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The Effects of Chemical Oxide on the Deposition of Tungsten by the
Silicon Reduction of Tungsten Hexafluoride

M. Wong,* N. Kobayashi,' R. Browning, D. Paine,? and K. C. Saraswat**
Center for Integrated Systems, Stanford University, Stanford, California 94305

ABSTRACT

The effects of thin (chemical) oxide grown during the chemical cleaning of silicon wafers on the silicon reduction of
tungsten hexafluoride have been investigated. Unlike tungsten deposition on samples without the chemical oxide, deposi-
tion thickness on those with the chemical oxide was found to be unlimited. Inspection by cross-sectional SEM and TEM
revealed the existence of microchannels penetrating the tungsten film, reaching all the way from the surface of the film to
the tungsten/silicon interface. These channels enable tungsten hexafluoride to reach the substrate, thus causing unlimited

tungsten growth.

The low pressure chemical vapor deposition (LPCVD)
of tungsten is of interest for many VLSI applications. Se-
lective deposition finds applications for contact diffu-
sion barriers (1, 2), resistance shunts for polysilicon
gates (3), and via filling for planarization (4). Nonselec-
tive deposition finds applications for gate level
interconnects (5) and via filling by etchback (6).

One of the most commonly used vapor deposition
methods for tungsten is the hydrogen reduction of tung-
sten hexafluoride (7, 8)

WF, + 3H, = W + 6HF

Using cross-sectional TEM, Stacy et al. (9) observed a
thin interfacial layer, possibly an oxide, separating the
tungsten film into two layers. They concluded that hy-
drogen reduction was responsible for forming the upper
tungsten layer, while the lower layer resulted from re-
cessed tungsten growth via the silicon reduction of tung-
sten hexafluoride

2WF, + 38i = 2W + 35iF,

Thus, even with hydrogen present in the deposition am-
bient, the silicon reduction reaction is believed to pro-
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ceed so rapidly (8) that it is responsible for forming the
initial layer of tungsten, which interfaces with the silicon
substrate. However, Levy et al. (2) recently demon-
strated that no tungsten growth on silicon would occur if
a sufficiently large amount of silicon tetrafluoride was
present in the deposition ambient of hydrogen and tung-
sten hexafluoride. Since silicon reduction is suppressed
by the presence of silicon tetrafluoride, it follows that hy-
drogen reduction cannot proceed on silicon in the ab-
sence of an already existing tungsten surface. In thermal
LPCVD, this tungsten has to be supplied by silicon re-
duction. Therefore, the dominance of silicon reduction
over hydrogen reduction in the initial phase of thermal
LPCVD of tungsten may be more than a matter of faster
reaction rate.

If the silicon surface participates actively in the silicon
reduction reaction, it should be expected that the reac-
tion itself be influenced by the method of surface prepa-
ration. Under certain deposition conditions, and for
properly prepared silicon surfaces, silicon reduction is
known to result in self-limiting tungsten deposition
(8-12). Recently, Busta et al. (13) investigated the effects
of native silicon oxide thickness on silicon reduction and
observed a direct proportionality between the amount of
oxygen at the tungsten/silicon interface and the amount
of the native oxide.

In the present study, we have investigated the effects
of two different cleaning procedures (14) on the silicon
reduction of tungsten hexafluoride. One procedure ends



2340

with a final HF cleaning, while the other does not. If it is
assumed that the principal effect of the HF treatment is
to remove the chemical oxide grown during the cleaning
before the HF treatment, then a layer of chemical oxide
would have been left on the samples without the HF
treatment.

Experimental

Phosphorus doped 5-10 -cm, (100)-oriented, 3 in. sili-
con wafers were used. The wafers were cleaned in
freshly prepared solutions as follows: 10 min in 3:1 mix-
ture of H,SO,/H,0, at 90°C, 4 min of deionized (DI) water
rinse; 10 min in 1:1:5 mixture of HC1I/H,0,(30%)/H,0O at
70°C, 4 min DI water rinse; 10 min in 1:1:5 mixture of
NH,0H(30%)/H,0,(30%)/H,0 at 70°C, 4 min of DI water
rinse. The wafers were split at this point with half of
them receiving a 30s dip in 50:1 H,O/HF'. All wafers were
immediately loaded into the reactor after a final DI water
rinse and heated nitrogen spin dry.

Tungsten deposition was done in a tubular hot wall
low pressure reactor (15) at a pressure of 300 mtorr, and a
temperature of 305°C. The wafers were placed with the
surfaces perpendicular to the direction of the gas flow.
After the wafers were loaded, roughly 1h was allowed for
the reactor to reach stable deposition conditions. The
ambient during the stabilization period was high purity
nitrogen at a flow rate of 500 cm?®. Tungsten hexafluoride
at 10 cm? was then injected to initiate the reaction. Five
different deposition times were chosen: 3, 6, 12, 24, and
36 min.

Results

The thickness of the chemical oxide on the samples
without the HF treatment was measured directly using
cross-sectional TEM and found to be about 17A. The na-
tive oxide thickness on the samples with the HF treat-
ment, estimated using an ellipsometer, was consistently
less than 5A.

Electrical.—Sheet resistance maps were generated
using a Prometrix four-point probe setup. The average
sheet resistance in the center regions of the wafers is
plotted as a function of the deposition time in Fig. 1.

For samples with the HF treatment (without the chem-
ical oxide), the sheet resistance values showed no sys-
tematic change for the various.run times. The sheet re-
sistance was consistently lower at the centers of the
wafers and increased towards the edges. This might be
caused by the nonuniformity in the gas-phase distribu-
tion of reactants and products. Sheet resistance uniform-
ity improved with longer run time, with the standard de-
viation dropping from 23% for the 3 min run to 12% for
the 36 min run. The thickness of the tungsten films was
estimated using Auger depth profiling, and a thickness
of about 110A was consistently obtained for all of the
samples. Using an average measured sheet resistance of
20 O/, one can estimate the resistivity to be 30 pQ-cm.
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All of these results agree with the self-limiting reaction
mechanism (8, 10, 11).

For samples without the HF treatment (with the chem-
ical oxide), the sheet resistance dropped quite abruptly
from the 3 min run to the 6 min run, and decreased grad-
ually thereafter. The sheet resistance for the 3 min run
was almost the same as that of the original silicon sub-
strate, indicating the absence of a continuous tungsten
film. SEM observation confirmed that selective nuclea-
tion had occurred without continuous film formation.
Further deposition caused the growth and coalescence
of the nucleated tungsten, resulting in an abrupt drop in
sheet resistance. Deposition continued even after the nu-
clei coalesced and sheet resistance as low as 2.65 Q/[Jwas
measured for the 36 min run. Though there was still the
tendency for the sheet resistance to increase towards the
edges of the wafers, the uniformity was better than that
for the samples with the HF treatment. The largest
standard deviation was 12% for the 24 min run.

Tungsten thickness (Fig. 2) was estimated using a
Dektak surface profilometer. Very thick films were ob-
tained, starting with 1200A for the 6 min run and
increasing to 25004 for the 36 min run. It is clear that
self-limiting growth did not occur in these samples.

Our work agrees with previous observations (13) that
the presence of a thin layer of silicon oxide would result
in thick film deposition via silicon reduction. The reason
for the unlimited growth has not been explained previ-
ously and will be the subject matter of this paper.

Auger electron spectroscopy (AES).—AES sputter pro-
filing using a Xe ion beam was done in a Varian system
(14). A square area of about 0.25 mm? was probed and a
400A thick tungsten film standard was used to determine
the sputtering rate.

Auger p—p Signal
@

Time {(min.)

Fig. 3. Auger sputtering profile of samples with the HF treatment
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Fig. 4. (a, left) Auger sputtering profile of samples without the HF treatment. (b, right) Surface Auger spectrum of samples without the HF

treatment.

For samples with the HF treatment, the Auger depth
profile for the 36 min sample (Fig. 3) shows a very thin
(100A) tungsten film, thus confirming self-limiting
growth. The oxygen Auger signal is quite low in the film,
indicating a low level of oxygen contamination derived
from the deposition. On the other hand, the Auger spec-
trum of the surface before sputtering indicates a high
level of oxygen contamination, probably caused by at-
mospheric contamination (e.g., oxygen, moisture, and
carbon dioxide adsorption) on the surface when the sam-
ple was exposed to air. No detectable silicon Auger sig-
nal was observed on the surface.

The Auger depth profile (Fig. 4a) for the 12 min sample
without the HF treatment shows thick tungsten deposi-
tion, in agreement with the surface profilometer mea-
surement results. The oxygen Auger signal shows a sur-
face peak, which again is probably caused by atmo-
spheric contamination when the sample was exposed to
air. Below the surface, the oxygen signal level drops and
then rises before dropping again as the silicon signal
level begins to rise. Integrating the oxygen signal for this
sample indicates the presence of a large amount of oxy-
gen in the film, almost equivalent to the oxygen content
in 100A of silicon dioxide. It is impossible to obtain such
a thick layer of oxide with the prescribed cleaning proce-
dure. Unlike the case for samples with the HF treatment,
Auger spectra for samples without the HF treatment in-
dicated the presence of silicon (Fig. 4b) on the surface.

25KV

X50.0K

0.60um

This silicon signal disappeared after 1 min of sputtering.
The origin of the large amount of oxygen in the film

and of the silicon on the surface will be discussed in the
Discussion section.

Scanning electron microscopy (SEM).—SEM observa-
tions of the samples without the HF treatment will be de-
scribed.

The plan-view micrograph (Fig. 5a) of the 3 min sample
clearly shows tungsten nuclei distributed over the sur-
face. The nuclei show a range in size from the limit of the
SEM resolution (20-30A) to an upper diameter of several
thousand angstroms. The larger nuclei appeared to have
a granular texture, some with center voids surrounded
by tungsten with a spiraling structure. Silicon was de-
tected inside these voids by scanning AES (16). When the
sample was observed at an oblique angle (Fig. 5b), these
larger nuclei turned out to be depressions in the silicon
surface with some granular edge features protruding
above the substrate surface.

The 6, 12, 24, and 36 min samples will be considered as
a group. All surfaces (Fig. 6a-d) are decorated with nu-
merous spots with darker contrast, the densities and
sizes of which change very little among the samples.
From micrographs of higher magnification (Fig. 7a), the
diameters of these spots can be estimated to be around
1000A. A cross-sectional micrograph (Fig. 7b) shows that

Fig. 5. (a, left) SEM micrograph of the 3 min sample showing disjointed nucleation. (b, right) SEM micrograph taken at an oblique angle. Dis-

jointed nuclei correspond to depressions on the silicon surface.
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Fig. 6. (a, top left) Plan-view SEM micrograph of the 6 min sample. (b, top right} Plan-view SEM micrograph of the 12 min sample. (¢, bottom
left) Plan-view SEM micrograph of the 24 min sample. (d, bottom right) Plan-view SEM micrograph of the 36 min sample.

Fig. 7. (q, left) Plan-view SEM micrograph of the 12 min sample at a higher magnification showing size and density of the spots of darker con-
trast. (b, right) Cross-sectional SEM micrograph of a channel through the tungsten film.
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Fig. 8. (a, left) Roughness contrast between tungsten surface and tungsten/silicon interface. (b, right) Cross-sectional SEM micrograph of rough

silicon surface with the tungsten partly removed.

such spots correspond to channels going from the sur-
face, through the tungsten film, and terminating in the
silicon substrate. It is also apparent from the cross-
sectional micrograph (Fig. 8a) that the tungsten/silicon
interface is much rougher than the tungsten surface. Fig-
ure 8b shows the rough silicon surface when the tung-
sten film was partly removed.

The thickness of the tungsten films (Fig. 2) was esti-
mated using cross-sectional SEM and plotted along with
that measured using the surface profilometer. The sur-
face profilometer measurements were smaller because of
the large radius (12.5 pm) of its probe tip and therefore
not as accurate as those obtained using SEM.

Transmission electron microscopy (TEM).—As ex-
pected for a self-limiting film, the plan-view TEM micro-
graph (Fig. 9) of a sample with the HF ireatment shows a
continuous film of tungsten with no gross porosity like
the voids observed in the tungsten films without the HF
treatment.

For a sample without the HF treatment, a cross-sec-
tional TEM micrograph (Fig. 10a) of a nucleation site
shows a void in the silicon substrate half filled with tung-
sten. The recessed tungsten nucleus is aligned to one
side of the void with a small overgrowth above the origi-
nal silicon surface. The presence of this overgrowth is an
indication that some chemical species must be mobile
enough to migrate on top of the nucleus during the nu-
cleation process. The cross-sectional TEM micrograph
(Fig. 10b) of a more developed nucleation site shows the
porous nature of the boundary between the tungsten nu-
cleus and the silicon substrate. Tungsten hexafluoride
can diffuse along this porous periphery and react with
exposed silicon, causing the nucleus to grow.

Discussion

The silicon reduction reaction results in the removal of
slightly less than two unit volumes of silicon for every
unit volume of tungsten deposited (8). Depending on
how this extra volume of void is displaced, the character
of the deposition can be very different.

Since self-limiting deposition was obtained for sam-
ples with the HF treatment (without the chemical oxide),
the volume of void must have been displaced mostly in
the direction normal to the wafer surface (Fig. 11a). The
silicon surface is sealed and the deposition is self-limit-
ing.

The situation is more complicated for the samples
without the HF treatment (with the chemical oxide). As
indicated in the section on AES, the amount of oxygen in
the tungsten film could not be totally ascribed to the
chemical oxide. Besides, it would be surprising to ob-

serve tungsten nucleation and growth on silicon covered
with such a thick oxide (13). gn fact, no tungsten was ob-
served on samples with 1000A of thermally grown oxide,
even after 36 min of exposure to tungsten hexafluoride
under identical deposition conditions. This implies that
the reaction between tungsten hexafluoride and silicon
dioxide, though thermodynamically favorable (17), must
be kinetically very slow at this deposition condition. We
believe the initial selective tungsten nucleation started
in “weak” spots (8, 18) of the chemical oxide, e.g., physi-
cal weak spots such as pin holes or chemical weak spots
such as silicon-rich silicon oxide. This reaction con-
sumes silicon, deposits tungsten, and generates a void.
In the presence of the chemical oxide, not all of the void
volume is displaced away from the substrate surface.
Lateral volume displacement leaves the tungsten film
punctuated with channels (Fig. 11b). Such channels,
penetrating all the way from the surface of the tungsten
to the tungsten/silicon interface, allow tungsten hexa-
fluoride to reach the silicon substrate and enable silicon
reduction to proceed continuously along the tungsten/
silicon interface.

TEM observations confirmed the lateral displacement
of void volume (Fig. 10a) in the initial stage of tungsten
nucleation. It would seem that the voids at the centers of
the nucleation sites (Fig. 5a), which are surrounded by
spiraling structures as observed by SEM and TEM, are
to be associated with the channels in the thicker films.

Fig. 9. Plan-view bright-field TEM micrograph of self-limiting film



2344

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

September 1987

GLUE

_— :
50nm ¥

Fig. 10. (aq, left) Cross-sectional TEM micrograph of a tungsten nucleus. (b, right) Cross-sectional TEM micrograph showing porous periphery

Many of these channels show similar spiraling effects
(Fig. 7a). As the nuclei grew sideways, the chemical ox-
ide would be weakened and new nucleation sites would
be generated. The portions of the film resulting from
these new sites would be thinner, thus explaining the
roughness of the tungsten/silicon interface. Therefore,
the apparent compositional gradient indicated by the
tungsten Auger signal (Fig. 4a) is caused by the nonuni-
formity (Fig. 8a) in the tungsten thickness. Conversely,
since the tungsten/silicon interface is the actual growth
front, the tungsten surface remains more or less at the
level of the original silicon surface and retains its
smoothness.

The surface silicon Auger signal should be due to the
original chemical oxide scattered on the surface. This
chemical oxide will not be scattered throughout the film
as long as the tungsten/silicon interface can be identified
as the growth front. Since there was no chemical oxide
on the samples with the HF treatment, surface silicon
Auger signal was not detected in these samples.

The large amount of oxygen in the film can also be ex-
plained in terms of atmospheric contamination on the
sidewalls of the channels, when the samples were ex-
posed to air. The concurrent rising of the silicon Auger
signal (Fiig. 4a) with the peaking of the oxygen Auger sig-
nal is an indication of the depth below the tungsten sur-
face where a large number of channels terminate. Silicon

original silicon surface

Void

at the end of these channels provides additional area for
oxygen or moisture adsorption. Therefore, the amount of
oxygen should be correlated with the surface area avail-
able for adsorption, rather than be correlated with the
amount of silicon oxide originally present on the silicon
surface (13). The higher resistivity (greater than 60
pQ-cm) of the thick films should be explained in terms of
the porous and granular nature of the film. Oxygen,
mostly originated from atmospheric adsorption on ex-
posed tungsten surfaces and hence not being incorpora-
ted in the film, is not expected to be a major factor in
causing the higher resistivity.

If tungsten nucleation and growth require the pres-
ence of silicon, and silicon can only be found at the end
of the channels, it is obvious why the densities and sizes
of the dark spots observed in the plan-view SEM micro-
graphs did not change with deposition time. The chan-
nels would not close if no tungsten growth could take
place on the sidewalls.

Finally, the presence of tungsten overgrowth (Fig. 10a)
above the silicon surface is an indication that some
chemical species must be mobile. One possibility is that
tungsten atoms, once formed on the silicon surface, mi-
grated around until attaching to an existing tungsten nu-
cleus. The atoms remained mobile on the surface of the
tungsten nucleus before finally being captured in suita-
ble incorporation sites and became part of the nucleus.

chemical oxide

Silicon

Fig. 11. (a, left) Vertical volume reduction. (b, right) Horizontal volume reduction
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Summary

Thick tungsten deposition via the silicon reduction of
tungsten hexafluoride was obtained when a layer of
chemical oxide was deliberately left on the silicon sur-
face. The thick films are punctured with microchannels
penetrating all the way from the tungsten surface to the
tungsten/silicon interface. We believe the chemical oxide
causes horizontal volume reduction to occur, thus gener-
ating the microchannels. Tungsten hexafluoride can eas-
ily diffuse along these channels to reach the silicon sub-
strate, causing unlimited tungsten growth.
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Impurity Doping during Si Epitaxy by Means of CO, Laser CYD

T. Meguro,' O. Okabayashi, and T. ltoh*
School of Science and Engineering, Waseda University, Ohkubo, Shinjuku-ku, Tokyo 160, Japan

ABSTRACT

Impurity doping during the Si epitaxial growth by means of CO, laser CVD is reported. We have grown n-type single
crystalline Si on (100) Si substrate using SiH, as a Si source and PH, as a donor impurity at growth femperatures T. be-
tween 550° and 750°C. The electron mobilities at room temperature of Si films grown at 600°C were near values of bulk
crystal for the corresponding carrier concentrations, while the electron mobilities of Si films grown at 700°C were about
10% of the bulk values. From the transmission electron microscope (TEM) observation, it was clarified that the degrada-
tion of the electron mobility at 700°C was caused by the segregation of P atoms in the Si epilayer.

Several researchers (1-7) have investigated thin film
formation by means of CO, laser CVD method. Bilenchi
et al. (6) have reported on the successful growth of doped
a-Si:H films. In our previous report (7), the low tempera-
ture undoped Si epitaxial growth using SiH, by CO, laser
CVD was described. There is a strong advantage in de-
creasing T, to prevent impurity redistribution by in-
diffusion across the interface. In the case of conventional
low temperature Si epitaxy by CVD, however, there was
a tendency of poor dopant activation, generally caused
by the dopant atoms which were placed off the prefera-
ble surface sites due to the volume reaction. It is advan-
tageous to promote the surface reaction and to eliminate
the volume reaction for the epitaxial growth by CVD.
Since the decomposition of source gas proceeds on the
surface in the case of CO, laser CVD (7), it is expected
that doped Si epitaxial growth will occur at low tempera-
ture.

In this paper we discuss low temperature Si epitaxy of
P doped n-type single erystalline Si by means of the CO,
laser CVD using SiH, containing PH,.

*Electrochemical Society Active Member.
Present address: The Institute of Physical and Chemical Re-
search (RIKEN), Wako-shi, Saitama 351-01, Japan.

Experiment

The CO. laser epitaxy system used in this study was
described in detail in the previous report (7). A p-polar-
ized 50W cw CO, laser beam 25 mm in diam was directed
on the Si substrate at a 45° angle of incidence and the
wavelength of CO; laser was fixed at 10P(20) in the pre-
sent work.

Substrates were n-type (100) oriented single crystalline
Si wafers with the resistivity above 100 Q-cm for Hall
measurements. The partial pressure of 100% PH, con-
tained in the SiH, was varied between 1 x 10-%and 1 X
10-* torr, corresponding to a pressure ratio of PH,/SiH,
from 20 to 2000 ppm. Substrates were heated by a resist-
ive heated carbon plate and Si films were grown at T, be-
tween 550° and 750°C. The single crystalline films grown
at 650°C had a growth rate of 1.5 nm/s using 0.05 torr of
100% SiH, pressure.

The carrier concentration and the electron mobility of
films were obtained by the Hall measurement with van
der Pauw method at room temperature. The growth rate
was measured optically on angle lapped samples after
staining 30s in HNO; containing a slight amount of HF.
The crystalline quality and the surface morphology were
observed by means of reflection high energy electron dif-



