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Photoluminescence, photoluminescence excitation, and time-resolved optical spectroscopy are used to study
ion-induced disordered GaAs/Al x Ga 12x As 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 dependence of the interface diffusion length on the implantation dose. @S0163-1829~97!06228-0#

I. INTRODUCTION

Semiconductor heterostructure interface intermixing using
ion implantation followed by thermal annealing is an important tool in modern science and technology.1,2 In particular,
this tool is used as an important avenue towards the fabrication of lower dimensionality quantum structures such as
quantum wires3,4 and quantum dots.4
The technique combines two main stages: First, selective
areas of the heterostructured sample are implanted with highenergy ions using either focused ion beams,5 or by implantation through lithographically defined metal mask.6 Second,
the implanted sample undergoes thermal annealing, during
which its temperature is sharply increased, and enhanced
implantation-induced diffusion of the structure interfaces
takes place due to defects which were generated by the traversing ions. Recent studies using high-resolution transmission electron microscopy and chemical lattice imaging of
unannealed implanted heterostructures show that the lateral
extension of the implantation-induced damage is 20–50 Å
around a single-ion track, depending on the ion kinetic energy, its mass, and the mass of the heterostructure atoms.7
This is in agreement with Monte Carlo simulations of the
implantation process.8 The lateral extent of the ion-induced
interface diffusion and disordering during the annealing
stage, however, is found to be much longer. Recent photoluminescence ~PL! experiments estimate the range of the affected region after the heat treatment to be as large as 200 Å
in GaAs/Al x Ga 12x As heterostructures9,10 and as large as
2000 Å in In x Ga 12x As/GaAs structures.11
The ion-induced damage to the lattice, which results in a
drastic reduction of its optical quality, is mostly recovered
after the heat treatment, and the heterostructures usually resume their optical efficiency. Indeed, optical characterization
techniques such as PL,10,11 and cathodoluminescence5 were
extensively used for the study and assessment of the structural modifications of ion implanted and thermally annealed
semiconductor heterostructures. Yet, these optical techniques
are limited since they monitor only the lowest-energy state of
the excited charge carriers.
In this study we report on optical studies of ion-implanted
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and rapid thermally annealed single GaAs/Al x Ga 12x As
quantum wells ~QW’s!. We used in a combined manner PL,
photoluminescence excitation ~PLE! and time-resolved spectroscopy in order to quantify the structural modifications that
these wells undergo, and to characterize the change in their
optical properties as a function of the implantation dose.
We show that implantation-induced interdiffusion of the
QW’s interfaces results in significant blueshifts of the optical
transitions between confined levels of carriers in these wells.
From the ground- and excited-states transition energies we
gain information on the potential profile that carriers within
the QW are subjected to, and thus relate this profile to the
ion-implantation dose. We infer the spatial extent of the interdiffused QW interfaces and hence the density of redistributed Al atoms, and their dependence on the implantation
density. We account for the ratio between the interfaces diffusion length (;10 Å! and the lateral intermixing radius
(;180 Å!, using a simple vacancy assisted diffusion model.
From the temperature, well dimension, and implantation
dose dependence of the PL efficiency and its decay time we
conclude that a deep nonradiative trap associated with the Al
atoms is responsible for the reduction of the optical efficiency of these implanted heterostructures.
The work is organized as follows: In Sec. II we describe
the experimental setup and the samples. In Sec. III we outline our experimental findings. In Sec. IV we discuss and
analyze the experimental results, and a short summary is
presented in Sec. V.
II. EXPERIMENT

The samples were grown by molecular-beam epitaxy on a
~100! oriented semi-insulating GaAs substrate. They consisted of five single GaAs QW’s of nominal width
L z 5200, 100, 70, 50, and 35 Å. The QW’s, which were
grown at this order, were separated apart by 150-Å-thick
barrier layers of Al 0.3Ga 0.7As. The growth sequence was terminated by a 100-Å thick layer of GaAs in order to prevent
oxidation.
After growth the samples were divided into small square
pieces of roughly 1 cm 2 each. Half of each piece was then
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implanted with 8-MeV Bi 1 ions in the dose range
N 1 52.531010 – 431012 cm 22 , while the second half of the
piece was shielded from the ion beam to serve as an unimplanted reference. With these high-energy implants ~projected range: 1.19 m m! only a negligible fraction of the Bi
ions stops in the QW’s region which have a total thickness of
only 0.15 m m. Thus, one can safely assume that the
implantation-induced layer intermixing is entirely due to
damage associated with the passage of the ions, i.e., to displaced Al, Ga, and As atoms. Following implantation, the
samples were rapidly thermal annealed for 4 min at 900 °C
in a N 2 environment using a GaAs proximity cap. We note
here that similar samples, implantation, and heat treatment
conditions were previously used by Kalish et al.10
For the optical studies the samples were mounted in a
helium transfer cryostat which allowed temperature variations in the range of 4–300 K. The PL and PLE spectra were
excited with normally incident light of an Ar 1 laser pumped
Ti-sapphire laser with a typical power density of ;50
W/cm 2 . The emitted light was collected in backscattering
geometry and was analyzed by a 0.25-m double monochromator followed by a photomultiplier and a conventional
lock-in detection technique. The time-resolved PL spectra
were excited with a passively mode-locked Ti-sapphire laser
with a pulse duration of 2 ps and repetition rate of 76 MHz.
An excitation density of ;1012 photons/cm 2 per pulse at
l5707 nm was used. A cooled microchannel plate photomultiplier together with time correlated single-photon counting electronics were used in this case to detect the emitted
light. The system had an overall temporal resolution of
;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 displaced for clarity. The first and second heavy-hole as well as
the first light-hole excitonic transitions are marked in the
figure by vertical bars. We note that above a critical implantation dose N c 57.531010 cm 22 the spectral peaks observed
both in the PL and PLE spectra gradually move towards
higher energies and their width increases. The Stokes shift,
which is the energy difference between the 11H excitonic
transition observed in PL ~emission! and that observed in
PLE ~absorption! also increases with the implantation dose.
The lowest excitonic transitions can no longer be resolved in
the PLE spectra at the highest doses. These results are in
agreement with previous PL experiments on implanted
QW’s,8,10,11 in which similar shifts and broadening of the
peaks were observed.
Figures 2 and 3 display the temperature dependence of the
PL decay time and of the spectrally integrated luminescence
intensity, respectively, for the unimplanted control QW’s.
We then turn in Fig. 4 and 5 to study the effects that the
ion-implantation related damage has on the PL.
In Fig. 2 we display the temperature dependence of the
PL decay time for various unimplanted QW’s. Each point in
Fig. 2 was obtained from a fit of a single exponential decay
model, convoluted with the system response function, to the
measured intensity of the PL signal as a function of time
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FIG. 1. Low-temperature PL ~dashed lines! and PLE ~solid
lines! spectra of the 100-Å QW for various implantation doses. The
vertical bars indicate the observed excitonic peaks.

after the pulsed excitation. The solid lines in the figure represent a theoretical model to be discussed later. In Fig. 3 we
display the spectrally integrated PL intensity as a function of
temperature for the same unimplanted QW’s. Each data point
in Fig. 3 represents the spectrally integrated intensity of the
PL as measured under the constant density of continuous
wave ~cw! excitation. It is clearly seen that starting from a
certain temperature, which increases with the well width,
nonradiative processes take over and the PL efficiency
gradually decreases. The solid lines in the figure are fits using the same theoretical model used in Fig. 2.
In Fig. 4 we show the temperature dependence of the PL
decay time of the 100- ~a! and 70-Å ~b! QW’s for various
implantation doses. For all the implanted QW’s a clear trend
is noticed in Fig. 4: As the implantation dose increases, the
PL decay time reaches its maximum at a lower critical temperature. At temperatures higher than this dose dependent
critical temperature, the PL decay time deviates from that of
the unimplanted QW as it turns to be almost temperature
independent. The solid lines in Fig. 4 represent the same
theoretical model as in Figs. 2 and 3. Here, however, we
consider in addition an implantation-induced nonradiative
trap, as will be described later.
In Fig. 5 the spectrally integrated PL intensity of the 100~a! and 70-Å ~b! QW’s, implanted with 7.531010 cm 22 Bi
ions ~open circles!, is compared with that of the unimplanted
QW ~full squares!. The PL intensities are displayed in the
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FIG. 2. PL decay time as a function of temperature for various
unimplanted QW’s. The solid curves represent best fits to the experimental data, using the model as discussed in the text.

figure as a function of the lattice temperature. The critical
temperatures for this dose, as deduced from Fig. 4, are
marked by the dashed vertical lines. We note that above the
critical temperature, the PL intensity of the implanted QW
turns weaker as compared to that of the unimplanted one.
This behavior clearly indicates that an implantation-induced
nonradiative recombination channel is responsible for both
the shortening of the excited carrier population lifetime and
the reduction in the efficiency of the radiative recombination.
The model that quantitatively accounts for the experimental
data presented in Figs. 1–5 is described in the discussion
below.
IV. DISCUSSION

The ion-implantation related damage and the following
thermal annealing, induce layer intermixing and therefore
modifications to the initial QW potential structure. The vacancy assisted diffusion of the GaAs/Al x Ga 12x As interface
can be described by the following differential equation:12

]M
5D v ~ V¹ 2 M 2M ¹ 2 V ! ,
]t

~1!

where M 5A2X and A, X, V are the probabilities of finding
a Ga atom, Al atom, and a vacancy in a group-III lattice site,
respectively. D v is the vacancy diffusion constant, and we

FIG. 3. Temperature dependence of the spectrally integrated PL
intensity for various unimplanted QW’s. The solid curves represent
best fits to the experimental data, using the same model as in Fig. 2.

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

]V
V
5D v ¹ 2 V2 ,
]t
tv

~2!

where t v is the vacancy lifetime.
A simple solution to these coupled differential equations
can be readily found if one assumes that the vacancies are
uniformly distributed after the implantation V(r,0)5V 0 and
that the annealing time is much longer then t v . Subjected to
these conditions, the following profile for the Al atoms is
obtained:13

F

1
X ~ z ! 5X 0 12 erf
2

S D S DG
1
2

L z 2z
2D i

1
2 erf
2

1
2

L z 1z
2D i

.

~3!

In Eq. ~3! X 0 describes the probability of finding an Al atom
on a group-III site in the unimplanted barrier layer
(X 0 50.3), L z is the QW width, z is the distance from the
QW center along the growth direction, and D i is the interface
diffusion length given by
D i 5 AD v t v V 0 5L v AV 0 ,

~4!
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FIG. 4. Temperature dependence of the PL decay times for the
unimplanted and implanted 100-Å ~a! and 70-Å ~b! QW’s. The
solid curves represent best fits to the experimental data, as discussed in the text.

where L v is the vacancies diffusion length. V 0 can be estimated from the known implantation dose N I , the unit-cell
volume V, and the linear density of vacancies that a traversing ion creates along its track V j :
V 0 5V j VN I .

~5!

Using Monte Carlo simulations ~TRIM 91!, we find that V j
is about two vacancies per Å along the track of an implanted
Bi ion in the QW’s region. For the critical implantation dose
of N c 57.531010 cm 22 this yields V 0 of roughly 0.3%.
We can estimate the vacancy diffusion length L v from the
optical spectra as follows. The modifications to the potential
structure due to the ion implantation and thermal annealing
are reflected in the optical transition energies as measured by
both PL and PLE as shown in Fig. 1. For implantation doses
below the critical dose N c , large areas within the QW layer
plane remain unaffected. Excitons scatter quickly to these
regions which are larger than the two-dimensional ~2D! excitonic area. These unaffected areas determine the potential
which the recombining exciton ‘‘feels,’’ and hence the measured optical transitions are the same as those of the unimplanted QW. For implantation doses which are larger than
N c , no such large enough areas can be found anymore. Everywhere within the QW layer an exciton is in a potential
modified by the diffused Al atoms, and thus the optical transitions shift towards higher energies. From the 2D exciton
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FIG. 5. Temperature dependence of the spectrally integrated PL
intensity for unimplanted ~solid squares! and implanted by
7.531010 ions per cm 2 ~open circles! 100-Å ~a!, 70-Å ~b! QW’s.
The solid curves represent best fits to the experimental data, as
discussed in the text. The dashed vertical lines mark the experimental critical temperatures as deduced from Fig. 4.

radius (;100 Å! and the average distance between neighboring ion tracks at the critical dose, we estimate that the
radius of the intermixed area around a single-ion track after
the thermal treatment is about 180 Å. This gives a good
estimation for the vacancy lateral diffusion length L v , and is
in agreement with Refs. 8 and 10.
We used the PLE spectra of the implanted QW’s to independently estimate the interface diffusion length D i in the
following way: From the concentration profile given by Eq.
~3! the modified potential shape can be easily calculated for
any D i ~Ref. 14!. We then used a transfer-matrix algorithm to
calculate energy levels and allowed optical transitions between these levels in the error-function QW as a function of
the interdiffusion length D i . The exciton binding energy15
was added to our calculations neglecting its variation with
the QW shape.16 In the inset to Fig. 6 we depict a typical
error-function QW potential structure and a few of its calculated excitonic energy levels. The calculated energies of all
the allowed heavy-hole excitonic transitions in a 100-Å
~200-Å! error-function QW as a function of interdiffusion
length D i are given by the dotted ~solid! lines in Fig. 6. The
measured optical transitions ~from PLE spectra such as
shown in Fig. 1! are displayed in Fig. 6 by the empty ~full!
symbols. The interface diffusion length D i for each implantation dose was chosen to best fit the calculated optical tran-
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FIG. 6. Calculated heavy-hole excitonic transitions as a function
of the interdiffusion length for the 100-Å QW ~dashed lines! and
the 200-Å QW ~solid lines!. The PLE measured transitions are represented by the empty symbols for the 100-Å QW and by the full
symbols for the 200-Å QW. We use this figure to correlate between
the interdiffusion length and the implantation dose ~see text!. The
inset displays the implanted QW Al profile as calculated by Eq. ~3!
(L z 5100 Å, D i 512 Å!. Few discrete excitonic levels are also
shown in the resulted potential structure.

sitions to the measured values. This yields a procedure for
relating an interface diffusion length to each implantation
dose. For instance, we find D i '2.5 Å ~one monolayer! for
the critical dose N c 57.531010 cm 22 .
During the annealing process, vacancies and interstitials
diffuse laterally from their initial cylindrical source around
the ion tracks, until mutual annihilation occurs at a typical
time t v . The final lattice arrangement deviates from the initial one only near the interfaces due to the gradient of groupIII atoms across them. We find the ratio between the interface diffusion length D i and the lateral diffusion length L v to
be of the same order as the square root of V 0 , as expected
from Eq. ~4!. For instance, D i /L v >0.015, while AV 0 >0.05
for the critical implantation dose N c 57.531010 cm 22 .
Figure 7 displays the interface diffusion length D i as a
function of the implantation dose N I , as estimated from our
PL and PLE measurements using the procedure described
above. We have applied the same procedure to the PL data of
Allard et al.11 and the relevant D i are also presented in Fig. 7
~open circles!. The straight solid line in Fig. 7 represents the
best fitted power law model to our data yielding D i ;N I 1/3.
We note that the interdiffusion length depends on implanta-
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FIG. 7. Interface diffusion length as a function of the implantation dose, as inferred from Fig. 6 ~solid squares! and from Ref. 11
~open circles!. The solid line represents the best fit to the experimental data, as discussed in the text.

tion dose as a cube-root instead of a square-root dependence
which is expected from Eqs. ~4!, ~5! above. The functional
dependence of D i on the implantation density found here
disagrees with our model description. Clearly, the assumptions on which this conventional model is based13 do not
adequately describe the physical behavior. Without an attempt to more accurately solve Eqs. ~1! and ~2!, which is
beyond the scope of this work, we note, however, that our
experimental data suggests that t v varies like V 0 21/3. This
makes sense, since once the average distance between implantation tracks is smaller than the vacancies diffusion
length, their lifetime is expected to be proportional to the
distance between neighboring vacancies.
To better understand the decay processes of photoexcited
excitons in the implanted QW’s, one must consider first unimplanted QW’s. The PL decay time from various unimplanted QW’s is given in Fig. 2 as a function of the lattice
temperature, which is also the excitons temperature since
their thermalization is considerably faster than their decay.17
At low temperatures, the excitons are localized in islands
within the QW layer, due to interface roughness and width
fluctuations. The narrower the well is, the deeper are these
localization centers.18 Thus, at these temperatures and for
narrower QW’s, the PL decay time is temperature
independent,19 as can be clearly seen in Fig. 2. At higher
temperatures, the PL decay times vary linearly with tempera-
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ture. This is characteristic of free excitons in a 2D system.19
At yet higher temperatures (;150 K!, depending on the QW
width, when excitons are activated to energies above the QW
potential barrier, the PL decay time decreases, reaching ;1
ns at room temperature.
We follow the model of Michler et al.20 for a quantitative
analysis of the data presented in Fig. 2. This model assumes
that at low temperatures excitons recombine radiatively with
a characteristic, linearly temperature-dependent lifetime:19
t R ;T. At high temperature a nonradiative decay channel via
barrier states with a temperature-independent lifetime: t NR is
activated. Thermal equilibrium between the lowest electron
and hole states in the QW and in the barriers is assumed.
This yields an effective temperature-dependent QW excitonic population lifetime t eff , given by20

t eff~ T ! 5

1
,
1
1
E 2E
ACT 1/2exp 2 B 11H
1
t R ~ T ! t NR
2k B T

S

D

~6!

where E B is the band-gap energy of the barrier, E 11H is the
energy of the lowest excitonic state in the QW, and
C;L z 2 is a constant originating from the exciton density of
states in the QW and in its barrier.
The solid lines in Fig. 2 show the fits of Eq. ~6! to the
experimental results. E 11H (L z ), C(L z ) and the proportionality constant between t R and T were calculated for each QW
and only t NR was used as a single fitting parameter for all the
QW’s. The value that we obtained for t NR (>3 ps! is in
agreement with the directly measured lifetime of barrier
states in GaAs/Al x Ga 12x As QW’s.21
From the known ratio between t R and t eff the temperature
dependence of the PL efficiency can be readily calculated
since I PL; t eff / t R . The solid curves in Fig. 3 describe our
model fitting to the temperature dependence of the spectrally
integrated cw luminescence intensities (I PL) from the unimplanted QW’s. As can be clearly judged from Fig. 3 our
model describes quite adequately the PL intensity quenching
at high temperatures, when the nonradiative recombination
channels for excitons in the Al x Ga 12x As barriers become
gradually available. The model does not account well for the
efficiency rise at moderate temperatures (;100 K!. We suspect that this unexpected phenomena is due to carrier transfer
between neighboring wells in these samples.
Having established a model for the unimplanted QW’s,
we now turn again to the implanted ones. From the dependence on temperature of the PL decay time and efficiency as
shown in Figs. 4 and 5, respectively, it is clearly that the
implantation increases the nonradiative decay at high temperatures. These nonradiative recombination centers survive
the thermal annealing and affect the PL even afterwards. We
thus add a nonradiative implantation-induced trap to our
model. We assume a finite 2D density of identical nonradiative traps N trap with a recombination lifetime t trap and energy
E trap below the Al 0.3Ga 0.7As band gap. We also assume that
thermal equilibrium, between these states and the QW and
barrier states, is reached much faster than the effective excitonic populating decay rate. Under these assumptions, the PL
decay time of an implanted QW, t imp , is given by the following expression:

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

t imp~ T ! 5

1
.
N trap 1
E trap2E 11H
1
1
exp 2
t eff~ T ! t trap N 0
k BT

S

D

~7!

Here t eff is the PL decay time of the unimplanted QW as
given by Eq. ~6! taking into account the effect of the
implantation-induced structural changes on E 11H , and N 0 is
the areal density of photoexcited excitons. From the known
laser beam power, repetition rate, and spot size, assuming
1% absorption within the QW planes and Al x Ga 12x As barriers, we estimate that N 0 51.331010 cm 22 .
The solid lines in Fig. 4 represent the fitting of t imp to the
experimental decay times in the implanted QW’s. In Fig. 5
we fit the PL efficiency: I imp; t imp / t R to the spectrally integrated cw luminescence of these QW’s. The fitted parameters are E trap which we find to be '170 meV and the ratio
N trap / t trap found to be in the order of 107 cm 22 /ps and depending, as expected, on the implantation dose.
In Fig. 8 we display the fitted parameter N trap / t trap as a
function of the implantation dose N I for various QW’s. As in
Fig. 7, we find here that the density of implantation-induced
traps N trap goes approximately like the cube root of the implantation density N I . From the similarity between the implantation dose dependence of the density of traps and the
interface diffusion, both showing a cube-root dependency,
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we conclude that the nonradiative traps are associated with
the Al atoms that diffused into the GaAs QW during the
thermal annealing process.
V. SUMMARY

We have shown here that ion-implantation-induced disordering of semiconductor heterostructures create structural
modifications to these heterostructures. These modifications
can be quantitatively estimated using optical tools such as PL
and PLE spectroscopies. We have found that a simple
vacancy-assisted diffusion model which assumes a homogeneous initial distribution of implantation-induced vacancies,
and results with an error-function-like composition profile
for an implanted QW, is insufficient for explaining the ob-
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