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Abstract—A phenomenological model was derived to describe the deposition kinetics of oxide film growth
from thermally activated decomposition of vapor precursor on a heated surface at low pressure. A Langmuir
derivation of mass balance on the growing film surface with surface saturation condition was used to model
the deposition. Growth rate of solid oxide film was modeled as a function of molecular arrival rate, adsorption
rate, and surface reaction rate. The model was applied to a novel metalorganic chemical vapor deposition
process (Pulsed-MOCVD). The process features precisely controlled pulsed injection of precursor solution
with ultrasonic atomization to deliver the precursor vapor to the reactor with no carrier gas. Growth behavior
was predicted for an experimental investigation in which a dilute solution of TigQRQpropoxide) in
toluene was used as the liquid precursor for JiQtile film on nickel substratel] 2001 Acta Materialia

Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

Most CVD systems which have been modeled are
either high pressure, diffusion controlled processes
[1-3] or low pressure kinetic controlled processes [4—
7]. The unique precursor delivery system employed
in the Pulsed-MOCVD process results in reactor con-

ditions which fluctuate between molecular flow and ultrasonic
viscous flow within a 10 s time period. We used the nozzle
Langmuir analysis of surface adsorption coupled with Pyrex
reaction kinetics to derive a phenomenological model reactor —»| pressure
of film growth encompassing both control regimes. gage
The model was developed for single component, het- substrate |
erogeneous, thermally activated reactions in a low T-couple
pressure reactor. solvent heater =

The motivation for this work is the patented .

Pulsed-MOCVD process [8] which operates in a man-
ner fundamentally different from typical CVD [9].

Figure 1 schematically illustrates the experimental
Pulsed-MOCVD system. The typical CVD carrier gas trap

e.md. bprler delivery SySte.m IS re_pla(_:ed with pulseIgig. 1. Schematic representation of the Pulsed-MOCVD pro-

liquid delivery and ultrasonic atomization. Each puls@ess. A computer controls the solenoid valves, B1, B2, and C

cycle delivers an exact amount of liquid precursoto deliver a liquid pulse equal to the volume in tube L to the
ultrasonic nozzle.

vacuum
pump
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length L is delivered to the ultrasonic nozzle at théhe schematic representation of the deposition pro-
desired pulse interval [10, 11]. The injection rate otess. We assume that only physical adsorption occurs
precursor to the reactor is further controlled byand that the low reactor pressure is below the precur-
adjusting the concentration of metal alkoxide in theor condensation pressure. If there were no attractive
solution. Solutions of a high volatility solvent, i.e.forces between the precursor vapor molecules and the
toluene, and up to 20% volume of precursor wersurface, then the residence time on the surface would
used. be of the order of the molecular vibration time,

The Knudsen number ranges between 0.001 aftio 2 to 10 2 s). However, if attractive forces do
0.15 during each pulse, and the time constant for stexist, then the Frenkel equation [12] gives the average
ady flow is typically less than 2 s at the end of eachesidence time:

10 s pulse cycle. These conditions make modeling by

ordinary viscous flow analysis quite problematic. Our T = 7.expQ/RT) (1)
approach is to model the flow through the vertical

reactor as well-mixed plug flow. At the beginning of

each pulse, the precursor evaporates instantaneouglyiere 7 is the residence timeQ is the adsorption
filling the reactor with a homogeneous mixture oknergy,R is the universal gas constant, afigis the
vapor. As the reactor is pumped back down duringyrface temperature. #fis equal to several vibration
the rest of the pulse, itis assumed that the vapor in thgcles, then adsorption has occurred, the precursor
reactor remains well-mixed, that is, that no precurs@fiolecule has time to be heated, and thermally acti-
concentration gradients develop. Since most of thgyted reactions take place. For physical adsorption,
film deposition occurs in the first few seconds of eacy is in the range of 5-50 kJ/mole, andis in the
pulse when the precursor partial pressure is higheshnge of 102 to 4x107 s (at 25C).

the assumption of a well-mixed vapor should be The Langmuir derivation [12] is essentially a mass
reasonably accurate. The significant processing pakalance on the surface coupled with the saturation
meters are substrate surface temperatlizereactor condition, where the decomposition ratk,, equals
total pressure which is a function of time throughhe adsorption ratej,, minus the evaporation rate,
each pulseR(t), and precursor solution molar concen-j:

tration, ¢,.. The reaction activation energf,, and

the adsorption energy, are determined by the pre- Jo = Ja—Jde )
cursor chemistry.

2. DERIVATION OF THE KINETIC DEPOSITION Each of the rates has units of number of molecules
MODEL per second and can be expressed as the number of

. . participating molecular sites times a rate constint,
The phenomenological model of the growth kln—IO pating .

etics is derived from the conservation of mass on the I = SCaP(DK
surface and the physics of molecular adsorption. A moe 2

Thus, the model describes the deposition of a single Jo = Sk 3)
phase solid oxide from the thermal decomposition Je = Sks

surface reaction of a single precursor. Figure 2 shows

where S, is the number of precursor occupied sites
P(t) Ty(t) [ and & is the number of available adsorption sites,
k, is the decomposition reaction rakg,is the molecu-
lar arrival rate, and; is the evaporation rate (i.e. the
inverse of the adsorption rate). The total number of
adsorption sitesS, is determined from the deposition
area,A;, and the area per site;", which is approxi-
mated by the precursor molecular area.

Cmo

As
S= =STS 4)
Film Layer T, Assuming a first order reaction, the decomposition

rate constant can be expressed as:

Fig. 2. Langmuir derivation of surface reaction kinetics with
saturation condition and mass balaneeprecursor molecule; 1
O, oxide moleculeT,, andT, are surface and vapor tempera- k, = (—)exp(f EA/RT) (5)
ture, ¢, iS precursor molar concentratio®, is the reactor T10
pressure, and is the mean free path.
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wherety, is the reactant residence time, dadis the Equation (10) gives the normalized growth rate,

reaction activation energy. NGR, at any time during the pulse cycle. The equ-
The arrival rate is a function of the process paraation is valid as long as well-mixed reactor con-

meters, precursor concentration,,,, and reactor ditions exist.

pressure(t). The arrival rate constank; in mol- 2.1. Adaptation of the model for Pulsed-MOCVD

ecules per second is given by kinetic gas theory.

represents the number of impacting molecules orig- In the preceding analysis, the molecular arrival rate

inating from within a vapor layer with thickness equalvas modeled as a function of the precursor partial

to the molecular mean free path (termed thkyer) pressureg,,P(t), assuming a well-mixed vapor. The

that stick: pulsed injection delivery system is unsteady with a
short time constant, so that significant concentration
K, = aNo™ ©) gradients are assumed not to develop. Thus, the

2 V2rMRT,(t) growth rate is effectively controlled by the precursor

injection rate and the substrate temperature. Since we
have no measurements of vapor concentration gradi-
whereq is the sticking coefficient (between 0 and 1)ents to verify that Pulsed-MOCVD functions as a
N, is Avagadro’s numberM is the mass per mole, well-mixed reactor, we will compare film growth rate
andT,(t) is the vapor temperature which is a functiormeasurements to the model.
of time in the region near the substrate. Figure 3 shows a schematic diagram of the tubular
The evaporation rate constant is simply the inverseertical cold-wall reactor. The ultrasonic atomization
of the adsorption time as given in equation (1):  and evaporation of droplets occurs in less thaps5
[11]. The liquid injection process is modeled as pro-
1 ducing well mixed precursor vapor which occupies
ks = (T—s())exp(—Q/ RT) 7 the volume of the reactor above the susceptor at the
beginning of each pulse cycle, wher= 0.
Molecules which impinge on the surface without
Wheret,, is the molecular residence time. The quanfurther interaction with other vapor molecules orig-
tity of interest in MOCVD is the film growth rate. inate from within a vapor layer, termed tielayer,
The film growth rate is determined by the decompoequal in thickness to one mean free path. During typi-
sition rate, Jo, the solid oxide molecular volume, cal operation, with a 10 s pulse period, the mean free

Q,,, and the susceptor area: path will vary from 1 mm to 10 mm. Heating of the
precursor vapor also occurs within thielayer. The
GR = Sk Q. /A (8) temperature within thé-layer, T,(t), is assumed to

be uniform because of limited intermolecular interac-
tion. At the beginning of the pulse, the vapor evapor-
The deposition rate at any given instant is given by
combining the equilibrium equation (2) with the satu-
ration equation (4), substituting in the expressions for

) Liquid Pulse
arrival, reaction and evaporation rates (3), and solving Ultrasonic

v

P

for deposition rate as a function of surface tempera- Nozzle P®)
ture, precursor solution molar concentration, and  gplet
reactor pressure: evaporation Proax
Q K, CmoP () K2
GR(t) _ oz 1tmo () (9) T,
0™Ky + CroP(DKz + ko] P(t) Puain
Cmo t

t=0 t

The simple model can be used to describe a wide

range of reactor geometries and deposition conditions

by normalizing the growth rate with the maximum

growth rate. The maximum growth rate, GR MY
would occur if every arriving precursor molecule

were deposited.

-

Q
GR(t)max = Fozcmop(t)kZ (10)
Fig. 3. Schematic drawing of the model vertical tube cold-wall
K reactor with vapor modeled as a well mixed reactor. Reactor
NGR() = 1 (11) pressureP(t), and the bulk vapor temperature within the

ki + CrdP(ks + Kg layer, T,(t), are shown during one pulse.
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ates in the vacuum, ang,(t) is equal toT,. By the 3. RESULTS: COMPARISON OF THE MODEL TO

end of the cycleT,(t) is equal to a final temperature, PULSED-MOCVD EXPERIMENTS

T,. Constant substrate temperature and precursor cons .
. . We were able to compare experimental growth rate

centration through each pulse period are assumeéj

The vapor temperature during a pulse of lentitis dta to both forms of the kinetic model. Using the
P P i gap 4 color shift method [11], the Ti©film growth rate was
approximated by:

measured as a function of time during the pulse, as
in equation (9). The growth rate for the whole process
T() =T, + (T,,—T()).t (12) was determined from measurement of the final film
tp thickness and compared to equation (17). Figure 4
shows the results for both instantaneous and inte-
The small 20 pm diameter) droplets from the grated growth rate. The fact that the growth rate data
ultrasonic nozzle evaporate quickly producing @xhibit reasonably good agreement with the experi-
pressure pulsé,. By the end of the pulse, the reac-mental data is taken as evidence that the assumption
tor is pumped down td.,.. The resulting pressure of a well-mixed reactor for Pulsed-MOCVD is valid.
profile is approximated by: 3.1. Growth rate during the pulse
During some experiments with particularly rapid
) (13) deposition rate, it was possible to measure the growth
rate during each pulse. The most rapid growth rate
was observed for high precursor concentration and
WhereAP = (P, Puir), andr, is the vacuum pump moderate sul_astrate temperature,, = 5.4% and
max mn P T =525C. Figure 4(a) shows the growth rate

constant which was experimentally determined. ts th h th | iod for thi
In the experimental set-up, the molar concentratioh €aSurements throug € puise period for this

of the precursorg,,, and the volume of precursor

t
P(t) = Pmin + AP exp(T

p.

solution injected per pulsey,, can be varied. The 0.35
injection rate of precursor in moles per pulse, Inj, is (a)
defined by: 030
o'
. Q025
INj = CimaPsolVp (14) t
2020
2
. . & 015
where pg is the molar density of the solvent. The =
molar injection rate is a convenient measure of pre- £ o0 Eqn. (9)/
cursor supply rate. g
The growth rate per unit area in microns per pulse ~ °®
is found by integrating equations (9)—(11) with time 0.00

over one pulse period. 4 0 1 2 3 4 5 6 7 8 9 10 1
Time [secl
¢ Growth Rate During one Pulse
b g
GRpulséTs) = jGR(Tsat)dt (15) 1
(b) Increasing Injection Rat
0 g Injection Rate
_ JQOX kz(t)CmOP(t)k3 dt % _1 Experiment
Gmo[kl(Ts) + kZ(t)CmoP(t) + k3(Ts)] o Inj L;J'n;elﬁ
(o]
g -2 s 065
ﬁ o 1.27
< o 170
tp g : A 192
QOX =z »4 2.42
GRiax = oj CmoP(Dk(t)dlt (16) £ o 293
o™ O 3.47
(6] -5
1.0 1.1 1.2 1.3 1.4 1.5
1000/T K
NGR(Ty) a7 Total Growth Rate
! Fig. 4. Comparison of experimental growth rate measurements
— ku(To) dt to kinetic model. (a) Growth rate vs time during one pulse,
ki(To) + CmoP(D)ka(t) + ks(Ty) equation (9), (b) Arrhenius plot of total normalized growth rate

0 per pulse, equation (17), for all ranges of precursor injection
rate.
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experiment. The kinetic model for instantaneougollowing this analysis, the apparent activation ener-
growth rate, equation (9), was used to simulate thgies for the highest and lowest injection rate experi-
oxide film growth through a pulse. The model demonments can be determined from the data in Fig. 4(b).
strates the expected growth behavior. The followinghe limiting case of high injection rate yields an acti-
values for TiQ deposition from TTIP were used: vation energy of 11810 kJ/g-mole. The apparent
activation energy for the low injection rate case is

Tio= 1015 T3 =10°s found to be 6&10 kJ/g-mole. Using equation (19),
T, = (290 + 10t) K M = 0.2843 kg/mole the adsorption energy, is found to be on the order
o™ = 6.25x10 1 m? Qo = 3.115x10°2* m®  of 50£10 kJ/g-mole, which is in the range expected
Ex = 95 kd/mole K Q = 55 kJ/mole K for physical adsorption [11]. When these values are
a=0.9 Cmo = 5.4% mol used in equation (17) the model gives a good approxi-
t,=10s T,=2.65s mation of the experiment as seen in Fig. 4(b).

Prax = 14 torr Pnin = 3 torr

4. CONCLUSION
3.2. Process growth rate

) The phenomenological model describing the reac-

The film growth rate measurements for more thago kinetics of the growing film was derived from a
60 experiments over a range of precursor injection,ngmuir model of the mass balance on the growing
rate were used to evaluate the integrated form of the, surface. The growth rate was normalized by the
kinetic model, equation (17). Figure 4(b) shows the,gjecylar arrival rate, making the normalized growth
normalized growth rate on an Arrhenius plot over allate model a very general result, applicable to many
injection rates. The growth rate data were normahze@pes of single precursor deposition systems. Both
using the maximum possible growth rate for 100%,ms of the model, for growth rate at a given tem-
conversion efficiency [10]. The growth rate exhibits,erarre and precursor concentration with time, and
kinetic control at temperatures below 38 The ¢, hormalized growth rate as a function of surface
growth rate becomes limited by the precursor supphgmperature and molar injection rate demonstrated

rate in the temperature range between ®5@nd 4564 agreement with the experimental results. This
650°C, where conversion efficiency typically 3greement indicates the validity of the assumption
approaches 100%. __ that the Pulsed-MOCVD system operates as a well-
The normalized growth rate appears to exhibit &yixeq reactor. The mixing of the vapor in the reactor
change in activation energy with increasing injectioy the unsteady nature of the process result in con-

rate. This effect is the result of the other activateqegijon efficiencies and process control not normally
process, physical adsorption, which depends on prgrcountered in conventional CVD.

cursor vapor partial pressure and surface temperaturey, fqre research, the model will be used to scale
Examination of the limiting cases for high and Iowup the Pulsed-MOCVD process to deposit 60
injection rate reveals that the decreased effective aClkick solid films of yttria-stabilized-zirconia (YSZ) on

vation energy for low in_jection rate is_inq_eed due tcborous nickel oxide—YSZ samples for proof of con-
the adsorption mechanism. For the limiting case Qfept research in low cost fabrication of solid oxide
high injection rate in the Kkinetic range (lowg,q| cells (SOFCs).

temperature), the normalized growth rate would be a

function of the decomposition reaction rate:

AcknowledgementsThis research was supported by the

t, National Science Foundation under Grant No. DMI-9796114.
exp(—Ea/RT) Dr. Krumdieck also received support from an ARCS Foun-
NGR(Ty) = j dation Scholarship and an SAE Doctoral Scholars Award. The
CmoP(Dka(t) (18) pulsed ultrasonic nozzle method was developed in collabor-

0 ation with, and with contribution from, Dr. Harvey Berger,

CornoP () Ko(t)>>Ky ks Sono-Tek Corporation, Milton, NY [8]. The Pulsed-MOCVD

kinetic deposition model was developed with a major contri-
bution from Professor Rishi Raj, University of Colorado at
o Boulder.
For the other limiting case of low temperature and
low injection rate, the model predicts an effective
activation energy which is equal to the reaction REFERENCES

energy minus adsorption energy. 1. Jensen, K. F., irChemical Vapor Deposition Principles

and Applicationsed. M. L. Hitchman and K. F. Jensen.

% % Academic Press, London, 1993.

k 2. Kelkar, A. S., Mahajan, R. L. and Sani, R. [Trans.
NGR(T) = Jkldt = Jexp(—(EA—Q)/RTs)dt ASME 1996, 118, 814,
° 3 ° 3. Akiyama, Y., Sato, T. and Imaishi, N], Crystal Growth
1995, 147, 130.
CmoP(Dka(t) ks <ks 4. Siefering, K. L. and Griffin, G. L.J. Electrochem. Sog.

(29) 1990, 1373), 1207.



588 KRUMDIECK: DEPOSITION KINETICS OF OXIDE FILM GROWTH

5. Fictorie, C. P., Evans, J. F. and Gladfelter, W.l.Vac. 9. Morosanu, C. E.Thin Films by Chemical Vapor Depo-

Sci. Technol. A1994,12(4), 1108. sition. Elsevier, Amsterdam, 1990.
6. Masi, M., Zonca, R. and Carra, S., Electrochem. Soc. 10. Krumdieck, S. and Raj, RJ. Am. Ceram. Soc.1999,
1999,146(1), 103. 82(6), 1605.

7. Jones, A. C., Leedham, T. J., Wright, P. J., Crosbie, ML1. Krumdieck, S. P., Dissertation, University of Colorado at
J., Lane, P. A., Williams, D. J., Fleeting, K. A., Otway, Boulder, 1999.
D. J. and O'Brien, P.Chem. Vap. Depositiori998,4, 46.  12. Adamson, A. W.Adsorption of Gases and Vapors on Sol-
8. US Patent No. 5,451,260. CRF D-1394-Ratj,al. Sono- ids in Physical Chemistry of Surface#/iley, New York,
Tek Corp. Licensee, 1986. 1982 (chapter XVI).



