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Effects of pulsed anodic oxide on the intermixing in InGaAs ÕGaAs
and InGaAs ÕAlGaAs quantum wells
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Intermixing in InGaAs/GaAs and InGaAs/AlGaAs quantum well structures after rapid thermal
annealing with and without an anodic oxide cap on the surface was studied by low temperature~8
K! photoluminescence~PL!. The PL peak energy was shifted towards higher photon energies
~blueshift! in both types of samples, especially at annealing temperatures above 880 °C. The anodic
oxide cap has been demonstrated to inhibit the band-gap blueshift of the quantum well structures.
Secondary ion mass spectroscopy data indicated that Ga vacancies were injected from the anodic
oxide cap into the epitaxial layers. These vacancies enhanced interdiffusion between group III
atoms, and partially relaxed the strain in the structure, resulting in the effect of the suppression of
the blueshift. ©2003 American Institute of Physics.@DOI: 10.1063/1.1577407#
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I. INTRODUCTION

Intermixing in semiconductor quantum well structures
of interest due to its applications to semiconductor las
transparent waveguides, and optoelectronic integra
circuits.1 Intermixing between quantum wells~QWs! and ad-
jacent barriers is usually achieved by interdiffusion betwe
constituent atoms during high temperature annealing, and
sults in a change in the QW shape, which in turn modifies
subband energy in the conduction and the valence bands2 As
the refractive index is directly related to absorpti
coefficient,3 intermixing also modifies the refractive inde
There are currently two kinds of intermixing techniques, o
is impurity-induced intermixing ~IID !,4,5 the other is
impurity-free intermixing~IFID!.6–8 IID usually introduces
substantial undesired changes in the material resistivity
trap concentrations. IFID can create large band-gap en
shifts without such problems associated with IID. SiO2 and
Si3N4 are commonly used to promote and prevent interm
ing, respectively. Laser induced intermixing is also used
the InGaAsP system.9

We have previously demonstrated that anodic oxide
hances intermixing in the GaAs/AlGaAs quantum w
system.10,11 We proposed that the anodic oxide absorbs
atoms from the epitaxial layers beneath, and thus injects
vacancies into the quantum well. The Ga vacancies prom
interdiffusion of group-III atoms, i.e., Ga and Al atoms. Th
enhanced intermixing was applied to increase photolumin

a!Author to whom correspondence should be addressed; electr
mail: assyuan@ntu.edu.sg
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cence ~PL! and cathodoluminescence efficiencies sign
cantly from V-grooved GaAs/AlGaAs quantum wires.12,13

The effect of the anodic oxide on the quantum well interm
ing ~QWI! in the InGaAs/AlGaAs~including InGaAs/GaAs!
system has not been studied so far. The QWI in the InGa
AlGaAs system has been less studied compared to the G
AlGaAs system.14–18 This system is characterized by th
strain in the quantum well. The strain effects on the QWI a
controversial. Ryuet al.14 studied the effects of strain on th
interdiffusion in InGaAs/GaAs quantum wells, and co
cluded that strain influenced the diffusivity. Liet al.16 stated
that strain effects appear to enhance disordering during
early stage of the anneal. Gillin,15 however, reported no ef
fect of strain on the diffusion in the InGaAs/GaAs system

In this work, we report the effects of pulsed anodic oxi
on the intermixing in InGaAs/AlGaAs quantum wells
Samples with and without anodic oxide were annealed
rapid thermal annealing~RTA! and characterized by 8 K PL
measurements. Noticeable blueshifts of the PL peak en
in both types of samples were observed after annealin
temperatures higher than 880 °C, but the blueshift was s
pressed in the samples with anodic oxide cap layers.
propose that the anodic oxide injects Ga vacancies into
semiconductors. The Ga vacancies’ effects on the interb
transition energy~and thus the PL peak energy! are two-
folded: ~1! to enhance the interdiffusion between group
atoms~In and Ga or Al!, which leads to an enhanced blu
shift as in the GaAs/AlGaAs system~2! to partially relax the
strain in the semiconductor, which results in a lower int
band transition energy. The net effect was a suppressio
the blueshift as manifested from the PL measurements. T
ic
3 © 2003 American Institute of Physics
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article is arranged as follows: In Sec. II, the sample str
tures and experimental details are described; in Sec. III,
modeling of the experimental results is outlined; and in S
IV the results are presented and discussed. We conclud
Sec. V.

II. EXPERIMENTAL DETAILS

Two structures~samples A and B! were grown at 750 °C
by low pressure metal organic chemical vapor deposit
~MOCVD! on ~001! p-GaAs substrates, which were Z
doped to a carrier concentration of;131019 cm23 and 2°
off ^100& towards^110&. Sample A was a multiple quantum
well ~MQW! structure, while sample B was a single quantu
well ~SQW! structure. The layer structures for these samp
are listed in Table I. All epilayers were nominally undope
The growth details were reported in Ref. 19.

After the growth, the wafers were cleaved into 8 m
38 mm pieces, similar to what has been describ
elsewhere.11 Half of each piece was then covered with the
mal glue. Each sample was rinsed in 10% HCl and th
deionized water, and nitrogen blown dried. The pulsed an
ization was carried out at room temperature, the details w
given in Refs. 11 and 20. For sample A, the anodizat
current density was 120 mA/cm2, the pulse width was 1 ms
and the period was 12 ms, and the voltage applied was 5
For sample B, the anodization current density was 1
mA/cm2, the pulse width was 0.7 ms, the period was 20 m
and the voltage applied was 150 V. For both samples,
anodization time was 4 min. The area covered with therm
glue was unanodized, while anodization took place in
uncovered area to form an oxide layer. The parameters w
chosen in order to form uniform oxides. The resulting ano
oxide thickness was determined by surface profiling to
(11063) and (14062) nm for samples A and B, respec
tively. After the anodization, the samples were rinsed w
deionized water, followed by acetone to remove the ther
glue, then by deionized water and nitrogen blown dri
Each sample was then cleaved into two 4 mm38 mm pieces,

TABLE I. Sample structures. All epilayers are undoped and their thi
nesses are nominal.

Sample A Sample B

GaAs 150 nm GaAs 400 nm

In0.19Ga0.81As ~QW4! 2 nm Al0.3Ga0.7As 20 nm

GaAs 50 nm In0.3Ga0.7As 6 nm

In0.19Ga0.81As ~QW3! 4 nm Al0.3Ga0.7As 3000 nm

GaAs 50 nm GaAs 200 nm

In0.19Ga0.81As ~QW2! 6 nm p1-GaAs substrate

GaAs 50 nm

In0.19Ga0.81As ~QW1! 10 nm

GaAs 1000 nm

p1-GaAs substrate
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so that each piece had half of the area anodized (4
34 mm) and half of the area unanodized (4 mm34 mm).

The intermixing was carried out in a rapid thermal a
nealing chamber with GaAs proximity caps in flowing arg
ambient~see the inset of Fig. 5!. The samples were placed i
the center area of a 6 in. Si wafer, and the temperature w
maintained to be within65 °C across the whole 6 in. wafe
The temperature ramp rate was 50 °C/s. The chamber
been purged with Ar gas at 5 l/min for 5 min before th
temperature was ramped up and then maintained at 2 l/
for 20 min.

PL measurements were performed at 8 K using an Ar ion
laser beam~the 514.5 nm line!, a spectrometer, and a S
detector connected to a lock-in amplifier. Each time, a f
pieces were mounted together on the cold finger of the c
ostat and measured one by one.

III. MODELING OF THE EXPERIMENTAL DATA

In this work, the QWI was experimentally characteriz
by photoluminescence measurements. The blueshift~i.e.,
shift towards higher photon energies! in the PL peak energy
is a result of the changes in the band structure after the Q
Due to In and Ga~or Al! interdiffusion, the quantum wel
shape changes from square to a smoothed one, which is
ally described by the error function. This results in a chan
in the electron and hole subband energies, and thus
change~blueshift! in the PL energy. The QWI is described b
the diffusion coefficient and activation energy. Therefore
calculation of the interband transition energy, which tak
into account the strain change in the quantum well a
changes in carrier confinement profiles due to Ga, In, an
Al interdiffusion at RTA temperatures, will determine th
diffusion coefficient and shed light on the complex interd
fusion processes.

We first calculated the subband energies and wave fu
tions in an intermixing modified single nonsquare quant
well,2 and then compared the calculated interband transi
energies to the PL data. The confinement profile of this
terdiffused quantum well was nonlinear and was mode
here by the error function. The strain effects were also ta
into account. The details of the model without strain effe
were given in our previous work on anodic-oxide-induc
intermixing in GaAs/AlGaAs quantum wells,11 where the
calculated Al profile after intermixing was in good agre
ment with the measured data.

The extent of the interdiffusion process is generally ch
acterized by a diffusion lengthLd , defined here asLd

5ADt,21 whereD andt are the In–Ga~or Al! interdiffusion
coefficient and annealing time, respectively. We assumed
isotropic interdiffusion of In and Ga~or Al! with the diffu-
sion coefficients being independent of their respective c
centrations, which were also assumed to be equal and
stant, i.e., we assumed Fick’s second law of diffusi
applies.22 The diffused In composition profile,w(z), across
the QW structure is given by22

w~z!5
wo

2 FerfS Lz12z

4Ld
D1erfS Lz22z

4Ld
D G , ~1!

-
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wherewo is the as-grown In mole fraction in the well,Lz is
the as-grown width of the QW, andz is the coordinate along
the growth direction~QW centered atz50). erf denotes the
error function.23

Lattice mismatch between the thin well and the barr
QW materials can be taken up by the in-plane strain. T
biaxial in-plane strain and uniaxial shear strain after interd
fusion are given by24,25

«xx5«yy5«~w!, ~2a!

«zz522@c12~w!/c11~w!#«~w!, ~2b!

«xy5«xz5«zy50, ~2c!

where «(w) is the misfit factor between the well and th
barrier, which is negative for compressive strain. The para
etersc11(w) and c12(w) are the elastic stiffness constan
The change in the bulk band gap,S'(w), as a result of the
hydrostatic strain, is given by

S'~w!522a~w!@12c12~w!/c11~w!#«~w!. ~3!

The hydrostatic deformation potentiala(w) is calculated
from

a~w!52
1

3
@c11~w!12c12~w!#

dEg

dP
, ~4!

wheredEg /dP is the hydrostatic pressure coefficient of t
lowest direct energy gapEg . The splitting energy,Si(w),
between the heavy-hole~HH! and light-hole ~LH! band
edges induced by the shear component of the strain is

Si~w!52b~w!@112c12~w!/c11~w!#«~w!, ~5!

whereb(w) is the shear deformation potential. The coupli
between the LH and split-off band results in asymme
heavy-hole to light-hole splitting. We have

SiHH~w!5Si~w!, ~6!

SiLH~w!52 1
2@Si~w!1D0~w!#

1 1
2@9Si~w!1D0~w!222Si~w!D0~w!#1/2,

~7!

whereD0(w) is the spin-orbit splitting. The QW confinemen
potential,Ur(w), after the intermixing process is obtaine
by modifying the unstrained potential profile,DEr(w),
which is defined asDEr(w)5Qr@Eg(w)2Eg(z50)#, where
Eg(w) is the interdiffused band gap, i.e.,Eg(w)
5Eg@w(z)#, Qr is the band offset splitting, and the subscr
r denotes either the electron in the conduction band~C!,
heavy or light holes in the valence band (V5H or L!. The
QW confinement potential is given by

Ur~w!5DEr~w!2S'r~w!6Sir~w!, ~8!

whereS'r(w)5QrS'(w). The ‘‘1’’ and ‘‘ 2’’ signs repre-
sent the confined HH and LH profiles, respectively, a
Sic(w)50.

The diffused QW subband edge (ki50) at the zone cen
ter of theG6-valley symmetry can be calculated separat
for the electron and holes, using the Ben-Daniel and D
model26 with a z-position dependent effective mass on t
Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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interdiffused composition profile, by the one-dimension
Schrödinger-like equation, for the envelope functionc rl (z),
which is written as follows:

2
h2

2

d

dzF 1

m'r* ~z!

dC rl ~z!

dz G1Ur~z!C rl ~z!5Erl C rl ~z!,

~9!

where l 51,2,..., are the QW subband levels for either t
electrons~Cl! or holes (Vl), respectively;m'r* @w(z)# is the
carrier effective mass in thez direction; Erl [Erl (ki50) is
the subband-edge energy, and the origin of the potential
ergy is taken at the bottom of the diffused QW. Equation~9!
was solved numerically using a finite difference method w
the corresponding confinement profile with the bound
condition taken to be zero at the end of a finitely high~en-
ergy! and thick~>50 nm! barrier.

The calculated quantum well interband transition en
gies were fitted to the measured PL peak energies by ad
ing the value ofD, thusD can be determined.

IV. RESULTS AND DISCUSSION

A. Suppression of the blueshift by anodic oxide

Before the rapid thermal annealing, we first tested
effect of anodic oxide on the band structure of the samp
by measuring the photoluminescence on the anodized
unanodized areas of the same sample. As shown in Fig. 1
sample B~InGaAs/AlGaAs SQW!, no noticeable difference
in PL peak energy, efficiency, and linewidth was observ
indicating no stress was introduced by the anodic oxide~at
least at the PL temperature, i.e., 8 K!. The PL intensity, how-
ever, was noticeably increased by the anodic oxidation. T
was likely due to the surface passivation by the anodic o
dation, which reduced the number of surface states. In a
tion, the oxidation process also consumed some GaAs m
rial in the cap layer ~;110–150 nm!, thus more
photoelectrons diffused into the quantum well during the
measurements, resulting in higher PL intensity.

FIG. 1. Comparison of 8 K PL spectra between as-grown and anod
samples~sample B, InGaAs/AlGaAs SQW!. No RTA was carried out on
these samples.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



of
,

p

ee
h
ca
ou
a-

a

ft
rt
e
th
en
t

ua

th
,
a
iv
ti
ea
re
te
od
. 1
a

ft
rg
ho
ur

se-
-
ing
r
hift

m-
A

y
hift.
as

ec-
ion.
le

a
s

ed
-

is
en

-

1.
re-
-
he
is-
nal
in
ined
e
the

ere

in

K.

9826 J. Appl. Phys., Vol. 93, No. 12, 15 June 2003 Yuan et al.
Figure 2 compares the 8 K photoluminescence spectra
three samples:~1! as grown,~2! unanodized but annealed
and ~3! anodized and annealed samples~sample A, InGaAs/
GaAs MQW!. The unanodized and anodized areas of sam
A were annealed together in the same run~see the inset in
Fig. 5! at 900 °C for 30 s.

Regarding the as-grown sample A, four peaks were s
each corresponding to one of the four quantum wells. T
assignment of the four quantum wells was based on the
culated interband transition energies using the model
lined in Sec. III with strain effects included in the calcul
tion. QW4 was a shallow well~nominal thickness: 2 nm!, the
electron confinement was quite well, so the PL signal w
also weak.

Regarding the unanodized but annealed sample A, a
annealing at 900 °C for 30 s, the PL peaks moved to sho
wavelengths as a consequence of the interdiffusion betw
In atoms in the quantum well layers and Ga atoms in
barrier layers. The interdiffusion changed the confinem
profiles from square ones to smooth ones, increasing
separation between electron and hole sublevels in the q
tum well ~i.e., the interband transition energy!.11 On the other
hand, since the interdiffusion of In and Ga atoms reduced
lattice difference between the well and the barrier layers
also reduced the compressive strain in the quantum well
tensile strain in the barrier layers. Since the compress
strain in the quantum well increases the energy separa
between conduction band electrons and valence band h
holes, the reduction in the strain by interdiffusion thus
duced the interband transition energy. The net effect of in
diffusion on the interband transition energy in the unan
ized sample was the blueshift of PL energy seen in Fig
The blueshift has been reported in the InGaAs/GaAs qu
tum well systems after QWI.14–17

Regarding the anodized and annealed sample A, a
annealing with anodic oxide, however, the PL peak ene
showed less blueshift compared to those annealed wit
anodic oxide, indicating the anodic oxide played a role d

FIG. 2. 8 K PL spectra from sample A~InGaAs/GaAs MQW!. ~a! as grown
~solid line!, ~b! annealed without anodic oxide~dashed line!, and ~c! an-
nealed with anodic oxide~solid dotted line!. For ~b! and ~c!, the samples
were annealed together at 900 °C for 30 s.
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ing the annealing. The reduced blueshift could be a con
quence of two possible reasons:~1! a suppressed interdiffu
sion between In and Ga atoms by the anodic oxide dur
RTA or ~2! a partially relax in strain in the semiconducto
layers. The mechanism behind this suppression of blues
will be discussed in latter parts of this article.

Figure 3 shows the PL peak wavelength versus RTA te
perature for a fixed annealing time of 30 s for sample
~InGaAs/GaAs system!. The sample was relatively thermall
stable up to about 880 °C, then started to show a blues
The blueshift was stronger for thicker quantum wells,
there was more room in thicker quantum wells for the el
tron and hole sublevels to be pushed up by the interdiffus
This is in agreement with the QWI in GaAs/AlGaAs multip
quantum wells.10 For QW1, the unanodized sample showed
blueshift of 22 nm~33 meV!, while the anodized sample wa
only blueshifted by 12 nm~17 meV!, yielding a reduction in
the blueshift by 16 meV. It is clear that anodic oxide reduc
the blueshift during RTA for all the quantum wells at tem
peratures above about 880 °C.

In Fig. 4, the PL peak wavelength versus RTA time
shown for 925 °C anneals as a function of RTA time. Wh
the annealing time was short~1–5 s!, instead of a blueshift, a
redshift was observed for QW4~both anodized and unanod
ized samples! and for QW3~anodized samples only!. QW4
and QW3 were closer to the top surface than QW2 and QW
This might be understood by the onset of partial strain
lieving during the initial stage of the RTA, when interdiffu
sion between In and Ga atoms was not significant. T
mechanism of strain relieving is the thermally induced d
location and defect movement to remove partially inter
strains.27 This partial strain relieving caused a reduction
the energy separation of electrons and holes in the stra
InGaAs quantum well. At this early stage of the RTA, th
temperature was higher on the surface of the sample than
interior, thus the local temperatures of QW4 and QW3 w

FIG. 3. PL peak wavelength as a function of RTA temperature for QW1-4
sample A~InGaAs/GaAs MQW!, with ~filled circles! and without anodic
oxide ~open circles!. The RTA time was 30 s, and PL was taken at 8
Arrows indicate the PL position for the as-grown sample.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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higher than QW2 and QW1, the slight redshift in the PL d
to the onset of the partial thermal strain relieving was o
observed in QW4 and QW3. For longer RTA durations,
reverted to a blueshift due to the interdiffusion. Again, t
anodic oxide reduced the blueshift in this InGaAs/Ga
quantum well structure for all the four quantum wells.

While sample A belonged to the InGaAs/GaAs syste
sample B belonged to the InGaAs/AlGaAs system, and
only one quantum well. Figure 5 shows the PL peak wa
length as a function of RTA time for sample B annealed
900 °C. After annealing at 900 °C for 90 s, the unanodiz
area had a strong blueshift of 41 nm~57 meV!, while the
anodized sample had a blueshift of 24 nm~33 meV!, corre-

FIG. 4. PL peak wavelength as a function of RTA time for QW1-4 in sam
A ~InGaAs/GaAs MQW!, with ~filled circles! and without ~open circles!
anodic oxide. The RTA temperature was 925 °C and the PL was taken
K.

FIG. 5. PL peak wavelength as a function of RTA time sample B~InGaAs/
AlGaAs SQW!, with ~filled circles! and without~open circles! anodic oxide.
The RTA temperature was 900 °C and the PL was taken at 8 K. The i
shows how a sample was placed in the RTA chamber.
Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
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sponding to a reduction in the blueshift by 24 meV by t
anodic oxide. Clearly, anodic oxide reduced the blueshif
the InGaAs/AlGaAs quantum well structure as well.

B. Diffusion coefficients

To simply extract the diffusion coefficients for anodize
and unanodized samples, we used the method outline
Sec. III, and treated anodized and unanodized samples
same way, except for having different diffusion coefficien
That is, we used only one parameter~diffusion coefficient! to
include the effects of anodic oxide on the band structure
the calculation, although this was certainly an oversimplifi
approach. Although a more proper method should include
effects of Ga vacancy injection due to anodic oxide on
strain and the diffusivity, the effects are not clearly und
stood yet, and thus difficult to incorporate in the calculatio
Figure 6 is a plot of diffusion length squared versus ann
time for sample B annealed at 900 °C with and without t
anodic oxide cap. The data are more or less linear with
neal time, implying that the diffusion coefficient was co
stant during the RTA. A least-square fitting resulted in diff
sion coefficientsD of (7.360.9)310217 and (4.160.7)
310217 cm2/s for the unanodized and anodized samples,
spectively. Gillin obtained a diffusion coefficient of;8
310217 cm2/s for InGaAs/GaAs quantum wells lying at 25
nm beneath the surface at 900 °C,15 which is comparable to
our result of 7.3310217 cm2/s for unanodized sample B a
900 °C.

C. Mechanism of the suppression of blueshift by
anodic oxide

From previous work on the GaAs/AlGaAs system, w
have shown that anodic oxide enhances the intermixing
GaAs/AlGaAs quantum wells as manifested from the blu
shift in PL measurements.13 From the experimental data re

t 8

et

FIG. 6. Diffusion length squared vs annealing time for sample B~InGaAs/
GaAs SQW! annealed at 900 °C with~filled circles! and without ~open
circles! anodic oxide. The straight lines are the least-square fit to the d
The fitting resulted in diffusion coefficientsD of (7.360.9)310217 and
(4.160.7)310217 cm2/s for unanodized and anodized samples, resp
tively.
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ported here, however, it is clear that anodic oxide suppre
the blueshift in InGaAs/AlGaAs~including InGaAs/GaAs!
quantum wells. Other dielectric caps have been shown
suppress intermixing for various reasons. For example,
suppression of intermixing by a phosphorus doped SiO2 cap
was attributed to the fact that SiO2 :P is more dense and voi
free compared with standard SiO2 together with a strain re
laxation effect of the cap layer during annealing.28

It should be pointed out that the suppression of the bl
shift in our work does not necessarily mean a suppressio
the QWI. In the GaAs/AlGaAs system, the enhanced in
mixing by the anodic oxide at RTA temperatures was attr
uted to the injection of Ga vacancies into the quantum we13

Since the top layer of both our GaAs/AlGaAs and InGaA
AlGaAs samples was GaAs and the barrier layers were
GaAs, and the anodic oxidation was carried out under sim
conditions, it is likely that the QWI in the InGaAs/~Al !GaAs
system was still enhanced by the anodic oxide cap du
RTA through the injection of Ga vacancies, but a possi
strain reduction by the anodic oxide cap caused the reduc
in the blueshift. We will discuss this in the following.

The major differences between GaAs/AlGaAs a
InGaAs/AlGaAs quantum wells are that strain and indiu
are present in the InGaAs/AlGaAs system only. Strain w
reported to enhance the intermixing in InGaAs/Ga
system,16,17 and was thought to play a role during the ea
stage of rapid thermal annealing.17 Gillin, however, observed
no effect of strain on the interdiffusion in InGaAs/GaAs m
terial system.15 Here, we are more concerned about the
fects of a change in strain on the interband transition ene
which corresponded to the PL energy in the experime
other than the strain effects on the In and Ga~or Al! inter-
diffusion. It is well known that a change in strain changes
band structure and, consequently, the interband transition
ergy and the PL energy.

Table II compares the interband transition energies
determined by PL measurements for as-grown samples A
B and calculations that included and excluded strain. T
influence of strain on the interband transition energy is s
nificant, being about 66 meV for sample A~QW1! and 96
meV for sample B as determined by the calculation for
grown samples. These values will change after the QWI
the band edge confinement profiles will no longer be squ
Everything else being the same, a reduction in strain sho
cause a redshift~towards lower photon energy or longe
wavelength! or a reduction~suppression! in the blueshift in
PL energy in case the QWI is carried out. In this work, t
maximum reductions in the blueshift were 16 and 24 m

TABLE II. Measured~PL! and calculated (E11) interband transition ener-
gies for samples A~QW1! and B ~single QW!. The last column shows the
strain effect, i.e., the difference between the calculated interband trans
energies with and without strain.

Sample
PL ~eV!

~as grown!
E11 ~eV!

~with strain!
E11 ~eV!

~without strain!
Strain effect

~meV!

A ~QW1! 1.345 1.344 1.278 66

B ~SQW! 1.278 1.273 1.177 96
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for samples A~QW1! and B, respectively, as determine
from Figs. 4 and 5.

The change in strain in this work was probably due
~1! the interdiffusion, and~2! Ga vacancies injected from th
anodic oxide cap, and~3! stress at the interface between t
anodic oxide and GaAs resulted from the difference in
thermal expansion coefficients between the anodic oxide
GaAs at RTA temperatures. These three possible cause
discussed below.

For the InGaAs/GaAs QW system, the lattice constan
InGaAs layer is larger than that of the GaAs barrier lay
Compressive strain arises in the well, while tensile str
exists in the GaAs. When In atoms diffuse into the Ga
barrier layer and Ga atoms diffuse into the well layer, a th
and graded InGaAs interface is formed. After a certa
amount of interdiffusion, the in-plane strain is reduced. Th
the interdiffusion can cause the reduction in the bluesh
However, the interdiffusion also causes a change in the p
file of carrier confinement potential, resulting in an increa
of the interband transition, and this increase is more than
decrease due to the partial strain relax caused by the in
diffusion. The net effect of interdiffusion is a blueshift, a
shown in the experiment by the unanodized samples.

The strain can also be affected by a change in the
vacancies due to anodic oxide during the annealing. In
case of the QWI by the SiO2 cap, it is often assumed that G
vacancies are produced by the SiO2 cap layer,1 and are in-
jected into the semiconductor layers beneath it, thus prom
ing intermixing. This is mainly due to the relatively hig
solid solubility of Ga in SiO2 . Ga vacancy injection by the
anodic oxide was believed to have taken place in ano
oxide enhanced intermixing in the GaAs/AlGaAs system.13

To study how the anodic oxide affects the Ga mov
ments during RTA, we profiled Al and Ga from a GaA
AlAs/GaAs/substrate reference structure by secondary
mass spectroscopy~SIMS!. The GaAs buffer layer was
;1000 nm thick. The results were plotted in Fig. 7, showi
in-depth profiles of Al and Ga, taken under identical SIM
conditions. The results were from an anodized, but not
nealed, sample and from an annealed sample with half of
surface anodized and half of the surface unanodized be
annealing. The Al profiles reveal that during RTA Al atom
were indeed attracted towards the surface by anodic ox
an indication that anodic oxide enhances the interdiffus
between Ga and Al atoms. The Ga profiles reveal that
concentration in the anodic oxide was increased after R
in other words, Ga vacancies were injected by the ano
oxide into the GaAs layer beneath the oxide, and then mo
to other layers~including the InGaAs layer!. It is known that
vacancies induce tensile stress around their sites and
therefore, be attracted by compressive regions of the mat
where they can partially relax the imposed stress.29

For the InGaAs/GaAs and InGaAs/AlGaAs sampl
studied in this work, when the anodic oxide on the top of t
sample injected Ga vacancies into the materials beneat
the Ga vacancies reduced the stress and thus the strain i
layers. The Ga vacancies’ effects on the interband transi
energy are complicated: first, the vacancies reduce the s
and thus lead to a reduction in the blueshift. Second,

on
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vacancies enhance the interdiffusion between Ga and In
oms, which causes the blueshift of the PL energy; The
effect was the reduction in the blueshift in PL energy.

V. CONCLUSIONS

Intermixing in InGaAs/AlGaAs quantum well structure
was studied with and without an anodic oxide cap by ra
thermal annealing at temperatures in the range from 80
930 °C for durations from 0 to 90 s. The samples were th
characterized by low temperature PL measurements at
Blueshifts in the PL energy were observed in all samp
Anodic oxide has demonstrated to suppress the blueshift
ticeably. This is in contrast to the GaAs/AlGaAs syste
where anodic oxide enhances the blueshift. We believe
both cases anodic oxide enhances the interdiffusion betw
group III atoms, thanks to the injection of Ga vacancies
the anodic oxide into the layers beneath it. The suppres
of the blueshift was attributed to a strain reduction, but
actual mechanism of the strain reduction is not clear yet.
main reason for the strain reduction could be the Ga vaca

FIG. 7. Secondary ion mass spectroscopy~SIMS! profiles of Ga and Al as a
function of depth for a GaAs/AlAs/GaAs reference sample. A schem
drawing of the sample structure is shown on the top. The Ga profiles w
shifted up for a clear comparison with Al profiles. Two samples deno
‘‘anodized’’ were anodized under the same conditions, and a portion of
top GaAs layer was converted into anodic oxide. Two samples were
nealed at 900 °C for 60 s~denoted as ‘‘with RTA’’!.
Downloaded 07 Nov 2006 to 147.8.21.97. Redistribution subject to AIP
at-
et

d
to
n
K.
s.
o-

in
en
y
on
e
e

cy

injection from the anodic oxide, which reduced the stra
and at the mean time also enhances interdiffusion betwee
and Ga or Al atoms.
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