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A monohydride high-index silicon surface: Si (114):H-(2x1)

A. Laracuente,® S. C. Erwin, and L. J. Whitman
Naval Research Laboratory, Washington, DC 20375-5342
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We describe the adsorption of H on(Bi4-(2X1) as characterized by scanning tunneling
microscopy and first-principles calculations. Likg(&il)—and despite the relative complexity of

the (114 structure—a well-ordered, low-defect-density monohydride surface forms480 °C.
Surprisingly, the clean surface reconstruction is essentially maintained on k) (&onohydride

surface, composed of dimers, rebonded double-layer steps, and nonrebonded double-layer steps,
with each surface atom terminated by a single H. This H-passivated surface can also be easily and
uniformly patterned by selectively desorbing the H with low-voltage electrons19@9 American

Institute of Physicg.S0003-695(199)04010-3

The structural anisotropy inherent to high-index siliconleast 5 min. Although STM images of both empty and filled
surfaces makes them potentially significant substrates foglectronic states have been acquired at room temperature,
electronic device fabricatiofi.* Of the planar surfaces be- only filled-state images are shown here.
tween(001) and(111),°~8 Si(114) has the simplest structure To determine the equilibrium surface geometry of the
and a surface energy comparable t(081).” Given its natu-  H-terminated Sil14) surface, we performed first-principles
ral anisotropic ‘“single-domain” structurgsee Fig. 1, calculations within the local-density approximatittDA) to
Si(114) should make an interesting substrate for heteroepitdensity-functional theory. The calculations used a double-
axy. sided slab geometry consisting of ten Si layers plus hydro-

The potential of SiLl14) as a substrate would be greatly gen. All but the inner two layers were completely relaxed
enhanced if it could be easily hydrogen terminated. Hydrountil the surface energy was converged to within 1 mel//A
gen can be used to reduce surface contamination and intefotal energies and forces were calculated using Troullier—
face state€!®and can also serve as a surfacthand as an Martins pseudopotentials in a plane-wave basis with a
electron-beam lithography mask for nanoelectronickinetic-energy cutoff of 12 Ry, as implemented in the
structures2-15 However, to our knowledge @01 is the  FHI96MD code? STM images were simulated by computing
only Si surface that can be easily monohydride terminatedhe surfaces of constant-energy-integrated local density of
with gaseous hydrogefi. On high-index surfaces the states.

H-surface chemistry is generally complex, a consequence of In order to understand any changes induced by H ad-
the heterogeneity of the potential binding sité$® Even on  sorption on Si114), it is useful to review the characteristics
the low-index Si111) face the complexity of the (%7) of the clean surface as observed with STM. As shown in Fig.
reconstruction is such that a monohydride surface can only, S(114-(2x1) terraces are composed of a periodic array
be achieved using extreme exposure conditions, with a highef row-like structures oriented along tHd.10] direction.
density of defects remaining on the resulting surfcg. Rows composed of three structures are observed: rebonded

In this letter we describe the adsorption of H 01(134)  double-layeB-type (D) steps(R); tetramergT), each made
as characterized by scanning tunneling microsc@®yM)  up of a dimer bonded to a nonrebondeg step; and isolated
and first-principles calculations. Despite the relatively com-
plex structure of JiL14), we find that a well-ordered, low-
defect-density monohydride surface can be easily made, and
that this surface can be uniformly patterned with low-voltage
electrons.

The experiments were performed in ultrahigh vacuum
using Si wafers oriented to within 0.3° ¢£14). The surfaces
were cleaned by heating in vacuum tal225 °C for 60 s.
Sample temperatures were determined based on the sample
heating power, which was calibrated using both an infrared
pyrometer and thermocouple measuremditie estimated
uncertainties are=25° below 500°C and*10° above.
Atomic hydrogen exposure was performed by dissociating
H, (typically, 2x 10~°> Torr) with a hot W filament located FiG. 1. Filled-state STM images of clean(8i4). (a) 106 nmx142 nm
~1 cm from the surface. After the exposure, the samplesnage showing periodically spaced rowsvaysoriented along th¢110]

were held at the deposition temperature in vacuum for atirection.(b) 3.7 nmx3.7 nm image with structural model highlighting the
three motifs that make up the ¥21) reconstruction: rebonded double-layer
B-type (Dg) step(R); tetramer(T), made up of a dimer bonded to a nonre-
3Electronic mail: laracuen@stm2.nrl.navy.mil bondedDg step; and isolated dimégb). One primitive unit cell is outlined.
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FIG. 2. 11.5nnx11.5 nm filled-state STM images of (314 following H FIG. 3. (@ Atomic-resolution filled-state STM image of ($il4):H-(2x1)

exposureH, with a hot filamenk at various substrate temperatur@3.10 L produced at 420 °@ V, 3.7 nmx3.7 nn). The proposed structural model is

exposure at room temperature. The arrow indicates a row of unreacted Biverlaid and shown in detail ifb) using the theoretically relaxed geometry.

atoms.(b) 480 L at 250 °C.(c) 480 L at 300 °C. Two different types of (c) Simulated filled-state imagé2 V) calculated for this structure(d)

(2x1) domains are outlined(d) 240 L at 420°C. A well-ordered 38 nmx38 nm image showing an area 19 W9 nm where H has been

H-terminated (X 1) surface. removed by scanning with a sample bias of 7 V. The dashed line is a guide
to the eye along one rebonded double-layer step.

dimers (D). All three structures are buckled alofd10],
with the “up” rebonded step atom@very other ongcorre-  density, single-domain (21)-reconstructed $i14) sur-
sponding to the brightest, spherical protrusions in the grayface, as shown in Fig.(8). The overall morphology of this
scale STM images. Tetramers appear as an asymmetrical paiirface, i.e., terrace size, defect density, and periodic corru-
of lobes oriented perpendicular to th&10]. The isolated gation, is so similar to that of the clean surface that images
dimers are the darkest protrusions in the images, consistent the ~100 nm scale are indistinguishable from Figa)l
with their relative structural height within the unit cell. At higher magnifications, however, differences on the atomic
The changes induced by atomic hydrogen adsorption oscale become appareftompare Fig. (b) with Fig. 3a)],
Si(114-(2x1) are illustrated in Fig. 2, where images re- especially in the highest rows. Whereas on the clean surface
corded following exposures at different temperatures are dighe 2x< row of alternately buckled rebonded atoms stands
played. Room-temperature exposure disrupts the atomiwmut, on the H-terminated surface a row with a nearly 1
scale featurefFig. 2@)], leaving about 60% of the surface periodicity is observed between rows of dimer-like struc-
covered with~1-nm-high protrusions. Although unreacted tures, all with similar heights in the filled-state images.
regions can be seen between these features, they disappear On S(001)-(2x 1) gaseous atomic H reacts with the dan-
after ~20 L total exposure. With further exposure at roomgling bonds to produce Si,H, (n=1, 2, 3 species, with
temperature the protrusions get larger, increasing the surfagee relative composition dependent on adsorption
roughnesgnot shown, similar to what is observed for H on temperaturé*~2* Room-temperature adsorption etches the
Si(001).1® Increasing the surface temperature reduces the dissurface, producing a rough, disordered mixture of hydrifes.
order caused by H adsorption, so that following exposure atinder certain H-exposure conditions, a well-ordered (3
250 °C the large protrusions that appear at room temperature 1) surface can be prepared atl30 °C, with alternating
are mostly absenfFig. 2(b)]. Under these conditions mul- dihydride- and monohydride-terminated dim&té>2° The
tiple layers of Si react with H, as indicated by the presence ourface coverage of the monohydride phase increases with
dimer-like features oriented iboth the [110] and[221] exposure temperature, culminating about 400 °C in a nearly
directions and the range of heights within the images. Expoperfect monohydride-passivated (&1):H-(2x1) surface
sure at 300°C produces a surface with noticeably bettecomposed of H-Si—Si—H dimer rows. In general, the reac-
atomic-scale ordelFig. 2(c)], with two distinct (2<1)-like  tion of atomic H with S{114) appears qualitatively similar to
morphologieqoutlined in Fig. Zc)]. Similar to surfaces ex- Si(001)—producing rough disorder at low temperatures and
posed at 250 °C, dimer-like features are observed oriented imore homogeneous, ordered structures with increasing
both directions. Although the specific H-termination state oftemperature—suggesting that similar atomic-scale reactions
these structures is not known, the relative heights and lateralccur. It appears that room-temperature exposure etches the
spacing of the two orientations of dimer-like features ob-(114) surface(we assume that the various indistinct clusters
served indicate that they arise from a splitting of double-observed on the surface are silicon hydridég higher tem-
layer Dy steps(R andT) into two adjacent single-layer steps peratures, H adsorption produces more well-ordered struc-
(Sa+Sg)- tures. Although the atomic-scale structures of the different
In contrast to the effects of H at lower temperatures features observed following exposure between 200 and
exposure above 400 °C produces a well-ordered, low-defec850 °C are not known, we suspect that they are associated
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with locally ordered combinations of mono- and dihydride nonrebonded double-layer steps, each react similarly with H
dimers and step structures. In contrast t®&1), a dihydride  under appropriate conditions. A significant consequence of
reconstruction with long-range order is not observed on thishis unexpected homogeneity is the ability to selectively pat-
surface. Additional surface characterization including vibra-tern the surface by using the STM probeuttiformly desorb
tional spectroscopy is planned to more definitively identifyH. Removal of the H in this way exposes a relatively well-
these H-Si structures. ordered area with the usual clean surface structure, as shown

When we expose 8101) to H under conditions identical in Fig. 3(d). As expected, the H-free regions appear higher in
to those used to produce the well-orderedl $4):H-(2x 1) the filled-state image, with the buckled rebonded rows re-
structure [Figs. 2d) and 3a)], a nearly perfect stored to prominence. Although we have not investigated
Si(00D):H-(2x1) monohydride surface resultgot shown. such lithography on $114):H as exhaustively as has been
Combining our STM results with LDA calculations, we have done for S{001):H, we expect a similar degree of control
determined that the §i14):H-(2x1) produced under these will be possible. These results set the stage for further inves-
conditions is also a simple monohydride-terminated surfaceigations of S{114) as a substrate for electronic applications.
The structure of this (& 1) surface is essentially that of the

clean surface with each dangling bofidb) capped by a Computational work was supported by grants of HPC
single H atom[Fig. 3(b)]. The first-principles calculations tMe from the DoD Shared Resource Centers MAUI and

show that this structure readily relaxes into a low surface’VPASC. This work was funded by ONR and a NRL/NRC

energy configuration, and the corresponding simulated STNpOStdoctoral fellowshigA.L.).
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