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Effect of Microstructure on the Electrical
Properties of Nano-Structured TiN Coatings
Deposited by Vacuum Cold Spray
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TiN coatings on Al,O; substrates were fabricated by vacuum cold spray (VCS) process using ultrafine
starting ceramic powders of 20 nm in size at room temperature (RT). Microstructure analysis of the
samples was carried out by scanning electron microscopy, transmission electron microscopy, and x-ray
diffraction. Sheet resistance of the VCS TiN coatings was measured with a four-point probe. The effects
of microstructure on the electrical properties of the coatings were investigated. It was found that the
sheet resistance and electrical resistivity of TiN coatings were significantly associating with the spray
distance, nozzle traversal speed, and deposition chamber pressure. A minimum sheet resistance of 127 Q
was achieved. The microstructural changes can be correlated to the electrical resistivity of TiN coatings.
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1. Introduction

Vacuum cold spray (VCS) is a novel and promising
spray technology developed at the turn of this century. In
this process, ultrafine sub-micro-sized ceramic particles
are accelerated up to a very high velocity by a carrier gas
through a micro-orifice nozzle and subsequently impact
and form a coating onto a substrate in a vacuum chamber
at room temperature (RT). As the solid ceramic powder is
mixed with carrier gas to form an aerosol flow, the tech-
nique is also called aerosol deposition (AD) method
(Ref 1, 2). Attractive advantages the deposition technol-
ogy are as follows: (1) during the whole deposition,
ceramics in solid state can be deposited onto a ceramic,
metallic, or polymer substrate at RT. Consequently, the
microstructure of the ceramic powder can be retained
without any crystal grain growth or structural changes.
This is especially very important for nano-sized or nano-
structured ceramic powders. (2) Deposition rate of the
VCS process when ceramic powder is used as feedstock
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can reach up to several microns to dozens of microns per
minute, which is much faster than other deposition tech-
niques for ceramic films such as sol-gel, sputtering, metal-
organic chemical vapor deposition (MO-CVD), and ion-
beam deposition. Therefore, VCS technology has many
advantages compared with conventional ceramic film
and coating deposition methods or thermal spray meth-
ods in fabrication of ceramic coatings with thickness
ranged from several microns to 100 pm. VCS was used
to deposit Pb(Zr,Ti)Os, Y,03;, YSZ, Al,O;, BaTiO;,
SrTip;Fey305_s, and other ceramic coatings with nano-
crystalline structure, high transparency, high hardness, and
high-breakdown voltage at RT (Ref 3-8). In our laboratory,
this method was applied to form a nano-sized TiO, coating
integrated in a dye-sensitized solar cell system (Ref 9).

TiN is a new multifunctional synthetic cermet material
with high strength, high hardness, low friction coefficient,
good electrical conductivity, and thermal conductivity.
Especially, TiN is a good conductive ceramic with a very
low electrical resistivity of 1077 Q m at RT. It can be used
as diffusion barrier layer in microelectronics. TiN films
were generally deposited by chemical vapor deposition
(CVD) (Ref 10, 11), reactive sputtering (Ref 12, 13), and
metal-plasma immersion ion implantation (Me-PIII)
(Ref 14). However, one of the shortcomings associating
with these processes is the very low deposition rate, apart
from the significantly varied ratio of Ti/N depending on
deposition conditions. It is difficult to control the chemical
compositions and structure of the as-deposited TiN films
and subsequently their electrical properties might be
deteriorated. Even though Zhang et al. (Ref 10) reported
that CVD TiN films on glass substrates achieved a resis-
tance of 186.7 Q, it is still likely that the electrical property
of the TiN films can be further improved through opti-
mizing film deposition process.

In this study, nano-sized TiN powder was deposited
by VCS onto a-Al,O5 substrates under different spray
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conditions. The effects of microstructure on the electrical
properties of VCS TiN coatings were investigated.

2. Experimental Materials and Procedures

2.1 Materials

TiN powder of 20 nm in diameter was used as feed-
stock. Figure 1 shows the morphology of the powder,
which presents a near spherical shape and a relatively
narrow granularity distribution about 20-30 nm. The
superfine TiN powder shows black.

An a-Al,O; plate was used as the substrate. The size is
50 x 20 x 1 mm?. Prior to spraying, all Al,O; plates were
ultrasonically cleaned in acetone solution.

2.2 VCS TiN Coating Preparation

VCS coating was deposited using VCS-2000 system
developed in Xi’an Jiaotong University. A detailed sche-
matic diagram of the spray system was given elsewhere
(Ref 9). The system consists of a vacuum deposition
chamber, a set of vacuum pumps, an aerosol generation
room, an accelerating carrier gas unit, a vibration system
to mix the powder with the carrier gas, and a control unit.
The deposition chamber contains a micro nozzle, a sub-
strate holder, and a two-dimension worktable. A rotary
vane vacuum pump coupled to a mechanical booster is
used to pump down the chamber to a pressure of about
100-5000 Pa during spraying. Pure helium gas is used as
the powder feeding and accelerating gas. Spray parame-
ters are shown in Table 1. The average powder feed rate is
about 0.04 g/min. The deposition efficiency is up to
15-20% according to the spray parameters.

2.3 Coating Characterization

Cross-sectional morphologies and fracture behaviors
of the TiN coatings were examined by scanning electron
microscopy (SEM) (TESCAN-VEGAIIXMU, Czech).

Fig. 1 Morphology of nano-sized TiN powders
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Crystal structure of the coatings and original powders was
determined by x-ray diffraction (XRD) (Rigaku-
D/max2400, Japan) with a Cu K, (A=1.5405 A) radia-
tion at 40 kV and 100 mA. A scanning rate of 2°/min was
used for diffraction angle 26.

Sheet resistance of the VCS TiN coatings was charac-
terized by four-point probe method (RTS-9, China). The
spacing of two adjacent probes is 1 £ 0.01 mm. The
probes are made of tungsten carbides with a tiny point of
0.5 mm in diameter.

The electrical resistivity of coatings was obtained
according to the relationship between sheet resistance and
resistivity of the coatings.

3. Results

3.1 Crystal Structure of VCS the TiN Coatings

Figure 2 shows the XRD patterns of the original pow-
ders and the VCS TiN coatings. It is clear that the two
XRD lines are perfectly matched. Peak broadening due to
nano-sized crystal grains in the powders does not disap-
pear and no new peak appears. This indicates that the
nano-structure of the ceramic powder can be retained in
the as-deposited coating without any crystal grain growth
or structural changes. This can be attributed to the RT
deposition during which the ceramic particles are in solid
state.

Table 1 Spray parameters of VCS process

Deposition chamber pressure, Pa 100, 200, 400, 600, 1000, 5000

Aerosol room pressure, Pa 2 x 10*
He gas flow, L/min 3

Spray distance, mm 2,4,6
Nozzle traversal speed, mm/s 1,3,5
Nozzle orifice size, mm 2.5 x 0.25
Deposition temperature RT
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Fig. 2 XRD patterns of the original powders and VCS TiN
coatings
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3.2 Effect of Spray Passes on the Thickness
of the VCS TiN Coatings

When the deposition chamber pressure was kept at
100 Pa, the spray distance was 4 mm, and the traversal
speed of nozzle was S mm/s, the thickness of the VCS TiN
coatings increases linearly with the number of spray passes
(Fig. 3). It is indicated that the coating thickness can be
regulated through controlling the spray passes. In this
study, the TiN coatings of several microns to 200 pm in
thickness were successfully fabricated with considerably
high deposition rate.

3.3 Effect of Spray Distance on the Deposition
Rate of the VCS TiN Coatings

The deposition rate of VCS TiN coatings is significantly
decreased with the increase in spray distance when the
deposition chamber pressure was 100 Pa and the nozzle
traversal speed was kept at 5 mm/s (as shown in Fig. 4).
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Fig. 3 Effect of spray passes on the thickness of VCS TiN
coatings
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Fig. 4 Effect of spray distance on the deposition rate of VCS
TiN coatings
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In this case, the maximum deposition rate at the spray
distance of 2 mm reaches 28 pm/min, which is near
13 times higher than that at the spray distance of 6 mm.
This shows that the deposition efficiency of the coatings is
decreased with increasing the spray distance.

3.4 Effect of Nozzle Traversal Speed on the
Deposition Rate of the VCS TiN Coatings

The deposition rate of the VCS TiN coatings first in-
creases with decreasing the nozzle traversal speed at the
spray distance of 6 mm and under the deposition chamber
pressure of 100 Pa, and then decreases with further
decreasing the nozzle traversal speed (as shown in Fig. 5).

3.5 Effect of Deposition Chamber Pressure
on the Sheet Resistance of the TiN Coatings

With the increase in the deposition chamber pressure,
it was more difficult to deposit a thicker coating under the
other spray parameters unchanged. Table 2 shows that the
sheet resistance of the coatings with thickness of about
15 um increases with increasing the chamber pressure.
When the chamber pressure is over 600 Pa, the sheet
resistance exceeds the maximum range of the four-point-
probe apparatus RTS-9.

Deposition rate (um/min)

O : 1 1 1 1 1
0 1 2 3 4 5 6

Nozzle traversal speed (mm/s)

Fig. 5 Effect of nozzle traversal speed on the deposition rate of
VCS TiN coatings

Table 2 Sheet resistance of TiN coatings vs. deposition
chamber pressure

Deposition chamber pressure, Pa Sheet resistance, Q

100 5323
200 21,248
400 73,692
600 >10°
1000 >10°
5000 >10°
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3.6 Effect of Coating Thickness on the Sheet
Resistance of the TiN Coatings

The sheet resistance of the VCS TiN coatings
remarkably reduces from 13.6 kQ to 127 Q with increasing
the coating thickness when the chamber pressure was
100 Pa, the spray distance 6 mm, and the nozzle traversal
speed 5 mm/s (as shown in Fig. 6). The minimum sheet
resistance of the VCS TiN coating is lower than that of the
TiN film deposited by CVD reported by Zhang et al.
(Ref 10).

3.7 Effect of Spray Distance and Nozzle
Traversal Speed on the Electrical
Resistivity of the TiN Coatings

The electrical resistivity of the TiN coatings is dra-
matically decreased from 0.18 to 3 x 10> Qm with
increasing the spray distance, when the deposition cham-
ber pressure was 100 Pa and the nozzle traversal speed
was at 5 mm/s (as shown in Fig. 7).
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Fig. 6 Effect of coating thickness on the sheet resistance of
VCS TiN coatings
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Fig. 7 Effect of spray distance on the electrical resistivity of
VCS TiN coatings
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Figure 8 shows that the electrical resistivity of TiN
coatings significantly increases up to 0.46 Q m as the
nozzle traverses slower.

4. Discussion

4.1 Microstructure Features of the VCS TiN
Coatings Fabricated with Agglomerated
Nano-crystalline Powders and the
Deposition Behaviors of Spray Particles

At present, two kinds of starting ceramic powders are
usually used to deposit coatings by VCS process. One is
compact sintered ceramic powders of submicron, and the
other is loose agglomerated ceramic powders of nano-
crystalline. When the former is deposited onto a substrate,
the fine dense particles of high velocity collide with the
substrate and fracture due to the brittle feature of the
ceramic material. Therefore, the high kinetic energy
owing to the high velocity promotes the bonding between
the particles and the substrate, and between the particles.
This is so-called RT impact consolidation (RTIC) (Ref 4).

When ceramic powders of dozens of nanometers in
diameter are used as feedstock in VCS process, these
ultrafine grains tend to agglomerate and form relatively
large and porous submicron granules both in the aerosol
room and in-flight due to the high specific surface energy
of nano-sized grains. The loose agglomerated particles
successively impact on the substrate and subsequently
severely deform due to their porous structure to form the
first layer. Then the following particles of high velocity
collide with the pre-deposited coatings, which further
make the former layer considerably denser due to
“tamping effect” (Ref 15).

However, the detailed bonding mechanisms of VCS
coating has not been fully illuminated yet.

Figure 9 shows a typical cross-sectional microstructure
of VCS TiN coatings with a magnification of 50k. It is
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Fig. 8 Effect of nozzle traversal speed on the electrical resis-
tivity of VCS TiN coatings
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Fig. 9 Typical cross-sectional microstructure of VCS TiN
coatings
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Fig. 10 Typical fractograph of VCS TiN coatings

found that the coating has a considerably dense structure
and pores or gaps of size more than 100 nm between
particles in the coating can hardly be observed. However,
pores or gaps of dozens of nanometers in size between
particles still exist. It is indicated that there exist bonding
forces to some extent between the nano-crystalline grains
and agglomerated particles.

Figure 10 shows a typical fractograph of the VCS TiN
coatings. The coatings were deposited on the o-Al,Oj
substrate and then were fractured by external force for
characterization. It is found that the coatings present good
adhesion to the substrate.

As the ultrafine ceramic particles are accelerated and
then impact onto the substrate to form the coating at
RT, not all of the particles will be deposited onto the
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substrate to form coatings. It strongly depends on the
critical velocity of the particles before impacting on the
substrate or the pre-coating. Only the particles with a
velocity higher than the critical value will be deposited.
Otherwise, they cannot form coatings. Moreover, the
deposited coating presents denser structure with
increasing the velocity of the spray particles due to their
higher kinetic energy. However, when the velocity of the
particles exceeds a certain value, erosion of these parti-
cles to the substrate surface and the deposited coating
occurs.

Although the effects of spray distance on the velocity of
particles are not directly illuminated by experiment, it may
be deduced that the particle velocity will increase with
increasing the spray distance ranged from 2 to 6 mm
according to the coating thickness data (Fig. 4) combined
with the experimental results concerning the electrical
properties of the VCS TiN coatings (shown in Fig. 7). The
reason of the decreased deposition rate with the increased
spray distance (as shown in Fig. 4) is that the spray erosion
becomes more serious with the increase of particle
velocity as mentioned above. On the other hand, the
tamping effect is enhanced due to the high velocity.
Therefore, the cohesion between the ultrafine particles in
the coating is enhanced and consequently the coating
becomes denser with the increase in the spray distance.

The lower nozzle traversal speed implies more particles
impacting a certain point on the substrate simultaneously.
Therefore, the deposition rate increases when the nozzle
traverses slightly slower. With the nozzle traversal speed
further reducing, the deposition rate decreases instead (as
shown in Fig. 5). This is because a thicker layer deposited
after one spray pass leads to the tamping effect of the
subsequent particles significantly impaired. In conse-
quence, the cohesion between the thicker layers and par-
ticles in the layers is seriously weakened. Figure 11 shows
the cross-sectional structure of the TiN coatings deposited
at the nozzle traversal speed of 5 and 1 mm/s, respectively.
It is clear that obvious lamella structure (dark line in
Fig. 11b) can be found.

4.2 Effects of Microstructure on the Electrical
Properties of VCS TiN Coatings

TiN crystals belong to a face-centered cubic lattice (as
shown in Fig. 2) and are put together by covalent bond
and metallic bond. The electrical conductivity of bulk TiN
primarily depends on the free electron in the sub-outer
orbit 3d of Ti atom. Due to a large number of free elec-
trons existing in bulk TiN, TiN has a very low resistivity
about 1077 Q m order of magnitude (Ref 16). However,
there are plenty of defects such as porosities and non-
bonding gaps in the VCS coatings. Accordingly, the
resistance of the free electron migration in the coatings
remarkably rises. Therefore, the coating resistivity signif-
icantly increases. As the mean free path of He gas mole-
cules becomes shorter with increasing the deposition
chamber pressure, the ultrafine particles run into more gas
drag. Accordingly, the velocity of the spray particles
dramatically decreases. As a result, the deposited TiN
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Fig. 11 Cross-sectional microstructure of VCS TiN coatings
(nozzle traversal speed: (a) 5 mm/s and (b) 1 m/s)

coatings present higher porosity and more gaps (Ref 17).
The electrons transfer in the coatings with a large number
of defects will encounter great resistance. Therefore, the
sheet resistance of the coatings increases with increasing
the chamber pressure.

According to Fig. 3, the increase in coating thickness
means more spray passes. It is implied that the tamping
effect is enhanced with increasing coating thickness.
Consequently, the coatings become denser and porosities
and gaps in the coatings significantly turn to be lower. As a
result, the sheet resistance of VCS TiN coatings remark-
ably reduces with the increase in the coating thickness (as
shown in Fig. 6). Due to the same reasons mentioned
above, the electrical resistivity of the TiN coatings is
dramatically decreased with the increase in the spray
distance and significantly increases with the decrease in
the nozzle traversal speed.

1236—Volume 19(6) December 2010

5. Conclusions

TiN coatings with thickness of several microns to
200 pm were successfully fabricated by VCS process using
ultrafine ceramic powders of 20 nm in size at RT. The
deposition rate varied with the spray distance, nozzle
traversal speed, and deposition chamber pressure and
reached up to 28 pm/min. The sheet resistance of the VCS
TiN coatings was significantly reduced with decreasing the
deposition chamber pressure and increasing the spray
passes or the coating thickness. The minimum sheet
resistance of 127 Q was obtained under the present spray
conditions. The electrical resistivity of the VCS TiN
coatings remarkably decreased with the increase in the
spray distance and the increase in the nozzle traversal
speed. A minimum electrical resistivity of 3 x 107> Q m
was achieved.
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