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polysilicon for solar cell use. The process involves deposi- 
tion of a sandwich structure in which an intermediate sac- 
rificial layer of carbon is oxidized out. The kinetics of this 
process were shown to be diffusion controlled, and the ef- 
fects of several primary and secondary variables as well as 
optimal process conditions are given. Although close 
agreement between theoretical and experimental under- 
cut rates was not obtained, the theory provides a frame- 
work for interpreting the results and predicting the effects 
of process changes. 
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ABSTRACT 

The reactions of atomic and molecular chlorine with tungsten were studied by modulated beam-mass spectrometric 
methods over the temperature range 300-1350 K. The atomic beam was generated by an RF plasma discharge. With both 
atomic and molecular beams, the main reaction product up to about 1000 K was WC14. The reaction probability with 
atomic chlorine was a factor of approximately ten higher than that obtained with molecular chlorine. The reaction was 
nonlinear  with respect to C12 intensity at low beam fluxes but approached linearity at high beam intensities. Above 1000 K 
the main reaction product was atomic chlorine. Its reaction probability increased rapidly with temperature; at 1300 K 
nearly complete dissociation of C12 was observed. A kinetic model based on the Eley-Rideal mechanism was proposed and 
compared with the data. 

Refractory metals are integral components of advanced 
electronic devices. Their low resistance, high temperature 
stability, and amenability to dry etch patterning make 
them useful as interconnects and gates for VLSI applica- 
tions. 

In the accompanying paper (1), etching of tungsten films 
by atomic chlorine downstream of a plasma discharge is 
reported. 

In  the present work, the reaction of atomic and molecu- 
lar chlorine with bulk tungsten was studied by modulated 
beam mass spectrometry. A review of the desirable fea- 
tures and limitations of the method are presented else- 
where (2-5). This technique is well suited for mechanistic 
studies because the beam modulation feature provides a 
direct measure of characteristic response times of the sur- 
face processes and because mass spectrometric detection 
permits identification of the chemical composition of the 
volatile reaction products. 

Experimental 
The apparatus, which is a slightly modified version of 

the one described previously (5), is shown in Fig. 1. It con- 
sists of three differentially pumped vacuum chambers 
separated by beam-forming orifices. The incident reactant 
beam is generated by effusion from a quartz source tube 
which has a 1 mm hole in its end. An RF discharge, in the 
1.3 cm diam quartz tube 5 cm from the end containing the 
hole, produces the atomic chlorine reactant. The discharge 
is powered by a Tegal Corporation 300W RF power supply. 
The electrodes consist of 6 mm wide copper bands placed 

outside to the tube. The spacing between the bands is 
6 mm, and the discharge area is surrounded by a metal box 
for RF shielding. A rotating-toothed disk imparts a period- 
icity of 20-700 Hz to the mixed atomic and molecular beam 
effusing from the quartz tube. The modulation frequency 
is detected by an optical switch for transmission to the 
phase-sensitive detection electronics. 

Fig. 1. Modulated beam apparatus for investigation of the reactions 
of tungsten with chlorine atoms and molecules. 
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A 1 mm diam collimator shapes this modulated flow into 
a thin pulsed beam of molecules or atoms. The beam is ap- 
proximately 3 mm in diameter as it strikes the target sur- 
face which is held in the target chamber. 

The target is polycrystalline tungsten heated by electron 
bombardment  and the surface temperature is measured by 
an infrared pyrometer. The target chamber is pumped by a 
turbo molecular pump (1500 i/s) to a typical base pressure 
of 1 • 10 -9 torr. Prior to an experiment,  the tungsten speci- 
men is heated to -1500 K for one-half hour to remove sur- 
face oxides. After the surface is cooled to room tempera- 
ture, it is ion-bombarded to remove carbon impurities. 

During an experiment,  part of the reactant beam merely 
scatters from the surface without interaction with the 
sample. The rest chemisorbs on the surface and eventually 
reappears as products. Small fractions of the reflected re- 
actant beam and the desorbed reaction products pass in 
free-molecular flow through an orifice leading to the third 
chamber,  which houses a quadrupole mass spectrometer 
with a line of sight view of the reaction spot on the 
tungsten surface. 

The output from the mass spectrometer is processed by 
a lock-in amplifier with a two-phase accessory to yield the 
first Fourier  components  of the signal at a selected mass 
number.  The apparent reaction probabili.ty e, is the ratio 
of  the product and reactant signals, which are corrected 
for the ionization efficiencies of the mass spectrometer. 
The phase lag @ is the difference between the phase angles 
of the product and the reactant. These are obtained from 
the information provided by the lock-in amplifier (2). A 
complete set of molecular beam data consists of measure- 
ments of e and ~ as functions of the three controllable ex- 
perimental  variables: the surface temperature (T), the 
modulat ion frequency of the beam (J), and the beam inten- 
sity at the sample surface (I1 for atomic chlorine C1 and I2 
for molecular chlorine C12). In conducting experiments,  
one variable is changed while the other two are kept con- 
stant. 

Atomic Beam Generation 
With the RF discharge on, the intensity of the atomic 

chlorine beam striking the surface is estimated by mass 
spectometer  detection of the reflected C1 § and C12 § signals 
from a quartz target on which C1 recombination is negligi- 
ble. Both signals are insensitive to variations of the quartz 
target temperature, suggesting low thermal accommo- 
dation coefficients for both species on this surface. Thus 
the quartz surface acts simply as a reflector without chang- 
ing the properties of the incident beam. 

As shown in the Appendix, the intensities of the C12 and 
C1 components  of the flux impinging on the target can be 
determined by measuring the signals of C1 § and C12 § with 
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Fig. 2. Chlorine atom beam intensity and CIz dissociation fraction as 
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the discharge on and with it off. The ratio of the total ion- 
ization cross sections of C1 and C12 is also required. Figure 
2 shows the atomic chlorine beam intensity and the disso- 
ciation fraction as functions of the gas pressure in the 
source tube, for a constant RF power of 65W. The total C1 
plus C12 effusion from the source increases with pressure; 
but, the dissociation fraction decreases rapidly, resulting 
in a max imum atomic beam intensity of - 3  • 1014 atom/ 
cm2-s at approximately 150 mtorr  pressure. When the low 
pressure restriction required to operate the discharge is 
absent, pure C12 beams with intensities two orders of mag- 
ni tude higher are obtained. 

Results 
With the tungsten sample in place, the ions containing 

tungsten observed by the mass spectrometer are WC14 § 
WC12 +, WC1 § and W § For both the atomic and molecular 
beams, these ions all have the same phase angle and the 
same dependence on surface temperature. This behavior 
indicates that all ions are part of the cracking patterns of 
WC14, which is therefore the sole volatile product of the re- 
actions up to 1000 K. Since it has the highest intensity, all 
measurements  are performed on the WC12 § peak. It is then 
corrected for the fragmentation pattern to yield the WC14 
emission rate from the tungsten surface. 

Discharge on, low source pressure.--The apparent reac- 
tion probabilities and phase lags of WC14 for atomic and 
molecular beams are shown as functions of temperature 
for a fixed chopping frequency and beam intensity in 
Fig. 3 and 4. The results show that the reactivity of atomic 
chlorine is more than an order of magnitude higher than 
that of molecular chlorine. The apparent reaction probabil- 
ities appear to be temperature-independent up to approxi- 
mately 600 K and decrease with temperature above this 
point. Within experimental  error, the product phase lags 
are the same for both the molecular and atomic beams, al- 
though they increase with increasing temperature. The 
curves in Fig. 3-9 are model  fits and are discussed in the 
section on Discharge off, high source pressure. 
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Fig. 3. WCl4 product reaction probability for atomic (triangles) and 
molecular (circles) chlorine as a function of surface temperature for 
fixed chopping frequency of 20 Hz and beam intensities of It = 2.4 • 
1014 atom/cm2-s and /2 = 5.8 • 1014 molecules/cm2-s. The dashed 
curve depicts the behavior predicted by the model for atomic chlorine 
and dotted curve for molecular chlorine. 
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Fig. 4. WCI4 phase lag for atomic (triangles) and molecular (circles) 
chlorine as a function of surface temperature for fixed chopping fre- 
quency of 20 Hz and beam intensities of I1 = 2.4 • 10 ~4 atom/cmZ-s 
and I~ = 5.8 x 10 ~4 molecules/cmLs. The dashed curve depicts the be- 
havior predicted by the model for atomic chlorine and dotted curve for 
molecular chlorine. 

Discharge off, high source pressure.--The WC14 reaction 
probabilities and phase lags as functions of the three con- 
trollable variables (surface temperature, beam intensity, 
and chopping frequency) are shown in Fig. 5, 6, and 7. 
From the phase lag results (Fig. 5), the reaction time ap- 
pears to increase with increasing temperature. At a con- 
stant temperature and chopping frequency, Fig. 6 shows 
that the reaction is nonlinear with CI= beam intensity at 
low values, but  approaches linearity above ~2 • 10 ~6 mole- 
cules/cme-s. Finally, the phase lag is shown in Fig. 7 to de- 
crease with increasing chopping frequency. 

At temperatures higher than 1000 K, the main species in 
the reflected reaction product beam is atomic chlorine. Its 
reaction probability increases and its phase lag decreases 
sharply with increasing surface temperature. At 1353 K 
total dissociation of the incident molecular beam is ob- 
served (Fig. 8). Figure 9 shows that the reaction probability 
remains close to unity up to a beam intensity of 4 • 10 ~ 
molecules/cm2-s. Higher beam intensities result in a reduc- 
t ion of the reaction probability. A small phase lag increase 
is observed with increasing beam intensity. 

Reaction Model 
W-Cl2.--The following reaction model is based primarily 

on data from the molecular C12 beam experiments. Its form 
is dictated by the following features of the experimental 
results: (i) the existence of two reaction channels--one to 
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Fig. 5. Variation of WCI4 product reaction probability and phase lag 
with surface temperature at a constant beam intensity of 6.0 • 1016 
molecules/cm2-s and chopping frequency of 20 Hz. As described in the 
text, the solid and dotted curves are the model predictions for different 
parameters. 
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Fig. 6. Beam intensity variation of the WCI4 product reaction proba- 
bility and phase lag at a surface temperature of 393 K and a chopping 
frequency of 20 Hz. As described in the text, the solid and dotted 
curves are the model predictions for different parameters. 

provide WC14 at low temperatures and the other leading to 
C1 at high temperatures; (it) the nonlinearity of the reac- 
tion producing WC14 at low beam intensities and the ap- 
proach to linearity at higher beam intensities; (iii) the 
lower phase lag of WCl4 compared to that of C1 up to 
1300 K (Fig. 5, 8); and (iv) the decrease of the WC14 phase 
lag with increasing chopping frequency. 

Reaction starts with dissociative chemisorption of mo- 
lecular chlorine. This reaction is characterized by a 
sticking probability of ~1 on the bare portion of the 
tungsten surface and is given by the following 

n ( 1  - o )  

C12(g) ~ 2Cl(~d~) [1] 

where 0 is the coverage of chemisorbed chlorine atoms. 
The remaining elementary reaction steps in the model are 
the following 

Cl(~a~ k d el(g) [2] 

k r  
C l ( a d s )  + Cl(~a~) - -~ C l 2 ( g )  [ 3 ]  

Cl2(g) + 2CI(~a~ + W~-~'WC14r [4] 

where reaction [2] represents the desorption of chemi- 
sorbed chlorine atoms with a rate constant ka. Recombina- 
tion of the surface C1 leading to desorption as molecular 
chlorine is described by reaction [3] (with rate constant kr). 
Note that the C12 product of this reaction step cannot be 
detected because it is mixed with C12 from the incident 
beam which has reflected from the surface. The rate con- 
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Fig. 7. Modulation frequency dependence of the WCl4 product reac- 
tion probability and phase lag at a surface temperature of 393 K and a 
beam intensity of 6.0 • 1016 molecules/cm2-s. As described in the text, 
the solid and dotted curves ere the model predictions for different pa- 
rameters. 
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Fig. 8. Apparent reaction probability and phase lag of the atomic 
chlorine product as functions of surface temperature above 1000 K. 
The molecular beam intensity and chopping frequency are indicated. As 
described in the text, the solid and dotted curves are the model pre- 
dictions for different parameters. 

stant for reaction [3] is dependent  on surface coverage and 
is given by 

[-E~(1 - g~ 
ks = k% exp 

RT 

where k~ Er, and gO are constants. Finally, the production 
of WCl4 is assumed to be by an Eley-Rideal mechanism. In 
reaction [4], a chlorine molecule from the gas-phase strikes 
a tungsten surface atom that is attached to two chemi- 
sorbed chlorine atoms. The product from this reaction is 
WC14, which immediately desorbs. This step is character- 
ized by a reactive sticking probability ~er. 

At high temperatures the C1 coverage is negligible, so 
the active channel is the desorption of atomic chlorine rep- 
resented by reaction [2], which is linear in C1 (ads). As the 
temperature  is reduced the atomic chlorine coverage in- 
creases, shifting the reaction towards the second-order 
processes of C12 and WC14 production. 

A mass balance on the chemisorbed chlorine results in 

dO 2o12 

dt N 
g(t)(1 - 0) " 2k~NO 2 - kd0 - ~ g(t)O [5] 
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Fig. 9. Beam intensity dependence of the CI product apparent reac- 
tion probability and phase log at 1353 K and a chopping frequency of 
20 Hz. As described in the text, the solid and dotted curves are the 
model predictions for different parameters. The two curves are nearly 
coincident. 

where g(t) and N are the gating function of the chopper and 
the max imum available sites for chlorine adsorption on 
the tungsten surface (1.5 • 10 is atom/cm2), respectively. I2 
is the intensity of the incident C12 beam. 

The first term on the right-hand side of Eq. [5] represents 
the supply of chlorine atoms to the surface by dissociative 
adsorption. Sticking is assumed to occur only on exposed 
surfaces. The second and third terms are the losses due to 
recombination and to atomic desorptiion. The last term is 
the loss through the production of WC14. 

Solution of Eq. [5] is accomplished by the Fourier expan- 
sion method outlined in Ref. (5, 6). The model  predictions 
are obtained in the form of reaction product vectors, which 
are ratios of the product emission rates (~erI2Og(t) for WC14 
and kdNe for C1) to the incident beam impingement  rate 
[I2g(t)]. The scalar components of the reaction product vec- 
tors are the apparent reaction probabilities and phase lags. 

W-Cl.--For the beam containing atomic chlorine reac- 
tant the same reaction steps presented for the molecular 
beam are assumed except  reaction [4] is replaced by the 
following 

t e r  . ~ y ~ l  

Cl(g) + 3Cl(ads) + W --> w~l~g) [6] 

This step represents production and desorption of WC14 by 
an Eley-Rideal mechanism, with a reactive sticking proba- 
bility ~l'er. In addition, Eq. [1] is replaced by chemisorption 
of Cl(g) with unit sticking probability but preserving the 
same coverage dependence. 

Discussion 
Fitting the data to the reaction modeL--The model of the 

tungsten reaction with molecular chlorine described in the 
previous section contains nine parameters. Based on past 
experience, the sticking probability of reaction [1] and the 
reaction probability characterizing the Eley-Rideal step of 
reaction [4] are assumed to be independent  of temperature. 
Since almost total dissociation of C12 was observed (by 
monitoring the reflected C12 signal) above 1300 K, the bare 
surface sticking probability is assumed to be unity. In the 
absence of an energy barrier to C12 adsorption on the sur- 
face, the binding energy of atomic chlorine to the tungsten 
surface (activation energy of kd) should be equal to one- 
half the activation energy for the recombinative desorp- 
tion given by in reaction [3] (E~) plus one-half the C1--C1 
bond strength (57 kcal/mol). What remains is a five- 
parameter theoretical model  to be fitted to the ensemble of 
the data displayed in Fig. 3-9. Specification of the five pa- 
rameters in the model (~e~, k~ Er, gO, and the pre-exponen- 
tial factor of kd) leads to theoretical values of e and (~ as 
functions of the independent  variables T, fi I2. The pre- 
dictions are compared to the data by means of error meas- 
ures for the reaction probability and the phase lag. The 
former is defined as the sum over all data points of the 
square of the deviation of the data point from the model 
prediction for the particular set of parameters chosen. For 
the latter error measurement,  the sum of the absolute dif- 
ferences between the predicted and measured phase lags 
is used. The method of combining the e-error and the 
(5-error to produce a single measure of the global error or 
"goodness of fit" is arbitrary. Our method is to consider a 
10% error in e to be equivalent to a ten degree error in (~. 

With this fitting algorithm, a single goodness-of-fit mea- 
sure is obtained for each set of five parameters used in the 
theoretical model. By randomly varying the parameters, a 
surface representing the goodness-of-fit measure of the 
five-dimensional space of the model parameters is gener- 
ated. A well-defined minimum is a unique deep depression 
in this surface. 

As in most situations in which a model  with many pa- 
rameters is fitted to a limited quantity of data, a clear-cut 
min imum is seldom found. Frequently, the error surface 
exhibits a trough along which combinations of two (or 
more) parameters give equally good fits to the data. In this 
event, physical judgement  is needed to select the "best" 
combination of parameters. This is precisely what occurs 
in the present situation. Nearly equivalent fits to the data 
can be obtained over a wide range of combinations of the 
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paramete r s  character iz ing the  r ecombina t ive  desorp t ion  
rate  cons tan t  kr. The  solid curves  in Fig. 5-9 represen t  data  
fits us ing  k% = 10 -~3 cm2/s, E~ = 2.3 kca l /mol  and gO = 0. The  
do t ted  curves  in Fig. 5-9 show the  fits ob ta ined  wi th  the  pa- 
r amete r s  hav ing  the  values  l is ted in Table  I. The  lat ter  fit is 
no t  as good as the  f i t  us ing the  first set of  parameters ,  bu t  
the  first set  of  pa ramete rs  inc ludes  a p re -exponen t ia l  fac- 
tor  (k~ which  is far too small  to be  physical ly  acceptable.  
Consequent ly ,  the  parameters  l is ted in Table  I cons t i tu te  
the  r e c o m m e n d e d  set. 

Us ing  the  parameters  de te rmined  for the  C12 reaction,  
the  bes t  fit to the  t empera tu re  d e p e n d e n c e  of  e and r for 
the  a tomic  chlor ine  react ions is ob ta ined  wi th  ~1'~ of  reac- 
t ion  [6] equa l  to 3 • 10 -~. This  va lue  is ~10 t imes  grea ter  
than  the  cor responding  Eley-Rideal  react ion probabi l i ty  
de t e rmined  for C12, wh ich  is expec t ed  due  to the  react ive  
na tu re  of  the  dissocia ted chlor ine  gas. The  m o d e l  resul ts  
are shown  as the  dashed  curves  in Fig. 3 and 4. 

Desorption rate constants.--The principal  resul ts  ob- 
t a ined  by mode l ing  the  molecu la r  b e a m  data are the  rate 
cons tan ts  for a tomic  and molecu la r  desorp t ion  (react ions 
[2] and [3], respect ively)  and are l is ted in Table  I. 

The  p re -exponent ia l  factor for the  a tomic  chlor ine  de- 
sorp t ion  rate cons tant  (kd in Table  I) is in the  range  ex- 
pec t ed  for the  v ibra t ion  f r equency  of  s ingle a toms bound  
to the  surface.  The  CI-W b ind ing  energy  of  59 kea l /mol  and 
its p re -exponent ia l  factor of  6 x 101~ s -t are c o m p a r e d  in 
Tab le  II  w i th  va lues  deduced  f rom the  l i tera ture  (7-12) for 
tungs ten .  Refe rence  (7) reports  an act ivat ion energy  of  
near ly  94 kcal /mol  for all or ientat ions  s tudied.  On the  o ther  
hand,  the  the rmal  desorp t ion  studies of  Bonczek  et al. (8) 
sugges t  a s t rong or ienta t ion d e p e n d e n c e  ranging  f rom 32 
kca l /mol  for the  dense ly  packed  (110) surface  to 92 keal/  
mo l  for the  (111) surface. The  calcula ted resul ts  (9) also 
sugges t  a lower  va lue  for the  (100) surface. 

Also l is ted in Table  I is the  va lue  of  the  rate cons tan t  for 
surface  chlor ine  recombina t ion ,  k~. The  p re -exponent ia l  
factor  of  k~ (0.02 cm2/s) is at the  upper  range  of  ana logous  
factors  for o ther  b iomolecu la r  surface  r ecombina t ion  steps 
(13-15) and is close to the  rate cons tan t  for the  col l is ion fre- 
q u e n c y  of  a two-d imens iona l  ideal  gas (13). 

Repu l s ive  forces be tween  neares t -ne ighbor  surface chlo- 
r ine a toms gives r ise to the  coverage  d e p e n d e n c e  of  the  
hea t  of  r ecombina t ive  desorpt ion.  This  tends  to lower  the  
ef fec t ive  potent ia l  barr ier  for the  release of  the  molecu le  to 
the  gas phase  (15, 16). A similar  cove rage -dependence  was 
found  for the  b i smuth-ch lo r ine  react ion (17, 18). 

For  a tomic  desorpt ion,  cove rage -dependence  is no t  ob- 
servable,  s i nce  C1 is de tec tab le  only at h igh t empera tu res  
where  the  surface  is sparse ly  covered  wi th  chlorine.  

Us ing  a modu la t ed  molecu la r  b e a m  t echn ique  and mon-  
i tor ing only  the  scat tered C1 signal f rom a tungs t en  sur- 
face, P r ince  and L a m b e r t  (19) conc luded  that  the  interac- 
t ion consis ts  of  d issocia t ive  adsorp t ion  fol lowed by s t rong 
bu lk  diffusion.  In  contrast ,  no indica t ion  of  a di f fus ion pro- 
cess  is obse rved  in the  present  study. Moreover ,  our  activa- 
t ion  ene rgy  for desorp t ion  of  a tomie  chlor ine  is about  a 
factor  of  two lower  than  the  va lue  sugges ted  by  Pr ince  and 
L a m b e r t  (19). 

Comparison of thermal desorption with molecular beam 
results.--Thermal desorp t ion  spec t roscopy  (TDS), a sur- 
face reac t ion  analysis  t echnique ,  p rovides  kinet ic  informa-  

t ion on p roduc t  desorp t ion  rates. In  contrast ,  the  molecu-  
lar b e a m  m e t h o d  provides  data  on the  c o m b i n e d  processes  
of  adsorpt ion,  surface reaction,  and  desorpt ion.  

There  are two dis t inct  react ion paths  for the  format ion  of  
the  react ion p roduc t s  in gas-surface interact ions:  
L a n g m u i r - H i n s h e l w o o d  (LH), wh ich  is the  resul t  of  sur- 
face react ions  solely due  to in terac t ion  b e t w e e n  adsorbed  
species;  and Eley-Rideal  (ER), which  involves  col l is ions of  
an  imp ing ing  gas wi th  adsorbates  to form a desorbed  prod- 
uct. The  lat ter  is not  de tec tab le  in T D S  exper iments .  The  
p roposed  model ,  based  on the  molecu la r  b e a m  results  for 
the  p roduc t ion  of  WC14, utilizes only the  ER  react ion path. 
This  m o d e l  is cons is ten t  wi th  the  in te rpre ta t ion  of  TDS ex- 
p e r i m e n t s  (8) wh ich  sugges t  tha t  t he  only desorp t ion  prod-  
uc t  obse rved  on init ial ly chlor ine-sa tura ted  W(l l0)  and 
W ( l l l )  is a tomic  chlorine.  Had  a LH step been  involved,  
WC14 desorp t ion  should  have  been  de tec ted  in the  TDS ex- 
per iments .  

Comparison of the model with high pressure etching re- 
sults.--In Ref. (1) the  e tch ing  of  t ungs t en  films (about 100 
n m  thick,  p repared  by  sput te r  deposi t ion)  was  s tud ied  for 
samples  pos i t ioned  downs t r eam f rom a C12 p lasma dis- 
charge  at 200 mtor r  and t empera tu res  up to 420 K. In  this 
configurat ion,  ion- induced  react ions are e l imina ted  and 
the  e t ch ing  p roceeds  solely by the rmal  react ion b e t w e e n  
ch lor ine  a toms and the  film surface. It  was conc luded  that  
the  e tch  rate was propor t iona l  to the  gas-phase C1 a tom 
fract ion and  was t empera tu re  d e p e n d e n t  wi th  an activa- 
t ion energy  of  about  7.7 kcal/mol.  

At  these  h igh  pressures ,  the  p resen t  m o d e l  predic ts  that  
the  surface  is near ly  comple te ly  chlor ina ted  (0 - 1). As a re- 
sult, the  react iv i ty  becomes  first order  wi th  respect  to the  
b e a m  intensi ty,  which  agrees wi th  the  h igh-pressure  ex- 
pe r imen ta l  data  of  Ref. (1). 

The  m e a s u r e m e n t s  of  Ref. (1) show an increase  in reac- 
t ion  probabi l i ty  f rom 3 x 10 -5 to 1.5 • 10 -3 as t empe ra tu r e  
is increased  f rom 300 to 400 K. Appl ica t ion  of  the  p resen t  
m o d e l  to the  s teady-state  react ion of  a tomic  chlor ine  and 
t ungs t en  yields the  fo l lowing surface chlor ine  ba lance  

I1(1 - 0) = 2krNa02 + kaNO + 3~ ' J10  [7] 

where  I~ is the Cl(g) i m p i n g e m e n t  rate f rom the  gas 

PcJ 
I1 -- [8]  

X/~mclk T 

and Pc~ is the  pressure  of  a tomic  chlor ine  in the  reactor  
c h a m b e r  d o w n s t r e a m  of  the  d ischarge  [measured  in Ref. 
(1) to be  -100  mtorr].  The  i m p i n g e m e n t  rate  is de t e rmined  
to be  -3 .5  • 1019 atom/cm2-s. Us ing  this va lue  and the  reac- 
t ion paramete rs  f rom Table  I in Eq.  [7] permi ts  the  s teady- 
state Cl-atom coverage  to be calcula ted as a func t ion  of  
t empera tu re ;  it decreases  f rom 0.79 at 300 K to 0.76 at 
400 K. With a cons tan t  n o n m o d u l a t e d  b e a m  (dc), the  reac- 
t ion  probabi l i ty  for the  mode l  is equal  to the ratio of  the  
rate  of  p roduc t ion  of  WC14 01'erI10) to the  rate of  impinge-  
m e n t  o f  a tomic  chlor ine  on the  surface (I,), or  

ed~ = t l ' ~O [9] 

Us ing  ~l'er = 3 X 10 -3 f rom Table  I, the  dc reac t ion  probabil-  
i ty is found  to be near ly  cons tant  at 2.3 x 10 -~ for tempera-  
tures  be tween  300 and 400 K. The  react ion probabi l i t ies  

Table I. Parameters of the W/CIz reaction model 

Activation energy 
Parameter Pre-exponential factor (kcal/mol) 

N 1.5 • 1015 atom/cm 2 - -  
~1 1.0 O ~ 
"fie," 4 x 10 -4 0 a 
kd 6 x 10 I2 s -1 59 
kr 2 x 10 -2 cm2/s 61(1-0.9 0) b 
~!er 3 X 10 -s 0 ~ 

~Assumed. 
~The zero-coverage value was determined as described in the 

text. 

Table II. Desorption rate constants of atomic chlorine on tungsten 

Binding Pre- 
energy exponential 

Tungsten surface (kcal/mol) factor (s -1) References 

(100), (111), (100) 94 1013-1014 (7) 
(110) 32 105 (8) 
(110) 78 - -  (9) 
(100) 94 1~-~3 (9) 
(100) 87 (10) 
(100) 99 1-~4 (11, 12) 
(111) 92 (8) 
(111) 94 - -  (9) 

Polycrystalline 59 6 • 1012 This work 
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obtained in the experiments of Ref. (1) approach the value 
expected from the present model at high temperature (i.e., 
400 K), despite the fact that the model predictions involve 
extrapolation from low equivalent pressures (<10 -4 torr) to 
the pressures (> 10 -1 torr) used in the etching apparatus (1). 
The decrease in reactivity with decreasing temperature ob- 
served in the higher pressure etching experiment may 
have been due to poisoning of the tungsten surface by 
background gas impurities since the base pressure was 
only -10  -3 torr. Such poisoning is not present in the mo- 
lecular beam experiments because of the high vacuum en- 
v i ronment  and the high temperatUre heat-treatment of the 
tungsten  specimen employed just  prior to reaction testing. 

Comparison of the product distribution with equilibrium 
considerations.--The "quasi-equilibrium" model (20) may 
be applied to the reaction products and their temperature 
dependence for comparison with the molecular beam re- 
sults. This model utilizes the principle of detailed ba- 
lancing and th e gas kinetic theory to predict the distribu- 
tion of products in a gas-solid reaction. However, it cannot 
provide information on the reaction kinetics (i.e., sticking 
probabilities) or the reaction mechanism. At C12 pressures 
equivalent  to the beam intensity used in the present tests, 
the model identifies WC14 as the chief product from 300 to 
~800 K with C1 appearing above 1000 K. These predictions 
are in good agreement with the molecular beam results. 
Between 800 and 1000 K the quasi-equilibrium model pre- 
dicts WC12 to be the main product. However this species 
was not observed in the present tests. 

Summary 
The reaction products of the low pressure W/C12 and the 

W/C1 reaction are WC14 at low temperature and C1 at high 
temperature. A branched reaction model based on an Eley- 
Rideal mechanism satisfactorily describes the experimen- 
tal data. The etch rate by chlorine atoms is a factor of ap- 
proximately ten faster than that by molecular chlorine. 
The etch rates predicted by the model developed from the 
data are in agreement with the experimental results from a 
flowing afterglow study of tungsten etching in C1/C12 atmo- 
spheres. 
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APPENDIX 
Dissociation of the Incident Chlorine Flux 

The intensity of the molecular beam impinging on the 
target with the discharge off, [I2]off, is calculated from the 
pressure in the source tube and gas kinetic theory. Since 
negligible source-tube pressure changes were observed 
when the RF was turned on, the mass balance on chlorine 
during the discharge on is given by 

[ I2]of f  = [ I2 ]on  + 0 . 5 [ I 1 ] o n  [ A - l ]  

where [I2]on and [I1]on a r e  the beam intensities of Ch and C1 
at the target with the discharge on. 

The C1 § signal measured by the mass spectrometer, 
[Stot c1§ is the sum of atomic chlorine ionization and disso- 
ciative ionization of molecular chlorine 

[Sto tCl+]on = [Sc1Cl+]o  n ~_ i-c, c1+3 L~Ca Jon [A-2] 

The signals on the right-hand side of Eq. [A-2] can be re- 
lated to the beam intensities of molecular and atomic ehlo- 

rine striking the target and their common temperature, T, 
which may differ from room temperature because of heat- 
ing in the discharge. The relations between signals and 
fluxes are 

K ~;clbCl+tcl+ 
[SclCl+]on = [II]o, [A-3] 

Vcl(T) 

C1 + hCl+4C1 + 
re c1+1 = K ~cl2 r ~ [I2]on [A,4] L*-~C12 don 

VcI2(T) 

where a, ~, b, t, and V are the cracking efficiency, ioniza- 
tion cross section, electron multiplier efficiency, quadru- 
pole transmissivity, and the velocity of the gas, respec- 
tively. K is a species-independent instrumental  factor. 

Insert ing Eq. [A-3] and [A-4] into Eq: [A-2] and dividing 
by the C1 signal when the discharge is off results in 

[S~o$l+]o~ _ 3~ ([l=]on 1 
[Sc12Cl+]off  %~ T \[/-~o~/ 

r ~ T 70 \[I2]off/ 

C1 + where ac12 - 0.2 for 70 eV electrons. 
In  addition, the ratio of the C12+ signal with the discharge 

on and off can be written as 

[C' C1+l ~C] 2 3o11'`/3"0-0 ~ [I2]on ~ 
[A-6] 

rc c1+1 ~ T L[I2]offJ L~-JC]2 Joff 

The left-hand sides of Eq. [A-5] and [A-6] consist of mea- 
sured quantities. They vary with the gas pressure in the 
source tube and the discharge power. Equations [A-l], 
[A-5], and [A-6] can be solved for [I~]on, [I2]on, and T if the 
ratio of the atomic and molecular ionization cross sections 
is specified. With the discharge on and (r - 0.3, the 
temperature of the beam at the target is found to be ap- 
proximately room temperature. Dissociation of the beam 
is shown in Fig. 2 of the text. 
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