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X-ray diffraction has been used to measure the intensity profile of the two-dimensional rods of scatter-
ing from a single interface buried inside a bulk material. In both Si(111)/a-Si and Si(111)/SiO; exam-
ples there are features in the perpendicular-momentum-transfer dependence which are not expected
from an ideal sharp interface. The diffraction profiles are explained by models with partially ordered
layers extending into the amorphous region. In the Si(111)/a-Si case there is clear evidence of stacking
faults which are attributed to residual 7x7 reconstruction.

PACS numbers: 68.35.Bs, 68.55.Jk

Interfaces between crystals and between crystalline
and amorphous materials have many properties in com-
mon with surfaces, and much could be learned from the
application of surface structural-analysis techniques to
them. Because so many of such techniques involve non-
penetrating probes, this has not been possible in general,
and many details of the atomic arrangements of inter-
faces remain undiscovered. Little is known about inter-
facial roughness, the stabilization of new periodicities
(interfacial reconstruction), and relaxation of perpendic-
ular layer spacings. A very important question relating
to the physics of epitaxy is to what extent order propa-
gates from a crystal into an adjacent amorphous materi-
al.

The Si(111)/a-Si interface which we have chosen to
study has been the subject of several recent investiga-
tions.!"* From cross-sectional electron microscopy it has
been claimed that grains of amorphous silicon (a-Si) are
orientationally oriented with respect to a crystal sub-
strate nearby.! A plan-view transmission-electron dif-
fraction study has shown that the 7x7 periodicity of
clean reconstructed Si(111) is preserved at the inter-
face.? This interface must bear some structural resem-
blance to the clean surface state, and the differences
should contain clues about the mechanism of Si growth
on Si. Si/SiO, interfaces are extremely flat even after
growth of thousands of angstroms of oxide: This is
known from sectional transmission electron microscopy
(TEM)?® as well as low-energy electron diffraction
(LEED) after stripping.* There are even unsolved ques-
tions about the Si(111)-surface structure, which carry
over to Si(111) interfaces. This is especially true of the
vertical structure which has been a subject of recent de-
bate.>$

It is by now well established that traditional x-ray dif-
fraction methods, enhanced by use of synchrotron radia-
tion, can be used to study isolated monolayer structures,

such as liquid-crystal films,” rare gases adsorbed on
graphite,® and reconstructed surfaces.” Recently we
have shown'® that even unreconstructed surfaces give
rise to the rodlike scattering characteristic of two-
dimensional (2D) objects. The so-called crystal trunca-
tion rods (CTR) which appear are due to the termina-
tion of the crystal lattice at a surface. The CTR profile
is related to the abruptness of the crystal-vacuum inter-
face, so that surface roughness information can be ob-
tained.'®!" These principles neatly carry over to the
study of interfaces with the use of x rays, which is our
present subject.

Previously, the observed CTR intensity was' always
uniformly lower than the ideal curve for a perfectly trun-
cated crystal, and this was attributed to roughness.10 In
this paper we present new diffraction results with an
unprecedented oscillatory modulation of the rod pro-
files, and show that this can be attributed to specific
structures at the interface: The Si(111)/a-Si interface
has reversed stacking over half of each of the three
layers which are ordered. We interpret this to be a
direct consequence of reconstruction in the substrate.!?!3
Conversely the Si(111)/SiO; interface is satisfactorily
explained by three fractionally ordered layers and no re-
versed stacking.

Lightly doped n-type Si(111) wafers (~1 Q cm) were
used. They were degreased and cleaned chemically by
repeated oxide growth and removal.'* A final protective
oxide was grown'!* and samples were introduced into a
molecular-beam  epitaxy system (base pressure
<107'°7). After outgassing, the samples were cleaned
by heating to 800°C for 1 min to give sharp LEED pat-
terns and uncontaminated Auger-electron spectra.
Si(111)/a-Si interfaces were then formed by electron-
beam deposition of 50-70 A of Si at room temperature.
These were also found to be reconstructed as evidenced
by +th-order x-ray diffraction peaks; this confirms the
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results of previous electron-diffraction studies.? The
Si(111)/SiO, sample was made by thermal oxidation un-
til an oxide layer of 1000 A was obtained. No +th-order
diffraction was detected.

X-ray diffraction measurements were made on beam-
line VII-2 at the Stanford Synchrotron Radiation Lab-
oratory by use of focussed wiggler radiation of 1.3-A
wavelength, a double Si(111) monochromator, and a
four-circle diffractometer operating in the symmetric
(@ =0) mode.!> The sample was mounted in a roughing
vacuum enclosure with the (111) crystal plane of the
interface accurately aligned perpendicular to ¢ axis.!
No analyzer was used; instead, a 2X10 mm slit was
placed in front of the scintillation detector. This gave
relatively high background levels and poor 26 resolution,
but was the key to obtaining high accuracy. The sym-
metric geometry, with equal angles of incidence and exit
at the samples, ensured maximum penetration to the in-
terface; by keeping the angle of incidence always larger
than 1°, attenuation problems as well as possible refrac-
tion artifacts were avoided completely.

A hexagonal (k) unit cell for Si was chosen for all cal-
culations by a coordinate transformation from cubic (c)
in reciprocal space:

(100), =+ (422),, (010), =+(224),,
1
001),=<011)..

Thus momentum transfer in the direction normal to the
interface is represented by a pure index /. Figure 1
shows measurements of the (10/), and (01/), rods, con-
tinuous functions of / which pass through bulk Bragg re-
flections at (105); =(311),, (011),=(111),, (0.14),
=(220),, and (017),=(331),. Since measurements
were only permitted for />0, because the interface
could not be reached from behind the sample, the two
rods are combined as a single plot by means of the bulk-
symmetry transformation (107),=(01/);. Each of the
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FIG. 1. Measurement of the integrated intensity of the
(101)4 and (011), crystal truncation rods for the Si(111)/a-Si
interface as a function of /. The two profiles have been merged
at /=0. The intensity diverges at three bulk Bragg reflections;
reliable subtraction of thermal diffuse scattering was not possi-
ble closer than shown.

92 measured points corresponds to a rocking scan of the
diffractometer @ angle showing a resolution-limited peak
at the position of the CTR. The intensity was integrated
and background subtracted, then corrected for Lorentz
factor (sin20)'® and changes in active area (sin20).!
Finally the Si form factor was divided out'® to obtain the
square of the structure factor.

The exact functional form for the CTR structure fac-
tor'® of a diamond lattice ending with a (111), *“double
layer” can be shown to be

|FQ(10D), |

—coslz(4+1)/12] {

sin(zl) 14+2cos2z(1+0)/313. (@)

This has the /~! divergence at the Bragg peaks
I =5,—1,—4,—17, but not at /=2 which is systematical-
ly absent in diamond [(102); =(200).]. The square of
Eq. (2) is plotted as the dashed curve in Fig. 1, which
fits a scale factor and Debye-Waller factor to the mea-
surements closest to the Bragg peaks.

While the data do bear some resemblance to this ideal
curve, an additional modulation is present which must be
attributed to the details of the interfacial structure. The
data show broad maxima near /=1 and /=4 where the
measured intensity actually exceeds the theoretical value
for an ideal truncated surface. Because these mimic the
Bragg peaks at /=—1 and / = —4, we are persuaded
that some layers with reversed stacking sequence, whose
diffraction pattern is the mirror image in the (111),
plane, are present at the interface.

The solid curve in Fig. 1 was obtained by building the
model of Fig. 2 and least-squares refining its parameters.
We assume bulk crystal from z = — oo to z =0 with nor-
mal diamond stacking, - - - 4aCcBbAa |, where the letter

NORMAL STACKING
,33=0.09

REVERSED STACKING
5= 0.08 23=57/12

B,=0.32 2,=4.1/12

Y,=0.44 =0.36 2;=0.9/12

a @,=0.84 25=0

A z=-3/12
S

b ' z=-4/12

FIG. 2. Model of the Si(111)/a-Si interface and refined
parameter values. Regions with normal stacking sequence
-+ -cBbAaCcB and reversed sequence - - - cBbAaBbC coexist in
the interface. Parameters aj, B;, and y; are statistical occu-
pancies (in units of monolayers) of sites 4, B, and C in the jth
layer above the interface. Parameters z; are layer heights in
fractions of the hexagonal unit cell parameter (v3a0=9.41 A).
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denotes the registry and upper case refers to the upper
half of a double layer. The “a” layer at z¢o =0 is allowed
to have partial occupancy, ag. The next layer at z; = {3
(hexagonal crystallographic units) has fraction B, of *B”
(reversed stacking) and fraction y; of “C” (normal).
On top of this comes a layer at z,= {5 with fraction B,
of “b” and y, “c.” Three extra layers altogether were
needed to obtain a good fit. After the layer occupancies
had refined, the heights z, to z3 were also allowed to
vary. Parameter uncertainties were around = 0.05
monolayers in occupancy and +0.1/12 (0.08) A in posi-
tion.

Our analysis up to this point has provided a model to
explain the diffraction data. We have made no assump-
tions about the origins of its components, yet when we
compare it with the accepted model of clean reconstruct-
ed Si(111)7x7,'2!3 there is a very obvious correspon-
dence. From the Takayanagi model'? the layer contain-
ing dimers appears here at z =0; the layer with “stack-
ing faults” at z; = {5; the layer with adatoms has van-
ished altogether. The theoretical layer occupancies from
that model assuming a dimer displacement of A=0.17
unit cells!> would be ao=1[40+8cos(27A)1/49=0.89,
Bi=71=2% =0.43. All three coefficients are close to
our determined values. The layers at z,=175 and
z3=1; are not in the Takayanagi structure and must
therefore be ordered layers originating from the a-Si.
The first extra layer (z;) is 80% ordered relative to the
layer beneath; this is reasonable because these bonds are
perpendicular to the interface. The second extra layer
(z3) is only 25% ordered relative to z;. Layerwise order-
ing on the amorphous side of the Si(111)/a-Si interface
was also seen by sectional TEM,? although the exact lo-
cation of the interface was unclear; here the interface is
unambiguously located by the presence of reversed
stacking. Finally, we note that the slight asymmetry be-
tween the normal and reversed stacking regions can be
explained by occasional variations of the interface height
over the 5000-A coherence length.

The average layer spacings in the newly ordered re-
gion are somewhat expanded from the ideal values for
the diamond lattice. The most significant of these,
z3—z,=18 is probably due to the disorder in the top
layer: An atom in z3 with only one or two bonds to the
z3 layer will tend to be higher up if the bonds can bend
slightly. The layer spacings in the reconstructed region
show no significant departure from ideality. When the
position zo was allowed to vary, no significant change
was found either. We conclude that the bonding in the
reconstructed interface is relatively unstrained, in con-
trast to x-ray standing-wave studies of the clean recon-
structed surface,’ which see a contraction of % of a
hexagonal unit cell (0.5 A), but in agreement with
standing-wave measurements of a Ge monolayer buried
at the Si(111)/a-Si interface.®

Figure 3 shows analogous measurements of the (10/),
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FIG. 3. Measurement of the Si(111)/SiO; interface, as in
Fig. 1.

and (01/), rods for the Si(111)/SiO, interface. The
same model of Fig. 2 was used to obtain the fit, but with
the reversed occupancies By =p,=7y3=0. The refined
values of the remaining layer occupancies were ag=1.03,
71=0.75, y,=0.32, B3=0.26, and the layer positions
z1=0.9, z,=4.1, z3=5.0. These values assume that the
ordered atoms are Si: We cannot tell whether any or-
dered O is present. Our interpretation of this result is
that the Si(111)/SiO; interface is extremely flat, with
the partial occupancy of the upper double layer (z, and
z3) being due to monolayer height variations over the
5000-A instrumental coherence length. This agrees with
electron-microscope observations.3

We may now consider the implications of our results
for the mode of interface growth. When a-Si is deposit-
ed on the clean reconstructed Si(111)7x7 surface at
room temperature, enough energy is released apparently
for the bonds connecting the adatoms to be broken, but
not enough for the “stacking fault” and dimer features
of the structure to be disturbed. The “dangling bond”
contribution to the free energy of a surface in vacuum
disappears when an ¢-Si interface forms; the adatoms,
which each saturate three would-be dangling bonds in
the “stacking fault” layer, become destabilized. The
first a-Si layer attaches with high efficiency to the
“stacking fault” instead, and occupies the “atop” site
(see Fig. 2). The next layer in the amorphous region is
only partially ordered, with a configuration that is far
from ideal, as evidenced by the enlarged layer spacing.
It is significant that the “stacking fault” and dimer con-
figuration is not altered: Presumably at elevated tem-
peratures it becomes unstable and the topological re-
arrangement necessary to form bulk Si takes place.
Such is the nature of epitaxial growth.

X-ray rod profile analysis is likely to become a very
general technique for investigating interface structures.
The use of x rays allows access to buried interfaces that
less-penetrating probes cannot reach. Diffraction from
the bulk substrate appears only at singular points which
are excluded from the analysis, while the contributions
from the unordered amorphous region are diffuse in all
directions (except the specular line) and so are subtract-
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ed as background. Thus we separate for analysis only
the diffraction that is localized in 2D, but diffuse in the
direction normal to the interface. This spatial filtering
allows us to pick out a few atomic layers which are or-
dered at the interface from the ~10° layers of material
probed. We note that this technique is analogous to
understanding I-V curves in LEED, except, of course,
the kinematical approximation accurately holds in the
x-ray case. It was the observation of mirror images of
Bragg peaks in integer-order LEED data, just as in Fig.
1, that led to the original proposal that “stacking faults”
were involved with the Si(111)7% 7 surface.'
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