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Reaction layer dynamics in ion-assisted Si ÕXeF2 etching:
Temperature 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 3 February 2000; accepted 14 August 2000!

We study the dynamics of the reaction layer during Ar1 ion-assisted Si etching by XeF2 in the
temperature rangeT5150– 800 K. Depending on temperature, the etch rate can be enhanced a
factor of 8 by ion bombardment. The dynamics are studied with ion-pulse measurements on a time
scale of 1–100 s in a molecular beam setup. A reaction layer with a submonolayer fluorine coverage
and dangling bonds is found to be formed on the Si~100! surface during ion bombardment. The
dangling bond concentration increases with ion flux and is independent of temperature in the range
150–600 K. Chemisorption on these dangling bonds results in a higher reaction probability of
XeF2 . The temperature dependence of the reaction probability of XeF2 is fully determined by the
temperature dependence of the XeF2 precursor state. A simple model gives a very good description
of the reaction probability as a function of both temperature and ion flux. The model description of
the behavior of the precursor concentration as a function of ion flux and temperature is confirmed
by ion pulse measurements on a time scale of 1 s. Further, it is concluded that the mechanisms for
enhanced SiF4 formation during ion bombardment are the same over the temperature range studied.
© 2000 American Vacuum Society.@S0734-2101~00!04106-3#
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I. INTRODUCTION
Etching is one of the important steps in the production

semiconductor devices. The characteristics of the etch
process are largely determined by the reaction layer form
on the surface. It can be defined as the surface layer con
ing of intermediate reaction products and residues of
etchant. The reaction layer can influence all steps of the e
ing process: etchant adsorption, reaction product format
and release of reaction products.1 The role of the reaction
layer depends on the specific etching process. In the cas
Si etching with CFx gases, the reaction layer limits the su
ply of reactants~step 1!.2 When Si is etched by XeF2 , Vugts
et al. showed that it is the reaction layer’s fluorine conte
which determines the spontaneous etch rate~step 2!.3 Fi-
nally, the condensation of Si2F6 at 77 K which blocks the
etching process is an example of a case in which the reac
layer limits the release of reaction products~step 3!.4

Etching of Si by XeF2 and Ar1 is often used as a mode
system to study the fundamental mechanisms beh
etching.5 However, despite its importance, little attention h
been paid to the role of the reaction layer, particularly in
case of ion-assisted etching.6–8

The formation of a reaction layer during spontaneo
etching ~i.e., without ions! at ordinary temperatures can b
summarized by the following steps.3

~i! Physisorption of XeF2 in a precursor state.
~ii ! Chemisorption of the precursors. On a clean surfa

chemisorption first takes place at dangling bon
Next, a SiFx like monolayer coverage is formed whic
changes into a multilayer coverage with SixFy chains
on longer time scales.9

a!Electronic mail: H.C.W.Beijerinck@phys.tue.nl
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~iii ! Desorption of chemisorbed surface species (SiF2).
~iv! Formation of volatile reaction products (SiF4), when

physisorbed XeF2 reacts with surface species.

The first two steps contribute to the formation of the r
action layer while the last two steps remove surface spec
A steady-state reaction layer is formed when there is a
ance between steps~i! and~ii ! on one side and steps~iii ! and
~iv! on the other side. In the presence of ions, steps~iii ! and
~iv! are enhanced, which results in a shift of the balance.
a function of the ion flux, this was discussed in a previo
article.10

Temperature also influences the formation of the reac
layer and will shift the equilibrium. In the case of spontan
ous etching the dynamics of the reaction layer as a func
of temperature were studied by Vugtset al.11

In this article we study the dynamics of the reaction lay
during ion-assisted etching in the temperature ran
150– 800 K. The measurements were done with an ion
neutral flux ratioR50.025. For this flux ratio, it was con
cluded that the adsorption of fluorine on dangling bonds c
ated by the ions plays an important role at roo
temperature.10 The total reaction probability for this flux ra
tio is e'0.72, which is near the maximum reaction probab
ity of e50.88 in the limit of high flux ratios.

This article is organized as follows. After a brief descri
tion of the experimental setup in Sec. II, the dynamics of
reaction layer on a time scale of 100 s will be discussed
Sec. III. On this time scale, given a neutral flux of 0.5
ML/s, the reaction layer created during spontaneous etch
is removed when the ions are switched on and a new ste
state situation is reached. When the ions are switched
again after 180 s, the reaction layer will reconstruct to
27590Õ18„6…Õ2759Õ11Õ$17.00 ©2000 American Vacuum Society
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initial situation of spontaneous etching. This process is st
ied by looking at the response of the SiF4 production, since
this reaction product is formed within the reaction layer a
thus gives information about the reaction layer. All expe
mental evidence leads to the conclusion that, independe
temperature, a reaction layer with a submonolayer fluor
coverage is formed in steady-state ion-assisted etching.

Based on this conclusion, a model is presented in Sec
to describe the steady-state values of the reaction probab
of XeF2 , as a function of both temperature and ion flux. Th
model gives a good description of the reaction probabi
and indicates that the precursor concentration decrease
der ion bombardment, especially at low temperatures.

In Sec. VI, the behavior of the precursor layer is stud
by short-pulse measurements on a time scale of seco
These pulse measurements confirm the model and also s
that SiF4 is formed by the same mechanisms over the wh
temperature range. Finally, the conclusions are summar
in Sec. VII.

II. EXPERIMENTAL SETUP

Only the basic features of the experimental setup are
scribed here. More details are given in a previous articl12

The Si~100! sample~n type, 30–70V cm! is placed at the
intersection of the XeF2 and Ar1 beams in an ultrahigh
vacuum ~UHV! chamber (531028 mbar!. The sample is
mounted on a nickel sample holder which is heated by me
of a coaxial heating wire and cooled by a liquid nitrog
vessel. The temperature of the sample is measured by a
mocouple which is placed 1 mm behind the sample in
sample holder. In the experiments a XeF2 flux Fs(XeF2)
50.55 ML/s and an ion fluxFs(Ar1)50.014 ML/s were
used. This corresponds to an ion-to-neutral flux ratioR
50.025. From previous measurements it is concluded
for such low flux ratios, the etch rate is already limited by t
neutral flux. During the experiments several Si samp
which were cleaned by HF to remove native oxide, we
used.

The etching reaction is monitored by a quadrupole m
spectrometer~QMS! positioned along the surface normal
the sample in a separate UHV chamber (131028 mbar!. The
geometry of the flow resistances ensures that 85% of
mass spectrometer signal consists of species that reac
mass spectrometer directly from the sample without any w
collisions. To measure the XeF2 flux we used the XeF1 sig-
nal since this is the largest signal.

The reaction probabilitye of the XeF2 gas is measured b
comparing the XeF2 flux F(XeF2) from the Si sample to the
flux Fs(XeF2) diffusively scattered from an inert nickel re
erence plate

e5
Fs~XeF2!2F~XeF2!

Fs~XeF2!
. ~1!

The SiF4 signal is presented in terms of the production c
efficient d4 , defined as the probability of an incoming fluo
rine atom to form SiF4 , as given by
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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4F~SiF4!

2Fs~XeF2!
. ~2!

The production coefficientd4 is calibrated from a fluorine
mass balance during spontaneous etching in steady sta
room temperature when SiF4 is the only reaction product
hence

e05d4,0. ~3!

Here, the subscript ‘‘0’’ indicates the steady-state valu
during spontaneous etching. For the steady-state values
ing ion-assisted etching, we use the subscript ‘‘ion.’’

To include the temperature-dependent detection proba
ties of the QMS, all measured mass spectrometer sig
I (T) ~both the XeF1 and SiF3

1) are corrected toI corr, given
by

I corr5I ~T!S 0.1510.85ATroom

T D . ~4!

Here it is assumed that 85% of the signal consists of spe
directly leaving the surface with a velocity distribution co
responding to the surface temperatureT, while the other 15%
consists of species which reach the mass spectrometer
at least one wall collision and thus have a velocity distrib
tion corresponding to the wall temperatureT5Troom. For the
XeF2 signal scattered from the nickel, a different calibrati
curve is used, because at high temperatures nickel cann
considered to be inert to XeF2 .3

Ion pulses are created by switching the acceleration v
age of the ion gun with a relay. The response time of t
system is 24.860.1 ms for 2.5 keV ions, much faster tha
the time scale of our measurements. In the long ion pul
the ion beam is switched manually and the mass spectr
eter signals are averaged for one second. For the short-p
measurements, the SiF4 and XeF2 signals are measured wit
a multiscaler which has 256 channels and user-defined c
nel times. While counting, the multiscaler also produc
user-defined pulses~5 V! to switch the ion beam. In the
short-pulse experiments, channel times of 50 ms have b
used and the ion beam was switched on for 75 channels
switched off for 175 channels. Before each short-pulse
periment it is ensured that a steady-state reaction layer
ing spontaneous etching is formed. Then the ion beam
switched on for about 120 s so a steady-state situation du
ion-assisted etching is reached. Then, the response of
SiF2 and XeF2 signal is measured for 15 subsequent i
pulses.

III. LONG-PULSE MEASUREMENTS

A typical response of the production coefficientd4 to an
ion pulse of 180 s at room temperature is shown in Fig. 1
this figure, the parameters used to characterize the SiF4 re-
sponse as a function of the temperature are indicated. W
the ions are switched on, a peak in SiF4 production is ob-
served. From the area under this transient peak, the am
of fluorine L loss released from the reaction layer can be c
culated. After the transient peak, a steady-state valued4,ion is
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reached. Finally, when the ions are switched off, the prod
tion coefficientd4 drops below the spontaneous valued4,0

and reaches a minimum valued4,min after some time. On a
time scale on the order of 1000 s, the steady-state valued4,0

is recovered. Because of the influence of surface rough
on the etching process as a function of temperature,13 these
parameters will only be discussed qualitatively as a funct
of temperature.

A. Steady-state values

The steady-state valuese0 , e ion , andd4,ion for the mea-
sured flux ratioR50.025 are plotted in Fig. 2 as a functio
of the temperature. We see that the spontaneous SiF4 produc-
tion d4,05e0 increases with decreasing temperature fr
d4,050.15 at room temperature tod4,050.95 at 150 K. From
a comparison ofd4,0 with d4,ion we see that the steady-sta
SiF4 production is enhanced by the ions, while for low
temperatures it is decreased by the ions. It is also seen
d4,ion increases slightly with decreasing temperature. In c
trast to the production coefficientd4,ion, the reaction prob-
ability e ion always increases under ion bombardment. T
differencee ion2d4,ion is due to SiF2 production.13

The steady-state values during spontaneous and
assisted etching show the same trend as reported by V
et al.13 In the present study higher values ofd4,ion and e ion

are measured as compared to the results of Vugtset al. be-
cause of the higher ion-to-neutral flux ratio by a factor o
(R50.025 vsR50.012). For a detailed discussion of th
steady-state values as a function of temperature, refer to
13. In this section we focus on the dynamics of the react
layer.

FIG. 1. Typical response of the SiF4 production coefficientd4 to an ion
pulse of 180 s at a sample temperature of 300 K. During the peak an am
of fluorine L loss is released from the surface. Here, the chainlike reac
layer is removed and a reaction layer with a submonolayer coverag
formed. After the ion switch-off,d4 drops below the spontaneous valued4,0

to a minimum value ofd4,min. On the time scale of 1000 s the chainlik
reaction layer is reconstructed again.
JVST A - Vacuum, Surfaces, and Films
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B. Transient response

In Figs. 3 and 4 the response of the production coeffici
d4 to an ion pulse of 180 s is shown at temperatures in
rangeT5150– 260 K andT5260– 800 K, respectively. Be
fore the ions are switched on, it is ensured that steady-s
spontaneous etching has been reached.

nt
n
is

FIG. 2. Steady-state values ofe0 , e ion , andd4,ion as a function of tempera-
ture in the rangeT5150– 800 K. Please note thate05d4,0. The solid line
represents the SiF4 production coefficient, as calculated with the precurs
model assuming that 40% of the reacting XeF2 molecules form SiF4
~Sec. V!.

FIG. 3. Response of the SiF4 production coefficientd4 to an ion pulse of 180
s for T,300 K. ForT,210 K, the production coefficientd4 drops when the
ions are switched on. The dashed lines indicate spontaneous SiF4 production
d4,0 for each temperature. The steady-state valued4,ion during the ion bom-
bardment can be found in Fig. 2.
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When the ions are switched on, a transient peak in
SiF4 production is observed over the temperature ra
260– 800 K ~Fig. 4!. From the area under the peak, it
found that the amount of fluorineL loss released from the
reaction layer decreases at both higher and lower temp
tures, as compared to room temperature.

When the ions are switched off,d4 first drops and atT
,600 K it reaches a valued4,min which is lower than the
spontaneous valued4,0. In the temperature range 260,T
,600 K the valued4,min increases at higher temperatur
~Fig. 4!. Above 600 K no dip in SiF4 production is observed
when the ions are switched off:d4,min5d4,0.

At room temperature, the spontaneous valued4,0 is
reached on a time scale of 1000 s after the dip. In Fig. 3,
seen that at lower temperatures the SiF4 signal reachesd4,0

on a shorter time scale. However, after having reached
spontaneous valued4,0 at T,210 K, the SiF4 signal reaches
a maximum after about 600 s after which it drops to rea
d4,0 again. At temperatures above room temperature
steady-state value is also reached on a shorter time sca
compared to room temperature.

The response ofe ~not shown! shows no transient pea
when the ions are switched on but increases monotonic
until the steady-state valuee ion is reached. When the ions ar
switched off,e decreases on the time scale of seconds. A
this fast decrease,e reaches the same value asd4 and shows
an identical response asd4 for the whole temperature range
including the dip.

C. Spontaneous SiF 4 formation

To obtain a better understanding of the spontaneous4
formation, first the steps for SiF4 formation are discussed i
some more detail. With this information the experiment

FIG. 4. Response of the SiF4 production coefficientd4 to an ion pulse of 180
s for at T.300 K. At ion switch-on a transient peak is observed. At i
switch-off, it is observed that atT.600 K the production coefficientd4

does not drop below the spontaneous valued4,0.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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results can be better understood. For the precursor con
tration @XeF2#p in stepi in the formation of a reaction layer
Sec. I, it is assumed that it is proportional to the incomi
XeF2 flux,14

@XeF2#p5cFs~XeF2!. ~5!

At lower temperatures a larger precursor concentration
formed during spontaneous etching11,13 and thusc increases
at decreasing temperatures.

At room temperature, the reaction layer consists of Si
SiF2– SiF3 chains.3,9 Grayet al. showed that under ion bom
bardment at room temperature the reaction layer consist
SiF2 species.6 Bermudez showed that at room temperatu
the reaction layer consists of SiF, SiF2, and SiF3 species and
less fluorinated species become more important at hig
temperature up to 550 K.15 For the purpose of modeling w
assume that the reaction layer consists of only SiF2 species,
independent of ion flux and temperature.14

The spontaneous SiF4 formation and thus the desorbin
flux Fspon(SiF4) is now proportional to the precursor con
centration@XeF2#p and the SiF2 concentration@SiF2# with a
reaction probabilityke ,

Fspon~SiF4!5ke@SiF2#@XeF2#p5ke c@SiF2#Fs~XeF2!, ~6!

wherekec is the overall reaction probability~physisorption
followed by chemisorption! of XeF2 to form SiF4 spontane-
ously.

The SiF2 surface species can also leave the surface
contribute to etching when their thermal energy overcom
the desorption energy of 260 meV. This process is only
importance for temperatures above 600 K.11,16

D. Discussion of transient response

During the transient peak after the ions are switched on
amountL loss of fluorine is observed to be released from t
surface. The interpretation is that the chainlike reactio
layer formed during spontaneous etching is removed~Fig.
1!.10 The SiF2 surface concentration decreases and a reac
layer with a submonolayer fluorine coverage is formed. T
lower fluorine content of this depleted layer results in
lower spontaneous SiF4 production @Eq. ~6!#, which is re-
flected in the dipd4,min. After the dip, the chainlike reaction
layer has to be rebuilt. This is a slow process,3 which takes
over 1000 s to reach the steady-state spontaneous etch
again. Thus, the dip and the transient peak are relate
smaller peak indicates less removal of the reaction lay
which results in a smaller dip in the SiF4 production when
the ions are switched off again.10

From the behavior of the transient peak as a function
temperature~Figs. 3 and 4!, it is concluded that less fluorine
is removed from the reaction layer by the ions~decrease of
L loss), both at increasingand decreasingtemperatures with
respect to room temperature. Above room temperature th
confirmed by a smaller dip in the SiF4 production~Fig. 4!.
Below room temperature, the dip cannot be measu
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correctly because the SiF4 signal increases again on a shor
time scale and coincides with the dip. This increase in S4

signal is explained by a faster reconstruction of the precu
concentration at lower temperatures which occurs on a m
shorter time scale than the rebuilding of a reaction laye13

The lower SiF4 production under ion bombardment is e
plained by a lower precursor concentration@Eq. ~6!#. Thus,
besides the reaction layer, also the precursor concentrati
removed by ion bombardment.

E. Comparison to thermal desorption measurements
of spontaneous etching

When we compare the conclusions about the remova
the reaction layer by the ions to the results of a study of
spontaneous reaction layer by thermal desorption~TDS!,11

similar trends are observed. In TDS measurements, the r
tion layer during spontaneous etching formed at a surf
temperatureT is studied by the SiF4 flux desorbing from the
sample when the sample is heated after the XeF2 flux has
been turned off. As a function of the heating temperat
Theat several characteristics of the reaction layer are
served. First, the removal of a precursor layer is observe
the so-called ‘‘g peak’’ at aroundTheat5200 K. The desorp-
tion of weakly-bound species is measured in an ‘‘a peak’’ in
the temperature range ofTheat5300– 600 K. We interpret
this peak as the desorption of species from the chainl
reaction layer.9 At Theat5600 K thea peak stops abruptly
Finally, the desorption of tightly bound species is measu
in a ‘‘b peak’’ in the range ofTheat5600– 900 K. This cor-
responds to the desorption of fluorine from a reaction la
with a monolayer coverage.

Above a sample temperature of 600 K, no dip in spon
neous SiF4 production was observed in our long-pulse me
surements~Fig. 4!. In the TDS measurements only ab peak
is observed when the sample is heated, corresponding
monolayer fluorine coverage during spontaneous etch
When the ions are switched on, still some release of fluo
was observed which corresponds to the creation of dang
bonds. We conclude that above sample temperatures of
K the reaction layer during ion-assisted etching consists
submonolayer fluorine coverage. When the ions are switc
off, the dangling bonds are fluorinated again: only a th
reaction layer has to be rebuilt and thus the SiF2 concentra-
tion reaches steady state on a short time scale and no d
the SiF4 formation is observed. Because of spontaneous S2

release atT.600 K, no chainlike structures can be forme
on the surface.

In the sample temperature range 250– 600 K, the dip
creases at higher temperatures, which corresponds to th
moval of a thinner chainlike reaction layer. From TDS me
surements it is concluded that the chainlike reaction lay
has a maximum fluorine content around room temperat
Thus, the fluorine removed by the ion bombardment sho
the same trend as observed by TDS measurements. W
ready know that the reaction layer during ion-assisted e
ing consists of a submonolayer fluorine coverage and d
gling bonds.10 The correspondence between the TD
JVST A - Vacuum, Surfaces, and Films
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measurements and the long pulse measurements now
cates that a reaction layer with a similar structure is form
in the temperature range 250– 600 K.

Finally, at sample temperatures below 250 K, it is co
cluded from our long pulse measurements that the amoun
fluorine released from the reaction layer decreases at lo
temperatures. The TDS measurements show that the fluo
content of the SixFy chains decreases and a reaction la
with a monolayer coverage during spontaneous etching
formed at lower temperatures. No multilayer coverage can
formed at these low temperatures because of the large4
production. During spontaneous etching, the thick react
layer is replaced by a thick precursor concentration,13 as ob-
served in ag peak in the TDS measurements.

From this, we conclude that the reaction layer below ro
temperature also consists of a submonolayer fluorine co
age under ion bombardment.

F. Temperature-independent reaction layer

For the ion-to-neutral flux ratioR50.025 it was con-
cluded that a reaction layer with a submonolayer fluor
coverage and dangling bonds is formed during ion-assis
etching at room temperature.10 From a comparison betwee
TDS measurements and the response of the SiF4 signal upon
ion bombardment, we now propose that,independent of tem
perature, such a reaction layer is formed. This suggests t
dangling bonds are mainly created by ion impact. From p
vious measurements it was concluded that besides the r
tion layer also the precursor layer is removed by i
bombardment.13 Thus, in contrast to the reaction layer, th
precursor concentration is a function of both temperature
ion flux.

IV. MODEL FOR REACTION PROBABILITY

In this section a model will be presented to describe
temperature dependence of ion-assisted etching based o
suggestions from the previous sections that:

~1! independent of temperature a reaction layer with a s
monolayer coverage of SiF2 and dangling bonds is
formed during ion bombardment; and

~2! the precursor concentration depends both on the ion
and the temperature.

Before the model is presented, first the steady-state reac
probability at room temperature is discussed.

A. Steady-state reaction probability

At room temperature the steady-state reaction probab
e0 during spontaneous etching is limited by the react
probability ke to form SiF4 @Eqs.~2!, ~3!, and~6!#

e052cke'0.15. ~7!

Here, a totally fluorinated surface (@SiF2#51) is assumed.
During ion-assisted etching,e ion is limited by the much
higher reaction probabilitykf to fluorinate dangling bonds
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e ion5ckf S 11
P

11PD5ck'0.88, ~8!

with P5pc /pp the ratio of the probabilities for chemical an
physical sputtering for the ion-induced formation of SiF4 and
SiF2 , respectively.14 The reaction constantk can be consid-
ered as the effective reaction probability to fluorinate d
gling bonds, which includes the ion-induced reaction
XeF2 with fluorinated sites which results in the enhanc
SiF4 formation.

In Eqs.~7! and ~8! it is assumed thatc is independent of
the ion flux. The precursor concentrationc is already known
as a function of temperature in the case of spontane
etching.11 However, it was shown thatc is a function of the
ion flux. On the other hand, we have experimental evide
in this article that the reaction layer and dangling bond c
centration during ion-assisted etching is independent of t
perature. Thus, to capture the temperature dependence o
etching process, we describe the precursor concentra
@XeF2#p as a function of temperature and ion flux.

B. Precursor concentration

The precursor concentration@XeF2#p is described by the
rate equation

]@XeF2#p

]t
5Fs~XeF2!2

@XeF2#p

t
2k@XeF2#p@Si#. ~9!

Similar to the reaction layer~Sec. I!, the steady-state precu
sor concentration@XeF2#p results from a balance betwee
several mechanisms~Fig. 5!. In more detail, theincreaseby
the incoming XeF2 flux Fs(XeF2) @first term on the right-
hand side of Eq.~9!# is balanced by the decrease by therm
desorption and chemisorption~second and third term on th
right-hand side!. Here, only precursor-mediated chemisor
tion of fluorine is assumed. We assume that the thermal
sorption of the precursor is the onlytemperature dependen
process, as described by the residence timet of XeF2 in the
precursor state

FIG. 5. Schematic representation of the reaction layer during ion-ass
etching as used in the model to describe the precursor concentr
@XeF2#p . The precursor concentration increases due to the incoming X2

flux Fs(XeF2) and decreases due to desorption and chemisorption
dangling bonds. The reaction layer on the silicon is represented by a su
consisting of fluorinated sites and dangling bonds.
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t5t0 exp~Ed /kBT!, ~10!

with Ed532 meV the desorption energy of XeF2 from the
precursor state.11

For chemisorption@third term on the right-hand side o
Eq. ~9!#, the effective fluorination probabilityk of dangling
bonds is included. It is assumed that the activation energy
chemisorption is much smaller than the desorption ene
and thusk is considered to be independent of temperatu
The chemisorption on fluorinated SiF2 sites is neglected
This implies that the thermal desorption is the most imp
tant loss mechanism for XeF2 from the physisorbed stat
during spontaneous etching.

In a steady-state situation Eq.~9! results in

@XeF2#p5
t0

e

2Ed

kBT 1t0k@Si#
Fs~XeF2!5c~R,T!Fs~XeF2!,

~11!

which should be compared to Eq.~5! during spontaneous
etching. We thus expressed the factorc(R,T) as a function
of ion flux and temperature. Equation~11! is similar to the
sticking probability as predicted by the standard model
precursor-mediated chemisorption.17 However, in these mod-
els the usual assumption is that thermal desorption is m
more important than chemisorption,18 comparable to sponta
neous etching in our case. In the case of a high dang
bond concentration, chemisorption cannot be neglected a
more.

C. Influence of ion flux

It is assumed that, with increasing ion flux, the Si surfa
changes from a totally fluorinated surface with only Si2

species@SiF2#51 ML to a surface covered with only dan
gling bonds with@Si#51 ML. Because of Si surface-site con
servation we can write

@Si#1@SiF2#51 ML. ~12!

The reaction probabilitye is given by the sum of the reactio
probabilities on fluorinated sites and dangling bonds

e52kec~R,T!@SiF2#1kc~R,T!@Si#, ~13!

with c(R,T) given by Eq. ~11!. For spontaneous etchin
(@SiF2#51 ML! and ion-assisted etching in the high flu
ratio limit ~@Si#51 ML!, Eq. ~13! again yields Eqs.~7! and
~8!, respectively.

We now can use Eq.~13! to describe the experimenta
results of e. The valuest0ke and t0k are fixed by two
boundary conditions

T5150 K and@Si#50: e5e051, ~14!

T5300 K and@Si#51: e5e ion50.88. ~15!

The first condition corresponds to a spontaneous reac
probability of unity at 150 K and the second condition co
responds to the maximum reaction probability in the highR
limit at room temperature@Eq. ~8!#. These boundary condi
tions result int0k52.1 andt0ke50.043.
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Before comparing the model to the experimental resu
first the precursor concentration@XeF2#p in Eq. ~11! is plot-
ted in Fig. 6 as a function of temperature for different valu
of the dangling bond concentration@Si#. It is seen that the
precursor concentration decreases a factor five in the ra
T5150– 800 K for spontaneous etching at@Si#50 ML.
When going from a dangling bond concentration@Si#50 to a
concentration@Si#50.25, the precursor concentration dro
by a factor of 2.5 at room temperature, and by more tha
factor of 6 at 150 K. It is stressed that this decrease isnot the
result of sputtering of the precursor but results from a hig
probability for XeF2 to react with the reaction layer on dan
gling bonds.

When these results are applied to our experiments
higher precursor concentration must be released from
surface at lower temperatures when switching from spo
neous to ion-assisted etching than at room temperature
course, a larger concentration also has to rebuild when
ions are switched off again.

Now, our model can be used to describe the experime
results. The concentration 0,@Si#,1 ML of dangling bonds
on the surface is the only scaling parameter of our mode
is assumed to be independent of temperature. The temp
ture dependence is given by the model once a value of
dangling bond concentration is chosen.

V. REACTION PROBABILITY: EXPERIMENTS
VERSUS MODEL

In Fig. 7 the model is compared to the experimental
sults of e ion for a flux ratio R50.012 ~Ref. 13! and a flux
ratio R50.025 ~this work! as well as those fore0 . For the
model calculations, in addition to the limiting cases@Si#50
ML and @Si#51 ML, also the curves for@Si#50.06 ML and

FIG. 6. Precursor concentration@XeF2#p for fixed Fs(XeF2) as a function of
temperature for a dangling bond concentration of@Si#50 ML, @Si#50.25
ML, and @Si#51 ML.
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@Si#50.24 ML are shown, being the best fits to the expe
mental results for the lower and the higher flux ratio, resp
tively. This indicates that flux ratio’s ofR50.012 andR
50.025 produce dangling bond concentrations of@Si#50.06
ML and @Si#50.24 ML, respectively. For ion-assisted etc
ing, we see that the model describes the measured temp
ture dependence very well for both flux ratios. The model
for spontaneous etching~@Si#50! is not so good which may
be due to surface roughness.13

Despite the good trend of our model compared to
experimental results, we still see some small deviations
ion-assisted etching at higher temperatures. AtT.600 K an
increase ine ion is measured~especially forR50.012) while
our model predicts a decrease. This is explained by the
that above 600 K also spontaneous SiF2 release become
important, which results in a new mechanism for creat
dangling bonds besides the ion bombardment. Thus, the
sumption that the dangling bond concentration is indep
dent of the temperature breaks down atT.600 K and low
flux ratios. For high flux ratios~seeR50.025), the creation
of dangling bonds by thermal desorption of SiF2 seems to
become less important.

A. Dangling bond concentration

The value@Si#50.24 ML for the dangling bond for the
measured flux ratio ofR50.025 concentration may seem
very low, since at room temperaturee ion'0.7, which is close
to the maximum reaction probability for high flux ratios@Eq.
~8!#. However, a second look reveals that the spontane
contribution to the reaction probability on fluorinated sit
has dropped over a factor of 3, which is caused by a low
precursor concentration and a somewhat lower SiF2 concen-
tration @Eq. ~13!#. Thus, despite the apparently low danglin

FIG. 7. Experimental values ofe as a function of temperature compared
the results of the precursor model. The measured values ofe ion at a flux ratio
R50.012 andR50.025 are compared to the model with a dangling bo
concentration@Si#50.06 ML and@Si#50.24 ML, respectively. For the sake
of completeness also the curves for@Si#50 ML and @Si#51 ML are shown.
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FIG. 8. Typical response ofe andd4 to a short pulse on the time scale of seconds at room temperature. The transient at ion switch-on is attribute
creation of dangling bonds. Upon ion switch-off, a fast and a slow response are observed which are related to the formation of SiF4 within the reaction layer
and from excited surface species, respectively. At ion switch-off, it is seen thate has a slower response thand4 which is attributed to the fluorination of the
dangling bonds.
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bond concentration, the reaction probability on dangl
bonds is responsible for about 90% of the total reaction pr
ability.

A good way to interpret the dangling bond concentrat
@Si# is to consider the residence time of SiF2 surface
species.19 Before a reaction product (SiF4 and SiF2) can be
formed~which results in the creation of a dangling bond!, Si
sites have to be fluorinated first. The calculated bare
fluorinated sites concentration is an average surface cove
during the ion bombardment. During ion-assisted etching
SiF2 residence time is much shorter than during spontane
etching. Thus, a dangling bond concentration@Si#50.24 ML
should be interpreted such that 24% of the time the surf
site has dangling bonds and the rest of the time the sit
fluorinated to produce the reaction products. It is clear th
very high ion flux is needed to assure that, on the averag
surface site is never fluorinated~@Si#51 ML!. Since the ion-
to-neutral flux ratioR determines the time a site is fluor
nated, it is also clear that the dangling bond concentra
will only be a function of this ratio. At room temperature th
was shown for ion-assisted etching by Vugtset al.14 Thus, at
second thought, a dangling bond concentration of 24% se
very reasonable for a flux ratioR50.025.

B. SiF4 production

We can also use the model to calculate the SiF4 produc-
tion. Let us assume that the SiF4 contribution to the total
reaction product formation is independent of temperature
room temperature this contribution ofd4 is 40%. In Fig. 2,
the model curved4,ion50.4e ion is plotted for our measure
ments at a flux ratioR50.025. It is seen that atT,600 K
the SiF4 production is described very well with this simp
assumption.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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VI. SHORT-PULSE MEASUREMENTS

In Sec. III it was shown that the precursor concentration
reconstructed on a much shorter time scale than the reac
layer. Therefore, the dynamics of the precursor concentra
should be studied using short ion pulses. The responsee
andd4 is now studied as a function of temperature on a ti
scale of seconds by using ion pulses having a duration
3.75 s and a time between subsequent pulses of 8.75 s. T
measurements also serve as a validation for the mode
which the precursor concentration was described both a
function of ion flux and temperature. This model shows th
at lower temperatures a higher precursor concentration ha
be rebuilt after the ion bombardment has ceased~Fig. 6!.
From these measurements, also conclusions can be d
about the mechanisms for SiF4 production during ion-
assisted etching as a function of temperature.10

In Fig. 8 a typical response ofe andd4 at room tempera-
ture is shown. When the ions are switched on, a trans
peak in SiF4 production is measured, similar to the respon
to pulses of 180 s~Fig. 1!. This peak, however, decays on
time scale of seconds. Here, the interpretation is that fluo
is released and dangling bonds are created: the reaction
changes from a monolayer fluorine coverage to a submo
layer fluorine coverage. When the ions are switched off, fi
a fast decrease in SiF4 production is observed, followed by
slower decay tod4,min. These responses reflect two mech
nisms which enhance the SiF4 production on a depleted re
action layer during ion-assisted etching. The fast decay
flects the formation of SiF4 within the reaction layer,
modeled as the reaction of two SiF2 surface species to form
SiF4 . The slow decay reflects the enhanced formation
SiF4 from physisorbed XeF2 and excited SiF2 surface spe-
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cies, which decay during the slow process to SiF2 species
with a low reaction probability.10

In the response ofe no transient peak is observed. Durin
the increase ofe at ion switch-on, the higher reaction prob
ability is attributed to the increasing dangling bond conc
tration ~cf. the response ofd4). The difference betweene
andd4 during steady state is explained by the production
SiF2 . The response ofe at ion switch-off is much slower
than the response ofd4 . This difference is explained by th
fluorination of dangling bonds. The difference in the amou
of fluorine that reacts with the dangling bonds during i
switch-off ~from the behavior ofe) and the much smalle
amount that is released in the transient peak~hatched area in
Fig. 8! is explained by an additional transient peak in t
SiF2 production.

The response ofd4 at temperatures below and above roo
temperature is shown in Figs. 9 and 10, respectively. On
time scale of these measurements, no steady-state situ
of spontaneous etching is reached during the ion switch
period. The corresponding steady-state values are indic
in Fig. 9. The response ofe as a function of temperature i
shown in Fig. 11. In the following sections, first the tempe
ture dependence of ion switch-off and next the transien
ion switch-on is discussed.

A. Temperature dependence of switch-off behavior

At ion switch-off, a fast decay of SiF4 production is ob-
served over the whole temperature range in Figs. 9 and
Thus the production of SiF4 in the reaction layer is a valid
ion-assisted mechanism for enhanced SiF4 production at all
temperatures.

After this initial fast decrease ind4 , a temporary peak in
d4 is measured forT5200 and 230 K~Fig. 9!. This tempo-

FIG. 9. Response of the SiF4 production coefficientd4 to an ion pulse of
3.75 s atT,300 K. At lower temperatures a temporary peak in the S4

production is observed, as explained in the running text. The marks on
right-handy axis indicate the steady-state valuesd4,0 at each temperature
which are reached on the time scale of hundreds of seconds.
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rary peak after the ion switch-off increases with decreas
temperature. It is explained by a competition of a decreas
excited SiF2 concentration~slow decay! and an increasing
precursor concentration. The broad peak in the SiF4 produc-
tion is observed because the reconstruction takes place
shorter time scale than the decay of excited SiF2 surface
species. At 230 K, the precursor concentration is only lo
ered slightly by the ion bombardment and thus is rec

he

FIG. 10. Response of the SiF4 production coefficientd4 to an ion pulse of
3.75 s atT.300 K. At higher temperatures the slow response after
switch-off disappears and a steady-state situation is reached directly
the fast decay. The marks on the right-handy axis indicate the steady-stat
values d4,0 at each temperature which are reached on the time scal
hundreds of seconds.

FIG. 11. Response of the XeF2 reaction coefficiente to an ion pulse of 3.75
s. In contrast to the response atT.300 K, the reaction probabilitye does
not decrease immediately when the ions are switched off atT,300 K.
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structed again after a few seconds. For even lower temp
turesT<173 K, a higher precursor concentration has to
rebuilt, which takes longer. Here, no temporary peak is
served but the SiF4 production increases monotonically.

Above 300 K ~Fig. 10!, the slow response decreases
higher temperatures. Above 600 K no slow response is
served and constant SiF4 production is reached directly afte
the fast decay. However, above 600 K roughening plays
important role as can be concluded from the fact thate0 does
not increase significantly at these temperatures~Fig. 2!, in
contrast to the measurements by Vugtset al.11 The effect of
roughening on ion-assisted etching at these temperatur
not known and could result in a decrease of the slow
sponse. For this reason we choose not to discuss this fe
further.

Now, the response of the reaction probabilitye is dis-
cussed~Fig. 11!. Similar to the response on a long tim
scale,e increases and decreases monotonously when the
are switched on and off, respectively. An interesting feat
is observed when the ions are switched off. Above ro
temperaturee starts to decrease at the moment that the i
are switched off~discontinuity in first derivative!. At lower
temperatures, however,e decreases more slowly~continuous
behavior of first derivative!. At T5173 K it is seen thate
stays constant for about 2 s after the ions have been switch
off before it starts to decrease, in stark contrast to the im
diate response at room temperature.

This behavior ofe at ion switch-off is attributed to the
rebuilding of the precursor concentration. According to t
model, a thicker precursor layer has to be rebuilt~Fig. 6! and
thus more XeF2 will be physisorbed after ion switch-off a
lower temperatures. This can be seen in the response oe,
since it takes longer for the reaction probability to drop
lower temperatures.

B. Temperature dependence of switch-on behavior

Now that the decay of the SiF4 signal upon ion switch-off
has been discussed, the transient peak upon ion switc
will be discussed. In the temperature range 300– 600 K~Fig.
10! a small transient peak is observed. This is attributed
the release of fluorine when dangling bonds are created
the surface; at the time of ion switch-off these dangli
bonds are fluorinated again.10 At lower temperatures the
magnitude of this transient increases significantly~Fig. 9!.
This is attributed to the removal of the precursor layer wh
has been reconstructed during the ion switch-off peri
Thus, the excess precursors react to form SiF4 . This is an-
other indication that a thicker precursor concentration
present at lower temperatures.

C. Conclusions from short pulses

Summarizing, for the whole temperature range 150– 8
K, the SiF4 formation on a depleted reaction layer is e
hanced by the same mechanisms as identified at room
perature. Also from the response of bothe and d4 we con-
clude that at lower temperatures a thicker precursor laye
formed. This is in agreement with our model.
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov ÕDec 2000
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From the short-pulse experiments, the decrease of S4

production under ion bombardment below 210 K can be
derstood in some more detail. The reason is that the spo
neous contribution decreases due to a lower precursor
centration. This is only partially offset by the fact that the io
bombardment enhances the SiF4 production again by the
same mechanisms as at room temperature.

VII. CONCLUSIONS

Based on ion-pulse measurements on the time scal
1–100 s, we conclude that the mechanisms for ion-assi
Si etching by XeF2 and Ar1 ions are independent of tem
perature in the range 150–800 K. During ion bombardme
a reaction layer is formed with a submonolayer fluorine co
erage, which is independent of temperature. The dang
bond concentration is the key parameter to describe the
action layer. Below 600 K the dangling bonds are created
ions only: a higher ion flux results in a higher dangling bo
concentration. Above 600 K there is also a small contrib
tion to the creation of dangling bonds from thermal deso
tion of SiF2 from the reaction layer. It is also concluded th
the mechanisms of SiF4 formation are independent of tem
perature.

The temperature dependence of the XeF2 reaction prob-
ability e is now described by the transition of XeF2 from the
precursor state to the reaction layer. In steady state, the
coming XeF2 flux is balanced by chemisorption to fluorina
the dangling bonds plus thermal desorption. During ion bo
bardment, dangling bonds are created on which XeF2 reacts
with a high probability. Because of this high chemisorpti
probability, thermal desorption of XeF2 process is not impor-
tant and thus the temperature dependence ofe becomes less
with increasing ion flux. During spontaneous etching, wh
no dangling bonds are presented in the reaction layer,
chemisorption probability is low which results in a stron
temperature dependence ofe.

A simple model describes the observed temperature
pendence ofe as a function of the ion fluxes~and thus the
dangling bond concentrations! very well. From this model
also the precursor concentration is calculated as a functio
both temperature and the dangling bond concentration.
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