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Time-resolved photoluminescence has been used to study the effects of interface roughness on ex-
citonic transitions in GaAs-Al, Ga& As multiple quantum ~elis. In addition to the luminescence
linewidth broadening and Stokes red shift, the interface roughness also strongly a8'ects the dynamic
process of optical transitions so that the excitonic transition peak shifts with delay time. However,
the heavy-hole exciton transition has red shifts at short delay times and exhibits a turnover at longer
delay times. A maximum shift of about 0.1 meV at a delay time of 4 ns was obtained. %'e have
demonstrated that the peak shift is caused by interface roughness in the quantum wells. Further-
more, the decay of the excitonic transition is found to 5t a two-exponential form. Based on a model
involving interface roughness and two-exponential decay, we calculated the position of the excitonic
transition peak as a function of delay time. Our calculations are consistent with experimental re-
sults.

I. INTRODUCTION

Recently, quantum-well (QW) and superlattice (SL)
structures have attracted a great deal of attention because
of their novel properties. ' Since the proposal of these
exciting new structures, * they have been studied exten-
sively, and thus many important features have been
discovered. For fundamental physics, quantum-well and
superlattice structures have been used to explore the
physical properties of a whole new field of low-
dimensional systems and quantum efFects. Many novel
phenomena in the quantum regime have been discovered,
such as resonant tunneling of double-barrier quantum
wells with negative differential resistance. ' By separat-
ing the impurities with charge carriers by modulation
doping, a significant mobility enhancement in CiaAs-
Al„Ga& As quantum wells has been achieved. ' Ap-
plications of these quantum wells and superlattices in-
clude high-speed electronics, optoelectronics and photon-
ic devices, such as quantum-well lasers, "' modulation-
doped field-effect transistors' (MODFET), photodetec-
tors, '" etc.

Although much work has been done in this field, there
are only a few investigations that concentrate on the dy-

namic processes of excitonic transitions in QW and SL.
The lifetimes of excitons in GaAs-Al„Ga& As quantum
wells were first reported by Christea et a/. ' An increase
of almost one order of magnitude in the transition rate of
excitonic recombination in GaAs quantum wells with a
well width of 52 A compared with bulk GaAs has been
observed. They also found that the decay of the excitonic
recombination is nonexponential.

Molecular beam epitaxy (MBE) techniques can be used
to grow QW and SL with very high quality but roughness
at the interfaces of two materials of QW and SL can still
not be completely eliminated. It is of interest and impor-
tance to know how this roughness affects the optical pro-
cesses in QW's. The interface roughness (or interface de-
fects) in QW's has been studied previously by low-
temperature continuous-wave (cw) photoluminescence
and by photoluminescence excitation spectroscopy. ' '
The main efFects so far observed due to the interface
roughness were exciton linewidth broadening and the red
shift (Stokes shift) of the emission: the emission of the
lowest heavy-hole exciton generally is slightly shifted to
low energy (typically a few meV) with respect to the ab-
sorption or excitation spectrum maximum. This was at-
tributed to localization of excitons within potential Auc-
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tuations due to interface roughness. The cw lumines-
cence and photoluminesc ence excitation spectroscopy
used to date to study the interface roughness of the QW
yields very little understanding about the role of the in-
terface roughness in the dynamic process of optical tran-
sitions.

In this paper we investigate the efFects of interface
roughness on the dynamic process of optical transitions.
Low-temperature time-resolved photoluminescence of
GaAs-A1„Ga, ,As multiple QW's has been studied. The
peak positions of heavy-hole exciton luminescence shift-
ing with delay time has been observed. The shift is ac-
counted for by interface roughness. A calculation based
on interface roughness and a two-exponential decay
forms fits the experimental results very well.

II. EXPERIMENT

The sample used for this study was a Ga�A-
sA10�5G ~As multiple quantum well (MQW) which was
grown by molecular beam epitaxy on a GaAs(100) sub-
strate without growth interruption. It consists of alter-
nate 278-A A106ao &As barrier layers and 250-A well
layers with a total of ten periods. The x-ray difFraction
data indicate a period length of 525 A, which is in good
agreement with the design parameters.

Excitation pulses of about 7 ps in duration at a repeti-
tion rate of 1 MHz were provided by a cavity-dumped ul-
trafast dye laser (Coherent 702-2CD) with an average
power of 10 mVf, which was pumped by a yttrium alumi-
num garnet (YAG) laser (Quantronix 416) with a frequen-
cy doubler. The pulse duration was continually moni-
tored by using a rapid-scan autocorrelator. ' The Lans-
ing photon energy was 2.125 eV with a spectral width of
2 meV. A time-correlated single-photon counting system
with a double monochromator (Jarell Ash 25-100) and a
computer were used for the measurements. The efFective
time resolution of the system is about 0.2 ns. The sample
was mounted strain free inside a closed-cycle He refri-
gerator and maintained at a temperature of 8.5 K.

III. RESULTS AND DISCUSSION

Experimental results of low-temperature (8.5-K) time-
resolved photoluminescence at three difFerent delay times
for a GaAs-AlosGao 5As MQW are plotted in Fig. 1.
The exciting photon energy was 2.125 eV at an average
power density of —50 mW/cm . The luminescence at
difFerent delay times has been rescaled for presentation.
The peaks at 1.5252 and 1.5295 eV are ascribed, respec-
tively, to transitions of ls heavy-hole (n= 1, e-HH) and
light-hole (n= 1, e-LH) excitons, which are composed of
an electron and a heavy (light) hole belonging to the
lowest state (n= 1) in the QW. These values are con-
sistent with those calculated by using the transfer-matrix
method' ' with the conduction-band ofFset parameter
being 0.65 and the binding energies of heavy- and light-
hole excitons being 6.0 and 6.2 meV, respectively. The
observed spectral width (about 1.78 meV) is attributed to
the interface roughness of the QW. ' ' In Fig. 1 there is
a shoulder at about 1 meV below the heavy-hole exciton
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FIG. 1. I.ow-temperature (8.5 K) time-resolved photo-
luminescence at three difterent delay times for GaAs-
Alo &Gao 5As multiple quantum wells with thicknesses of the

0
well and barrier being 250 and 278 A, respectively. The excita-
tion energy was 2.125 eV with an average power density about
50 rnW/cm .

peak which has also been reported by Miller and co-
workers. ' Based on the excitation intensity, tempera-
ture, and polarization dependencies of this low-energy
peak (shoulder here), they concluded that it was due to a
biexciton transition with a binding energy of about 1

meV. By using excitation-intensity-dependent lumines-
cence and time-resolved spectroscopy, Charbonneau and
co-workers recently showed that the lower-energy corn-
ponents of heavy-hole excitonic transitions have difFerent
origins in difFerent samples and can be attributed either
to biexcitons or to impurity-bound excitons.

One important feature depicted in Fig. 1 is that the ex-
citon transition peak shifts toward lower energy as the
delay time increases. This is manifested as the intensity
ratio of two data points at the exci.ton luminescence max-
imurn changing with increasing delay time. Here, delay
times were measured from the end of the excitation
pulses. The origin of this shift cannot be correlated with
the filling state phenomena ' because of the temporal
behavior as will be discussed later.

In order to fully explore the fact that the exciton tran-
sition peak shifts with delay times, we have performed a
high spectral resolution experiment around the peak posi-
tion of the heavy-hole exciton transition. The results are
shown in Fig. 2, where all the parameters and experimen-
tal conditions are the same as those in Fig. 1. The solid
lines in Figs. 1 and 2 are a guide to the eye. Figure 2
clearly demonstrates that the peak position of the heavy-
hole exciton transition shifts toward lower energy with
increasing delay times. %'e have used a least-squares fit
for the experimental data to find the peak positions at
difFerent delay times. The efFect of the lower energy
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FIG. 2. High resolution time-resolved photoluminescence
spectra around the peak position of the heavy-hole exciton tran-
sition at three different delay times. The spectral slit width and

0
step width were, respectively, 0.4 and 0.5 A. Other parameters
and experimental conditions are the same as those in Fig. 1.

peak positions shows a red shift at the short delay time
(0—4 ns), and then turns over beyond 4 ns. One notices
that the shift at short delay times is almost linear. The
amount of shift is small; nevertheless, it contains very im-
portant information. The experimental results shown in
Fig. 3 can be interpreted in terms of the interface rough-
ness in QW's and a two-exponential decay of the exciton-
ic transition.

Figure 4 presents a schematic diagram of the interface
roughness in a QW along the growth axis (a), and the
concomitant efFect on the photoluminescence linewidth
broadening (b) and exciton lifetimes (c). The fluctuation
in well (barrier) thickness can only be integral multiples
of one monolayer. In the quantum-well layer plane, there
are domains formed by the different well thicknesses with
sizes varying from a few hundred angstroms to a few mi-
crometers. Different emission energies around the princi-
ple excitonic peak correspond to excitons recombined in
different spatial domains. As we have shown in Fig. 4,
line A represents the lower photon energy which corre-
sponds to excitons recombined at the location of a wider
quantum well while line B represents the higher photon
energy which corresponds to the excitons recombined at
the location of a narrower quantum well. In Fig. 4(b)
FWHM indicates the full linewidth at the half maximum.
There was no investigation carried out previously ad-
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shoulder on the peak position of the heavy-hole exciton
transition have been eliminated by deconvolution. This
effect is shown to be negligible. Only a few data points
around the maximum intensity of the excitonic transition
were suScient to obtain the peak position at different de-
lay times. The results for the heavy-hole exciton peak
position at differnt delay times are shown in Fig. 3 (cir-
cles). From Fig. 3 we see that the maximum shift is only
about 0.1 meV at about 4 ns. Another feature is that the
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FIG. 3. Energy position of the emission intensity maximum
of heavy-hole exciton as a function of delay time for GaAs-
Alo &Ga05As multiple quantum wells. The quantum well pa-
rameters are the same as those in Fig. 1.

FIG. 4. A schematic diagram of the interface roughness in a
quantum well shown along the growth axis (a). (b) and (c) show
effects of roughness on the linewidth broadening and exciton
lifetimes.
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dressing the fact that excitons recombined at line A will
also have a larger lifetime than those recombined at line
B. Thus near the excitonic transition intensity max-
imum, the lifetime of the exciton, ~, will have a depen-
dence on emission energy E, which can be written as
~(E). Because the well fluctuation normally is within a
few monolayers the change in lifetime of excitons around
the peak position is small. This is probably the reason
that this e6'ect has been previously neglected. However,
the change of exciton lifetime with respect to the emis-
sion energy E, dr/dE, can provide very important physi-
cal information, since the recombination rate of the exci-
ton depends on the QW thickness. ' The larger the
quantum well width, the longer the exciton lifetime, as
indicated in Fig. 4(c).

First, let us prove that energy-dependent exciton life-
times can cause the transition peak to shift with the delay
time. Because the total amount of peak shift is very small
(0.1 meV) we can write r as a function of E, near the en-

ergy of maximum intensity Eo, as

r(E) =r(E0)+(E —Eo)a;
here ~(Eo) is the lifetime of excitons measured at the en-

ergy of maximum intensity of delay time td=0 and a is
the lifetime change rate with respect to energy,
d r ldE

~ E . Assuming the line-shape intensity distribu-
0

tion around the peak is a Gaussian with a single exponen-
tial decay, the luminescence of the excitonic transition
can be written as a function of delay time td and energy E
as

0-2E,„(t„)=E,+,at„.
2[~(EO )]' (5)

Equation (5) indicates that the peak position of the exci-
tonic transition will shift linearly to lower energies as the
delay time increases, since a =d r/dE = (d r/dL ) I
(dE/dL) &0, i.e., d~/dL) 0 and dE/dL &0. Here L is
the average thickness of the QW's.

The above calculation shows that the peak position of
the excitonic transition will shift as the delay time in-
creases because of the presence of interface roughness in
the QW's. However, Eq. (5) only gives a linear red shift
of peak position with the delay time, which is incon-
sistent with experimental observation depicted in Fig. 3.
The experimental results are more complicated and can-
not be fully described by Eq. (5). As we will see, by using
the above treatment with the assumption of a two-
exponential decay for luminescence, the experimental re-
sults can be well accounted for. This is obtained by
rewriting the luminescence intensity as a function of
emission energy E and delay times td, around the peak
position, as

I(E,td)=exp[ (E Eo——) /cr ]

X I A exp[ —
td /r, (E)]

+8 exp[ —t, /~, (E)]),
where A and B are constants. Here ~1 and ~2 are time
constants which are both functions of energy E. From
Eq. (3) we get

(E —E )~
I (E, td ) = Ioexp

td

r(E) (2)

Here Io and Eo are the maximum intensity of the exci-
tonic transition and the energy position of the intensity
peak at delay time td =0, respectively, while 0. defines the
linewidth which correlates the QW thickness Iluctuation
parameter. In Eq. (2), Ioexp[ —(E Eo) /cr ] re—pre-
sents the Gaussian intensity distribution at td =0, and
exp[ td /r(E)—] is the decay factor which depends on en-

ergy. The peak positions at di6'erent delay times can be
obtained by setting

a2 f(E, td)
t =E+

with

and
2

g(E, td)= g C;exp

f (E, td ) = g exp
, (E) dE

td

r;(E)

(7)

(7a)

(7b)

dI(E, td )

dE
(3) where

which gives
0 d'TE (td ) =Eo+

2[r(E)]' dE

Here we have assumed that the linewidth of the excitonic
transition is independent of the delay time, which is con-
sistent with the experimental results shown in Fig. 1. Be-
cause the second term in Eq. (1) is much smaller than the
first, we obtain from Eq. (4)

1 (i =1)
8/A (i =2) (7c)

One notices that Cz=8/A is the ratio of two lumines-
cence components at td =0. For energies near that of the
excitonic transition peak, we can write

~;(E)= (ErO)+(E E)a;o(i =1,2) —.
By using Eqs. (7), (7a), (7b), and (8) we obtain

2

g C, exp[ —td/r, (Eo)].
i=1

2

[C;a; td /~; (Eo ) ]exp[ —td /r; (Eo )]
E,„(td ) =Eo+

2
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Parameters o., ~, , ~2, and C2 can be deduced from ex-
perimental measurements. One sees that o. is related to
the FWHM by FWHM =2(ln2) ' o.. The value of
FWHM obtained from Fig. 1 is about 1.78 meV, which
gives o =1.07 meV. r&(EO) ( —0.9 ns) is the time con-
stant of the fast decay component of exciton lumines-
cence measured at the energy of the intensity maximum
occurring at td =0, which corresponds to the exciton life-
time of radiative recombination. &2(Eo) is the time con-
stant of the slow decay component, which is measured to
be 4.2 ns. One notices that this time constant does not
represent the lifetime of exciton recombination since it is
even larger than the exciton lifetime in bulk GaAs (3.3
ns). (The physical origin for this two-exponential decay
is under investigation. ) Now Cz is measured to be 0.07.
We insert these values into Eq. (9) and adjust a, and a2 to
obtain the least-square 6t with experimental data. We
find that, with a, = —0.06 ns/meV and u2 = —0.42
ns/meV, the plot of Eq. (9) shown as the solid line in Fig.
3 is in excellent agreement with experimental results (cir-
cles). Here a, represents the change rate of exciton life-
time with respect to emission energy, and thus the 6tting
value ( —0.06 ns/meV) gives a total lifetime change of the
fast decay component of about 0.06 X l.8=0.1 (ns) within
the FWHM. However, as we will show later, one does
not need to measure the exciton lifetime of QW's with
different thicknesses in order to obtain the change rate of
exciton lifetime with respect to well thickness, dr/dL. A
much easier way to obtain dr/dL is to measure the peak
position shift as a function of delay time.

We studied the temporal response of the luminescence
at the excitonic transition peak as shown in Fig. 5. The
circles are the experimental values which have been
deconvoluted to account for the temporal response of the

60000
50000-
40000-

30000-

dw dE
dL dL

Here

E =Eg(GaAs)+E, +Eq —Eb;„d,

(10)

with Eg(GaAs) being the energy gap of GaAs material.
E, (Eh ) is the confinement energy of the electron (hole) in
the QW which is measured from the bottom of the con-
duction (top of the valence) band. Eb;„d is the binding en-
ergy of the exciton. By noting that the change in the
binding energy of the exciton with respect to well thick-
ness L, dEb;„d/dL, is much smaller than the change in
confinement energy of the electron or hole, we can
neglect dEb;„d /dL. In addition, the confinement energies
of the ground-state electron and hole (of the order of 10
meV for our sample) are much less than those of the con-
duction and valence potential barriers (a few hundred
meV here). Thus we can estimate E, and Ez by treating
electrons and holes as particles bound inside an infinitely
deep QW. Therefore we have

detection system. The rising part of the luminescence is
not shown here. The dashed and solid lines are the
theoretical fit obtained using one- and two-exponential
decay models, respectively. From Fig. 5 it is clear that
the decay of heavy-hole excitons cannot be described by a
single exponential form. The two-exponential decay Ats
the experimental results very well. The decay time con-
stants obtained from Fig. 5 are 0.9 and 4.2 ns, respective-
ly, for the fast and slow components. This two-
exponential decay behavior has been observed recently by
other groups.

Following the discussions presented above, dr/dE, the
time-constant change rate with respect to emission ener-
gies E obtained from the peak shift, can be used to
deduce the lifetime of the exciton in QW's of different
well thickness, since we knew from previous work that
the lifetime of the exciton increases almost linearly with
well thickness. ' From a =d ~/dE = (dr/dL) /
(dE/dL), we have

20000-

Q

8000-
7000-
6000-
5000-
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2m, I. 2m~ I 2p*L,
(12)

d~ Am 2
2pAL 2 (13)

Here I. is the average well thickness and p*=m,*m&*/
(m,*+mh*) is the effective reduced mass of the exciton.
From Eqs. (10)—(12) we obtain
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FIG. 5. Luminescence of heavy-hole exciton as a function of
delay time. The circles show the measured values while the
dashed and solid lines are fit using one- and two-exponential de-
cay models, respectively (see text).

We used m,*=0.067m, and m&*=0.45m, for the elec-
tron and hole effective masses inside the QW, " where
m, is the effective mass of electron in the free space.
With well thickness parameters of L, =250 A and
a, = —0.06 ns/meV obtained in the above we find

d'7

dI
=2.6X10 ns/A .

This value is in good agreement with those extrapolat-
ed from the experimental results of Ref. 26, i.e.,-2.5 X 10 ns/A. Here we want to indicate that in Ref.
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26 the authors defined the time at which the intensity has
dropped to 1/e of its maximum value, ~,z„as the lifetime
of the exciton. The real lifetime of the exciton radiative
recombination will be different from this value. Never-
theless, dr/dL deduced from their experimental results
will be very close to the real value. Since exciton lifetime
is approximately proportional to well thickness, one can
deduce the exciton lifetime for different well thicknesses
by measuring r and dv/dL for one quantum-well thick-
ness.

IV. CONCLUSIONS

We have studied the effect of interface roughness on
the time-resolved photoluminescence of the excitonic
transition of GaAs-A1„Ga, „As multiple QW's. We
found that the energy position of intensity maximum of
the excitonic transition shifted as the delay time in-
creased. Based on a model involved interface roughness
in the QW's and the form of a two-exponential decay for
luminescence, we calculated the peak position as a func-
tion of delay times. The calculated results are in good
agreement with experimental observations. From these
measurements, we obtained the change rate in exciton
lifetime with respect to the well thickness 1.. We showed
that this is a very effective method to measure d eldL
compared with the usual procedure of measuring exciton

lifetimes at different well thicknesses directly. From the
above discussions we see that besides the linewidth
broadening and Stokes red shift, the interface roughness
also strongly affects the dynamic process of the optical
transition. The results obtained here are very important
for fundamental research and also very useful for practi-
cal applications, such as narrowing the spectral and time
pulse widths of QW lasers.

Obviously, the effect of QW thickness Auctuations on
the dynamic process of optical transitions is very i.mpor-
tant. There are still many important questions to be
answered. One of the most important questions here is
why the decay of the exciton transition is composed of a
two-exponential form. In future work, we will study the
dynamic process of the optical transition by using QW's
with different well thicknesses and at different tempera-
tures. %'e hope that these studies will provide more un-
derstanding of the complicated effects of interface rough-
ness.
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