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Al-doped ZnO (AZO) films were deposited by atomic layer deposition (ALD) on borosilicate glass
and sapphire(0001) substrates. The Al composition of the films was varied from 1% to 4% by
controlling the ratio of Zn:Al pulses. Film resistivity was measured as a function of Al content and the
substrate temperature used for ALDdeposition. X-ray diffraction (XRD) was performed on the films,
showing a reduction in lattice parameter, as a function of Al concentration, indicating that Al3þ ions
occupy substitutional sites in the ZnO lattice. The resistivity of films deposited on sapphire substrates
(7.7� 10-4Ω cm) was lower than that on glass (3.0� 10-3Ω cm), because of the formation of textured
grains with the c-axis aligned with respect to the sapphire surface, as confirmed by XRD. The surface
morphology of the films on glass and sapphire was compared using scanning tunneling microscopy
(STM) and scanning electron microscopy (SEM), which showed similar grain sizes on each substrate,
suggesting that the difference in conductivity was due to grain orientation rather than microstructural
differences. Optical transparency was measured to be >80% for wavelengths of 370-1600 nm.

Introduction

Transparent conducting oxide (TCO) materials are
utilized as electrode materials in a wide variety of optoe-
lectronic devices, including photovoltaic cells,1 flat panel
displays,2 and organic light-emitting diodes (OLEDs).3,4

The most commonly used TCO material is indium tin
oxide (ITO), because of its high conductivity and optical
transparency over visible wavelengths.5 However, there is
a large amount of research into alternative TCO materi-
als, because of the relative scarcity and high cost of
indium.6 One of the most commonly cited alternative
materials is Al-doped ZnO (AZO).
AZO has been deposited by a variety of thin-film deposi-

tion techniques, including direct-current (DC) sputtering,7

radio-frequency (RF) sputtering,8 pulsed laser deposition,9

chemical vapor deposition,10 and sol-gel deposition.11 The
most common deposition techniques involve sputtering,
which routinely provide resistivity values on the order of
10-4Ω cm,with anoptical transparency of>80%for visible
wavelengths.8 Thus, AZO films are approaching the quality
of ITO as transparent electrode materials, and they are
currently being used commercially in the production of
copper indium gallium diselenide (CIGS) solar cells.12

Recently, atomic layer deposition (ALD) has received
increased attention, because of its unique ability to con-
formally coat high-aspect-ratio structures with pinhole-
free films on a variety of surfaces.13 Because of the self-
limiting surface chemistry of ALD half-reactions, the
thickness of films grown by ALD can be controlled with
subnanometer precision simply by controlling the num-
ber of ALD cycles. This combination of conformality
with atomic precision has allowed for the development of
a variety of new nanofabrication processes and devices.
AZO has been fabricated via ALD, using trimethylalu-
minum, diethylzinc, and water as precursors.14-20
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The availability of stable, volatile liquid precursorsmakes
this process attractive for the production of novel device
architectures using ALD. For example, there is signifi-
cant research in utilizing 3-D nanostructured solar cell
architectures,21,22 which could benefit from a highly
conformal technique such as ALD as a transparent top
electrode. However, the majority of the previously re-
ported resistivity values of ALD AZO films have values
on the order of 10-3 Ω cm, which is 1 order of magnitude
more resistive than the best sputtered AZO films. One
recent paper reported a resistivity of 4.7� 10-4 Ω cm,
which could be due to the use of rapid thermal annealing
(RTA) of the film.20 However, no explanation of the
origin of this reduction in resistivity, compared to pre-
vious reports, was provided. Therefore, in this study, we
perform a detailed characterization of as-deposited ALD
AZO films to determine the origin of their relatively high
resistivity. Sapphire(0001) substrates are used in an effort
to grow oriented films and study the effect of grain
orientation on film conductivity.
This report begins with an optimization of the ALD

AZO process parameters, with respect to film conducti-
vity. The film conductivity was optimized with respect to
the ratio of Zn:Al ALD cycles and the substrate tempera-
ture used during deposition. Phase analysis was per-
formed using X-ray diffraction (XRD), and the lattice
parameter was calculated for different Al concentrations,
to show that Al atoms substitute for Zn atoms in the
ZnO lattice. Enhanced conductivity was observed in films
deposited on sapphire(0001) substrates, which is explained
by texturing of the grains with the c-axis normal to
the film surface, as measured by XRD analysis. The sur-
face morphology was studied using scanning tunneling
microscopy (STM) and scanning electron microscopy
(SEM), to compare the effects of the different substrates
on the film microstructure. Finally, transparency of the
AZO films deposited on glass substrates wasmeasured by
UV-vis spectrophotometry.

Experimental Details

Films of AZO were grown on polished silicon(100), borosi-

licate glass, and sapphire(0001) wafers. All of the wafers were

cleaned using 5 min of sonication in toluene, followed by a rinse

with deionized (DI) water. Reactions were carried out in a

customized flow-type reactor23 with an argon carrier gas at a

flow rate of 10 sccm. The chamber pressure was measured at 50

mTorr. The substrate temperature duringALDwas varied from

140 �C to 220 �C. The precursors used were diethylzinc

(Aldrich), trimethylaluminum (Aldrich), and DI water.

X-ray photoelectron spectroscopy (XPS) analysis was per-

formed with a Phi VersaProbe XPS microprobe. Film thick-

nesses were measured on silicon substrates using a Rudolph

AutoELLIII Ellipsometer (single wavelength of 6328 Å). Sheet

resistances were measured with a Prometrix OmniMap Model

RS35e resistivity mapping system. XRD measurements were

performed with a PANalytical X’Pert PRO XRD system. STM

and atomic force microscopy (AFM) measurements were taken

with a JEOLModel JSPM-5200 system in air. Pt/Ir tips (Veeco

Instruments) were used for the STM measurements, after a

mechanical cut to sharpen the tip apex and remove contamina-

tion. SEM images were taken with a FEI XL30 Sirion SEM

system with a field-emission gun (FEG) source. Optical absorp-

tion measurements were performed on a Varian Cary Model

6000i UV-vis-NIR spectrophotometer.

Results and Discussion

Optimization of ALD Conditions. XPS analysis was
performed on AZO films after varying the ratio of Zn
cycles to Al cycles. The Al cycles were performed in the
middle of the sequence of Zn cycles, so that the surface of
the film was terminated by ZnO rather than Al2O3. The
film composition was analyzed using the Al 2p, Zn 3p,
andO 1s peaks. An example spectrum is shown for a ratio
of 15:1 Zn:Al cycles at a substrate temperature of 160 �C
in Figure 1. The composition was measured to be 3.0%
Al, 45.7% Zn, and 51.3% O. A brief argon etch was
performed on the surface to remove contamination,
which adsorbed onto the surface from exposure to air.
Within the film, no carbon contamination was observed,
suggesting that the removal of ligands from the metallor-
ganic precursors during the reaction was complete.
To study the effect of Zn:Al pulse ratio on aluminum

content, the substrate temperaturewasmaintained constant
at 160 �C, and the pulse ratio was varied from 13:1 to 27:1.
The aluminum content was measured by XPS for each
sample, and the results are plotted in Figure 2. As the figure
shows, for this range of cycle ratios, the aluminum content
can be precisely controlled in the range of 1%-4% Al.
To study the effect of aluminum content on film resi-

stivity, ALD AZO films were deposited on insulating

Figure 1. X-ray photoelectron spectroscopy (XPS) analysis of Al-doped
ZnO (AZO) film deposited on a glass substrate with a Zn:Al cycle ratio of
15:1. The Al concentration was measured to be 3.0%.
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borosilicate glass wafers, and the sheet resistance was
measured using a four-point probe technique. The total
number of cycles varied slightly among the different
samples, because of the requirement of maintaining the
correct pulse ratio throughout the film. Each sample was
deposited with as close as possible to 480 total cycles,
while maintaining the correct pulse ratio. In addition,
because the growth rate of Al2O3 is different from that of
ZnO, the total thickness per cycle will be slightly different
for different pulse ratios. Therefore, the thickness was
measured by ellipsometry for each film condition to
precisely calculate resistivity from sheet resistance values.
The results of the resistivity measurements on glass

substrates, as a function of pulse ratio, are shown in
Figure 3. As the figure shows, in the range of ratios
studied, the conductivity varies from 3.6 � 10-3 Ω cm
to 5.7� 10-3Ω cm. The optimal condition was measured
to be a ratio of 15:1 Zn:Al cycles, with a resistivity of 3.6�
10-3 Ω cm. Therefore, in subsequent experiments, this
ratio was maintained.
Next, the effect of substrate temperature on conductivity

was measured for the optimal pulse ratio. The substrate

temperature was varied from 140 �C to 220 �C. The overall
film thickness was measured by ellipsometery at each
temperature for the resistivity calculations and has been
seen todecreasewith increasing temperature. The results are
shown in Figure 4. Resistivity did not change much in the
rangeof 160-200 �C,with thebest performanceobservedat
a substrate temperature of 200 �C.
From these measurements, the optimal pulse ratio

of 15:1 and a substrate temperature of 200 �C yielded
films with a resistivity of 3.0� 10-3Ω cm, as deposited on
borosilicate glass substrates. This value is ∼1 order of
magnitude higher than typical values for sputtered ITO,
indicating that the ALD AZO deposited on glass would
require a thickness at least 10 times greater than that of
ITO to obtain the same sheet resistance.
There are several possible reasons why the resisitivity of

ALD AZO is higher than values reported from other
techniques. Since the aluminum is deposited in a nonhomo-
geneous manner, there will be a variation in aluminum
content throughout the thickness of the film, causing an
uneven dopant distribution.19 Furthermore, the crystalliza-
tion of a solid solution of AZO from a nonhomogeneous
composition will be different than that for techniques in
which the aluminum is distributed evenly throughout the
film. Also, the morphology of AZO will vary among
different deposition techniques, and the presence of defects
such as grain boundaries can contribute to an increase in
film resistivity. To further characterize theALDAZO films,
and gain anunderstanding of their relatively high resistivity,
XRD, STM, and SEM measurements were performed.
XRD Analysis on Glass Substrates. Phase analysis on

the films was performed by XRD. A spectrum obtained
from a symmetrical θ/2θ scan on a sample with a 15:1
ratio and substrate temperature of 200 �C is shown in
Figure 5. The hexagonal phase of ZnO is confirmed, with
the (100), (002), (101), and (200) peaks visible. No crystal-
line Al2O3 or ZnAl2O4 peaks were visible in the spectrum,
suggesting that phase segregation could not explain an
increase in film resistivity.
Doping of ZnO films with Al can lead to either sub-

stitution of Al3þ ions for Zn2þ ions in the ZnO lattice or

Figure 3. AZO film resistivity, as a function of Zn:Al cycle ratio used
during ALD growth.

Figure 4. AZO film resistivity, as a function of substrate temperature.Figure 2. Al content of AZO films, as a function of Zn:Al cycle ratio, as
measured by XPS.
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interstitial Al defects in the crystal structure. In the case of
substitution, Al acts as an electron donor, contributing to
the n-type conductivity of the ZnO films. Furthermore,
formation of the gahnite (ZnAl2O4) phase can lead to
decreased conductivity of the film. The substitutional
defect mechanism can be observed through a measure-
ment of the lattice parameter of the film, as a function of
dopant concentration. Because the ionic radius of the
Al3þ cation (0.53 Å) is smaller than that of the Zn2þ

cation (0.74 Å), substitutional Al3þ defects will lead to a
reduction of the lattice parameter in the ZnO phase.24

This leads to a shift in diffraction angles from the wurtzite
structure to higher values, because of a reduction in
d-spacings between the atomic planes. In the case of
interstitial Al incorporation, the lattice parameter has
been shown to increase with Al concentration,25 which
was not observed here, suggesting that the majority of Al
exists as substitutional defects.
In the ALD AZO films, a shift to larger diffraction

angles was observed in all crystalline ZnO peaks with
increasing Al incorporation. From this diffraction data, a
shift in the hexagonal lattice parameters a and c were
calculated. First, the d-spacings were calculated using
Bragg’s law:

d ¼ nλ

2 sin θ
ð1Þ

Here, λ = 1.541874 nm (Cu KR1 radiation) is the X-ray
wavelength, n=1, and θ is the scattering angle. From the
d-spacings, the lattice parameters a and c can be calcu-
lated using eq 2 for hexagonal structures:

1

d2
¼ 4

3

h2 þ hkþ k2

a2

 !
þ l2

c2
ð2Þ

The lattice parameter a was calculated using the (100)
diffraction peak. Lattice parameter c was calculated using

the shift of the (002) peak. The results are shown inFigure 6.
An almost-linear trend in the decrease of lattice para-
meter, as a function of Al content in the films, can be
observed in both plots. This is consistent with Vegard’s
law, which predicts an empirical linear relationship be-
tween lattice parameter and solid solution concentration.
This supports the hypothesis that Al3þ ions are occupying
Zn2þ lattice sites, causing a contraction of the lattice.
These substitutional Al ions act as electron donors in the
AZO film, increasing the n-type conductivity.
Because of the nonhomogeneous manner in which

dopants are deposited in the ALD process, it is possible
that not all of the Al atoms act as substitutional donors
in the film. The presence of residual Al atoms, especially
near the layers where the Al pulse was performed, could
lead to the presence of other localized metastable phases
at the nanoscale. While no other crystalline phases
were detected in the XRD measurements, there could
be regions of amorphous insulating material (such as
Al2O3) present in the regions of high Al concentration,
which could lead to a reduction in film conductivity.
Therefore, while the linear relationship between Al
concentration and lattice parameter suggests that a
consistent increase in substitutional Al defects in the
ZnO lattice occurs with increasing Al concentration, we
speculate that there could be additional effects from
residual Al present in the film that may act to decrease
the overall film conductivity. Further research is re-
quired to identify such compositional and structural
features with nanoscale resolution.

Figure 6. Lattice parameters of AZO films deposited on glass, as a
function of Al content, as calculated from XRD data.

Figure 5. XRD spectrum of an AZO film deposited on glass.
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Analysis of ALD AZO on Sapphire Substrates. One
hypothesis on the higher resistivity of ALD AZO films,
relative to other deposition techniques, is that there is
a large contribution from randomly oriented grains in
the polycrystalline film. In an effort to grow oriented
films, ALD AZO films were grown on sapphire(0001)
substrates. Epitaxial growth of ZnO on sapphire sub-
strates has been studied using other thin-film fabrication
techniques.26,27 A coincident site lattice is enabled by
parallel orientation of the c-axis of hexagonal ZnO with
the c-axis of sapphire(0001). A reduction in the lattice
mismatch occurs with a 30� in-plane rotation of the ZnO,
relative to the sapphire substrate.28

ALDAZO filmswere grownon commercially available
sapphire (0001) substrates. A substrate temperature of
200 �Cwas used with a Zn:Al pulse ratio of 15:1. To study
the orientation of the films, symmetrical θ/2θXRD scans
were performed. Figure 7a shows the resultingXRDscan,
as well as a scan on the sapphire substrate. These scans
were plotted on a semilogarithmic scale, because of the
sharpness of the peaks.
A sharp peak is observed for the ZnO(002) reflection,

while other peaks are suppressed, compared to XRD
scans of AZO on glass substrates, as shown in Figure 5.
This suggests a texturing of the film with the c-axis of the
ZnO parallel to the sapphire(0001) surface. To quantify
this texturing, a rocking curve was measured on the
ω-axis around the ZnO(002) peak, as shown in Figure 7b.
This rocking curve produced a sharp peak with a full
width at half maximum (fwhm) value of 1.54�. This
indicates a strong out-of-plane orientation with the
(002) planes parallel to the substrate surface. On the other
hand, the rocking curve around the ZnO(002) peak
performed on an AZO film deposited with the same
conditions on the glass substrate exhibited a flat profile,
indicating a lack of preferred grain orientation.
Interestingly, the resistivity of the film deposited on

sapphire was measured to be 7.7� 10-4 Ω cm. This is
substantially lower than the resistivity of all of the AZO
films grown on glass, which had resistivity values on the
order of 10-3 Ω cm. The films were still polycrystalline,
because of the relatively low temperatures used and the
steric hindrance of the ligands in the ALD reaction.
However, this demonstrates that the nucleation direction
of crystalline grains during the initial ALD cycles can be
influenced through the use of an appropriate substrate. It
also indicates that the nonhomogeneous distribution of
Al throughout the film cannot completely explain the
higher resistivity values of ALDAZO films, compared to
those deposited by other techniques, because the textured
films on sapphire substrates were still deposited in a
nonhomogeneous manner.
Highly oriented AZO films with the c-axis perpendi-

cular to the surface have been observed to improve the

conductivity in films deposited by other techniques,
including sol-gel deposition.11 Lee et al. demonstrated
that the film resistivity was inversely proportional to the
degree of (002) orientation of doped ZnO films.29 One
possible hypothesis on the origin of this enhanced con-
ductivity is due to the anisotropic nature of the hexagonal
crystal structure of ZnO. If the mobility of charge carriers
in the c-plane is higher than that along the c-axis, films
oriented with the c-axis normal to the substrate will show
a lower sheet resistance than those with randomly or-
iented grains. In addition, the type of grain boundary
formed in films with grains oriented in the same crystal-
lographic direction may scatter carriers less effectively
thangrainboundaries between randomly oriented grains.11

Thus, the improved conductivity of ALD AZO films with
oriented grains provides valuable insight into the origin of
the relatively high resistivity ofALDAZO films, compared
to those deposited by other techniques.
SurfaceMorphologyMeasurements.Tostudy the impact

of the substrate on filmmorphology, the surface grain struc-
ture was analyzed using STM and SEM. These complemen-
tary techniques allowed for high- and low-magnification

Figure 7. (a) XRD spectra of a sapphire(0001) substrate (bottom trace)
and AZO film (top trace) deposited on an identical substrate; (b) ω-axis
rocking curve around the ZnO(002) peak.

(26) Sun, X. W.; Kwok, H. S. J. Appl. Phys. 1999, 86, 408.
(27) Akiyama, S.; Minegishi, K.; Tanaka, T.; Ogawa, H.; Kasuga, M.

Jpn. J. Appl. Phys. 2007, 46, 342.
(28) Chen, Y.; Bagnall, D. M.; Koh, H.-J.; Park, K.-T.; Hiraga, K.;

Zhu, Z.; Yao, T. J. Appl. Phys. 1998, 84, 3912. (29) Lee, J.-H.; Park, B.-O. Thin Solid Films 2003, 426, 94.



4774 Chem. Mater., Vol. 22, No. 16, 2010 Dasgupta et al.

imaging of the film surface. All images were taken with the
optimized 15:1 Zn:Al ratio and a substrate temperature of
200 �C, after a total of 480ALDcycles. The results are shown
in Figure 8.
It can be seen that the average grain size is approxi-

mately the same on both substrates. Therefore, the hy-
pothesis that the decreased film resistivity on sapphire,
compared to glass, is due to a lower concentration
of grain boundaries cannot be validated. This provides
further evidence that the origin of the decreased resistivity
on sapphire is due to the formation of highly oriented
grains with the c-axis normal to the film surface, as shown
by the XRD analysis, rather than a surface morphology
effect.
While the average grain size does not show a strong

difference on glass and sapphire substrates, a more
macroscopic texture can be observed on the sapphire,
compared to a more homogeneous grain distribution on
glass. This difference in the film surface can be seen at a
lower magnification in the SEM images. The STM images
show that smaller grains tend to coalesce into larger fea-
tures, leading to a rougher surface on sapphire, compared to
glass. The root-mean-square (rms) surface roughness of the
AZO filmsmeasured by STMwas 0.82 nmonglass and2.38
nm on sapphire over an area of 1 μm� 1 μm. This rougher
surface could be a result of the growth of more-oriented

grains on the sapphire surface, compared tomore randomly
oriented grains on glass. To confirm that this was not due to
the roughness of the original surface, AFM scans were
performed on the bare glass and sapphire substrates. The
rms roughness values of the bare substrates were measured
tobe 0.43nm for glass and0.15nmfor sapphire over anarea
of 1 μm � 1 μm.
Transparency Measurements. Besides conductivity,

transparency is an important parameter of TCOmaterial

Figure 8. (a) STM image ofAZO filmon glass; (b) STM image ofAZO film on sapphire; (c) SEM image ofAZO film onglass; and (d) SEM image ofAZO
film on sapphire.

Figure 9. Transparency spectrum of an AZO film deposited on glass
measured by UV-vis spectrophotometry.
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quality. Optical transparency measurements were per-
formed on the ALD AZO films using UV-vis spectro-
photometry. Transmission spectra were similar for the
various conditions presented in this study. Figure 9 shows
a transmission spectrum for an AZO film deposited with
the optimized conditions of a 15:1 Zn:Al ratio for a total
of 480 cycles and a substrate temperature of 200 �C.
Transparency of >80% was measured over a range of
wavelengths of 370-1600 nm. This suggests that its use as
a transparent electrode material for devices such as solar
cells and other optoelectronic applications is feasible.

Conclusions

Atomic layer deposition (ALD) Al-doped ZnO (AZO)
films have been deposited on sapphire and glass sub-
strates, to study the effects of deposition parameters on
film conductivity. Films deposited on glass wafers after
optimizing the Zn:Al pulse ratio and substrate tempera-
ture had resistivity values of 3.0� 10-3Ω cm. XRDmea-
surements showed that the films were hexagonal, with no
measurable insulating phases. The lattice parameter was

shown to decrease with increasing Al concentration,
suggesting the incorporation of Al atoms into substitu-
tional Zn lattice sites. Films grown on sapphire(0001)
wafers showed adecrease in resistivity to 7.7� 10-4Ω cm.
This was explained by an increased grain orientation in
films grownon sapphire, with the c-axis aligned normal to
the substrate, while films grown on glass showed no
preferential orientation. Scanning tunneling microscopy
(STM) and scanning electron microscopy (SEM) images
showed a grain size similar to that in films grown on glass
and sapphire, indicating that orientation of the grains was
responsible for the decreased resistivity, rather than a
difference in grain-boundary density. Film transparency
was measured to be >80% for visible and near-infrared
(near-IR) wavelengths.
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