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Abstract: The dynamic growth of MOCVD-grown ZnO thin films under temperature effect was
systematically investigated by a numerical approach using computational fluid dynamics (CFD)
technique. A three-dimensional (3D) reactor-scale model was developed to determine the growth
rate and uniformity of ZnO thin film in the temperature range of 593 K to 713 K. The mixed-
convection flow and heat transfer inside the reactor chamber were assessed. The results showed
that as the temperature increased, ZnO thickness increased initially before decreasing. At 673 K,
the highest deposition rate with acceptable uniformity was achieved. The admixture of transverse
and longitudinal rolls was observed for the flow conditions. Temperature variations were found
to directly affect the axial and lateral uniformity of deposition, but had a minor impact on the size
and position of transverse rolls. Experimental verification studies were conducted, and high-quality
ZnO films were successfully fabricated by using diethylzinc (DEZn) and tertiarybutanol (¢-BuOH) as
precursors; it was found that the comprehensive thickness and structural properties of ZnO deposited
at temperature of 673 K are preferred. Experimental results and numerical simulations exhibited
good agreement.
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1. Introduction

Zinc oxide (Zn0O) is a fascinating II-VI semiconductor material with a wide direct band
gap of 3.37 eV at room temperature [1,2] which has gained remarkable attention in versatile
applications, such as a transparent electrode for solar cells and gas sensors [3,4], photocatal-
ysis [5], light-emitting diodes (LED) [6] and laser diodes [7]. The metal-organic chemical
vapor deposition (MOCVD) technique is widely used for the growth of high-quality ZnO
thin films due to its potential scalability for large-scale fabrication [8]. However, the chal-
lenge remains to produce a homogeneous and uniform ZnO thin film with minimal defects.

Several efforts have been directed towards the selection of appropriate precursors
in order to effectively avoid high reactivity precursors and achieve better control in the
syn-thesis of ZnO films [9,10]. Tena-Zaera et al. [11] developed a 3D model to investigate
the gas flow in a two-inlet horizontal reactor by considering the effects of different Zn pre-
cursors, such as diethylzinc (DEZn), dimethylzinc (DMZn) and dimethylzinc-triethylamine
(DMZn-TEA) and different oxygen precursors (t-butanol, i-propanol and acetone) with two
carrier gases (H; and Ny) on the fluid dynamics in the numerical simulation. Compared
with dimethylzinc (DMZn), diethylzinc (DEZn) used as zinc precursor exhibits superior
structural features and optical properties [12] and is less active and reacts less strongly
with oxygen precursors [13]. The use of tertiarybutanol (--BuOH) as a promising oxygen
source instead of O, and H,O has been found to avoid or significantly reduce the violent
pre-reactions, with a lower reactivity and decomposition temperature than other oxygen
sources [14,15]. Thus, diethylzinc (DEZn) and tertiarybutanol (t-BuOH) are used as zinc
and oxygen precursors, respectively, for the growth of ZnO thin film.
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Experimental studies on ZnO film have been documented in the literature [16-18]. Of
particular interest, large-scale industrial production affects the deposition rate as well as the
quality and uniformity of the deposited thin film, which is strongly related to the thermal
and flow behavior of gas fluid in the reactor. Computational fluid dynamics (CFD) mod-
elling is an effective simulation tool for obtaining insight into thermal flow patterns. Many
numerical results have been presented for a variety of conditions and geometries [19-21].
Li and Xiao [22] showed that an improper gas distributing system would cause low growth
uniformity. Li et al. [23] obtained a good ZnO deposition rate by adjusting the entrance
flow of MO source. Zhang et al. [24] studied the influence of operating parameters on the
growth rate and thickness uniformity, especially the inlet conditions, such as a premixed
or non-premixed inlet, inlet temperature, total gas flow rate and the component ratio of
precursors. Similarly, Wang et al. [25,26] investigated the film deposition rate and the film
uniformity of a ZnO thin film in a vertical MOCVD reactor under different process parame-
ters, such as the substrate temperature, operating pressure, total flow rate and mass fraction
of the gas flow. There is no doubt that studies on the key transport phenomena always
need to be considered since they play a crucial role in governing the reactor behavior and
scaling-up of MOCVD [27-30]; however, the understanding of the influence of deposition
temperature and its controlling mechanism of transport phenomena at the macroscopic
level during deposition is still limited. In addition, experimental studies [31,32] have also
showed that the proper control of processing parameters is essential to the microstructure
of thin films, while only a few of them have used the MOCVD method to grow a ZnO thin
film. Therefore, a comprehensive examination of the temperature effect on the macro flow
behavior and microstructure evolution of a ZnO thin film deposited by MOCVD merits
additional discussion.

In this study, a 3D CFD model is employed to describe the flow dynamics and transport
phenomena in a horizontal MOCVD reactor for ZnO growth, where diethylzinc (DEZn)
and tertiarybutanol (¢-BuOH) are used as precursors, and nitrogen (N») is used as carrier
gas. The deposition temperature influence on the deposition rate and uniformity of ZnO
thin films are highlighted. The key dimensionless parameters are used to evaluate the
effects of the thermal and flow behavior, and mechanisms on ZnO growth. Further-more,
a temperature-dependent experimental study on the structural and morphological prop-
erties is examined in order to identify the produced ZnO thin films. Experimental results
on ZnO growth are conducted in order to validate the predictions from the developed
CFD simulations.

2. Numerical Model and Boundary Conditions
2.1. Physical Model

The configuration of the horizontal MOCVD quartz reactor and its generated grid
for numerical simulations are depicted in Figure 1. The dimension of the MOCVD reactor
chamber was 560 mm x 64 mm, and the aspect ratio W/H was 1.8. A graphite susceptor
was allocated normal to the bulk gas flow in the deposition zone of the reactor. The mesh
was generated with the upper surface of the susceptor as the boundary in order to simplify
the numerical model. The total number of grid cells was approximately 247,000 with a
non-uniform grid. Around the deposition zone, incrementally finer meshes were created
above the susceptor surface wall. The grid-independency of the solution was checked by
quadrupling the total number of cells and the grid adopted in this study was sufficiently
fine to avoid numerical errors under consideration of computational efficiency.
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Figure 1. Scheme of (a) the horizontal MOCVD reactor geometry and (b) the structured hexahedral
mesh of reactor (half view is shown for better clarity).

2.2. Governing Equations

The equations for the conservation of mass, momentum and energy of an incompress-
ible flow with variable density under the Boussinesq approximation and in the Cartesian
coordinates are as follows:

op N
5 TV (pd) =0 @
D -5y

where p is the density of the fluid flow, ¢ is the time, U is the velocity of the flow, T is
the viscous stress tensor, g is the acceleration of gravity, c, is the specific heat per unit
mass of the gas, T is the temperature, « is the thermal conductivity, Sg is the internal
heat source term and & is the dissipation function arising from the viscous effects that
mechanical energy is converted to heat. The species transport process is described by a
convection—diffusion equation:

5}
g(Pwi) + V- (pUw;) = =V -J; +R; + 5; 4)

where wj; is the mass fraction of species i, J; is the net diffusion flux of species 7, R; is the net
chemical reaction rate of species i and S; is the combined source term.

In the MOCVD system, the gaseous precursors of diethylzinc (DEZn) and tert-butanol
(+-BuOH) are carried by nitrogen (N3) into the reactor chamber. The ZnO deposition is
realized by the gas diffusion coupled with the chemical reaction on the substrate. It is
assumed that the concentrations of the bulk (solid) species do not affect the reaction rate,
the rate of the surface reaction (R;};) thus can be written as:
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where b and b] are the stoichiometric coefficients for each reactant and each product of
species i, k is the rate constant which can be calculated by Arrhenius expressions, 7/ is
the rate exponents of the gaseous species i and G; represents the molar concentration of
gas-phase species that adsorbed on the wall surface. Overall, the reaction is assumed to
take place on the substrate surface as:

DEZn(g) + t — BuOH(g) — ZnO(s) + R(g) (6)

where R represents the by-products of this chemical reaction which mainly are C;Hg
and C4Hg.

2.3. Boundary Conditions

For all numerical simulations in this study, a continuum flow was encountered under
the pressure of 975 mbar. The I1/VI (DEZn/t-BuOH) ratio was kept at 0.33 with the total
flow rate of the gas mixture fixed at 4 slm (standard liter per minutes). The deposition
temperature was varied from 593 to 713 K. A no-slip boundary condition was assumed
for all chamber walls, including the substrate surface. Velocity inlet and pressure outlet
were adopted on the inlet and outlet boundary, respectively. A chemical reaction was active
on the susceptor surface. The wall temperatures were determined by the conduction and
convective heat transfer between reactor wall and surrounding air (at 300 K). The flow
behavior was assumed to be laminar for the current operating conditions due to the small
Reynolds number (Re < 60). The detailed boundary conditions are listed in Table 1.

Table 1. The detailed boundary conditions.

General Boundary Condition Parameters
Operating temperature - 300K
Operating pressure - 975 mbar
Inlet Velocity inlet 4 slm; II/VI =0.33
Outlet Pressure outlet p =0 (gauge)
Susceptor No-slip-stationary wall with chemical reaction 593 to 713 K
Walls No-slip -

2.4. Numerical Procedure

The second-order upwind differencing scheme was employed over the whole compu-
tational domain to approximate the solution of momentum, energy and species equations
in terms of accuracy and stability. The semi-implicit method for pressure linked equations
(SIMPLE) algorithm was used for the pressure velocity coupling. As convergence criterion,
the normalized residuals of energy and other variables were on the order of 10~ and
1072, respectively.

3. Experimental Details
3.1. Growth of ZnO

The experimental procedure and the schematic diagram of the MOCVD system is
illustrated in Figure 2. The entire gas flow system including tubing and bubblers were
assembled and connected with stainless steel. The gaseous precursors of diethylzinc (DEZn)
and tert-butanol (f-BuOH) were carried by nitrogen (Nj) into the reactor chamber, and the
flow rates were controlled by the mass flow controller (MFC). Precursors were transported
in separate gas lines until they reached the reaction chamber in order to effectively avoid
the pre-reactions. The gas injector was used to provide a uniform, symmetric and steady
gas flow. The rectangular reactor was enclosed by a quartz dome and the main deposition
zone was protected by the standing heat protective shields from outside. The susceptor
was located in the center of heating zone and heated indirectly by means of an infrared
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heating element. The temperature was measured by inserting the thermocouple tip into
the susceptor. The ZnO deposition process was real-time monitored by an in situ laser
reflectance interferometry (LRI) employing a 635 nm diode laser. The reflectance signal
from interferometry of ZnO growth indicated the nucleation time and growth time of thin
films. The ZnO thin films were deposited onto the glass substrate (Corning 1737) with
an area of 33.6 cm?, which was placed on the leading edge of the susceptor. A standard
pre-treatment procedure was adopted before each experiment run to prevent the affection
of substrate surface cleanness (pollution), i.e., the glass substrate was brushed gently with
deionized water, and then high-pressure nitrogen was used to blow the residual deionized
water and other impurities off the substrate.

Ua optical window

I quartz
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oooo
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MO precursors i

T
SUSceptoy
| SN

heating zone

Figure 2. Schematic diagram of the MOCVD system for ZnO growth by using DEZn and t-BuOH
as precursors.

3.2. Deposition Rate and Characterization of ZnO

The whole deposition process was monitored by in situ laser interferometry employing
a 635 nm diode laser to measure the nucleation time and growth time. To calculate the
deposition rate (DR) of ZnO, surface profilometer (Veeco Dektak 150) was performed to
measure the thin film thickness of ZnO layer, and the mass deposited on the substrate was
acquired by analytical balances with a scale of 0.1 mg resolution (Mettler Toledo). The
characterized morphology and elemental composition were analyzed by scanning electron
microscopy (SEM) (Sigma VP, ZEISS, Jena, Germany). The samples were recorded by using
a Bruker D8 advance X-ray diffractometer (Bruker Optik GmbH, Ettlingen, Germany) with
Cu K« radiation (A = 1.5406 A) to ensure the ZnO thin film was successfully deposited on
the substrate as desired.

4. Results and Discussion
4.1. Model Validation and Temperature Effects

A comparison between the numerical results and experimental data for ZnO de-
position rates are plotted as a function of temperature (593 to 713 K) in Figure 3. A
good agreement was achieved; the 3D modelling predictions agreed well with the ex-
perimental deposition rates at low- and mid-temperature ranges, but not as well at the
high-temperature range. The discrepancies between the experimental and CFD results at
613, 633 and 713 K were possibly due to experimental errors, within the averaged relative
experimental error less than 2%.
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Figure 3. ZnO deposition rate as a function of temperature ranging from 593 to 713 K.

A distinct “up-flat-down’ temperature-dependent variation trend was identified un-
der the studied temperature range, corresponding to three regions of growth: a low-
temperature kinetic-limited range, a mid-temperature mass transport-controlled region and
a high-temperature desorption-dominated regime. The ZnO deposition rate was highly
temperature-dependent below 613 K, where the deposition was kinetically limited by the
thermally activated decomposition of the precursor/radicals. As the deposition tempera-
ture rose, the growth was found to be weakly dependent on the deposition temperature
between 613 and 673 K. The ZnO deposition rate could reach up to 3.7 x 107¢ kg/m?-s
with a maximum temperature of 673 K. In this temperature range, the ZnO deposition rate
was controlled by the diffusion of precursors in the gas phase through a stagnant boundary
layer to the substrate surface, since the surface reactions occurred much faster than the
diffusion process. The deposition rate provided little insight with regard to the reaction
mechanisms; it was found to be associated with a diffusion coefficient proportional to T3/2.
In the desorption-limited region, an inverse relation between deposition rate and tempera-
ture was found in the high temperature range (>673 K). The ZnO deposition rate fell off
as the temperature further increased, which indicates that the dominant factor limiting
growth was the desorption kinetics of the species or gas phase depletion effects caused by
the thermal cracking of the precursors before reaching the substrate surface. It should be
noted that most MOCVD processes are conducted under the diffusive species transport
dominated region [33], and this is mainly because high growth rates and high throughput
can be achieved, so that the high-temperature region was not taken into consideration in
the following studies.

4.2. Thin Film Thickness and Uniformity

The ZnO growth rate was found to decay exponentially under variable temperature
regimes (593 to 673 K). The distribution of the growth rate as a function of the axial
position z for different lateral positions x is demonstrated in Figure 4. It can be observed
from Figure 4a that the steep decline of growth rates along the flow path favored higher
deposition temperatures because of the effective diffusion boundary layer thickness. The
latitudinal decline of ZnO growth at lower temperatures was less pronounced (i.e., 593 K),
resulting in a thin, uniform thickness over the substrate.
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Figure 4. ZnO growth longitude distribution at position of (a) z = 0 m and lateral distribution at
position of (b) x = 0.02 m; (c¢) x = 0.04 m and (d) x = 0.06 m on the substrate surface under the effect of
the deposition temperatures from 573 K to 673 K.

The lateral variation of ZnO growth rates was further examined for three different
positions of the substrate: x = 0.02 m, x = 0.04 m and x = 0.06 m. For mass-transfer
controlled depositions at temperatures ranging from 613 to 673 K, the ZnO growth rate
distributions initially presented a lower growth rate in the center and higher growth rate
on both sides along the z-axis of the substrate (see Figure 4b). This was probably caused by
a lateral inward (positive) vortex motion, driving the gas flow to move upward near reactor
walls and downward in the center, which provided a more effective supply of reactants
on the sides. However, as the temperature and flow profiles gradually developed, this
phenomenon was less pronounced at the edge of the substrate as shown in Figure 4c,d.
However, at the transition temperature of 613 K, the lateral distribution was slightly
affected by the vortex motion, revealing that the mass transport and chemical kinetics both
contributed to the distribution behavior of ZnO growth rate. Additionally, contrary to
mid-temperature range, ZnO films exhibited a more uniform distribution at 593 K due to
the predominant chemical kinetics.

The contours of ZnO thin film thickness on the substrate are depicted in Figure 5. A
quite similar trend for ZnO thickness variation was observed between the numerical results
and experimental data (only half of the substrate width was demonstrated for experimental
data). The deposited ZnO thin film was thicker at the leading edge of substrate at all
temperatures. The fluctuated ZnO thickness along lateral position z was assumed to be
influenced by the presence of recirculation rolls in the entrance zone. However, such
upstream vertex flow may not have had negative effects; instead, it may have improved
the uniformity of the deposition on the substrate. Specifically, Figure 5a shows that the
ZnO film exhibited good uniformity at the temperature of 593 K, both numerically and
experimentally, with a relatively smooth surface and modest thickness variations (mean
thickness, M = 3145 A, standard deviation, SD = 304). In Figure 5b, the ZnO thickness
almost doubled as the temperature increased to 613 K, and the uniformity of ZnO film
reduced in the longitudinal x-direction (M = 6594 A, SD = 1108). Figure 5c shows a similar
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thickness trend at 633 K (M = 6867 A, SD = 1497), although the lateral thickness distribution
had a more noticeable change. With a continuous increase in temperature, ZnO had a
thicker film but less uniformity. On average, the thickest film was found to be 7740 A at
673 K, and the thickness variation was less than 150 A between 653 and 673 K. The depletion
of the ZnO thickness on the substrate from center to edge is depicted in Figure 5d,e.

Experimental measurement

(a) 593 K

(b) 613K (c) 633K (d) 653K (e) 673K

0.00 2.17x10° 4.33x10° 6.50x10° 8.67x10° 1.08x10* 1.30x10*

Thickness: Angstrom (A)

Figure 5. Contours of ZnO thickness on the substrate at the temperature of (a) 593 K; (b) 613 K;
(c) 633 K; (d) 653 K and (e) 673 K (Note: due to symmetry, only half of the substrate width, the along
z-axis with the interval of 0 to —0.0032 m, is shown for the experimental data).

4.3. Flow, Thermal and Concentration Fields

The above results demonstrate that the distribution and uniformity of ZnO films was
significantly affected by the heat transfer and flow characteristics. Figure 6 clearly presents
the streamline of gas flow inside the horizontal reactor; a “snaking” flow motion was found
at the leading and trailing edges of the susceptor, which was ascribed to the combination of
the transversal rolls with longitudinal rolls. A high Rayleigh number (1290 < Ra < 3000)
was also found in the temperature range of 593 to 673 K. This mixed thermal-induced flow
motion was quite strong in the entrance zone but showed a neglectable difference under
the effect of deposition temperature. However, a weaker mixed roll appeared again in the
exhaust zone, and it was much more pronounced at the lower temperature of 593 K as seen
in Figure 6a. Moreover, the temperature distributions and gas flow patterns exhibited a
stable performance over the susceptor for the present flow conditions.

The predicted streamlines coupled with temperature contours at the mid-plane of
the reactor are shown in Figure 7a. A transverse roll waves feature in both upstream and
downstream, and the buoyancy-to-inertia ratio Gr/Re? were found to have exceeded the
threshold value of 10, indicating that the buoyancy-induced secondary flow was superim-
posed over the main convection flow. The buoyancy force gave rise to both longitudinal
and transverse rolls in the reactor, resulting in a nonuniform heat flux distribution. In the
entrance zone, the cold gas flow had a lower temperature than that of the surroundings,
which caused the sudden expansion of the gas mixture and further led to the large entrance
effect. However, such a strong upstream transverse roll was proven to have no discernible
change, mainly because a similar temperature distribution was detected under the effect of
the thermal boundary conditions at the side walls. In the heated reaction zone, a uniform
heat flux boundary condition was imposed with the consideration of the effective protection
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of the heat shield. The thermal boundary layers were thus established adjacent to the top
wall and susceptor surface, respectively, causing a “cold-finger” effect.

’ (c) 673K
(b) 633K

’ (a) 593K

Figure 6. The streamline of gas flow inside the horizontal reactor at the deposition temperature of
(a) 593 K; (b) 633 K and (c) 673 K.

While the downstream transverse roll entrained the gas flow in exhaust zone, a sym-
metric flow structure was observed from the central plane (x = 0 m) towards the sidewalls
(x = —0.032 m and x = 0.032 m). The symmetric planes of the flow structure (x = 0 m to
x = 0.032 m) at different temperatures are shown in Figure 7b. The streamlines indicate the
3D transverse traveling waves gradually formed from edge to center. The downstream
rolls first appeared at both sides of the reactor due to the steep susceptor surface and the
temperature difference between gas flow and reactor walls. As the temperature increased
to 673 K, the reverse flow showed a slightly stronger motion in intensity than the lower
temperature. Compared with 593 K, the elongated rolls on the sides shifted the centered
recirculation cell downstream at 673 K. It was noted that the temperature variation overall
had only a minor effect on the transverse rolls, especially in the mid-temperature range
(633 and 673 K).

In order to further investigate the effect of longitudinal rolls on the uniformities of ZnO
depositions, the cross-sectional view of velocity vectors at various vertical planes with the
temperature of 673 K is depicted in Figure 8. The longitudinal rolls were symmetrically lo-
cated on both sides of the central plane. As expected, a large, buoyancy driven recirculation
cell occurred in the highly unstable entrance zone due to large temperature gradient (above
130 K), as shown in Figure 8a. The cold gas flow was denser; the thermal buoyancy force
may thus have driven the expansion of the gas flow and move upward near the side walls
from bottom, which induced an outward (negative) vortex motion. As the reactor height
decreased and the fluid heated up, the transverse vortex motion gradually weakened(see
Figure 8b). However, Figure 8c,d shows no further changes in the side view velocity
vectors above the susceptor, revealing that a stable flow was formed. These ideas are in
accordance with results obtained from velocity distributions along susceptor. Once the gas
flow passed through the heated susceptor, two recirculating flow structures with an inward
(positive) vortex were reformed near the top corner of the reactor in the downstream region
since the bulk gas temperature was slightly higher than the surroundings (see Figure 8e).
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z2=0.03m

The longitudinal rolls were found almost in the same shape, but weaker in intensity and
more even in size along susceptor, which led to axial and lateral non-uniformities in the
concentration distribution of species, and hence influenced the uniformity of ZnO thin film
on the substrate.

Temperature K]

300 325 351 376 401 426 452 477 502 528 553 578 604 629 654

is
E
O

ofish

ORjh

Ofiji

Figure 7. The flow structure (a) coupled with the temperature contour at the mid-plane of the reactor
and (b) at symmetric planes of z = 0 m, 0.01 m, 0.02 m and 0.03 m with temperatures of 593 K, 633 K
and 673 K.

Due to the excess of t-BuOH, DEZn became the limiting species that dominated the
ZnO deposition process. The concentration distribution of DEZn on the susceptor was
directly impacted by the thermal fields, and it was closely related to the growth rate and
uniformity of the deposition in the reactor. Figure 9 shows the concentration distribution
of DEZn at different temperatures. Affected by the “cold-finger” effect, the concentration
of DEZn was depleted along the susceptor length, which led to the decay of ZnO growth
rates downstream, consistent with the previous observations. The concentration profiles re-
mained almost unaffected at varied temperatures. As was shown in the previous discussion,
the ZnO deposition was kinetically controlled at 593 K. Figure 9a shows a thin concentration
boundary layer, revealing that most of DEZn species were taken away by the bulk gas flow
before the surface reaction took place. In the diffusion-dominated regime, the reaction rate
of surface reaction was assumed to be very quick and a similar concentration profile was
found above the substrate. The diffusion rates increased with increasing temperature, so
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that the consumption of DEZn species at 673 K was slightly greater than that at 633 K above
substrate (see Figure 9b,c). Moreover, it was discovered that the upstream recirculation rolls
tended to concentrate the heavier species, i.e., DEZn, in the colder regions, which improved
the precursor supply for a more uniform deposition, and effectively prevented gas phase
pre-reactions in the entrance zone. However, the downstream rolls drove unreacted species
to the top surface of the reactor, which resulted in the unwanted postgrowth of an extra
amount of film on the top wall, as shown in Figure 9d.

(“; (a) x=0.065m
A >

J

Figure 8. The cross-sectional velocity field along the axial direction at positions of (a) x = 0.065 m,
(b) x =0.140 m, (c) x = 0.260 m, (d) x = 0.330 m and (e) x = 0.480 m in MOCVD reactor at 673 K.

DEZn(C,H;Zn) mass fraction

G L B, B By B B B O B By U By Ry 2
B Dy P, Uy s O Oy O s R G O RO N Y
o %0, Y., 0., 0, 0, 0 Y0, 0, Y, 0, 0, 0 Y, 0, 0 Y,

(a) 593K

(b) 633K

(c) 673K

Figure 9. Contours of concentration distribution of DEZn species at the mid-plane of horizontal
MOCVD reactor at temperature of (a) 593 K; (b) 633 K and (c) 673 K; and (d) the excess film deposited
on top wall of the reactor.
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4.4. The Characterization of ZnO

The SEM surface morphological images of ZnO samples with a high magnification
are depleted in Figure 10. The SEM images show that the size of ZnO grains was very
sensitive to the deposition temperature and higher temperatures led to larger grain growth.
A columnar structure of nanorods with a uniform grain size distribution appeared at the
deposition temperature of 593 K (Figure 10a). ZnO seed layer was found predominantly
perpendicular to the substrate surface. As the temperature rose to 613 K and the structure of
the nanorods turned to be faceted hexagonal-shaped growth as shown in Figure 10b. When
the temperature became higher, hexagon-like thin-flake structures were dominant with a
larger grain size which densely covered the substrates, as seen in Figure 10c,d. However,
Figure 10e shows the coalescence and merging of ZnO grains as the temperature further
increased to 713 K, leading to surface defects with a considerably coarser morphology
and increased intergranular porosity. The calculated average crystallite sizes based on the
Scherrer’s equation at 673 and 713 K were found to be 34.6 nm and 38.0 nm, respectively.

Figure 10. SEM image of the ZnO thin film at temperatures of (a) 593 K; (b) 613 K; (¢) 633 K; (d) 673 K;
and (e) 713 K.

The SEM observations were highly consistent with the three-stage variation results of
numerical modelling. At 593 K, due to the relatively slow chemical reactions, the growth
was kinetic-limited, and a large number of gaseous species were carried out by bulk flow
(Figure 9a) before fully coalescing and growing into hexagonal-shaped ZnO, resulting in a
less densely packed but uniform thin film. At the transition temperature of 613 K, a faster
reaction rate gave ZnO sufficient time to form a hexagonal structure. As the temperature
further increased to 633K and 673 K, the gaseous species diffused onto the substrate and
reacted rapidly, which provided more nucleation sites for the growth, leading to a higher
density twisted-flake surface. Only a few of the gaseous species were carried out by the
bulk flow, as is confirmed in Figure 9b,c, which shows that the gas flow in exhaust zone
only contained small amounts of DEZn. When the temperature reached 713K, due to
the thermal desorption effect, the chemical species desorbed from the substrate surface,
resulting in the observed defects in Figure 10e.

The XRD patterns of ZnO films with the 26 angle ranging from 20° to 80°are shown in
Figure 11 to demonstrate the temperature effects of deposited thin films. All the diffraction
peaks were indexed as a high purity hexagonal ZnO wurtzite structure (JCPDS Card No. 36-
1451). At the low- and mid-temperature region (593 K to 673 K), the dominated (002) peak
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was observed at 260 value of 34.5°, indicating that ZnO thin films had a highly preferred
c-axis orientation along the (002) plane. The XRD patterns also show the slight peak at
20 of 29.6° and 63.0°corresponding to the lattice planes (100) and (102), as well as a very
weak peak corresponding to the (103) plane at 47.6°. The detected peaks were almost
unchanged with the increase in deposition temperature and a small difference in peak
intensities of (100) and (103) plane was observed. When the temperature reached 673 K, the
(002) peak intensity of ZnO thin film became significantly stronger, which indicates that the
vertical alignment of ZnO film on the substrate was enhanced. It could be indexed to the
excellent hexagonal structure and high degree of crystalline orientation. However, as the
temperature further rose to 713 K, the pronounced diffraction peak changed into a 26 value
of 36.4° that corresponded to the lattice plane (101) and a minor contribution of (201) plane
at 68.2°. This shows that the (101) plane of the ZnO film had a higher intensity than the
(002) plane, and that the preferred orientation of the ZnO changed to a wurtzite structure.
The possible reason for such change is the high temperature caused thermal desorption,
the O species were removed from the crystal structure of ZnO and a number of Zn atoms
became dominant, leading to the Zn-enriched (101) plane, and hence the hexagonal (002)
plane was suppressed relative to wurtzite (101) [34].
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Figure 11. XRD patterns of ZnO thin films at the deposition temperature of 573 K; 613 K; 633K; 673K
and 713 K.

According to the comparison of all SEM images, it can be found that although the
uniformity of the Figure 10dwas not as good as that of other low temperatures, it appeared
to have a denser and thicker ZnO coating; this finding was also reflected by the XRD. This
phenomenon is consistent with the numerical results in Figure 4, which shows that a lower
temperature produced a more uniform coating with a thinner layer, and vice versa. Overall,
673K is a preferable deposition temperature.

5. Conclusions

The ZnO thin film was successfully grown on a glass substrate by DEZn and t-BuOH
precursors using the MOCVD technique. The temperature effect on the macro-scale (thick-
ness) and micro-scale (composition and structural) uniformity of ZnO was investigated
numerically and experimentally, respectively. The observed growth behavior may be fur-
ther explained by the flow structure and heat transfer in a horizontal reactor through 3D
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CFD modelling. The structure and growth of ZnO films were confirmed with comprehen-
sive characterization methods. The findings can be concluded as follows:

e  The increasing temperature contributed to ZnO growth below 673 K. It was confirmed
that the mass transfer-dominated deposition process was more suitable for high-
quality ZnO growth. Where the deposition temperature varied in the range from
633 K to 673 K, the highest deposition rate 3.7 x 106 kg/ m?-s was obtained with an
appropriate homogeneity at 673 K;

e  For the flow conditions studied (1290 < Ra < 3000 and 15 < Re < 60), the admixture of
transverse and longitudinal rolls was observed in the upstream and downstream of the
reactor. The size and location of transverse rolls was found to be almost independent
of temperature variations; thus, it had a minor effect on the heat flux and hence on
the deposition rate. However, the size of longitudinal rolls had a direct impact on
the axial and lateral uniformity of the deposition. As the temperature decreased, the
mixed convection rolls in the upstream had the drawback of lower growth rates, but it
could enhance the precursors supply near the susceptor;

e  The crystallinity of ZnO films was enhanced by the increasing temperature. XRD
analysis revealed that the ZnO preferential orientation was (002) at 593 K and 673 K,
and the peak intensity increased with increasing temperature. Taking the growth rate
and uniformity of the ZnO thin films into consideration, the preferrable deposition
temperature is 673 K.
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Nomenclature

b — stoichiometric coefficients for reactant of species i
b/ — stoichiometric coefficients for product of species i
Cp J/(kg-K) specific heat capacity at constant pressure

g m/s? gravitational acceleration

G; mol/m3 molar concentration of gas-phase species i

Ji mol/s diffusion flux of species i

k mol/(m3:s) rate constant of chemical reaction

|4 Pa pressure

R; mol/s chemical reaction rate of species i

Sg — internal heat source term
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S; — combined source term
t S time
T K temperature
u m/s velocity of gas flow
n — rate exponent of gaseous species i
K W/m-K thermal conductivity
P kg/m3 density of gas flow
T Pa viscous stress tensor
wj — mass fraction of species i
P — dissipation function
CFD computational fluid dynamics
DEZn diisopropyltelluride
DR deposition rate
Gr Grashof number
M mean thickness
MOCVD metal-organic chemical vapour deposition
Ra Rayleigh number
Re Renoylds number
SD standard deviation
SLM standard litre per minute
SIMPLE semi-implicit method for pressure-linked equations
t-BuOH tertiarybutanol
ZnO zinc oxide
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