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The collision-induced activation of the endothermic surface reaction of isobutyl iodide chemisorbed
on an Al111) surface is demonstrated using inert-gas, hyperthermal atomic beams. The
collision-induced reactioiCIR) is highly selective towards promoting thghydride elimination
pathway of the chemisorbed isobutyl fragments. The cross section for the collision-induced reaction
was measured over a wide range of ener@lds-92 kcal/mal at normal incidence for Ar, Kr, and

Xe atom beams. The CIR cross section exhibits scaling as a function of the normal kinetic energy
of the incident atoms. The threshold energy for fikydride elimination reaction calculated from

the experimental results using a classical energy transfer model.is eV (~25 kcal/mol). This

value is in excellent agreement with that obtained from an analysis of the thermally activated
kinetics of the reaction. The measured cross section shows a complex dependence on both the
incident energy of the colliding atom and the thermal energy provided by the surface where the two
energy modes are interchangeable. The dynamics are explained on the basis of an impulsive,
bimolecular collision event where thg-hydride elimination proceeds via a possible tunneling
mechanism. The threshold energy calculated in this manner is an upper limit given that it is derived
from an analysis which ignores excitations of the internal modes of the chemisorbed alkyl groups.
© 1998 American Institute of Physids$0021-960808)02420-9

INTRODUCTION environment For example, kinetic-energy enhanced activa-

tion of neutral species finds important applications in the
The effects of surface structure and temperature on thf"echnologies used for the depositiBri? and etching of

reactivity of adsorbates _usnder equilibrium conditions havegjjicon 13 Transiational activation of molecular precursors is
been studied extensively® These studies have yielded a not a completely general strategy for materials growth, how-

good understanding of thermally activated surface Processes e since in many cases thermal decomposition may resuit

important in_diverse areas of techgglogy, especi_ally aS % om the use of high nozzle temperatures in the beam source.
gards materials growth and catalysis.The dynamical ef- Complementing translational activation is the closely re-

fects of energetic atom or molecule collisions with surfacesI L L . )
: - ated process of collision-induced activation, in which en-
have received much less attenti@m part due to the complex i fer to the adsorbate is effected b i
experimental techniques needed to study such phenomengrgy [ransier to the adsorbale 1S €fiected by an energetc
llision involving a second gas-phase species of high trans-

and as a result are less well understood. Molecular bea i I v di : t the d . ¢
producing high velocity atoms or molecules in the hyperther—at'(_)n_a energy. An_ea_ry Iscussion of the dynamics o
ﬁ:oll|3|on—|nduced activation of surface bound adsorbates was

mal energy range can be coupled with sensitive, ultrahig S
vacuum spectroscopies in order to investigate the effect dpresented by Zeiri, Low, and GoddatiThese results, based

collision-induced processes at the microscopic |&@liper- 0N classical stochastic. trajectory t_h.eory, have been expanded
sonic beams have two useful qualiies: They can be genefd more recent studies by Zeiretal,'>*® and Rabitz
ated with a narrow velocity distribution and a wide range ofét al"** From an experimental stand point, Ceyetal.
translational energi€sThe utility of the beam as an experi- demonstrated both the collision-induced  desorption
mental tool stems from the fact that the kinetic energy of the/CIDE)**~**and collision induced dissociatid€1D)?**° of
collision can be utilized to overcome the activation barrier ofmethane on a Ni11). They proposed a model for the kinetic

a surface reaction. The conditions achieved can approximanergy transfer from the incident inert gas atom to the phy-
the high energy collisions which occur at high pressure, temsisorbed Cl molecule involving an impulsive, bimolecular
perature, or in plasmas and allow activated and/or low probeollision which induces the activated dissociative adsorption
ability processes to be simulated inside an ultrahigh vacuurof the CH,. These investigations have inspired more recent
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studies on other small, symmetric adsorbates, including
ammonid®?’ and ethylen® on P{111) and water on Leak vaive
Ru(001).%° Levis et al, made a direct measurement of the T —h
threshold energy for collision-induced desorption of NH I shutter F:"H
from the P¢111) surface by a beam of neutral, hyperthermal

|
source chopper

Ar atoms and found that the total energy scaling of the de-| Y skimmar o vave

sorption cross section holds for various angles oOf g | | |

incidence?® In contrast, Asscheet al, observed efficient ki- Difusion pump [f,::].,ap

netic energy dissipation by the hydrogen bonded network of Difusion pump |

a dense monolayer of water on the (B0l) surface in an Diffusion pump

investigation of HO desorption effected by collisions with
energetic Kr atom$’ Despite this considerable progress, the
feasibility of effecting collision-induced surface reactions in
large, multiatomic adsorbatéboth physisorbed and chemi-

sorbed remains a largely unexplored area of research. One  The thermal chemistries of the surface bound isobutyl
expects intuitively that the probability of bond dissociation anq jodine moieties were originally studied by Betal 3’

by means of an energetic collision will be reduced given thap the study described here, neutral, inert-g4e, Kr, and
increased possibilities for internal energy dissipation and the\r) peams with energies in the range of 0.5-4 eV were scat-
exceedingly rapid rates of both energy transfer and quenchered off of a monolayer of isobutyl groups chemisorbed on
ing. However, it must be pointed out that the cross sectiong|(111). The experimental results suggest that the CID pro-
for certain typeS of selective bond scission can be Substar(}:ess predominant'y promotes tﬁmyd”de elimination reac-
tial. Levis and Velic;® for example, have demonstrated that tion. The value of the activation barrier for the process is
the collision-induced desorption of ethylene from thé&LP1) estimated to be~1.1 eV (~25 kcal/mol), in good agree-

surface is selective in desorbing thebonded form of GHy  ment with the thermal barrier measured by temperature pro-
over that of thes-bonded species. The ability to activate grammed reaction spectroscopfPRS.

reactions in complex adsorbates would be of great utility in

exploring activated chemisorption phenomena such as those
involved in the technologically important areas of cataf}&is EXPERIMENTAL APPARATUS AND TECHNIQUES

and materials growth and processftif*°~**The present The apparatus used in these investigations, illustrated in
study explores the feasibility of using collision-induced pro-Fig. 1, combines a supersonic molecular beam with several
cesses to understand the dynamics and energetics of reagHv surface analytical tools. Specific details of the latter
tions involved in the chemical vapor depositi0BVD) of  techniques have been described elsewffeithe features
aluminum. pertinent to the CID studies are described below.

Aluminum metallization in very large scale integrated  As shown in Fig. 1, the chamber has three main vacuum
(VLSI) devices is of significant technological importaricé.  stages—two stages are employed in the beam generation and
One of the fabrication processes of current commercial interthe third serves as the scattering and analytical chamber. The
est is the chemical vapor deposition and growth of aluminunsupersonic molecular beam source is housed in the first stage
thin films by the surface-mediated thermal decomposition obf the differentially pumped two stage beam chamber. The
triisobutylaluminum(TIBA).>633-3°The dissociation and re- beam is formed by the continuous adiabatic expansion of the
action of TIBA on a non-native substrate.g., Si or gas at high stagnation pressures from ag2®olybdenum
Si0,)*¥% is activated and thus an understanding of theaperture (Ladd Optic3 mounted by furnace brazing in a
nucleation chemistry and nucleation morphology is not easgtainless steel seat which in turn is welded to steel tubing
to study in UHV. This deficit is significant given that the conveying the gas. The aperture seat and the connected tub-
growth-rate hysteresis and morphology are strongly detering is enclosed inside a cylindrical copper block with
mined by these early events and thus of central importance igrooves holding tungsten wire insulated with ceramic. The
determining the lifetime$which are sensitive to microstruc- wire was used tqresistively heat the beam source from
ture) of devices so constructéd? A goal of the research room temperature to-850 K to adjust the incident beam
reported here is to develop a better understanding of thenergy. The entire source assembly was mounted on a
mechanisms and energetics involved in the reaction-limiteckK—Y—Z translational manipulator. Temperatures were mea-
nucleation of Al-CVD(and othey thin films. In this report, sured using a chromel-alumel thermocouple spot welded to
we examine the feasibility of using hyperthermal, inert gasthe nozzle edge. The beam source chamber was pumped by a
atom beams to activate large surface-bound organometallitO in. diffusion pump. A 400w diameter nickel skimmer
fragments, such as those that might be found in Al-CVD(model 1, Beam Dynamiganounted on the inside wall of
processes involving TIBR.The beam-induced reactions of a the first stage facing the source was used to form the beam.
covalently bound isobutyl group are used as a model to exthe skimmer-nozzle distance wasl cm and was adjusted
plore this possibility. The present work is advantaged by théo optimize the beam intensity and velocity distribution by
fact that useful models of isobutyl surface intermediates caminimizing skimmer interference effect$?° A collimator
be prepared easily by the dissociative chemisorption otentered in a double sided flange separating the differentially
isobutyl iodide on an aluminum surfage. pumped stages from the scattering chamber was used to fur-

FIG. 1. A schematic sketch of the molecular beam source, differentially
pumped stages and the scattering chamber.
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ther collimate the expanding beam to a diameter-df5 cm

at the sample. This ensures that the crystal is flooded with a
uniform gas flow. A manual shutter attached to a rotary mo-
tion feed-through was used to shunt the beam flow through 8L
the skimmer in order to measure and minimize the back-
ground gas load. A similar shutter was also housed at the _ 6L
entry point inside the scattering chamber in order to measure ¥
the effusive load contributed by the beam source.

The scattering chamber is pumped by a 10 in. diffusion
pump (5000 L/9 with a liquid nitrogen trap. Additional
pumping is provided by a titanium sublimation pump and a
540 L/s turbomolecular pump. The base pressure of the UHV
chamber is typically<2x1071° Torr. The chamber is
equipped with two quadrupole mass spectromdiés SXP
300 Quadrupoles one in line with the beam axis and the
other at 45° with reference to the beam axis, a cylindrical
mirror analyzeCMA) with a coaxial electron gufPhysical T T | T
Electronics for Auger electron spectroscogAES), an ion 400 500 600 700
gun (Physical Electronigs for sputtering the crystal, a Temperature (K)
Bayard-Alpert type ionization gaug&/arian), and a preci-
sion leak valve(Duniway). Both mass spectrometers are
shrouded and differentially pumped by 30 L/s ion pumps
(Varian) and liquid nitrogen cold shields. The coaxial mass

spectrometer was used for the time of fligOF) velocity  concentrations. They were further tested for purity by mass
distribution analySiS of the SUperSOﬂiC molecular beam angpectroscopy and also by monitoring the exposed Crysta|
for temperature programmed reaction spectroscopy. Specifigith Auger electron spectroscopy for adsorbed contaminants
details regarding sample preparation and TPRS acquisitiofeposited by the beam. Both these control tests showed the

are provided elsewhef@. presence of little or no contaminarggich as HO, CO;, and
The kinetic energy distribution of the beam was deter-Q,).

mined by a standard time of flight methddThe time of

flight was measured between a rotating chopper in the Se(ﬁESULTS

ond stage, at a distance 6f15 cm from the nozzle, and the

line-of-sight mass spectrometer in the scattering chamber. A study of the thermally activated reactions of isobutyl
The distance between the chopper and the mass spectromeiedide on aluminum has been descriféd:he thermal dis-

is ~98 cm. The chopper is an aluminum disk with two di- sociation of isobutyl iodide occurs efficiently on aluminum
agonally opposite, precision machined slifs cm long, 1  surfaces’ Physisorbed isobutyl iodide desorbs -atl80 K

mm wide mounted on a two way 800 Hz ac synchronousbut the chemisorbed alkyl and iodine fragments are stable on
motor (Globe which is controlled by a power supply with a the surface to much higher temperatures460 K). The
variable frequency control. The chopper modulates the bearhermal decomposition of the bound isobutyl group is facile
at 175 Hz with a gating function of 5.8&s FWHM. The at temperatures above 450 K. The reaction-limited evolution
output pulses of the mass spectrometer signal were collectexf the g-hydride elimination reaction product, isobutene,
in a pulse-counting mode using a multichannel scalaprovides a convenient measure of the reaction kinetics. The
(EG&G Ortec MCS PCBwith 256 channels and temporal depletion of the surface-bound isobutyl groups also results
resolution of 1us. The time base of the scalar is triggered by(to a lesser degrgdrom complex, associative metal etching
the signal from a light emitting diode/photodetector whichreactions which yield both hydrido- and haloaluminum and
determines the rotational position of the chopper slit andsobutylaluminum complexeBAll, diisobutylaluminum hy-
hence the span of the beam pulse in real time. The signal idride (DIBAH), disobutylaluminum iodide(DIBAI)].** A
averaged over typically 10 000 chopper counts to obtain theommon fragment useful for the mass spectroscopic detec-
time of flight spectrum. The kinetic energy spred&®E/E at  tion of these desorption producdtsxcluding All) is the ion
FWHM) was typically ~40%. To estimate the absolute C;H. (m/e=41). The desorption yield detected at this mass
beam flux, the mass spectrometer was calibrated for its relazan be used to estimate the cross sections of the collision-
tive sensitivity to Ar, Kr, and Xe. The flux weighted distri- induced reactions described in this report. Figure 2 shows the
bution was calculated using the Jacobian for conversion fronrTPRS data fom/e=41 as a function of the increasing isobu-
time to velocity spacé®*?The signals for the most common tyl iodide exposure to the AL11) surface at 300 K. This
isotopes for Ar(40), Kr (84), and Xe(131) were calibrated data is included for the convenience of the reader. We note
against a fixed background pressfit@he absolute flux was for later reference that the peak temperature shifts towards
calculated to be of the order of ~(2*x1) lower values with increasing coverages. The TPRS wave
X 10" atoms/cris. All gas mixtures(1% in 99.99995% contains contributions from several products. The leading
pure He were obtained from Matheson and were of certifiededge intensity is weighted by the associative desorption of

2L

Intensity (m/e

05L

FIG. 2. TPR spectra oin/e=41 as a function of exposures of isobutyl
iodide to an A{111) surface at 300 K.
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Intensity (m/e

T T T T T T T T T T 1
400 450 500 550 600 650 700 400 450 500 550 600 650 700
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FIG. 3. TPR spectra af/e=41 taken before and after an exposure~af x 10'° collisions/cn? of a (a) 1.4 eV, (b) 2.7 eV, and(c) 4.0 eV xenon beam to
an Al(111) surface at 300 K and saturated with isobutyl iodide.

diisobutyl iodide(DIBAI, Taxat ~490 K).*! The latter por- beam energy obtained was 2.7 eV while that for Ar was 1.4
tion of the peak is more heavily weighted by the desorptioreV. The thermally activated barrier for thgghydride elimi-

of isobutene(which is believed to be the predominant ther- nation reaction is estimated by TPRS to be in the range of
mal reaction produgtand diisobutyl aluminum hydride ~1 eV.3”** On varying the incident beam energy for Ar
(DIBAH, T« at ~515 K). The product partitioning is sen- from 1 to 1.4 eV, only negligible changes were seen in the
sitive to coverage, but weakly varies at coverages withinTPRS data fom/e=41 (data not shown This suggests an
~20% of saturation. For this reason, a saturation coverag@significant cross section for CID by the Ar atoms in this
of isobutyl iodide was used in all the collision-induced reac-energy range. The net energy transfer is expected to depend

tion experiments reported here. on the incident mass and consequently so should the reaction
cross section. Small, but measurable, reaction probabilities
The collision-induced reaction experiment were observed for both 1.4 eV Kr and Xe beams. The rep-

resentative TPR spectra shown in Fig. 3 were collected for
Xe beams incident at three distinct energies. Figui@s—3
%(c) show the effect of the normal energy component of the
ncident atom on the TPR data for a constant exposure of
~ 1x 10 collisions/cnt. Isobutyl iodide physisorbs with an
appreciable strength on the walls of the chamber and thus a
w-level flux from the background is difficult to eliminate.

The collision-induced reaction experiments were per-

effects due to the adsorption from the background gases du
ing an experimental run. The exposures were made at 300
and the sample subsequently cooled. The velocity distribu-
tion of each gas was recorded prior to the collision experi-
ments. After reaching the desired exposure to the beam, TP . . : -
- . e integrated beam fluxes used were restricted in part mini-

spectra were recorded afe=41. Control experiments were
mize errors due to adsorption from the background. Three

performed for each beam energy and exposure used b

ajor effects are evident in the data shown. First, there is a
blocking the beam path with the shutter and exposing either ; . .
the clean or adsorbate covered surface to the beam flux bac 1arked shift of the desorption peak towards higher tempera-
ground. The TPR spectra obtained were identical to thos ures with increasing beam energy. The measured shifts var-

taken for the same adsorbate coverage but without the bea{;%d from ~10 K for the 1.4 eV beam to-50 K for the 4 eV

exposure. This showed that no reaction or contamination re2cam. Second, integration of the peak intensity suggests the

0 0
sults from indirect effusive gas load of the beam. Since the e(ljd go/the desortbln? proctirL]Jcts Is reduc%d bP%, 11%,
seeded beam mixture contained predominantly helium, wé" o, respeclively, with Increasing beam enefgya
also examined théemote possibility of a reaction induced constant integrated ﬂ.uXTh'rd’ the.COH'S'On process pro-
by helium atom collisions. In this control experiment, the duces large changes in the TPRS line shapes. The magnitude

adsorbate covered surface was exposed to a pure helquA this change scales with the beam energy and, as we show

beam at various nozzle temperatures. No effect on the adso low, the integrated flux as well.

bates was observdthe energy contained in the helium beam T_he response of the TPRS dgta to varying exposures 1o
is <0.4 e\V). the high energy Xe beam at 4 eV is demonstrated by the data

shown in Fig. 4. The number of Xe collisions was varied

over 1 order of magnitude in the range o10' to 1

X 106 atoms/cm. Both the maximum desorption tempera-
Collision experiments were carried out in the energyture and the integrated desorption intensity vary progres-

range of 1-4 eV for the Xe beam. For Kr, the maximumsively over the range of integrated fluxes used. These effects

Observation and results of collision-induced reaction
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energetic Xe collisions on the relative desorption yield for

0/cm’ each of these products in order to more fully understand the
" product partitioning seen in this reaction. Appropriate ioniza-

.8x10 fem? tion fragments were chosen for monitoring the reactions
|

|

3.6x10'%cm? yielding the most important productsi/e=41 (isobutene,
isobutyl compounds m/e=2 (dihydrogen; m/e=141
.2x10"Y/cm? (DIBAH, DIBAI ); m/e=154(All); m/e=168 (DIBAI). The
1x10%em? B-hydride elimination reaction occurs concurrently with the
associative desorption of diisobutyl aluminum hydride and
dihydrogeri® and serves as the required source of surface-
bound hydrogen. Selective activation of tBdydride elimi-
nation reaction at 300 K by the collisional energy transfer is
expected to influence the kinetics @nd hence TPRS data
for) these reactions. Figuresah—5(c) show TPR spectra for
each of the noted masses taken before and afleeVVxenon
beam exposurécorresponding to an integrated flux efl
! ! ! ! ! X 10 collisions/cn?) at 300 K. From Fig. &), it can be
400 450 800 550 €00 650 700 seen clearly that there is a lar¢g@most 70% reduction in
Temperature (K) the integrated peak_ intensity qf/_gz 141 desorption profile.
‘ The two peak profile of the initial statédue to a closely
FIG. 4. TPR spectra ah/e=41 as a function of exposures@4 eVxenon  competitive desorption of diisobutyl aluminum iodide at

=41)

Intensity (m/e

beam to an All1l) surface at 300 K and saturaté8l L) with isobutyl ~490 K and diisobutyl aluminum hydride at515K) is
iodide. The values next to each spectrum indicate the total flux L
(collisions/cri) exposures of the beam. lost; it is replaced by a broad feature centered nreai5 K.

Figure b) shows a similar and confirming decrease in the
TPR spectra measured at/e=168, an ion specific to
also are convolved with substantial changes in the linedDIBAI. A reduction in the integrated intensityagain of
shapes of the TPR spectra. We defer further comments ombout 70% is seen for the main peak. A simultaneous emer-
these points until later. gence of another, albeit smaller, peak-a425 K is also evi-

As noted earlier, the thermal decomposition of isobutyldenced. It is noteworthy that this feature is generated only at
iodide on Al111) produces, in addition to isobutene and the upper end of the incident beam energies studied. The data
dihydrogen, a variety of aluminum etching products, includ-suggest that xenon bombardment predominantly depletes
ing All, DIBAI, and DIBAH, whose yields depend strongly states yielding DIBAI, although the promoted state at 425 K
on adsorbate coverage. We examined of the influence of theuggests the effects are kinetically very heterogeneous. Fig-

300 400 500 600 700
1 1 1

m/e = 141 m/e = 168 m/e =154

Intensity

T T T T T T T
300 400 500 600 700 300 400 500 600 700 800

Temperature (K)

(a) (b) (c)

FIG. 5. TPR spectra ofa) m/e=141, (b) m/e=154, and(c) m/e=168 taken beforgtop spectra and after (bottom spectraan exposure of~1
X 10 collisions/cn? flux of a 4 eVxenon beam to an AL11) surface at 300 K and saturated with isobutyl iodide.
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FIG. 6. TPR spectra ofn/e=2 taken beforgtop) and after(bottom) an
exposure of~1x 10 collisions/cnt flux of 4 eV xenon beam to an
Al(111) surface at 300 K and saturated with isobutyl iodide.

FIG. 7. TPR spectra ah/e=41 for an A(111) surface(at 300 K) saturated
with isobutyl iodide and exposed to a constant flux of 1
X 10 collisions/cn? for krypton at 2.7 eV.

ure 5c) shows data recorded fon/e=154, the All" frag-  ference viz. krypton at this energy. This conclusion was fur-
ment. The data suggest, again, that low energy states yieldher supported by monitoring the behavior of tée= 154
ing this fragment(ones due to DIBA) are depleted. It is desorption profile in an identical set of experimefutata not
most interesting to note that the higher energy stgpes-  shown. The intensity and line shape changes seen in the 490
sumably representing the desorption of All as a stable diand 625 K peaks were similar.
atomic moleculg are enhanced. The broad tailing seen on  An adsorbate covered surface maintained at a constant
the high temperature feature is not understood but may bsurface temperature during a collision experiment is under
due to desorption of All from heterogeneous surface siteshermal equilibrium. Thermal energy participation is incon-
The complex line shapes make integration difficult and, thussequential for a process where the colliding species hits the
no attempt has been made to quantify the changes in intesurface from a distance in a rapid action. For example, in the
sity seen here. The remaining product which results from theollision-induced dissociation of methane on(Ni1),%° the
B-hydride elimination process is dihydrogen. Figure 6 showsnethane is propelled towards the surface with the energy
desorption spectra ofife=2 taken beforéupper curvé¢and  acquired from the collision with the incident inert gas atom.
after (lower curve collision-induced activation with a 1 In this billiard-ball-like mechanism, the surface energy plays
X 106 atoms/cr exposure of the 4 eV xenon atom beam. no role(to a first approximatiohin the dissociation process.
The “simple” pattern of the spectrum shown in the upperWe carried out collision-induced reaction experiments at two
trace has been analyzed elsewh&réhe complexity of the different surface temperatur¢800 and 300 K to test this
desorption profile seen in the post collision spectilower  hypothesis for isobutyl groups on @Al11). These data are
trace is both intriguing and presently not understood. Theshown in Fig. 8. For both experiments 4 eV Xebeam was
possibility of the hydrogen coming from the adsorption of used. At the lower surface temperature, the measured reduc-
water from the background gases was ruled out by both mag®n in integrated intensity for a fixed integrated flux of Xe
spectroscopyno increase in water peak intensity is observedwas always slightly less. Perhaps more interesting, the mea-
in the residual gas analyzer during beam exposamne AES  sured shift in peak maximum was50 K at the higher sur-
(which shows no signs of any surface oxygen or Al-O bond{face temperature case but approacke30 K in the 200 K
ing). One possibility we have considered but have not beemxperiment. Differences in peak broadening were also noted.
able to firmly establish is that of multiple desorption states oflt thus appears that a complex coupling of the incident and
hydridoaluminum halides (All;_,). We defer further surface thermal energies is observed in this process.
comment on this point to later.

The influence of the mass of the incident atoms in thep;scussioN
collision dynamics was investigated using a substitution of _ L
Kr (Fig. 7) for Xe [Fig. 3b)] in the seeded gas at fixed The z_;lbsoluge cross _sec_:tlon for collision-induced
kinetc energy (2.7 eV) and gas dose ~1 reaction of isobutyl iodide on Al (111)
X 106 collisions/cn?). Comparison of these two figures Every reaction has a finite probability of occurrence for
shows that the more massive xenon has only a marginal difa given set of controlling parameters determined by the re-
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FIG. 8. Plot of reduction in integrated desorption intensityréé=41asa 5 g pjot of percentage reduction in the integrated desorption intensity of
function tota}l flgx of 4 gv.xenon beam incident on an(¥d1) surface m/e=41 as a function of total flux exposure of 1.4, 2.7, and 4.0 eV xenon
saturated W'th. isobutyl iodide at 300 Kop curvg and 200 K(bottom beam to an Al111) surface at 300 K and saturated with isobutyl iodide.
curve, respectively.

action cross sectioff. The most-likely collision-induced re- yvhere 2CR is_the ab_solute Cross sectiqn for the collision

action (CIR) in the present casésee below is the unimo- mduced reactionf g is the. coverage of isobutyl groups at

lecular B-hydride elimination(i.e., dissociative conversipn timet=0 andt=t, andFg is thg absolute flux of the inert

of the isobutyl species to isobutene. The energy transfer angt>: Th_e resuls are prgsented in Fig. 10.

conversion therefore are given as _ Typically, t_he collision energy depe_ndence of the reac-
tion cross sectiony z(E), can be approximated by an equa-

B(E;) +is0-GHgags~CaHgadsigas™ B(Ef) + Hags, (1) tion of the fornf®

whereE; andE; are the initial and the final energies of the

colliding atom,B. We present a more detailed discussion of

the dynamics and the constraints which preclude the therme'  0.30

activation of more complex pathways via collisions in the
hyperthermal energy range below. As noted above, Ar colli-
sions of 1.4 eV were essentially incapable of activating any 025 1 ©
reaction for the integrated fluxes used. Both Kr and Xe col-
lisions showed larger apparent cross sections, however. FigA 0.20 o
ure 9 shows a more quantitative depiction of the energy scal
ing seen. The plot shows the experimentally measurecg
reduction(in percentin the integratedn/e=41 TPRS inten- € .15
sity as a function of the integrated fluxe., the collision §
density of the xenon beam at three different energy values
(Tsu=300 K). We discuss this energy scaling in detail be- © 0.10 1 3
low.
0.05 -
Collision-induced activation and the energy transfer Q
dynamics 0.00 T T T 7
Using the data in Fig. 9 obtained at an integrated flux of 0 ! 2 8 4 °
~7x 10 collisions/cnt at each of the energies, the varia- Energy (eV)
tion of the cross section was calculated as a function of the ) o ) )
incident atom kinetic energy using the expresid RN s
|n(9f§0/9}5:t AI (_111) surface. The sample was dosed g%mS _L_exposure of isobutyl
Scer(E)=——F7", 2 iodide at 300 K. A constant flux of-0.7x 10 collisions/cn? was used to
Fgt collect each data point.
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(E—EQ)" num effective mass is used to account for the recoil effect.
—E (3 The energy that would be retained in the recoiling adsorbate
species is given by

ER(E):A

whereE is the collision energy ané andn are fitting pa- P )
rameters. The translational energy thresHejdfor a chemi- Eg=Eg(1—4mgmen/[ Mg+ Megt]%), 5

cal reaction can be defined as the minimum kinetic energy 0\1;vhere mey is the effective surface mass and is an approxi-

the colliding species required fo_r_the reaction. I_n the presenrtnation of the collective mass patrticipating in the collision
case,E, corresponds to the minimum translational energyg, o.5657 This analysis predicts that the energy lost by the

req_uwed Of. a coII|d|n_g me_rt gas atom to overcome the aCtI“lsobutyl group to the surface effective mass-i400% while
vation barrier. Equatio3) is derived from a statistical treat-

events of the typé+BC— A+ B+ C.**°Fitting the data
in Fig. 10 to this model, we estimate the threshold energy fo
the CID of the isobutyl groupgpresumably via g8-hydride
elimination reactionon the A(111) surface to be~1.1eV.
The fitting parametem, has a value of 2£0.2). Values of

n between 1-2.5 have been reported for a variety of ga
phase, collision-induced dissociation systems based on bo
experimental”®1->3and theoretical studi€é.The calculated
threshold agrees well with that obtained from TPRS mea
surements of the decomposition of isobutyl iodide on single
crystalline aluminum surfacéé,where values of-1 eV on

negligible in both the cases and is insufficient to overcome
the adsorbate-surface bond strerfyth.

For both near-threshold desorption and sputtering, the
collision events occur at either the topmost or second layer
of the substrate and the minimum energy loss process corre-

onds to a mechanism in which the particle with the small-

t mass moves within i€ The estimated threshold value for
the incident energy which can bring about such a desorption
of an isobutyl radical or iodine atorfwhere the bond ener-
gies are~63 kcal/mof® and ~ 80 kcal/mol®® respectively

, is much larger than the experimentally determined value and,
Al(111) and ~1.2 eV on A(100 were obtained. The close thus, there appears little likelihood of effecting collision-

correspondence of t.he latter values to the thrgshold enerY¥duced desorption of either these species at these beam en-
calculated here provides strong support for the inference that

rgies.
the CID of isobutyl moieties involves activation of only the g

olecular d " thwd hvdride elimi The third excitation process noted above involves the
ﬁ;;irg%ecu ar decomposition pathwaye., f-hydride elimi- ;0 ot interaction of the colliding atom with the aluminum

The struct f the adsorbed isobutvl and iodi _Substrate atoms. A theoretical treatment of energy transfer
i € structures o defa fr?r f ISobuly atn lodine :no'between a hyperthermal inert gas atom and copper s@fface
eties(viz. coverage and, for the former, orientaficare no yields a value of~80% in the range of energies appropriate

precisely known. Even so, it can be assumed that two YPER) this study. Also, it was observed experimentally that the

of collision events take place between the surface bound Sp%’nergy lost by a xenon atom with an incident energy of
cies and the colliding atoms. The collisions of the inert gas_ 4 o/ 0 a Pt or Au surface was 60%. Thus. for the
atoms occurring with either the isobutyl group or the iOdinescattering of Xe from Al, the energy transfer should be quite
atom are bimolecular in nature. Collisions may also occur ’

h th bsirate at h ¢ | molecul efficient. Assuming(based on these precedent broad
Wi € substral€ a o_n(a_ process whose formal molecular- range for the energy transfer to the surface of 60%—-80%
ity depends on the kinetic energy of the incoming inert ga

: i _ Slmplies a value between 2.4-3.2 eV for the highest enétgy
atom and the nature of the substjaté/e consider first bi- eV) xenon beam. As a result, a “hot spot” could be formed

molecular collisions petween th_e su-rface gdsorbatg; and ﬂ%\%d this, in turn, could result in an indirect energy transfer to
inert gas atom. To a first approximation, fitrecy collision o 5 4sorhate. Zeigt al1516 noted for CIDE studies of N
events can be modeled as being impulsive, where the ENETPh a W surface that the importance of such a mechanism was

transfer occurs in a hard sphere fashion without prOVidinQnsignificant. They proposed that the only indirect mecha-

:!medfor tinezfrtghy tr‘? sfe}:fr to thte |r:.te|r'nal rr:odes%Thet cormu9asism contributing to the desorption process was of a collision
lon depth ot he atlractive potential 1s not significant in CoM- .55 e type and only accounted fol0% of the total de-

parison with the translational energy of the incoming atomSSOrption yield®> We have shown above that, for a collision

The energy tran_sfer fr%m the inert gas atom to the adsorbalg, .5 4e mechanism to occur and cause either the desorption
thus can be estimated®3s

of aluminum atoms alone or of aluminum isobutyl species,
EiB: EEL\(4mBmA/[mB+mA]2)v (4) the required thresh'old energy would be much larger than the
values under consideration here. These arguments thus sug-
where A and B correspond to the inert gas atom and thegest that CID in this instance must predominantly involve a
adsorbate species, respectively. We estimate the maximudirect process.
energy transfer to be-85% for the isobutyl group and The most intriguing fact noted in this work is the appar-
~100% for the iodine atom, respectively. ent coupling of the surface temperature to the translational
Having acquired this energy, the adsorbed moietieenergy transfer, as was suggested by the similar cross sec-
translate toward the aluminum substrate until they encountdions found fo a 4 eVbeam at a surface temperature of 200
the repulsive wall of the potential energy surface. It is thereK and a 2.7 eV beam at a surface temperature of 300 K. This
fore necessary to estimate how much energy the adsorbatasplies that the lowekgT factor is at least partially compen-
lose to the surface. To determine this value, a secondaryated by the translational energy of the colliding beam. A
interaction is defined using a hard cube madélhe alumi-  more quantitative analysis of the present data is complicated
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both by the multiple reaction pathways which operate and
the complex line shapes and peak shifts which accompany
the beam exposure. The possibility of temperature and colli-
sion dependent modifications in structure of the adsorbed
alkyl species has to be taken into consideration in a quanti-
tative analysis since it would be a vital factor in determining
the reaction kinetics and CID cross sections. These issues hot
withstanding, it appears likely to us that the barrier to CID
originates in the deformation and repulsive energies required
to move the dissociating species close to the subdiaattis
discussed belop!

Duboiset al, have investigated the thermal stability and
organization of alkyl groups on an aluminum surface by
means of reflection-absorption infrared spectroscopy
(RAIRS).%2 The surface bound isobutyl groups were derived
both from the dissociation of isobutyl iodide as well as from
the adsorption of triisobutyl aluminurlriBA) on the sur-
face. They report that the alkyl species maintained a tem-
perature insensitive organization up to surface temperatures
approaching the point of decomposition-450 K). The
TPRS data measured hgrgz. line shape and ,,,) show a
significant sensitivity to the beam and thus suggest that
changes in the orientation and organization of the chemi-
sorbed isobutyl group&nd iodine atomslikely result from
the hyperthermal beam impact. These effects cannot be due after 4 eV Xe; beam flux = 1x10'%/cny’
to a simple annealing since thermal cycles below the decom- 160 240 320 400 480
position threshold do not produce comparable changes in the Electron Energy (eV)
TPR spectr&® The data therefore firmly establish that effects o

. FIG. 11. Auger electron spectra of (AlL1) surface; saturated with isobutyl
(pr?sumab'y structurabther than those seen du”ng thermal iodide at 300 K and saturated with isobutyl iodide followed by exposure to
activation result from the CID process. These effects prom 1x 10 collisions/cn? flux of 4 eV xenon.
gressively complicate the thermal decomposition kinetics
measured for the remaining adsorbed species by TPRS. We

r}qte,. though, that the qualitative aspects of thg product Palentered at-625 K (corresponding to Al) after the beam
tiioning appear un_change(dtt least for the conqlltlons used exposure. If the beam were inducing an iodine consuming
herg. It is Interesting that, whatever the precise StrUCturaIreaction, the reduced iodine concentration on the surface
‘f‘e at;r?sthwr}!ch ﬁperate dhere,kt:]ermal ztinnea;:cngt does n_%ould also have affected the formation of this product ad-
undo™ the fineshap€ and peak temperature efiects seen I(}ersely. A further, albeit qualitative confirmation of this in-

the post-exposure TPRS data. We believe this rate-structutg o\ -e came from monitoring the surface by AES. Figure 11
sensitivity suggests an |mporFant _role for nonequilibrium ad—ShOWS AES data taken for an (ALL1) surface under a variety
sorbate overlayer structures in this system. of conditions (a low beam current was used to minimize
electron-stimulated desorptipThe upper panel is for a sur-
face at 300 K saturated with isobutyl iodide. The second is a
spectrum taken after exposing a similarly prepared surface to
We discussed the three pathways of energy transfer ia 4 eV xenon beam with an integrated flux ofl
the collision induced activation of isobutyl and iodine spe-x 10 collisions/cn?. The spectra, scaled to a common alu-
cies in the previous section. The possibilities of a sputteringninum peak intensity to enable comparison of the relative
mechanism and radical desorption were ruled out on the bantensities of C and I, show a clear reduction in the intensity
sis of kinematic arguments. It is seen in the plot of crosf the QKLL) peak at 272 eV and almost no change in
section vs. incident beam energyig. 9), that the threshold intensity for the (MNN) peak at 511 eV after the beam
energy required for collision-induced activation is similar to exposure. The decrease seen in the carbon coverage is ap-
the activation barrier for g-hydride elimination reaction. proximately the same as that suggested by the TPRS results.
However, the thermal chemistry of this system has other reThe reduced concentration of the surface isobutyl groups as
actions with similar free energies of activation that also consuggested by both AES and TPRS is expected to affect the
sume both aluminum and surface bound species at rates comssociative product forming reactions in a quantitatively pro-
petitive with this particular process. Even so, iodineportional manner. Post beam exposure desorption intensities
consuming reactions do not appear to be important. For exFig. 5 do indeed show that the yields of aluminum contain-
ample, the data presented in Figc3shows that, although ing ions are greatly reduce@m/e=141 and 168 with
there is a change in line shape, there is little or no change-80% reductions being seen for the maximum exposures
seen in the integrated intensity of the broad set of peakssed. Comparing this with the coverage dependent yields

saturated with isobutyl iodide

Auger Intensity

Mechanism of collision-induced reaction and
selectivity
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