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Absolute total cross sections for electron-stimulated desorption of hydrogen and deuterium
from silicon„111… measured by second harmonic generation
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~Received 1 May 2000; published 28 December 2000!

Using second harmonic generation~SHG! as a sensitive measure of the amount of hydrogen or deuterium
remaining on a silicon~111! surface, we have measured absolute total cross sections for electron stimulated
desorption~ESD! over a range of incident energies from 50 to 300 eV. The measured cross sections for
hydrogen are approximately a factor of 10 smaller than those found by Fuse@T. Fuseet al., Surf. Sci.420, 81
~1999!# on the Si~100! surface and a factor of 10 greater than found for deuterium on the Si~111! surface by
Matsunami@N. Matsunamiet al., Surf. Sci.192, 27 ~1987!#. The measured cross sections for deuterium are
consistent with the measurements of Matsunamiet al.on the Si~111! surface. This indicates that while there is
a significant isotope effect, the choice of surface also plays an important role. The details of the desorption
spectrum are consistent with the multihole desorption model. Comparison to calculated ionization cross sec-
tions suggests that the 2s core hole excitation is more likely to lead to desorption than the 2p core hole
excitation.

DOI: 10.1103/PhysRevB.63.035308 PACS number~s!: 79.20.La, 73.61.Cw, 34.80.Dp, 42.65.Ky
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I. INTRODUCTION

Hydrogen plays a critical role in silicon semiconduct
technology. It mediates chemical vapor deposition~CVD!
growth of silicon devices as well as passivating electrica
active defects at Si/SiO2 interfaces.1–3 Electron stimulated
desorption~ESD! of hydrogen from silicon surfaces help
elucidate the nature of the Si-H bond and direct bond bre
ing mechanisms. Also, an understanding of ESD is dire
applicable to the emerging technology of electron beam
terning of silicon devices.4,5

There has been considerable effort to measure and un
stand thermal desorption.6–8 ESD is less well studied due i
part to the difficulty in measuring desorbed hydrogen. M
suring only those atoms that escape the surface in an ion
state, Maddenet al.9 found a desorption threshold at approx
mately 24 eV of incident energy. By analyzing Auger lin
shapes, they attributed the desorption to a shake up pro
which leaves two holes in the Si-H bond. They noted that
interaction energy of two holes would be sufficient to pu
them out of the valence band so that the state would ha
lifetime long enough to cause desorption. If this is indeed
case, then desorption should also proceed by the Kno
Feibelman process,10 where the two-hole state is produce
by Auger decay of a silicon core hole. This process was o
recently observed by Fuseet al.11

Recent studies of ESD have focused on desorption
duced by scanning tunneling microscopy~STM!. Lyding
et al.12 identified two paths for STM desorption. At energi
below 6 eV, they attribute desorption to a serial vibration
excitation mechanism that is unique to the ST
environment.13 Above 6 eV desorption is attributed to
Menzel-Gomer-Redhead14,15 ~MGR! process, which is also
heavily influenced by the proximity of the STM tip.

There have been only a few measurements of abso
total cross sections for electron-stimulated desorption of
drogen or deuterium from silicon surfaces. Matsuna
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et al.16 measured the amount of deuterium remaining on
silicon ~111! surface during ESD by neutron activation an
found extremely low cross sections for desorpti
(10220 cm2 at 200 eV!. Recently, Fuseet al.11 combined
time of flight ~TOF! and elastic recoil detection analys
~ERDA! to monitor the amount of hydrogen remaining on
Si~100! surface during electron bombardment. They fou
much larger cross sections (10218 cm2 at 200 eV! than Mat-
sunamiet al. and attributed the difference to an isotope e
fect without considering the influence of the differing crys
surfaces.

In this work, the technique of monitoring hydrogen co
erage using second harmonic generation has been appli
electron-stimulated desorption. Using this approach we w
able to measure the absolute total cross section for elect
stimulated desorption of hydrogen from the Si~111! surface
over a range of incident energies from 50 to 300 eV. F
comparison to the work of Matsunamiet al., we also mea-
sured deuterium desorption from the Si~111! surface. By per-
forming the experiment on the same crystal surface as M
sunamiet al. @Si~111!# we can separate the isotope effe
from the effect of differing crystal surfaces. Our deuteriu
measurements are consistent with those of Matsunamiet al.
Our measured hydrogen cross sections are approximatel
times greater than the deuterium measurements and ca
attributed to an isotope effect. However, they are appro
mately 10 times less than the hydrogen measurement
Fuseet al., indicating a dependence on crystal surface ori
tation. Our measurements are consistent with the two-h
desorption mechanism of Maddenet al. Comparison to cal-
culated silicon core ionization cross sections indicates
Knotek-Feibelman desorption proceeds more readily from
2s core hole than from a 2p core hole.

II. EXPERIMENT

A 1 cm32 cm sample was cut from a Si~111! wafer at an
azimuthal orientation that maximizes the amount of seco
©2000 The American Physical Society08-1
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harmonic light produced in the experimental apparatus.14 Af-
ter cleaning the sample by a standard RCA process, it
inserted into an ultrahigh vacuum~UHV! chamber that was
evacuated to a base pressure of 2310210 Torr. The sample
holder allowed direct resistive heating, and the sample t
perature was determined by a pyrometer. Once vacuum
achieved, the surface was prepared by flash heating to 1
K for 30 s. Reducing the temperature to 1000 K the sam
was then exposed to 3 Torr of H2 for 10 min. This method
has been shown to produce a surface superior to surf
produced by the more common hot filament dissociat
technique. The experiments of Maoet al. suggest that the
monohydride terminated Si~111! surface produced by thi
technique is similar in quality to the nearly ideal surfa
produced by the standard wet etch process.17 In this experi-
ment, the surface quality was verified by low energy elect
diffraction ~LEED!. After dosing, the surface exhibited
sharp bright unreconstructed~111! LEED pattern. On severa
occasions during the course of these experiments the qu
of the surface produced by this procedure was further v
fied by thermally desorbing the hydrogen at lower tempe
ture and observing the LEED pattern from the bare surfa
A sharp, bright 737 reconstructed~111! LEED pattern was
observed.

The experimental apparatus is shown in Fig. 1. A mo
locked Ti:sapphire laser provides the intense light neces
for second harmonic generation. Second harmonic ligh
separated from the fundamental light by filters and a gra
monochromator. A photomultiplier tube detects the seco
harmonic light. A Faraday cup on the sample holder provi
a measure of the electron beam flux, and a mirrored aper
plate on the Faraday cup insures alignment of the elec
beam with the laser.

To remove any long term fluctuations in the laser inte
sity or the detection electronics, the signal is normalized
second harmonic light produced in a BBO crystal. Using
chopping scheme, the same detection electronics are use
both signals. For simplicity, only one chopping wheel
used, so the detected signal is either the sample signal a
or the sample signal plus the BBO signal. Due to the pu
structure of the laser, the combined beams do not ove
temporally and the resulting signal is a simple sum. T
properly normalized signal is algebraically constructed fr
these.

FIG. 1. Experimental arrangement.
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The maximum power flux from the electron gun durin
any of these experiments was 0.015 W/cm2. Considering the
conductivity of silicon and the conductivity of the electric
leads connected to the sample, this power load is not
pected to change the surface temperature by more than 1
The expected thermal desorption is negligible. To determ
if the laser induces a significant amount of desorption,
signal from a hydrogenated surface was monitored with
the electron gun. Over a period of 3 h no detectable des
tion was observed.

Data from a typical experiment is shown in Fig. 2. Th
second harmonic signal is monitored during electron bo
bardment. Electron flux measurements before and after
experiment are used to convert time to dose and the norm
ized signal is plotted as a function of electron dose.

Silicon surfaces are known to be extremely robust un
low-energy electron bombardment, but that may not be
main true for a hydrogenated surface. It is important to n
that the signal very nearly returns to the level observed
the clean unbombarded surface, and the post bombardm
LEED pattern shows little degradation. Some surface da
age may have occurred, but at a level small enough to o
slightly influence the signal level and therefore the deso
tion measurement.

The dependence of second harmonic signal on hydro
coverage was investigated by Ho¨fer,18 who found that for 0%
to 40% of a monolayer of coverage, the dependence of
second harmonic signal on the fractional coverageu is well
modeled by the simple relation

SHG signal5S0~121.3u!2, ~1!

whereS0 is the signal at zero coverage. Note that 40% co
erage corresponds to a signal level about 25% of maxim
Assuming first order kinetics, the dependence of coverage
electron dose can be modeled as a simple exponential,

u5u0e2sD, ~2!

where D is the electron dose ands is the cross section
Combining this with Eq.~1! gives the expected dependen
of second harmonic signal on electron dose:

FIG. 2. Data for 300 eV. The function is fit only to that data
the range of validity above the indicated cutoff.
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SHG signal5S0~121.3u0e2sD!2. ~3!

The curve plotted in Fig. 2 is a fit of this function~plus a
measured background term! to the experimental data. From
this fit, the cross section is determined.

Due to the small size of the cross sections, it was
always practical to measure for long enough periods to
tablish the asymptote of the exponential. To circumvent t
problem, we modified the experiment. At the beginning
the experiment we bombarded at high energy long enoug
drive the coverage up to the range of validity for the
function. Then we bombarded for a few hours at the des
energy to establish the slope. Finally, we thermally desor
the remaining hydrogen and measured the bare surface
several minutes to establish the asymptote. The asymp
data were manually inserted into the previous data at a v
large dose value and then the data were fitted as indic
above.

III. RESULTS

Figure 3 shows the measured cross section for elec
stimulated desorption of hydrogen from the Si~111! surface
as a function of the kinetic energy of the incident electro
Multiple measurements were performed at 300, 160, and
eV. The spread in these data is indicative of the experime
error. The measured cross sections are approximately
tenth of the values measured by Fuseet al.11 for electron-
stimulated desorption of hydrogen from the Si~100! surface,
indicating a strong dependence of ESD on surface struct
There is an inflection at approximately 150 eV that can
explained as the onset of a Knotek-Feibelman process.
curve passing through the data is a fit function describe
detail below.

Figure 4 shows the measured cross sections for elec
stimulated desorption of deuterium from the Si~111! surface
as a function of the kinetic energy of the incident electro
Also plotted are the data of Matsunamiet al.16 for the same
process. Two points were measured at both 300 eV and
eV. The spread of these data is indicative of the error in

FIG. 3. Absolute total cross sections for electron-stimulated
sorption of hydrogen from Si~111!. The fit function is described in
the text.
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measurement. Although the error is quite large and the
ues tend to be slightly larger, these data are comparabl
the measurements of Matsunamiet al. The values for deute-
rium are a factor of 10 lower than the hydrogen cross s
tions measured at the same energy on the same surfac
dicating a strong isotope effect. For comparison, Fig.
shows all available total ESD cross section data togethe
a log plot. Note that the cross section for electron-stimula
desorption of hydrogen from Si~111! is about 10 times large
than that for deuterium from the same surface and 10 tim
smaller than for hydrogen from the Si~100! surface.

IV. DISCUSSION

In our data for hydrogen, an inflection can be discerned
approximately 150 eV. This happens to be the energy
quired for liberating a 2s electron from silicon, suggesting
the onset of a Knotek-Feibelman process. If this is the ca

- FIG. 4. Absolute total cross sections for electron-stimulated
sorption of deuterium from Si~111! as measured in this experimen
~black diamonds! and as measured by Matsunamiet al. ~Ref. 16!
~open triangles!.

FIG. 5. Absolute total cross sections for electron stimulated
sorption. Black diamonds are hydrogen on Si~100! from Fuseet al.
~Ref. 11!, open triangles are hydrogen on Si~111! from this work,
black circles are deuterium on Si~111! from Matsunamiet al. ~Ref.
16!, and open boxes are deuterium on Si~111! from this work.
8-3
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then the shape of the extra desorption probability should
proportional to the 2s ionization cross section. Using
simple two-body approximation, ionization cross sections
core electrons can be calculated.19 Although the absolute
value of the cross section obtained from such a simple
culation can be off by a factor of 2 or more, the shape of
probability as a function of incident energy and the relat
sizes of different core ionizations have been found to be
good agreement with experiment. In the work by Matsuna
et al., cross sections were calculated for 2s and 2p core
ionizations in silicon. These are plotted in Fig. 6 along w
their sum.

The shapes of these ionization cross sections are sim
and typical of electron-electron ionization processes in
energy range. If the remaining desorption probability is d
to the double ionization of the H-Si bond as indicated by
work of Maddenet al., it would be reasonable to assume th
that component of the desorption probability also has a s
lar shape. For the purpose of this analysis, we used the
culated shape of the 2s ionization shifted so that the thresh
old is at 24 eV as an ad hoc functional form for th
remaining desorption probability. Using this ad hoc fun
tional form multiplied by a scaling factor for the underlyin
desorption probability plus the calculated ionization cro
sections multiplied by another scaling factor, we performe
two-parameter fit to our data. Since there is no great infl
tion at 150 eV in the ionization cross sections, this did not
our data very well. However, if we leave out the 2p ioniza-
tion probability we get a much more reasonable fit. These
are shown in Fig. 7. This suggests that a 2p core ionization
does not lead to desorption as readily as a 2s ionization.

Based on this observation, we applied the same ana
to the data of Fuseet al. and obtained the same result. The
fits are shown in Fig. 8. Although they have one data po
that might indicate 2p core holes can result in desorptio
there seems to be little doubt that desorption via a 2p ion-
ization is largely suppressed.

FIG. 6. Calculated cross sections for silicon core ionizatio
under electron bombardment from Matsunamiet al. ~Ref. 16!. The
solid line is the cross section for liberating a silicon 2p core elec-
tron. The long-dashed line is for a silicon 2s electron, and the
long-short dashed line is the sum of the two.
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Although we have no first principles description of th
expected shape for the low-energy desorption probabi
the success in fitting an ad hoc function derived from ioni
tion cross sections is consistent with the double ionizat
process described by Maddenet al. We therefore conclude
that desorption in the measured energy range proceeds
marily through the doubly ionized state, which is either pr
duced directly or above 150 eV via Auger decay of a 2s core
hole.

We may also speculate on the reasons for the differen
between hydrogen and deuterium. The probability for d
sorption can be broken into two parts: the probability
producing the desorbing state, and the probability of t
excitation producing desorption. We expect that an isoto
change should have little effect on the electronic excitati
Also, if the lifetime of the two-hole repulsive state is lon
compared to the time for the adatom to move away from
surface, desorption would occur for both species. Howev
if the lifetime of the excited state is comparable to the d
sorption time, we would expect an isotopic effect. In a fix
amount of time in the repulsive state, the lighter species w

s
FIG. 7. Two fits to our data. The dashed line includes 2p core

ionizations. The solid line excludes 2p core ionizations.

FIG. 8. Two fits to the data of Fuseet al. ~Ref. 11!. The dashed
line includes 2p core ionizations. The solid line excludes 2p core
ionizations.
8-4
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move further from the surface than the heavier species
will also acquire more kinetic energy. Therefore the ligh
species will be more likely to escape the surface. This m
be the origin of the observed isotopic effect.

The reason for the difference between surfaces is
clear. It is possible that the excited state is longer lived
the~100! surface, increasing the likelihood of desorption, b
it is also possible that the excited state is more easily p
duced perhaps due to some more advantageous symm
Bond angles and bond lengths differ significantly among
~100! dihydride, the~100! 231 reconstructed monohydride
and the~111! monohydride surfaces. This could affect th
probability of producing the excited state as well as the pr
ability of the excited state leading to desorption. Sensitiv
of the surface structure to hydrogen coverage may also
count for the observed differences.

V. CONCLUSION

Using second harmonic generation as a sensitive mon
of the amount of adsorbate remaining on the surface,
have measured absolute total cross sections for elec
stimulated desorption of hydrogen and deuterium from a s
con~111! surface over a range from 50 to 300 eV of incide
electron kinetic energy.
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In the work by Fuseet al.,11 the factor of 100 increase in
cross section over the work of Matsunamiet al.16 was attrib-
uted to an isotope effect without considering the differen
in the surface structure. In this work, we have found th
while there does appear to be an isotope effect, there is
a difference due to the different surface structure. We fi
that the cross sections for desorption from the~111! surface
are a factor of 10 lower than those from the~100! surface.
Furthermore, on the~111! surface hydrogen desorbs approx
mately 10 times more readily than deuterium.

Our measurements are consistent with the primary
sorption mechanism in this energy range, being double i
ization of the silicon-hydrogen bond either directly, or, giv
sufficient energy, by an Auger transition to a 2s core hole in
the silicon. We also find that a similar transition to a 2p
silicon core hole is suppressed.
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