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Direct Observation of Ge and Si Ordering at the Si/B/Ge Sit (111) Interface
by Anomalous X-Ray Diffraction
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%'e have modified multiple-wavelength anomalous dispersion, a powerful direct method, and applied it
for the first time to an interface. This allows us to separate heavy and light atoms, and so deduce the
structure. We find that at the Si/B(J3X J3)R30'/Ge„Si~-„(II I) interface Ge and Si atoms occupy
separate sites. Boron is in a substitutional site with four Si nearest neighbors and the other positions are
dominated by Ge. This ordering may be due to chemical (binding-energy) eA'ects combined with a ki-

netic, surface-strain mechanism related to one proposed for the ordered GeSi(001) system.

PACS numbers: 68.35.Bs, 61.10.My, 68.55.Bd, 68.55.Ln

In recent years there have been a number of studies of
the B(J3XJ3)R30'/Si(111) surface [1-4] [abbreviated
Bv 3/Si(111)] and the Si/B J3/Si(111) interface [3,4].
The motivation has been the desire to create a new class
of so-called &doped materials, in which holes produced

by boron are trapped at the two-dimensional interface.
Unlike other group-III elements on the Si(111) sur-

face, boron is found to substitute for one of the Si atoms,
resulting in a very stable structure. However, because of
the small size of boron, the four surrounding Si atoms
must shift appreciably towards it. Tatsumi et al. [5]
reasoned that including Ge in the system should partially
relieve some of the strain, since Ge is larger than both Si
and boron, resulting in an even more stable interface. In

addition, band bending at the Si/B J3/Ge„Si~-„(II I) in-

terface due to the diA'erent band gaps of Si and Ge„Si~
should improve the hole-trapping properties. The purpose
of the present work is to determine the structure of
Si/B43/Ge„Sii-„(111)and understand the reasons for

its atomic arrangement.
We report here clear, direct evidence for ordering of

the Ge and Si atoms at this interface. Specifically, we

find that boron lies in a substitutional site surrounded by
four nearest-neighbor Si atoms with Ge in the other sites.
For several years there has been much interest in the or-
dering of GeSi alloys grown along the [001] orientation
[6-8]. The ordering we observe may be partly due to a
surface-stress mechanism related to one proposed for the
GeSi(001) system [7]. Yet this stress mechanism alone
appears insu%cient to explain the structure; chemical
eAects, i.e., the binding-energy difIerence between the B-
Si and B-Ge bonds, may play the remaining key role.

This structure was derived by applying a direct method
to anomalous x-ray diff'raction data. This technique,
known as multiple-wavelength anomalous dispersion
(MAD) [9], has been successfully used in protein crystal-

lography for about ten years [10], and we have made ap-
propriate modifications to facilitate its use in studying
surfaces and interfaces. We were motivated by the abili-

ty of MAD to separate out heavier atoms and by recent
observations of anomalous dispersion eA'ects at an inter-
face [11]. Such eA'ects alone can provide direct informa-
tion about an interface, such as the registry of an over-

layer with the substrate [12]. Here we describe the first

application of MAD to the analysis of an interfacial su-

perstructure, resulting in model-independent evidence of
ordering. To obtain these results, synchrotron radiation
was used to measure the integrated intensities of ten K3
rejections as a function of energy across the Ge K-shell
absorption edge. From the MAD analysis of these data,
separate partial Patterson maps (the electron density-
density correlation function) for Si and for Ge were gen-
erated. These Patterson maps have distinct diff'erences,

immediately providing direct evidence of ordering. These
maps then led to a structural model which was refined by
fitting to the data.

To prepare the sample, 20 A of Ge was deposited on a
Si(1 I I)7&7 substrate held at a temperature (T,„b)of
630'C, resulting in a 5X5 pattern. Studies of similar
systems [13,14] indicate that at this point the surface has
a dimer-adatom-stacking-fault structure consisting of
mostly Ge in the adatom and (possibly) stacking-fault
layers with intermixing of Ge and Si beneath. Next,
monolayer of boron was deposited from an HOOD Knud-

sen cell, again at T,„i,=630'C, resulting in a (v 3
x J3)R30' pattern. The sample was capped by 100 A of
epitaxial Si, as indicated by reAection high-energy elec-
tron difIraction, grown at T,„I,=400 C.

The experiment was performed at beam line 9C in the
Photon Factory of the National Laboratory for high En-

ergy Physics (KEK) in Tsukuba, Japan, using grazing-
incidence diAraction (GID) techniques. The intensity of
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each reconstructed reflection was determined by measur-

ing a rocking curve and taking the background-sub-
tracted integrated intensity of the peak, after normalizing
to monitor counts.

Initially, measurements of J3 reflections were made at
just two x-ray energies, at E =11.098 ~0.002 keV, near
the Ge K-shell absorption edge of E dg 11.104 keV
(Fig. I), and at E =8.266 ~ 0.002 keV, far from the edge
(not shown). In Fig. I, the area of each circle is propor-
tional to the observed intensity after correcting for polar-
ization, Lorentz factor, and variation of the active sample
area. The uncertainties were taken from multiple mea-
surements of equivalent reflections, but were set to at
least 10%, typical of GID experiments. Also, the data
have been averaged about mirror planes observed along
the [422] and [224] directions. The difl'erence in intensi-
ties between the left- and right-hand sides of the figure is

due to a small component of the momentum transfer per-
pendicular to the interface. The large difl'erences ob-
served indicate that several layers are involved in this
reconstruction.

The second set of data consists of intensity measure-
ments of ten J3 reflections (two of which are equivalent)
at 31 values of the x-ray energy across E,dg, . Represen-
tative scans are shown in Fig. 2. Besides the corrections
used on the data of Fig. I, several additional factors are
required: the energy-dependent part of the Lorentz cor-
rection, the air absorption, and the relative efficiency of
the ionization chamber monitor.

The strong variation in intensity seen in Fig. 2 is due to
the so-called anomalous terms, f' and f", in the atomic
form factor of Ge,

fG, (h, E) =fQ, (h)+f'(E)+if"(E) .

Here fG, is the normal part which depends only on h, the
momentum transfer of the (hkl) reflection. Most of our
data look like Fig. 2(a) which shows a strong peak that
decreases in intensity near E,ds„but notice that Fig. 2(b)

shows a very weak reflection that increases in intensity.
These sort of data lend themselves very well to analysis

by MAD. This technique consists of separating the total
structure factor F(h, E) into normal and anomalous
parts: Define the magnitude IF~(h)I and phase p~"(h) of
the structure factor for the normally scattering atoms
(boron and Si), as well as the corresponding terms
IF2(h)I and &2(h) for the normal part of the structure
factor for the anomalously scattering atoms (Ge). The
anomalous terms are gathered into coefficients p~(h, E),
p2(h, E), and p3(h, E). The intensity versus energy data
for a given peak h are then proportional to [9]
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where LL&(h) =P~"(h) —&2(h).
Calculating p~, p2, and p3 from tables of f' and f"

[15], Eq. (2) is then fitted to the data illustrated in Fig. 2

by treating IF~(h)I, IF2(h) I, and hp(h) as parameters
in a nonlinear least-squares fitting program. (An average
Debye-Wailer factor was first removed from the data. )
This is a modification of the usual MAD technique for
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FIG. 1. Intensity map of diftraction from the reconstructed
interface measured at an x-ray energy of E =11.098 keV. The
dotted lines cross at the bulk fundamental lattice points, several
of which are identified. The shaded left half circles show the
measured intensities and the right half circles show the values
calculated from the model structure of Fig. 4.

3
Z
I 2—
Z

I I I I I

1 1.00 11.05 11.10 11.15 11.20

X - RAY ENERGY ( keV )

FIG. 2. Representative scans of intensity vs E for the recon-
structed peaks (a) (hkl) =

3 (220) and (b) (hkl) = —', (220).
The data (solid circles) are the average of three scans for (a)
and four scans for (b). The line is the fit by the MAD analysis
[Eq. (2)]. The open circles are the fit with the model structure
shown in Fig. 4. The XAFS-like oscillation just beyond E~~, in

the data of part (a) was not included in either fit.
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protein crystallography in which the thousands of accessi-
ble diAraction peaks are measured at just a few energies.
For a given peak, Eq. (2) is then evaluated at each of
these values of E and the parameters extracted by solving

as a set of linear equations [91. In comparison, interfaces
give far fewer accessible peaks, but by measuring each at
many values of E and fitting as described above, we ob-
tain good results.

From the resulting set of TF~(h)) and ~F2(h)) and

using the p31m symmetry of the K3 unit cell we generat-
ed separate partial Patterson maps for boron and Si, Fig.
3(a), and for Ge, Fig. 3(b), respectively. (Since boron

has less than half as many electrons as Si, the boron-Si
map is strongly dominated by Si.) The peak-origin dis-

tances indicate the in-plane atomic separations. The
maps are quite different, providing direct, model-inde-

pendent evidence that Ge and Si occupy different sites.
The main peaks in the maps reveal that the Si-Si and

Ge-Ge in-plane distances are noticeably smaller and

larger than the unreconstructed length, respectively, al-

though the distortion is significantly greater for Si. Inter-

preting the maps based on the in-plane hexagon sho~n in

Fig. 3(c) it is apparent that the main Si peak is due to the
AB pair of sites while the smaller peak along [110] is due

to BB The Ge .peak is then due to CD with possibly some
contribution from CB (if site B is not all Si).

This interpretation leads to the model shown in Fig. 4.
This model was refined by fitting to all the data repre-
sented in Figs. I and 2, in which the results of the best fit

(g =2.4) are also plotted [161. The fits are quite good,
and even reproduce the observed increase in intensity at

(a)

o

E,ds, of Fig. 2(b). We find that the boron is in a Si sub-

stitutional site [171 [site A, the center of the distortion in

Fig. 3(c)], and prefers to be surrounded by four Si
nearest-neighbor atoms (site "1"also has 10% Ge distort-
ed 0.10 A, ), with the other sites Ge, except for the Si
overlayer. Uncertainties in composition are + 30% for
sites 4 and S and + 10% for the rest. Atomic positions
normal to the interface were estimated by a bond-length-

preserving calculation. Note that both the boron site and

the distortion of the first layer Si are the same as in the

B43/Si(1 I I) system [1-4],while the distortions in layers
4 and 5 are not; they are small or nonexistent in

BJ3/Si(111).
At first, this structure appears counterintuitive. As a

result of size considerations one might expect that boron

should be surrounded by Ge, not Si; there is indirect evi-

dence that in bulk, this is the case [18]. Also, ordered
GeSi(001) alloys have been studied for some time [6-8].
Although a matter of debate, one proposed mechanism

[7] involves a stress field induced by surface dimers, in

which sites under compressive and tensile stress are occu-

pied by Si and Ge, respectively. As the alloy is gro~n at
low temperatures this structure is then "frozen in,

" re-

sulting in long-range ordering.
It has been suggested [19] that a similar kinetic,

surface-stress mechanism may be at work in the present

system: In analogy with 843/Si(111), when the Bv3/
Ge, Si~ „(111)surface initially forms, the T4 adatom
site above the boron should be occupied [1,2,4]. Such a

T4 adatom would put the atoms in site 1 in Fig. 4 under

compressive stress, favoring Si, as observed. (The situa-

tion for the 3a atom is less clear, due to the small size of
the boron above it. ) Low-temperature overlayer growth

2b
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FIG. 3. Partial Patterson maps for (a) boron and Si and for
(b) Ge. Only positive contours are shown. The contour spacing
is 10 times larger in (b) than in (a) while the shaded peak at
the origin rises 17 levels above zero in both cases. Arrows indi-

cate the unreconstructed in-plane bond length. From these
maps the distorted hexagon in (c) is inferred with the composi-
tion of sites A, 8, C, and 0 discussed in the text.

B Si Ge
FIG. 4. Model structure of the interface viewed from above

(left) and the side (right). The top view shows the entire

(J3XJ3)R30' unit cell, while the side view shows the struc-

ture near one boron atom. In-plane distortions are indicated in

units of A (~0.02 A).
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would remove the adatom [4] but leave the ordering in-

tact.
However, if this were the only important mechanism,

the presence of boron would be incidental to the ordering.
Yet, as noted above, before boron is added to the
GeSi(111)(5X5) surface no similar ordering is observed.
Boron, or the J3 reconstruction it induces, is critical.
Since boron's small size would seem to favor a structure
opposite to that observed, the answer may lie in its chem-
istry: From trends in the periodic table the B-Si binding
energy should be greater than that for B-Ge. Combined
with the surface stress field, this may produce the ob-
served ordering.

In summary, we report the first application of the
MAD analysis technique to an interfacial superstructure
and find direct evidence of ordering. This method is very
powerful and should prove useful in the analysis of other
compound surfaces and interfaces. In the Si/B J3/
Ge„Sit—„(111)interface the boron sits in a Si substitu-
tional site surrounded by four Si nearest-neighbor atoms
with Ge in the remaining sites. This structure may be
determined by a combination of chemical (binding ener-

gy) and kinetic (surface stress field) effects.
We would like to thank S. Kimura, T. W. Ebbesen, Y.
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