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Selectivity loss during tungsten chemical vapor deposition: The role
of tungsten pentafluoride

J.R. Creighton
Sandia National Laboratories, Albugquerque, New Mexico 87185
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Our previous studies found evidence for a selectivity loss mechanism that is initiated by
desorption of tungsten subfluorides formed by the reaction of WEF, with metallic tungsten
surfaces. When a hot (=600 °C) tungsten surface is exposed to WF,, a nonvolatile subfluoride,
apparently WF, , will accumulate on a nearby 8i0, surface held at = 3C °C. Disproportionation of
this tungsten subfluoride upon heating above 330 °C produces a reactive state of tungsten that
induces rapid selectivity loss when exposed to chemical vapor deposition conditions. The net
effect of this tungsten subfluoride desorption-disproportionation mechanism is the transport of
tungsten from a tungsten surface to the silicon dioxide surface. Isolation of a higher tungsten
subfluoride, apparently WF,, has been accomplished by cooling the 5i0, surface to ~ —45°C
under otherwise similar experimental conditions. Preliminary Auger spectroscopic results yield a
stochiometry of F/W = 4.9 + 0.5 for this subfluoride, and temperature programmed desorption
results are consistent with the behavior of tungsten pentafiuoride. Upon heating WF,
multilayers, most of the compound desorbs, but some reaction and disproportionation occurs
leaving a reduced state of tungsten on the SiO, surface. It seems likely that tungsten pentafluoride

is the key volatile species in a tungsten transport mechanism that can initiate selectivity loss.

i. INTRODUCTION

Low-pressure chemical vapor deposition {(CVD) of tung-
sten by reduction of WF, has many promising applications
for the fabrication of very large scale integrated (VLSI) de-
vices.! ™ These applications include formation of diffusion
barriers and planarization for multilevel interconnects.
Tungsten CVD is attractive for most applications because of
the selective nature of the deposition chemistry, i.e., depo-
sition occurs on silicon and tungsten (and some other met-
als) but not on SiO, or other typical insulators. The selective
nature of the deposition produces self-aligning structures
and therefore significantly reduces the number of steps re-
quired for a metallization process. Unfortunately, it is not
always possible to maintain selectivity indefinitely as tung-
sten may nucleate and grow on the insulator surfaces.

Selectivity is the result of a deposition mechanism that is
strongly controlied by heterogeneous processes. Dissocia-
tive chemisorption of hydrogen and tungsten hexafluoride
are thought to be necessary hetercgeneous steps in the depo-
sition mechanism.”’ Several researchers have noted that a
selectivity loss usually first occurs on surfaces near but not
necessarily contiguous with areas of tungsten deposition.>®°
This observation strongly suggests that a volatile reaction
product, by-product, or intermediate is initiating selectivity
loss. For deposition on silicon, the first reaction occurring is
the reduction of tungsten hexafluoride by silicon; i.e.,

3/2Si(s) + WF, (g) —3/2 SiF, (g) + W(s).

Several authors have postulated that silicon tetrafluoride
or other silicon-bearing species produced by this initial reac-
tion may contribute to selectivity loss.>” We note that if such
a mechanism exists, it could not explain the selectivity loss
often observed during deposition when there is initially no
exposed silicon. The primary reaction responsible for tung-
sten deposition is the hydrogen reduction reaction, t.e.,
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3H,(g) + WF, (g) ~6HF(g) + W(s),

in which a large amount of hydrogen fluoride is produced.
Hydrogen fiuoride is known to react with silicon dioxide
under some conditions and has also been suspected of initiat-
ing selectivity loss.® However, our experiments investigating
the role of HF failed to establish a definitive link between the
HF partial pressure and the degree of selectivity loss.'” We
have instead found convincing evidence for a tungsten trans-
port mechanism that first involves the formation of volatile
tungsten subfluorides (WF,, x < 6) on tungsten surfaces.'®
These subfluorides desorb from the tungsten surfaces and
may diffuse through the gas phase. The adsorption and dis-
proportionation of the tungsten subfluorides on SiQ, sur-
faces then produces a reactive state of tungsten that can im-
mediately catalyze the hydrogen reduction of tungsten
hexafluoride.

For example, when a hot (=600 °C) tungsten surface is
exposed to WF, , anonvolatile subflucride, apparently WF,,
will accumulate on a nearby SiO, surface held at ~30°C.
Tungsten tetrafluoride disproportionates upon heating
above 350 °C producing a reactive, essentially metallic, state
of tungsten that induces rapid selectivity loss when exposed
to CVD conditions. Given the physical properties (e.g., low
volatility) of tungsten tetraftuoride,'"'? it seems unlikely
that it is the dominant gas-phase species participating in the
tungsten transport mechanism. Several factors indicate that
tungsten pentafluoride WF; would be the most likely gas-
phase intermediate involved in the tungsten transport mech-
anism. These factors include its volatility, the conditions for
which it can be formed, and its propensity to disproportion-
ate into lower subfluorides.’*'* By modifying our experi-
mental conditions, we have now isolated a higher tungsten
subfluoride, evidently WF,, and studied its thermal proper-
ties by temperature programmed desorption (TPD)} and its
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elemental composition by Auger spectroscopy. Our results
are consistent with a tungsten transport mechanism that is
initiated by formation of tungsten pentafluoride from the
reaction of WF, with metallic tungsten {see reaction (1)].

SWFg(g) + W(s;) -6WFs(g), (H
6WF.(g) -6WF,(s,), (2)
6WF(s,)-3WF,(s,) + 3WF (g}, (3
3WF,(8,) »2WF(g) + W(s,). (4)

The tungsten pentaffuoride is volatile even at room tempera-
ture and may easily diffuse through the gas phase. Upon
contact with another surface the tungsten pentafluoride may
disproportionate into tungsten tetrafiuoride and tungsten
hexafluoride [see reactions (2) and (3)]. At temperatures
greater than 200 °C, tungsten tetrafluoride may dispropor-
tionate further into tungsten hexaftuoride and metallic tung-
sten, %1215 [reaction (4)]. Note that the sum of reactions
(1) to (4) gives no net production of new species; the only
change is that tungsten has been transported from one sur-
face (s, ) to another (s,).

Il. EXPERIMENTAL

These experiments were performed in a multilevel vacu-
um system composed of a reaction chamber and an UHV
analysis chamber. The analysis chamber was equipped with
a cylindrical mirror analyzer (CMA) for Auger spectrosco-
py and a quadrupole mass spectrometer for TPD. This
chamber was pumped with a turbomolecular pump to a typi-
cal working base pressure of 5X 107 '° Torr. The reaction
chamber was also pumped by a turbomolecular pump to a
base pressure of =~1X107° Torr. Because relatively high
pressures (5 mTorr) of WF, were used during the subfluor-
ide generation experiments, the turbopump for the reaction
chamber was normally throttled to give a nitrogen pumping
speed of =1 1/s.

The samples were 2 cm X 1 cm X 0.5 mm rectangular slices
of 0.4 (2 cm Si(100) that were covered with 400 A of ther-
mally grown silicon dioxide. Samples were etched for 15 s in
a 20:1 NH,F/HF solution and rinsed with distilled water.
Cross-section transmission electron microscopy (TEM)
shows that ~270 A of oxide remains after this step. These
samples were mounted on a long-throw manipulator by
means of tantalum clips that allowed direct resistive heating
to above 800 °C, if desired. The samples could be cooled be-
low room temperature by adding a cryogen to a Dewar to
which the sample was in thermal contact. For temperature
measurements, a Chromel-Alumel thermocouple was at-
tached to the top edge of the samples with a small drop of
ceramic cement (Aremco No. 516). By opening a gate valve,
a sample could be moved from the reaction chamber into the
UHYV chamber for surface analysis within a few minutes
after high-pressure experiments were finished.

A polycrystalline tungsten foil was also mounted in the
reaction chamber and served as an independent source of
reaction products and intermediates. This foil could be posi-
tioned from =0.5 to § cm from the SiO, /Si sample, and this
experimental arrangement proved essential for this study.
The foil was heated resistively, and the temperature was
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measured with a Chromel-Alumel thermocouple spot weld-
ed to the middle of the foil. To condense any tungsten penta-
fluoride produced, it is necessary to cool the SiO, /Si sample
well below room temperature. However, the necessity of
having a background ambient of WF, during the subfluoride
formation procedure precludes the use of liquid nitrogen as a
cryogen, since any surface at that temperature would con-
dense the WF, at the pressures used. For this reason we used
liquid CHF, (bp = — 82°C) as a cryogen. Due to imper-
fect thermal contact the sample would typically cool to only
=~ —60°C.

When performing Auger electron spectroscopy (AES) on
fluorinated tungsten species, it is particularly important to
minimize electron beam damage. Low electron beam cur-
rents (0.2-0.3 zA) were used, and the beam was defocused
until it was slightly less than the area analyzed by the CMA
{ = 100-um-diameter spot }. Since electron beams usually re-
sult in the desorption of fluorine from the surface, the flu-
orine region of the spectra were typically scanned first to
obtain the highest possible fluorine signal.

TPD was performed with a multiplexed mass spectrom-
eter, typically monitoring six to eight masses, and a sample
heating rate of 10 K/s. The sample was normally placed
about 2 in. in front of the mass spectrometer ionizer. A lig-
uid-nitrogen-cooled cryoshroud surrounded the ionizer por-
tion of the mass spectrometer, and this served to reduce the
scattered component of the TPD signals, thus enhancing de-
tection of the line-of-sight component.

ii. RESULTS AND DISCUSSION

The experimental procedure used in this study to produce
the tungsten subfluoride is similar to the procedure we used
to isolate tungsten tetrafluoride.'®!"!® A steady-state flow of
tungsten hexafluoride was established in the reaction
chamber at a pressure of 5 to 6 mTorr. The SiO,/Si sample
was positioned about 1 cm away from the hot (600-700 °C)
tungsten foil. In our previous work, the SiO, /Si sample was
normally kept at 30-40 °C which resulted in the accumula-
tion of tungsten tetrafluoride on its surface. In this study, the
Si0, /Si sample was first cooled to ~ — 60 °C (as described
in Sec. IT). However, when the sample was positioned in
front of the hot tungsten foil, radiation and/or conduction
caused the sample temperature to rise from ~ — 60°C to a
range from — 50 to 35°C. The variation from — 50 to

— 35 °C was enough to cause reproducibility problems with
the amount of subfluoride adsorption, since this was the tem-
perature range where desorption was becoming appreciable.
Under proper conditions, thick films could be deposited as
evidenced by color changes of the sample under white light.
During a long deposition run, the sample color would
change from silver grey (clean sample) — purple— blue-
—pale green — yellow — golden yellow. This observation is
consistent with the deposition of a film of WF;_ as solid tung-
sten pentafluoride is reported to be yellow.'*' The interme-
diate colors observed are likely due to thin-film interference
effects rather than differences in chemical compostion. A
typical experimental result will now be described. A clean

'8i0, /Si sample was positioned in front of the tungsten foil,

and the WF, pressure was brought up to 5.5 mTorr. The



623 J. R. Creighton: Selectivity ioss during tungsten CVD

tungsten foil was then heated to 700 °C for 45 min, after
which it was allowed to cool and the WF, flow terminated.
During this procedure, the Si0,/Si sample warmed to a
maximum temperature of — 46 °C. The resulting film ap-
peared purple under white light. The sample was lowered
into the analysis chamber, and Auger spectra were recorded
at several points across the film. A representative spectrum
is displayed in Fig. 1, curve (a), along with a spectrum of
tungsten tetrafluoride, curve (b), from Ref. 10. The two
curves have been scaled to have the same tungsten peak
height, and the fluorine peak in curve (a) has been shifted to
higher energy for clarity. Note that curve (a) has an appre-
ciably higher fluorine signal than curve (b). Using the same
procedure used to calculate the stoichiometry of the com-
pound for curve (b} (i.e., WF, ),'" we obtain a stoichiome-
try from curve (a) of F/W = 4.9 + 0.5, which suggests that
the film is predominately tungsten pentafivoride.

The thermal behavior of the tungsten subfiuoride films
was investigated by TPD. The TPD spectrum of a purple
subfluoride filin is displayed in Fig. 2. The ion intensity ratio
{WF;" /WE,;" ~0.14) of the tungsten fluoride species de-
sorbing at low temperature {peaking at — 21°C) indicates
that it is not WF, (WES /W F;' } = 3.4-4.0, measured in
our system ). Several factors lead us to believe that the low-
temperature peak is due to desorbing tungsten pentafinor-
ide. The published mass spectral information on tungsten
pentafluoride’ indicates that the WF.;" ion is most abun-
dant (consistent with our data), but a quantitative compari-
son cannot be made because the reported fragmentation pat-
tern was complicated by the presence of tungsten
hexafiuoride. Additional information on the subfiuoride can
be obtained from a kinetic analysis of the leading edge of the
low-temperature desorption peak. If we assume zeroc-order
kinetics, analysis of eight low-temperature TPD peaks gives
a desorption aciivation energy of £, = 19 + 1 kcal/mol.
This value is very close to the reported values of 22 to 23
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F1G. 1. AES spectra of (2) tungsten subfluoride condensed at — 45 °C, see
text, and (b) tungsten tetrafiuoride from Ref. 10. The fluorine peak for
curve {a) has been shifted + 40 eV for clarity.

J. Vac. Soi. Technol. A, Vol. 7, No. 3, May/Jdun 1388

623

e e L B LA A e s e e B e o T e

QMS Signal (arb. units)

P TR T [T YO T N SO WY |

IS NSO TN JURNGY TV UUSOY VOSSN S NS S B T €

bt
~100 0 100 200 300 400 500 800
Temperature (°C)

F1G. 2. TPD spectrum of tungsten subfluoride multilayer film. Solid line is
for m/e = 260 (WE[ ), dashed line is for m/e = 281 (WF, )

kcal/mol for the heat of vaporization of tungsten pentafluor-
ide.”*™ These Auger and TPD results indicate that WF; (g)
is formed at the tungsten foil and then condenses on the
nearby Si0, surface, as illustrated by reactions (1) and (2)
in Sec. L.

Tungsten pentafluoride is known to disproportionate into
WF, (s) and WF( (g), i.e, reaction (3) in Sec. I, near room
temperature' ¥ so we expected to see a tungsten hexafluor-
ide TPD peak between § and 100 °C. However, the peak at
70°*Chasa WF;" /W F,' ratio that is different from the low-
temperature WF, peak at — 21 °Cand the high temnperature
WEF, peak at 290 °C (described in following paragraph). We
have also detected a considerable amount of WO, F " ionsin
the desorbing product(s) in the temperature range from 50
to 160 °C, which may indicate a reaction of the subfluoride
film with the 8i0, surface. Our initial efforts to assign the
peak at 70 °C to a single descrbing product have been unsuc-
cessful, and presently we believe the peak is dué to a combi-
nation of tungsten fluorides (e.g., WF, ) and tungsten oxy-
fluorides (e.g., WOF, ). Further cxperiments are needed to
resolve the complexities of the chemistry in this temperature
range.

The small high-temperature peak at 290 °Cin Fig. 2 has a
WE, /WE,! ratio indicative of WF,. Based on our earlier
observations'’ and the WF, literature,’"'® we believe this
peak represents the disproportionation of tungsten tetra-
fluoride, i.e., reaction (4) in Sec. I, which is known to occur
== 300 °C. Auger spectroscopy also indicates =} monolayer
(assuming two-dimensional growth) of tungsten remains on
the surface after heating to 500 °C. This process represents
the final step in the tungsten transport mechanism via the
subfluorides.

iV. SUMMARY

Further details of a tungsten transport mechanism that
can lead to selectivity loss during tungsten CVD have been
elucidated. A tungsten subfluoride species formed by the re-
action of WF, with a hot metallic tungsten foil may be con-
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densed on a SiO, surface at ~ — 45 °C. Multilayers of this
species desorb in the temperature range from —40 to
+ 40 °C, depending on the initial coverage. Color of the
multilayer film, its stoichiometry as determined by Auger
spectroscopy, and the desorption activation energy are all
indicative of tungsten pentafluoride ( WF. ). Heating of the
WF; multilayers also results in desorption of an unidentified
product(s) at =70°C. We have tentatively described this
peak as due to a combination of WF,, formed from the dis-
proportionation of WF, (s), and of a tungsten oxyfluoride
species formed from the reaction of WF; with the SiO, sur-
face. A high-temperature WF, peak at ~290 °C is apparent-
ly due to the disproportionation of a small amount of tung-
sten tetrafluoride, which also leaves a fractional tungsten
coverage on the SiO, surface. This last step, 3IWF,
{s) —»2WF, (g) + W(s), corresponds to the completion of
the tungsten transport mechanism. From the interpretation
of these results, our previous work,'”!” and the available
literature on tungsten subfluorides,'’* we conclude that
tungsten pentafluoride is the most important gas-phase in-
termediate participating in the tungsten transport mecha-
nism that leads to selectivity loss during tungsten CVD.
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