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Atomic and electronic structure of the diamond (100 surface:
Reconstructions and rearrangements at high hydrogen coverage
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The atomic and electronic structure of the diam@b@l0) surface has been investigated theoretically via a
semiempirical tight-binding model for a range of hydrogen coverages. Model parameters for C-C interactions
have been taken from the work of Goodwih Phys. Condens. Matt& 3869(1993], while new parameter
sets have been determined for C-H and H-H interactions. The model gives results for the clean and monohy-
drogenated surfaces in good agreement with previous studies, but different features have been identified for
higher H coverages. When the H coverage is sufficiently high, the substrate lattice is found to distort in order
to reduce steric repulsions between dihydride units. As an important example, we obtain two structures for the
dihydrogenated surface that are significantly more stable than those proposed previously. For H coverages
intermediate between the monohydrogenated and dihydrogenated surfaces, stable geometries consisting of
monohydrogenated dimer units and dihydride units are found. In contrast, geometries that include isolated
monohydride units, such as have been previously investigated, are found to be thermodynamically and kineti-
cally unstable. Tight-binding molecular dynamics is used to illustrate a mechanism for the rapid removal of
isolated monohydride units. The electronic structures of the surfaces are described via the total and partial
electronic densities of state, which are obtained directly from the tight-binding Hamiltonian. For the monohy-
drogenated surface and higher coverages, the stable geometries are found to yield no states in the bulk band
gap.[S0163-18207)06608-3

I. INTRODUCTION dimers and giving a2x1) pattern in low-energy electron
diffraction (LEED) experiment$;® is now established be-
Diamond surfaces are presently the subject of intense infond reasonable doubt. Of the various possible hydrogenated
ternational research, both as a test of the current theoreticalirfaces, the monohydrogenated surfage 1) is certainly
understanding of wide band-gap semiconductors and becautiee best understood, with all theoretical stutiié$predicting
of their technological importance. Due to its favorable me-surface dimers with one H atom bonded to each constituent
chanical and thermal properties, diamond has been suggest€datom, again giving #€2x 1) LEED pattern. Higher cover-
as a suitable material for a number of applications involvingages have also been studied by thelo#y-1.33 (Refs. 6, 8,
extreme conditions, including its use as a possible replaceand 14, §=1.5 (Refs. 7,10-12, and }4and 6=2 (Refs.
ment for silicon in electronic devices. The realization of this4,6,9,10,13, and 14 but there is some disagreement on the
aim has been advanced by the technique of chemical vapstructure and relative stability of these high H coverage sur-
deposition(CVD),* with which diamond films can be grown faces.
easily and rapidlyin situ. The principal products of diamond The evidence from experiment with regard to the degree
film growth via CVD are(100) and(111) facets, and thus the of H coverage and the corresponding surface structure that
microscopic processes occurring afl@0) and G111) sur-  predominates under different conditions is conflicting. Typi-
faces are of particular interest. cally, annealing of a cleaned and polished diamond sample
In the present paper, we are concerned with the atomi@ a temperaturd <1000 K yields a(1x1) symmetry, as
structure, electronic structure, and dynamic properties obbserved by LEEB® '8 On heating the sample 6~ 1400
C(100 terraces. In addition to its appearance in CVD-grownkK, a surface reconstruction takes place producin@al)
diamond films, the CLOO) surface is unique among the low- LEED patterf® '8 and correlating with the desorption of
index surfaces in having two dangling bonds per surfacdiydrogent® Scanning tunnelling microscopy (STM)
atom, leading to a variety of bonding possibilities, and a richstudie$® confirm the(2x 1) reconstruction, and show rows
and varied surface chemistry. Central to an understanding aff surface dimers. Hamzet al*® and Lee and Apal found
any carbon surface is the role of adsorbed hydrogen, and gbat the (1x 1) pattern could be recovered by dosing the
particular attention is paid to the effects of different H cov- sample with atomic H or D. In contrast, Thomeisal *® and
erages. When fully saturated by hydrogen, the number oBmentkowskiet all8 found that the(2x 1) pattern persisted
adsorbed H atoms per surface C at@thve coverageg) for  even for very heavy dosing. It is perhaps noteworthy that
the (100 surface is two. oxygen, which is a common impurity, appears to stabilize the
Despite intensive study, an overall consensus on the miclx 1) symmetry>'¢—possible atomic structures in the pres-
croscopic structure of the (©00) surface in the presence of ence of adsorbed O have been given by Thoetee 1°
hydrogen has not yet been reached. That the ba&i®GC The low-temperature (1X1) structure is generally
surface undergoes a reconstruction, forming rows of surfacassumetf*®to be the dihydrogenated?& 2) surface, con-
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sisting of the bulk diamond structure with the dangling bondsinitio studie$!!? relate the absence of buckling on the
passivated by hydrogen. Hameaal'® assigned thg2x 1) C(100 surface to the large bonding-antibonding splitting of
structure produced by annealing at high temperature to ththe surface states that makes the Jahn-Teller-like symmetry
monohydrogenatedé= 1) surface, based on the continued breaking observed on the Si and Ge surfaces energetically
presence of the “slow” proton peak in electron stimulated unfavorable. Hydrogenation eliminates the symmetry break-
desorption (ESD) experiments. However, high-resolution ing also on the (X 1) Si(100):H surface’® On hydrogenated
electron-energy-loss spectroscopfREELS experiments ~ Si(100:nH surfaces, Sakurai and Hagstrifralso observed

on the high-temperatur@x 1) structuré’*®®have failedto a (1x1) phase that was tentatively associated with a sym-
find significant features corresponding to C-H vibrations, andmetric dihydride structure, and Chabal and Raghavathari
these authors have concluded that the surface is hydrogefiscovered a (X 1) phase described as an ordered mixture
free. Lee and Apal deduced from their HREELS results a of monohydride and dihydride units. Northihas calcu-
number of aliphatic and olefinic CHsurface species for the lated the stability of the (Xx1), (2xX1), and (3x1)
low-temperaturg1X 1) surface that they observed. In con- H-terminated Sil00) surfaces as a function of the hydrogen
trast, Thoms and Butl&tand Smentkowsket al'® observed  chemical potential and predicted that all three phases can be
a(2x1) structure on dosing with H or D at low temperature, found over a certain range of the chemical potential. For the
and concluded from HREELS experiments that the surfac€1x 1) phase, however, the lowering of the energy resulting
was monohydrogenated. Thoms and Béflesuggested that from the formation of a canted dihydride structure was found
the extra species identified by Lee and Apaiere assign- to be essential for understanding the stability of this phase.

able to steps and defects on the surface. This could also be a realistic scenario for the hydrogenated
The valence-band electronic structure has been studie@(100 surfaces.
via ultraviolet photoelectron spectroscoflyP9S.'>?1-230n Here we present the results of a detailed theoretical study

annealing the diamond samples at high temperature, filledf C(100 surfaces with H coverages in the range <2,
surface states appear in a 1.5-eV-wide range immediatelysing an accurate and computationally efficient semiempir-
above the valence-band maximditl?® Angle-resolved ical tight-binding model(TBM). The TBM is introduced and
measurements reveal there to be two surface states in thifescribed in detail in Sec. Il. A particular advantage of the
energy range, each possessing a moderate dispétsiBx-  TBM is its computational efficiency, which allows the study
posure to atomic deuterium causes these surface featuresdbrelatively large systems, and perhaps more importantly for
disappear almost completely) Exposure to very high doses the present study a large number of bonding scenarios. This
of hydrogen or deuterium results in further changes in theefficiency stems from the use of simple parametrized matrix
electronic spectrum. The features have tentatively been aglements, and we describe and comment on the chosen func-
tributed to the presence of GHand CH; fragments at the tional forms and associated parameters. The transferability of
surface?? Two-photon UPS with pump photon energies in the model is tested by a comparison with the known geom-
the range 1.2-5.5 eV failed to reveal any empty states in thetries of a number of small hydrocarbon molecules and the
bulk diamond band gap for either the low-temperatureestablished structures of tlte=0 and =1 surfaces.
(1X1) or the high-temperaturé2x1) surfacet® Hamza In Sec. Ill, we begin the presentation of results with the
et alX® concluded from the absence of empty states inthe atomic structures predicted by the model. A major issue for
bulk band gap that the UPS measurements of the highiigh H-coverage surfaces is the steric repulsion that exists
temperature surface were consistent with thel assign- between neighboring bonded H atoms. ForéaH 1, a frac-
ment. In contrast, Wiet al?* and Francz and Oelhaféh tion of the surface C atoms must be bonded to two H atoms,
concluded from the filled surface states that the highforming dihydride (methylené units. Steric repulsion be-
temperature surface was the cleafi@) surface. tween neighboring dihydride units makes an unfavorable
It seems probable therefore that thél@0) surface an- contribution to the total energy, and this contribution be-
nealed atT~1400 K corresponds t®#=0 or possibly comes more important as the H coverage increases. The
0=1. Itis less clear whether the equilibrium coverage at lowd=2 surface is the most extreme case, and it is for this
temperatures i¥=1 or #>1. In any case, it is likely that reason that the dihydrogenated surface has often been re-
as-prepared CVD diamond samples do correspond to largected as unlikely to occur. One important result of our study
0, even if they are thermodynamically metastable. Furtheris that there exists a reconstruction of the 2 surface for
more, regions of high H coverage may occur as intermediateshich the steric repulsion is minimized, making this surface
during CVD growth®? Given the possible role of>1 cov-  more stable than previously thought.
erages, and the theoretical uncertainty regarding the corre- The valence electronic density of states and atomic-
sponding stable atomic structures and associated propertiexbital-resolved partial densities of state can be obtained di-
it seems worthwhile to reexamine these surfaces. rectly from the TBM. We give in Sec. IV the densities of
Before we present the results of our study, it is also interstate corresponding to the structures presented in Sec. Ill. In
esting to review very briefly the influence of hydrogen on thecontrast to some earlier studie¥'2we predict that there
(100 surfaces of silicon and germanium. For both elementsare no surface states in the bulk band gap for all coverages
the best characterized surfaces are again the clean and more-1.
hydrogenated (X 1) surfaces. However, unlike clean  Growth via CVD is likely to lead to transient or meta-
C(100 with symmetric and unbuckled surface dimers, forstable structures, and so we are also interested in dynamic
Si(100) there is conflicting evidence indicating either sym- processes occurring at théX00 surface. Tight-binding mo-
metric or asymmetric dimerd;?>2"26and for G&100) asym-  lecular dynamic§TBMD), in which the forces at each time
metric buckled dimers are definitely preferddRecentab  step are calculated exactly from the TBR¥has recently
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become a popular technique. In the present study, we haverce on each atom can be obtained by taking the appropriate
applied TBMD to study a particular transformation of a sur-derivative of Eq.(1). The contribution from the band energy
face from a metastable to a stable atomic configuration at g&rm follows from the Hellmann-Feynman theorem, and re-
temperature typical of CVD. Results are given in Sec. V.quires derivatives of the Hamiltonian matrix elements and

Finally, some closing remarks are given in Sec. VI. the coefficients of the occupied eigenstatese Ref. 33 for
details.
[Il. TIGHT-BINDING MODEL AND PARAMETRIZATION With the atomic forces thus calculated, we search for

minima of the potential-energy surface using a conjugate

Within the local-density approximation to electronic ex- : . : o -
change and correlation interactions and a tight-binding apgradlent(CG) algorithm. The particular minimum found is

proach, the total potential ener@yfor a given atomic con- obyiously influenced by the chosen starting at_omic config_u-
figuration can be expressed in terms of a band energy, equ%ﬁt'qn' Iln arr: attempl)t to '°.C"?‘te all relevr?nt minima, and in
to a sum over the eigenenergiesof occupied valence elec- particular ft ‘?ﬁ absolute .m'”'m“rf*." we have investigated a
tronic states, plus a sum over repulsive pair potentialsnumber of di ferent starting configurations f_or each H cov-
Viedr) (Ref. 34 erage. A starting conflgH_ratloQ typically consists of a particu-
re lar deformation of the “ideal” structure, with some asym-
metry added in order to avoid being trapped in a prespecified
E=2 €,+ 2 Viedrij), (1)  symmetry. The ability to explore a range of starting condi-
Voce & tions is a consequence of the computational speed of the
wherer;; is the internuclear separation of atoimandj. The chosen semiempirical approach. _
pair-interaction term describes the electrostatic interactions A knowledge of the atomic forces also allows one to in-
and accounts in addition for the double-counting and nonorvestigate the dynamics of the system via molecular-dynamics

obtained by diagonalizing the TB Hamiltoniddyg, which ~ fourth-order Gear predictor-corrector algorithid® with a

r

is expressed in a basis of localized orbitals associated witHme step of 1 fs to integrate the equations of motion of the
the individual atoms. We adopt the standard minimal basis2omic coordinates. Molecular-dynamics simulations based
consisting of ones orbital and threep orbitals on each C On @ TB expression for the potential energy have recently
atom, and a single orbital on each H aton(cf. the work of ~become popular for carbon and silicon systefsee, e.g.,
Gavrilenkd who included an extra* orbital on each € Refs. 33, 39 and 40 and references th@rémaddition to the
The potential energ is thus determined by the diagonal 9eneration of atomic trajectories at finite temperatures,
and off-diagonal elements dfig [e, andt,4(r) respec- TBM_D S|mul_at|ons_ were also used to generate approximate
tively, wherea, B denote basis orbitaland byV,(r). The startlng_ configurations for the CG algorithm via a simulated
r dependence of the intersite termg, and Vieg is assumed 2@nnealing approach. _
to follow the scaling form of Goodwiret al,*® namely a For a practical implementation of the model, we must
power law decay modulated by a smoothed step functioff€termine parameter sets for C-C, C-H, and H-H interac-
located at, and with a sharpness determined iy tions. The C-C parameters are taken to be those of
Goodwirf! (see Table ), who fitted the values ok, and
ro\™ e (ro\Me t,5(ro) to the band structure of the equilibrium diamond
s(r)=s(r0)(T) exp[m +(r—) ] (2)  lattice* while the remaining parameters are fiftedo the
¢ ¢ equilibrium volume of the diamond lattice, the diamond-
Here,s=t,; Or Vg5, m=m; or my, andr is the equilib-  graphite equilibrium energy separation, the bulk modulus of
rium internuclear separation. diamond, and the face-centered cubic equilibrium volume.

In order to avoid time-consuming calculations, we do notThe Goodwin parametrization is found to give results similar
include explicit Coulomb terms in the total potential-energyto those of Xuet al*? for the clean diamond surface and for
function. Such terms are often introduced to reduce unphysiiquid carbon?® while retaining the straightforward pair po-
cal charge transfer, either via a positive contribution to theential form for the repulsive contribution to the energy.
total energy related to the deviation from charge neutrdfity,  Alternative parameter sets have been developed for the
or via a self-consistent adjustment of the diagonal matrixC-H and H-H interactions. The H-H parameters were ob-
elements-3°In fact, we find charge transfer, as estimated bytained by fitting the results of the TBM to thab initio
the Mulliken population, to be small in all situations studied binding-energy curve of the Jimolecule calculated by Ko-
(typically < 0.1e). Even for the extreme case of the H-atom los and Wolniewic® (note that at the level of accuracy of
migration shown in Fig. 8, the charge transfer does not exthe current application, there is no significant difference be-
ceed 0.1B. Note that the lack of significant charge transfer istween the various calculations reported in Ref). 45 good
to some extent due to the values we have chosen for thit is obtained in the vicinity of the equilibrium internuclear
(fixed) diagonal matrix elements; see below. separation ,=0.742(namely, in the range 0.54r<1.3 A)

For a given atomic configuration, we construct the Hamil-but, as is appropriate for bulk phase applications, the inter-
tonian matrix and diagonalize it exactly to obtain the elec-actions were made to drop off more rapidly than they do in
tronic eigenenergies, and eigenfunctions. The temperature the H, molecule by an appropriate choice of the cutoff pa-
of the electronic subsystem is assumed to be zero, so that theameters . andn.. The resulting H-H parameter set is given
lowestN,/2 eigenstates are occupied, whétgis the num- in Table I. In contrast, Davidson and Pick8tevaluated the
ber of valence electrons. The total energy is then obtaine#-H parameters from the interaction between H atoms lo-
directly from Eq.(1). An analytical expression for the total cated on different methane molecules, having in mind the



55 ATOMIC AND ELECTRONIC STRUCTURE OF TIE . . . 5367

TABLE I. Parameters of the tight-binding model; see text for key. Energies are given in eV, and lengths
in angstroms.

€s €p tsss(ro) tspa(ro) tppa‘(rO) tppw(ro) Vrep(ro)
C-C —5.16331 2.28887 —4.43338 3.78614 5.65984 —1.82861 10.92
C-H —4.81 5.32 7.923
H-H 0.42583 —-6.374 8.0
m, my fo e Ne
C-C 2.796 4.455 1.536 2.32 22
C-H 1.949 3.372 1.094 2.0 22
H-H 1.59 2.52 0.742 1.5 8

repulsion between bonded H atoms on the diamond surfacep® andsp? hybridization likely to be of relevance to dia-
We believe our procedure to be more general, and that sterimond surfaces. Sample results are given in Table Il. Al-
repulsions between bonded surface H atoms should arigshough the predicted geometry does not agree perfectly with
naturally from the properties of a fully saturated bondingexperiment, the major trends are reproduced, notably the
network. shortening of the C—C bond in going from alkane to aro-
The diagonal matrix elemend, of H atoms, which is matic ring to alkene. It must also be remembered that quoted
obviously undetermined by the above fitting, was fixed at theexperimental bond lengths sometimes differ by up to 0.01 A,
C sp® hybridization energy €.+ 3€p)/4, in order to mini-  depending on the source and method used. The calculated
mize charge transfer in typical bonding situations. As menvalues of the atomization enerdsg are in excellent agree-
tioned above, this aim appears to be fulfilled. Having thusment with the experimental values quoted in Ref. 46, which
fixed all of the H-H parameters, the C-H parameters wergs of course a direct consequence of the fitting procedure

fitted to the binding energy, equilibrium bond length, anddiscussed above. Finally, from the valuesqyf shown in
vibrational frequencies of CH (experimental values have Table Il it is clear that charge transfer is small, giviag

been taken from the compilations in Refs. 46 and. Ahe
parameters adopted are displayed in Table I.

posteriorijustification for the neglect of Coulomb terms.

The results presented in Secs. Il and IV for the static
As a preliminary test of the TB model, we consider aproperties of hydrogenated diamond surfaces were obtained
small selection of hydrocarbon molecules that exemplify theusing a slab geometry consisting of 12 carbon layers and 8

TABLE Il. Comparison of the TB model with experiment for selected properties of small hydrocarbon
molecules. Bond lengths are given in angstrofgs.is the atomization energy of the molecule in eV and
gy is the calculated charge on an H atom given in units of the electronic charge. Experimental values for
bond lengths and angles are taken from Ref. 47. Experimental valugs; fare those quoted in Ref. 46.

CsHe
/. CCH
r(C-0) r(C-H) (degrees Eg o/
Present work 1.506 1.098 109.5 30.985 —-0.04
Experiment 1.535 1.094 111.2 30.90
CsHg
/ CCC
r(C-0 r(C-H) (degrees Eg o/
Present work 1.514 1.097 and 1.102 109.6 43.758 —0.04
Experiment 1.532 1.107 112 43.3
C,H,
/ CCH
r(C-0O r(C-H) (degrees Eg au
Present work 1.345 1.089 120.4 24.116 +0.02
Experiment 1.339 1.087 121.3
CeHe
r(C-0 r(C-H) Eg au
Present work 1.407 1.088 58.161 +0.03
Experiment 1.399 1.101
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atoms per layer in a (% 2) surface cell. Periodic boundary
conditions are applied in the andy directions(orientated
along[011] and [011] with respect to the crystallographic
axes, with two free surfaces in the direction. We note that

the surface cell is large enough to allow for higher-order
reconstructions than (21). Hydrogen atoms are added to
both surfaces to give the required coverage, and all atoms are
free to move. All energies quoted are per surface(S®, of
which there are 16. The TBMD simulations reported in Sec.
V used an identical geometry, except that the number of
layers was restricted to 8 in the interest of speed. The size ‘
and orientation of the surface of the simulation cell obvi- (a) U
ously influence the H coverages and geometries that can be
studied. The present choice of &2 surface cell is, we
think, sufficient to reveal the basic trends for fractional H
coverage.

Sample calculations were also performed with between 6
and 16 carbon layers in order to test the convergence of the
results with respect to slab thickness. Quantities such as
bond-lengths show oscillatory convergence, the oscillation of
period-4 layers arising from the symmetry of the diamond
lattice in the[100] direction. We find the results to be satis-
factorily converged at a thickness of 12 layers—in all cases
bond lengths changed by less than 0.001 A in going from a
12-layer to a 16-layer calculation. In contrast, bond lengths
changed by up to 0.01 A when an 8-layer slab was used. Forp) JELTR R
the TBMD simulations, this was deemed not to be a prob-
lem, Sin(,:e deVia,tionS in the bond lengths arising from ther- FIG. 1. Views of(a) a metastable an(b) the stable structure of
mal motlon are in any case !arger.. . C(100:1.5H, as obtained by CG minimization. (1) atoms are

‘With stable atomic configurations determined by CGghown in blackiwhite), and only the upper three carbon layers are
minimization, we can also investigate the valence electronigjisplayed. Selected bond lengths are given in Table Iil. Atoms H1,

Struclturelof the SySte.m of interest. Diagona:lizat.ion of the TBHZ, and H3 are for later referen¢eee F|g 8 and accompanying
Hamiltonian leads directly to the electronic eigenenergiesiexi).

from which we deduce the density of stat@09 of the
occupied valence and unoccupied conduction bands. In ordeggy|1é11-14(R. .= 1.61 and 1.67 ARc 4= 1.10 and 1.17

to improve the representation of the electronic bands, W& in the self-consisterit and non-self-consistéhtalcula-
performedk-point sampling in thec-y plane using 16 special tions, respectively but the adsorption energy is slightly
k points from the Monkhorst-Pack scheffen addition @ |ower than theab initio values of—6.20 eV/SS(Ref. 8 and
Gaussian smearing with a mean-square deviation of 0.05/5 436 eV/SS112We expect, therefore, the TBM to give
V2 eV was used to produce a smoother DOS. Using theeliable geometries and reasonable estimates of energy
eigenvector coefficients, we can also calculate various partigdhanges.
densities of state, from which an idea of the nature and spa-
tial extent of the eigenstates can be obtai(ezk Sec. IV.
Before we present the principal results of this paper con-
cerning high H-coverage surfaces, we briefly describe the In Fig. 1, we show two different structures for the
predictions of the model for the bare and the monohydroged= 1.5 surface, both obtained by CG minimization but start-
nated surfaces. A CG minimization for the bare surfaceng from different trial configurations. Selected bond lengths
(6=0) yields symmetric surface dimers of lengity = are compared in Table Il with the results alb initio calcu-
1.406 A, and a reconstruction energy relative to the termiations. The structure of Fig.(d) consists of alternating rows
nated bulk structure cAE=—1.513 eV/SS. Self-consistent of dihydride and monohydride units with §21) periodicity
ab initio local-density-approximationLDA) calculations in the adsorbed hydrogen layer, and is the structure assumed
predict a dimer length ofRc.c=1.37 A for symmetric in the studies of Refs. 7, 11, 12, and 14. The quantitative
dimers?11-144% non.self-consistent TB-LDA calculations agreement with the latter is good, in particular with ti®
based on the Harris-Foulkes functio@k.c=1.40 A for initio studied™'?*in which the C-H bond length is also
buckled dimeré. The ab initio value for the reconstruction found to be longer for the dihydride unit.
energy iSAE=—1.51 eV/SS? For the monohydrogenated  We find, however, that the structure shown in Fita) is
surface, f=1) we obtain a symmetric dimer of length only metastable, lying 1.046 eV/SS above the alternative
Rc.c= 1.600 A, a C-H bondlength dRc,=1.098 A, and a  structure shown in Fig. (b). In the latter, the monohydride
hydrogen adsorption energy relative to the bare surface plusgnits are placed in adjacent positions, whence a surface
hydrogen atoms oAE,= —4.049 eV/SS. The predicted ge- dimer readily forms, removing the dangling bonds of the
ometry is again in good agreement witab initio  monohydride units. This results in a ¥4l) periodicity of

Ill. EQUILIBRIUM ATOMIC STRUCTURES
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TABLE lll. Comparison of surface geometries. Bond lengths are given in angstroms.

C(100(2x 1)
Rc.c (dimen R (back bondl
Present work 1.406 1.538
Ref. 11 1.37 1.50
C(100(2%x 1):H
Rc.c (dimen Rc.c (backbondl Rc.y (dimen
Present work 1.600 1.549 1.098
Ref. 11 1.61 1.53 1.10
C(100:1.25H
Rc.c (dimen Rc.4 (dimen Rc.y (dihydride
Present work 1.584 1.098 1.087
C(100:1.5H
Rc.c (dimen Rc.4 (dimen Rc.y (dihydride  Re.y (monohydride
Present workdimerg 2 1.548 1.099 1.087
Present workAltern.) © 1.110 1.089
Ref. 11(Altern.) 1.11 1.09
Ref. 14(Altern.) 111 1.09
C(100:1.75H
Rc.c (dimen Rc.4 (dimen Rc.y (dihydride
Present work 1.572 1.099 1.132 & 1.093
C(100:2H
Twist Canting / H-C-H
(degrees (degrees Rc.y (dihydride (degrees
Present work(lean-tg°© 1.114 94.3
Present workherring-b)? 1.123 93.7
Present worktwisted® 33.0 0 1.147 90.5
Present work(id.)® 0 0 1.113 77.1
Ref. 10(id.) 0 0 1.07
Ref. 14(id.) 0 0 1.05 83
Ref. 14 (canted® 0 11 1.11,1.05 91
Ref. 14 (twisted® 19 0 1.07 86
Ref. 13(id.)® 0 0 1.06 84.7
Ref. 13(cantedrtwisted' 1.13,1.04 93-96

8Structure with H-C-C-H dimers and dihydride units.

bStructure with alternating mono- and dihydride units.

¢“Lean-to” structure; see Fig. @).

%Herring-bone”-structure, see Fig.(8 and text.

€Substrate lattice constrained toX1) symmetry. Ideal structurgd.).
fcanted and twisted dihydride units.

the surface with respect to the surface layer and a1%  Si(100:1.33H (3x1) surface usingab initio calculations
periodicity in the adsorbate layer. We obtain a dimer lengthand was found to be stable at sufficiently high hydrogen
of 1.548 A, which is shorter than that observed in thel  partial pressures above the surface. On the basis of scanning
structure. The contraction of the dimer bond, which increasegunneling microscopy, Bolarfihas also suggested the exist-
the strain of the substrate lattice, is presumably driven by thence of a (3¢ 1) phase on the hydrogenated1®i0) surface,
need to reduce steric interactions between the dihydridgresumably at coverages 6f=1.33. We return to the rela-
units. A structure with alternating H-Si-Si-H dimers and tionship between the structures of Figéa)land Xb) in Sec.
SiH, dihydride units at a coverage of 1.33 ML has also beerV.

investigated by Northri3?” and by Vittadiniet al?® for the A third structure for the#= 1.5 surface was found #?,in
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which one hydrogen atom occupies a bridging position be-
tween each pair of surface carbon atoms. We find such a
structure to be unstable. We suspect, though cannot prove,
that the structure is a consequence of the fact that Davidson
and Pickett fitted the C-H parameters to the forces in,CH
rather than the energies, and thus overestimated the binding
energy of a C—H bond.

The relief of steric interactions through distortion of the
substrate lattice turns out to be more important than the
simple contraction of the dimer bond in Fig(b] just men-
tioned might suggest. For very high H coverages, one ex-
pects significant steric interactions between H atoms located
on adjacent dihydride units. The most extreme case, that of
the #=2 surface consisting solely of dihydride units, is gen-
erally considered to be thermodynamically unstable with re-
spect to thed=1 surface for this very reason. Constraining
the H atoms to lie in the ideal plange., the plane that
passes through the surface C atoms and that lies perpendicu-
lar to that containing the back bonds of the substrate lajtice
and relaxing all other atomic coordinates, we find that the
H-C-H angle is reduced to 77.1° compared with the ideal FG. 2. Top views of(@) the “herringbone” and(b) the “lean-
tetrahedral angle of 109.4%ee Table Ill. Even so, H atoms  to” structures of G100):2H, as obtained by CG minimization.
on neighboring dihydride units are only 1.122 A apart and
significant steric interactions remain. the simulation(0.02 ps the global minimum for the dihy-

The case of the @00 dihydride surface is considerably dride structure has not been reached.
different from that of the $100 dihydride surface. Due to The relief of steric interactions in our twisted structure is
the larger lattice constant of Si, the shortest H-H distancechieved at the expense of deforming the preferred tetrahe-
between adjacent dihydride unitsRs.y= 1.51 A, even for  dral bonding at the surface C atoms. While the H-C-H angle
the symmetric S1L00):2H (1X 1) phase at a H-C-H angle of lies closer to the ideal tetrahedral angle, other angles sub-
102°. Here a simple canting of the SjiHinits relative to the tended at the surface C atoms become worse. In particular,
surface normalwith the H atoms remaining in the ideal the angles between the C—H bonds and the C—C backbonds
plang is sufficient to increase the H-H distance to 2.21 Aare 96.4° and 137.0°. The situation can be improved by al-
and to stabilize the dihydride pha%e. lowing the carbon substrate to relax away from the ideal

On the G100):2H surface, the H-H repulsions can be re- (1x 1) symmetry. We have in this way found two alternative
lieved to some extent by twisting each dihydride unit out ofstructures for thed=2 surface that are more stable than
the ideal plane. When we allow such a distortion, and perthose discussed so far. These structures were initially located
form a CG minimization with no constraints, we find that anby performing CG minimizations starting from partially dis-
energy minimum exists for a twist of 33.0°. The H-C-H ordered atomic configurations. Minimizations that start from
angle thereby increases to 90.5°, and the energy is loweregh atomic configuration that assumes the idéal 1) sym-
by 1.353 eV/SS with respect to the previous zero-twist strucmetry cannot locate these lower-energy structures.
ture. The structure so obtained is similar to that of Yang and The first structuréthe “herringbone” structurgis shown
D’Evelyn® who found a stable twist of 26.4°. On the other in Fig. 2@). It may be derived from the ideal structure by
hand, other studiés$'°found that twisting led to an overall shifting rows formed by second- and third-layer C atoms in
increase in energy. Canted and/or twisted@D):H struc- alternate directions parallel to tfi@11] axis, while all other
tures have also been considered in #freinitio calculations C atoms retain approximately ideal positions. Twisting of the
of Zhanget al’® and Hong and Chotf: Hong and Chou dihydride units then leads to an approximately hexagonal
found that a canting of the dihydride units by 11° with re-array of H atoms, thus minimizing the steric repulsions.
spect to the surface normal increases the H-H distances b®vhile the reduction in the steric interactions between H at-
tween different CH groups from 1.10 A to 1.44 A and re- oms is again achieved by twisting the dihydride units, the
duces the energy by 0.42 eV/SS. For the twisteddistortion of the underlying substrate leads to improved
configuration they calculated a stable twist angle of onlyangles at the surface C atoms: the H-C-H angle is 94.3°, and
19°, leading to an only marginal energy gain of 0.01 eV/SSthe angles between the C—H bonds and the C—-C backbonds
The difference to our result comes from the fact that theare 98.4° and 129.9°. On the other hand, the deviation from
twisted CH, units were constrained to be symmetric with ideal tetrahedral bonding is necessarily worse in deeper lay-
respect to the C-C axiffor more geometrical details, see ers: the bond angles subtended at carbon atoms in the second
Table lll). Zhang et al. considered a canted and twisted and deeper layers range between 102.4° and 117.5°. The
(2X1) structure generated by a molecular-dynamics simulaherringbone structure is found to be 0.390 eV/SS lower in
tion at 300 K and a subsequent steepest-descent quenamergy than the simpler twisted structure that retains the
However, relative to the symmetric structure, an energy gairilx 1) substrate lattice, and 1.743 eV/SS lower than the sym-
of only 0.12 eV/SS was achieved. This indicates that becausmetric (1xX 1) dihydride surface. It is clearly energetically
of the rather low temperature and the very short duration ofavorable to distribute the distortions from ideal tetrahedral
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FIG. 3. Top view of the lowest-energy structure of FIG. 4. Top view of the lowest-energy structure of
C(100:1.75H, as obtained by CG minimization. C(100:1.25H, as obtained by CG minimization.

bonding, necessary to reduce steric repulsions, over a larg@=1 surface is traditionally associated with(2x 1) sym-
number of C layers. metry, and thed=2 surface with a(1xX 1) symmetry. The

The second structurghe “lean-to” structure, shown in  lean-to and herringbone structures shown in Figs,®
Fig. 2b), is obtained by shifting rows formed from first and however, possess @x 1) symmetry. Therefore th€x 1)
second layer C atoms parallel to th@l11] axis. In addition, LEED pattern observed at low temperatures by a number of
the dihydride units lean over with respect to the ideal planegroups®##simply indicates the existence of a long-range
leading again to an approximately hexagonal array of H atfeconstruction of the surface, but is not sufficient to distin-
oms. The H-C-H angle is now 93.7°, the angles between thguish between the monohydrogenated and dihydrogenated
C-H bonds and the C-C backbonds are 103.1° angurfaces.
123.6°, and the angles subtended at carbon atoms in the sec-Higher-order symmetries are predicted for certain cover-
ond and deeper layers range between 101.9° and 117.3°. Thges intermediate betweél=1 and6=2. The 6=1.5 sur-
total energy is found to be 0.018 eV/SS lower than that of thdace shown in Fig. (b), for example, possesses(4x 1)
herringbone structure, which marginal stabilization may besymmetry, and thé@=1.33 surface studied in Refs. 6 and 8 a
attributed to slightly improved angles subtended at the surt3x 1) symmetry. An arbitrary fractional H coverage, how-
face C atoms. ever, is likely to consist of a disordered mixture of dimer and

The lean-to and herringbone structures achieve a signifidinydride units. As suggested by Yang and D’Evelysych
cant stabilization of the&d=2 surface with respect to previ- a disordered surface structure would yield1a 1) LEED
ously suggested structures. The distortion of the substratgattern due to the underlying lattice. Hence, t{ie< 1)
lattice allows the formation of a hexagonal array of H atoms LEED pattern observed at low temperatures in Refs. 15-18
thus minimizing the steric repulsion between adjacent H atmay indicate a disordered structure resulting from a surface
oms, and relatively small deviations from ideal tetrahedrakhat is not fully saturated by hydrogen.
bonding. The energy gain achieved by admitting an uncon- Can we predict what H coverage should be stable at low
strained twisting of the dihydride units plus a deformation oftemperatures by a comparison of the energies associated with
the substrate is much larger than the modest energy gain different values of6? The first problem is to decide on the
only 0.42 eV/SS(0.18 eV/S$ achieved by canting the form of excess hydrogen. In curve A of Figah we plot the
CH, (SiH,) units on the €Si)(100:2H surface*?° Hence total energy of the diamond slab plus a fixed amount of
we suspect that for 8i00) as well, the structures discussed hydrogen as a function dof, for which the excess hydrogen
here could be more stable than the simple canting models.is assumed to exist as isolated H atoms. Pre2 surface,

We would expect similar distortions to occur for other with the structure of Fig. @ or 2(b), is clearly the most
high-0 surfaces, and as an example we show in Fig. 3 thetable. In contrast, we plot in curve B of Fig(b the total
#=1.75 surface. As in th&#=1.5 case, the surface consists energy assuming the excess hydrogen to exist in the form of
of a mixture of dimer and dihydride units. Due to the higherH, molecules. The energetically most stable surface is now
concentration of dihydride units, however, there is a cleathe §=1.5 structure shown in Fig.(h). The increase in total
distortion of the substrate lattice. Because of the constraintnergy for coverages greater thas 1.5, which is reflected
imposed on the first layer carbon atoms by the dimer bondn curve A by a reduced rate of decrease of the total energy,
this distortion takes a form similar to the herringbone struc-probably indicates the onset of the distortion of the substrate
ture of Fig. Za). lattice with the concomittant increase in strain energy.

For the #=1.5 surface and lower H coverages, however, Taking curves A and B of Fig. (8 together, it appears
the strain energy associated with the distortion outweighs ththat the energetically most favorable system is thel.5
reduction in steric interactions, and the substrate lattice resurface in contact with a gas of Hnolecules. However, in
mains undistorted. This is seen clearly for the 1.25 sur- the presence of a significant partial pressure of atomic hy-
face shown in Fig. 4. In addition, thé=1.33 surface with drogen(generated for example by a hot filamerthe equi-
alternating di- and monohydride units andX{3) periodicity  librium is likely to be shifted to higher coverages.
studied in Refs. 6,8, and 14 also conforms to the above pat- The picture emerging from Fig.(8, with a large adsorp-
tern. tion energy for hydrogen up to monolayer coverage, and

What implications do the above results have with regardnuch lower energy gains for increased coverages, is consis-
to the LEED results discussed in the Introduction? Thetent with the temperature-programmed desorption experi-
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large(0.27 eV/H atom in the H moleculg. However, for the
present case only the differences in the zero-point energies in
different systems are important. Even if we assume that these
differences can be as large as 10%, they are still much too
small to influence the energetics depending on the coverage.
In our case the chemical potentjak. is equal to its value in
bulk diamond, and the number of C atoms is constant. The
number of hydrogen atoms varies with the coverage. Hence
the range of stability of phases with different H coverages is
determined by the chemical potential, of hydrogen. Figure

. , , , , , , ‘ ‘ , 5(b) shows the grand potential as a functionof for the
(b) 48 4 38 ey S different coverages considered. We find that fqy< — 3.6
eV, the clean CL00-(2X% 1) surface has a lower potential

FIG. 5. (a) Total energy(in eV/SS of the hydrogenated @00 ~ than any of the H-terminated surfaces. In the range
surfaces as a function of H coverage, with excess hydrogen in 3-6 €V<upy<—2.3 eV the (1) monohydride surface
atomic (curve A) or molecular(curve B form. Isolated points in- IS thermodynamically stable, followed for—2.3 eV
dicate additional metastable surfacés.Grand potential) (inev/  <uwy<—0.8 eV by thed=1.5 surface, and at still higher
S9 of the surfaces as a function of the chemical potential of atomicvalues of the chemical potential the dihydride phase is lowest
hydrogenuy, (in eV). The coveragd is indicated next to each line. in energy. For intermediate coverages arowdl1.25 and
The zero of the hydrogen chemical potential is taken as the valug=1.75, the grand potential is always higher than or at most
for the clean surface, namely—ncpuc. equal to that for 1, 1.5, or 2 ML coverage so that the ordered

phases turn out to be unstable. However, in this case a dis-
ments of Hamza, Kubiak, and StuléhThey found that H  ordered distribution of dimers and dihydride units could lead

desorption from a very strongly H loadedXD0) surface to an entropic stabilization of phases with intermediate cov-
occurs in a two-step process. The first desorption step has aftages.

activation energy of 1.61 eV per H atom and leads to a still
H-covered surface with (2 1) symmetry. Further H desorp-
tion requires much higher activation energies. From Fg) 5 IV. ELECTRONIC STRUCTURE

we find that the desorption processes reducing the coverage ag gutlined in Sec. I, the total and partial electronic den-

from 1.5< <2 to aboutf~1 require activation energies of gjties of state are readily obtainable from the diagonalization

1.5 to 1.9 eV, in good agreement vgith the desorptionyt . The predicted electronic structure is expected to be
experiment” and theab initio predictions,” whereas the ac- easonable in the valence band and the lower half of the

tivation energies increase steeply at lower coverages. In theyquction band: in the upper half of the conduction band,
presence of a reservo_ir of hydrogen atoms above-the surfacge contribution from higher-energy basis states, not in-
the stability is determined by the grand potenfialgiven at  ¢|,ded in the present work, is likely to be significant. In fact,
zero temperature bineglecting the zero-point energies; cf. i \as for this reason that Gavrilenkincluded an additional
Ref. 14 s* state in his basis.

O=E-n n 3) In Fig. 6, we plot the total DOS for coveragés-0, 1, 1.5

chc™ HHAH, (dimerized structure and 2(lean-to structure The overall

wherekE is the total energy and: andny are the numbers of form of each spectrum in similar, due to the constant contri-
C and H atoms. The zero-point energies associated with thieution from bulk electronic states. In the valence band, the
vibrations of the light hydrogen atoms are generally quites-like andp-like subbands are clearly distinguished, together

Grand Potential (eV/SS)
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FIG. 7. DOS and partial DOS for the lowest-enefgy C(100), (b) C(100):H, (c) C(100:1.5H, and(d) C(100):2H surfaces. The solid
curve gives the total DOS, the dashed curve gives the contribution from surface C atoms, and the dotted curve the contribution from H
atoms.Eg marks the Fermi energy for all surfaces. The units are as in Fig. 6.

with the characteristic peak arising from their overlap. Theagreement with the photoemission intensities of Graupner
differences observed reflect changes wrought by the adet al??and Francz and Oelhaféhshowing a decrease of the
sorbed hydrogen, particularly on surface states. Thesphotemission intensity for 2—0 eV and an increase in the
changes are most easily understood with reference to th@nge —6— —3 eV. The absence of surface states in the
partial DOS which are plotted in Figs(&-d. bulk gap is in contrast to the electronic structure of geom-

The most striking difference between the plots shown in€tries that possess isolated monohydride units. In such a
Fig. 6 is the existence of states in the bulk band gap fofase, the dangling bonds associated with the monohydride
#=0. Figure 7a) shows that the DOS of these gap states jgunits glge rise to gap states. F{)lrlgxample, both Davidson and
almost entirely accounted for by the contribution from sur-Pickett® and Furthniller et al'!? assumed structures for
face C atoms, and so the gap states can be classified as sij}¢ ¢= 1.5 surface consisting of alternating rows of dihy-
face states. On the reconstructed cleh00) surface, each ride and monohydride units, and consequently observed
dimer unit is associated with two dangling bonds, which mixwell—defmed peaks in the band-gap region.

; : X For the =2 spectrum additional states are observed on
(h—r * -
to give occupie and ungccup|edr states(although ".‘d either side of the band gap. The most pronounced feature is a
dition of electron correlation effects may alter this simple

) . o . very intense empty surface state immediately at the bottom
picture”) The 7 and 7* states can be identified with the o t%e conductior? gand, and a further increas?a/ of the DOS in
peaks observed in the rangesl —0 eV and 2-4 eV re- e range—5 eV < —3 eV. These additional states are also
spectively. Interactions between different dimers within agpserved for the herringbone and the simple twisted struc-
dimer row lead to the observed broadening. These observggres, butnot for the #=2 surface in which the dihydride
tions accord closely with the results of previous ynits are constrained in the untwisted configuration. From
studie§'9~***%and with the photoemission studiés*® the partial DOS shown in Fig.(@), we see that these states

On hydrogenation to a coverage=1, the gap states dis- have a significant contribution from the hydrogens and the
appear and additional states are observed in the energyrface carbon atoms, and their appearance presumably re-
ranges—7— —3 eV and 7—8 eV. The resulting band gap flects the changes due to the twisting of the dihydride units.
lies very close to the experimental bulk gap of 5.5 eV, indi- Altogether we find that the present results agree perfectly
cating the bonding and antibonding surface states have beavell with the observed changes in the photoelectron spectra
shifted by sufficiently large energies to fall into the region ofas a function of the hydrogen coverage.
the bulk valence and conduction banflsote that as the TB
Hamiltonian has been adjusted to reproduce the experimen- V. DYNAMICAL SIMULATIONS
tally measured gap, hence our predictions do not suffer the OF SURFACE RECONSTRUCTIONS
usual shortcoming of the local-density approximation of pro- We showed above that, for the present model, it is ener-
ducing too narrow gapsThese predictions are in excellent getically unfavorable for monohydride units to occur in iso-
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31 adsorbed hydrogen atoms is large enough to lead very
] H1 quickly to a “recombination” of isolated monohydride units

2-% via the formation of H-C-C-H surface dimers. At these cov-
. H2 erages, the structure of the surface is probably determined by

o ] a disordered arrangement of dihydride units and surface
y(4) o{% dimers, leading to an overall (41) pattern in a LEED ex-

1 H3 periment, as observed. The recombination of the monohy-
'“%W dride units in surface dimers with saturated bonds also ex-
2] plains the absence of dangling-bond surface states, in

3 agreement with the photoemission studies oil0D sur-
B s R AR AR L faces exposed to high doses of atomic hydrogbnAs for
o e e A tfio 00360 400 4s0 o0 the S{100) surface?®*’it is possible to saturate all dangling
s) . .
bonds at the 100 surface with hydrogen, leading to a cov-
FIG. 8. Trajectories of three H atoms during the TBMD run €rage ofg=2. However, unlike for $100), a simple canting
described in the text. The coordinates of atoms H1, H2, and H3 Of the CH, units in the ideal plane is not sufficient to stabi-
(see Fig. 1 in angstroms are plotted as a function of simulation lize the G100:2H surface. A larger energy gain can be
time in femtoseconds. A clear transition is visiblet at230 fs. achieved by twisting the Clgroups out of the plane, as
proposed by Yang and D’Evelythut contradicting previous
lation. To test whether isolated monohydride units can sursemiempirical studiés’ and also the recent TB calculations
vive as metastable states under CVD conditions, we ran &f Davidson and Picke’ However, we find that although
TBMD simulation at 1200 K starting from the atomic con- the twisting of the CH groups reduced steric repulsions, it
figuration shown in Fig. ). In Fig. 8, we plot they coor-  increases the elastic strains in the substrate. Allowing the
dinates of the three H atoms labeled in Figa)las a function ~ substrate to relax from the imposedX1) symmetry leads
of time. The plot shows that the atoms at first oscillateto two energetically nearly degenerate surface structures with
around their initial positions, but a clear transition is seerstill lower energies. In both structures, the adsorbed H atoms
around t=230 fs. A similar transition occurs around form slightly distorted honeycomb layers; they only differ by
t=150 fs for the adjacent row of H atoms, and the finalshifted adjacent rows of C atoms in different directiot.
structure is as shown in Fig(4). With these structures, hydrogen coverages of up=+t® are
The transition observed involves the migration of atomstable against the desorption of atomic hydrogen. The stabil-
H2 between neighboring surface C atoms, with the simultaity of the different surfaces as a function of the chemical
neous formation of a surface dimer. The required rearrangepotential of H above the surface has been studied, and we
ment is in fact minor: atom H2 moves through a total dis-predict that with increasinge, C(100-(2x1), C(100):H-
tance of only 0.67 A. Nevertheless, it brings a gain in energy(2x 1), C(100:1.5H-(4x 1), and @100:2H-(2X 2) phases
of 1.036 eV/SS(eight-layer slabdue to the removal of the should be observedhis refers to a homogeneous covenage
dangling bonds associated with the monohydride units. ~ (d) Electronic surface states are observed for the clean
We conclude that, at hydrogen coverages1, isolated C(100 surface, but disappear completely at a monolayer
monohydride units are unstable. The diffusion of the H at-coverage of H. At higher coverages, isolated monohydride
oms of the €100) surface is sufficiently fast to lead very units lead to a reappearence of gap states. However, for all
quickly to the recombination of the monohydride units torelaxed hydrogenated (€00 surfaces with no isolated

form H-C-C-H dimers. monohydride units, there are no electronic surface states in
the bulk gap. The observed changes of the electronic DOS as
VI. CONCLUSIONS a function of hydrogen coverage are now in perfect agree-

ment with the photoemission observations.

We have presented a detailed study of the structural and
electronic properties of clean and hydrogenatétloD sur-
faces using tight-binding molecular dynamics based on an
accurate and transferable tight-binding Hamiltonian. For the This work was supported by the Austrian Science Foun-
clean surface and for hydrogen coverages up to a monolayedation (Fonds zur Foderung der wissenschaftlichen Fors-
our results are in very good agreement wai initio local-  chung under Projects No. M0181-PHY and No. S5908-PHY
density-functional calculatiorfst*~*44At higher coverages, within the German-Austrian-Swiss research cooperation
the efficiency of the TB-MD technique allows for dynamical D-A-CH on “Superhard materials.” M.D.W. would like to
simulations of rather large ensembles and this has led to ththank Jugen Furthmier for useful discussions. M.D.W. is
following results.(a) At coverages ¥ 6<2, isolated mono- also grateful to the Royal Commission for the Exhibition of
hydride units are found to be unstable. The mobility of the1851 for the grant of a leave of absence.
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