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Tungsten carbide (WCx) thin films were prepared by plasma-assisted atomic layer deposition �ALD� using bis�tert-
butylimido�bis�dimethylamido�tungsten at 250°C. The effects of plasma pulse time, radio frequency power, and the N2 /H2 ratio
on the film properties, such as resistivity, surface roughness, step coverage, and stability in air, were examined. The film growth
rate �thickness/cycle� was in the range 0.04-0.07 nm/cycle and the resistivity of the films varied from 295 to 22,000 �� cm,
depending on the plasma conditions. The films were smooth and the conformality of the films deposited in 0.15 �m holes with an
aspect ratio of 15:1 was 100%.
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The technical demands of faster and smaller integrated circuit
�IC� devices have led to a drive to replace aluminum �Al� and Al
alloys used in interconnects with copper �Cu�.1-2 However, Cu dif-
fuses into silicon �Si� and silicon dioxide (SiO2) readily and thus a
stable barrier against diffusion of Cu is essential to avoid failure of
the devices.

Various deposition techniques, physical vapor deposition �PVD�
and chemical vapor deposition �CVD�, are available for the forma-
tion of Cu barrier materials.3 In spite of the advantage of easy con-
trolability of film composition with PVD techniques, deposition of
the conformal films needed for diffusion barriers is becoming ex-
tremely difficult using PVD techniques due to their inherent line-of-
sight nature.3 As a possible replacement for PVD techniques, CVD
processes have been investigated for the formation of the diffusion
barrier because of their better conformality in high-aspect-ratio
vias.4 Unfortunately, traditional CVD does not always yield the con-
formality required for the fabrication of advanced IC devices.5

Therefore, a specially modified CVD, called atomic layer deposition
�ALD�, also known as alternating layer deposition or atomic layer
epitaxy �ALE�, has recently received great attention as a promising
deposition technique for the barriers.6-8 Due to the self-limited reac-
tion nature on the surface of ALD processes, it is possible to control
film thickness very accurately and also achieve excellent film uni-
formity and conformality over large areas. In addition, ALD allows
lower deposition temperatures compared to those used in CVD due
to more reactive precursors being used because potential side reac-
tions in the gas phase are prevented in ALD.9

Tungsten carbides (WCx), nitrides (WNx), and tungsten carbo-
nitrides (WCxNy) have been demonstrated to be suitable barrier ma-
terials against copper diffusion.10-19 However, in the literature there
are no reports on WCx ALD, in spite of a great amount of research
interest in WCx . In this work we report plasma-assisted metallor-
ganic ALD �MOALD� of WCx for the first time using a new precur-
sor, bis�tert-butylimido�bis�dimethylamido�tungsten �TBIDMW�,
and the effects of plasma variables on the film properties.

Experimental

WCx films were prepared on Si substrates covered by SiO2 �300
nm� in a vertical flow reactor using TBIDMW as a precursor, which
is a yellow air-sensitive liquid at room temperature. The films were

deposited at temperatures of 225-325°C. The precursor was intro-
duced to the reactor from a container held at 30 � 1°C by bubbling
helium �He� at a flow rate of 140 sccm. One deposition cycle con-
sisted of exposure to the precursor, argon �Ar� purge, plasma expo-
sure, and another Ar purge. Throughout this work, the pulse length
of TBIDMW and the following Ar purge �300 sccm� time were fixed
at 5 and 35 s, respectively. A capacitive coupled radio frequency
�RF� plasma �13.56 MHz� generator was used to produce 50-250 W
power, plasma duration time was varied from 10 to 60 s, and plasma
gas composition was either 100% H2 , 50% H2/50% N2 , or 100%
N2 . The impurity levels in the films were estimated using Auger
electron spectroscopy �AES� and resistivities were determined from
the product of the sheet resistance measured using a four-point
probe and the film thickness. The thicknesses of the samples were
determined using X-ray reflection �XRR�. Because the resistivity of
metallorganic-based nitrides is known to increase upon air exposure,
the sheet resistance of the films was measured within 5 min of
unloading the samples from the reactor.16,17 Surface roughness, mor-
phology, step coverage, and crystallinity were analyzed using atomic
force spectroscopy �AFM�, scanning electron microscopy �SEM�,
and X-ray diffraction �XRD�.

Results

Film growth rate.—The effects of plasma pulse time, power, and
the N2 /H2 ratio on the growth rate of WCx films were investigated
at 250°C. The cycle for the precursor pulse and plasma exposure
was set to 5 and 10 s, and purging time between the pulses was 35
s. Using identical conditions to the plasma reaction but replacing the
hydrogen plasma with ammonia gas (NH3), no appreciable film
growth rate was seen below 300°C. The temperature of 250°C was
selected to ensure the absence of any significant decomposition of
the precursor, based on the experimental results on film growth rate
vs. deposition temperature as shown in Fig. 1. The growth rate is
almost independent of growth temperature in the range 200-300°C.
In addition, a 5 s TBIDMW pulse was selected for this work to
supply an abundant dose of TBIDMW, although a 4 s precursor
pulse was enough to achieve saturation. No marked increase in
growth rate was observed with pulse lengths greater than 4 s. The
purging time of 35 s after both the precursor pulse and plasma
exposure was also sufficient to remove excess reactants and by-
products from the reactor.

A typical feature of ALD processes is the linear relationship of
film thickness to the number of cycles. As can be seen in Fig. 2, it
was quite linear, suggesting the conditions investigated resulted in
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ALD-type growth. The film growth rate was estimated to be about
0.046 � 0.002 nm/cycle.

Figure 3 shows the effect of plasma pulse time on the film
growth rate. The plasma exposure time was varied from 10 to 60 s
using a 250 W hydrogen plasma. Although saturation of film growth
rate was expected at least in a region of short pulse time, extending
the length of the plasma pulse resulted in increased film growth rate.
The film growth rate was nearly constant with increasing plasma
power �Fig. 4�.

Figure 5 shows the effect of plasma composition on film growth
rate. The percentage of H2 was set to 0, 50, and 100% at the fixed
conditions of 5 s TBIDMW pulse, 10 s plasma pulse, 250 W plasma
power, and 35 s Ar purge. The growth rate of the films decreased
with increasing H2 percentage. The growth rate under nitrogen
plasma was �25% higher than that under hydrogen plasma.

Resistivity, film composition, and film stability in air.—Figures 3
and 4 show the effects of plasma exposure time and power on the
resistivities of the films. Unlike the film growth rate, a decrease in
the resistivity of the films can be clearly seen with increasing plasma
pulse time �Fig. 3�. The lowest resistivity value was �295 �� cm
for an �14 nm thick film prepared with 60 s plasma pulse. Higher
plasma power also yielded films of lower resistivity. As the plasma
power was increased from 50 to 200 W, resistivity of the films
decreased from 900 to 450 �� cm. However, there was no notice-
able further decrease with plasma power above 200 W �Fig. 4�.

Figure 5 shows the effect of plasma gas composition on resistivity.
Higher H2 percentages in the plasma yielded films of much lower
resistivity. Although the growth rate differed only within 50% in
these experiments, the resistivity of the films ranged over two orders
of magnitude, 470 and 22,400 �� cm under H2 and N2 plasma,
respectively.

To investigate the effects of plasma variable on film composition,
AES analysis was conducted and the results are summarized in
Table I. The concentrations of the tungsten, carbon, nitrogen, and
oxygen in the PAALD films were in the range 54-63%, 28-42%,
2-7%, and 1-6%, respectively. The PAALD films are tungsten car-
bide rather than the tungsten nitride that we expected to result from
these depositions, based on results from analogous TaN and TiN
experiments.7,20 The high carbon incorporation seen by composi-
tional AES analysis suggests that use of plasma leads to decompo-
sition of the ligands rather than their displacement. The oxygen in
the bulk of the films is believed to originate from air exposure,
because the precursor does not contain oxygen in its structure. This
diffusion of oxygen into MO-based ALD metal nitride films upon air
exposure is well known.7,21,22

The results of compositional analysis showed a decrease in car-
bon content with longer H2 plasma exposure time. Also, the carbon
concentration was reduced from �42 to �28% by decreasing the
power to 50 from 250 W, along with an increase in nitrogen levels
from �2.5 to 7%. For the case of nitrogen plasma, the films re-
vealed an increase of nitrogen content from �5 to 6% along with
lower carbon levels compared to the films made with a hydrogen

Figure 1. Film thickness as a function of deposition temperature: Tdep

� 250°C, plasma gas H2 , plasma pulse time 10 s.

Figure 2. Film thickness as a function of number of cycles.

Figure 3. The effect of plasma treatment on film growth rate and resistivity:
Tdep � 250°C, plasma gas H2 , plasma power 250 W.

Figure 4. The effect of plasma power on film growth rate and resistivity:
Tdep � 250°C, plasma gas H2 , plasma pulse time 10 s.
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plasma, as well as significant increase in film resistivity, as de-
scribed earlier.

For comparison, AES analysis was also conducted with the
sample deposited at 250°C at the same conditions except replacing
the H2 plasma exposure step with a NH3 pulse. The thermal ALD
film contains a much lower content of carbon, �3%, compared to
those of PAALD films, ��42%, as shown in Fig. 6, indicating a
tungsten nitride film. Consequently, the predominant deposition
mechanisms for the thermal and plasma TBIDMW-based ALD are
different.

Because there are many reports on an aging of the metallorganic-
based TiN and TaN in the air, the change of resistivities was evalu-
ated with the WC�N� films deposited by thermal and plasma
ALD.7,21,22 Figure 7 shows the stability of the typical sample in air.
The resistivity of the films grown under plasma ALD increases
about 2-11% after 24 h in air, and the films deposited at higher
power or with longer plasma exposure reveal better stability in air.
For example, resistivitiy increased �11% for the films deposited
with 50 W power but only �3% with 250 W. Also, resistivity in-
creased �7% for the films deposited with nitrogen but only �3%
with hydrogen as a plasma gas. However, there was a 50% increase
in resistivity in the case of thermal ALD films seen after 24 h air
exposure. As was shown in Table I, oxygen content in the film was
1-6% for PAALD films and �27% for thermal ALD films. It is well
known that oxygen incorporation in MO-based metal nitride films
upon air exposure is due to the low density of deposits. Therefore it
is thought that higher density films were prepared by PAALD com-
pared with thermal ALD based on AES analysis and aging analysis
of the films.

Crystallinity, surface roughness, and step coverage.—Figure 8
shows the XRD patterns of selected samples deposited under vari-
ous conditions. Although peak assignments were not possible due to
low signal-to-noise ratio, it can be seen that the films grown with
relatively high power and longer hydrogen plasma exposure time are
more crystalline. However, no peaks were evident in the spectra of
the films grown by thermal ALD. Also, unlike the cases using hy-

drogen plasma, there were no distinct peaks representing a crystal
phase in the films deposited using nitrogen plasma. From the com-
positional and structural analysis it may be deduced that the cause of
the significant difference in the resistivities of the films prepared by
hydrogen and nitrogen plasmas is caused mainly by structural
changes of the films.

AFM was used to evaluate the surface roughness of the films.
There were no distinguishable effects of plasma power on surface
roughness. The root-mean-square �rms� roughness of the films de-
posited at 50, 125, and 250 W for 10 s hydrogen plasma exposure
was 0.402 � 0.03, 0.44 � 0.03, and 0.413 � 0.03 nm, respec-
tively. This is an interesting result because the roughness did not
change with the increase in plasma power, although the crystallinity
increased with the power. However, long plasma exposure was seen

Figure 5. The effect of plasma gas composition on film growth rate and
resistivity: Tdep � 250°C, plasma power 250 W, plasma pulse time 10 s.

Figure 6. AES depth profile: �a� with NH3 , Tdep � 300°C; �b� with H2

plasma, Tdep � 250°C.

Table I. Chemical compositions of the PEALD WCx films „from AES depth analysis….
Deposition conditions Composition �atom %�

Gas
Power
�W�

Exposure
�s� Tungsten Nitrogen Carbon Oxygen

H2 plasma 250 10 54 (�6) 2.5 (�0.5) 42 (�5) 1.5 (�0.5)
H2 plasma 250 60 63 (�4) 3 (�1) 33 (�3) 1 (�0.5)
H2 plasma 50 10 59 (�4) 7 (�3) 28 (�1) 6 (�2)
N2 plasma 250 10 55 (�5) 6 (�1) 36 (�5) 2 (�1)
NH3 �thermal� - 10 �58 �22 �3 �27
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to roughen the surface. The rms roughness of the films deposited
with 30 and 60 s of hydrogen plasma exposure were 0.658 � 0.03
and 0.828 � 0.04 nm, respectively. The increased roughness with
longer pulse time of hydrogen plasma may be attributed in part to
increased crystallinity, as shown in Fig. 8. Use of nitrogen as a

plasma gas also results in a rougher surface, 0.51 � 0.03 nm, but
using ammonia as a reducing agent results in a smooth surface,
0.357 � 0.02 nm.

Step coverage was examined by SEM with a sample of 22 nm
thick WCx film deposited on contact holes of 0.15 �m with an
aspect ratio of 15:1. As shown in Fig. 9, the PEALD film shows
excellent step coverage. There were no measurable thickness varia-
tions between the bottom, sidewalls of the holes, and the field sur-
face of the substrate. The excellent step coverage of the WCx films
is evidence that the experiments reported in this work indeed belong
to the ALD regime.

Discussion

The linearity of the film thickness vs. number of cycles and
�100% step coverage support the belief that the conditions inves-
tigated in this work are in the ALD mode, as intended �Fig. 2 and 9�.
The roles of the plasma in a deposition system can be categorized
into three modes, physical, chemical, and physicochemical. Al-
though these three modes of the role of plasma generally occur
simultaneously in the PAALD system, one or two modes predomi-
nantly act in the formation of the films depending on the process
conditions. In the case of an inert gas-based plasma system, physical
effects are overwhelming in a PAALD process, because the radicals
of the nonreactive gases would not have any chemical reactivity
with adsorbed precursors on the surface of the substrates. Conse-
quently, the use of inert gases for plasma results in sputtering, im-
plantation, and densification of the films formed already as well as
cracking the adsorbed precursor through bombardment of the radi-
cals. In addition to these physical effects, effects of chemical and
physicochemical nature are seen when using reactive gases �for ex-
ample, hydrogen� as plasma gases, as in this work. Here, chemical
role means direct chemical reactions between the activated species
with the adsorbed precursors to form films. The physicochemical
role represents the conversion of hydrocarbons in the films into
volatile C-H compounds. The activated hydrogen in the plasma
plays a role as not only a reactant for the formation of the films, but
also in removing C-H species in the films already formed in the
previous cycle. The incorporation of hydrocarbons in many nitrides
prepared using MO precursors is well known.7,23

Figures 3 and 4 show the effect of pulse time and power of
hydrogen plasma on the film growth rates. The growth rate was
observed to slightly increase with increasing plasma exposure time,
while no significant changes were seen with increasing plasma
power. As described before, if the physical and/or physicochemical
roles of the hydrogen plasma are dominant, the growth rate de-
creases with either increasing plasma pulse time or increasing

Figure 7. Sheet resistance of the WC films prepared with �a� NH3 and �b�
H2 plasma as a function of air exposure time.

Figure 8. XRD patterns of the WCx films deposited at various conditions.

Figure 9. A cross-sectional SEM micrograph of 22 nm thick WCx film
grown using H2 plasma of 250 W for 10 s exposure at 250°C.
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plasma power. For example, Park et al. recently reported results on
a PAALD TaNx system of tertbutylimidotris-�diethylamido�-
tantalum �TBTDET� using hydrogen plasma.7 TBTDET is structur-
ally and chemically very similar to TBIDMW, which was used for
the WCx films in this work. With increasing plasma pulse length,
they observed an increase in the growth rate of TaNx up to a 10 s
plasma pulse, then a decrease of the growth rate with higher plasma
exposure times. They observed no change in film composition with
increasing plasma pulse time, only increased density. This may in-
dicate that the reactions to form TaNx in their system are quickly
terminated, and thus the hydrogen plasma does not act as a chemical
reactant after 10 s.

In contrast, we observed a compositional change of the WCx
films with varying plasma pulse time. This change of film compo-
sition suggests that the effect of physical bombardment of the hy-
drogen plasma on the PAALD WCx growth process here is not as
great as in the case of TBTDET-based TaNx PAALD system.

From the results of this work and that of Park et al., it may be
seen that the reaction rate of WCx formation is slow relative to TaNx
under the conditions investigated. This results in the increase in film
growth rate with increasing plasma exposure time that we observed.
We postulate that the chemical effect is more important than physi-
cal and physicochemical effects in the hydrogen-plasma-based WCx
PAALD process.

Increase of carbon concentration in the WCx films resulted from
increasing plasma power. One may presume that the physical bom-
bardment leads to greater carbon incorporation. However, there
seem to be other reasons for this phenomenon, because no signifi-
cant change in the growth rate was observed with increasing plasma
power. If high power helps to form WCx more effectively, then the
growth rate should increase. In addition, higher carbon levels in the
films deposited with hydrogen plasma are observed relative to those
deposited with nitrogen plasma, while use of nitrogen plasma gives
an increase in the growth rate. Increased incorporation of nitrogen
may partially contribute to the observed higher growth rate with
nitrogen plasma. However, causes of high carbon content with the
hydrogen plasma films are not well understood. If the films were
formed through simple fragmentation of the precursor via bombard-
ment of the activated species, more carbon content in the deposits
with nitrogen plasma would be seen, because the mass of the nitro-
gen is greater than hydrogen, leading to more effective ‘‘cracking’’
of the precursor. Therefore, it is thought that the increased carbon
content with increasing plasma power is not only due to the physical
effect but also a chemical effect, i.e., the roles of hydrogen radicals
are different from those of the nitrogen radicals and there are un-
known chemical activities of the hydrogen plasma in the TBIDMW-
based PAALD system.

Increasing pulse time and hydrogen plasma power resulted in
lower resistivity of the WCx films. However, as can be seen in Table
I, there was no direct relationship between the carbon levels and
resistivity. At the same time, the films grown with longer exposure
time and higher hydrogen plasma power revealed greater crystallin-
ity, as shown in Fig. 8. Therefore, it may be conjectured that the
importance of the crystallinity of the films to resistivity is relatively
greater than that of the carbon levels. It is also noteworthy that the
resistivity of the films prepared with nitrogen plasma is much higher
than that of the films made with hydrogen plasma, in spite of small
difference in carbon content (�38 and 42% of carbon for the films
with nitrogen plasma and hydrogen plasma�. The higher resistivity
of the films deposited using nitrogen plasma may be attributed in
part to the less crystalline nature.

Based on these observations, although it is thought that chemical
effects are more dominant than the physical effects in TBIDMW-

based PAALD system, further analytical studies on reaction mecha-
nisms, bonding status, and microstructures will be needed for a clear
understanding of the roles of the radicals and also the relative con-
tributions of chemical, physical, and physicochemical modes in
WCx PAALD systems.

Conclusions

We have explored PAALD using TBIDMW with hydrogen and
nitrogen plasmas under various plasma exposure times and rf power.
Use of the plasma leads to the formation of tungsten carbide films,
but tungsten nitride films are obtained from thermal ALD with am-
monia. This indicates that hydrogen radicals act as a aid to precursor
decomposition rather than as a reducing agent of the alkyl groups in
the precursor. Although the films deposited using hydrogen plasma
contain significant amounts of carbon, the films have resistivities
four times lower than those of the films deposited using ammonia
only.19 Also, the PAALD films had excellent stability in air. The use
of nitrogen in the plasma helped to improve the film’s stability but
also resulted in an increase in resistivity. Higher power and longer
exposure time of the hydrogen plasma was effective in increasing
the crystallinity of the films, decreasing film resistivities.

The surface topography of the films was very smooth, but longer
plasma pulse times tended to roughen the surface of the deposits.
Resistivities as low as 295 �� cm and perfectly conformal films on
contact holes with an aspect ratio of 15:1 were obtained.
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