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Abstract Compared with ceramic materials, the fabrica-
tion of dense metal films requires higher impact velocity in
vacuum cold spraying (VCS), also known as aerosol
deposition method. In this study, a supersonic nozzle for
the fabrication of dense, thin and narrow copper lines was
designed. The acceleration behavior of gas and copper
particles was investigated through CFD numerical simu-
lation. And the impact behavior of copper particles was
studied through finite element analysis. The copper lines
with the width of about 200 um and the height of about
4 pm were directly fabricated on silicon wafers at room
temperature without masking. The results show that there is
an optimum particle diameter for the impact velocity in
particle collision deposition systems. In order to obtain a
higher particle impact velocity in VCS, the substrate should
be placed behind the high-pressure region of gas shock
wave, so that the position of the high-pressure region of the
free jet and the position of the bow shock with the substrate
coincide as much as possible. Copper particles undergo
plastic deformation and particle flattening upon impact and
subsequent particle compaction. The width of copper line
increased with increasing standoff distance, and maximum
height decreased with increasing standoff distance.
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Introduction

With the rapid development of micro-electromechanical
systems (MEMS), micro—nano-device manufacturing has
attracted more and more attention. Copper, silver and other
metals are often used for the electrical and heat dissipating
parts of electronic devices because of their excellent
electrical and thermal conductivity. Because some circuits
are often used in harsh environmental conditions, such as
vibration and high temperature, the materials used for
conductive and thermally conductive components not only
have good electrical and thermal conductivity, but also
have high strength and heat resistance. In addition, envi-
ronmental protection is gaining more and more attention,
and it is necessary to find high-efficiency, low-cost and
environmentally friendly metallization processes. The tra-
ditional methods used to prepare copper thin films include
rolling, electroplating (Ref 1), magnetron sputtering (Ref
2) and chemical vapor deposition (Ref 3). It is difficult for
the rolling process to prepare metal thin films under 10
microns. Electroplating has serious environmental pollu-
tion. Magnetron sputtering and chemical vapor deposition
methods are too inefficient to achieve large-scale produc-
tion, and for the latter, high reaction temperature consumes
too much energy. To solve these problems, an environ-
mentally friendly dry metallization process that does not
require chemical solutions is needed.

Vacuum cold spraying (VCS), also known as aerosol
deposition (AD) method, is a new type of coating prepa-
ration process. It can prepare dense or porous ceramics or
metal films at room temperature or low temperature by
high-speed collision and cumulative deposition of ultra-
fine ceramics. As a new type of coating preparation pro-
cess, it is increasingly used in the preparation of ceramic
coatings (Ref 4-9). However, there has not been any in-
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depth research in the field of metal coating preparation.
Figure 1 shows a schematic diagram of a vacuum cold
spraying system. As reported previously (Ref 4, 10), the
system is mainly composed of gas source, powder feeder,
movable working platform, acceleration nozzle, vacuum
chamber, vacuum pump, etc.

Compared to the low critical velocity of ceramic parti-
cles, for example, the critical velocity of alumina is 150 m/
s (Ref 11, 12), the deposition of metals requires a higher
impact velocity of hundreds of meters per second (Ref 13).
Cold spraying to prepare metal coatings often requires a
few megapascals high-pressure gas and several hundred
degrees of preheating temperature. In addition, the cold
spraying is used by the particle size of dozens of microns.
Therefore, it is difficult to prepare thin films less than 20
microns by cold spray (Ref 14). VCS shows the charac-
teristics of depositing small particles, which is essential to
obtain thin metal coatings. However, it is necessary to
optimize the nozzle for depositing thin metal layers
because the deposition behavior of metal is different from
ceramic during vacuum cold spraying.

In this research, a simplified Laval nozzle was designed and
used. The impact velocities of particles were calculated using
computational fluid dynamics (CFD). The impact behavior of
copper particles was studied through finite element analysis.
The effect of the standoff distance was evaluated. Copper as a
typical metal material was used for the deposition of metal and
applied to process linear patterns by VCS.

Experiments and Numerical Models
Computational Fluid Dynamics (CFD)
Considering the machinability of the nozzle, the nozzle used

in this study is a simplified axisymmetric Laval nozzle, whose
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Fig. 1 Schematic diagram of the vacuum cold spraying system
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geometry is shown in Fig. 2. The main dimensions of the
nozzle are listed in Table 1. The diameter of the inlet, throat
and exit is chosen as 2, 0.7 and 2.5 mm, respectively. In order
to ensure sufficient acceleration of spraying gas flow and
particle, the expansion ratio is chosen as 12.8. The convergent
part has a length of 10 mm, and the following divergent part
has a length of 20 mm. Since the small particles (< 5 pum)
adopt local gas velocities quickly, the standoff distance is an
important parameter that affects especially the flow field in
the deposition process (Ref 15, 16). Hence, the standoff dis-
tance varies between 3 and 15 mm.

The CFD code, Fluent (6.2 Fluent Inc.), was used to
predict the steady flow field of driving gas as well as the
accelerating of particles in VCS. Owing to the axisym-
metric characteristic of nozzle used in this study, a 2D
axisymmetric model (Ref 16, 17) is shown in Fig. 2. In
order to achieve a grid-independent solution, the compu-
tational domain was meshed by structured grids with
23,000 nodes. In addition, the grids in the nozzle throat and
the region near the wall and substrate were refined. The gas
inlet pressure was varied between 0.02 and 0.10 MPa, and
the process temperature was kept at 300 K. The gas outlet
of the computational domain was treated as pressure outlet
with the pressure of 300 Pa. Operating pressure, which is a
reference pressure in the software, was set 0 Pa in all
simulations. The no-slip condition was invoked at the
nozzle wall and substrate surface, and the heat transfer
process between the gas and the wall was not considered.

He gas was taken as an ideal and compressible fluid. A
coupled implicit method based on the density was used to
obtain the flow field. The shear stress transport (SST)
RANS model based on the k—w turbulence model was
adopted in the simulation (Ref 15). The SST k—®» model
can automatically switch from the wall function to the low
Reynolds number formula according to the grid spacing, so
as to achieve more accurate near-wall processing (Ref 18).

In this study, copper was used as the spraying particle
material. The discrete phase model (DPM) available in Fluent
with Lagrangian one-way coupling was used to compute the
acceleration of particles inside the VCS nozzle. The heat
transfer between the gas and particles had been considered.
Duo to low particle volume fraction in the gas phase, particle—
particle interactions and the effect of particles on the gas phase
can be neglected (Ref 16, 19, 20) and therefore were not
accounted for in these simulations. The spherical particles
were released uniformly along the inlet boundary of the nozzle
with the initial temperature of 300 K. The discrete random
walk (DRW) model was applied to predict the particle velocity
and distribution. The fundamental fluid dynamic and particle
dragging equations used in this model can be found in Ref-
erence 21, 22. Five hundred particles were released evenly at
the nozzle inlet, and the computing parameters at the substrate
were extracted as the corresponding impact parameters.
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Table 1 Main dimensions of the nozzle used in simulation in this
study 2
Configuration Dimensions, mm E Vacuum
Inlet diameter, D1 2
Throat diameter, D2 0.7
Exit diameter, D3 2.5
Convergent length, L1 10
Divergent length, L2 20
Standoff distance, L3 3-15 S
I—>y
Finite Element Simulation
X

The explicit finite element analysis software ABAQUS/
Explicit was used to simulate the impact behavior of a
copper particle using the Eulerian formulation (Ref 23-25).
The heat conduction between the particles and substrates
and the heat generation from plastic deformation were
considered (Ref 26, 27). Considering the particle size dis-
tribution of the powder used in the experiment, three
spherical copper particles with diameters of 0.5, 1.0 and
2.0 um were used. Since the only available Eulerian ele-
ment is three-dimensional, a slice with a thickness of 1/20
d,, (where d, represents the particle diameter) was cut from
the middle of the entity model and simplified as a sym-
metric geometry to reduce the computational cost (Ref 28),
as shown in Fig. 3(a). The meshing was conducted using
the 3D Eulerian coupled temperature—displacement 8-node
element (EC3D8RT), which considered the heat conduc-
tion during the impacting process. The enlarged view of
elements around the particle with a meshing is shown in
Fig. 3(b), and the meshing resolution was set as 1/100d,,.
The bottom and right boundaries of model were fixed, the
left boundary of the model was constrained in the y-di-
rection, and the degrees of freedom in the z-direction were
constrained for all elements (Ref 25).

The material deformation of the particle and substrate
was described by the Johnson—Cook plasticity model,
which estimates the effects of strain rate hardening, strain

(@) (b)

Fig. 3 (a) Symmetric model and computational domain of Cu
particle (0.8 um) impacting on Cu substrate under the Eulerian frame
and (b) the enlarged view of elements around the particle with a
meshing resolution of 1/100 <i>d<sub>p</sub></i>

hardening and thermal softening. The yield stress (gy) of
material can be expressed as (Ref 24, 29):

T —-T *M
o, = (A +Bég)(1 +C1né*)<1 _ {#] )

(Eq 1)

where sgff is the effective plastic strain, £* is the effective
plastic strain rate normalized with respect to a reference
strain rate, and T;,om and T, are the reference temperature
and melting point. A, B, N, C and M are the material-
dependent constants for Cu as listed in Table 2 (Ref 25).

In addition, the elastic behaviors of the particle and
substrate were described by a linear Mie—Gruneisen
equation of state (EOS). The linear Us—Up Hugoniot for-
mula is defined as (Ref 18):

PoCon <1 Ty

= 7(1 Yo 5 (Eq 2)

11> + TopoEn

where n =1 — '0/,00 is the nominal volumetric compressive
strain, p and p, are the current density and the initial
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density, and Cy, S, I'y and E,,, respectively, are the bulk
speed of sound, the linear Hugoniot slope coefficient, the
material constant named Gruneisen’s gamma and the
internal energy per unit reference specific volume. The
variables Cy, S and I' used for Cu can also be found in the
literature (Ref 25).

The velocities and temperatures of the particles
impacting the substrate used in this simulation were pre-
dicted using a computational fluid dynamics (CFD) as
shown in Table 3. It was assumed that the initial temper-
ature of the substrate was 298 K. The inelastic heat fraction
during high-speed deformation was set to 0.9.

Materials and Experimental Details

A commercially available powder copper (ST-M-002-3, St-
Nano, China) was used to spray on silicon wafer as sub-
strate. The morphology and the particle size distribution of
the starting powder are shown in Fig. 4. It can be observed
that the powder exhibits a spherical morphology, and the
powder had a ds, value of 1.8 um. For the preparation of
copper lines, we used the home-developed vacuum cold
spraying (VCS) system by Xi’an Jiaotong University, as
shown in Fig. 1. In this study, a redesigned Laval nozzle
with a throat diameter of 0.7 mm and the exit diameter of
2.5 mm was used. During spraying, He was used as the
accelerating gas and a powder carrier gas. The copper
powder was dispersed by the powder feeder and carried out
by the carrier gas. Through the acceleration of the accel-
erating gas in the nozzle, the copper particles collided onto

Table 2 Properties of Cu as spray material and parameters used in
impact simulations (Ref 30)

Property Cu
Density, kg/m’ 8960
Elasticity modulus, GPa 124
Poisson’s ratio 0.34
Thermal conductivity, W/(m °C) 386
Specific heat, J/(kg °C) 383
Melting temperature, K 1356
J-C Parameters

A, MPa 90
B, MPa 292
N 0.31
C 0.025
M 1.09
EOS

Cy 3940
S 1.49
Iy 2.02
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the silicon substrate in the deposition chamber. The copper
linear patterning was fabricated by controlling the move-
ment of the nozzle in the X-Y plane without masking. The
spraying parameters are listed in Table 4 in detail.

Morphologies of feedstock powders and films were
examined by field emission scanning electron microscopy
(FESEM, MIRA3 LMH, TESCAN, Czech Republic). The
samples were broken along the direction perpendicular to
the copper line to obtain a cross-sectional sample. The
width and thickness of the copper line were measured at the
surface and cross section picture, respectively.

Results and Discussion
Results of CFD

In order to verify that the simplified Laval nozzle designed
in this study can meet the requirement of spraying copper
films, the flow characteristics inside the nozzle and near the
substrate were analyzed by numerical simulation. Based on
previous research results (Ref 15, 31, 32), several main
parameters, including the inlet pressure, standoff distance
and diameter of particle were considered. The simulation
results also provided data for the adjustment of experi-
mental parameters.

Flow Properties

Figure 5(a), (b) and (c) shows the contour plots of gas
speed for three different inlet pressures (P;,= 0.02, 0.05
and 0.1 MPa). Gas velocity, pressure and temperature of
the flow along the nozzle centerline are plotted in Fig. 5(d),
(e) and (f) as functions of distance to the nozzle inlet. For
three inlet pressures, the acceleration of the gas velocity
inside the nozzle mainly occurs in the throat section where
the flow transits from subsonic to supersonic. When gas
reaches the divergent part, its velocity keeps increasing
continuously when the inlet pressure is greater than
0.05 MPa. However, when the inlet pressure is 0.02 MPa,
due to the influence of the boundary layer, the inlet pres-
sure is too small to keep the gas accelerating continuously
in the divergent part, so the gas velocity decreases slightly
in the divergent part. This can also be confirmed in
Fig. 5(d). From Fig. 5(e), it can be found that the gas
pressure at nozzle exit, where distance is 30 mm, is higher
than ambient pressure (300 Pa); hence, the gas continues
with expansion near the exit nozzle. The bow shock with a
low-velocity and high-density region always appears near
the substrate surface when the supersonic gas jet finally hits
the substrate. The gas velocity suddenly reduces from
supersonic to zero inside the bow shock. As the inlet
pressure increases, the thickness of the bow shock
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Table 3 The initial velocity

. Particle diameter, pm
and temperature of particles

The initial velocity, m/s The initial temperature, K

according to CFD results 0.5

1.0
2.0

1046 313
834 233
552 165

Fig. 4 Morphology of the
copper powder (a) and its
particle size distribution (b)

Table 4 Deposition parameters of the vacuum cold spraying
experiments

Parameter, Unit Value
Chamber pressure, KPa 0.3

Pressure in powder unit, KPa 50

Gas flow rate, SLPM 5.5
Distance from nozzle exit to substrate, mm 3-15
Nozzle traversal speed, mm/s 2

Gas temperature, °C Room temperature

decreases slightly, but the pressure increases significantly.
In other words, the gas density in the bow shock increases.
The bow shock will prevent particles from passing through,
especially for small particles (Ref 33), so increasing the
inlet pressure is not conducive to the particles passing
through the bow shock. As a result, the gas temperature
decreases in the divergent part and increases near the
substrate surface in Fig. 5(f). This is because the internal
energy of the gas changes to kinetic energy as it expands.

Table 5 shows the summary of calculation results for the
three inlet pressures. When the inlet pressure increased
from 0.02 to 0.05 MPa, the gas velocity at nozzle exit and
maximum gas velocity both increased significantly. Cor-
respondingly, when the inlet pressure increased from 0.05
to 0.1 MPa, the gas velocity at nozzle exit and maximum
gas velocity increased slightly. As the inlet pressure
increased, the gas temperature at nozzle exit increased,
while the gas temperature at nozzle exit decreased. In
addition, the gas flow also increased as the inlet pressure
increased. When the inlet pressure increased from 0.02 to
0.10 MPa, the Cu particle impact velocity only slightly
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3
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32 4 A 140 £
> S
2 120 €
o
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increases. Hence, taking into account the cost of gas con-
sumption and synthesizing the above calculation results, it
is sufficient to select an inlet pressure of 0.05 MPa for
deposition experiments.

Particle Acceleration

Figure 6 shows the simulation results of copper particles
with particle size between 0.1 and 5.0 pm. The velocity of
the gas flow and the particle paths along the nozzle cen-
terline are shown in Fig. 6(a). The movement of the par-
ticles can be divided into two stages: In the first stage, the
particles are dragged and accelerated by the carrier gas
inside the nozzle. In the second stage, due to the presence
of bow shock near the substrate, the particles experience a
speed drop or deflection, and not all particles can hit the
substrate. For small particles (less than 0.3 pm), because of
the smaller inertia of particles, they are easier to accelerate
with the gas in the nozzle, but they also are more affected
by the bow shock near the substrate and respective decel-
eration. Especially for the particles with a diameter less
than 0.1 um, the particle’s direction are completely
deflected and finally move along the streamline to leave the
simulation area [shown by the yellow line in Fig. 6(b)].
This result can correspond to previous reports (Ref
32, 34, 35). For large particles (larger than 1 pm), due to
the larger inertia of the particles, they are difficult to
accelerate with the gas, but they are easier to pass through
the bow shock to hit the substrate [shown by the red line in
Fig. 6(b)].

Figure 6(c) shows the maximum particle velocity (Vi,ax)
during the particle paths and the corresponding particle
velocity upon impact (Vimpacd) for different particle diam-
eters. The particle maximum velocity decreases with
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Fig. 5 CFD gas flow velocity results when <i>P<sub>in</sub></i> = 0.02 MPa (a) 0.05 MPa (b) and 0.10 MPa (c), and changes in velocity
(d), pressure (e) and temperature (f) of flow along the nozzle centerline with three difficult <i>P<sub>in</sub></i>

Table 5 Summary of gas flow simulation results

Inlet pressure, Velocity at exit Maximum Pressure at exit Temperature at exit  Gas flow, 1 um Cu particle impact
MPa, center, m/s velocity, m/s center, Pa center, K SLPM velocity, m/s

0.02 1253 1511 569 165.7 1.98 814

0.05 1503 1716 1216 110.5 5.50 834

0.10 1579 1717 1899 67.5 11.48 844

particle diameter, but the particle impact velocity initially
increases with particle diameter and then decreases with it,
with a maximum impact velocity for 0.5-pm-diameter
particles. For this model, the maximum particle impact
velocity with a particle diameter of 0.5 um reaches
1088 m/s accordingly. As particles traverse through the
nozzle, they are first accelerated by the carrier gas and then
decelerated by bow shock region near substrate surface.
Hence, the particle impact velocity is the integrated result
of the acceleration process and the deceleration process. In
addition, the particle size impacting at the highest velocity

@ Springer

can be adjusted by adjusting the inlet gas pressure and
vacuum chamber pressures.

In addition, as shown in Fig. 6(d), due to the conser-
vation of energy, the gas velocity increased, but the gas
temperature decreased in the nozzle, and the particle tem-
perature will also decrease during acceleration corre-
spondingly. Afterward, the particle temperature increased
with the increase in the gas temperature near the substrate.
But since this process occurred in a short time, the tem-
perature of the small particles is more likely to increase.
This caused the particle temperature upon impact to
decrease as the particle diameter increased. Lower particle
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Fig. 6 Simulation results of
copper particles acceleration:
(a) Velocity of gas flow and
particle paths along the nozzle
centerline. (b) Contour plots of
flow velocity near the substrate.
(c) Maximum velocity and
impact velocity of particle as a
function of sizes at the nozzle
centerline. (d) Maximum
temperature and impact
temperature of particle as a
function of sizes at the nozzle
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temperature upon impact is not conducive to reducing the
critical velocity and subsequent coating formation (Ref
14, 36).

As another important parameter, the standoff distance
also has an effect on the particle impact speed and then on
the coating deposition efficiency. Figure 7 shows the sim-
ulation results of the effect of standoff distance on the flow
field and particle velocity. From contour plots of flow
velocity at SoD = 3, 5, 9 and 15 mm shown in Fig. 7(a),
(b), (¢) and (d), it can be observed that the standoff distance
does not affect the distribution of flow field inside the
nozzle; it only affects the formation of shock waves after
the nozzle exit and the bow shock near the substrate. It can
also be confirmed in Fig. 7(e) and (f), which shows the gas
velocity and gas pressure along the nozzle centerline from
the nozzle exit to the substrate. As the standoff distance
increases, there is enough distance for the formation of
shock waves after nozzle exit. Also, the thickness of the
bow shock increases, but the pressure in the bow shock
area shows a fluctuation change with standoff distance.
Figure 7(g) shows the particle impact velocity with dif-
ferent particle diameters at a standoff distance between 3
and 15 mm. Small particles (d,< 0.5 um) exhibit a

fluctuating impact velocity with increasing standoff dis-
tance, while the particle impact velocity for larger particles
(d,> 1.0 pm) increases slightly with standoff distance.
This is because, as the distance increases, the particles will
continue to be accelerated, but the change in the thickness
and internal pressure of the bow shock seriously affects the
passage of particles, particularly that of small ones. The
thickness and internal pressure of the bow shock determine
the deceleration rate of the particles. There are a large
number of small particles (< 0.5 pm) in the powder used in
vacuum cold spraying. Hence, in order to obtain a higher
particles impact velocity, the substrate should be placed
behind the high-pressure region, so that the position of the
high-pressure region of the free jet and the position of the
bow shock with the substrate coincide as much as possible,
instead of the lowest pressure location mentioned in the
literature (Ref 33).

The particle impact velocity as functions of impact
position at standoff distances between 3 and 15 mm is
shown in Fig. 7(h). The impact positions of large particles
are more concentrated near the centerline of the nozzle. On
the contrary, the small particles are more widely distributed
on the substrate. The impact position range of all particles
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Fig. 7 Contour plots of gas flow velocity at (a) <i>SoD</
i>=3 mm, (b) 5 mm, (c) 9 mm and (d) 15 mm. (e) Gas velocity
and (f) gas pressure along the nozzle centerline from nozzle exit to

will widen as standoff distance increased, which is con-
sistent with the trend of experimental results reported in the

literature (Ref 16).

Modeling Results on Cu Particle Impacting on Cu
Substrate

It is well known that the particle impact velocity and
temperature are important factors for particle deposition,
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substrate. (g) Particle impact velocity for different particle diameters
at standoff distances of 3 to 15 mm. (h) Particle impact velocity and
impact position at standoff distances of 3—15 mm

and many experimental observations also show that parti-
cle deformation is a strong function of particle impact
velocity (Ref 28, 37). The particles must be accelerated to a
sufficiently high speed to successfully deposit on the sub-
strate. Figure 8 shows the simulation results of copper
particle deposition for three diameter particles (0.5, 1.0 and
2.0 um), whose initial velocity and temperature are listed
in Table 3 calculated by CFD. Figure 8(a), (b) and
(c) shows the simulated contours of equivalent plastic
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strain (PEEQ, left side) and temperature (TEMP, right side)  flattened to form a lens-like shape. The velocity corre-
of the three particles. All particles are severely deformed, sponding to the initial formation of a jet during the impact
forming a jet composed of both the particles and substrate ~ process can be considered as the critical velocity of
materials at the particle/substrate interface. The particles  deposition (Ref 28). It can be observed that the largest

Fig. 8 Simulation results of Cu
particle impacting on Cu:
equivalent plastic strain (PEEQ,
left side) and temperature
(TEMP, right side) for the
particle with diameters of

(a) 0.5 pm, (b) 1.0 pm and

(c) 2.0 pm, evolution of

(d) maximum PEEQ and

(e) maximum temperature of the
area near the interface between
Cu particle and the Cu substrate
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PEEQ is concentrated around the contact zone, and the
largest temperature zone is concentrated near the jet, rather
than in the center of the initial impact point. Due to the
lower velocity of the particle with a diameter of 2.0 um,
the depth-to-width ratio of the crater on the substrate is the
smallest, which is 0.22, and the jet just forms at the
interface. Correspondingly, for the particle with a diameter
of 0.5 um, the high impact velocity caused the largest
depth-to-width ratio of the crater, up to 0.35, and obvious
jet forms at the interface. For 1.0-um particle, the result is
somewhere in between.

Figure 8(d) and (e) shows the evolution of maximum
PEEQ and maximum temperature of the area near the
interface between Cu particle and the Cu substrate with the
impact time for three diameter particles. It can be seen that
the maximum PEEQ and maximum temperature increase
with the impact time in the early impact process, and
subsequently they reached a steady state for all particles. It
is consistent with the literature (Ref 28); adiabatic shear
instability (ASI) cannot be clearly detected just by the steep
change in temperature and plastic strain evolution. In short,
the simulation results show that the simplified Laval nozzle
in this study can meet the requirements of copper particle
deposition.

Microstructures of Copper Linear Pattern

After the numerical simulation of the flow field distribution
and particle acceleration, as well as the analysis of the
deposition behavior through finite element simulation, the
copper lines were successfully prepared on the silicon
wafer by using the parameters listed in Table 4 via VCS
using different standoff distances between 3 and 15 mm.
Figure 9(a) and (b) shows a surface SEM micrograph of Si
substrate partially covered by Cu and a Cu film. Three
particle morphologies can be observed: (1) the copper
particles that directly impact on the silicon wafer substrate
are completely flattened and form a jet at the edge, corre-
sponding to the blue arrows in Fig. 9(a). (2) The copper
particles that hit the first layer of copper particles deposited
previously are embedded into those deposited previously,
would be less flattened, corresponding to the red arrows in
Fig. 9(a). (3) The copper particles on the surface of the
copper film are embedded in the previously deposited
copper particles and create a jet at the interface, corre-
sponding to the green arrows in Fig. 9(b). Most particle
morphologies correspond well to the simulation results in
“Modelling Results on Cu Particle Impacting on Cu Sub-
strate” section. The results of the experiment are consistent
with the results of the simulation; thus, it is possible to use
numerical simulation to predict experimental results and
guide experimental parameter in VCS. Figure 9(c) and
(d) shows the cross-sectional SEM micrograph of Cu film
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with and without polishing. The deformation and flattening
of the particles can be observed, which is caused by par-
ticle impact deformation and subsequent particle tamping.
In addition, the particle interface can be observed, which
may be caused by the existence of an oxide film on the
surface of the particle (Ref 38).

A schematic diagram of the copper particle deposition
process is shown in Fig. 9(e). The deposition process of
copper particles on the silicon substrate can be divided into
three stages: First, the copper particles hit the silicon wafer
substrate. Since the silicon wafer cannot undergo cooper-
ation plastic deformation with copper particles, the copper
particles are completely transformed into flakes. The cop-
per particles subsequently impinging on the copper parti-
cles deposited previously are embedded in the deposited
particles, but some flattening will occur due to the influ-
ence of the substrate. Finally, as the thickness of the copper
film increases, the subsequent particle deposition is no
longer affected by the substrate, and the copper film and
the copper particles can deform cooperatively, resulting in
a morphology consistent with simulation results shown in
Fig. 8(a), (b) and (c). In addition, particle impact subse-
quently has a tamping effect on the deposited particles to
help to close porosity in the film, which is the same process
as the cold spray metal coating (Ref 39).

Copper lines were prepared with different standoff dis-
tances by VCS. The results of the maximum height and the
width of copper lines are shown in Fig. 10. It can be found
that the copper lines with a width of about 200 pm and a
height of 4 um can be directly fabricated on the silicon
wafer by VCS without masking. The width of copper lines
increases, and the maximum height decreases with
increasing standoff distance. Since a diverging geometry of
Laval nozzle was used in these spray experiments, the
deposition area should increase with increasing standoff
distance. A similar trend is found with cold spraying results
(Ref 16). However, due to the existence of shock diamonds
near Laval nozzle exit, the height and the width of copper
lines are not linearly related to the standoff distance, which
is also discussed in “Particle Acceleration” section.

By setting the scanning track, various copper linear
patterns were prepared on a silicon wafer as shown in
Fig. 11. Copper linear pattern and copper film can be
prepared directly by VCS. In summary, VCS technology
can be used not only for the preparation of ceramic films,
but also for the applications of dense metal films for sur-
face metallization of nonmetallic materials. Moreover, the
bonding mechanism between the copper film and silicon
substrate and the control of oxygen content in the copper
film still need further study.
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Fig. 9 Experimental results
when the standoff distance is

3 mm: Surface SEM
micrograph of (a) Si substrate
partially covered by Cu and

(b) Cu film (the blue arrows: the
particles that directly impacted
on the silicon wafer substrate,
the red arrows: the particles that
impacted the first layer of
copper particles deposited
previously, the green arrows:
the particles that impacted the
copper films deposited
previously), Cross-sectional
SEM micrograph of Cu film
(c) without and (d) with
polishing (the red dashed line
indicates the outline of the
deposited particles),

(e) schematic diagram of copper
particle deposition process
(Color figure online)
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Fig. 10 (a) Maximum height and (b) width of copper lines according to standoff distance
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Fig. 11 Copper linear pattern
on silicon prepared by VCS:
(a) “XJTU” and (b) fringe
pattern

Conclusions

A supersonic nozzle for the fabrication of dense, thin and
narrow copper lines was designed. CFD simulation results
show that the bow shock with a low-velocity and high-
density region always appears near the substrate surface.
As the inlet pressure increases, the thickness of the bow
shock decreases slightly, but the pressure increases sig-
nificantly. Meanwhile, the gas velocity increases and the
gas temperature decreases. However, the Cu particle
impact velocity only slightly increases. The particle impact
velocity is the integrated result of the acceleration process
along with carrier gas in the nozzle and the deceleration
process in the bow shock before impacting. Hence, there is
an optimum particle diameter for the impact velocity in a
collision deposition system. Because shock diamonds
mainly affect the thickness and pressure (density) of the
bow shock under different standoff distances, the bow
shock affects the particle impact velocity. In order to obtain
a higher particle impact velocity in VCS, the substrate
should be placed behind the high-pressure region of gas
shock wave, so that the position of the high-pressure region
of the free jet and the position of the bow shock with the
substrate coincide as much as possible.

The copper lines with a width of 200 um and a height of
4 pm were directly fabricated on the silicon wafer at room
temperature by VCS without masking. The deposition
process of copper particles on the silicon substrate can be
divided into three stages: Particles hit the wafer, particles
hit the deposited copper particles close to the substrate, and
particles hit the deposited copper particles far from the
substrate. The width of copper lines increase with
increasing standoff distance, and maximum height
decreased with increasing standoff distance. In a word,
VCS can be used not only to prepare ceramic films, but
also to prepare metal films.
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