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A Delivery System for Precursor Vapors Based on Sublimation
in a Fluidized Bed**

By Constantin Vahlas,* Brigitte Caussat, François Senocq, Wayne L. Gladfelter, Lyacine Aloui, and Tyler Moersch

A fluidized-bed, solid-precursor delivery system is found to overcome the mass and heat transport problems encountered in a
fixed-bed system. To achieve ideal fluidization behavior, a combination of solid precursor (minor component) and inert parti-
cles such as alumina or silica (major component) are charged to the vessel. Using [Al(acac)3] as a test precursor and operating
at 423K, the rate of mass transport is measured as a function of the carrier gas flow rate. When operating at carrier gas flow
rates above the minimum value required to fluidize the bed, the precursor flow rate significantly exceeds the performance of
the fixed-bed system. A simple model of a solid-precursor delivery system is developed to quantify the relationship between
operating conditions and gas-phase precursor flow rate. The concept of the fluidized bed, solid-precursor delivery system is
validated by directing the precursor and carrier gas mixture into a CVD reactor where the flow is combined with a source of
water vapor and oxygen to deposit amorphous Al2O3 films on coupons of a Ti6242 alloy.
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1. Introduction

In most industrial CVD processes, the molecular precur-
sor is a gas (e.g., SiH4) or a liquid (e.g., GaMe3) at room
temperature. Recent attempts to improve CVD processes
by designing new precursors have encountered a common
problem. As the size and complexity of the molecular pre-
cursor are increased, the state of the precursor at standard
temperature and pressure becomes a solid.

Three primary problems occur with solid precursors.
First, the equilibrium vapor pressure of most solids of inter-
est for CVD is relatively low (typically below 200 Pa at
room temperature) compared to liquids. This problem is
compounded by the fact that it is often difficult to saturate
the carrier gas with the precursor. Raising the temperature
of the precursor vessel increases the gas-phase precursor

concentration, but this requires that all lines and valves in
contact with the carrier gas flow be heated and can lead to
precursor degradation. The second common problem is
maintaining a reproducible precursor vapor pressure. Dur-
ing the course of a single run, especially if it is lengthy, the
gas-phase precursor concentration may decrease with time.
From run to run similar changes are often observed. The
instability of the precursor delivery rate with time is caused
by changes in the particle size that affect the total surface
area. Local variations in temperature can alter the precur-
sor vapor pressure. Finally, particle contamination is possi-
ble if suitable safeguards are not built into the precursor
delivery line.

A number of alternative, solid-precursor delivery meth-
ods have been published or patented. The simplest ap-
proach is to raise the precursor vessel temperature above
the melting point of the solid. The precursor, Me3P-InMe3,
used in InP metal-organic (MO) CVD melts at 313K and is
used as a liquid precursor.[1] A large number of publica-
tions and several commercial liquid delivery systems have
appeared.[2–5] In these systems the solid precursor is dis-
solved in a compatible solvent that is transported into a
heated chamber where both the solvent and the precursor
are rapidly vaporized. The design of the heated chamber
varies, but the goal is to minimize the time that the precur-
sor spends at the elevated temperature. Ideally, one seeks
to vaporize 100 % of the precursor and transport it into the
deposition chamber before it begins to decompose. This
type of liquid delivery systems has been used for the de-
position of metals and especially metal oxides.

Aerosol-assisted (AA) CVD also involves dissolution of
the precursor in a suitable solvent, but the solution is dis-
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persed by formation of an aerosol.[6,7] Ideally, the droplets
are completely volatilized before they hit the substrate. In
both the AA and liquid-precursor delivery systems large
amounts of solvent are carried into the CVD reactor, which
can increase impurity incorporation into the film. A varia-
tion of the solution approach has recently appeared in
which the precursor is placed in an inert solvent that has a
lower vapor pressure than the precursor itself. Thus, a typi-
cal liquid bubbler can be used.[8] An alternative route deals
with a solid-precursor delivery system that does not involve
adding any solvent.[9] Following this method the solid pre-
cursor is directly transported to a flash evaporator and,
from this location, the precursor vapor is transported into
the reaction chamber. Small inert beads are added to the
solid precursor to improve the reliability of the particle
transport.

The present paper further develops and details first re-
sults on the design, construction and testing of a reliable
solid precursor delivery system for CVD reactors based on
fluidized-bed (FB) technology that have been presented in
the literature.[10] FB systems are commonly used for im-
proving the transport phenomena in gas-particle sys-
tems.[11] In the present case, the FB is composed of either
pure precursor or precursor mixed with inert powder. The
bed is heated at the sublimation temperature and the fluidi-
zation gas is enriched with the precursor vapor. This gas
phase enters the CVD reactor which is positioned at the
exit of the FB reactor. Sublimation of tris(pentan-2,4-dio-
nato)aluminum, [Al(acac)3], is used as a model system. A
model is presented that compares the performance of the
FB system to that of a fixed-bed delivery system. The char-
acteristics of the powders and their ability to be fluidized
will be presented. Finally, the FB delivery system will be
used for the MOCVD of alumina coatings on titanium al-
loys for their protection against oxidation at moderate tem-
perature.

2. Theoretical Base

The following model has been established in order to de-
scribe properly the flux of precursor at the exit of the subli-
mator process, and the ability of different vessel designs to
deliver precursor vapors. Steady-state conditions and ther-
mal equilibrium (gas, bubbler, precursor bed at the same
temperature) are assumed in this model. Figure 1 schemati-
cally presents a sublimator with the parameters which are
considered in the model. There is a differential element of
volume dV of carrier gas at position y, flowing from the
top through a bed of precursor powder with height h and
radius r, placed on a porous inert barrier, e.g., a sintered
glass.

The molar flux of precursor FPr per surface area entering
the elemental volume dV can be written as Equation 1.

FPr = a (CT –Cy) (1)

CT is the molar concentration of saturated precursor va-
por at T, Cy is effective concentration in dV at position y,
and a is a mass transfer coefficient. FPr can also be written
as Equation 2.

FPr = (PT – Py)a/RT (2)

PT is the saturated vapor pressure of precursor at T, Py is
the effective vapor pressure in dV at position y. If n is the
number of precursor moles entering dV, then this can be
further written as Equation 3, where ds = 2prdy.

FPr = d2n/dsdt (3)

Pushed down by the carrier gas flow rate, dV goes
through the bed at a velocity m = dy/dt. Replacing in
Equation 3 yields FPr = (d2n/dy2)m/2pr. Taking into account
Equation 2, this expression yields Equation 4.

d2n = [(2pra)/(mRT)](PT – Py)dy2 (4)

Considering the ideal gas law and after integration,
Equation 4 yields Equation 5.

Py = PT[1 – exp(-a y/mr)] (5)

Since m = Fcg/p r2, where Fcg is the carrier gas volumic
flow rate, then this becomes Equation 6.

Py = PT[1 – exp(-apry/Fcg)] (6)

After having crossed the precursor bed through the
height h, Equation 6 can be written as Equation 7.

Ppr = PT[1 – exp(-bQ/Fcg)] (7)

Ppr is the precursor vapor pressure at the exit of the bed,
b is a mass transfer coefficient, and Q is the mass of
the precursor. The steady state assumption allows writing
Fpr/Fcg = Ppr/Pcg, where Pcg is the pressure of the carrier
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Fig. 1. Schematic drawing of the fixed-bed sublimator.
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gas, which equals Pcg = Ptot – Ppr. Consequently, Equation 7
can be written as Equation 8.

Fpr = FcgPT[1 – exp(-bQ/Fcg)]/[Ptot – PT(1 - exp(-bQ/Fcg))]
(8)

In the frequent case of Ptot >> PT, Equation 8 can be sim-
plified as Equation 9.

Fpr = (FcgPT/Ptot)[1 – exp(-bQ/Fcg)] (9)

In this final equation, b has the dimension of a mass
transfer coefficient, and it is correlated with the nature of
the precursor, its specific surface area (i.e., the distribution
of the grain size and porosity), the temperature, and the
bubbler efficiency. From Equation 9, the precursor flow
rate is related only with the experimental conditions (tem-
perature, carrier gas flow rate, operating pressure, quantity
of precursor), and with the b coefficient, the only required
external information being the relation of precursor vapor
pressure vs. temperature. For the same precursor batch,
higher values of b lead to more efficient bubbler operation
and, ultimately, higher precursor flow rates (Fpr). b is also
temperature dependent and has to be determined experi-
mentally for each temperature. This can be done by mea-
suring the mass loss in a bubbler operated at fixed T and
Ptot (and, for the ease of experimentation, the same initial
amount of precursor) for different carrier gas flow rates. It
is worth noting that the increase of the precursor flow rate
cannot be obtained from the increase of the carrier gas flow
rate because the mathematical limit of the precursor flow
rate at fixed Ptot and T is given by Fmax = bQPT/Ptot. Fpr

can be increased by decreasing Ptot and/or by increasing
the sublimation temperature. However, both directions
may be technologically limited. By increasing the amount
of precursor in the bubbler, one can increase the precursor
flow to the upper limit corresponding to the saturation of
the gas phase in precursor vapor (Eq. 10).

Fmax = Fcg PT/Ptot (10)

Increasing the amount of the precursor in the sublimator
is a suitable solution when i) the volume of the bubbler is
not a limitation in the process, ii) the cost of the precursor
(due to the large amounts used) is acceptable, and iii) the
thermal stability of the precursor (related with the use of
large quantities) is compatible with long term operation.
Although all these conditions are fulfilled for [Al(acac)3],
they are not necessarily satisfied for other precursors. In
that case, the only solution is the development of improved
concepts of the evaporator in order to increase the value of
b, and consequently the precursor flow rate.

For a given set of experimental conditions, the model ac-
curately describes the initial precursor flow rate as well as
its evolution throughout the duration of the experiment.
This point is important in the case of precursors with high

vapor pressure or when a high flow rate of the precursor
is required. The latter case is illustrated by the work of
Duminica et al. on the MOCVD of iron from ferrocene,
Fe(C5H5)2).[12,13] The authors used a conventional saturator
(b = 800 cm3 g–1 min–1) under atmospheric pressure. Fig-
ure 2 presents the calculated flow rates of ferrocene as a
function of operating time for a value of the saturated va-
por pressure equal to 344 Pa, obtained by maintaining the
sublimator at 373K. Results are presented for different ini-
tial quantities of Fe(C5H5)2 in the sublimator. Under these
conditions, an initial charge of 8 g of Fe(C5H5)2 produces a
constant precursor flow during a one hour run.

However, the Fe(C5H5)2 flow rate under these conditions
(0.03 g h–1) is relatively low. To increase this value the sub-
limator temperature can be increased to 423K, which is
compatible with the high thermal stability of this com-
pound. Figure 3 illustrates the calculated flow rates of fer-
rocene as a function of operating time and of the initial
sublimator charge for a value of the saturated vapor pres-
sure equal to 5630 Pa at 423K. Under these conditions b
equals 400 cm3 g–1 min–1. Although the precursor flow rate
is 16 times greater, more than 35 g are necessary to ensure
1 h of steady operation.
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Fig. 2. Calculated Fe(C5H5)2 flow rates (in g h–1) versus time (hours) at
373K, N2 Fcg = 1000 sccm, under atmospheric pressure (PT = 344 Pa) for var-
ious initial loads of the precursor in the sublimator.
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The present model is not a fully descriptive one. Applied
to the fluidized bed it deals neither with heat and mass
transfer phenomena nor with fluid mechanics, nor with the
evolution of particle size vs. time, etc. as is reviewed in the
literature.[14] Although potentially highly accurate and pre-
dictive, such a calculation requires appropriate data and
would be time consuming. However, despite its simplicity,
the present model can be used to describe accurately the
evaporation rate of a CVD precursor in a saturator (pro-
vided its Clausius-Clapeyron law is known) and to guide
the choice of operating conditions to optimize the CVD
process.

3. Reactor Design

Figure 4 presents the schematic of the conventional,
glass sublimator that was used for fixed-bed experiments.
Pure nitrogen, preheated to the sublimation temperature,
was used as the carrier gas. At the exit, the sublimator was
connected to a liquid nitrogen-cooled trap by a gas line
maintained above sublimation temperature to avoid any
premature condensation. The operating temperature was
fixed at 393K using a heating blanket.

Figure 5 presents the schematic of the FB sublimator, de-
signed following the classic concepts of fluidization engi-
neering.[15] It is composed of a stainless steel tube, 50 mm in
internal diameter and 500 mm in height. At its two extremi-
ties it is connected with conical metallic pieces ensuring the
connection with the inlet and outlet gas lines. A metallic grid
is positioned at its bottom to maintain the bed of particles at
rest and to distribute the fluidization gas evenly. Elutriation
of fines and transport of powders to the CVD reactor is pre-
vented by using chicanes and an appropriate filter near the
tube exit. The FB sublimator is fed with pure nitrogen
whose flow rate is monitored by two mass flow controllers
(MFCs) (Brooks) in the range 500 sccm and 10000 sccm.
MFCs are mounted in parallel to ensure fine tuning of gas
flow rate over a wide operating range. The temperature of
the set-up from the exit of the flow meters to the entrance of
the CVD reactor is regulated though the use of heating rib-
bons for the connecting tubes and five collars for the FB.
Each one is monitored by a PID controller and a thermo-

couple. The entire heated zone is thermally insulated. Six
thermocouples are positioned inside the FB on its central
axis to monitor temperature in and above the sublimation
zone. Pressure drop across the bed is monitored by a differ-
ential pressure transducer (Druck LPX 5480) operating in
the range 0–10 000 Pa. Output from the six thermocouples
and from the differential pressure transducer is collected
through individual data acquisition modules (Dataforth
5B47K) which are connected to a DaisyLab running PC
through an analog signal conditioning input board (IOtech
DBK207) and a data PCI board (IOtech DaqBoard/2005).

The bed is heated at the sublimation temperature and
the fluidization gas is enriched with the gaseous precursor.
The FB sublimator is connected at its exit either to a cold
trap system or to a CVD reactor. The cold trap system is
composed of two glass traps mounted in series. During op-
eration they are maintained at 223K by immersion in liquid
nitrogen-cooled ethanol baths. A by-pass system prevents
the gas flow from crossing the traps during the heating and
cooling stages of the process. Experiments were performed
under the same conditions at various carrier gas flow rates.
For each experiment, trapping of condensed precursor
lasted 30 min. After each run, the traps were removed from
the line and acetone was used to extract the precursor. Fol-
lowing evaporation of the acetone, the solid precursor was
weighed. Preliminary CVD experiments were performed in
a resistively heated reactor, composed of a vertical quartz
tube of 25 mm ID and 300 mm in height, closed at its two
extremities by metallic flanges connected to the inlet and
exit tubes. Samples were maintained welded on a regula-
tion thermocouple, which is positioned close to the sample
along the central axis of the reactor.

4. Materials Choice

Sublimation of [Al(acac)3] is used as a model system.
This is a common, solid precursor for the CVD of alumi-
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Fig. 4. Schematic of the conventional glass sublimator that was used for
fixed-bed experiments.

Fig. 5. Schematic of the FB sublimator.
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na[16] with a low saturated vapor pressure provided by the
expression logP(kPa) = 3.44-2359/T(K).[17] A sublimation
temperature of 393K, corresponding to a vapor pressure of
2.7 Pa, was adopted in the present report. As-received
[Al(acac)3] powder (Acros Organics) has a particle size dis-
tribution with a volume mean value of 30 lm and with
10 % of the particles less than 3 lm. The aspect ratio, spe-
cific surface area, and porosity of particles were deter-
mined to be 0.93, 1.21 m2 g–1, and 0.06, respectively. Taking
into account a bulk density of 1.27 g cm–3, the density of
[Al(acac)3] grains equals 1.19 g cm–3. Based on these mea-
surements, this powder belongs to Geldart’s group C;[18]

therefore, it is expected to be cohesive and a priori not flui-
dizable. The diagram of Figure 6 presents the differential
pressure DP vs. gas velocity for three runs at decreasing
flow rate across a bed composed of pure [Al(acac)3]. Data
were obtained at 393K for a ratio of the height of the bed

at rest over the diameter of the column H/D equal to 3.
Values of DP are normalized with regard to DPmax; i.e., the
differential pressure calculated from the bed weight and
corresponding to optimum fluidization. At low flow rates
there is a linear increase of DP with, however, a discrepan-
cy from one run to another. Such a discrepancy is particu-
larly noticeable in the minimum fluidization zone, i.e.,
around 0.003 and 0.008 m s–1. Moreover, DP does not re-
main constant and equal to DPmax in the fluidization re-
gime. In addition, the mean value of DP above Umf is far
lower than DPmax, and finally, important differences appear
between the increasing and the decreasing curves (not
shown in the diagram). Similar behavior is obtained in
other operating conditions, namely for D equal to 24 mm
and for H/D ratios between 2 and 5. It thus appears that
the fluidization quality of pure [Al(acac)3] is poor due to
strong interparticle forces, which are mainly related to the
low mean diameter and density of these powders.

In order to reach maximum thermal and mass transfer in-
side the bed, and consequently to operate in reproducible
conditions ensuring maximum sublimation, it is necessary
to optimize the hydrodynamic behavior of the bed. In view

of the above results, it is concluded that addition of an inert
medium with adequate fluidization behavior is necessary
for the efficient operation of the FB sublimator. This point
should be considered as an advantage rather than a con-
straint, because the design of the reactor and its operating
conditions can be now based on appropriately selected in-
ert media for the fluidization, thus providing extended ap-
plicability of the reactor to a series of molecular or inor-
ganic precursors. Moreover, it appears that the quantity of
the precursor involved in each run is not related to that of
the bed, allowing for economic and environmentally com-
patible handling of the precursors.

In addition to high fluidization quality, the fluidization
support must be physically and chemically inert, non toxic,
attrition resistant, inexpensive, and have a melting temper-
ature much greater than the fluidization temperature. In
this context, two fluidization supports have been tested,
both belonging to Geldart’s group B: alumina Al2O3 and
silica SiO2 powders. The grain density of the alumina (Bai-
kowski) and silica (Humeau) powders that were used in
the present experiments are 3.96 g cm–3 and 2.65 g cm–3, re-
spectively. Prior to their use, as-received powders were
sieved resulting in particle size between 128 lm and
353 lm with a mean value of 226 lm in volume for alumi-
na, and between 144 lm and 293 lm with a mean value of
213 lm in volume for silica. The ability to use two differ-
ent, easily fluidizable supports provides flexibility in the
choice of the minimum fluidization velocity (Umf) for a giv-
en flow rate of the fluidizing gas. An example of the fluidi-
zation behavior of different mixtures of the precursor with
the inert support is presented in Figure 7 for operation at
ambient temperature. Pressure drop as a function of gas ve-
locity is reported for four mixtures of [Al(acac)3] with alu-

mina, namely 1 wt.-%, 5 wt.-%, 10 wt.-%, and 20 wt.-%, to-
gether with the corresponding behavior of a bed composed
of pure alumina powder. Fluidization is observed for all
concentrations for gas velocities up to 4Umf. For beds with
the two highest [Al(acac)3] content, the pressure drop
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starts decreasing above a gas velocity of 0.1 m s–1. This
is attributed to the initiation of elutriation of the finest
[Al(acac)3] particles in these conditions. Behavior of the
bed in all other investigated conditions corresponds to that
of pure alumina. Fluidization at 393K yields similar results.

5. Sublimation Results

All experiments have been conducted under atmospheric
pressure. Figure 8 presents the flow rate of the precursor
vs. N2 flow rate generated in the fixed-bed sublimator,
maintained at 393K. The dots on the diagram correspond
to experimental results obtained with a bed of 10.5 g of

[Al(acac)3]. The straight dashed line corresponds to the
theoretical maximum efficiency of the sublimator following
Equation 10. Application of Equation 9 provides, in this
case, a value of b equal to 205 cm3 g–1 min–1. Conversely, by
introducing this value into Equation 9, Fpr can be estimated
under the same conditions but for various values of Q. The
results are illustrated in Figure 8 by the different grey lines.
It is concluded that for sublimation conditions involving
such a fixed bed, a large quantity of [Al(acac)3], namely
150 g, is necessary to approach the maximum efficiency of
the process.

From Figure 8, a nitrogen flow rate of 4000 sccm pro-
duces an initial flow rate of [Al(acac)3] of 0.0398 g h–1. Ac-
cording to the model presented herein, this value becomes
0.0387 g h–1 after 10 h and 0.0376 g h–1 after 20 h. (variation
≈ –5 %). If the initial quantity of the precursor is increased
to 30 g, the initial [Al(acac)3] flow rate will be 0.0753 g h–1,
and it will decrease to 0.0737 g h–1 after 20h (≈ –2 %). It
can be concluded that, at least for laboratory time scales,
the [Al(acac)3] flow rate is in these conditions nearly con-
stant. This is due to its low saturated vapor pressure provid-
ing very low evaporation rate.

Figure 9 presents experimental results of the [Al(acac)3]
flow rate as a function of nitrogen flow rate in the FB reac-

tor. The bed temperature was maintained at 393 K, as in
fixed-bed conditions. H/D in this case was equal to 3, and
the bed consisted of 720 g of silica powder and 10.5 g
(1.46 wt.-%) of [Al(acac)3]. Data on the fixed bed results
from Figure 8 are also included on Figure 9 for com-
parison. Sublimation in FB yields considerably higher
[Al(acac)3] flow rates than in fixed bed under similar con-
ditions. Moreover, sublimation efficiency is strongly im-
proved so as to approach the theoretical upper limit of the
flow rate, except for the last point at 15000 sccm corre-
sponding to U/Umf = 4. The lower value observed for this
point is an artifact due to the reduced efficiency of the trap-
ping system operating at these high flow rate conditions. A
significant portion of the precursor was transported
through the traps to the exhaust tube and was not consid-
ered in the determination of the transported mass of the
precursor. It is worth noting that carrier gas flow rates up
to 20000 sccm and corresponding high precursors flow
rates are compatible with numerous industry implemented
processes such as the surface treatment of steels and glass
in production lines. Data obtained at the lowest nitrogen
flow rate; i.e., at 1800 sccm (U/Umf = 0.5), correspond to
sublimation under fixed bed conditions. Considering the
three intermediate points (U/Umf = 1, 1.5, and 2) the value
of b was calculated to be 1450 cm3 g–1 min–1, to be com-
pared with 205 cm3 g–1 min–1 for the fixed bed. This value is
decreased to 270 cm3 g–1 min–1 for U/Umf = 0.5; i.e., the per-
formance of the present apparatus operating in fixed bed
conditions becomes comparable, though higher, with that
of the conventional fixed bed sublimator.

6. CVD of Alumina

Preliminary experiments of the MOCVD of alumina
were performed under the sublimation conditions
T = 393K, U/Umf = 2, H/D = 3, and 1.46 wt.-% of [Al(acac)3]
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in silica powder. These conditions ensure the feeding of the
CVD reactor with 0.19 sccm of [Al(acac)3]. An additional
gas line was used to feed the CVD reactor with 100 sccm of
oxygen bubbling through a H2O bath maintained at 343K.
Depositions were performed on thermally grown silica and
on commercial Ti6242 titanium alloy coupons. Ti6242 is
used in helicopter turbine components submitted to moder-
ate stresses. The role of alumina coating is to improve its
surface properties in high temperature oxidation and corro-
sion conditions. The deposition temperature was fixed at
853K in order to maintain the microstructural integrity of
the Ti6242 alloy. 300 nm thick amorphous alumina films
were deposited in 3 h runs. Films are smooth and do not
contain any heteroatoms, namely carbon. Coated coupons
were subjected to thermogravimetric analysis in dry air. At
873K; i.e., at the upper limit of service temperature for this
material, oxidation kinetics were two orders of magnitude
lower than those of bare alloy. These preliminary results
show promise for the deposition of alumina coatings by the
present process on different parts of turbines for aeronau-
tics and energy applications.

7. Conclusions

We successfully designed, constructed, and tested a fluid-
ized bed precursor delivery system to overcome the mass
and heat transport problems encountered in a fixed-bed
system. To achieve ideal fluidization behavior, a combina-
tion of solid precursor (minor component) and inert parti-
cles such as alumina or silica (major component) were
charged to the vessel. Using [Al(acac)3] as a test precursor
and operating a 423K, the rate of mass transport was mea-
sured as a function of carrier-gas flow rate. The precursor
and carrier gas mixture were directed into a CVD reactor
where the flow was combined with a source of water vapor
and oxygen to deposit amorphous Al2O3 films on wafers of
a Ti6242 alloy.

A model of a solid-precursor delivery system was devel-
oped to quantify the relationship between operating condi-
tions and gas-phase precursor flow rate. For a given vessel
temperature, the flux of mass transported depended on the
carrier-gas flow rate, the amount of precursor present in
the vessel, the ratio of the precursor vapor pressure to the
total pressure, and a mass transport coefficient (b). The
value of b was dependent upon the surface area of the pre-
cursor, the particle size distribution, and the bubbler effi-
ciency. When operating at carrier-gas flow rates above
the minimum value required to fluidize the bed, the precur-
sor flow rate (and the value of b) for the FB delivery sys-
tem significantly exceeded the performance of the fixed-
bed system.
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