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We formed epitaxial ZnO thin films on a (0001) c-plane sapphire substrate through deposition of atomic
layers (ALD) at 25–160 °C using diethylzinc (DEZn) and deionized water as precursors in combination with
interrupted flow. High-resolution X-ray diffraction measurements were employed to characterize the
microstructure of these films. With interrupted flow, we obtained ZnO thin films with an optimal growth
window in a range of 40–160 °C, effectively decreasing the growth temperature by about 120 °C relative to a
conventional method involving continuous flow. X-ray reflectivity measurements showed that the rate of
growth increased also between 20 °C and 120 °C. The XRD results indicate that the stock time might extend
the reaction of DEZn and water through an increased duration. All results show that a low temperature for
growth improves the crystalline quality and is consistent with thermodynamically blocked self-compensation.
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1. Introduction

Zinc oxide (ZnO) is a material with a remarkably direct and wide
band gap (Eg=3.4 eV near 22 °C) and a large binding energy
∼60 meV [1]. ZnO is a prospective material for several applications,
such as light-emitting diodes (LED), field-effect transistors (FET), UV
lasers near 300 K, gas sensors, piezoelectric transducers, transparent
electronics, surface-acoustic-wave devices, solar cells, and spintronics,
when doped with transition-metal elements [2–9]. Thin films of ZnO
are grown with various techniques such as a sol–gel method [10],
radio-frequencymagnetron sputtering [11,12], pulsed laser deposition
[13,14], oxidation of zinc-based materials [15,16], metallorganic
chemical-vapor deposition (MOCVD) [17,18],molecular-beamepitaxy
(MBE) [19,20] or atomic-layer deposition (ALD) [21–24]. An indis-
pensable requisite for an application in optoelectronics is doping of
ZnO with both n- and p-types. From the energy gap about 3.4 eV,
one can calculate an intrinsic concentration of free carriers at a level
106cm−3, which is a magnitude 10−11–10−15 times those reported
for zinc-oxide layers grown by various methods. The great extent of
electron doping in nominally undoped ZnO is attributed to zinc
interstitials, oxygen vacancies and hydrogen [25]. Deposition at high
temperature can intensify the formation of oxygen vacancies, to
contribute to the high level of n-electron doping. This point has been
little explorsed because effort was concentrated on obtaining ZnO
films of great structural quality, which requires a high temperature
for growth. Incorporated carbonates and hydrogen carbonates might
also contribute to the n-type conductivity of ZnO films as grown [26];
these defects, producing heavy n-type doping, introduce shallow donor
levels approximately 0.01–0.05 eV below the minimum of the conduc-
tion band of ZnO [27–29].

The growth of ZnO at a low temperature is crucial to avoid foreign
phases in a material doped with a transition metal [30], but the most
densely packed and thermodynamically favorable growth orientation
in wurtzite structures has the c-axis perpendicular to a substrate.
ZnO films with the c-axis normal to the substrate are thus generally
preferable, butwe show that the c-axis is parallel to a direction normal
to the substrate when growth occurs at a low temperature. Moreover,
such growthmakes possible the obtaining of ZnO onflexible or organic
substrates. The exact value of the concentration of free carriers in a
ZnO thin film depends strongly on the method of, and parameters
during, growth. The most important factor to influence the electric
parameters of a ZnO thin film is the growth temperature, because
it controls the thermodynamics of that growth [31]. In thiswork,we report
the use of a novel adaptation of ALDwith an interrupted flow that enables
us to obtain epitaxial ZnO films of high quality near 22 °C.
2. Experimental

ALD involves a self-limiting vapor-phase chemisorption that relies
on consecutive surface reactions and utilizes critical purge steps to
prevent interactions between reactive precursors [29]. All processes
occur with sustained pumping to evacuate superfluous reactants; this
method is also called ‘continuous-flow’ ALD. Although ALD is superior
in a particular temperature range to other methods of deposition, the
temperature is also an important parameter to control the preferred
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Fig. 1. Rate of growth at varied temperature in stock and non-stock modes.
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orientation of a deposited thin film [30], but at a very low temperature
the growth rate decreases and a conformalmonolayer is not deposited
because the thermal budget is insufficient. In this work, we introduce
another ALD that we call a ‘flow-rate interruption’ method (FIM). We
installed a quick ALD diaphragm valve (Swagelok) between the
reactor and the pump station. To retain the precursor in the reactor
chamber, this valve is closed before the precursor is introduced into
the reactor. Themain influence of this step is to enhance the precursor
density in the reactor and to extend the duration of reaction between
the reactant and the sample surface. These two effects might increase
the rate of reaction at a low temperature. The interval during which
the reactant is held in the reaction chamber is called a stock time. We
Fig. 2. X-ray normal scan along the ZnO (002) reflection peak with varied growth
temperature in stock and non-stock modes.
deposited ZnO films on (0001) sapphire substrates using ALD at
temperatures in a range of 25–200 °C. The pulse durations of water,
15 ms, and DEZn, 10 ms, precursors were the same for both growth
modes; the stock time was 3 s for both water and DEZn in the stock
mode. All other conditions for both modes and precursors were the
same. The purge and pumping periods were 10 s and 6 s respectively;
the purge gas was N2 and the pressure was set to 2 Torr. All samples
were obtained with growth during 200 ALD cycles, with a total
thickness about 50–80 nm for the varied growth temperature.

X-ray diffraction (XRD) measurements at high resolution were
conducted at wiggler beamline BL-17B1 in the National Synchrotron
Radiation Research Center (NSRRC), Hsinchu, Taiwan. Using two
pairs of slits between the sample and the detector produced a typical
wave-vector resolution ∼0.001 nm−1 in the vertical scattering plane
in this experiment.

Photoluminescence (PL) measurements were performed on
samples at 295 K using He–Cd laser (325 nm, IK3252R-E, Kimmon)
for excitation and a CCD (80 K, Spec-10, Princeton Instruments) with a
monochromator (0.5 m, SP-2558A, Acton) for detection. The effective
resolution of the PL spectrum was 0.02 nm.

3. Results and discussion

The rate of deposition calculated from the X-ray reflectivity results
is shown in Fig. 1. The growth rate increases on applying a stock time
for growth in the temperature range of 40 °C to 100 °C. A flat region of
growth rate with temperature from 120 °C to 200 °C is seen for the
non-stock mode. For a temperature less than 120 °C in the non-stock
mode, the growth rate decreased linearly proportionally to temper-
ature. There is no oscillation fringe in the X-ray reflectivity curve at
25 °C for the non-stock mode, which indicates no growth of a ZnO
thin film on sapphire at such a temperature. In contrast, for the stock
mode not only was the growth curve extended from 120 °C to 80 °C
but also the curve slightly slants from 100 °C to 200 °C. Moreover, the
growth rate was enhanced even from 25 °C to 100 °C in contrast
with the non-stock mode.

We examined the structural properties of the thin film using an
X-ray radial scan (θ–2θ) along the surface normal of ZnO samples;
the results in Fig. 2 display only a ZnO (002) reflection peak located
at ∼2.42 Å−1 of the non-stock mode for a growth temperature less
than 100 °C, and a (101) peak appeared when the growth temper-
ature was increased beyond 100 °C. In contrast, the ZnO film deve-
loped in the stock mode not only had an enhanced (002) peak but
also suppressed the (101) phase until growth temperature increased
Fig. 3. Variation with temperature of the ratio of the ZnO (002) integrated intensity
between stock and non-stock modes; the inset shows the original intensity in the stock
and non-stock modes.



Fig. 4. Distribution of grain size for ZnO thin films with varied growth temperature.
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beyond 180 °C. This effect might be attributed to the stock time
extending the reaction period of DEZn and water to perform a
conformal monolayer, and a small thermal budget forced also the
crystal orientation to become well aligned with the surface normal
to decrease the surface energy at growth temperature ∼180 °C. For
the highest growth temperature, 200 °C, the long processing
duration not only caused surface desorption of precursors to
decrease the growth rate as shown in Fig. 1 but also destroyed the
arrangement of surface atoms because of abundant thermal energy
that induces surface fluctuation, resulting in a decreased XRD peak
intensity.

Fig. 3 shows the integrated intensity ratio of the (002) reflection
between the stockmode and the non-stockmode; the inset shows the
original intensity of both modes. The intensity of the ZnO (002)
diffraction peak for a sample grown in the non-stock mode remained
almost constant throughout the entire range of growth temperature.
In addition, the stock-type ZnO film results indicated a greatly
increased intensity for a growth temperature less than 100 °C; the
intensity for the stockmodewas almost 16 times that of the non-stock
mode at 40 °C. For the stock mode the full width at half maximum
(FWHM) of the (002) diffraction peak also diminished relative to the
non-stock mode. These results indicate that the stock time added
for growth substantially improves the crystal quality of the thin film
and appreciably enlarges the growthwindow.We estimated the grain
Fig. 5. Off-normal radial scan along the sapphire [113] direction observed in the stock
modewith growth temperature 40 °C. The inset shows a comparison ofϕ-scan between
sapphire (113) and ZnO (101).
size of ZnO thin films based on XRD results as shown in Fig. 2 and
Scherrer's formula,

D =
Kλ

Δð2θÞcosθ ð1Þ

in which K=180/π̣ and λ̣ is the X-ray wavelength (λ=0.15495 nm
for 8-keV synchrotron X-rays). The results for the films appear in
Fig. 4. The grain size in the stock mode is approximately ∼50 nm, near
the total thickness of the ZnO films. This evidence likely explains how
the stock mode suppresses the (101) phase through the region of a
single domain from the interface to the film surface. The decreased
grain size at the highest growth temperature, 200 °C, with the stock
modemight be due to surface desorption breaking the crystal stacking
and developing the grain boundaries. A XRD scan in the normal
direction showed that the ZnO c⇀-axis was satisfactorily aligned with
the sample surface. We inspected the off-normal scan to examine
the epitaxial relation between the film and the substrate. The distri-
bution of X-ray intensity of an off-normal radial scan for a ZnO film
deposited at 40 °C is shown in Fig. 5, which shows a sapphire (113)
scan along the Miller index of reciprocal lattice space, and the x-axis
in the H index of reciprocal lattice units (r. l. u.) referred to the
sapphire substrate. A broad feature coexists with a narrow Bragg line,
which originates from the sapphire substrate; this broad feature,
indicated by arrows in Fig. 5, is ascribed to the ZnO (101) Bragg signal
of the deposited layer. Azimuthal scans of a deposited film near a ZnO
(101) surface signal and the sapphire (113) substrate Bragg signal,
as shown in the inset of Fig. 5, clearly exhibit six-fold symmetry and
have nearly the same intensity. No other feature was observed in the
intervals between the six peaks, indicating an effective alignment of
a
⇀

and b
⇀

axes of ZnO unit cells along those of the sapphire substrate.
These results constitute firm evidence for a strongly epitaxial layer
Fig. 6. Photoluminescence results in the stock and non-stock mode for samples at 22 °C.
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deposited on the substrate. This evidence is the first that epitaxial
ZnO films have been formed on a (0001) c-plane sapphire substrate
in the ALD region with an FRI method for growth in a temperature
range of 25–160 °C.

PL spectra show a strong near-band-edge (NBE) excitonic emission
near 22 °C for all investigated ZnO films deposited with DEZn pre-
cursors. Fig. 6 shows that in the stock mode the PL intensity much
increased for a growth temperature from 60 °C to 180 °C relative to a
non-stock mode. The integrated intensity increased from 25 °C and
attained a maximum at 100 °C for the stock mode about seven times
that of the non-stock mode. PL spectra for both stock and non-stock
modes showedno significant other defect-related emission band, even
though the CCD has significant quantum efficiency in this region.
Furthermore, the PL intensity increased at growth temperatures of
60–180 °C, but XRD results show a diffraction peak enhanced from
40 °C to 120 °C. Combining the PL and XRD results, we deduced that
growth of a ZnO thin film with ALD and FRI is optimum at 60–120 °C.

4. Conclusion

Thin crystalline films of zinc oxide (ZnO) of high quality have been
grown epitaxially on a (0001) c-plane of a sapphire substrate by ALD
technique in a temperature range of 25–160 °C with an interrupted
flow. The XRD results indicate that the stock time might improve the
reaction chain of DEZn and water through an enhanced duration of
reaction and an enhanced rate of reaction at an increased pressure in
the chamber. The PL results exhibit that a strong exciton emission,
enhanced because of a small thermal energy, might obstruct self-
compensation processes between Zn and O to diminish the defect
density of ZnO thin films. The low temperature for growth results in
increased crystalline quality and enhanced optical properties of ZnO
films.
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