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Surface structure of C(100-(2x 1)-H studied by a quantitative LEED analysis
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The structure of the hydrogen terminated(2) reconstructed diamor({d00 surface has been investigated
by low-energy electron-diffractiofLEED) intensity versus energyl (E) ] measurements in combination with
tensor LEED calculations. It has been found that the surface corresponds to the formation of symmetric dimers
on the top C layer, with a dimer length of 1.60 A. The top layer shows slight inward relaxation; the interlayer
spacing between the first and second C layers reduces to 0.81 A, which corresponds b atontraction
compared to the bulk value. The structural details of the first four carbon layers have been determined and are
compared to those given by theoretical calculati)89163-18269)00715-9

INTRODUCTION that exposure of the (1) surface to hydrogen could re-
store the (X 1) LEED pattern. Although debate still re-
The surfaces of diamond have received considerable atnains, in both theoretical and experimental aspects, regard-
tention in the past decade due to the advances in diamoridg the stable configuration of the hydrogenatedL@D)
film growth by chemical vapor depositiai€VD) methods.  surface(monohydride or dihydride structuret is generally
Since the growth of atomically smooth(IDO surfaces be- agreed that the hydrogen-terminated,X(R) surface in-
came possible by homoepitaxial CVVDa large amount of volves monohydride$® Furthermore, scanning tunneling
research has been devoted to understanding the atomic strunicroscopy (STM) and atomic force microscopyAFM)
ture of this surface, with the ultimate goal of providing guid- observations!®!! have revealed rows on the hydrogenated,
ance for atomically controlled diamond CVD. (2% 1) reconstructed @00 surface, which were interpreted
The (100 surface of diamond has two dangling bonds peras evidence of dimer formation. To date there are numerous
C atom for the ideal surface geometry. This leads to very richtheoretical studies on the search for a stable configuration for
surface chemistry. In particular, the adsorbed hydrogen playthe hydrogenated (@00 surface. The level of sophistication
a critical role in determining the structures of the surface. Foranges from slab-MINDQmodified intermediate neglect of
example, a fully hydrogen-passivated100) surface would differential overlap and empirical tight-binding methods to
contain two hydrogen atoms per carbon atom and thus stabinon-self-consistent local-density-functiondlDF) calcula-
lize the simple truncated-bulk surface structure of<(l) tions. Among them, several calculatidfis® have given re-
symmetry. On the other hand, loss of hydrogen leads to aults which support the dimer formation model for the
reconstruction of the surface, achieving ax(2) symmetry. H-terminated, C(1008(2%x 1) surface. Additionally, these
The surface structure of the hydrogen-terminatéti00) studies provided structural details for the surface, which can
surface has been the subject of many investigations using lze compared with experimental results.
variety of experimental and theoretical methdds. Earlier Overall, it appears that the majority of the experimental
experimental studiés® indicated that the as-polished or acid and theoretical studies carried out so far agree on the dimer
cleaned €100 surface exhibits (X1) LEED pattern and formation model for the hydrogenated 00 (2x1) sur-
that annealing the surface to a temperater®73 K pro- face. However, there is still no sufficient experimental evi-
duces the two-domain (21) LEED pattern. The change dence to definitely discriminate several qualitatively differ-
was attributed to desorption of hydrogen from the originalent models, which can equally produce the X(2)
surface. Meanwhile, a number of studiéiave pointed out reconstruction pattern. To address this problem, we have un-
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FIG. 1. Low-energy electron-diffraction pattern acquired at 90 ) MR-2 MR+
eV from hydrogen terminated(C00) surface. (d) MR- ©

FIG. 2. A schematic top view of model types included in the
dertaken a LEED crystallographic analysis for theTLEED analysis for the hydrogen terminated,X2) reconstructed

C(100-(2X1)-H surface. The purpose of this paper is to C(100 surface. Note that hydrogen atoms are neglected in the
present a structural model of the surface which passes thanalysis. Open circles represent the first-layer atoms. The gray
LEED tests. Additionally, detailed structural features deter<ircles indicate atoms in the second layer and small solid circles are
mined for the surface are compared to the values given bihe third-layer atoms. In model MR1, those atoms which were
theoretical calculations. removed to generate the MRL model are introduced back to the

system and placed on the bridge sites of the first-layer atoms; they

are shown by half-shaded circles.
METHODS

The experiments were carried out in an ultrahigh-vacuundractional order symmetrically independent beams, desig-
(UHV) facility with a base pressure of around nated ag10), (11), (20), (1/20), (11/2), and(03/2), were used
1x10 °Torr, as described elsewhéfeFor LEED I(E)  in the analysis.
spectra measurements, a CCD camera connected to a per-The surface structure analysis was done within the tensor

sonal computer via a frame grabber board was used. ALEED approach using the TLEED programs provided by
LEED data were taken with the electron beam at normal/an Hove?>?!Layer stacking was performed with the renor-

incidence. _ ~ malized forward scattering method, and the search algorithm
The sample used was adm-thick, p-type homoexpi- \orked with the reliability factor,Rp, introduced by

taxial diamond100) thin film. The film was deposited on the  pengr?2 The atomic phase shifts for carbon were included
high-pressure and high-temperature synthetic diamond subs | — 7 The effect of atomic vibrations was taken into ac-

strate by microwave plasma assisted chemical vapor depo%bunt using a Debye temperature of 1860 K, and inelastic
tion using CH-B,Hg-H, mixture. The CH concentration

. damping was included by an imaginary potential-8 eV.
was 1.0% and BH, concentration was .2 ppm..The SUbStraLteThe real part of the inner potential was continuously refined
temperature was measured by an optical emission pyrometgr - h set of TLEED calculations. The hvdroaen atoms
and kept at 800 °C. Incident microwave power was 750 uring each seto . - 1he hydrog
and the reaction pressure was kept at 40 Torr. The grovther? neg_lected due to their weak scatterlng POWET.
layer was gp-type semiconductor with Iim thickness. Fol- Five different models_were_ana_llyzed using TLEED and
lowing growth of the homoepitaxial film, the sample was they are shpwn schematically in Fig. 2. Note that only those
exposed to the microwave generated hydrogen plasma Si0dels which can “create” the (21) LEED pattern were
800°C. It was found that the plasma treatment produce@onydered here. These models can be divided into two
large, atomically fla{100 terraces and left the surface hy- 9roups.
drogen terminatedf The plasma treated surface is stable in (i) Dimer models. For these models, carbon atoms in the
air and the Auger electron spectrum showed that the sampf#st layer form symmetrical dimers. In model Digee Fig.
was free of contaminants and graphitic carbon. On this hy2(@)], the dimers are formed between the atoms within the
drogen plasma treated(1D0) surface, a sharp, two-domain same row. Model D-ZFig. 2b)] is similar to D-1, except
(2% 1) LEED pattern was observed. Figure 1 shows the patthat in this case, the dimers are formed by pairing the column
tern acquired at an incident electron energy of 90 eV. Half-atoms.
order spots were visible at incident energies as low as 40 eV. (ii) Missing row models. The missing row structures were
The LEED patterns were recorded, at room temperature, inbtained by removing alternating row atorfes in model
the energy range 50-252 eV in steps of 2 eV. Intensity verMR—1) or column atomgas in model MR-2) in the first
sus energy 1 (E)] curves for diffraction spots that are sym- layer from the ideal unreconstructédO0) surface. In the
metrically equivalent were compared to verify normal inci- third missing row mode{referred to as MR 1), those atoms
dence and were averaged to improve the quality of the dateemoved to generate the MRL structure were placed on the
and enhance the signal-to-noise ratio. Three integer and thréxidge sites along the rows formed by the remaining atoms.
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TABLE |. Optimized Ry values of various models tested.

—_
Model Rp | &
—_ -
Dimer models | des
D-1 0.19 : 1
D-2 0.41 + Td::l
" daa
Missing row models "
MR-1 0.35 —— 7o
MR—-2 0.30
MR+1 0.37
RESULTS AND DISCUSSION : . . O
1st Layer 2nd Layer 3rd Layer 4th Layer

The finalR, value after the TLEED optimization for each
model type is reported in Table I. The minimuRy, value
(0.19 was achieved for model D-1. Using Pendry’s statisti-dimer length is determined to be 1.60 A, slightly longer than
cal estimateé? we obtainedAR,=0.06 as the uncertainty in the single C-C bond length in hydrocarb¢h.55 A). The
R, . According to this criterion, the model type D-1 is clearly first interlayer spacingdy,) is 0.81 A, which corresponds to
favored over the other models tested. Figure 3 compares ex 7% contraction compared to the bulk val@87 A). The
perimentall (E) curves with those calculated for the model corresponding C-C bond length formed between the carbon
D-1, which is favored by TLEED analysis. For model D-1, atoms in the first and second layers is 1.57 A, close to the
the surface dimers were originally kept symmetrical and unvalue in the ideal (X 1) bulk geometry(1.53 A). The re-
buckled during TLEED optimization. When displacementsconstruction in the top layer induced bucklings in the third
which lower the symmetry were included, tRg value was  and fourth layergby 0.08 and 0.06 A, respectivelgince
reduced by a further 0.03. However, considering the uncerthere are now two types of C atoms in the layése just
tainty inR,, (0.09 such a reduction may not be significant. below the surface dimers and the other below the intervals of
Furthermore, visual inspection 6€E) curves indicated that the dimer$. However, the magnitudes of lateral displace-
the resulting changes are small, although in this case monments of C atoms in the third and fourth layers, indicated by
parameters were made available in the fitting process. Ther8LEED calculations, are within the range of the uncertain-
fore the symmetrical dimer model seems to have containetles. The fifth layer does not show significant relaxations and
all the significant features of the surface structure. essentially maintains the bulk geometry. The average bond

A pictorial representation of aspects of the optimized D-1lengths between the second and third as well as third and
model is shown in Fig. 4 and some corresponding geometrifourth layers are 1.54 and 1.52 A respectively; both values
cal parameters are listed in Table Il. The uncertainties in thare close to that in the bulk geometry.
geometrical parameters were estimated using the scheme Our conclusion that the @00-(2x1)-H surface recon-
proposed by Andersoet al?® In the optimum geometry, structs via the formation of C-C dimers is consistent with the
symmetrical dimers are formed on the top lay@esignated results of theoretical studié$;** which indicated that the
as first layer by pairing atoms within the same row. The dimer formation is an energetically favorable process. That

FIG. 4. Side view of the best-fit geometry for the model D-1.
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FIG. 3. I(E) curves for six diffracted beams at normal incidence f¢1@D)-(2x1)-H surface. The dotted lines represent experimental
curves while the solid lines represent curves calculated for model D-1 with optimum geometry given by TLEED optimization.



10 350 Y. M. WANG et al. PRB 59

TABLE Il. Some TLEED optimized parameters for model D-1. metrical dimer formation on H-terminated ID0) surface is
in contrast to the formation of asymmetrical dimers on the
ParametersA) C(100-(2x1)-H corresponding G400 (Refs. 24 and 26 and Si (100
surface<® The difference was attributed to different charac-

dimer length 1.6@0.05 ter in the electronic surface states. Indeed, despite many
d, 0.81+0.03 similarities, carbon does behave somewhat differently from
d2s 0.90+0.06 Si and Ge in terms of structure. For instance, higher-order
das 0.08+0.05 reconstruction like those found on the (3D0) and Ge(100)

das 0.06+0.05 surfaces has not yet been observed ¢h00) surface.

dou 0.87 The optimum geometrical parameters given by TLEED

analysis are in general agreement with #teinitio calcula-
tion by Furthmiler etal®™ The latter calculation gave a
structural model involving a dimer length of 1.61 A and a
contraction of 8% for the first interlayer spacing. However,
the magnitudes of bucklings in the third and fourth layers
indicated by this study were about 50% smaller compared to
the results by Furthriller et al®

In summary, the present LEED crystallographic analysis
for the 100-(2X1)-H surface favors the symmetrical

the dimer formation model is favored over the missing row
models agrees with the energy calculations by Halicidlu,
in which the Brenner potential function was used. However
we note also that the same type of calculation by Halicioglu
when a different potential functiofi.e., Tersoff function
was used, gave the model MRL as the most stable configu-

ration for the surface structure. While the question still re- : o
glmer formation model rather than the missing-row recon-

mains regarding which potential represents more closely th . ) . .
; ; truction. The optimum geometry given by TLEED analysis
properties of carbon phase on the surface, it would be usefdl volves a dimer length of 1.60 A, a 7% contraction in the

that further independent energy calculations be carried out t . i . . .
clarify this uncertainty. Nevertheless, the result of the presen rst interlayer spacing, a}nd bucklings in t_he thqu and fourth
LEED analysis does add some support to the calculation re= layers. The mpdel 1'% 1|1n accordance with previous experi-
sults using the Brenner function. mental observatloﬁ§’_ ““and the structural c_jetal!r’s agree
Another attribute of the favored model is the formation ofCIOser. with _tho_se given byab initio Ca.ICUIat'O”Sl‘ The .
symmetrical dimers rather than the asymmetrical ones. ThigEED investigations confirm t.hat the dimer reconstruction
is again in agreement with several theoretical calculatiorP?€cUrs on the @00 monohydride surface.
results'®~1*In particular, the SLAB-MINDO calculation by
Zhenget all’ indicated that the asymmetrical dimer struc-
ture was higher in energy by 1.11 eV per surface atom, when We thank Dr. M. A. Van HovéLawrence Berkeley Labo-
compared to the symmetrical dimer configuration. The symratory) for supplying the TLEED computation codes.
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