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Differences between In diffusion through InAs/AlAs and InAs/GaAs interfaces have been studied by
X-ray diffraction in two crystals grown on GaAs(001) substrates by atemic layer molecular beam
epitaxy. The two samples were designed to include one InAs layer into an AlAs/GaAs superlattice,

the first in the growth sequence (GaAs) (InAs)(AlAs), .

. . and the second in (AlAs) (InAs)(GaAs),

. ... It is shown that both growths produce the same extension In/Ga diffusion along five layers,

although with different deformation of the interlayer spacings.

Introduction

Previous characterizations of epitaxially
grown superlattices by X-ray diffraction
(XRD) (I, 2) have shown this technique
to be useful to fit a growth model, even
including some interface diffusion (3),
which, nevertheless, is difficult to distin-
guish from interface roughness by this
technique. The diffusion control of group
IIT elements in III-V heterostructures is
important for device performance. The
aim of this work is to model by XRD the
In/Al and In/Ga interdiffusion in two
AlAs/GaAs superlattices with an InAs
monolayer inserted before the AlAs barrier
in the first and after it in the second.
Both samples being grown by atomic layer
molecular beam epitaxy (ALMBE) on
GaAs(001) substrates («).

* To whom correspondence should be addressed,

381

@ 1993 Academic Press, Inc.

Experimental Superlattice X-Ray Spectra

Two samples, A and B, were grown by
ALMBE with 36 periods in the sequences
A: (GaAs){(InAsg),(AlAs); and B: (AlAs),
(InAs),(GaAs);, both on GaAs(001) sub-
strates at 400°C with a growth rate of |
monolayer/sec. Plate-shaped fragments of
these samples of ~1 mm? were fixed to capil-
laries on their substrate side and mounted
on a goniometer head with the superlattice
(SL) growth direction (001} parallel to its
rotation axis. The X-ray spectra were mea-
sured on a four-circle diffractometer so that
the X-ray beam was always incident on the
SL side. CuKa graphite monochromated ra-
diation was used at 25 mA and 50 kV. Once
the SL unit cell had been oriented, the whole
intensity profile from 2° to 68° () along the
{001)SL direction was recorded in the 6/26
mode, using a 0.03° (20) step scanning, with
15 sec per step and a 0.5° (26) thin slit before
the detector. The GaAs substrate peaks (S),
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(002), (004), and (006), were also recorded
with intensities ~20 times stronger than the
corresponding SL zero orders, whose peaks
could be separated in the recorded profiles
from the (004)S and (006)S, but not from
(002)S peaks.

The integrated XRD step-scanned intensi-
ties of the observed peaks in samples A and
B were reduced to observed structure fac-
tors F,(000) by Lorentz and polarization
corrections. No absorption correction was
applied, as the usual procedures for plate-
shaped samples did not work for this ex-
tremely thin one of ~1640 A thickness.
There were ~30 observed SL reflections,
but those SL orders greater than 4 were not
considered for the XRD analysis, as experi-
mental growth defects reduce the intensity
of high-order satellites (2). The reflections
(003)SL. were also rejected due to their prox-
imity to the direct beam.

Results and Discussion
{a) Analysis of the XRD Spectra

The total number of layers in the unit cell
for samples A and B was found to be 16 by
indexing the satellites near (002)S as (0, 0,
16 = HSL (1). The superperiods C were mea-
sured using a finer scan around the (006)S
peaks (0.01° (26) step scanning at 10 sec per
step}. The observed spacings of the (0, 0,
47), (0, 0, 48), and (0, 0, 49)SL peaks were
corrected with the shifts observed for the
(006)S of GaAs, and the C values were cal-
culated as 48 x [(d(0, 0, 47) + (0, 0, 49))/
2 + d(0, 0, 48)]/2, being 45.49(1) A for sam-
ple A and 45.53(2) A for sample B. These
C values predict distances between the sat-
ellites at both sides of the zero orders

shorter than those¢ observed, representative -

differences being for (0, 0, 16 = 1)SL satel-
lites 0f 0.04° in sample A and 0.10° in sample
B. This incommensurability means that
while the average heterostructure, obtained
from the SL zero-order peaks, with a sublat-
tice of ~5.6 A, is quite periodic, it does not
happen the same in the whole superlattice
of ~45.5 A, where some structural features,

FAYOS AND PEREZ-MENDEZ

such as interface diffusion or interface
roughness (2), are not so periodic along the
growing direction.

It was also observed that the SL peaks
were only 30% wider than the substrate
ones, very narrow peaks indeed as com-
pared with those of (InAs)g(AlAs), (3),
which were 120% wider. Hence, the large
size expected for the crystal domains in a
GaAs/AlAs SL, due to the low lattice mis-
match (ay(GaAs) = 5.652 and gyi(AlAs) =
5.660 A), does not decrease, as would be
expected, when a monolayer of InAs
(ai(InAs) = 6.052 A) is inserted. All of this
suggests that some In diffuses within the lat-
tices.

(b) Fitting of the SL Growth Models to
the Observed XRD Intensities

Samples A and B were differently grown,
and their observed XRD spectra are clearly
different, as shown in Table I. We expected
then to find two different growth models for
them. Such meodels, including the above-
mentioned In diffusion, would have three
blocks: two with pure GaAs and AlAs and
a third (mix) with atomic diffusion or statisti-
cally disordered (Ga/Al/In)As layers. The
presence of both interfaces and diffusion,
strain the crystais and deform the interlayer
spacings d, of GaAs, AlAs, and InAs,
which, together with the extent of the In
diffusion, produce many variables to be fit-
ted with the ~25 intensity data. Hence, we
did two consecutive approaches to fit those
models to the observed (00!) spectra.

In the first approach, the same partial pop-
ulations for ¢very chemical species p(Ga),
p(Al), and p(In) are forced to be equal in
every layer of the mix btock. That is, a
layer formula, [GaAsl.galGaycaAl N
AS]ymiglAlAs]ap, which corresponds to
the growth direction of sample A from left
to right, and from right to left for B. Hence
the whole formula is Ga, Al In As;, where
x = n(Ga) + n(mix) X p(Ga), y = n(Al) +
a(mix) - p(AD), and z = n(mix) x p(In).
We assumed p(Ga) + p(Al) + p(In) = 1 per
layer, i.e., the total content of III-¢lements
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TABLE I

LisT oF F,, AND F_; STRUCTURE FACTORS OF THE
MoODELS FOR SAMPLES A AND B, AFTER THE
secoND FITTING

Sample A Sample B
! Fps Feal Fops Fca]
3 15 30 11 29
4 3 3 2 4
5 4 19 5 i8
g 2 5
e 6 18 4 17
12 2 5 4 3
13 22 26 19 25
14 3 4 7 5
15 96 91 82 82
Z 167 123 123
17 78 74 85 85
18 7 7 11 2
19 16 19 18 21
20 3 2 4 4
21° 5 12 6 i3
22 2 5
25¢ 3 7
26° 3 4
27 h 8 7 1n
28 3 5 8 2
29 12 7 1% 14
30 14 10 23 12
31 33 30 60 72
Z32 357 359 373 370
33 16 77 24 28
34 18 10 12 6
35 9 9 7 13
36 5 5
43¢ 3 5
44 2 3
45 7 &
46 2 4
47 29 26 14 19
Z48 41 32 35 35
49 16 14 18 22
50 3 3 8 1
51 4 3

Note. Z denotes the zero-order SL reflections.

 Reflections not used to refine the growth models,
including the { = 16 which could not be separated from
the (002) reflection of the substrate.

designed by ALMBE. The whole number
of bilayers is n{(Ga) + n{mix) + n(Al} =
16, as experimentally proved in the above
section. Finally, one bilayer spacing is con-
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sidered for each species, d,(Ga), 4, (Al},
and 4, (In), which should satisfy x X d;
(Ga) + y x d,(Al) + z x d(In) = C_,,
or i(Ga) x d,(Ga) + n(Al) x d4,(Al) +
n(mix) x d,(mix) = C,, if we define the
spacing of any layer in the mix block as
d,(mix) = p(Ga) x d,(Ga) + p(Al) X
d,(Al) + p(In) x d,(In).

In the second approach the mix block is
relaxed. A variable p{(In) distribution is as-
sumed along the best mix block of the previ-
ous fitting, plus one layer before and one
after.

Initial values of 4,(Ga) and d,(Al) were
calculated as follows: 2d, = g1 + €),),
where €, = —%¢(2¢,)/cy)) and € = (g —
dg) a,. a, is the unstrained periods already
given above. €, and ¢, are the normal
strains and ¢, and ¢, are the elastic con-
stants; 2¢,,/c;, for GaAs and AlAs was cal-
culated to be 0.901 and 0.863, respectively
(5-7). Two values were considered for the
deformed period parallel to the sample
surface q), first g = (7a,(GaAs) + 8a,
(AlAs) + ay(InAs))/16, as it was found for
(InAs)s(AlAS),/GaAs(001) (3); and second,
the period of the substrate aff = a,(GaAs).
The initial &, value for the minor and proba-
bly more strained component, InAs, was
calculated to get Cg,, for the SL period. In
this way, the initial interlayer spacings sets
for GaAs, AlAs, and InAs were [2.814,
2.822, 3.216 (for sample A) or 3.256 (for
sample B) A] and [2.826, 2.834, 3.036(A) or
3.076(B) Al, respectively, for ajand g .

The structure factors £, (00{), for the first
fitting approach, were calculated using the
three terms corresponding to the GaAs,
AlAs and mixed blocks:

Fca](OOI)

== T[(fAS +fGaR}_}E)(RE~,(Sa) _ l)/(RGa _ 1)
+ (fas T+ fmixR:,;'a)RE}(Ea)(an({u:m — 1)/

(anix - 1)
+ (fas T SaRKDRESORMM(RAAD — 1)/
(RA! - l)]

Besides their atomic contents, the blocks
are characterized by vectors (R'? — 1)/
(R; — 1), where i is Ga, Al, or mix, with
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TABLE I
SoME GROWTH MODELS FOR SAMPLES A AND B IN THE FIRST APPROACH FITTING

Sample (%) n(Ga) Al  n(mix)  p(Ga) plAD  pm)  x ¥ 2 d{Ga) d (Al d(Ink By Rp

@  Alg) 7 8 1 o 0 1 7% 1 2814 2822 3216 53 (.49
@ 7 3 1 0 0 1 78 1 282 283 3036 16 033

(b B{a‘b 7 8 1 0 0 1 78 1 2814 2822 325 50 051
@) 7 3 1 0 0 1 7 8 1 1826 2834 3076 25 0M

) A 7 3 1 0 0 1 7 8 1 2826 2856 2860 L7 0.24
B 7 B 1 0 0 1 7 B 1 2840 2840 2930 27 024

() A 7 8 1 0.1 0.6 03 7.1 86 03 2820 2848 3250 20 0.3
B 7 8 1 0.6 0.1 03 7.6 Rl 03 2840 2840 3140 42 O3

(e) A 17 6 8 2 0.2 0.4 04 64 BRR 08 280 2848 3250 30 011
13 s 8 3 0.4 0.4 02 62 92 06 2812 2852 3028 30 0.0

2 4 8 4 0.4 0.2 04 56 88 1.6 2812  28% 2882 30 010

- 34 3 8 5 08 0 02 7 8 1 2808 285 2986 33 0.9

15 2 8 6 0.8 0 0.2 68 8 12 280  2.8% 3002 10 010

B 1t 5 8 3 0.4 0.2 04 62 B6 12 2840 2840 2914 35 012

19 4 8 4 0.4 0.2 64 56 88 16 2840 1840 289 35 0.12

- 49 3 8 5 0.8 0 02 7 38 1 2836 2818 2974 16 0.1

21 2 8 6 0.8 0 02 68 8 12 2824 2840 3006 36 0.3

) A 3 8 5 0.8 0 02 7 8 1 2822 2848 1966 15 0.4
B 3 8 5 08 0 02 7 8 1 2822 2848 2966 35 0.4

Mote. — denotes the best solutions, which are the s1arting point for a second fitting of the distribution of p(In) in the mix block. The superlattice
is divided into three blecks, for GaAs, AlAs, and diffused (mix} Ga/Al/InAs. a(i} gives the number of layers which construct each block. p{i) are
the populations of the atoms Ga, Al, and In, in the (mix) block. The formula is Ga,A]],lnzAsm and 4, (i) are the interlayer spacings. By is the

optimized temperature factor and R is the agreement facter between F,

{among the best 50) with the following a(i) values.

differences of phase of RZ%Y and
REGaIRrmix)  in  between, where R; =
exp(2mild, (i)/C). The atomic scattering fac-
tors are fys, foar far, and fo = p(ADfy +
p(Ga)fs, + p(n)f,. T is the temperature
factor given by T = exp(— By sin® 0(00])/
A%, where By was optimized for any consid-
ered solution.

Taking into account the first approach
conditions, besides By, there are six inde-
pendent variables in F_,(00f), which could
be n(Ga), n(Al), p(Ga), p(Al), d,(Ga), and
d, (Al}, the first four reducible to two if the
total epilayer formula is fixed. Table II
shows the results of the first fitting ap-
proach, whose steps are described below.
The first structure factors calculations were
done assuming the formula Ga,AlgInAs,,
no In diffusion, and the two initial spacing
sets for g and aff, lines (a) and (b). Besides
their high discrepancy R-factors (Rp =
Z|Fops = |[Foull/ZFq), they point to aff as
the better option, which consequently was
taken for next calcuations. Second, the
spacings d  (Ga) and ¢, (Al) were relaxed by
calculating structure factors for all possible

and F_,;. On the lines (), the (%) represent the percentage of solutions

combinations of values in the range 2.80 <
d (Ga) < d,(Al) < 2.86 A at intervals of
0.004 A. The combinations giving the lowest
R-factors are those in Table II(¢). Next, four
variables were taken, the above spacings
plus the populations p(Ga) and p(Al) in the
mix block, which were varied in the range
0 < p(i) << 0.9 at intervals of 0.1. Table I1{d)
shows the best solutions that correspond to
a low content of In, as it is p(In) X nr(mix).
Then, structure factors were calculated for
all possible combinations of values for the
six independent variables, with the follow-
ing ranges and intervals (in the last parenthe-
ses): 0 < n(i) < 15 (1), 0 < p(i) < 0.9 (0.2),
and 2.80 < d, (Ga) < d(Al) < 2.86 A (0.004
A). There were 180,200 such combinations,
all the possible growth models in this ap-
proach, the best 50 of which, with Ry <
0.110 for sample A and Ry < 0.124 for sam-
ple B, were analyzed. Table Il(e} shows,
under (%), the percentage of solutions hav-
ing the following n(i) values, among the 50
best solutions. In the rest of the columns
of Table Il(e) are the correspondent best
solutions for the other variables. These n-
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A — «—B
b o
a Gahs ‘é hlAs
b GaAs Galsln ‘2As AlAs
100°% —
c GaAs AlAs
0 [ InAs . 1
3 78 n=16

F1G. 1. Interface In diffusion for samples A and B.
The arrows at the top indicate the respective growth
directions: (a) the designed layer structure by ALMBE
assuming no diffusion; (b) the first fitting approach of
the diffusion to the XRD data, assuming the same for-
mula for all layers in the mixed block; and (c) the
second approach, fitting also the formula per layer. In
each section, the vertical axis indicates the contents
of each species GaAs, AlAs, and InAs per layer; the
horizontal axis represents the total period of 45.5 Aor
16 bilayers.

set distributions show considerable In/Ga
diffusion in both samples A and B, the best
sets (with — in Table 1I} being n(Ga) = 3,
n{Al) = 8, and n(mix) = 5. It is significant
to show that, although there are some solu-
tions with less In/Ga diffusion (specially for
sample A), only the above (3, 8, 5) best n-
set matches the expected chemical formula.
Figure 1b shows this interface diffusion
compared with the expected layer structure
of Fig. la, where no diffusion is assumed.

As the best models for samples A and B
only differ in their values of d (), we found
of interest to calculate the F_,; of a common
model by averaging these d, (i) between A
and B. The Table II(f) shows the same fit
between this model and both observed spec-
tra, Ry being significantly worse than the
above best solutions (—). This would con-
firm that the differences in the observed
spectra are due to the two different deforma-
tions of the interlayer spacings in A and B,
produced by its two inverted direction of
growth. Although In interchanges with Ga
in any case, the interlayer spacings of the
superlattice become more homogeneous
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when, as in B, In diffuses in the direction
of the growth.

The best solutions reached by the above
first fitting, i.e., those (3, 8, 3) n-sets in Table
I1(e}, were the starting points for the second
fitting approach, where it was assumed a
continuous In diffusion along seven layers,
two more than the best n(mix), with the
formula

(GaAs){(Ga/In, As);(Ga/In/Al, As)
(Al/In,As)HAlAs),,

which seems reasonable for a favored Ga/In
interdiffusion. Then, the atomic populations
of every layer in the diffused { } block were
least squares refined (8). Both, the assumed
formula, the best B, values and the best
d,-sets of the first fitting approach, were
fixed; and p,(In) were constrained to in-
crease from the borders of the diffused block
to the (Ga/In/Al, As) layer. These refine-
ments gave the same diffusion profile for the
samples A and B,

(GaAs),{(Ga g;In g;AsHGa g,In zAs),
(Ga 55In 3 Al ;;As)(Al gln ;As)}(AlAs),,

which shows no significant difference with
the flat solutions imposed by the first fitting
approach, having also the same R-factors,
0.09 and 0.11, respectively, for both sam-
ples. Table 1 lists the observed F, and the
calculated F_, after this second fitting of the
models, which corresponds to the interface
diffusion shown in Fig. 1c.

Conclusions

The observed periods C,, of the superlat-
tices GaAs/InAs/AlAs (A) and AlAs/InAs/
GaAs (B) are very close, suggesting similar
contents in the cell. The best structural mod-
els fitting the observed XRD spectra confirm
the expected formula for both Ga,AlgInAs,,,
with the same In/Ga diffusion along five lay-
ers, but obviously in the opposite direction.
This fitting also shows that significant differ-
ences between the observed spectra of A and
B are due to different deformation of their in-
terlayer spacings, which become more simi-
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lar if In diffuses, as in B, in the growth direc-
tion. About the ambiguity between diffusion
andinterface roughness, twofacts support In
diffusion. First, the narrow SL peaks ob-
served, which would correspond to large
crystal domains, due to the relaxation of the
lattice mismatch by In diffusion. Second, the
preference of the In/Ga interface diffusion
versus the In/Al, which seems to be unre-
lated with any interface roughness during the
sample growth. Finally, the high-tempera-
ture factors optimized to By = 3.5 A2and the
observed SL incommensurability are proba-
bly due tothe atomic random disorder caused
by the In/Ga diffusion.
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