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Abstract Controlling the wafer temperatures from 200 to 500°C, low resistive tungsten thin films used for VLSI met-
allization are deposited by PECVD method. Resistivities of plasma deposited tungsten thin films are very sensitive to
the H./WF partial pressure ratios. Residual stress behaviors of the films as a function of plasma power density were
also studied. At the power density under the 0.7W/cm?, residual stress of W film is about 2.4 x 10°dyne/cm?® When the
power density is, however, increased from 1.8 to 2.7W/cm? residual stress is suddenly increased from 8.1 X 10° to 1.24

x 10"°dyne/cm? due to the ion or radical bombardment at high power density.

1. Introduction

Several difficulties, such as junction spiking, hillock,
lateral diffusion, and electromigration, are encountered
by using the aluminum-based alloy in metal to silicon
ohmic contact structures for very large scale integrated
(VLSD devices."” Contact layers and diffusion barriers
must be inserted between Al and heavily doped Si in
the source/drain regions of metal oxide semiconductor
(MOS) transistors to reduce the contact resistance and
to ensure the metallurgical integrity of the contact
structures during subsequent heat treatments. Refracto-
ry metals such as tungsten or molybdenum having a
work function close to the midgap of Si and having low
resistivity that would appear to be suitable candidates
to act as contact layers and diffusion barriers
simultaneously.?

In addition, plasma enhanced chemical vapor deposi-
tion (PECVD) of W thin films by reduction of tungsten

hexaflurcide (WFs) has been an attractive method of
metallurgical technology such as contact diffusion bar-
riers, via fill, and multilevel metallization. And also
PECVD locks attractive, as it can provide low tempera-
ture processing, excellent step coverage, and high quali-
ty films.*~®

Therefore, we have concentrated on the characteriza-
tion of the LPCVD and PECVD-W thin films grown
with WFs-H, mixture for H. reduction process or with
WFsSiH~H. mixture for silane reduction process
while the wafer temperatures are varied from 200 to
500°C. We have also investigated residual stresses of
PECVD-W thin films which are dependent on the rf
power density.

In a cold wall CVD reactor, wafer temperature was
dependent on many parameters such as the tempéra—
ture of the hot plate, the composition of the gas mix-
ture, the pressure of the reactor, the distance between
the wafer and the hot plate, the distance between the
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electrodes, and the emissivity of the substrate, etc.
These parameters were usually varied during the depo-
sition process, and the differences of the thermal
resistance between the hot plate and the Si wafer were
occurred. Thus the wafer could lead quite erroneous
results to the actual wafer temperature.®” Therefore,
the conventional pyrometer or thermocouple readings
made the temperature control unstable, i.e., the temper-
ature reading was critically dependent on the emissivity
of pyrometer, and varied with the exposed materials,
wafer doping, and surface condition of wafer, etc. In
addition, if the signal of the thermocouple which was
contacted to the hot plate was used for temperature
control, which might lead significant errors since the
heat transport between hot plate and Si wafer depends
on the above-mentioned parameters.” In our case, in
order to measure the actual wafer temperature, 0.01 in.
Chromel-Alumel (90% Ni~-10% Cr vs 95% Ni-2% Mn
~2% Al thermocouple was installed into the small cav-
ity (width : 1mm, depth : 400/m) in the monitoring sili-
con wafer and the cavity was sealed with ceramic bond.
The thermocouple lines were encapsulated with metal
tube to get rid of rf noise and the metal tube was
grounded.” The wafer temperatures were measured by
two thermocouples bonded with two monitoring wafers,
respectively. One of the thermocouples was used for the
temperature control and the output signal of the other
one was measured by a digital voltmeter. We have in-
vestigated the wafer temperature with or without rf
power and metal tube and then, there were no differ-
ences in the wafer temperatures. In comparison with
the properties of LPCVD-W films, a deposition process
was carried out under the equivalent conditions of
PECVD-W excepting rf plasma.

2. Experimental

Substrates were phosphorus—-doped (100) oriented Si
wafers with resistivities of 5-6 Q-cm and were
cleaned and spin-dried. Deposition of W films was car-
ried out with a home made parallel type cold wall
PECVD reactor [SCP-300-6s, Samhan Co.] and reac-
tant gases were WFs, H, SiH,. The rf power density
was 0.3-3.5W/cm? The H,/WFs partial pressure ratios
were varied from 4 to 25 and SiH./WF, partial pres-
sure ratio was maintained at 1.0 while WF' partial pres-
sure was fixed at 2X 10 *Torr. The total pressure was
maintained at 5X 107 'Torr by controlling a throttle
valve.

3. Results and Discussion

Fig. 1 shows the temperature deviation as a function
of pressure and wafer temperature. In the top x-axis of
Fig. 1, it shows the temperature deviation between the
wafer and the hot plate temperatures in H. plasma am-
bient as a function of reactor pressure. This figure
shows that the difference between the wafer and the
hot plate temperatures is varying from 140 to 44°C as
total pressure of the reactor is varying from 9X 107 to
9% 107 "Torr. When the total pressure of H, is de-
creased, the hot plate temperature must be increased in
order to maintain the wafer temperature at 250°C be-
cause the heat transport from the hot plate to the sili-
con wafer is more difficult at lower pressure. In
addition, as shown in the bottom x-axis of Fig. 1, it is
found that at the fixed total pressure of 0.5 Torr, the
difference between the wafer and the hot plate temper-
atures increases from 50 to 130°C while the wafer tem-
perature varies from 250 to 450°C. We also measured
the rf induction heating effect when the total pressure
was varied from 0.09 to 1 Torr, the wafer temperature
measured with rf discharge was higher than the temper-
ature measured without rf discharge by 5-7°C. Thus
we concluded the induction heating by the rf power was
negligible. Therefore, the deposition temperatures of all
processes of LPCVD and PECVD were determined by
the wafer temperature. The H. reduction and the SiH,
reduction processes for the subsequent growth of W
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Fig. 1. The difference between wafer temperature and hot
plate temperature in H: plasma ambient as a function of (a)
wafer temperatures at the total pressure of 0.5 Torr, (b) total
pressures.
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Fig. 2. Arrhenius plot of deposition rate between LPCVD and
PECVD-W vs reciprocal temperature grown on Si (a) at the H,
/WFs input ratio of 25 (H, = 100sccm), (b) at the SiH./WF,
ratio of 1 (H; = 100sccm). ( [J, M : H.-reduction process ; O, @
: SiH~reduction process O, J: LPCVD ; @, B : PECVD)

thin films on the Si surface requires activation energies.
Thus. activation energies for W deposition of LPCVD
and PECVD were investigated by plotting the loga-
rithm (deposition rate) as a function of temperature re-
ciprocal as shown in Fig. 2. In the Arrhenius plots of H,
reduction process, two different regimes can be seen in
LPCVD, and the activation energies obtained from the
slopes for LPCVD (hollow square) and PECVD-W
(solid square) are 0.73 and 0.34 eV, respectively. In the
LPCVD process, two different regimes can be seen,
that is, a regime showing a strong temperature depen-
dence and the other regime showing a slight depen-
dence on temperature. The regime showing strong tem-
perature dependence is known to be controlled by the
surface reactor rate,” while the region showing the
slight dependence on temperature is controlled by the
rate at which the reactant is supplied to the substrate.”
The break point showing two different regimes of
LPCVD-W is about 400°C and is a function of the WFs
partial pressure.

On the other hand, in the PECVD-W, only one re-
gime can be seen. For SiH, reduction process, the
activation energies obtained from the slope of logarithm
for LPCVD (hollow circle) and
are 0.42 and 0.24 eV,

(deposition rate)
PECVD-W
respectively.

(solid circle)

Comparing the activation energies for LPCVD-W
grown with WFs~H, and WFSiHH, systems, it is
found that the activation energy of 0.42 eV for WEs—
SiH.-H. system is apparently lower than 0.73 eV for
WFs-H; system. In the case of PECVD-W, the

activation energy decreases from 0.34 to 0.24 eV with
the addition of SiH,. This means that the Si on W reacts
with WE, more actively than the atomic hydrogen, and
W deposition will occur rapidly in silane reduction proc-
ess. And the deposition rate of PECVD-W thin film is
faster than that of LPCVD. Thus, we only use the
PECVD method. In contrast with the LPCVD~-W thin
film process, the characteristics of PECVD-W thin
films strongly depend on the complicated plasma proc-
ess. It is found that the resistivity of PECVD-W is
strongly dependent on the H./WFs partial pressure ra-
tios, while the resistivity of LPCVD-W is insensitive to
the H./WF; partial pressure ratios. And several tech-
niques using various combinations of reactant systems
and/or deposition temperature have been tried to avoid
the encroachment; for example, silane reduction proc-
ess has been proposed to avoid encroachment.'”

However, the selectivity in silane reduction process
was strongly dependent on the SiH./WF partial pres-
sure ratios, and perfect prevention of the Si consump-
tion was impossible on the initial deposition stage, be-
cause high surface concentration of F could not be re-
moved until WF; interacts with SiH, and F atoms were
removed exclusively as SiF.. Thus, we were concentrat-
ed only on H; reduction process. In order to study the
effects of film stress on resistivity, rf power densities
were varied from 0.35 to 3.5W /cm?, since the stress of
thin film strongly depends on the rf power density."’
Therefore, the resistivities of PECVD-W films grown
on Si as a function of rf power density were investigat-
ed as shown in Fig. 3.

Resistivities were 10-15.Q~-cm when the rf power
density was lower than 1.7W /cm? When the rf power
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Fig. 3. Resistivities of PECVD-W on Si as a function of the
plasma power density.
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density, however, was higher than 2W /cm?, resistivities
were exponentially increased and the W films deposited
at the rf power density over 3W/em? were delaminated
by themselves just after the deposition process. This in-
dicates that the quality of PECVD-W films could be
deteriorated due to the high energetic ion bombard-
ment. Cruzan et al'"” reported that the electrical
resistivity of sputtered W thin films were strongly de-
pendent on the radiation damage, which was the origin
of the film stress at the interface of W film and sub-
strate. Therefore, the evidence for the relation between
the stress and the resistivity of W film was confirmed
with the measurement of film stress with varying the rf
power density.

Residual stress of as—deposited W film is measured
by the x-ray method as follows : the internal stress in
W film is determined by the two-exposure method'"'?
where the interplanar distance d, is determined at angu-
lar orientations, *¢, to the surface direction. The mea-
surement procedure consists of determining the d, spac-
ing parallel to the surface at ¢ = 0° and subsequently
determining dy values at ¢ rotations +10, +20, +30,
+40°, oblique to this direction. The d values are related
to the stress by the following expression :

_ de-d, E 1 . .
or=—7 = Sinz¢,,wherecu is the interpla-

nar spacing at an angle ¢ with respect to the sample
surface. E is the average Young’s modulus of W (=4.11
X 10'%dyne/cm® and v is the poisson’s ratio and the
value is 0.38. Average residual stress is measured
macroscopically by this technique. The (110) peak of
W occurring at 40.2° is found to be sharp enough for
this measurement. Thus, the stress of W film is deter-
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Fig. 4. Typical result of stress measurement of PECVD-W on
Si through X-ray diffractometer.
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Fig. 5. Stresses of PECVD-W on Si as a function of the power
density.

) dy-d, E .
mined by the slope of AT vs sin? ¢ as shown

in Fig. 4.

Fig. 5 shows the variation of stresses of PECVD-W
films on Si as a function of power density. At the power
density of 0.7 W/cm? the residual stress of W film is
about 2.4 X 10°dyne/cm?2 But when the power density is
increased over 2W /cm?, the residual stress is suddenly
increased from 8.1 X 10° to 1.24 X 10"°dyne/cm? Conse-
quently, it can be concluded that the resistivity is
deteriorated due to the ion or radical bombardment at
the high power density.

4. Conclusions

We have obtained more conductive PECVD-W thin
films with controlling the wafer temperature instead of
the hot plate temperature. And also we have studied
the stress behaviors as a function of plasma power den-
sity. At the power density under the 0.7W/cm? the
stress of W film is about 2.4 X 10°dyne/cm® But when
the power density is increased from 1.8 to 2.7W/cm?
the stress is suddenly increased from 8.1 X 10° to 1.24 X
10"dyne/cm? due to the ion or radical bombardment at
the high power density.
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