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The exciton dynamics in liGa, ,As/GaAs quantum wells grown on (1H)and (100 GaAs
substrates were studied by time-resolved photoluminescéPtke under magnetic fields in a
Faraday configuration. We have found that the piezoelectric fields in BL&&jnples affect the
transient behavior of the PL spectra. Compared with the refer@0€: 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. @001 American Institute of Physics.

[DOI: 10.1063/1.13764Q1

I. INTRODUCTION resolution of 5 ps. The measurements were performed at 4.2

o . K. Magnetic fields up to 6 T were applied in a Farada
Epitaxial layers grown on IlI-V substrates witi11) configt?ration during t?le measurements.p y

orientation possess many interesting properties and have
ther_ef(_)re attracted a lot of a'_[tention r_ecer_1tly. When there i?”_ RESULTS AND DISCUSSION
strain in the layers, a strong internal field is induced because
of the piezoelectric effectA lot of effort has been devoted In our measurement, the PL intensity was obtained in
to the growth of strained quantum wells and the study of théoth the time domain and the wavelength domain. When the
piezoelectric effect=® However, studies on the exciton re- data are integrated over the time domain, ordinary PL spectra
laxation of the strained quantum wells under strong piezoare obtained. On the other hand, if the data are integrated
electric fields are very limiteft! although there has been a over the wavelength domain, time-resolved curves are ob-
lot of work on the exciton dynamics of quantum wélfé®In  tained. Figure 1 shows the emission spectra of a InGaAs
this work, time-resolved photoluminescen@l) is used to quantum well grown on the (11B) substrate at different
study the exciton dynamics of InGaAs/GaAs quantum wellgnagnetic fields. The In composition was 25%. The line-
on (1118 GaAs substrates under magnetic fields. Comparewidths of all peaks shown in Fig. 1 are less than 3 meV,
with the result obtained from samples grown @®0 sub- indicating excellent material quality. The diamagnetic shift
strates, we found unique dynamic behavior in (B1) towards higher energy is evident as the magnetic field is
InGaAs/GaAs quantum wells. The phenomenon is related tincreased. Diamagnetic shifts of samples grown on different
the spin—flip process under strong piezoelectric fields. substrates and with different. In compositions in the quantum
wells are shown in Fig. 2. The energy of the shift for the
quantum wells grown on the (11B)substrate is much larger
Il. EXPERIMENT than that of the quantum wells grown on tti®0) substrate.
) ) This is because of the reduced exciton binding energy in the
The samples, which had a single 1.5nM (111)8 quantum wells caused by the strong piezoelectric
In,Ga, - As/GaAs quantum well with a 50 nm GaAs cap fig|q " which reduces the Coulomb interaction between the
layer, were grown by molecular beam epitaxy. The layeryeciron and the hole inside the exciton. The results of
were grown on both (118 and (100 GaAs substrates ggmples with an In composition of 25% in the (1B1jnd
which were placed side by side in the chamber for comparir1 g girections are consistent with our previous work in
son. The GaAs layers were grown at 590 °C and the InGaAZqntinyous wavécw) PL measurementé.We noticed that,
layers were grown at 520 °C. For the time-resolved PL meay, £ig 1 the emission intensity increases with magnetic
surement, the samples were excited by an amplified modgze g "t a magnetic field of 6 T, the peak intensity increases
locked titanium—sapphire laser and an optical parametric amsy ahout 30% compared with that without a magnetic field.
plifier (OPA) system from Spectra Physics with a lasertyg js hecause the magnetic field confines the electron and
energy at 3.1 eV. The time-resolved PL spectra were Megso|q yave functions in the lateral directions and increases the
sured by a Hamamatsu streak cam@Z4334 with a time probability of exciton formation.
Figure 3 shows the measured time-resolved curves of a
dElectronic mail: cplee@cc.nctu.edu.tw (111)B InGaAs quantum well with an In composition of
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FIG. 1. Photoluminescence spectra of a (BL.IN), ,:Ga, 75As/GaAs1.5 nm FIG. 3. Time-re_solved P_L curves of a @3»”0256%-736‘5/6%5 ?"5 nm
quantum well under various magnetic fields. quantum well with and without a magnetic field of 6 T. The solid lines show

the fitting results by including the spin—flip process using @g.

25%. The two curves correspond to results with and withoup ) the samples are below 3 meV. Therefore, the interface
a magnetic field of 6 T. In this semilog plot, we can S€€rgughness in our samples should be minimal.

clearly that the curves cannot be fitted by a single decay time "1, spin—flip mechanism is considered to be the reason
constant of radiative recombination. Instead, we can fit thg,, he two-exponential behavior of the decay curves. For

curves very well using two time constants for the decay partg|actrons with angular momentum} or —3, and heavy
The equation used for fitting is holes with+3 or —3, radiative recombination happens only
I(H)=l,(ae” U +bhe Um)—ce Um0y, (1)  for excitons with combinations of+3, +3) and (=3, —3),

the so-called bright excitons. F@r3, +3) and (+3, —3
combinations, the dark excitons, radiative recombination is
a+b=c. (2)  forbidden. Except for nonradiative recombination, the only
way for carriers to relax from the dark exciton levels is the
. R spin—flip process. In this process, the electron or the hole in
\?villTl\/v ?[?]dt;é ' ;stfl:trtg c(j:;tr;/es shown in Fig. 3 agree very the dark exciton changes its spin to become a bright exciton
' so that radiative recombination is possible. A schematic of

It is common to attribute the two-exponential behavior his is sh in Fig. 4. Lef. be th ber of el
of the PL decay curves in quantum wells to localized excitort 'S 1S Shown in Fig. 4. LeNo be the number of electron-

states induced by interface roughness. However, this is né}ole pairs excited by the incident laser soureg. s the time

the case here. Because of the narrow well widths used in Ol5:ronstant for the relaxation from the excited level to the dark

samples, a small variation of the width will cause a Iargeexcnon level andrg, is the time constant for the exciton to

shift in the exciton energy. As a result, it will widen the PL rel_ax tp the bright exciton Ie,vel”db is the time cc_)nstant f_or
linewidth significantly. While in our PL spectra, whether spin flip from the dark exciton level to the bright exciton

they were excited in pulse mode or cw mode, the Iinewidthéevel' Tng IS the time constant for spin flip from the bright
exciton level to the dark exciton levet is the radiative

recombination time constant of bright excitons, is the

where

The rise time is governed by, but the fall time is governed

T . . . T . . nonradiative recombination time constant of dark excitons.
0.004 | 4 Tpn IS the nonradiative recombination time constant of bright
excitons.ng is the number of excitons at the excited leve).
—%— x=0.15,(111)B
; 0.003}F —a—x=0.25,(111)B i
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FIG. 2. Diamagnetic shifts of the PL peak energy under magnetic fields in a
Faraday configuration. FIG. 4. Schematic of the exciton relaxation.
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FIG. 5. Radiative recombination time constanthe spin—flip time constant 1500 - (b) T
T4p, @and7,q as functions of the magnetic field.
g 1000 |
is the number of excitons at the dark exciton levgl.is the g
number of excitons at the bright exciton level. The rate equa- @
tions that govern their populations are E
g 500 i
dng ng 1 1 1
_:__1 _:_+_1 (3)
dt To' To Tod Tob
0 . ) -]
d Ng Ng Np No 1 1 1 0.0 0.5 1.0 1.5 2.0
=t —, =4 (4) Time (ns)
dt T
d 7bd T70od 7d T7db Tdn
d FIG. 6. Comparison of the peak intensity changes with or without the mag-
an netic field,(a) in the time integrated PL spectra afig) in the time evolution
d 1 1 11 of the PL peak for 8100) Iny,G& 7As/GaAs 1.5 nm quantum well. The
Ny _ @ E E - 4 - (5) inset shows the normalized curvibotted lineg on a semilog scale and the
dt Tw  Tdb Tob ! T  Tbd Tbn T’ fitted results(solid lines.

with initial conditions ny(0)=Ny, ny(0)=0, and ny(0)

=0. By solving Egs.(3)—(5) with the nonradiative terms 1 1|/1 1 1 1\ 4
1/7y4, and 1k, neglected, we get 2 pl _) a \/(_+ P I (10
! 1 T Td T Td TdbT |
2
(=g A~ | etin) S [ O E-SREAN pett
Tdb70  Tob71 T 2|\71 74 Ty T4 TdpT|
B 11 )e(t/TZ) By fitting Eqg. (6), which is basically the same as Ed), to
TdbTo  TobT2 the measured time-resolved PL, we can obtain the various
time constants. The fitted results for (1Blsamples are
‘e 1 B 1 e(t,fo)} 6) shown in Fig. 5. In all samples;is almost the same, while
TdbTo TobT0 ' Tpq IS larger thanry, in all magnetic fields, meaning that the
where bright exciton energy level is lower than the dark exciton
energy level. Meanwhile, as the magnetic field increasgs,
decreases and;, increases, which means the bright exciton
A= 71(72~ 7o) (7)  energy level goes upward and the dark exciton energy level
To(T1—7T2) goes downward with the increase of the magnetic field.
For the(100 quantum wells, the time-resolved lumines-
7o(7o— 71) cence curve, shown in Fig. 6, is quite different. The expo-
B= m ' 8 nential decay of the light intensity comes mostly from the
short time constant. The contribution from the longer decay
101 1/1 1 1 time constant is negligible..As shown in thg inset of Fig.
gt i [T (9) 6(b), the decay curvédotted line$ does not deviate from the
C 75 70\71 72/ ™7 fitted exponential curvesgsolid lineg until the intensity is
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less than 5% of the peak intensity, even un@ld magnetic in peak intensity with and without a magnetic figldl T) is
field. So, it is reasonable to fit the time-resolved curves usingbout the same for both the integrated PL spectrum and the
a single exponential decay term, which is the radiative timeime-resolved curve. The decay time constant is also about
constant. The time constant is around 180 ps for all magnetithe same with and without the magnetic field. So, the contri-
fields. From a comparison of the measured results of sampldmition from the dark excitons is very small. It is a good
in the (111B and(100 orientations, it can be concluded that approximation to neglect the dark exciton effect in {60

the separation of the bright and dark exciton levels might besample and the result is reproducible in otflH0) samples.

due to the strong piezoelectric field induced by the strain in

(111)B samples. Also shown in Fig. 3,4 is larger when the  |V. CONCLUSIONS

In composition is higher for the (11B)sample whilery, is : . .
comparable in both cases, meaning the separation is Iarger GWe Za\//gaiumed tltme-resellved photolumlgjeascen;e of
for higher In concentration. This again is caused by the X2 -xAS S quantum Wwells grown on (1H)an
stronger piezoelectric field induced by higher strain. Further(loo? subetrates. Magneuc_ﬁelds up 6 T in a Faraday .
theoretical calculations are needed to study the effect of th onfiguration were used during the measurements. The spin—

piezoelectric fields on the spin dynamics in strained quantu P Process was found to pI.ay an important role in the exci-
structures. ton relaxation in (111B strained quantum wells because of

There is also a difference in the exciton population be_the strong piezoelectric fields. The spin—flip time from the

tween (111B and (100 samples. When the high-energy dark exciton level to the bright exciton level increases with
photons of the laser pulse hit the sample, only hot brightthe magnetic field. Further theoretical calculations are
excitons are created according to the selection rule. The h&eeded to evaluate this phenomenon.
excitons cool down quickly by releasing phonons. Some O]:ACKNOWLEDGMENT
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