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ABSTRACT: Emerging interactive sensor electronics requires metal oxide
electrodes that possess long-term atmospheric stability and electrical
conductivity to function under harsh conditions (e.g., high temperatures)
in air. In this study, we report a rational method to accomplish the long-term
thermal stability of conductive Al-doped ZnO (AZO) nanofilms, which have
been thermally unstable due to inevitable crystal defects. Our method utilizes
a sequential thermal annealing in air and Zn vapor atmosphere. An initial
annealing was performed in air, followed by a second annealing in a Zn vapor
atmosphere. Air tolerance tests on the resulting AZO nanofilms revealed the
stable electrical resistivity (∼10−4 Ω·cm) in air, even at temperatures up to
500 °C. Conversely, when annealing was performed in the reverse sequence,
the electrical resistivity of the AZO nanofilms significantly increased by 5
orders of magnitude during tolerance tests. Photoluminescence data further
supported the results of the air tolerance tests. The unusual effect of the annealing−atmosphere sequence is discussed in terms of the
presence of dual anion/cation vacancies and the sequential benefits when these vacancies are compensated during annealing. The
applicability of these thermally stable AZO electrodes for use in nanochannel sensor devices is demonstrated. Furthermore, we show
that the proposed sequential annealing method is applicable for Ga-doped ZnO films, supporting its use as a platform fabrication
method. Thus, the proposed fundamental concept for tailoring thermally stable conductive metal oxide electrodes provides a
foundation for designing interactive electronic devices that are stable for a long period.
KEYWORDS: conductive (Al, Ga)-doped ZnO nanofilms, crystal defects, long-term thermally stable electrode,
sequential effect of annealing−atmospheres

■ INTRODUCTION

Recent advances in interactive electronics seek to collect
surrounding physical and chemical information and store them
as digital data. Spatially and temporally collected data are
utilized to understand various, inherently complex phenom-
ena.1−4 The interactive electronics inherently requires long-
term stability of the electronic material when exposed to air. As
conventional electronic materials have been developed in the
presence of passivation, designing atmospherically robust and
stable electronic materials is a newly emerging area of interest.
The inherent stability of conductive metal oxides in air renders
them as potential raw materials for robust electrodes in
interactive electronics.5,6

Conductive metal oxides have been used in various
electronic applications including transparent electrodes,7−11

semiconductor channels,12−14 and others.15 Al-doped ZnO
(AZO) has been intensively studied due to its high electrical
conductivity and abundance of resources. Numerous reports
have been published on AZO film fabrications that modulate
the deposition parameters during crystal growth, such as
oxygen partial pressure, temperature, Al concentration, film

thickness, and others.16−19 A unique finding of these studies is
that AZO films grown at lower temperatures are more
conductive at the sacrifice of film crystallinity.18,20 This has
been attributed to the thermodynamic stability of aluminum
oxides, which hinders Al being as dopants in the AZO crystal
structure at relatively high temperatures.21−23 Thus, as-grown
conductive AZO nanofilms contain a substantial amount of
various crystal imperfections, which should be closely related
to long-term atmospheric stability of the electrical properties of
AZO.
Here, we demonstrate the unique sequential thermal

annealing effect on the long-term electrical stability of highly
conductive AZO nanofilms under atmospheric conditions. We
found that only one annealing sequence (initial annealing in air
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and subsequent annealing in a Zn vapor atmosphere) realizes
long-term electrical stability of conductive AZO nanofilms
during tolerance test at up to 500 °C in air. This sequence
effect of annealing−atmosphere is discussed in terms of the
presence of dual anion/cation vacancies and the sequential
benefits of compensating vacancies during annealing. In
addition, we show the applicability of these thermally stable
AZO electrodes in nanochannel chemical sensor devices and
the universality of the present concept for Ga-doped ZnO
nanofilms.

■ RESULTS AND DISCUSSION
The electrical resistivity of Al-doped ZnO films (ρAZO) strongly
depends upon various film deposition parameters, including
oxygen partial pressures (PO2

), growth temperature (Ts), Al
concentration (CAl), thickness (dt), and deposition rate (vd).
Therefore, we initially focused on the effects of film deposition
parameters on ρAZO to compare AZO nanofilm performance
with previously reported investigations from the literature.
Figure 1a shows the effects of PO2

and Ts on ρAZO. For these

experiments, CAl, dt, and vd were held constant at 1%, 100 nm,
and 100 nm/h, respectively. ρAZO tends to be lower at lower
PO2

and Ts values. A minimum ρAZO (∼10−4 Ω·cm) appears at

approximately PO2
= 10−1 Pa and Ts = 300 °C, which is

consistent with previous studies.8,17,21,24 The reduction of ρAZO
at low PO2

and Ts has been interpreted in terms of the stability
of oxygen vacancies and the prevention of aluminum oxide
segregation during AZO film deposition.18,21 Figures 1b−d
show the effects of CAl, dt, and vd on the ρAZO. For these
experiments, PO2

and Ts were held constant at 10−1 Pa and 300
°C, respectively. ρAZO initially decreased but then increased

with increasing CAl. The optimum CAl is interpreted as a
competing effect of aluminum oxide formation and Al donor
activation within the ZnO structure during film deposition.17,25

The remaining deposition parameters (dt and vd) do not
significantly affect ρAZO when compared with the effects of PO2

,
Ts, and CAl within the range of this study. Through these
experiments, deposition parameters were optimized to achieve
AZO films with high electrical conductivity (∼10−4 Ω·cm)
which are comparable to ρAZO reported in the literature.13,16,26

The optimized deposition condition was utilized for further
investigation of atmospheric thermal stability of AZO nano-
films.
The long-term atmospheric stability of ρAZO was investigated

by using the optimized electrically conductive AZO films.
Figure 2a shows the temporal change of ρAZO when as-grown
AZO films were exposed to air at 400 °C. ρAZO significantly
increased by 9 orders of magnitude from 10−4 to 105 Ω·cm
within 100 h of exposure time. As shown in Figure 2b, such
electrical degradation of as-grown AZO films occurred at
temperatures above 200 °C, and degradation of electrical
conductivity accelerates with increasing temperature. Thus, the
electrically conductive, as-grown AZO films are not thermally
stable electrodes when exposed long term to atmospheric
conditions.
To enhance the thermal stability in ambient air, we applied

thermal annealing processes to AZO nanofilms before the
tolerance tests; this was aimed to compensate for the crystal
imperfections introduced to the nanofilms during the
formation process.27,28 Figure 2c illustrates the annealing
processes employed to enhance film stability. Because previous
studies have reported that Zn vapor (Zn-rich) annealing is
effective to enhance thermal stability of ρAZO through
compensation of Zn vacancies in AZO films,21,29 we applied
Zn vapor annealing to our as-grown AZO nanofilms. In
addition to the one-step Zn vapor annealing, two-step
sequential annealings, which are called sequence I (annealing
in Zn vapor followed by air) and II (annealing in air and then
Zn vapor) in Figure 2c, were also performed to investigate the
effects of oxygen vacancy compensation. Figure 2d shows
thermal tolerance tests of ρAZO of these annealed AZO
nanofilms. Interestingly, only sequence II annealing resulted in
a low ρAZO (10−4−10−3 Ω·cm) during tolerance tests even at
test temperatures of up to 500 °C, whereas the one-step Zn
vapor annealing could not enhance the thermal stability. The
superior thermal stability of ρAZO via sequence II is clear
evidence of the impacts of the process before the last
annealing, which is the sequential annealing effect, because
the last step of sequence II is the same as the one-step Zn
vapor annealing. Similar to one-step Zn vapor annealing,
sequence I annealing also could not enhance the thermal
stability of ρAZO and even degrades electrical conductivity after
thermal load of less than 300 °C. The stable ρAZO of AZO
nanofilms via sequence II compared with that via sequence I
was also observed in temporal thermal tolerance tests at 400
°C in air (Supporting Information Figure S1). Although the
difference between the two annealing sequences I and II is
solely the order of annealing atmospheres, its effect on the
thermal stability of ρAZO is remarkable.
The physical properties of annealed AZO films were

measured to understand the mechanism that causes the effect
of sequential annealing atmospheres on ρAZO. Figures 3a,b
show the comparison between the X-ray diffraction (XRD) and

Figure 1. Effects of PLD parameters on resistivity of AZO nanofilms
ρAZO. (a) Oxygen pressure and growth temperature, (b) Al atomic
concentration CAl in the AZO target, (c) film thickness dt, and (d)
deposition rate vd. The oxygen pressure, growth temperature, CAl, dt,
and vd were set to 10−1 Pa, 300 °C, 1 at. %, 100 nm, and 100 nm/h,
respectively, except for specifically mentioned cases.
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photoluminescence (PL) of as-grown, sequence I, and
sequence II AZO nanofilms. Although annealing alters the
AZO lattice constant toward the bulk value in the XRD data,
their full width at half-maximum (FWHM) variation is
minimal (0.36−0.43), indicating that the annealing effect on
the crystal structure is not significant like a structural change
from amorphous to crystal. The morphology of AZO

nanofilms also did not change significantly after the sequential
annealings (Figure S2). However, a substantial difference can
be seen in the PL data between sequence I and sequence II
nanofilms. AZO nanofilms annealed by sequence I exhibited a
broad luminescence around 600 nm due to crystal
imperfections. Although identification of the types of crystal
imperfection within the AZO nanofilm is difficult due to the

Figure 2. Thermal tolerance tests of resistivity of as-grown AZO nanofilms (a) at 400 °C for varied thermal stress time in air and (b) at varied test
temperature for 1 h in air. (c) Flowchart of annealing procedures including sequential annealings of sequence I and II. (d) Thermal tolerance tests
of resistivity of annealed AZO nanofilms at varied test temperatures for 1 h in air. Test results of the as-grown AZO nanofilm are also shown for
comparison. All resistivity measurements were performed at room temperature.

Figure 3. (a) XRD patterns of AZO nanofilms for sequence I (Zn vapor/air) annealed, sequence II (air/Zn vapor) annealed, air annealed, Zn vapor
annealed, and as-grown samples. (b) PL spectrum of AZO nanofilms for sequence I annealed, sequence II annealed, and as-grown samples. Effects
of thermal tolerance test temperature on resistivities of (c) AZO nanofilms grown at room temperature and (d) ZnO nanofilms (Al 0 at. %)
samples. All thermal tolerance tests were performed in ambient air for 1 h.
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broad peak, the previous studies have reported that this
luminescent range contains emissions originated in oxygen/Zn
vacancies and interstitials, antisite oxygen, and combinations of
them.30−32 On the other hand, AZO nanofilms annealed by
sequence II showed only an ultraviolet emission peak at ∼380
nm, which originates from excitonic-related transitions,
without the broad luminescence around 600 nm related to
crystal imperfections. Thus, AZO nanofilms annealed by
sequence II contain fewer crystal imperfections when
compared with other AZO nanofilms. Notably, the low-defect
structure of the sequence II sample was maintained after the
thermal tolerance tests, whereas crystal imperfections of the as-
grown sample significantly increased during the thermal
tolerance tests (Figure S3). These results imply that the
observed effect of annealing atmosphere sequence on the
stability of ρAZO is closely related to the crystal imperfections
within the AZO nanofilms. This correlation is further
consistent with tolerance test results when varying the film
deposition parameters. Figure 3c shows the thermal tolerance
of ρAZO for AZO nanofilms deposited at room temperature,
which lowers the film crystallinity compared with nanofilms
deposited at 300 °C (Figure S4). There is almost no effect of
the annealing−atmosphere sequence on the stability of ρAZO
under atmospheric conditions. Furthermore, the effect of
annealing sequence is not observed in nondoped ZnO
nanofilms (Figure 3d), suggesting that this sequential effect
requires Al dopants within the films. Thus, these results
suggest that the observed sequential annealing effect on the
stability of ρAZO is closely related to the degree of crystal

imperfections in AZO crystalline nanofilms when Al dopants
are present.
The above results highlight that the annealing sequence

significantly affects the thermal stability of ρAZO, and at the
same time, one-step Zn vapor annealing results in the degraded
thermal stability compared with Zn vapor annealing after air
annealing (sequence II), as shown in Figure 2d. Thus, it is
obvious that the thermal stability cannot be determined only
by the last annealing atmosphere, and the initial state before
the last annealing critically determines the final thermal
stability. Because XRD data of AZO with sequence II
annealing show a similar FWHM and slightly different d-
value from others (Figure 3a), the most plausible origin of the
annealing-sequence-dependent thermal stability must be slight
difference of chemical composition among these annealed
samples. One simple model which can explain the sequential
annealing effects is that the defect compensation via annealing
process is limited by the balance of ion content in the initial
state before annealing process. This model is supported by the
obtained PL spectrum which indicates the lower crystal
imperfections in the sequence II sample (Figure 3b). The
high electrical conductivity of the optimized as-grown AZO (n-
type) utilized for the stability tests (Figure 1) suggests the ion
contents of excess cation (Zn ion) and insufficient anion
(oxygen ion). Therefore, the cation defect compensation via
Zn vapor annealing must be limited because the initial state is
already cation excess. On the other hand, air annealing of the
as-grown AZO can effectively compensate for anion defects
due to the insufficient anion content at the initial state and may

Figure 4. Effects of thermal tolerance test temperature on resistivities of (a) AZO nanofilms grown on a SiO2/Si substrate and (b) Ga-doped ZnO
(GZO) nanofilms. All thermal tolerance tests were performed in ambient air for 1 h. (c) 100 ppm of NO2 sensing properties of SnO2 nanochannel
sensor devices with the electrodes of sequence II (air/Zn vapor) annealed AZO or Ti/Pt. Time series sensing characteristics after 1 and 256 h
thermal test under sensor operation conditions (200 °C, ambient air) are shown. The relationship between relative sensor response and test
duration (200 °C, ambient air) is also shown.
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realize balanced cation/anion content. After realizing the
balanced ion content via air annealing, Zn vapor annealing can
supply sufficient Zn ion into AZO because of their weak
limitation of defect compensation in each annealing step (see
the Supporting Information for a detailed discussion).
Therefore, this procedure (sequence II, annealing in air and
then in Zn vapor) yields smaller defect contents in the AZO
film than that of the one-step Zn vapor annealed samples. In
sequence I (annealing in Zn vapor then in air), anion defect
compensation with the last air annealing must be enough, but
the cation defect will remain at the final state due to the limited
Zn incorporation at the first Zn vapor annealing. Thus, the
smaller defect content with sequence II annealing than that
with sequence I or one-step Zn vapor annealing can be the
reason the AZO nanofilm annealed by sequence II only
exhibits the superior thermal stability of ρAZO than others. The
ρAZO of sequence II samples slightly increases during the
thermal tolerance tests (Figure 2d), possibly due to nanoscale
aluminum oxide formation within AZO and/or Zn vapor-
ization from the surface at high temperatures.17,25,33 We did
not observe any sequential annealing effect in the nondoped
ZnO nanofilms (Figure 3d), implying that an excess of n-type
carriers generated by Al dopants were responsible for the
sequential annealing effect. Because the amount of n-type
carriers affects the effectiveness of compensation of anion/
cation defects through charge neutrality, the observed results
are consistent with the proposed model (see the Supporting
Information for a detailed discussion). The room-temperature-
grown AZO nanofilms (Figure 3c), which are amorphous-like
in structure (Figure S4), also did not show the sequential
effect, supporting the model based on a correlation of crystal
imperfections in ZnO with the sequential annealing effects.
Furthermore, both the observed sequential annealing effect
and the previous study of Zn vapor annealing21,29 can be
consistently explained as follows. Figure 2d shows that
properties of AZO after Zn vapor annealing are strongly
affected by its oxygen content before the annealing, and Zn
vapor annealing of the AZO with sufficiently high oxygen
content can achieve high thermal stability. Because the starting
material (as-grown AZO nanofilm) in this paper has low
resistivity less than 10−3 Ω·cm (Figure 1a), corresponding to a
relatively high amount of oxygen defect, the air annealing
before Zn vapor annealing is necessary to decrease the oxygen
defect and enhance thermal stability. On the other hand, the
starting material in the previous reports21,29 had the high
resistivity (>103 Ω·cm) which indicates less oxygen defect.
Therefore, one-step Zn vapor annealing could enhance the
thermal stability of ρAZO in these studies.
The sequential annealing effect on the atmospheric stability

of ρAZO is demonstrated for AZO nanofilms grown on a single-
crystalline sapphire substrate. To examine the applicability of
this sequential methodology, we applied the present sequential
annealing process to AZO nanofilms grown on a thermal-SiO2
(amorphous)/Si substrate which is utilized in a wide variety of
electronic applications. Figure 4a shows the thermal tolerance
test of ρAZO for AZO nanofilms grown on SiO2/Si substrates.
AZO nanofilms annealed by sequence II exhibited thermal
stability of electrical conductivity at atmospheric conditions,
similar to results of AZO nanofilms grown on sapphire
substrates (Figure 2). The effects of sequence II annealing
were further observed in Ga-doped ZnO (GZO) nanofilms
(Figure 4b). The results of the tolerance tests on AZO
nanofilms grown on SiO2/Si substrates and GZO nanofilms

strongly support the universality of the sequential effect of
annealing atmospheres. We also confirmed that the ρAZO of
AZO nanofilms annealed by sequence II shows better
atmospheric thermal stability than that of previous studies
with various methods20,21,29,34 (Figure S5). Figure 4c shows
the applicability of the present atmospherically and thermally
stable AZO electrodes for nanochannel chemical sensor
devices. In Figure 4c, long-term stability of sensor response
to 100 ppm of NO2 is evaluated at 200 °C by using SnO2
nanochannel sensors with sequence-II-annealed AZO and
conventional metal (Ti/Pt) electrodes. Details of the sensor
device fabrication and sensing measurements are described in
the Methods section. The sensor responses of SnO2 nano-
channel sensors with metal electrodes and sequence-I-annealed
AZO electrodes (see Figure S6) rapidly degrade due to
insulation of electrodes (Ti or AZO) in the sensing condition
at high temperature in atmospheric air. On the other hand, the
nanochannel sensors with sequence-II-annealed AZO electro-
des impart the long-term stability of its NO2-sensing properties
compared with the sensors using other two types of electrodes.
The response of nanochannel sensor with sequence-II-
annealed AZO electrodes increases gradually during the
stability test. The improvement of the sensor response is
possibly due to a removal of residual organic compounds and/
or reduction of adsorbed oxygen on the SnO2 surface during
the long-term heating and sensor measurements in a N2
atmosphere.35,36 Note that the improvement was not observed
in the sensors with the other two types of electrodes because of
the rapid insulation of the electrodes discussed above. Thus,
the series of results indicates a feasibility of applications using
the proposed sequential annealing method.

■ CONCLUSION
We demonstrate a rational method to accomplish conductive
Al-doped ZnO (AZO) nanofilms with long-term stability in air.
Our method is based upon a sequential compensation effect of
anion/cation vacancies within AZO nanofilms. When anneal-
ing is first performed in air and then in a Zn vapor atmosphere
(sequence II), the electrical resistivity of AZO nanofilms is
stable (∼10−4 Ω·cm), even under temperatures of up to 500
°C in air during thermal tolerance tests. Conversely, when the
annealing process is performed in the reverse sequence
(sequence I), the electrical resistivity of AZO nanofilms
significantly increases by 5 orders of magnitude during thermal
tolerance tests. Photoluminescence data reveal a greater
amount of crystal imperfections in AZO nanofilms that
underwent sequence I treatment compared to sequence II.
This sequential effect of annealing atmospheres is discussed in
terms of the presence of dual anion/cation vacancies and the
sequential benefits when compensating those vacancies during
annealing. Furthermore, we show that the proposed sequential
annealing concept is applicable for Ga-doped ZnO films,
supporting its use as a platform annealing method. The
applicability of these thermally stable AZO electrodes for
nanochannel sensors is demonstrated. Because the proposed
fundamental concept can be applied to nanofilms made of
various materials, it provides a foundation for designing
interactive electronic devices that have long-term stability.

■ METHODS
ZnO Nanofilm Fabrication. Doped and undoped ZnO nanofilms

were deposited on Al2O3 (110) or 100 nm SiO2/n-type Si substrates
by the pulsed-laser deposition (PLD) method.5,26 For the Al- or Ga-
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doped ZnO nanofilms (AZO or GZO), sintered tablets (controlled at.
% of Al2O3 or 1 at. % of Ga2O3 in ZnO, 99.99% purity, Kojundo
Chemical Laboratory) were utilized as targets for ablation by an ArF
excimer laser (λ = 193 nm, Coherent, COMPex Pro). For the
undoped ZnO nanofilms, a tablet of the ZnO source (99.99% purity,
Kojundo Chemical Laboratory) was utilized as the target for ablation.
The chamber for deposition was initially evacuated below 5 × 10−6

Pa, following which an oxygen gas (purity: 99.9999%) was introduced
with controlled oxygen pressure in the range 10−3−10 Pa. The oxygen
pressure, growth temperature, Al atomic concentration in the AZO
target, film thickness, and deposition rate were set to 10−1 Pa, 300 °C,
1 at. %, 100 nm, and 100 nm/h, respectively, except for specifically
mentioned cases. A part of the deposited nanofilms was then
sequentially annealed in the two types of conditions: (i) ambient air,
500 °C, and 1 h or (ii) Zn vapor, 600 °C, and 1 h. For Zn vapor
annealing, samples were put into a small crucible with a Zn tablet
(99.99% pure, Kojundo Chemical Laboratory) and maintained in 0.1
Pa at 600 °C for 1 h.21,29 The distance between samples and Zn tablet
is 3 cm, and the AZO-deposited side of sample substrates was
downward to prevent direct Zn deposition on the AZO surface. Then
the crucible was sealed in a quartz tube and evacuated to 0.1 Pa,
followed by temperature increase to 600 °C at a heating rate of 20
°C/min. In sequence I, samples were annealed first in Zn vapor and
then in air (Zn vapor/air). In sequence II, samples were annealed first
in air and then in Zn vapor (air/Zn vapor).
ZnO Nanofilm Characterizations. Electrical resistivities of the

fabricated ZnO nanofilms were measured by the four-probe technique
using a semiconductor parameter analyzer (Keithley, 4200SCS) with
a probe station at room temperature. Electrodes for the ZnO nanofilm
devices were fabricated by depositing 100 nm of Pt by a radio-
frequency (RF) sputtering using a stencil mask. The PL spectra of
ZnO nanofilms on Al2O3 (110) substrates were measured by a
spectrofluorometer (JASCO, FP-8500) with a Xe lamp source and a
fixed excitation wavelength of 256 nm. Structural characterizations of
ZnO nanofilms were performed using XRD (PHILIPS, X’Pert MRD
45 kV, 40 mA, Cu Kα source, 1.54 Å). Thermal tolerance tests of the
fabricated ZnO nanofilm devices were performed in ambient air at
temperatures ranging from room temperature to 500 °C for a
controlled period. Electrical resistivities were measured in ambient air
at room temperature after each thermal stress.
Sensor Devices. 200 nm of SnO2 was deposited and patterned on

a 100 nm SiO2/n-type Si substrate by using a RF sputtering and lift-
off process of electron beam (EB) lithography. 100 nm AZO or 20 nm
Ti/100 nm Pt was then deposited and patterned by using a PLD or
RF sputtering and lift-off processes of EB lithography, respectively, as
two-terminal electrodes. The thin Ti layer in the Ti/Pt electrodes was
deposited as an adhesion layer to avoid peeling off of electrodes from
SiO2 on a Si substrate.37,38 These electrode depositions were
performed at room temperature. AZO contact devices were annealed
after the electrode fabrication using sequence I or II. SnO2 nanofilms
for Ti/Pt electrode devices were also annealed in sequence II before
electrode deposition to compensate for the difference in SnO2
resistivity between AZO and Ti/Pt electrode devices. In the sensor
characterizations, N2-balanced 100 ppm of NO2 gas was introduced
into the probe station chamber. The sensor resistance under pure N2
flow was defined as R0. The sensor response was extracted as (R/R0)
× 100%, where R is the sensor resistance. The thermal loads during
intervals between the sensor measurements were applied in ambient
air at 200 °C.
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(11) Meyer, J.; Görrn, P.; Hamwi, S.; Johannes, H. H.; Riedl, T.;
Kowalsky, W. Indium-free transparent organic light emitting diodes
with Al doped ZnO electrodes grown by atomic layer and pulsed laser
deposition. Appl. Phys. Lett. 2008, 93 (7), 073308.
(12) Fine, G. F.; Cavanagh, L. M.; Afonja, A.; Binions, R. Metal
oxide semi-conductor gas sensors in environmental monitoring.
Sensors 2010, 10 (6), 5469−502.
(13) Kim, H.; Pique, A.; Horwitz, J. S.; Murata, H.; Kafafi, Z. H.;
Gilmore, C. M.; Chrisey, D. B. Effect of aluminum doping on zinc
oxide thin films grown by pulsed laser deposition for organic light-
emitting devices. Thin Solid Films 2000, 377−378, 798−802.
(14) Chen, H.; Liu, H.; Zhang, Z.; Hu, K.; Fang, X. Nanostructured
photodetectors: From ultraviolet to terahertz. Adv. Mater. 2016, 28
(3), 403−33.
(15) Lin, D. D.; Wu, H.; Pan, W. Photoswitches and memories
assembled by electrospinning aluminum-doped zinc oxide single
nanowires. Adv. Mater. 2007, 19 (22), 3968−3972.
(16) Agura, H.; Suzuki, A.; Matsushita, T.; Aoki, T.; Okuda, M. Low
resistivity transparent conducting Al-doped ZnO films prepared by
pulsed laser deposition. Thin Solid Films 2003, 445 (2), 263−267.
(17) Liu, Y.; Lian, J. Optical and electrical properties of aluminum-
doped ZnO thin films grown by pulsed laser deposition. Appl. Surf.
Sci. 2007, 253 (7), 3727−3730.
(18) Dong, B.-Z.; Hu, H.; Fang, G.-J.; Zhao, X.-Z.; Zheng, D.-Y.;
Sun, Y.-P. Comprehensive investigation of structural, electrical, and
optical properties for ZnO:Al films deposited at different substrate
temperature and oxygen ambient. J. Appl. Phys. 2008, 103 (7),
073711.
(19) Chu, J.; Ma, J.; Liang, Y.; Yao, N.; Zhu, X.; Jiang, J.; Chu, J.;
Wang, C. Effects of post annealing on structural, electrical and optical
properties of ZnO:Al thin films prepared by RF magnetron sputtering.
Proc. SPIE 2013, 9068, 90680F.
(20) Lee, S.; Park, Y.; Kim, D.; Baek, D.; Yi, J.; Hong, B.; Choi, W.;
Lee, J. Thermal stability of hydrogen-doped AZO thin films for
photovoltaic applications. Mater. Res. Bull. 2014, 58, 126−131.
(21) Zhan, Z.; Zhang, J.; Zheng, Q.; Pan, D.; Huang, J.; Huang, F.;
Lin, Z. Strategy for preparing Al-doped ZnO thin film with high
mobility and high stability. Cryst. Growth Des. 2011, 11 (1), 21−25.

(22) Bayraktaroglu, B.; Leedy, K.; Bedford, R. High temperature
stability of postgrowth annealed transparent and conductive ZnO:Al
films. Appl. Phys. Lett. 2008, 93, 022104.
(23) T-Thienprasert, J.; Rujirawat, S.; Klysubun, W.; Duenow, J. N.;
Coutts, T. J.; Zhang, S. B.; Look, D. C.; Limpijumnong, S.
Compensation in Al-doped ZnO by Al-related acceptor complexes:
synchrotron x-ray absorption spectroscopy and theory. Phys. Rev. Lett.
2013, 110 (5), 055502.
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