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ABSTRACT. Tungsten thin film was deposited on p-(100) silicon substrate by using the LPCVD(low
pressure chemical vapor deposition) technique. WFs was used as a source gas for tungsten and SiH,
was used as a reducing gas for WFs. Tungsten thin film was deposited by either SiH, or Si substrate
reduction of WFs under cold-wall condition and it was deposited by SiH, reduction of WFs under hot-wall
condition. The crystal structure of deposited thin film under both conditions were identified to be bcc
(body centered cubic). The physical and electrical properties of deposited thin films were investigated.
The deposited film under hot-wall condition changed to WSi; film by the annealing under 800T . From
the experimental results and theoretical considerations, the change of the crystal structure of the thin
film by annealing was discussed. WSi, thin film, which was known to have good compatibility with Si
substrate, could be produced under hot-wall condition although the film properties were superior under
cold-wall condition.

INTRODUCTION )
the source voltage constant, so the high power ele-
Electrical resistivity in interconnect lines and ctrical density causes electromigration of intercon-
contact resistance increase as the VLSI system de- nect lines and contact parts’. In aluminum, a soft
velops to the more complicated level in which mi- material, the migration of atoms induced by such
nute size and high quality are required in semico- electromigration effects can produce “holes” in
nductor devices. In spite of the small device size, thin film, sometimes even leading to disconnection
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of the interconnect line?%. Thus low electrical resi-
stivity as well as hardness are required for new
materials to replace aluminum. Refractory metals,
such as tungsten and molybdenum, and their sili-
cides, such as WSi, and MoSi, have been regarded
as good candidates to replace aluminum®>. Among
these materials, tungsten is of particular interest
because it has a similar thermal expansion coeffi-
cient with silicon®. Moreover, it is known to have
deposition selectivity, that is, it is deposited only
on silicon surface’. So it has the cutoff advantage
of the masking step in semiconductor processes.

There are many well-known thin film deposition
techniques for use in semiconductor processes that
include vacuum evaporation, ion sputtering, and
chemical vapor deposition’. Among these techni-
ques, LPCVD (low pressure chemical vapor depo-
sition) method has many advantages and has been
widely used in semiconductor processes®®. LPCVD
method utilizes the reaction between gas reactants
and solid surface, which eventually leads to the
formation of thin films on solid substrate. In tung-
sten LPCVD WF; is usually used as a tungsten
source gas® for its usefulness, while, SiH,, with
the advantage of compatibility with silicon subst-
rate, and H, are used as reducing gases''2,

In this work, in order to obtain the desired low
electrical resistivity and good compatibility, we
used SiH, as a reducing gas and deposited tungs-
ten thin film on silicon substrate with or without
using reducing gas in LPCVD system. The physical
and electrical properties were investigated and di-
scussed. The deposition reaction was carried out
using both hot-wall reactors to determine the ef-
fect of reactor design. The fundamental deposition
mechanism and the effect of annealing were also
discussed.

EXPERIMENTAL

The LPCVD system of cold-wall type is shown
in Fig. 1. The reactor wall was water-cooled. The
hot-wall reactor was made by setting 17 cm(W)X
17 em(L)X26 cm(H) of stainless steel shroud
around the heater. The temperature of the resista-
nce heater was uniformally controlled during the

Fig. 1. Schematic diagram of LPCVD system. 1: Mass
flow controller, 2: Pressure gauge, 3: Monochromator,
4: Photo diode, 5: Sapphire window, 6: He-Ne Laser,
7: Reactor, 8: Heater, 9: Thermocouple, 10: Substrate
(Si wafer), 11: Pump.

Table 1. Experimental conditions in LPCVD reac-
tions

Flow rate Reaction Pressure Reaction

Case (sccm) temp.(C) (mTorr) time (min.)
WF;s only WF; (36) 450 150 30
WFs+SiH, WFs (36) 450 250 30

SiH, (18)

reaction using the front side K type thermocouple
(Chromel-Alumel) and a temperature controller
(Omega 4001KC). WF; (99.99%, Takachiho) and
SiH, (99.999%, Takachiho) were used without fur-
ther purification. Flow rates of WF;s and SiH,; were
controlled by MFC (mass flow controller, Edward
model 1605). Reactant gases were introduced th-
rough different inlet ports and mixed only on sub-
strate. The total pressure in the reactor was main-
tained constant by using the adjustable outlet va-
lve.

A 100-mm diameter P-(100) Si wafer was used,
following pretreatment with 10% HF buffer solu-
tion for 1 min., then drying with nitrogen gas. Film
surface and cross sections were examined by SEM
(scanning electron microscope, Jeol JSM 840). Co-
mposition of the film was determined by AES (Au-
ger electron spectroscope, Perkin-Elmer PHI 610).
Crystal structure was deduced from XRD (X-ray
diffraction, Jeol DX-GD-2) and SAED (selected
area electron diffraction) patterns from TEM. Film
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thickness and electrical resistivity were respecti-
vely measured by Dektak and four point probe.
Film stress was measured by Stress measurement
system (Tencor FLX 2320).

We deposited tungsten thin films using different
gas conditions (WFs only or WFg+ SiH, mixture)as
listed in Table 1. In WF¢+SiH; mixture run the
mole ratio of WFs/SiH; was set to 2. Annealing
was carried out at 800C for 30 min, under vacuum
condition.

RESULTS AND DISCUSSION

Under the cold-wall reactor condition, tungsten
thin films were deposited via reduction of WFg
by Si substrate or SiH, because the decomposition
of WF; in gas phase was thermodynamically impo-
ssible below 2500K, WFg, — WFsy+Fy,: AH°=
135 kcal/mol®, In SiH, reduction of WF,, we deter-
mined the crystal structure of tungsten thin film
by using SAED and XRD techniques. SAED patte-
rns are shown in Fig 2. where the first, second,
third rings are calculated to correspond to W(110),
W(200) and W(211) planes, respectively. Fig.3(a)
shows the X-ray diffraction spectrum showing a
strong intensity at W(110), and weak intensities
at W(200) and W(211) positions. The above SAED
pattern and XRD spectrum indicate that the depo-
sited film is mostly constituted by a-W which has
bee (body centered cubic) structure™. Even in the

Fig. 2. (a) TEM micrograph of cross sectional area
for the site of SAED analysis. (b) SAED pattern. The
first, second, and third rings show W(110), W(200),
and W(211) planes, respectively.
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case of Si substrate reduction of WF,; the XRD
pattern (Fig. 3(c)) shows the W(110) peak. After
800C annealing, the crystal structure of the film
was also investigated. The XRD spectrum is shown
in Fig. 3(b), indicating no structural change upon
annealing.

Table 2 lists the growth rate and roughness of
tungsten films under different conditions. Surface
roughness had been reported to be related to the

w(110)
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Si400)
w(200) \Q‘-’{
{b)
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©
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Fig. 3. X-ray diffraction spectra of tungsten film sur-
face for (a) SiH; reduction of WFs, cold-wall reaction,
(b) SiH, reduction of WFs, cold-wall reaction followed
by annealing at 800, (c) Si reduction of WFs cold-
wall reaction, (d) SiH, reduction of WFs hot-wall reac-
tion, (e) SiH; reduction of WFg, hot-wall reaction fol-
lowed by annealing at 800C.

Table 2. Growth rates and roughness under different
conditions

Reaction conditions Growth rates  Roughness
(A/min)) (arb. unit)
Hot-wall ~3,000 600
Cold-wall SiH, reduction ~300 30
Si reduction ~5 10

(self-limited at ~300
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Si reduction of WF, cold-wall reaction, (b) SiH, reduction

Fig. 4. SEM micrographs of thin film surface for (a)
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of WFs, cold-wall reaction, (¢) SiH; reduction of WFs; hot-wall reaction.

Table 3. Electrical resistivity under different condi-
tions

Reaction conditions p (uf2-cm)
Cold-wall as-deposited Si reduction 14.5
SiHy reduction 15
800C annealed  Si reduction 13

SiHy reduction 13

Hot-wall  as-deposited 132

800 annealed 115

grain size'®. Tungsten films by SiH; reduction had
a rougher surface than those from Si substrate
reduction, which may be caused by the increase-
ment of the grain size as shown in Fig.4(b). In
the case of SiH, reduction the growth rate was
~300 A/min. Table 3 shows the electrical resisti-
vity values which are similar (about 15 u£2-cm)
in any cold-wall case. These values are different
from that of bulk tungsten the difference being
partly due to matrix effect, which are caused by
the disconnection of tungsten grains as shown in
Fig. 4, and partly due to grain boundary scattering
of charge carriers as Sivaram’s report’. Table 3
also shows that the electrical resistivity value
(~13 p2-cm) of the annealed film is slightly lower
than that (~15 uf2-cm) of the as-deposited onel”,
which indicates the enhancement of the film pro-
perty by annealing.

Fig. 4(a) shows the surface SEM micrograph in
the case of Si substrate reduction of WF,. Grains

-—
- F
-—
-

et
t

Auger Signal (arb. units)

% o0 e P 1030
Electron Energy . ¢V

Fig. 5. Auger spectra of the deposited tungsten film
from SiH, reduction of WFs and cold-wall reaction:
(2) thin film surface, (b) after 1 min. sputtering, (c)
after 10 min. sputtering, (d) after 40 min. sputtering,
(e) after 50 min. sputtering, (f) after 60 min. sputte-
ring.
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Fig. 6. Cross sectional X-ray mapping image of the tungsten film (a) as-deposited, (b) annealed at 800 . Dotted

areas show the cross section of tungsten film.

and pores are seen on the film surface. It is belie-
ved that the appearance of porosity and grains is
partly due to the coalescence of tungsten nuclei.
In the case of SiH, reduction of WF; the surface
SEM micrograph shows very compact grains deve-
loped on the film surface as shown in Fig. 4(b).
Fig.5 shows the AES depth profile of the film,
which reveals that the density of the incorporated
tungsten increase as the film grows in thickness.
This result is also supported by the result of the
cross sectional X-ray mapping of the film as shown
in Fig.6(a). The X-ray mapping was carried out
by selecting only the tungsten L line to determine
the relative tungsten concentration. We could also
observe a more even distribution of tungsten con-
centration in the cross section of the annealed film
than that of the as-dposited one (Fig. 6(a) and (b))
although the structure change did not occur by
annealing. These results reveal that tungsten
grains in the film were so tightly bound with each
other, presumably as the island form, that could
not be seperated by 800C annealing. Tungsten
island, which has bcc structure, instead of tungsten
atom may be shifted in the film by annealing. The-
refore the number of chances for the reaction bet-
ween W atom and Si atom, which is known to
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be reacted at 600~700T 5, is few, and consequen-
tly the WSi, crystal structure can not be shown
by 800T annealing.

Under the hot-wall reactor condition, tungsten
thin film was deposited by SiH, reduction of WFes.
The film growth is estimated to be about 3000
A/min. as shown in Table 1. This value is much
larger than that of cold-wall case, by almost an
order of magnitude.

Fig. 3(d) and (e) show the XRD spectra of the
as-deposited and 800C annealed films in hot-wall
reactor. The XRD spectrum for the annealed film
shows a strong intensity at WSiy(002) and weak
intensities at Si(200), W(110) positions. This result
reveals the occurrence of chemical reaction bet-
ween W and Si to form WSi,, which is known to
have better compatibility than tungsten!. We ex-
pect that in the hot-wall reactor thin film tends
to have voids and clusters, which are constituted
by loosely bound W atoms, resulting from gas
phase homogeneous reaction. The loosely bound
W atoms are expected to move around rather
freely during annealing and Si atoms also undergo
significant bulk diffusion because of the void stru-
cture. Therefore W atoms may have a chance to
meet Si atoms. Finally, they can form WSi,.



478

Auger Signal (arb. units)

I
i

430 630
Electron Energy , eV

1030

Fig. 7. Auger spectra of the deposited tungsten film
from SiH; reduction of WFs and hot-wall reaction:
(a) thin film surface, (b) after 5 min. sputtering, (c)
after 10 min. sputtering, (d) after 20 min. sputtering,
(e) after 30 min. sputtering.

The stress of as-deposited film and annealed
film under cold-wall condition were measured as
17X10° dyne/cm? and 12.5X 10° dyne/cm?, respec-
tively. However, under hot-wall condition, they
were obtained as 31X10° dyne/cm® and 5X10°
dyne/cm?, respectively. Stress is a barometer of
compatibility. Therefore, this results reveal that
the compatibility is much enhanced by annealing
under hot-wall condition because of the formation
of WSlg

In order to analyze the composition of the hot-
wall film, AES surveying was carried out. As
shown in Fig.5 and 7, the film from the hot-wall

&

&

reaction has higher oxygen and silicon contents
than that from cold-wall reaction. The film surface
from hot-wall reaction (Fig.4(c)) is found to be
much rougher than that from cold-wall reaction
as listed in Table 2. The electrical resistivity va-
lues of hot-wall films are also much higher than
those of cold-wall films whether annealed or not
(Table 3). Therefore we can conclude that hot-wall
film has coarse structure and worse properties,
which may be due to the contamination of silicon,
oxygen or other impurity and surface roughness.

CONCLUSIONS

Tungsten thin film was deposited in LPCVD sy-
stem using both cold-wall and hot-wall reactors.
In both cases the structure of the deposited film
can be understood to be a a-W which has a bce
structure. After 800C annealing, the crystal struc-
ture of the film in cold-wall reactor would not
be changed, however, that of hot-wall reactor cha-
nged into WSi,. It turned out that the film proper-
ties of cold-wall reactor is better than those of
hot-wall reactor.
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