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Undoped low-temperature-grown AlAs/GaAs superlattices experience pronounced interface
intermixing with increasing anneal temperatures up to 900 °C. Quantum confinement shifts caused
by intermixing of low-temperature-grown and standard-temperature-grown superlattices were
studied using electromodulation spectroscopy. The effective activation energy for intermixing in the
low-temperature-grown superlattices during 30 s isochronal postgrowth anneals was found to be
~0.3260.04! eV, anomalously smaller than for standard-temperature-grown superlattices.
Roughening of the interfaces caused by arsenic precipitates accompanies the intermixing.
Qualitative features of the intermixing have been confirmed using high resolution transmission
electron microscopy and studies on x-ray rocking curves. ©1995 American Institute of Physics.
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With the advent and extensive development of molecu
beam epitaxy~MBE! and metalorganic chemical vapor dep
sition ~MOCVD!, the growth of superlattices and abrupt he
erojunctions has become commonplace. High-speed tra
tors and optoelectronic devices depend critically on
abrupt nature of these heterojunctions. The optical and e
trical performance of these devices also depend critically
the structural and morphological properties of the interfac
As a result, interface intermixing and roughening in sup
lattices associated with impurity atoms,1 misorientation
effects,2 inverted interfaces,3 and annealing conditions4 have
been extensively studied. Several techniques, includ
chemical mapping,5 high resolution transmission electro
microscopy,6 x-ray rocking curves,7 scanning tunneling
microscopy,8 photoluminescence,9 and Monte Carlo
simulations10 have been exploited to study the interdiffusio
process. Low-temperature-growth~LTG! GaAs has attracted
significant recent attention as a marketable new ultrafast
picosecond photoconductor.11–13 This ultrafast property
would be important for photorefractive,14 electro-optic
sampling,15 and saturable absorption applications if it cou
be combined with sharp quantum-confined excitons in m
tiple quantum wells~MQWs!. The recent discovery16 of si-
multaneous ultrafast lifetimes and sharp optical transition
quantum-confined excitons in AlAs/GaAs quantum we
grown at low substrate temperatures has made LTG MQ
an attractive candidate for a host of new applications. Th
all-semiconductor devices do not require Cr doping nor po
growth processing such as ion implantation. Narrow barr
of AlAs between the wells and low excess arsenic conc
trations make sharp excitons in LTG quantum wells possi
However, high temperature anneals~>700 °C! cause en-
hanced interdiffusion that roughen the interfaces. We pre
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studies on interface intermixing observed inundopedLTG
MQWs and calculate the effective activation energy for in
termixing in LTG MQWs.

Two different growths were investigated. The first
growth used in our experiments was LTG MBE AlAs/GaAs
MQWs grown using As4. Contact and stop-etch layers of
n-type materials were grown on an1 GaAs substrate at
600 °C. This was followed by LTG~310 °C! MQW layers
consisting of a 150 period superlattice of 100 Å GaAs wells
and 35 Å AlAs barriers. A 2000 Åp-Al0.3Ga0.7As ~1
31018 cm23

! layer followed by a 2000 Å topp-GaAs ~1
31019 cm23! layer were grown at 450 °C on top of the LTG
layers. The 450 °C growth temperature for thep-doped lay-
ers acts as a weakin situ anneal of the previously grown
LTG layers and results in the formation of As precipitates in
the MQW region.17,18The arsenic clusters deplete free carri-
ers from the surrounding material, rendering it high
resistivity.19 The second growth was identical in all respects
except the entire structure was grown at standard temper
tures~600 °C!, which will henceforth be referred to as stan-
dard temperature grown~STG!. Appropriate mesas and gold
contacts were made to the topp-GaAs. The samples were
epoxied to glass to remove the substrate using standard te
niques. Another gold contact was made to the exposedn-
Al0.5Ga0.5As stop-etch layer after substrate removal. Electro
optic characterization was performed on thep-i-n transmis-
sion modulators using a monochromator and an incohere
tungsten lamp.

Both growths were subjected to rapid thermal anneal a
several temperatures~up to 900 °C! for 30 s. The rapid ther-
mal anneal in the LTG samples controls the size and spacin
of the As precipitates utilizing precipitate engineering.18 The
process of annealing, which forms As clusters, converts LTG
GaAs into a high-quality GaAs matrix. Therefore, sharpe
excitonic features are normally observed for higher anne
temperatures as the LTG material approaches stoichiomet
GaAs. In our absorption spectra, we observe the opposi
1/95/67(9)/1244/3/$6.00 © 1995 American Institute of Physics
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trend.16 Our sample with thein situ anneal of 24 min at
450 °C during the growth of the top 2000 Åp-GaAs epilayer
gave the sharpest quantum-confined excitons without a
tional postgrowth anneal. The sharp excitonic features
washed out at higher postgrowth anneal temperatures, ca
by interface intermixing. Sharp quantum-confined excito
were observed in all our STG samples irrespective of
anneal conditions.

The zero-field absorbance versus wavelength, for b
the LTG and STG as-grown and 900 °C annealed sample
shown in Fig. 1. Fabry–Perot fringes are evident in the sp
tra because the samples did not have antireflection coat
Sharp quantum-confined exciton spectra are observed in
the LTG and STG samples annealed at low temperat
~<700 °C!.16 However, the excitonic features in the LT
samples are washed out for postgrowth anneal tempera
higher than 700 °C. The STG samples, on the other ha
showed no perceptible change under all anneal condition

The transition energy of the heavy-hole exciton as
function of anneal temperature for both growths is shown
Fig. 2. The transition energy of the heavy-hole exciton
gins to rise for anneal temperatures>700 °C in the LTG
samples, indicating a rounding of the wells caused by
hanced interdiffusion. No change in the transition energy w
observed for the STG samples, shown in the figure. T
points directly towards the role of excess arsenic in the
terdiffusion process. Also shown in Fig. 2 is the low-fie
linewidth G as a function of anneal temperature for the LT
samples, measured from the electroabsorption spectra.

FIG. 1. Absorption spectra for low-temperature-grown~LTG! and standard-
temperature-grown~STG! samples, as-grown and with a 900 °C anneal. T
sharp quantum-confined excitons are significantly broadened in the
samples annealed at 900 °C.
Appl. Phys. Lett., Vol. 67, No. 9, 28 August 1995
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excitons in the LTG samples broadened from 6 meV for the
as-grown samples to 14 meV for the 900 °C annealed
samples. Annealing the LTG superlattices therefore produce
pronounced intermixing and roughening of the interfaces.

The interdiffusion process was further investigated and
confirmed using high resolution transmission electron mi-
croscopy~TEM! and studies on x-ray rocking curves. In the
~002! x-ray rocking curve, thein situ annealed LTG samples
have satellites up to ordern526 while the 900 °C annealed
LTG samples have satellites only up ton523. The STG
as-grown and the 900 °C annealed samples showed simila
x-ray rocking curves with satellite peaks up to ordern526.
The details of the TEM measurements and the x-ray rocking
curves will be reported in a future publication.

Intermixing of the Al and Ga at the AlAs/GaAs interface
causes an increase of the transition energy of the lowes
quantum-confined exciton. We can accurately quantify this
intermixing by calculating the confinement energy shifts for
diffused concentration profiles. The concentration profile
C(x) of Al for a given diffusion lengthLD is given by the
expression

C~x!5
bh

L
2 (

n51

` S 2hnp D sinS npa

L D cosS 2npx

L D
3expS 2

4p2n2LD
2

L2 D , ~1!

whereb is the barrier thickness,a is the well thickness, and
L5a1b. The concentration profile defines a potential
V@C~x!# and efffective massm* @C~x!# obtained from Ref. 20.
These functions appear in the Schro¨dinger equation

¹2c~x!5
2m* ~x!

\2 @V~x!2E#c~x! ~2!

for the interdiffused wells. Equation~2! was solved for the
ground state electron and hole energiesE using a fourth-
order Runge–Kutta algorithm.

The optical transition energy shifts as a function of dif-
fusion length were fit to the experimental data in Fig. 2 to

he
LTG

FIG. 2. Exciton transition energy of the heavy-hole exciton vs anneal tem-
perature for the low-temperature-grown~LTG! samples compared with rep-
resentative data for the as-grown and 900 °C annealed standard-temperatur
grown ~STG! sample. Also shown is the low-field linewidthG vs anneal
temperature for the LTG samples.
1245Lahiri et al.
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obtain the diffusion length for a given isochronal anne
temperature. The diffusion constant, shown in Fig. 3 a
function of anneal temperature, was obtained by assum
different well widths to account for the uncertainty of th
well widths during MBE growth. The data are fit by exp
nentials and all yield an effective activation enthal
DHm5~0.3260.04! eV for the migration of the Al and Ga
ions at the interface. The maximum diffusion length w
found to be 5.7 Å for the samples annealed at 900 °C for
s. The prefactor fit from the data isD0e

DS/ kB51.6
310218 m2/s.

Our measured migration energy is significantly sma
than values for migration enthalpy for interdiffusion of AlA
GaAs quantum wells grown at standard temperatures. A
cent study using chemical mapping in electron microsco
studies obtained a value for the migration enthalpy
DHm51.7 eV.21 This value was attributed to the migratio
enthalpy for gallium vacancy diffusion. Our value is cons
erably smaller than this. The anomalously small value t
we obtain for the LTG quantum wells is made plausible
values measured for the annealing of nonphotoquench
arsenic antisites in LTG GaAs. The migration enthalpy
these defects isDHm5~1.160.3! eV,22 considerably smaller
than for gallium vacancies. In addition, the activation e
thalpy for arsenic precipitate coarsening in LTG GaAs w
found to be 0.87 eV.23 In both cases it has been conjectur
that the excess arsenic in LTG materials lowers the diffus
barriers. However, our value of 0.32 eV is anomalously sm
compared to all these values, which suggests a strong
equilibrium diffusion mechanism for interface intermixing
which the diffusion constant is time dependent. Therefo
the excess arsenic in the LTG quantum well structures
pears to play a fundamental role for AlAs–GaAs interdiff
sion. Extensive reviews address the role of point defects
diffusion mechanisms in GaAs.1,24 However, the role of ex-
cess arsenic in semi-insulating LTG MQWs in the interdiff
sion process has not previously been addressed.

In conclusion, we have observed pronounced interm
ing and roughening of the AlAs–GaAs interfaces in lo
temperature-grown superlattices subjected to hi
temperature isochronal anneals with significantly sma
migration energies than observed for standard-tempera

FIG. 3. Diffusion constants for the low-temperature-grown~LTG! samples
vs anneal temperature simulated assuming different well widths. The
vation energy for intermixing was found to be~0.3260.04! eV for all three
cases.
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grown superlattices. The excess arsenic in these mate
appears to provide a mechanism for strong nonequilibri
interdiffusion, but further work will be required to establis
the exact details of the microscopic mechanism. The in
diffusion of these superlattices can play both a detrimen
role as well as a beneficial role for applications. For instan
interdiffusion and roughening broadens the excitonic tran
tions, making them less useful for electro-optic and nonlin
optical applications. On the other hand, impurity-induced s
perlattice intermixing is commonly used as a technique
fabricate planar waveguides in semiconductors. Therefo
one goal of future research would be to find if the interd
fusion mechanism can be controlled to either enhance or
minish the effect as needed.
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