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Departure from a stable SiH3 phase on Si(111)
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A combined ultraviolet-photoemission- (UPS) and Auger-electron-spectroscopy investigation

on the interaction of atomic hydrogen with the Si(111) surface shows that for high H exposures

[)103 L ( L =10~Terr sec) 1 coadsorbed oxygen impurities build up at substrate temperatures

below 200'C. The oxygen contamination gives rise to a UPS spectrum which is virtually identi-

cal with the spectra so far attributed to a stable (up to 700'C) SiH3 phase under similar experi-

mental conditions.

I ~ INTRODUCTION

The interaction of atomic hydrogen with silicon
single-crystal surfaces has been the subject of
numerous publications. Based on ultraviolet-photo-
emission-spectroscopy (UPS) and low-energy-
electron-diffraction (LEED) investigations, it was

concluded that a monohydride phase forms at first on
the (100)-(2 x 1) surface and that upon further H

dosing at room temperature a dihydride phase (SiHq)
develops which relaxes the (2 x 1) reconstruction. '2
Also on the (110)-(5x 1) surface a SiH phase forms
under relaxation of the (5 x 1) reconstruction and ad-

ditional H adsorption is considered to occur at non-
tetrahedral sites. ' A monohydride phase was also
deduced for the Si(111)-(7x 7) surface. 2' Apart
from the nontetrahedral binding configuration in-

voked for the Si(110) surface, the chemisorption of
hydrogen so far considered proceeds via the satura-
tion of available dangling bonds. In case of the (100)
plane this process necessitates already the breaking of
the dimer bonds of the (2 x 1) reconstruction for the
SiH2 formation and places the Si surface atoms essen-
tially back into bulklike positions.

Pandey et al. observed dramatic changes of the
UPS spectrum after high doses of atomic hydrogen to
the quenched Si(111)-(1x 1) surface. Supported by
theoretical work they attributed this to the formation
of a stable SiH3 phase. The creation of this phase
necessarily implies the breaking of Si—Si bonds to
provide for the —SiH3 bonding configuration. Our
recent studys on Si vibrations on the Si(111)-(7x 7)
surface led us also to consider the breaking of Si—Si
bonds to account for the occurrence of SiH2 units
especially for substrate temperatures below 250'C.
We did not find direct evidence for SiH3 complexes.
Above about 250'C only SiH units are stable on
Si(111) (Refs. 8 and 9) as well as on Si(100).'9
However, the SiH3 phase, as deduced from the pho-
toemission spectra, was found to be stable up to
700'C (Ref. 6) which is much higher than the tem-

perature (350'C) required to remove hydrogen from
SiH units. The present study reveals that oxygen im-

purities accumulating at the Si(111) surface during
the high hydrogen exposure desorb at around the
same temperature and that their contribution to the
UPS spectrum fully accounts for the drastic changes
so far ascribed to a SiH3 phase. In fact, UPS spectra
obtained for oxygen adsorption alone and those ob-
tained for high hydrogen doses at substrate tempera-
tures below 200'C are virtually the same and match
the spectrum attributed to the SiH3 phase by Pandey
et al. The finding that this spectrum could only be
obtained by starting from the quenched Si(111)-
(1 x 1) surface structure6 can be reconciled by invok-

ing different sticking probabilities for the oxygen-
carrying species impinging from the gas phase onto
the well-annealed (111)-(7x 7) or the quenched
(11 1)-(1 x 1 ) surfaces.

Based on the present results we would like to point
out that-coadsorbed oxygen might have also been the
reason for the UPS features attributed to SiH3 by

Pandey et al. and recently in a similar work by
Fujiwara. '0

II. EXPERIMENTAL

The measurements were performed in a ultrahigh
vacuum (UHV) system with a base pressure of
2 && 10 ' Torr equipped with a double-pass cylindrical
mirror analyzer for UPS and Auger electron spectros-
copy (AES), a differentially pumped He discharge
lamp, and a four-grid LEED system. The UPS (Het)
spectra were recorded with a pass energy of 25 eV
and a resolution of 0.1 eV. The analyzer axis lying in
the plane of incidence of the uv light (grazing in-

cidence) formed an angle of about 50' with the sam-

ple normal. The kinetic-energy distribution curves
(EDC) are given relative to the Fermi level deter-
mined by the rather steep onset of the EDC obtained
from a clean Mo surface.

Atomic hydrogen was produced by dissociation of
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Hq (purity 99.999%) at a hot W ribbon placed about 5

cm in front of the sample and held at a temperature
of about 2000'C during H2 dosing. As the arrival
rate for atomic hydrogen was not known we specify
the H2 partial pressure times the exposure time. The
samples were cut from Si wafers of (111)orientation
and cleaned in UHV by heating to 900'C and Ar+

sputtering. The samples were considered "clean" be-
fore H adsorption if the ratio of AES peak heights for
impurities (predominantly C and D) and for Si (LVV,
91 eV) was smaller than 2 x 10 3. Well-annealed sur-
faces exhibiting a sharp (7 x 7) superstructure,
quenched samples with a (1 x 1) structure, as well as
sputtered surfaces giving rise to only a featureless
background in LEED, were prepared and subsequent-
ly exposed to atomic hydrogen at various substrate
temperatures ranging from —10 up to 300 C. After
hydrogen exposure the Si surfaces were again charac-
terized by AES which proved very important especial-
ly after H2 exposures larger than 1000 L (1 L
=10~Torr sec) and substrate temperatures below
200'C. Cursory desorption experiments were also
conducted for determining the temperature at which
hydrogen desorption occurs.

III. RESULTS

Figure 1 shows typical UPS results for the clean
Si(111)-(7& 7) surface and for increasing H expo-
sures at substrate temperatures below 200'C. The
clean surface exhibits rather broad maxima around
—3 and —7.5 eV and a shoulder at —2 eV in agree-
ment with earlier studies. " After H exposures up

He I (21.2eVj

H+ Si (III)-I7x 7)

to about 103 L (several minutes at 5 x 10~ Torr) two
H-induced peaks at —5.3 and —7.4 eV develop and
saturate which are attributed to a SiH phase. ' Upon
further doses of hydrogen the valley between the hy-

drogen peaks smears out and at even higher expo-
sures two new peaks develop at around —6.7 and
—10.6 eV. The new structure appearing for H expo-
sures between 5 X10' and 30 &&10' L is compared
with the spectrum obtained by Pandey et al. ' (dashed
curve) which was obtained at 16 x 10' L. Peak posi-
tions and relative peak heights are very similar. Con-
comitant AES measurements indicated that the
development of the latter UPS spectrum is accom-
panied by the buildup of increasing amounts of oxy-
gen as well as carbon impurities.

UPS spectra for chemisorbed oxygen on Si(111)
(Refs. 11 and 12) also exhibit similar structures and
peak positions. We therefore exposed the Si(111)
surface to various oxygen exposures at room tem-
perature and observed UPS and AES spectra. Figure
2 shows a UPS spectrum (upper curve) recorded after
an oxygen exposure of 240 L and, for comparison, a
spectrum obtained after an H exposure of 30 x 10' L
at 30 C. The peak positions in both cases coincide
and the overall shapes are very similar. Sections of
the corresponding Auger spectra showing the
Si(L VV) transition at 91 eV and the D(KLL) transi-
tion at 506 eV are drawn on the right-hand side of
Fig. 2. The indicated oxygen coverages were derived
from the peak-to-peak height ratios of the oxygen
and silicon transitions. Assuming monolayer cover-
age at saturation of the oxygen peak above 600 L
(Ref. 13) the respective Auger-peak height ratio was
considered to correspond to 1 ML (monolayer).

Figure 3 relates the height of the oxygen-induced
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FIG. 1. UPS spectra for the clean Si(111)-(7&& 7) surface
and for increasing H exposures at a substrate temperature of
40'C. Exposures are given in jiangmuirs (10~ Torr sec).
The actual H2 pressures in Torr were 3 X 10 [curve (2)],
1 x10 [curves (3) and (4)] and 2 X10~ [curve (5)]. The
dashed curve shows for comparison the spectrum obtained

by Pandey et al. (Ref. 6) which was obtained after 90 min at
3 x 10~ Torr.
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FIG. 2. UPS spectra obtained for Si(111)-(7& 7) after H

exposure of 6 min at 2 X 10~ Torr and 250 C [curve (1)],
2.5 min at 2 && 10~ Torr and 30'C [curve (2)], and after ox-
ygen exposure of 2 min at 2 x 10~ Torr and 30 C [curve
(3)]. On the right-hand side are shown the corresponding
Auger lines for the O(KLL) transition at 506 eV and the
Si(LVV) transition at 91 eV.
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reducing action of atomic hydrogen. This was clearly
demonstrated by first exposing the sample to a high
H dose at room temperature in which case a spec-
trum similar to curve (5) in Fig. 1 was obtained to-
gether with a corresponding oxygen Auger signal.
After raising the temperature to 250'C and further
heavy H exposure, no change in the UPS spectra oc-
curred nor did the oxygen Auger signal decrease. We
therefore conclude that the sticking probability for
the oxygen carrying species decreased markedly with

increasing substrate temperature. At the same time
we can exclude oxygen diffusion into the bulk for
this temperature range.
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IV. DISCUSSION

FIG. 3. UPS peak height (—6.7 eV) after oxygen expo-
sure on Si(111) vs oxygen coverage characterized by the
O(KLL) to Si(LVV) AES peak ratio. The upper scale
denotes the coverage in monolayers according to the calibra-
tion described in the text. The filled circle refers to the
respective value obtained after heavy H exposure at 40'C.

UPS peak at —6.7 eV to the measured Auger-peak
height ratio for various oxygen exposures. The UPS
peak height was taken as the difference of the emis-
sion yields at —6.7 eV measured for the oxygen-
covered and the clean surface, respectively. The
dashed line in Fig. 3 gives an upper limit for the
emission yields obtained for the hydrogen-induced
UPS peaks at —5.3 and —7.4 eV as obtained for H ex-
posures up to 10 L at 40'C or for much higher ex-
posures at elevated temperatures as described below.
This comparison shows that oxygen impurities above
0.03-ML coverage seriously effect the hydrogen-
induced UPS features. Furthermore, the UPS peak
height at —6.7 eV observed for 30 x 10 -L H expo-
sure [Fig. 2, curve (2)] is fully accounted for by the
measured oxygen impurity concentration as indicated

by the filled circle in Fig. 3. In this case the peak
height was taken with respect to the emission yield
for low-H exposure.

In contrast to the UPS results for H exposures at
around room temperature, even very high hydrogen
doses at elevated temperatures do not cause the ap-

pearance of the two peaks at —6.7 and —10.6 eV,
respectively. As an example, we show in Fig. 2 the
lower spectrum which was obtained after H exposure
of 72 x10 L at 250'C. The two hydrogen-induced
peaks at —5.3 and —7.4 eV are well separated by a
minimum at —6 eV despite the fact that the applied
exposure is 80 times higher than for the similar spec-
trum in Fig. 1. However, the accumulated oxygen
concentration in this case amounts only to about 0.01
ML and is therefore expected to give only a negligi-
ble contribution to the spectrum.

The much smaller buildup of oxygen impurities at
elevated temperatures is not caused by a concomitant

The result of this study shows unambigously that
the UPS peaks at —6.7 and —10.6 eV below the Fer-
mi level developing at high H exposure and near
room temperature are caused by oxygen impurities. It
is not surprising that exposures in excess of 10 L
may lead to surface contamination due to either long
exposures times and/or the liberation of contam-
inants via the interaction of the exposure gas with the
walls of the vacuum system. Likely contaminants to
carry oxygen to the sample surface are CO and H20.
Besides the recorded carbon Auger signal we did not
detect UPS features characteristic for molecular CO.
Even pure CO exposures (several langmuirs) did not
lead to either a carbon or an oxygen AES signal
(without hot W filament). After raising the sample
temperature to above 700'C in order to remove oxy-
gen picked up during high H exposures (carbon still
remains on the surface during this treatment) the
UPS spectrum of the clean Si(111) surface was
recovered. From this result we conclude that these
small C impurities do not give rise to an appreciable
emission yield in the UPS spectrum. Water, howev-

er, chemisorbs readily on Si(100) and to a much
lesser extent on Si(111) (Ref. 14) by forming SiOH
and SiH units. Additional atomic H exposure leads
to Si—0—Si units via the association of hydroxyl-
hydrogen and atomic H. For this reason atomic H
will not reduce SiO once this species has formed on
the surface. Water is therefore a likely candidate for
oxygen contamination and its sticking probability is
structure and temperature dependent. '

The UPS spectrum observed by Pandey et al. after
dosing the Si(111)-(1x 1) surface with 16 x 103-L

hydrogen at around 150'C is very similar to our
"oxygen"-induced spectra. Their spectrum was as-
cribed to a SiH3 phase. A theoretical calculation
based on a tight-binding model7 led to a virtually
identical spectrum and thus supported the assign-
ment. We suggest reconsideration of the SiH3 assign-
ment in the work of Pandey et al. as well as in the
recent study of Fujiwara' and rather attribute the
respective structures in their UPS spectra also to oxy-
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gen contamination.
Oxygen is known to desorb from Si surfaces at

around 700'C (Refs. 12 and 13) probably as SiO. At
the same temperature Pandey et aI.6 observed the
UPS spectrum ascribed to SiH3 to recover to the
spectrum of the clean surface. On the other hand, it
is very unlikely that SiH3 units on silicon are stable
up to 700'C. Studies on hydrogenated amorphous
silicon' show that SiH units exhibit much higher
thermal stability than SiH2 or SiH3 units. Our recent
work on H vibrations on Si(111) (Ref. 8) as well as
the conclusions drawn for the SiH2 phase on Si(100)
(Ref. 1) prove that SiH2 units are less stable (up to
150—200'C) than SiH units.

So far we only put forward arguments against the

assignment of a stable SiH3 phase to the respective
UPS spectrum. %e do not argue against the forma-
tion of SiH3 units as intermediates for the production
of SiH4. Recent investigations' "show that atomic
hydrogen breaks Si—Si bonds' and leads to the pro-
duction of silane. '

Finally, we would like to comment on the observa-
tion of Pandey et ai. that only the quenched
Si(111)-(1&& 1) structure was capable of producing
the discussed UPS spectrum. The different sticking
probabilities of contaminants like H20 for the
quenched Si(111)-(1x 1) or the well-ordered
Si(111)-(7& 7) structure might well be the reason for
the observed difference. Different preparation condi-
tions of Si(111) surfaces led to different H exposures
fol obtaining the UPS structures assigned to the SiH3
phase in the recent work of Fujiwara. '0 Future stud-
ies on this system should necessarily employ Auger
measurements after the H exposure. It should also
be checked whether H2 (or eventually SiH4) desorbs
at a temperature as high as 700'C.

ACKN0%LEDGMENTS

%e like to thank %. Beyer and H. Ibach for fruitful
discussions and valuable comments.

'T. Sakurai and H. D. Hagstrum, Phys. Rev. B 14, 1S93
(1ev6).

2H. Ibach and J. E. Rove, Surf. Sci. 43, 481 (1974).
3T. Sukurai, K. C. Pandy, and H. D. Hagstrum, Phys. Lett.

56~, 204 (1976).
4T. Sakurai and H. D. Hagstrum, J. Vac. Sci. Technol. 13,

807 (1976).
5T. Sakurai and H. D. Hagstrum, Phys. Rev. B 12, S349

(1ev5).
6K. C. Pandey, T. Sakurai, and H. D. Hagstrum, Phys. Rev.

Lett. 35, 1728 (1975).
7K.. C. I andey, IBM J, Res. Dev. 22, 250 (1980).
H. Wagner, R. Butz, U. Backes, and D. Bruchmann, Solid

State Commun. 38, 115S (1981).

H. Wagner, H. Ibach, and D. Bruchmann (unpublished).
'oK. Fujnvara, Phys. Rev. B 24, 2240 (1981).
~~H. Ibach and J. E. Rourke, Phys. Rev. B 10, 710 (1974).
~2K. Fujivrara, Surf. Sci. 108, 124 (1981).
'3R. E. Kirby and D. Lichtrnan, Surf. Sci. 41, 447 (1974).
' H. Ibach, H. Wagner, and D. Bruchmann (unpublished),
' M. H. Brodsky, M. Cardona, and J, J. Cuomo, Phys, Rev.

B 16, 3556 (1977).
' A. P, Webb and S. Veprek, Chem. Phys. Lett. 62, 173

(1eve).
'7D. L. Miller, H. Lutz, H. Wiesmann, E. Rock, A. K.

Ghosh, S. Ramamoorthy, and M. Strongin, J. Appl. Phys.
49, 6192 (1978).


