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Ammonia as a precursor in electron-enhanced
nitridation of Si(100)

C. Bater, M. Sanders and J. H. Craig, Jr.*
Department of Physics and Materials Research Institute, University of Texas at El Paso, El Paso, TX 79968-0515, USA

Electron beam-enhanced nitridation of Si(100) using ammonia as a precursor at 110 K was studied with
electron-stimulated desorption, XPS, AES and high-resolution electron energy-loss spectroscopy (HREELS).
Hydrogen ion kinetic energy distributions from adsorbed ammonia exhibited a component from NH3(a) at
7.8 eV, from NH2(a) at 5.4 eV and from H(a) at 4 eV. Formation of the nitride following electron beam
irradiation of adsorbed ammonia was shown by both N 1s at 398 eV and Si 2p at 102 eV in XPS spectra.
From HREELS spectra following electron beam irradiation, we are able to show that the electron beam
is highly effective in removal of hydrogen from NHx (a) (x = 3,2) and from the silicon surface. Electron-
stimulated desorption of adsorbed hydrogen and dissociation of adsorbed NHx (x = 3,2) are believed to be
responsible for enhanced nitridation. Nitride can also form on the surface by irradiating the surface in an
ammonia environment at 110 K. A nitride growth rate of 1 Å min−1 was obtained from the bulk Si LVV
AES signal intensity attenuation. Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The potential application of silicon nitride or silicon
oxynitride as a gate dielectric has great importance on
future VLSI device fabrication. Various kinds of nitri-
dation techniques using ammonia have been reported in
the past two decades.1 Thermal nitridation using ammo-
nia was found to form the nitride at a considerably faster
rate when the temperature is>900°C; however, growth
becomes much slower when the nitride layer thickness
exceeds 100Å.2 – 5 Other techniques, such as chemical
vapor deposition (CVD), low-pressure CVD and plasma-
enhanced CVD, were reported to have problems with
high hydrogen concentration or high processing temper-
ature, which can have a deleterious effect on device
performance.1,6 The adsorption of ammonia on Si(100)
has been studied extensively by various surface-sensitive
techniques.7 Both theoretical and experimental studies
have shown that: ammonia adsorbs dissociatively on the
Si(100) surface as NH2.a/ and H(a);7,8 the saturation
coverage is 0.5 ML, which implies that each ammonia
molecule dissociates on one dimer;7,8 and ammonia dis-
sociates on a dimer instead of across the dimer.7,8 At
low temperatures (<130 K), ammonia can condense on
the surface to form a multilayer and never saturates.8

Electron beam irradiation was reported to be an effec-
tive method to remove adsorbed hydrogen from the
surface.9 Both thermal and electron irradiation processes
were shown to be sufficiently effective in the removal of
adsorbed hydrogen so that active sites can be reopened.6
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In this study, various techniques—electron-stimulated
desorption (ESD) XPS, AES and high-resolution elec-
tron energy-loss spectroscopy: (HREELS)—were used to
characterize the adsorption of ammonia on Si(100) and the
enhancement of nitridation by electron beam irradiation.
Electron beam-enhanced nitridation is expected to have
advantages that include low thermal budget, easy control
of nitride thickness and potential direct writing of a nitride
layer on the interested region of the surface.

EXPERIMENTAL

This study was done in two ultrahigh vacuum (UHV)
systems with different capabilities. Both systems were
described in detail elsewhere.10,11 A base pressure of 2ð
10�10 Torr can be attained in both systems. Temperature-
programmed desorption (TPD), AES and ESD studies
were performed in a UHV chamber that has a double-
pass cylindrical mirror analyzer, a Bessel box ion energy
analyzer12 and a UTI 100C quadrupole mass analyzer
(QMA) for ESD and a quadrupole mass spectrometer
for TPD and residual gas analysis. The second UHV
system is a two-level chamber. The upper level was
equipped with a UTI quadrupole mass spectrometer, a
FISONS hemispherical energy analyzer for AES and XPS
and a FISONS rear-view low-energy electron diffraction
(LEED) device. The lower level has an LK 2000 HREELS
instrument. The electron beam energy used in HREELS
experiments was 6 eV, with a full width at half-maximum
(FWHM) of 100 cm�1. The sample temperature was
measured with a type-K chromel–alumel thermocouple
that is attached to the back of the sample with a UHV-
compatible silica-based adhesive (Aremco 516). Thermal
contact with a liquid-nitrogen reservoir permitted sample
cooling to 110 K. The sample could be heated resistively
through the temperature range 110–1300 K.
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Samples were cut from commercially available 600

wafers that have a 50̊A passivating oxide layer. The sam-
ple was cleaned thermally in UHV by heating to¾900°C
at a pressure of<2ð10�10 Torr, followed by a cool down
at the rate of 0.25 K s�1. With such a cleaning process,
the oxide layer was removed and the characteristic 2ð 1
structure of the Si(100) surface was confirmed by observa-
tion of sharp LEED patterns. The sample cleanliness was
confirmed within the limits of XPS and AES. Once the
nitride was formed on the surface, the clean surface was
restored by ArC sputtering, followed by gentle annealing
to 800°C and slow cooling (at a rate of 0.25 K s�1). Both
NH3 and ND3 were dosed via a tubular array doser located
0.5 cm away from the surface. Exposure calibration was
obtained by comparing our D2 TPD peak area with that
in the literature.8

RESULTS AND DISCUSSION

Figure 1 shows the TPD data of D2 and ND3 desorbed
from ND3 adsorbed on Si(100) for various exposures.
Only one D2 desorption peak at¾800 K was observed.
These data are in good agreement with the H2 TPD spec-
tra from NH3/Si.100/.8 The slightly higher desorption
temperature observed for D2 relative to H2 is an isotopic
effect due to the lower zero point energy for deuterium.
The D2 TPD peak results from recombinative desorp-
tion of monohydride D(a) species that are a product of
dissociative adsorption of ND3. The higher temperature
peak at¾680 K in the inset of Fig. 1 was a result of
recombinative desorption of ND2.a/ and D(a), whereas
the low-temperature peak at¾140 K is attributed to des-
orption of molecularly adsorbed ND3. It was reported
previously8 that recombinative desorption of NH2.a/ and

Figure 1. The TPD spectra of mass 4 for various exposures of
Si(100) to ND3. The inset shows a TPD of mass 20.

H(a) is a minor reaction channel and the majority of
adsorbed NH2 was dissociated further to form silicon
nitride with increasing temperatures. On metal surfaces,
the second layer of adsorbed ammonia produces a distinct
desorption peak from physisorbed ammonia.10 However,
we have not observed any distinct thermal desorption peak
between the second layer and physisorbed ammonia from
Si(100). The HREELS spectra (not shown) of adsorbed
ammonia at different exposures and following annealing
are consistent with the TPD spectra and in qualitative
agreement with other studies in the literature.13,14

Figure 2 shows HC kinetic energy distribution (KED)
spectra obtained from different exposures of NH3. In
Fig. 2(a), ammonia exposure was increased from curve
1 to 3. The exposure of 0.3 L in curve 1 can only popu-
late NH2.a/ and H(a), whereas NH3.a/, NH2.a/ and H(a)
were present on the surface at ammonia exposures cor-
responding to curves 2 and 3. The peak positions clearly
shift to higher kinetic energy, with peak broadening occur-
ring for increasing ammonia exposure from curve 1 to 3.
Curve 4 in Fig. 2(a) is an HC KED obtained from ammo-
nia exposure identical to curve 3 followed by an anneal to
300 K. Comparison of curves 3 and 4 shows the dramatic
result of the gentle anneal. Both the peak maximum and
the peak profile are qualitatively very similar to curve 1.
From both a previous study8 and our TPD and HREELS
results it is known that only NH2.a/ and H(a) were present
on the surface under the conditions necessary to obtain
curves 1 and 4, whereas NH3.a/, NH2.a/ and H(a) were
present for curves 2 and 3. Based on this observation,

Figure 2. (a) The KED spectra obtained at different NH3 expo-
sures: (1 3) exposures of 0.3, 2 and 4 L, respectively; (4) obtained
from curve 3 after annealing to 300 K. The curve fitting results
to KED curve 2 (2 L) and curve 1 (0.3 L) are shown in (b) and (c),
respectively.
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the KED changes, which occurred with increasing ammo-
nia exposures, can be related to the change of adsorbed
species under given conditions. The intensity difference
between curves 1 and 4 can be understood as a reflection
of adsorbate concentration. Curves 1 and 2 were fitted
with an empirical mathematical model utilizing the sum
of functions each having the form15
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whereC1, C2 andEo are three curve-fitting parameters. In
general, the procedure used to fit the distributions involved
the use of the minimum number of functions of the form
of Eqn (1) consistent with a quality fit. In the case of
Fig. 2, the lowest exposure curve [Fig. 2(c)] was found
to require a minimum of two such functions. Once the
peak positions were determined, they were held constant
for subsequent fits with different exposures. As shown in
Fig. 2(b), it was necessary to use three functions of the
form of Eqn (1) while retaining the peak positions for
the lower exposure case. Curve-fitting results and original
data are shown in Figs. 2(b) and 2(c) for curves 2 and
1, respectively. As noted, curve 1 was best fitted with
two functions: one centered at 4 eV and the other at
5.5 eV. In the case of disilane-covered Si(100),16 the
HC KED from the monohydride species was centered
at 4.3 š 0.2 eV. Therefore, we propose that the 4 eV
component is associated with HC from an H(a) species and
that the 5.5 eV component be assigned to HC from NH2.a/.
Three components in Fig. 2(b) at 4, 5.5 and 7.8 eV can
be assigned further to HC from H(a), NH2.a/ and NH3.a/,
respectively. It is interesting to note that kinetic energies
of HC from H(a), NH2.a/ and NH3.a/ from Si(100) exhibit
similar behavior to desorption from Pt(111), except that
kinetic energies of NH2.a/ and NH3.a/ from Si(100) are
higher than from Pt(111).10

Once HC KEDs were decomposed into their compo-
nents, and these components assigned to specific adsor-
bate species, time evolution curves were acquired in
order to monitor adsorbate concentration change with
respect to electron irradiation time. Figure 3 shows HC

decay curves obtained by collecting signals at two dif-
ferent ion kinetic energies with varying electron beam
current densities. Figure 3(a) was obtained with ions of
kinetic energy¾8 eV. A monotonic decay behavior was
observed. From the discussion above, HC ions with a dis-
tribution peaked at 8 eV were assigned to NH3.a/. The
monotonic decrease of the 8 eV signal is the expected
result of an electron-induced decrease in NH3 surface
concentration with electron irradiation time. This concen-
tration decrease can result from either direct desorption
of ammonia or electron-induced dissociation into other
surface species. In principle, it should be possible from
these data to extract the total cross-section for removal
of ammonia from the surface. However, the fact that the
signal at 8 eV contains components of the distributions
that peak at both 5.5 and 7.8 eV introduces a complicat-
ing factor that precludes a straightforward cross-section
determination. Using a modified exponential function cor-
rected for non-uniformity in the beam current density,17

we estimate the total cross-section for ammonia to be
¾10�17 cm2.

In Fig. 3(b), time evolution curves were collected for
ions of kinetic energy 3 eV. In each case the signals

Figure 3. Time evolution curves for collected ions with kinetic
energies of 3 eV (a) and 8 eV (b). The initial ammonia exposure
was 2 L for each and the current densities are indicated above
each curve.

exhibit a significant initial increaserather than a mono-
tonic decrease,asseenin Fig. 3(a). From Fig. 2(b), ions
at 3 eV have nearly equal contributionsfrom H(a) and
NH2.a/. The time evolution curvescollectedat 3 eV are
a reflectionof surfaceconcentrationchangesof bothH(a)
and NH2.a/. The ion signal increaseseenat short irra-
diation times suggeststhat the surfaceconcentrationsof
adsorbatesrelatedto 3 eV ionsareincreasingwith respect
to electronbeamirradiationtime.Similarly, the ion signal
decreaseseenat longer times in the decaycurvesresults
from removalof adsorbatesby electronirradiation.There-
fore both population and depopulationprocesseswere
involved during electronbeamirradiation.From the time
evolution curve behaviorsseenin Fig. 3(b) we propose
thatbothelectron-stimulateddesorptionof H(a)anddisso-
ciationof NH2.a/ aswell asNH3.a/ wereoccurringduring
electronbeamirradiation. Further evidenceof electron-
stimulateddesorptionand dissociationwill be presented
below.With increasingelectronbeamcurrentdensity,the
peaksseenin Fig. 3(b) shift to shorter times. Because
initial ammoniaexposuresare identical for thosecurves,
implying thesameinitial concentration,it is expectedthat
highercurrentdensitieswill resultin morerapiddissocia-
tion. Consequently,the peakin the time evolutioncurves
shouldappearat shorterirradiationtimes.

Figure 4 shows HREELS spectrafollowing electron
beam irradiation of Si(100) dosedwith 2 L of ammo-
nia. The top curve is from a freshly dosedsurface.Loss
peaksareevidentat 850,1630,2050and3430cm�1. The
peakassignmentsfor ammoniaandammonia-relatedmoi-
etiesarebasedon previouslypublisheddata(seeTable1).

Surf. InterfaceAnal. 29, 208–214 (2000) Copyright  2000JohnWiley & Sons,Ltd.



ELECTRON-ENHANCED NITRIDATION OF Si(100) 211

Figure 4. The HREELS spectra following electron beam irradi-
ation of ammonia-covered Si(100). The initial dose was 2 L.
Electron irradiation times are indicated above each curve.

Becauseit wasknownpreviouslythatNH3(a),NH2(a)and
H(a) specieswere presenton the surfaceat an ammo-
nia exposureof 2 L, 3430 cm�1 can be assignedto
N–H stretching modes (�s and �a of NH3 (or NH2)),
2050 cm�1 to Si–H stretch;1630 cm�1 to either degen-
eratedeformation(υd) of NH3 or scissorsmode (υsc) of

NH2 and 850 cm�1 to the stretchingmode (�) of Si–N
for variousNHx (x D 3,2,1,0).No well-resolvedsymmet-
ric deformation(υs) modeof NH3 around1100cm�1 was
observedin this spectrum.In the NH3/Si.111/ study,19

a weak loss peak at 1065 cm�1 was attributed to the
υs modeof ammonia.This modewas observedto cause
the most intensivevibrational loss on the metal surfaces
dosedwith ammonia.18 The tilted-bondingconfiguration
of ammoniaon Si(111) was proposedto causethis con-
trastingbehaviorof the υs mode.19 With increasingelec-
tron beam irradiation time from the top to the bottom
curvein Fig. 4, the hydrogen-relatedvibrationalbandsat
3430, 2050 and 1630 cm�1 were dramatically reduced.
At the highestelectronbeamexposuretime of 40 min
(thebottomcurve),bothN–H andSi–H stretchingmodes
are almostunobservable.In contrast,the 850 cm�1 peak
intensity decreasesvery little, indicating that hydrogen
atomseitherbondedto nitrogenor silicon wereremoved
from the surfaceduring electronbeamirradiation.It was
seenfrom our experimentsthat ESD of H(a) andNH3(a)
and dissociationof NHx (x D 3,2,1) can occur, there-
fore hydrogenremovalfrom NHx (x D 3,2,1)andSi can
be understoodas a result of ESD processes.At different
stagesof electron beam irradiation, noticeablefeatures
are observedat 350, 600 and 1150 cm�1. The position
of thesefeaturescoincidedwith observedloss peaksfor
the symmetricdeformation(υs) of NH3 at 1056cm�1, the
transrotationalmode (�t) of NH3 at 350 cm�1 and the
rockingmode(υr) of NH2 at 600cm�1. However,noneof
thesefeaturesare observedin the lower curve of Fig. 4,
indicating removalof all NH3 andNH2 speciesfrom the
surface.It is difficult to determinewhetherNH species
were producedduring electron irradiation becauseboth
N–H stretchand bendingmodes(expectedto appearat
1100 cm�1) overlapwith ammoniavibrational bands.In
this studywe did not observeanyclearevidenceof NH(a)
productionas a result of electronirradiationof adsorbed
NHx (x D 3,2) species.Although both N–Si andNHx–Si
stretchingmodesappearat ¾850 cm�1, it is possibleto

Table 1. The NH3 and NH2 vibrational fr equencies(cm−1, unlessindicated otherwise)

NH3

NH3/Pt(111)a NH3/Si(111)-.7 ð 7/b This study

HNH (symmetric bending) 1180 1065
HNH (degenerate bending) 1630 1600 1630
NH (symmetric stretch) 3150

3400 3430
NH (degenerate stretch) 3320 �s and �a were

not able to be
resolved

�s and �a were
not able to be
resolved

Transrotational 340
X-NH3 stretch 350 795 830 850

NH2

NH3 NH stretch Scissors Rocking Wagging X-NH2

Pt(111)c 3250 1555 830 1392 488
Si(111)b 3435 1530 535 850
Si(100)d 422 meV 192 meV 65 meV 65 meV 102 meV
Si(100)e 414 meV 195 meV 103 meV
This study 3450 1570 840

a Ref. 18.
b Ref. 19.
c Ref. 20.
d Ref. 14.
e Ref. 13.

Copyright  2000JohnWiley & Sons,Ltd. Surf. InterfaceAnal. 29, 208–214 (2000)
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distinguish N–Si from NHx–Si based on the appearance
of an N–H stretch. At the highest beam exposure times, no
N–H stretch is evident, suggesting the 850 cm�1 loss peak
observed in the bottom curve of Fig. 4 must be associated
with silicon nitride. However, the stoichiometry of the
nitride in this experiment is uncertain. For stoichiometric
Si3N4 species, adsorption peaks were observed at 484 and
807–1048 cm�1 from the IR study of crystallinę - and
ˇ-Si3N4 as well as amorphous Si3N4.21,22 Regardless, elec-
tron beam irradiation of adsorbed NHx (x D 3,2) results
in the formation of silicon nitride and further evidence is
presented below.

Figure 5 shows the XPS N 1s spectra following elec-
tron beam irradiation of adsorbed NH3 on Si(100). The
top curve shows the N 1s peak obtained from 2 L
of NH3 adsorbed on Si(100) at 110 K. The dominant
peak occurs at 400.7 eV, which is 0.6 eV higher than
the binding energy observed previously for molecularly
adsorbed ammonia.23 – 25 At an exposure of 2 L, a con-
densed physisorbed layer of ammonia has formed. Charg-
ing effects may cause the higher binding energy observed
under these conditions. A binding energy shift resulting
from multilayer adsorption has been reported previously.24

After 15 min of electron beam irradiation (current den-
sity of 113 µA cm�2), the 400.7 eV peak was dramati-
cally reduced and shifts to 400.1 eV, while a new peak
developed at 398 eV. After 30 min of electron beam irra-
diation, the 400.1 eV component essentially disappeared
and the 398 eV peak intensity was enhanced further. The
N 1s peak from silicon nitride appeared at¾398.0 eV in
our thermal nitridation XPS study (not shown), and was
reported to occur in the range 397–398 eV (see Table 2).
Changes seen in Fig. 5 can be understood as the dis-
sociation of adsorbed NHx (x D 2,3) and the formation

Figure 5. Nitrogen 1s XPS spectra following electron irradiation
of NH3-covered Si(100). The initial dose of NH3 was 2 L. The
electron irradiation times are indicated above each curve.

Table 2. Nitr ogen 1s binding energiesfr om silicon
nitride

System Binding energy (eV) Ref.

NH3/Si.100/ and Si(111) 397.7 23
NH3/Si.100/ 397.4 24
NH3/Si.100/ and Si(111) 397.3 25
NH3/N2O/Si 397.6 26
NO/Si 397.99 27
HN3/Si.111/ 397.5 28
N2H4/Si.100/ 397.4 29
CH3N2H3/Si.111/ 397.2 30
N2O/SiH4/Si 398 31

of nitride species.This interpretationagreeswell with
conclusionsdrawn from our ESD and HREELS results
presentedin previoussections.

Figure 6 shows the Si 2p peak following repeated
cycles of ammoniadoseand electronbeamirradiation.
Each cycle was composedof a 2 L ammoniadose at
110 K followed by 10 min of electronbeamirradiation
with a current density of 120 µA cm�2 and an energy
of 150 eV. The bottom curve in Fig. 6 was obtained
from the clean surfaceprior to a dosing and irradiation
cycle. Only the elementalSi 2p peak at 99.7 eV was
evident from this spectrum.After two cycles of dosing
and irradiation, a shoulderdevelopedat 102 eV in the
Si 2p peak.This peakbecameenhancedanddistinctafter
nine cycles but the Si 2p elementalpeak at 99.7 eV
intensitywasdecreased.Becauseof the electronegativity
differencesbetweennitrogenandsilicon, the Si 2p signal
from the nitride speciesappearsat ¾102 eV.25 It is also
expectedthat the elementalsilicon signal will decrease
with the growth of a nitride overlayer.

Figure 6. Silicon 2p XPS spectra following various dos-
ing irradiation cycles. Each cycle is composed of a 2 L NH3

dose followed by an electron beam irradiation of 10 min.

Surf. InterfaceAnal. 29, 208–214 (2000) Copyright  2000JohnWiley & Sons,Ltd.
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Figure 7. Silicon LVV AES spectra obtained during electron
beam-enhanced nitridation. The Si(100) surface was irradiated
with a 3 keV electron beam and the ND3 pressure was maintained
at 6ð10�8 Torr. The inset shows the elemental Si signal intensity
versus irradiation/exposure time. The growth rate was obtained
from the inset.

Figure 7 shows the Si LVV Auger peak following
electronirradiationof the surfacein an ND3 background
environmentat 120K. In this experiment,thesurfacewas
irradiatedwith an electronbeam of energy 3 keV and
a current density of ¾1 mA cm�2 at 6 ð 10�8 Torr of
ND3 backgroundpressure(basepressure2ð 10�10 Torr).
This beamalsoservedto exciteAuger electronsfrom the
sample.From the bottomto the top curve,electronbeam
irradiation time in an ND3 environmentwas increased
from 0 to 69 min. Two major peakswere seenat 92
and 83 eV. With increasingdose and irradiation time,
the 92 eV peak was dramatically suppressedand the
83 eV peak intensity increased;at the longest electron
irradiation time of 69 min, the 83 eV peak dominates
the Si LVV AES spectrum.BecauseSi LVV signalsof
the clean and nitrided surfaceappearat 92 and 83 eV,
respectively,23,32,33 attenuationof the92 eV peakintensity
indicatesthe formation of an overlayerthat scattersthe
Augerelectronsfrom thebulk. Fromthebehaviorof these
two peaks,we concludethata nitride layerwasformedon
thesurfaceduringelectronbeamirradiationof thesurface
in an ND3 environment.In a study by Knotek et al.,32

similarSi LVV peakintensitychangeswereobservedfrom
a nitrided Si(111) surface.In the caseof silicon nitride
formation from N2 at 50 K,33 the Si LVV peak profile
exhibitedchangessimilar to our result.At 120 K andan
ambientpressureof 6ð10�8 Torr, theammoniaexposure
rate was 0.06 L s�1. A currentdensityof 1 mA cm�2 is
foundto besufficient to dissociateadsorbedammoniaand

to removehydrogenin orderto enhancenitride formation.
From the bulk signal attenuation,one can obtain film
thicknessinformationprovidedthat the electroninelastic
meanfree path is known. The inset in Fig. 7 showsa
plot of the Si bulk signal intensity versuselectronbeam
irradiation times obtainedfrom Fig. 7. The bulk signal
intensity is given by

I D Io exp
(
� x

� sin�

)
.2/

wherex is overlayerthickness,� is the electroninelastic
meanfree path at a given energy and � is the take-off
angle.Assuminga constantgrowth rate R D x/t and a
take-off angleof 90°, then

I D Io exp.�Rt/�/ .3/

where t is the film growth time. In our case,t is the
electron irradiation time. On curve fitting the data in
Fig. 7, we obtainedanaveragegrowth rateof 0.2 in units
of � min�1. Fromtheuniversalcurveof electroninelastic
meanfree path, � is ¾5 Å34,35 at an electronenergy of
100 eV. Thus,a growth rateof 1 Å min�1 is estimated.

CONCLUSIONS

We haveshownthatelectronbeamirradiationof adsorbed
ammoniaonSi(100)canresultin theformationof anitride
at a temperatureas low as 110 K. Hydrogenion KEDs
weredecomposedto thatof adsorbedNH3 at 7.8eV, NH2

at 5.5 eV and H at 4 eV. Ion decaycurvescollectedat
3 and 8 eV exhibitedvery different curveshapes,which
canbe understoodasa resultof ESD anddissociationof
adsorbedspecies.TheN 1sandSi 2p XPSspectrafollow-
ing electronbeamirradiationof adsorbedammoniashow
clear evidenceof the formation of nitride as a result of
developmentof bothanSi 2p peakat 102eV andanN 1s
peakat 398 eV with increasingelectronirradiation time.
Theintensityof thehydrogen-associatedvibrationalbands
in HREELSspectradecreaseddramaticallywith increas-
ing electronbeamirradiation,indicatingthe effectiveness
of electronbeamremovalof hydrogenfrom bothadsorbed
NHx (x D 3,2) speciesand the surface.Nitride forma-
tion was also detectedfrom HREELS spectrain which
the N–Si stretchappearsat 850 cm�1. Electron-enhanced
nitridation was also accomplishedby irradiating the sur-
facein an ammoniaenvironmentat 110 K, anda growth
rate of 1 Å min�1 was obtainedfrom the AES bulk Si
signalattenuation.An ESDtotal removalcross-sectionof
the orderof 10�17 cm2 wasestimatedfrom our HC decay
curves.
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