon-ion laser and for the time-resolved Plas FX, neutral donor bound exciton®{ X), and neutral
experiments we used the frequency doubled output of a fe”licceptor bound excitonsAP,X). The spin splitting of
tosecond mode locked titanium-sapp_hire laser with a centrqIAo’x) can be observed in high fields. Although the overall
wavelength of 395 nm and a pulse width of 120 fs. The lasegjamagnetic shift of the PL peaks is very similar in the ep-
repetition rate was 82 MHz. The time-resolved PL spectrgjayer and in the heterojunctioriit reflects the three-
were detected with a Hamamatsu streak cam@4334.  gimensional character of the excitons recombining in the flat
_The best time resolution per CCD pixel in the streak camerggn regiol, in heterojunctions the PL signal displays oscil-
is 5 ps. The time resolution of the real spectra depends fuliytions of the intensity and the recombination energy of the
ther on the synchronization of the detector with the excitafy (it reflects the two-dimensional character due to the
tion laser. The effective resolution was approximated by 2(%creening effect of the 2DEGThe peak of each oscillation
ps per 1 ns time span. The spectral resolution was better tha®y, pe denoted with an electron filing factor At these
1A filling factors, quantum Hall plateaus are expected. There-
fore, these oscillations apparently contradict the assignments
of the PL peaks to recombinations of excitons in the flat-
band region. The solution of this paradox is given by the
In Fig. 1, we show the PL spectra of the epilayer and thevertical drift of the photoexcited carriers from the interface
hetero No. 1 samples under constant wé@#V) excitation.  (where they are creatgtb the flat-band regiowhere they
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1.519 IV. TIME-RESOLVED PHOTOLUMINESCENCE
1.5181 The vertical drift of the photoexcited carriers influences
1.517+ the dynamics of the exciton formation. This is observed in
1 the time-resolved PL spectra of heterojunctions shown in
S 1.516 4 Fig. 3 for hetero No. 2 for four different excitation densities.
E} 1.515- In Fig. 3, gray indicates a high PL intensity while white
5 15144 indicates a low PL intensity. Black is the background color
o and marks the zero of the PL intensity. One recognizes in
1.5131 [ hetero No. 2 that the rise time of the PL signal strongly
1'512_' hetero#1 depends on the excitation power dengifyg. 3(a) through
: T=1.7K (d)]. For an excitation power density as low as 25 m\W/cm
1‘5”0 "1 2 3 4 5 6 1 the PL signal of the FX and@® X) shows a very sharp
B(T) onset, but increasing the excitation power density to 70

mW/cnf or more, the rising time becomes longer. Such a
FIG. 2. Magnetic field dependence of the time integrated PLlong PL rise time for the FX and especially its dependence

spectra of the sample hetero No(cbntour plo} and the epilayer on the excitation power is characteristic for the heterostruc-
sample(filled circle dot3. The overall feature is the diamagnetic tyres and has not been observed in any other sample struc-
shift of the FX, 0°X), H band, A° X) in the hetero No. Las well tyres. We also tuned the laser pulse to excite below the en-
as in the epilayer sample. In the former sample, we observe alsgrgy gap of Ga_,Al,As and the same long rise time of the
concurrent oscillations of the PL intensity and the peak energies. gy signal was observed. Therefore, the long rise time dis-

cussed in this paper is not related to energy relaxation of the
recombing under the screening effect of the 2DEG. In this excitons from the Ga ,Al,As layer to the GaAs layer. Fur-
sense, the vertical transport influences the density of carriethermore, nonradiative processes are neglected in our inter-
reaching the flat-band region, and at the same time involvepretation of the PL data. In fact, very long recombination
the 2DEG indirectly over the screening effect. times, from several nanoseconds to/®have been reported
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FIG. 3. Streak images of the transient PL of sample hetero No. 2. The gray level indicates the PL intensity going from {f@wipite
intensity) to the dark(high PL intensity. Black indicates zero PL signal. The FXD¢,X), (D*,X), and (A%, X) peaks are identified. The
arrow marked as, , signals the variation of the PL rise time from low excitation density to high excitation density(ayi#® mw/cnf, (b)
70 mWicnf, () 200 mWi/cnf, (d) 1000 mW/cr.
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FIG. 5. Transient PL intensity of the FX for four excitation
densities in the epilayer. All curves show the same PL rise time,
independently on the excitation density in the epilayer.

Integrating the PL signal of Figs(® and 4 for each type

of exciton, we obtain the transient PL intensities spectrally in
FIG. 4. (a) Streak image of the transient PL detected in anthe epilayer(Fig. 6) and heterojunctior(Fig. 7) samples,

epilayer sample(b) Enlarged transient image right after the laser respectively. The curves are normalized to the maximum
pulse. The gray levels are defined as in Fig. 3. The peaks of FXyransient intensity.

(D% X), (D",X), and (A% X) are identified. The rise edge of the
FX is sharp. The exciton energy relaxation is responsible for a
delayed PL rise edge with decreasing recombination energy.

in GaAs/Ga_,Al,As heterojunction$®!’ This indicates that
the nonradiative recombinations are slower processes in
these samples.

For comparison, we display in Fig(a the time resolved
PL spectrum of an epilayer sample. Very sharp PL peaks of
FX, bound exciton D% X), (D*,X), and @A%X) are ob-
served. As happens in the heterojunctions, also in the epil-
ayer, a longer PL intensity rise time and decay time for the
states with larger binding energy are observed. However, the
rise time for the FX is much shorter than that detected for the
heterojunctions. The PL intensity of the FX rises almost in-
stantaneously after the laser pulse. To study the sharp rising
edge of the FX, we have measured the transient PL spectrum
in a much shorter time randgéig. 4(b)]. The rise time is
determined to be shorter than 50 ps without performing any
spectral deconvolution of the laser pulse. Moreover, the PL
rise time for the FX remains sharp with increasing laser
power, shown in Fig. 5. One may have noticed that the FX
decay time depends on the laser power in Fig. 5. This is
attributed to the fact that the density of excitons with large
momentumk increases with increasing excitation power.
These highk excitons have a reduced recombination prob-

PL Intensity (arb. units)

6 J T 1 T ¥ M ) 1 1 1 ]
..tr1=0.3ns
4+ .
2 - -t
0 - -
laser T=2k | Epilayer
-ttt r-r-1r°-tr-71
2 0 2 4 6 8 10 12 14
Time (ns)

FIG. 6. Energy integrated transient PL intensity for different

ability because they need to relax their momentum for thaypes of excitons in the epilayer sample. The rise time for the FX is
radiative recombination. A detailed discussion of this topic isshort while that of all bound excitons are longer than 1 ns.
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5 T T T impurities are spatially not too far apart. The energy relax-
l t =1.32ns Hetero#2 ation of the excitons prolongs the PL decay time of the low-

2z ' energy states, because the decayed excitons are partially
1000mW/cm? compensated by the excitons relaxing from high-energy

4r P ’ states, see both Figs. 6 and 7. This behavior can be simulated

FX  1=2215 ] by a relaxation ladder of the excited carriers to the ground
state, similarly to what happens in self-organized quantum
_ dots’®
Interesting is the origin of @ *,X), since this PL peak
(D°, X) |, 52205 could be assigned as neutral donor-hole transition according
to their transition energ}® The long rise time of this peak
shows clearly that it belongs to the group of bound excitons.
Otherwise, the PL rise time should be very short, since neu-
tral donors should exist before the laser pulse and the energy
relaxation to the band edge takes only a few picoseconds for
the holes. Moreover, the rise time of thB {,X) is shorter
than that of D% X) and (A% X) in the epilayer sampléFig.
6), which suggests that the ionized donor can polarize and
attract the free excitons effectively. The relative PL intensity
still depends on the concentration of the different impurities.
We point out that the PL rise time of the FX in our epil-
ayer samples is quite different from that presented in Ref. 5,
Time (ns) where a very long PL intensity rise time over 1 ns had been
reported. We checked also the PL rise time of the FX under
FIG. 7. Energy integrated transient PL intensity for different resonant excitation near the band edge, but we could not
types of excitons in hetero No. 2. The rise time for the FX is |Ongerobserve any PL rise time as |Ong as the one reported in Ref.
than 1 ns and comparable to that of bound excitons. 5. Still, the quality of our sample is good as one recognizes
from the fact that the line width of theA?,X) exciton is as
narrow as 0.44 meV. In our samples, we observed a PL rise
time over 1 ns only for the bound excitons.
Also in the heterojunction, the PL rise time of the bound
_excitons is longer than that for the FXBig. 7) due to the
gnergy relaxation of the excitons. However, in the hetero-

energy far above the band gap. Then, the electron-hole pai}gnctions the PL rise time strongly depends on the excitation

relax to the band edge within a time shorter than 50 ps b)power. This .is clegrly different from the epilqyerg and can
emitting optical phonons. After reaching the band edgenOt be explained simply by the energy relaxatiorkispace.

these excitons can be trapped by neutral, ionized donors arT € transient PL spectra shown in Fig. 3 are integrated over

neutral acceptors, indicated in FigaBbefore recombining. the energy region of the FXs and plotted in Fig. 9. We found

In high quality GaAs samples, the trapping time can be aé"hat the rising edge of the PL signal actually contains two
long as 1 ns. Experimentally,AP,X) is found to have a components, i.e., a fast and a slow part. The fast component
longer rise time of the PL inten,sity than th®{,X) and dominates the PL spectrum of the FX for a low excitation

(DV.X). This indicates that theD®,X) and ©*,X) can power density, while the slow component increases quickly

relax further to the lower energetiaf, X) [dotted arrows in with increasing excitation power density and finally over-

. . helms the fast components. This behavior proves the exis-
Fig. 8@]. Such an energy relaxation can occur as long as thénce of two typer) of carriers formingp excitons in

heterojunctiong? i.e., the carriers locally excited in the flat

PL intensity (arb. units)
N

-1

In epilayers, the PL intensity of the FX rises abruptly at a
time delayt,, after the excitation, while the intensities for all
bound excitons take over 1 ns to reach the maxin{&ig.

6). The slow rise time is denoted &s for both Figs. 6 and
7. In Fig. 8a), we depict the energy relaxation process oc
curring in epilayers. The laser pulse excites carriers at al

(GanlAs | Gans (a). EX. relaxation band regiorigray holes in Fig. &) for the fast PL rise timp
. <50ps' FX and the carri_ers drifting ver_tica!ly from the interface to the

o . flat band regiorjopen holes in Fig. @) for the slow PL rise
t >ns il (0 X) timeJ. With a Ipw excit_ation power density, the density of the
o :26;‘; vertically drifting carriers accumulated in the flat band re-

gion is low. In this case, the excitons formed by carriers
locally excited near the flat band region dominate the PL
intensity and the rising edge for FX behaves similarly to the
epilayer samples, as is shown in Figs. 4 and 5. In this case,
(b). Carrier Drif exciton formation is mostly geminate. In contrast, for a high
excitation power, many vertically drifting holes reach the flat
FIG. 8. Schematic diagram f@g) exciton formation and relax- band region where they form excitons with locally excited
ation in epilayers or the flat band region of heterojunctions and foelectrons. Then, the PL rise time of the FX is delayed by the
(b) carrier vertical drift in heterojunctions. time required for the vertical drift of the holes. Thus

=2nS

/"7

e
~ 1ns




2770 J. X. SHEN, R. PITTINI, Y. OKA, AND E. KURTZ PRB 61

1.2 — T couple with the long-living electrons excited locally and still

I Lo Hetero#2 1 present there. The convex curvature of the rise edge of the
slow PL component depends sensitively on the details of the
vertical motion of the photoexcited hol&sOne shall remark
that it would be inappropriate to call the slow PL component
a nonlinear optical effect or a “nonlinear PL sign&f2%in
spite of its quadratic power dependence. In fact, there is no
evidence of a higher-order polarization. Assuming an expo-
nential decrease of the interface electric field from the het-
erointerface to the flat band region of the form

25mW/cm’®

E(2)| =Epe~ 74, )

wherez=0 corresponds to the position of the heterointer-
face, the vertical drift of the holes until the flat band region is
described by a nonlinear differential equation. Including in
the equation of motion also the scattering of the carriers
(holes inn-doped heterojunctionff impurities and taking
into account the distribution of the photocreated carriers
along the vertical directiorz (in connection with the light

o intensity variation along), one obtains the following tran-
e sient PL intensity:

PL intensity

Time (ns) lson(t) =108 VT((1+y1)P—1) 3

FIG. 9. Transient PL intensity of the FX for four excitation for the slow component of the transient PL sigtaHere ris
densities in the hetero No. 2 sample. The line shapes are separatdte decay time of the excitons in the flat band regiqp.is
into two contributiongdashed lingscorresponding to the recombi- proportional to the densities of the electrons and the holes
nations of two types of FXgeminate and bimolecularly formed present in the flat band region. These electrons and holes
excitong in the flat band region. The PL signal of the vertically have a different “history”(as explained aboyeTherefore,
drifting carriers is shadowed and marked with the percentage corthey cannot be compared directly. But the densities of these
tribution for each excitation density. electrons and holes are both proportional to the excitation
power. Therefore| s, has a square power dependence. The
in high excitation power, exciton formation is mostly bimo- dimensionless exponert depends on the scattering rate of

lecular. the carriers during the vertical drift to the flat band region, as
well as on the absorption coefficient of GaAs, and the decay
V. NUMERICAL EVALUATION AND DISCUSSION length and amplitude of the interface field. The unusual con-

vex form of the rising edge df,,, observed experimentally
We determine now the relative contribution of the vertical 3t high excitation powergFig. 9) can be observed only for
carrier transport to the PL signal in heterojunctions. In Fig. 9g00d samples and at low temperatures, i.e.,88f1. The
the PL contribution with a fast rise time corresponds to themaximum of the slow component of the transient PL signal
recombination of excitons locally excited and takes the fol-g found at
lowing form:
1
ltas( ) = 5o(e7Y7—e7¥m), 1) Umax= BT v )
where 7 is the PL decay timer, is the PL rise time antly;,  This maximum is closely related to the average drift time of
is proportional to laser excitation power. The linear powerthe carriers from the interface to the flat band region. The
dependence of;q is understood to be connected with the form (3) fits the lineshape of the slow PL component well
geminate exciton formation. In such a case, each exciton iand enables a separation of the total transient PL signal of
formed by one electron-hole pair generated exactly by on¢he FX in the heterojunction into the fast and slow compo-
photon. This is observed only when the coupled electronnents. The relative intensity of the slow component is indi-
hole pairs do not dissolv@ue to scattering processes, drift, cated in Fig. 9 for four excitation power densities. The maxi-
or diffusion) until they relax their energy to the band edge mum of the slow PL component is reached at 1.6 ns after the
and finally recombine. Instead, the PL contribution with aexcitation and does not change significantly with the excita-
slow rise time is connected with the carriefisoles for tion power density(Fig. 9. From the fit of the slow PL
n-doped heterojunctiongreated near the heterointerface andcomponent, we found a mean fly time of 64 ps between two
reaching the flat band region after a vertical drift. Unlike thescattering processes off impurities during the vertical trans-
fast PL component, the slow PL contribution has a quadratiport and an average decay time of 0.51 ns for the excitons
dependence on the excitation power. For this part of the Pfformed bimolecularly in the flat band region. The decay time
signal, the exciton formation takes place bimolecularly afterdiffers slightly for the excitation density of 70 mw/érand
the holes drift vertically from the heterointerface to the flat200 mW/cnf, which might be related to the variation of the
band region of GaAgthis takes about 1 msand finally interface electric field, and therefore of the carrier dynamics,
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with the laser excitation power density. For the locally ex-
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cited carriergfast PL componeniwe found a PL decay time @) x Hetero#2 ,
and rise time of 0.8 and 0.3 ns, respectively, for all transient B yan ; " 100omiicm
line shapes. In reality, the PL rise time of 0.3 ns does not T Y e ox——2miem
correspond to the real exciton formation time because of the £ et \'?'\\;_-; S FX
corresponding spectral resolution described in Sec. Il. The ; 14 h“\.\\_\
fitted exciton decay time depends on both, the exciton re- § \ . \.“'

combination rate and the capture rate of FXs by the impuri- X,
ties. Whereas the mean fly time characterizes the scattering
process of the photoexcited carriers when no other exciton
build up process is involved in the PL rise time. Therefore,
we emphasize that a similar evaluation could not be per-
formed for (0% X) and (A% X), because their intensity rise
edge involve the information of FX relaxation.

Finally we discuss the reliability of our data analysis. In
Fig. 3, one notices that theDP,X) and the FX overlap.
Therefore, one could argue that the long PL rise time ob-
served for the FX is due to the spectral overlap of the
(D X) and the FX. We integrated the transient PL intensity
over narrow energy intervals and evaluated the PL rise time
for each energy stripe. The results are plotted in Figaj10
for both, the epilayer and the heterojunction samples together giG. 10. (a) Energy dependence of the PL rise time in the het-
with the time-integrated PL spectf&ig. 10b)]. Two fea-  erojunction and epilayer samples. One shall notice the different rise
tures are noticed. Firstly, the rise time reaches a local maxitmes for the FX in the epilayer and heterojunctions up to a very
mum for each exciton peak. Secondly, in the epilayer the riséarge kinetic energy of the FXb). Time integrated PL spectra for
time drops drastically when the recombination energy in-hetero No. 2 and the epilayer sample, corresponding well to the PL
creases from the bound excitons to the FX, while such &pectra taken under CW excitatidfig. 1).
strong drop is not observed in the heterojunctions. A long PL
rise time s qbseryed for _th(_a F.X over a broad energy reglori‘ncreasing exciton binding energy. Particular are the FX's in
in the heterOJur(')lctlons. This mdu_:ates that th? _spectral OverlaReterojunctions which exhibit a remarkably longer rise time
between the",X) and the FX is not the origin of the long than the FX’s in epilayers. This is understood by considering
PL rise time observed for the FX in heterojunctions. In fact :

) : C 'the vertical drift and energy relaxation of the photoexcited
the halfwidth of the D°,X) is expected to be similar to that . . : e
of the (A%.X) and the D*,X). Therefore, the long PL rise carriers driven by the interface electric field before they form

time of the EX is an intrinsic broperty of heteroiunctions andexcitons in the flat band region. This phenomenon is ob-
! IS an INtrinsIc property juncti - “served as a PL contribution with a slow rise tifleennected
can only be explained by taking into account the delay tim
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