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Interface siructures have relauvuy few general means available for their study. Surfaces, on the n\her hand. are widely
ible with electron-ba i X-ray dif ion has the i of being ¢ ta detect a
single layer of atoms, but at lhe same time being sufficiently penetrating ta reach buried interfaces. It can lh:rc[l e be used equally
with surfaces and interfaces. The first half of this paper introduces the ical basis of the “schnique. surface
and interface structures studied so far reveal the widespread importance of sirain fields. often affecting scveral layers. Simple
examples of this phenomenon are the Si(111) and Si(100) clean surface reconstructions. but the effects are just as important in
adsorbale-induced siructures, such as Pb/Si{111) or B/Si(111). Inclusion of the strain contributions 1o the free energy of these
systems is essentiul for a theoretical understanding of why these siructures are stable. Co,Si/Si111). Co,Si/Si(100), and
B-Si(1113/8i(111) interfaces also show some of the sume effects.

1. Introduction

This paper discusses the application of X-ray
diffraction to the study of surface and interface
structures. The techniques described are already
in limited use, but are likely to become more
widespread in the future, particularly when based
on a source of synchrotron radiation such as the
European Synchrotron Radiation Facility (ESRF),
presently under censtruction in Grenoble. In
recognition of this potential, one of the first tcn
beamlines therc is being dedicated entirely to
surfaces and interfaces.

An interface is an internal surface, the bound-
ary between two media that may be crystalline,
amorphous solid or liquid. Its close similarity with
a surface, a solid—vacuum boundary, means that
the two problems may be handled analogously
from the point of view of X-ray diffraction. Tradi-
tional, electron-based surface methods were de-
vcloped to be non-penetrating in order to have
surface sensitivity. This works against us in the
interface situation by requiring the usc of ex-
tremely thin samples, on one side of the inter-
face, at least. This means special handling of
samples in some cases and raises the possibility of

artifactual results. Of the various methods, X-ray
diffraction is the most penetrating and least sur-
face sensitive; it probably has the greatest poten-
tial for widespread use in interface science.

We will define structure as atomic structrre
for this purpose: we are interested in the cooran
nates of atoms at the intesface and their relfation
to bulk structures on one or both sides. For this
reason we will consider only interfaces which are
crystalline on at least one side. Since crystals are
by far our strongest structural reference point,
much less can be said about other interfaces. We
will also consider the morphology of an interface,
defined as the boundary of the crystal(s} that
demarcates the interfuce, also at the atomic level,
This is most apparent in the form of interface
roughness. The roles of strain and misfit disloca-
tions in interface formation, also studied by these
techniques, are important too.

2, X-ray diffraction

The basic principles of X-ray diffraction from
interfaces aFc cven simpler than for electron
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diffraction because the kinematic approximation
is generally applicable. For X-ray wavelengths of
order 1 A and relatively light materials the penc-
tration is limited by photoelectric absorption to a
depth of microns, provided the grazing angle
regime is zvoided, Thus, to a reasonable approxi-
mation for interfaces within about 1000 A of an
accessible surface, there is no penetration prob-
lem, and the diffraction from an interface can be
seen superimposed on that of the bulk surround-
ing it. Needless to say, that bulk contribution is
far from negligible as it arises from a far greater
amount of material,

Fig. 1 shows a schematic picture of the differ-
ences and similarities between surfaces and inter-
faces. Fig. 2 shows the Fouricr transform of fig. 1,
representing the situation in reciprocal space. An
ideal, floating 2D layer has diffraction in the form
of continuous lattice rods of constant intensity
(ignoring vibration and the finite size of the
atoms). If this layer is the surface layer of a
crystal, or an interfacial layer, it has the same
periodicity as the bulk of the crystal; the lattice

a} Isolated Monolayer

b) Surface of Crystal

Fig. 1. Ball and stick models of crysta! lattices for considera-
tion of surface and interface diffraction.

2D layer only

Bulk crystal
and 2D layer

Truncation
rods

Fig. 2. Diagrammatic diffraction patterns of the objects in
fig. 1.

rods then pass through the discrete Bragg reflec-
tions of the bulk. The general construction of the
diffraction of a terminated crystal, or one with an
internal interface includes the interference be-
tween these, as shown at the bottom of fig. 2:
here there is a smooth crossover from surface to
bulk diffraction. The lattice rods have the charac-
teristic shape of crystal truncation rads [1}. CTRs
are the X-ray equivalent of the continuous rods
scen in low-energy electron diffraction (LETD),
but have orders of magnitude more modulation
because the penetration is so much greater.

The sensitivity of crystal truncation rods
(CTRs) to ir.crface structure and morphology is
shown in fig. 3. Superimposed are calculated
curves for an ideally terminated surface, a surface
that is rough in the statistical sense of having
random atoms omitted in one layer, and a surface
with a madification of the spacing. In the vicinity
of the divergences of the function (the Bragg
points) all curves converge: here there is no
structural sensitivity. Elsewhere, and notably at
the mid-point of the CTR, these is considerable
structural sensitivity.

The advantage of X-rays, particularly those
produced by electron storage rings at facilities
like the ESREF, is their very high resolution. The
typical resolution function of a 3-axis diffrac-
tometer fills only 5 x 10~'® of the Brillovin zone
of Si. The bulk diffraction is localized in point-like
bragg peaks, smaller than this resolution element.
Point defects and bulk thermal diffuse scatiering
(TDS) arc diffuse in all reciprocal space direc-
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tions. As figs. | and 2 illustrate, the virtue of their
2-dimensional translational symmetry gives rise to
rod-like lines of scattering; everything else can be
filtered out either by avoidance (3D Bragg peaks)
or else by background subtraction (diffuse scat-
tering). Distinguishing the buried interface from
the surface through which it is measured is then

the only outstanding problem.

3

Fig. 3. Calculated crystal truncation rod profiles for an ideal

terminated surface {solid curve), compared with rough and
modified surfaces. The curves diverge at bulk Bragg points,
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3. Si0, /Si{111) interface

‘The overall situation is not quite the same for
the crystal /amorphous and the crystal /crystal in-
terface, so we will consider an example of each.
For a direct comparison with previous work [2]
carried out by LEED, we show X-ray diffraction
intensity data for the Si(111)/SiO, nterface [3)
in fig, 4. The data shown are filtered in the
manner described above, so correspond to
diffraction from this interface alone. Since the
SiO, film is amorphous there is no crystalline
contribution to the CTR from the external sur-
face either. The dashed curve is the calculated
crystal truncation rod [1] of a Si crystal terminat-
ing with an ideal Si{111) bilaye1. As stated above,
midway between the Bragg peaks, alternate layers
scatter out of phase and the observation is most
sensitive to steps. This is where we see the largest
deviations in fig. 4. The solid curve includes an
atormric model of the interface that adds three half
bitayers of Si with partial occupancy [3] and leads
to an extremely good fit. The RMS height devia-
tion of this model [3] is 1.53 A, in excelient
agreement with LEED [2}. No information was
obtained about the lateral distribution of the
steps.

Other X-ray measurements of the Si(111)/
SiO, interface have been made. Cowley and Ryan
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Fig. 4. X-ray of the fii Jer crystal

rod (CTR) of the Si(111)/8i0; interface. Each point is the

integrated intensity of & racking scan with the diffuse background subtracted, Four bulk peaks are intersecied where the CTR

diverges. as in fig. 3.
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4] measured the zero-order CTR on the side of
the (111} Bragg peak for a variety of different
thin oxides. They found almost ideal |q| =2 de-
pendence of the intensity in all cases, using data
spanning momentum transfer deviations, |q{, up
10 04 in the units of fig. 1. This implies an RMS
roughness of 0 + 2 A, which is within error of the
values obtained above [2,3]. According to fig. 4,
the slightly rough surface (solid curve) does devi-
ate from the ideal (dashed) noticeably by (g]| =
0.4, but this is asymmetric about the Bragg peaks
because of a slight contraction within each of the
Si(111) bilayers [3]. An asymmetry has also been
detected by Harada and Kashiwagura {5] in simi-
lar measurements of CTRs from the Si(111)/8iO,
interface.

4. NiSi, / Si(111) interface

We turn now 10 our second example, the
Si(111)/ NiSi, interface, shown schematically in
fig. 5. The lattice mismatch between Si and NiSi,

Fig. 5. Schematic model of the B-type Si(111)/NiSi, inter-

face. If all the bonds were of ideal length, the interfacial

separation parameter, o, would be 9/8 limes the layer spac-
ing, @y,

is extremely small, 0.005 ar room temperature
and smaller still at the elevated temperatures of
its growth. When a sufficiently thin film of NiSi,
is grown on Si, it undergoes a slight hexagonal
distortion so that the in-plane parameters match
exactly. The critical film thickness, below which
the distortion takes place, is many hundreds of
&ngstroms. The figure shows the known B-type
atomic arrangement of the interface with its re-
versal of stacking sequence {see below} and coor-
dination pumber 7 at the Ni. Other configura-
tions might be constructed, for example with one
less layer of Si and the interfacial bonds linking
directly to the Ni. These ultimately result in a
different value of the parameter d, which is the
fundamental structural parameter. A complete
description of the structure would also include
the strain fields on each side, that might extend
several layers deep.

Diffraction from a crystal /crystal interface is
necessarily different because both crystals con-
tribute: there is a CTR from the thick (i.c., semi-
infinite) substrate and a finite-size-limited Bragg
peak from the thin film, which is also a streak of
continuous scattering diffuse in the direction per-
pendicular to the film. Since the lareral lattice
parameters are matched, these rods superimpose.
Since the film is adjacent to the substrate, the
diffraction amplitudes must interfere in a way
that is critically dependent upon the separation,
which is our structural parameter 4. Other details
are important too: the choice of termination at
each side, the strain ficlds, the lateral registry,
the roughness of the outer surface, etc. Analysis
of the intensity along the rod can determine all of
these, in principle.

The measured intensity [6] along the rod in the
vicinity of the (111) Bragg peak is shown in fig. 6.
The peak 15 clearly asymmetric about the diver-
gence at the Bragg position. The respective con-
tributions of the substrate CTR and the thin film
are drawn as labelled, dashed curves. The num-
ber of layers was determined by the nade spacing
to be an admixture of 7 and 8. These curves are
individually symmetric about their centers, but
the amplitude superposition yields a strong asym-
metry. The first reason for this is that d is greatr
than the lattice spacing; second, a, is slightly
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Fig. 6. X-ray diffraction intensity profile of the rod passing
through the Si(111) Brage peak of the Si(111)/NiSi, inter-
face. (Adapted from ref. [6}.)

smaller than a,, leading to a slight difference in
the center positions. The combined fit shown
leads to an accurate determination {6] of both d
and a;. The interface is contracted by 0.08 +
0.06 A from the configuration of ideal
bondlengths (which would give d=9/8). The

si(11)-(V/3xV/3) 6o

roughness of the outer surface was found to be
negligible for this particular sample.

Van Loenen et al. [7] used medium-energy ion
scattering, not only to prove the 7-fold coordina-
tion model of fig. 3, but also to determine the
parameter d to some accuracy. The value ob-
tained corresponds to a contraction of the inter-
face vg’i!h respect to the ideal geometry of 0.06 +
0.08 A, comparing favorably with the later X-ray
measurement [6]. The most accurate determina-
tion of d comes from the X-ray standing wave
technigue, giving contractions of 0.11 + 0.03 A 81
and 0.06 + 0.03 A {9] for the two experiments on
films of very different thickness.

S. Boron at Si(£11) interfaces

Boron deposition on the Si(111) surface is
found to induce a ¥3 % 3 reconstruction, just as
various metals are found to do. This can also be
obtained by segregation from a B-doped wafer.
Analysis of the metal induced structures by X-ray
diffraction and other techniques revealed the so-
called T4 adatom structure, shown for Ga/Si(111}
on the left of fig. 7. This represents the structure

si(11):8V/3 x V3

[ N:]
@ s

[112]

Fig. 7. Side views of 1he structures of Ge /5i(111) and B/Se(111) showing the different choice of sites (from ref. [14]).
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of Sn/Si(111) [10], Pb/Ge!111) [11], Bi/Si(111)
{121 and Sn/Ge(111) [13] all at low coverage (4
monolayer). In each case, the induced strain [cads
to inward contraction of the immediate Si neigh-
bours of the adatom. This results in perpendicu-
far displacements in layers 2 and 3 (see fig. 7) and
consequently to outward relaxation of the three
4th-nearest neighbours in the 4th layer. The mag-
nitudes and signs of these lateral components are
found to be very similar. The accuracy of the
lateral components is always much better than for
the perpendicular components because of the far
greater range ol in-plane than out-of-plane mo-
mentum transfer in the typical surface X-ray ex-
periment. The fits to rod-scan data for
S$n/Ge(111) and Pb/Ge(111) show dramatic in-
tensity modulations arising from the multilayer
nature of the reconstruction 11,13},

A striking exception is the B/Si(111) structure,
also drawn in fig. 7, for which the 4th layer
displacement is in the opposite sense and consid-
erably smaller [14). This situation arises b

strain in the locally faulted structure, although
I~

hemical-b g ar could also be in-
voked [16).
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the B atom occupies an altogether different site,
the substitutional S5 site. Since the B-Si
bondlength is around 15% shorter than Si-Si,
this site is accommodated with less resulting strain
than the T4 site. It consequently expiains why a
single layer of B can be largely retained at low
temperature in an a-Si/Si interface, while this
situation in untenable with Ga for example [15).
This uncxpected S5 site for B/Si(111) results
in very different behaviour of this V3 X V3 sur-
face towards subsequent overgrowth of Si [16].
Since boron starts to diffuse at temperatures be-
low the necessary growth temperatures of crys-
talline Si on Si, the experiment is performed in
two stages. First a deposition of a-Si on B/Si(111)
¥3 x+/3 is made at 400°C, which gives rise to
relaively little B segregation [16]. This is followed
by a post-anneal at 540°C, leading to over-
pgrowth. The resulting Si crystal has the type-B
interface containing a stacking fault. The designa-
tion “B” (as opposed to “A”) was made long
before the role of boron was discovered! Since
the boron would have diffused away at the re-
growth temperature, the choice of orientation
must be induced at the a-Si templaie stage {15],
and probably is due to more efficient relief of
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