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X-ray-diffraction measurement of interface structure in GaAs/Si(001)
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We have developed an x-ray-diffraction technique that provides depth sensitivity to the near-

interface region of a thick, nonregistered film. By measuring the intensity profiles along the Si[001]
substrate crystal truncation rods, we compare the diffraction from the Si/GaAs interface with a
model based on a grid of misfit dislocations. We find that the interface atoms have a root-mean-

square displacement of 1.09+0.10 A and that the interface has a roughness of 2.9+1.0 A. The
diffraction indicates an anomalously small strain perpendicular to the interface in the GaAs near

the interface.

I. INTRODUCTION

Heteroepitaxial growth is frequently frustrated by lat-
tice misfit. For thin films, a small misfit may be accom-
modated by growing a defect-free strained film in registry
with the substrate. At a critical thickness, a registered
film becomes unstable as dislocations nucleate, taking
film and substrate out of registry. ' Beyond this thickness,
a defect-free film can be grown only by localizing these
misfit dislocations at the interface.

One heteroepitaxial system of great potential for elec-
tronics applications is GaAs on Si. ' Registered GaAs
films have not been grown, so a variety of growth
methods have been developed to confine misfit disloca-
tions to the GaAs/Si interface, including an initial
growth at reduced temperature, ' use of a strained-layer
superlattice buffer, ' and growth on vicinally cut sub-
strates. This confinement of dislocations has given
rise to increased electron mobility.

%'ith proper growth techniques, dislocation density is
very low far from the interface; about 10 cm at a dis-
tance near 2 pm in one case. X-ray-diffraction measure-
ments of a thinner sample show a linear gradient in strain

0
normal to the interface of 0.8%%uo across the 900-A-film
thickness, ' implying that 80% of the misfit is accommo-
dated near the interface.

High-resolution electron microscopy does indeed show
an array of dislocations in small areas of the GaAs/Si in-
terface. '" To obtain a quantitative measure of the local-
ization of dislocations over a macroscopic area of inter-
face we have developed an x-ray-diffraction technique for
measuring residual registry in incommensurate films.

We obtain sensitivity to the near-interface region by
measuring the intensity profile along the Si surface trun-

cation rod. The integrated intensity is proportional to
the square of the modulus of the scattering amplitude

QoF(Q)= g f, (Q)e (1)
J

0
where a0=5.431 A is the Si lattice constant, A is the
area of the interface, and fj and r. are the scattering fac-
tor and position of each atom. For the (001) interface
studied, F is nonzero only when the reciprocal lattice vec-
tor (RLV) Q= 2'(h, k, 1)/ao with integral h and k in units
of the Si lattice. I varies continuously to form a crystal
truncation rod. Because the Si substrate is virtually de-
fect free, it contributes to F(Q) only near its Bragg
peaks. Since GaAs has a different lattice constant, the re-
gions of the first few layers of the film lying in registry
with the substrate will yield scattering at a somewhat
different value of l along the Si rod.

Similar measurements have proven useful in the study
of a fully registered thin film. ' Here the same technique
is applied to make depth-sensitive measurements of a
thick film, which is in partial registry only near the inter-
face.

II. EXPERIMENTAL

The (001) Si substrate was degreased and subjected to a
metal-removal process and a series of oxidation-
deoxidation cycles to reduce carbon contamination. The
last oxide, which was left on the surface, was grown in a
5:3:3 (H20:HC1:H2O2) solution. This volatile oxide is re-
moved by thermal outgassing at 1000 C under vacuum
just prior to growth. The GaAs layer was then grown at
a substrate temperature of 510'C and a growth rate of 0.2
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(u,m/h to a thickness of 900 A.
X-ray-diffraction measurements were made at beamline

X-14 of the National Synchrotron Light Source. ' In-
cident flux was monitored by a N2-filled ion chamber,
calibrated by a p-i-n diode, which was in turn calibrated
to a scintillation counter using a weaker beam. Typical
Aux was 1011 sec-l; the wavelength was A, =1.410 A.
The sample was mounted in vacuum under a 0.02-in. -

thick beryllium dome. Data were collected with incident
and scattered beams at equal angles to the surface. A 2
mm (in-plane) X4 mm (out-of-plane) slit upstream of the
sample ensured that the sample collected the full beam at
all angles. The incident beam was focused on a 1X2
mm receiving slit upstream of a scintillation counter.
The focal spot is 0.5 X 1.0 mm . By keeping the receiving
slit as narrow as possible we collect a minimum of the
diffuse scattering associated with short-range order in the
film. Even so, our data are restricted to lower angles; at
high angles this diffuse scattering obscures the sharp
truncation rods.

At each point along the crystal truncation rod we scan
across the rod and subtract a smooth background to
determine peak intensity. To verify that the features we
observe are indeed due to the Si/GaAs interface, we re-
placed the slits upstream of the counter with a Ge(111)
analyzer crystal and reproduced the data from
Q =2'(1, 1,0.5)/ao to Q =2'(1, 1, 1.2)/ao. This
confirms that the scattering follows a sharp rod in re-
ciprocal space, matching the Si periodicity to within one
part in 10 . Since we know the GaAs film to be poorly
ordered, this long-range order must be at the interface.

Because we are treating weak scattering, we apply the
Born approximation. For the out-of-plane polarization
used here the cross section is'

where o.T=7.94X10 cm is the Thompson cross sec-
tion. If the receiving slit is of sufFicient area, the detector
will integrate over all diffracted beam directions Q. To
convert this to a two-dimensional integral in reciprocal
space, we use the relation dA, =L, dh dk, where

6 Si l(111) .
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FIG. 1. Scattering intensity along the (11I)Si truncation rod,
observed (circles) and calculated for a grid of misfit dislocations,
with no adjustable parameters.

IF(Q(l'= (pe ' ~f, (Q(e
J

Ao is the cross section of the incident beam, and 2 is the
active area of the sample. ' For larger values of y the re-
ceiving slit admits the entire diffracted beam, so 3 is sim-
ply the footprint of the incident beam
3 =AD/(sinOsiny). For smaller y, the active area is
determined by the in-plane (i.e., vertical) widths L& and
L, 2 of the incident beam and receiving slit
A =L&L2/(sin20cosy). Uncertainty in the incident-
beam profile results in uncertainty of up to 30% in the
active area; this is the principle source of experimental
error, which has the greatest effect on determination of
the Debye-Wailer factor. '

Our data reduction uses the peak intensity of a scan
across the rod, allowing the detector to integrate across
the rod, rather than using the established technique using
an integrated intensity. ' ' We may do so here because

L = (X/ao ) (sin8 sing)

is the modified Lorentz factor and 0 and g are goniome-
ter angles as defined in Busing and Levy. ' Integrating
Eq. (2), the ratio of scattered to incident Aux is

I/Io= 2' e J' '
J

e' 'J
o e (4)

0

O -, 0
0

0
0

where ( ) indicates an average over ao Xao Si unit cells
and m is a Debye-Wailer factor. From our data we ex-
tract

1.0

plotted as circles in Figs. 1 and 2; from Eq. (4)

FIG. 2. Scattering intensity along the (20l) Si truncation rod,
observed (circles) and calculated for a grid of misfit dislocations,
with no adjustable parameters.
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incident-beam divergence and sample mosaic are of negli-
gible importance. The advantage is that peak intensity is
less sensitive to uncertainty in instrumental resolution
than is integrated intensity.

III. MODEL

We compare the observed scattering with that pro-
duced by a perfectly ordered grid of misfit dislocations at
the interface. Well-ordered GaAs/Si interfaces have
been found" to develop a lattice of misfit dislocations
with Burgers vectors of [—,

'
—,'0] and [ —,

'
—,'0]. The strain at

such an interface has been calculated by van der Merwe'

by treating each crystal as an isotropic continuum elastic
medium. The continuum approximation is justified for
dislocation spacing (96 A) much larger than the lattice
parameter (3.84 A for the primitive cell). The van der
Merwe model treats infinite crystals, a good approxima-
tion since the interface strain falls off exponentially far
from the interface with a 15-A decay length. Since Si has
a higher modulus than GaAs and the model takes them
to be equal, we will overestimate the strain in Si and un-
derestimate it in GaAs. We use a Poisson s ration of 0.30
for both Si and GaAs. The GaAs lattice constant is well
approximated by 25ao/24, corresponding to the 4.1%
misfit.

Figures 3 and 4 show the atom positions calculated us-

ing this model for two planes of atoms. Figure 3 depicts
the first plane of GaAs atoms, dilated near the dislocation
lines (solid lines). The small square outlines a 5.65-A cu-
bic unit cell. As can be seen in Fig. 4, which shows the
plane orthogonal to Fig. 3 through the dashed line in Fig.
3, the Si (solid circles) and GaAs (open circles) atoms are
in registry except near the dislocation at the center of the
figure. The GaAs within 12 A of the interface is
compressed in the plane of the interface and dilated out
of plane between dislocations, dilated in plane and
compressed out of the plane near a dislocation line. Fur-
ther from the interface this behavior is reversed. The in-
terference we observe along the Si truncation rods is due
to the regions between dislocations near the interface,
where atoms are in registry.

From Eq. (1) we calculate F(Q) using the Ge form fac-
tor as an average for As+ and G a ions. ' Since the
strain falls off exponentially with distance from the inter-

0

face, we treat atoms within 100 A of the interface using
the van der Merwe model. Silicon atoms below this re-
gion are taken to be at their bulk lattice sites; GaAs
atoms above do not contribute to the truncation rod. Ex-

0

tending the modeled region to 150 A in either direction
does not significantly alter the results. The small, rapid
oscillations in the calculated values of ~F~ are artifacts of
this 100-A limit.

In Figs. 1 and 2 we compare our data (circles) to the
van der Merwe model (lines), showing ~Fs, ~

and ~Fz,A, ~

as well as the total ~Fs;+F~,~, ~
. The model reproduces

qualitatively the principal features of the data; after a dis-
cussion of these features we will describe how disorder in
the interface produces the large quantitative differences
between model and data. The model illustrated here in-
cludes no adjustable parameters.

In both our calculation and our measurement, GaAs

FICx. 3. van der Merwe model of the first [001]plane of CxaAs
atoms, showing compression near misfit dislocations (solid
lines). The dashed line is the plane shown in Fig. 4. The box is
a 5.65-A cubic unit cell.

produces a peak on the low-l side of each Si Bragg peak,
which we will refer to as the interface peak. Because the
GaAs has a larger lattice parameter than Si, its un-
strained bulk peaks appear at values of h, k, and I, which
are 4% contracted from the Si reciprocal lattice. For the
case of a thick GaAs film constrained in plane by the
denser Si substrate and smaller Si thermal contraction,
peaks are shifted toward higher h and k and lower I rela-
tive to the ideal GaAs peaks. This corresponds to in-
plane contraction and the resulting out-of-plane Poisson
expansion. As the film is not registered, it does not
match the substrates in-plane spacing and therefore pro-
duces no scattering along the Si truncation rod. Very
near the interface, however, the GaAs lies in partial re-
gistry and so yields the interface peak along the Si trun-
cation rod.

The positions of the interface peaks are related to
strain in the GaAs near the interface, but not in a simple
way: The calculated interface peaks are at (1,1,0.935),
(2,0,1.845), and (1,1,2.865) Si r.l.u. , corresponding to

AVAVAVA0000 OOVAVAVAV
0000000000000000000000 ~ 0 ~ 000000000000000000000
00000000000000000000000000000000000000000000000000
0VOV0V0V0V0V0VOV0V0VOV0V0
00010000000000000000000000000000000000000000000000~ ~ 0 ~ ~ ~ 0 ~ ~ ~ 0 0 ~ 0 ~ 0 ~ ~ ~ ~ ~ ~ ~ ~ 0
00000000000000000000000000000000000000000000000000
000000000000000000000000000000000000001000000Aoo
~ ~ ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0 0 0 ~ ~ ~ ~ ~ ~ ~AVAVAVAVAVAVAVAVOO~ ~ ~ ~ ~ ~ ~ ~ 0 ~ ~ 0 ~ ~ ~ ~ 0 ~ ~ ~ ~ ~ ~ ~ 0
00000000000000000000000000000010010000000000000000
~ ~ 0 0 0 ~ ~ ~ 0 ~ ~ ~ ~ 0 0 0 0 ~ ~ ~ ~ 0 0 000
~ ~ ~ ~ 0 ~ ~ ~ ~ ~ '~ ~ 0 0 ~ 10 ~ ~ ~ ~ 0 ~ ~ ~

FIG. 4. van der Merwe model of the (100) plane at the posi-
tion indicated in Fig. 3. Solid circles are Si atoms, open circles

0

GaAs atoms. The box is a 5.65-A cubic unit cell.
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FIG. 5. Scattering intensity along the (11l) Si truncation rod,
observed (circles) and calculated for a grid of misfit dislocations
with rms displacements of 0.96 A (Si) and 1.09 A (GaAs), inter-

0

face roughness of 2.9 A, and an added strain of 1.5%%uo.

strains normal to the interface 2.8%, 4.2%, and 0.6% rel-
ative to bulk GaAs. Interference of variously strained re-
gions of the interface produces different shifts in the in-
terface peaks.

The widths of the interface peaks are determined by
the distance over which the overlayer falls out of registry
with the substrate. The van der Merwe model predicts
that strain falls off exponentially with a decay length of
15 A, giving interface peak widths near 0.12 r.l.u.
FWHM.

Although the strain calculated for the Si lattice is equal
and opposite to that for the GaAs, the contribution to the
scattering along the Si rods is markedly different. The
scattering due to Si does not change measurably from
that of a truncated crystal near the Bragg peaks. Be-
tween the peaks the scattering is reduced by a factor of 2.
This is characteristic of a diffuse boundary: The Si
periodicity is no longer sharply truncated but falls off
over —15 A due to interfacial strain.

We now consider the difference between calculated and

observed scattering, both the large difference in intensity
and a less obvious discrepancy in peak position. While
the interface peak at (1,1,0.935) is near to the right inten-
sity, the calculated intensities for those at (2,0,1.845) and
(1,1,2.865) are far above the measured intensities (Figs. 1

and 2). Reduced intensity for higher-order peaks is a sig-
nature of atomic displacements from lattice sites: A
root-mean-square (rms) displacement u will give a
scattering factor tailing off as exp[ —8tr u sin 8/(3A, ) ].'
Our final model gives u G,A,

= 1.09+0.10 A and

~s; =0.96+0. 1 A
Making this correction for atomic displacement gives

good agreement at the interface peaks but leaves the cal-
culated intensity higher than that observed between the
peaks. This is characteristic of interface roughness.

We adapt the model developed by Robinson' to de-
scribe surface roughening: A smooth surface is covered
with a layer with fractional occupancy /3, a second layer
with occupancy /3~, and so on. The scattering factor is
proportional to

F(Q) —g (einQ b+ iQ.(nb+t))
n=0

(p2ne inQ b+/32n + )e iQ.inb+t)
)

n=1
(7)

P (1+Pe'Q')(e'Qb —1)
( 1 +e iQ.t )( 1 P2e iQ.b

)
(8)

where b=( —,', 0, —,')ao, t=( —,', —,', —,')ao, and Fo(Q) is the
scattering factor for a Hat surface.

We use Eq. (8) to correct our calculated intensities.
This correction assumes that the interface position Auctu-
ates in steps of Si lattice spacing —,ao, with the Si planes
well below the interface remaining in alignment while the
GaAs planes are misaligned above each step. As a conse-
quence of this assumption, the intensity near the Si peaks
is unaffected by roughness while the intensity of the inter-
face peaks is reduced. To convert the roughness parame-
ter /3 into a distance, we note that the occupancy of sub-—2z/a,strate falls off as P ' =exp( z /r), where-
r = —ao/(4 ln/3). Our final model gives P=0.62 or
r =2.9+1.0 A.

We introduce a third correction to make the calculated
interface peak positions match those observed. We in-
clude a homogeneous contraction of the GaAs film nor-
mal to the interface by (1.5+0.2)%. Here the model in-
cludes four adjustable parameters: strain, interface
roughness, and Debye-Wailer factors for Si and GaAs.
As shown in Figs. 5 and 6, these corrections produce
good agreement with observations. We will discuss these
corrections below.

1.5 2.0
(r. l. u. )

2.5

FIG. 6. Scattering intensity along the (20l) Si truncation rod,
observed (circles) and calculated for a grid of misfit dislocations
with rms displacements of 0.96 A (Si) and 1.09 A (GaAs), inter-
face roughness of 2.9 A, and an added strain of 1.5%.

IV. DISCUSSIQN

We find a high degree of disorder at the interface.
From the fallofF of interface-peak intensity at high angles
we infer a random rms displacement near 1 A of the
atoms near the interface from their positions in the van
der Merwe model structure. This is larger than the 0.80-
A periodic rms displacement of atoms in the layer nearest
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the interface for the model structure from their bulk lat-
tice positions. This is consistent with the observation"
that inclined dislocations and stacking faults occur at
GaAs/Si interfaces with frequency comparable to that of
the edge dislocations in our model. We measure slightly
smaller random displacements for Si (0.96 A) than for
GaAs (1.09 A). For Si we are combining scattering from
undisplaced atoms deeper in the crystal with scattering
from highly displaced atoms near the interface, so we
measure some sort of average.

Due to the large interface roughness and random
atomic displacements, these data cannot be taken as
confirmation of the van der Merwe model on small length
scales: The atoms in the dislocation cores are disordered.
Moreover, the approximations used in the model itself
are not valid in the dislocation core. The strain which
occurs on longer length scales between dislocations is ac-
curately measured by this technique: When measuring a
strain over a 50-A region, we average over small displace-
ments.

We find the GaAs near the interface to be contracted
(1.5+0.2)% normal to the interface, relative to the cal-
culated structure. In the van der Merwe model, the
GaAs and Si are strained in plane by equal and opposite
amounts (2.0%) between dislocation lines. The Poisson
response to this in-plane contraction of the GaAs is a
1.8% expansion out of plane. We expect a somewhat
larger expansion, for two reasons. First, since GaAs has
a lower elastic modulus than Si, strain will be greater in
GaAs and less in Si than calculated. Second, the misfit is
not accommodated at the interface only. X-ray measure-
ments of the widths of the GaAs Bragg peaks show a
0.8% linear gradient across the thickness of the film in
the strain normal to the interface, ' implying that some
20% of the strain is accommodated in the film rather
than at the interface. Thus the GaAs near the interface
will again be more strained than the model suggests, the
Si less strained. We observe the opposite. Subtracting
the (1.5+0.2)% correction from the 1.8% strain predict-
ed by the van der Merwe model, we arrive at an out-of-
plane expansion of only (0.3+0.2)%.

This anomalously smal1 strain may be an intrinsic
feature of the GaAs/Si interface; relaxation is a common
feature at surfaces. We cannot rule out two other possi-

bilities, however. It may be the high degree of disorder
near the interface rather than the interface itself which
modifies the elastic properties of the GaAs. Alternative-
ly, the material close to the interface may indeed be
strained as predicted by the van der Merwe model. The
atoms nearest the interface suffer the most displacement
from their calculated positions, so the scattering will
reAect primarily the less displaced atoms further from the
interface.

Finally, we compare the technique used here, measur-
ing substrate truncation rod intensities, with other
diffraction techniques which are sensitive to buried inter-
faces. The most direct means of determining an interface
structure is to measure the scattering from the interface
reciproca1 lattice. The model that we have developed for
GaAs/Si(001) gives the interface a 136-A periodicity, but
scattering on its reciprocal lattice was too weak to mea-
sure. This is consistent with the disorder we observe: The
dislocations do not form an ordered lattice.

Another technique which exploits the interference be-
tween substrate and overlayer is x-ray standing-wave
iluorescence (XSWF). ' XSWF is complementary to the
measurement of substrate truncation rods. While the
truncation rods contain no scattering from a nonre-
gistered film, XSWF contains no fluorescence from the
substrate. Thus XSWF is an effective technique when the
film is very thin. Fluorescence from a 900-A film would
swamp the weaker interface signal.

Specular x-ray reAectivity gives a measure of interface
roughness. This technique is not directly sensitive to
structural defects such as strain and dislocations. The
sharpest GaAs/Si interfaces found by this technique have
about 10 A roughness, greater than the 2.9+1.0 A found
here.
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