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Hydrogenation of semiconductor surfaces: Si and Ge (111)

E. Kaxiras and J. D. Joannopoulos
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 27 February 1987; revised manuscript received 1 June 1987)

The relaxations of hydrogenated Si and Ge (111) surfaces are determined using ab initio self-
consistent calculations in a slab configuration. The Si—H and Ge—H bonds are found to be consid-
erably larger than the sum of covalent radii. The substrate relaxations are small and their physical
origin can be explained in terms of electronic charge transfer which eliminates the surface dipole
moment. The calculated frequencies of the hydrogen vibrational modes are in excellent agreement
with experiment. A surface-atom vibrational mode is compared to similar modes in the amorphous
hydrogenated materials. The comparison predicts that internal surfaces (microvoids) in the amor-
phous network are locally much softer than the corresponding crystalline surface configuration.

The interaction of atomic hydrogen with cleaved semi-
conductor surfaces has been extensively studied for over
a decade. The earliest experimental work!~3 and theoret-
ical calculations*~7 confirmed the basic, straightforward
interpretation of hydrogenation in the model system con-
sidered, namely Si(111). Specifically, hydrogen atoms sat-
urate the surface dangling bonds, giving a nearly ideal,
bulk-terminated plane of exposed surface atoms. It is in-
teresting that in cases where the surface does not have
the geometry and periodicity of the bulk-terminated
plane, the interaction of hydrogen with surface atoms is
strong enough to unreconstruct the complicated recon-
struction patterns. This process takes place, for example,
on the (2 1) Si(111) surface, which exhibits a low-energy
m-bonded-chain reconstruction.® Upon hydrogenation
this chain of Si atoms with (2X 1) periodicity reverts to
the (1 1) pattern of the bulk-terminated plane. Similar
phenomena have been observed on the Ge(111) surface.’
More recent experimental'®!! and theoretical>!> work
has concentrated on determining vibrational frequencies
of the hydrogenated surfaces. However, a first-principles
study with adequate accuracy to determine these frequen-
cies is lacking.

Despite their apparent simplicity, these nearly ideal
surfaces are important physical systems on which de-
tailed investigations can be performed leading to better
understanding of other, more complicated but structural-
ly related systems. For example, the hydrogenation of
amorphous Si, a process of particular technological im-
portance, exhibits, at some level, characteristics compa-
rable to the hydrogenation of crystalline surfaces.

The purpose of the present paper is twofold. First, to
show, through detailed ab initio quantum-mechanical cal-
culations, that the atomic positions of the hydrogenated
Si and Ge (111) surfaces differ significantly from those of
a bulk-terminated plane. Previous theoretical work has
not addressed this issue, either because it was considered
unimportant to the reported results (which is probably
true in interpreting photoemission measurements), or due
to the inability of the method to calculate accurately the
relaxation of the substrate: for example, in cluster mod-
els with up to 10 Si or Ge atoms,'>!3 all of the atoms are
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surface atoms, and the substrate influence on surface
reconstruction is not properly taken into account.
Another shortcoming of the cluster models is the lack of
long-range order, which is present in the real system and
can, in principle, alter the relaxation observed, due to
different correlations in the electronic wave functions.

The second purpose of the paper is to give an example
of how the calculated structural parameters of the hydro-
genated surfaces can give insight to the microscopic
atomic configurations of the amorphous material.

In order to obtain reliable values for the surface relaxa-
tion we choose to model the system by a slab consisting
of eight atomic planes (prior to hydrogenation) in the
(111) direction. The top two layers of each side of the
slab are allowed to relax fully. The slabs are separated by
a vacuum distance equal to about four times the crystal
bond length. The atoms are modeled by the nonlocal
norm-conserving pseudopotentials of Bachelet, Hamann,
and Schliiter."* The total energy of the different atomic
configurations was minimized to obtain the relaxation.
Total energies were calculated using the self-consistent
formalism of Ihm, Zunger, and Cohen,'” with the
Ceperly-Alder approximation'® for the exchange-
correlation energy as parametrized by Perdew and
Zunger.!” The wave functions were expanded in a plane-
wave basis which consists of plane waves with kinetic en-
ergy up to 10 Ry. An additional set of plane waves with
energy up to 16 Ry was taken into account by second-
order perturbation theory.!® The plane-wave basis corre-
sponds to ~ 100 plane waves per atom with an additional
~ 100 plane waves per atom included through perturba-
tion theory. These cutoffs are sufficient to reproduce ac-
curately relaxation energies of the order of a few meV.!?
The relative accuracy for energies of slightly distorted
structures in the present calculation is ~10~* eV. Four
points in the surface Brillouin zone were used to estimate
averages over the entire zone. They were chosen using
the Monkhorst-Pack scheme,” and were shifted to high-
symmetry points to facilitate the computation.

Three relaxation parameters were considered and
varied independently to obtain the optimal configuration:
the length of the hydrogen bond (by), the first-to-second
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layer spacing (d,,) and the second-to-third layer spacing
(d,3). These are illustrated in Fig. 1 and the values ob-
tained are summarized in Table 1. Surpnsmgly, the Si—
H bond is found to be 1.54 A which is considerably
larger than the value obtained by adding the atomic co-
valent radii?! (1.48 A). The latter value has been used in
previous calculatlons4 722 since it is equal to the experi-
mental value for the Si—H bond in SiH,. The chemical
environment of the (111) surface, however, is definitely
different from that of SiH, and the larger bond length on
the surface is a direct consequence of this difference (as
will be explained below). Similar remarks hold for Ge, al-
though here the deviation of the calculated Ge—H bond
(1.57 A) from the sum of the covalent radii (1.53 A) is
not as large.

We consider next the relaxation of the surface layer
spacings d,, and d,;. In both cases there is a contraction
with respect to the ideal spacings, which alters the rela-
tive bonding configuration of the surface atoms. The
bond lengths and bond angles tabulated in Table I give a
measure of the distortion with respect to the ideal dia-
mondlike values. This relaxation is probably hard to
determine experimentally, because the deviation from the
ideal structure is so small. Only very recently a low-
energy electron diffraction (LEED) experiment has suc-
ceeded in determining values for the relaxation of d,, and
dy; in Ge(111:H.? The LEED-determined relaxation
for d;; (Ad,;=—0.10 A) is in good agreement with the
value obtained from Table I (Ad,=—0.08 A), whereas
that for d,; is opposite in sign (Ad,;=+0.05 A) than
what we calculate (Ad,;=—0.07 A). The LEED
analysis used a shorter bond length for Ge-H than our
value (1.57 A) and it remains to be seen whether this is
the reason for the discrepancy in the d,; relaxations. The
computational scheme employed here reproduces experi-
mental bulk bond distances typically to ~ 1%, thus the
uncertainty in the bond relaxations quoted above versus
experimental values is of the order of 0.02 A.

For purposes of comparison, we also calculated the re-

OSi/Ge
o H

FIG. 1. Side view of the (111) surface of Si and Ge. The
bond lengths, interplanar distances, and bond angles discussed
in the text are defined.
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TABLE 1. The calculated relaxations of the hydrogenated Si
and Ge (111) surfaces. The parameters by, d,,, d,3, 0,3, 65;, and
b,, are defined in Fig. 1. All lengths are given in A. (H) and
(clean) refer to the hydrogenated and unhydrogenated surfaces.
The ideal values correspond to unrelaxed diamond-lattice
configuration.

Si Ge

Relaxed Ideal Relaxed Ideal
by 1.54 1.48? 1.57 1.53*
dy,(H) 0.72 0.78 0.73 0.81
d,(clean) 0.57 0.78 0.30 0.81
dyy 2.32 2.35 2.38 2.45
by, 2.33 2.35 2.42 2.45
6,, 108.1° 109.5° 107.7° 109.5°
6, 110.8° 109.5° 111.2° 109.5°

2Sum of covalent radii (Ref. 21).

laxation of the first bilayer spacing for a clean, unhydro-
genated (111)(1X 1) surface of Si and Ge. Although this
configuration may not be actually realized (because of
reconstruction of the clean surface) the relaxation associ-
ated with it gives an indication of how hydrogenation
affects the surface. Indeed, the change in the first bilayer
spacing for the clean surfaces is several times larger than
the change in the hydrogenated surfaces (approximately
five times larger for Si and about six times for Ge).

Since the adsorption of H completely saturates the sur-
face dangling bonds, the existence of residual substrate
relaxation remains a puzzling question. In order to ex-
plain the relaxation we consider the difference in elec-
tronegativity between the Si and H atoms.2! This elec-
tronegativity difference, in the absence of any relaxation
(with the Si—H bond length equal to the sum of covalent
radii) will produce a dipole moment in the surface. An
elongation of the Si—H bond and contraction of the sur-
face Si back bonds leads to electronic charge transfer
from the hydrogen bond to the back bonds. This first-
order relaxation polarizes the electron distribution in
such a way as to partially cancel the dipole moment. A
second-order relaxation effect is the contraction of the
second-to-third layer spacing which completes the can-
cellation of the dipole moment by spreading the charge
transferred from the hydrogen bond over a larger region
of substrate bonds. Similar comments apply to the relax-
ation of the Ge surface, since the electronegativity of Ge
is the same as that of Si.?!

The above argument explains in simple physical terms
both the substrate relaxation and the Si—H or Ge—H
bond elongation. In order to substantiate this qualitative
argument we show the total valence charge density for
Si(111):H and Ge(111):H in Figs. 2 and 3, respectively, in
the ideal and the fully relaxed configurations. The plane
of these figures is the (110) plane of the diamond crystal,
with the familiar chains of Si or Ge atoms (open circles)
terminated by H atoms (solid circles) at the surface. The
difference between the ideal and relaxed configurations is
also shown for each case, with positive charge contours
(regions to which charge was added) in continuous lines,
and negative charge contours (regions from which charge
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SiMH ideal

Si(1M)H relaxed
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FIG. 2. Valence charge density of Si(111):H on the (110) plane. Open circles correspond to Si atoms and solid circles to H atoms.
The contour spacing is in units of $e~ per bulk atomic value. The difference between the ideal and fully relaxed configurations is
amplified by a factor of 8 (contour spacing is e~ per bulk atomic volume). Positive contours are shown in continuous lines, negative

ones in dotted lines.

was subtracted) in dotted lines. Apart from a charge shift
due to the downward displacement of the Si—H or Ge—
H bond, the charge transfer takes place in exactly the
manner described in the qualitative argument above.

We turn now to the determination of vibrational fre-
quencies from the total-energy curves. There are two vi-
brational modes that are easy to identify in terms of
atomic motions; they both involve hydrogen atoms mov-
ing relative to the substrate. The large difference in mass
between H and Si and Ge effectively decouples the
motion of H from collective modes of the lattice. The
two different modes involve stretching (frequency w{ir*?)
and bending (also called wagging; frequency wi*8) of the
Si—H and Ge—H bonds. For these vibrational modes
there exist several experimental measurements.!"2%26

Table II summarizes the theoretical estimates for by
and o{f*" as given by different authors. It is seen that
the values of by vary considerably, with the cluster cal-
culations (Refs. 12 and 13) giving shorter bond lengths
than the self-consistent slab calculations (Ref. 7 and
present work). An interesting question is whether the

proper relaxation of the surface significantly affects the
vibrational frequencies. In order to investigate this we
calculated the frequency w{F®" in Si(111):H and
Ge(111):H for different relaxations, by fitting quadratic
polynomials to the total energy values. In Fig. 4 we show
an example of the calculated energies and corresponding
fitted curves for the Si—H [Fig. 4(a)] and Ge—H [Fig.
4(b)] bond stretching modes in the fully relaxed
configuration. Higher-order polynomial fits give frequen-
cies that differ by less than 1% from the quadratic-fit
values, for all the cases considered. The almost perfect
harmonic character of the energy curves is a reflection of
the high degree of convergence of the calculations, which
gives the energy differences with a relative accuracy of
10~% eV, as mentioned earlier.

Table III lists the values of the frequency w{ih for
three different relaxations: first without any relaxation of
the first two layers, second with full relaxation of the first
layer only, and finally with full relaxation of the first and
second layers. The corresponding equilibrium value of
the Si—H and Ge—H bonds is also given, as well as the

Ge(1MH ideal

Ge(11)H relaxed

difference x4

FIG. 3. Same as in Fig. 2, for the Ge(111):H surface. The difference contours are amplified by a factor of 4.
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TABLE II. Comparison of theoretical values for the Si—H bond length (by, in A) and the hydrogen
stretching mode (o{™"", in meV) on the Si(111):H surface, as calculated by different authors.

Ref. 4 Ref. 7 Ref. 12° Ref. 13° This work
by (A) 1.445 1.550 1.486 1.484 1.544
o (meV) 270 282 271 245

2 Values from the largest cluster used in Ref. 12.
®Values from the largest basis set used in Ref. 13.

total relaxation energy in eV per (1 X1) surface unit cell.
It is interesting that the Si—H and Ge—H bonds are
constant to within 1X10~3 A. The vibrational frequen-
cies, however, vary by a small but non-negligible amount:
a comparison of their values shows that the first layer re-
laxation produces considerable softening of the Si—H
and Ge—H stretching modes, while the second layer re-
laxation stiffens the modes by a smaller amount. It
should be pointed out that no relative errors are intro-
duced in this comparison since the level of accuracy for
all the energies and the fitting procedure are the same for

16.0

120

8.0

Energy (meV)
40
T

150 152 154 156 1568

Si-H bond length (A)

(b)

-4.0

80 120 160
T

Energy (meV)
40

153 185 157 158 161
Ge-H bond length (A)

-40

FIG. 4. Calculated total energies and quadratic polynomial
fits for the hydrogen bond stretching mode in (a) Si(111):H and
(b) Ge(111):H. Energies are given in meV per (1X1) surface
unit cell, with respect to the fully relaxed configuration.

all the relaxations; the systematic errors therefore do not
affect the discussion of the relative stiffness. The frequen-
cies at full relaxation differ from the experimental value
by —5% for Si and by —6% for Ge, which is the typical
accuracy expected from the computational scheme for
the curvature of total-energy curves?* (e.g., bulk moduli).

We have also calculated the frequency of the wagging
modes (wi8) and the frequency for vibration of the top
layer (w,). The corresponding energy curves are shown
in Figs. 5 and 6, respectively [Figs. 5(a) and 6(a) for Si,
Figs. 5(b) and 6(b) for Ge]. The frequencies for the three
modes (wi‘{mh, o8, and w,) and the experimental values
are collected in Table IV. There is no experimental mea-
surement for w; because it lies in the region of other vi-
brational modes of the crystal and couples strongly to
them. There is, however, a similar vibrational mode in
the amorphous materials for which experimental mea-
surements exist.”’” Vibrational frequencies associated
with H motion in amorphous hydrogenated Si and Ge
have also been determined experimentally’®?° and their
values are included in Table IV.

The calculated values for o{®°" and w}j*® are in excel-
lent agreement with the experimentally determined fre-
quencies. By contrast the calculated values for w; differ
by ~35% from the experimental ones. Given the good
agreement we can obtain between theory and experiment
for the hydrogen-related vibrations, we conclude that the
discrepancy in the values of @, is not related to some
theoretical shortcoming. In particular, the systematic er-
rors in the hydrogen relaxations and the surface layer re-
laxations are the same and the expected accuracy for the
@, mode is therefore 5-10 %. The large discrepancy in
o, indicates a significant difference between the motion of
atoms in the hydrogenated surfaces and in microvoids of
the amorphous material.

Let us consider then in more detail the physics of this
particular vibrational mode. Although different interpre-
tations of the atomic motions have been proposed,?”3%3!
we will assume (based on the arguments of Martinez and
Yndurain®' and of Cardona’?) that the most plausible
model involves the motion of a singly hydrogenated Si
atom. Our calculations for the hydrogen modes underes-
timate the experimental frequencies by ~5%. Thus, as-
suming the same level of theoretical uncertainty in w,, we
see that the frequency of this vibrational mode is roughly
40% higher in crystalline surfaces than in amorphous mi-
crovoids. One obvious mechanism which would decrease
this frequency is a concerted motion of the singly hydro-
genated Si atom with its neighbors. To first order, this
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TABLE IIl. Variation of the hydrogen stretching mode (off***") with surface relaxation for
Si(111):H and Ge(111):H. The relaxation is defined by the deviations of the first-to-second layer (Ad;)
and the second-to-third layer (Ad,;) spacings from their ideal values. The total energy of the relaxation
(AE) is also given in eV per (1 X 1) surface unit cell, as well as the equilibrium bond length of the hydro-

gen bond (by ). Frequencies are in meV and lengths in A.

Si Ge
Ad,, 0.00 —0.06 —0.06 0.00 —0.08 —0.08
Ady; 0.00 0.00 —0.03 0.00 0.00 —0.07
AE 0.000 —0.016 —0.022 0.000 —0.026 —0.043
by 1.542 1.543 1.544 1.567 1.567 1.568
wiyreeh 257.6 239.9 245.3 237.0 229.3 230.6

concerted motion will include only nearest neighbors and
will give rise to two modes: the center of mass of the
three nearest neighbors can move in unison with the Si-H
complex (symmetric mode) or against it (antisymmetric
mode). Both modes should be infrared active due to the
symmetry-breaking hydrogen bond.*

A theoretical model based on the Bethe-lattice approx-
imation has shown that it is actually the antisymmetric
mode which corresponds to the experimentally observed
sharp peak in the infrared absorption spectrum.3! Such a
mode, however, will have a frequency even higher than
the calculated valué of w,. Consequently, we conclude

16.0

@

80 120
—T

Energy (meV)
40

-80 -40 00 40 80
Si-H wag angle (degrees)

-40 00
T

16.0

(b

80 120
T

Energy (meV)
40

L i !
80 -40 00 40 80
Ge-H wag angle (degrees)

40 00

FIG. 5. Same as in Fig. 4 for the hydrogen bond wagging
(bending) mode.

that the force constants in the amorphous microvoid are
considerably  smaller than the corresponding
configuration on the (111) surface. Since the value of w,
for Si(111):H is 40% larger than that for a-Si:H, we ex-
pect the force constants (proportional to w?) to be smaller
by a factor of 2 in the amorphous material. Bond lengths
in amorphous Si are similar to the crystalline values to
within ~ 1%, whereas bond angles deviate from the
tetrahedral value by ~10%. This leads us to suggest that
the major part of the discrepancy in the forces discussed
above is due to differences in angular force constants:
they have to be weaker in internal surfaces of the amor-

16.0

@

80 120
T

Energy (meV)
40

068 070 072 07 076
Si first bilayer spacing (A)

-40 00

16.0

o)

80 120
T

Energy (meV)
40

o~

068 071 073 075 077
Ge first bilayer spacing (A)

-40 00

FIG. 6. Same as in Fig. 4 for the top layer vibration mode.
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TABLE IV. Comparison of calculated vibrational frequencies with experiment and with correspond-
ing values in amorphous materials. Frequencies are in meV. The corresponding wave number in cm ™"

is also given under each frequency in brackets. |

stretch
H

is the stretching mode of the hydrogen bond,

o}*® the wagging mode of the same bond, and w, the frequency for vibration of the top layer of hydro-

genated atoms.

Si Ge
Theory Expt.? a-Si:H® Theory Expt.? a-Ge:H®

ot 245 257 248 231 245 235
(1978) (2085) (2000) (1860) (1975) (1895)

[} 71 77 79 63 66 70
(569) (630) (640) (505) (530) (565)

o, 35 26 20 15
(283) (210) (162) (120)

2 From Refs. 11, 24, and 25.
b From Refs. 26, 27, and 28.

phous material by at least a factor of 2. It is interesting
to note that the angular force constants used by Cardo-
na’? to calculate the frequency w, for a-Si:H were chosen
2.7 times smaller than values based on a fit of the elastic
constants of crystalline Si.>*
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