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Reaction layer dynamics in ion-assisted Si  /XeF, 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’ Aon-assisted Si etching by XeFn the
temperature rang& =150-800 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 thél@®) 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
XeF,. The temperature dependence of the reaction probability of, ¥efully determined by the
temperature dependence of the Xgifecursor 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 SiFformation during ion bombardment are the same over the temperature range studied.
© 2000 American Vacuum Socieffs0734-210(000)04106-3

[. INTRODUCTION (i)  Desorption of chemisorbed surface species {SiF
Etching is one of the important steps in the production of(iv) ~ Formation of volatile reaction products (g)f- when
semiconductor devices. The characteristics of the etching physisorbed Xefreacts with surface species.

process are largely determined by the reaction layer formed
on the surface. It can be defined as the surface layer consist- The first two steps contribute to the formation of the re-
ing of intermediate reaction products and residues of th@ction layer while the last two steps remove surface species.
etchant. The reaction layer can influence all steps of the etctf steady-state reaction layer is formed when there is a bal-
ing process: etchant adsorption, reaction product formatiorgnce between stegg and(ii) on one side and steygsi ) and
and release of reaction product3he role of the reaction (iv) on the other side. In the presence of ions, stépsand
layer depends on the specific etching process. In the case 6¥) are enhanced, which results in a shift of the balance. As
Si etching with CE gases, the reaction layer limits the sup- a function of the ion flux, this was discussed in a previous
ply of reactantgstep 1.2 When Si is etched by XeF Vugts  article®
et al. showed that it is the reaction layer’s fluorine content Temperature also influences the formation of the reaction
which determines the spontaneous etch atep 2.2 Fi-  layer and will shift the equilibrium. In the case of spontane-
nally, the condensation of $i; at 77 K which blocks the ous etching the dynamics of the reaction layer as a function
etching process is an example of a case in which the reactiosf temperature were studied by Vugtsal !
layer limits the release of reaction produéssep 3.* In this article we study the dynamics of the reaction layer
Etching of Si by Xek and Ar' is often used as a model during ion-assisted etching in the temperature range
system to study the fundamental mechanisms behind50-800 K. The measurements were done with an ion-to-
etching® However, despite its importance, little attention haspeutral flux ratioR=0.025. For this flux ratio, it was con-
been paid to the role of the reaction layer, particularly in thecjuded that the adsorption of fluorine on dangling bonds cre-
case of ion-assisted etchifig’ ated by the ions plays an important role at room
The formation of a reaction layer during spontaneousemperaturé® The total reaction probability for this flux ra-
etching (i.e., without iong at ordinary temperatures can be g js e~0.72, which is near the maximum reaction probabil-
summarized by the following stefs. ity of e=0.88 in the limit of high flux ratios.
(i) Physisorption of Xefin a precursor state. This article is organized as follows. After a brief descrip-

(i)  Chemisorption of the precursors. On a clean surfacetion of the experimental setup in Sec. Il, the dynamics of the
chemisorption first takes place at dangling bondsreaction layer on a time scale of 100 s will be discussed in

Next, a Sik; like monolayer coverage is formed which Sec. Ill. On this time scale, given a neutral flux of 0.55
changes into a multilayer coverage with&ichains ~ ML/s, the reaction layer created during spontaneous etching
on longer time scales. is removed when the ions are switched on and a new steady-
state situation is reached. When the ions are switched off

dElectronic mail: H.C.W.Beijerinck@phys.tue.nl again after 180 s, the reaction layer will reconstruct to the
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initial situation of spontaneous etching. This process is stud- 4D (SiF,)
ied by looking at the response of the Siproduction, since 542—2(1) (XeFy " 2

. . . s . s 2
this reaction product is formed within the reaction layer and
thus gives information about the reaction layer. All experi- The production coefficiens, is calibrated from a fluorine
mental evidence leads to the conclusion that, independent #fass balance during spontaneous etching in steady state at
temperature, a reaction layer with a submonolayer fluoriné0om temperature when Sjfs the only reaction product,
coverage is formed in steady-state ion-assisted etching. hence

Based on this conclusion, a model is presented in Sec. IV _ 5, 3

to describe the steady-state values of the reaction probabilitg| o
of XeF,, as a function of both temperature and ion flux. ThisFere, the subscript “0” indicates the steady-state values

model gives a good description of the reaction probabilityduri“g spontaneous etching. For the steady-state values dur-

and indicates that the precursor concentration decreases R9 ion-assisted etching, we use the subscript “ion.” 3
der ion bombardment, especially at low temperatures. To include the temperature-dependent detection probabili-

In Sec. VI, the behavior of the precursor layer is studiedlieS of the QMS, all measured mass spectrometer signals
by short-pulse measurements on a time scale of secondd.T) (both the XeF and SiF) are corrected tdco, given
These pulse measurements confirm the model and also shdy

that SiF; is formed by the same mechanisms over the whole Troom
temperature range. Finally, the conclusions are summarized IcorrZI(T)(0.15+ 0.85 - ) 4
in Sec. VII.

Here it is assumed that 85% of the signal consists of species

directly leaving the surface with a velocity distribution cor-
Il. EXPERIMENTAL SETUP responding to the surface temperatiiravhile the other 15%

consists of species which reach the mass spectrometer after

Only the basic features of the experimental setup are degt least one wall collision and thus have a velocity distribu-
scribed here. More details are given in a preViOUS ar%le. tion Corresponding to the wall temperatl]'re Troom_ For the
The S{100 sample(n type, 30—-70€ cm) is placed at the  XeF, signal scattered from the nickel, a different calibration
intersection of the Xefand Ar" beams in an ultrahigh cyrve is used, because at high temperatures nickel cannot be
vacuum (UHV) chamber (5<10 8 mbap. The sample is considered to be inert to XeF
mounted on a nickel sample holder which is heated by means |on pulses are created by switching the acceleration volt-
of a coaxial heating wire and cooled by a liquid nitrogenage of the ion gun with a relay. The response time of this
vessel. The temperature of the sample is measured by a thefystem is 24.8 0.1 ms for 2.5 keV ions, much faster than
mocouple which is placed 1 mm behind the sample in thehe time scale of our measurements. In the long ion pulses,
sample holder. In the experiments a Xeffux ®y(XeF,)  the ion beam is switched manually and the mass spectrom-
=0.55 ML/s and an ion fluxP(Ar")=0.014 ML/s were eter signals are averaged for one second. For the short-pulse
used. This corresponds to an ion-to-neutral flux r&fo measurements, the SiEind Xek signals are measured with
=0.025. From previous measurements it is concluded thag multiscaler which has 256 channels and user-defined chan-
for such low flux ratiOS, the etch rate is already limited by thEne| times. While Counting, the multiscaler also produces
neutral flux. During the experiments several Si samplesyser-defined pulseés V) to switch the ion beam. In the
which were cleaned by HF to remove native oxide, wereshort-pulse experiments, channel times of 50 ms have been
used. used and the ion beam was switched on for 75 channels and
The etching reaction is monitored by a quadrupole masswitched off for 175 channels. Before each short-pulse ex-

spectrometefQMS) positioned along the surface normal of periment it is ensured that a steady-state reaction layer dur-
the sample in a separate UHV chambex(I0~® mbad. The  ing spontaneous etching is formed. Then the ion beam is
geometry of the flow resistances ensures that 85% of thewitched on for about 120 s so a steady-state situation during
mass spectrometer signal consists of species that reach th-assisted etching is reached. Then, the response of the

mass Spectrometer direCtIy from the Sample without any Walg”:z and Xer Signa| is measured for 15 Subsequent ion
collisions. To measure the Xgfux we used the XeF sig- pulses.

nal since this is the largest signal.
The reaction probability of the XeFk gas is measured by
comparing the Xefflux ®(XeF,) from the Si sample to the IIl. LONG-PULSE MEASUREMENTS
flux ®4(XeF,) diffusively scattered from an inert nickel ref- A typical response of the production coefficieft to an

erence plate ion pulse of 180 s at room temperature is shown in Fig. 1. In
P (XeF,) — d(XeF,) this figure, the pa_rameters used to characterize_ the 18
€= B(XeF,) . (1) sponse as a function of the temperature are indicated. When
5 2

the ions are switched on, a peak in Sigroduction is ob-

The SiF, signal is presented in terms of the production co-served. From the area under this transient peak, the amount
efficient §,, defined as the probability of an incoming fluo- of fluorine L s released from the reaction layer can be cal-
rine atom to form Sif, as given by culated. After the transient peak, a steady-state valuyg, is

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000
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] ] ) o ) FiG. 2. Steady-state values ef, €, andd, o, as a function of tempera-
Fie. 1. Typical response of the SjiFproduction coefficientd, to an ion  tyre in the range = 150—800 K. Please note thaj= S40. The solid line

pulse of 180 s at a sample temperature of 300 K. During the peak an amouRkpresents the SjFproduction coefficient, as calculated with the precursor
of fluorine L. is released from the surface. Here, the chainlike reactiongqg| assuming that 40% of the reacting Xefolecules form Sif
layer is removed and a reaction layer with a submonolayer coverage iggec. \j.

formed. After the ion switch-off$, drops below the spontaneous valfig,
to a minimum value ofé, ,,. On the time scale of 1000 s the chainlike
reaction layer is reconstructed again.

B. Transient response

reached. Finally, when the ions are switched off, the produc- |n Figs. 3 and 4 the response of the production coefficient
tion coefficientd, drops below the spontaneous valdgy, 4, to an ion pulse of 180 s is shown at temperatures in the
and reaches a minimum valu® ., after some time. On a rangeT=150-260 K andl = 260—800 K, respectively. Be-

time scale on the order of 1000 s, the steady-state V@j¢e fore the ions are switched on, it is ensured that steady-state
is recovered. Because of the influence of surface roughnesgontaneous etching has been reached.

on the etching process as a function of temperdttiteese
parameters will only be discussed qualitatively as a function
of temperature.
Ar*on off

A. Steady-state values 1
150K

The steady-state values, €, anddy o, for the mea-
sured flux ratioR=0.025 are plotted in Fig. 2 as a function 0.8
of the temperature. We see that the spontaneouspBdeuc-
tion 8,0=€q increases with decreasing temperature from A
640=0.15 at room temperature &, ;= 0.95 at 150 K. From 0.6
a comparison o, o with 8, o, we see that the steady-state
SiF, production is enhanced by the ions, while for lower @
temperatures it is decreased by the ions. It is also seen the (.4
d4jon iNcreases slightly with decreasing temperature. In con-
trast to the production coefficierdy j,,, the reaction prob-
ability €., always increases under ion bombardment. The 0.2

173K

200K

230K

differenceejon— 840n is due to Sik production*® 260K
The steady-state values during spontaneous and ion

assisted etching show the same trend as reported by Vugl 0

et al’® In the present study higher values Bfjon and €op, 0 500 1000

are measured as compared to the results of Vagts. be- time 7 (s)

cause of the higher ion-to-neutral flux ratio by a factor of 2

(R= 0.025 vsR= 0.012)_ For a detailed discussion of the F'¢. 3. Response of the Sjfproduction coefficiend, to an ion pulse of 180
steady-state values as a function of temperature, refer to ResfforT<300 K. ForT<210K, the production coefficier; drops when the
! ions are switched on. The dashed lines indicate spontaneouprdiffuction

13. In this section we focus on the dynamics of the reactiony, for each temperature. The steady-state vaiyg, during the ion bom-
layer. bardment can be found in Fig. 2.

JVST A - Vacuum, Surfaces, and Films
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Ar*on off results can be better understood. For the precursor concen-
0.4 ; tration[ XeF,], in stepi in the formation of a reaction layer,
i Sec. |, it is assumed that it is proportional to the incoming
XeF, flux,**
[XeF,],=cdPy(XeF,). (5)

At lower temperatures a larger precursor concentration is
formed during spontaneous etchthg®and thusc increases
at decreasing temperatures.

At room temperature, the reaction layer consists of SiF—
SiF,—SiF, chains®® Gray et al. showed that under ion bom-
bardment at room temperature the reaction layer consists of
: SiF, specie€ Bermudez showed that at room temperature
. the reaction layer consists of SiF, $jland Sik species and
i less fluorinated species become more important at higher

: temperature up to 550 K. For the purpose of modeling we
0 590 1000 assume that the reaction layer consists of only, Sipecies,
time 7 (s) independent of ion flux and temperatdfe.

Fic. 4. Response of the Sjproduction coefficien, to an ion pulse of 180 The spontaneous S!Fformatlon and thus the desorblng

s for at T>300 K. At ion switch-on a transient peak is observed. At ion flux (DS_pon(S'F4) IS now prop_ortlonal to the prgcurspr con-
switch-off, it is observed that af>600 K the production coefficiens, ~ centration[ XeF,], and the Sik concentratiorj SiF,| with a
does not drop below the spontaneous vadyg. reaction probabilit},ke,

D@ ol SiFy) = ke[ SIF ][ XeF, ], = ke C[SiF, ] Ps(XeF,),  (6)
When the ions are switched on, a transient peak in the
SiF, production is observed over the temperature rangdvherekec is the overall reaction probabilitjphysisorption
260-800 K (Fig. 4). From the area under the peak, it is followed by chemisorptionof XeF, to form SiF, spontane-
found that the amount of fluorink,ye released from the Ously.
reaction layer decreases at both higher and lower tempera- The SiF; surface species can also leave the surface and
tures, as Compared to room temperature. contribute to etChing when their thermal energy overcomes
When the ions are switched off, first drops and aff  the desorption energy of 260 meV. This process is only of
<600 K it reaches a valué, m, which is lower than the importance for temperatures above 600'K?
spontaneous valué, . In the temperature range 280"
<600 K the valued, i, increases at higher temperatures
(Fig. 4). Above 600 K no dip in Sif production is observed p pjscussion of transient response

when the ions are switched offy in= d4.0- ) ) ) _
At room temperature, the épontaheous valag, is During the transient peak after the ions are switched on an

reached on a time scale of 1000 s after the dip. In Fig. 3, it i@MOUNtL oss Of fluorine is observed to be released from the
seen that at lower temperatures the Sifgnal reaches, , surface. The interpretation is that the chainlike reaction
on a shorter time scale. However, after having reached th@yl%r formed during spontaneous etching is remouéd.
spontaneous valud, o at T<210 K, the Sif signal reaches 1).”” The SiF, surface concentration decreases and a reaction
a maximum after about 600 s after which it drops to reacHayer with a submonolayer fluorine coverage is formed. The
840 again. At temperatures above room temperature théower fluorine content of thls.depleted Iayer.reSl.JIts in a
steady-state value is also reached on a shorter time scale 'g¢/er spontaneous SjFproduction[Eq. (6)], which is re-
compared to room temperature. flected in the dipd, mip. After the dip, the chainlike reaction

The response o¢ (not shown shows no transient peak layer has to be rebuilt. This is a slow procésshich takes
when the ions are switched on but increases monotonicall§ver 1000 s to reach the steady-state spontaneous etch rate
until the steady-state valug,, is reached. When the ions are 29ain. Thus, the dip and the transient peak are related: a
switched off,e decreases on the time scale of seconds. AftefMaller peak indicates less removal of the reaction layer,
this fast decrease, reaches the same value &sand shows Which results in a smaller dip in the Siferoduction when

an identical response a& for the whole temperature range, the ions are switched off agatfl. . _
including the dip. From the behavior of the transient peak as a function of

temperaturdFigs. 3 and 4 it is concluded that less fluorine
is removed from the reaction layer by the iofiecrease of
L,,s9, both atincreasingand decreasingtemperatures with

To obtain a better understanding of the spontaneoug SiFrespect to room temperature. Above room temperature this is
formation, first the steps for SjFormation are discussed in confirmed by a smaller dip in the Siproduction(Fig. 4).
some more detail. With this information the experimental Below room temperature, the dip cannot be measured

C. Spontaneous SiF , formation

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000



2763 Sebel, Hermans, and Beijerinck: Reaction layer dynamics in ion-assisted Si IXeF, etching 2763

correctly because the SjBignal increases again on a shortermeasurements and the long pulse measurements now indi-
time scale and coincides with the dip. This increase in, SiF cates that a reaction layer with a similar structure is formed
signal is explained by a faster reconstruction of the precursan the temperature range 250—600 K.
concentration at lower temperatures which occurs on a much Finally, at sample temperatures below 250 K, it is con-
shorter time scale than the rebuilding of a reaction layer. cluded from our long pulse measurements that the amount of
The lower Siz production under ion bombardment is ex- fluorine released from the reaction layer decreases at lower
plained by a lower precursor concentratidfg. (6)]. Thus, temperatures. The TDS measurements show that the fluorine
besides the reaction layer, also the precursor concentration g@ntent of the §F, chains decreases and a reaction layer
removed by ion bombardment. with a monolayer coverage during spontaneous etching is
formed at lower temperatures. No multilayer coverage can be
formed at these low temperatures because of the large SiF
production. During spontaneous etching, the thick reaction
layer is replaced by a thick precursor concentratibas ob-
When we compare the conclusions about the removal oferved in ay peak in the TDS measurements.
the reaction layer by the ions to the results of a study of the From this, we conclude that the reaction layer below room
spontaneous reaction layer by thermal desorpibRS),”  temperature also consists of a submonolayer fluorine cover-
similar trends are observed. In TDS measurements, the reagge under ion bombardment.
tion layer during spontaneous etching formed at a surface
temperaturd is studied by the SiFflux desorbing from the
sample when the sample is heated after the Xi#ix has  F. Temperature-independent reaction layer
been turned off. As a function of the heating temperature
Theat SEVEral characteristics of the reaction layer are ob
served. First, the removal of a precursor layer is observed
the so-called *y peak” at aroundT,¢,= 200 K. The desorp-
tion of weakly-bound species is measured in anpeak” in

E. Comparison to thermal desorption measurements
of spontaneous etching

For the ion-to-neutral flux ratidRr=0.025 it was con-
cluded that a reaction layer with a submonolayer fluorine
a(:Q'overage and dangling bonds is formed during ion-assisted
etching at room temperatut® From a comparison between

; TDS measurements and the response of the Sighal upon

thg temperature range dTheaF 300_6,00 K. We interpret ;. bombardment, we now propose thiatjependent of tem-
this peak as the desorption of species from the ChEjl'nl'keperature such a reaction layer is formed. This suggests that
reaction layef. At Tpe,=600 K thea peak stops abruptly. (sangling bonds are mainly created by ion impact. From pre-

Fmally, the Esgortpr)]tlon of t|ghﬂt_ly bfggg SSSSIT(S $hmeasure ious measurements it was concluded that besides the reac-
Ina”f peak” In the range off heat= N - TS €O 4y layer also the precursor layer is removed by ion

responds to the desorption of fluorine from a reaction layebombardmen’t? Thus, in contrast to the reaction layer, the

with a monolayer coverage. o precursor concentration is a function of both temperature and
Above a sample temperature of 600 K, no dip in sponta:

X . ) ion flux.
neous Siff production was observed in our long-pulse mea-
surementgFig. 4). In the TDS measurements onlyGapeak
is observed when the sample is heated, corresponding t0|9 MODEL FOR REACTION PROBABILITY
monolayer fluorine coverage during spontaneous etching.
When the ions are switched on, still some release of fluorine In this section a model will be presented to describe the
was observed which corresponds to the creation of danglinfgmperature dependence of ion-assisted etching based on the
bonds. We conclude that above sample temperatures of 6G¥/ggestions from the previous sections that:
K the reaction layer during ion-assisted etching consists of )
submonolayer fluorine coverage. When the ions are switched
off, the dangling bonds are fluorinated again: only a thin ¢4 during ion bombardment; and
reaction layer has to be rebuilt and thus the,SiBncentra- () the precursor concentration depends both on the ion flux
tion reaches steady state on a short time scale and no dip In' 514 the temperature.
the SiF, formation is observed. Because of spontaneous SiF

release af >600 K, no chainlike structures can be formed Before the model is presented, first the steady-state reaction

on the surface. probability at room temperature is discussed.
In the sample temperature range 250—600 K, the dip de-

creases at higher temperatures, which corresponds to the ré- Steady-state reaction probability

moval of a thinner chainlike reaction layer. From TDS mea- At room temperature the steady-state reaction probability
surements it is concluded that the chainlike reaction layere, during spontaneous etching is limited by the reaction
has a maximum fluorine content around room temperaturgrobability k, to form SiF, [Egs.(2), (3), and(6)]

Thus, the fluorine removed by the ion bombardment shows
the same trend as observed by TDS measurements. We al- €0=2Ck.~0.15. @)
ready know that the reaction layer during ion-assisted etchHere, a totally fluorinated surfac¢ SiF,]=1) is assumed.
ing consists of a submonolayer fluorine coverage and darDuring ion-assisted etchingej,, is limited by the much
gling bondst® The correspondence between the TDShigher reaction probabilitk; to fluorinate dangling bonds

independent of temperature a reaction layer with a sub-
monolayer coverage of SjFand dangling bonds is

JVST A - Vacuum, Surfaces, and Films
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mc;n:;(legthl)ux desorption of XeF, _ =70 XA Ba/keT), - (10
s with Eq=32 meV the desorption energy of Xgfrom the
/ precursor stat&!
For chemisorptior{third term on the right-hand side of
precursor layer 4 [XeF,], N Eq. (9)], the effective fluorination probabilitik of dangling
chemisorption of XeF, bonds is included. It is assumed that the activation energy for
F F F F chemisorption is much smaller than the desorption energy

and thusk is considered to be independent of temperature.
The chemisorption on fluorinated SiFsites is neglected.
This implies that the thermal desorption is the most impor-
tant loss mechanism for XgHrom the physisorbed state

o, 5. Schemati wation of th o | during i “ dduring spontaneous etching.
1. 5. Schematic representation of the reaction layer during ion-assiste : . : :
etching as used in the model to describe the precursor concentration In a steady-state situation E®) results in

[XeF,],. The precursor concentration increases due to the incoming XeF

[SiF,] + [Si] = 1

flux ®((XeF,) and decreases due to desorption and chemisorption onto _ To —
danglir?g bonds. The reaction layer on the silicon is represented by a surface [Xer]p —Eq . Po(XeF) =¢(R,T)Py(XeF,),
consisting of fluorinated sites and dangling bonds. e"ﬂa_T‘F Tok[3|]
11
P which should be compared to E¢) during spontaneous
€ion=CK| 1+ ——| =ck~0.88, (8)  etching. We thus expressed the factR,T) as a function
1+P of ion flux and temperature. Equatigfl) is similar to the

with P=p./p, the ratio of the probabilities for chemical and Sticking probability as predicted by the standard model for
physical sputtering for the ion-induced formation of Siiad ~ Precursor-mediated chemisorptibitHowever, in these mod-
SiF,, respectively:* The reaction constark can be consid- €ls the usual assumption is that thermal desorption is much
ered as the effective reaction probability to fluorinate danJnore important than chemisorptidficomparable to sponta-
gling bonds, which includes the ion-induced reaction offe€ous etching in our case. In the case of a high dangling
XeF, with fluorinated sites which results in the enhancedbond concentration, chemisorption cannot be neglected any-
SiF, formation. more.

In Egs.(7) and(8) it is assumed that is independent of
the ion flux. The precursor concentrations already known ¢ |nfluence of ion flux

as a function of temperature in the case of spontaneous | o o )
etching®! However, it was shown thatis a function of the It is assumed that, with increasing ion flux, the Si surface

ion flux. On the other hand, we have experimental evidenc&hanges from a totally fluorinated surface with only SiF
in this article that the reaction layer and dangling bond conSPeciesSiF,]=1 ML to a surface covered with only dan-
centration during ion-assisted etching is independent of ter8/iNg Ponds wit Si]=1 ML. Because of Si surface-site con-
perature. Thus, to capture the temperature dependence of thgrvation we can write

etching process, we describe the precursor concentration [Si]+[SiF,]=1 ML. (12)

XeF;], as a function of temperature and ion flux. . S .
[XeF], P The reaction probability is given by the sum of the reaction

probabilities on fluorinated sites and dangling bonds
€=2k.c(R,T)[SiF,]+kc(R,T)[ Si], (13

with ¢(R,T) given by Eg.(11). For spontaneous etching
([SiF,]=1 ML) and ion-assisted etching in the high flux
ratio limit ([Si]J=1 ML), Eq. (13) again yields Egs(7) and
(8), respectively.

We now can use Eq(13) to describe the experimental
results of e. The valuestyk, and 7ok are fixed by two
boundary conditions

B. Precursor concentration

The precursor concentratidixeF, ], is described by the
rate equation

[ XeR,],
ot

[XeR],

= (XeF,) — —k[XeF,] [ Si]. 9
Similar to the reaction laygiSec. ), the steady-state precur-
sor concentration XeF, ], results from a balance between
several mechanismig. 5. In more detail, thencreaseby
the incoming Xek flux @ (XeF,) [first term on the right- T=150 Kand Si]=0: e=¢y=1, (14
hand side of Eq(9)] is balanced by the decrease by thermal .

desorption and chemisorptidecond and third term on the 1~ 300 KandSi]=1: €= €0n=0.88. (19
right-hand sidg Here, only precursor-mediated chemisorp-The first condition corresponds to a spontaneous reaction
tion of fluorine is assumed. We assume that the thermal degrobability of unity at 150 K and the second condition cor-
sorption of the precursor is the onlgmperature dependent responds to the maximum reaction probability in the high
process, as described by the residence tinoé XeF, in the  limit at room temperatur¢Eq. (8)]. These boundary condi-
precursor state tions result intgk=2.1 andryk.= 0.043.
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Fic. 7. Experimental values of as a function of temperature compared to

Fic. 6. Precursor concentratigXeF,], for fixed ®(XeF,) as a function of  the results of the precursor model. The measured valueg,ft a flux ratio

temperature for a dangling bond concentration®f]=0 ML, [Si]=0.25 R=0.012 andR=0.025 are compared to the model with a dangling bond

ML, and [Si]=1 ML. concentratiorf Si]=0.06 ML and[Si]=0.24 ML, respectively. For the sake
of completeness also the curves [&i]=0 ML and[Si]=1 ML are shown.

Before comparing the model to the experimental results,

first the precursor concentratiXeF], in Eg. (11) is plot- [Si]=0.24 ML are shown, being the best fits to the experi-

ted in Fig. 6 asa function of tempera}ture for different Valuesmental results for the lower and the higher flux ratio, respec-
of the dangling bond concentratig®i]. It is seen that the tively. This indicates that flux ratio’s oR=0.012 andR

precursor concentration decreases a factor five in the range; 5og produce dangling bond concentration$&if=0.06

T=hlSO—§300f K fordspoIr}t""”t‘?oucsj etching Bi],zg ML." ML and [Si]=0.24 ML, respectively. For ion-assisted etch-
When going rom_a 2ang Ihng on concentrat[@n]—'o toda ing, we see that the model describes the measured tempera-
concentration Si]=0.25, the precursor concentration "OPStyre dependence very well for both flux ratios. The model fit

by a factor of 2.5 at room temperature, and by more than For spontaneous etchin§Si]=0) is not so good which may
factor of 6 at 150 K. It is stressed that this decreas®ishe be due to surface roughness

result of sputtering of the precursor but results from a higher Despite the good trend of our model compared to the

plr_obaé)lht)é for XeF, to react with the reaction layer on dan- experimental results, we still see some small deviations for

g mgh on f] | lied . ion-assisted etching at higher temperaturesT At600 K an
When these results are applied to our experiments, fherease ineo, Is measuredespecially forR=0.012) while

higher precursor concentration must b? rgleased from th8ur model predicts a decrease. This is explained by the fact
surface at lower temperatures when switching from spontaﬂrﬂ]

. : . at above 600 K also spontaneous ,SiElease becomes
neous to ion-assisted etching than at room temperature. portant, which results in a new mechanism for creating

course, a larger concentration also has to rebuild when th&angling bonds besides the ion bombardment. Thus. the as-

ions are switched off again. sumption that the dangling bond concentration is indepen-

Now, our model can.be use_d to describe the- experimentqjem of the temperature breaks downTat 600 K and low
results. The concentration<[ Sij <1 ML of dangling bonds . atios. For high flux ratiogseeR=0.025), the creation

on the surface is the only scaling parameter of our model: b dangling bonds by thermal desorption of Siseems to

is assumed to be independent of temperature. The temperga ome less important
ture dependence is given by the model once a value of the '

dangling bond concentration is chosen. A. Dangling bond concentration

The value[Si]=0.24 ML for the dangling bond for the
V. REACTION PROBABILITY: EXPERIMENTS measured 'flux ratio oR=0.025 concentratloq may seem
VERSUS MODEL very low, since at room temperat.lggﬁo.?, which |s.close

to the maximum reaction probability for high flux ratigsq.

In Fig. 7 the model is compared to the experimental re{8)]. However, a second look reveals that the spontaneous
sults of €, for a flux ratioR=0.012 (Ref. 13 and a flux  contribution to the reaction probability on fluorinated sites
ratio R=0.025 (this work) as well as those foe,. For the has dropped over a factor of 3, which is caused by a lower
model calculations, in addition to the limiting cad&i|=0 precursor concentration and a somewhat lowep $dhcen-

ML and [Si]=1 ML, also the curves fofSi]=0.06 ML and tration[Eq. (13)]. Thus, despite the apparently low dangling
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Fic. 8. Typical response of and §, to a short pulse on the time scale of seconds at room temperature. The transient at ion switch-on is attributed to the
creation of dangling bonds. Upon ion switch-off, a fast and a slow response are observed which are related to the formatiaritioinSite reaction layer
and from excited surface species, respectively. At ion switch-off, it is seer thas a slower response thapwhich is attributed to the fluorination of the

dangling bonds.

bond concentration, the reaction probability on danglingvVl. SHORT-PULSE MEASUREMENTS
bonds is responsible for about 90% of the total reaction prob-

ability.

In Sec. Il it was shown that the precursor concentration is

A good way to interpret the dangling bond concentrationreconstructed on a much shorter time scale than the reaction

[Si] is to consider the residence time of SiBSurface
species? Before a reaction product (Sjfand Sik) can be
formed (which results in the creation of a dangling bongi

layer. Therefore, the dynamics of the precursor concentration
should be studied using short ion pulses. The responge of
and d, is now studied as a function of temperature on a time

sites have to be fluorinated first. The calculated bare andcale of seconds by using ion pulses having a duration of
fluorinated sites concentration is an average surface covera@e7s s and a time between subsequent pulses of 8.75 s. These
during the ion bombardment. During ion-assisted etching theneasurements also serve as a validation for the model, in
SiF;, residence time is much shorter than during spontaneoughich the precursor concentration was described both as a
etching. Thus, a dangling bond concentrati§if=0.24 ML function of ion flux and temperature. This model shows that
should be interpreted such that 24% of the time the surfacgt |ower temperatures a higher precursor concentration has to
site has dangling bonds and the rest of the time the site i§e repuilt after the ion bombardment has ceaéed. 6).
fluorinated to produce the reaction products. It is clear that &rom these measurements, also conclusions can be drawn
very high ion flux is needed to assure that, on the average, &)out the mechanisms for SiFproduction during ion-
surface site is never fluorinatéSi]=1 ML). Since the ion-  jcqisted etching as a function of temperatre.
to-neutral flux ratioR determines the time a site is fluori- In Fig. 8 a typical response afand 8, at room tempera-
nated, it is also clear that the dangling bond concentratiotgure is shown. When the ions are switched on, a transient
will only be a function of this ratio. At room temperature this peak in Sik production is measured, similar to the response
was shown for ion-assisted etching by Vugtsal}* Thus, at 0 pulses of 180 §Fig. 1). This peak,however decays on a
second thought, a dangling bond concentration of 24% S€€eMne scale of secondé Here the intér retatior’l is that fluorine
very reasonable for a flux ratie=0.025. . ; ' P .

is released and dangling bonds are created: the reaction layer

changes from a monolayer fluorine coverage to a submono-

B. SiF, production

We can also use the model to calculate the,$ifoduc-
tion. Let us assume that the SiEontribution to the total

layer fluorine coverage. When the ions are switched off, first
a fast decrease in Sjfproduction is observed, followed by a
slower decay taS, min. These responses reflect two mecha-

reaction product formation is independent of temperature. Afisms which enhance the Siroduction on a depleted re-

room temperature this contribution éf is 40%. In Fig. 2,
the model curved, j,n=0.4€j, is plotted for our measure-
ments at a flux raticR=0.025. It is seen that &t<600 K
the SiF, production is described very well with this simple
assumption.
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action layer during ion-assisted etching. The fast decay re-
flects the formation of Sif within the reaction layer,
modeled as the reaction of two $iBurface species to form
SiF,. The slow decay reflects the enhanced formation of
SiF, from physisorbed Xef-and excited Sif surface spe-
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Fic. 9. Response of the Sjfproduction coefficien®, to an ion pulse of ] ) o )

3.75 s atT<300 K. At lower temperatures a temporary peak in the,SiF FiG. 10. Response of the Sifproduction coefficien®, to an ion pulse of

production is observed, as explained in the running text. The marks on thd.75 s atT>300 K. At higher temperatures the slow response after ion

right-handy axis indicate the steady-state valuis, at each temperature Switch-off disappears and a steady-state situation is reached directly after

which are reached on the time scale of hundreds of seconds. the fast decay. The marks on the right-hanalxis indicate the steady-state
values 8, at each temperature which are reached on the time scale of
hundreds of seconds.

cies, which decay during the slow process to,Sipecies
with a low reaction probability? rary peak after the ion switch-off increases with decreasing

In the response of no transient peak is observed. During temperature. It is explained by a competition of a decreasing
the increase ot at ion switch-on, the higher reaction prob- excited SiF concentration(slow decay and an increasing
ability is attributed to the increasing dangling bond concenprecursor concentration. The broad peak in the, pidduc-
tration (cf. the response o0b,). The difference betweee  tion is observed because the reconstruction takes place on a
and &, during steady state is explained by the production ofshorter time scale than the decay of excited,SiEirface
SiF,. The response o€ at ion switch-off is much slower species. At 230 K, the precursor concentration is only low-
than the response d,. This difference is explained by the ered slightly by the ion bombardment and thus is recon-
fluorination of dangling bonds. The difference in the amount
of fluorine that reacts with the dangling bonds during ion
switch-off (from the behavior ofe) and the much smaller Art on off
amount that is released in the transient péaktched area in ' :
Fig. 8 is explained by an additional transient peak in the
SiF, production.

The response af, at temperatures below and above room
temperature is shown in Figs. 9 and 10, respectively. On the
time scale of these measurements, no steady-state situatic
of spontaneous etching is reached during the ion switch-oft
period. The corresponding steady-state values are indicatew
in Fig. 9. The response af as a function of temperature is
shown in Fig. 11. In the following sections, first the tempera-
ture dependence of ion switch-off and next the transient ai

—

150K

08 173K

0.6

200K

_ : ot 230K

ion switch-on is discussed. 0.2 . 300K

A. Temperature dependence of switch-off behavior S — ORI A A Ahg 375K
At ion switch-off, a fast decay of SiFproduction is ob- 0 N T T T

served over the whole temperature range in Figs. 9 and 10 0 2 4 6 8 10 12

Thus the production of SiFin the reaction layer is a valid .

ion-assisted mechanism for enhanced,SiFoduction at all time 7 (s)

temperatures.

L . . Fic. 11. Response of the Xeffeaction coefficient to an ion pulse of 3.75
After this initial fast decrease ia;, a temporary peak in s In contrast to the responseBt-300 K, the reaction probability does
S, is measured folf =200 and 230 K(Fig. 9). This tempo-  not decrease immediately when the ions are switched of<a800 K.
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structed again after a few seconds. For even lower tempera- From the short-pulse experiments, the decrease of SiF
turesT<173 K, a higher precursor concentration has to beproduction under ion bombardment below 210 K can be un-
rebuilt, which takes longer. Here, no temporary peak is obderstood in some more detail. The reason is that the sponta-
served but the SifFproduction increases monotonically. neous contribution decreases due to a lower precursor con-
Above 300 K(Fig. 10, the slow response decreases atcentration. This is only partially offset by the fact that the ion
higher temperatures. Above 600 K no slow response is obbombardment enhances the Siproduction again by the
served and constant Siproduction is reached directly after same mechanisms as at room temperature.
the fast decay. However, above 600 K roughening plays an
important role as can be concluded from the fact thatoes
not increase significantly at these tempelrlatL(Fe'g. 2), in  VII. CONCLUSIONS
fggéﬁ‘esrt“fgtgi rigen?;:;iesrpeilnteicbrzn\g/;ug:?rl{es-le—hteerfgitr:;& fres is Based on ion-pulse measurements on the tlme sca!e of
. 12 100 s, we conclude that the mechanisms for ion-assisted
not known and could result in a decrease of the slow reg
sponse. For this reason we choose not to discuss this feat
further.
Now, the response of the reaction probabiliyis dis-

i etching by Xek and Ar" ions are independent of tem-
LﬁB%rature in the range 150-800 K. During ion bombardment,
a reaction layer is formed with a submonolayer fluorine cov-

. L . erage, which is independent of temperature. The dangling
cussed(Fig. 11). Similar to the response on a long time bond concentration is the key parameter to describe the re-

scale,e increases and decreases monotonously when the io%%tion layer. Below 600 K the dangling bonds are created by

are switched on and off, respectively. An interesting featur o : - : :
is observed when the ions are switched off. Above roorﬁons only: a higher ion flux results in a higher dangling bond

; t tarts to d t th { that the i concentration. Above 600 K there is also a small contribu-
emperature starts to decrease at the moment that th€ 10Ny, 1, the creation of dangling bonds from thermal desorp-
are switched off(discontinuity in first derivative At lower

; ‘ h d | " tion of Sik; from the reaction layer. It is also concluded that
emperatures, however decreases more s_o_w(y.on NUOUS  the mechanisms of SiHormation are independent of tem-
behavior of first derivative At T=173 K it is seen that

. . erature.
stays constant for abbo@ s after the ions have been switched P

# before it starts to d in stark trast to the i The temperature dependence of the Xe€action prob-
o'l before It Starts 1o decrease, In stark contrast to the Immeélbility € is now described by the transition of Xgffom the
diate response at room temperature.

. ) . . . . recursor state to the reaction layer. In steady state, the in-
This behavior ofe at ion switch-off is attributed to the P y y

rebuilding of the precursor concentration. According to theComing Xef flux is balanced by chemisorption to fluorinate
model, a thicker precursor layer has to be rebi@i. 6 and the dangling bonds plus thermal desorption. During ion bom-

: . . . bardment, dangling bonds are created on which XeR&cts
thus more Xef will be phy5|sorbed afte_r lon switch-off at with a high probability. Because of this high chemisorption
lower temperatures. This can be seen in the responge of

. it takes | for th " bability to d tprobability, thermal desorption of Xgkprocess is not impor-
since [t takes longer for the reaction probability 10 drop al, v ang thus the temperature dependence loécomes less
lower temperatures.

with increasing ion flux. During spontaneous etching, when

no dangling bonds are presented in the reaction layer, the

chemisorption probability is low which results in a strong
Now that the decay of the Sjsignal upon ion switch-off temperature dependence af

has been discussed, the transient peak upon ion switch-on A simple model describes the observed temperature de-

will be discussed. In the temperature range 300—-606ig.  pendence ok as a function of the ion fluxe@nd thus the

10) a small transient peak is observed. This is attributed talangling bond concentrationsery well. From this model

the release of fluorine when dangling bonds are created oalso the precursor concentration is calculated as a function of

the surface; at the time of ion switch-off these danglingboth temperature and the dangling bond concentration.

bonds are fluorinated agaif.At lower temperatures the

magnitude of this transient increases significarifyg. 9.
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