
The activation energy for GaAs/AlGaAs interdiffusion
S. F. Wee, M. K. Chai, and K. P. Homewood
Department of Electronic and Electrical Engineering, University of Surrey, Guildford, Surrey GU2 5XH,
United Kingdom

W. P. Gillina)

Department of Physics, Queen Mary and Westfield College, University of London, Mile End Road,
London E1 4NS, United Kingdom

~Received 10 December 1996; accepted for publication 6 August 1997!

We present data of the interdiffusion coefficient of AlGaAs/GaAs over the temperature range
750–1150 °C, and obtainEA andD0 values of 3.660.2 eV and 0.2~with an uncertainty from 0.04
to 1.1! cm2/s, respectively. These data are compared with those from the literature taken under a
wide range of experimental conditions. We show that despite the range of activation energies quoted
in the literature all the data can be described using a single activation energy. Using this value ofEA

to fit the published data and then determiningD0 for each data point we find that the published data
fall into two clusters. One, for samples annealed under a gallium rich overpressure and a second for
As rich or capped anneals. This result can be explained by the diffusion in all cases being governed
by a single mechanism, vacancy-controlled second-nearest-neighbor hopping. ©1997 American
Institute of Physics.@S0021-8979~97!03822-X#
-
fo
e

r a
er
uc
t a
en
th

a
is
n
io
it
in

te
t

u
ly
n
in

he
r-
ho
in
a
re

or
it
d

sur-
n-
we
on,
no
ro-
lan-
le
ced

er-
d

em-
lcu-
n.
era-
nge
on-
bed

er

ion
ed
m
n

to

he

ical

nt
P
ter-
INTRODUCTION

The interdiffusion of III–V heterostructures, in particu
lar the GaAs/AlGaAs system, has been studied now
;20 years. During this time there have been numerous m
surements of the diffusion coefficient for intermixing unde
wide range of sample conditions, using a range of exp
mental techniques. These measurements have prod
widely varying estimates of both the diffusion coefficient a
given temperature and more significantly the activation
ergy for intermixing. This latter term has been quoted in
literature as having values between 0.32 eV1 and 7.34 eV.2

In many cases these differences in activation energy h
been used by authors as evidence for different mechan
for the interdiffusion process. However, it is extremely u
likely that mechanisms with such a wide range of activat
energies would be observed for a process, and hence
important to investigate the role of experimental error
these determinations.

Many of the measured activation energies are de
mined from small data sets. It is not unusual for papers
present diffusion data measured at three or four temperat
over 100 °C temperature range, while a least squares ana
on such a small data set may provide a data set which ca
well fitted. The value measured and its statistical uncerta
may not be very reliable.

In our earlier work we have extensively studied t
InGaAs/GaAs system3–5 and developed the technique of pe
forming many anneals on a single sample coupled with p
toluminescence as a means of measuring interdiffusion
sample as a function of time. This technique has the adv
tage of not only giving a larger data set for each measu
value of the diffusion coefficient, but also reducing the err
in individual values ofD. It also has the advantage that
allows one to see whether there are any time dependent

a!Electronic mail: w.gillin@qmw.ac.uk
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fusion processes occurring, such as may be due to poor
face encapsulation causing the injection of diffusio
mediating point defects from the surface. For example,
have shown using this technique that gallium implantati
which is often quoted as enhancing interdiffusion, plays
role in the steady state diffusion of InGaAs/GaAs hete
structures but rather that the damage created during imp
tation causes a very rapid intermixing which if only a sing
anneal were performed would be mistaken for an enhan
D.

This article presents the results of a study of the int
diffusion of GaAs/AlGaAs using repetitive annealing an
photoluminescence which has been performed over a t
perature range of 750–1150 °C. Using these data we ca
late an activation energy for GaAs/AlGaAs interdiffusio
We then compare our data with those presented in the lit
ture. These literature data have been collected using a ra
of experimental techniques and with a range of surface c
ditions. We show that all the literature data can be descri
by a single activation energy.

EXPERIMENTAL METHOD

The samples used in this work were grown by eith
molecular beam epitaxy~MBE! in a Vacuum Generators
V80H reactor or by metal organic chemical vapor deposit
~MOCVD! on ~100! oriented GaAs. The samples consist
of a single quantum well of 10 nm of GaAs with 100 n
barriers of Al0.2Ga0.8As both above and below the well. O
the surface an additional 5 nm of GaAs was deposited
protect the AlGaAs from oxidation.

Following growth, the wafers were capped on both t
front and back surfaces with;30 nm of silicon nitride. The
cap was grown at 300 °C in a plasma enhanced chem
vapor deposition~PECVD! system. The nitride used (n
52.1) has been found to give the lowest diffusion coefficie
for intermixing in the layers, and for interdiffusion on In
based materials we have shown that this capping gives in
97/82(10)/4842/5/$10.00 © 1997 American Institute of Physics

 license or copyright, see http://jap.aip.org/jap/copyright.jsp



le
r.
-

r

-
te
te
u
ip
A
a
n
o
i

f a
te
to
r-
iv
d
h

gie
ar
b
en
a

h
io
er
on

the
n
ure
l in

et

r a
at

oto-
this
on-
g

and
n-

mis-
n
the

k-
le
ed
sed
ing
ere
de-
d to

ll
an

ith
diffusion coefficients identical to those for uncapped samp
annealed under growth conditions in a MOCVD reacto3

The composition of this nitride is crucial for diffusion ex
periments, and we have found that nitrides grown with
refractive index of less than 2 showed at least an orde
magnitude increase inD at all temperatures~i.e., a change in
D0!. Following capping the wafer was cut into 5 mm35 mm
squares for the annealing experiments.

Rapid thermal annealing~RTA! was performed in a he
lium ambient using a resistively heated graphite strip hea
The use of helium in the RTA system ensured the fas
heating rate for the sample due to its high thermal cond
tivity. The sample was placed between two graphite str
and the temperature measured and controlled using an
cufiber thermometry system. The annealing furnace was c
brated against the melting points of gold and silver a
found to be accurate to61 °C. This system was used t
perform anneals with a duration between 15 s and 30 m
Photoluminescence was excited using the 488 nm line o
argon ion laser, and spectra were collected at a sample
perature of 80 K using a liquid nitrogen cooled Ge detec

In order to measure the diffusion coefficient for inte
mixing, a single sample was repeatedly annealed at a g
temperature and the photoluminescence spectra recorde
ter each anneal. As the quantum well diffuses there is a s
in the photoluminescence peak position to higher ener
~Fig. 1!; this is caused by the quantum wells effectively n
rowing in the early stages of diffusion and subsequently
the increase in the aluminium concentration at the well c
ter. By assuming that Fick’s law is being obeyed with
constant diffusion coefficient, which can be proven from t
analysis, it is possible to model the shift in the peak posit
and consequently to calculate the diffusion length for int
diffusion after each anneal. If the square of the diffusi

FIG. 1. The photoluminescence spectra for a 10 nm GaAs quantum we
Al0.2Ga0.8As barriers before and after annealing at 1000 °C for 10, 20,
30 s.
J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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length determined from this analysis is plotted against
anneal time the diffusion coefficient for the intermixing ca
be determined from the gradient of the graph. This proced
is now well established and is presented in more detai
Refs. 4 and 5.

We used the empirical value for the 80 K AlxGa12xAs
band gap,Eg , in electron volts given by Bosioet al.6

Eg51.51611.36x10.22x2, ~1!

wherex is the aluminium mole fraction, and a band offs
ratio of 60:40.

RESULTS AND DISCUSSION

Figure 1 shows the photoluminescence spectra fo
single quantum well sample which has been annealed
1000 °C for 10, 20, and 30 s. It can be seen that the ph
luminescence shifts to higher energy as predicted and
shift in the photoluminescence peak position can be c
verted in to a diffusion length for Ga–Al interdiffusion usin
the calculated curve given in Fig. 2.

For our earlier work on InGaAs/GaAs interdiffusion3–5

we were able to measure the peak shift with annealing
convert it to a percentage of the total shift from the una
nealed quantum well emission to the GaAs band edge e
sion. This variation of this percentage shift with diffusio
length for the InGaAs/GaAs system is independent of
initial indium concentration in the well~provided the initial
indium concentration is less than 25% and the well thic
nesses were identical! and thus we were able to use a sing
calculated curve for all our samples. This method work
because the barrier emission energy, to which the diffu
quantum well emission was tending, was well defined, be
the GaAs band edge. For the GaAs/AlGaAs system, wh
the ternary system is in the barriers, and hence not well
fined, this approach cannot be used and we were force

in
d
FIG. 2. The calculated variation in photoluminescence peak position w
diffusion length for a 10 nm GaAs quantum well in Al0.2Ga0.8As barriers.
4843Wee et al.
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measure the aluminium concentration in the barriers of e
of our samples and calculate a theoretical curve of phot
minescence peak shift against diffusion length for ea
sample. The curve given in Fig. 2 is for a Al0.2Ga0.8As bar-
rier layer with a 10 nm GaAs well.

The graphs of diffusion length squared against ann
time at several anneal temperatures are shown in Fig
From Fig. 3 it can be seen that over our range of ann
times we obtain a straight line fit to the data and asLD

2

54Dt the gradient of the straight line directly gives the d
fusion coefficient,D. This straight line also shows that the
is no dependence ofD on the aluminium concentration, a
the aluminium concentration in the well center will ha
increased from 0% to.10% during some of these exper
ments with no change inD.

In addition to proving that Fick’s law is being obeye
measuring the time dependence of the diffusion has
other advantages over performing single measureme
First, one gets statistically better data as we are in ef
averaging a number of measurements, and second by fol
ing the time dependence we can look for unexpected va
tions inD. For example, we have had samples where afte
number of anneals the encapsulant has started to fail. In t
cases before the failure had been severe enough to qu
the photoluminescence it caused an increase in the diffu
coefficient, presumably by the injection of vacancies fro
the surface. These effects are generally not noticed w
only a single anneal is performed but are clear from the t
dependence.

The results of these experiments are plotted on
Arrhenius plot in Fig. 4~squares!. The dots in Fig. 4 are
Al–Ga interdiffusion and Ga self-diffusion data taken fro
Refs. 1 and 7–20 and the light lines are the least square

FIG. 3. The diffusion length squared plotted against anneal time for a 10
GaAs quantum well in Al0.2Ga0.8As barriers after annealing at 1000, 105
and 1100 °C. The diffusion lengths were determined from the photolu
nescence spectra using Fig. 2.
4844 J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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to each of those data sets. The slopes of those lines giveEA

values, with their uncertainties, ranging from 1.560.5 eV7 to
6.260.2 eV.8 The first thing to notice from Fig. 4 is tha
there appear to be two clusters of data points. The first c
ter which covers a temperature range of 650–1229 °C
includes our data can be very well fitted by a least square
to our data set ~EA53.660.1 eV and ln@D0 /(cm2/s)#
520.761.3!. This value is significantly different from the
value of 6 eV, which was obtained by Tan and Go¨sele,21 and
which is widely quoted in the literature, although in lat
work22 they quote an activation energy which is, within e
perimental uncertainty, the same as the value we quote h
The second cluster which is below our data can be equ
well fitted by our activation energy but with a prefact
which is an order of magnitude lower. This is despite the f
that the data in Fig. 4 includes the results from experime
with the samples annealed in both As rich and Ga rich a
bients or with silicon nitride or silicon dioxide.

This result is significant because many authors coll
data under different annealing conditions and measure dif
ent activation energies which are then either left witho
comment or used to suggest that there are different ac
diffusion mechanisms. One of the most common of thes
the Fermi level model of Tan and Go¨sele.21 You et al.,2 for
example, have stated that ‘‘...prevalent opinion concern
the point defect species governing Ga self-diffusion a
Al–Ga interdiffusion is that they are dominated by the trip
negatively charged Ga vacancies under intrinsic a
n-doping conditions at highPAs4

values, and by the doubly
positively charged Ga self-interstitial under intrinsic cond
tions at lowPAs4

values... .’’ They go on to estimate activa
tion energies of 6–7.34 eV for the vacancy mediated proc
and 3.37–4.71 eV for the interstitial process. It should a

m

i-

FIG. 4. An Arrhenius plot of our GaAs/AlGaAs interdiffusion dat
~squares! and much of the data form the literature~dots! the solid line is the
least squares fit to our data, and the light lines are the least squares fits
the other data sets. They literature data comes from Refs. 1 and 7–20
Wee et al.
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be noted that these activation energies require prefac
ranging from;1024 to ;1012 cm2/s although no mention is
given to the physical significance of this range of prefact
From Fig. 4 it is clear that by selecting a small data set fr
those available it is very easy to measure a large range oEA

values. However, the large amount of data now available
interdiffusion should be looked at in it’s entirety. Indeed
we perform a least squares fit to all the data presented in
4 we obtain an activation energy of 3.460.2 eV, while if we
take only the data in the cluster around our data we ge
activation energy of 3.560.2 eV and similarly if we only
take the data in the cluster below our data we get an act
tion energy of 3.560.2 eV. Consequently, it is very difficul
to argue anything other than a single activation energy for
experiments with a value of;3.5 eV.

In order to highlight the fact that the data can be group
in two clusters with a singleEA but differing D0 values we
have used our activation energy to fit a straight line throu
every data point on Fig. 5 and then determined theD0 value
that this fit produces. It should be noted that although
have used the activation energy obtained from the le
squares fit calculate theD0 values in Fig. 5, the distribution
obtained is not dependant on the absolute value ofEA used.
These results are plotted in Fig. 5 as a histogram, where
height of each column is the number of data points givin
ln(D0) value in a given range. Also plotted in Fig. 5 are tw
Gaussians which are a fit to the data obtained using ax2

minimization routine.24 From this diagram it can be seen th
there are two distributions, one centered on a ln(D0) value of
about 21.12, s51.4 and the second centered around
ln(D0) value of about24.6, s51.2.

FIG. 5. A histogram of the ln@D0 /(cm2/s)# values for each of the data point
plotted in Fig. 4 having been fitted by our activation energy. The data po
marked~a! are taken from Refs. 10 and 17,~b! are from Ref. 8,~c! from
Refs. 2, 7, and 18 and are all from one laboratory,~d! from Refs. 12 and 14,
~e! this work, ~f! from Ref. 13,~g! from Ref. 9,~h! from Ref. 16,~i! from
Ref. 11,~j! from Ref. 15, and~k! from Ref. 20.
J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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Suggesting that there is a single diffusion mechani
describing all the data in the literature, we will now discu
how to account for the observed variations inD0 . In our
earlier work on InGaAs/GaAs interdiffusion3–5 we have ob-
served that two different wafers of quantum well materi
which were grown sequentially in the same MBE react
capped at the same time with silicon nitride and annea
together can easily show differences inD0 of a factor of 2.5

At that time we attributed it to differences in the substra
materials. This factor alone could account for much of t
random scatter seen in the data. If this were coupled with
experiment variations one would expect to see differen
between different groups such as in furnace calibration
the treatment of ramp times, surface passivation~c.f. our
earlier comment on the dependence of diffusion on the
fractive index of a silicon nitride cap!, etc., then the spread in
the data is to be expected. What is more interesting is
presence of the two clusters in the data. Hsiehet al.8 dem-
onstrated that annealing in a Ga rich environment resulte
a lower interdiffusion coefficient than an As rich enviro
ment. Their small temperature range produced an appa
change inEA from 4 to 6 eV. Olmstedet al.10,17performed a
more detailed study in 1993 of the effect of annealing in b
Ga rich and As rich conditions. Their original data show
that under both annealing conditions they get essentially
same activation energy but withD0 values approximately
two orders of magnitude different, again with the Ga ri
annealing producing the lower diffusion coefficients. A
other paper which presents results of similar experime
was that of Youet al.2 Their results also show no significan
change inEA with annealing ambient, although in contradi
tion to the results of Hsiehet al.8 and Olmstedet al.10,17they
seem to find that the Ga rich anneals give higher diffus
coefficients. This work was performed in collaboration wi
Holonyak18 from the University of Illinois at Urbana-
Champaign. The groups of Majoret al.7 and Guido and
Holonyak18 are responsible for most of the other data whi
lie in the second cluster consisting of approximately half
the data. This work is significant in that it contains a lar
amount of data obtained on samples which have been
nealed with a silicon dioxide cap as well as some results w
silicon nitride caps and some with As overpressure ann
ing. The results of Majoret al.,7 like many other workers,
show that an SiO2 encapsulant enhances interdiffusion co
pared with Si3N4. Their results however have diffusion co
efficients which are nearly two orders of magnitude bel
those obtained under similar conditions by other groups~e.g.,
Ralstonet al.15!. The reasons for this large discrepancy a
not clear. Also included in Figs. 4 and 5 are the data of Wa
et al.20 who studied Ga self-diffusion in GaAs using isotop
heterostructures. Their results, collected over a large t
perature range of 800–1225 °C, produce an activation
ergy which, within experimental uncertainty, is identical
that which we have calculated.

In some of our recent experiments, Khreiset al.23 have
highlighted a possible mechanism to explain how annea
in a Ga rich ambient could reduceD0 without affectingEA .
These experiments used the interdiffusion of a InGaAs/Ga
quantum well stack to measure the diffusion of vacanc

ts
4845Wee et al.
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from a quantum well of material grown slightly below th
standard InGaAs growth temperature. These experiment
lowed us to determine in a single sample both the galli
vacancy diffusion coefficient and the background concen
tion of vacancies, both as a function of temperature. Th
results showed that, contrary to commonly held beliefs,
vacancy concentration in III–V materials is not at a therm
equilibrium value but rather has a constant value
;1017/cm3 for all temperatures. These results also show
that the activation energy for the vacancy diffusion is t
activation energy for interdiffusion. This result provides
explanation not only for the differences in interdiffusion c
efficients measured on different wafers~differences in the
background vacancy concentrations in the wafers! but also
provides a mechanism to explain the reduced diffusion co
ficients measured under Ga rich conditions. This could
explained because the excess Ga in the ambient in effect
as a sink for arsenic vapor leaving the surface during ann
ing. This will result in a surface which is very gallium rich
Some of this excess gallium at the surface can then r
with gallium vacancies causing them to annihilate throu
the reaction

I Ga1VGa⇔0. ~2!

Thus the gallium rich ambient can reduce the gallium
cancy concentration responsible for the intermixing a
hence reduceD0 without changingEA .

CONCLUSIONS

We present data on the interdiffusion of AlGaAs/Ga
over the temperature range 750–1150 °C, and obtainEA and
ln@D0 /(cm2/s)# values of 3.660.2 eV and21.561.6, re-
spectively. These are much lower than the widely quo
value of Tan and Go¨sele. These data are compared w
those from the literature taken under a wide range of exp
mental conditions. We show that despite the range of act
tion energies quoted in the literature all the data can be
scribed using a single activation energy, the published d
falling into two clusters: one for samples annealed unde
gallium rich overpressure and a second for As rich or cap
anneals. This result can be explained by the diffusion, in
cases, being governed by a single vacancy-controlled me
4846 J. Appl. Phys., Vol. 82, No. 10, 15 November 1997
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nism, involving second-nearest-neighbor hopping, where
gallium vacancy concentration can be altered by the surf
conditions. This result is in contradiction to the widely pu
lished theory that interdiffusion and self-diffusion are co
trolled by vacancy concentrations which are at thermal eq
librium values.
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