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ARTICLE INFO ABSTRACT

Available online 19 June 2013 Atmospheric pressure chemical vapor deposition (APCVD) of ZnO from diethyl zinc (DEZn) and t-butanol was

performed using an industrial reactor design. Deposition profiles were recorded to gain insight in the position

Keywords: dependent variations in layer thickness in such a reactor. We observed that for a deposition temperature
Zinc oxide below 400 °C most of the deposition took place close to the exit of the gasses, while for increasing temperatures
Zn0 the deposition shifts towards the gas inlet. This trend can be explained by the reaction mechanism through an
;\\/lpocd\gzng intermediate alkoxide species from DEZn and t-butanol, which in turn leads to ZnO deposition through a surface

reaction. The deposition profile is dependent on the local alkoxide concentration. With increasing temperature,
the formation rate increases. This translates in an earlier formation, i.e. in a shift upstream towards gas inlet
because this alkoxide formation takes place during the transport through the reactor. Chemical vapor deposition
(CVD) is a highly complex system with many interacting physical and chemical processes. Modeling was used to
gain insight on the local variations of the concentration of reactive species inside a reactor and was shown to pre-
dict the deposition profiles. Moreover, the impact of changes in reactor design on the deposition is discussed.
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1. Introduction

Atmospheric pressure chemical vapor deposition (APCVD) is a low
cost method for producing large scale coatings of a wide variety of ma-
terials. In particular, making transparent conducting oxides (TCOs) has
been studied by several groups [1-4]. An important use of transparent
conducting oxides is the application in thin film solar cells and in this
way, APCVD contributes to the production of renewable energy [5-8].
Of the group of transparent conducting oxides, ZnO is an important ma-
terial in many applications [9,10]. Especially for photovoltaics, in which
a transparent conductor is one of the vital parts, there is need for low
cost large area deposition [11]. In the past, ZnO was primarily deposited
by sputtering or low pressure CVD [12,13]. However, due to its mass
production potential and increased demands on cost effectiveness, in-
terest in APCVD of ZnO TCO has re-emerged [11]. For use as TCO, excel-
lent resistivities were demonstrated of 3.6 x 10~% Q cm [14], at carrier
concentrations of 7 x 10%° cm™3, approaching carrier concentrations
obtained at LPCVD (>10%' cm™3) [15]. These results demonstrate that
APCVD of ZnO can meet the electrical requirements needed in various
applications.

Apart from material characteristics, deposition control is vital for
industrial processes and requires knowledge of the reaction kinetics
[16,17]. It was previously reported that there is a wide spread of de-
position rate characteristics presented in the literature [3,17-23]. In
addition, the few kinetic studies that have been published show lack
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in agreement, and remarks mentioned in these studies indicate that
outcomes are too highly dependent on the specific circumstances,
such as a large variation of the growth rate on the position in the
reactor, which was even shown to vary with process conditions [24].

Reported results indicate that a simple decomposition mechanism of
DEZn might not give an accurate description of ZnO deposition [17]. In
order to design an effective reactor for ZnO deposition, more accurate
information on the mechanism was needed. Moreover, it was previously
demonstrated that modeling can be a powerful tool for understanding
what actually happens inside a reactor [25]. For the APCVD process of
SnO, deposition, a good modeling fit was obtained with a surface reac-
tion between the oxidizing agent and the precursor [26].

In previous experimental work on ZnO deposition we used an excess
of t-butanol as an oxidizing agent for DEZn [27]. Oda et al. suggested
that, in this case, the ZnO deposition is preceded by the formation of
an alkylzinc alkoxide intermediate product in the gas phase, [28]. The
alkylzinc alkoxide (also denoted alkoxide for brevity) can undergo
an efficient intramolecular decomposition to deposit ZnO, which is
assumed to occur on the substrate [20,29]. Therefore, the reaction
mechanism can be divided in two steps:

DEZn + alcohol—ethylylzinc alkoxide(g) + ethane(g) (1)
ethylylzinc alkoxide(g)—ZnO(s) + hydrocarbons(g) (2)
and the first step is considered to be reaction rate limiting [21] in the

process window used in the experiments. More detail on the ZnO
formation from alkylzinc alkoxide can be found in ref. [29]. In CVD,
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gas phase reactions are often unwanted as they can lead to powder
formation. However, this is only the case when the product of such gas
phase reactions is solid. The alkylzinc alkoxide formation is thought to
lead to gaseous components only and is therefore considered not to be
detrimental. The mechanism described above was used for modeling to
obtain a better understanding of the process and its critical parameters.

Fig. 1 shows a schematic representation of an APCVD reactor. It
consists of a gas inlet in the center, a (horizontal) deposition zone
and gas outlets on the left and right. This is a simplified representa-
tion of an industrial APCVD reactor. Chemical vapor deposition is a
relatively complex process and involves many chemical and physical
processes that occur simultaneously, throughout the entire deposition
zone. The source gasses contain the precursor materials, which react in
the gas phase and/or on the surface of the substrate. As these reactions
invoke (local) consumption of the reactive species, diffusion and convec-
tion processes can become important as well. As the source gasses are
consumed by the reactions, their concentration depletes during their
flow through the reactor and the cross section schematically presented
in Fig. 1 sketches how such a concentration profile could look like.
In our case, we also have the formation of an alkoxide intermediate
species, which are consumed by surface reactions. This might result
in local maxima in the concentration profile as sketched in the figure.
Consequently, the deposition rate will be different for each position
in the reactor. Such local differences in deposition rate would trans-
late into a thickness distribution. As the (local) consumption rate of
reactive species is dependent on the temperature, the thickness dis-
tribution can be tuned to some extent by the reactor temperature.

Fig. 1 shows a ‘snap shot’ in time with highly simplified concentration
profiles. If the substrate would be at a fixed position (static deposition), a
non-homogeneous thickness distribution would be obtained, which is
highly undesirable from production point of view, but can be used to
gain understanding of the process. In contrast, if the substrate would
be transported through the entire deposition zone during the deposi-
tion, as indicated by the horizontal arrow in Fig. 1 (dynamic deposition)
every part of the substrate would be at each position for a limited amount
of time and thus be exposed to all these conditions. This would result in a
more homogeneous lateral distribution of the layer thickness. Even
though the thickness distribution will be quite homogeneous for dy-
namic deposition circumstances, the layer buildup occurs through a
wide variety of process conditions. For process control it is important
to gain insight in the variation of local conditions at different process
parameters and its relation to the deposition.
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Fig. 1. Schematic representation of an in line CVD reactor (not to scale). The part
between the outlet of the waste gasses is referred to as the deposition zone. Also
a schematic indication of the concentration profiles of DEZn (blue line), alkylzinc
alkoxide intermediate species (red line) and deposition profile (white line) are
shown. The substrate moves from left to right and the hot walls of the reactor are
static.

This work presents results concerning experiments and model-
ing APCVD deposition of ZnO. It demonstrates how experimentally
obtained deposition profiles can be explained by the local process
conditions. Furthermore, the trend of the deposition profiles with
temperature have been qualitatively reproduced, which indicates
the validity of the assumed reaction mechanism via an alkoxide in-
termediate proposed in previous work [6]. Furthermore, the power
of modeling for reactor design optimization is shown. Agreement
between static deposition profiles and calculated growth rates as
well as trends with variations in reactor dimensions demonstrate
that the model can also be used as a design tool for the equipment,
which can be optimized for precursor efficiency.

2. Experimental

All atmospheric pressure CVD depositions of ZnO were performed in a
temperature window between 394 and 550 °C with a custom built Smit
Ovens CVD reactor. The length between the gas outlets as shown in
Fig. 1 also referred to as the deposition zone, is 8 cm. The width of the in-
jector is 19 cm. The Zn precursor was diethyl zinc [Zn(C,Hs),, (DEZn)]
and tertiary-butanol [(CH3)3COH, (t-butanol, BuOH)] was used as an
oxidant. ZnO samples were doped by introducing trimethylaluminum
in the gas. No catalytic effect was observed and because of the small
amounts added, this precursor was not considered important for the
deposition rate and is therefore not taken into account in the modeling.
More experimental details can be found in previous work [6]. Deposition
was performed in dynamic mode for obtaining the growth rate at differ-
ent process conditions. In the dynamic mode, the substrate moves under-
neath the injector and the entire length of the substrate is exposed to the
precursor gasses for some time, which is referred to as the residence time.
The overall deposition rate (r) can be calculated, as: r = d/t, where d is
the film thickness and t residence time. Furthermore, static mode ex-
periments were performed in which the substrate was positioned un-
derneath the injector during a specific holding time. This results in a
deposition profile, from which the deposition rate at each position in
the reactor can be calculated.

Schott AF 32 glass was used as substrate, with pre-deposition cleaning
by ethanol in an ultrasonic bath for 10 min and subsequent blow drying
with nitrogen. The thickness of the films has been determined by using
a Veeco Dektak 8 Advanced Development Profiler.

Computational Fluid Dynamics (CFD) flow simulations are
presented for which the multi-physics 3D CFD package CVD-X
has been used. This model of a hot wall reactor describes the flow,
the temperature distributions and the mixing of precursors and re-
actants together with homogeneous chemical reactions and het-
erogeneous surface deposition reactions [30,31]. The solver in
CVD-X is based on the finite volume method as described in [32],
the grids are 3D multi-block structured, body-fitted, and the code
is fully parallelized. It is assumed that DEZn and t-butanol react in
the gas phase to form ethylzinc alkoxide (1). The gas phase reaction
is taken to be rate limiting with an activation energy of 130 kJ/mol.
This activation energy resulted from fits of previously unpublished
experiments.

After formation, the ethylzinc alkoxide is brought towards the sub-
strate by convection in the main carrier-gas flow. Bulk gas flows are
considered to be laminar. At the substrate, surface reaction (2) causes
a boundary layer depleted of the alkoxide. Only diffusion in the bulk
flow can enrich this boundary layer with new alkoxide, such that the
surface reaction can proceed. In the simulations, the temperature de-
pendent value of the diffusion coefficients of the participating gas spe-
cies is of major importance. We used their binary diffusion coefficient
in the carrier gas N, which were estimated with the Lennard-Jones
parameters of the species [33]. The diffusion constant D was taken to
be: D = A — B x T, in which T is the temperature. The parameters A
and B are listed in Table 1.
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3. Results

In order to gain some insight into the local process conditions inside
the reactor, static depositions were performed at temperatures of
394 °C, 440 °C and 480 °C. In these experiments, the substrate is held
at a fixed position for a determined time. By measuring a profile of the
resulting layer thickness, the effect of the local environments on the
ZnO deposition rate can be visualized. The deposition profiles in
Fig. 2a show that the local deposition rate increases with temperature
for each position. Moreover, it is demonstrated that a reactor tempera-
ture of 480 °C the increase in deposition rate in the center is much larg-
er than on the edges of the deposition zone (close to the gas outlets).

A more clear comparison of the shape of the deposition profile is
presented in Fig. 2b with the profiles normalized with respect to
their maximum value. This reveals that at a temperature of 394 °C,
the highest layer thickness is obtained close to the outlet. At an inter-
mediate temperature (440 °C), the maximum thickness is obtained
in the middle of each deposition zone (left and right). When the tem-
perature is raised to 480 °C, the majority of deposition takes place
underneath the gas inlet and leads to a peak shaped thickness profile.
In short, the deposition profile changes from M shape with two max-
imum layer thicknesses, each one side of the gas inlet, to A shape
with one maximum underneath the gas inlet. Such changes in
shape of the deposition profile cannot be explained by layer forma-
tion directly from the source gasses, in contrast to the more widely
described the case of SnO, deposition where a more or less peak
shaped deposition profile is observed [25]. However, the shift of
deposition maxima towards the gas inlet with temperature can be
explained by a mechanism in which an intermediate product is
formed first, where-after it reacts further on the surface, thereby de-
positing the ZnO layer. This all occurs while the gasses move through
the reactor. Therefore, the thickness of the deposited layer depends
on the amount of alkoxide locally available as will be presented in
the following paragraphs.

In addition to previous work concerning the modeling of overall
deposition rate, modeling was used to relate local deposition char-
acteristics to the insights from the local process conditions inside of
the reactor. Fig. 3a shows the deposition rate as output of the model
at four different temperatures. Between 394 °C and 500 °C, the de-
position rate increases for each position. Fig. 3b shows a normalized
profile of the deposition rate of ZnO as obtained from the model.
Good qualitative agreement with Fig. 2b is observed as the shape of
the calculated profile changes in a similar way and in the same tem-
perature range as found experimentally. The fact that it ‘predicts’ the
same change in shape shows how the model can be used as an aid to
assess the impact of changes in process conditions and reactor design.
In the model the temperature could be elevated to 590 °C and Fig. 3b
shows how the peak shape narrows further at this high temperature.

The underlying model is based on (local) reaction rates and apart from
depicting the expected deposition profile, it can also visualize the local re-
action environments by which the deposition profiles can be understood.

Fig. 4 shows a cross section of the reactor depicting the local alkoxide
formation rates at different reactor temperatures. These graphs were
normalized to visualize the change in distribution of the reaction rather
than the actual reaction rate. This allows a greater understanding of the
relation between the alkoxide formation rate and the deposition profile.
Note that this reaction rate does not represent the ZnO deposition rate,
but rather the formation rate of the alkoxide, which, in turn, leads to
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Fig. 2. a) Deposition rate profile of ZnO as function of the position in the reactor
obtained from experiments for various reactor temperatures. The data points represent
measured thickness from a profilometer which have been translated to deposition rate.
b) Normalized deposition profiles to show the shift of the maximum deposition more
clearly.

ZnO deposition. As this alkoxide is formed from t-butanol and DEZn, it
will be highest where the DEZn concentration is high, i.e. always close
to the DEZn gas inlet. Apart from the local maximum, it is observed
that the reaction rate is relatively evenly spread out over the deposition
zone for a temperature of 394 °C. This indicates that the DEZn concen-
tration decreases throughout the entire deposition zone as it is con-
sumed by the reaction.

However, for higher temperatures the maximum reaction rate in-
creases and causes a faster consumption of the DEZn. For this reason
the DEZn concentration decreases earlier during its passage through
the reactor and closer to the gas inlet. Consequently, the zone for
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Fig. 3. a) Deposition rate profile of ZnO as function of the position in the reactor
obtained from modeling for various reactor temperatures. b) Normalized deposition
profiles to show the shift of the maximum deposition more clearly.
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Fig. 4. The reaction rate for the alkylzinc alkoxide formation from DEZn and t-BuOH at different temperatures as presented in the figure. The color codes are linear and normalized with
respect to the maximal deposition rate for each temperature. The colors therefore indicate the distribution of the reaction rate rather than the absolute values.

alkoxide formation is also confined to a narrower region closed to the
DEZn gas inlet. As the temperature is further increased, the reaction
rate increases and causes an almost complete depletion of the DEZn.
The reaction zone is very narrow and consequently, the region where
the alkoxide concentration is built up is also narrow. Note that with
a higher alkoxide concentration, simultaneously a higher and more
centrally positioned deposition rate is expected.

An additional observation of the profiles in Fig. 4 is that the alkoxide
formation takes place along the entire substrate for lower temperatures,
but is concentrated to a small region closed to the gas inlet only for very
high temperatures above 530 °C. As a result, the substrate hardly meets
any of the DEZn and is mainly exposed to the alkoxide. Although for this
specific case, the desired reaction temperature is below 500 °C, the
figure indicates that one could prevent DEZn exposure of the substrate
by increasing the temperature. For instance, this could be an important
issue for preventing multiple reactive species on the substrate. However,
the main theme here is the explanation of the deposition profile. From
Fig. 4, it can be derived that due to the reaction rate of the alkoxide,
the distribution of its concentration will vary with temperature. This
will have an influence on the position where the ZnO deposition takes
place, i.e. the deposition profile will change with the temperature of
the reactor as evidenced by Fig. 2.

Modeling was used to gain insight in the local process conditions in-
side of the reactor. Fig. 5 shows a detailed right half of the reactor and
displays how at 440 °C the (locally varying) reaction rate (a) leads to
an increase in alkylzinc alkoxide concentration (b) from t-butanol
(c) at the expense of DEZn (d). Simultaneous to this forward reaction

the alkoxide species is consumed by the ZnO deposition (not shown,
but incorporated in the alkylzinc alkoxide concentration profile). This
figure illustrates how all process conditions are strongly locally depen-
dent and interdependent. As the alkoxide needs to be formed before it
can lead to a deposition, it is expected that the deposition will not
form directly underneath the gas inlet, but closer to the gas outlet,
because in this region the alkoxide concentration is higher at 440 °C.
The amount of t-butanol is in excess (more than 10 times higher than
DEZn) and therefore can deplete only about 10% as a consequence of
the reaction with DEZn. In this model, decomposition routes other
than reaction with DEZn were not taken into account, although these
might be occurring [34]. It is known that the kinetics of the BuOH de-
composition varies strongly by the presence of other species and ZnO
[34]. There is actually great lack of clarity on the BuOH decomposition
rate and because there is a large excess of t-butanol present it was as-
sumed that additional consumption of BuOH by side reactions would
be of little influence for the alkoxide formation. The agreement of the
model with the experimental data suggests that this assumption is rea-
sonable in the temperature range of interest.

It is important to note that for dynamic deposition, where the sub-
strate moves along the deposition zone, it is exposed to a wide range
of reactant concentrations. As a consequence, the cross section of the
layer (thickness) represents its deposition history. It is suggested that
this insight can be used to optimize the coating characteristics and/or
the process. In addition, the reactor design is of influence.

Itis relatively easy to change the reactor configuration in the model.
As an example, Fig. 6 shows the case where the length of the deposition

Fig. 5. Modeling results of the alkoxide reaction at 440 °C in the right section of the APCVD reactor presented in Fig. 1 with a) the reaction rate, b) the alkylzinc alkoxide concentration,
c) the tert-butanol concentration and d) the diethyl zinc concentration profile. The normalized color codes represent a linear relation.
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Fig. 6. a) Total layer thickness as function of the length of the deposition zone (injector
length) for dynamic deposition. b) calculated mass flow towards the substrate as function
of position in the reactor for various lengths of the deposition zone. The point where the
mass flux declines to zero represents area where all the gasses exit though the exhaust.
This area shifts outwards as the reactor zone length increases.

zone was changed for a temperature of 470 °C. The total layer thickness
increases with length of the deposition zone (see Fig. 6a). With similar
gas flows, a longer deposition zone translates to a longer residence time
of the gasses as well as a longer exposure duration to reactive species. A
longer reactor results in more consumption of DEZn. A lower DEZn con-
centration at the exits translates to a higher precursor yield (which is
defined as DEZn leading to layer, not just to alkoxide). This is visualized
in Fig. 6b in which the lines show the DEZn mass flux to the substrate as
function of the position in the reactor. The DEZn mass flux is high in the
middle, where the gas inlet is positioned (see Fig. 1), while it decreases
towards the sides, indicating the consumption of DEZn. The sharp drops
at the outer edges of the mass flux profiles represent the positions
where all reactive gasses, including the non-reacted DEZn, are directed
towards the gas outlet. A DEZn mass flux of 0 (cross with x-axis) repre-
sents the middle of each gas outlet. Naturally, for a reactor with a very
long deposition zone (appr. 32 cm) the mass flux profile extends the
furthest away from the center and most of the DEZn is consumed. For
shorter reactor lengths the gas outlet is positioned closer the center
and the DEZn mass flux shows a higher sharp drop, indicating the posi-
tion of the gas outlet and that less of the DEZn is used for deposition.
The practical implication in this specific ZnO example is that layer
quality requirements and the drawback of parasitic reactions at higher
temperatures put a ceiling on the reactor temperature, beyond which
higher precursor yields would be accomplished [6]. This modeling
shows that a wider reactor design can be a way to increase the precur-
sor yield, which would otherwise be limited by a temperature ceiling.
Another aspect of the reactor design is the distance between the
injector and the substrate, the injector height. This is partly a design
issue and integral part of design optimization of industrial coaters.
On the other hand, in research coaters such as used in this study,
the substrate thickness may vary according to different applications
and interests. For these reasons, the sensitivity of the deposition
rate to the injector height is important. Fig. 7 shows that an increase
of the injector height leads to a decrease of the deposition rate. This
may seem counter intuitive as a higher injector increases the cross
section through which the gasses flow and thereby also increases
the residence time of the gasses and Fig. 6 showed how this should
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Fig. 7. Normalized deposition rate as function of the injector height. The deposition
rate was set to one for 100% of injector height.

have an increasing effect on the deposition rate. However, the ratio be-
tween gas volume and substrate contact area increases. Consequently,
on average the reactive species have to cover a larger distance before
they can react on the substrate and therefore have a lower probability
of doing so during their residence time. This is evident from the model-
ing and confirmed by experimental results.

4. Conclusions

The deposition of ZnO with diethyl zinc and tert-butanol is considered
to occur through an alkylzinc alkoxide intermediate species. A CFD
modeling study, taking into account this intermediate reaction, shows
deposition profiles that are in good agreement with the experimental re-
sults. It was demonstrated how modeling can be a powerful tool for
obtaining a deeper understanding in the local process conditions inside
a reactor and the results were used to explain the change in deposition
profile with temperature, as well as changes in deposition rate with injec-
tor design variations.
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