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Nonresonant multiphoton ionization with time-of-flight mass spectrometry has been used to monitor
the desorption of aluminum chloride (AlxCly) etch products from the Al~111! surface at 100 and 500
K during low-coverage~,5% monolayer! monoenergetic Cl2 ~0.11–0.65 eV! 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 Cl2 , the etch product was found to
have a most-probable velocity of 517622 m/s at an Al~111! surface temperature of 100 K. This
corresponds to 22 times the expected thermal desorption translational energy for AlCl3 . Cl2 sticking
probability measurements and AlxCly etch rate measurements show etching even at Cl2 coverages
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 AlCl3

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 Physics.@DOI: 10.1063/1.1805495#

I. INTRODUCTION

The mechanism of Cl2 adsorption onto aluminum, and
subsequent etching by thermal aluminum chloride desorp-
tion, has been studied many times in the last quarter
century.1–13 Most of the work has focused on Cl2 plasma
etching for integrated circuit processing of aluminum films.
Because plasma etching environments are typically very
complex, the problem is usually broken down into much
simpler components, including the dry etching of Al by Cl2 .
Etch rate and etch product studies utilizing a variety of tech-
niques, including~but not limited to! quadrupole1–3 and
time-of-flight mass spectrometry,5 gas-phase titration of
chlorine atoms,6 quartz-crystal microbalance,2,4 in situ Fou-
rier transform infrared spectroscopy,7 Auger electron
spectroscopy,4,10–12 and x-ray photoelectron spectroscopy1,4

have been performed at pressures ranging from ultrahigh
vacuum~UHV! to near atmospheric. Kinetic modeling has
also been employed to characterize the processes involved in
both the thermal and ion-assisted etching of Al~111! by Cl2 .9

Spontaneous high-rate thermal etching of Al by Cl2 has
been reported by several investigators at high surface cover-
ages~monolayer or greater!.1–10 These reports state that at
least monolayer coverages of chlorine are necessary for the
initiation of thermal desorption of aluminum chloride etch
products. Presumably this high chlorine coverage allows for
subsurface absorption of Cl adsorbates to occur such that the
surface Al atoms are more stoichiometrically surrounded by
Cl atoms.11 These stoichiometric aluminum chlorides are
then said to thermally desorb into the gas phase with a bar-
rier to desorption equal to about room temperature. This ther-
mal etching is reported to be quenched below room
temperature;6 ion-assisted etching has been observed at

250 °C in electron cyclotron resonance~ECR! plasmas.9

These proposed high-coverage adsorption and etching
mechanisms reproduce the experimental high-coverage data
reasonably well.

Conversely, we observe not only that etching of Al~111!
by Cl2 can occur at very low surface coverages~,5% mono-
layer!, but that these etch products actually exit the surface at
hyperthermal velocities which correspond to 2–30 times
thermal energy. Remarkably, these effects are independent of
both surface temperature~experiments were done at both 100
and 500 K! and Cl2 translational energy~0.11, 0.27, and 0.65
eV Cl2 incident energies were studied!. Time-of-flight mass
spectrometry of aluminum chloride desorption products, Cl2

sticking probability measurements, and etch rate profiling
experiments~etch rate vs Cl2 exposure time! all clearly indi-
cate a low-coverage hyperthermal etching behavior that has
not yet been reported. Computational density functional
theory~DFT! modeling of the Cl2 /Al(111) gas-surface reac-
tion sequence has also been performed to further characterize
the mechanism behind this etching phenomenon. We have
thus developed a mechanistic model to account for both the
occurrence of the low-coverage etching and the hyperther-
micity of the desorbed etch products. We hypothesize that
the ultralow-coverage etch results from reactions of Cl ad-
sorbates with exposed, and therefore more reactive, Al sur-
face defect-type sites such as adatoms, regrowth islands, and
step edges. It is at these special sites, then, that the subse-
quently formed aluminum chloride reaction product is able
to exist in a slightly energized or excited state, specifically an
activated chemisorption state, with a potential energy above
that of the vacuum level. Thereafter, desorption produces
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etch products that exit the surface with translational energies
greater than that of thermal energy.

II. METHODS

A. Experimental setup

All experiments were performed under UHV conditions
with a base chamber pressure of 2310210Torr. The UHV
chamber used for these studies has been previously described
in detail elsewhere.14–17,20Experiments were performed on
an aluminum single crystal~Monocrystals Company,
99.9991% purity, 10 mm diameter32 mm thickness! with a
~111! surface orientation. The aluminum surface was cleaned
by sputtering with normal incidence 2 kV Ar1 ions; this was
followed by a two minute high temperature anneal~500 °C!
to reduce sputter damage. Surface purity and order were then
checked by Auger electron spectroscopy and low-energy
electron diffraction.

Aluminum chloride desorption experiments were per-
formed in conjunction with Cl2 /Al(111) abstractive chemi-
sorption measurements.18 A mechanically chopped~7 ms
chopper open time!, 10 Hz pulsed molecular beam~General
Valve, model 9-400-900, 2 mm orifice! of Cl2 seeded in dif-
ferent noble gases was used to dose the aluminum surface at
three different Cl2 incident energies: pure Cl2 at 0.1160.01
eV, 5% Cl2 /Ne at 0.2760.01 eV, and 5.32% Cl2 /He at 0.65
60.02 eV.~Note that all values reported in this paper, where
applicable, are given with standard errors, rather than stan-
dard deviations, because the reported numbers are mean val-
ues of numerous experiments.! All related etching experi-
ments were performed with the molecular beam at normal
incidence to the surface, and products were detected just off-
normal~;9° off of the surface perpendicular! in an effort to
avoid interference from the incident beam.

All gases were purchased premixed from Matheson Tri-
Gas, and no other halogen contaminants were detected by
quadrupole mass spectrometer~QMS!. The average beam
fluxes—as calculated via half surface coverage times from
sticking data, and using a simple 12u sticking coefficient
dependence—were found to be as follows: 3.0
31013molecules cm22 sec21 for pure Cl2 , 2.6
31013molecules cm22 sec21 for Cl2 /Ne, and 1.0
31013molecules cm22 sec21 for Cl2 /He. All three molecu-
lar beam varieties gave an increase in background pressure
of no more than 2310211Torr when introduced into the
main UHV chamber.

The aluminum chloride desorption products were de-
tected via nonresonant multiphoton ionization~MPI! and
subsequent time-of-flight mass spectrometry~TOF-MS!. A
pulsed UV laser was optimized for resonant multiphoton ion-
ization of neutral chlorine atoms, but also provided sufficient
fluence for both the dissociation of the aluminum chloride
desorption products and a strong nonresonant aluminum MPI
signal, as described by Eqs.~1! and ~2!:

Al xCly ——→
nhn

xAl1yCl, ~1!

Al ——→
nhn

Al1. ~2!

The laser light was prepared by using the frequency-doubled
fundamental from aQ-switched Nd:YAG ~YAG—yttrium
aluminum garnet! laser ~Continuum, 581C-SF; 532 nm, 10
Hz, 7 ns pulse width! to pump a tunable dye laser~Lambda-
Physik, FL 3002! running DCM/methanol, tuned to 630.6
nm. The dye laser output was frequency-doubled with a
KDP-C ~KDP-C—potassium dihydrogen phosphate-carbon!
crystal housed in a wavelength-tracking package~Inrad, UV
Autotracker III!. This doubled light was then added to the
remaining dye laser fundamental~via a BBO crystal in an
identical Autotracker box! to produce a final output of 210.2
nm, with average pulse energy of 1.5 mJ, pulse widths of 7
ns, and a rate of 10 Hz.

Experiments were performed at aluminum surface tem-
peratures of both 100 and 500 K. The TOF detection method
was used to probe incident and scattered species (Cl2), as
well as abstraction~Cl! and desorption (AlxCly) products.
Sticking probability measurements were performed using
both the standard King and Wells type reflection
technique18,19and the previously discussed transient peak-to-
peak method.20 The transient peak-to-peak technique uses a
slow-pulsed~2 Hz! beam to accommodate for the fast cham-
ber wall pumping21 in between each pulse, giving a more
reliable base line, whereas the reflection technique uses a
fast-pulsed~60 Hz! beam whose base line is strongly af-
fected by chamber wall pumping. The individual resultant
signal peaks are used as data points, giving a more accurate
initial sticking probability measurement for reactive systems
that are sometimes difficult to measure using the standard
reflection technique.

B. Computational details

All DFT calculations presented in this paper were per-
formed using the Viennaab-initio simulation package~VASP!
~Refs. 22–25! in the generalized gradient approximation
~GGA,PW91!, with ultrasoft Vanderbilt pseudopotentials26,27

~as supplied with theVASP program!, a 53431 Monkhorst-
Packk-point mesh generation scheme~for a total of ten irre-
duciblek points!, and plane-wave basis kinetic energy cutoff
of 350 eV. All parameters~i.e., k points, cutoff energy,
vacuum space, etc.! were chosen such that they were each
individually converged to within 1 meV/atom for the
Cl2(g) /Cl(ad) /Al(111) system of study. These calculations
should provide good relative accuracy with an estimated
relative error 0.1 eV. Regardless of absolute numerical accu-
racy, the qualitative results from these calculations should be
quite reasonable because we are making comparisons both
between different bonding geometries and between relative
energies, which have all been calculated under identical con-
ditions and with similar types of bonds.

The system studied consisted of an Al~111! surface slab
supercell which is repeated in all directions. The aluminum
slab was four atomic layers thick, with each layer being 435
atoms in area, for a total of 80 Al atoms per unit cell~81 for
the adatom calculations!. The supercell also contained ten
atomic layers of vacuum space~18 Å! in thez direction. The
bottom two aluminum layers were constrained to the
minimum-energy bulk geometry, which was found through a
series of bulk Al calculations that yielded an Al nearest-
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neighbor distance of 2.86 Å~equal to the experimentally
observed value!. All other atoms~substrate, adsorbate, gas
phase! were allowed to structurally relax without constraint.

III. RESULTS

Experimental identification of the aluminum chloride
etch products was not possible with our instrumental setup.
The high energy, high fluence photons used during the ex-
periments were too powerful to leave a detectable amount of
large-mass fragments behind~but were necessary for a suf-
ficiently measurable Al MPI signal!. Therefore, we are left to
rely upon both indirect evidence from our own data and the
experimental results of several other groups for aid in the
identification of the aluminum chloride etch products. All
applicable published results for the etching of aluminum by
Cl2 ~Refs. 1–9, in particular! were consulted as to their as-
signment of the major desorption products for this reaction;
their reasons for doing so were also taken under consider-
ation. Unfortunately, unlike the results presented in this pa-
per, none of the published studies were performed under ul-
tralow Cl2 coverage conditions, nor were any of the
experiments performed at surface temperatures below
250 °C ~;220 K!. The most similar experimental conditions
found in the literature were those presented by Janssen, Kolf-
schoten, and van Veen5 who performed molecular beam Cl2

dosing and TOF-MS detection of thermal etch products from
Al ~111!. The molecular beam flux used for their experiments
(731016molecules cm22 sec21), however, was over three
orders of magnitude larger than that used in our experiments.

With this in mind, the major etch products for the etch-
ing reaction of Cl2 on Al~111! reported by van Veenet al.are
as follows: Al2Cl6 at temperatures below 450 K, AlCl3 be-
tween 500 and 650 K~also reported by Winters3!, and AlCl
above 700 K. These assignments are generally agreed upon
within the bulk of the literature, but with somewhat varying
temperature ranges reported across groups. It must also be
noted that at the comparatively large pressures under which
some of these studies were performed, gas-phase reactions—
most importantly the aluminum chloride dimerization reac-
tion, 2AlCl3↔Al2Cl6—may play a role in the identity of the
final detected etch product. Cleland and Hess7 showed that at
a gas temperature of 500 K, pressures below 131025 Torr
are required to produce a mean free path long enough that
the aluminum chloride desorbates are unlikely to undergo
significant intermolecular collisions. Under these conditions,
one does not need to account for dimerization because the
equilibrium is driven all the way to the left, preventing the
formation of Al2Cl6 . We thus assume that the etch product at
500 K is AlCl3 and at 100 K is either AlCl3 or Al2Cl6 . This
issue will be discussed in more detail later in the paper.

A. Hyperthermal aluminum chloride exit velocities

Time-of-flight spectra of the neutral desorbing aluminum
chloride etch products were recorded to determine their exit
velocities. This was accomplished by successively increasing
the delay between the molecular beam chopper open time
and the laser fire trigger by small, successive increments
~typically around 2–5ms per increment!. The velocities of
the incident Cl2 molecular beams were measured with a UTI

100C quadrupole mass spectrometer and were checked daily
by laser TOF-MS. These checks were performed both to
verify that the incident velocities were consistent with the
QMS values and to ensure that the arrival times of the inci-
dent Cl2 at the surface were consistent between experiments.
Figure 1 presents a typical TOF distribution of each of the
incident Cl2 beams—~a! Cl2 /He, ~b! Cl2 /Ne, and~c! pure
Cl2—with the velocities, translational energies, and widths
given in the table in part~d!. The incident Cl2 arrival time
upon the Al~111! surfacet0 was calculated using both the
most-probable velocity of the incident molecular beamvp,inc

from the QMS measurements and the measured distance be-
tween the laser ionization volume and the aluminum surface
dis,inc such that

t05
dis,inc

vp,inc
. ~3!

This value was then subtracted from the Al1 TOF spectra in
order to provide a zero time for the etch product time-of-
flights.

Attempts to fit the time-of-flight data to the commonly
used modified Maxwell–Boltzmann distribution form28,29

f ~v !}v3 expF2S v2v0

a D 2G , ~4!

where v0 is the so-called stream velocity anda
5A2kTeff /m is a term describing the width of the distribu-
tion via an effective temperatureTeff yielded very soft low-
correlation fits with large negative stream velocities and
large effective temperatures. Such results are not particularly
useful, as they only indicate a Boltzmann-type velocity dis-
tribution that is wider than a thermal distribution for that
particular mean velocity and do not provide any actual nu-
merical information. Therefore, the method described below
was used to extract the needed information from the time-of-
flight data. Additionally, because the widths of the etch prod-
uct distributions were found to be 4 to 10 times wider than
the incident Cl2 molecular beam distributions~see Fig. 1!,
deconvolution of the time-of-flight distributions was not
deemed necessary, as the difference between the raw and
deconvoluted distributions are negligible.

From the aluminum chloride etch TOF spectra, the most-
probable exit velocities@vp , Eq. ~4!# were extracted using
the following relationship:

vp5
dsl

tp
, ~5!

wheredsl(512.5– 16.0 mm) is the distance from the surface
to the laser focus andtp is the most-probable time of flight,
or the value at the peak detected ion intensity, taken from the
TOF spectra. From this data, and with the known etch prod-
uct masses~Refs. 1–9!, the exit kinetic energies can be cal-
culated. These values are then compared to the expected
most-probable thermal desorption translational energiesEp

for the surface temperatures of interest.Ep is calculated from
the expected most-probable time of flights from a general
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flux-weighted Maxwell–Boltzmann time-of-flight distribu-
tion using a density detector~as is the case with this detec-
tion method!,29

S~ t !}
1

t4
expS 2

mdsl
2

2kT

1

t2D⇒ ]S~ t !

]t
50⇒tp5

dsl

2
Am

kT
,

~6!

vp5
dsl

tp
52AkT

m
, ~7!

Ep5 1
2mvp

252kT, ~8!

wherem is the desorption product mass,k is the Boltzmann
constant,T is the surface temperature, andt is time of flight;
tp is the most-probable~or peak! time of flight of the distri-
bution, vp is the most-probable velocity of the distribution,
andEp is the most-probable translational energy of the dis-
tribution. In addition, the widths of the measured distribu-
tions can be analyzed and compared with the values that
would be expected for a thermal distribution. A true flux-
weighted Maxwell–Boltzmann thermal distribution of the
form given in Eq.~6! exhibits a most-probable velocity to
full-width half-max ratio (vp :w) of about 1, and deviation
from this expected ratio is an indication of nonthermal de-
sorption phenomena; a ratio smaller than unity indicates a
wider distribution than would be expected for a purely ther-
mal desorption mechanism. All relevant data from the time-

of-flight experiments is given in Table I. Two typical raw
TOF Al1 spectra for the 0.27 eV Cl2 incident beam are
shown in Fig. 2, along with thermal distributions for the
probable etch products.

1. Low surface temperature desorption

Due to the high sensitivity of the MPI detection scheme,
even at low surface temperatures~100 K!, very low Cl2 flux
(1.431013– 4.231013molecules cm22 sec21), and very low
surface Cl2 coverage~,5% monolayer!, we are able to ob-
serve the small amount of aluminum chloride etch product
that results from the gas/surface reaction between Cl2 and the
Al ~111! surface. In addition, we find that these etch products
desorb from the Al~111! surface with hyperthermal transla-
tional exit velocities/energies upon dosing with all incident
Cl2 energies studied. In an effort to consider all reasonable
possibilities for etch product identification, as well as to es-
tablish both an upper and a lower bound to our measured
translational exit energy results at 100 K, we shall compare
the kinetic energies of the desorption products assigned as
both AlCl3 ~lower bound! and Al2Cl6 ~upper bound!.

Figure 3 displays the results of the 100 K Al~111! sur-
face temperature etch product desorption time-of-flight ex-
periments, as both exit velocity vs incident Cl2 velocity @Fig.
3~a!# and exit translational energy vs incident Cl2 transla-
tional energy@Fig. 3~b!#. The velocity-space graph 3~a! com-

FIG. 1. Time-of-flight distributions for
mechanically chopped~7 ms chopper
open time! incident molecular beams
of ~a! 5% Cl2 seeded in He,~b! 5% Cl2
seeded in Ne, and~c! pure Cl2 . The
table~d! gives the velocities, energies,
and widths of the incident Cl2 beams
used in this experiment.
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pares the experimentally observed exit velocities with the
expected thermal exit velocities for the two possible etch
products, AlCl3 and Al2Cl6 . The energy-space graph 3~b!
compares the exit translational energies of the possible etch
products~as calculated from the experimental exit velocities!

with the expected exit energies from thermal desorption. Exit
velocities are also plotted vs both 100 and 500 K Al~111!
surface temperatures in Fig. 4.

The desorption products from the reaction at 100 K with
the lowest incident translational energy Cl2 ~pure Cl2 , 535
m/s, 0.11 eV! were found to have the slowest monomodal

FIG. 2. Maxwell–Boltzmann-type time-of-flight distribution curves for the
etch products from the 0.27 eV incident Cl2 beam on the~a! 100 K and~b!
500 K Al~111! surface. The solid curves show the experimentally observed
desorption distribution, and the dashed curves show the expected thermal
desorption time-of-flight distributions for the etch product mass and surface
temperature of interest, as indicated in the figures. The most probable time-
of-flights are indicated by the vertical, single-headed arrows. The full-width
half-max of the experimental distributions are indicated by the horizontal,
double-headed arrows.

FIG. 3. ~a! Etch product exit velocities vs Cl2 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 (Cl2 preexposed surface! is marked with an
‘‘ X.’’ ~b! Etch product exit energies vs Cl2 incident energies for the 100 K
Al ~111! surface temperature case. The open circles and triangles are the
translational energies for the possible etch products as calculated from the
experimental velocity data. The filled squares represent the expected trans-
lational energy from thermal desorption. The anomalous slow component
(Cl2 preexposed surface! is marked with anX. Note: Where experimental
error bars are not seen, they are merely obscured from view by the data
points.

TABLE I. Measured velocities, translational energies, and peak-to-width ratios for desorbing aluminum chlo-
rides at all incident Cl2 translational energies and Al~111! surface temperatures studied.

Dose species Einc (eV) Ts (K) vp (m/s) EAlCl3
(eV)a EAl2Cl6

(eV)b vp /w

Cl2 /He: fastc 0.65 100 612621 0.2660.02 0.5260.04 0.6560.06
Cl2 /He: slowd 0.65 100 25669 0.0560.01 0.0960.01 0.8460.08
Cl2 /He 0.65 500 653616 0.3060.01 0.5960.03 0.5660.02
Cl2 /Ne 0.27 100 518622 0.1960.02 0.3860.03 0.8260.03
Cl2 /Ne 0.27 500 553614 0.2160.01 0.4360.02 0.7660.03
pure Cl2 0.11 100 460622 0.1460.01 0.3060.03 0.6960.06
pure Cl2 0.11 500 533610 0.2060.01 0.3960.01 0.7160.05

aTranslational energy calculated from mass of AlCl3 etch product and measuredvp .
bTranslational energy calculated from mass of Al2Cl6 etch product and measuredvp .
cFast exit velocity mode; from fresh, clean 100 K surface.
dSlow exit velocity mode; from Cl2 preexposed 100 K surface.
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exit velocity ~465628 m/s!. Assuming that the etch product
for this system is AlCl3 , the measured kinetic energy is 0.14
60.01 eV, or eight times that of 100 K thermal energy~0.017
eV!. If we assume that the etch product is Al2Cl6 , the mea-
sured kinetic energy is 0.3260.04 eV, or 19 times that of the
expected thermal exit energy. The 100 K surface temperature
0.11 eV Cl2 data exhibits a most-probable velocity-to-width
ratio (vp :w) of 0.69, consistent with a nonthermal distribu-
tion. The etch product mean velocity and the most-probable
velocity-to-width ratio (vp :w) for etching by Ne-seeded in-
cident Cl2 ~850 m/s, 0.27 eV! were similar to those from 0.11
eV pure Cl2 .

The etch products from the reaction with the highest
incident translational energy Cl2 (Cl2 /He, 1327 m/s, 0.65
eV! at 100 K were found to be bimodal, with peak velocities
of 25569 m/s and 612621 m/s. As shown in Fig. 5, during

the first;10 sec of dosing with 0.65 eV Cl2 on a fresh, clean
Al ~111! surface, the etch products were found to have the
faster exit velocity~solid curve, open circles!. After the ini-
tial 10 sec clean etch, the peak velocity switches to the lower
value~dashed curve, open squares! and remains at this value
until surface saturation. Both velocity modes, however, show
hyperthermal exit energies. Assuming that the thermal etch
product at 100 K is AlCl3 , the measured kinetic energy of
the slow mode~from the Cl2 preexposed surface! was 0.05
60.01 eV, three times that of thermal energy, while the fast
mode~from the fresh, clean surface! was 0.2260.03 eV, 13
times that of thermal. Assuming that the etch product is
Al2Cl6 results in a measured kinetic energy for the slow
mode of 0.0960.01 eV, five times that of thermal, and a fast
mode of 0.5260.04 eV, 31 times greater than thermal energy.
The 100 K surface temperature 0.65 eV incident Cl2 data
exhibited a slow-modevp :w ratio of 0.65, and a fast-mode
ratio of 0.84.

2. High surface temperature desorption

For high surface temperature~500 K!, the measured exit
velocities/energies of the etch products were not as dramati-
cally larger than thermal as was observed in the cold surface
temperature experiments, but were hyperthermal nonetheless
~see Fig. 6 and Table I!. In this case, all relevant reported
experimental data by other research groups identify AlCl3 as
the definite etch product at 500 K.2,3,5,6As such, we are con-
fident to designate this species as that which we detected in
the 500 K experiments. The calculated exit translational en-
ergies are shown in Fig. 6~b! and given numerically in
Table I.

The most dramatic difference observed at 500 K surface
temperature was that the 0.65 eV Cl2 produced a monomodal
etch product velocity distribution instead of the bimodal dis-
tribution that was observed at 100 K. At 500 K surface tem-
perature and 0.65 eV incident Cl2 , the measured most-
probable velocity was 653616 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
0.65 eV Cl2 is due to collision induced desorption and is
absent at high surface temperature because no adsorbates re-
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 Cl2 . These trends in-
dicate that there is very little, if any, temperature dependence
upon the mechanism of etch product formation and desorp-
tion. The weak dependence upon incident Cl2 velocity/
energy is consistent with the existence of two distinct mecha-
nisms for the reaction of Cl2 with the Al~111! surface—direct
activated chemisorption at high incident energy and precur-
sor mediated chemisorption at low incident kinetic

FIG. 4. Experimental aluminum chloride etch product exit velocities vs
Al ~111! surface temperature. Two exit velocity modes are observed for the
0.65 eV incident energy Cl2 dose beam atTs5100 K, where the fast mode
results from Cl2 dosing upon a fresh, clean Al~111! surface and the slow
mode results from the Cl2 preexposed surface. AtTs5500 K with 0.65 eV
incident Cl2 only a monomodal velocity distribution is observed, indicated
here with the same shape~open circle, solid line! as the fresh-surface 100 K
point.

FIG. 5. Two Maxwell–Boltzmann-like time-of-flight distribution curves for
the 0.65 eV incident Cl2 beam and the 100 K Al~111! surface. The solid
curve shows the desorption distribution observed upon dosing of a fresh,
clean surface, and the dashed curve shows the distribution observed upon
dosing of a Cl2 preexposed surface.
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energy—as described recently.20 It is reasonable that the dif-
ferent chemisorption mechanisms would produce etch prod-
ucts with slightly different mean velocities. The small
amount of excess energy from the direct chemisorption
mechanism~high-energy Cl2 adsorbing onto the surface!
may add slightly to the overall reaction energetics, consistent
with the weak dependence upon Cl2 incident energy ob-
served for the aluminum chloride exit energies.

B. Cl2 on Al „111… sticking probabilities

Sticking probability measurements were performed via
both the standard King and Wells reflection technique18,19

and by a transient peak-to-peak method recently discussed
by our group.20 Both techniques used a QMS set for mass 35
as the scattered chlorine detector. The King and Wells and
the transient peak-to-peak methods utilize relatively high~60
Hz pulse rate! and low ~2 Hz pulse rate! Cl2 fluxes, respec-
tively, compared to the normal conditions of the time-of-
flight experiments. The peak-to-peak method exhibits con-
siderably more sensitivity with respect to initial low-
coverage sticking measurements because it can overcome the
problems of high flux and chamber wall pumping.21

1. Low surface temperature sticking curves
Figure 7~a! displays a typical 100 K Al~111! surface tem-

perature King and Wells type sticking curve for dosing with
a 0.11 eV Cl2 molecular beam, and Fig. 7~b! displays the
sticking curve for dosing with a 0.65 eV Cl2 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
probability for all three Cl2 incident energies~0.11, 0.27, and
0.65 eV!. However, the King and Wells technique was found
to give artificially low initial sticking probabilities because
of the high Cl2 fluxes and fast pumping by the chamber
walls.21 Upon exposure to the Cl2 dose beam, a large
~.65%! initial sticking probability is observed, followed by
eventual saturation coverage. The 0.11 eV Cl2 beam gives
the highest initial sticking probability~90%!, while the
higher-energy 0.27 and 0.65 eV Cl2 beams show slightly
lower ~80% and 65%, respectively! initial sticking probabili-
ties. The 0.65 eV Cl2 sticking curve was found to not reach
complete saturation, while the 0.11 and 0.27 eV Cl2 did

FIG. 6. ~a! Etch product exit velocities vs Cl2 incident 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 desorption.~b! Etch
product exit energies vs Cl2 incident energies for the 500 K Al~111! surface
temperature case. The open diamonds and triangles are the translational
energies for the possible etch products as calculated from the experimental
velocity data. The filled squares represent the expected translational energy
from thermal desorption. Note: Where experimental error bars are not seen,
they are merely obscured from view by the data points.

FIG. 7. King and Wells sticking curves for~a! 0.11 eV incident energy Cl2

on the 100 K surface and 0.65 eV incident energy Cl2 on both the~b! 100 K
surface and the~c! 500 K surface. The beginning of dose beam exposure is
indicated on each curve by an arrow.
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reach complete saturation. Furthermore, the 0.65 eV Cl2 had
a much slower rate of decay toward zero sticking than the
0.11 and 0.27 eV Cl2 .

2. High surface temperature sticking curves

Figure 7~c! displays a typical 500 K Al~111! surface tem-
perature King and Wells type sticking curve for dosing with
a 0.65 eV Cl2 molecular beam. The high surface temperature
~500 K! sticking curves from both experiments demonstrate
nearly identical behavior for all three Cl2 incident transla-
tional energies. The actual sticking probability values mea-
sured are not important, but rather the profile of the curve is
critical. At 500 K surface temperature, upon exposure to the
Cl2 molecular beam, steady-state sticking conditions are in-
stantaneously achieved and saturation coverage is never
reached. This indicates that an equilibrium is quickly reached
between the Cl2 flux reaching the surface and the etch prod-
uct desorption.

C. Aluminum chloride etch rate profiles

Fixing the delay between the chopper trigger and the
laser fire time~i.e., focusing on one particular exit velocity
channel,v r) allows for the detected ion intensity to be moni-
tored vs elapsed time~see Figs. 8 and 9!. In this experiment,
the intensity of the detected Al1 ions is proportional to the
rate of desorption of aluminum chloride molecules which
exit the surface at a velocityv r . For these experiments, the
most-probable velocity found for each particular system~as
presented earlier! was used to select the fixed time-of-flight

value t r such thatv r5dls /t r . As a check to ensure that the
peak positions of the TOF spectra were not actually moving,
a number of spectra were taken for the various Cl2 incident
energies and surface temperatures, showing that~aside from
the case of 0.65 eV incident Cl2 at 100 K surface tempera-
ture! the observed peak velocity was constant for at least 15
min of dosing. Therefore, we are confident that any changes
in the detection intensities found by this experiment are in-
deed changes in the etch rates, rather than changes in peak
exit velocities. The actual etch rates were not calculated in
this experiment: the focus of this paper did not warrant such
a quantitative study, but rather just a qualitative understand-
ing of the process.

1. Low surface temperature etch rate profiles

The 100 K surface temperature etch rate profiles for the
0.11 and 0.27 eV Cl2 molecular beam-dosing showed the
expected behavior@see Fig. 8~a!# that one would predict
from the sticking curves and time-of-flight data. Both inci-
dent molecular beam energies yielded detectable etch signal
within at most two or three molecular beam pulses. This
corresponds to an approximate surface coverage of only
about 2%–3% of a monolayer, at which we observe sponta-
neous etching of the surface. The Al1 etch curves typically
showed a short pseudosteady-state etching region~i.e., a
relatively flat etch signal! for the first 20 sec of dosing, fol-
lowed by an exponential decay to an etch signal of zero. The
0.11 eV incident Cl2 etch signal decayed to zero with a 1/e

FIG. 8. Etch rate profiles of the 0.27 eV incident energy Cl2 beam on~a! the
100 K and~b! the 500 K Al~111! surface. The insets are enlargements of the
shaded regions and show the first 5 sec of data. Initial Cl2 exposure is
indicated by arrows.

FIG. 9. Etch rate profiles of the 0.65 eV incident energy Cl2 beam on the
100 K Al~111! surface of~a! the fast mode exit energy AlxCly and ~b! the
slow mode exit energy AlxCly . The insets are enlargements of the shaded
regions and show the first 5 sec of data. Initial Cl2 exposure is indicated by
arrows. Note the change in length of the time axis in~b!.
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lifetime of 10 sec, and the 0.27 eV incident Cl2 system
showed a 1/e lifetime of about 8 sec. The variation in life-
times most likely stems from a combination of slightly dif-
fering Cl2 fluxes at the surface, small differences in sticking
probabilities, and slight dissimilarities in the actual etch rates
for the two different energy incident beams. These times are
also longer than those in the sticking experiments due to the
difference in Cl2 molecular beam flux~60 Hz unchopped
beam for the King and Wells sticking experiments vs 10 Hz
chopped beam for the etch rate profiles and time-of-flight
experiments!.

Two different modes of etch behavior are observed for
100 K surface with the 0.65 eV incident Cl2 beam, as shown
in Fig. 9. Figure 9~a! displays an etch rate profile curve for
100 K surface temperature Al~111! exposed to a 0.65 eV Cl2

beam while monitoring the fast velocity mode~600 m/s!, and
Fig. 9~b! displays the profile curve for the same system while
monitoring the slow velocity mode~250 m/s!. The first, and
fastest, etch mode is found for very low surface coverages
~total dosing time of510 sec!, exhibiting a pseudosteady-
state region lasting for the first 5–6 sec of dosing and a
subsequent decay lifetime of about 4 sec. This behavior cor-
responds to the fast mode seen in the TOF experiments. The
second, slower mode is found at slightly higher surface cov-
erages~total dosing time of.10 sec! or from Cl2 preexposed
surfaces. In this mode, the pseudosteady-state region lasts
longer~;15 sec! and has a longer decay lifetime~;60 sec!.
Both velocity modes exhibit the same instantaneous etch
product signal within;1% monolayer~ML !, surface cover-
age as was seen with the 0.11 and 0.27 eV incident Cl2

energy beams.

2. High surface temperature etch rate profiles

Figure 8~b! shows an etch rate profile for 500 K surface
temperature Al~111! exposed to a 0.27 eV incident transla-
tional energy Cl2 beam. The high surface temperature etch
rate profiles recorded in this experiment all exhibit the same
basic behavior, independent of incident Cl2 kinetic energy.
As with the 100 K surface temperature studies, all three in-
cident molecular beam energies yielded a detectable steady-
state etch signal within, at most, two or three molecular
beam pulses. This corresponds to an approximate surface
coverage of only about 2%–3% ML, which is the minimum

coverage at which we observe spontaneous etching of the
surface. The etch rate profiles for the elevated surface tem-
peratures also displayed instantaneous steady-state condi-
tions that lasted for the entire span of the experimental run
time ~at least 15 min of continual dosing!. Therefore, not
only does the surface immediately begin to etch upon expo-
sure to small amounts of Cl2 ~,5% monolayer!, but it con-
tinues to etch indefinitely at exactly the same rate.

D. Computational data

DFT calculations under periodic boundary conditions,
with Vanderbilt-type ultrasoft pseudopotentials and plane-
wave basis were performed on the Cl2(g) /Cl(ad) /Al(111)
system in an effort to provide information concerning both
the possible surface reactions and the energetics of those
reactions. The goal was to study the nature of the adsorption
of Cl on the Al~111! surface, including adsorption site pref-
erence and possible Cl adsorbate clustering effects on flat
terraces. Calculations were also performed to help character-
ize the model reaction sequence occurring in the present
study,

3
2Cl2,~g! ——→

Al ~111!
3Cl~ad!1Al ~ad!

——→
Al ~111!

AlCl3,~ad! ——→
Al ~111!

AlCl3,~g! . ~9!

Namely, this total reaction includes the dissociation of inci-
dent Cl2 and adsorption of Cl fragments products onto the
Al ~111! surface, the reaction of Cl adsorbates with an Al
adatom to form ground state AlCl3 ~as standard DFT only
allows for the calculation of ground state energies and prop-
erties!, and the desorption of ground state AlCl3 from the
Al ~111! surface. Note that the above reaction equation does
not explicitly state by which chemisorption mechanism the
Cl adsorbates are produced; it states only that a total of three
Cl atoms are required and the overall products can result
from any combination of Cl2 molecules~two or three! and
chemisorption mechanisms~direct abstractive or precursor
mediated!. The computational results concerning relative to-
tal energies for these calculations can be found in Table II,
and those directly associated with the above reaction se-
quence are presented diagrammatically in Fig. 10~a!.

TABLE II. Final computational relative total energies for DFT-GGA calculations performed on
Cl2(g) /Cl(ad) /Al(111) system. The Al~111! slab calculations were performed with theVASP program, using a
53431 Monkhorst–Pack tenk-point mesh and plane-wave kinetic energy cutoff of 350 eV.

Geometry DEtot (eV)a Geometry DEtot (eV)b

Cl(ad) ontop site 0.00 3Cl(ad)1Al (ad) 0.00
Cl(ad) bridge site 0.16 AlCl3,(ad) ~Al hollow, Cl hollow! 20.67
Cl(ad) hollow site 0.29 AlCl3,(ad) ~Al hollow, Cl ontop! 20.70
Clusteredc Cl(ad) ; bridge sitesd 0.11 AlCl3,(ad) ~Al ontop, Cl bridge! 20.70
Clustered Cl(ad) ; ontop sites 0.18 AlCl3,(g) : desorbed 20.05

aDifference in DFT total energies~per Cl adsorbate!, with respect to the ‘‘Cl(ad) hollow-site’’ total energy.
bDifference in DFT total energies, with respect to the non-bonded ‘‘3Cl(ad)1Al (ad)’’ total energy.
cInitial clustered geometry, with Cl adsorbates in adjacent hollow sites.
dFinal relaxed geometry; Cl adsorbates moved from adjacent hollow-sites to nearby bridge-sites during relax-
ation.
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1. Cl Adsorption on Al(111)

The first reaction of interest in this sequence is the dis-
sociation of gas phase Cl2 and the subsequent adsorption of
the resultant Cl atoms onto the Al~111! surface:
3
2Cl2,(g) ——→

Al(111)
3Cl(ad) . As discussed previously,20 the

dissociation/adsorption reaction of Cl2 on Al~111! proceeds
via two different pathways: direct abstractive chemisorption
~remote dissociation! and indirect precursor-mediated chemi-
sorption~surface dissociation!. In the direct mechanism, as a
Cl2 molecule approaches the Al~111! surface an electron can
be transferred from the Fermi sea of the metal to the Cl2 ,
instantly creating a Cl2

2 molecular ion. This ion resides high
on the repulsive part of the intermolecular potential, resulting
in dissociation into a Cl2 ion and a neutral Cl fragment. Note
that the closer the Cl2 is to the surface at the moment of the
electron transfer, the higher on the repulsive part of potential
the ion will reside. The final result is that the Cl2 ion is
drawn to the surface and eventually chemisorbs while the
neutral Cl is ejected back into the gas phase. In contrast, for
the indirect mechanism, dissociation occurs after the neutral

molecule has reached the surface~without being ionized! and
has been subsequently trapped in a shallow physisorption
state. Dissociation in this manner, while dependent upon the
Cl2 incident molecular orientation with respect to the sur-
face, can either result in the ejection of a Cl neutral into the
gas phase and a single Cl adsorbate, or it can result in the
adsorption of both Cl atomic fragments. However, regardless
of the mechanism, the final chemisorption energies~bond
strengths! for Cl onto Al~111! will be the same.

The energetics for the Cl2 dissociation/adsorption reac-
tion on Al~111! were calculated using the total energy differ-
ence between a system consisting of two Cl noninteracting
adsorbates on the Al~111! surface and a system consisting of
a Cl2 molecule residing in the gas phase above the Al~111!
surface. The calculated reaction energy per Cl adsorbate was
22.12 eV with respect to molecular chlorine far from the

surface; for the given reaction,3
2Cl2,(g) ——→

Al(111)
3Cl(ad) , the

total reaction energy is26.36 eV. The various dissociation/
adsorption mechanisms were considered, and calculations
were performed to check for consistency in the final overall

FIG. 10. Computational~DFT! energy diagram~a! of the Cl2 dissociation/adsorption reaction, followed by subsequent AlCl3 etching from both the ground-
state chemisorbed and the activated chemisorbed AlCl3 ~labeled 1 and 2, respectively!. Conceptual potential diagrams for AlCl3 chemisorption/desorption are
given for the~b! activated desorption and the~c! activated chemisorption state models for hyperthermal exit velocity of aluminum chloride etch products from
low-coverage Cl2 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 state model~c! rather than the activated desorption
model ~b!.
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reaction energy with respect to mechanism and method.
In searching for the lowest-energy~i.e., most stable! ad-

sorption sites for the Cl adsorbates, it was found that adsor-
bates strongly prefer ontop sites over both bridge and three-
fold hollow sites. The relaxed geometries of the Cl adsorbate
calculations also show that the Cl atoms tend to pull the Al
atoms to which they were bonded into positions that are
above the average terrace plane. In addition, the Al atoms
that occupied the nearest-neighbor positions were found to
have physically relaxed into the resulting voids, placing them
in positions that are slightly below the average terrace plane.
Overall, the largest displacement in thez direction was ob-
served for the final Cl(ad) ontop site geometry, where the
bonded Al atom was pulled to a position of over 0.4 Å above
the terrace plane. The displacements seen in the final hollow
site and bridge site geometries were similar to those of the
ontop site geometry, but smaller in magnitude by at least a
factor of 2.

The low-temperature ion-assisted etch model forwarded
by Ikawa et al.9 included the formation of two-dimensional
clusters of Cl adsorbates on the Al~111! surface to help ex-
plain the enhancement of the low-temperature etch rate in an
ECR plasma. To test this hypothesis, adsorbate clusters con-
taining three Cl(ad) atoms residing in nearest-neighbor
equivalent sites ~i.e., ontop-ontop-ontop, bridge-bridge-
bridge, and hollow-hollow-hollow clusters, all in a triangular
geometry! were allowed to structurally relax. It was found
that each of these clusters were unstable, and that repulsions
between the Cl(ad) atoms forced them to physically move
away from each other on the surface, giving final interatomic
distances of at least 4 Å. Even after the minimization of
interatomic forces, the total energy of the initially-ontop-
clustered Cl(ad) system~the system with the lowest relative
total energy! was found to be higher than that of the dis-
persed ontop Cl(ad) system by 0.3 eV. As a result, we believe
that clustering of Cl adsorbates, even at temperatures as low
as 100 K, is unlikely.

2. Formation and desorption of AlCl 3

The reaction involving the formation of adsorbed AlCl3 ,

3Cl(ad)1Al (ad) ——→
Al(111)

AlCl3,(ad) , was modeled computa-
tionally using an aluminum adatom and three nearby chlo-
rine adsorbates. The Al adatom, rather than a standard sur-
face atom, was chosen for use as the reaction center in an
effort to model Al atom defect sites such as step-edges and
regrowth islands~as well as actual adatoms!. These unique
sites are more exposed to surface adsorbates in the low-
coverage regime and provide a good model system for this
set of conditions. The formation energy was calculated by
subtracting the total energy of the nonbonded reactant system
from the total energy of the AlCl3 adsorbate system:DEf

5Etot(AlCl3)2Etot(Al13Cl). Note that for the nonbonded
reactant system, the Cl adsorbates were positioned outside of
the bonding range of the Al adatom, and after structural re-
laxation yielded no attractive forces toward the Al adatom.
To ensure that both the products and the reactants were all in
the lowest energy geometric configurations possible, mul-
tiple adsorption geometries were considered. The Al adatoms
energetically preferred hollow site positions, while the Cl

adsorbates remained most stable in their preferred ontop site
positions. The AlCl3 adsorbates showed no adsorption geom-
etry preference within the estimated accuracy of the calcula-
tions ~i.e., the AlCl3 surface adsorption potential was essen-
tially noncorrugated!. The final value calculated from these
simulations showed an AlCl3,(ad) formation energy of20.70
eV with respect to the separate Al(ad) atom and 3Cl(ad) at-
oms on the Al~111! surface.

The final step of this reaction sequence is the desorption
of the ground state AlCl3 adsorbate into the gas phase,

AlCl3,(ad) ——→
Al(111)

AlCl3,(g) . We can only consider ground
state energies, as standard DFT is unable to predict excited
states. The final desorption energy,DEf5Etot(AlCl3,(g))
2Etot(AlCl3,(ad)), was calculated to be10.67 eV. The posi-
tive value indicates that the desorption of the ground state
etch product is endothermic in this case. In other words, the
bottom of the chemisorption well for ground state AlCl3 on
the Al~111! surface is 0.67 eV below the vacuum level. This
means that if the ground state AlCl3 is to exit the surface
with a translational energy of 0.2 eV, it must overcome first
the 0.67 eV deep potential well and then a barrier to desorp-
tion of about 0.2 eV, for a total energy requirement of about
0.87 eV. We would like to restate that these calculated ener-
gies describe the ground state system only and do not ac-
count for any excited state properties or energies. We will
show, however, that the existence of such excited states can
indeed account for the hyperthermal desorption of AlCl3 .

E. Etch product identification

We now return to the task of etch product species assign-
ment. Our previous assumptions, based upon reports in the
literature by Winters3 and Janssen, Kolfschoten, and van
Veen,5 lead to the conclusion that the major etch product
detected in the 500 K surface temperature experiments was
AlCl3 . Recall that AlCl3 was reported by Janssenet al. as
the major etch species at pressures around 7.531027 Torr
(Cl2 surface flux of 731016molecules cm22 sec21) and tem-
peratures between 450 and 750 K. Our experiments have
made use of a much lower flux (1.031013– 3.0
31013molecules cm22 sec21), and therefore lower pressure
molecular beam~i.e., no postdesorption dimerization!, and
we have shown that the etch products are hyperthermal re-
gardless of which species of aluminum chloride we utilize
for data analysis. We can also eliminate AlCl as a possible
etch product at 500 K due to its high binding energy to the
substrate.5 After these considerations are taken into account,
we state with confidence that AlCl3 is the etch product at 500
K surface temperature.

The etch product identity at 100 K surface temperature
is, however, a matter of some question. All previous experi-
ments performed near room temperature report an Al2Cl6
etch product, but these were carried out under considerably
higher Cl2 fluxes (.731016molecules cm22 sec21), surface
coverages~.1 ML!, and pressures (.7.531027 Torr) than
were our experiments. One must note that it is under
these conditions that postdesorption chemistry may occur.
Consideration of the very low Cl2 incident fluxes (1.0
31013– 3.031013molecules cm22 sec21) and surface cover-
ages ~1%–3% ML! at which spontaneous etching was
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observed in our experiments leads us to believe that postde-
sorption gas-phase dimerization reactions were nonexistent
and that any aluminum chloride etch products were detected
as desorbed, as either AlCl3 or Al2Cl6 . The very low surface
coverages also make reasonable the assumption that the con-
centration of Cl adsorbates on the Al~111! surface at the on-
set of spontaneous etching was too small to provide for the
formation of a large amount of surface Al2Cl6 species, espe-
cially since the etching begins with the equivalent of 1% ML
Cl2 surface dose, as shown in the etch rate profiling experi-
ments. Finally, we note that the exit velocities of the etch
products at both the 100 and 500 K surface temperatures
were essentially equal~with the exception of the anomalous
slow mode at 100 K surface temperature and 0.65 eV inci-
dent Cl2), strongly indicating that the identity of the etch
products at both temperatures are indeed identical. Therefore
we assert with confidence that the etch product specie at 100
K in our ultralow coverage experiments is AlCl3 . It is pos-
sible, however, that the etch product being detected in the
anomalous slow, high-coverage mode may very well be
Al2Cl6 .

IV. DISCUSSION

A. Fast chlorine adsorbate agglomeration

A high rate of reaction of the adsorbed Cl(ad) on the
Al ~111! surface to form AlCl3(ad) is consistent with the sig-
nificant etch product desorption observed at the very low
coverage ~,5% monolayer! conditions under which the
time-of-flight experiments were performed. Indeed, Park
et al. forwarded a model consisting of fast surface diffusion
and agglomeration of Cl adsorbates, and fast subsequent re-
action rates of intermediates on the Al surface, as ion bom-
bardment was found to have no effect on the etch rate.4 Our
experimental sticking probability results are also consistent
with a fast diffusion/agglomeration mechanism, and the alu-
minum chloride etch rate profiles provide directly observable
evidence of unusually fast etch product formation in this
system.

The etch rate profiles show aluminum chloride desorp-
tion products within just two or three molecular beam pulses,
which corresponds to a surface coverage of less than 5% of a
monolayer. Such a phenomenon is only possible if there ex-
ists a mechanism of fast agglomeration of the Cl adsorbates
into reactive positions on the aluminum surface that creates
the observable AlCl3 gas-phase etch products. The data is
consistent with the fast diffusion of the Cl adsorbates across
the Al~111! surface, such that molecules, or even small is-
lands, of aluminum chlorides are produced and then imme-
diately desorb.

DFT-GGA slab calculations performed on a model
Cl(ad) /Al(111) system indicate that there is a reasonable
thermodynamic drive toward adsorbate agglomeration
around and reaction with Al adatoms: the formation of the
AlCl3 etch products is exothermic by 0.70 eV per molecule.
It is likely that this favorable reactivity would also be seen at
Al regrowth islands and step edges. Sufficient numbers of
such sites should exist on the surface to account for the sig-
nificant initial etch rates seen in our low-coverage experi-

ments. The 100 K sticking probability and etch rate measure-
ments are also consistent with the hypothesis that etching
occurs favorably at adatoms, regrowth islands, and step
edges. At low temperatures, etching is quickly quenched and
the surface becomes saturated with Cl adsorbates because
there is insufficient thermal energy to regenerate the reactive
sites. In contrast, we observe in the 500 K sticking probabil-
ity and etch rate measurements that surface saturation is
never reached and that etching is never quenched, indicating
that enough thermal energy exists to regenerate the highly
reactive etch sites under these conditions. It should be noted
that a defect-dependent mechanism such as the one we pro-
pose here is likely to exhibit effects related to the surface
history. Effects of this nature may be observable in the low
temperature sticking or etch rate experiments, where a slight
increase in the length of the initial etching rate is expected
and yields a longer time to surface saturation. We did not
pursue in depth experiments concerning this issue, though,
because these effects would best be probed with low-
temperature scanning tunneling microscopy, whereby one
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 Cl atoms
tend to pull the adjacent Al surface atoms out of the surface
plane by as much as 0.4 Å. The fact that the second-nearest
neighbor Al atoms then sink into the partial voids left behind
provides for an even larger relative atomic displacement for
the affected Al surface atoms. It is possible that displaced
surface atoms such as these would be more prone to both
attack and removal by nearby Cl adsorbates~similar to the Al
adatom case!. It is also possible that this displacement could
reduce the energy requirements for Al adatom/vacancy cre-
ation. However, such an effect was not directly observed in
the calculations because only single-point and geometry re-
laxation DFT calculations, which are carried out at a compu-
tational temperature of 0 K, were performed, not actual mo-
lecular dynamics simulations.

B. Activated chemisorption states

Hyperthermal etch product exit velocities, such as those
observed in our low-coverage Cl2 /Al(111) system experi-
ments, can be explained with four possible mechanistic mod-
els: first, activated desorption, in which the ground state alu-
minum chloride chemisorption potential well lies below the
vacuum level and a barrier to desorption resides above the
vacuum level@see Fig. 10~b!#; second, activated chemisorp-
tion states, in which there exists at least one aluminum chlo-
ride adsorption state with a potential well at an energy above
the vacuum level@see Fig. 10~c!#; a third case in which the
energy of reaction is channeled into translational energy for
the desorbing aluminum chloride; and finally, collision-
induced desorption.

The latter two models can be easily eliminated from con-
sideration. It is unlikely that any reasonable amount of ex-
cess energy from the formation of aluminum chlorides could
be sufficiently channeled into translational energy, as it is
well known that localized energy dissipates quickly on metal
surfaces. Dynamics simulations concerning the dissociative
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chemisorption of O2 on Al~111! have found that the transfer
of energy to the substrate lattice is much too effective to
allow for a large post-dissociation adsorbate mobility.30–32

For the O2 /Al(111) system, there is a much higher exother-
micity than for the Cl2 /Al(111) reaction~27.95 eV per site
with respect to the free oxygen atom!, indicating that this
mechanism is unlikely and can be eliminated. It is also un-
likely that collision-induced desorption could produce etch
products with such high translational energies, especially at
low surface coverages~,5% monolayer!. It is possible that
at high surface temperatures~500 K! and high incident ki-
netic energy there may be components of the etch product
translational energy that are produced via collision-induced
desorption; this would slightly increase the measured most-
probable etch product exit velocity for the high-energy~0.65
eV! incident Cl2 beam. However, this mechanism is not ex-
pected to play a role for the lower energy incident Cl2 beams
~0.11 and 0.27 eV! or on the low temperature~100 K! sur-
face.

It is necessary at this point to distinguish between the
activated desorption and the activated chemisorption state
models for our system of study. Our basic calculations can-
not be used to directly predict a desorption mechanism in
this case because DFT is known to be inaccurate in predict-
ing barrier heights and weak binding potentials. We can,
however, use the calculated desorption energy values to sup-
port our mechanistic assertions. Because we observe hyper-
thermal exit velocities at 100 K, the activated desorption
model seems inconsistent with the data, as it is unlikely that
the etch products could easily surmount such an activation
barrier at this temperature. According to the DFT calcula-
tions and the measured exit translational energies, the barrier
height for ground state AlCl3 desorption would be a total of
about 0.87 eV, which is considerably large at these tempera-
tures~100–500 K!. Therefore, we assert that our results are
most consistent with the existence of aluminum chloride ac-
tivated chemisorption states on the Al~111! surface, desorp-
tion from which results in hyperthermal etch product veloci-
ties.

V. CONCLUSIONS

Hyperthermal desorption of aluminum chloride etch
products from Cl2 /Al(111) has, for the first time, been ob-
served under low coverage conditions~,5% monolayer! at
both low ~100 K! and high~500 K! surface temperatures and
at a variety of incident Cl2 kinetic energies. Etching is found
to spontaneously begin immediately upon exposure of the
Al ~111! surface to pulsed molecular beams of Cl2 . We be-
lieve these hyperthermal desorption products are only ob-
servable under very low Cl2 fluxes and/or surface coverages,
and have thus not previously been seen in high coverage
experiments. The model presented here to explain these phe-

nomena includes a combination of both fast Cl adsorbate
diffusion and agglomeration at Al step-edges, regrowth is-
lands, and adatoms, with fast formation of AlCl3 , and the
existence of activated aluminum chloride chemisorption
states with potential energies above the vacuum level.
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