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Controlling the wafer temperatures from 200 to 500 “C at H,/WF, flow ratio equal to 24, 
low-resistive (about 11 pfi cm) tungsten thin films are deposited by plasma-enhanced 
chemical vapor deposition. The as-deposited tungsten films have ( 1 lo), (200)) and (2 11) 
oriented bee structures and Auger depth profile shows that fluorine and oxygen 
impurities are below the detection limit of Auger electron spectroscopy. 

Chemical vapor deposition (CVD) of tungsten (W) 
thin films by reduction of tungsten hexafluoride (WF,) has 
been an attractive method for the very large scale integra- 
tion (VLSI) technologies such as contact diffusion barri- 
ers, via fills, and multilevel metallizations.’ Particularly, 
pure W metal or silicides are useful for gate metallization 
and Schottky contacts with GaAs.’ In order to deposit 
these materials onto the SiO, layer or GaAs, physical va- 
por depositions (PVD) such as rf sputtering and electron 
beam evaporation have been commonly used. While such 
PVD methods are low-temperature processes, these meth- 
ods have some problems with step coverage and film qual- 
ity. More recently, the use of plasma-enhanced chemical 
vapor deposition (PECVD) looks especially attractive, as 
it can provide low-temperature processing, excellent step 
coverage, and high quality films.314 However, PECVD-W 
thin films grown with WF,-H, mixture have a disadvan- 
tage of higher resistivity than that of low-pressure CVD 
( LPCVD)-W.3” Therefore, a high-temperature rapid 
thermal annealing (RTA) process has been carried out to 
reduce the resistivity of PECVD-W. However, the RTA 
process should be limited by the GaAs substrate and the 
thermal stress of the PECVD-W thin film itself. 

Therefore, in this letter we have concentrated on the 
characterization of resistivities of PECVD-W prepared 
with WF,-HZ while the wafer temperatures are varied from 
200 to 500 “C. Recently, Schmitz et al. ’ and Colgan et aL8 
presented that in a cold wall CVD reactor the wafer tem- 
perature was dependent on many parameters such as the 
temperature of the hot plate, the composition of the gas 
mixture, the pressure of chamber, the distance wafer-hot 
plate, and the emissivity of the substrate. Therefore, the 
conventional pyrometer or thermocouple readings make 
the temperature control unstable, i.e., the pyrometer tem- 
perature reading is critically dependent on the emissivity, 
and varies with the exposed materials, wafer doping, and 
surface finish. In addition, if the signal of the thermocouple 
which is contacted with the hot plate is used for tempera- 
ture control, which may lead quite erroneous results since 
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the heat transport between the hot plate and Si wafer will 
depend on the above-mentioned parameters. In our exper- 
iment, 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 is installed into the 
small cavity (width; 1 mm, depth; 400 pm) in the moni- 
toring silicon wafer and sealed the cavity with ceramic 
bond as shown in Fig. 1. The thermocouple lines are en- 
capsulated with metal tube to get rid of rf noise and the 
metal tube is grounded. The wafer temperatures are mea- 
sured by two thermocouples which are bonded with two 
monitoring wafers, respectively. One of the thermocouples 
is used for the temperature control and the output signal of 
another one is measured by a digital voltmeter. In order to 
determine the effects of rf power and metal tube, we have 
investigated the wafer temperature with or without rf 
power and metal tube and then, there are no differences in 
the wafer temperatures. For the comparison of the prop- 
erties of LPCVD-W films, a deposition process is carried 
out under the equivalent conditions of PECVD-W except- 
ing rf plasma. Unless otherwise indicated, the deposition 
procedures of LPCVD-W are also similar with the follow- 
ing: The starting materials are phosphorus-doped (100) 
oriented silicon wafers with resistivities of 5-6 Q cm. In 
order to determine nonselective (blanket) W deposition on 
the SiO, layer, W films onto both Si and SiOZ are deposited 
with a home-made parallel-type PECVD reactor operating 
at 13.56 MHz using reactant gas mixture of WF6-Hz. The 
wafer temperatures are varied from 200 to 500 “C and the 
rf power level is 0.74 W/cm’. Clean Si surfaces are pre- 
pared by H, and Ar sputtering in the reactor. Partial pres- 
sure of WF, is fixed at 2 X 10 - ’ Torr and partial pressure 
of H, is fixed at 4.8 X 10 - ’ Torr (H,/WF, flow ratio equal 
to 24). We have selected the H,/WF, flow ratio to enhance 
that the reduction of WF, is rate limited by the partial 
pressure of hydrogen, i.e., if H,/WF, flow ratio is smaller 
than the stoichiometric ratio which is known as 3, the 
deposition rate of LPCVD-W films is relatively controlled 
by the silicon reduction process. In this silicon reduction 
case, tungsten subfluorides which are produced by the in- 
complete reduction of WF, are polymerized at the surface 
and block the reaction of WF, and Si surface.’ This may 
lead the small grain growth. In addition to this fact, if WF6 
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FIG. 1. Schematic diagram of experimental apparatus for the measure- 
ment of wafer temperature in a cold wall PECVD reactor. 

reacts with the native oxide on Si surface, W03 is formed. 
Therefore, the resistivities of LPCVD-W films are in- 
creased as high as 150 $I cm due to the above-mentioned 
reasons. Total pressure of the reactor is adjusted to main- 
tain 5 x lo- ’ Torr using the feedback control system of 
capacitance manometer (MKS 390H) and the throttle 
valve. Thickness, resistivity, compositional analysis, crystal 
structure, and surface morphology of as-grown W films are 
measured by beta ray backscattering method, four-point 
resistivity probe, Auger electron spectroscopy, x-ray dif- 
fraction, and scanning electron microscopy, respectively. 
As a result, it is found that the resistivity of PECVD-W is 
as low as the value of LPCVD-W (about 10 ,uQ cm) at the 
comparable thicknesses of 500-800 nm. To the authors’ 
knowledge, this is a lower resistivity obtained by plasma 
deposition without heat treatment. 

Figure 2 shows the resistivities of PECVD and 
LPCVD-W thin films of comparable thickness (500-800 
nm). Resistivities of PECVD-W films are clearly reduced 
from 70 to 19 $I cm (60 to 11 pfi cm in LPCVD-W) at 
250 “C and these values are further reduced to 11 PQ cm 
upon higher temperatures of 300-450 “C, which is similar 
with the results of LPCVD-W, In order to determine 
whether the deposition conditions are consistent with the 
range of the rate-limiting reaction mechanism of the hy- 
drogen reduction process, the deposition rates of PECVD 
and LPCVD-W films are examined as a function of the 
wafer temperatures varying from 200 to 500 “C. As a re- 
sult, Arrhenius plots give good evidence for the consistent 
rate-limiting reaction mechanism because an activation en- 
ergy for LPCVD-W under the equivalent conditions of 
PECVD is 0.72 eV, which is in close agreement with the 

FIG. 2. Wafer temperature 
dependence of resistivity for 
PECVD and LPCVD- 
tungsten thin films. 
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previously reported value of 0.71 eV.‘* Further experi- 
ments are performed to examine the activation energy of 
PECVD-W under the same deposition conditions. The ac- 
tivation energy of PECVD-W, which is calculated from the 
Arrhenius plot, is 0.34 eV. In addition, a pressure depen- 
dence of the PECVD and LPCVD tungsten deposition rate 
is also examined with the variations of total pressure from 
0.1 to 0.8 Torr while the WF&Hz flow ratio is held con- 
stant. This dependence shows that the deposition rate has 
a square root dependence on the total pressure. Therefore, 
in the rate-controlling regime the deposition rate of 
PECVD-W is faster than that of LPCVD-W and resistiv- 
ities of PECVD-W are as low as the values of LPCVD-W. 
Tang and Hess315 reported that PECVD was performed 
using WF, and Hz in a parallel-plate reactor operating at 
4.5 MHz (the pressure was 0.2 Torr, the electrode temper- 
ature was 350 “C, the H2/WF, ratio was 3, and the power 
level was 0.12 W,‘cm2). Under these conditions, as- 
deposited resistivitie; of the PECVD-W were 48 pcLs;1 cm. 
Wong and Saraswat’ also represented the high resistivity 
(50-80 pti cm) of the as-deposited film. They suggested 
high-temperature annealing process for further reduction 
in the resistivity of PECVD-W. According to the work of 
Greene et aL4 although PECVD-W films had resistivities 
lower than those of LPCVD-W at H,/WF, flow ratios 
smaller than or equal to 3, the 20 $I cm a phase 
PECVD-W tilm, which was still higher than the resistivity 
of LPCVD-W ( 11 PR cm), was grown at a H2/WF, flow 
ratio equal to 10 and a deposition temperature of 350 “C, 
then, they did not measure the wafer temperature but the 
electrode temperature. However, Greene et al. indicated 
interesting facts that the plasma environment created a 
nonequilibrium surface condition, which in effect was sim- 
ilar to an increase in the effective surface temperature; en- 
hanced grain growth. thus occurred. Therefore, considering 
the effects of plasma-surface interactions such as the en- 
hancement of tungsten subfluoride and hydrogen atom or 
enhanced removal of fluorine from surface via ion bom- 
bardment, the preparation of the PECVD-W films which 
have resistivities as 1.0~ as or lower than the resistivities of 
LPCVD films deposited in the rate-limiting regime of hy- 
drogen reduction process is expected. In this work, it is 
confirmed to obtain low-resistive tungsten films (about 11 
$I cm) by controlling the actual deposition temperatures 
in the plasma deposition process. In addition to low resis- 
tivity, the x-ray dirTraction patterns (Fig. 3) show that 
only a phases are present in the PECVD-W thin films 
deposited at 300-45O“C. The relative intensities of the 
(110) and (200) a peaks are larger than the (211) a peak 
because the films have preferred orientations. For the con- 
sistent analysis of tungsten films, Auger depth profiles are 
observed. Figure 4 shows that concentrations of impurities 
such as oxygen and fluorine are below the detection limit of 
Auger electron spec:troscopy. This result is well consistent 
with the data of resstivity and crystal structure. Saraswat 
obtained a phase PECVD-W at 300 “C, but it was highly 
resistive due to the presence of very small crystal grains in 
the film. Greene et a1.4 also reported an a-W phase occur- 
ring concurrently with large (about 200 nm) grains and 

Kim et al. 838 

Downloaded 16 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



20 40 60 80 

Diffraction angle (20) 

FIG. 3. X-ray diffraction patterns for PECVD-tungsten thin films depos- 
ited at (a) 25O’C, (b) 3OO’C, (c) 49O’C. 

low (about 20 pfi cm) resistivity, while the a-W phase is 
observed with small (about 50 nm) grains and high (lOO- 
200 pFtR cm) resistivity. Therefore, in order to confirm the 
grain size dependence on resistivity, grain sizes of 
PECVD-W films are analyzed with x-ray peaks and surface 
morphologies of PECVD-W film are studied with a scan- 
ning electron micrograph. Average grain size is 0.2 pm at 
250 “C, which seems to be larger than the results of Hess5 
and Wong and Saraswat. In our results, the average grain 
size increases with the increase of deposition temperature 
as shown in Fig. 5. Generally, it is mentioned that the 
larger the grain size the rougher the deposited layers, but 
the mean value of the maximum peak-to-valley height of 
the profile in sampling length indicates that PECVD-W 
has smooth surface (0.28 ,um, which is compared to 0.62 
pm in LPCVD-W). 
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FIG. 4. Auger in-depth profile of PECVD-tungsten thin film. In the inset: 
Auger electron intensity of as-deposited PECVD-tungsten thin film as a 
function of kinetic energy. 

FIG. 5. Scanning electron micrographs for PECVD-tungsten thin films 
deposited at (a) 25O”C, (b) 300°C (c) 4OO”C, (d) 490°C. 

In summary, we have obtained more conductive 
PECVD-W thin films with controlling not hot-plate (lower 
electrode) temperature but wafer temperature. The as- 
deposited resistivities of PECVD-W are about 11 ,& cm 
and all the samples deposited at 30040 “C have relatively 
large grain size about 0.2 pm, which is bee structure ori- 
ented ( 110) and (200). Auger depth profile indicates con- 
centrations of impurities such as oxygen and fluorine in the 
films are below the detection limit. 
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