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State-specific study of hydrogen desorption from Si(1 OO)~(2 X 1): 
Comparison of disilane and hydrogen adsorption 
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The desorption of hydrogen from the mono hydride species on SiC 1(0) has been studied state 
specifically using (2 + 1) resonance-enhanced multiphoton ionization. The monohydride phase 
was prepared by dosing the surface with either disilane (SizH6 ) or atomic hydrogen. Adsorption 
of disilane with subsequent desorption of H2 leads to the growth of an epitaxial silicon film, 
based on evidence obtained with scanning electron microscopy and low energy electron 
diffraction. We report that the rovibrational-state distribution for hydrogen desorbed from 
SiC 1(0) is the same after both disilane and atomic-H adsorption. Hydrogen desorbs with low 
average rotational energy but with a population in the v = 1 state enhanced by roughly 20 times 
over a thermal distribution at the temperature of the surface. The agreement between 
internal-state distributions for both adsorption schemes indicates that the desorption of 
hydrogen during epitaxial growth of Si after Si2H6 adsorption proceeds in the same manner as 
that for a hydrogen-prepared Si (100) -(2 X 1):H surface. 

I. INTRODUCTION 

Recently, the hydrogen-silicon system has received much 
attention. Many studies have focused on the structure of 
hydride-covered silicon surfaces,l-s the kinetics of desorp
tion and diffusion of adsorbed hydrogen,6--14 and the role of 
these structures and processes in the chemical vapor dep
osition (CVD) of silicon. 15-20 The silicon-hydride species 
in most studies are typically prepared by one of two 
methods--either by adsorption of hydrogen in its atomic 
form or by adsorption of Si-containing precursors such as 
disilane, Si2H6. Both atomic hydrogen and disilane are 
much more reactive toward a silicon surface than is mo
lecular hydrogen, which has an extremely low sticking 
probability on Si. 21.22 In this article, we use dynamical 
measurements to address the question of how similar on an 
atomic scale are the surfaces prepared in these two ways. 

Several studies have shown that both hydrogen and dis
ilane adsorption lead to the formation of monohydride, 
dihydride, and trihydride species on the Si(l00)-(2X 1) 
and the Si(111)-(7x7) surfaces.16.19.23.24 However, the 
presence of the higher hydrides is highly coverage and tem
perature dependent, with the higher hydrides being favored 
at lower temperatures and higher coverages. A saturation 
dose of disilane can lead to different relative coverages ot 
the various hydride species compared to a saturation dose 
of atomic hydrogen at the same temperature. For example, 
at the surface temperature used in this study (Ts - 400 K), 
adsorption of disilane leads primarily to the formation of 
monohydride units, whereas adsorption of atomic hydro
gen leads to a roughly 1:3 ratio of dihydride to monohy
dride species. Tilis complex behavior is attributed to the 
instability of the higher hydrides in the presence of avail
able dangling bonds. 24 In this article, we focus only on the 
monohydride species. 

One major difference between adsorption of atomic hy
drogen and adsorption of Si2H6 is the presence of new 
silicon adatoms on the SiC 1(0) surface. We must ask what 

role these deposited silicon atoms play in the details of 
hydrogen desorption. Specifically, how well do studies of 
systems prepared by H-atom adsorption represent a rea
sonable model of disilane CVD under those conditions 
where hydrogen desorption is rate limiting? 

Using multiple internal reflection (MIR) infrared spec
troscopy, Uram and Jansson23 found that after disilane 
adsorption on Si(111 )-(7 X 7) at 400 K, only a broad, fea
tureless spectrum was apparent, an observation which they 
attributed to surface disorder resulting from the deposition 
of additional surface silicon atoms. Several experiments in
dicate, however, that by the time the surface nears the 
hydrogen desorption temperature (- 800 K for the mono
hydride), the surface resembles that produced by hydrogen 
adsorption. The temperature programmed desorption 
(TPD) spectra l9.25 obtained after disilane adsorption on 
both Si(100)-( 2 X 1) and Si(111 ) -( 7 X 7) are very similar 
to those observed for a surface saturated by hydrogen, i.e., 
they exhibit the same two peaks, f31 and f32' at approxi
mately the same peak temperatures. 26 Suda et al., 18 in their 
electron energy loss spectroscopy (EELS) and reflection 
high -energy electron diffraction (RHEED) studies of the 
dihydride phase produced by disilane adsorption on 
SiC 100), conclude that desorption from a Si2H6-saturated 
( I X I) :2H surface follows essentially the same reaction 
path as that of the H-saturated dihydride surface. Boland2o 

has found using scanning tunneling microscopy (STM) 
that although random adsorption of disilane on Si ( 1(0) at 
room temperature leads to a disordered surface, heating to 
650 K causes the surface to rearrange into rows of Si 
dimers due to the decomposition of higher hydrides at this 
temperature. Thus, these experiments suggest that the sur
face structure may be similar at the temperature of hydro
gen desorption independent of whether disilane or atomic 
hydrogen is dosed. 

In this article, we present the results of state-specific 
studies of hydrogen desorption from SiC tOO) after adsorp
tion of both disilane and atomic hydrogen. We report that 
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the rotational and vibrational distributions of the desorbed 
hydrogen are the same independent of the source of surface 
hydrogen. Thus we provide dynamical evidence that the 
mechanism of recombinative hydrogen desorption after ad
sorption of disilane is the same as that for a surface dosed 
with atomic hydrogen. 

II. EXPERIMENTAL 

The experimental technique has been described in detail 
elsewhereY The experiments are performed in an ultra
high vacuum (UHV) chamber with a base pressure of ap
proximately 4 X 10 - 10 torr. Surface order and cleanliness 
are monitored with low-energy electron diffraction 
( LEED) and A uger electron spectroscopy (AES). The 
crystal samples are cut from wafers of highly As-doped 
SiC 100). The low resistivity of the crystals (0.005 n cm) 
facilitates direct resistive heating. The crystals are cleaned 
initially by annealing for 12-24 h at 900 K, followed by an 
anneal at 1200 K to remove the native oxide. This proce
dure leads to a well-ordered Si(l00)-(2X 1) surface, 
which generally has some residual carbon contamination. 
The surface cleanliness is maintained by passivating with 
an adsorbed hydrogen layer between experiments. 

Attached to the UHV chamber is a source chamber 
containing a pulsed, skimmed, and collimated molecular 
beam, which is used to dose the surface with disilane. Us
ing a stagnation pressure of - 30 Torr and a pulse width of 
2 ms (run at 10Hz), the surface is saturated within 30-60 
s. Atomic hydrogen for the H-atom dosing is produced by 
a hot tungsten filament placed a few centimeters from the 
surface while backfilling the chamber with H 2. 

The internal-state distributions of molecular hydrogen 
are determined using (2 + 1) resonance-enhanced multi
photon ionization (REMPI) though the E,F I~/ state. 
This scheme requires ultraviolet radiation in the range of 
200-215 nm to probe v = 0 and v = 1, and is generated by 
frequency mixing the output of a Nd:Y AG-pumped dye 
laser. The resulting 1-2 mJ of light is directed into the 
chamber parallel to the crystal face, and is focused a few 
millimeters above the surface with a 350 mm lens. Hydro
gen ions produced by REMPI are extracted into a time-of
flight (TOF) tube and detected with a two-stage micro
channel plate chevron detector. Reduction of the ion signal 
(power normalized) to accurate hydrogen state popula
tions has been established.28 

The state-specific experiments are performed in the fol
lowing way. After dosing the surface to saturation with 
either disilane (at T, = 375 K) or atomic hydrogen (Ts 
= 425 K), a TPD is performed. The laser is tuned to a 
frequency corresponding to REMPI from a particular 
H2(v, J)-Ievel during the TPD. The crystal is then cooled 
slowly, and another TPD is performed. We continue this 
procedure for each rovibrational quantum state. Thus, in 
the case of disilane adsorption, Si is added one atomic layer 
at a time. 

After disilane experiments are run on a crystal for sev
eral weeks, the LEED pattern begins to lose its sharpness, 
and the crystals are replaced. Some of these crystals were 
examined by scanning electron microscopy (SEM). The 
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FIG. 1. Photograph of Si ( 1(0) crystal after chemical vapor deposition. 
The crystal was illuminated from the side. The 5 mm-diam circle in the 
center of the crystal is the region of silicon growth corresponding to the 
area of the disilane molecular beam. The hole at the top of the crystal was 
used to mount the thermocouple, and the bands at the sides of the crystal 
were caused by the crystal holder. The smallest interval on the scale 
corresponds to 0.5 mm. 

samples were transferred from the vacuum chamber to a 
Phillips 505 microscope in air with no special precautions. 

III. RESULTS 

A. Silicon growth 

A photograph of one of the silicon crystals used in the 
experiment is shown in Fig. 1. The hole at the top of the 
crystal was used for placement of the thermocouple that 
monitored the surface temperature during experiments. A 
spot of roughly 5 mm in diameter is visible in the center of 
the crystal. The appearance of this spot is caused by the 
growth of silicon from disilane, and its size corresponds 
closely to the diameter of our molecular beam of Si2H6 at 
the surface. The whiteness of the spot arises from the in
crease in scattered light where Si has been deposited. The 
LEED pattern still indicated a ( 100) -(2 Xl) pattern over 
this region of growth, and there was little variation in the 
LEED pattern across the crystal face. 

A scanning electron micrograph of the surface within 
this 5 mm growth region is shown in Fig. 2. Micron-size 
rectangular shapes are evident on the surface, indicating 
that the growing film adopts the orientation of the under
lying (100) surface_ We are unable to determine from the 
SEM image whether these are projections or indentations. 
On this particular sample, the rectangular shapes make up 
roughly 10% of the surface area, though SEM images of 
other samples indicate that both the size and frequency 
varied with total silicon growth. Based on both the invari
ance of the LEED pattern during the growth of silicon and 
the observation of shapes of the correct symmetry by SEM, 
we conclude that the silicon film grows epitaxially on the 
SiC lOO)-(2X 1) surface. 
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FIG. 2. Scanning electron micrograph of the Si( 1(0) surface after chem
ical vapor deposition. The length of the white bar corresponds to 10 /lm. 
Magnification was 5 X IOJ and beam voltage was 5 kV. 

B. Hydrogen desorption 

A typical state-specific temperature programmed de
sorption for H 2 (u = 0, J = 1) is illustrated in Fig. 3. 
Desorption after saturation coverage of Si2H6 at Ts 
= 375 K is shown in Fig. 3(a), while Fig. 3(b) shows 
desorption after saturation exposure of atomic hydrogen at 
Ts = 425 K. Note that disilane adsorption leads to only a 

{31 peak (the higher temperature peak related to desorption 
from the monohydride), while the {32 desorption peak 
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FIG. 3. Quantum-state-specific thermal desorption spectra for H2(v = 0, 
J = I) desorbed from Si(100)-(2x I) after saturation dose of (a) disi
lane at T, = 375 K and (b) atomic hydrogen at T, = 425 K, 
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FIG. 4. Boltzmann plot of H2 thermally desorbed from Si( 1(0)-(2 X I) in 
the ground vibrational state (v = 0) after both disilane adsorption and 
atomic hydrogen adsorption, 

(correlated with dihydride desorption) is clearly present 
after dosing with hydrogen.25 Analysis of the {32 desorption 
peak will be presented in another paper.29 Integration of 
the {31 peak for each rovibrational state, after correctly 
subtracting the background contribution 13 and applying 
the proper correction factors,28 leads to a population dis
tribution. In Fig. 4, the rotational distribution for H2 (u 
= 0) is displayed in a Boltzmann plot, where the natural 
logarithm of the population divided by the rotational state 
degeneracy (21 + 1) and the nuclear spin degeneracy 
(gN) is plotted versus rotational energy. 

The rotational distributions for hydrogen desorbed from 
SiC 100) after Si2H6 and H-atom adsorption are clearly the 
same. The distribution is non-Boltzmann, i.e., it is not fit 
by a straight line, indicating that this is not a thermal 
distribution. The average rotational energy of these distri
butions, (Erot ) = ~j Nj E/~ fli' is 345 ± 80 K for disilane 
dosing and 320± 70 K for H-atom dosing. The average 
rotational energies are the same within error bars, and sig
nificantly lower than the surface temperature at desorp
tion, 800 K. Note that for a Boltzmann distribution at 800 
K, (Erot > = 783 K*800 K for Hb a nonclassical result 
caused by the large spacing of the hydrogen rotational lev
els. The hydrogen is clearly desorbing with an average ro
tational energy much lower than that expected for a Boltz
mann distribution at the surface temperature . 

In contrast, the vibrational distribution is superthermal. 
The population in u = 1 for H2 desorbing from Si( 100) 
after disilane adsorption was found to be enhanced by a 
factor of about 25 over that of a thermal distribution at 800 
KY We report here that the vibrational enhancement is 
the same within error for hydrogen desorbing after adsorp
tion of atomic H. Specifically, for both disilane and hydro
gen adsorption, we measure [N,,= \1 NI'~o]exp = 1.2% 
± 0.5%, whereas for an 800 K thermal distribution, 
[N,,: IIN"~O]Boltz = 0.05%. A model explaining the ob
served rovibrational distribution has been discussed in pre-
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vious work. 13,27 Briefly, we propose that desorption occurs 
through a symmetrically constrained transition state fol
lowing pairing of adsorbed hydrogen, H(a)' on Si dimers. 
This transition state is characterized by an H-H separation 
larger than that of the free H2 molecule, resulting in prod
uct H2 that is vibrationally excited but rotationally cold. 27 

IV. DISCUSSION AND CONCLUSIONS 

We observe that both the rotational- and vibrational
state distributions for H2 desorbing from Si(100)-(2X 1) 
are the same whether the surface is dosed with disilane or by 
H atoms. In the former case, the adsorption of disi1ane is 
clearly leading to the epitaxial growth of Si( 1(0), as evi
dent by the SEM and LEED results. However, the pres
ence of deposited Si atoms does not appear to affect the 
rovibrational distribution of the desorbing H2. 

Both rotational- and vibrational-state distributions 
might be expected to be sensitive to the dynamics of de
sorption and the transition state geometry and, therefore, 
to the structure of the surface. Previous studies of recom
binative desorption from metal surfaces have suggested, 
however, that the vibrational distributions are much more 
sensitive to changes in surface structure and electronic 
properties of the surface than are the rotational 
d · 'b' 10-'1 S . Istn ut1Ons.·· tudles of recombinative desorption of 
hydrogen on Cu have shown that the amount of vibrational 
excitation differs by a factor of two between the (110) and 
the (111) surfaces, while the rotational distributions are 
unchanged. 33 Studies of the recombinative desorption of 
H2 from CU,30 H2 from Pd,31 and N2 from Fe (Ref. 32) 
have shown that modification of the surface electronic 
structure by coadsorption of sulfur dramatically affects the 
vibrational distribution. 

Because we believe that the product internal-state dis
tribution is a sensitive probe of the transition state, we 
conclude from our measurements of H2 from Si( 1(0)-(2 
X I) that the transition state geometries for recombinative 
desorption must be the same whether the surface is dosed 
with disilane or with atomic hydrogen. Note that we ne
glect the possibility of rotational-state-changing events oc
curring after molecular formation, based upon the results 
of isotopic studies. I} It appears, then, that the introduction 
of new Si atoms from disilane does not affect the mecha
nism of recombinative desorption. There are two possible 
interpretations of this result: (1) at 800 K, the Si adatoms 
have been incorporated into the lattice, yielding a surface 
that resembles that of the H-dosed Si( 1(0)-(2X 1) surface, 
or (2) desorption takes place at some local site that is 
independent of longer-range surface order. 

Certainly, the STM20 and TP0 19.25 studies support the 
idea that the surface is reconstructed, at least partially, by 
800 K. Boland observed that at 650 K, the dimer pairs, 
which are characteristic of the (100)-(2 Xl) reconstruc
tion, could be found on the Si surface after adsorption of 
disilane. 20 

However, it is not clear that the internal-state distribu
tion of H2 would be sensitive to long-range surface order. 
Because of the localized nature of bonding on the Si sur
face, the desorption mechanism probably involves very few 
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silicon atoms. Preliminary data from recent studies on the 
( 111) surface34 may lend some support to a local-site 
model. It is possible, then, that the surface might be dis
ordered after adsorption of disilane, e.g., from Si adatoms 
that are not yet incorporated into the lattice, but that this 
disorder is not reflected in the internal-state distributions. 

We have previously proposed that desorption occurs 
across a Si dimer pair. Conceivably, if desorption was en
tirely confined to the dimer pair, even an isolated dimer 
could yield a similar rovibrationa1 distribution. The recom
binative desorption mechanism would be insensitive to the 
ordering of the dimers with respect to one another. De
sorption might even be localized to only one of the silicon 
atoms which make up a dimer pair. This could occur by a 
H-atom shift across the dimer followed by a three-center 
transition state for desorption. 

We also cannot rule out the possibility that the local site 
from which H2 desorbs is not in fact a Si dimer, but some 
defect site. Recent STM studies indicate that even on care
fully prepared silicon surfaces, the defect density is quite 
large. 35.36 It is useful to recall that dissociative adsorption 
of H2 on Si(100)-(2X 1) is an extremely low probability 
process. Thus, when H2 does stick, it might be only at very 
specific sites on the surface that have a preferred geometry 
for H2 adsorption. Using detailed balance, it would be 
these same minority sites from which H2 desorbs. An ap
pealing choice of adsorption site might be a Si atom with 
two dangling bonds. Again, a three-center transition state 
might be involved. 

In either case, it is clear that the desorption dynamics 
are the same whether disilane or atomic hydrogen is the 
source of surface silicon hydrides. That is, the rovibra
tional distributions indicate that the same mechanism for 
recombinative desorption is active on both the hydrogen
and disilane-dosed surfaces, though further experiments 
are necessary to determine the specific desorption site. We 
conclude that H-atom adsorption/H 2 desorption studies 
provide a reasonable model for hydrogen desorption under 
conditions of chemical vapor deposition using disilane. 
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