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In–Ga intermixing in low-temperature grown GaAs delta doped with In
N. A. Bert,a) V. V. Chaldyshev, Yu. G. Musikhin,
and A. A. Suvorova
Ioffe Physical-Technical Institute, St. Petersburg 194021 Russia

V. V. Preobrazhenskii, M. A. Putyato, and B. R. Semyagin
Institute of Semiconductor Physics, Novosibirsk 630090 Russia

P. Werner
Max-Plank Institut fu¨r Mikrostrukturphysik, Halle/Saale D-05120 Germany

~Received 15 September 1998; accepted for publication 6 January 1999!

Low-temperature grown GaAs films with indium delta layers are studied by transmission electron
microscopy. The delta layers in the as-grown film are found to be as thick as four monolayers~ML !
independently of a nominal In deposit of 0.5 or 1 ML, a thickness which reflects the film surface
roughness during the low-temperature growth. A pronounced In–Ga intermixing is observed in the
films subjected to 500–700 °C isochronal anneals. The In–Ga interdiffusion diffusivity is evaluated.
The effective activation energy for In–Ga interdiffusion is found to be 1.160.3 eV which is
significantly smaller than a value of 1.93 eV for a stoichiometric GaAs. The difference seems to
result from a loss of the gallium vacancy supersaturation upon annealing, and is consistent with an
annihilation enthalpy of 0.8 eV. ©1999 American Institute of Physics.@S0003-6951~99!00310-1#
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Compositional intermixing in GaAs-based semicondu
tor heterostructures has been of great interest in the pas
years.1,2 This effect is undesirable for many devices based
the heterostructures where a smooth and abrupt interfac
crucial for the device performance. On the other hand,
cause the interface intermixing alters the electronic and
tical properties of the structure it is considered3 to be a pos-
sible technological tool to tune some optoelectro
quantum-well device parameters such as emission w
length, oscillator strength, and refraction index profile.

Interface intermixing may be enhanced by impurities
point defects. In particular, it should be noted that galliu
vacancies are known to mediate diffusion on the group
zinc-blend sublattice. GaAs grown by molecular-beam e
taxy ~MBE! at low ~200 °C! substrate temperatures~LT-
GaAs! is a unique material containing a huge number
intrinsic point defects of which the main are As antisites~up
to 1020cm23)4 and Ga vacancies~up to 1018cm23).5 When
annealed, the excess As conglomerates to form As pre
tates randomly distributed over the film bulk. To produce
spatial ordering of As precipitates, indium-containing ins
tions were introduced in the growing film in the form o
InGaAs wells6 or In delta layers.7 Upon subsequent annea
ing, In–Ga intermixing occurs along with As diffusion an
precipitation. This intermixing slurs the interfaces and c
influence the As cluster accumulation within the I
containing layers. Previous works8–13 on the intermixing in
low temperature grown AlAs/GaAs superlattices showed
intensive degradation of the interface abruptness and res
in the Al diffusivity to orders of magnitude greater as com
pared with that in a similar stoichiometric structure. Little
known, however, on the In–Ga intermixing in LT-GaAs m
trix. It has been shown only14 that the LT-GaAs layer located
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close to InAs well or InAs/GaAs superlattice in stoichi
metric GaAs matrix essentially enhances the In–Ga inter
fusion and decreases the effective activation energy from
down to 1.6 eV. In this letter, we present results of transm
sion electron microscopy~TEM! study on the In–Ga inter-
mixing immediately in the LT-GaAs films delta doped wit
isovalent indium impurity.

The LT-GaAs films were grown in a dual-chamber ‘‘Ka
tun’’ MBE system on undoped semi-insulating 2-i
GaAs~001! substrates which were prepared for the grow
procedure in the conventional manner. A 85-nm-thick buf
layer of undoped GaAs was grown on the substrate
580 °C, after which the substrate temperature was lowe
down to 200 °C, and an LT-GaAs film was deposited at
growth rate of 1mm/h under As pressure of 731024 Pa.
During the growth, indium delta layers were inserted in t
film by interrupting the Ga beam and using the In bea
instead for 4 or 8 s that produced approximately 0.5 or
monolayer~ML ! of InAs, accordingly. The distance betwee
the In delta layers was varied from 20 to 60 nm. The samp
grown were cleaved into four pieces of which one remain
as-grown, while three others were subjected to annealin
MBE chamber under As overpressure for 15 min at th
different temperatures: 500, 600, or 700 °C. Plan-view TE
specimens were prepared by wet chemical etching. Cr
sectional samples were prepared by mechanical dimpling
lowed by Ar ion-beam milling. These TEM samples we
studied using Philips EM 420 or JEOL JEM 4000 instr
ments.

The measurements from 200 DF image have revea
the delta layer in the as-grown sample to be as thick as
60.1 nm. This value has been evidenced by imaging
sample in high-resolution mode along@010# zone axis. The
high resolution electron microscope~HREM! micrograph
taken from the as-grown sample with the In deposit equi
lent to 0.5 ML in each delta layer is represented by Fig. 1~a!
2 © 1999 American Institute of Physics
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and shows the indium-containing layer to occupy 4 ML~1.13
nm!. The same thickness of indium-containing layer h
been observed when increasing the nominal In conten
each delta layer to 1 ML.

Because the depth distribution of the In-rich region
not altered by the In dose, and the film is deposited at
temperature, we attribute the width of the In-containing de
layer to the roughness of the growth surface prior to In de
sition. We consider then the In-containing layer to cons
mainly of islands dispersed within 4 ML. The lateral size
the In-containing islands can be estimated to be less tha
nm proceeding from the TEM specimen thickness. This
consistent with the results of recent study of LT-Ga
growth surface by scanning tunneling microscopy.15

200 DF TEM and HREM observations of the samp
annealed at 500 °C revealed indium containing within 6 M
~i.e., 1.70 nm! for the samples delta doped with In to 0.5 M
1 ML of the nominal In deposit resulted in an observed
containing layer thickness of 8 ML~2.26 nm!. The annealing
at 600 °C resulted in further thickening of the In-containi
layers. Figure 1~b! demonstrates HREM image of the samp
with 0.5 ML nominal In deposit after annealing at 600 °C. A

FIG. 1. High-resolution TEM images along@010# direction of as-grown~a!
and annealed at 600 °C~b! samples. The boundaries of In-containing laye
are arrowed.
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can be seen, indium is detected over 12 ML, i.e. 3.39 n
With increasing nominal In deposit up to 1 ML the In
containing layer begins to occupy 15 ML~4.24 nm!.

When the annealing temperature is as high as 700 °C
local indium concentration in the thickening delta layer b
comes too low to be detectable in the HREM imaging mo
In addition, the growing As clusters obscure the contras
the delta layer in the 200 DF image. In this case, the e
mated thickness of the In-containing layer for 0.5 ML i
dium deposit is 6 nm as extracted from the 200 DF imag

The In concentration profile across an In delta layer a
the intermixing can be deduced then from the conventio
diffusion equation:

]

]t
cIn~z,t !5D In–Ga~T!

]2

]z2 cIn~z,t !, ~1!

wherecIn(z,t) is the In concentration, andD In–Ga(T) is the
In–Ga interdiffusion diffusivity. If we accept that the In dis
tribution in the as-grown sample is described by Gauss e
function

x~z!5
x0d002

A2ps0

expS 2
z2

2s0
2D ~2!

@x(z) –In mole fraction, x0–its nominal value,
d002–monolayer thickness, i.e., 002 interplanar distan
s0–dispersion# the analytical solution of Eq.~1! is also
Gaussian with the dispersions that is connected with the
interdiffusion coefficient as

2D In–Ga~T!t5s22s0
2. ~3!

To extracts from the experimental delta-layer thickness o
has to understand what minimum In content is distingui
able from the TEM image; that is at what level of the
concentration the delta-layer thickness has been measu
An as-grown LT-GaAs sample delta doped with In to vario
nominal content was studied for this purpose. Figure 2
hibits 002 DF image of the as-grown LT-GaAs film whe
the nominal In content is reduced from 0.5 ML in the upp

FIG. 2. Cross-sectional TEM micrograph taken in 002 reflection from L
GaAs sample with various In content in delta layers. Arrows at the right s
show the positions of the In delta layers, and the numbers give the nom
In deposit in ML.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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delta layer down to 0.006 ML in the bottom one. The la
delta layer confidently seen in the image has a nomina
content of 0.018 ML. Taking into account the fact that t
delta-layer thickness in the as-grown sample is 4 ML,
estimate the threshold In mole fractionxth to be 0.005. Then
s can be calculated numerically from the measured de
layer thicknessw using the equation

w2

8s2 5 ln
x0

xth
2 ln

A2ps

d002
. ~4!

We calculated the effective In–Ga interdiffusion diffusivi
for the temperatures 500, 600, and 700 °C regarding
delta-layer thicknesses measured from 200 DF images a
full width of the In distribution at the levelxth50.005 In
mole fraction. Figure 3 shows the Arrhenius plot of the
fective interdiffusion diffusivityD In–Ga. The least square fi
~straight line in Fig. 3! yields the temperature dependen
D In–Ga5 f (T) as

D In–Ga55.1310212exp~21.08 eV/kT! cm2/s. ~5!

An activation energy of 1.160.3 eV is obtained, with the
accuracy being determined by the standard deviation of
least square fit taking into account both the dispersion of
experimental points in Fig. 3 and the random error in
delta-layer thickness measurements. For stoichiometric In
GaAs, the interdiffusion diffusivity in the temperature ran
750–850 °C has an activation energy of 1.93 eV14 which is
close to the reported experimental migration enthalpy
gallium vacanciesHm .16–18 In our approach we have re
gardedD In–Ga as a time independent constant despite
creasing VGa concentration during annealing. In this cas
when the annealing duration is long enough to attain
steady state, the obtained activation energyEd is the differ-
ence between the migration enthalpyHm and the annihilation
enthalpyHa . Accepting a value of 1.9 eV as the migratio
enthalpy of gallium vacancyHm , we estimate the annihila
tion enthalpy for gallium vacancyHa to be 0.8 eV. This
value is similar to that obtained by Lahiriet al.,10 assuming
linear diffusion with a time-dependent diffusion coefficie
~due to annihilation of VGa in LT AlAs/GaAs multiple quan-
tum wells!.

In conclusion, we have performed a TEM study of low
temperature grown GaAs films with indium delta layers. T
delta layers in the as-grown film are found to be as thick
four monolayers independently of a nominal In deposit
0.5 or 1 ML. The delta-layer width of the as-grown samp

FIG. 3. Arrhenius plot of effective In–Ga interdiffusion diffusivityD In–Ga.
The vertical symbol size corresponds to error bar. The activation energ
1.160.3 eV.
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reflects the film surface roughness during the lo
temperature growth. A pronounced In–Ga intermixing is o
served in the films subjected to 500–700 °C isochronal
neals. To find the diffusivity we have defined experimenta
the smallest indium content observable in 002 DF mode
be 0.005 mole fraction and regarded the measured In de
layer thickness as the width of In concentration profile at t
level. The In–Ga interdiffusion diffusivity is greater by a
most two orders of magnitude than that of a stoichiome
material. The effective activation energy for In–Ga interd
fusion is found to be 1.160.3 eV, which is significantly less
than the value of 1.93 eV for stoichiometric GaAs. We co
sider this difference to be due to a loss of the gallium v
cancy supersaturation upon annealing that is consistent
an annihilation enthalpy of 0.8 eV.
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