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ABSTRACT 

Tungsten and polysilicon layers were etched in three different types of etching equipment, in different etching modes. 
Etch rates and wall profiles were determined. Partially etched tungsten layers were analyzed through Auger spectroscopy. 
Combining all these results, it was possible to determine the etch rate limiting subprocesses for tungsten etching. For most 
process conditions, the arrival of atomic fluorine at the wafer surface is the etch rate l imiting mechanism. For other 
processes, the removal of products with low volatility is the limiting mechanism. 

Introduction 
Tungsten and tungsten silicide are becoming increas- 

ingly important materials for the fabrication of integrated 
circuits. Tungsten is used as a material for plug formation, 1 
interconnect material, 2 gate material, mainly for self- 
aligned metal semiconductor field effect transistors 
(MESFETs), 3 and as absorber material in x-ray masks. 4 

Etching mechanisms have been reported in the litera- 
ture, but to a much lesser extent than for silicon? ~ These 
mechanisms are still not well understood and remain 
controversial. 

The influence of oxygen addition to SF6 and CF4 has been 
studied intensively. At low oxygen concentrations, the 
fluorine concentration, as determined by actinometric 
measurements and silicon and tungsten etch rates, in- 
creases with the oxygen concentration. By increasing the 
oxygen concentration further, first the silicon etch rate 
starts to decrease, then the fluorine concentration, and at 
last the tungsten etch rate. ~-7 

From these results, mass spectroscopy and x-ray pho- 
toelectron spectroscopy (XPS) analysis the following 
model has been proposed, s's'' There are three regions of oxy- 
gen concentration where the dominant etch mechanisms 
are different. In the first region, at a low oxygen concentra- 
tion, the etch rate is determined by the F content, and WF6 
is formed. At intermediate oxygen concentrations the for- 
mation of WOF4 helps to keep the etch rate high, although 
WOF4 is less volatile than WF6. When more oxygen is added 
there is competition in the formation of tungsten fluorides 
and tungsten oxides a or the dilution is too large to generate 
enough free fluorine to form one of the halogenated vola- 
tile etch products and therefore the tungsten etch rate 
decreases. 

The maximum silicon etch rate is located at lower oxygen 
flows than the maximum of the free fluorine concentration. 
This is caused by the competition between O and F atoms to 
form bonds with St. The SiOF2 and SiO2 product molecules 
are not volatile and therefore decrease the etch rate. 

Ion bombardment can be a very important etch rate fac- 
tor for increasing tungsten etching. Ion bombardment 
caused by electrostatic potentials as small as 25 V, increases 
the etch rate by a factor of two. 6 
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Reports on the anisotropy of the tungsten etch processes 
show a multiplicity of resultsY '1~ Some reports assume that 
a polymer has to be formed to protect sidewall etching. 
Other reports state that the formation of active W sites 
through ion bombardment increases the vertical to hori- 
zontal etch rate so that anisotropy is obtained. 

The characteristics of purely chemical etching, i.e., with- 
out any ion bombardment vary widely. Fraeassi et al. report 
an extremely low etch rate when no ion bombardment is 
present. 6 Hess also reports very low etch rates in the plasma 
etch (PE) mode. 5 Daubenspeck et al. show etch rates in the 
PE mode as high as in reactive ion etch (RIE) mode. 11 In this 
case the model of associative desorption describes well the 
chemical reactions which occur at the surface of the tung- 
sten layer.12 

In this paper we shall show that there are several etch 
rate limiting mechanisms, that ion bombardment is impor- 
tant, but that chemical etching without ion bombardment 
can yield high etch rates, dependent on process parameters. 

Experimental 
Samples are prepared as follows: <100> silicon wafers of 

125 mm diam first receive a 500 nm thick film of plasma- 
enhanced chemical vapor deposition (PECVD) oxide. Then 
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Fig. 1. Tungsten and polysilicon etch rates as a function of oxygen 
flow, for NF3-O2 plasmas in the RIE mode, at 150 mTorr pressure, and 
50 W power in the SWAFER reactor. 
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Table I. Tungsten etch rates, uniformities, and selectivities 
toward resist as a function of pressure and power 

in the SWAFER reactor in RIE mode. 

NF3 
flow Pressure Power Etch rate Uniformity Selectivity 
(sccm) (mTorr) (W) (nm/min) (%) W/resist 

125 150 50 206 • 0.86 
125 150 100 330 • 0.67 
125 150 150 410 • 0.41 
62 75 50 156 • 0.62 
31 40 50 110 • 0.58 
62 75 100 252 • 0.38 

a barrier layer (TiW or TiN) is deposited followed by a 1 ~m 
CVD tungsten deposition. Patterning (with both light field 
and dark field masks) is performed with a stepper, with the 
possibility of different step patterns, using the Shipley 
1713 resist. On some samples, 500 nm of PECVD oxide are 
deposited on top of the tungsten layer. On top qf this oxide, 
Shipley 1713 resist is patterned. The oxide is then plasma 
etched in order to be used as a mask during the tungsten 
etching. 

Three different etching equipment are used. 

1. A Cobrain swafer.--Power, at 25 kHz frequency, is ap- 
plied at the lower electrode leaving the upper electrode 
grounded in the RIE mode, or at the upper electrode leaving 
the lower electrode floating in a PE mode. 13 

2. A Tegal HRe-system.--Permanent magnets are placed 
around the cylindrical wall and above the upper electrode. 
The upper electrode is always grounded. It is possible to 
apply power at 13.56 MHz at the wall os the reactor (PE 
mode) or at the lower electrode (RIE mode). 14 

3. A few experiments were performed using MATRIX 
303 equipment.--A remote  p lasma is c rea ted  in the upper  
par t  of the  reactor,  whi le  the  wa fe r  is p laced  in the  lower  
part ,  on a hea t ed  chuck.  Both  par ts  of the  reac to r  are di-  
v ided  by a gr id  made  of aIumina.  

Results and Discussion 
Etching Behavior.-- First, etch rates,  uniformit ies ,  selec-  

t ivi t ies,  and wal l  profi les  for NF3 conta in ing  p lasmas  were  
inves t iga ted  in the  SWAFER, in bo th  the  RIE and PE mode.  

The e tch  rates  os si l icon and  tungs ten  in the  RIE mode  as 
a func t ion  of oxygen  content  are  shown in Fig. 1. Total  f low 
was 100 sccm, pressure  was 150 reTort, and power  was 
50W. 

This f igure shows tha t  the  e tch ra tes  do not  increase 
m u c h  wi th  the add i t ion  of oxygen,  wh ich  is different  f rom 
the  resul ts  in Ref. 5-7 The b ind ing  energies  be tween  S and 
F atoms in SF6 or C and F a toms in CF4 are h igher  than  the  
b ind ing  energies  be tween  the N and the  F atoms in NF~. 15 
Therefore  for  NF~, the  add i t ion  of oxygen  does not  increase,  
as much,  the  fo rmat ion  of free f luor ine  as in the  cases of SF6 
or CF4. E x t r a  tests using SF  6 + 02 show resul ts  s imi lar  to the 
ones repor ted  in Ref. 5-7. Fo r  oxygen  f lows of over  25% of 
the to ta l  flow, the s i l icon e tch ra te  starts  to decrease,  as 
expected.  The tungs ten  e tch ra te  s tar ts  to decrease at 50% 
of oxygen  flow, p robab ly  due to di lut ion.  

Table I shows tungs ten  e tch  rates,  uniformit ies ,  and  se- 
lectivities of tungsten toward the resists as a function of 
power and pressure. 

Etch rates increase with power but much less than pro- 
portionately. An increase of power does not increase very 
much the formation of free fluorine in this etching mode, at 
these power levels. This phenomenon agrees with the fact 
that the addition of oxygen does not increase the etch rate 
nor the fluorine atom concentration. 

The uniformities of the etch rates of RIE processes are 
good. When measuring the inner 110 mm of a 125 mm wafer 
with an automatic spreading resistance probe, uniformities 
are typically _+6%. At lower pressures the uniformity ira- 

Fig. 2. Tungsten profile after RIE etching with a pure NFa plasma 
using a PECVD oxide mask. 

proves, obtaining +4% for a 75 mTorr process. This im- 
provement in uniformity can be explained through the in- 
crease of the diffusion coefficient of gases at lower 
pressures.16 

Selectivities towards resist are rather low. For the zero 
oxygen flow process, the selectivity of tungsten to resist is 
of the order of 0.9. Selectivities increase with pressure and 
decrease with power. 

Two types of masks were used to investigate the wall 
profile: a standard resist mask and a PECVD oxide mask. 

When using a resist mask, the wall profile was vertical 
for all the processes performed in the RIE mode, never was 
any undercutting observed. When using a PECVD mask, 
the  wa l l  prof i le  remains  vert ical ,  bu t  there  is a very  sl ight  
undercut t ing ,  as shown in Fig. 2. This indicates  tha t  in this 
e tching mode,  the  ion b o m b a r d m e n t  enhanced  e tching is 
p redominan t ,  bu t  there  also exists  a sl ight  chemica l  e tch-  
ing. The fact  tha t  w i th  a PECVD oxide  mask  a lmos t  no 
undercu t t ing  occurs  us ing a NF3 + 02 gas mix ture ,  suggests 
tha t  no po lymer iza t ion  is needed  to ob ta in  a ver t ica l  w a l l  
In  this e tching mode,  the  ion b o m b a r d m e n t  does increase 
the  e tch ra te  considerably.  

The e tch rates  of si l icon and  tungs ten  in the  PE mode  as 
a func t ion  of oxygen  conten t  are shown in Fig. 3. Total  f low 
was  75 seem, pressure  was 200 mTorr, and the power  was 
50 W. This f igure  shows tha t  the etch rates increase as ex-  
pec ted  wi th  the  add i t ion  of oxygen.  The fact  tha t  the  e tch  
ra te  of tungs ten  starts  to decrease at a lower  oxygen  con-  
tent  than  the  etch ra te  of si l icon is r a the r  unexpec ted  and 
is c o m m e n t e d  on below. 

Table II shows tungs ten  e tch  rates  and uni formi t ies  as a 
func t ion  of power  in the  PE mode.  
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Fig. 3. Tungsten and polysilicon etch rates as a function of oxygen 
flow, for NF3-02 plasmas in PE mode, at 150 mTorr pressure and 
50 W power in the SWAFER reactor. 
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Table II. Tungsten etch rates and uniformities as a function 
of power in the SWAFER reactor in PE mode. 

NF3 02 
flow flow Power Etch rate Uniformity 

(sccm) (sccm) (W) (nm/min) (%) 

105 20 150 375 • 
105 20 100 302 • 
105 20 75 230 ~11 
105 20 50 165 • 

For NF3 plasmas containing 02, tungsten etch rates do 
increase with power from 50 to 100 W proportionately, but 
from then on less than proportionately. 

Both these phenomena indicate that in this etching mode 
at 50 W, more free fluorine can easily be formed by increas- 
ing the power or by adding some oxygen. 

The tungsten etch rate is dependent on the resist cover- 
age. The inverse of the tradit ional loading effect is ob- 
served: for dark field masked wafers (95% resist coverage) 
the etch rate can be 50% lower than the etch rate of light- 
field masked wafers (5% resist coverage). Blanket tung- 
sten-covered wafers etch even faster. When the mask is 
made of PECVD oxide, the etch rate of tungsten increases 
with coverage: layers with 95 % coverage etch up to twice as 
fast as the blanket tungsten layers. In this case the tradi- 
tional loading effect occurs. Polysilicon layers also etch 
faster when less free area is available, even when the mask 
consists of a resist. 

The type of nonuniformity also depends on the resist cov- 
erage. Blanket tungsten layers and layers covered with a 
PECVD oxide mask always etch faster at the border of the 
wafer than in the center, as is also the case for all polysili- 
con layers. Resist covered tungsten layers also etch faster at 
the border than in the center if an edge-bead removal has 
been performed. On the other hand, if the outer 5 mm of the 
wafer is covered with resist, the tungsten etch rate is higher 
in the center than at the border. This is shown in Fig. 4. It 
shows the etch rates for a wafer which had no edge-bead 
removal and for a wafer where the outer 5 mm of resist (the 
edge-bead) were removed, as a function of the radial posi- 
tion on the wafer. 

The influence of the resist coverage could be observed in 
still another way. At approximately 30 mm from the border, 
a resist area of approximately 2 cm 2 was left unpatterned. 
When etching completely through the tungsten and in the 
underlying PECVD oxide, it was possible to measure the 
remaining thickness of this oxide. Figure 5 shows the re- 
sult. The fact that at 2 mm from this area, the PECVD layer 
is thicker, indicating that the tungsten etch rate is locally 
lower than farther away from the large resist area. (Other 
tests showed that the silicon dioxide etch rate is not depen- 
dent on resist coverage.) 

Spaces of 1 ~m width etch at the same rate as spaces of 
20 ~m width, just as there is no difference in the etch rates 
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Fig. 5. Remaining PECVD oxide thickness as a function of distance 
from a large resist area after a PE mode etching with a NF3-O2 
plasma in the SWAFER reactor. 

of spaces between 1 ~m wide resist lines and 20 ~m resist 
lines. This suggests that the etch rate limiting effect of the 
resist is rather a long range (macro-) than a short, range 
(micro-) phenomenon. 

It has been reported lv'18 that an oxidation of the tungsten 
surface occurs when a tungsten layer which was partially 
etched in the PE mode, is exposed to air. The proposed 
mechanism is that fluorine diffuses into the tungsten layer 
during the etching in the PE mode (typically as far as 15 nm 
under the surface) and forms W-F bonds. When exposed to 
air, the fluorine is substituted by oxygen atoms, forming 
W-O bonds. When applying a short RIE plasma before the 
wafer leaves the reactor, no oxide is formed in the air. This 
indicates that the W-F layer is completely removed in a 
RIE plasma. 

Through Auger analysis, it is possible to determine that 
at 2 mm from the large resist area, the oxygen was found to 
be 70% deeper than at 6 mm from this large resist area. 
Therefore one can conclude that more F was able to diffuse 
deeper into the tungsten near the resist. We conclude that 
lack of fluorine is therefore not the reason of the lower etch 
rate near the resist. 

Besides, resist etch rates are very low in the PE mode, 
typically 10 nm/min, therefore it is not resist erosion which 
consumes the atomic fluorine and would cause, in this way, 
a decrease in tungsten etch rate. A possible explanation for 
these phenomena is presented below. 

In this etching mode (PE), two types of masks were used 
to investigate the wall profile: a standard resist mask and a 
PECVD oxide mask. Severe undercutting is consistently 
observed, whatever the type of mask used, as shown in 
Fig. 6. This indicates that etching is isotropic (and there- 
fore chemical). 
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Fig. 4. Tungsten etch rates as a function of position on the wafer, 
for a wafer with edge-bead removal and a wafer without edge-bead 
removal. Process: 100 sccm of NF3-20 sccm of 02, in PE mode, at 
150 mTorr pressure and 50 W power in the SWAFER reactor. 

Fig. 6. Tungsten profile after PE mode etching with a NF3-O2 
plasma, using a PECVD oxide mask. 
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Fig. 7. Tungsten and polysilicon etch rates as a function of oxygen 
flow and etching mode. Total flow, 96 sccm: pressure, 10 mTorr: 
power, 400 W in the TEGAL HRe-reactor. 

Etching of tungsten is also investigated with Matrix 303 
equipment, using NF3 gas. In this system we are able to etch 
tungsten, albeit rather slowly, and we also observe the same 
formation of tungsten oxide, once a partially etched wafer 
is exposed to air. This shows that chemical etching is possi- 
ble and that formation of tungsten oxide is a general phe- 
nomenon, not just one related to the SWAFER. 

Etch rates, uniformities, seleetivities, and wall profiles 
for SF6 containing plasmas are ~nvestigated in the Tegal 
I-IRe-, both in PE and RIE mode. 18'~9 

The etch rates of silicon and tungsten as a function of 
oxygen flow are shown in Fig. 7 for both the PE and the RIE 
mode. Total flow was 96 sccm, pressure I0 reTort, and 
power 400 W. 

This figure shows that the etch rates do not increase 
much with the addition of oxygen, except for the tungsten 
in the PE mode. For oxygen flows of over 26% the silicon 
etch rate starts to decrease, as expected. 

Etch rates do increase with power but only very little, 
what indicates that there is already quite a high concentra- 
tion of fluorine atoms at this power level. 

Actinometric measurements also show that fluorine con- 
centration does not increase with power (at this power 
level) and oxygen addition. 18 These facts can be explained 
by the high efficiency of the magnetically confined plasma. 
The very high etch rates indicate that a large amount of 
atomic fluorine is formed, in both the PE and the RIE mode. 

In the RIE mode, uniformities are very good. For exam- 
ple, when measuring within a diameter of Ii0 mm with an 
automatic spreading resistance probe, the uniformities are 
typically +3%. The lower the pressure, the better the uni- 
formity. This behavior is also observed for the PE mode, 
though in this mode uniiormities are much poorer, +10% 
typically. 

Selectivities toward the resist are rather low. For the zero 
oxygen flow process, the selectivity ratio of tungsten to 
resist is of the order of I:i in the RIE mode. In the PE mode 
the selectivity ratios are higher, of the order of 5:1. 

In the RIE mode no undercutting was observed using 
resist masks, as in the RIE mode for the SWAFER. In the PE 
mode, the etching was isotropic, as in the PE mode for the 
SWAFER. No oxidation of the tungsten was found after 
etching in this system. 

Etch rate limiting steps.--In the Appendix, we show that 
it is possible to calculate the fluorine consumption, JF, dur- 
ing etching of a (bare) wafer by the following formula 

JF = 2.24 . l0 -3 �9 A �9 r - p �9 x/M [1] 

where 

JF = flow of atoms consumed in scem 
A = free area of the wafer in cm 2 
r = etch rate of the film in nm/min 
p = density of the film material in kg/dm 3 
x = coefficient os the overall reaction, 

Mat + x F --> MatF~ 
M = atomic weight of the film material in g/mot 

The value for the free area depends on the resist cover- 
age. For our purposes we assumed that the resist did not 
consume any fluorine, as the resist coverage was always 
less than 5 %. 

By comparing the flow of consumed fluorine during the 
tungsten etching with the flow during the silicon etching, it 
is possible to draw conclusions on the rate l imiting mech- 
anism. If the rate l imiting step is the arrival of free fluorine 
on the wafer, the fluorine consumption of both etchings 
should be approximately the same, as the generation of the 
fluorine atoms will be slightly influenced by the film to be 
etched and not at all by the diffusion of the species toward 
the film. If other mechanisms, such as chemisorption or 
removal of the volatile product, become the etch rate l imit- 
ing step, it is very unprobable that the fluorine consump- 
tion will be the same for both materials, as these mechan- 
isms are considerably more material dependent. 

The consumed fluorine flow was calculated through re- 
action 1 for the tungsten and silicon etching processes as 
shown before. This results in Fig. 8 for the case of the 
SWAFER. 

In the RIE mode, the fluorine consumption is approxi- 
mately the same for Si and W in the region from 0 to 25% 
of oxygen flow. This indicates that in this region the arrival 
of free fluorine is the etch rate limiting step. For higher 
oxygen flows, the consumption is lower for the polysilicon 
than for the tungsten. This can be explained by the forma- 
tion of the nonvolatile SiO2 and SiOF2 molecules in the case 
of the silicon, while WOF4 is sufficiently volatile to he re- 
moved in this etching mode. 

In the PE mode, the fluorine consumption is the same for 
both materials only in a small flow range, around 30% of 
the oxygen flow. Out of this range the fluorine consumption 
is always lower for tungsten. This means that in those areas 
other mechanisms control the etch rate. 

For the higher oxygen flow range we propose the follow- 
ing mechanism. It is common to assume the formation of 
WOF4 as a volatile etch product, as mentioned in the intro- 
duction. The boiling point of WOF4 is 188~ Most papers in 
the literature treat RIE or RIE-like plasmas, which occur 
with a considerable amount of ion bombardment. In the PE 
mode, however, very little ion bombardment occurs. We 
propose that in this mode, it is much harder to remove 
WOF, than in the RIE mode. Therefore, formation of WOF4 
results in decreasing the etch rate instead of increasing it. 
This hypothesis is compatible with results from other au- 
thors in completely different process conditions. 2~ One 
should observe that in the WOF4 molecule only one O atom 
per four F atoms is needed, while for the SiOF2 one O atom 
per two F atoms is needed. Therefore, it is normal that 
WOF4 is formed in larger quantities at lower oxygen flows 
than SiOF~. In this way one can explain that the etch rate 
of tungsten decreases at a lower oxygen flow than that of 
silicon. 

For the lower oxygen flow range, we propose a mechan- 
ism which inhibits the tungsten etching, caused by the in- 
teraction with the resist, as is explained below. 

40 1 " ' ' ' 20: Tungstenn 
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Fig. 8. Fluorine consumption for tungsten and polysilicon etch pro- 
cesses as a function of oxygen flow and etching mode in the SWAFER. 
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Fig. 9. Fluorine consumption for tungsten and polysilicon etch pro- 
cesses as a function of oxygen flow and etching mode in the Tegal 
HRe-. 

Figure 9 shows the fluorine consumption in the Tegal 
HRE for silicon and tungsten etching in both the PE and 
the RIE mode. 

In the RIE mode the fluorine consumption is the same for 
the measured range, indicating that the rate is really lim- 
ited by the arrival of the fluorine atoms. 

In the PE mode the fluorine consumption is the same in 
the 20 to 30% oxygen flow range. 

For the higher oxygen flows, consumption is higher for 
tungsten, contrary to the case of etching in the PE mode in 
the SWAFER. This can be explained by the traditional for- 
mation of SiO2, SiOF2, and WOF4, with WOF4 being volatil- 
ized by ion bombardment, present in the HRe-, even in the 
PE mode. 

For no oxygen flow, the consumption is lower for the 
tungsten. This is just the same as for the PE mode in the 
SWAFER. It seems that a similar mechanism occurs for this 
kind of etching mode in both sets of equipment. 

The fact that the silicon consumption for the silicon etch- 
ing is higher than for the tungsten etching means that the 
tungsten etch rate is not limited by the arrival of fluorine 
atoms. From the tests in the SWAFER we also know that 
the presence of resist decreases the etch rates of tungste n in 
PE mode. In the neighborhood of large resist areas, the 
tungsten etch rate also decreases, as indicated by Fig. 5. 
From Auger analyses in the neighborhood of this area, we 
know that the decrease of etch rate is not due to the lack of 
fluorine atoms, as mentioned before. Therefore, also in this 
area, another etch rate limiting mechanism must occur. It is 
this same mechanism, which causes resist covered tungsten 
layers to etch more slowly than blanket tungsten layers in 
the PE mode in the SWAFER, 

The fact that after a short RIE-type plasma, no oxidized 
layer is formed, indicates that fluorine atoms are only dif- 
fusing into the tungsten when (little or) no ion bombard- 
ment is available. During ion bombardment assisted etch- 
ing, the etching occurs so rapidly that no fluorine can 
diffuse into the tungsten. 

We conclude that the constituents of the resist, typically 
carbon, combine with tungsten and/or fluorine to form a 
compound on the surface which inhibits the etching, if it is 
not removed by ion bombardment, as in the case of the RIE 
mode, or by etching by the oxygen, as is the case for the 
processes with higher oxygen flows. This phenomenon is 
not particular to one type of equipment, but rather to a 
certain etching mode, in which chemical etching prevails 
over ion bombardment enhanced etching. 

Conclusion 
The experimental results and its analyses lead to the fol- 

lowing conclusions. 
1. For most process conditions, the flow of fluorine 

atoms arriving at the tungsten surface is the etch rate limit- 
ing mechanism. 

2. When adding oxygen to the halogen, WOF4 is formed 
as an etch product. It contributes to sustain the tungsten 

etch rate if enough ion bombardment occurs. For process 
conditions with little or no ion bombardment, WOF~ de- 
creases the etch rate. 

3. For some process conditions, the interaction plasma 
resist tungsten surface forms an etch rate decreasing layer. 
This layer can be completely removed if enough oxygen 
and/or ion bombardment is available. The presence of large 
resist areas helps in the formation of this layer and can 
cause a local decrease of tungsten etch rates. 

4. In plasmas with high concentration of free fluorine 
and low ion bombardment,  fluorine diffuses into the upper 
layers of the tungsten film. When this fl~uorinated layer is 
exposed to air, it forms an oxidized layer. 

5. Ion bombardment in general enhances the tungsten 
etch rate and if enough bombardment is available, an- 
isotropic etching occurs. 

6. When enough free fluorine is generated, pure chemi- 
cal etching is possible (even without any ion bombard- 
ment). 
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APPENDIX 
It is possible to calculate the consumption of the etch 

reactant by making a few assumptions: 
7 A 1 nm thick film has a weight of: A �9 r �9 10 g where A 

is 2 the area of the wafer in cm and p is the density of the film 
material  in g/cm 3. 

Knowing the atomic Weight of the material, one can cal- 
culate the number of moles in this 1 nm thick sheet by A �9 
p . lO-7/M mol where M is the atomic weight of the film 
material  in g/mol. 

Assuming that the only etch reaction of the material, 
Mat, with the halogen species, Hal, is the following 

Mat + x Hal > MatHalx 

then the consumption of halogen species in moles to remove 
a 1 nm thick layer is A �9 p. 10 -7 �9 x/M tool. 

If the material  is removed with an etch rate r in nm/min, 
the consumption of halogen species in tool/rain is 

A �9 r .  p.  10 -7 - x/M mol/min 

One mole of gas occupies 22,400 cm 3 under standard condi- 
tions of pressure and temperature. To calculate the flow of 
consumed halogen species, JHAL, in sccm, the following for- 
mula has to be applied 

JHai = 2.24 �9 10 -3 A �9 r �9 p �9 x/M sccm 
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Deposition Mechanism of Silicon Nitride in Direct Photoassisted 
Chemical Vapor Deposition Using a Low-Pressure Hg Lamp 
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Department of Electrical Engineering, Kyoto University, Sakyo, Kyoto 606-01, Japan 

ABSTRACT 

Silicon nitride (SiN~) films applicable to microeleetronics are deposited by photoassisted chemical vapor deposition 
(CVD) with a low-pressure Hg lamp (185 rim). We describe the deposition mechanism of SiN~ in the photo-CVD based on 
analyses of film structures and transient mass spectroscopy. NH3 is decomposed into NH2 and H by UV-light irradiation. 
Sill4 is decomposed through the reaction with NH2 or H. SiNx films are formed through an intermediate species formed in 
gas phase. The formation of the intermediate species is controlled by the decomposition of NH 3. At a substrate temperature 
of 350~ the deposition rate is controlled by the amount of the intermediate species with higher mass (ainu 77, Si2NHT), and 
the films are polymeric solids. At 500~ chemical species are deposited on the surface before they grow into the interme- 
diate species with the high mass (ainu 77), and the film structure becomes stoiehiometric SiN~. 

Introduction 
Silicon nitride (SiNx) films, usually deposited using SiH~ 

and NHa, are widely used in microelectronics. Films de- 
posited by plasma-assisted chemical vapor deposition 
(plasma-CVD) are applied to a passivating coating and a 
diffusion barrier, and those by thermal CVD to metal-ni- 
tride-oxide-semiconductor (MNOS) memory. In recent 
years, SiN~ deposited at low temperatures by plasma-CVD 
is adopted to a gate insulator in amorphous thin film tran- 
sistors. It has been also studied as metal-insulator-semi- 
conductor (MIS) structures of III-V semiconductors. ~-~ For 
the deposition on crystalline silicon, bombardment by 
charged particles on the surface of a growing film produces 
inferior electrical properties such as a low resistivity 4'~ and 
a large density of states at the interface of an MIS struc- 
ture? '7 Although a higher dielectric constant of SiN~ than 
that of SiO~ has been promised in the course of reducing the 
dimension of microeleetronic devices, the use of SiN~ is 
limited. 

Photoassisted chemical vapor deposition (photo- 
CVD), 3'8-11 as well as remote plasma-CVD, ~'12 is a promising 
method to deposit SiN~ films without bombardment. There 
are several investigations on the deposition of SiN~ by Hg- 
sensitized photo-CVD ~ and direct photo-CVD without Hg- 
sensitization using a low-pressure Hg lamp. ~'~'~3 An ArF 
excimer laser, 14 or synchrotron radiation ~5 is also used as a 
light source in direct photo-CVD. In photo-CVD films, the 
density of interface states and the breakdown field are 
much improved compared with plasma-CVD films. 9'11'~4 

In addition, in plasma CVD for SiN x using Sill4 and NH3, 
Sill4 is more easily decomposed by electron impact than 
NH~. In fact, Si2H6 is formed in the gas phase with a low 

Present address: Shiraadzu Corporation, Kyoto, Japan. 
b Present address: NEC Corporation, Sagamihara, Kanagawa, 

Japan. 
Present address: Mitsubishi Electric Corporation, Itami, Hyogo, 

Japan. 

power or a low NHJSiH~ gas composition. Si2H~ is easily 
decomposed, and St-rich films are formed. When the de- 
composition of NH3 is enhanced by an increase in the 
power, the formation of Si(NH2)n (n = 3 or 4) in gas phase, 
detected by the mass analysis, resulted in films containing 
more nitrogen than stoichiometry. ~9 The high power input  
probably leads to an increase of bombardment by charged 
particles. In thermal-CVD, ~6) it is also known that SiNx 
films often become Si rich. To obtain a stoichiometric film, 
the flow rate of NH3 needs to be more than i00 times larger 
than that of Sill4.17 

To enhance the decomposition of NH~, we have investi- 
gated photo-CVD for SiN~ deposition, in which NH~ is pre- 
dominantly decomposed by photolysis. Very little is known 
about deposition processes in direct photo-CVD using a 
low-pressure Hg lamp. The formation schemes of Si2H6, 
Si3Hs, and SiHx(NH2)x 4 in direct photolysis with an ArF 
excimer laser already have been proposed based on obser- 
vations by mass spectroscopy. 18 However, since the reaction 
processes were monitored at room temperature, they are 
thought to be different from the case with substrate heat- 
ing. Furthermore, in photolysis using an ArF excimer laser, 
most of NH~ molecules were decomposed owing to the in- 
tense excitation. I~ This may lead to a different reaction 
scheme in photolysis using a iow-pressure Hg lamp emit- 
ting much less intense light than the excimer laser. 

In this paper, we describe the deposition of SiNx films 
using SiH~ and NH3 with a low-pressure Hg lamp (185 nm) 
at low substrate temperatures (<500~ The deposition 
mechanism is investigated based on film structures and 
transient mass spectroscopy. In the photo-CVD, NH3 is pre- 
dominantly decomposed by photolysis. Sill4 is decomposed 
through reactions with NH~ and H produced from NH3, 
indicating that the decomposition of Sill4 is controlled by 
the amount of NH2 or H. This brings stoichiometrie film 
composition, high resistivity, and excellent interface prop- 
erties between SiNx and crystalline Si in a wide range of the 
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