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Time-resolved photoluminescence study of InGaAs ÕGaAs quantum wells
on „111…B GaAs substrates under magnetic fields
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The exciton dynamics in InxGa12xAs/GaAs quantum wells grown on (111)B and ~100! GaAs
substrates were studied by time-resolved photoluminescence~PL! under magnetic fields in a
Faraday configuration. We have found that the piezoelectric fields in (111)B samples affect the
transient behavior of the PL spectra. Compared with the reference~100! sample, we have found that
the strong piezoelectric fields, as well as the magnetic fields, cause a slower spin–flip process in
(111)B strained quantum wells. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1376401#
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I. INTRODUCTION

Epitaxial layers grown on III–V substrates with~111!
orientation possess many interesting properties and h
therefore attracted a lot of attention recently. When ther
strain in the layers, a strong internal field is induced beca
of the piezoelectric effect.1 A lot of effort has been devoted
to the growth of strained quantum wells and the study of
piezoelectric effect.2–5 However, studies on the exciton re
laxation of the strained quantum wells under strong pie
electric fields are very limited,6,7 although there has been
lot of work on the exciton dynamics of quantum wells.8–13 In
this work, time-resolved photoluminescence~PL! is used to
study the exciton dynamics of InGaAs/GaAs quantum we
on (111)B GaAs substrates under magnetic fields. Compa
with the result obtained from samples grown on~100! sub-
strates, we found unique dynamic behavior in (111B
InGaAs/GaAs quantum wells. The phenomenon is relate
the spin–flip process under strong piezoelectric fields.

II. EXPERIMENT

The samples, which had a single 1.5 n
InxGa12xAs/GaAs quantum well with a 50 nm GaAs ca
layer, were grown by molecular beam epitaxy. The lay
were grown on both (111)B and ~100! GaAs substrates
which were placed side by side in the chamber for comp
son. The GaAs layers were grown at 590 °C and the InG
layers were grown at 520 °C. For the time-resolved PL m
surement, the samples were excited by an amplified mo
locked titanium–sapphire laser and an optical parametric
plifier ~OPA! system from Spectra Physics with a las
energy at 3.1 eV. The time-resolved PL spectra were m
sured by a Hamamatsu streak camera~C4334! with a time

a!Electronic mail: cplee@cc.nctu.edu.tw
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resolution of 5 ps. The measurements were performed at
K. Magnetic fields up to 6 T were applied in a Farad
configuration during the measurements.

III. RESULTS AND DISCUSSION

In our measurement, the PL intensity was obtained
both the time domain and the wavelength domain. When
data are integrated over the time domain, ordinary PL spe
are obtained. On the other hand, if the data are integra
over the wavelength domain, time-resolved curves are
tained. Figure 1 shows the emission spectra of a InGa
quantum well grown on the (111)B substrate at differen
magnetic fields. The In composition was 25%. The lin
widths of all peaks shown in Fig. 1 are less than 3 me
indicating excellent material quality. The diamagnetic sh
towards higher energy is evident as the magnetic field
increased. Diamagnetic shifts of samples grown on differ
substrates and with different. In compositions in the quant
wells are shown in Fig. 2. The energy of the shift for t
quantum wells grown on the (111)B substrate is much large
than that of the quantum wells grown on the~100! substrate.
This is because of the reduced exciton binding energy in
(111)B quantum wells caused by the strong piezoelec
field, which reduces the Coulomb interaction between
electron and the hole inside the exciton. The results
samples with an In composition of 25% in the (111)B and
~100! directions are consistent with our previous work
continuous wave~cw! PL measurements.14 We noticed that,
in Fig. 1, the emission intensity increases with magne
field. At a magnetic field of 6 T, the peak intensity increas
by about 30% compared with that without a magnetic fie
This is because the magnetic field confines the electron
hole wave functions in the lateral directions and increases
probability of exciton formation.

Figure 3 shows the measured time-resolved curves
(111)B InGaAs quantum well with an In composition o
5 © 2001 American Institute of Physics
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25%. The two curves correspond to results with and with
a magnetic field of 6 T. In this semilog plot, we can s
clearly that the curves cannot be fitted by a single decay t
constant of radiative recombination. Instead, we can fit
curves very well using two time constants for the decay p
The equation used for fitting is

I ~ t !5I 0~ae2~ t/t1!1be2~ t/t2!2ce2~ t/t0!!, ~1!

where

a1b5c. ~2!

The rise time is governed byt0 , but the fall time is governed
by t1 andt2 . The fitted curves shown in Fig. 3 agree ve
well with the measured data.

It is common to attribute the two-exponential behav
of the PL decay curves in quantum wells to localized exci
states induced by interface roughness. However, this is
the case here. Because of the narrow well widths used in
samples, a small variation of the width will cause a lar
shift in the exciton energy. As a result, it will widen the P
linewidth significantly. While in our PL spectra, wheth
they were excited in pulse mode or cw mode, the linewid

FIG. 1. Photoluminescence spectra of a (111)B In0.25Ga0.75As/GaAs1.5 nm
quantum well under various magnetic fields.

FIG. 2. Diamagnetic shifts of the PL peak energy under magnetic fields
Faraday configuration.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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of all the samples are below 3 meV. Therefore, the interf
roughness in our samples should be minimal.

The spin–flip mechanism is considered to be the rea
for the two-exponential behavior of the decay curves. F
electrons with angular momentum11

2 or 21
2, and heavy

holes with13
2 or 23

2, radiative recombination happens on
for excitons with combinations of~11

2, 13
2! and ~21

2, 23
2!,

the so-called bright excitons. For~21
2, 13

2! and ~11
2, 23

2!
combinations, the dark excitons, radiative recombination
forbidden. Except for nonradiative recombination, the on
way for carriers to relax from the dark exciton levels is t
spin–flip process. In this process, the electron or the hol
the dark exciton changes its spin to become a bright exc
so that radiative recombination is possible. A schematic
this is shown in Fig. 4. LetÑ0 be the number of electron
hole pairs excited by the incident laser source.t0d is the time
constant for the relaxation from the excited level to the d
exciton level andt0b is the time constant for the exciton t
relax to the bright exciton level.tdb is the time constant for
spin flip from the dark exciton level to the bright excito
level. tbd is the time constant for spin flip from the brigh
exciton level to the dark exciton level.t is the radiative
recombination time constant of bright excitons.tdn is the
nonradiative recombination time constant of dark excito
tbn is the nonradiative recombination time constant of brig
excitons.n0 is the number of excitons at the excited level.nd

FIG. 3. Time-resolved PL curves of a (111)B In0.25Ga0.75As/GaAs 1.5 nm
quantum well with and without a magnetic field of 6 T. The solid lines sh
the fitting results by including the spin–flip process using Eq.~1!.

FIG. 4. Schematic of the exciton relaxation.
a
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is the number of excitons at the dark exciton level.nb is the
number of excitons at the bright exciton level. The rate eq
tions that govern their populations are

dn0

dt
52

n0

t0
,

1

t0
5

1

t0d
1

1

t0b
, ~3!

dnd

dt
52

nd

td
1

nb

tbd
1

n0

t0d
,

1

td
5

1

tdb
1

1

tdn
, ~4!

and

dnb

dt
52

nb

tb
1

nd

tdb
1

n0

t0b
,

1

tb
5

1

tbd
1

1

tbn

1

t
, ~5!

with initial conditions n0(0)5Ñ0 , nd(0)50, and nb(0)
50. By solving Eqs.~3!–~5! with the nonradiative terms
1/tdn and 1/tbn neglected, we get

nb~ t !5Ñ0FAS 1

tdbt0
2

1

t0bt1
De~ t/t1!

1BS 1

tdbt0
2

1

t0bt2
De~ t/t2!

1CS 1

tdbt0
2

1

t0bt0
De~ t/t0!G , ~6!

where

A5
t1~t22t0!

t0~t12t2!
C, ~7!

B5
t2~t02t1!

t0~t12t2!
C, ~8!

1

C
5

1

t0
22

1

t0
S 1

t1
1

1

t2
D1

1

t1t2
, ~9!

FIG. 5. Radiative recombination time constantt, the spin–flip time constan
tdb , andtbd as functions of the magnetic field.
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t1
5

1

2 F S 1

tb
1

1

td
D2AS 1

tb
1

1

td
D 2

2
4

tdbt
G , ~10!

1

t2
5

1

2 F S 1

tb
1

1

td
D1AS 1

tb
1

1

td
D 2

2
4

tdbt
G . ~11!

By fitting Eq. ~6!, which is basically the same as Eq.~1!, to
the measured time-resolved PL, we can obtain the vari
time constants. The fitted results for (111)B samples are
shown in Fig. 5. In all samples,t is almost the same, while
tbd is larger thantdb in all magnetic fields, meaning that th
bright exciton energy level is lower than the dark excit
energy level. Meanwhile, as the magnetic field increases,tbd

decreases andtdb increases, which means the bright excit
energy level goes upward and the dark exciton energy le
goes downward with the increase of the magnetic field.

For the~100! quantum wells, the time-resolved lumine
cence curve, shown in Fig. 6, is quite different. The exp
nential decay of the light intensity comes mostly from t
short time constant. The contribution from the longer dec
time constant is negligible. As shown in the inset of F
6~b!, the decay curve~dotted lines! does not deviate from the
fitted exponential curves~solid lines! until the intensity is

FIG. 6. Comparison of the peak intensity changes with or without the m
netic field,~a! in the time integrated PL spectra and~b! in the time evolution
of the PL peak for a~100! In0.25Ga0.75As/GaAs 1.5 nm quantum well. The
inset shows the normalized curves~dotted lines! on a semilog scale and the
fitted results~solid lines!.
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less than 5% of the peak intensity, even under 6 T magnetic
field. So, it is reasonable to fit the time-resolved curves us
a single exponential decay term, which is the radiative ti
constant. The time constant is around 180 ps for all magn
fields. From a comparison of the measured results of sam
in the (111)B and~100! orientations, it can be concluded th
the separation of the bright and dark exciton levels might
due to the strong piezoelectric field induced by the strain
(111)B samples. Also shown in Fig. 5,tbd is larger when the
In composition is higher for the (111)B sample whiletdb is
comparable in both cases, meaning the separation is la
for higher In concentration. This again is caused by
stronger piezoelectric field induced by higher strain. Furt
theoretical calculations are needed to study the effect of
piezoelectric fields on the spin dynamics in strained quan
structures.

There is also a difference in the exciton population b
tween (111)B and ~100! samples. When the high-energ
photons of the laser pulse hit the sample, only hot bri
excitons are created according to the selection rule. The
excitons cool down quickly by releasing phonons. Some
those phonons might induce the dissociation of other e
tons. Then the dissociated carriers might combine agai
form excitons. During this cooling process, the number
dark excitons increases. Because of the low binding ene
for excitons in (111)B samples due to strong piezoelectr
fields, there are more carriers at the dark exciton level.
the magnetic fields increase,tbd decreases andtdb increases.
The number of excitons at the dark exciton level also
creases. From the time-resolved curves shown in Fig. 3,
can compare the relative bright exciton populations at diff
ent magnetic fields by comparing the peak intensity of e
curve. Since the peak intensity is almost the same un
different magnetic fields, the initial bright exciton populatio
is about the same and is independent of the magnetic fi
However, in Fig. 1, which shows the time integrated P
spectra, we found that the PL peak intensity increases w
the magnetic field. So, although the initial bright excit
population is the same, the total exciton emission is hig
for higher magnetic field. This is because the number of d
excitons increases with the magnetic field and these d
excitons switch to bright excitons with a time constanttdb

through the spin–flip process andtdb gets longer for a stron
ger magnetic field. The dark exciton to bright exciton ratio
quite different for the~100! sample. Figure 6 shows the P
spectra and the time-resolved curves of this sample. The
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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in peak intensity with and without a magnetic field~6 T! is
about the same for both the integrated PL spectrum and
time-resolved curve. The decay time constant is also ab
the same with and without the magnetic field. So, the con
bution from the dark excitons is very small. It is a goo
approximation to neglect the dark exciton effect in the~100!
sample and the result is reproducible in other~100! samples.

IV. CONCLUSIONS

We have studied time-resolved photoluminescence
InxGa12xAs/GaAs quantum wells grown on (111)B and
~100! substrates. Magnetic fields up to 6 T in a Faraday
configuration were used during the measurements. The s
flip process was found to play an important role in the ex
ton relaxation in (111)B strained quantum wells because
the strong piezoelectric fields. The spin–flip time from t
dark exciton level to the bright exciton level increases w
the magnetic field. Further theoretical calculations a
needed to evaluate this phenomenon.
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