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Cs™ reactive scattering from a Si(111) surface adsorbed with water

M. C. Yang, C. H. Hwang, and H. Kang®
Department of Chemistry, Pohang University of Science and Technology, Pohang, Gyeongbuk 790-784,
South Korea

(Received 4 April 1997; accepted 7 May 1997

Reactive scattering of hyperthermal Cs ion is examined fron{HL$i surface adsorbed with water.
Collision of Cs" beams with the Si surface at the energy of 10—-100 eV produces@snd cluster

ions as scattering products, including CSQKCsOH;, CsSi", CsSiH{ (n=1,2), and CsSiO. The

yields for these clusters are examined as a function 6ftl@am energy and water exposure. Kinetic
energy distributions for the clusters are measured. The reactive scattering process is explained in
terms of collision-induced desorption of adsorbate, followed by ion—molecule association between
the scattered Csand the desorbed molecule. The probability that Gsdergoes reactive scattering

is 5x10°4-2x10"2 for 50 eV collision energy. The corresponding probability for the
Cs"—molecule association reaction is in the order of B 3-2x 102 or slightly lower. It is
proposed that CsOHand CsOH are formed from OH and 0 adsorbates, respectively, via direct
collisional desorption. CsSiOformation can be related to desorption of surface oxide species or, at
high energy, to collisional dissociation of adsorbates. Several aspects of usinge@stive
scattering for surface adsorbate detection are discussedl999 American Institute of Physics.
[S0021-96087)02131-4

I. INTRODUCTION detailed experimental results and analyses fof -Gsirface

During the past years many endeavors have been madgactive scattering. Various Csound cluster ions emanat-
in order to understand gas—surface collisional phenomendd from a water-adsorbed @il1) surface are identified, and
The collisional nature varies depending on the particle entheir yields are measured as a function of beam collision
ergy from trapping and desorption in the thermal regime toenergy and water exposure. The kinetic energies of the clus-
binary collision (BC) in the keV energy range.Between ter ions are measured. These results are analyzed in order to
these two extremes, there exists a transitional region, ofteunderstand the dynamics of reactive scattering.
called hyperthermal energyl—100 eVf. Gas—surface inter- The water-adsorbed Si surface is an important system to
actions in this energy region offers an interesting subject tstudy because it is related to the initial stage of wet Si oxi-
explore, not only because such investigation can bridge thdation, a process useful in semiconductor industry. Despite
gap between thermal and BC collisional behaviors, but benumerous studies in the past years, subtle questions still re-
cause chemical transformation energy falls into this regionmain regarding the adsorption state of water on Si. An ex-
Recent investigations of hyperthermal gas—surface interagellent review on the interaction of water with Si surfaces
tions to pursue such aims have been well responded. Hypehas been done by Thiel and Mad&we will only briefly
thermal collision, induces dissociation of molecular mention several representative studies on this subject. Ultra-
projectiles;~*° desorption from surfack;*° chemical reac- violet photoelectron spectroscopitPS studies have sug-
tion with functionalized surfacg&? and surface modification gested that KD adsorbs molecularly on a Si surfadé®
and film deposition in the atomic scaf&.** together with some hints for partial dissociatidnOn the
Recently, we reported that Csons of hyperthermal en-  gther hand, high resolution electron energy loss spectroscopy
ergy u_ndergo reactive scattering from a sol_id surfdca, (HREELS indicates mostly dissociated O3! probably
producing Cs-bound cluster¢CsX", where X is an adsor-  que to instrumental difficulty of detecting moleculag®i®?
bate or a surface atomWe proposed that the reactive scat-| 4qer induced thermal desorpti¢biTD) (Refs. 33,34 has
termg“%rocess can conceptually be divided into WOyetected HO and SiOH moieties desorbing from aBi1)-
steps,® 7X7 surface, supporting partial dissociation ofGH Scan-
Cs(g) +X—surface~Cs"(g) + X(g) + surface(reaction 1) ning tunneling microscopi¢STM) study*® suggests molecu-
N . . lar adsorption at low water coveragé8<0.05 ML) while
Cs'(9) +X(9)—CsX'(g). (reaction 2 dissociative adsorption at high coveradé#s-0.1 ML). Re-
In reaction 1, collision of hyperthermal Cgauses desorp- cent X-ray photoelectron spectroscofgi¥PS study using
tion of X from the surface. Then, the desorbed X is attractedsynchrotron radiatioti shows that HO not only dissociates
to the scattered Csvia electrostatic attraction forces, and into H and OH on th€111)-7x7 surface, but oxidation of Si
forms a CsX complex(reaction 2. In this paper, we present to oxides can also occur at high water exposures. To sum-
marize the results to the present, at least a certain fraction of
aAuthor to whom correspondence should be addressed. FAge-562-  Water molecules are believed to exist in dissociated forms on
279-3399. Electronic mail: surfion@vision.postech.ac.kr a room temperature &i11)-7X7 surface. For high water ex-
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posure, a small amount of surface oxides may also b
formed. a) 15 eV, H20/Si

Il. EXPERIMENT

+ -3
The experiment was performed using the ion—surface Cs (x10 )
- - . CsOH
scattering chamber equipped with a low-eneftjy»300 eV +
ion beamline. This apparatus has previously been describe J CsOH,
in detail”®” Cs" ions were produced from CsCl powder
heated inside the Colutron ion source. The ion beam wa TIT
mass-selected by a Wien filter and electrostatically deflecte
to eliminate possible neutral impurities before it reached the b) 15 eV, DZO/Si
sample surface. A Faraday cup was used to spatially prokt
the profile of the beam and to measure ion current density + -3
The current density of the Csbeam was 1—10 nA ci, Cs (x10 ) +
and its energy spread was normally less than 2 eV. Th CSODCSOD
sample, an intrinsic phosphorus-dopel$il) wafer with its 2 N
area of 1 cnx1 cm, was placed inside an electric field-free CsSio
region of the scattering chamber. The native oxide layer wa Tm [ |
removed from the sample surface by cycles of Aputtering A NAARANEANE DAAEANAAR RAAAAMAL AR AN A
at 2 keV and heating at 1100 °C using electron bombardmer c) 50 eV, HZO/Si
from the backside in ultrahigh vacuu@HV). The sample
prepared in this fashion has @11)-7X7 reconstructed
surfaceé?® Once a clean surface was prepared in UHV, heat + -
ing to 1100 °C was sufficient to remove the impurities ad- Cs (x10 ) . CsOH +
sorbed during the experiment. Surface cleanness we ) CsOH R

+
CsSi0
'

1
G R R RN R AR RAR R RREE UALLLREE UL R ARRR

+
CsSi0

+

checked by Auger electron spectroscd§S) and Cs re- ~ CsSi

active scattering. The cleaned surface was then exposed '

water vapor at a pressure o110~ ® Torr at room tempera- |'|||'| |

ture. 130 140 150 160 170 180 190
The ions scattered from the surface were detected usin

a quadrupole mass spectromet&MS) operated in a posi- m/z (amu)

tive ion sampling mode. Kinetic energy of the ions was mea-

sured by placing a retarding field analyZBFA) of a 4-grid  rG. 1. Mass spectra of the positive ions emitted upori @spact of a

type in front of the mass spectrometer nose. The angle besi(111) surface adsorbed with water at saturation coverage. The intensity of

tween an incident ion beam and a detector was fixed at goﬂ)e scattered Cspeak is reduced to a factorx1i10 3. The angles of an

AT ; ; o jncident C$ beam and a detector are 45° to the surface nor(apll5 eV

and the+mC|dence beam direction was 45 50' the SUI’_fzaF;e. THcoIIision on HO-adsorbed surfacéb) 15 eV collision on Qog}gsorbed

total Cs be_am dose was kept less thax 10*ions cm 2 in _ surface.(c) 50 eV collision on HO-adsorbed surface.

most experiments. The base pressure of the UHV scattering

chamber was %10 *° Torr. Through differential pumping

of the beamline, the chamber pressure was maintained in the

10 1° Torr range during Cs beam exposure.

identified as CsOH (150, CsOH, (151), and CsSiO (177

. RESULTS amy [Fig. 1(@]. The intensities of these products are
S . 107 3-10* times smaller than the elastically scattered
A. Mass identification of Cs  "-bound clusters Cs'. In order to confirm the mass identification, a control

Collision of hyperthermal Cs ions onto a water- €xperiment has been performed by exposing a surface with
adsorbed $111) surface gives rise to various C§Xluster ~D,O. The CsOH and CsOH peaks become shifted to 151
ions. Figure 1 shows the cluster species produced from thand 153 amu, representing CsOBnd CsO[, respectively
surface exposed to water vapor up to saturati®00 L, [Fig. 1(b)]. The CsSiO peak remains in the same position
1L=1x10%Torr s) at room temperature. The mass spectrd177 amy. A small peak at 152 amu is attributed to
are displayed for the region of 130—200 amu. In the lowefCsOHD" coming from adsorbed HDO impurity. It is be-
mass region, no peaks appear with measurable intensity egause a small HDO partial pressure was measured during
cept H" and alkali metal ions produced from surface impu-D,O exposure, possibly produced from isotope scrambling
rities. The spectra of Fig. 1 are characterized by an intenseeactions on stainless steel chamber walls. The isotopic sub-
Cs'" peak at 133 amu and the higher mass peaks representistjtution does not change the intensity ratio
CsX' cluster ions. Upon 15 eV Cscollision onto the 1(CsOD")/I(CsOD;) from I(CsOH")/I(CsOH;). CsD"
H,O-adsorbed surface, three cluster ions appear that afens (135 amu are not emitted or have only negligible in-
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FIG. 3. The reactive scattering yield,((X), for X=0H (O), H,O (O), Si

Incidence Energy of Cs* (eV) (@), and SiO(A) as a function of Cs beam energy for the range of 10—100
eV. Y (X) is normalized to the Csflux that scatters into a detector solid

angle. The curves foY,((OH) andY (H,O) represent the collisional desorp-
FIG. 2. lon emission intensities for Cs(A), CsOH" (A), CsOH (M), tion function (see the text
CsSi' (@), and CsSiO (O) as a function of C5 beam energy for the range
of 10—100 eV. The intensities are normalized to thé €srrent reading at
the sample.

A more useful way of presenting the ion intensity data is

to show the reactive scattering yield or reaction probability,
tensity. Although CsH signal would be buried in the tail of Y, (X), which is defined as the ratid(CsX")/1(Cs").
scattered Cspeak, the CsD position is well separable from Y (X) is normalized to the Csflux that scatters toward a
the Cs' tail. detector angle, and has two advantages o¢€sX"). First,

An increase of C§ collision energy to 50 eV strongly uncertainty of measuring the incident T8ux is canceled
increases the yield for CsSiOrelative to CsOH and  out in Y,(X). Due to the very low efficiency for Csneu-
CsOI—Q [Fig. 1(c)]. At the same time, the peaks correspond-tralization on Si, it is difficult to deduce the number of inci-
ing to CsSi, CsSiH", and CsSiH start to appear at 161, dent Cs ions from sample current. Second, the unknown
162, and 163 amu, respectively. The intensity ratioangular distribution for scattered € not problematic, be-
| (CsOH")/1(CsOH;) remains unchanged upon this energy cause only the scattering fluxes moving in the same direction
increase. (the detector angjeare included in this expression. These
two features allow easier analysis for the scattering data in
terms of the reactive scattering mechanism. Since the reac-
tive scattering process can conceptually be divided into two

The dependency of CsXproduction yield on C§ col-  steps, collision-induced desorption of X and'G associa-
lision energy is closely related to the dynamics of reactivetion reaction(reactions 1 and)2 we can write
scattering. The intensities for Cs CsOH", CsOH, .

CsSi, and CsSiO are measured as a function of collision I(CsX")

energy for 10-100 eV from the water-saturated surface. YrS(X):—I(Cs*) =Y a(X)Y assobX)- 1)
[(CsX"), the quantity presented in Fig. 2, represents the

scattered ion intensity normalized to the incident €arrent  Here, Y4(X) is the probability for collisional desorption of
measured at the sampléCs") initially increases with beam X, 1(X)/1(Cs"), and Y, (X) is the probability for
energy, then reaches a maximum at about 30 eV. At highe€s"—X association after X desorptioh(CsX")/1(X).
energiesl (Cs") decreases again. The energy-dependencies The plot ofY,(X) as a function of beam collision energy
for 1(CsOH") and I(CsOH;) approximately follow the is shown in Fig. 3.Y,{(OH) and Y,(H,0) increase sharply
track of the C$ curve. In contrast, |(CsSi") and below 15 eV, then flatten above 20 eW,(Si) and
I(CsSiO") are small at low collision energies, but continu- Y,{(SiO) exhibit quite different behaviors front,{(OH) and
ously increase with increasing energy. Ys(H,O). Y, (Si) is virtually zero below 20 eV, and in-

B. Energy-dependency of Cs * reactive scattering

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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creases slowly and continuously with increasing energy
Y, (SiO) exhibits an onset at about 10 eV, then a strong
increase.

The Y,((OH) and Y (H,O) data are attempted for a fit
with a functional form for collisional desorption cross sec-
tion. Note thatY (X) gives a measure fory(X) [Eg. (1)],
under approximation that,.,£X) is constantY 4(X) can be
replaced with desorption cross sectiog(X) for a fixed sur-
face coverag®, which is the case in the present experiment.
We use a collisional desorption modelry(E)=a(E
—Ey)®E,® where E is the collision energyEy, is the
threshold energy for desorption, aadandb are fitting pa-
rameters. This model has been used to deterriipefor
adsorbate desorption induced by Xe collistSrErom the
fitting we obtainEy,=8.0=1.4 eV for desorption of OH and
7.1+1.8 eV for H,O. The optimized fitting constants ase
=1.2+0.5 andb=0.7£0.1 for OH, anda=0.4+0.2 and
b=1.0+0.1 for H,O. Whether or not an experimental
threshold energy for desorption can be converted into an ak
solute surface binding energy is probably left to further
investigatio®® At least, this analysis indicates that both
H,O and OH have comparable desorption energies. Thi
curves for Y, (Si) and Y (SiO) cannot be fitted into the
oy4(E) form for the entire energy range.

C. Dependency on adsorbate coverage

The variation inY (X) with water exposure is presented
in Fig. 4 for OH, HO, and SiO. The amount of water expo-

Yang, Hwang, and Kang: Cs™

scattering from Si(111)

a)Y,(OH), 30eV Cs*

T T T

f T

b) Y, (H,0)

Reactive Scattering Yield, Y

T
800

T
1000 1200

200
H,O Exposure (L)

400 600

sure was varied from 0 to 1000 L at room temperature. The

water vapor pressure was read from an ionization gaugg, , \ v ror x—oH (@, H,0 (b), and SIO(©) as a function of HO
without further calibration. The measurements were per'exposure in Langmuir. Csbeam energy is 30 eV. The solid lines represent
formed at 30 eV collision energy, at which the ion intensitieSLangmuir adsorption curves.

are substantial for CsSiDas well as for CsOH and
CsOH;. The Y, (X) curves for these species qualitatively
follow the Langmuir adsorption behavior, with an initial stiff i
increase and a saturation at higher exposures. The curves e%
fitted by the Langmuir adsorption equation,

f=1—e °, (2

where 0 is adsorbate coverage,fitting constant, and. the
amount of water exposure in Langmuii/,(OH) and
Y(H,0) fit to the Langmuir equation witc=0.01 L™,
The curve forY ((SiO) rises much more steeply and reaches

an earlier saturatiof<<100 L). The Y, (SiO) fit gives c : ; > Lo o)
=0.2 L% The early saturation for SiO implies that forma- relatively high collision energy. The energy distribution for
Si* exhibits a maximum at about 6 eV, which is slightly

tion of surface silicon oxides, which are the likely precursors>, i
for SiO desorption(Sec. IV O, follows different kinetics igher than the cluster species. ,
Although the maximum kinetic energies for the CsX

from OH and HO adsorption.
clusters are much lower than that for'Cshere are small but

sizable overlaps between the energy distributions fof Cs
and the clusters. The cluster energy distributions are similar

Kinetic energies of the scattered ions are measured using those of sputtered patrticles, for instance, the sputtered Ni
a RFA method. A kinetic energy distribution is obtained atoms in 100 eV Xe collision on Ni00) (Ref. 41) and the
from raw RFA data through differentiation with respect to sputtered Rh atoms in keV Arbombardment on Ri11).4?
energy. Figure 5 shows kinetic energy distributions forThe kinetic energies for $iappears overall shifted to the
Cs', Si*, CsSi", CsSiO’, and Cg emitted during 100 eV  high-energy side compared to the clusters or the sputtered
Cs" collision onto a Si111) surface with partial O adsorp- atoms. The high-energy shift of ionic “Sidistribution is
tion. CsOH and CsOH have relatively too low signal in- probably due to preferential neutralization of the sputtered,

Qsities at the present energy and coverage to accumulate
e energy distributions. A 45°/45° specular scattering geom-
etry is employed. The scattered ‘Chas an energy distribu-
tion peaking at about 10 eV. This value indicates that 90% of
the CS beam energy is transferred to the Si surface during
100 eV collision, in agreement with our previous
measuremerf CsSi*, CsSiO", and C§ are ejected with
relatively lower kinetic energies, peaking at 3—5 eV. Mono-
mer Si ions are also ejected with substantial intensity at this

D. Kinetic energy of scattered ions

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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20 TABLE I. Desorption yields upon impact of heavy projectiles on light-atom
surfaces at 50—100 eV reported in the literature.
100 eV Cs*- Si(111)

Projectile-surface

Impact

energy Kr'-Ge@)® Hg™—Ni(s)®2 Xe'-N/W(s)® Xe-Ni(100°
50 eV 0.02 0.01 0.11 0(0.0
100 eV 0.10 0.05 0.24 0.25.0)

8Reference 12. lon incidence direction is random.

bReference 13. The desorption yield for adsorbed N atom. lon incidence
direction is random.

‘Reference 14. Beam incidence angle is 45°. The normal incidence values
are in parentheses.

Relative lon Intensity

Relevant literature data for the desorption yieM;, are
listed in Table | for impact energies of 50 and 100 eX.
values for 50 eV ion impact lie between 0.01-0.02 for sur-
face atom desorption from metéNi) and semiconductor
Kinetic Energy of Scattered lons (eV) (Ge) surfaces. For desorption of chemisorbed N atom from
W by Xe* collision, it is 0.11. These values are obtained for
FIG. 5. Kinetic energy distributions for scattered*Csputtered Si, and  ion incidence at random directions. Thg values are ex-
the cluster specieCsSi’, CsSiO', and Cs) produced from a Si surface pected to be somewhat different for 45° beam incidence, but
partially covered_ with BO. The incident C§ energy is 100 eV in a 45°/45° Brobably have the same order. The desorbed species in the
specular scattering geometry. The area under the curves represents relative . . . .
intensity for the ions. present work are Si atoms or chemisorbed species on Si. For
such cases, we may assume thigtvalues are similar to or
greater than those of Table I, which gives the ordg(Si)

low energy St at the surfacé® Such neutralization effect ~0.01 andYy(adsorbate~0.1 as lower limits for 50 eV col-

has been fourfd** to deplete the low-energy part of the lision.

energy distribution for sputtered ions. From the ion intensities of Fig.(&¢), we obtain the prob-
Kinetic energy measurement requires extensive signability of reactive scatterind(,{(X), to be 5x10™* (Xx=0H

accumulation be done in order to obtain reasonable statisti@d HO), 2x10™* (Si), and 2x10°2 (SiO) for 50 eV

for an energy distribution. In such an experiment, a pro-Cs'—surface collision. Sincef,{(X)=Yq(X)YassofX) [EQ.

longed C$ beam exposuré>several min deposits a sub- (1)], one can deduce from these numbers the probability of

stantial amount of Cs on the surface. The deposited Cs i€S'—X association) ss0éX). YassofX) is estimated for the

indicated by the Gs emission, formed via reactive scattering above species to be in the rangs 50 °-2x 1072, if we

from surface Cs. In the presence Cs deposits, an alternatiwse Y ¢(Si)~0.01 andY y(adsorbate)-0.1.

reaction could occur between the sputtered @ad the de-

sorbed X, also forming the CsXproducts. A control experi- B. lon—molecule association reaction

ment using 100 eV Ar bombardment on the same surface, Si ce i hemically i . he bi

covered with both Cs and water, gives extremely small . . Ince &5 1S a chemically Inert species, the binary asso-

yields for CsX* emission. Therefore, we conclude that mostC'atlon reaction between the scattered” @sd the desorbed

. N X is to be driven by electrostatic ion—molecule interactions.
of the CsX' clusters are produced by reacting with incident L . 5
+ . The binding energy for a Cs-OH, pair is 0.61 eV%° which
Cs" beams even in the presence of surface Cs. et . . H
stands for a typical ion—dipole attraction energy.”€X as-

sociation will occur when Cs and X have similar velocities
IV. DISCUSSION and moving directions such that the energy of their relative

In the following sections, we will first address two key motions can be smaller than the ion—molecule binding en-
steps of C§ reactive scattering, collision-induced desorption€rgy. Figure 5 shows that a major portion of scattered Cs
and ion—molecule association reaction. Then, the experimerens has kinetic energy higher than that of CsXlusters.
tal observations are analyzed in view of this scatteringthus, only a small, low energy portion of the Csons,
mechanism. Finally, prospects of doing surface analysis witfioughly 10% when estimated from the overlapped area be-
Cs' reactive scattering are discussed. tween the energy distributions for Cand CsX, appears to
meet the energy requirement for cluster formation.

Nonetheless, Csis the most suitable projectile for reac-
tive scattering among the alkali metal ions. It is because

Desorption induced by low energy ion impact of a sur-Cs" scatters from a surface with substantially lower kinetic
face has been investigated by several work&rs>*83%par-  energy than other ions due to its heavy nfddale observed
ticularly useful to the present study are the reports on desorpn a control experiment with K that the yield for KX pro-
tion yield upon heavy projectile-light surface collision. duction was much smaller.

0 5 10 15

A. The probability for desorption induced by
hyperthermal collision

J. Chem. Phys., Vol. 107, No. 7, 15 August 1997
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The association reaction will occur with highest prob- pact causes the secondary particles to be ejected preferen-
ability while the scattered Csand the desorbed X are in tially as a result of complex collision cascades rather than via
close locations near the surface. If'Cand X are sufficiently direct collisions. However, the situation can change for hy-
close to each other at the initial stage of attraction, then theerthermal collision. It has been fouid! that as the impact
nascent C5—X pair will remain stable along its outgoing energy is lowered<100 eV}, the directly knocked-off par-
trajectory. Otherwise, the CSXneeds to be energetically ticles have a more dominating portion in the sputtered flux.
stabilized by interacting with the surface and by losing its It is worthwhile to consider the possibility for the inter-
excess energy. Molecular dynami®8D) calculations of Xe  conversion between J® and OH during Cs—surface colli-
scattering from a Si surfat®*! show that 10 eV Xe atoms sion. A heavy projectile like Cs distributes its incidence
stay within 3 A distance from the surface for a period of 2 energy to many surface atoms during the collisiband thus
X101 s. This implies that the Cs-X association and the the amount of energy transferred to individual atoms should
energy quenching is completed most likely within 1 ps. Pree very small. For this reason, it will be difficult to break
viously, formation of Cy clusters has been studied using aHO-H bond[D°(HO-H)=5.2 eV] by low energy C$ col-

MD method during 600 eV Afr bombardment of a Cu lision, for instance, at<20 eV. A small relative collision
surface’® The Cy, clusters are generated only from the sput-energy between Csand H atoms(0.8% of the Cs beam
tered atoms in this case, but this analogous study has a|$§hergy coming from their extreme mass difference is an-
shown that cluster formation occurs mostly witt A dis-  other drawback for collisional dissociation. More impor-
tance from the surface and withinx21.0™ % s. tantly, OH desorption requires dissociation of a HO—H bond,

The probability for C$—X association is estimated to be gnd then desorption of the OH fragment, becaus® kb
5X10 °-2x107% in Sec. IVA. An order-of-magnitude chemisorbed on Si through O-Si bond#fgSuch simulta-
calculation may be useful to check the validity of this neous fragmentation and ejection requires even higher en-
Yassovalue. The Langevin cross section for reaction betweerrgy. In Fig. 3, the ratior,(OH)/Y,(H,O) stays fairly un-
an ion and a nonpolar molecule= m(2a/E)"? has an changed over a wide energy range. If HO—H bond
order of 10 & for relative motion energyt,) of 1 eV and  dissociation occurred to substantial degrees, then it would be
molecular polarizability(e) of 1 A3, We assume that about reflected by a change in th¥,(OH)/Y,(H,0) ratio. All
10% of scattered Cshas kinetic energy small enough to these considerations indicate that both OH argD Hare
form a stable complex by Cs-X interaction, a value esti- present on the surface, which desorb by the collision retain-
mated from the energy distribution curves of Fig. 5. In thising their original state.
case, in order to give the ion-molecule reaction probability of vy (Si) and Y,(SiO) exhibit different energy-
5x 10" %-2x 102 for scattered C5 molecular gas density dependencies fronY,(OH) andY,{(H,0) (Fig. 3, suggest-
of 0.1-0.01 molecule A% is required. 10-100Ris a rea- ing that desorption of Si and SiO involves different mecha-
sonable volume of space in which a desorbing moleculgyism. The curves folY (Si) and Y,{(SiO) resemble that for
spreads out during the time scale of reactive scattering, angecondary particles ejected via so called substrate sputtering
is consistent with the cluster formation in the near-surfacenechanisnt®**which is initially low at small impact energy
region suggested by the MD calculatith. but increases continuously with energy. The substrate sput-
tering occurs such that the impact energy is initially trans-
ferred to substrate atoms, and then eventually to the ejecting
species® Subsurface atoms are ejected exclusively via this

The energy-dependencies ¥f(OH) and Y,{(H,0) fit  mechanisnt>*! For desorption of Si atoms, as they are lo-
well to the functional form for collisional desorption cross cated underneath the adsorbate layer on the present surface,
section®® o4(E)=a(E-E4)®E. This function is derived the substrate sputtering mechanism provides a reasonable ex-
from a line-of-centers collision model assuming direct, hard-planation.
sphere collisions between a projectile and surface atoms. Desorption of SiO can be related to the presence of sili-
Thus, its application is limited most likely to desorption of con oxides on the surface. Recent XPS stfitias suggested
top-layer species. OH and,B adsorb on top of a Si that insertion of O into Si—Si bond occurs upoprQHexpo-
surface?®® The energy-dependencies of,(OH) and sure on Sil11)-7X7. For saturation exposure at 300 K, the
Y.{(H,0), a stiff increase at low energy with a plateau atratio of Si*/Si¥" is 1/0.18. Here, Siis assigned to the sur-
high energy, resemble that of N atom ejection from a Wface Si atoms on which only OH is bonded, and*Sb the
surface during H& bombardment reported by Winters and OH-decorated adatoms with additional O atom insertion into
Sigmund*® Based on trajectory calculation, they analyzedtheir Si-Si backbond® According to this proposed struc-
that the surface N atoms are ejected mostly via direct knockture, the oxide unit§Si—O-S) are located in the subsurface
off collisions with He". The agreement of  behavior with  layer. To be consistent with this structure and ¥gSiO)
the line-of-centers collision model and the N atom ejectionbehavior, we suggest that SiO is generated from th€©S Si
from W suggests that OH and,8 desorb by direct knock- units via substrate sputtering mechanism. SiO species are
off collisions. known to readily desorb upon heating a water-exposed Si

The knock-off ejection of adsorbates by Tsollision  surface®* indicating that SiO is a volatile species.
might appear unreasonable in view of the sputtering mecha- At high collision energy(>30 eV), Y,(SiO) becomes
nism proposed for keV ion bombardméhtheavy ion im-  larger thanY,(OH) or Y,(H,0). Since the surface popula-

C. Dynamics of collisional desorption
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tion of the oxides should be considerably smaller than OHion still plays an important role, as indicated by desorption
and HO according to the XPS stud§,the observation of of H, and SiO.

largeY (SiO) is difficult to reconcile. One possible explana- Secondary ion mass spectromet8IMS) from a Si sur-
tion is that the efficiency for SiO ejection drastically in- face reacted with © shows a number of ions including
creases at high collision energy. Note that desorption vis&i*, Sij, SiO", SLO", SiL,0;, SLO™, and etc*® Despite
substrate sputtering much prevails at high energy over directumerous superior features of SIMS as a surface analysis
knock-off ejection of adsorbafé:** Another possibility is technique, identification of molecular adsorbate structure
collisional conversion of surface OH or,8 into SiO. SIO  from such a complex spectrum is presently an almost impos-
formation is thermally a facile reaction on this surfdte. sible task. One will need to fully account for the probability
Thus, if collision cascades are generated in the surface regi@mf secondary particle ionization and the mechanisms of mo-
by high energy impact, then it is plausible to induce SiOlecular ion ejection and fragmentation occurring during keV
desorption. ion bombardment.

When compared to the above-mentioned TPD, LITD,
and SIMS results, hyperthermal Csreactive scattering
promises has several unigue features for adsorbate detection.

In the previous sections, formation of CsOH First, by detecting Csbound cluster ions, the problem of
CsOI—g, CsSi*, and CsSiO has been explained in the secondary particle ionization in conventional SIMS can
framework of collisional desorption of surface adsorbates obe overcome. The probability of CsX association
atoms followed by association reaction with 'CsCsOH" (5% 1073-2x10"?) is higher than the efficiencies of mol-
and CsOH are formed by direct desorption of chemisorbedécule ionization normally achievable by keV ion sputtering
OH and HO, respectively. CsOHand CsOH show com-  or by electron impact ionization. The formation of CsX
parable ion intensities. Provided the} and Y,ecare ap-  clusters has previously been reported {&#MS),*"*" and
proximately equal for OH and J©, the ratio has been utilized for surface compositional analysis. How-
| (CsOH")/1(CsOH;) stands for the relative surface popula- ever, the destructive nature of keV sputtering in"GIMS
tion of the two species. CsSproduction represents sputter- hampers molecular adsorbate identification. Second, the re-
ing of Si atoms. CsSiO produced at low impact energy active scattering occurs in subpicosecond time scale, which
(<20 eV) is related to SiO desorption from thé-®—Si  is faster than the desorption time in LITG=n9 by at least
units present on a water-saturated Si surface. However, tifBree orders. This means that the scattered i6ss pick up
strong increase of CsSiOemission with collision energy only promptly desorbed molecules. In certain cases, &d-
suggests that other reaction channels possibly intervene duision may initiate surface chemical reactions that occur in
ing high energy collision. slower time scales. The delayed reaction products, however,

Atomic hydrogens are believ&to exist on the water- Will not be able to form CsX, and thus not be detected. This
exposed $i111) surface. CsSiFl(n=1,2) peaks of Fig. (k) scenario explains why thermally unstable species like OH
indicate the presence of SjHspecies on the surface. Con- can be monitored by Csreactive scattering, while it is not
trarily, CsD' peak is not observed in Fig(t). The absence the case in LITD and TPD. Third, hyperthermal collision
of CsD' peak indicates the difficulty of dissociating the induces molecular fragmentation to a lesser degree than keV
Si—-D bond by C$ collision, and likewise the Si—H bond. sputtering. Hence, molecular identity of an adsorbate is bet-
Because of an extremely small efficiency for energy-transfeter preserved during the collisional desorption. For the sys-
from Cs" to H, the collision may cause SjHdesorption tems where CO, bD, and GHe are chemisorbed on a
rather than dissociation of the Si—H bond. It is also probabldNi(100 surface, all these adsorbates are detected in their
that the small molecular polarizability of H atom reduces themolecular forms by Csreactive scattering: We expect that
Cs"—H association yield. there may be exceptions to exclusive molecular desorption.

It is interesting to compare the Cgeactive scattering The strong emission of CsSiOobserved at high collision
with other desorption or sputtering techniques. Temperatur@nergy possibly indicates adsorbate fragmentation. Competi-
programmed desorptiaff PD) from the same surfatégives  tion between molecular desorption and fragmentation will be
rise to HO, H,, and SiO at desorption temperatures of 160,controllable with C$ beam energy depending on chemical
800, and 950 K, respectively. The existing adsorbates suchroperty of a system.
as OH and H are not thermally desorbed. Apparently, a slow
heating rate € 10 Ks %) in TPD has caused thermal reac-
tions to occur, desorbing only thermally available products
like H, and SiO. Laser induced thermal desorptiatiTD) V. SUMMARY AND CONCLUSIONS
(Refs. 33,34 produces H (100%, SiO (80%), SiOH (44%), (1) Hyperthermal collision of C§ions onto a Sil11) sur-

D. Identification of surface adsorbate

H,0 (22%), Si (16%), and S{OH), (14%), the numbers in face reacted with water gives rise to emission of
parentheses representing the relative branching ratios. The CsOH', CsOH;, CsSi, CsSiH (n=1,2), and
desorbed products like @, SiOH, and SIOH),(n=1,2) re- CsSiO'" ions. These cluster species are formed as a result
flect the presence of J@ and OH on the surface. Due to the of collisional desorption of surface species, followed by
rapid heating rate> 10'° K s™1), thermal reactions are no- ion—molecule association between the low-energy scat-

ticeably suppressed in LITD. However, thermal decomposi- tered C$ and the desorbed molecule.
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