A scanning tunneling microscopy study of hydrogen adsorption on Si(112)
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The adsorption of atomic hydrogen on(Hi2) has been investigated using scanning tunneling
microscopy. The clea(l12) surface is reconstructed into quasiperiodic nanofdestsh composed

of a (111 and (337 terracd, 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.

[. INTRODUCTION have focused our study on the adsorption of atomic hydrogen
veinl silon sutace e recenty gind atenion o€ K12 28 Sl eyt o approunatly 420°C
substrates for electronic device fabrication, primarily be-
cause of their presumed high step densities. For example, a
bulk-terminated Si112) surface would consist of sho{t11)
terraces separated by monoatomic-height s{&g. 1(a)].
As a result, Sil12) has been investigated as a substrate The experiments were performed in ultrahigh vacuum
for heteroepitaxy and the growth of spatially confined(UHV) using Si wafers oriented to within 0.5° ¢112). To
structures:® Our recent scanning tunneling microscopy obtain a clean surface, the samples were precleaned in a 1:3
(STM) studies have revealed, however, that the cledhl3i  boiling solution of HO, and H,S0,, degassed at 600 °C for
surface exhibits a novel quasiperiodic reconstruction consistt h in vacuum, and then flashed 461150 °C for 60 gbase
ing of sawtoothlike nanofacets. Each nanofacet is composegressure<2x10°). Atomic hydrogen was produced by
of a single unit cell wide reconstruct¢iill) terrace(7xX7 or  leaking H, gas into the chamber with a hot W filament lo-
5x5) opposed by a reconstructe@37) terrace’ Similar  cated~2 cm from the Si sample. During high-temperature
nanofacets are also observed of83b), suggesting that they dosages, the samples were first heated to approximately
are a general phenomenon for some range of vicinality t0430 °C, dosed using background pressures not exceeding
wards [112]. 2x10 7 Torr (langmuir=10"° Torr s), annealed for 15 min at
Although nanofacets occur on clear{8i2), itis not clear  the deposition temperature, and then cooled to room tem-
whether they persist on adsorbate-covered surfaces. Whejerature. All STM images were acquired at room tempera-
adsorbates interact with surface dangling bonds, the surfag@re with a constant current between 0.1 and 0.3 nA and bias
free energy is usually modified, sometimes leading to a grosgoltages between 1.0 and 2.5 V. Although images of both the
rearrangement of the surfatdt is therefore possible that empty and filled electronic states were acquired, only filled-
certain adsorbates could remove the nanofacets @i 3i state images are shown here.
One of the simplest adsorbates to investigate is atomic hy-
drogen. It is known to selectively react with dangling bonds
on low index Si surfaces to relax bond strain and reduce thg; RESULTS AND DISCUSSION
surface free energyThis study investigates the interaction
of atomic hydrogen on $112) in order to examine the sta- ~ Our recent STM studies have shown that1$p) has
bility of the nanofacets and the bond strain associated wit@® much more complicated surface structure than the bulk-
this reconstructed surface. terminated casgImages of the clean surface show a novel
Atomic-scale details of the interaction of atomic hydrogenduasiperiodic - reconstruction consisting of sawtoothlike
with both S{001) and S{111) have been extensively studied Nanofacets with an approximate period of 130 A and depth
using STM by Boland and othefs’ The adsorption of hy- of 8 A[Fig. 1(b)]. The shorter sides of the nanofacets are one
drogen on S0D01)2x 1 results in monohydride and/or dihy- Unit cell wide 7<7 or 5X5 reconstructed &i11) planes,
dride phaseS, where the well-ordereck 2 monohydride while the |0nger sides are 60-110 A wide terraces with
phase leaves the Si dimer structure intact. In the case difominent rows of atomic-scale features running along
Si(111)7x 7, atomic hydrogen interacts with the surface dan{110]. Using the(111) sides of the nanofacets as an absolute
gling bonds to form a variety of hydrides, eventually leadinglength calibration, we have found that the longer sides of the
to the creation of X1 domains under the appropriate condi- hanofacets are 4.0° steeper thaf2) with a unit cell length
tions. Hydrogen desork@s H) from low index Si surfaces ©Of 15.7 A along[111], corresponding to &337) plane. Fig-
in two peaks,8,~410 °C andB,~540 °C, corresponding to Ure X(c) illustrates a “perfect” nanofacet composed of only
the decomposition of silicon di- and trihydridgs,], fol- (337 and(111) planes: there are seven unit cells(887) for

lowed by the monohydridd:$l]_8 Based on these resultS, we eaCh(lll)?X? unit cell [Or five units 0f(337) for each unit
of 5X5]. This coincident structure results in the characteris-

JElectronic mail: abaski@stm2.nrl.navy.mil tic length scale of th_e r)anofacets. We believe that thgse_ nano-
YElectronic mail: whitman@stmz2.nrl.navy.mil facets are the equilibrium surface structure afL$®), indi-

Il. EXPERIMENT

1469 J. Vac. Sci. Technol. A 13(3), May/Jun 1995 1469



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
JAN 1995 2 REPORTTYPE 00-00-1995 to 00-00-1995
4. TITLEAND SUBTITLE 5a. CONTRACT NUMBER
A_ scanning tunneling microscopy study of hydrogen adsor ption on £b. GRANT NUMBER
Si(112)

5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Resear ch Laboratory,Code 6177,4555 Overlook Avenue REPORT NUMBER

SW,Washington,DC,20375

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
11. SPONSOR/MONITOR’ S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF

ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Sa_me as 4
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



1470 A. A. Baski and L. J. Whitman: STM study of H adsorption

Si(111)7x7

6.7
< (337)
— 44
L
D222
[T)
T oo
T T T T T T T 1
19 38 57 75 _ 94 13 132
(c) Distance along [117] (A)

Fic. 1. () Model of the bulk-terminated 8i12) surface, consisting of 8.87-
A-wide (111) terraces separated by 3.14-A-high01)-oriented steps. The
unit cell is 3.84 Ax9.41 A in the (112 plane.(b) Rendered, filled-state
STM topograph of 112 (320 Ax270 A, 12 A height rangeshowing a
sawtoothlike nanofacet structure. Ong7 unit cell on the shortefl1]) side
of a sawtooth is highlightedc) Illustration of an ideal $i112) nanofacet
composed of &337) terrace and &111) terrace one X7 unit cell wide. Unit

1470

Fic. 2. Filled-state images of Qi12) (350 Ax350 A) exposed to hydrogen
with Tg=~430°C:(a) 0 L, (b) 50 L, (c) 100 L, and(d) 150 L.

structure on the top surface layer of the nanofacets. Since the
nanofacets contaifl11)7Xx7 terraces, previous STM studies
of the H:S{111) system are particularly relevant to this work.
Boland has proposed a model for hydrogen adsorption on
Si(111)7X7 involving the selective reactivity of hydrogen
with Si bonds having different degrees of bond strait

low temperatures and saturation conditions, backbond relax-
ation occurs by the formation of trinydride adatom species.
As the temperature is increased, these trihydrides diffuse and
combine to form bulklike islands, exposing H-terminated
“rest-layer” regions. Above approximately 225 °C, hydrogen

cell increments of the bulk-terminated surfaces are indicated by filedMediates the insertion of Si atoms from the adatom layer into

circles.

the rest-layer dimer bonds, resulting in the formation of
H-terminated X1 domains. When the surface is annealed to

cating that the surface energy for the combination of

reconstructed111) and(337) planes is lower than that for a

planar reconstructed12) surface.

The effects of atomic hydrogen adsorption on the nano-

facets are illustrated in Fig. 2, which shows a sequence of
images as a function of hydrogen exposure at high tempera-
ture (=430 °Q. Although the atomic-scale features become
disrupted with increasing hydrogen exposure, the nanofacets
remain intact. This is clearly evident in the rendered image
displayed in Fig. 3(Note: The nanofacet reconstruction was
still observed following the highest exposure250 L °%) We

also adsorbed hydrogen on surfaces held at room tempera-
ture, where different surface chemistry is expectddmi-
nated by silicon di- and trihydride formatiprand found no
evidence for the removal of the nanofacets. These results
demonstrate the surprising stability of th€13i2) nanofacet
structure with respect to atomic hydrogen adsorption.

. Fic. 3. Rendered topograph of($12 following a high-temperature 150 L
Although atomic hydrogen does not remove the nanofacetydrogen exposure. The nanofacet reconstruction is still apparent. Note that

reconstruction, it significantly disrupts the atomic-scalethis image is the same as that shown as a gray scale in @g. 2
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temperatures between ti#g and 8, desorption peakésimi-

lar to our preparation conditiopshigher surface hydrides
such as the adatom trihydrides decompose. Another STM
study by Owman and Mgenssofi reports that H-terminated
1X1 domains form at sample temperatures aboveghde- i
sorption peak, suggesting that higher hydrides still play ¢
role at these higher surface temperatures.

Since our(112) surfaces were exposed to atomic hydro- X,
gen at~430 °C, we expect monohydride formation to domi- y = =
nate the surface chemistry. With increasing hydrogen expa (@) .
sure the adatoms on th&11) reconstructed terraces of the ) )

. . . Fic. 4. (a) Filled-state image of a 100 L H-dosed surfgd@5 Ax175 A)
nanofacets become disordered and sometimes dlsappearsm)wing the disrupted top surface layer of the nanofagelsHigh-pass
the filled-state STM images. Some of these “missing” ada-filtered version of(a) with superimposed outlines showing remaining seg-
toms may be monohydride-terminated adatoms that appe&ients of(337-type bright rows and newly created oblong protrusions. The
dark in the STM images for the bias voltages u%@ther d_ashed_ Ilnc_e bl_sects one unreacteq row of (B&7) structure(_wnh la pe-

riod), highlighting the relative position of the ordered H-induced oblong

missing adatoms could be due to the formation of trinydridestructureswith 2a period.
adatoms which then diffuse away from ttll) terrace. In
contrast to the H:$111) system where larg€lll) terraces
are present, trihydrides cannot combine to form bulk-like! V- CONCLUSIONS
islands on the nanofaceted surface. Instead, we speculate thatWe have studied the interaction of atomic hydrogen with
they diffuse and bond in a disordered manner on(8&%) the relatively complicated surface structure of13R). Our
terraces of the nanofacets, appearing as large, bright protrprevious STM study of the clean surface showed théit1s)
sions in the STM images. Since adatoms and remnants of tferms quasiperiodic, sawtoothlike nanofacets composed
subsurface dimers are still visible on tfi1) terraces at the 0of short reconstructed11l) and (337) terraces. When ex-
largest exposures, the conditions used in this study do ndtosed to atomic hydrogen, the top surface layer of these
fully convert the reconstructed11) terraces to H-terminated Nhanofacets becomes disordered, but the underlying “saw-
1x1 domains, as can occur on aBi1)7X7 surface. tooth” structure is very stable and remains intact. It is pos-

In addition to bonding with adatoms on ttELD) terraces, sible that a kinetic .Iimitation prevents the removal of the
atomic hydrogen also interacts with atoms associated witf@nofacets by atomic hydrogen. The mass transport required
the reconstructe@37) terraces of the nanofacets. The clean'©r Such & gross rearrangement of the surface may not be
(337 terraces are dominated by row structures running alon ossible below the hydrogen desorption temperature

[110] with a 1a (a=3.84 A) atomic corrugation along each ~540 °Q. It should be not_ed, however, that it is possible to
. . I . remove the nanofacets using an adsorbate other than hydro-
row [Fig. 2(@]. We are presently investigating possible

; gen: we have preliminary results showing that adsorbed Ga
atomic modg Is for theseal rows and speculate that _they removes the underlying nanofacet structure at sample tem-
represent either a rebonded step edge reconstritmm

iation of dl-bonded chai Zha Peratures as low as500 °C:?
some variation of dI-bonded chain-type reconstructior# Although this study has demonstrated the stability of the
number of other structures can also be observed o333

- i e nanofacet reconstruction on($12) with respect to hydro-
terraces, but they will be addressed in detail in a separalgen further experiments and calculations are necessary to
publication:” As the clean surface is incrementally doseddetermine the atomic-scale structure of both the clean and
with atomic hydrogen, thed row structures gradually be- yreacted surfaces. On the top surface layer, hydrogen reacts
come disrupted and eventually disappear entirely. In regiongith adatoms on the reconstructéid 1) terraces, and creates
where the & rows are missing, a new type of structure oc-new “dimerized” row structures on th&337) terraces. It
casionally occurs. These new structures consist of oblongiould be interesting to examine whether atomic hydrogen
protrusions(7.7 Ax10 A) spaced 2 apart in rows running  “dimerizes” the II-bonded chains present on thé1i)2x 1
along [110], where each row is displace¢t4.3 A in the  surface, indicating whether the rows observed on(88%)
[111] direction from the original & rows[Fig. 4(b)]. Dual-  terraces of the nanofacets are similar in structure to those
bias imagegnot shown reveal that each protrusion has one seen on $i111)2X 1. Further experiments and calculations to
maximum in the filled electronic states and two maxima ori-determine the structure of th837) terraces are in progress.
ented along the row direction in the empty states. This result
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