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We have identified the monohydride Si(001)-(2 X 1):H surface and the dihydride Si(001)-
(1Xx1)::2H surface by angle-resolved electron-energy-loss spectroscopy and elastic low-
energy electron diffraction. On the monohydride (2 1):H surface the S; transition from
the back-bond surface state was distinctly observed although the S transition from the
dangling-bond surface state disappeared, while on the dihydride (1 1)::2H surface both the
S3 and the S, transitions completely disappeared. These facts show that on the monohy-
dride surface the subsurface strain due to dimerization remains; on the other hand, on the
dihydride surface the strain is healed out. The hydrogen-induced transitions for the two
surfaces were clearly distinguished; the transition energy for the (2 X 1):H surface (SH,) was
8.0 eV and that for the (1 1)::22H surface (SH,) increased from 7.0 to 7.5 eV with increas-
ing | k)| due to dispersion. The present results support and develop the models for the
monohydride and the dihydride surfaces proposed by Sakurai and Hagstrum.

I. INTRODUCTION

Since the early study of low energy electron dif-
fraction (LEED) with a clean silicon (001) surface
by Schlier and Farnsworth! the structural and elec-
tronic properties of such a surface have been investi-
gated in a large number of experimental and theoret-
ical studies. Recently it has been reported that a
clean well-ordered Si(001) surface shows a recon-
structed c(4X2) superstructure by LEED (Ref. 2)
and atomic-beam diffraction.>* However, quarter-
order beams are very weak and the LEED pattern
expected for the two-domain (2 X 1) reconstruction is
usually observed. Appelbaum, Baraff, and Hamann®
showed that dimerization of atoms on the surface
layer associated with the subsurface strain in the
first five layers gave a good account of the surface
density of states observed by ultraviolet photoemis-
sion spectroscopy (UPS),® but their calculation led to
the conclusion that the surface character is metallic.
Chadi’ has shown that deformation of the dimer in-
creases the band gap between the surface states near
the valence-band maximum, decreases the total ener-
gy, and makes the surface semiconductive.
Verwoerd® also showed the possibility of the de-
formed dimerization by cluster calculation.
Chadi®!° has shown that the additional relaxation of
the first five layers lowered the total energy substan-
tially.

So far, hydrogen-adsorbed silicon surfaces have
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been investigated to gain more insights into the
structure of reconstructed silicon surfaces.!!~!3
Ibach and Rowe'! studied the adsorption of atomic
hydrogen on a Si(001)-(2 X 1) surface by electron-loss
spectroscopy (ELS). Sakurai and Hagstrum'? report-
ed that the adsorption of hydrogen on a Si(001) sur-
face resulted in a surface which had a 1 X1 LEED
pattern. They also proposed models of the monohy-
dride phase Si(001)-(2Xx1):H and the dihydride
phase Si(001)-(1 X 1):2H by UPS measurements.'?

Moreover, hydrogen-covered silicon surfaces are
interesting systems for investigating the role of hy-
drogen included in amorphous Si:H films.'*

The angular distribution of elastically and inelas-
tically diffracted electrons from a well-ordered sur-
face include data on atomic and electronic structures
of the surface.!>!® Measurements of the angular
dependence of energy-loss peaks due to plasmon
losses and one-electron excitations give us the infor-
mation of dispersion relations of plasmons and band
structures, respectively.!” Data on band structures
available by angle-resolved electron-energy-loss spec-
troscopy (AR-ELS) include dispersion of empty
states as well as filled states.

In this paper we investigate the adsorption of
atomic hydrogen on the clean Si(001)-(2X 1) surface.
We identified the monohydride (2 X 1):H surface and
the dihydride (1< 1)::22H surface for the hydrogen-
adsorbed Si(001) surfaces by measuring angle-
resolved electron-energy-loss profiles and elastic
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low-energy electron diffraction.!” These two sur-

faces could not be distinguished by angle-integrated
electron-energy-loss spectroscopy.!"!®

II. EXPERIMENTAL PROCEDURES

The experiments were performed in a diffusion-
pumped stainless-steel system, the base pressure of
which ranged below 1X10~% Pa upon baking at
150°C. It consists of two stages: The upper stage
for LEED and Auger electron spectroscopy (AES)
measurements and the lower stage for angle-resolved
electron spectroscopy measurements. The samples
used in this study were cut from a single crystal of a
p-type (boron-doped semiconductor-device-grade sil-
icon wafer (4X9x0.4 mm?) with a resistivity of 20
Q cm.

The samples were prepared by etching in a H,0,-
NH,OH mixture, dissolving the oxide layer so
formed in HF, the etching in a H,0,-HCI] mixture
as described by Henderson.!® In this study the sam-
ple was resistively heated by a dc current passing
through it. The temperature of the samples was
roughly estimated by an optical pyrometer for the
higher-temperature range and by measuring the con-
ductivity for the lower-temperature range; the tem-
perature estimated by the measurement of conduc-
tivity was compared with the optical-pyrometer
readings at intermediate temperatures. The sample
surface was cleaned by heating to 1250°C for a few
minutes at pressure not greater than 1X10~7 Pa.
After the heat treatment the ratio of the Auger-
derivative peak-to-peak height of the carbon signal
to that of the 92-eV Si-LVV signal could be reduced
to 7X10~* by AES using four-grid LEED optics.
The surface flatness was assured by the eye.

AR-ELS measurements were performed using an
angle-resolved electron-energy spectrometer of our
own design. The electron-energy analyzer is a 157°
spherical electrostatic deflector with a mean radius
of 50.25 mm. The angular resolution in the plane of
incidence is 0.5° and perpendicular to this direction
is 2.0°. The halfwidth in energy AE of the elastical-
ly diffracted beam was 0.5 eV. The magnetic field
was canceled by three pairs of Helmholtz coils
below 10 mG.

Molecular hydrogen was introduced into the
chamber by heating a palladium tube in 1-atm hy-
drogen gas. The hydrogen adsorption on the sample
surface was attained by atomic hydrogen produced
from molecular hydrogen dissociated at a tungsten
filament heated to 1700°C. The proportion of atom-
ic hydrogen present in the adsorbing gas was un-
known in this study. The rate of atomic-hydrogen
exposure was controlled by adjusting the partial
pressure of molecular hydrogen introduced to the

system. The monohydride (2X1):H surface was
produced by heating the sample to about 350°C dur-
ing atomic-hydrogen exposure in hydrogen at a pres-
sure of 10~ Pa for 6 min, while separating the fila-
ment from the sample surface by about 20 cm, and
after evacuating the hydrogen the sample was
quenched to room temperature. The dihydride
(1 1)::2H surface was obtained by exposing the ini-
tial clean surface held at room temperature to atom-
ic hydrogen in hydrogen at a pressure of 102 Pa for
30 min. In this study the monohydride (2X1):H
surface was produced by exposing the clean surface
heated to 350°C to atomic hydrogen. We could not
form the uniform monohydride (2 X 1):H surface by
exposing the clean surface at room temperature to
atomic hydrogen. In this case there exists a
hydrogen-covered Si(001) surface which has a sharp
(2 1) LEED pattern although the atomic and elec-
tronic structures of such a surface are different from
the (2X1):H surface obtained by the method
described above. The properties of the hydrogen-
adsorbed Si(001) surface attained at room tempera-
ture will be reported elsewhere.

Mass spectra taken during hydrogen exposure
showed that the largest impurity was H,0, and it
was typically below 2 10~7 Pa after the sufficient
purge of the vacuum system by bleeding hydrogen
into it while heating the tungsten filament to
1700°C. Auger electron spectra taken after atomic-
hydrogen adsorption in 2.6 X 1073 Pa of H, for 30
min showed no oxygen signal but the carbon Auger
peak-to-peak height was about twice as large as that
on the clean surface. All measurements were made
at room temperature and the pressure during mea-
surements after the hydrogen exposure was
2.6 1077 Pa where the residual gas was predom-
inantly hydrogen. We could not detect a measurable
change of the ELS spectra of the hydrogen-covered
surfaces after prolonged measurements for about 0.5
h, probably due to the low sticking coefficient of
molecular hydrogen on Si.

The elastic low energy electron diffraction was
measured for the clean (2X 1), the monohydride
(2% 1):H, and the dihydride (1 X 1)::2H surfaces, us-
ing the spherical energy analyzer described above.
The Ewald construction enables one to determine
the incident angle 6; and exit angle 6, at which
electrons leave the target measured from the surface
normal within an accuracy of 0.5°. The elastic in-
tensity profiles (I-V curves) for specularly reflected
00 beam were collected for the primary energy E
ranging from 30 to 220 eV. The general shape of
the curves for the clean Si(001) surface agrees with
that reported by Ignatiev et al.?’ (very well at the
same angle of incidence and azimuthal direction).
The primary-beam current was about 0.06 nA for
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the elastic LEED measurements and below 0.1 pA
for AR-ELS measurements. Electron-energy-loss
spectra were taken as second-derivative loss spectra
by modulating the deflection voltage (1.1¥,_,) and
observing the second harmonic.

III. RESULTS AND DISCUSSIONS

Energy-loss profiles for the clean 2X 1 surface are
shown in Fig. 1. The incident angle 6;=23.5° and
the azimuth corresponds to the [110] crystallograph-
ic direction (¢=0°). The primary-beam energy is
adjusted at the 008 Bragg peak which is 77.9 eV for
this incident angle. The Bragg peak is examined to
be strong and relatively free from dynamical struc-
ture by I-V curve measurements. The incident con-
dition with the primary energy at such a Bragg peak
is suited for AR-ELS measurements because for the
incident condition the inelastic diffraction process
can be considered as the two-step process in the
kinematical framework and the kinematical model
analysis of the AR-ELS data is valid.'>!® The ener-
gy positions and source identification of these
features are given at the bottom of Fig. 1 according
to the work of Rowe and Ibach.?! The angular
dependence of intensities and energy locations of
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FIG. 1. Angle-resolved electron-energy-loss profiles for
the clean Si(001)-(2X 1) reconstructed surface measured
at the 77.9-eV Bragg-type peak in the [110] azimuth
(¢=0°) at 6;=23.5".

loss peaks, which originate from one-electron exita-
tions, is clearly seen in Fig. 1. The sharpest peak is
the S, transition, the initial state of which has been
ascribed to the dangling-bond state at energy near
the top of the valence band.?! The peaks S, and S
are due to transitions from back-bond surface states
which originate from the subsurface strain. The S;
peak is only seen as a shoulder of bulk plasmon in
the angle-integrated ELS spectra of Rowe and
Ibach.!" E, and E, are bulk-band transitions near
the surface in the selvedge of the crystal. The E,
peak is stronger than the E, peak around the specu-
lar direction, but the former is weaker than the
latter away from the specular direction. In addition
to these facts the surface-plasmon dispersion is evi-
dent in Fig. 1 from the shift of the surface-plasmon
loss peak. We have reported these results of AR-
ELS from the clean (001)-(2X 1) surface'® and have
shown that AR-ELS provide a useful method to sur-
vey the dispersions of the states between which one-
electron transition occurs.

Figure 2 represents the angular distributions of
elastically diffracted electrons for (a) the clean (b),
the (2x1):H, and (c) the (1Xx1):2H surfaces,
respectively, with a primary energy of 100 eV and
the incidence angle around 21°. The ratio of the %
O-beam intensity to the 00-beam intensity on the
monohydride (2 X 1):H surface is larger than that on
the clean surface. The LEED pattern of the
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FIG. 2. Angular distribution of elastically diffracted
electrons for (a) clean, (b) (2 1):H, and (c) (1x1)::2H
surfaces. Primary-electron-beam energy is 100 eV.
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(2X1):H surface was sharp and the half-order spots
were indeed intensified at a primary-beam energy of
100 eV. We consider that the asymmetric dimer of
the clean Si(001) surface, formed by superposition of
a Jahn-Teller distortion and pair bonding,? is prob-
ably reconstructed to the symmetric dimer with hy-
drogen adsorption. The adsorption of hydrogen on
the first-layer atoms, which results in a Si—H co-
valent bond,”? would remove the driving force for
the asymmetnc dimer. From Fig. 2(c) it is evident
that the 7 0 beam has completely disappeared and
the hydrogen-mduced unreconstructed structure has
been built up. The LEED pattern of the (1 1)::2H
surface was also sharp.

Figure 3 represents I-V curves of the 00 beam for
(a) the clean, (b) the (2 1):H, and (c) the (1Xx1)::2H
surfaces. As far as we know, we have, for the first
time, obtained the I-V curve for the monohydride
(2X1):H surface. The (2XX1):H surface establishes
a complicated I-V structure. Fractional-order peaks,
which should be forbidden from the bulk space
group of Si, are intensified compared with the clean
surface. The 008 Bragg peak of the (2 1):H and
the (1X1)::2H surfaces shifted to the higher-energy
side of the clean (2X 1) surface should be approxi-
mately the same amount. The I-V curve for the
(1X1)::2H surface agrees well with the experimental
results by White et al.2>~2 They concluded from

?=0° [(110)azimuth]
(008) 00 beam

(c) Si(001H1=1)::2H
6{=22.0°
(0012)
S

(b) Si(001)42=1):H
8j=21.0°

INTENSITY (a.u.)

(@) Si(001H2=1)
clean
6i=21.0°

50 100 150 200
ENERGY (eV)

FIG. 3. I-V curves of the 00 beam for (a) clean, (b)
(2% 1):H, and (c) (1 1)::2H surfaces which are collected
for the energy range from 30 to 220 eV.

their analysis of LEED I-V spectra that the
Si(001)(1X 1)::2H surface should be an unrecon-
structed bulklike structure. Tromp et al.? also find
from their medium-energy-ion—scattering (MEIS)
measurements that the (1 1)::2H surface is an iso-
tropically ordered, but slightly inward, relaxed sur-
face. In this study we could easily distinguish the
clean (2 X 1) surface, the monohydride (2 X 1):H sur-
face, and the 1( X 1)::2H surface by their characteris-
tic I-V profiles.

The schematic models of the clean Si(001)-(2x 1),
the monohydride (2X1):H, and the dihydride
(1X1)::2H surfaces are illustrated on the basis of
the models proposed by Sakurai and Hagstrum!'? in
Figs. 4(a)—4(c), respectively. The model of the
(2 1) reconstructed surface is illustrated according
to the asymmetric dimer model proposed by Chadi’
in Fig. 4(a). We have suggested in the discussion of
Fig. 2(b) that bonding of hydrogen atom to all avail-
able dangling orbitals results in the reconstruction of
the initial asymmetric dimer to the symmetric dimer
in the monohydride (2X 1):H surface and Fig. 4(b) is
drawn in accordance with such an idea. In Fig. 4(c)
we show the model of the dihydride (1 1)::2H sur-
face where two hydrogen atoms bond to one surface
silicon atom.

The angle-resolved electron-energy-loss profiles
for the (2 1):H and the (1X 1)::2H saturated sur-
faces are represented in Figs. 5 and 6, respectively.
In the spectra of the (2X 1):H surface (Fig. 5) the S,
peak ascribed to surface dangling bonds has disap-
peared and this fact indicates that the dangling
bonds on the first silicon layer have been terminated
by hydrogen atoms. A strong new peak is observed
at 8.0+0.2 eV. This transition, which is located at

I

(a) reconstructed
(2=1)

H H H H
(b) monohydride
(2=1):H
HH HH HH

VY YT

(c)dihydride
(1=1)::2H
FIG. 4. Schematic models for (a) unreconstructed

2x1, (b) monohydride 2X1:H, and (c¢) dihydride
(1 1)::2H surfaces.
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Si(001)-(2*1):H-sat.
at 350°C
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FIG. 5. Angle-resolved electron-energy-loss profiles for

the monohydride (2X 1):H surface measured at the 84.6-
eV Bragg-type peak in the [110] azimuth at 6;=22.5".

nearly the same energy as the S, transition on the
clean surface, is distinctly different from the S,
transition because its intensity is weak even on the
clean surface (see Fig. 1). The new peak at 8.0 eV
can be ascribed to the transition from the state of
the hydrogen—silicon bond. This hydrogen-induced
transition (hereafter called SH,) shows no dispersion
within the experimental error from the angular
dependence of the peak position of SH; shown in
Fig. 5. The transition energy is in agreement with
the result of Ibach and Rowe'!: 8.5+1.0 eV. The S;
peak ascribed to the back-bond surface state was ob-
served distinctly in the spectra of the (2X 1):H sur-
face at nearly the same position in energy (14.0+£0.2
eV) as for the clean surface. It is uncertain, howev-
er, whether another loss peak due to the back-bond
surface state S, exists or not since the S, peak is
weak even on the clean surface and is located close
to the strong SH peak in energy.

In contrast to the monohydride 2( X 1):H surface,
in the AR-ELS spectra of the Si(001)(1X 1)::22H sur-
face (Fig. 6) the S3; peak completely disappeared.
We confirm that on the (1X 1):2H surface the S;
peak disappeared for various incident conditions.
Therefore we considered that hydrogen adsorption

Si(001)-(1=1)::2H-sat.

©;=28.0°
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05=24.0%
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FIG. 6. Angle-resolved electron-energy-loss profiles for
the dihydride (1X1)::2H surface measured at 84.8-eV
Bragg-type peak in the [110] azimuth at 6;=28.0°.

has removed the subsurface strain by breaking the
lateral bond of the dimer on the (2X 1) reconstruc-
tion surfaces. We found the new hydrogen-induced
peak at 7.0+0.2 eV for the specular direction on the
(1X 1)::2H surface, indicated as SH, in Fig. 6. This
SH, peak shifts systematically from 7.0 eV for the
specular direction to 7.5 eV as the scattering 6, devi-
ates from the specular direction by 3° to both near-
and off-surface normal sides. The magnitude of
momentum transfer parallel to the surface |k | in-
creases as the deviation of the scattering angle from
the specular direction |6;—6;| increases. There-
fore the symmetrical shift of the SH, peak as in-
creasing | k) | indicates that the SH, peak disperses
in contrast with the SH; peak.

Ibach and Rowe'! could not observe this transi-
tion in their ELS spectra since they could not pro-
duce the (1X 1) dihydride phase. The fact that the
SH, transition disperses indicates that on the
(1X1)::2H surface the interaction between the two
Si—H bond states on a first silicon layer is stronger
than on the (2 X 1):H surface (see Fig. 4).

Previously we have reported of the hydrogen-
covered (1X1) surface which has a sharp (1X1)
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LEED pattern in Fig. 4 in Ref. 17. On this surface
we have observed a new peak in the place of the S,
clean transition at slightly larger energy loss in AR-
ELS spectra (hereafter called S7). On the other
hand, the S| peak disappears completely when the
dihydride (1 1)::2H saturated surface has been pro-
duced as described in this study. Therefore we con-
sider that the hydrogen-covered (1X1) surface in
Ref. 17 has not been completely saturated by hydro-
gen atoms and we can ascribe the origin of this S
peak to the newly produced dangling-bond surface
state resulting from the rupture of the lateral bonds
of dimers. These facts indicate that the formation
of the dihydride (1X1):2H surface progresses to-
gether with the rupture of the lateral Si—Si bonds on
the first silicon layer. Details will be reported else-
where.

By assuming a single final state for the SH,; and
SH, transitions we conclude that the energy of the
initial state of the hydrogen-induced transition shifts
by 1 eV toward the lower-binding-energy side from
the (2Xx1):H(SH,) state to the (1X1):2H(SH,)
state. This is in reasonable agreement with the re-
sult of Sakurai and Hagstrum'? by UPS: hydrogen-
induced states are at —12 and — 10 eV (referring to
the vacuum level) for the (2X)I:H and the
(1X1)::2H surfaces, respectively. On the basis of
this UPS result the final state of the hydrogen-
induced surface transitions (SH; and SH,) is
around —3 eV (referring to the vacuum level).

IV. SUMMARY AND CONCLUSIONS

The hydrogen-covered Si(001) surface formed by
moderately annealing the sample during atomic hy-
drogen exposure has a uniform monohydride phase
(2% 1):H where a hydrogen atom is bonded to one

dangling bond per one surface silicon atom. The
dangling-bond state is mixed strongly with the hy-
drogen state and so the S transition is transferred
to the SH, transition. On the monohydride
(2 1):H surface the S, and the S; transitions ob-
served on the clean (2 X 1) surface are also observed,
and thus the subsurface strain has not been healed
out. In addition the (%O) spots are intensified on the
(2 1):H surface. This fact indicates on the basis of
the asymmetric dimer model of the clean surface
that the hydrogen adsorption results in the recon-
struction of the initial asymmetric dimer to the sym-
metric dimer.

The uniform dihydride phase (1X1):2H was
formed by heavily exposing the clean surface at
room temperature to atomic hydrogen. On the
dihydride (1X1)::2H surface two hydrogen atoms
bond to one surface silicon atom associated with the
breaking of the lateral bond of dimer. The destruc-
tion of the dimer results in the relaxation of the sub-
surface strain, and thus the back-bond surface states
have disappeared. In the I-V curve only the Bragg
reflections are intensified. This fact shows that the
selvedge relaxes to have the periodicity of the bulk
structure of Si. The energy of the hydrogen-induced
transition SH, is different from that on the
(2% 1):H surface. In addition SH, shows dispersion
as increasing |k |. This fact indicates that since
the neighboring Si—H bonds are close to each other
the Si—H bond states interact strongly with each
other.
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