Korean J. of Chem. Eng., 14(2), 129-135 (1997)

EVALUATION OF NUCLEATION ACTIVATION ENERGY
IN METAL CVD PROCESSES

Jaesung Han' and Klavs F. Jensen*

Taedok Institute of Technology, Yukong Limited, Yusung-Gu, Taejon 305-370, Korea
*Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
(Received 3 December 1996 « accepted 20 March 1997)

Abstract — A new approach to evaluate activation energy for nucleation in metal chemical vapor deposition (CVD) is
presented. Deposition is performed by laser induced chemical vapor deposition (LCVD) using a low laser power and a
high scan speed, so that only discrete particles in the initial nucleation stage are formed. The nucleation activation energy
is then obtained from a relationship between the laser-induced surface temperature distribution and the particle dis-
tribution. The activation energy is directly related to the nucleation barrier, and hence the difference in the nucleation ac-
tivation energies on different substrates may be used to explain the chemical selectivity which is often observed during
metal CVD processes. This approach is experimentally applied to aluminum CVD using dimethylethylamine alane (DMEAA)
precursor, and its nucleation activation energy is found to be 25kcal/mol on silicon surface.
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INTRODUCTION

Properties of a thin film material deposited on a heteroge-
neous substrate, either by physical condensation or chemical va-
por deposition, are strongly influenced by the initial nucleation
phase. Naturally, understanding the nucleation process has been
one of the major issues in materials processing, and a significant
number of experimental or theoretical studies have been con-
ducted to delineate the underlying mechanisms governing the nu-
cleation process. Unfortunately, most of nucleation studies have
been conducted on physical vapor deposition by condensation
[Venebles et al., 1973] and very little is known about nucleation
phenomena in chemical vapor deposition. This discrepancy is
partly due to the traditional importance of the physical vapor de-
position in thin film deposition, and partly because of the com-
plexity of the analysis when the nucleation involves surface reac-
tions.

In this study, nucleation phenomena in metal CVD were in-
vestigated by a simplified analysis introducing an overall activa-
tion energy for nucleation. The overall activation energy accounts
for various mechanisms leading to the formation of stable nu-
clei: ie., surface reactions leading to unstable metal monomers,
desorption and surface diffusion, and formation of critical nu-
clei by coalescence. By comparing the difference of the nuclea-
tion activation energies on different substrate surfaces, the chemi-
cal selectivity of deposition may be quantitatively rationalized.
A similar approach has recently been reported for aluminum de-
position for TIBA (triisobutylaluminum) using a conventional
large area CVD [Lee et al., 1993). They observed a significant
difference between nucleation activation energy on silicon sur-
face and that on SiO, surface, which they concluded leads to
the selective deposition toward silicon surface. Although study-
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ing the nucleation process by the conventional CVD is simple
and straightforward, it is not easy to accomplish an exact con-
trol of dwell time of the surface under an elevated temperatures,
due to the time delays for heating and quenching of the sub-
strate. Besides, it is very likely that a mass transfer film is form-
ed above the surface rendering actual precursor concentration
in the reaction zone different from the bulk concentration.

In LCVD, however, the surface temperature distribution is es-
tablished in less than 1 msec [Rantala et al., 1989], and by us-
ing a constant scan speed, the dwell time at elevated surface tem-
perature may be precisely controlled. Also, the mass transfer li-
mitation is negligible since the reaction is confined in a micron-
sized spot. Therefore LCVD is a useful tool to investigate the
nucleation phenomena occurring in chemical vapor deposition.

THEORETICAL BACKGROUND

The initiation of thin film growth in a pyrolytic chemical va-
por deposition is composed of four different kinetic behaviors:

(1) Creation of unstable monomers (chemical reaction)
(2) Formation of stable nuclei (nucleation)

(3) Growth on the existing nuclei (growth)

(4) Agglomeration between particles (coalescence)

Fig. 1 shows a schematic description of the process, leading
to the early stage of film growth. Since growth and coalescence
take place simultaneously, a micrograph would show the final
stage of nucleation [Fig. 1(d)]. Therefore it is necessary to relate
the nucleation rate to the properties of the deposit which can be
actually measured, such as number of particles per unit area or
surface coverage by the particles. The number of particles is de-
pendent on (2) nucleation and (4) coalescence, whereas, assum-
ing two-dimensional coalescence, the surface coverage is depend-
ent on (2) nucleation and (3) growth. Therefore,
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Fig. 1. Schematic description of initial nucleation process in chem-
ical vapor depesition.
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The rate of formation of critical nuclei has been given for
the case of film formation by physical condensation of the va-
por phase [Venebles et al., 1984] as

{ i+ 1E; +E, ~E
Ty =Ind avNo( In Jexp{(‘ B +E; ”’] ®)

VN, RT

For chemical vapor deposition, the rate of monomer formation,
I, is the surface reaction rate forming the monomer deposit,
which can be assumed to be an Arrhenius type equation with
activation energy (E,) and pre-exponential factor (k).

I =Kmexp(—En /RT) )

Using Eq. (4) and rearranging Eq. (3), the nucleation rate (ry)
can be expressed in terms of overall activation energy (Ey) and
overall pre-exponential factor (ky) as follows.

ry =k, exp(-E, /RT) 5)
with
Ky =knag ¢N0{V‘:§0] ©)
Ey=(+1XE, +E,)+E, -E, @)

Once a stable nucleus is formed, its size gets bigger either by
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coalescence with other particles or by the homogeneous growth
on top of the nucleus. This section considers the homogeneous
growth only. Assuming a hemispherical growth, the rate of in-
crease in the radius of the particle is given as follows [Dubois
et al., 1990):

yAn;exp(—E. /RT) ®)

folem/s 1= /68, Yexp(—Ea /RT) + 1

Symbols used in this equation is defined in the reference, and
Y[=M/N,.p4] is a constant converting the number of aluminum
atoms deposited on a particle to the increase in the particle ra-
dius. However, since nucleation studies are typically conducted
using moderate surface temperatures in order to avoid excessive
growth, the growth is mostly governed by surface reaction rath-
er than by adsorption of the precursor molecules. Therefore, for
nucleation study, Eq. (8) can be simplified as

tg = kgexp(~Eq/RT) ©)
with ks=yAn, and E¢=E,.

1. Application to LCVD

The general knowledge about nucleation and growth kinetics
is now extended to LCVD. The coordination system used in this
section is same as in Fig. 1. The laser beam is scanning in the x-
direction with a velocity, v,. The y-coordinate designates the di
rection along the surface perpendicular to the laser travel. To-
tal number of critical nuclei created per laser scan, N, is given
as the following integral equation:
N_ = [ rydty = [ kyexp(-Ey/RT,)dty (10)

o
scan scan

Nucleation takes place only in the region where the surface tem-
perature is higher than the nucleation threshold temperature. The
nucleation threshold temperature for the aluminum precursor used
in this study, DMEAA (dimethylethylamine alane), is not known,
but assuming it is close to that of TMAA (trimethylamine alane),
it may be approximately 100°C [Foulon and Stuke, 1993]. In the
nucleation stage, the thermal effect of the aluminum deposit on
determining the surface temperature is negligible, hence the analy-
tical solution for the laser-induced temperature rise for a single
homogeneous substrate [Lax, 1981] with a modified surface re-
flectivity is used to obtain the surface temperature distribution.
Modification of the surface reflectivity is based on the average
surface coverage by the aluminum particles in the laser spot. The
incremental time, dty, can be converted to incremental displace-
ment of the surface divided by the scan speed, dx/v,, since the
laser scans along x-direction with a constant speed, v,. Also, the
surface temperature distribution is symmetric with respect to x.
Therefore, Eq. (10) can be rewritten as

2Ky ¢ x(T
N[O exp[-Ey /RT, (x, y)ldx (11)

Nw()’)=7‘ 0

where T; is the threshold temperature for nucleation and x(T) is
the location of it. N, has a distribution along y-direction.
However, since the actual particle distribution is determined
also by coalescence and growth of the particles, the nucleation
distribution given in Eq. (11) cannot be directly compared to those
observed by SEM pictures. In order to simplify the analysis, two
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different extremes are considered: (1) effect of the homogeneous
growth is negligible and the particle size is predominantly deter-
mined by coalescence between particles; (2) effect of the coales-
cence is negligible and the particle size is predominantly deter-
mined by the homogeneous growth on top of the existing particle.
Case (1) can be a reasonable assumption for nucleation on sil-
icon or metal surfaces where the particles are small and dense-
ly distributed, and case (2) for nucleation on SiO, surfaces where
the particles are very big and sparsely distributed.
2. Case (1): Growth is Negligible

If the homogeneous growth is suppressed by using a high scan-
ning speed, the increase in the size of particles are purely from
coalescence and that by growth is negligible. In this case, the
number of particles will change, but, assuming the agglomera-
tion of particles by the coalescence is two-dimensional, the to-
tal surface area covered by the deposit remains the same; ie.,

P=Sm?=N, (26}) (12

F is the fraction of substrate surface covered by the particles
N, and ¢;'s are the actual number and the two-dimensional ra-
dii of particles after coalescence, respectively. ¢, is the radius
of the critical nucleus. From Egs. (11) and (12), the surface cov-
erage can be related to the surface temperature distribution as

2mp3ky (=,
= 2PN [ xplEy /R, (x, )ldx (13)

F(y)

At a given laser power, the surface temperature is calculated
by Lax's analytical solution, and by comparing the computed F
(y) with the actual surface coverage distribution, the kinetic con-
stants for the nucleation are obtained. The above analysis is
valid only if the scan speed is high enough to suppress the ad-
ditional growth on the existing particles.
3. Case (2): Coalescence is Negligible

When there is no coalescence between nuclei, the total num-
ber of nuclei is preserved. Therefore, the nucleation distribution
given in Eq. (11) can be directly used for obtaining the nuclea-
tion kinetics. In addition, by analyzing the surface coverage by
the particles, the kinetic information on nucleation may be cor-
rclated to that for growth. The surface coverage is the sum of the
area occupied by each particle.

N. —
F=jz=1”¢f2= TN, a4

¢; is the radius of each particle and ¢ is the geometric average
of ¢7.

| #¥ty)kyexp(-Ey/RT, )dty

T.>T.

#= (15)
f kyexp(—Ey /RT,)dty
7.>T
where,
)= "1pdt+ gy (16)
N

where ty is the time when each particle is born, 14 is the radial

growth rate given in Eq. (8), and ¢, is the sizc of the critical
nucleus which is negligible compared to the size of grown-up
particles. Thercfore, by combining Eqs (14)-(16), the surface cov-
erage is related to the surface temperature as follows:

Pk Jx@

Vi @)

2
F(y) = [ [ exp(-Eq/RT, )de exp(—E, /RT, )dx,

an
Again the relation dt=dx/v, is used to convert a time to a cor-
responding position along x-axis; accordingly x, is the position
where each particle is born. Assuming the kinetic constants for
growth (k;, E;) and threshold temperature for nucleation (T))
on the substrate are known, kinetic constants for nucleation (ky,
Ey) may be obtained by comparing the experimentally measured
surface coverage distribution to that obtained by Eq. (17).

RESULTS AND DISCUSSION

1. Nucleation Induction Time

Eqgs. (11), (13), (15), and (17) are valid only when the nuclea-
tion induction time (sometimes called incubation time) is much
smaller than the surface residence time (=2w/v,) at the laser heat
ed region. Therefore, before using the concept to obtain the nu-
cleation kinetics, it is necessary to check the nucleation induc
tion time. LCVD was again used to estimate the induction time,
and the main idea is to keep increasing the laser scan speed (v,)
until no deposition is observed. Fig. 2 shows the thickness of
aluminum deposit on gold, platinum, (100)Si, and SiO, surfaces
as a function of 2w/v,. Gold and platinum surfaces were pre-
pared by coating 0.2 pm of the respective metal on (100)Si sub-
strates by evaporation. A thermally grown 2 um oxide layer on
a (100)Si substrate was uscd as the SiO, surface. The thickness
of the aluminum deposit was measured by Dektak. By extrapola-
ting the thickness to zero, the minimum residence time for induc-
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Fig. 2. Evaluation of nucleation induction time for aluminum
LCVD from DMEAA on different surfaces: (a) Pt, (b)
Au, (¢) Si, and (d) SiO,.
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ing deposition was obtained, which was approximated to the nu-
cleation induction time.

The nucleation induction time was about 2x 10" second on
silicon surfaces and was approximately the same order of mag-
nitude on other surfaces, which are close to what has been re-
ported for growth with TMAA (10™* second) [Foulon and Stuke,
1993]. These value are sufficiently smaller than the laser resi-
dence time (~0.3 second) under normal operating conditions,
and hence the approach developed in the previous section may
be safely implemented. The thicknesses shown in Fig. 2 for dif-
ferent substrates cannot be directly compared with each other
because the surface temperature rise is different on each sub-
strate with the same laser power and scan speed. Growth rates
on the SiO, surface appears to be much higher than those on
other surfaces, but it is because of the insulating effect of the
oxide layer increasing the temperature of the aluminum deposit.
2. Nucleation Activation Energies

First, nucleation on silicon surfaces was investigated. A high
scan speed (100 um/s) and low laser powers (1.2 to 1.5 kW/
cm) were used to induce only nucleation while suppressing sub-
sequent growth of bulk aluminum. Fig. 3 shows SEM pictures
of the nucleated particles on a (100)Si substrate at different laser
powers and Fig. 4 at different scan speeds. An environmental
SEM which does not require coating of conductive material-
gold, for example-was used to maintain the resolution. As the
laser power was increased, the number of particles in unit area
as well as the size of the each particle was increased. The total
number and sizes of the particles are determined by three dif-
ferent mechanism occurring simultaneously-nucleation, growth,
and coalescence. If the growth is negligible Eq. (13) can be used
to get the nucleation kinetic constants, whereas if sintering is
negligible, Eq. (17) is appropriate.

The relative importance of homogeneous growth and coales-
cence can be compared by estimating the net contribution of the
homogeneous growth to the actual increase in particle size. Ac-
cording to Eq. (8), the linear growth rates of aluminum on alu-
minum surface is approximately 300 A/s at this power level.
With a scan speed of 100 um/s and the beam diameter of 16
pm, the mean residence time under the laser is approximately
0.16 seconds, and hence the increase in particle radius by the
homogeneous growth is only about 50 A. This growth is negli-
gible compared to the average radius of particles ranging from
few hundreds to few thousand A. It indicates that the increase
in particle size has been predominantly by sintering rather than
by growth. This is further illustrated by plotting a distribution
of the particle number density across y-direction (Fig. 5). At high-
er laser power, a decrease in the number density is noticeable at
the center of the laser beam as a result of the coalescence be-
tween particles.

Therefore, Eq. (13) is appropriate for analyzing the nucleation
of aluminum on silicon substrates under the operating conditions
used. The distribution of the surface coverage by the aluminum
particles is calculated by the equation, and compared with that
measured from Fig. 3 by an image analysis technique (Fig. 6).
Kinetic parameters for nucleation (ky, Ey) could be determined
iteratively by a fit of the calculated distribution to the measured
one. Resulting parameters are:

March, 1997

@ |

(®)

Fig. 3. SEM micrographs of aluminum grains formed on a sil-
icon substrate at decreasing laser powers. Laser spot ra-
dius and scan speed were 8 um and 100 pm/s, respec-
tively; incident laser power was: (a) 1.17W, (b) 1.08W,
and (c) 1.00W.

25 °
ke (emie) =221 g i in A (18)
o
Ei(kcal/mole)=25 (19

¢y is the radius of the critical nucleus. The nucleation ac-
tivation energy (25 kcal/mole) is higher than the homogeneous
growth activation energy (~17.8 kcal/mole) [Dubois et al., 1990],
which is believed to be the reason for the three-dimensional is-
land growth. Also, assuming that the activation energy for homo-
geneous growth is approximately equal to the nucleation activa-
tion energy on metal surfaces, the difference may account for
the selectivity of aluminum deposition toward metal in the pres-
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Fig. 4. SEM micrographs of aluminum grains formed on a silicon
substrate at increasing laser scan speeds. Incident laser
power and spot radius were 0.86W and 8 pum, respec-
tively; scan speed was: (a) 10 pm/s, (b) 20 pm/s, and (c)
100 pm/s.

ence of silicon.

With the same operating conditions, the size of the deposited
particles appeared to be smaller (~few hundred A) on metal sur-
faces than those observed on silicon substrates. This indicates
that the nucleation activation energy is lower on metal surfaces
than on silicon surfaces. Unfortunately, SEM micrographs of the
particles could not be obtained, because the strong secondary
electron intensity of the background metal surface made it im-
possible to resolve the tiny aluminum particles. Possible alter-
native way to get the particle distribution would be analysis by
TEM (transmission electron microscope), AFM (atomic force mi-
croscope), or EDX (emission diffraction X-ray).

Although quantitative analyses of nucleation kinetics on the me-
tal surfaces could not be performed, it seems reasonable to as-
sume that the nucleation activation energy is similar to the growth
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Fig. 6. Surface coverage distribution by particles across the lines
shown in Fig. 3.

activation energy on aluminum surfaces obtained by thermal CVD
(~17.8 kcal/mole) [Dubois et al., 1990]. This value is lower than
those obtained on a silicon surfaces (25 kcal/mole), supporting the
experimental observation [Han and Jensen, 1994] that overall
growth rates on noble metal surfaces are higher than those on
silicon surfaces.

The nucleation activation energy on oxide surfaces appeared
to be so much higher than those on silicon or metal surfaces,
that the use of high scan speeds or low laser powers did not
produce any appreciable nucleation. Generally, the nucleated par-
ticles on SiO, surfaces are sparsely distributed and substantially
bigger (few microns in diameter) than those observed on silicon
surfaces. This behavior indicates that the increase in particle size
is not by coalescence but by growth, and hence the relation for
particle number distribution given by Eq. (10) or the relation for
surface coverage distribution given by Eq. (17) may be used to
obtain the nucleation kinetics on SiO, surfaces.

The nucleation study on SiO, was, however, not successful.
The particles created on the SiO, surface were so randomly dis-
tributed along the laser scan directing that any statistical anal-
ysis of the particle distribution [such as, Eq. (10), (11), or (17)}
would be meaningless. Also, because of the thermal insulation
effect of the SiO, layer, once a stable nucleus was formed, its

Korean J. Ch. E.(Vol. 14, No. 2)
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Table 1. Nucleation kinetics for chemical vapor deposition of alu-

minum
Nucleation A1 Precursors | g0 1vaa®  pmeaa
kinetics
Activation on metal 27.7-32.6 17.8 17.8 or less
energy on Si 73.5 - 25.0
(kcal/mol) on Si0, 91.9
Induction time 10 ® sec 1077 sec
(on Si) {on metals,
Si, Si0y)
Threshold temperature 103°C
B (on Si)

References: (1) Lee et al., 1992; {2) Dubois et al,, 1990; and (3)
Foulon et al., 1993,

surface temperature increased sharply and accelerated the homo-
geneous growth on the nuclei. Conscquently, before reaching a
meaningful particle distribution, the big particles agglomerated
with each other and formed a continuous line, which could not
be used for the nucleation study.

Aluminum depositions by thermal CVD is in general sensi-
tive to the type of the substrate surface, suggesting that the in-
itial nucleation is a critical factor determining the properties of
the resulted aluminum deposits. The kinetic information on the
nucleation from DMLEAA, obtained in this study, is compared
with the published results from other aluminum precursors in
Table 1. Nucleation activation energies (Ey) on metal surfaces
were assumed to be the same as the growth activation energy on
aluminum surface in all cases. For aluminum deposition from
TIBA, many researchers [Tsao et al., 1984; Higashi, 1989; Lee
et al., 1992] have found the selective deposition behavior to-
ward metal surfaces in the presence of silicon or Si0O,. Also, in
the case of silicon and SiQ, surfaces, the deposition was found
selective toward silicon. These observations follow exactly the
trends in the E,'s on different surfaces listed in Table 1.

Little is known about aluminum nucleation from alane pre-
cursors, except for the Ey on metal surface [Dubois et al., 1990]
and the induction time and threshold temperature for nucleation
on silicon surfaces [Foulon and Stuke, 1993] for TMAA. The
barriers for nucleation on a metal surface from the aluminum pre-
cursor used in this thesis, DMEAA, is presumably close to that
from TMAA (17.8 kcal/mole), perhaps slightly lower because
of the shift in the rate determining step [Han and Jensen, 1994).
By comparing the E, on metal surface with the Ey on silicon
surface (25.0 kcal/mole), one can expect the selective deposition
toward metal surfaces in the presence of silicon, and indeed the
selective behavior has been experimentally observed from the
alane precursors [Simmonds et al.,, 1991; Han and Jensen, 1994}
However, the difference in Ey's on silicon and SiO, is not clear.
Although, in this study using DMEAA, it appeared that Ey is
lower on silicon than SiO., some have found the selectivity to-
ward SiO, from TMAA[Baum et al., 1989; Gross et al., 1990].
A quantitative analysis is required to understand the selectivity
between silicon and Si0, surfaces.

CONCLUSION

A new method of using LCVD to obtain nucleation kinetic
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information has been developed. It has been successfully applied
to aluminum nucleation on (100)Si by LCVD from DMEAA.
The nucleation induction time and nucleation activation energy
on the silicon surface were estimated to 20 msec and 25 kcal/
mole, respectively. By comparing the nucleation kinetics on sil-
icon surfaces with those on metal surfaces, it was demonstrated
that the selective behavior observed during experiments was
caused by the differences in the nucleation activation energies
on different types of substrate surfaces. The approach develop-
ed in this paper could however not be applied to SiO,/Si sub-
strates, because of the complexity involved with the insulating
effect of the SiQ, layer.

NOMENCLATURE

a, :jump distance of the absorbed monomer (approximately
equal to the lattice parameter of the substrate)

E, : activation energy for desorption

E, : activation energy of surface diffusion

E; : dissociation energy of a cluster containing i atoms into i
adsorbed monomers

E; : activation energy for growth

E, : activation energy for monomer formation

Ey : activation energy for nucleation

F  : fraction of the substrate surface covered by the particles
(0<F<1)
i : rumber of monomers in a critically sized aggregate

k, : pre-exponential factor for monomer formation

ky : pre-exponential factor for nucleation

N,y : actual number of particles after coalescence

N, : density of monomer adsorption site

Ny : number of stable particles with arbitrary sizes per umit
area [#/cm’|

N.. :number of critical nuclei created per laser scan [#/sz]

r,, : rate of formation of monomers on the substrate surface
[#/cm’s)

1y : rate of formation of critical nuclei [#/cm’s]

1o : rate of decrease in total number of particles due to
coalescence [#/cm’s)

t; : radial growth rate [cm/sec]

T, : surface temperature

T, : threshold temperature for nucleation

ty  : the time until each particle is born

. ¢ laser scan speed
x  :direction parallel to the laser scan
Xy : position along x-axis where each particle is born
y  : direction perpendicular to the laser scan
E : geometric average of ¢?
¢;  :radius of jth particle
¢y : 1adius of the critical nucleus

¢  : available cluster periphery for impingement
v : attempt frequency of the adsorbed monomer for desorption
o : radius of incident laser spot
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