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The electron-energy structure, total, and local densities of states of the clean (001)-(1X1),7-bonded
symmetric dimer (001)-(2X1), monohydride (001)-(2X1):H, and dihydride (001)-(1X1):2H surface
structures of diamond are investigated utilizing the self-consistent tight-binding method. The total-
energy minimization method has been used to determine the equilibrium geometry of the (001) diamond
surface. Clean (001)-(1X1) and #-bonded symmetric-dimer (001)-(2X 1) surfaces are characterized by
sharp dangling bonds near the middle of the gap. Adsorption of H completely removes surface states
from the gap in the dihydride phase. In the dihydride phase, hydrogen-induced bonding surface states
occur near the top of the valence band and at the bottom of the conduction band, resulting in an
enhancement of the surface conductivity due to the adsorption of hydrogen. In the monohydride (001)-
(2X1):H symmetric-dimer phase the bonidng surface states occur in the range around the top of the
valence band and near the middle of the gap. The results obtained are discussed and compared with ex-

perimental data available in the literature.

I. INTRODUCTION

Recently, there has been significant interest in the
study of the diamond surface due to its structural similar-
ity to silicon, and recent technological results in the
growth of diamond films by chemical vapor deposition
(CVD) techniques.’? Hydrogen plays an integral role on
the diamond surface. Despite intensive study, important
questions remain concerning the details of the recon-
struction and the effect of hydrogen adsorption on the
surface structure.’”> The diamond cleavage surface ex-
hibits a bulklike structure believed to be hydrogen ter-
minated.*®  Ultraviolet photoelectron spectroscopy
(UPS) does not reveal any filled states near the valence
band on the (1X1):2H surface, although relatively high
surface-state density in the 1.5-eV range above the top of
the valence band has been reported.!

The reconstruction of the (001):H diamond surface has
been studied by quantum-chemistry methods,”’ and the
empirical tight-binding method (ETBM) has been used to
investigate the unrelaxed (001) surface by the use of the
slab model.®

Thermodynamical characteristics of the (001) surface
have been calculated by molecular mechanics,’ and the
empirical potentials for hydrocarbons have been deter-
mined.!® The total-energy minimization method in
ETBM has been used!! to determine the equilibrium
geometry of a symmetric (2X 1) dimer phase on a (001)
diamond surface.

The influence of hydrogen treatment on the electrical
conductivity of single crystals and CVD films of diamond
has been studied.!>!3 It has been found that such a treat-
ment caused a marked reduction (up to several orders of
magnitude) in the resistivity of the samples, which prob-
ably points to the surface nature of the conductivity of di-
amond after the adsorption of hydrogen.!*

In this paper, the self-consistent ETBM has been used
to investigate the hydrogen adsorption on the (001) sur-
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face of diamond by the use of the slab model of the sur-
face. A total-energy minimization method in the tight-
binding theory'!'!* has been used to study the relaxation
on (001)-(1X1) and (001)-(2X 1) surfaces.

II. METHOD

The surface electronic band structure has been calcu-
lated using the supercell (slab) method.'*"!® The
electron-energy structure of the 30-layer slab is obtained
by solving the two-dimensional (2D) Schrodinger equa-
tion

Hy(n,k)=E,¥(n,k)) , )

with the Hamiltonian!®

A= Aide(Nil+ 3 At (R —R(A, .
) AL ELE

(2)

Basis functions are labeled by A(/,m), where [ and m
denote the appropriate angular-momentum quantum
numbers.!® To achieve a better description of the con-
duction band of the bulk diamond, the sp 3g* states have
been used as a basis.?’ Interatomic interactions between
the first and second neighbors of the carbon atoms have
been considered by calculating the matrix elements of the
Hamiltonian matrix. The tight-binding parameters of
C-C interactions have been chosen to reproduce the bulk
band structure of diamond, and are listed in Table I. The
values of the orbital energies in diamond have been tak-
en”® as E,=—19.19 eV, E,=—11.79 eV, and
E +=—4.26¢V.

In Table II, the values of some important energies of
symmetry points in bulk diamond as calculated in this
work, as well as those available in the literature, are
presented for comparison. It can be seen that our model
reproduces quite well the valence and lower conduction
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TABLE I. Tight-binding matrix elements of the interactions
(in eV) between C-C orbitals.
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TABLE III. The orbital energy and matrix elements of
tight-binding interactions (in eV) between C-H orbitals, deter-
mined from molecular-orbital energies of CH,.

Parameters First neighbors Second neighbors
(s50) 1.58 041 Parameters Energy (eV)
(ss*o) 0.0 0.0 Ey —11.59
(spo) 1.71 0.32 (ss0 )y.c —5.27
(s*po) 1.55 0.29 (s8*0 e 0.0
(ppo) 2.60 0.59 (spo)u.c —2.32
(pp) —0.55 —0.05 (550 )u.n 0.88
bands of the bulk diamond. €, =wy, —Ul(Z,—Q,)
In this work, the matrix elements of C-H interactions .
have been determined from molecular-energy levels of — 2 (Zy—Q)V(R, =Rt fyy D

CH, using molecular-orbital theory (as has been done for
the Si-H interaction'®). Details are given in the Appen-
dix. In this investigation, the H-H repulsive interaction
has been taken into account. A comparison of the total
density of states calculated in this work with experimen-
tal results of photoelectron spectroscopy on the C(001):H
surface of diamond (see below) show that matrix elements
of the C-H interaction determined in such a manner are
realistic. Numerical tight-binding parameters of C-H in-
teractions used in the calculations are listed in Table III.

The total [D(w)] density of states has been calculated
by integration over the 2D surface Brillouin zone (BZ) us-
ing the special k-points method:?!

__.zfs

The equilibrium atomic structure of diamond covered
with hydrogen on a (001) surface has been determined by
the total-energy-minimization method.!"!> The total en-
ergy per unit cell of the system is determined'® by

Etot :Eatom _Ecoh ’ (4)
—En=E ot Eoverlap + Etransfer > 5
1 occ
Een=y S-Sy ©)
Ai

One-electron energies are given by

TABLE II. A comparison between the values (in eV) of some
important energies of symmetry points in diamond as calculated
in this work and those available in the literature.

Energy gap This work Data of Ref. 24
Ts. 6.05 6.00
Ty 14.8 153
Tyse 0.00 0.00
T, —21.4 —21.03
A, 5.45 5.48
X, 5.82 5.91
Xy, —12.87 —12.43
X4 —6.65 —6.27
L, 8.86 9.23
L,, —2.95 —2.82
L,, —12.96 —12.8

i'#i

where Z; is the atomic number, Q; is the total valence
electron occupancy, w,; represents the orbital energies of
the free neutral atoms on the site i, and V is the electro-
static potential, which is assumed to be strictly Coulom-
bic.

The overlap f,; is determined in the framework of ex-
tended Hiickel theory,?? where

occ

Zlef}u’ (8)

overlap

occ

l;:transfer= 2 Q)Lt Z)u wk1+é‘Z*2(Ua+Uc_2UM) .
A i

9)

The Madelung energy U,, and the electrostatic potential
¥V have been determined as already described.'®

To investigate the relaxation process on the surface of
diamond, we have calculated the forces acting on the
atoms in the unit cell. The Hellmann-Feynman force act-
ing on the atom [ of the unit cell is given as?®

aE[O[
F= R,
occ f}” occ occ at)L o,
= + Crren —utd
E Ql,l aR] % n% . Y AV % aRI
oce 3V(R,,R;)
i dR,

The force vector acting on each particular atom on the
surface indicates the direction of the atomic movement
by the relaxation.

First we solve Eq. (1) using Egs. (4)-(9) self-
consistently with respect to occupancies @, ;. Then
cohesive energy in Eq. (5) is calculated as a function of
the coordinates of the atoms to be relaxed. The corre-
sponding equilibrium geometry is found by calculation of
the Hellmann-Feynman forces, and subsequent minimiza-
tion of E, . Finally the surface electronic band structure
and densities of states are obtained for the surface phases
considered.
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III. RESULTS AND DISCUSSION

In Fig. 1, the electron-energy structures of the
(1X1):2H and (2X1):H phases are presented. Total and
local densities of surface states and the influence of hy-
drogen adsorption on the surface states are shown in
Figs. 2—4. Our model reproduces the bulk band struc-
ture of diamond quite well, as demonstrated in Table II.
The total density of states agrees well with that obtained
for the bulk diamond.**

The equilibrium geometry of the surface atoms has
been determined by minimization of the total energy of
the system. We found that in the dihydride phase, the
C-H bond length is somewhat shorter (1.06 A) than that
of the (2X1):H dimer phases (1.10 A), in agreement with
published results.>?*> The C-H bond angle is found to be
20.5° and 41.3° in the (2X1):H symmetric dimer and
(1X1):2H phases, respectively. These values are in
reasonable agreement with those found earlier by cluster
calculations.>’

Let us now compare our obtained results with experi-
mental data available in the literature. In UPS experi-
ments,! no filled surface states have been observed on the
(1X1):2H surface, in contrast to the (2X1):H surface,
where an intense signal has been observed in the 1.5-eV
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FIG. 1. The electronic band structure of the (001) surface of
diamond. (a) The cleaved (1X1) surface. (b) The relaxed
(1X1):2H dihydride phase. (c) The symmetric 7-bond dimer
(2X1) surface. (d) The monohydride symmetric-dimer
(2X1):H phase. The zero of the energy scale indicates the
highest filled state position at the center of the BZ.
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FIG. 2. The total density of states (TDOS) of the (001) sur-
face of diamond. (a) The dihydride (1X1):2H phase. (b) The
monohydride (2X1):H symmetric-dimer phase. The zero of the
energy scale indicates the highest filled state position at the
center of the BZ.

range of energies above the valence-band maximum.
Comparison of calculated densities of states (see Fig. 2)
shows that our results are in reasonable agreement with
the experimental data mentioned: there are no filled
states in the gap in the dihydride phase; however, in the
(2X1):H symmetric-dimer phase, the filled surface states
occupy the lower half of the gap. Thus one can suggest
that our tight-binding parameters for the C-H interaction
(see Table III) are quite realistic.

Further, one of the very important problems in appli-
cations is the nature of the electrical conductivity of dia-
mond and the influence on it by the adsorption of hydro-
gen. The experimental results show that the treatment of
hydrogen by both single crystals and microcrystalline
CVD films of diamond results in a marked reduction (up
to several orders of magnitude) in the resistivity of the
samples.!>!3 These results point to the probable surface
nature of the electrical conductivity of diamond covered
with hydrogen.'

As follows from the results presented, the effect of hy-
drogen adsorption on the surface band structure of dia-
mond is quite different from that obtained earlier on sil-
icon.!® In the (2X1):H symmetric-dimer phase, the H-
induced bonding states are placed in the forbidden gap.
In the dihydride (1X1):2H phase, the surface states are
pushed away from the gap. But in contrast to Si:H, one
part of the H-induced bonding states is placed in the
valence band, while another part is in resonance with C
electrons in the conduction band.

The resonance of hydrogen-bonding states with the
electronic states in the conduction band implies a metal-
lic surface electrical conductivity in C(001)-(1X1):2H.
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This means that diamond covered with hydrogen in the
dihydride phase must reveal a drastic enhancement of the
electrical conductivity due to the adsorption of hydrogen.
One can conclude that the effect of the marked reduction
of the resistivity of diamond after the treatment by a hy-
drogen ambient, which has been observed experimental-
ly,'>13 is caused by the resonance of H-induced surface-
bonding states with the lowest electronic states of the
conduction band. The results of the calculations of the
local density of states of the dihydride (12X 1):2H phase of
diamond (see Fig. 3) show that the electrons from the sur-
face carbon atoms are responsible for the lowest electron-
ic states of the conduction band. This means that the
effect of drastic enhancement of the electrical conductivi-
ty of diamond after the adsorption of hydrogen is of a

surface nature.
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FIG. 3. The local densities of states (LDOS) (solid line) of hy-
drogen and surface C atoms of the (001)-(1X1) surface of dia-
mond. The total density of states is represented by the dashed
line. (a) The LDOS of the surface C atoms of the unrelaxed
(001)-(1X 1) surface (without hydrogen). (b) The LDOS of hy-
drogen atoms of the relaxed (001)-(1X1):2H surface. (c) The
LDOS of surface C atoms of the relaxed (001)-(1X1):2H sur-
face. The zero of the energy scale indicates the highest filled

state position at the center of the BZ.
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FIG. 4. The local densities of states (solid line) of hydrogen
and surface C atoms of the reconstructed (001)-(2X1)
symmetric-dimer surface phase of diamond. The total density
of states is represented by the dashed line. (a) The LDOS of the
surface C atoms of the 7-bonded symmetric-dimer (001)-(2X 1)
surface phase (without hydrogen). (b) The LDOS of hydrogen
atoms of the (001)-(2X 1):H surface. (c) The LDOS of surface C
atoms of the (001)-(2X1):H surface. The zero of the energy
scale indicates the highest filled state position at the center of

the BZ.

IV. SUMMARY

In this paper, the electron-energy structure, total, and
local densities of states of the clean (001)-(1X1), 7-
bonded symmetric dimer (001)-(2X1), monohydride
(001)-(2X 1):H, and dihydride (001)-(1X1):2H phases are
investigated using a self-consistent empirical tight-
binding method. The total-energy-minimization method
has been used to determine the equilibrium geometry of
the (001) diamond surface covered with the monolayer of
hydrogen. Clean (001)-(1X1) and 7-bonded symmetric-
dimer (001)-(2X 1) surfaces are characterized by the
sharp dangling-bonds band near the middle of the gap.
In the monohydride (001)-(1X1):H symmetric-dimer
phase, the bonding surface states are placed in the lower
half of the gap. In the dihydride phase, there are no filled
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states in the gap; however, bonding H-induced states are
in resonance with the electronic states in the valence and
conduction bands of the carbon atoms. The existence of
surface H-induced bonding states in the conduction band
of diamond covered with hydrogen causes the marked
enhancement of electrical conductivity, which has been
observed experimentally.
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APPENDIX

The matrix elements of C-H interactions are deter-
mined from molecular-energy levels of CH, by the fol-
lowing procedure. Singlet and triplet molecular orbitals
are calculated by a projection of the wave functions con-
structed from atomic orbitals on the 47 and F5 repre-
sentations of the T; point group, respectively. As a re-
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sult, the Hamiltonian matrix of the CH, molecule is
separated into four blocks, namely, for bonding and anti-
bonding singlet and triplet states. The secular equation is
then analytically solved and the following expressions for
eigenenergies are obtained:

E o+ =3(E+E{+3d)

+{HE,~EF—3d)+4(ss0 )?}1/2,

where d =(sso )y denotes the matrix element of H-H
interaction. :

Valence energy levels of CH, are known from x-ray-
photoemission experiments,?® and energies of antibonding
energy levels have been taken from theoretical calcula-
tions.?’

1A. V. Hamza, G. D. Kubiak, and R. H. Stulen, Surf. Sci. 227,
35(1990).

2A. T. Collins (unpublished).

3J. E. Butler and R. L. Woodin (unpublished).

4R. E. Thomas, R. A. Rudder, and R. J. Markunas, J. Vac. Sci.
Technol. A 10, 2451 (1992).

5X. M. Zheng and P. V. Smith, Surf. Sci. 256, 1 (1991).

6B. B. Pate, Surf. Sci. 165, 83 (1986).

TW. S. Verwoerd, Surf. Sci. 108, 153 (1981).

8J. E. Lowther, Solid State Commun. 56, 243 (1985).

%Y. L. Yang and M. P. D’Evelyn, J. Vac. Sci. Technol. A 10,
978 (1992).

10D, W. Brenner, Phys. Rev. B 42, 9458 (1990).

I1E, Bechstedt and D. Reichardt, Surf. Sci. 202, 83 (1988).

12M. 1. Landstrass and K. V. Ravi, Appl. Phys. Lett. 55, 1391
(1989).

I3R. Ramesham, T. Roppel, C. Ellis, and B. H. Loo, J. Electro-
chem. Soc. 138, 2981 (1991).

14p, Koidl (private communication).

153, A. Majewski and P. Vogl, Phys. Rev. B 35, 9666 (1987).

16T, Vinchon, D. Spanjaard, and M. C. Desjonqueres, J. Phys. C
4, 5061 (1992).

17A. 1. Shkrebtii and R. Del Sole (unpublished).

I8K. C. Pandey, Phys. Rev. B 14, 1557 (1976).

19V, 1. Gavrilenko, Phys. Status Solidi B 139, 457 (1987).

20P. Vogl, H. P. Hjalmarson, and J. D. Dow, J. Phys. Chem.
Solids 44, 365 (1983).

215, L. Cunningham, Phys. Rev. B 10, 4988 (1974).

22R. Hoffman, J. Chem. Phys. 39, 1397 (1963).

23M. Kohiyama, R. Yamamoto, Y. Ebata, and M. Kinishita,
Phys. Status Solidi B 152, 533 (1989).

24Zahlenwerte und Funktionen aus Naturwissenschaft und Tech-
nik, edited by O. Madelung, Landolt-Bornstein, New Series,
Group III, Vol. 22, Pt. a (Springer, Berlin, 1982).

25X. Zhu and S. G. Louie, Phys. Rev. B 45, 3940 (1992).

26R. G. Cavell, S. P. Kowalczyk, L. Lay, R. A. Pollack, B.
Mills, D. A. Shirley, and W. Perry, Phys. Rev. B 7, 5313
(1973).

27F. Pauzat, J. Ridard, and B. Levy, Mol. Phys. 23, 1163 (1972).



