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Reaction layer dynamics in ion-assisted Si/XeF 2 etching: Ion flux
dependence

P. G. M. Sebel, L. J. F. Hermans, and H. C. W. Beijerincka)

Physics Department, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven,
The Netherlands

~Received 26 March 1999; accepted 2 July 1999!

The etch rate of Si by XeF2 can be enhanced by more than a factor of 8 by ion bombardment. This
enhancement is studied in a multiple-beam setup by looking at the response of reaction product
signals upon ion pulses on time scales of 1–100 s in a multiple-beam setup. On a time scale of 100
s, it is found that ion bombardment causes fluorine depletion of the reaction layer and changes the
structure of the reaction layer. This lower fluorine content results in a lower contribution of the
spontaneous SiF4 production during ion bombardment. For the enhanced SiF4 production two
processes are found from pulse measurements on the time scale of 1–10 s. First, ion bombardment
creates weakly bound surface species, e.g., SiF2 , that can react in the reaction layer to SiF4 . Second,
XeF2 reacts with these species with a higher reaction probability, thus enhancing the SiF4

production. The relative importance of both mechanisms is determined. Further, the limiting steps
during spontaneous and ion-assisted etching are discussed, revealing that the creation of dangling
bonds is the reason for the higher sticking probability of XeF2 during ion-assisted etching. ©1999
American Vacuum Society.@S0734-2101~99!00806-4#
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I. INTRODUCTION

Although plasma etching has been the key process in
fabrication of integrated circuits for many years, knowled
about the fundamentals of the etching process lags be
the knowledge about production processes. This is ma
due to the complicated character of the plasma environm
To cope with the increasing demands on the etching proc
a more detailed understanding of etching is desirable.
avoid the complex plasma environment, beam experime
are performed to unravel the fundamentals of etching. M
studies have given a detailed understanding of the etc
process; most of this work is reviewed by H. F. Winters a
J. W. Coburn.1

From these studies the possible mechanisms of pro
formation during~ion-assisted! etching of silicon have been
suggested. In the present study we focus on the etching o
by XeF2 and Ar1 ions. During spontaneous etching~i.e., in
the absence of the ion flux! SiF4 is the only reaction product
Under ion bombardment, its production is enhanced up
factor of 3 while also SiF2 becomes a significant reactio
product.2 The SiF2 production is explained by physical spu
tering from the reaction layer3 and the enhanced SiF4 pro-
duction is explained by chemical sputtering2,4–10or enhanced
spontaneous etching.1,11

Despite this vast amount of results, only a few quant
tive results are available on the importance of the vari
mechanisms. Vugts, Hermans, and Beijerinck showed
relative importance of physical and chemical sputtering.2 As
chemical sputtering is generally described as a proces
which the ions enhance the rate of formation of react
products,1 this definition leaves open several reaction pa
ways and underlying mechanisms of enhancement.

a!Electronic mail: H.C.W.Beijerinck@phys.tue.nl
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In this article we want to investigate the mechanism
chemical sputtering and provide quantitative results. This
done by looking at the response of the SiF4 signal when
switching from ion-assisted to spontaneous etching and
versa on various time scales. Comparable measuremen
reveal the mechanisms of ion-assisted etching by using
pulses have been performed by Joostenet al.,12 but their ex-
periment suffered from metal contamination.13 Also J. W.
Coburn and H. F. Winters performed similar experimen
but no quantitative results were shown.1

Since SiF4 is a volatile product, it is not a significan
component in the reaction layer14,15 but has to be formed in
that layer. Thus, the thickness and structure of the reac
layer, which changes under ion bombardment, influences
SiF4 production.1,11 In the present article, the effect of ion
on the reaction layer is investigated and discussed in Sec
and IV, after a brief description of the experimental setup
Sec. II. It is shown that ion bombardment causes fluor
depletion of the reaction layer, which decreases the etch
However, this does not explain an enhancement in the e
rate. To investigate the enhancement, the response of
SiF4 signal to pulses of ions of 1 s and less are presented
Sec. V. On this time scale, the reaction layer is assum
constant since its reconstruction has a time scale of 10
From these measurements, two different processes are f
for the enhancement in SiF4 production. The contribution of
each effect is measured as a function of ion flux. The res
are compared with mechanisms proposed in literature in S
VI. It is concluded that the SiF4 enhancement in ion-assiste
etching can be explained by chemical sputtering with t
different reaction pathways for the formation of SiF4 . Now
the enhancement by ion bombardment is explained from
viewpoint of enhanced etch product formation and relea
However, also the adsorption of XeF2 on the Si must be
336817 „6…/3368/11/$15.00 ©1999 American Vacuum Society
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3369 Sebel, Hermans, and Beijerinck: Reaction layer dynamics in ion-assisted Si/XeF 2 etching 3369
enhanced, thus the question‘‘How does ion bombardmen
cause XeF2 to have an increased sticking probability?’’is
answered in Sec. VII, based on the experimental obse
tions in the previous sections. Some concluding remarks
made in Sec. VIII.

II. EXPERIMENTAL SETUP

Only the main features of the multiple-beam setup
described here. A more detailed description of the setu
given by Vugtset al.16

The silicon sample is placed at the intersection of
XeF2 beam and the Ar1 beam in an ultrahigh vacuum
~UHV! chamber (1028 mbar!, but the pressure before pe
forming experiments is 1027 mbar after some days of exper
ments. In this study, all measurements are performed at r
temperature. The Si~100! samples~p type, 30–70V cm! are
cleaned with HF to remove the native oxide before be
mounted. Several samples are used for the experiments.
side of the sample is clamped onto the sample holder b
nickel retainer plate~Fig. 1!. The other end of the 25 mm
long sample is used for the experiments and sticks out of
sample holder. This is done to avoid sputtering of the nic
plate and sample holder by ions, which causes depositio
traces of metal on the silicon and influences the experime
results.13 As a check, one sample was studied by low-ene
ion scattering spectroscopy and no traces of contamina
were found. The nickel retainer plate is used for calibrat
of the incident XeF2 flux, Fs(XeF2), by considering it as an
inert, diffuse scatterer. The XeF2 beam and Ar1 beam are
incident under 52° and 45°, respectively, with respect to
surface normal. The sample is electrically connected to
electrometer to measure the ion current.

The XeF2 gas is supplied by a multicapillary effusive ga
source. During the experiments XeF2 fluxesFs(XeF2) of 0.6
and 1.1 ML s21 are used. For silicon 1 ML corresponds
6.8631018m22. The 1 keV Ar1 beam is well described by
Gaussian profile with a full width at half maximum of 5 mm
From this it is calculated that an ion current of 1mA corre-
sponds to an ion flux of 0.011 ML s21.

The etch reaction is monitored by a quadrupole m
spectrometer~QMS! in a separate UHV chamber (,1028

FIG. 1. Schematic view of the sample holder. The sample is clamped
nickel retainer plate. The actual silicon etching area is as far away from
plate as possible to prevent sputtering of nickel by the ion beam.
JVST A - Vacuum, Surfaces, and Films
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mbar! positioned along the surface normal of the samp
The central detection area seen by the QMS is 3 mm
diameter. With the mass spectrometer, the nonreacted X2

~XeF1 signal! and the reaction product SiF4 (SiF3
1 signal!

are measured. From comparison of the incident XeF2 flux
Fs(XeF2) and the nonreacted fluxF(XeF2) from the Si, the
reaction probabilitye is calculated

e5
Fs~XeF2!2F~XeF2!

Fs~XeF2!
. ~1!

From the SiFx reaction product signals the production coe
ficient dx is calculated

dx5
xF~SiFx!

2Fs~XeF2!
. ~2!

In a steady-state situation a fluorine balance must apply
the system

e5(
x

dx . ~3!

In the case of spontaneous etching at 300 K, SiF4 is the only
reaction product, which serves as a calibration of the prod
tion coefficientd4 . From previous measurements it was co
cluded that all processes scale with the flux ratioR of the ion
flux Fs(Ar1) and the XeF2 flux Fs(XeF2), where the sub-
script refers to fluxes towards the surface2

R5
Fs~Ar1!

Fs~XeF2!
, ~4!

which will be used to present our results.
Ion pulses are created by switching the acceleration v

age of the ion gun. From the response of the x-ray sig
caused by the ions at the Si surface, it was measured tha
response time of this method is 24.860.1 ms for 2.5 keV
ions, well below the time scales of our measurements.
SiF4 and XeF2 signals are measured with a multiscaler ha
ing 256 channels and user-defined channel times. W
counting, the multiscaler also produces user-defined pu
~5 V! to switch the ion beam. In the pulse experiments ch
nel times of 50 and 5 ms have been used and the ion b
was switched on for 75 channels and switched off durin
time varying from 5 to 175 channels.

III. REACTION LAYER DEPLETION BY IONS

To study the effect of the ions on the reaction layer,
ideally have to start from a steady-state reaction layer du
spontaneous etching. As was shown before, steady sta
reached only after exposing a clean silicon sample to 25
ML of XeF2 .17,18 In this way measurements would tak
days; moreover roughening would influence the result18

Thus, it was decided to use an XeF2 dose in the order of
1500 ML to rebuild the reaction layer between success
ion bombardments. In our experiments the steady-state r
tion coefficient e0 and production coefficientd4,0 during
spontaneous etching were measured to be

e05d4,050.1560.02. ~5!

a
is
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In Fig. 2 the response of the reaction and production
efficientse and d4 upon ion bombardment are shown. Th
ion beam is switched on for 180 s at a flux ratioR50.013.
When the ions are switched on a transient peak in the S4

signal d4 is measured. When the ions are switched off,d4

drops below the spontaneous valued4,0. These characteris
tics are discussed later.

A. Ion switch on

The production coefficientd4 shows a peak immediatel
after the ion bombardment has started. However, this pea
not accompanied by a similar peak in the reaction coeffic
e, which increases monotonously until reaching a stea
state situation after about 30 s. In a steady-state situation
~3! applies, which leaves the initial reaction layer as the o
source of additional fluorine for SiF4 production during this
transient peak. The amount of fluorineL loss released from the
reaction layer in the form of SiF4 during the ion bombard-
ment timeTion is calculated from the measured time depe
dence ofd4 by

L loss~Tion!5E
0

Tion
2@d4~ t !2d4,ion# Fs~XeF2! dt, ~6!

whered4,ion is the steady-state ion-assisted value ofd4 . In
Fig. 3,L loss is equal to the hatched area whereTion was long
enough to reach a steady-state situation. This area thus
responds to the total amount of fluorine released from
reaction layer to reach a new steady state situation unde
bombardment. The released amount of fluorine is plotted
Fig. 4 ~dashed line! as a function ofTion . It is seen that after
about 100 s, no additional fluorine is released from the re
tion layer. In this experiment,L loss5961 ML of fluorine
were released.

Next, we determine the ion doseDt to remove the reac
tion layer, formed during spontaneous etching, after the
bombardment has started. To this end, the time constantt for

FIG. 2. Time dependence of the reaction and production coefficiente andd4

when the silicon is bombarded by ions for 180 s. This was measured
flux ratio R50.013. The dotted line shows the steady-state spontan
values ofe05d4,050.15.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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the release of fluorine from the reaction layer is determin
from an exponential fit of the decaying transient peak~see
Fig. 3! and the ion dose is determined from

Dt5t Fs~Ar1!. ~7!

This quantity is studied as a function of the flux ratio wi
Fs(XeF2)51.1 ML/s. The result is shown in Fig. 5. We se
that Dt saturates around 0.5 ML Ar1 for high flux ratios,
indicating that a constant number of ions is needed to re
a steady-state reaction layer under ion bombardment.
lower flux ratios, a lower ion dose suffices.

a
us
FIG. 3. Time dependence of the SiF4 production coefficientd4 , together
with the parameters used to characterize the measurements.

FIG. 4. Comparison between the amount of released fluorine when the
bombardment is switched on and the dip in spontaneous etch rate whe
ion bombardment is switched off. The dashed line gives the fluorine rele
L lossby SiF4 formation upon ion bombardment~left-hand scale! and the data
points show the decrease in spontaneous etch rate (d4,02d4,min) with respect
to the steady-state value~right-hand scale!, both as a function of the ion
bombardment timeTion . This was measured at a flux ratioR50.013.
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B. Ion switch off

When the ions are switched off att5180 s~Fig. 2!, the
SiF4 production coefficient drops below the spontaneo
valued4,0 to a minimum valued4,min ~see Fig. 3!. The spon-
taneous value is recovered on a time scale of 1000 s.
investigate if this dip in the SiF4 production is related to the
release of fluorine from the reaction layer, the ion bomba
ment timeTion has been varied. In this way the amount
released fluorine is controlled. In Fig. 4 the dip (d4,0

2d4,min) is plotted for various ion bombardment times~data
points!. We see that the depth of the dip and the fluor
release from the reaction layer show the same behavior
function of the ion bombardment time. This suggests a lin
behavior betweenL loss and the decrease in spontaneous S4

production.
As a complementary measurement, one could also de

mine the fluorine uptake of the reaction layer during rec
struction. This fluorine uptakeLgain is given by

Lgain5E
Tion

`

2@e~ t !2d4~ t !# Fs~XeF2! dt, ~8!

since only SiF4 is produced during this stage. However, sin
the difference betweene and d4 is small ~see Fig. 2!, this
method was thus not used because of its inaccuracy.

Next, the depletion of the reaction layer is measured a
function of ion flux. A direct method would be to measu
the released fluorine content according to Eq.~6! with Tion

large enough to ensure steady-state ion-assisted etching
lower ion fluxes, however, it takes longer to reach stea
state etching. Thus, small errors ind4 during ion-assisted
etching will cause large errors inL loss. In addition,L loss will
decrease for lower ion currents, thus giving even more in
curate results.

For this reason, an indirect determination of the effect
ion flux on the reaction layer is made by measuring the m
mum valued4,min of the spontaneous SiF4 production, be-

FIG. 5. Characteristic ion doseDt ~ML ! required to reach a steady-sta
reaction layer as a function of the flux ratio. The drawn curve indicates
observed trend.
JVST A - Vacuum, Surfaces, and Films
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cause this value is directly related to the amount of relea
fluorine as was shown in Fig. 4. In Fig. 6 the result is sho
for measurements at two different XeF2 fluxes ~0.6 and 1.1
ML/s! on the same sample, but with three days of oth
measurements in between. Both measurements show a
lar behavior: with increasing flux ratios,d4,min is decreasing.
The quantitative difference between the two sets of dat
attributed to a different surface roughness.

In the next section the results of the depletion of the
action layer will be discussed using models from literatur

IV. MODEL DESCRIPTION OF REACTION LAYER
DEPLETION

It was shown earlier that, during ion bombardment, a n
steady-state reaction layer is formed having a lower fluor
content than the reaction layer during spontaneous etch
In this section we use two models suggested in previ
articles to describe this depletion.2,18 We identify d4,min as
the spontaneous SiF4 production for the steady-state reactio
layer under ion bombardment.

A. Chain model

To describe the depletion of the reaction layer, we fi
use the chain model which describes the formation of
reaction layer during spontaneous etching.18 With increasing
time, the reaction layer changes from a monolayer consis
of a SiFa species to a multilayer consisting of chains
SiyFb species. Here we extend the model to ion-assis
etching by assuming an ion-induced removal of these Sa

and SiyFb species with a probabilityDpa andDpb , respec-
tively. The rate equations for the formation of the reacti
layer are now given by

e

FIG. 6. Minimum value of the spontaneous SiF4 production coefficient after
the ions are switched off as a function of the flux ratioR. The triangles were
measured at an XeF2 flux of 0.6 ML/s and the circles at a flux of 1.1 ML/s
measured three days later. The dotted line is the result of the chain m
fitted to the triangles. The full line indicates the kinetic model fitted to t
closed circles~IV !.
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]@SiFa #*

]t
5kfFs~XeF2!~12@SiFa #*2@SiyFb #* !

2kc Fs~XeF2!@SiFa #*2Dpa Fs~Ar1!

3@SiFa #* , ~9!

]@SiyFb #*

]t
5kc Fs~XeF2!@SiFa #*2Dpb Fs~Ar1!

3@SiyFb #* , ~10!

where @SiFa] * 5@SiFa #/rN0 and @SiyFb] * 5@SiyFb#/rN0

are normalized to the number of available sitesrN0 on the
surface due to roughening of the surface (N051 ML).

Equation~9! describes the growth of the monolayer co
erage. The first term on the right-hand side describes
formation of the monolayer coverage with a reaction pro
ability kf ~@1/ML#!. The second term describes the transf
mation of SiFa species to SiyFb chains with a reaction prob
ability kc ~@1/ML#!. The last term describes the ion-induc
release of fluorine with a probabilityDpa ~@1/ML#!. Equa-
tion ~10! describes the formation of the multilayer covera
from the monolayer coverage and the release of SiyFb by ion
bombardment with a probabilityDpb ~@1/ML#!. It should be
stressed that the two ion-induced loss terms in Eqs.~9! and
~10! describe the effective action of the ions on the growth
a steady-state reaction layer. The terms do not describe
process of ion-induced etching.

To check if this extended chain model can describe
depletion of the reaction layer we assume equal probabil
Dpa5Dpb5Dp for the monolayer and multilayer coverag
Solving Eqs.~9! and ~10! for a steady-state situation an
using the parameters as given in Table I, we use the exten
chain model to calculate the new steady-state reaction l
under ion bombardment as a function ofR. The spontaneous
SiF4 production of this layer is given by2

d4,spon}@SiFa #*11.8@SiyFb #* . ~11!

It is assumed thatd4,min corresponds to this spontaneous Si4

production. The parameterDp, used to fit the chain model to
the experimental data ofd4,min ~Fig. 6!, yields Dp
50.1 ML21. As d4,min depends on the surface conditions,
additional scaling parameter of 0.78 was used to scale
resultd4,02d4,min of the model. The result is shown in Fig.
~dotted line!. We see that the extended chain model give
good description of the spontaneous SiF4 production of a
steady-state reaction layer under ion bombardment.

TABLE I. Numerical values of the parameters of the chain model. They w
obtained from a fit to the fluorine content of the reaction layer during sp
taneous etching as a function of the XeF2 dose~from Ref. 20!.

Parameter Value

kf 3.031022

kc 3.231024

a 1.5
b 5.5
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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With these results the fluorine content of the monola
La5a@SiFa #* and the multilayerLb5b@SiyFb #* are cal-
culated and shown as a function of (d4,02d4,min) in Fig. 7.
On the topx axis, the corresponding flux ratioR is shown as
derived from Fig. 6. We observe that the total fluorine co
tent (La1Lb) decreases linearly with (d4,02d4,min), while
the fluorine content of the monolayer increases. This ob
vation is in agreement with the experimental results for
dependence of the dip ind4 andL loss in Fig. 4. It can also be
seen that under ion bombardment the reaction layer cha
from a multilayer coverage to a monolayer coverage with
small fluorine content. This is in agreement with measu
ments of the structure of the reaction layer duri
spontaneous17 and ion-assisted etching.19

During ion bombardment, an amount ofL loss5961 ML
of fluorine is released in the form of SiF4 for a flux ratio of
R50.013, resulting ind4,min50.1. Joostenet al. showed that
the production coefficientd2 shows a similar transient pea
asd4 .12 We estimate the fluorine release in the form of Si2

to be an additional 50%. Thus, the total amount of fluor
released from the reaction layer is on the order ofL loss514
ML. When comparing this to the calculated result in Fig.
we conclude that (d4,02d4,min)50.05 corresponds to a nor
malized release of fluorine ofL53 ML. The measured value
of 14 ML indicates a roughness ofr54.6, which should be
compared to a roughness during spontaneous etching in
range fromr51 to r56 as reported by Vugtset al.18 We
conclude that the model describes the depletion of the re
tion layer very well. Also the amount of fluorine release
from the reaction layer corresponds to the expected de
tion.

e
-

FIG. 7. Calculated fluorine content of the monolayer (La) and the multilayer
(Lb) coverage as a function of (d4,02d4,min). Also the total fluorine content
(La1Lb) is plotted. All fluorine contents are normalized to a flat surfa
(r51). For comparison with the measurements, the flux ratioR is plotted
on the topx axis.
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B. Kinetic model

This model describes the SiF2/SiF4 production and XeF2
consumption as a function of the flux ratio and assume
reaction layer consisting of SiF2 species.2 The rate equation
for the SiF2 species is given by20

]@SiF2#

]t
5kcFs~XeF2!S 12

@SiF2#

rN0
D 2ke c Fs~XeF2!

3@SiF2# 2~pp1pc!Fs~Ar1!@SiF2#. ~12!

The first term on the right-hand side of Eq.~12! describes the
fluorination of dangling bonds with a sticking probabili
k c. The second term describes the spontaneous etchin
SiF4 with a reaction probability ofke c @1/ML#. The last term
describes the chemical and physical sputtering of SiF4 and
SiF2 with a probability ofpc and pp @1/ML#. The factorc
accounts for the fact that XeF2 is first trapped in a precurso
state XeF2(p), the concentration of which is proportional t
the XeF2 flux

@XeF2#p 5 c Fs~XeF2!. ~13!

The value of the model parameters are shown in Table2

The SiF4 productiond4 consists of two contributions: re
sidual spontaneous etching on a modified reaction layer
ion-induced etching

d45d4,spon1d4,ion ~14!

with

d4,spon52kec@SiF2#, ~15!

d4,ion52pcR@SiF2#. ~16!

The contributiond4,spon can now directly be compared t
d4,min as obtained just after the ions are switched off. In F
6 we showd4,spon as predicted by the kinetic model with
scaling factor of 0.65~full line!. Good agreement with the
experimental data is obtained.

We thus conclude that both the chain and kinetic mo
describe the depletion of the reaction layer as a function
the ion flux very well. The chain model in addition describ
the transformation of the reaction layer from a multilay
coverage to a monolayer coverage. In the next section
dynamic behavior of removing the reaction layer upon
bombardment is discussed.

TABLE II. Numerical values of the parameters of the kinetic model. T
values are obtained by fitting the model to the steady-state values ofe ion and
d4,ion as a function of the flux ratioR, as measured by Vugts, Hermans, a
Beijerinck2 ~second column! and this article~third column!.

Parameter Value from Ref. 2 Value from this article

ck 0.71 0.78
(rN0) cke 0.044 0.084
(rN0) pp 61.9 108.3
(rN0) pc 20.4 40.0
JVST A - Vacuum, Surfaces, and Films
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C. Dynamics of reaction layer depletion

From the rate equation for the chain model@Eqs.~9! and
~10!# and the kinetic model@Eq. ~12!# also the characteristic
ion dose for depletion of the reaction layer~see Fig. 5! can
be calculated. In the chain model this ion doseDt ,chain is
equal to

Dt , chain5
R

kc1R Dp
. ~17!

In the kinetic model this doseDt ,kin is given by

Dt ,kin5
R

~k/rN01ke!c1~pp1pc!R
. ~18!

With the data from Tables I and II, these ion doses are p
ted in Fig. 8 together with the experimental data from Fig.
As can be seen the kinetic model predicts a value ofDt

which is a factor 45 too low, while the chain model predic
a value which is a factor of 20 too high. This is explained
follows. The kinetic model only describes the fast process
fluorination of dangling bonds and the release of SiFx reac-
tion products. As was shown earlier, during spontane
etching the reaction layer consists of a relatively thi
multilayer reaction layer, which changes to a monolayer c
erage under ion bombardment. This removal of a thick re
tion layer of chains of SiyFb is not included in the kinetic
model. This is for example shown by a normalized fluori
release ofL53 ML as predicted by the chain model com
pared to a release ofL51.1 ML as predicted by the kinetic
model. This explains why the kinetic model underestima
Dt . The actual difference will be even higher as would
concluded from the difference in fluorine content. Because
the chain-like structure, the fluorine has also moved dee
in the silicon and thus several monolayers of Si have to
removed whereas the kinetic model assumes the remov
1 ML.

FIG. 8. Characteristic ion doseDt needed to reach a steady-state react
layer under ion bombardment as calculated with the chain model~dashed
line! and the kinetic model~full line! on a logarithmic scale as a function o
the flux ratioR. The dots correspond to the measured ion doses as show
Fig. 5.
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The chain model, on the other hand, does not inclu
etching. This is shown by a removal probability ofDp
50.1 for the chain model compared to a removal probabi
of (pp1pc)582 for the kinetic model. This difference of
factor of 820 in removal probabilities for both models is t
reason for the difference in ion doseDt of about 900. How-
ever, the removal of the reaction layer byDp does not con-
tribute to etching in the chain model. Etching, however, is
important step in the removal of the thick layer. This resu
in a too low value ofDp when the chain model is fitted t
the experimental results. From this it is concluded that
chain model overestimatesDt .

V. MECHANISMS FOR SiF4
ENHANCEMENT: EXPERIMENTS

In the previous section, the change in reaction layer
been described in detail. We observed that the fluorine c
tent in the reaction layer decreases when bombarded
ions, which results in a lower production coefficientd4 dur-
ing subsequent spontaneous etching. During ion-assi
etching, however,d4 is enhanced, despite the lower fluorin
content in the reaction layer. To gain more insight in t
mechanisms which result in this enhancement, we perform
pulse measurements. Before every pulse experiment the
are switched on for 180 s to form a steady-state reac
layer under ion bombardment at the same flux ratio as in
subsequent pulse experiment. The pulse experiments are
formed with different ion bombardment times and vario
times between subsequent pulses. Long pulses have
used with a length of 3.75 s and a time between subseq
pulses varying from 0.5 to 8.75 s. For every experim
about 20 long pulses are used. The short pulse measurem
consisted of pulses with a length of 0.375 s and delay
0.875 s between subsequent pulses. These short pulse
repeated 150 times in every experiment. The measurem
are done for various flux ratiosR at an XeF2 flux of 1.1
ML/s. After every pulse sequence, the ions are switched
for about 1200 s to form a new reaction layer during sp
taneous etching, assuring the same initial conditions for
ery experiment. By using a maximum time of 8.75 s betwe
successive ion bombardments, it is ensured that the rea
layer is not rebuilt as this process occurs on a time scal
500 s, thus enabling us to study the mechanisms of S4

enhancement. In this way the spontaneous and ion-ass
etching is measured on the steady-state reaction layer u
ion bombardment.

In Figs. 9 and 10 the responses ofe andd4 are shown for
flux ratios ofR50.005 andR50.025 on long and short time
scales, respectively. Also, the response for other flux ra
has been measured, but these two measurements cl
show the characteristics in the time response ofe andd4 as
a function of the flux ratio.

A. Long pulses

First the response of the reaction coefficiente is discussed
~Fig 9!. Both for the low and high flux ratio, the value ofe
increases when the ions are turned on until a steady-s
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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situation is reached. When the ions are turned off,e de-
creases with an average time constant of 0.8560.05 s inde-
pendent of flux ratio. After the ions are switched on, the tim
constant for reaching a steady-state situation decreases
increasing flux ratioR. When expressed in terms of a cha
acteristic ion doseDt , the same behavior as in Fig. 5 a
pears~not plotted!. The saturation value ofDt for a high flux
ratio, however, is on the order of 0.01 ML Ar1.

Now the response of the production coefficientd4 for the
long pulse series is discussed. The result is shown in
lower panels of Fig. 9. When the ions are switched on wit
low flux ratio, we see a similar behavior as fore ~left-hand
panel!: d4 increases monotonically until reaching a stead
state situation. For flux ratiosR.0.01 ~right-hand panel of
Fig. 9!, however, a peak ind4 is observed upon ion bom
bardment. Similar to the argument in Sec. III, it is conclud
that during this peak excessive fluorine is released from
reaction layer in the form of SiF4 . The characteristic ion

FIG. 9. Results of the long-pulse measurements forR50.005 and R
50.025 at an XeF2 flux of 1.1 ML/s. In the upper panel the response ofe is
shown for ion pulses of 3.75 s. In the lower panel, the response ofd4 on this
time scale is shown. The horizontal dotted line indicatesd4 during steady-
state spontaneous etching.

FIG. 10. Results of the short-pulse measurements forR50.005 ~left-hand
panel! and R50.025 ~right-hand panel! at an XeF2 flux of 1.1 ML/s. The
response ofd4 is shown for ion pulses of 0.375 s. The dotted lines indica
the steady-state value during ion-assisted etching for both flux ratios.
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doseDt to remove this excessive fluorine and to reach
steady-state situation is now on the order of 0.01 ML A1

instead of 0.5 ML~see Fig. 5! as was measured to remov
the reaction layer. This dose of 0.01 ML is in good agre
ment with the prediction of the kinetic model~Fig. 8!. From
the height of the peak as a function of the time betwe
successive measurements it is concluded that the fluo
released in the peak sticks to the surface during the first
after the ion bombardment. This fast fluorination of the s
face is related to the fluorination of dangling bonds~charac-
terized byk c50.71 in the kinetic model!. This peak appears
only for high ion currents, as for higher ion fluxes mo
dangling bonds will be produced and thus more fluorine
released. For low ion fluxes also some excessive fluorine
be released but this is not seen as a transient in the4
signal.

When the ions are switched off, the production coefficie
d4 first drops rapidly, followed by a slower decrease to
value belowd4,0. This drop ofd4 to d4,min was already dis-
cussed in Sec. III. The slow decay time of the SiF4 signal to
d4,min is independent of the ion flux with an average value
2.660.2 s. It is noted, however, that these measurements
done on a single day and thus similar surface conditi
~roughness! apply to these measurements. It was seen
different surface conditions result in a different decay tim

The steady-state values ofd4,ion ande ion have been fitted
with the kinetic model in a way analogous to the meth
described by Vugts, Hermans, and Beijerinck.2 The fitting
parameters are found in Table II. The difference betwe
d4,ion ande ion ~see Fig. 9! is explained by physical sputterin
of SiF2 .2 The spontaneous valued4,0 in our measurement
was a factor of two larger than the value of Vugts, Herma
and Beijerinck. In the model, this results in an increase in
surface roughnessr by a factor of 2. With this assumptio
all other parameters are in agreement within 10% of the
ues measured by Vugts, Hermans, and Beijerinck.

B. Short pulses

The fast decay ofd4 , after the ions are switched off, i
studied by using pulses of ions on a shorter time scale.
response ofd4 to these pulses of 0.375 s is shown in Fig.
for R50.005 andR50.025. From a comparison of the re
sults with the steady-state valued4,ion during ion-assisted
etching~dashed lines in Fig. 10!, it appears that on this time
scale no steady-state situation is reached. For low flux ra
d4 is lower and for high flux ratios it is higher than in
steady-state situation. This behavior is in agreement with
response ofd4 during the first second of the long pulse ser
~lower panel of Fig. 9!.

From the decay ofd4 after this short pulse of ions for th
different flux ratios, it is seen thatd4 drops faster for the
higher flux ratio than for the lower flux ratio. To investiga
this further, this decay was modeled with an exponential
cay function plus a linear decay to model the slow decay
2.6 s on this short time scale. The time constant of the
ponential function decreases as a function of the flux ra
whereas it was already shown that the time constant of
JVST A - Vacuum, Surfaces, and Films
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slow decay is independent of the flux ratio. Since this f
decay starts from a value aboved4,ion2 for the high flux ratio
and it is also clearly seen in the response for the long
pulses~high in flux!, it is concluded that these phenome
are related.

Finally, it is mentioned that the behavior ofd4 ande for
these short pulses is similar to the results obtained by J.
Coburn and H. F. Winters for a 1 Hzmodulated ion beam.1

Those measurements, however, were not done for var
ion fluxes.

C. Processes from pulse measurements

From these pulse measurements, two processes for
hancement ofd4 emerge. The first process decays with
time constant in the order of 2.6 s, independent of flux ra
The final value of this decay isd4,min. This slow process also
appears in the response ofe andd4 ~only for low ion flux!
when the ions are switched on.

The second process is associated with the fast decay,
a time constant that depends on the flux ratio. This proces
related to the peak ind4 for higher flux ratios. As discusse
earlier, the appearance of a peak is attributed to the for
tion of SiF4 within the reaction layer.

From the pulse measurements the contributions of th
two processes can be disentangled. In Fig. 11 the var
contributions in the SiF4 signal are shown for the long puls
measurement atR50.025. The dip in SiF4 productiond4,min

is taken from the average value aroundt58.75 s. Next the
contribution associated with the slow process is added.
slow decay is fitted with an exponential decay fort55 s to
t58.75 s. The slow contribution is the value ofd4 at the
moment that the ions are switched off (t53.75) when the fit
function is extrapolated. Finally, the fast contribution
taken as the difference between the steady-state valued4,ion

and two previous contributions. The values of these con
butions are shown in Fig. 12 as a function of the flux ratioR.
The dip in SiF4 productiond4,min is shown by the triangles

FIG. 11. Various contributions to the SiF4 production coefficientd4,ion for a
long-pulse measurement at a high flux ratioR50.025.
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and this result is similar to the data in Fig. 6. The slo
contribution is added, resulting in the diamonds. Finally,
squares correspond to the steady-state valuesd4,ion, thus
leaving the difference open for the process associated
the fast decay.

In the next section, various mechanism for the SiF4 en-
hancement discussed in literature will be reviewed and c
pared with our experimental results of the two process
thus providing a physical mechanism of SiF4 enhancement.

VI. MECHANISMS OF SiF4
ENHANCEMENT: DISCUSSION

A variety of mechanisms have been proposed and reje
for the enhancement in etching by ions. In Fig. 12 differe
processes contributing to the enhancement in SiF4 produc-
tion were distinguished. In this section we will put the
processes into perspective of the proposed mechanisms
try to establish a relation between the two.

Before a reaction product leaves the surface and con
utes to etching, several steps must be accomplished:~1! re-
actant adsorption,~2! chemical reaction to form etch prod
ucts, and ~3! etch product desorption.21 To explain the
enhancement of etching by ions, at least one of these s
has to be enhanced. All proposed mechanisms can
grouped to explain the enhancement of one of these st
We will discuss the various mechanisms as proposed in
erature in the order of these steps.

Step~1! can be enhanced byion-induced dissociation o
physisorbed species, resulting in species with a higher rea
tion probability to form SiF4 .5 J. W. Coburn and H. F. Win-
ters eliminated this mechanism, but Vugts, Hermans,
Beijerinck showed that with increasing ion flux the Xe

FIG. 12. Contributions of the various mechanisms for SiF4 enhancement
during ion-assisted etching as a function of the flux ratioR. The triangles
correspond to the contribution ofd4,min, which is a reaction between SiF2

and XeF2 . Next the contribution of the slow process is added, resulting
the diamonds. This contribution to SiF4 production is attributed to the reac
tion of XeF2 with weakly bound SiF2* . Finally, the squares correspond t
the steady-state valued4,ion. This difference with the diamonds is the fa
process, which is attributed to the reaction of two weakly bound SiF2* spe-
cies.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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XeF2 ratio increases, indicating dissociation of XeF2 .2 How-
ever, it is not known whether the dissociated molecules re
with a higher reaction probability with the Si or leave th
surface without any reaction. From the linear dependenc
the etch rate on the XeF2 flow over a wide range,22 it is
concluded that the physisorbed XeF2 concentration is very
low at room temperature.2 For this reason the influence o
this mechanism is limited and further neglected in this
ticle.

For the enhancement of step~2!, the widely proposed
mechanism ischemical sputtering, see Sec. I. It is usually
defined as a process in which the ions act to increase the
of formation of the product species. However, this definiti
leaves open a variety of pathways to enhance the etch
To discuss the mechanism of chemical sputtering, the res
of a molecular dynamics~MD! study serve as our base.10 As
the authors noted, these simulations cannot be expecte
quantitatively reproduce experimental results, but these s
ies surely complement experimental studies as shown b
very good agreement between the observations of their
simulations and the definition of chemical sputtering by
W. Coburn and H. F. Winters.1 They concluded that the cre
ation of weakly bound products during the collision casca
of the ions is a key mechanism. These products would t
disappear by desorption, chemical reaction or diffusion o
wide range of time scales (1028– 100 s!. When assuming a
SiF2-like surface,2,19 these would be weakly bound SiF2 spe-
cies, which react to form SiF4 . In this way the SiF4 produc-
tion would be enhanced.

Two possible chemical reactions have been propos
First, the reaction between two weakly bound SiF2 species
~denoted as SiF2* ) could produce volatile SiF4 :4

SiF2*1SiF2*→SiF41Si. ~19!

A similar reaction involving SiF3 was also proposed.9 The
reaction should be interpreted as a model reaction to desc
the formation of volatile SiF4 within a reaction layer consist
ing of SiF2 species. From a chemical viewpoint, the pr
posed reaction between such massive molecules is unlik

Another reaction pathway is the reaction of weakly bou
SiF2 with physisorbed XeF2 to form SiF4 . Weakly bound
SiF2 is assumed to have a higher reaction probability th
strongly bound SiF2 :

SiF2*1XeF2→SiF41Xe. ~20!

This reaction was suggested by Gerlach-Meyer, where
interpreted their excited SiF2 species as weakly bound SiF2 .5

In Secs. III and V, it was concluded that indeed SiF4 is
formed in the reaction layer, thus favoring Eq.~19!. From
Fig. 10 it was concluded that for a high ion flux the produ
tion of SiF4 is accompanied by a decay with a short tim
constant. This short time constant becomes even shorter
increasing ion flux. This is well explained by the formatio
of SiF4 within the reaction layer according to Eq.~19!. The
formation rate of SiF4 for Eq. ~19! is quadratic in the SiF2*
concentration
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F~SiF4!50.5
]@SiF2* #

]t
}@SiF2* #2, ~21!

where it is assumed that no new SiF2* is produced by the
ions. For higher ion fluxes more weakly bound SiF2 will be
produced. From Eq.~21! it is calculated that, because of th
quadratic behavior, the SiF4 production decays faster whe
more SiF2* is present upon switching off the ions. It is note
that the exponential function used to fit the decay in Sec. V
only an approximation of the decay function predicted
Eq. ~21!. We thus attribute the process with the short tim
scale in Fig. 12 to the ion-induced reaction between two S2

species in the reaction layer.
The slow process in Fig. 12 is now attributed to a react

between SiF2* and XeF2 . When the ions are switched of
weakly bound species are created, explaining the slow
crease ine andd4 ~for low ion fluxes, see Fig. 9!. This is in
agreement with the measured behavior of the time cons
for e to reach a steady-state situation when the ions
switched on. When the ions are switched off, the wea
bound species gradually decay by either chemical reac
@Eq. ~20!# or to strongly bound states, thus explaining th
the decay time ofd4 is independent of the flux ratio. Afte
this decay, the spontaneous etch rate of the depleted rea
layer is reached, as is discussed in Sec. IV.

Finally, for the enhancement of step 3 by ions, the mec
nism of physical sputteringis suggested. This mechanism
first suggested by Maueret al.,3 is defined as the direct re
lease of surface species upon ion impact and thus enha
the release of reaction products from the surface. T
mechanism is described already by Vugts, Hermans,
Beijerinck and it was concluded that this is the mechan
for SiF2 production in ion-assisted etching.2 As SiF4 first has
to be formed@step ~2!#, this mechanism might enhance th
release of SiF4 from the reaction layer once it is formed, b
this is only a minor effect as the release of volatile SiF4 is
not a limiting factor.

Now that a link has been established between the fast
slow processes from Sec. V and physical mechanisms for
enhancement, the origin of the peak in the SiF4 signal for
high flux ratios is discussed~see Fig. 9!. This peak is attrib-
uted to fluorine which sticks to dangling bonds on the silic
during the first seconds after the ions have been switched
~Sec. V!. As discussed in Sec. IV, this is exactly the situati
as described by the kinetic model: dangling bonds produ
by the ions are fluorinated again and the fluorine leaves
surface in the transient peak at the onset of the ion bomb
ment. Indeed the ion dose ofDt50.01 ML needed to remove
this fluorine is in good agreement with the value predicted
the kinetic model.

VII. HOW DOES ION BOMBARDMENT CAUSE XeF 2
TO HAVE AN INCREASED STICKING
PROBABILITY ?

In the previous sections the questionHow does ion bom-
bardment produce enhanced etching?was answered from
the viewpoint of the release of reaction products. This s
JVST A - Vacuum, Surfaces, and Films
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tion serves to summarize our results and to answer the q
tion in the title of this section. This was inspired by a simil
section by Tu, Chuang, and Winters4 with the same question
but the present discussion is based on the knowledge of
work and work by other authors.1,2,4,8,10

To produce more reaction products during ion-assis
etching, more XeF2 is consumed and thus the sticking pro
ability of XeF2 on the surface must increase during ion bo
bardment. J. W. Coburn and H. F. Winters emphasized th
decrease in fluorine coverage will cause an increase in
sticking probability.23 From our measurements it was co
cluded that indeed the fluorine coverage decreases with
bombardment. But what is the relation between an incre
in sticking probability and a decreasing surface coverage

To answer this question we must realize that the ove
sticking probability consists of a combination of seve
sticking coefficients, related to the different reactions
XeF2 to form a reaction layer and reaction products. In t
case of a reaction probability, the values from the kine
model are used as an approximation for the correspond
sticking coefficients~Table II!.

~i! XeF2 is first physisorbed on the surface in a precurs
state, before the XeF2 molecule is dissociated an
fluorine is chemisorbed on the surface@Eq. ~13!#. The
probability of physisorption is given byc. As the
chemisorption of fluorine proceeds via the phy
isorbed state, this probability is always included in t
total reaction probability of the various chemisorptio
states as discussed below.

~ii ! Physisorbed fluorine on a clean surface can fluorin
dangling bonds on the surface with a probabilityk.
The total sticking probabilityck for XeF2 to fluori-
nate a dangling bond is 0.71.2

~iii ! Physisorbed fluorine can also react with fluorinat
sites and produce SiF4 . This ‘‘sticking probability’’ is
given by the reaction probabilityke of SiF4 during
spontaneous etching. The total reaction probabi
cke was calculated to be on the order ofcke50.044.
After desorption of SiF4 the dangling bonds will be
fluorinated again@point ~ii !#.

~iv! Physisorbed fluorine may also react with the surfa
to contribute to the fluorination of the reaction lay
as described by the chain model. These sticking pr
abilities change with the thickness of the reacti
layer and were calculated to be 0.03 and 0.0032
monolayer and multilayer coverage, respective
These sticking probabilities are responsible for t
growth of a reaction layer and the increase of the e
rate with increasing reaction layer thickness.

With these various reaction probabilities we can describe
rate-limiting steps in the etching process.

During spontaneous etching, all dangling bonds are
most immediately fluorinated@point ~ii !# and a SiF2-like re-
action layer is formed and the overall sticking probability
XeF2 ~which is equal toe) is limited by the adsorption of
XeF2 on this fluorinated layer to form SiF4:
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espont'2cke . ~22!

This reaction probability is an approximation from the so
tion of Eqs.~12! and ~15!.2

Upon ion bombardment, the reaction layer has a low
fluorine content~Sec. IV!. For high ion currents, even mor
fluorine is released from the reaction layer upon ion bo
bardment~see Fig 10!. Now, the surface contains a lot o
dangling bonds, which are fluorinated again in the first s
onds after the ions have been switched off. Thus, the m
mum reaction probability is now limited by the adsorption
these dangling bonds@point ~ii !#. The maximum sticking
probability emax is somewhat higher than this sticking pro
ability on dangling bonds (ck), because of the sticking prob
ability on SiF2 to form SiF4 by chemical sputtering. With the
kinetic model@Eq. ~12!# this maximum value is given by

emax5ckS 11
P

11PD , ~23!

where P5pc /pp'0.32 is the ratio between chemical an
physical sputtering. This results inemax50.88, close to the
value ofe50.83 measured by Vugts, Hermans, and Beij
inck for a high flux ratio ofR50.18.2

Because of this limitation by the reaction probability,emax

is almost independent of the characteristics of the bomb
ment source~ion mass, ion energy!.4 Different characteristics
can only change the ratio between chemical and phys
sputtering, thus changingemax.

From this discussion we see that the role of the ions is
enhancement in product formation and product release.
results in the creation of more dangling bonds, which res
in an higher overall sticking probability of XeF2 . When
starting on a thick reaction layer, the rate of product form
tion is higher than the rate of XeF2 sticking on the surface
To obtain a new balance in the product formation rate a
the adsorption rate, the reaction layer becomes thinner.

VIII. CONCLUSIONS

It was shown that ion bombardment lowers the fluor
content in the reaction layer and produces a monolayer c
erage of SiFa species instead of a multilayer coverage
SiyFb species. These experimental data are supported
model calculations. The depletion of the reaction layer is
result of a new balance between product release and ad
tion of XeF2 . The limitation in the adsorption changes fro
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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that for adsorption on a fluorinated surface for SiF4 forma-
tion to that for adsorption on dangling bonds.

However, this depleted reaction layer results in a low
spontaneous etch rate. The etch rate is enhanced by
mechanisms. First, physical sputtering accounts for
higher product desorption of SiF2 .2 Second, chemical sput
tering accounts for a higher formation rate of SiF4 . It was
shown that this higher formation rate of SiF4 has two differ-
ent origins. The first mechanism is the formation of Si4

within the reaction layer. The second mechanism is the
mation of weakly bound SiF2 , which as a higher reaction
probability to react with XeF2 .
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