
PHYSICAL REVIEW B 15 SEPTEMBER 1998-IVOLUME 58, NUMBER 11
Laser-stimulated desorption of H1 from the hydrogenated Si„100… surface
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Desorption of H1 ions from hydrogenated Si~100! surface is observed under the irradiation of a low-fluence
193-nm pulsed laser beam. The time-of-flight~TOF! spectra of H1 ions on the monohydride and dihydride
surfaces show little differences, both consisting of two peaks, corresponding to mean kinetic energies of
0.0960.05 and 0.3860.06 eV. The substrate temperature dependence of the TOF spectra was studied. It was
found that the ratio of the 0.38-eV peak to the 0.09-eV peak increased with the substrate temperature. The
experimental results are interpreted using the hydrogen pairing model on Si~100!. The 0.09-eV peak and
0.38-eV peak are assumed to correspond, respectively, to the H1 ions desorbing from doubly occupied and
singly occupied dimers. The difference of 0.2960.011 eV in the kinetic energies of these two groups of H1

ions is compared with the pairing energy on the H/Si~100! surface. Correction to the kinetic energy of H1 ions
due to the image interaction is discussed. From the kinetic energy of the H1 ions, the hole-hole repulsion
energy in the Si-H bond is estimated to be 9.4 eV, in agreement with earlier experimental results.
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I. INTRODUCTION

Hydrogen termination of silicon surfaces has been stud
extensively in the past decade. This is a topic of great in
est for both the silicon technology and fundamental scien
Conceptually, H/Si~100! represents the simplest possible sy
tem of adsorption on covalently bonded surfaces. Vari
studies have confirmed the following picture of hydrog
adsorption on the Si~100! surface. On the unreconstructe
Si~100! surface, each Si atom has two dangling~broken!
bonds. Surface reconstruction causes all the broken bon
rebond in the following fashion, lowering the energy of t
surface. Silicon atoms in adjacent rows along the@11̄0# di-
rection pair up and establish a strongs bond, forming
dimers. This gives rise to a 231 structure.1–5 The remaining
two dangling bonds on the dimer, one from each dimer at
form a weakp bond.5 The surface energy can be furth
lowered by allowing the symmetric dimers thus formed
buckle ~Peierls distortion!.6,7 Even though the bond in a
buckled~asymmetric! dimer is not a typicalp bond, we shall
still refer to it as ap bond for simplicity. The buckling of
dimers on the Si~100! surface has been directly observ
using scanning tunneling microscopy~STM!.7 At low H ex-
posure, a monohydride phase is formed in which thep bond
is broken and each Si atom in the dimer is bound to o
hydrogen atom. Since the strongs bond in the Si-Si dimer is
not broken in this phase, the surface structure is s
231.8–10 As a result of the disruption of thep bond, the
dimers on the monohydride surface are symmetric. The
istence of the weakp bond between the dimer atoms on t
clean Si~100!231 surface makes it energetically more favo
able for two H atoms to be bound to the same dimer than
two separate dimers on the monohydride surface.11–16Direct
evidence for this hydrogen pairing on H/Si~100!231 was
obtained using STM.12 At high H exposure, due to the stron
ger bond between Si and H, dimers start to break, and th
atoms use the newly available dangling bond to bind t
second H atom, forming a dihydride phase. The surf
PRB 580163-1829/98/58~11!/7377~8!/$15.00
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structure now changes to 131. A dihydride phase can be
converted to a monohydride phase by annealing the sam
to above 400 °C.2

Dynamic processes such as desorption of H2 and H1 from
H/Si~100! surface provide useful information about the bin
ing between hydrogen and surface silicon atoms. For
ample, thermal desorption of H2 from the H/Si~100! surface
can help identify different binding states of H on the Si~100!
surface.17 Electron-stimulated desorption~ESD! and photon-
stimulated desorption~PSD! of protons from a hydrogenate
Si surface have been reported by several groups.18–22Proton
desorption is particularly interesting because the ionizat
potential of the hydrogen atom~13.6 eV! is much larger than
that of the silicon atom~8.8 eV!, and therefore nothing shor
of removing the two electrons in the Si-H bond, i.e., produ
ing a two-hole state, can give rise to H1 desorption. In both
ESD and PSD studies the desorption threshold is found to
;23 eV, corresponding to the threshold for producing a tw
hole state in the Si-H bond via SiL23VV Auger decay.19,20

The Si 2p core excitation around 100 and 112 eV also lea
to H1 desorption on the H/Si~111! surface.22 The time-of-
flight ~TOF! spectrum of the H1 ions resulting from the Si
L23VV Auger decay displays a single peak corresponding
a kinetic energy of;3 eV.18,19

In this paper we present the results of our study of H1

desorption from a H/Si~100! surface under the irradiation o
pulsed 193-nm laser beam. When a H/Si~100! surface is ir-
radiated by a pulsed laser beam, most of the adsorbed hy
gen atoms will thermally desorb as H2 due to the rapid heat
ing by the laser pulse. However, we find that a small fract
of the adsorbed H atoms will desorb as H1. It is important to
note that the observed H1 ions are different from the ions
commonly observed in the laser ablation process. The la
fluence used in this experiment is much lower than that u
in laser ablation, and, as will be described below, the kine
energy of the ions do not depend on the laser fluence.
findings of our study are as follows.~1! To the best of our
knowledge, this is the first report of PSD of H1 ions on
7377 © 1998 The American Physical Society
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7378 PRB 58S. VIJAYALAKSHMI, H. T. LIU, AND Z. WU
H/Si~100! surfaces, with a photon energy~6.4 eV! well be-
low the Si CVV Auger decay threshold~;23 eV!. ~2! The
TOF spectra of the H1 ions show little differences on the
monohydride and dihydride surfaces. They consist of t
peaks, corresponding to mean kinetic energies of 0.0960.05
and 0.3860.06 eV.~3! The relative height of the two peak
was found to depend on the substrate temperature. As
substrate temperature increases, the 0.38-eV peak incre
faster than the 0.09-eV peak, and eventually exceeds it.
experimental results are interpreted using the hydrogen p
ing model on H/Si~100!. The 0.09- and 0.38-eV peaks ar
assumed to correspond, respectively, to the H1 ions desorb-
ing from doubly and singly occupied dimers. The differen
0.2960.11 eV in the kinetic energies of the two peaks
approximately equal to the pairing energy on the H/Si~100!
surface. From the kinetic energy of the H1 ions, the hole-
hole repulsion energy in the Si-H bond is estimated to be
eV, in agreement with earlier experimental results.19

II. EXPERIMENT

The experimental arrangement is shown in Fig. 1. T
experiments were performed in a small ultrahigh-vacu
chamber with a base pressure of 5310210 Torr. An ArF
excimer laser of wavelength 193 nm and pulse width 17
was used as the excitation source. Pulse energies were i
range of 150–300 mJ/cm2. The pulse repetition rate was
Hz. The Si~100! was Czochralski grown~Wacker! and P-
dopedn type with a resistivity of approximately 5V cm.
Two samples of dimensions 183530.38 mm3 were cut from
the same wafer, and a small dent was drilled in the b
sample. A 0.003-in.W-26%Re/W-5%Re thermocouple w
placed in the dent, and the two samples were clamped
gether in molybdenum holders. Resistive heating was use
heat the sample.

The samples were cleaned with methanol before be
loaded into the chamber. Cleaning of the samples was
ried out in two different ways.~1! They were annealed a
600 °C for 5–7 h, and then flashed to 1100 °C for 30 s. Th
were then rapidly cooled to 650 °C, and further cooling w
done at a rate of about 1°C/s. This ensures a clean 231
Si~100! surface.23 ~2! The second method of cleaning in
volved sputtering the surface with a 2-keV Ar1 beam for 30

FIG. 1. Experimental arrangement.
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min, and then annealing the sample at 650 °C for 1 h,
lowed by flashing and cooling down in a fashion similar
that used in the first method.17 Both methods yielded an Au
ger clean surface. To form a monohydride surface,
sample was kept at 320 °C and placed at 4 cm away fro
tungsten filament heated to 1800–2000 °C. The chamber
then backfilled with research grade~99.9999% purity! hydro-
gen to a pressure of 531026 Torr for 5 min. The dihydride
surface was formed using the same procedure, except tha
sample was kept at room temperature rather than 320 °C

The vacuum chamber was equipped with a quadrup
mass spectrometer~UTI 100C!, which was enclosed in a
stainless-steel cylindrical tube. The cylindrical tube had
opening of 0.3-cm diameter in the front end to allow the io
to enter the mass spectrometer. The ions were detected
a filament turned off and grounded. The ion pulses from
channeltron were counted by a multichannel scaler~EG&G
Ortec model T914!. The laser pulse arrival time was re
corded by a fast photodiode. The difference between
start pulse and the time at which H1 ions were recorded wa
the flight time. The total flight length was 22 cm, of whic
21.2 cm was inside the cylindrical tube.

In studying the dependence of H1 desorption on the sub
strate temperature, care was exercised to make sure tha
sample was grounded while the TOF spectrum was be
taken. This was done as follows. The sample heating cur
was momentarily suspended for 2.5 ms using a solid-s
relay, during which time the sample was grounded. The la
was externally triggered about 1.5 ms after the sample h
ing current was turned off. The collection of the TOF da
was started by the laser pulse and had a duration of 0.14
Thus the sample was guaranteed to be grounded while
TOF data were being taken.

III. RESULTS

Figures 2~a! and 2~b! show the typical TOF spectra of H1

ions on the monohydride and dihydride surfaces. The mo
hydride spectrum was taken at a substrate temperatur
325 °C, and that of dihydride at a substrate temperature
25 °C. Both spectra show a bimodal structure, with the t
peaks being at 26 and 53ms, correspnoding to mean kineti
energies of 0.3860.06 and 0.0960.05 eV, respectively. The
uncertainty in the kinetic energy corresponds to one stand
deviation of the kinetic-energy distribution. The relativ
height of the 26-ms peak compared to the 53-ms peak de-
pends on the substrate temperature, and will be discusse
more detail later. Figures 3~a! and 3~b! are the corresponding
ion kinetic-energy distributions as obtained from Figs. 2~a!
and 2~b! using the formula

Ek5
1

2
mS L

t D
2

, ~1!

whereEk is the measured kinetic energy of the H1 ions, m
their mass,L the flight length~22 cm!, andt the flight time.
Even though the spectra shown in Fig. 2 are the accum
tion of 200 laser shots, the first ten laser shots are respon
for more than 90% of the H1 signal, as shown in Fig. 4. This
is consistent with studies of laser-induced thermal desorp
of H2 on Si surfaces.10 As laser fluence increased, the H1

counts increased nonlinearly, but peak positions remai
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PRB 58 7379LASER-STIMULATED DESORPTION OF H1 FROM THE . . .
the same~Fig. 5!. This is in contrast with the results of lase
ablation studies, where the ion kinetic energy increases w
laser fluence. There is some indication in our data that
nonlinearity can be described by a cubic power law. Ho
ever, due to the limited range of laser fluence used in
experiment, this result is not conclusive. The upper limit
the laser fluence is determined by the damage threshol
the Si sample (;450 mJ/cm2) and the lower limit
(;150 mJ/cm2) by the detectable H1 signal. For the data
shown in Fig. 2~a!, where the laser fluence was 240 mJ/cm2,
the H1 yield was;1029 ions/photon. Due to the nonlinea
dependence of H1 yield on the laser fluence, one has to
careful in scaling this yield to other laser fluences. Also,
will be discussed below, the H1 yield depends on the sub
strate temperature. For a sufficiently high laser fluen
(.450 mJ/cm2), Si samples started to suffer damage a
the spectrum obtained on these damaged spots was diff
@Fig. 6~c!#. This difference was used to ensure that the s
face was not damaged.

Shown in Fig. 7 are the TOF spectra taken at vario
substrate temperatures. No visible shift in peak positions
observed. As the substrate temperature increased, the 2ms
peak, which was initially lower than the 53-ms peak, in-
creased faster than the 53-ms peak and eventually exceeded
in height. As the substrate temperature further increased
peaks started to decrease, and eventually disappeared a
650 °C. This is consistent with the result of the therm

FIG. 2. Typical TOF spectra of H1 for ~a! monohydride and~b!
dihydride surfaces. The TOF spectra in this as well as in all
other figures are the accumulation of 200 laser shots.
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desorption studies of H2 molecules desorbing from H
Si~100!, which shows that hydrogen atoms are complet
desorbed from the sample surface at temperatures hi
than 650 °C.17 It is to be noted that the ion collection effi
ciency, being dependent on the ion kinetic energy, is diff
ent for the 26- and 53-ms peaks. Thus the absolute counts
each peak are not calibrated. However, this difference in
ion collection efficiency should not affect the observati
that the relative height of the 26-ms peak to the 53-ms peak
changes with the substrate temperature, since during the
periment the only variable was the substrate temperature

In addition to H1, H2
1 signal was also observed. The H2

1

signal from the monohydride surface is shown in Fig. 8. T
peak at 53ms is due to leakage from mass 1 (H1) and this
leakage happens because of the low kinetic energy of ion24

The peak at 20ms, which corresponds to 1.3 eV, is the H2
1

signal. Unlike the H1 spectrum, the H2
1 spectrum does no

depend on the surface conditions. Therefore we concl
that the H2

1 ions are produced in the gas-phase process.
most likely mechanism is the following. Gaseous hydrog
molecules, generated near the surface by laser-induced
mal desorption, are ionized by resonance enhanced m
photon ionization:25

H212hn→H2 E,F1(g
1~vE,F56!, ~2!

H2 E,F1(g
1~vE,F56!1hn→H2

11e2~Photoionization!.
~3!

e
FIG. 3. Kinetic-energy distribution of H1 ions as derived from

the data in Fig. 1.
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FIG. 4. The H1 counts vs the number of laser shots.

FIG. 5. The laser fluence dependence of the H1 signal.
The most conclusive evidence for the surface origin of
H1 ions is that the TOF spectra of H1 ions depend on the
surface condition. For example, the spectra obtained
samples which were cleaned by Ar1 sputtering without an-

FIG. 6. TOF spectrum of H1 from an Ar1 bombarded Si~100!
surface@~a! and ~b!# and a laser-damaged spot~c!.

FIG. 7. Substrate temperature dependence of H1 ion desorption.
The laser fluence is 150 mJ/cm2.
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nealing display a wide variety both in terms of the number
peaks and peak positions. Some of these spectra are sho
Figs. 6~a! and 6~b!. The difference between these spectra a
those in Fig. 2 is probably due to the large number of defe
created on the surface by Ar1 sputtering. The H1 spectrum
at laser damaged spots@Fig. 6~c!# is also different from that
in Fig. 2. Because the H1 spectrum depends on the surfa
condition and that of H2

1 does not, we conclude that H2
1 or

H2 cannot be the origin of the H1 signal.
We also observed a small signal corresponding to m

29, 30, 31, and 32 ions, i.e., the silicon hydride SiHx(x
51,2,3, and 4! ions. No higher silicon hydride (Si2Hx) ion
signal was observed at the laser fluence used in the ex
ment. The existence of these signals suggest the possib
that the H1 ions might be produced in the gas phase fro
photoionization and/or photodissociation of SiHx (x51,2,3,
and 4! species:

SiHx→SiHx21
2 1H1, ~4!

SiHx
1→SiHx211H1. ~5!

We rule out Eq.~4! because no negative silicon hydride io
were detected. Since the H1 ions produced in process~5!
should carry most of the kinetic energy because of its sm
mass, one expects the kinetic energy of H1 to be larger than
that of SiHx

1 . Experimentally, the kinetic energies of th
SiHx

1 species are between 3 and 5 eV, much larger than
kinetic energy of H1. Therefore, we believe that silicon hy
dride was not the source for the H1 ions.

Another question we need to address is whether it is p
sible that the H1 ions originate from some impurities on th

FIG. 8. Typical TOF spectra for H2
1. The peak at 53-ms is leak-

age from the H1 signal ~see Ref. 24!.
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surface rather that from the Si-H bond. The small amoun
impurities were presumably deposited on the surface du
hydrogen dosing. The following observation seems to r
out this possibility. The H1 signal was also observed o
samples which were cleaned by Ar1-ion bombardment but
not exposed to hydrogen dosing. The H1 TOF spectra on
these surfaces vary considerably depending on the Ar1 bom-
bardment conditions. They look similar to the TOF spectra
Figs. 6~a! and 6~b!. However, after the samples were a
nealed, the TOF spectra of H1 would always look the same
as those in Fig. 2. Since no hydrogen dosing was involv
the impurities on these annealed Si~100! surfaces are ex-
pected to be negligible. Therefore, from the fact that the T
spectra on these surfaces are the same as those in Fig.
conclude that the H1 signal from the monohydride and dihy
dride surfaces does originate from the Si-H bond rather t
from the impurities on the surface. Our observation of a1

signal from a clean Si surface which was not exposed
hydrogen dosing is similar to that reported by Knot
et al.,20 who observed H1 desorption from cleaved Si~111!
surface using photon energies near the SiK excitation
threshold. The H1 signal was attributed to the H surfac
segregation from the bulk.

IV. HYDROGEN PAIRING AND DESORPTION OF H 1

ON H/Si„100…

As mentioned in Sec. I, due to the weakp bond between
the dimer atoms on the clean Si~100!231 surface, it is ener-
getically favorable for dimers to be doubly occupied by h
drogen atoms on the H/Si~100! surface. In removing the sec
ond hydrogen atom from a doubly occupied dimer, a cert
amount of energy~p bond energy! is recovered by allowing
the two dimer atoms to reestablish their weakp bond. There-
fore, it requires less energy to remove the second hydro
atom than to remove the first hydrogen atom from a dou
occupied dimer, the difference in energy being appro
mately equal to thep bond energy. The difference in energ
required to remove the first and second H atoms from a d
bly occupied dimer is also equal to the pairing energyEpair,
which is defined as the energy required to convert a b
dimer and a doubly occupied dimer into two singly occupi
dimers.13 Several attempts have been made to calculate
pairing energy. The calculated values range from 0.08
~Ref. 14! to 2.2 eV.15 Experimentally, the pairing energy ha
been determined to be 0.2560.05 eV in a study of isotherma
desorption of H2 on H/Si~100! using second-harmonic gen
eration technique.16

The results of the present experiment will be interpre
in the framework of the hydrogen pairing model on the
Si~100! surface. We make the following assumptions.

~1! Since there are no visible differences in the TOF sp
tra from the monohydride and dihydride surfaces, we assu
that the H1 desorption occursonly on the monohydride sur
face. The desorption of H1 on the dihydride surface occur
only after the dihydride surface is locally converted into t
monohydride surface by laser heating. This can be und
stood as follows. On the dihydride surface, the distance
tween the two hydrogen atoms from the neighboring Si
oms is only 1.64 Å, whereas on the monohydride surface
3.49 Å.26 The two neighboring H atoms on the dihydrid
surface, being so close to each other, are more likely to
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7382 PRB 58S. VIJAYALAKSHMI, H. T. LIU, AND Z. WU
sorb as H2 due to laser-induced thermal desorption.
~2! As in all previous ESD and PSD studies of hydrog

ions from the hydrogenated Si surface, we assume that
H1 desorption results from the creation of a two-hole state
the Si-H bond.19,20,27Since the photon energy in this study
only 6.4 eV, the only way to create a two-hole state in
Si-H bond is by multiphoton excitation. We assume the tw
hole state is created in theD1 band of Si-H bond, which is
located at 3 eV below the valence-band maximum.8,28 This is
a well-defined energy state, and therefore the kinetic ene
of the H1 ions is fixed. This explains why the peak positio
are independent of laser fluence~Fig. 5!.

~3! We assume that the 0.09- and 0.38-eV peaks origin
from doubly and singly occupied dimers, respectively. T
difference in the kinetic energies of these two groups of1

ions corresponds approximately to the pairing energyEpair.

V. DISCUSSION

A. Image interaction and contact potential difference

The measured kinetic energy of H1 ions can be affected
by the image interaction and the contact potential differe
between the sample and the cylindrical shielding tube aro
the mass spectrometer, both of which were grounded.
contact potential difference creates an electric field, wh
accelerates or decelerates the ions. It is important to note
the contact potential difference shifts the 0.09- and 0.38
peaks by the same amount, and therefore does not affec
energy difference between these two peaks. To eliminat
minimize this contact potential difference, we coated
front end of the cylindrical shielding tube with the same ty
of Si as our Si sample, using the laser ablation techniq
The image interaction correction to the kinetic energy of H1

ions can be estimated as follows.29–31 To a first-order ap-
proximation, the measured kinetic energyEk is given by

Ek5Ek
~0!2uVI u, ~6!

whereEk
(0) is the kinetic energy of the ion in the absence

the image potential energyVI . The image potential energ
VI is given by

VI52
e2

4s0

e21

e11
, ~7!

wheres0 is the distance from the surface where the ion
formed,29,31 and e512 is the dielectric constant of the S
sample. We have neglected the Thomas-Fermi screening
cause the electron number density in ourn-type Si sample is
more than six orders of magnitude lower than in the me
and the Thomas-Fermi screening length scales as the inv
of the square root of the electron density. Therefore,
screening is negligible.

To determine the distances0 for desorption from singly
and doubly occupied dimers, we note that a doubly occup
dimer is a completely symmetric dimer unit, and, for a sing
occupied dimer, the buckling is significantly less~if at all
present! than that of the bare~unoccupied! dimer because H
chemisorption destroys the mechanism which causes
buckling of bare dimers. Therefore, we assume that the
tances0 at which the H1 ions are formed is the same fo
he
n
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desorption from singly and doubly occupied dimers. If fors0
we use the calculated equilibrium position of the hydrog
atom on the monohydride surface,26 then we haves0
51.4 Å andVI522.1 eV. Therefore, taking into accoun
the image interaction correction, the 26- and 53-ms peaks
correspond to kinetic energies of 2.48 and 2.19 eV, resp
tively. The uncertainty in the value ofs0 is expected to be
the main source of uncertainty in the ion kinetic energ
Ek

(0).29

B. Population of singly and doubly occupied dimers

In the first-order approximation, the hydrogen coverage
singly occupied dimersU1 and that in doubly occupied
dimers U2 can be calculated using a simple lattice g
model.13 Assuming the H pairing energyEpair50.25 eV
~Ref. 16! andEpair/kT54.0, which corresponds to the typi-
cal temperature used in the temperature dependence st
the calculated hydrogen coverage in singly occupied dim
U1 and the ratioU1/U2 are shown in Fig. 9 as a function o
the surface H coverageU. Starting from full coverageQ51,
the coverage of singly occupied dimers first increas
reaches a maximum value;0.06 at Q50.5, and then de-
creases asQ further decreases. Also we note that the ra
Q1 /Q2 increases monotonically asQ decreases.

C. Dependence of the desorption of H1 on the H coverage

The substrate temperature dependence of the H1 signal is
depicted in Fig. 7. Since the surface H coverage decrease
the substrate temperature increases, the data also show t
coverage dependence of the H1 signal. Using the results of
Sec. V B, the data can be understood as follows.

At high H coverage, the desorption of H1 from singly
occupied dimers~the 26ms peak! is small due to the small
population of singly occupied dimers. As the surface H co
erage decreases due to substrate heating, the populatio

FIG. 9. Calculated hydrogen coverage in singly occupied dim
and the ratio of the hydrogen coverage in singly occupied dimers
that in doubly occupied dimers as a function of H coverage.
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PRB 58 7383LASER-STIMULATED DESORPTION OF H1 FROM THE . . .
singly occupied dimers increases, and therefore the 26ms
peak increases. Also, as H coverage decreases, the ra
Q1 /Q2 monotonically increases~Fig. 9!, which implies that
the ratio of the 26-ms peak to the 53-ms peak increases with
the substrate temperature. This provides a simple qualita
explanation for the data in Fig. 7.

D. Hole-hole interaction in the Si-H bond

The kinetic energyEk
(0)of the H1 ion right after its for-

mation on the surface is related to the hole-hole interac
U in the Si-H bond. To a first-order approximation the re
tionship betweenEk

(0) andU can be derived from the energ
cycle as follows. Consider the desorption of a H1 ion from a
singly occupied dimer@Fig. 10~b!#. The configurations jus
before and right after desorption are depicted in insets~ii !
and~iii ! of Fig. 10. The main electronic relaxation process
during desorption are~1! the hole left on the surface Si atom
becomes a dangling-bond hole, and~2! the hole on the de-
parting H atom corresponds to ionization of the H ato
Therefore, if we assign the dangling-bond energy to the h
left on the surface Si atom and ionization energy to the
parting H atom in inset~iii !, configurations~ii ! and~iii ! will
have approximately the same energy. Configuration~ii ! can

FIG. 10. Desorption of H1 from doubly ~a! and singly~b! oc-
cupied dimers. The filled circles represent Si atoms. Inset: the
ergy cycle during H1 desorption. A hydrogen atom just before~ii !
and right after~iii ! its desorption as H1. The small open circles in
~ii ! represent localized holes in the Si-H bond. The small op
circle on the Si atom in~iii ! represents a hole in the dangling bon
and that on the departing H atom indicates a missing electron,
a H1. The small filled circles in~ii ! and ~iii ! represent electrons a
the bottom of the conduction band.
of

ve
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be obtained from~i! by providing energyE2h1U, whereE2h
is the energy required to create a two-hole state in the S
bond in the absence of hole-hole interactionU. The energy
needed to convert~i! to ~iii ! is D1Ek

(0)1Ed1I 2x, where
D53.40 eV is the energy required to remove the H ato
from a singly occupied dimer,15 Ed51.9 eV is the energy
required for exciting an electron from the surface Si dangl
bond to the bottom of the conduction band,32 I 513.6 eV is
the ionization energy of a H atom, andx is the local electron
affinity of the Si surface. By equating the energies of~ii ! and
~iii !, we obtain

Ek
~0!5E2h1U2D2Ed2I 1x. ~8!

Since theD1 band is 3 eV below the valence-band max
mum, E2h58.2 eV. The electron affinityx of the monohy-
dride surface is 3.7 eV,33 which is 0.37 eV lower than that o
the clean Si~100!231 surface.34 This is because on the clea
Si~100!231 surface dimers are buckled, with the up-ato
having more electronic charge than the down-atom. T
gives rise to a surface dipole moment, which accounts for
increase in the electron affinity. Hydrogenation removes
buckling and therefore lowers the electron affinity. As w
be discussed later, for desorption of H1 from the monohy-
dride surface, the local electron affinityx as ‘‘seen’’ by the
H1 ions is 3.7 eV. UsingEk

(0)52.5 eV in Eq.~8!, we find
U59.4 eV, which lies within the estimated range of 8–
eV for U in Ref. 19.

E. Comments

According to our model, one sees from Eq.~8! that the
difference in the kinetic energiesEk

(0)of the two groups of
H1 ions is equal to the difference in the energyD required to
remove the first and second H atoms from a doubly occup
dimer, only if we can assume that the local electron affinityx
as seen by the desorbing H1 ions is the same for desorptio
from singly and doubly occupied dimers. We have made
of this assumption in identifying the difference of 0.2960.11
eV in the kinetic energies of the two groups of H1 ions as the
pairing energy on the H/Si~100! surface. The basis of ou
assumption is that, as mentioned before, both singly and d
bly occupied dimers are symmetric. For desorption from
doubly occupied dimer, the dimer is symmetric both befo
and after the desorption. The same is true for desorp
from a singly occupied dimer, because a hole is left on
dimer atom from which the desorption of H1 occurs, and as
a result nop bond is formed during desorption and the dim
will remain symmetric. Therefore, we assume that the lo
electron affinity is the same for desorption from doubly a
singly occupied dimers and is equal to that of the mono
dride surface. This argument, however, may not be entir
correct because it does not take into account the nearby
dimers which might be buckled and possess a dipole m
ment, leading to an increase in the local electron affin
This will affect the kinetic energy of the desorbing H1 ions,
as well as the width of their kinetic-energy distribution.
this sense, the energy difference 0.2960.11 eV between the
two groups of H1 ions is probably not as good a measure
the pairing energyEpair as the value obtained in the study

n-
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H2 desorption,16 where the kinetic energy of the neutral H2
molecules is not affected by the surface electron affinity.

VI. CONCLUSIONS

In conclusion, we have made an observation of la
stimulated desorption of H1 from H/Si~100! surfaces with a
photon energy~6.4 eV! well below the SiCVV Auger decay
threshold~;23 eV!. The mean kinetic energies of the H1

ions are 0.0960.05 and 0.3860.06 eV, and are the same o
the monohydride and dihydride surfaces. A model based
n
0

e
h

T

s

r

n

hydrogen pairing on the H/Si~100! surface is used to inter-
pret the experimental data. More studies are needed to
derstand fully the desorption of H1 ions from the H/Si~100!
surface.

ACKNOWLEDGMENTS

We acknowledge discussions with Sue Raynor on the2
gas-phase process. This work was supported by NSF G
No. DMR-9408779.
-

is

f

*Present address: Department of Electrical and Computer E
neering, New Jersey Institute of Technology, Newark, NJ 071

†Present address: Department of Physics, University of Science
Technology of China, Hefei, Anhui, China.
1D. J. Doren, inAdvances in Chemical Physics, edited by I. Pri-

gogine and S. A. Rice~Wiley, New York, 1996!, Vol. XCV, p.
1, and reference therein.

2T. Sakurai and H. D. Hagstrum, Phys. Rev. B14, 1593~1976!.
3R. E. Schlier and H. E. Farnsworth, J. Chem. Phys.30, 917

~1959!; J. J. Boland, Phys. Rev. Lett.65, 3325~1990!.
4R. M. Tromp, R. J. Hamers, and J. E. Demuth, Phys. Rev. L

55, 1303~1985!; R. J. Hamers, R. M. Tromp, and J. E. Demut
Phys. Rev. B34, 5343~1986!.

5J. A. Applebaum, G. A. Baraff, and D. R. Hamann, Phys. Re
14, 588 ~1976!.

6D. J. Chadi, Phys. Rev. Lett.43, 43 ~1979!; J. Pollmann, P.
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