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Abstract

Laser Chemical Vapor Deposition-Rapid Prototyping (LCVD-RP) is a relatively new
manufacturing process.  Its capabilities are ideally suited for the manufacturing of a type of
electron emitter called an integrated-grid thermionic emitter.  The integrated-grid thermionic
emitter is composed of wagon wheel-like structures of alternating layers of boron nitride and
molybdenum on tungsten.  The goal of this paper is to determine the feasibility of using LCVD-
RP technology to manufacture advanced thermionic emitters.

Introduction

The purpose of this paper is to determine the feasibility of using LCVD-RP to produce a
thermionic emitter used in a Pierce-type electron gun. The Pierce-type electron gun utilizes a
thermionic emitter composed of wagon wheel-like grid structures of molybdenum suspended
over a concave piece of barium impregnated tungsten.  The performance of the electron gun is
dependent on minimizing the distance between the tungsten and the molybdenum grid.  Current
manufacturing methods mechanically suspend the grid over the tungsten.  Although this method
is currently more cost-effective, it is the limiting factor for the performance of the emitter.
LCVD-RP has the potential to manufacture advanced thermionic emitters by reducing the
distance between the metal layers and the diameter of the emitter.  However, the potentially high
cost of developing and implementing this technology may not economically justify the
improvements in performance.

LCVD is the process of using the thermal energy from a laser to induce a chemical
reaction to occur within special reagent gases to produce a solid deposit.  Depending on the
reagent gases, a variety of metals and ceramics can be precisely deposited onto a substrate.
Since the material is deposited on the atomic level, the deposit is fully dense and homogenous.
The material properties of the deposit more closely match the theoretical bulk properties.
Current metal and ceramic rapid prototyping processes, such as selective area sintering, sinter
metal or ceramic powder particles together.  The properties of the material are dependent on the
strength of the bond between the sintered particles.

Much work has been done in the field of LCVD in the past 25 years.  A wide variety of
metals and ceramics such as Ag, B, Si, C, SiC, Si3N4, Al2O3, TiN, TiC, and Ni have been
successfully deposited as fibers utilizing LCVD.1,2  In addition to fibers, several researchers have
been successful in depositing materials in the form of films and lines.  Mutoh et al.3 deposited
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alternating layers (5 to 25 nm thick) of tungsten and carbon by quickly scanning a laser over a
relatively large cross-section.  Other researchers have been successful in the direct writing of
TiN4, Al5, Au6, Si7, GaAs8, and Cu9 onto various substrates.

In the past 10 years, several researchers were successful in depositing three-dimensional
structures using LCVD-RP.  In 1991, Zong10 created a rectangular block of graphite.  Other
shapes such as a sphere, an hourglass, and a micron-sized needle were created from C, Ni, W,
and Fe.11,12  Maxwell et al.13,14 deposited carbon in the form of helical springs.  Fiber diameters
of the spring as small as 5 µm and spring internal diameters as small as 60 µm were achieved.
These springs were utilized for functioning microsolenoids.

LCVD-RP Thermionic Emitters

Thermionic emitters are used as the electron source inside electron guns.  Devices such as
television tubes, microwave emitters, oscilloscopes, and cathode ray tubes utilize an electron gun
to create the picture on the screen.  A thermionic emitter is composed of a piece of metal called a
cathode with a metallic control grid suspended over it.  Electrons are produced by the thermionic
emitter by applying a high negative voltage to the cathode (generally, the cathode voltage is
referenced to zero).  The number of electrons that are allowed to pass are controlled by the
voltage applied to the control grid.  The closer the voltage on the control grid is to the cathode
voltage, the greater the number of electrons are repelled back to the cathode.

The accuracy and precision of thermionic emitters
is limited by current manufacturing techniques.  The
control grid has to be mechanically supported above the
cathode by means of rods or other mechanical devices.  If
the grid is too close to the cathode, the heat from the
cathode can warp the control grid causing imprecise
operation and even a short circuit.  The closer the control
grid is to the cathode, the better the sensitivity of the
thermionic emitter.

Fabricating an integrated grid design where the
cathode and control grid are one unit is an attractive
alternative.  However, current manufacturing methods that
would apply in this situation are limited to planar
assemblies.  Ohlinger15 suggested that LCVD-RP could be
used to create miniature, stable, high power bonded grid
emitters .  He suggested that a wagon wheel-like grid
structure be created on a concave tungsten substrate as
illustrated in Figure 1.  The grid would consist of
alternating layers of boron nitride and molybdenum.
Because of the properties of boron nitride, the boron nitride
layers would isolate the molybdenum grid from the tungsten substrate and also prevent their
distortion.  By using the boron nitride layers, the grid can be physically closer to the cathode
without the problems associated with previous designs.

Figure 1:  Thermionic emitter via
LCVD-RP.15
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Experimental Design

The goal of this research was to determine the feasibility of using LCVD-RP to create a
thermionic emitter as illustrated in Figure 1.  If alternating lines of molybdenum and boron
nitride could be deposited onto a tungsten substrate, this process could be used to create a
thermionic emitter.  Experimentation was done on depositing boron nitride onto both tungsten
sheet (99.95% pure, 0.01 inch thick) and molybdenum sheet (99.95% pure, 0.05 inch thick).  To
acquire the process parameters for depositing molybdenum, 0.75-inch diameter, 0.125-inch thick
graphite disks (ATJ grade graphite from UCAR Carbon Company) were used as substrates.

Boron nitride can be deposited from boron trichloride, ammonia, and hydrogen via the
following equation:

BCl3(gas) + NH3(gas) → BN(solid) + 3HCl(gas)

Hydrogen gas (H2) was used to dilute the mixture and to react with the chloride to eliminate all
of the BCl3 (hydrogen was not included in the above chemical reaction).  Because of the vapor
pressure of BCl3, it was necessary to heat both the BCl3 line and the other reagent line to
approximately 50°C.  As has been reported,16-18 BCl3 and NH3 can react at lower temperatures to
produce a white powdery substance of NH4Cl.  To reduce the formation of this powder on the
substrate, the substrate was globally heated to approximately 350°C. In addition, the BCl3 and
NH3 reagents were allowed to mix approximately 15 to 30 mm from the substrate (more detail is
given in the Experimental Setup section).

The deposition of molybdenum from molybdenum pentachloride and hydrogen is
illustrated by the following reaction:

MoCl5(gas) + 5/2H2(gas) → Mo(solid) + 5HCl(gas)

It was necessary to sublimate MoCl5 into a gas because it is a solid powder at room temperature
and atmospheric pressure.  Saeki et al.19 experimentally related the sublimation temperature to
the partial pressure of MoCl5 by the following equation:

( ) 465.9
3504

log +−=
T

PM

Where Pm is the partial pressure of MoCl5 in torr and T is the sublimation temperature in Kelvin.
This equation is applicable between 80 and 150°C (353 and 423 K).

Experimental Setup

The design and capabilities of the experimental system used to conduct this research have
been described in detail elsewhere.20,21  As an overview for this paper, a brief description of the
system follows.  The primary components of the experimental system consists of the reaction
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chamber, the laser, the reagent and vacuum lines, and the laser beam delivery system.  Figure 2
is an illustration of the functions of the reaction chamber.

The equipment was actually
composed of two separate chambers.
The upper chamber (as illustrated in
Figure 2) was the actual reaction
chamber.  The lower chamber was
responsible for housing and protecting
the three movable stages from the
reagent gases (not shown).  The upper
chamber contained several novel
features to aid in the deposition
process.  To improve the deposition
rate, the reagent gases were delivered
to the reaction zone via a jet nozzle.
To reduce the deposition temperature
the laser had to achieve, a resistive
heater was used to globally heat the
substrate.  Other features included the
use of a CCD camera to visually
monitor the process and a distance-
measuring device to measure the
height of the deposit (this feature was
not used for these experiments).  A 100-Watt, CO2 laser focused approximately to 200 µm,
irradiated the substrate.

For the deposition of boron nitride, it was discovered that if the reagents were allowed to
mix before the chamber, a white, powdery substance appeared within the chamber.  Therefore,
concentric nozzles with BCl3 in the outer nozzle and the other reagents in the inner nozzle were
used to lessen the mixing distance from the substrate.  The nozzle was approximately 15 mm
from the surface of the substrate.

Thermodynamic Model

A thermodynamic model of the interaction between the reagents used for depositing
boron nitride and the tungsten or molybdenum substrate was developed.  Deposition
temperatures from 300 to 1500 K, deposition pressures of 0.5 and 1.0 atmosphere, and NH3 to
BCl3 ratios of 1 to 5 were used as input conditions for the model.  Because of the high deposition
temperatures for boron nitride, there exists the possibility that the molybdenum or tungsten could
have reacted with the chlorine from BCl3 to produce a molybdenum or tungsten chloride.  After
the initial experimentation, a white powdery substance that was believed to be NH4Cl (to be
discussed in further detail in the Results and Conclusions section) was deposited on the surface
of the substrate.  Because the majority of the substrate and surrounding chamber was close to
room temperature, the thermodynamic model of the substrate was carried out at the lower
temperatures to confirm the experimental results.
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Figure 2: Schematic of LCVD-RP reaction chamber.
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The computer program SOLGASMIX-PV was used to analyze the thermodynamic
reactions.  SOLGASMIX-PV utilizes an iterative method to determine the minimum Gibb’s free
energy of the mixture.  The change in Gibb’s free energy is related to the entropy and enthalpy of
the elements and compounds by the following equation:

iii STHG ∆−∆=∆

Where ∆Gi is the change in Gibb’s free energy (kJ/mole) for the ith species, ∆Hi is the change in
enthalpy (kJ/mole) of the ith species, T is the temperature in Kelvin, and ∆Si is the change in
entropy (kJ/mol/K) of the ith species.  The calculations were dependent on the quantities of the
reactants, the temperature and pressure of the system, and the respective enthalpy and entropy of
the possible products (which can be solid, liquid, or gas).  The following is a list of the possible
byproducts considered for this model:

NH3 (g); H2 (g); BCl3 (g); Ar (g); HCl (g); Cl2 (g); MoCl2 (s); MoCl4 (g), (l), (s); MoCl5 (g),
(l), (s); MoCl6 (g), (s); Mo (g), (l), (s); BN (g), (s); B (g), (l), (s); B2 (g); BCl (g); BCl2 (g);

BCl2H (g); BH (g); BH2 (g); BH3 (g); B2H6 (g); BCl4 (g); B5H9 (g), (l); N2 (g); N (g); NH (g);
NH2 (g); N2H4 (g), (l); Cl (g); H (g); N2H2 (g); NH4Cl (s); B10H14 (l), (s); W (g), (l), (s); WCl

(g); WCl2 (g), (s); WCl4 (g), (s); WCl5 (l), (s); WCl6 (g), (l), (s); W2Cl10 (g)

Where “g” is gas, “l” is liquid, and “s” is
solid.  All of the thermodynamic data used
in the model were taken from the JANAF
thermochemical tables.22

The SOLGASMIX-PV program
calculated that no chloride byproducts
were formed at temperatures above 600 K.
Confirming the experimental results, the
computer program calculated that NH4Cl
formed in addition to solid BN at reaction
temperatures from 300 to 600 K.  Figure 3
is a graph of the moles of NH4Cl formed
versus the deposition temperature.  Each
line represents the amount of NH3 used in
the thermodynamic calculations.  The
calculations indicated that if the NH3 to
BCl3 ratio was one to one, only a small
fraction of NH4Cl is formed.  Each
additional mole of NH3 used resulted in
the formation of an increasingly greater
quantity of NH4Cl.
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Results

The deposition of boron nitride lines from BCl3 and NH3 was not successful.  Instead, the
only material to be deposited was some form of boron oxide and what is believed to be NH4Cl.
During the experiments, a white film that was believed to be NH4Cl formed on the surface of the
substrate.  This hypothesis is plausible due to the lower temperature of the substrate and the
surrounding reaction chamber.  Experiments were conducted with the substrate globally heated
to approximately 620 K with the same results.

Only a small amount of molybdenum was successfully deposited using MoCl5.  Figure 4
is an SEM micrograph and EDS analysis of one of the attempts at depositing a line of
molybdenum.  This deposit was created at a deposition pressure of 5.0 psi, laser power of
approximately 75 Watts, MoCl5 flow rate of 6.22 sccm, sublimation chamber temperature of
150°C, and scan speed of 0.02 in/min.  The partial pressure of the MoCl5 was calculated to be 15
torr.  The EDS analysis indicated that only a trace amount of molybdenum was evident on the
substrate.  The presence of oxygen was due to a bad seal on the sublimation chamber.  The
reagent powder had been contaminated with outside air.

Conclusions and Recommendations

Neither boron nitride nor molybdenum were successfully deposited in these experiments.
However, LCVD-RP is still a possible manufacturing tool for depositing the structure necessary
for the integrated-grid thermionic emitter.  Because of the production of the by-product, NH4Cl,
depositing boron nitride from BCl3 and NH3 is not suited for this experimental system.  Even
though the substrate can be globally heated past the threshold temperature for the formation of
NH4Cl, the remainder of the reaction chamber is still at room temperature.  The use of other
reagents that do not require NH3, such as B3N3H3Cl3 (known as trichloroborazine or
trichloroborazol),23,24 would eliminate the formation of NH4Cl or any solid by-product.

600 µm

a)

b)

Figure 4: a) SEM micrograph and b) EDS analysis of the line produced by the attempt
at depositing molybdenum.
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Trace amounts of molybdenum were deposited using this experimental system.  Due to
the contamination of the reagent with air, the feasibility of using MoCl5 as a reagent for
depositing molybdenum is uncertain.  In addition, no experimentation was attempted on
depositing molybdenum onto previously deposited boron nitride.  The morphology and
characteristics of the deposit could be different on boron nitride than on graphite.

The manufacture of integrated-grid thermionic emitters via LCVD-RP is still a viable
option.  By using a different reagent for boron nitride, the formation of solid by-products could
be eliminated.  Further experimentation would be required to prove or disprove the use of MoCl5

to deposit molybdenum.
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