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ABSTACTS

Yttria-stabilized zirconia (YSZ) films were deposited with varying temperatures of ZrCl, between 250~550°C
with YCl, and the substrate at 1000°C. Nanoamperes per square centimeter of the electric current were mea-
sured in the reactor during deposition and the current increased with increasing evaporation temperature of
ZrCl,. The zirconia nanometer size clusters were captured on the grid membrane near the substrate during
the CVD process and observed by transmission electron microscopy (TEM). The deposition rate decreased
with increasing evaporation temperature of ZrCl,. A cauliflower-shaped structure was developed at 250°C
then gradually changed to a faceted-grain structure above 350°C. Dependence of the growth rate and the
morphological evolution on the evaporation temperature of ZrCl, was approached by the charged cluster

model.
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1. Introduction

n the chemical vapor deposition (CVD) process, the
I temperature dependence of the film growth rate is
divided typically into three regions. The growth rate
increases with increasing temperature in a certain tempera-
ture range and then above that range, the growth rate
becomes relatively insensitive to the temperature increase
and in some cases, the rate decreases with further increase
of the temperature.® This aspect is represented by the
slopes in the plot of the logarithm of the growth rate against
the inverse temperature. According to the standard classifi-
cation,”” the higher slope in the lower temperature region
indicates the surface reaction controlled growth and the
lower slope in the higher temperature region indicates the
gas-phase diffusion controlled growth. The negative slope in
the high temperature range is attributed to the gas phase
nucleation.®
Recently, however, Hwang et al.®” suggested a charged
cluster model (CCM) as the growth mechanism of thin films.
According to the model, the gas phase nucleation occurs
even when the supersaturation is so low as to achieve only a
negligible film growth rate. In other words, under the condi-
tions where the gas phase nucleation can be avoided, the
film growth rate is negligible. This means that under practi-
cally meaningful processing conditions of thin films, the gas
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phase nucleation occurs. Most of the gas phase nuclei are
electrically charged so that their Brownian coagulation is
inhibited and the nanometer size can be maintained during
their residence time in the reactor. Besides, these charged
nuclei are the major deposition flux for thin films. According
to the CCM, the temperature dependence of the film growth
rate is totally different from the classification based on the
activation energy measurements. In the CCM, the tempera-
ture dependence of the film growth rate is related to the
temperature dependence of cluster size, which is related to
the supersaturation and the electric charge generation.

These hypothetical nuclel were experimentally confirmed
in the diamond CVD.*? the silicon CVD'Y and thermal
evaporation coatings of tungsten,’® gold® and copper.””
Based on this new paradigm of growth mechanism, we
could explain many puzzling phenomena occurring in the
thin film process that could not be approached properly in
the conventional concept of thin film growth by the atomic
unit deposition. These phenomena include the low pressure
synthesis of diamond,®*' simultaneous deposition and
etching of silicon,'®'” selective deposition,’” the substrate
effect on film morphology,’® growth of silicon nanowires'®
and the electric bias effect on deposition.'®

The evolution of films by cluster deposition can be
explained by the concept of the magic size suggested by
Fujita.”** Fujita found out that the transition between
fast-diffusion liquid-like and slow-diffusion crystalline prop-
erties takes place abruptly with size of the clusters, which
he called a magic size. He determined the magic size for an
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embedded ZrO, cluster to be ~6 nm at room temperature *”

The magic size for the isolated state is expected to be ~12
nm. When clusters are Smaller than the magic size, clusters
will make epitaxial landing on the growing surface. When
they are larger than the magic size, they tend to retain their
individual orientations, leading to a nanostructure or cauli-
flower structure. This microstructure transition takes place
relatively abruptly with the cluster size. These aspects of
cluster deposition were revealed also by molecular dynamic
simulation in gold cluster deposition.®

Therefore, many features of thin films, which had been
approached by the conventional concept of atomic unit depo-
gition, should be reexamined. Among these, the tempera-
ture dependence of the deposition behavior will be
approached by the CCM in this paper with a focus on the
yttria stabilized zirconia (YSZ) CVD. The generation of
nanometer-size clusters in the gas phase during the typical
CVD process was revealed in the nanometer-size powder
synthesis by chemical vapor condensation method,™ where
powders or filmg of SiC, Si.N,, ALO,, TiO,, ZrO, and other
refractory compounds were synthesized. Nevertheless, in
this paper we tried to confirm the generation of charged zir-
conia nuclei in two ways. One is by measuring the electric
current during the thermal evaporation of ZrCl,, which is
an indirect indication of charged zirconia nuclei because
ionization of a single atom or molecule is negligible at the
temperature used in the CVD process. The other is by cap-
turing the clusters on the grid membrane and observing
them by transmission electron microscopy (TEM). Since the
amount of electric current or the charge density is related to
the cluster size, which plays a critical xole in the microstruc-
ture evolution of the film, the growth rate of the film and
the morphology with varying evaporation temperature of
ZrCl, precursor could be approached from a viewpoint of
CCM.

2. Experimental Procedure

A 3-zone tube furnace was used for CVD of ZrO,. The
schematic diagram of the thermal CVD reactor was
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Fig. 1. Schematic diagram for measurement of the curren
inside the CVD reactor by a Faraday cup.
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reported previously,™ In order to check the generation of
electric charge during deposition in the reactor, the current
was measured by a Faraday cup as shown in Fig. 1 with
varying evaporation temperature of the ZrCl, (99.9 %, Ald-
rich) precursor. Negative bias of —20 V was applied for
repelling electrons. The current was measured at two loca-
tions in the reactor: one is near the precursor and the other
on the substrate position. In the first case, the temperature
was ~100°C higher than that of the ZrO, precursor and in
the second case, the temperature was fixed at 1000°C. Plati-
num wire was used for the probe due to its high conductivity
and the inertness for chlorine. The collecting area of the
platinum wire was ~50 mm?. Keithly 416 Pico ammeter was
used.

For deposition, ZrCl, (99.9%, Aldrich) and YCIl, (99.9%,
Aldrich) powders were used as precursors and oxygen was
used as a reactive gas. The temperatures of substrates and
YCl, were controlled within +5°C and that of ZrCl, was
within £20°C. ZrCl, was heated to 250~550°C and YCl, was
to 1000°C. The deposition was done for 2 hrs. YCL, precursor
and the substrate were placed at the gite of the same tem-
perature.

In order to capture the individual YSZ nuclei from the gas
phase, the Ni grid with a silica membrane for TEM was
attached to a liquid-nitrogen cooled cold finger made of
stainless steel and exposed near the substrate for 60 sec at
the ZrCl, evaporation temperature of 250°C. The captured
clusters were observed by TEM (Hitachi, H-9000NAR). The
growth rate of the films was estimated by scanning electron
microscopy (SEM, Akashi ISI DS-130C) of cross-section of
the Y87 films. The Y,0, fraction in the films was deter-
mined by electron probe microanalyzer (EPMA, Cameca SX-
50). SEM was used for observing microstructures.

3. Results

3.1 Generation of electric charge in the reactor
The current generation with the evaporation temperature
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Fig. 2. Current produced (a) near the evaporation tempera
ture of ZrCl, and (b) at the location for the film deposition.
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of the ZrCl, precursor is shown in Fig. 2(a). Here, the tem-
perature for current measurements was about 100°C higher
than the precursor temperature. The current increased rel-
atively steeply in the temperature range of 300~400°C and
nearly saturated at ~550°C as ~1 nA. The collecting area for
current was ~50 mm? so that the current density is ~2 naA/
cm® Since the amount of current can be different between
the temperatures of precursor evaporation and film deposi-
tion, we also measured the current at the location of the
substrate as a function of temperature of the ZrCl, precur-
sor as shown in Fig. 2(b). The current, compared with that
of Fig. 2(a), increased about 3 times and increased abruptly
at ~300°C and saturated at ~450°C of the ZrQ, precursor.
These temperatures are 50~100°C lowered than those of
Fig. 2(a).

3.2 Growth rate of the film with the ZrCl, temperature

The growth rate of the film was ~1 um/hr in the 450~
550°C of ZrCl, temperature, which corresponds to the
range that the current is saturated as shown in Fig. 2.
The growth rates were ~10 and ~5 um/hr, respectively, at
the ZrCl, temperatures of 250 and 350°C. These results
indicate that the growth rate of the film decreased with
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Fig. 3. TEM of (a) lower and (b) higher magnifications of the
YSZ nuclei captured for 60 sec on a grid membrane at the
cold finger near the substrate at the ZrC] evaporation tem-
perature of 250°C.
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increasing evaporation temperature of ZrCl, in this tem-
perature range. This aspect is unusual because the high
deposition rate is expected from the high evaporation
rate. Below 250°C of the ZrCl, precursor, the growth rate
decreased with decreasing evaporation temperature of
ZrCl,.

The dependence of the ZrQ, growth rate on the evapora-
tion temperature of ZrCl, can also be indirectly estimated
by the relative fraction between ZrO, and Y,0, in the film
because the evaporation temperature of YCl, was fixed.
The Y,0, fractions in the film increased from 2 to 25% as
the ZrCl, temperature increased from 250 to 550°C. These
results indicate that the growth rate of ZrQ, decreased with
increasing evaporation temperature of ZrCl, in agreement
with the growth rate measured by SEM.

3.8 Microstructure of films

Fig. 3 shows the zirconia clusters observed by TEM. The
cluster size was ~8 nm. The high resolution image of Fig.
3(b) shows the lattice fringe of zirconia clusters. The
agglomeration behavior of clusters shown in Fig. 3(a) indi-
cates that these clusters were not formed on the substrate
but landed from the gas phase.
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Fig. 4. SEM of (a) lower and (b) higher magnifications of the
YSZ film deposited for 2 hrs at T, =400°C, Ty, =1000°C and
T .=1000°C.
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Fig. 5. SEM of (a) lower and (b) higher magnifications of the
YSZ film deposited for 2 hrs at T, ;,=345°C, Ty,=1000°C and
T, ,=1000°C.

Figs 4, 5 and 6 show the variations of microstructures
for three different ZrCl, temperatures of 450, 350 and
250°C, respectively. SEM photographs of both lower and
higher magnifications were shown in each case. The
films with well-developed facets with grain size of ~3
rom tended to develop at the evaporation temperature of
450°C of the ZrCl, precursor (Fig. 4) while the film mor-
phology resembling the cauliflower tended to develop at
250°C of the ZrCl, precursor (Fig. 6). In the medium tem-
perature of 350°C (Fig. 5), the microstructure shows the
transition from faceted to cauliflower-shaped structures
with grain size of ~0.5 pm. At 250°C of ZrCl,, grains with
well-developed facets appeared no more. While each
grain of ~3 um in Fig. 4 is single crystalline, each spheri-
cal lump of ~5 um in Fig. 6 is polycrystalline consisting
of numerous tiny submicron grains. The growth rate of
the cauliflower-shaped films in Fig. 6 was 5~10 times
higher than that of the films with well-developed facets
in Fig. 4. In the ZrCl, temperature range of 300~400°C,
the microstructure changed from being caulillower-
shaped to being faceted. This temperature range corre-
sponds to the abrupt current increase in the reactor
chamber (Fig. 2).
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Fig. 6. SEM of (a) lower and (b) higher magnifications of the
YSZ film deposited for 2 hrs at T, ,,=250°C, Ty,,,;=1000°C and
T, .=1000°C.
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4. Discussion

Fig. 2 shows that the electric charge is generated during
evaporation of ZrCl, precursor. In Fig. 2(a), the current
increased with increasing temperature of ZrCl,, This result
indicates that the generation of charge increased with
increasing flux of precursor evaporation. Although the cur-
rent in Fig. 2 is small compared to that measured in the hot
filament or the plasma CVD process, it is comparable to the
current measured during the silicon thermal CVD process!”
and the thin film deposition by gold evaporation in the tung-
sten baslket at 1250°C.'"" The ionization energy of the
involved species 1s too high to generate such a high current
at the temperature of the reactor. The current measured in
Fig. 2 can only be explained by the surface lonization of the
nuclei, as analyzed previously in thermal evaporation of
metals."? The ionization energy of nuclei is close to the work
function of the bulk. As a result, the activation energy for
the surface ionization of these nuclei can be less than ~1 eV,
which can explain the current generation of Fig. 2. There-
fore, the generation of electric current shown in Fig. 2 is the
indication of gas phase nucleation of zirconia,

It is known that the agglomerated clusters in Fig. 3(a) can
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be prepared in the non-agglomerated state when they are
quenched into the liquid nitrogen cooled drum and scra-
pped.” Besides, when the substrate was placed in the pres-
ence these clusters, the dense films were developed.?? This
aspect is also shown in Figs. 4, 5 and 6.

Measurements of the film thickness in the cross section by
SEM observation showed that the growth rate of the film
decreased with increasing evaporation temperature of ZrCl,.
The same behavior was also revealed by the increase of the
Y,0, fraction in the film with increasing temperature of
ZyCl,. This behavior is difficult to understand because the
higher evaporation temperature of ZrCl, corresponds to the
higher flux of ZrO,. Besides, the low growth rate at a high
temperature tends to be accompanied by large grains with
well-developed facets (Fig. 4) while the high growth rate at
a low temperature tends to be accompanied by a cauli-
flower-shaped structure (Fig. 6).

Decrease in the growth rate with increasing processing
temperature is quite a common phenomenon in the CVD
process." According to the conventional explanation, the
gas phase nucleation occurs at a high temperature while it
is suppressed at a low temperature.”” Since the gas phase
nucleation decreases the supersaturation markedly, the
growth rate is low and the grains are large with well-devel-
oped facets at a high temperature.

According to the CCM, however, the gas phase nucleation
oceurs at low temperatures as well as at high temperatures,
as supported by the current measurements shown in Fig. 2
and by TEM observation of individual zirconia clusters in
Fig. 3. In the CCM, the cluster size is the most important
factor affecting the deposition behavior. The cluster size
depends on the nucleation rate, which again depends on the
supersaturation. If the supersaturation is high, the nucle-
ation rate will be high and as a result, the size of the nuclei
will be small. Since each nucleus tends to be electrically
charged when they grow above a certain size, the high
nucleation rate will increase the generation of charge or cur-
rent, which explains the dependence of the current on the
evaporation temperature of ZrCl, in Fig. 2.

Therefore, the high current at the high evaporation tem-
perature of ZrCl, in Fig. 2 is an indication of the small clus-
ter size. Since the small clusters have the liquid-like
property in diffusion,”®® they tend to undergo epitaxial
recrystallization after landing, resulting in large grains
with well-developed facet. On the other hand, the large clus-
ters do not have the liquid-like property and tend to fail fre-
quently in epitaxial recrystallization. Each failure of epitaxial
recrystallization will make twin or grain boundaries, lead-
ing to the formation of secondary nuclei. In the extreme case
of large clusters, each cluster will be the individual grain of
the final film, resulting in a nanostructure. Therefore, as
the cluster size increases, the frequency of epitaxial recrys-
tallization will decrease and the grain size of the film will
decrease with the microstructure changing from the large
faceted grains in Fig. 4 to the cauliflower-shaped grains in
Fig. 6.

Vol. 38, No.2

According to the study of the deposition behavior of clus-
ters by molecular dynamics, it took a much shorter time
for the cluster to complete epitaxial recrystallization than
for the cluster to take a shape of surface energy minimiza-
tion into a two dimensional disc. In order words, the rate
of the surface diffusion was much slower than the rate of
epitaxial recrystallization. Thus, even if the clusters
deposit epitaxially, the surface morphology of the film can
be macroscopically rough. Thus, the grain size of the cau-
liflower-shaped structure need not be one tiny nodule but
the actual grain size can be much larger or can have a
columpar structure.

The cluster size also affects the growth rate of the film
especially when the charged clusters are not a good con-
ductor because the Coulomb repulsion tends to be dimin-
ished for the large clusters. The higher film growth rate
can be provided by the larger clusters, which are gener-
ated at the low evaporation temperature of ZrCl,. Consid-
ering the temperature dependence of the vapor pressure
of ZrCl,, the total cluster flux must be much larger at the
higher evaporation temperature. Unless the Coulomb
repulsion between the clusters and the growing surface is
the rate-limiting step in film growth, the high evaporation
temperature should provide a high growth rate. In the
temperature range where the film growth rate decreases
with increasing temperature, the Coulomb repulsion
would be the rate-limiting step in film growth and the
large clusters have an advantage over the small ones in
the film growth rate.

We suggested that the nanostructure or cauliflower
structure could be one of the microstructure eriteria that
distinguish between the atomic unit and the cluster unit
deposition.” Since this problem is critical in this paper
and the evolution of a cauliflower structure is quite com-
mon in many thin film processes, it will be treated in more
detail. For the evolution of a cauliflower structure in Fig.
6 by an atomic or a molecular unit, the secondary nucle-
ation should occur on the growing surface. The barrier of
secondary nucleation is higher than that of growth
because of the excess interface free energy between the
growing surface and the nucleus. The maximum barrier
for growth is 2-dimensional nucleation (2-DN). How much
the given grain can grow before another secondary nucle-
ation will determine the grain size. Thus, the grain size
will be determined by the ratio of the secondary nucle-
ation rate and the 2-DN rate. Previously, Hirth and
Pound® estimated this ratio to be ~10®. This means that
one secondary nucleation with an incoherent boundary
takes place after growth of ~10% atomic layers by 2-DN.
Therefore, the minimum grain size should be a few centi-
meters. The evolution of a nanostructure or a cauliflower
structure is difficult to explain by an atomic or a molecu-
lar unit. Therefore, it is more likely that the nanostrue-
ture is formed by landing of nano particles formed in the
gas phase as suggested in the CCM.%7

On the other hand, quite often in the other CVD process,
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the cauliflower structure changed to the crystal with well-
defined facets with the marked decrease in the growth rate
when the substrate temperature increases above some val-
ues.”” Although the low growth rate has been attributed to
the onset of the gas phase nucleation,"*¥ such transition
in the deposition behavior with increasing substrate tem-
perature might be attributed to the increase in the charge
density as in the case of our present experiment. In this
high temperature condition, the cluster size is small and
favorable for epitaxial growth. This aspect is in agreement
with the actual process for epitaxial growth, which adopts
the high temperatures.”

5. Conclusion

Individual zirconia clusters were observed by TEM after
capturing them on a grid membrane Besides, the electric
current was generated with evaporation of ZrCl, precursor.
It increased with increasing evaporation temperature of
ZrCl,. The decreasing deposition rate with increasing evap-
orating temperature of ZxCl, in the range of 250~550°C
could be explained by the CCM. The transition from the
cauliflower-shaped structure to the structure with well-
defined facets with increasing temperature could algo be
explained by the CCM.
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