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Abstract

This work explores mass transport processes during HP-LCVD, including the transverse
forced-flow of precursor gases through a nozzle to enhance fiber growth rates. The use of
laser trapping and suspension of nano-scale particles in the precursor flow is also described,
providing insights into the nature of the gas flow, including jetting from the fiber tip and ther-
modiffusion processes near the reaction zone. The effects of differing molecular-weight
buffer gases is also explored in conjunction with the Soret effect, and it is found that nucle-
ation at the deposit surface (and homogeneous nucleation in the gas phase) can be enhanced/
retarded, depending on the buffer gas molecular weight. To demonstrate that extensive
microstructures can be grown simultaneously, three-dimensional fiber arrays are also grown
in-parallel using diffractive optics--without delatory effects from neighboring reaction sites.
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1 Introduction

Hyperbaric laser chemical vapor deposition (HP-LCVD) uses a focused laser beam to
deposit three-dimensional microstructures from gas-phase precursors (at pressures above one
atmosphere) [1]. Ifthe laser beam is held stationary, a deposit may grow away from the sub-
strate and along the beam axis forming a fiber or rod [2-3]. The orientation of the beam can
also be changed during growth to form complex three-dimensional structures in a freeform
manner [4-7]. The carbon fiber array and tapered coils of Fig. 1 were all grown using this
approach; each was deposited in a matter of minutes, excluding manual alignment/set-up
times. In Fig. 1A, fibers were grown in the direction of a stationary laser beam, while the
coils of Fig. 1(B)-(D) were grown by continuously rotating and translating the fibers relative
to the beam, while at the same time modulating the radius of rotation. The more rapidly such
microstructures can be fabricated, the more practical the HP-LCVD process becomes for
industrial use.

Growth rates of fibers and microstructures during HP-LCVD are often mass-transport
limited (MTL) [1]; i.e. they are grown at the maximum rate at which reactant molecules can
arrive at the reaction zone. The magnitude of this mass transport limit changes dramatically
with precursor pressure. At low pressures, where the mean free path is large, gas molecules
transport diffusively to/from the reaction zone. As the pressure rises, however, a boundary
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layer forms around the reaction zone, and a natural convective plume develops within the
surrounding bulk fluid. The bouyancy of this convective plume is driven by heat released
from the reaction zone, both through energy absorbed from the incident beam and from heat
emitted by the reaction itself (exothermic reactions). In previous work, we have observed
very rapid convection past the reaction zone (>14 cm/s) [8-9], using nanoparticles to track
the fluid flow rates. The greater the pressure in the chamber, the greater the velocity of this
convective plume, and the thinner the boundary layer becomes. Ultimately, this raises the
MTL and allows more rapid growth. Hence, the process is most practical at hyperbaric pres-
sures (i.e. >1 bar).

HP-LCVD work to date has largely been conducted either: (1) with some nominal undi-
rected flow through a chamber to prevent build-up of by-products, or (2) under “static-pres-
sure” conditions in a chamber sufficiently large that by-products can only build to negligible
concentrations. In these cases, natural convection has been the dominant mode of mass
transport. In very small chambers, however, the natural convective plume described above

Fig. 1: (A) A Fiber Array of carbon probes grown using HP-LCVD. Each fiber is approximately
40 pm in diameter. Such arrays can be used for many purposes, including field emitters, sensors,
and micro-scale probes. (B)-(D) Tapered microcoils, hourglass springs, and complex structures
grown by HP-LCVD. Such devices can be useful as sub-millimeter mechanical springs or electrical
coils. Note that the coil pitch and radius can be controlled independently, while the fiber diameter
is largely determined by the laser power and precusor pressures employed. By combining these
two basic elements, more complex three-dimensional structures and micro electro mechanical sys-
tems (MEMS) can be created.



can wrap around itself, creating a convective cell that builds to a steady velocity. We have
previously seen that this mixed natural-forced convection can indeed enhance fiber growth
rates [10]. True forced convection, localized near the growth zone through the use of a micro
nozzle (i.e. blowing gas across the reaction zone), was first proposed in 1996 as a tool to
enhance growth rates during HP-LCVD [11]. It has been attempted by several authors [12-
14] with varied results, and there has been some question regarding its utility.

Several additional transport phenomena have been observed during HP-LCVD that have
yet to be fully-documented and explained; in previous articles, we have observed the forma-
tion of microvortices emanating from the reaction zone [9], measured the shape and thickness
and the boundary layer surrounding fibers [15, 9], and observed counter-rotating flows dur-
ing growth [9]. However, one phenomena that has not yet been fully explored is the develop-
ment of a strong outflow from the reaction zone, not in the direction of natural convection,
but along the laser axis (and into the beam). Some evidence for this phenomenon has been
seen during nearly all HP-LCVD experiments [16], but it is often difficult to document, due
to the rapid flow of the precursor during high-speed growth. Another phenomena is the
appearance of “stationary” particles in the flow, that remain for long time periods in front of
an evolving fiber, but are rapidly swept away as conditions change or they are disturbed from
their position. Finally, we have observed that the addition of buffer gases can have a strong
effect on the shape and microstructure of the resulting fibers, and can aid in achieving 3-D
growth with precursors that have low vapor pressures or with deposit materials that melt at
low temperatures.

Consequently, the primary objectives of this work were: (1) to demonstrate conclusively
that forced convective flow through a micro nozzle can indeed lift the MTL and enhance
fiber growth rates; (2) to explore mass transport phenomena during HP-LCVD, e.g. jetting,
that can affect the boundary layer and the MTL; and (3) to investigate the effects of buffer
gases on mass transport and deposit microstructure.

2 Experimental

For the forced flow experiments, a 1.6 mm ID stainless-steel nozzle was held horizon-
tally, transverse to the growth direction of the (horizontally-grown) fibers, and perpendicular
to the natural convective plume, as illustrated in Fig. 2(A). The nozzle outlet was at a dis-
tance of 2 mm from the fiber tip. A gas pressure regulator was employed at the inlet to this
nozzle, to maintain a constant upstream pressure. The downstream pressure inside the cham-
ber was also maintained constant using a manual needle valve, so the ratio of natural convec-
tion to forced convection could be controlled.. The beam waist was placed directly across
from the nozzle, with the substrate 300 microns behind this point, so each fiber was grown
within the steady-state regime and at the optimal focus as it passed by the nozzle, giving a
“peak™ growth rate. An Ar+ laser was used at the primary lines of 488/514 nm. Additional
details of the HP-LCVD apparatus can be found in previous articles [1, 10].

3 Results and discussion
Forced Convection

In Fig 2(B), we provide evidence of forced convection growth rate enhancements, using
the horizontal nozzle described previously. By controlling the precursor mass flow rate and
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Fig. 2: Forced convection can be used to enhance the axial growth rates of fibers. This figure illus-
trates the relative contributions of natural convection and forced convection on the axial fiber growth
rate. The experimental apparatus is shown in Fig. 6A, where a nozzle supplies fresh precursor
directly to a growing fiber during steady-state growth. The nozzle is oriented horizontally and trans-
verse to the fiber growth direction (and normal to the direction of natural convection). Three differ-
ent static (chamber) pressures are shown in Fig. 6B, where the mass flow rate varies through the
nozzle. Both modes of convection contribute to the growth rate; however, in this case, the forced con-
vective flow (i) enhances the growth rate by 1.5-3.0x. Note that the individual graphs converge to the
expected steady-state growth rate with no flow, i.e. where natural convection dominates (ii). In this
case, ethene was the precursor, carbon was the deposit material, and the incident cw laser power was
held constant at about 285 mW.

the chamber pressure simultaneously, we are able to distinguish the contributions of natural
convection HP-LCVD vs. forced flow, nozzle-based HP-LCVD. Three different static cham-
ber pressures of ethylene are shown with varying mass flow rates through the nozzle. The cw
laser power was held constant at 285 mW for all of the data points, and the measured values
are the peak growth rates. Each increase in base pressure brings with it an increase in axial
growth rate (as expected from previous results using only natural convection) [3, 1, 17].
However, note that the forced flow of precursor through a nozzle increases the axial growth
rates by a factor of 1.5-3.0X at the highest flow rates, and that the curves extrapolate very
closely to values previously reported for natural convection at the no-flow condition (i.e. y-
axis intercept) [1]. Clearly, further growth rate enhancements are possible by increasing the
mass flow rates, in addition to the base pressures.

Interestingly, while the transport rate is clearly enhanced with forced flow, one would
expect the directed flow to also cool the fiber—and hence (eventually) lower the deposition
rate; this effect was hardly observed at the flow rates employed, presumably because the fiber
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Base Pressure, Axial Rate with no Flow, Exponential,
P, [mbar] ro[nm/s] ¢
2379.4 122.76+1.58 0.735+0.022
3069.1 134.62£3.15 0.996+0.03
3758.8 143.28+2.83 1.020+0.03

Table 1: Forced Convective Flow: Rate Constants and Exponentials

tips were sufficiently within the mass-transport limited regime that kinetics could not yet
apply. However, at some critical mass flow rate(s), still to be determined, the axial growth
rate should level off (and eventually drop) once a fiber tip enters the kinetically-limited
regime. Of course, this could be counter-acted by increasing the laser power, so higher flow
rates may continue to be employed. The slight convex shape of the three data curves in
Fig. 6, may be related to this effect. To determine the degree of curvature, each set of data
was fit to the equation:

r=r0(1+n'1):

where r is the growth rate, r, is the growth rate with only natural convection, 7 is the mass
flow rate of precursor, and £ is the exponential to be determined. The results for each data set
are given in Table I, with 95% confidence level curves provided in Fig. 6B (dotted lines).
The non-linear regression coefficients of determination (r?) for each data set are all =97%.
Observe that the curves are increasingly linear (i.e. £—1) as the static chamber pressure rises,
and the reaction becomes more deeply mass transport limited. Further experiments, at
greater flow rates will be necessary to determine the point(s) at which the fibers will cool
enough to enter the kinetic regime. However, this experimental approach provides a simple
route to determine the MTL-->kinetic transition that can be used in the future.

Transport Effects during HP-LCVD

An important observation during fiber growth relates to the motion of gases near the reac-
tion zone. We have long suspected that a rapid outflow along the laser axis may emanate
from the reaction zone during HP-LCVD, but at customary growth rates, it has proven diffi-
cult to measure the fluid direction/velocity near the fiber tip using particle image velocimetry
(PIV).

To investigate this further, a series of boron-doped silicon fibers were grown, using a
mixture of trimethylboron and disilane, where B-Si particles could be readily generated in
the gas-phase. After growing a short fiber at high powers (>1W), and generating particles in
the gas flow, the laser power was lowered to 120mW, and offset transverse to the fiber axis
by about 10 microns. Using single-beam (gradient) laser trapping [18-22], several micron-
scale particles were soon captured near the laser focus, and their motion was recorded using
video microscopes. _

Two interesting video sequences are shown in Fig. 3. Note that in all frames, the laser
beam is directed toward the right, and inpinges on a newly initiated fiber at right angles to a
tungsten wire (substrate). The laser focus (w,) is indicated at the fiber tip. Nanoparticles can
be seen in the converging laser beam, and some have collected on the tungsten wire. Two



Fig. 3: Motion of Nanoparticles in the Fluid Flow
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regimes are apparent in all the video frames, one near the fiber tip (i), the “near-field,” and
one on the left-hand edge of the frame (ii), the “far-field.” The far-field is where the free-
stream convective flow is active, as close-up views show the nanoparticles in rapid motion
diagonally to the lower-right. There is also some evidence of particles moving axially along
the laser axis in the far-field.

The first video sequence, Fig. 3(A)-(C), gives three frames, the uppermost frame being
the first. Observe the 6-7 stationary particles in the near-field of frames (A) and (B). These
appear to hover in the fluid, occasionally moving slightly to the left or right, but apparently
isolated from the free-stream flow. Just prior to frame (C), the laser beam is adjusted slowly



toward the fiber tip, and as fiber growth recommenses, the trapped particles are almost imme-
diately ejected away from the fiber toward the far-field (iii). While scattered light from the
fiber tip (back up the laser axis) may partially interrupt the laser trap, it is most likely that a
strong fluid outflow develops from the reaction at the fiber tip, and the force on the particles
becomes unbalanced. This outward “jet” also apparently distorts the far-field flow (iv), mov-
ing it outward and changing the motion of some particles in the flow.

A second sequence of frames, Fig. 3(D), shows the entry of a large particle into the near-
field with the laser beam aligned with the fiber tip, but at lower powers, <100mW. In this
case, the particle is not precisely balanced by the laser trap and is ejected away from the fiber
tip, presumably by an out-flow of fluid (toward the left). However, in the third and fourth
frames, the particle appears to be decelerating as it approaches the far-field, while in the last
frame, it has appearently been swept away by the far-field flow.

The exact cause of this outflow is unknown at this time, but is likely the generation of
high-temperature byproducts in the reaction zone, where a very large temperature gradient
exists. The very tip of the fiber, where the surface is normal to the laser axis, is at the highest
temperature by far, so the explanding gas is driven normal to the surface (and into the beam).

Clearly, any model of HP-LCVD will need to address these elements of mass transport to
fully describe the process, as the convective-flow boundary layer may be distorted by this
outflow. Interestingly, there are often volcano-like structures at the tip of fibers. Many expa-
nations have been provided for this structure over the years, including transport limitations,
thermodynamic limitations, temperature-dependent sticking coefficients, melting, or ablation
at the fiber tip [23-27]. It is possible, however, that the outflow seen in Fig. 3 could contrib-
ute to the formation of volcano-like structures by preventing the entrance of fresh precursor
at the very center of the reaction zone.

Thermal Conductivity and Molecular Weight of the Gas Mixture

At hyperbaric pressures, gas convection not only establishes a necessary heat balance for
steady-state growth [28], but it also enhances the transport of the precursor to the reaction
zone, thereby increasing the axial growth rate. An added benefit of greater precursor pres-
sures is that the grain size of the deposit generally becomes more fine, as adatoms have less
time to rearrange to optimal crystal sites [24, 29-30]. Consider, for example, the tungsten
fibers of Fig. 4(A)-(B). grown from low-pressure and hyperbaric mixtures of WF¢ and H,; at
WF¢ partial pressures of 350 mbar, single crystal fibers were obtained (A). At hyperbaric
pressures, however, the microstructure became polycrystalline, eventually yielding grain
sizes of only 2-3 microns at 1500 mbar WF partial pressures and above (B).

It is not just the partial pressure of the precursor system that matters, however. An impor-
tant discovery was that the fiber diameter and deposit morphology could be controlled inde-
pendently through the addition of particular buffer gases, allowing for instance, an optimal
growth temperature and fiber diameter to be maintained at a particular laser power, while
changing the deposit internal structure at will. This is especially useful for precursor gases
that are available only within a limited pressure range--or that have very low vapor pressures.
For example, if WF¢ were to decompose before reaching a pressure of 1500 mbar, it would
not have been possible to grow the polycrystalline fiber of Fig. 4(B). There are many precur-
sor systems that are limited in this fashion.



Thus, to explore the effects of inert gases on deposit microstructure, several experiments
were carried out, using W-fiber growth as the model. The first was the addition of helium to
a WF¢/H, mixture, in 50 mbar steps. Due to helium’s high thermal diffusivity/conductivity, a
marked cooling effect was observed, where heat was drawn from the reaction zone into the
gas-phase. This simultaneously increased gas-phase nucleation while broadening the initial
fiber diameter--through additional nucleation sites on both substrate and fiber. As the He-
pressure increased, the microstructure became more polycrystalline, and when over 200 mbar
of helium was introduced, homogeneous nucleation was observed at distances of several hun-
dred microns from the growth zone. At helium partial pressures of 500 mbar or more, it was
not possible to initiate fiber growth, unless the laser power was greatly increased. Impor-
tantly, this heat transfer is also enhanced through the Soret effect [31-32, 10], where light
molecular weight gases (e.g. He) are concentrated near the heated fiber tip, greatly enhancing
the thermal conductivity of the gas mixture near the reaction zone.

To observe the opposite effect, several noble gases were also attempted with increasing
molecular weights (Ar, Kr, and Xe), and their partial pressures were increased in 50 mbar
increments. In contrast to He, the use of these gases produced deposits that were much more
well-defined, and the observed gas-phase nucleation decreased with increasing buffer gas
molecular weight. This is to be expected, as the gas thermal diffusivities/conductivities drop
with increasing mass; xenon, for example, has a thermal diffusivity 1/6th that of helium, and
gas-phase nucleation was almost absent with this gas. This approach can be extrapolated to
even higher-molecular weight inert gases, of similar or even greater mass than the precursor
itself, e.g. SF¢, which can be used to effectively lower the thermal conductivity of the gas
mixture and insulate the growth zone.

The use of high molecular weight inert gases will allow the growth of finer fiber diame-
ters and suppress unwanted homogeneous nucleation in future growth experiments. It will
also permit the resulting microstructure to be decoupled from the fiber diameter, which here-
tofore has been controlled by the laser power and precursor pressure. Finally, many low-
vapor pressure precursors can now be explored for fiber growth, using hyperbaric inert gases
to sustain adequate convection. I

Mass Transport Effects during Parallel Growth

Ultimately, for HP-LCVD to be a practical tool for microfabrication, it is important to be
able to grow many fibers at once. We have recently grown bundles of 3, 5, 25, and 49 fibers
simultaneously using diffractive optical elements to generate multiple laser foci. These were
grown horizontally, while rotating the diffractive optic to intertwine the fibers as they are
grown. An example of this can be seen in Fig. 5, where a bundle of 49 Al-fibers is shown
during growth.

An important question is the extent to which each reaction zone affects adjacent sites. At
high laser powers, some homogeneous nucleation normally occurs near each reaction zone,
and byproducts are generated at each site. With fiber spacings as small as 300 microns apart,
we have yet to see significant changes in fiber compositions or growth rates from that of sin-
gle fibers. Of course, as we have learned, high molecular weight buffer gases could be used
to inhibit diffusion and homogeneous nucleation far from the reaction zone(s) were this a
problem.



Fig. 4: The effects of precursor and buffer gas partial pressures on the microstructure of tungsten
fibers grown under various conditions: (A) At WF¢ partial pressures of 350 mbar, singte crystals of
tungsten could be grown. (B) At much higher WF¢ pressures (1500 mbar), fine-grained polycrystal-
line fibers were obtained. In (C)-(E), identical conditions were used for each fiber, except that
increasing amounts of helium were added as a buffer gas. This resulted in increased heat transfer to
the surrounding gas mixture and increased homogeneous nucleation in the gas-phase--eventually
broadening the initial fiber diameter (E). In a similar way, it was demonstrated that the gas mixture
thermal conductivity (and resulting gas-phase nucleation) can be suppressed through the addition of
higher molecular weight inert gases, such as krypton and xenon. This technique can be extrapolated
to even higher molecular weight gases, e.g. SF¢, that play no role in the reaction, but help control the
resulting microstructure. The approach can also be used to support the growth of fibers from low-
vapor pressure precursors, where the fiber would ordinarily melt during growth.
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Conclusions
We have demonstrated that forced convec-

tion can indeed be used to enhance fiber Fig. 5: Parallel Growth Example.
growth rates, provided the nozzle is oriented in
a direction that does not inhibit natural con-
vection at the fiber tip. We have also observed
important outflows or “jetting” from the fibers
during growth that certainly affect the trans-
port of reactants to the fiber and the shape of
the convective boundary layer surrounding the
reaction zone. We have found that the addition
of high-molecular weight buffer gases of low
thermal conductivity can reduce homogeneous
nucleation and decouple the fiber diameter
from the incident laser power and fiber crystal
structure, so that fiber properties can be better
tailored to their end application. Finally, we
were able to demonstrate that parallel fiber
growth is possible without contaminating adjacent reaction sites down to 300 micron fiber
spacings.

(A) 7x7 Arry of Paral-
lel Fibers Growing
Simultaneously
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