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Enhanced superlattice disordering in nonstoichiometric AlAs/GaAs quantum wells exhibits weak
temperature dependence because of the decay of the supersaturated concentration of group-III
vacancies. We present a formalism for transient enhanced diffusion in nonstoichiometric materials
with which we can extract migration enthalpiesHm by assuming that the vacancy decay is thermally
activated with an enthalpyHa . By analyzing the electroabsorption from the quantum-confined Stark
effect for a set of isochronal and isothermal anneals, we extract a migration enthalpyHm5(1.8
60.2) eV for group-III vacancies, as well as an activation enthalpyHa5(0.760.2) eV for vacancy
annihilation. © 1996 American Institute of Physics.@S0003-6951~96!01628-2#
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Nonstoichiometric superlattices grown by molecula
beam epitaxy~MBE! at low substrate temperature contai
excess arsenic that gives these materials several adva
geous properties. Under weak anneals, these superlatt
demonstrate simultaneous ultrafast lifetimes and sh
excitonic features,1 which are crucial ingredients for photo
refractive dynamic holographic devices,2 electroabsorp-
tion sampling,3 ultrafast striplines, low-dark-current
photodetectors,4 and electroabsorption modulators. Howeve
some of these advantageous properties degrade with h
temperature anneals caused by pronounced interf
intermixing and roughening.5 Previous work5,6 on low-
temperature-grown~LTG! superlattices, utilizing only iso-
chronal anneals and an equilibrium analysis, resulted in
tremely small and unphysical effective migration entha
pies. In this letter, we present a transient enhanced diffus
formalism7,8 using both isochronal and isothermal annea
that allows us to extract physically relevant diffusion entha
pies, including for the first time an activation enthalpy fo
vacancy annihilation.

The samples used in our experiments were grown
MBE using a flux of As4. The structures were LTG MBE
AlAs/GaAs multiple quantum wells~MQWs! grown onn1

GaAs substrates. Contact and stop-etch layers ofn-type ma-
terials were grown on then1 GaAs substrate at 600 °C, fol-
lowed by a LTG~310 °C! MQW layer consisting of a 150
period superlattice of 100 Å GaAs wells and 35 Å AlA
barriers. The low temperature growth at 310 °C results
approximately 0.2% excess arsenic in the MQW. A 2000
p-Al0.3Ga0.7As (131018 cm23) layer followed by a 2000 Å
top p-GaAs (131019 cm23) layer were grown at 450 °C on
top of the LTG layers. Gold contacts were made to the t
p-GaAs. The samples were epoxied to glass and the subs
was removed using standard techniques. A final gold cont
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was made to the exposedn-Al0.5Ga0.5As stop-etch layer after
substrate removal. Isothermal and isochronal anneals w
performed on multiple samples at 600, 750 and 900 °C
30, 90, and 270 s. Low field~2.5 V/mm! electroabsorption
characterization was performed under reverse bias to find
excitonic transition energy as a function of anneal conditio

The intermixing of Al and Ga at the AlAs/GaAs inter-
face is quantified by measuring the change in energy of
lowest quantum-confined exciton and matching the transiti
energies to calculations of interdiffused interfaces, assum
linear diffusion.5 To support this assumption we performe
Monte Carlo simulations of nonlinear diffusion in the speci
case of a supersaturated vacancy concentration. Monte C
simulations take as input only bond energies, and autom
cally incorporate deviations from linear diffusion, such a
position-dependent vacancy concentrations, vacancy se
gation, or concentration-dependent diffusion mobilities. W
found that while nonlinear diffusion is known to be impor
tant for some cases of intermixing of stoichiometri
superlattices,9 the strong supersaturation of vacancies in th
nonstoichiometric case studied here does not significan
alter the diffusion profiles from the linear case, other tha
producing large enhancements in the intermixing. The sim
lations do show that the process of vacancy segregati
caused by concentration-dependent migration enthalpies,
inhibit intermixing, which is opposite to the trend observe
experimentally. Details of these simulations will be pub
lished in a succeeding paper. We are therefore able to c
brate the diffusion lengthLD vs exciton transition energy,
which is used to obtain the experimental diffusion length
a function of anneal condition. The experimentally dete
mined transition energy shifts are shown in Fig. 1.

The diffusion length squared divided by the anneal tim
is shown as a function of anneal temperature in Fig. 2. F
equilibrium diffusion, this quantity is equal to the diffusion
constant. However, for nonequilibrium diffusion, this quan
2399/3/$10.00 © 1996 American Institute of Physics
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tity is time dependent and cannot be related simply to lon
time diffusion constants, and cannot be used to extract t
migration enthalpies. For instance, the effective migrati
enthalpy for the nonstoichiometric superlattices isHeff

5(1.060.2) eV. This effective enthalpy is smaller than th
migration enthalpy of 1.7 eV attributed to Ga vacanc
diffusion,10,11 but is close to the activation energy of 0.9 e
attributed to arsenic precipitate coarsening12 in LTG GaAs.
Also shown in Fig. 2 is the data obtained by Beerninket al.13

based on photoluminescence energy shifts in stoichiome
superlattices. They obtain an activation enthalpy of 4.5 e
for Al–Ga interdiffusion, which is consistent with othe
values.14 It should be noted that this value corresponds to t
case of equilibrium linear diffusion, in which the activatio
enthalpy is the sum of the formation enthalpy and the mig
tion enthalpy for group-III vacancies.

The effective enthalpy of 1 eV obtained in the prese
analysis is significantly larger than the effective enthalpy
0.3 eV observed in our earlier work5,6 on nonstoichiometric

FIG. 1. Changes in the exciton transition energy as a function of ann
temperature and time in nonstoichiometric AlAs/GaAs quantum wells. T
changes in energy,DE are measured with respect to thein situ annealed
samples.

FIG. 2. Square of the diffusion length divided by anneal time for differe
anneal temperatures showing nonequilbrium linear diffusion in nonstoich
metric AlAs/GaAs quantum wells. Also shown is the data obtained
Beerninket al. ~Ref. 13! for equilibrium linear diffusion in stoichiometric
Al0.4Ga0.6As/GaAs quantum wells.
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quantum wells. This apparent discrepancy is a simple cons
quence of different decay rates for the squared diffusio
length divided by the anneal time, depending on the initia
concentration of supersaturated group-III vacancies. Ther
fore, the apparent enthalpies obtained using an equilibriu
analysis are not unique, and are sensitive to initial growt
conditions. To obtain true enthalpies from nonequilibrium
diffusion, it is necessary to explicitly include the time depen
dence of the group-III vacancy concentrations.

We use a simple formalism which utilizes both isochro-
nal and isothermal anneals to recover true migration entha
pies for cases of nonequilibrium diffusion. In this analysis
we assume linear diffusion, but with a time-dependent diffu
sion coefficient caused by the thermal annealing~annihila-
tion! of group-III vacancies. The decay rate of 1/t of the
supersaturated group-III vacancy concentration is assumed
have an activated nature given by

1/t5v0 exp@2Ha /kBT#, ~1!

whereHa is an activation enthalpy for vacancy annihilation.
Vacancy annihilation, although an exothermic chemical re
action, can possess an activation barrier characterized
Ha that must be overcome prior to annihilation at a surfac
or at a defect complex. The time-dependent diffusion ‘‘con
stant’’ D(t) is given by

D~ t !5@D0 exp~2Hf /kBT!1D1 exp~2t/t!#

3exp@2Hm /kBT#, ~2!

whereHf andHm are the formation energy and migration
enthalpy respectively for the group-III vacancies. The equ
librium diffusion coefficient is given by theD0 term. The
supersaturated concentration of group-III vacancies contrib
utes theD1 term, which dominates in the nonstoichiometric
material.

The time-dependent diffusion coefficient yields a time-
and temperature-dependent diffusion lengthLD , given in its
most general form by

LD
2 ~ t !5D1t exp@2Hm /kBT#@12 exp@2t/t##. ~3!

For annealing times long compared witht, the effective mi-
gration enthalpy is given by the difference in enthalpies

Hm
eff5Hm2Ha , ~4!

which can explain the anomalously small effective enthalp
measured in our previous experiments.5,6

For general isochronal and isothermal anneals, the mo
general form in Eq.~3! can be used with a least squares fit to
obtain the important parameters that describe vacancy diff
sion, including the respective enthalpiesHm andHa . The
least squares fit to the diffusion length are shown as the sol
curves in Fig. 3. The resulting migration enthalpy isHm

51.860.2 eV, and the resulting annihilation enthalpy is
Ha50.760.2 eV. Using the fit parameters, the time- and
temperature-dependent diffusion length in nonstoichiometr
quantum wells can be calculated, which show that the diffu
sion length saturates for long times, with larger asymptoti
diffusion lengths at higher temperatures.

The migration enthalpyHm51.8 eV obtained from the
nonequilibrium analysis is in excellent agreement with the
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accepted value of 1.7 eV for vacancy migration in bu
GaAs.15 It is significant that the migration enthalpy in the
nonstoichiometric quantum well does not differ significant
from the value in GaAs. This suggests that neither the no
equilibrium defect concentrations of the material nor the a
minum concentration significantly affects the migration e
thalpy of the group-III vacancy. This result is importan
because it makes it possible to use unperturbed bulk val
for vacancy migration in the nonstoichiometric quantum we
structures.

The annihilation enthalpyHa50.7 eV obtained from the
nonequilibrium analysis is presented here for the first tim
In previous diffusion studies14 of stoichiometric growth, this
annihilation enthalpy could not be isolated from the form
tion or migration enthalpies. The strong nonequilibrium v
cancy supersaturation, combined with AlAs barriers
‘‘markers,’’ present a unique opportunity to isolate the e
fects of group-III vacancy migration. The existence of a
activation enthalpy for vacancy annihilation introduces
interesting new feature to the problem of diffusion in sem
conductors. The existence of an energy barrier to vaca
annihilation makes this system susceptible to dynami
time-dependent effects. These dynamical effects can prod
confusing behavior if the activated character of the react
is not explicitly taken into account. This may explain earlie
results attributed to vacancy diffusion in semiconductors.16

In conclusion, we have applied a general nonequilibriu
diffusion analysis to the intermixing of nonstoichiometri

FIG. 3. Diffusion length,LD as a function of anneal temperature for differ
ent anneal times. The solid lines are a least squares fit to the data w
yields a migration enthalpy of~1.860.2! eV, consistent withVGa diffusion.
The enthalpy forVGa annealing was found to be~0.760.2! eV.
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quantum wells, based on a matrix of isochronal and isothe
mal anneals. The resulting migration enthalpyHm51.8 eV is
in excellent agreement with accepted values for vacancy m
gration in stoichiometric GaAs. The activation enthalpy fo
vacancy annihilationHa50.7 eV is presented here for the
first time. The ability to extract the annihilation enthalpy is
made possible by the supersaturation of vacancies combin
with ‘‘marker’’’ layers of AlAs that make it possible to track
the effects of vacancy diffusion. The existence of an ener
barrier to vacancy annihilation should have important ram
fications in the problem of diffusion in semiconductors.
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