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Optical properties of GaAs/Al xGa12xAs quantum wells disordered by ion implantation

I. Shtrichman, D. Gershoni, and R. Kalish
Department of Physics and Solid State Institute, Technion-Israel Institute of Technology, Haifa 32000, Israel

~Received 20 March 1997!

Photoluminescence, photoluminescence excitation, and time-resolved optical spectroscopy are used to study
ion-induced disordered GaAs/AlxGa12xAs quantum wells. The experimental data are used to quantify the
structural modifications of the implanted quantum wells after they are thermally annealed. We show that a
finite density of nonradiative traps, associated with the Al atoms which diffused into the GaAs quantum well
during the annealing process, is responsible for the quantum wells’ photoluminescence quenching. We use a
simple vacancy controlled diffusion mechanism to model the ion-induced structural modification and its dose
dependence. Our model explains the ratio between the interface diffusion length (;10 Å! and the lateral extent
of the intermixing around each traversing ion track (;200 Å!. It fails, however, to predict the correct depen-
dence of the interface diffusion length on the implantation dose.@S0163-1829~97!06228-0#
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I. INTRODUCTION

Semiconductor heterostructure interface intermixing us
ion implantation followed by thermal annealing is an impo
tant tool in modern science and technology.1,2 In particular,
this tool is used as an important avenue towards the fabr
tion of lower dimensionality quantum structures such
quantum wires3,4 and quantum dots.4

The technique combines two main stages: First, selec
areas of the heterostructured sample are implanted with h
energy ions using either focused ion beams,5 or by implan-
tation through lithographically defined metal mask.6 Second,
the implanted sample undergoes thermal annealing, du
which its temperature is sharply increased, and enhan
implantation-induced diffusion of the structure interfac
takes place due to defects which were generated by the
versing ions. Recent studies using high-resolution transm
sion electron microscopy and chemical lattice imaging
unannealed implanted heterostructures show that the la
extension of the implantation-induced damage is 20–50
around a single-ion track, depending on the ion kinetic
ergy, its mass, and the mass of the heterostructure ato7

This is in agreement with Monte Carlo simulations of t
implantation process.8 The lateral extent of the ion-induce
interface diffusion and disordering during the anneal
stage, however, is found to be much longer. Recent phot
minescence~PL! experiments estimate the range of the
fected region after the heat treatment to be as large as 2
in GaAs/AlxGa12xAs heterostructures9,10 and as large as
2000 Å in InxGa12xAs/GaAs structures.

11

The ion-induced damage to the lattice, which results i
drastic reduction of its optical quality, is mostly recover
after the heat treatment, and the heterostructures usuall
sume their optical efficiency. Indeed, optical characterizat
techniques such as PL,10,11 and cathodoluminescence5 were
extensively used for the study and assessment of the s
tural modifications of ion implanted and thermally annea
semiconductor heterostructures. Yet, these optical techni
are limited since they monitor only the lowest-energy state
the excited charge carriers.

In this study we report on optical studies of ion-implant
560163-1829/97/56~3!/1509~7!/$10.00
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and rapid thermally annealed single GaAs/AlxGa12xAs
quantum wells~QW’s!. We used in a combined manner P
photoluminescence excitation~PLE! and time-resolved spec
troscopy in order to quantify the structural modifications th
these wells undergo, and to characterize the change in
optical properties as a function of the implantation dose.

We show that implantation-induced interdiffusion of th
QW’s interfaces results in significant blueshifts of the optic
transitions between confined levels of carriers in these we
From the ground- and excited-states transition energies
gain information on the potential profile that carriers with
the QW are subjected to, and thus relate this profile to
ion-implantation dose. We infer the spatial extent of the
terdiffused QW interfaces and hence the density of redist
uted Al atoms, and their dependence on the implanta
density. We account for the ratio between the interfaces
fusion length (;10 Å! and the lateral intermixing radiu
(;180 Å!, using a simple vacancy assisted diffusion mod
From the temperature, well dimension, and implantat
dose dependence of the PL efficiency and its decay time
conclude that a deep nonradiative trap associated with th
atoms is responsible for the reduction of the optical e
ciency of these implanted heterostructures.

The work is organized as follows: In Sec. II we descri
the experimental setup and the samples. In Sec. III we
line our experimental findings. In Sec. IV we discuss a
analyze the experimental results, and a short summar
presented in Sec. V.

II. EXPERIMENT

The samples were grown by molecular-beam epitaxy o
~100! oriented semi-insulating GaAs substrate. They co
sisted of five single GaAs QW’s of nominal widt
Lz5200, 100, 70, 50, and 35 Å. The QW’s, which we
grown at this order, were separated apart by 150-Å-th
barrier layers of Al0.3Ga0.7As. The growth sequence was te
minated by a 100-Å thick layer of GaAs in order to preve
oxidation.

After growth the samples were divided into small squa
pieces of roughly 1 cm2 each. Half of each piece was the
1509 © 1997 The American Physical Society
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1510 56I. SHTRICHMAN, D. GERSHONI, AND R. KALISH
implanted with 8-MeV Bi1 ions in the dose range
N152.531010–431012 cm22, while the second half of the
piece was shielded from the ion beam to serve as an un
planted reference. With these high-energy implants~pro-
jected range: 1.19mm! only a negligible fraction of the Bi
ions stops in the QW’s region which have a total thickness
only 0.15 mm. Thus, one can safely assume that
implantation-induced layer intermixing is entirely due
damage associated with the passage of the ions, i.e., to
placed Al, Ga, and As atoms. Following implantation, t
samples were rapidly thermal annealed for 4 min at 900
in a N2 environment using a GaAs proximity cap. We no
here that similar samples, implantation, and heat treatm
conditions were previously used by Kalishet al.10

For the optical studies the samples were mounted i
helium transfer cryostat which allowed temperature va
tions in the range of 4–300 K. The PL and PLE spectra w
excited with normally incident light of an Ar1 laser pumped
Ti-sapphire laser with a typical power density of;50
W/cm2. The emitted light was collected in backscatteri
geometry and was analyzed by a 0.25-m double monoc
mator followed by a photomultiplier and a convention
lock-in detection technique. The time-resolved PL spec
were excited with a passively mode-locked Ti-sapphire la
with a pulse duration of 2 ps and repetition rate of 76 MH
An excitation density of;1012 photons/cm2 per pulse at
l5707 nm was used. A cooled microchannel plate pho
multiplier together with time correlated single-photon cou
ing electronics were used in this case to detect the em
light. The system had an overall temporal resolution
;50 ps.

III. RESULTS

In Fig. 1 we display the low-temperature PL~dashed
lines! and PLE ~solid lines! spectra of the 100-Å QW for
various implantation doses. The spectra are vertically
placed for clarity. The first and second heavy-hole as wel
the first light-hole excitonic transitions are marked in t
figure by vertical bars. We note that above a critical impla
tation doseNc57.531010 cm22 the spectral peaks observe
both in the PL and PLE spectra gradually move towa
higher energies and their width increases. The Stokes s
which is the energy difference between the 11H excito
transition observed in PL~emission! and that observed in
PLE ~absorption! also increases with the implantation dos
The lowest excitonic transitions can no longer be resolve
the PLE spectra at the highest doses. These results a
agreement with previous PL experiments on implan
QW’s,8,10,11 in which similar shifts and broadening of th
peaks were observed.

Figures 2 and 3 display the temperature dependence o
PL decay time and of the spectrally integrated luminesce
intensity, respectively, for the unimplanted control QW
We then turn in Fig. 4 and 5 to study the effects that
ion-implantation related damage has on the PL.

In Fig. 2 we display the temperature dependence of
PL decay time for various unimplanted QW’s. Each point
Fig. 2 was obtained from a fit of a single exponential dec
model, convoluted with the system response function, to
measured intensity of the PL signal as a function of ti
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after the pulsed excitation. The solid lines in the figure re
resent a theoretical model to be discussed later. In Fig. 3
display the spectrally integrated PL intensity as a function
temperature for the same unimplanted QW’s. Each data p
in Fig. 3 represents the spectrally integrated intensity of
PL as measured under the constant density of continu
wave ~cw! excitation. It is clearly seen that starting from
certain temperature, which increases with the well wid
nonradiative processes take over and the PL efficie
gradually decreases. The solid lines in the figure are fits
ing the same theoretical model used in Fig. 2.

In Fig. 4 we show the temperature dependence of the
decay time of the 100-~a! and 70-Å ~b! QW’s for various
implantation doses. For all the implanted QW’s a clear tre
is noticed in Fig. 4: As the implantation dose increases,
PL decay time reaches its maximum at a lower critical te
perature. At temperatures higher than this dose depen
critical temperature, the PL decay time deviates from tha
the unimplanted QW as it turns to be almost temperat
independent. The solid lines in Fig. 4 represent the sa
theoretical model as in Figs. 2 and 3. Here, however,
consider in addition an implantation-induced nonradiat
trap, as will be described later.

In Fig. 5 the spectrally integrated PL intensity of the 10
~a! and 70-Å~b! QW’s, implanted with 7.531010 cm22 Bi
ions ~open circles!, is compared with that of the unimplante
QW ~full squares!. The PL intensities are displayed in th

FIG. 1. Low-temperature PL~dashed lines! and PLE ~solid
lines! spectra of the 100-Å QW for various implantation doses. T
vertical bars indicate the observed excitonic peaks.
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56 1511OPTICAL PROPERTIES OF GaAs/AlxGa12xAs . . .
figure as a function of the lattice temperature. The criti
temperatures for this dose, as deduced from Fig. 4,
marked by the dashed vertical lines. We note that above
critical temperature, the PL intensity of the implanted Q
turns weaker as compared to that of the unimplanted o
This behavior clearly indicates that an implantation-induc
nonradiative recombination channel is responsible for b
the shortening of the excited carrier population lifetime a
the reduction in the efficiency of the radiative recombinatio
The model that quantitatively accounts for the experimen
data presented in Figs. 1–5 is described in the discus
below.

IV. DISCUSSION

The ion-implantation related damage and the followi
thermal annealing, induce layer intermixing and theref
modifications to the initial QW potential structure. The v
cancy assisted diffusion of the GaAs/AlxGa12xAs interface
can be described by the following differential equation:12

]M

]t
5Dv~V¹2M2M¹2V!, ~1!

whereM5A2X andA, X, V are the probabilities of finding
a Ga atom, Al atom, and a vacancy in a group-III lattice s
respectively.Dv is the vacancy diffusion constant, and w

FIG. 2. PL decay time as a function of temperature for vario
unimplanted QW’s. The solid curves represent best fits to the
perimental data, using the model as discussed in the text.
l
re
he

e.
d
h
d
.
l
on

e

,

assume an identical diffusion rate for both Ga and Al. T
vacancy diffusion process during the thermal annealing
described in our model by the equation:

]V

]t
5Dv¹

2V2
V

tv
, ~2!

wheretv is the vacancy lifetime.
A simple solution to these coupled differential equatio

can be readily found if one assumes that the vacancies
uniformly distributed after the implantationV(r ,0)5V0 and
that the annealing time is much longer thentv . Subjected to
these conditions, the following profile for the Al atoms
obtained:13

X~z!5X0F12
1

2
erfS 1

2Lz2z

2D i
D 2

1

2
erfS 1

2Lz1z

2D i
D G . ~3!

In Eq. ~3! X0 describes the probability of finding an Al atom
on a group-III site in the unimplanted barrier lay
(X050.3), Lz is the QW width,z is the distance from the
QW center along the growth direction, andD i is the interface
diffusion length given by

D i5ADvtvV05LvAV0, ~4!

s
x- FIG. 3. Temperature dependence of the spectrally integrated
intensity for various unimplanted QW’s. The solid curves repres
best fits to the experimental data, using the same model as in Fi
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1512 56I. SHTRICHMAN, D. GERSHONI, AND R. KALISH
whereLv is the vacancies diffusion length.V0 can be esti-
mated from the known implantation doseNI , the unit-cell
volumeV, and the linear density of vacancies that a trave
ing ion creates along its trackVj :

V05VjVNI . ~5!

Using Monte Carlo simulations~TRIM 91!, we find thatVj

is about two vacancies per Å along the track of an implan
Bi ion in the QW’s region. For the critical implantation dos
of Nc57.531010 cm22 this yieldsV0 of roughly 0.3%.

We can estimate the vacancy diffusion lengthLv from the
optical spectra as follows. The modifications to the poten
structure due to the ion implantation and thermal annea
are reflected in the optical transition energies as measure
both PL and PLE as shown in Fig. 1. For implantation do
below the critical doseNc, large areas within the QW laye
plane remain unaffected. Excitons scatter quickly to th
regions which are larger than the two-dimensional~2D! ex-
citonic area. These unaffected areas determine the pote
which the recombining exciton ‘‘feels,’’ and hence the me
sured optical transitions are the same as those of the u
planted QW. For implantation doses which are larger th
Nc , no such large enough areas can be found anymore.
erywhere within the QW layer an exciton is in a potent
modified by the diffused Al atoms, and thus the optical tra
sitions shift towards higher energies. From the 2D exci

FIG. 4. Temperature dependence of the PL decay times for
unimplanted and implanted 100-Å~a! and 70-Å ~b! QW’s. The
solid curves represent best fits to the experimental data, as
cussed in the text.
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radius (;100 Å! and the average distance between nei
boring ion tracks at the critical dose, we estimate that
radius of the intermixed area around a single-ion track a
the thermal treatment is about 180 Å. This gives a go
estimation for the vacancy lateral diffusion lengthLv , and is
in agreement with Refs. 8 and 10.

We used the PLE spectra of the implanted QW’s to ind
pendently estimate the interface diffusion lengthD i in the
following way: From the concentration profile given by E
~3! the modified potential shape can be easily calculated
anyD i ~Ref. 14!. We then used a transfer-matrix algorithm
calculate energy levels and allowed optical transitions
tween these levels in the error-function QW as a function
the interdiffusion lengthD i . The exciton binding energy15

was added to our calculations neglecting its variation w
the QW shape.16 In the inset to Fig. 6 we depict a typica
error-function QW potential structure and a few of its calc
lated excitonic energy levels. The calculated energies of
the allowed heavy-hole excitonic transitions in a 100
~200-Å! error-function QW as a function of interdiffusio
lengthD i are given by the dotted~solid! lines in Fig. 6. The
measured optical transitions~from PLE spectra such a
shown in Fig. 1! are displayed in Fig. 6 by the empty~full !
symbols. The interface diffusion lengthD i for each implan-
tation dose was chosen to best fit the calculated optical t

e

is-

FIG. 5. Temperature dependence of the spectrally integrated
intensity for unimplanted ~solid squares! and implanted by
7.531010 ions per cm2 ~open circles! 100-Å ~a!, 70-Å ~b! QW’s.
The solid curves represent best fits to the experimental data
discussed in the text. The dashed vertical lines mark the experim
tal critical temperatures as deduced from Fig. 4.
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56 1513OPTICAL PROPERTIES OF GaAs/AlxGa12xAs . . .
sitions to the measured values. This yields a procedure
relating an interface diffusion length to each implantati
dose. For instance, we findD i'2.5 Å ~one monolayer! for
the critical doseNc57.531010 cm22.

During the annealing process, vacancies and intersti
diffuse laterally from their initial cylindrical source aroun
the ion tracks, until mutual annihilation occurs at a typic
time tv . The final lattice arrangement deviates from the i
tial one only near the interfaces due to the gradient of gro
III atoms across them. We find the ratio between the in
face diffusion lengthD i and the lateral diffusion lengthLv to
be of the same order as the square root ofV0, as expected
from Eq. ~4!. For instance,D i /Lv>0.015, whileAV0>0.05
for the critical implantation doseNc57.531010 cm22.

Figure 7 displays the interface diffusion lengthD i as a
function of the implantation doseNI , as estimated from ou
PL and PLE measurements using the procedure descr
above. We have applied the same procedure to the PL da
Allard et al.11 and the relevantD i are also presented in Fig.
~open circles!. The straight solid line in Fig. 7 represents t
best fitted power law model to our data yieldingD i;NI

1/3.
We note that the interdiffusion length depends on implan

FIG. 6. Calculated heavy-hole excitonic transitions as a func
of the interdiffusion length for the 100-Å QW~dashed lines! and
the 200-Å QW~solid lines!. The PLE measured transitions are re
resented by the empty symbols for the 100-Å QW and by the
symbols for the 200-Å QW. We use this figure to correlate betw
the interdiffusion length and the implantation dose~see text!. The
inset displays the implanted QW Al profile as calculated by Eq.~3!
(Lz5100 Å, D i512 Å!. Few discrete excitonic levels are als
shown in the resulted potential structure.
or

ls
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tion dose as a cube-root instead of a square-root depend
which is expected from Eqs.~4!, ~5! above. The functional
dependence ofD i on the implantation density found her
disagrees with our model description. Clearly, the assum
tions on which this conventional model is based13 do not
adequately describe the physical behavior. Without an
tempt to more accurately solve Eqs.~1! and ~2!, which is
beyond the scope of this work, we note, however, that
experimental data suggests thattv varies likeV0

21/3. This
makes sense, since once the average distance betwee
plantation tracks is smaller than the vacancies diffus
length, their lifetime is expected to be proportional to t
distance between neighboring vacancies.

To better understand the decay processes of photoex
excitons in the implanted QW’s, one must consider first u
implanted QW’s. The PL decay time from various unim
planted QW’s is given in Fig. 2 as a function of the lattic
temperature, which is also the excitons temperature s
their thermalization is considerably faster than their deca17

At low temperatures, the excitons are localized in islan
within the QW layer, due to interface roughness and wid
fluctuations. The narrower the well is, the deeper are th
localization centers.18 Thus, at these temperatures and f
narrower QW’s, the PL decay time is temperatu
independent,19 as can be clearly seen in Fig. 2. At high
temperatures, the PL decay times vary linearly with tempe

n

ll
n

FIG. 7. Interface diffusion length as a function of the implan
tion dose, as inferred from Fig. 6~solid squares! and from Ref. 11
~open circles!. The solid line represents the best fit to the expe
mental data, as discussed in the text.
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1514 56I. SHTRICHMAN, D. GERSHONI, AND R. KALISH
ture. This is characteristic of free excitons in a 2D system19

At yet higher temperatures (;150 K!, depending on the QW
width, when excitons are activated to energies above the
potential barrier, the PL decay time decreases, reaching;1
ns at room temperature.

We follow the model of Michleret al.20 for a quantitative
analysis of the data presented in Fig. 2. This model assu
that at low temperatures excitons recombine radiatively w
a characteristic, linearly temperature-dependent lifetim19

tR;T. At high temperature a nonradiative decay channel
barrier states with a temperature-independent lifetime:tNR is
activated. Thermal equilibrium between the lowest elect
and hole states in the QW and in the barriers is assum
This yields an effective temperature-dependent QW e
tonic population lifetimeteff , given by20

teff~T!5
1

1

tR~T!
1

1

tNR
ACT1/2expS 2

EB2E11H

2kBT
D , ~6!

whereEB is the band-gap energy of the barrier,E11H is the
energy of the lowest excitonic state in the QW, a
C;Lz

2 is a constant originating from the exciton density
states in the QW and in its barrier.

The solid lines in Fig. 2 show the fits of Eq.~6! to the
experimental results.E11H(Lz), C(Lz) and the proportional-
ity constant betweentR andT were calculated for each QW
and onlytNR was used as a single fitting parameter for all t
QW’s. The value that we obtained fortNR (>3 ps! is in
agreement with the directly measured lifetime of barr
states in GaAs/AlxGa12xAs QW’s.21

From the known ratio betweentR andteff the temperature
dependence of the PL efficiency can be readily calcula
since IPL;teff /tR . The solid curves in Fig. 3 describe ou
model fitting to the temperature dependence of the spect
integrated cw luminescence intensities (IPL) from the unim-
planted QW’s. As can be clearly judged from Fig. 3 o
model describes quite adequately the PL intensity quenc
at high temperatures, when the nonradiative recombina
channels for excitons in the AlxGa12xAs barriers become
gradually available. The model does not account well for
efficiency rise at moderate temperatures (;100 K!. We sus-
pect that this unexpected phenomena is due to carrier tran
between neighboring wells in these samples.

Having established a model for the unimplanted QW
we now turn again to the implanted ones. From the dep
dence on temperature of the PL decay time and efficienc
shown in Figs. 4 and 5, respectively, it is clearly that t
implantation increases the nonradiative decay at high t
peratures. These nonradiative recombination centers sur
the thermal annealing and affect the PL even afterwards.
thus add a nonradiative implantation-induced trap to
model. We assume a finite 2D density of identical nonrad
tive trapsNtrapwith a recombination lifetimet trap and energy
Etrap below the Al0.3Ga0.7As band gap. We also assume th
thermal equilibrium, between these states and the QW
barrier states, is reached much faster than the effective e
tonic populating decay rate. Under these assumptions, th
decay time of an implanted QW,t imp , is given by the fol-
lowing expression:
W
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t imp~T!5
1

1

teff~T!
1
Ntrap

t trap

1

N0
expS 2

Etrap2E11H

kBT
D . ~7!

Here teff is the PL decay time of the unimplanted QW
given by Eq. ~6! taking into account the effect of th
implantation-induced structural changes onE11H, andN0 is
the areal density of photoexcited excitons. From the kno
laser beam power, repetition rate, and spot size, assum
1% absorption within the QW planes and AlxGa12xAs bar-
riers, we estimate thatN051.331010 cm22.

The solid lines in Fig. 4 represent the fitting oft imp to the
experimental decay times in the implanted QW’s. In Fig
we fit the PL efficiency:I imp;t imp /tR to the spectrally inte-
grated cw luminescence of these QW’s. The fitted para
eters areEtrap which we find to be'170 meV and the ratio
Ntrap/t trap found to be in the order of 107 cm22/ps and de-
pending, as expected, on the implantation dose.

In Fig. 8 we display the fitted parameterNtrap/t trap as a
function of the implantation doseNI for various QW’s. As in
Fig. 7, we find here that the density of implantation-induc
trapsNtrap goes approximately like the cube root of the im
plantation densityNI . From the similarity between the im
plantation dose dependence of the density of traps and
interface diffusion, both showing a cube-root dependen

FIG. 8. The fitted parameterNtrap/t trap @see Eq.~7!# as a func-
tion of implantation dose for the 100-Å~open triangles!, 70-Å
~solid squares! QW’s. The solid line represents the best fit to th
experimental data, as discussed in the text.



w
he

o
ur
io
P
p
og
s
le
b-

iffu-

ded
for
of
se
nal
As

da-
nd
rch

56 1515OPTICAL PROPERTIES OF GaAs/AlxGa12xAs . . .
we conclude that the nonradiative traps are associated
the Al atoms that diffused into the GaAs QW during t
thermal annealing process.

V. SUMMARY

We have shown here that ion-implantation-induced dis
dering of semiconductor heterostructures create struct
modifications to these heterostructures. These modificat
can be quantitatively estimated using optical tools such as
and PLE spectroscopies. We have found that a sim
vacancy-assisted diffusion model which assumes a hom
neous initial distribution of implantation-induced vacancie
and results with an error-function-like composition profi
for an implanted QW, is insufficient for explaining the o
a
o,
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rz
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served implantation dose dependence of the interface d
sion length.

From time-resolved measurements we have conclu
that a finite density of nonradiative centers is responsible
the reduction in the efficiency and the lifetime shortening
the PL from the implanted samples. The density of the
centers, which survive the thermal treatment, is proportio
to the density of Al atoms that have diffused into the Ga
QW during the annealing process.
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