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The adsorption of atomic hydrogen on Si~112! has been investigated using scanning tunneling
microscopy. The clean~112! surface is reconstructed into quasiperiodic nanofacets@each composed
of a ~111! and ~337! terrace#, and we find that atomic hydrogen does not remove this nanofacet
structure at room temperature or 430 °C. This result demonstrates the surprising stability of the facet
reconstruction.
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I. INTRODUCTION

Vicinal silicon surfaces have recently gained attention
substrates for electronic device fabrication, primarily b
cause of their presumed high step densities. For examp
bulk-terminated Si~112! surface would consist of short~111!
terraces separated by monoatomic-height steps@Fig. 1~a!#.
As a result, Si~112! has been investigated as a substr
for heteroepitaxy and the growth of spatially confin
structures.1,2 Our recent scanning tunneling microsco
~STM! studies have revealed, however, that the clean Si~112!
surface exhibits a novel quasiperiodic reconstruction cons
ing of sawtoothlike nanofacets. Each nanofacet is compo
of a single unit cell wide reconstructed~111! terrace~737 or
535! opposed by a reconstructed~337! terrace.3 Similar
nanofacets are also observed on Si~335!, suggesting that they
are a general phenomenon for some range of vicinality
wards [1̄1̄2#.

Although nanofacets occur on clean Si~112!, it is not clear
whether they persist on adsorbate-covered surfaces. W
adsorbates interact with surface dangling bonds, the sur
free energy is usually modified, sometimes leading to a gr
rearrangement of the surface.4 It is therefore possible tha
certain adsorbates could remove the nanofacets on Si~112!.
One of the simplest adsorbates to investigate is atomic
drogen. It is known to selectively react with dangling bon
on low index Si surfaces to relax bond strain and reduce
surface free energy.5 This study investigates the interactio
of atomic hydrogen on Si~112! in order to examine the sta
bility of the nanofacets and the bond strain associated w
this reconstructed surface.

Atomic-scale details of the interaction of atomic hydrog
with both Si~001! and Si~111! have been extensively studie
using STM by Boland and others.5–7 The adsorption of hy-
drogen on Si~001!231 results in monohydride and/or dihy
dride phases, where the well-ordered 231 monohydride
phase leaves the Si dimer structure intact. In the cas
Si~111!737, atomic hydrogen interacts with the surface da
gling bonds to form a variety of hydrides, eventually leadi
to the creation of 131 domains under the appropriate cond
tions. Hydrogen desorbs~as H2! from low index Si surfaces
in two peaks,b2'410 °C andb1'540 °C, corresponding to
the decomposition of silicon di- and trihydrides@b2#, fol-
lowed by the monohydrides@b1#.

8 Based on these results, w
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have focused our study on the adsorption of atomic hydroge
on Si~112! at a sample temperature of approximately 430 °C
conditions which should favor monohydride formation.

II. EXPERIMENT

The experiments were performed in ultrahigh vacuum
~UHV! using Si wafers oriented to within 0.5° of~112!. To
obtain a clean surface, the samples were precleaned in a
boiling solution of H2O2 and H2SO4, degassed at 600 °C for
1 h in vacuum, and then flashed to'1150 °C for 60 s~base
pressure<231029!. Atomic hydrogen was produced by
leaking H2 gas into the chamber with a hot W filament lo-
cated'2 cm from the Si sample. During high-temperature
dosages, the samples were first heated to approximate
430 °C, dosed using background H2 pressures not exceeding
231027 Torr ~langmuir51026 Torr s!, annealed for 15 min at
the deposition temperature, and then cooled to room tem
perature. All STM images were acquired at room tempera
ture with a constant current between 0.1 and 0.3 nA and bia
voltages between 1.0 and 2.5 V. Although images of both th
empty and filled electronic states were acquired, only filled
state images are shown here.

III. RESULTS AND DISCUSSION

Our recent STM studies have shown that Si~112! has
a much more complicated surface structure than the bul
terminated case.3 Images of the clean surface show a nove
quasiperiodic reconstruction consisting of sawtoothlike
nanofacets with an approximate period of 130 Å and dept
of 8 Å @Fig. 1~b!#. The shorter sides of the nanofacets are on
unit cell wide 737 or 535 reconstructed Si~111! planes,
while the longer sides are 60–110 Å wide terraces with
prominent rows of atomic-scale features running alon
[1̄10#. Using the~111! sides of the nanofacets as an absolut
length calibration, we have found that the longer sides of th
nanofacets are 4.0° steeper than~112! with a unit cell length
of 15.7 Å along[111̄#, corresponding to a~337! plane. Fig-
ure 1~c! illustrates a ‘‘perfect’’ nanofacet composed of only
~337! and~111! planes: there are seven unit cells of~337! for
each~111!737 unit cell @or five units of~337! for each unit
of 535#. This coincident structure results in the characteris
tic length scale of the nanofacets. We believe that these nan
facets are the equilibrium surface structure of Si~112!, indi-
1469
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cating that the surface energy for the combination
reconstructed~111! and~337! planes is lower than that for
planar reconstructed~112! surface.

The effects of atomic hydrogen adsorption on the na
facets are illustrated in Fig. 2, which shows a sequence
images as a function of hydrogen exposure at high temp
ture ~'430 °C!. Although the atomic-scale features becom
disrupted with increasing hydrogen exposure, the nanofa
remain intact. This is clearly evident in the rendered ima
displayed in Fig. 3.~Note: The nanofacet reconstruction w
still observed following the highest exposures,;250 L.9! We
also adsorbed hydrogen on surfaces held at room temp
ture, where different surface chemistry is expected~domi-
nated by silicon di- and trihydride formation!, and found no
evidence for the removal of the nanofacets. These res
demonstrate the surprising stability of the Si~112! nanofacet
structure with respect to atomic hydrogen adsorption.

Although atomic hydrogen does not remove the nanofa
reconstruction, it significantly disrupts the atomic-sca

FIG. 1. ~a! Model of the bulk-terminated Si~112! surface, consisting of 8.87
Å-wide ~111! terraces separated by 3.14-Å-high~001!-oriented steps. The
unit cell is 3.84 Å39.41 Å in the ~112! plane. ~b! Rendered, filled-state
STM topograph of Si~112! ~320 Å3270 Å, 12 Å height range! showing a
sawtoothlike nanofacet structure. One 737 unit cell on the shorter~111! side
of a sawtooth is highlighted.~c! Illustration of an ideal Si~112! nanofacet
composed of a~337! terrace and a~111! terrace one 737 unit cell wide. Unit
cell increments of the bulk-terminated surfaces are indicated by fi
circles.
J. Vac. Sci. Technol. A, Vol. 13, No. 3, May/Jun 1995
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structure on the top surface layer of the nanofacets. Since
nanofacets contain~111!737 terraces, previous STM studies
of the H:Si~111! system are particularly relevant to this work
Boland has proposed a model for hydrogen adsorption
Si~111!737 involving the selective reactivity of hydrogen
with Si bonds having different degrees of bond strain.5 At
low temperatures and saturation conditions, backbond rel
ation occurs by the formation of trihydride adatom specie
As the temperature is increased, these trihydrides diffuse a
combine to form bulklike islands, exposing H-terminate
‘‘rest-layer’’ regions. Above approximately 225 °C, hydroge
mediates the insertion of Si atoms from the adatom layer in
the rest-layer dimer bonds, resulting in the formation o
H-terminated 131 domains. When the surface is annealed

led

FIG. 2. Filled-state images of Si~112! ~350 Å3350 Å! exposed to hydrogen
with TSi'430 °C: ~a! 0 L, ~b! 50 L, ~c! 100 L, and~d! 150 L.

FIG. 3. Rendered topograph of Si~112! following a high-temperature 150 L
hydrogen exposure. The nanofacet reconstruction is still apparent. Note
this image is the same as that shown as a gray scale in Fig. 2~d!.
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temperatures between theb1 andb2 desorption peaks~simi-
lar to our preparation conditions!, higher surface hydrides
such as the adatom trihydrides decompose. Another ST
study by Owman and Ma˚rtensson6 reports that H-terminated
131 domains form at sample temperatures above theb2 de-
sorption peak, suggesting that higher hydrides still play
role at these higher surface temperatures.

Since our~112! surfaces were exposed to atomic hydro
gen at'430 °C, we expect monohydride formation to domi
nate the surface chemistry. With increasing hydrogen exp
sure the adatoms on the~111! reconstructed terraces of the
nanofacets become disordered and sometimes disappea
the filled-state STM images. Some of these ‘‘missing’’ ada
toms may be monohydride-terminated adatoms that app
dark in the STM images for the bias voltages used.5 Other
missing adatoms could be due to the formation of trihydrid
adatoms which then diffuse away from the~111! terrace. In
contrast to the H:Si~111! system where large~111! terraces
are present, trihydrides cannot combine to form bulk-lik
islands on the nanofaceted surface. Instead, we speculate
they diffuse and bond in a disordered manner on the~337!
terraces of the nanofacets, appearing as large, bright pro
sions in the STM images. Since adatoms and remnants of
subsurface dimers are still visible on the~111! terraces at the
largest exposures, the conditions used in this study do n
fully convert the reconstructed~111! terraces to H-terminated
131 domains, as can occur on a Si~111!737 surface.

In addition to bonding with adatoms on the~111! terraces,
atomic hydrogen also interacts with atoms associated w
the reconstructed~337! terraces of the nanofacets. The clea
~337! terraces are dominated by row structures running alo
[1̄10# with a 1a ~a53.84 Å! atomic corrugation along each
row @Fig. 2~a!#. We are presently investigating possible
atomic models for these 1a rows and speculate that they
represent either a rebonded step edge reconstruction10 or
some variation of aP-bonded chain-type reconstruction.11 A
number of other structures can also be observed on the~337!
terraces, but they will be addressed in detail in a separ
publication.12 As the clean surface is incrementally dose
with atomic hydrogen, the 1a row structures gradually be-
come disrupted and eventually disappear entirely. In regio
where the 1a rows are missing, a new type of structure oc
casionally occurs. These new structures consist of oblo
protrusions~7.7 Å310 Å! spaced 2a apart in rows running
along [1̄10#, where each row is displaced'4.3 Å in the
[111̄# direction from the original 1a rows @Fig. 4~b!#. Dual-
bias images~not shown! reveal that each protrusion has on
maximum in the filled electronic states and two maxima or
ented along the row direction in the empty states. This res
suggests that the new 2a rows may result from a hydrogen-
induced dimerization of the original 1a rows; however, the
disordered arrangement of the 2a rows presents difficulties
in analyzing and modeling these structures. What is appar
from the images is that the~337! terraces are comparable in
reactivity to the ~111! terraces, indicating that the recon
structed ~337! terraces have a density of dangling bond
similar to that on Si~111!737.
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IV. CONCLUSIONS

We have studied the interaction of atomic hydrogen w
the relatively complicated surface structure of Si~112!. Our
previous STM study of the clean surface showed that Si~112!
forms quasiperiodic, sawtoothlike nanofacets compos
of short reconstructed~111! and ~337! terraces. When ex-
posed to atomic hydrogen, the top surface layer of the
nanofacets becomes disordered, but the underlying ‘‘sa
tooth’’ structure is very stable and remains intact. It is po
sible that a kinetic limitation prevents the removal of th
nanofacets by atomic hydrogen. The mass transport requ
for such a gross rearrangement of the surface may not
possible below the hydrogen desorption temperatu
~'540 °C!. It should be noted, however, that it is possible
remove the nanofacets using an adsorbate other than hy
gen: we have preliminary results showing that adsorbed
removes the underlying nanofacet structure at sample te
peratures as low as;500 °C.12

Although this study has demonstrated the stability of t
nanofacet reconstruction on Si~112! with respect to hydro-
gen, further experiments and calculations are necessar
determine the atomic-scale structure of both the clean a
reacted surfaces. On the top surface layer, hydrogen re
with adatoms on the reconstructed~111! terraces, and create
new ‘‘dimerized’’ row structures on the~337! terraces. It
would be interesting to examine whether atomic hydrog
‘‘dimerizes’’ theP-bonded chains present on the Si~111!231
surface, indicating whether the rows observed on the~337!
terraces of the nanofacets are similar in structure to th
seen on Si~111!231. Further experiments and calculations
determine the structure of the~337! terraces are in progress
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