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Direct Imaging of a Novel Silicon Surface Reconstruction
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Silicon surface reconstructions are directly observed in profile by high-resolution transmission-
electron microscopy. Low-energy surface facets are formed at edges by in situ annealing of a (110)
thin specimen at an ambient pressure of 10~° Torr. As well as (111), (100), and (110) recon-
structed surfaces, extensive areas of flat (113) surface are found. By inspection of high-resolution
images from the (113) surface a model involving one dimer per surface (1x 1) unit cell is pro-
posed, suggesting that low-energy surfaces need not be confined to high-symmetry orientations.

PACS numbers: 68.20.+t, 61.16.Di

Electron microscopy has been used in the transmis-
sion geometry to study clean silicon surfaces by dif-
fraction and imaging."’? Images taken with surface su-
perlattice reflections in dark field have been reported
by Takayanagi’® and theoretical studies of diffraction
and imaging have been published by Spence* and
Krivanek and Wood.® However, to date, no high-
resolution bright-field images of the silicon surface
reconstructions have been published. For the Au
(110) surface such images have been formed in the
profile geometry,® although under poorly controlled
surface conditions.

In this Letter we report preliminary observations of
silicon surface reconstructions obtained by high-
resolution transmission electron microscopy in an in-
strument modified for an ultrahigh-vacuum specimen
environment with in situ specimen-heating facilities.
Both profile and plan-view geometries have been used,
the former proving most fruitful for straightforward
observation of surface structure. A specimen-
preparation method is used which allows the profile
observation of a large number of surface orientations,
over rq)asonably extended regions (typically 10000
x200 A?). Low-energy surface orientations can be
identified and their reconstructions observed.
Although both the (111) and (100) surfaces and their
reconstructions are seen, a surprising observation is
that flat areas of (113) surface occur frequently, al-
ways exhibiting a dramatic (1x1) “‘sawtooth’ struc-
ture. A simple model of this surface is proposed
which fits the data quite well. The dangling-bond den-
sity on this surface is comparable with that for (100)
and other high-index orientations. Indeed, it would be
interesting to study the properties of large-area sur-
faces cut in the (113) orientation. Perhaps the hor-
izons of surface scientists are too often confined to
high-symmetry orientations. Our technique for identi-
fying low-energy surfaces should be applicable to many
materials.

Specimens were prepared for profile observation
from (110) 10-Q-cm p-type silicon wafers by chemi-
cal thinning in a mixture of 3HF/5HNO;. For plan-

view observation some samples were similarly
prepared from (111) wafers. After thinning almost to
perforation the sample surfaces were cleaned with a
modified Shiraki chemical procedure.” Specimens
were kept in deionized water until insertion in the mi-
croscope vacuum system. The specimen region of the
electron microscope is differentially pumped to a pres-
sure of < 2x10~3 Torr and a considerable vacuum
improvement in the vicinity of the specimen is
achieved by He cryoshielding. The specimen is heated
resistively in situ to > 1000°C. The details of the mi-
croscope and heating stage will be published else-
where. After /n situ annealing at = 1200°C of plan-
view (111) specimens we observe the (7x7) recon-
struction which persists for over 30 min on cooling to
room temperature. This is an indication of the cleanli-
ness of our vacuum system and the immediate speci-
men environment. Figure 1(a) shows a transmission-
electron diffraction pattern and 1(b) a bright-field
phase-contrast image showing the (7x7) superstruc-
ture. Intensities in the diffraction pattern are in quali-
tative agreement with previous observations.!*? Sur-
face imaging in the transmission geometry, such as
Fig. 1(b), is productive but it can be difficult to form
suitably thin, clean specimen areas and reconstruction
usually occurs on both surfaces. The area viewed in
Fig. 1(b) is heavily stepped, so that fringes shift across
the image.

After annealing at > 1000°C the thin edges of
(110) -oriented specimens facet onto low-energy sur-
faces, primarily (111), (100), (110), and (113).
Figure 2 shows profile images in the (110) direction
of the (100) and (113) surfaces taken at about
400°C. (Specimen temperature is often held in excess
of room temperature to improve cleanliness.) The
(100) surface shows the well-known (2x1) recon-
struction.® Detailed interpretation of (100) images
will be presented in a later publication. The (113)
surfaces exhibit a dramatic ‘‘sawtooth’’ structure
indicative of regions of higher and lower projected po-
tential. Although it can be difficult to estimate the
specimen thickness near the edge, it appears that the
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FIG. 1. (a) Transmission-electron diffraction pattern and
(b) high-resolution bright-field image of the Si (111)
(7x7) surface reconstruction in plan-view geometry from a
(111) thin specimen. Only the —lrth—order diffraction spots
contribute to the image, giving rise to sets of 23-4&—spacing
fringes. Dark areas represent regions of higher projected po-
tential in this image.

white regions in image 2(b) correspond to regions of
high projected potential (atoms). Only by this as-
sumption can reasonable agreement between simula-
tions and experiment be obtained. Simulated images

FIG. 2. Profile images at high resolution from surface
facets at the edge of a (110) Si specimen showing (a) the
(100) (2x1) surface and (b) the (113) (1x1) surface.
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were obtained with the multislice algorithm.? Figure
3 is a projection of a proposed model for the (113)
reconstructed surface. The period of this reconstruc-
tion is (1x1). (It should be stressed that the images
give confirmation of this period only in one direction:
(332).) One dimer is introduced per unit cell to
minimize the number of dangling bonds. The simulat-
ed image agrees well with experiment; however, until
a more quantitative analysis is carried out, we cannot
exclude other possible atomic models. The dimer
bond length used in the calculation is 15% longer than
the equilibrium length and atomic displacements are

ES =T ot

FIG. 3. Model and simulated image of the reconstructed
Si (113) surface involving dimerization of one pair of atoms
per unit cell (marked by double lines). Parameters used in
the image sirpulation were defocus, —950 A; specimen
thickness, 60 A; and others appropriate to the JEOL 200CX
instrument. There is good agreement between the experi-
mental image of Fig. 2 and this calculated image, although
images are not very sensitive to dimer bond length under
these conditions (accuracy + 10%).
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15%. Although the image detail is sensitive to detailed
atomic positions, uncertainty over imaging parameters
prevents direct measurement of atom positions with
great accuracy.!® Image simulations taking into ac-
count possible misalignment and careful experimental
work are necessary for determination of more detailed
structure.

The (113) crystallographic plane is known as the
habit plane of certain defects in silicon!! and inspec-
tion of its structure shows that it could be a relatively
low-energy surface. The simple model proposed for
the (113) (1x1) surface is sensible in view of the
known existence of similar dimerization on the Si
(100) and (111) surfaces. The density of dangling
bonds per unit surface area with this model is
4.8x10"¥ cm~2 This is comparable with the low-
energy (111) and (100) (2x1) surfaces. As such it
is an interesting example of the possibility that low-
energy surfaces, particularly in the presence of recon-
struction, need not be of highest bulk symmetry. The
same arguments may apply to interfaces and grain
boundaries.

The profile geometry is well-suited to examination
of surface structure, particularly for ‘‘deep’’ surface
reconstructions. Surfaces, although limited in dimen-
sion in one direction, are considerably extended paral-
lel to the specimen edge. The fact that we have ob-
served (111) (7x7) and (100) (2x1) reconstructions
in this mode confirms that the line tension effects at
surface boundaries in its limited direction do not seri-
ously interfere with reconstruction, for silicon at least.
Obviously it would be appropriate to study large-area
{113) surfaces by plan-view transmission-electron mi-
croscopy and conventional surface-science techniques.
Detailed studies of the (111) and (100) surface struc-
tures will be published at a later date. Both plan-view
and profile geometries are, in fact, complementary in
surface studies with transmission-electron microscopy.

In conclusion, we demonstrate the first high-
resolution profile images of silicon surface reconstruc-
tions. The technique of annealing a thin specimen and
observing surface faceting at the edges allows the iden-

tification of the lowest-energy surfaces. We find unex-
pectedly that the (113) surface is favored and exhibits
a strong, apparently (1x1), reconstruction. A dimer
model of this reconstruction is proposed that agrees
well with the high-resolution images and contains a
low density of dangling bonds, without excessive
atomic displacements. It appears that low-energy sur-
faces need not be confined to high-symmetry orienta-
tions and that this technique is well suited for identify-
ing favorable surface orientations and their reconstruc-
tions.

We acknowledge the invaluable assistance of the
JEOL company, particularly Mr. Y. Naruse, in the
design of the UHV instrument and Mr. A. Insano for
his skilled machining.
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FIG. 1. (a) Transmission-electron diffraction pattern and
(b) high-resolution bright-field image of the Si (111)
(7x7) surface reconstruction in plan-view geometry from a
(111) thin specimen. Only the 1';-1h-order diffraction spots
contribute to the image, giving rise to sets of 23-;\-spacing
fringes. Dark areas represent regions of higher projected po-
tential in this image.



FIG. 2. Profile images at high resolution from surface
facets at the edge of a (110) Si specimen showing (a) the
(100) (2x1) surface and (b) the (113) (1x1) surface.



