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Low coverage spontaneous etching and hyperthermal desorption
of aluminum chlorides from ClI  ,/Al(111)

Tyler J. Grassman, Gary C. Poon, and Andrew C. Kummel
Department of Chemistry and Biochemistry, University of California, San Diego,
9500 Gilman Drive, Mail Code 0358, La Jolla, California 92093-0358

(Received 1 August 2003; accepted 18 August 2004

Nonresonant multiphoton ionization with time-of-flight mass spectrometry has been used to monitor
the desorption of aluminum chloride (Al,) etch products from the AL11) surface at 100 and 500

K during low-coverage(<5% monolayer monoenergetic Gl (0.11-0.65 eVY dosing. The
desorption products in this low-coverage range show predominantly hyperthermal exit velocities
under all dosing conditions. For example, with 0.27 eV incident @le etch product was found to

have a most-probable velocity of 5222 m/s at an All1l) surface temperature of 100 K. This
corresponds to 22 times the expected thermal desorption translational energy for@liiticking
probability measurements and,&ll, etch rate measurements show etching even at@lerages

of less than 5% monolayer at surface temperatures between 100 and 500 K. These experimental
results are consistent with a combination of fast-time-scale surface diffusion and agglomeration of
the adsorbed chlorine to form aluminum chlorides and the presence of activated AICI
chemisorption states having potential energies above the vacuum level. Density functional theory
calculations yield results that are consistent with both our experimental findings and mechanistic
descriptions. ©2004 American Institute of Physic§DOI: 10.1063/1.1805495

I. INTRODUCTION —50°C in electron cyclotron resonand&CR) plasmaf.
These proposed high-coverage adsorption and etching
The mechanism of Gladsorption onto aluminum, and mechanisms reproduce the experimental high-coverage data
subsequent etching by thermal aluminum chloride desorpr‘easonably well.
tion, haslsbeen studied many times in the last quarter Conversely, we observe not only that etching ofiAl)
chn;:;ry'lfor i'\r/llt% str;):e(tjhi wo_;k has fo_cuse(]:cl oln @ plasrrfl_ia by Cl, can occur at very low surface coverage$% mono-
9 9 ICUIt processing of aiuminum ms'layet), but that these etch products actually exit the surface at

Because plasma etching environments are typically Ver¥1yperthermal velocities which correspond to 2—30 times

complex, the problem is usually broken down into much )
simpler components, including the dry etching of Al by, CI thermal energy. Remarkably, these effects are independent of

Etch rate and etch product studies utilizing a variety of techPoth surface temperatutexperiments were done at both 100
niques, including(but not limited t0 quadrupolé™3 and  and 500 K and C}, translational energg0.11, 0.27, and 0.65
time-of-flight mass spectromet?y,gas-phase titration of €V Cl, incident energies were studjedime-of-flight mass
chlorine atom$, quartz-crystal microbalané in situ Fou-  spectrometry of aluminum chloride desorption products, Cl
rier transform infrared spectroscopy,Auger electron sticking probability measurements, and etch rate profiling
spectroscop§;'°~12and x-ray photoelectron spectroscdfly experimentgetch rate vs Glexposure timgall clearly indi-
have been performed at pressures ranging from ultrahigbate a low-coverage hyperthermal etching behavior that has
vacuum(UHV) to near atmospheric. Kinetic modeling has not yet been reported. Computational density functional
also been employed t_o charqcterize thg processes invoglved ﬂ'ﬁeory(DFT) modeling of the GJ/Al(111) gas-surface reac-
both the thermal and ion-assisted etching aflAL) by C,. tion sequence has also been performed to further characterize
Spontaneous h|gh-rat§ thermal etchlnglof Al'by B8S e mechanism behind this etching phenomenon. We have
been reported by several investigators at high surface COVeihus developed a mechanistic model to account for both the

-10
ages(monolayer or greate! Thes_e reports state that at occurrence of the low-coverage etching and the hyperther-
least monolayer coverages of chlorine are necessary for thr%icit of the desorbed etch products. We hvpothesize that
initiation of thermal desorption of aluminum chloride etch y P ' yp

products. Presumably this high chlorine coverage allows fofhe ultralovy-coverage etch results from reactlons. of Cl ad-
subsurface absorption of Cl adsorbates to occur such that tf2rPates with exposed, and therefore more reactive, Al sur-
surface Al atoms are more stoichiometrically surrounded byace defect-type sites such as adatoms, regrowth islands, and
Cl atoms!* These stoichiometric aluminum chlorides are Step edges. It is at these special sites, then, that the subse-
then said to thermally desorb into the gas phase with a bagiuently formed aluminum chloride reaction product is able
rier to desorption equal to about room temperature. This therto exist in a slightly energized or excited state, specifically an
mal etching is reported to be quenched below roomactivated chemisorption state, with a potential energy above
temperaturé; ion-assisted etching has been observed athat of the vacuum level. Thereafter, desorption produces
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etch products that exit the surface with translational energie$he laser light was prepared by using the frequency-doubled
greater than that of thermal energy. fundamental from aQ-switched Nd:YAG (YAG—yttrium
aluminum garnetlaser (Continuum, 581C-SF; 532 nm, 10
Hz, 7 ns pulse widthto pump a tunable dye lasdrambda-
Physik, FL 3002 running DCM/methanol, tuned to 630.6
A. Experimental setup nm. The dye laser output was frequency-doubled with a
, . KDP-C (KDP-C—potassium dihydrogen phosphate-cajbon
All experiments were performed under UHV conditions crystal housed in a wavelength-tracking packéigead, UV

with a base chamber pressure ok 207 °Torr. The UHV . .
chamber used for these studies has been previously describ'gz‘HtOtraCker lIb. This doubled light was then added to the

in detail elsewher&*-1"2°Experiments were performed on .r((jam?.lnlrllgA dty(te Iaier E)un(tjamelzjtejla afBB? ctrys'ialfglaonz
an aluminum single crystal(Monocrystals Company, identical Autotracker boxto produce a final output o '

99.999+ % purity, 10 mm diameter2 mm thicknesswith a nm, with average pulse energy of 1.5 mJ, pulse widths of 7
(111) surface orientation. The aluminum surface was cleaned® Er)]((;eari:r?;igv%/grlgzp;erformed at aluminum surface tem

by sputtering with normal incidence 2 kV Arions; this was . -
fciIO\F/)ved byga two minute high temperature ann@;O\‘l’vQ peratures of both 100 and 500 K. The TOF detection method

. ‘ . as used to pro_be incident and scattered specieg,(@b
to reduce sputter damage. Surface purity and order were the\\:vl\!le” as abstractior(Cl) and desorption (ACl,) products.

checked by Auger electron spectrosco nd low- iy - .
electron dif)f/ractign P py and low energ}étmkmg probability measurements were performed using
Aluminum chloride desorption experiments were per-?OtE _thzaylgstagdterl]rd K||_”|g lan(;j. Wellsdttype_ rteflecECJtn
formed in conjunction with GI/Al(111) abstractive chemi- ccdueanc the previously discussed transient peak-1o-
peak method® The transient peak-to-peak technique uses a

sorption measurement$.A mechanically chopped7 us
chopper open time 10 Hz pulsed molecular beaf@General slow-pulsed2 Hz)lb_eam to accommodate for t.he. fast cham-
ber wall pumping® in between each pulse, giving a more

Valve, model 9-400-900, 2 mm orificef Cl, seeded in dif- . : . )
ferent noble gases was used to dose the aluminum surface {lable base line, whereas the reflecthn tgchnlque uses a
three different G incident energies: pure £ht 0.11+0.01 ast-pulsed(60 H2 beam whos_,e base I!ne_ IS strongly af-
eV, 5% Ch/Ne at 0.27-0.01 eV, and 5.32% GIHe at 0.65 fected by chamber wall pumping. The individual resultant

. | ' ’ ' : signal peaks are used as data points, giving a more accurate

+0.02 eV.(Note that all values reported in this paper, where. = . o .
( b bap nitial sticking probability measurement for reactive systems

applicable, are given with standard errors, rather than star} : o ;
dard deviations, because the reported numbers are mean v at are sometimes difficult to measure using the standard
' reflection technique.

ues of numerous experimentll related etching experi-
ments were performed with the molecular beam at norm
incidence to the surface, and products were detected just off-
normal (~9° off of the surface perpendiculan an effort to All DFT calculations presented in this paper were per-
avoid interference from the incident beam. formed using the Viennab-initio simulation packagévasp)

All gases were purchased premixed from Matheson Tri{Refs. 22-2p in the generalized gradient approximation
Gas, and no other halogen contaminants were detected BGGA,PW91, with ultrasoft Vanderbilt pseudopotenti&ig’
quadrupole mass spectromet@MS). The average beam (as supplied with theasp progran), a 5<4x1 Monkhorst-
fluxes—as calculated via half surface coverage times fronPackk-point mesh generation scherfer a total of ten irre-
sticking data, and using a simple-1 sticking coefficient duciblek pointg, and plane-wave basis kinetic energy cutoff
dependence—were found to be as follows: 3.00f 350 eV. All parameterdi.e., k points, cutoff energy,

x 10 moleculescm?sect for pure Cb, 2.6 vacuum space, elcwere chosen such that they were each
x 10 moleculescm?sec® for Cl,/Ne, and 1.0 individually converged to within 1 meV/atom for the
X 10" molecules cm? sec * for Cl,/He. All three molecu-  Clyg)/Cliaq)/Al(111) system of study. These calculations
lar beam varieties gave an increase in background pressusiould provide good relative accuracy with an estimated
of no more than X10 ! Torr when introduced into the relative error 0.1 eV. Regardless of absolute numerical accu-
main UHV chamber. racy, the qualitative results from these calculations should be

The aluminum chloride desorption products were de-quite reasonable because we are making comparisons both
tected via nonresonant multiphoton ionizatiogMPl) and  between different bonding geometries and between relative
subsequent time-of-flight mass spectromeffDF-MS). A energies, which have all been calculated under identical con-
pulsed UV laser was optimized for resonant multiphoton ion-ditions and with similar types of bonds.
ization of neutral chlorine atoms, but also provided sufficient ~ The system studied consisted of ar{}4ll) surface slab
fluence for both the dissociation of the aluminum chloridesupercell which is repeated in all directions. The aluminum
desorption products and a strong nonresonant aluminum MPllab was four atomic layers thick, with each layer beingp4

IIl. METHODS

. Computational details

signal, as described by Eqd) and(2): atoms in area, for a total of 80 Al atoms per unit ¢&1 for
nhy the adatom calculationsThe supercell also contained ten
Al Cl, —— xAl+yCl, (1) atomic layers of vacuum space8 A) in the z direction. The
bottom two aluminum layers were constrained to the
nhy minimum-energy bulk geometry, which was found through a
Al — AT, (2 series of bulk Al calculations that yielded an Al nearest-
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neighbor distance of 2.86 Aequal to the experimentally 100C quadrupole mass spectrometer and were checked daily
observed value All other atoms(substrate, adsorbate, gas by laser TOF-MS. These checks were performed both to
phase were allowed to structurally relax without constraint. verify that the incident velocities were consistent with the
QMS values and to ensure that the arrival times of the inci-
Ill. RESULTS dent C}, at the surface were consistent between experiments.
Figure 1 presents a typical TOF distribution of each of the

Experimental |dent|f|cat|pn of_ the al_umlnum chloride incident C beams—a) Cl,/He, (b) Cl,/Ne, and(c) pure
etch products was not possible with our instrumental setup . I : : .
Cl,—with the velocities, translational energies, and widths

The high energy, high fluence photons used during the ex-. . : o . .
periments were too powerful to leave a detectable amount afven In the table in partd). The incident CJ a_rrlval time
large-mass fragments behirfldut were necessary for a suf- Upon the A{111) surfacet, was calculated using both the

ficiently measurable Al MPI signalTherefore, we are left to most-probable velocity of the incident molecular beagt
. . from the QMS measurements and the measured distance be-
rely upon both indirect evidence from our own data and th

: L ween the laser ionization volume and the aluminum surface
experimental results of several other groups for aid in th

e

identification of the aluminum chloride etch products. All Gis.ine Such that

applicable published results for the etching of aluminum by d..

Cl, (Refs. 1-9, in particularwere consulted as to their as- to=—e, (3)

signment of the major desorption products for this reaction; Up.inc

their reasons for doing so were also taken under consider- N .

ation. Unfortunately, unlike the results presented in this paJ NS Value was then subtracted from the’ATOF spectra in

per, none of the published studies were performed under ufrder to provide a zero time for the etch product time-of-

tralow Ch coverage conditions, nor were any of the M9nts. _ _ _

experiments performed at surface temperatures below AUeMPpts to fit the time-of-flight data to the comgnonly

—50°C(~220 K). The most similar experimental conditions used modified Maxwell-Boltzmann distribution fofrf

found in the literature were those presented by Janssen, Kolf-

schpten, and van Vegwho performed molecular beam Cl f(v)mv?’ex;{ _(

dosing and TOF-MS detection of thermal etch products from

Al(111). The molecular beam flux used for their experiments

(7% 10%molecules cm?sec ), however, was over three Where vy is the so-called stream velocity and

orders of magnitude larger than that used in our experiments: V2K Teir/m is a term describing the width of the distribu-
With this in mind, the major etch products for the etch- tion via an effective temperatufB yielded very soft low-

ing reaction of CJ on Al(111) reported by van Veeat al.are ~ correlation fits with large negative stream velocities and

as follows: ALClg at temperatures below 450 K, AlCbe- large effective temperatures. Such results are not particularly

tween 500 and 650 Kalso reported by Wintefs and AICI useful, as they only indicate a Boltzmann-type velocity dis-

above 700 K. These assignments are generally agreed up#iPution that is wider than a thermal distribution for that

within the bulk of the literature, but with somewhat varying Particular mean velocity and do not provide any actual nu-

temperature ranges reported across groups. It must also peerical information. Therefore, the method described below

noted that at the comparatively large pressures under whic@s used to extract the needed information from the time-of-

some of these studies were performed, gas-phase reactionsllight data. Additionally, because the widths of the etch prod-

most importantly the aluminum chloride dimerization reac-Uct distributions were found to be 4 to 10 times wider than

tion, 2AICl;— Al,Cls—may play a role in the identity of the the incident G} molecular beam distributiontsee Fig. 1,

final detected etch product. Cleland and Hes®wed that at deconvolution of the time-of-flight distributions was not

a gas temperature of 500 K, pressures belowl0 ° Torr deemed necessary, as the difference between the raw and

are required to produce a mean free path long enough th&econvoluted distributions are negligible.

the aluminum chloride desorbates are unlikely to undergo From the aluminum chloride etch TOF spectra, the most-

significant intermolecular collisions. Under these conditionsProbable exit velocitie$v,, Eq. (4)] were extracted using

one does not need to account for dimerization because tHge following relationship:

equilibrium is driven all the way to the left, preventing the

formation of ALClg. We thus assume that the etch product at ds) )

UV—Up 2

, 4

500 K is AIC; and at 100 K is either AlGlor Al,Clg. This O
issue will be discussed in more detail later in the paper.
wheredg(=12.5-16.0 mm) is the distance from the surface
to the laser focus antj, is the most-probable time of flight,
Time-of-flight spectra of the neutral desorbing aluminumor the value at the peak detected ion intensity, taken from the
chloride etch products were recorded to determine their exitOF spectra. From this data, and with the known etch prod-
velocities. This was accomplished by successively increasingct massesRefs. 1-9, the exit kinetic energies can be cal-
the delay between the molecular beam chopper open timeulated. These values are then compared to the expected
and the laser fire trigger by small, successive incrementmost-probable thermal desorption translational energigs
(typically around 2-5us per increment The velocities of  for the surface temperatures of interdst.is calculated from
the incident CJ molecular beams were measured with a UTIthe expected most-probable time of flights from a general

A. Hyperthermal aluminum chloride exit velocities
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FIG. 1. Time-of-flight distributions for
mechanically chopped? us chopper
open timg incident molecular beams
of (a) 5% Cl, seeded in He(b) 5% Cl,
seeded in Ne, an€c) pure C,. The
table(d) gives the velocities, energies,
and widths of the incident Glbeams
used in this experiment.

Time (usec)

@ Species V(M)  E . (eV) Width (us)
Cl/He 1327+20.5 0.65+0.02 7.86+0.18

CL/Ne 850+ 159 0.27 £ 0.01 8.66+0.28

pure Cl, 535+24.9 0.11 £0.01 11.13+0.42

flux-weighted Maxwell-Boltzmann time-of-flight distribu- of-flight experiments is given in Table |. Two typical raw
tion using a density detectdas is the case with this detec- TOF Al* spectra for the 0.27 eV glincident beam are

tion method,?® shown in Fig. 2, along with thermal distributions for the
5 probable etch products.
St 1 mdg, 1 as(t) 0ot dgy [m
o — — —_ _— = — JE—
t) t4 ex 2KT 2 o —hT3 kT’ .
©6) 1. Low surface temperature desorption
Due to the high sensitivity of the MPI detection scheme,
v :% -2 k_T @) even at low surface temperaturd€90 K), very low Cl, flux
Pt m’ (1.4x 10%-4.2x 10" molecules cm?sec'?), and very low
0, -
E,= %mvf):ZkT, ®) surface CJ coverage(<5% monolayey, we are able to ob

serve the small amount of aluminum chloride etch product
wherem is the desorption product magsijs the Boltzmann that results from the gas/surface reaction betwegra@d the
constant,T is the surface temperature, ahis time of flight;  Al(111) surface. In addition, we find that these etch products
t, is the most-probabléor peak time of flight of the distri-  desorb from the All11) surface with hyperthermal transla-
bution, v, is the most-probable velocity of the distribution, tional exit velocities/energies upon dosing with all incident
andE, is the most-probable translational energy of the dis-Cl, energies studied. In an effort to consider all reasonable
tribution. In addition, the widths of the measured distribu-possibilities for etch product identification, as well as to es-
tions can be analyzed and compared with the values thaablish both an upper and a lower bound to our measured
would be expected for a thermal distribution. A true flux- translational exit energy results at 100 K, we shall compare
weighted Maxwell-Boltzmann thermal distribution of the the kinetic energies of the desorption products assigned as
form given in Eq.(6) exhibits a most-probable velocity to both AICI; (lower bound and ALClg (upper boung

full-width half-max ratio @ ,:w) of about 1, and deviation Figure 3 displays the results of the 100 K(&Ll) sur-
from this expected ratio is an indication of nonthermal de-face temperature etch product desorption time-of-flight ex-
sorption phenomena; a ratio smaller than unity indicates @eriments, as both exit velocity vs incident®klocity [Fig.
wider distribution than would be expected for a purely ther-3(a)] and exit translational energy vs incident,Gtansla-

mal desorption mechanism. All relevant data from the time+ional energyfFig. 3(b)]. The velocity-space graph&@ com-
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TABLE |. Measured velocities, translational energies, and peak-to-width ratios for desorbing aluminum chlo-
rides at all incident Gltranslational energies and (AlL1) surface temperatures studied.

Dose species Einc (eV) Ts (K) vp (M/s) Enici, (ev)? Ea,ci, (ev)? vplw
Cl,/He: fast 0.65 100 61221 0.26£0.02 0.52-0.04 0.65-0.06
Cl, /He: slow 0.65 100 2569 0.05+0.01 0.09-0.01 0.84-0.08
Cl,/He 0.65 500 65316 0.30:0.01 0.5%-0.03 0.56-0.02
Cl,/Ne 0.27 100 51822 0.19:0.02 0.38:0.03 0.82:0.03
Cl,/Ne 0.27 500 55314 0.21+0.01 0.43-0.02 0.76-0.03
pure C} 0.11 100 46622 0.140.01 0.3G:0.03 0.62:0.06
pure Ch 0.11 500 53310 0.20:0.01 0.3%-0.01 0.71-0.05

#Translational energy calculated from mass of Al€tch product and measured .
bTranslational energy calculated from mass of@l} etch product and measuredq .
Fast exit velocity mode; from fresh, clean 100 K surface.

dSlow exit velocity mode; from Glpreexposed 100 K surface.

pares the experimentally observed exit velocities with thewith the expected exit energies from thermal desorption. Exit
expected thermal exit velocities for the two possible etchvelocities are also plotted vs both 100 and 500 KI1AL)
products, AIC} and ALCls. The energy-space graphib3
compares the exit translational energies of the possible etch The desorption products from the reaction at 100 K with
products(as calculated from the experimental exit velocities the lowest incident translational energy,Gpure Ch, 535

(@)

(b)
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FIG. 2. Maxwell-Boltzmann-type time-of-flight distribution curves for the
etch products from the 0.27 eV incident,@leam on th&a) 100 K and(b)
500 K Al(111) surface. The solid curves show the experimentally observedAl(111) surface temperature case. The open circles and triangles are the
desorption distribution, and the dashed curves show the expected thermtiinslational energies for the possible etch products as calculated from the
desorption time-of-flight distributions for the etch product mass and surfacexperimental velocity data. The filled squares represent the expected trans-
temperature of interest, as indicated in the figures. The most probable timdational energy from thermal desorption. The anomalous slow component
of-flights are indicated by the vertical, single-headed arrows. The full-width(Cl, preexposed surfagés marked with anX. Note: Where experimental
half-max of the experimental distributions are indicated by the horizontal,error bars are not seen, they are merely obscured from view by the data
double-headed arrows.

surface temperatures in Fig. 4.

m/s, 0.11 eV were found to have the slowest monomodal

@) 1000 =
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= 700 —@— ALCl, (thermal)
> 600+ 5T L
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FIG. 3. (a) Etch product exit velocities vs €incident velocities for the 100

K Al (111) surface temperature case. The open squares are the experimental
velocity data, and the filled circles and triangles represent the expected
velocities of the possible etch products from thermal desorption. The
anomalous slow component (Cpreexposed surfages marked with an

“X.” (b) Etch product exit energies vs Ohcident energies for the 100 K

points.
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700 I the first~10 sec of dosing with 0.65 eV €bn a fresh, clean
= 600 (6 et Al(11)) surface, the etch products were found to have the
E e —— T — 0 faster exit velocity(solid curve, open circlgsAfter the ini-
-§500 g--°"" tial 10 sec clean etch, the peak velocity switches to the lower
> 400 o oneva T value(dashed curve, open squaresd remains at this value
%’ T eV, until surface saturation. Both velocity modes, however, show
2 300 Fo) —A4= 027eVCl, hyperthermal exit energies. Assuming that the thermal etch
> 200 —O—065eVCl, H product at 100 K is AlGJ, the measured kinetic energy of
5 100 O 065eVCl || the slow modefrom the C} preexposed surfagevas 0.05
(pre-exposed) +0.01 eV, three times that of thermal energy, while the fast
0 100 ’ 500 mode (from the fresh, clean surfaggvas 0.22-0.03 eV, 13

times that of thermal. Assuming that the etch product is
Al,Clg results in a measured kinetic energy for the slow
FIG. 4. Experimental aluminum chloride etch product exit velocities vs mode of 0.09:0.01 eV, five times that of thermal, and a fast
Al(111) surface temperature. Two exit velocity modes are observed for themode of 0.52-0.04 eV, 31 times greater than thermal energy.
0.65 eV incident energy gldose beam af =100 K, where the fast mode S

results from CJ dosing upon a fresh, clean ALY surface and the slow The_ ]_'00 K surface temperatu_re 0.65 eV |nC|den§ Gata
mode results from the Glpreexposed surface. At,=500 K with 0.65 ev  €xhibited a slow-mode ,:w ratio of 0.65, and a fast-mode

incident C} only a monomodal velocity distribution is observed, indicated ratio of 0.84.
here with the same shagepen circle, solid linpas the fresh-surface 100 K
point.

Surface Temperature, T, (K)

2. High surface temperature desorption

For high surface temperatutg00 K), the measured exit
exit velocity (465+28 m/9. Assuming that the etch product velocities/energies of the etch products were not as dramati-

for this system is AlGJ, the measured kinetic energy is 0.14 cally larger than thermal as was observed in the cold surface
+0.01 eV, or eight timés that of 100 K thermal enefgy017 temperature experiments, but were hyperthermal nonetheless

eV). If we assume that the etch product is,@ls, the mea- (see Fig. 6 and Table).lIn this case, all reIeyant_reported
sured kinetic energy is 0.32.04 eV, or 19 times that of the €XPerimental data by other research groups identify AHSI

.. ’5Y6

expected thermal exit energy. The 100 K surface temperatufig® definite etch product at 500%:>°As such, we are con-

0.11 eV C} data exhibits a most-probable velocity-to-width fident to designate this species as that which we detected in

ratio (v, :w) of 0.69, consistent with a nonthermal distribu- the 500 K experiments. The calculated exit translational en-
n .69,

tion. The etch product mean velocity and the most-probabl€'9i€S are shown in Fig. () and given numerically in
velocity-to-width ratio ¢ ,:w) for etching by Ne-seeded in- Table I.

cident C} (850 m/s, 0.27 eVwere similar to those from 0.11 The most dramatic difference observed at 500 K surface
eV pure C}. ' temperature was that the 0.65 e\, @loduced a monomodal

The etch products from the reaction with the highestetCh product velocity distribution instead of the bimodal dis-
incident translational energy £(Cl,/He, 1327 m/s, 0.65 tribution that was observed at 100 K. At 500 K surface tem-

eV) at 100 K were found to be bimodal, with peak velocities Perature and 0.65 eV incident Cl the measured most-
of 255+9 m/s and 61221 m/s. As shown in Fig. 5, during probable velocity was 65816 m/s. This data exhibits a
vp W ratio of 0.56, making it the most nonthermal distribu-

tion measured. It is possible that the slow etch product ob-
served at 100 K surface temperature and high coverage for

1.0 (Inc. Cly/He, - g zﬂ% == 100 K: fresh 0.65 eV C} is due to collision induced desorption and is
091 T.=100K) ,"’ % | == 100 K: pre-exposed absent at high surface temperature because no adsorbates re-
] 7 main on the surface at 500 K.

Upon comparing the etch product mean velocities at sur-
face temperatures of 100 and 500 K, two major trends are
observed. First, as the incident translational velocity is in-
creased by an overall factor of 2.5, the etch product velocity
increases by only 22%—-33%, with the effect being largest at
100 K surface temperature. Second, as the surface tempera-
ture is increased by a factor of 5, the etch product exit ve-
locity increases by only 6.7%—-15%, with the effect being
largest for the lowest incident energy,CIThese trends in-
dicate that there is very little, if any, temperature dependence

20 0 20 40 60 80 100 120 140 160 : )
Time (usec) upon the mechanism of etch product formation and desorp-
tion. The weak dependence upon incident, @kelocity/

FIG. 5. Two Maxwell-Boltzmann-like time-of-flight distribution curves for energy is consistent with the existence of two distinct mecha-

the 0.65 eV incident Glbeam and the 100 K ALLD surface. The solid g for the reaction of Glwith the Al(111) surface—direct
curve shows the desorption distribution observed upon dosing of a fresh,

clean surface, and the dashed curve shows the distribution observed upé¥etivated _chemisorptio_n at high incident energy and precur-
dosing of a CJ preexposed surface. sor mediated chemisorption at low incident Kkinetic
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FIG. 6. (a) Etch product exit velocities vs €lIncident velocities for the 500

K Al (111) surface temperature case. The open squares are the experimental
velocity data, and the filled diamonds and triangles represent the expected
velocities of the possible etch products from thermal desorptionEtch
product exit energies vs Lincident energies for the 500 K AI11) surface
temperature case. The open diamonds and triangles are the translational

1.1

1.0 Cl,/He
0.91 T,=500K
0.8 1

I
| [
0.6 1 f

0:5_ \

Intensity (arb.)

Normalized Reflected Cl,

. ) > 04
energies for the possible etch products as calculated from the experimental 0.3
velocity data. The filled squares represent the expected translational energy 0.2
from thermal desorption. Note: Where experimental error bars are not seen, 0.1
they are merely obscured from view by the data points. 0.0 —r —_— — ,
00 05 1.0 1.5 20 25 3.0 35 40 45 50

Time (sec)
- . . i FIG. 7. King and Wells sticking curves fda) 0.11 eV incident energy ¢l
energy—as described recer&mt is reasonable that the dif on the 100 K surface and 0.65 eV incident energy &l both the(b) 100 K

ferent chemisorption mechanisms would produce etch prodsyrface and théc) 500 K surface. The beginning of dose beam exposure is
ucts with slightly different mean velocities. The small indicated on each curve by an arrow.

amount of excess energy from the direct chemisorption
mechanism(high-energy CI adsorbing onto the surface 1. Low surface temperature sticking curves
may add slightly to the overall reaction energetics, consistent  Figure 7a) displays a typical 100 K AlL11) surface tem-
with the weak dependence upon,Ghcident energy ob- perature King and Wells type sticking curve for dosing with
served for the aluminum chloride exit energies. a 0.11 eV CJ molecular beam, and Fig.() displays the
sticking curve for dosing with a 0.65 eV £beam. The 100
K surface temperature sticking curves from both types of
sticking experiments demonstrate the basic expected behav-
ior for a reactive system with reasonably high initial sticking
Sticking probability measurements were performed viaprobability for all three Gl incident energie§0.11, 0.27, and
both the standard King and Wells reflection techni§d®  0.65 e\). However, the King and Wells technique was found
and by a transient peak-to-peak method recently discussed give artificially low initial sticking probabilities because
by our group?’ Both techniques used a QMS set for mass 35%f the high C} fluxes and fast pumping by the chamber
as the scattered chlorine detector. The King and Wells an@alls?* Upon exposure to the ¢ldose beam, a large
the transient peak-to-peak methods utilize relatively ligh  (>65%) initial sticking probability is observed, followed by
Hz pulse ratgand low (2 Hz pulse rateCl, fluxes, respec- eventual saturation coverage. The 0.11 ey dam gives
tively, compared to the normal conditions of the time-of-the highest initial sticking probability90%), while the
flight experiments. The peak-to-peak method exhibits conhigher-energy 0.27 and 0.65 eV ,Cheams show slightly
siderably more sensitivity with respect to initial low- lower (80% and 65%, respectivelynitial sticking probabili-
coverage sticking measurements because it can overcome tties. The 0.65 eV Glsticking curve was found to not reach
problems of high flux and chamber wall pumpifig. complete saturation, while the 0.11 and 0.27 e\ @id

B. Cl, on Al (111) sticking probabilities
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FIG. 8. Etch rate profiles of the 0.27 eV incident energylelam ona) the ~ FIG. 9. Etch rate profiles of the 0.65 eV incident energy k#am on the
100 K and(b) the 500 K A(111) surface. The insets are enlargements of the 100 K Al(111) surface of(a) the fast mode exit energy 4TI, and (b) the

shaded regions and show the first 5 sec of data. Initial &posure is slow mode exit energy ACl, . The insets are enlargements of the shaded
indicated by arrows. regions and show the first 5 sec of data. InitiaJ €kposure is indicated by
arrows. Note the change in length of the time axighp

reach complete saturation. Furthermore, the 0.65 e\hatl

a much slower rate of decay toward zero sticking than thé’aluetr such tha, =ds/t; . As a check to ensure that the

0.11 and 0.27 eV Gl peak positions of the TOF spectra were not _actu_ally moving,
. o a number of spectra were taken for the various i@tident
2. High surface temperature sticking curves energies and surface temperatures, showing(tsade from

Figure 7c) displays a typical 500 K AlL11) surface tem- the case of 0.65 eV incident £ht 100 K surface tempera-
perature King and Wells type sticking curve for dosing with ture) the observed peak velocity was constant for at least 15
a 0.65 eV C} molecular beam. The high surface temperaturemin of dosing. Therefore, we are confident that any changes
(500 K) sticking curves from both experiments demonstratein the detection intensities found by this experiment are in-
nearly identical behavior for all three Cincident transla- deed changes in the etch rates, rather than changes in peak
tional energies. The actual sticking probability values meaexit velocities. The actual etch rates were not calculated in
sured are not important, but rather the profile of the curve ighis experiment: the focus of this paper did not warrant such
critical. At 500 K surface temperature, upon exposure to thé quantitative study, but rather just a qualitative understand-
Cl, molecular beam, steady-state sticking conditions are ining of the process.
stantaneously achieved and saturation coverage is never
reached. This indicates that an equilibrium is quickly reached:. | ow surface temperature etch rate profiles
between the Glflux reaching the surface and the etch prod-

) The 100 K surface temperature etch rate profiles for the
uct desorption.

0.11 and 0.27 eV Glmolecular beam-dosing showed the
expected behaviofsee Fig. 8] that one would predict
from the sticking curves and time-of-flight data. Both inci-
Fixing the delay between the chopper trigger and thedent molecular beam energies yielded detectable etch signal
laser fire time(i.e., focusing on one particular exit velocity within at most two or three molecular beam pulses. This
channelyp,) allows for the detected ion intensity to be moni- corresponds to an approximate surface coverage of only
tored vs elapsed timgsee Figs. 8 and)9lIn this experiment, about 2%—-3% of a monolayer, at which we observe sponta-
the intensity of the detected Alions is proportional to the neous etching of the surface. The*Agtch curves typically
rate of desorption of aluminum chloride molecules whichshowed a short pseudosteady-state etching regien a
exit the surface at a velocity, . For these experiments, the relatively flat etch signalfor the first 20 sec of dosing, fol-
most-probable velocity found for each particular systa®s lowed by an exponential decay to an etch signal of zero. The
presented earligmwas used to select the fixed time-of-flight 0.11 eV incident Gl etch signal decayed to zero with sel/

C. Aluminum chloride etch rate profiles
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TABLE Il. Final computational relative total energies for DFT-GGA calculations performed on
Cly(g) /Cliag) /AI(111) system. The All1)) slab calculations were performed with thesp program, using a
5X4x1 Monkhorst—Pack tek-point mesh and plane-wave kinetic energy cutoff of 350 eV.

Geometry AE . (eV)? Geometry AE (eV)°
Cl(aq) ONtop site 0.00 3Cag)+ Al (ag) 0.00
Cl(ag) bridge site 0.16 AlG (aq) (Al hollow, CI hollow) —-0.67
Cl(ag) hollow site 0.29 AIC} (5 (Al hollow, CI ontop -0.70
Clustered Cl,q ; bridge site$ 0.11 AICL (,q) (Al ontop, Cl bridge -0.70
Clustered Gl ; ontop sites 0.18 AlGl, : desorbed —0.05

*Difference in DFT total energieger Cl adsorbate with respect to the “Glq hollow-site” total energy.
PDifference in DFT total energies, with respect to the non-bonded (Al 1q)" total energy.

“Initial clustered geometry, with Cl adsorbates in adjacent hollow sites.

“Final relaxed geometry; Cl adsorbates moved from adjacent hollow-sites to nearby bridge-sites during relax-
ation.

lifetime of 10 sec, and the 0.27 eV incident,Gdystem coverage at which we observe spontaneous etching of the
showed a ¥ lifetime of about 8 sec. The variation in life- surface. The etch rate profiles for the elevated surface tem-
times most likely stems from a combination of slightly dif- peratures also displayed instantaneous steady-state condi-
fering C, fluxes at the surface, small differences in stickingtions that lasted for the entire span of the experimental run
probabilities, and slight dissimilarities in the actual etch ratedime (at least 15 min of continual dosingTherefore, not
for the two different energy incident beams. These times ar@nly does the surface immediately begin to etch upon expo-
also longer than those in the sticking experiments due to théure to small amounts of £(<5% monolayey, but it con-
difference in C} molecular beam flux60 Hz unchopped tinues to etch indefinitely at exactly the same rate.
beam for the King and Wells sticking experiments vs 10 Hz
chopped beam for the etch rate profiles and time-of-flight
experlmen_t}‘. ) D. Computational data

Two different modes of etch behavior are observed for
100 K surface with the 0.65 eV incident.beam, as shown DFT calculations under periodic boundary conditions,
in Fig. 9. Figure 9a) displays an etch rate profile curve for With Vanderbilt-type ultrasoft pseudopotentials and plane-
100 K surface temperature @tL1) exposed to a 0.65 eV ¢I Wave basis were performed on the,(l/Clag /Al(111)
beam while monitoring the fast velocity mo@00 m/g, and ~ System in an effort to provide information concerning both
Fig. Ab) displays the profile curve for the same system whilethe possible surface reactions and the energetics of those
monitoring the slow velocity modé50 m/3. The first, and reactions. The goal was to study the nature of the adsorption
fastest, etch mode is found for very low surface coverage8f Cl on the A(11D) surface, including adsorption site pref-
(total dosing time of10 seg, exhibiting a pseudosteady- €rence and possible Cl adsorbate clustering effects on flat
state region lasting for the first 5-6 sec of dosing and derraces. Calculations were also performed to help character-
subsequent decay lifetime of about 4 sec. This behavior cofz€ the model reaction sequence occurring in the present
responds to the fast mode seen in the TOF experiments. TIsdudy,

second, slower mode is found at slightly higher surface cov- Al(117)

erageqtotal dosing time of10 se¢ or from Cl, preexposed %Clz,(g) —— 3Clag T Al(ag)

surfaces. In this mode, the pseudosteady-state region lasts Al(LLY A(L1D

longer(~15 se¢ and has a longer decay lifetinie-60 seg. AICl 34 AIClyq). 9)

Both velocity modes exhibit the same instantaneous etch
product signal within~1% monolayerML ), surface cover- Namely, this total reaction includes the dissociation of inci-

age as was seen with the 0.11 and 0.27 eV incident Cldent Cb and adsorption of Cl fragments products onto the
energy beams. Al(111) surface, the reaction of Cl adsorbates with an Al

adatom to form ground state AlClas standard DFT only
allows for the calculation of ground state energies and prop-
ertieg, and the desorption of ground state AJGtom the
Figure 8b) shows an etch rate profile for 500 K surface Al(111) surface. Note that the above reaction equation does
temperature Atl11) exposed to a 0.27 eV incident transla- not explicitly state by which chemisorption mechanism the
tional energy Gl beam. The high surface temperature etchCl adsorbates are produced; it states only that a total of three
rate profiles recorded in this experiment all exhibit the sameCl atoms are required and the overall products can result
basic behavior, independent of incident, ®inetic energy. from any combination of Gl molecules(two or thre¢ and
As with the 100 K surface temperature studies, all three inchemisorption mechanismglirect abstractive or precursor
cident molecular beam energies yielded a detectable steadyrediated. The computational results concerning relative to-
state etch signal within, at most, two or three moleculartal energies for these calculations can be found in Table Il,
beam pulses. This corresponds to an approximate surfa@nd those directly associated with the above reaction se-
coverage of only about 2%—-3% ML, which is the minimum quence are presented diagrammatically in Figal0

2. High surface temperature etch rate profiles
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FIG. 10. ComputationalDFT) energy diagranta) of the Cl dissociation/adsorption reaction, followed by subsequent£é@thing from both the ground-

state chemisorbed and the activated chemisorbed;Al&lbeled 1 and 2, respectivelyConceptual potential diagrams for AlGthemisorption/desorption are

given for the(b) activated desorption and tlie) activated chemisorption state models for hyperthermal exit velocity of aluminum chloride etch products from
low-coverage Gl on Al(111). Points of interest between the reaction energy diagram and the corresponding position on the potential diagrams are signified
by the circled numbers. The data presented in this paper is consistent with the activated chemisorption stdt® radusl than the activated desorption

model (b).

1. Cl Adsorption on Al(111) molecule has reached the surfg@aéthout being ionizefland
The first reaction of interest in this sequence is the dish@s Peen subsequently trapped in a shallow physisorption

sociation of gas phase £and the subsequent adsorption of state. Dissociation in this manner, while dependent upon the
the resultant CI atoms onto the (ALl surface: Cl, incident molecular orientation with respect to the sur-

. AI(111) ) i face, can either result in the ejection of a Cl neutral into the
2Cly ) — 3Clag . As discussed previousf, the gas phase and a single Cl adsorbate, or it can result in the
dissociation/adsorption reaction of n Al(111) proceeds  ,4sorption of both Cl atomic fragments. However, regardless
via two different pathways: direct abstractive chemisorptionof the mechanism, the final chemisorption enerdiesnd
(remote dissociatiorand indirect precursor-mediated chemi- strengths for Cl on£o Al(111) will be the same
sorption(surface dissociatignIn the direct mechanism, as a The energetics for the Eldissociation/adsorption reac-
bC|2 tmole;: ule ;p;proai:rr: esFthe(Alll) surffa:ﬁe an flﬁtrotn cacnl tion on Al(111) were calculated using the total energy differ-
pe fransierred from the Fermi sea of the metal fo hﬁ_ ence between a system consisting of two ClI noninteracting
instantly creating a Gl molecular ion. This ion resides high adsorbates on the A1) surface and a system consisting of
on the repulsive part of the intermolecular potential, resultin Ch, molecule residing in the gas phase above the i)

in dissociation into a Cf ion and a neutral Cl fragment. Note surface. The calculated reaction energy per Cl adsorbate was

that the closer the Glis to the surface at the moment of the . .
. . . —2.12 eV with respect to molecular chlorine far from the

electron transfer, the higher on the repulsive part of potential Al(111)

the ion will reside. The final result is that the Clion is  surface; for the given reactioéplzy(g) —— 3Cl,g), the

drawn to the surface and eventually chemisorbs while théotal reaction energy is-6.36 eV. The various dissociation/
neutral Cl is ejected back into the gas phase. In contrast, fadsorption mechanisms were considered, and calculations
the indirect mechanism, dissociation occurs after the neutraliere performed to check for consistency in the final overall
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reaction energy with respect to mechanism and method. adsorbates remained most stable in their preferred ontop site
In searching for the lowest-energiye., most stablead-  positions. The AIC] adsorbates showed no adsorption geom-
sorption sites for the Cl adsorbates, it was found that adsoetry preference within the estimated accuracy of the calcula-
bates strongly prefer ontop sites over both bridge and thredions (i.e., the AICk surface adsorption potential was essen-
fold hollow sites. The relaxed geometries of the Cl adsorbatéially noncorrugated The final value calculated from these
calculations also show that the CI atoms tend to pull the Asimulations showed an Algl,q formation energy of-0.70
atoms to which they were bonded into positions that areeV with respect to the separate &) atom and 3Glq at-
above the average terrace plane. In addition, the Al atomems on the A(111) surface.
that occupied the nearest-neighbor positions were found to  The final step of this reaction sequence is the desorption
have physically relaxed into the resulting voids, placing themof the ground state AIGI adsorbate into the gas phase,
in positions that are slightly below the average terrace plan Al(111)

Caic —— AlCI We can only consider ground
Overall, the largest displacement in thalirection was ob- 3.(ad) ™ 3.9) - ; y 9 .
) . state energies, as standard DFT is unable to predict excited
served for the final Glg ontop site geometry, where the

" states. The final desorption energyE;=E(AICl; )
bonded Al atom was pulled to a position of over 0.4 A above” EioAlCl5 o), Was calculated to be-0.67 eV. The posi-

the terrace plane. The displacements seen in the final hollo ve value indicates that the desorption of the ground state

site and bridge site geometries were similar to those of theetch product is endothermic in this case. In other words, the

ontop site geometry, but smaller in magnitude by at least Pottom of the chemisorption well for ground state AJ@n
factor of 2. . :
. . he Al(111) surface is 0.67 eV below the vacuum level. This
The low-temperature ion-assisted etch model forwarde . . .
9. . . . means that if the ground state AlCis to exit the surface
by lkawaet al” included the formation of two-dimensional . . . i
with a translational energy of 0.2 eV, it must overcome first

cIu_sters of Cl adsorbates on the(ALY) surface to help €% the 0.67 eV deep potential well and then a barrier to desorp-
plain the enhancement of the low-temperature etch rate in al

) . ion of about 0.2 eV, for a total energy requirement of about
ECR plasma. To test this hypothesis, adsorbate clusters ©98:87 ev. We would like to restate thg%/theqse calculated ener-
taining three Clgy atoms residing in nearest-neighbor _: )

equivalent sites (i.e., ontop-ontop-ontop, bridge-bridge- gies describe the ground state system only and do not ac-

: . . count for any excited state properties or energies. We will
bridge, and hollow-hollow-hollow clusters, all in a triangular . :
show, however, that the existence of such excited states can
geometry were allowed to structurally relax. It was found

that each of these clusters were unstable, and that repulsiohnsdeed account for the hyperthermal desorption of AICI

between the Glg atoms forced them to physically move E. Etch product identification
away from each other on the surface, giving final interatomic

distances of at least 4 A. Even after the minimization of
interatomic forces, the total energy of the initially-ontop- literature by Winterd and Janssen, Kolfschoten, and van
5 lead to the conclusion that the major etch product

clustered Cl,q) system(the system with the lowest relative Veen:

total energy was found to be higher than that of the .d'S' detected in the 500 K surface temperature experiments was
persed ontop Gl system by 0.3 eV. As a result, we believe AICl;. Recall that AIC} was reported by Jansset al. as
that clustering of Cl adsorbates, even at temperatures as Iowe major etch species at pressures arounck IG5’ Torr

as 100 K, is unlikely. (Cl, surface flux of Z 10**molecules cm? sec ) and tem-
2. Formation and desorption of AICI 4 peratures between 450 and 750 K. Our experiments have
L : . made use of a much lower flux (A0°-3.0
The reactmr/ll(lpl\g)lwng the formation of adsorbed AICI 1513 glecules cm?sec?), and therefore lower pressure
3Cliagy+Al(aqy —— AlCl3 4, was modeled computa- molecular beanti.e., no postdesorption dimerizatiorand
tionally using an aluminum adatom and three nearby chlowe have shown that the etch products are hyperthermal re-
rine adsorbates. The Al adatom, rather than a standard sugardless of which species of aluminum chloride we utilize
face atom, was chosen for use as the reaction center in dar data analysis. We can also eliminate AICI as a possible
effort to model Al atom defect sites such as step-edges aneltch product at 500 K due to its high binding energy to the
regrowth islandgas well as actual adatomsThese unique substraté.After these considerations are taken into account,
sites are more exposed to surface adsorbates in the lowvre state with confidence that AlCis the etch product at 500
coverage regime and provide a good model system for thi& surface temperature.
set of conditions. The formation energy was calculated by  The etch product identity at 100 K surface temperature
subtracting the total energy of the nonbonded reactant systeis, however, a matter of some question. All previous experi-
from the total energy of the AlGladsorbate system\E; ments performed near room temperature report ayCIAl
= E;i(AICI3) — Eiot(Al +3Cl). Note that for the nonbonded etch product, but these were carried out under considerably
reactant system, the Cl adsorbates were positioned outside bigher C}, fluxes (>7x 10 molecules cm? sec 1), surface
the bonding range of the Al adatom, and after structural reeoverages>1 ML), and pressuresX7.5x 10~/ Torr) than
laxation yielded no attractive forces toward the Al adatom.were our experiments. One must note that it is under
To ensure that both the products and the reactants were all these conditions that postdesorption chemistry may occur.
the lowest energy geometric configurations possible, mulConsideration of the very low €glincident fluxes (1.0
tiple adsorption geometries were considered. The Al adatoms 10"-3.0x 10"*molecules cm? sec !) and surface cover-
energetically preferred hollow site positions, while the Clages (1%-3% ML at which spontaneous etching was

We now return to the task of etch product species assign-
ment. Our previous assumptions, based upon reports in the
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observed in our experiments leads us to believe that postdeaents. The 100 K sticking probability and etch rate measure-
sorption gas-phase dimerization reactions were nonexistemients are also consistent with the hypothesis that etching
and that any aluminum chloride etch products were detectedccurs favorably at adatoms, regrowth islands, and step
as desorbed, as either AlGir Al,Clg. The very low surface edges. At low temperatures, etching is quickly quenched and
coverages also make reasonable the assumption that the cahe surface becomes saturated with Cl adsorbates because
centration of Cl adsorbates on the(&AL1) surface at the on- there is insufficient thermal energy to regenerate the reactive
set of spontaneous etching was too small to provide for thsites. In contrast, we observe in the 500 K sticking probabil-
formation of a large amount of surface,8llg species, espe- ity and etch rate measurements that surface saturation is
cially since the etching begins with the equivalent of 1% ML never reached and that etching is never quenched, indicating
Cl, surface dose, as shown in the etch rate profiling experithat enough thermal energy exists to regenerate the highly
ments. Finally, we note that the exit velocities of the etchreactive etch sites under these conditions. It should be noted
products at both the 100 and 500 K surface temperaturethat a defect-dependent mechanism such as the one we pro-
were essentially equdWith the exception of the anomalous pose here is likely to exhibit effects related to the surface
slow mode at 100 K surface temperature and 0.65 eV incihistory. Effects of this nature may be observable in the low
dent C}), strongly indicating that the identity of the etch temperature sticking or etch rate experiments, where a slight
products at both temperatures are indeed identical. Therefoiacrease in the length of the initial etching rate is expected
we assert with confidence that the etch product specie at 108hd yields a longer time to surface saturation. We did not
K in our ultralow coverage experiments is AlCIIt is pos-  pursue in depth experiments concerning this issue, though,
sible, however, that the etch product being detected in theecause these effects would best be probed with low-
anomalous slow, high-coverage mode may very well beéemperature scanning tunneling microscopy, whereby one
Al,Clg. could quantitatively account for the number and type of de-
fect sites on the surface; such experiments are beyond the
scope of the present study.
Our calculations also indicate that adsorbed CI atoms

A. Fast chlorine adsorbate agglomeration tend to pull the adjacent Al surface atoms out of the surface
plane by as much as 0.4 A. The fact that the second-nearest
neighbor Al atoms then sink into the partial voids left behind
v\prowdes for an even larger relative atomic displacement for
the affected Al surface atoms. It is possible that displaced
ksurface atoms such as these would be more prone to both

IV. DISCUSSION

A high rate of reaction of the adsorbed g on the
Al(111) surface to form AIC{,q is consistent with the sig-
nificant etch product desorption observed at the very lo
coverage (<5% monolayer conditions under which the

time-of-flight i t f d. Indeed, P
Ime-oTtight experiments were periormed. 'ndee ar attack and removal by nearby Cl adsorbdtsilar to the Al

et al. forwarded a model consisting of fast surface diffusion® dat " | ible that this displ ; d
and agglomeration of Cl adsorbates, and fast subsequent rggatom case|t is also possible that this displacement cou

action rates of intermediates on the Al surface, as ion bom" reduce the energy requirements for Al adatom/vacancy cre-
bardment was found to have no effect on the etch‘?mer ation. However, such an effect was not directly observed in

experimental sticking probability results are also consisten}he c_alculatlons beca_use only single- p0|_nt and geometry re-
with a fast diffusion/agglomeration mechanism, and the alu- ax_atlon DFT calculations, which are carried out at a compu-
minum chloride etch rate profiles provide directly observableatlonal temperature of 0 K, were performed, not actual mo-
evidence of unusually fast etch product formation in th|sIecular dynamics simulations.

system.

The etch rate profiles show aluminum chloride desorp-
tion products within just two or three molecular beam pulses,  Hyperthermal etch product exit velocities, such as those
which corresponds to a surface coverage of less than 5% of@bserved in our low-coverage L£RAI(111) system experi-
monolayer. Such a phenomenon is only possible if there exments, can be explained with four possible mechanistic mod-
ists a mechanism of fast agglomeration of the Cl adsorbateals: first, activated desorption, in which the ground state alu-
into reactive positions on the aluminum surface that createminum chloride chemisorption potential well lies below the
the observable AIGI gas-phase etch products. The data isvacuum level and a barrier to desorption resides above the
consistent with the fast diffusion of the Cl adsorbates acrossacuum leve[see Fig. 1(b)]; second, activated chemisorp-
the Al(111) surface, such that molecules, or even small ision states, in which there exists at least one aluminum chlo-
lands, of aluminum chlorides are produced and then immeride adsorption state with a potential well at an energy above
diately desorb. the vacuum levelsee Fig. 1(c)]; a third case in which the

DFT-GGA slab calculations performed on a model energy of reaction is channeled into translational energy for
Cliag/AI(111) system indicate that there is a reasonablehe desorbing aluminum chloride; and finally, collision-
thermodynamic drive toward adsorbate agglomerationinduced desorption.
around and reaction with Al adatoms: the formation of the  The latter two models can be easily eliminated from con-
AICl; etch products is exothermic by 0.70 eV per molecule sideration. It is unlikely that any reasonable amount of ex-
It is likely that this favorable reactivity would also be seen atcess energy from the formation of aluminum chlorides could
Al regrowth islands and step edges. Sufficient numbers obe sufficiently channeled into translational energy, as it is
such sites should exist on the surface to account for the sigwvell known that localized energy dissipates quickly on metal
nificant initial etch rates seen in our low-coverage experi-surfaces. Dynamics simulations concerning the dissociative

B. Activated chemisorption states
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chemisorption of @ on Al(111) have found that the transfer nomena includes a combination of both fast Cl adsorbate
of energy to the substrate lattice is much too effective tadiffusion and agglomeration at Al step-edges, regrowth is-
allow for a large post-dissociation adsorbate mobifity??  lands, and adatoms, with fast formation of A{Cland the
For the Q/AI(111) system, there is a much higher exother-existence of activated aluminum chloride chemisorption
micity than for the CJ/Al(111) reaction(—7.95 eV per site  states with potential energies above the vacuum level.
with respect to the free oxygen atpnindicating that this
mechanism is unlikely and can be eliminated. It is also unACKNOWLEDGMENTS
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