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Silicon etch rate enhancement by traces of metal

P. G. M. Sebel, L. J. F. Hermans, and H. C. W. Beijerinck?
Physics Department, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands

(Received 9 July 1998; accepted 2 January 1999

We report the effect of nickel and tungsten contamination on the etch behavior of silicon. This is
studied in a molecular beam setup, where silicon is etched by Xe# Ar" ions. The etch process

is directly monitored by the SiFreaction products which leave the surface. The effect of
contamination appears very pronounced after the ion beam is switched off: it leads to a temporary
enhancement of the spontaneous etch rate on a time scale of 500 s. With traces of contamination on
the order of 0.01 ML, the etch rate may be enhanced by a factor of 2 for W and somewhat less for
Ni. It is concluded that the contamination moves into the silicon by diffusion to vacancies created
by the Ar" ions. For 1 keV AF ions the contamination moves to a depth of 25 A, comparable to
the penetration depth of the ions. After etching a 170 A thick layer, the catalytic effect of
contamination is reduced to less than 5%. A simple model, which describes the measured effect of
contamination very well, indicates that only 3% of the contamination is removed when a monolayer
of silicon is etched away. Besides this catalytic effect there are indications that contamination can
also lower the etch rate under certain conditions, because of the formation of silicides. From the
measurements no conclusions could be drawn about the underlying mechanism of etch rate
enhancement. €999 American Vacuum Sociefs0734-210(99)01103-3

[. INTRODUCTION Vugts et al® and the authors initially attributed the effect to
damage-enhanced etchihg.

During the production of an integrated circuit, a wafer can  |n this study we report on the effect of nickel contamina-
suffer several types of contamination which may influencetion on the etch behavior of silicon by Xg@nd Ar* ions at
the next step in the process and the final reliability of theroom temperature. The effect of contamination is found to be
device. As dimensions of features are still decreasing, damvery pronounced when the Arions are switched off. Under
age to the wafer becomes more critical. The main form ofclean conditions, the etch rate drops to the spontaneous etch
contamination consists of traces of metal, sputtered frontevel within several seconds after the ‘Aions have been
walls or electrodes, which are deposited on the surface of awitched off. In the presence of contamination, the etch rate
wafer. Depending on the type of reactor and materials use@lso drops initially, but then increases temporarily and
for electrodes, traces of Ca, Fe, Zn, Cr, Mn, Ni, Cu, and K infeaches the steady state situation of spontaneous etching
the range from 0.01 to 0.4 ML may be found on the waferagain on a time scale of 500 s.
after etching. Even after extensive cleaning some of these In Sec. Il the experimental setup and the sources of con-
contaminants remain on the surfacanother source of con- tamination are described. In Sec. lll, the effect of nickel
tamination consists of solutions used for, e.g., resist develcontamination is studied as function of Xeffux, ion flux

opment which may leave traces of Na and K on the@nd ion energy. As a function of these parameters, the effect
surface?® The increasing concern about contaminants is jl.of the contamination changes. This observed behavior is ex-

lustrated by the development of sensitive equipment to dete(',:{laIned in _Sec. Idey a ddi)ffusrllon{r ocess Orf] the_lc_:ontar_?;?ants
even smaller traces of contamination. to vacancies produced by the ‘Aiions in the silicon. This

As we focus on the effect of contamination on the etchme_chanlsm is simulated W_'th a simple model which de-_
. . : . . . scribes the observed behavior very well. Furthermore, previ-
behavior, the intentional doping of silicon with, e.g., B or P

may also be regarded as contamination of the wafer. Conc-)USIy measured contamination effects of tungStae com-

tamination can have different effects on the etch behaviorpfaIred with thqse caused by nickel. This I_ead_s to a consistent
Some contaminant.g., B) reduce the etch rate, but most picture of the influence of m'etal contamination. In Sec. VI
. 2 '39" 56 . ' the conclusions are summarized.

contaminantgK, Na;>® Cu?>® and P) increase the etch rate.
The effect of metal contamination has so far only been stud-
ied for Cu on silicon. Some monolayers of Cu may increasq ExXPERIMENTAL SETUP
the etch rate of silicon by by a factor of 100 at tempera-
tures above 60 °C. At room temperature no significant effec
was reported:® The contamination of Cu can also result in  The multiple-beam setup is described in detail by Vugts
anisotropic etchin§. The effect of tungsten contamination et all® We limit ourselves to a brief description of the key
has been described briefly in an appendix of an article byeatures used in this study.

The silicon sample is placed at the intersection of the
dElectronic mail: H.C.W.Beijerinck@phys.tue.nl XeF, beam and the Ar beam in an UHV chamber (16

{\. Apparatus
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Ar* ) S
R=®(Sik,)= E(I)S(Xer). 3)
stainless For S(100 the etching of 1 ML corresponds to a depth of
1.38 A. Equation(3) only holds for spontaneous etching at
Ni room temperature. For ion-assisted etching, $¢Falso pro-

duced and this has to be taken into account in the F-atom
mass balancg.

B. Sources of contamination

1. Nickel

Fic. 1. Sample holder. The various sizes of the components are indicated in Th ickel . | d | he sili |
mm. As the AF ion beam partly hits the nickel retainer plate,"Nsan be e nickel retainer plate used to clamp the silicon sample

sputtered and deposited on the Si samiplatched by a bias voltage of  (Fig. 1) was found to act as a source of Ni contaminants,
—100 V. since Ni is sputtered from this cover under ion bombard-
ment. The sputter yield is 1.7 atoms/ion for Ni when bom-
barding with 1 keV Af ions at normal incidencE.Ni™ ions
mbay on a temperature controlled sample holdE0-1000 Wil also be sputtered® and by applying a negative bias
K). In this study, all measurements are performed at roonf—100 V in our experimenis these ions can be deflected
temperature. The 8i00) samples(n type, phosphorus, 2—-3 towards the silicon. The nickel contamination was confirmed
Q cm) are cleaned with HF to remove native oxide beforeby low-energy ion scattering measurements as a diagnostic
being mounted. Several samples are used during the expetol (see Sec. I)l. The measurements were performed in a
ments. The XefFbeam and At beam are incident under 52° setup similar to the energy resolved ion scattering spectrom-
and 45°, respectively, with respect to the surface normal. Thetry (ERISS setup with 5 keV Né ions With this method
sample is attached to the electrically insulated sample holdemly the top layer of the sample is analyzed and a low ion
by a nickel retainer plate, with an opening of 5 mm in diam-current is being used to prevent damage to the sample.
eter (Fig. ). Deeper layers have been analyzed after the silicon has been
The XeR, gas is supplied by a multi-capillary effusive gas sputtered by Né ions with a higher current.
source. During the experiments a %effux ®4(XeF,) of 2
and 3 ML st is used. For silicon 1 ML corresponds to 2. Tungsten
6.86x 1015_3 ”_rz- For the Ar*.beam, the ion energy is 1 The source of tungsten contaminatiorireported
keV, and its intensity is given in terms of the total ion currentpreviously) is an ionization gauge. The tungsten filament of
in wA hitting the Si sample and Ni retainer plaéig. 1 and  the gauge reacts with residual XeRhich results in the for-
Sec. III)_. T_he ion current is not corrected for the influence of mation of WF,. This process is enhanced by electron and
the emission of secondary electrons. ion impact®® Thus a background of WgFis formed in the
The etch reaction is monitored by a quadrupole masgessel and WE can be deposited on the Si, although the
spectrometefQMS) in a separate UHV chamber<(l0™®  gauge is completely out of sight of the sample. No JWF
mbayp positioned qlong the surface normal of th.e samplesigna| in the mass spectrometer was repafttebyt the sig-
The central detection ard&DE) seen by the QMS is 3 MM 5 js probably below detection limit. The contamination by
in diameter. With the mass spectrometer, the nonreacte-\(;{”:6 can be eliminated by a liquid Nvessel which acts as a
XeF, flux ®(XeF,) (XeF" signa) and the reaction product cryopump for both Xef and WR. In contrast to the Ni
SiF, (SiF; signa) are measured. From the XeHlux  contamination, which is produced only if the ion beam is on,
®4(XeF,) leaving the inert Ni and the nonreacted XdfiX  this W is ever present when the ionization gauge is switched
®(XeF,) leaving the Si surface, the reaction probabiktgf o puring the measurements presented here, the ionization

1
1
1
1
al

18

the XeF is calculated gauge was always switched off and the liquig Wessel was
_ Dy(XeR,) — P(XeF,) . filled.
B ®y(XeF,) @
lIl. EXPERIMENTAL RESULTS
The SiF, signal yields the production coefficieat defined )
by A. Etch behavior
40 (SiF,) Figure 2 shows the response of the production coefficient

= 20 .(XeF,) " (2) o When.the. Af*'ions are switcheq o'ff. In the upper graph no
S 2 contamination is present and, within a few seconds, the pro-

As SiF, is the only reaction product at room temperature, itduction coefficients drops to the production coefficient mea-

follows from the F-atom balance that= § in a steady-state sured before the ion bombardment. However, in the presence

situation, which is used as a calibration of the productionof nickel contaminatiorisee Sec. Il §, the SiF; production

coefficients. The silicon etch rat® (ML/s) at any moment is temporarily enhanceflower graph of Fig. 2 On a time

is now easily calculated by scale of 500 s the spontaneous value is recovered. For the

J. Vac. Sci. Technol. A, Vol. 17, No. 3, May/Jun 1999



757
0.4 |Ar*on Ar* off
—_
Q
&
5]
ol
~
o
T—
—_~
<+
o
- p—(
9]
N’
S
*
o
1]
2@
0‘1 [ 1 [ 1 [
-100 0 100 200 300 400

t(s)

Fic. 2. Effect of contamination on the production coefficiérfor SiF,. On
t=0 the Ar ions are switched off. In case of a clean surfaggper ploj,
the etch rate drops immediately to the spontaneous viuén the presence
of contamination we observe a temporary incredssiched argauntil the
steady-state valué, is reached after 500 s. The maximum increase¢ at

=60 s varies, depending on the specific conditions. The maximum enhance-

ment may even become equal to the ion-assisted etch rate.

measurements described here, the production coeffiéignt

of SiF, for spontaneous etching in a steady-state situation

was measured to be
8p=0.15+0.03. 4
In Fig. 3 the influence of the XeFMlux is shown for 2 and 3
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Fic. 4. Influence of the ion current. Shown is the response after the ion
beam is switched off, for various ion currents with bombardment fiige
=180 s.

ML/s. In these measurements the sample was bombarded

with ions for 60 s. To compare the different fluxes, the time
axist is replaced by the total doge of XeF, that reached the
sample after the ions have been switched off
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Fic. 3. Influence of the Xefflux on the enhancement of the production
coefficient. The horizontal scale is the total dose of Xafter the ions have
been switched off. Measurements are shown for X#&xes of 2 and 3
ML/s.
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D=d(XeF,) xt. (5)

From the measurements it is seen that the temporary en-
hancement appears for both fluxes at the same dose gf. XeF
The maximum enhancement during the experiments differs
with time and sample. From the measurements of the beam
shape, it is concluded that this can be explained by differ-
ences in the shape of the ion beam caused by differences in
the argon gas feed in the ion source.

We conclude that the source of the enhancement is lo-
cated in a layer that needs to be removed by etching before
the enhancement disappears. It is easily calculated that the
maximum enhancement is reached after etchings 38vIL
(25 A) and that the effect of contamination is reduced to less
than 5% after 126 15 ML (170 A) has been etched away.

In Fig. 4 the influence of the ion current is shown. The
sample was bombarded with ions for 180 s. It thus follows
that the maximum enhancement is reached after a number of
Si layers has been removed, ranging from 30 ML for the
highest currents to almost zero at Juf. The maximum
enhancement, however, drops for higher ion currents. For the
highest ion currentd even drops below the spontaneous
value 6, immediately after the ions have been switched off.

The influence of the ion bombardment tirg,, on the
etch rate enhancement is shown in Fig. 5. These measure-
ments were done for an ion current ofu\. The maximum
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The graph shows the profile as used for the measurements in this article.

Fic. 5. Enhancement for various values of the ion bombardment Tigye
Shown is the response after bombardment times of 30, 60, and 120 s at an
fon current of 6uA. rate experiment. This is done by mounting a wit®uble
wound 0.5 mm Ni wir¢ vertically on the sample holder in-
enhancement increases with increasing bombardment timé&téad of a silicon sample. The wire is electrically insulated
but appears after about the same dose of XeF from the sample holder and placed 2 mm above it. The cur-
The influence of ion energy is shown in Fig. 6. The mea-reént of the ion beam hitting the wirgn the order of nA is
surements were done with an ion current quA during 60 measured with an electrometer. In F|g 7 the Shape of the ion
s. It is clearly shown that the point of maximum enhance-P€am is shown. The beam has a Gaussian central peak with a
ment moves deeper into the silicon for higher energy. AlsoWidth of 5 mm and a very broad background. The asymmet-
directly after switching off the ions, the etch rate drops be-fic dip inion current around=—8 mm is explained by the
low the spontaneous rate for the 2.5 keV ions. The sam#fluence of secondary electrons. These electrons are emitted

effect was measured for the highest ion current as shown it forward direction with respect to the ion beam, incident at
Fig. 4. 45°, from the sample holder behind the scanning wire. These

electrons thus have a maximum influence on the total mea-
sured current when the ion beam is on the left of the scan-
) ) ) ning wire and the electrons are “reflected” to the wire. From
_'” order to confirm the sputtering Of_”'Cke| from_the '€ this beam profile, we see that about 50% of the ions hits the
tainer plate, the shape of the ion beam is analyzed in a sepgickel retainer plate, since the ion beam is much wider than
the exposed silicon sample with a diameter of 5 mm. In later
experiments, the broad wings of the ion beam profile could

B. Measurements of the ion beam shape

018 |_ E;,n.=1keV be reduced by using a higher argon pressure in the ion source
A 017 and improving the focus and width of the ion beam.
% e
016
~a C. Surface analysis
S 015 . _
,\\v .14 An etched Si sample used for the measurements described
= in the previous section was taken out for surface analysis.
w018 |- E;;,,=2.5 keV This sample was etched for 1000 s at a X8Bw of 3 ML/s
@’ 017 - and a 1 keV ion beam of 6.3A, after the surface was
*N cleaned from previous runs by spontaneous etching. The
i 016 XeF, flow and ion current were stopped simultaneously.
w 0.15 Low-energy ion scattering spectroscoglyEIS) measure-
ments showed no contamination on the surface. A repeated
0.14 0 500 1000 1500 measurement after sputtering a layer with a depth of an es-
timated 30 A showed a nickel concentration of approxi-
XeF, dose D (ML) mately 0.01 ML. This nickel contamination together with the

. beam shape confirms the earlier conclusion that sputtered
Fic. 6. Influence of the ion energy on the enhancement. The average re-, .
sponse of three measurements is shown for 1 and 2.5 kéVioks after the ~ Nickel from the retainer plate causes the observed etch be-

Si is bombarded with a @A ion current for 60 s. havior displayed in Figs. 3—6.

J. Vac. Sci. Technol. A, Vol. 17, No. 3, May/Jun 1999
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t=0 t=t’ t=T 0.06

= Lion

77777 0.05 -
RTion R(Tiun't’)

Fic. 8. Schematic view of the surface position during ion-enhanced etching,
as used for the calculation of the steady-state vacancy distribution during
ion-assisted etching from=0 to t=T,,,. The depthd is defined with re-
spect to the surface position &t T;,, when the etching is stopped.

IV. DISCUSSION

A. Mechanism of enhancement by contamination

In the previous section, the measurements show that the °
appearance of the enhancement clearly depends on the ion d (A)
bombardment. The effect of ions on contaminants depositegl; o solid line: vacancy distribution(d) calculated with TRIM for 1
on a surface of silicon has been described by H#a@l®  kev Ar* ions incident at 45°. The dashed line corresponds to the steady-
After deposition of 0.13 ML Cu on Si, they found that cop- state vacancy distribution when the movement of the surface is included.
per, when bombarded with 20 keV Néons, moves into the
silicon as deep as 600 A instead of being sputtered. When . ) )
successively bombarding this silicon with 800 eV*Aibns, From our etching results it was concluded that the maxi-
they found that copper moves back towards to surface to fgum enhancement appears gfter .etchmg a layer with th'c,k'
depth of less than 125 A. From these results it was conclude@eSS of about 18 ML. From Fig. 9 it can be seen that, at this
that the copper moves into the silicon by the mechanism ofiepth, t'he concentration of vacancies has b_een reduced to
enhanced diffusion by defect production, these defects being0% ©Of its value at the surface. Thus the maximum enhance-
created in the silicon by the energetic ions. The copper atom&1€Nt corresponds very well to the depth range of the vacan-
thus migrate to depths comparable to the penetration depth gies- It was also observed _that the effect of C(_)ntammatlon
the incident ions. disappears only after etching of 120 ML. This is much
This mechanism of enhanced diffusion presumably als§l€€Per than the ion range. We conclude that a large fraction
causes the nickel contamination to move into the silicon. P! the nickel is not etched but remains on the surface. Nickel

order to further corroborate this conjecture, we developed §US has a catalytic effect on the etch rate of silicon. This
model. To simulate the vacancy distribution for 1 keV*Ar explains that the position of the maximum enhancement cor-

ions as a function of the depthwe use the “TRIM” pro- responds tal,.x, Since at this point all nickel in the sample
gram developed by IBM? The ion angle is set at 45° with has been accumulated on the surface. Figure 6 shows that

respect to the surface normal, in agreement with the experiC€asiNgdmay Of the ions by increasing the ion energy in-
mental setup. The vacancy distributiofid) (A1) as cal- deed causes the nlc_ke_l to move deeper in the 5|I_|con_.
culated with TRIM is transformed to an average distribution  1h€ @bove description is correct only if the diffusion of

(v(d)) to include the movement of the surface due to thethe nickel atoms is fast enough to follow the movement of

etching with a rateR=0.5 § ®(XeF,). This procedure is the surface and the vacancy distribution. Only under these
. s .

schematically shown in Fig. 8. The ion bombardment startgonditions will the nickel move as deep as the ion penetra-
att=0 and ends at=T,,. Since a deptlz=d at t=T, tion depthd,,.x. As the diffusion is assumed to be governed
on* on

corresponds to a deptht RT,,, att=0, the average vacancy by the vacancy mechanism, the diffusion coefficient should
on ' . . . .
distribution is calculated by integration over this range ofincréase with the vacancy concentratfoand thus with ion

depths, that contributes to the creation of vacancies at thgUrrent or ion energy. Consequently, as a function of the ion
final depthz=d: current, the nickel should move deeper into the silicon. This

can indeed be seen in Fig. 4, where the maximum enhance-

1 (Tion , , ment and thus the nickel moves deeper in the silicon with
(v(d)r,,= mfo vLd+ (Ton—t)R]dL" ® increasing ion current.

A steady-state distribution is reached WhBT,,,>dmax;
with dax the maximum penetration depth of the ions. In Fig.
9 the calculated vacancy distributian(d) (solid line) is To obtain more insight in the process of etching in the
shown as well as the steady-state distribufiofd)) (dotted  presence of contamination, the measurements were simulated
line) for 1 keV Ar" ions on silicon. Since a steady-state with a simple model. The nickel diffusion is assumed to be
distribution is reached in our experiments after about 30 s ofast enough to follow the moving surface. The average va-
ion-assisted etching, this distribution is used. cancy distribution(v(d)) is thus used as the distribution

B. Model

JVST A - Vacuum, Surfaces, and Films
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) ) temporary enhancement due to tungsten contamination. The parameter
Fic. 10. Results of the simulatiofotted curvepof the temporary enhance-  getermining the maximum enhancement, is manually adjusted to compen-
ment by nickel contamination for various bombardment times for the data of 4t for the saturation of the maximum enhancement as a functiop,of
Fig. 5. n

is shown in Fig. 10(dotted ling. The removal efficiency is

function for the Ni contaminants. The total etch rate is glvenSet aty=0.035 throughout. As can be seen in the figure, the

by the sum of the spontaneous etch rgieg. (3)] and the . . .
y P . L (3)] model simulates the experimental data well with only two
enhancement due to the nickel contamination. The enhanc?- .
. i . . ree parameters to describe all three curves.
ment is assumed to be linear in the amount of nickel on the
surface with a proportionally factaz. In our simulation the
etch rateR; for monolayeri depends on the amount of nickel 2. Tungsten contamination

C; in this monolayer. The etch time of this monolayer is  The model may also be applied to the measurements with
equal to 1((ML)R; . I_t is assumt_ad that th.e nickel is removed tungsten contaminatiofFig. 8 of Ref. 9. These measure-
from the surface with an efficiency, with 0<y<1. The  mants were performed with 0.5 keV Arions and a Xef
total amount of nickelC; on the surface of monolayeris 1,y of 0.6 ML/s. In the simulation the vacancy distribution
thus equal to the sum of the amount of nickel diffused Nty 0 5 kev Art ions was used. During these experiments
monolayer and the fraction (+ y)C;_,, which remains on g gteady-state vacancy distribution is reached for low ion
the surface after monolayer-1 has been etched. The total 1), mpardment times and this has been taken into account in
amount of nickel diffused into the silicon Gy,. This results  iha simulations. In Fig. 11 the experimental dagmd the

in the following equations: model are presentdthey axis of Fig. 8 of Ref. 9 is rescaled
Ci=(1—7y)Ci_1+Cyv(i))X1(ML), (7)  to & with other data from the article in order to compare the
5 results of W contamination with those of Ni contaminajion
R = —+aCi)®S(XeF2), ®) For tr_]es_e measurements the maximum enhancement satu-
2 rates in time and the parametgy, is adjusted in such a way
t=t_ +1(ML)/R . ) as to get the same maximum enhancement for each bombard-

ment time. The removal efficiency is held constantat
With Egs.(7)—(9), the etching of the contaminated layers is =0.035, which describes the decrease of the etch rate again
simulated in a computer program. To compare this modelell for long ion bombardment times.

with the measurements we effectively have two independent It is seen that the position of maximum enhancement is
fitting parameters: the nickel removal efficiengyand the not reproduced very well by the model. This can be ex-
total amount of nickelC,, diffused into the silicon. We will  plained by a limited diffusion of the tungsten causing it to be
now compare the various experimental observations with theloser to the surface. One reason is that less vacancies are

results of this model. produced for 0.5 keV Af ions than for 1 keV ions. Also the
, o diffusion coefficient may be lower for tungsten. For longer
1. Nickel contamination bombardment times, however, the contamination has more

With this model of Eqs(7)—(9) the data of Fig. 5 with time to move deeper into the silicon and move closer to the
nickel contamination as a function of the ion bombardmenfpenetration depth of the ions. With a steady-state vacancy
time T;,, were simulated. These measurements were done fa@oncentration, increasing the bombardment time does not
the highest ion current and thus should best match the ashange the vacancy concentration. Consequently, in this case
sumption of fast diffusion. In the simulation it is further as- when contamination moves deeper into the silicon, this is
sumed that the total amount of nick&l is proportional to  only a diffusion phenomenon with a constant diffusion coef-
the ion bombardment timg,,,,. The result of the simulations ficient. In Fig. 11 it can be seen that the positions of maxi-

J. Vac. Sci. Technol. A, Vol. 17, No. 3, May/Jun 1999
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mum enhancemer(in XeF, dos¢ as measured and calcu- however, the nickel will diffuse into the silicon as described
lated with the model match better for longer bombardmenpreviously. We assume that no nickel was sputtered. As 20
times, confirming the diffusion model as the underlyingML is the penetration depth of the ions we conclude that
mechanism of contamination transport. 0.01 ML is a lower limit of the total amount of nickel in the
Possible reaction products for W and Ni to leave the sursilicon as more nickel may be present below the surface.

face are Wk and NiF,. As both metals show the same re- Extrapolating the measured linear dependence between
moval efficiency ofy=0.035, we conclude that the volatility nickel concentration and ion bombardment time, we estimate

of WFg and the nonvolatility of Nik do not influence the the total concentration of nickel after 100 s ion bombardment
data. However, it cannot be excluded that the metals leavat 1X 10~ % ML as a lower limit. This concentration results in

the surface as other reaction products. a maximum reaction probability of 0.18.
From these considerations we have to conclude that tung-

sten enhances the etch rate more than nickel. From our mea-

surements nothing can be concluded about differences in the
In Figs. 4 and 6 it was shown that immediately after thediffusion coefficients for tungsten and nickel.

ions have been switched off, the production coefficient drops

below the spontaneous valu®g for high ion currents and

high ior_1 energy. Also the maximum enhance_ment decre_ase%._ Mechanism of enhancement by metal

This might indicate the formation of some kind of blocking contamination

layer on top of the silicon, which decreases the etch rate and

the diffusion of nickel in the silicon. This process may be So far, only the mechanism of diffusion of the contami-

related to the formation of |>|S|, whereas the enhancement nation has been discussed. In this section we will discuss the

is related to atomic nickel. The product JSi is already mechanism of the enhancement of the etch rate. Almost all

formed at 200°C and its heat of formation is46.9 impurities in silicon enhance the etch rds=e Sec.)l The

kJ/mol*® Verdoncket al. postulated from their experiments Most extensive study on the effect and mechanism of con-

that the energy to form the silicide is provided by the iontamination was done in the case of &ching of silicon in

bombardment. Selamogluet al. concluded from their mea- the presence of copper contaminattdhHere, a 100-fold

surements that fluorine might be able to extract Si from sil-€nhancement was measured for temperatures higher than
icides and leave(in their experiment atomic Cu on the 80°C. Since almost no enhancement was measured in etch-

surface® ing with atomic fluorine, a possible mechanism suggested by
In our experiment, silicides m|ght block the production of the authors is that Cu Catalyzes the fluorination of the silicon

SiF4Z thus accounting for the low prodgction coefficientim- 5 CutF,—2(Cu-P),

mediately after the ions have been switched off. Once some . . (10)

Si has been extracted from the silicides, the production co- Cu-F+Si—(Si-F)+Cu.

efficient § increases again and the Ni concentration deepef the other hand, a mechanism involving silicide formation
into the silicon will enhance even more. is favored by the same authofMucha et al. in Ref. 20,
These data do not provide direct evidence for the formagihqygh the authors could not distinguish between these two
possible catalytic cycles

C. Decrease in etch rate by contamination

tion of silicides, but they do show that a blocking layer is
possibly formed under conditions when more energy is trans- _
ferred to the surface by the ions, i.e., conditions where sili- (CUs+(Si)s—(CuSis,

cides are more likely to form. (CUS) o+ Fys (CU) o+ (SIF), (11)

where the subscrig indicates that the species are bound to
the silicon surface. In the second reaction step of(Ef), Si
From the measurements with W and Ni contamination,s extracted from the silicide as shown by Selamdghs a
the enhancement due to W contamination is seen to be mugtext step, (SiF) will react with more fluorine to form final
larger(see Figs. 10 and }1In order to discuss the difference products.
between W and Ni contamination, we need to know the con- Our results, however, show an enhancement at room tem-
centration of Ni and W. perature in etching with Xel which is comparable to etch-
We can estimate an upper limit for the tungsten flux froming with atomic F. Under these circumstances no enhance-
the partial pressure of WF We assume a partial pressure of ment was reported by Selamogkt al® This might be
tungsten of 10° mbar (one tenth of the vessel pressues  explained by the fact that their measurement of the etch rate
an upper limit. This results in a tungsten flux of .80 ° by interferometry is not accurate enough to measure a small
ML/s. After 25 s a maximum of 1410 2 ML will be de-  enhancement. Calculations by Chet al. show that Cu
posited on the surfacéwhen the sticking coefficient is forms initial stages of silicides at room temperature and
unity). This concentration results in a maximum enhanceweakens the bonds between surface and underlying silicon
ment of the production coefficient @f=0.22. atoms on Si111).2° This could explain very well our results.
The nickel concentration aftér,,,= 1000 s was measured The difference in enhancement by W and Ni can be ex-
to be 0.01 ML at a depth of 20 ML. During this process, plained by a difference in weakening of bonds.

D. Difference between W and Ni contamination
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Another difference is that our contamination diffuses intocontamination is the penetration depth of the ions. From the
the silicon, whereas the Cu contamination of Selamogliexperiments it is concluded that nickel is migrated to a depth
et al.was put on the surface of the silicdny deposition, by  of 25 A for 1 keV Ar* ions, in good agreement with the ion
spontaneous plating from solution or by physical rubbing ofpenetration depth. When etching, the contamination accumu-
the silicon with the metal Their measurements showed no lates at the surface and enhances the spontaneous etch rate of
enhancement at 185°C for Si rubbed with Ni. This maysilicon. A simple model simulates this observed behavior of
indicate that only contamination diffused into the silicon canenhancement for high ion currents well. Comparison of con-
enhance the etch rate. This can be explained by strain aroutdmination with nickel and tungsten reveals that tungsten en-
the contaminant induced by the different dimensions of théhances the etch rate most. Traces of tungsten less than 0.01
contaminants, changing the lattice paramé&teFhis stress ML may enhance the etch rate by a factor of 2. Two mecha-
may cause silicon bonds to break more easily and react withisms for the catalytic effect of contamination are proposed,
the fluorine. In this case, contamination catalyzes the formabut from the experiments no distinction between the two can
tion of final products from fluorinated silicon. This fluori- be made.
nated silicon is connected to the silicon bulk with bonds
under stress. The initial fluorination takes place at dangling
bonds at the surface and these bonds are not influenced BCKNOWLEDGMENT
strain in the lattice. This mechanism explains both the fact .
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