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A B S T R A C T

Aluminium zinc oxide (AZO) is a promising transparent conductive oxide this is difficult to fabricate by metal-
organic chemical vapour deposition (MOCVD) because of prereactions between the precursors for Al and oxygen.
One way of reducing prereactions is to use separate injectors. In this work, we investigated the effect of separate
injectors and various flow configurations on the MOCVD fabrication of AZO using diethyl zinc (DEZn), tert-
butanol (tBuOH), and trimethyl aluminium (TMAl) precursors.

X-ray diffraction revealed that the resulting films maintained a purely wurtzite ZnO structure, and that the Al
incorporation changed the c lattice parameters from 5.207 to 5.181 Å in agreement with theoretical models of
mixing on the Zn sub-lattice. This indicates that Al was mainly incorporated onto the Zn sub-lattice. The
maximum Al concentration was 6 × 1021 cm−3.

The Al concentration was directly influenced by the TMAl flow rates, but the incorporation efficiency of Al
also depended on the O/Zn balance as determined by the tBuOH supply and the total flow rate through the TMAl
+DEZn injector. The tBuOH supply decreased the incorporation efficiency, while it increased for higher total
flow in the TMAl+DEZn injector although both changes nominally increases the O/Zn balance. This dual, but
contradicting, dependency on the O/Zn suggested that the incorporation efficiency depended not only on pre-
cursor supply, but also on the chemical stability of the Al species present at the growth interface. The concept of
a reaction depth of TMAl was introduced to discuss the observed trends, and a qualitative model was suggested
to explain how the Al-species present at the growth interface are determined by the relative depths of the
reaction depth and the boundary layer. These findings illustrate the limits of the O/Zn parameter when using
separate injectors because the properties of the boundary layer can affect Al incorporation during MOCVD
growth. This should be relevant for MOCVD growth of other compound semiconductor systems that are grown
using separate injectors.

1. Introduction

Aluminium zinc oxide (AZO) is a popular transparent conductive
oxide (TCO) whose applications include photovoltaics [1], light emit-
ting diodes [2,3], smart-windows, Minami [4], resistive switching in
memristors [5,6], and optical switching in nanophotonics [7]. The
optical and electrical properties of AZO as a TCO are comparable to
those of indium-tin oxide (ITO), which is the industry standard. AZO is
a contender to be a cheaper and more environmentally friendly alter-
native to ITO because aluminium and zinc are more abundant than
indium [8].

AZO can be fabricated through several methods such as sputtering,
Minami et al. [9], Sernelius et al. [10], Liu et al. [11] spray pyrolysis,
Hung-Chun Lai et al. [12], Nakrela et al. [13] pulsed laser deposition,
Cao et al. [14], Coman et al. [15], Park et al. [16], atomic layer de-
position (ALD), Dasgupta et al. [17], Lee et al. [18], Tynell et al. [19],
Elam and George [20] metal-organic chemical vapour deposition
(MOCVD), Hu and Gordon [21], Kuprenaite et al. [22], Brochen et al.
[23] and mist-CVD [24]. MOCVD is a particularly interesting growth
method because it is well suited for industrial scaling and can produce
abrupt films with excellent composition control and high growth rates.
High quality ZnO has been grown by MOCVD using diethyl zinc (DEZn,
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(C2H5)2Zn) and alcohols such as tert-butanol (tBuOH, (CH3)3COH)
[25,26]. This growth process is normally explained in terms of DEZn
combining with tBuOH to form an alkyl zinc alkoxide adduct that de-
composes at the growth interface [25,27]. However, Al incorporation
during ZnO growth is challenging because the most common Al pre-
cursors used in MOCVD, such as trimethyl aluminium (TMAl, Al(CH3)3)
[27,28] and triethyl aluminium(TEA, Al(C2H5)3) [21], are very reactive
in the presence of oxygen precursors because of an unfilled p-orbital on
the Al atom.

Less reactive precursors such as aluminium acetate have been used
to make AZO by mist-CVD [24] or aerosol-assisted MOCVD, Kuprenaite
et al. [22]. However, prereactions when using TMAl or TEA have been
reduced by configuring the MOCVD with separate injectors for metal-
organic and oxygen precursors [21,28–30]. Cleverly separated injectors
prevent the reactive precursors from meeting until they are closer to the
growth interface. In the best case scenario, separate injectors will
confine gas phase reactions of the precursors entirely to the gas diffu-
sion boundary layer. The importance of the boundary layer to dopant
incorporation and film growth is implicitly understood, but little or
nothing is known about how flow rates and reactions in the boundary
layer affect impurity incorporation when using separate injectors.

In the current work, we have fabricated AZO using some very
common precursors, namely DEZn, tBuOH and TMAl, in an MOCVD
reactor with separate injectors for oxygen and metal-organic pre-
cursors. By applying various flow configuration, we have investigated
the effects of oxygen to zinc ratio (O/Zn) and the boundary layer
thickness on Al incorporation during MOCVD growth.

2. Methods

2.1. Fabrication

AZO films with thicknesses of 200 nm–400 nm were deposited on C-
oriented α-Al2O3 in an EMF Titan MOCVD using diethyl zinc (DEZn,
CamChem VR grade) and trimethyl aluminium (TMAl, CamChem DEOX
grade) as precursors for Zn and Al, respectively. Tert-butanol (t-BuOH,
Sigma-Aldrich anhydrous, 99.5%) was used as an oxygen precursor.
The carrier gas was purified nitrogen, N2. Prior to deposition, the
substrates were cleaned with acetone and ethanol in an ultrasonic bath,
followed by treatment in a piranha solution(H2SO4:H2O2:H2O (1:1:6)).
After loading the substrates into the reactor, they were heat-treated at
700 ∘C for 20 min in N2. The substrates were then cooled to the growth
temperature in preparation for the start of the growth process. The
growth temperature was 370 ∘C and the pressure was kept at 80 kPa,
following conditions previously optimized for ZnO growth [31]. The
MOCVD design featured separate line injectors for tBuOH and TMAl
+DEZn as illustrated in Fig. 1 [32]. The molar flow rates of the pre-
cursors, Qprec, were estimated using Eq. (1).
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where prec is either TMAl, tBuOH, or DEZn. Fprec is the bubbler flow in
sccm. pprec is the partial pressure of the precursor, Pbub and T are the
total pressure in the bubbler, and the bubbler temperature, respec-
tively. VSTP is the volume of one mole of ideal gas at standard pressure
and temperature (101 kPa and 300 K), and has an approximate value of
22400 cm3 mol−1. The flow rate from each bubbler was diluted in N2 to
produce a total flow rate of 1000 sccm. Additional carrier/push flows
were applied to each line separately, and the flows were directed over a
rotating sample holder. The exhausts, marked by large arrows, ensured
that the flows did not mix. The sample holder rotated at 60 rpm and
alternately exposed the substrates to the metal-organic (MO) mixture
(DEZn + TMAl) and tBuOH. Reactions between DEZn+TMAl and
tBuOH were thus confined to the diffusion boundary layer.

The flow conditions used for the AZO deposition were system-
atically varied by changing one flow parameter at a time. The volu-
metric flow rates used are summarized in Table 1. The series in Table 1
are labelled TMAl, tBuOH, MO150, MO175, and MO200 according to
the flow rate that was varied. For each of the MOxxx series, the tBuOH
flow rate was kept constant at xxx sccm. The flow rate to the DEZn
bubbler, FDEZn, was kept constant at 100 sccm. While the tBuOH bub-
bler flow was varied, the total flow in the tBuOH injector, F ,TOT

tBuOH was
kept constant at 7000 sccm. The oxygen to zinc ratio (O/Zn) in the
boundary layer was calculated using Eq. (2), which was derived by
combining Eq. (1) with the ideal gas law. The gas molar fraction, xv was
calculated using the molar flows of TMAl and DEZn, as in Eq. (3)
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2.2. Reactions

The reaction between DEZn and tBuOH during MOCVD growth in-
volves the formation of an adduct or intermediary product, as shown in
Eq. (4) [33]. At 370 ∘C, tBuOH is partially decomposed into isobutene
and water, Thiandoume et al. [34], which facilitates for the reaction in
Eq. (5). Growth occurs when the products of Eqs. (4) and (5) decompose
at the surface [33], which can be described by Eq. (6). The resulting
surface after decomposition will most likely be terminated by |-OR,
where R = Et (C2H5) or H.

− − + → − − +Et Zn Et g tBuOH g Et ZnO tBu g R g( ) ( ) ( ) ( )waste (4)

− − + → − +Et Zn Et g H O g Et ZnOH g R g( ) ( ) ( ) ( )waste2 (5)

− ′ + − → − − +OR s Et ZnOR g OZn OR s R g| ( ) ( ) | ( ) ( )waste (6)

Here, Et and tBu refer to ethyl (C2H5) and tertiary-butyl (CH3)3C,

Fig. 1. The MOCVD reactor used in this work had separate injectors for precursor flows of tBuOH and DEZn+TMAl, and directed the flows over a rotating sample
holder. The exhausts, marked by large arrows, ensured that the flows did not mix, and that mixing of the precursors were confined to the boundary layer.
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respectively. R and R’ can be either H or Et, and Rwaste is some organic
waste molecule such as butene or ethane. |– denotes the crystal surface.

2.3. Characterization

The chemical contents of Al in the films were measured by sec-
ondary ion mass spectrometry (SIMS). Signals from 64Zn and 27Al iso-
topes were recorded and the primary sputtering beam consisted of O +,2

with a raster size of 150 µm. The Al signals were converted into nom-
inal concentrations by calibrating against an Al-implanted ZnO re-
ference sample with a peak Al concentration of 6 × 1018 cm−3. The
uncertainty of this method is nominally within 10% for concentrations
of a similar order, but may be larger for much higher Al concentrations
because the sputtering efficiency may change. The depth of the sput-
tered craters were measured using a Dektak 8 profilometer, and the
sputtering rates were assumed to be constant throughout the film. Al
content in AlxZn −x1 O was given by x = Al/(Al+Zn), where, the Al
concentration was obtained from SIMS and Al+Zn was estimated from
the theoretical density of Zn sites to be 4.2 × 1022 cm−3. The structural
properties of the thin films were investigated by X-ray diffraction (XRD)
using −ω θ2 scans. The scans were obtained on a Bruker D8 X-ray
diffractometer using a CuK source and Goebel mirrors. The CuK-α1
contribution was isolated by fitting the peaks using two PseudoVoigt
functions with relative amplitudes corresponding to those of CuK-α1
and CuK-α2. The (006) peak of α-Al2O3 was set to 41.676 ∘ for all
samples to provide a standard for the shift of the peaks. The lattice
parameters were obtained from the lattice spacing by Eq. (7).
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where hkl are the Miller indices, and d, a, and c were, respectively, the
lattice spacing and the hexagonal lattice parameters of the crystal. The
lattice spacings, d, were extracted from the (002) and (110) XRD peaks
using Bragg’s law. The full width at half maximum (FWHM) and peak
locations were extracted from the fitted models, and grain sizes were
estimated using Scherrer’s equation, D = 0.9λ/(FWHM002 cosθ),
Holzwarth and Gibson [35] where λ was 1.506 Å, FWHM002 was the
FWHM of the 002 diffraction peak, and θ was the diffraction angle. The
samples were also investigated using scanning electron microscope, but
no surface structure was observed, confirming that grain sizes were
smaller than the resolution of the equipment at 10,000X magnification.
Electrical resistivity, Hall mobility, and carrier density were measured
at room temperature with a four point probe and by Hall effect mea-
surements in the van der Pauw geometry under room temperature.
Transmission measurements were obtained by using a Shimadzu So-
lidSpec-3700 DUV spectrophotometer with an integrating sphere.

3. Results and discussion

3.1. Al concentration

The SIMS profile of a representative sample (20 sccm TMAl flow) is
shown in the inset of Fig. 2. This profile demonstrates a sharp rise in Al
concentration near the surface, followed by a flat region, a shoulder and
a sharp drop where the film meets the substrate. The location of the
substrate gives an estimate of the thickness of the film. The increased
signal near the surface can be attributed to two factors. Firstly, it may
reflect an increased sputtering efficiency at the surface because the
sputtering and ionization processes have not yet reached a steady state.
Secondly, it may reflect actually higher Al concentrations caused by a
high mixing energy in the solid state, which cause impurity segregation.
Impurities tend to build up near the growth surface because this is as-
sociated with less strain energy. This mechanism explains the shoulder
in the profile near the substrate, and is described in detail by Greene
et al. [36]. The Al concentration of each sample was therefore estimated

by the flat region, as marked by the dotted line, which corresponds to
the bulk concentration. The Al concentrations in the films range from
1 × 1017 cm−3 ( =x 0.00) for pure ZnO to a maximum concentration of
6 × 1021 cm−3 ( =x 0.14).

Fig. 2 also shows the relationship between the gas molar fraction of
TMAl, = +x Q Q Q/( )v TMAl TMAl DEZn and x, as the TMAl flow is increased
from 5 sccm to 20 sccm. x appears to depend on xv in a linear fashion in
this range. Impurity incorporation is sometimes discussed in terms of an
incorporation efficiency, also called distribution coefficient [37]. The
incorporation efficiency can be defined as =k x x/ v. The linear trend in
Fig. 2 corresponds to an incorporation efficiency of k = 0.5 ± 0.1.
This means that the concentrations of Al in these films are roughly half
the concentrations of TMAl in the gas phase during growth.

3.2. Structural properties

Fig. 3 shows two representative XRD profiles for ZnO and AZO. The
ZnO film is preferentially oriented along the [001] direction as de-
monstrated by a single peak at 34.42 ∘, corresponding to the expected
reflections of the (002) planes. Peaks at 41.68 ∘ and 72.57 ∘ correspond
to the C-oriented α-Al2O3 substrate and the second order peak of the
(002) planes in ZnO, respectively. The grain size estimated from ap-
plying Scherrer’s equation to the FWHM of the (002) peak is ~ 120 nm.
The AZO sample demonstrate a similar structure, but with a broadening
of the (002) peak shape, and a shift of the peak location to 34.54 ∘. The
AZO profile also demonstrates additional peaks at 32.02 ∘, 36.41 ∘, and
57.04 ∘. Incorporating Al into ZnO often leads to the formation of

Fig. 2. x = Al/(Al+Zn), is shown as a function of the gas molar fraction,
= +x Q Q Q/( )v TMAl TMAl DEZn . xv was varied by increasing the TMAl supply in the

the MO injector according to the TMAl series in Table 1. Insert: The SIMS profile
a representative AZO sample. The Al concentration is estimated from the flat
region indicated by the dotted line.

Table 1
The table shows the flow combinations used in the fabrication of each sample
series. FTMAl and FtBuOH refer to the bubbler flow rates for TMAl and tBuOH,
respectively. FTOT

MO is the total volumetric flow rate coming through the MO
injector, and is increased by using higher MO carrier flow rates. The flow rates
were varied in steps of 2.5 sccm, 25 sccm, and 500 sccm for FTMAl, FtBuOH, and
F ,TOT

MO respectively.

Flow rates (sccm)

Series FTMAl FtBuOH FTOT
MO

TMAl 5–20 150 3500
tBuOH 10 75–200 5500
MO150 10 150 3500–5500
MO175 10 175 3500–5500
MO200 10 200 3500–5500
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ZnAl2O4, [38] which has reflections located at 31.25 ∘, 36.83 ∘, and
55.62 ∘, corresponding to spinel planes (220), (311), (422), respec-
tively. However, the lattice parameters extracted from the measured
AZO reflections, using Eq. (7) are perfectly consistent with the wurtzite
structure. It is therefore reasonable to conclude that the films are all
purely wurtzite phase with no detectable secondary phases. The
broadening of the (002) reflection indicates that the grain sizes were
reduced to about ~ 60 nm. This may be a result of strain at the grain
boundaries introduced by concentration gradients of Al within the
grains. The presence of (100), (101), and (110) planes in the film may
have resulted from the relaxation of strain these strains.

The c and a lattice parameters of AZO are plotted in Fig. 4 as a
function of x = Al/(Al+Zn). The data points in Fig. 4 show that c and a
both decreased with greater Al concentrations. The crystal structures of
ZnO and α-Al2O3 are not the same, so lattice parameters have been
modelled by considering how the average bond length will change as Al
is substituted onto the Zn lattice. This model is given in Eq. (8).

= +c x c x b
u

( ) Δ
ZnO (8)

where cZnO is the lattice parameter c of pure ZnO, Δb is the difference in

bond length between the Al-O and the Zn-O bonds. u is the ratio of the
bond length to the c parameter. A similar expression can de derived for
the lattice parameter a. The bond length, b, for Zn-O can be estimated
using the ionic radii of Zn +,2 and O −,2 which are 0.74 Å and 1.24 Å,
respectively. [39]. The Al-O bond is more covalent in nature, and
should therefore be estimated using the covalent radii of Al +3 and O −,2

which are 1.21 Å and 0.66 Å, respectively. [40] Δb for the Al-Zn-O
system was calculated to be -0.289 Å. The measured value of c for pure
ZnO was 5.207 Å, which resulted in a u-value of 0.380. This is close to
the established value of 0.382 for ZnO. [41] Fig. 4 demonstrates a good
agreement between the measured lattice parameters and the model
provided in Eq. (8), resulting in an R2 value of 0.73. Both the a and c
lattice parameters are slightly bigger than the model at higher Al con-
centrations. This could be an indication that the sputtering efficiencies
during SIMS measurements were higher for these samples. The sput-
tering efficiency may have been increased by higher concentrations of
grain boundaries and by matrix effects due to higher Al concentrations.
However, the strong correlation between the XRD measurements and
the Al concentrations as measured by SIMS, supports the reliability of
the SIMS measurements at concentrations below =x 0.08. Because of
this it is reasonable to conclude that most of the Al atoms are in-
corporated onto the Zn lattice at these concentrations.

3.3. Electrical and optical properties

Al incorporation increased the conductivity of the samples. The
charge carrier concentration of AZO was typically around
5 × 1020 cm− ,3 with Hall mobilities ranging from 5.9 cm2/Vs to
24 cm2/Vs. The minimum resistivity was from × −5.9 10 4 ohm cm.

Fig. 5 shows a typical transmission measurements of AZO. The
transparency at visible wavelengths is in the range of 85–95%. There is
a single transition at around 3.3 eV, which roughly corresponds to the
expected band edge absorption in ZnO. A corresponding absorption in
AZO occurs closer to 4 eV. The higher energy is probably due to a
Burstein-Moss shift caused by the high carrier concentration. Absorp-
tion below 1 eV in AZO is likely due to free carrier absorption.

3.4. Growth conditions and Al incorporation

Eq. (2) suggests that the oxygen balance, O/Zn, can be changed by
both the tBuOH flow rate, FtBuOH, and by the total MO flow, FTOT

MO . Fig. 6
displays how incorporation efficiency, k, depends on O/Zn as it is

Fig. 3. The figure shows XRD profiles of pure ZnO (black) and a representative
sample of AZO (red). Vertical lines mark the expected reflections of the ZnO
wurtzite structure, with Miller’s indices given. The unmarked peak at 41.68 ∘ is
from the (006) planes of the α-Al2O3 substrate. The sample peaks are consistent
with the wurtzite structure. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. The lattice parameters of AZO decreased as the Al concentration in-
creased. The dashed lines represent the expected lattice changes calculated
from established ionic and covalent bond lengths.

Fig. 5. Transmission measurements of pure ZnO (blue), AZO (black), and
substrate(grey). The transmission though AZO in the visible region is roughly
85%. ZnO shows a single transition corresponding to the band absorption of
ZnO. AZO shows a blue shifted absorption edge as well as free carrier absorp-
tion below 1 eV.) (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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changed by each of these flow parameters. In Fig. 6a, k > 1 when O/Zn
<8. However, when 8 <O/Zn <13, k remains at around 0.75. Then k
drops to 0.30 for O/Zn>13. These results show that when the tBuOH
flow is changed, the increase in O/Zn is correlated with a decreased Al
incorporation efficiency. In Fig. 6b, 0.20 < k < 0.30 for low O/Zn. As
O/Zn increases, MO150 and MO175 demonstrate a sharp transition to
k> 0.50. However, the rate of change decreases as the tBuOH flow rate
increases from 150 to 200 sccm. For MO200, there is no comparable
increase. These results show that when the total MO flow is changed,
the increase in O/Zn is correlated with an increased Al incorporation.
Fig. 6a and b show opposing trends with respect to O/Zn, however, the
values of k cluster about 0.20 < k < 0.30 or 0.5 < k < 0.75. The
clustering of k values indicates that incorporation is affected by sepa-
rate mechanisms. k> 1 for low O/Zn in Fig. 6a may also present a third
incorporation regime. The deposition rate (not shown) for these sam-
ples is constant at 0.07 ± 0.02 nm/s. This rate corresponds to growth
rates from similar techniques and temperatures [21,26,42].

Fig. 7 shows how the incorporation efficiency is affected by in-
creasing the total volumetric flow rate, F ,TOT

MO through the MO injector. It
is important to note that while the volumetric flow rates through the
MO injector were changed, the molar flow rates were kept constant.
The two incorporation regimes are illustrated by the dotted lines and
the incorporation efficiencies for the tBuOH and TMAl series are also
indicated. All k values are shown to follow the dotted lines closely.
MO150, MO175, and MO200 have low k values when, F ,TOT

MO was below

4000 sccm. MO150 demonstrates a sharp increase in incorporation ef-
ficiency when FTOT

MO is between 4000 and 4500 sccm. A similar beha-
viour is observed also for MO175, where the transition occurs when
FTOT

MO is between 4500 and 5000 sccm. However, the incorporation for
the MO200 samples remains in the lower regime for all values of FTOT

MO .
This sudden change to a higher incorporation efficiency reflects tran-
sitions between incorporation regimes when when FTOT

MO reaches a cri-
tical flow rate. The shift in the transition suggests that the value of the
critical flow rate depends on the O/Zn balance as given by the tBuOH
flow rate.

Figs. 6 and 7 suggest that both the oxygen balance (O/Zn) and the
total flow rate affect the incorporation efficiency of Al during AZO
growth by MOCVD. The sensitivity of the system to one parameter
seems to depend on the value of the other. Below we suggest some
mechanisms to help explain how incorporation efficiency is linked to
both O/Zn and volumetric flow rates. Al is incorporated at the growth
interface through physisorption and/or chemisorption of Al precursors.
The mobility and reactivity of the Al precursors on the growth surface
are determined by their chemical character, which depends on the re-
actions that they have gone through in the gas boundary layer. Separate
Al incorporation regimes could therefore be explained in terms of how
growth conditions affect the reactions of the Al precursors in the
boundary layer, and the reactivity of the Al precursors that eventually
reach the growth surface. At 370 ∘C, tBuOH has already started to de-
compose into H2O and isobutene. [34] TMAl will therefore be in the
presence of both tBuOH and H2O, as well as DEZn and zinc alkoxide.
TMAl is a strong Lewis acid and is extremely reactive to oxygen pre-
cursors due to an unfilled p-orbital on the Al atom. [43] Oxygen can
form very stable bonds with Al, and thereby lower the reactivity of the
Al precursors. Oxidation of TMAl is therefore a common source of
oxygen contamination in the production of AlGaAs, [44] and the pro-
posed reaction of TMAl is similar to Eq. (9).

+ → +−AlMe g nROH g Me Al OR g R g( ) ( ) ( ) ( ) ( )n n waste3 3 (9)

where R = tBu (C(CH3)3), H, or Me (CH3). Rwaste consists of methane
(CH4) or some other organic molecule corresponding to Me-tBu, but the
exact nature is not important for our discussion. n in Eq. (9) is related to
the completeness of the reaction. It can be thought of as the degree of
oxidation, or the number of Al-O bonds formed on the Al precursor, and

Fig. 6. The figure shows the relationship between incorporation efficiency, k,
and the O/Zn balance as changed by varying FtBuOH and FTOT

MO . (a) At a constant
FTOT

MO of 5500sccm, incorporation decreases with O/Zn as FtBuOH increases. (b)
Increasing O/Zn by F ,TOT

MO leads to an increased incorporation. The rate of in-
crease in (b) is dependent on FtBuOH. The incorporation efficiency can be di-
vided into separate regimes as marked by the grey area.

Fig. 7. Incorporation efficiency, k, as a function of the total flow, F ,MO
TOT through

the MO injector. FMO
TOT is increased by the MO carrier flow rate, which dilutes the

flows coming from the MO bubblers. The flow rates used are listed in Table 1.
This process is repeated with constant tBuOH flow rates of 150, 175, and 200
sccm, labelled MO150, MO175, and MO200, respectively. The incorporation
efficiency is divided into two regimes, and the blue, red, and green eye-guides
show how tBuOH flow affects the transition from lower to upper incorporation
regimes for MO150, MO175, and MO200 respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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can take a value between 0 and 3. According to the reaction in Eqs. (6)
and (9), the growth surface is likely to be terminated in |–OR, where
R=tBu or H. The presence of a methyl group on the Al precursors fa-
cilitates for chemisorption on the growth interface as the methyl group
is eliminated to form Al-O bonds with the surface. The direct reaction
between TMAl and a |-Zn-OH terminated surface has been studied in
the context of ALD, where TMAl tends to etch away Zn from the surface
through exchange reactions. [45] Similar exchange reactions during
MOCVD growth could contribute to incorporation efficiencies higher
than unity. TMAl would be able to reach the growth interface either
when the O/Zn balance is very low, or when the boundary layer is very
thin. This might help explain the that k > 1 for samples with low O/Zn
in Fig. 6. Thus the reactivities of the Al precursors in Eq. (9) can be
ordered according to the degree of oxidation so that: Al(OR)3 <Al(CH3)
(OR)2 <Al(CH3)2(OR) <Al(CH3)3, where R = tBu or H.

In the incorporation regime where 0.5 <k <0.75, as marked by the
grey section in Fig. 6, Al incorporation occurs mainly through (CH −) n3 3 -
Al-(OtBu)n with n < 3. These molecules are still very reactive because
demethylation of the Al precursors at the surface is possible, but the
probability of this reaction is lowered by the partial oxidation. n < 3 is
possible if the boundary layer is thin, and the O/Zn values are too low
for the oxidation reaction between TMAl and tBuOH (or H2O) to reach
equilibrium before the Al precursors arrived at the growth surface.

In the regime where k < 0.3, Eq. (9) has been able to run to com-
pletion, so that =n 3. Under these circumstances incorporation occurs
through the physisorption of Al(OR)3, where R = H or OtBu. Al(OH)3
can physisorb, but is unlikely to decompose further at an -OR termi-
nated surface. However, Al(OtBu)3 is more likely to decompose through
a process similar to that of zinc alkoxides. [33] This is a less likely
process and would have a lower reactivity, resulting in a lower in-
corporation efficiency. Al(OR)3 will form if the O/Zn is sufficiently high
and the boundary layer is sufficiently thick to allow for a complete
reaction.

The effects of volumetric flow on incorporation demonstrated in
Fig. 7 could be explained by considering the effect of volumetric flow
on the boundary layer. Increasing the volumetric flow rate results in a
higher flow velocity through the injector. Modelling of fluid dynamics
in a vertical MOCVD reactor suggests that the thickness of the diffusion
boundary layer is proportional to 1/ v , where v is the flow velocity.
[46] An increase of volumetric flow of an incompressible medium from
3500 to 5500 sccm would decrease the boundary layer by about 20%.
However, flow velocities approaches the limit boundary for compres-
sible flows, and the exact relationship between the volumetric flow
rates and the flow velocities depend on the geometry and dimensions of
the flow system, which are not available.

The effects of O/Zn and boundary layer can be combined into the
idea of a reaction depth of Al precursors. Fig. 8 illustrates the concept of
the reaction depth, Dr, defined as the depth into the diffusion boundary
layer where a significant portion of Al precursors still retain a methyl
group. That is, the depth beyond which all the Al precursors are com-
pletely oxidized, Al(OR)3 with R = tBu or H. Fig. 8 also illustrates how
the relationship between the boundary layer thickness, δ, and Dr, de-
termines which Al precursors will be able to reach the growth interface.
The most reactive Al precursor able to reach the growth interface for
different combinations of δ and Dr are Al(OR)3, Al(OR)Me2, or TMAl for
Dr < δ, Dr > δ, and Dr > > δ, respectively. The value of Dr is a
function of the O/Zn balance because a higher concentration of oxygen
precursors will lower Dr by increasing the probability of oxidation re-
actions. Thus the trends observed in Fig. 7 can be explained in terms of
the relation between δ and Dr as follows. Low incorporation for low
total flow, indicates that Dr < δ, and incorporation must have occurred
through the decomposition of Al(OtBu)3, which is less effective. How-
ever, as flow rates increased, and the boundary layer became thinner
than Dr, and Al(OR)nCH −n3 with n < 3 were able to break through the
boundary layer and reach the surface, leading to more effective in-
corporation. This explains the transition from lower to higher

incorporation as flow rates increased.
Increasing the tBuOH molar flow causes a higher O/Zn balance in

the boundary layer, and thereby lowers the value of Dr. Therefore, a
higher flow rate is needed to cause a corresponding decrease in δ. Thus
as the tBuOH flow increased from 150 to 175 sccm, the total MO flow
rates necessary to make the transition increased from 4000 to 4500
sccm. This also explains why MO200 remained in the lower in-
corporation regime, as the higher oxygen content caused Dr < δ for
FTOT

MO values between 3500 and 5500 sccm. It is expected that a transi-
tion could occur at a higher total flow rates, which would lower the
boundary layer thickness further. While these observation provide a
qualitative insight, further investigations would be necessary for a
quantitative characterisation of these processes. Fluid dynamics simu-
lations would prove especially useful. However, awareness of these
mechanisms may prove important for further developments of impurity
incorporations through MOCVD processes of similar reactor designs,
particularly for the growth of AZO.

4. Conclusions

Several series of AZO thin films have been grown on c-oriented
sapphire substrates. SIMS measurements showed that the Al content
reached as high as 14% (6 × 1021 cm−3). XRD measurements showed
that the wurtzite structure of ZnO was maintained, while the lattice
parameters changed from 5.207 Å (pure ZnO) to 5.181 Å in a pre-
dictable manner. These results indicate that most of the Al was in-
corporated on the Zn lattice. Increasing O/Zn by adding more tBuOH
decreased the Al incorporation, while increasing O/Zn by increasing the
total volumetric flow had the opposite effect. This suggested that in-
corporation is determined both by the O/Zn balance and the boundary
layer thickness. The incorporation efficiencies were also clustered about
three separate regimes.

The incorporation regimes have been discussed in terms of the Al
precursors available to react at the growth interface. The idea of a re-
action depth was introduced to describe the maximum depth into the
boundary layer before the Al precursors less reactive as all the methyl
groups were lost through oxidation. The transition between the in-
corporation regimes has been explained by how the reaction depth of
the Al precursor compares to the boundary layer thickness, as the re-
lation between the two determine which Al precursors are able to reach
the growth interface. These discussions may contribute to the under-
standing of MOCVD growth of AZO by illustrating how the incorpora-
tion efficiency of Al is affected by precursors chemistry, oxygen balance
and flow configurations. They also suggest that the O/Zn balance and
boundary layer thickness provide some level of control over the

Fig. 8. The figure shows a qualitative model showing the idea of a reaction
depth, Dr. The type of Al precursor at the growth interface depends on how
deeply methylated Al precursors is able to penetrate into the boundary layer
before losing their methyl group through oxidation. The Al precursors at the
surface therefore depends on the O/Zn balance and the boundary layer thick-
ness, δ. The most reactive Al precursors reaching the surface in each in-
corporation regime are also indicated.
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prereactions of the precursors within the boundary layer, which should
be relevant for other systems as well.
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