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We present an in situ study of low-pressure hydrogen, silane, and disilane chemisorption on
Si(111) surfaces. Only characteristic signatures of mono- and dihydride phases are evidenced.
At room-temperature sticking of SiH, or (SiH:), species for SiHs and Si;Hs, respectively, are
proposed and related to the back bonds of the dimer-adatom-stacking-fault model.

Chemical vapor deposition (CVD) is used throughout
the microelectronic industry to deposit semiconducting
and insulating thin films. When CVD is used to deposit
silicon,! silicon oxides,? or silicon nitride,> monosilane is
generally the gaseous silicon source. The use of disilane
has recently been proposed to increase Si growth rates at
low temperatures and to produce epitaxial layers of good
crystalline quality.* Thermal cracking and adsorption of
silanes on a Si(111) surface have until now been mainly
studied by means of thermal desorption spectroscopy
(TDS).? Only a few papers dealing with the nature of the
chemisorbed species on Si(111) prepared under UHV
conditions and ana16yzed by photoemission techniques are
presently available.® In particular, the first stages of silane
adsorptions as well as the thermal stability of the formed
radicals with a Si(111) surface have only recently been in-
vestigated. As silane or disilane gases may also provide H
radicals of much higher reactivity towards a Si surface
than SiH, or Si;Hg molecules,’ we first studied atomic hy-
drogen adsorption on the Si(111) surface. Photoemission
spectra®~!2 obtained after hydrogen adsorption at about
350°C are usually interpreted by the saturation of silicon
dangling bonds (DB’s) in agreement with theoretical re-
sults. 13713 High-resolution spectroscopy !¢ ™20
(HREELS) and infrared reflection?! also conclude that a
Si-H monohydride phase (i.e., one H atom bonded to
every Si atom) occurs on all low-index silicon surfaces at
elevated temperatures. For hydrogen adsorption at room
temperature (RT), the coexistence of the monohydride
and the dihydride (i.e., two H atoms bonded to every Si
atom) phases at H saturation coverage is observed. '%!

In this work, we performed photoemission experiments
to study the first stages of silane and disilane adsorption
on the Si(111) surface. It will also be informative to look
for similarities as well as for differences with results ob-
tained on the Si(111)-H system.

EXPERIMENT

The experimental setup was extensively described else-
where. 2 The samples were studied under ultrahigh vacu-
um conditions by ultraviolet (UPS) and x-ray (XPS) pho-
toemission spectroscopies. The silicon samples (8% 10

41

mm) were clamped on a tantalum sample holder and
could be heated by joule effect. A thermocouple fixed at
the back of the Si wafers allowed temperature measure-
ments up to 1100°C. Si(111) samples were treated in the
usual way to achieve an ordered and clean surface (repeti-
tive Ar* sputtering-heating cycles). The samples were
considered clean before hydrogen, silane, or disilane ad-
sorption when the XPS peak heights for impurities (C,0)
were undetectable. The most sensitive probe for the sur-
face cleanliness was the absence of bands due to O and
water in the valence-band spectra obtained by UPS. Ul-
trapure gases were introduced into the UHV chamber
through microleaks in order to control, accurately, pres-
sure during exposure. During silane or disilane exposures,
all filaments (ion gauges) were systematically turned off
to avoid molecules cracking. In the experiments involving
atomic hydrogen or dissociated disilane, dissociation is
achieved at a hot tungsten filament, shielded and placed
about 5 cm in front of the sample.

As the arrival rate for hydrogen, silane, or disilane
gases was unknown we specify the H, SiHy, or Si;Hg par-
tial pressure times the exposure time (1 L =10 ~® Torrs).

A. Atomic hydrogen adsorption on Si(111) 7x7

We exposed atomically clean Si(111)7x7 samples to H
at various typical temperatures. Results are extensively
exposed in Ref. 12.

Briefly, above 350 °C, UPS spectrum b of Fig. 1 exhib-
its exclusively characteristic peaks of the monohydride
phase (5.3 and 7.3 eV below Fermi level Er). We also
display in Fig. 1 the difference spectrum b —a (exposed
spectrum minus clean spectrum) which clearly shows up
the monohydride features. For a 10°-L exposure we ob-
serve the vanishing of all surface states (SS) (S}, S», and
S, respectively, located at 0.35, 0.8, and 1.7 eV below
Er). Those SS are characteristic of the 7x7 surface
reconstruction.?? After a 103-L exposure at RT UPS
spectrum ¢ of Fig. 1 shows the coexistence of both
monohydride and dihydride phases, the latter being
characterized by a UPS feature located around 6.2 eV
(below Er). The coexistence of both phases is also clearly
evidenced on the difference spectrum ¢ —a (Fig. 1). After
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FIG. 1. UPS spectra and difference spectra for H exposures
on Si(111)7x7.

a low exposure (=50 L) at RT the obtained spectrum d
(Fig. 1) reveals the presence of a monohydride phase. In
fact, all our photoemission experiments showed that dur-
ing H exposure at RT a monohydride phase always ap-
pears before the dihydride phase. This particular point
was probably overlooked in previous studies by the fact
that at low H exposures water contamination results in the
appearance of a marked feature located around 6.6 eV on
UPS spectra.?® Between RT and 250 °C we observe at H
saturation (103 L) the coexistence of both mono- and
dihydride phases. These phases progressively vanish as
temperature increases. At around 550°C no difference
between clean and exposed surfaces can be observed.

B. Silane adsorption on Si(111)7x7

We exposed atomically clean Si(111)7x7 wafers at
various significant temperatures with exposures ranging
from a few langmuirs up to saturation. As shown in Fig. 2
the UPS spectrum b obtained after RT saturation (4% 103
L) exhibits markedly a dihydride phase probably associat-
ed with a very weak monohydride phase. Surface states
S, and S; are attenuated while S is removed. The UPS
spectrum of a clean Si(111)7x7 sample exposed at
350°C to silane at saturation (2x10* L) exhibits ex-
clusively the monohydride phase features [Fig. 2(c)]. The
S, and §'; surface states partially disappear while the S,
state, related to the adatoms of the dimer-adatom-
stacking-fault (DAS) model,?* remains apparent. In-
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FIG. 2. UPS spectra and difference spectra for SiHs expo-
sures on Si(111)7x7.

dependently of the exposure magnitude, XPS measure-
ments revealed no significant shift of the Si 2p core level
peak. After saturation of a Si(111)7x7 surface with
silane at 350°C we exposed it to a 103-L atomic hydrogen
dose. This exposure corresponds to saturation of a
Si(111)7x7 surface at 350°C [Fig. 2(d)]. We observe an
enhancement of the peaks associated to the monohydride
phase whose intensity may be compared to an H-saturated
Si(111) surface [Fig. 1(b)). The vanishing of the S sur-
face state as well as a shift of the valence-band maximum
to higher binding energies are observed. If we compare
magnitudes of the feature located at 5.3 eV after silane
saturation [Fig. 2(c)] or H saturation [Fig. 2(d)], we get
a ratio of about 1/3. Finally, a 550°C anneal totally
desorbs the Si-H phase inducing the recovery of the sur-
face states S, S, and S of the Si(111)7x7 surface.

C. Disilane adsorption on Si(111)7x7

Figure 3 summarizes the UPS data for Si;He adsorbed
at RT on Si(111)7x7 as a function of exposure. In all ex-
periments, even for low exposures [Figs. 3(a) and 3(b)]
we only observe the characteristic feature of the dihydride
phase. Figure 3 also displays the difference spectra be-
tween exposed and clean surfaces. A spectrum of a hydro-
genated Si(111) surface is shown (spectrum e) for com-
parison. Spectra d and e are obtained after a same 10*-L
exposure of disilane or H, respectively. All surface states
are removed in both cases. The important SiH; peak sug-
gests the formation of an amorphous (SiH;), network.
Figure 4 shows some UPS spectra obtained after various
exposures of a Si(111)7x7 surface to disilane 350°C.
Associated difference spectra (exposed spectrum minus
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FIG. 3. UPS spectra and difference spectra for Si;Hg¢ on
Si(111)7x7 at RT.

clean spectrum) are also presented. Spectra d and e are
obtained after a same 10*-L saturation coverage of disi-
lane or H, respectively. Only the characteristic monohy-
dride phase is observed. It is worth noting that the magni-
tude of the 5.3-eV feature induced by disilane [Fig. 4(d)]
is weaker than that obtained after H saturation [Fig.
4(e)]. All surface states are not removed after disilane
exposures in contrast with H adsorption. After disilane
exposure in the (RT, 350°C) temperature range we ob-
serve the coexistence of both mono- and dihydride phases.
Disilane adsorption on Si(111) induces no significant shift
of the Si 2p core level. A 550°C anneal totally desorbs
the Si-H phase inducing the recovery of the surface states
S1, S2,and S; of the Si(111)7x7 surface.

As already observed by Imbihl et al.,? previously hy-
drogenated silicon surfaces are inactive towards RT disi-
lane chemisorption. A silicon surface previously saturated
with monohydride phase does not accordingly adsorb disi-
lane at RT.

DISCUSSION

Only the mono- and dihydride phases were observed in
all our experiments. Our results are in full agreement
with previously published UPS spectra characteristic of
the mono- and dihydride phases. A trihydride phase has
been envisaged both theoretically and experimentally.2
However, its existence is still controversial,'® and up to
now there has been no well-admitted UPS signature cor-
responding to such a phase. Even if such a trihydride
phase were present, its weak magnitude would make it

hardly detectable by photoemission techniques.?” There is
no evidence from our XPS results of a possible silicon de-
posit from the low-pressure silane gas phase on the
Si(111)7x7 surface. However, our UPS results show
that silicon deposition occurs. Experimental evidence for
silicon deposition as observed with photoemission spec-
troscopies is as follows:

(a) Experimental results obtained with silane at 350°C
are different from those obtained with hydrogen. After
silane saturation the magnitude of the 5.3-eV Si-H
feature is only about 1 of that obtained in the same con-
ditions with hydrogen. The S surface state is still present
whereas S, and S; are strongly attenuated. One may
presume that Si-H groups stick atop of the rest atoms of
the DAS model. Similar conclusions were inferred for the
growth of the Ge/Si(111)7x7 interface.?® During hydro-
gen adsorption at 350 °C H atoms occupy all surface sites
(vanishing of all surface states). Rest atoms only repre-
sent + of the available sites (six rest atoms out of the
nineteen dangling bonds in each unit cell of the DAS
model?2).

(b) For disilane, the presence of an important dihydride
phase at RT with no associated monohydride phase is a
notable difference when compared to hydrogen adsorption
on Si(111)7x7.

What radicals could be invoked to explain the observed
phases? Our results on the hydrogen chemisorption on
Si(111)7x7 indicate unambiguously that (i) atomic hy-
drogen has a higher sticking coefficient than silane or disi-
lane. (ii) A monohydride phase forms first at RT for very
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FIG. 4. UPS spectra and difference spectra for Si;He expo-
sures on Si(111)7x7 at 350°C.
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low H exposures.

During silane exposure at RT, the main species detect-
ed by our mass spectrometer were SiH; radicals and at
saturation we observe essentially a dihydride phase. In
the unit cell of the Si(111)7x7 surface, the available
DB’s are located on adatoms and rest atoms with a dis-
tance of around 7 A between two adatoms and around 4.5
A between an adatom and a rest atom. SiH, groups need
two dangling bonds to stick on the Si surface. A possibili-
ty which agrees well with the observed partial vanishing of
surface states is a DB for an adatom or rest atom and a
defect in the vicinity. A Si(111)7x7 surface is not as
rough as a Si(100)2x 1 surface when observed by STM.
However, the Si(111)7x7 surface will exhibit enough de-
fects?® to support the idea suggested above. This could
explain the low sticking coefficient of SiH4 on this surface.
Another argument is the comparable sticking coefficient
of monosilane and disilane on an amorphized silicon sur-
face? on which many DB’s are available.

After RT disilane adsorption we observe a strong dihy-
dride phase exclusively without an associated monohy-
dride phase. This observation rules out the formation of
H at the surface. To explain that important dihydride
phase which does not saturate even after high disilane ex-
posure, we suggest sticking of the (SiH,), species. Such a

H,Si-SiH, group requires two DB’s to stick on the surface
and the distance between these two bonds?! is close to the
adatom-rest-atom distance mentioned above. The ther-
modynamic stability of the Si—Si bond is weak as com-
pared with the Si—H bond and its breaking allows adsorp-
tion of a new (SiH;), group.3? This explains the forma-
tion of an important dihydride phase at RT similar to that
observed on an amorphized Si surface. The gas-phase py-
rolysis mechanism of disilane supports the formation of
Si-H, groups.3l However, as Si-H; groups have a very
low sticking coefficient (see silane adsorption discussed
above), their contribution to the dihydride phase during
disilane adsorption is negligible. By annealing the dihy-
dride phase transforms totally into a Si-H phase as al-
ready observed by TDS.?

At higher temperature, the monohydride phase can be
formed from Si;H, fragments or H atoms. A Si(111)
surface saturated with a Si-H phase cannot accordingly
chemisorb disilane molecules as no bonds with adequate
conformation are available.

To summarize, our results indicate that on the Si(111)
surface the observed dihydride phase can be formed by
sticking of atomic hydrogen and/or (SiH;), groups.
Similar results are probably obtained on other low-index
Si surfaces or even on amorphous Si.
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