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Abstract Transparent electronics has attracted great
research efforts in recent years due to its potential to
make significant impact in many area, such as next
generation displays, ultraviolet (UV) detectors, solar cells,
charge-coupled devices (CCDs), and so on. Central to the
realization of transparent electronics is the development of
high performance fully transparent thin-film transistors
(TFTs). One-dimensional (1-D) nanostructures have been
the focus of current researches due to their unique physical
properties and potential applications in nanoscale elec-
tronics and optoelectronics. Among 1-D nanostructures,
transparent metal oxide nanowires are one of the best
candidates to make fully transparent TFTs. We provide in
this paper the most recent development on the fabrication
of fully transparent TFT using metal oxide nanowires as
the device elements. First, the review article gives a general
introduction about the development of transparent elec-
tronics using different kinds of materials as the devices
elements, including organic semiconductors, metal oxide
thin films, and metal oxide nanowires. Second, the growth
of metal oxide nanowires using vapor phase methods
governed by two different growth mechanisms: vapor-
solid mechanism and vapor-liquid-solid mechanism,
respectively, are described. Third, the fabrication of
transparent and flexible TFTs using different metal oxides
nanowires is comprehensively described. In conclusion,
the challenges and prospects for the future are discussed.
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1 Introduction

Acting as one of the emerging technology for the next
generation of optoelectronic devices, transparent electron-
ics, also called invisible electronics, has attracted great
interests in recent years due to its great potential to make
significant impact in a wide variety of areas, such as
ultraviolet (UV) detectors, solar cells, charge-coupled
devices (CCDs), and especially next generation transparent
displays [1-5]. Central to the realization of transparent
electronics is the development of thin-film transistors
(TFTs) with high mobility. The realization of entirely
transparent displays needs not only transparent light-
emitting devices but also a driving scheme based on
transparent TFTs. When made on flexible plastic substrate,
low-temperature fabrication process is essential since
plastic substrate cannot work at high temperature [6,7].

TFTs fabricated by using organic semiconductors as the
channel materials were widely investigated over the past
years due to their materials variation, compatible to plastic
substrate, good transparency, and good printable nature [8—
16]. Organic TFTs (OTFTs) based on conjugated poly-
mers, oligomers, or fused aromatics act as a viable
alternative to traditional inorganic TFTs. The highest
mobility obtained on OTFTs is pentacene-based OTFTs
[8]. Though great efforts have been paid to improve the
mobility of OTFTs, the mobilities of most of the reported
OTFTs are still quite low even when compared with
amorphous silicon TFTs. Another problem that should be
considered for OTFTs is that organic semiconductors are
sensitive to atmosphere, which prevents their wide
applications in some special environments.

In the past few years, transparent TFTs made from metal
oxide semiconductors have seen much significant pro-
gress. As-used metal oxides include zinc oxide (ZnO),
tin dioxide (SnO,), indium oxide (In,03), indium-
gallium oxide (IGO), and amorphous oxides, such as
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indium-gallium-zinc oxides (IGZO), cadmium-indium-
antimony oxides (CIAO), etc. [17-24]. Metal oxide
semiconductors are very attractive materials because they
exhibit tunable conductance with high visual transparency.
Transparent TFTs built on metal oxide thin films usually
show much higher device mobilities when compared with
amorphous Si-TFTs and OTFTs. Figure 1(a) is a photo-
graph of ZnO-based transparent transistor. The coin under
the device can be clearly seen through the device,
indicating very good transparency. Figure 1(b) shows a
magnified image of a bottom-gate transparent transistor. To
fabricate the device, indium-tin oxide (ITO) was used as
the gate electrode, and aluminum-titanium oxide (ATO)
served as the gate dielectric. Nomura et al. fabricated
transparent TFTs using single crystalline thin-film trans-
parent oxide semiconductor and InGaO3(ZnO)s as the
electron channel. Though this is not the first report on
transparent TFTs, the mobility Nomura et al. obtained is
the highest one, which is around 80 cm?-V'-s ™', compared
with 0.3 to 2.5 cm?-V'-s™! for other ZnO-based transpar-
ent TFTs. Inspired by this work, researchers around the
world paid great efforts to improve the performance of
oxide thin-film-based transparent TFTs, especially the
device mobilities, and there are still a lot of work to do to
make full use of this kind of transparent TFTs.
Representing the smallest dimension structure that can
efficiently transport electrical carriers, one-dimensional (1-
D) nanostructures attracted great intention recently. They
can be rationally synthesized in a single crystal form with
controlled key parameters during growth, such as chemical
composition, doping state, diameter, length, morphology,
etc. The ability to produce 1-D nanostructures with
controlled key parameters makes it possible to fabricate
functional nanoscale devices [25—45]. For example, 1-D
nanostructures have been assembled into nanoscale field-
effect transistors (FETs), p-n diodes, UV detectors, light-
emitting diode (LED), nanolasers, integrated nanowire
devices, single nanowire solar cells, chemical sensors,
biosensors, and nanogenerators. 1-D nanostructures,
including carbon nanotubes and metal oxide nanowires,

were considered as material candidates for transparent
TFTs recently [46-51]. Using transfer printed aligned
carbon nanotubes, we fabricated transparent TFTs on glass
substrates and transparent flexible TFTs on PET substrates.
Device mobility higher than 1300 cm?-V'-s™' was
obtained. As-obtained transparent TFTs were also used to
fabricate transparent inverter and to drive GaN-based
LEDs. Metal oxide nanowires are another group of 1-D
nanostructures that can be used to fabricate high-
performance transparent flexible TFTs.

This paper reviews the state-of-the-art research activities
in transparent flexible TFTs using metal oxide nanowires
as the channel layers. First, the review article gives a
general introduction about the development of transparent
electronics using different kinds of materials as the devices
elements, including organic semiconductors, metal oxide
thin films, and metal oxide nanowires. Second, the growth
of metal oxide nanowires using vapor phase methods
governed by two different growth mechanisms: vapor-
solid (VS) mechanism and vapor-liquid-solid (VLS)
mechanism, respectively, are described. Third, the fabrica-
tion of transparent and flexible TFTs using different metal
oxides is comprehensively described. In conclusion, the
challenges and prospects for future development are
discussed.

2 Synthesis of metal oxide nanowires

Vapor-phase methods are promising techniques to synthe-
size single crystalline metal oxide nanowires with excellent
crystallinity and electric properties. They are usually
governed by two different growth mechanisms: VS
mechanism and VLS mechanism, respectively. For the
VS process, the source was evaporated to generate the
target vapors, which were transferred by the carrier gases
to the low temperature region of the reaction system. The
target vapors then directly deposited on the substrate
located in the low temperature region to form the final 1-D
nanostructures. Direct difference between these two

(b)

Fig. 1 ZnO-based transparent transistors. (a) Photograph of transparent device (a coin can be easily seen through the device); (b)
enhanced-contrast, magnified image of a bottom-gate transparent transistor (Reprinted with permission from Ref. [1])
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mechanisms is whether metal catalysts are used to promote
the growth into 1-D nanostructure or not. Almost all metal
oxides nanowires are reported until now. For example, 1-D
nanostructures of tin oxide (SnO,), indium oxide (In,O3),
and zinc oxide (ZnO) can be synthesized using both VS
process and VLS process. In this section, we briefly
introduce the synthesis of metal oxide nanowires (SnO,,
In,;03, and ZnO) via the vapor-phase methods.

Figure 2 shows the scanning electron microscope (SEM)
and transmission electron microscope (TEM) image of VS-
grown SnO, nanobelts [52]. The ribbon-like morphology
can be clearly seen in Figs. 2(b) and 2(c). Ripple-type
contrast was seen in the TEM images, indicating the
presence of strain. From these images, we can also see that
the width and thickness of each SnO, nanoribbon are
rather uniform, and the variation of the width is 30—
200 nm. Studies found that these nanoribbons are single
crystals with the growth direction close to the (101) plane.
For the synthesis of SnO, nanobelts here, no catalyst was
used, and a VS mechanism was thus used to explain the
growth mechanism. During the synthesis, SnO, powders
were evaporated at high temperature in a quartz tube
furnace to generate SnO, vapors, which were then
transferred by the carrier gases to the low temperature.
They were then deposited on the substrate and grew into
the final nanobelts. Similar methods were also used to
synthesize SnO, nanowires, ZnO nanowires, ZnO nano-
belts, ZnO nanotubes, In,O; nanowires, and In,O;
nanobelts, etc. [53-55].

80 nm 100 nm

(b) (¢)

Fig. 2 (a) SEM image and (b), (c) TEM images of VS-grown
SnO, nanobelts (Reprinted with permission from Ref. [52])

The diameter, length, and morphology of the produced
metal oxide nanowires can be easily controlled during the
VS process by control of experimental parameters, like
temperature, source material, flowing gas, etc. Figure 3
demonstrates a series of SEM images of VS-grown ZnO
nanowires with different tip structures [56,57]. All of these
ZnO nanowires were produced by thermal evaporating
zinc powders covered on indium film in a round-to-round
metal vapor deposition route at 550°C. The only difference
is the different amount of indium film. Tiny difference in
source material resulted in great difference in tip structures
of ZnO nanowires as revealed in these images.

Figure 4(a) shows the SEM image of In,O; nanowires,
which were synthesized via a laser ablation process.
During this process, an InAs target was used as the source,
and gold nanoparticle coated Si was used as the substrate to
collect the final product. The reaction was performed at
700°C, and pure Ar gas was used as the carrier gas. Large
quantity of In,O3; nanowires were found deposited on the
substrate, as illustrated in Fig. 4(a). Figure 4(b) is a TEM
image of the deposited In,O3; nanowires. Small particles
were found attached to the tips of the nanowires, indicating
the typical VLS mechanism. As-synthesized nanowires
have diameters of 2040 nm and lengths up to several tens
of micrometers. A high-resolution TEM (HRTEM) image
of the synthesized In,O3 nanowire is shown in Fig. 4(c).
The clearly resolved lattice fringe is 0.506 nm, correspond-
ing to the (200) plane of cubic In,O; crystal structure. The
results indicate that the In,O5; nanowires grown using the
laser ablation process are single crystals with high
crystalline quality. The laser ablation process was also
used to synthesize SnO, nanowires under similar condi-
tions [58,59].

3 Transparent flexible TFTs with metal
oxide nanowires

The ability to produce a wide range of metal oxide
nanowires with controlled composition, size, shapes, and
properties opens up many exciting opportunities ranging
from fundamental studies of the dimension-related physi-
cal properties to potential applications in nanoscale
electronics, optoelectronics, sensors, and many others. In
this section, we will introduce the interesting application of
metal oxide nanowires to make fully transparent flexible
transistors.

Lu et al. reported the studies of transparent TFT devices
based on lightly Ta-doped SnO, nanowires [60]. SnO,
nanowires were chosen as the channel material due to the
low growth cost, high optical transmittance, and good
electronic properties. Lightly, Ta-doped SnO, nanowires
were synthesized at 900°C by a catalyst-mediated VLS
process, in which the Ta and Sn source materials were
provided by a chemical vapor deposition method. The
synthesized Ta-doped SnO, nanowires are perfect single
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Fig. 3 SEM images of VS-grown ZnO nanowires with controlled tip structures (Reprinted with permission from Ref. [56])

crystals with no visible dislocations and amorphous
surface overcoating and growing along the (101) plane.
After synthesis, the Ta-doped SnO, nanowires were
transferred onto a Pyrex glass substrate using a physical
transfer method. Figure 5(a) shows a dark-field optical
microscope image of the nanowire film obtained through
the physical transfer method. Most of the transferred
nanowires are parallel to each other as indicated in the

image. After transferring, conventional sputter, photolitho-
graphy, and liftoff processes were used to pattern the
device structure, which was demonstrated in Fig. 5(b).
During device fabrication process, the highest temperature
used was limited to 250°C, making it compatible with
certain plastic substrates for applications of transparent
flexible electronics. The device after fabrication was
depicted in Fig. 5(c). The device exhibits excellent
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Fig. 4 (a) SEM image, (b) TEM image, and (c) HRTEM image of
laser ablation synthesized In,O3 nanowires

transparency, and the back image can be clearly seen
through the device. An optical transmittance spectrum of
the device on glass was shown in Fig. 5(d), showing a
transmittance of ~70%, including the Pyrex glass substrate.

Figure 6 is the electrical characterizations obtained on a
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top-gated nanowire TFT device with a W/L ratio of 12.6. A
dark-field microscope image of the device is shown in
Fig. 6(a) inset. From these curves, one can see that the
device displays very good n-type transistor behavior with
clear linear and saturation regions. A large on current of
71 pA and an on/off ratio of ~10° can be obtained within a
small V4 bias window of 2.5 V. The nanowire-based TFT
device shows better performance within a smaller Vg4 bias
window compared with amorphous or polycrystalline
transparent TFT devices fabricated near room temperature.
After calculation, the transparent TFT device shows device
mobility over 100 cm?-V™-s7",

Using In,O; nanowires as the channel material,
researchers in Purdue University, Northwestern University,
and University of Southern California fabricated fully
transparent and flexible nanowire transistors on plastic
substrate [61]. The In,O; nanowires were prepared from
the laser ablation assisted VLS process using InAs as the
target. Figure 7(a) is the cross-sectional view of the fully
transparent and flexible nanowire device structure, which
is composed of a transparent plastic substrate, transparent
patterned ITO gate electrode, transparent atomic layer
deposition (ALD) deposited Al,O3 gate insulator, In,O;
nanowires as the active channel, and transparent ITO as the
source/drain electrodes. As-fabricated nanowire device
shows excellent transmittance and flexibility, as revealed in
Figs. 7(b) and 7(c). A transmittance of ~81% was obtained,
as shown in Fig. 7(c). Figure 7(d) shows the /3 — Vs curves
of a representative nanowire device as well as the field
effect mobilities of typical devices. An on/off ratio of ~10°
and mobilities ranging from 120 to 167 cm*-V '-s ' were
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Fig. 5 (a) Dark-field optical microscope image of an SnO, nanowire film obtained through physical transfer method (scale bar: 20 pm);
(b) schematic of transparent SnO, nanowire-based TFT device; (c) digital photograph of a 200-device array of nanowire-TFTs fabricated
on Pyrex glass; (d) optical transmittance spectrum of nanowire-TFT device array on glass substrate (solid line) and glass substrate alone

(dashed line) (Reprinted with permission from Ref. [60])
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Fig. 6 (a) Iy—Vy curve at Vy= 0.1V; (b) family of Ijs—Ves
curves for the same device with Vs = 6.0 to 3.5 Vin —0.5 V steps
(Reprinted with permission from Ref. [60])

obtained for the In,O3; nanowire devices. Similarly, they
also fabricated nanowire transistor devices using ZnO
nanowires as the active channels.

Possible applications of the transparent and flexible
nanowire transistors include pixel drivers for active matrix
organic light-emitting diode (AMOLED) displays since
nanowire transistors offer the performance required for
AMOLED circuitry along with desired transparency and
processing characteristics. Ju et al. reported the first
transparent AMOLED display elements in which the
switching and driving circuits are comprised exclusively of
nanowire transistor electronics fabricated at room tem-
perature [62]. For transparent and flexible displays, the
realization of transparent transistor and circuit integration
strategies are required, and for each active matrix (AM)
display pixel, it must contain at least one switching
transistor, one driver transistor, and a storage capacitor,
with appropriate scan and data lines to allow selective pixel
addressing. Figure 8(a) is the optical image of the fully
transparent nanowire AMOLED substrate. The back-
ground image is clearly visible through the display region.
Optical images of the nanowire AMOLED array in the off
state and on state are shown in Fig. 8(b). Optical
transmittance of ~72% and ~35% are obtained for the
display before and after OLED deposition, respectively, as
indicated in Fig. 8(c). The transmittance of the display
should be improved if better transparent materials are used.

Front. Optoelectron. China 2010, 3(3): 217227

The results indicate that nanowire transistor device
strategies can be optimized for the requirement of
applications, such as displays, head-mounted displays,
transparent screen monitors, etc.

Besides, radio-frequency characterization of fully trans-
parent nanowire TFTs was also carried out. For example,
Lu et al. fabricated fully transparent nanowire TFTs on
glass substrate by using VLS-grown SnO, nanowires as
the transistor active channel materials [63]. For the device
built on aligned SnO, nanowire arrays, a current-gain
cutoff frequency of 109 MHz and a power-gain cutoff
frequency of 286 MHz were obtained.

For the vapor phase synthesized metal oxide nanowires,
the electronic properties may be tuned by introducing
proper dopants, thus making it possible to make high-
performance fully transparent, flexible transistors with
tunable device mobility, or on/off ratios. Lee et al.
fabricated fully transparent and flexible transistors using
zinc-doped indium oxide nanowires as the active channel
materials [64]. The Zn-In,O3; nanowires with diameters of
80—100 nm and lengths of 20—50 pm were synthesized via
a VS process. The doping effect was determined by
measuring the resistivity of the nanowires with and without
zinc dopant, respectively. The resistivity of the doped
nanowires is 2.15x102Q-cm, which is one order of
magnitude lower than undoped nanowires. Fully transpar-
ent and flexible nanowire transistors were fabricated by
combining the Zn-In,O3 nanowires channel, a SiN, high-x
gate dielectric, and transparent ITO electrodes on a PET
substrate. As-fabricated devices showed high carrier
mobilities of 631 cm?-V'-s!, large on/off ratio of
1x10° and a high on-state current of 1x107°A. No
obvious performance degradation was observed after
bending the device, indicating stable performance.

Using a laser ablation chemical vapor deposition (CVD)
method, we synthesized single-crystalline As-doped In,O;
nanowires on a large scale [65]. As-synthesized nanowires
grew along the (100) direction. After synthesis, the
nanowires were dispersed into isopropyl alcohol (IPA)
and then dispersed onto an ITO substrate with 50 nm
Al,O3 dielectric until desired nanowire density was
obtained. Figure 9(a) is a schematic of an As-doped
In,O3 nanowire transparent TFT on glass substrate. The
device shows very good optical transparency, which can be
seen in Fig. 9(b), where the background photography
visible through the transistor regions. The electric transport
behaviors of the fabricated devices were also studied, and
the results were listed in Figs. 9(c) and 9(d). From these
results, we can see that the device exhibits typical
enhancement-mode n-type semiconductor transistor beha-
vior with high on/off ratio of 5.7 x 10° and high device
mobility ranging from 1080 to 1490 cm>- V' s

The above As-In,O; nanowire transparent TFTs with
high device mobility may be employed as switching and
driving transistors in an AMOLED display circuitry.
Figure 10(a) is an equivalent circuit diagram of
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Fig. 7 (a) Cross-sectional view of fully transparent and flexible nanowire transistor device; (b) image of In,O3 nanowire transistors on

plastic substrate, showing the optical clarity and mechanical flexibility; (c) optical transmission spectrum of the device; (d) I4s—V,

gs

characteristic of In,O3 nanowire transistors at Vg = 0.5 V, where blue, red, and green data points correspond to linear-scale Iy, —V s, log-

scale Iys—Vys,
seven-segment AMOLED display circuitry. Each OLED
pixel consists of one switching transistor, one driving
transistor, and one storage capacitor. Figure 10(b) shows
the optical image of the AMOLED display substrate before
OLED deposition. It still shows good transparency, and the
background image is still visible through the display
region. To demonstrate the application as AMOLED
display, we showed optical images of the seven-segment
pixels with different numerical digits at different data line
voltage with different scan line voltages, as shown in
Fig. 10(c). The digital number “1”, “3”, and “6” can be
easily seen from the images.

We show above that metal oxide nanowires may be used
to fabricate high-performance transparent flexible transis-
tors. However, to realize fully transparent and/or flexible
nanoscale devices, transparent, and/or flexible energy
conversion and storage units, transparent contact layers
should also be considered. Previously, we fabricated
transparent and flexible supercapacitor based on In,O;
nanowire/carbon nanotube heterogeneous films [66]. The
power density of which can reach 7.48 kW/kg, and a good
retention of capacity was obtained. For the transparent
contact layer material, O’Dwyer et al. synthesized

and p.p, respectively. Arrows indicate appropriate axis (Reprinted with permission from Ref. [61])

transparent indium tin oxide nanowires using a control-
lable molecular beam epitaxy (MBE) system [67].

4 Conclusion and remarks

In conclusion, a comprehensive review of the state-of-the-
art research activities of interesting fully transparent
flexible transistors, in which metal oxide nanowires are
used as the acting channel materials, are provided here.
The synthesis of metal oxides by using vapor phase
methods and the fabrication of fully transparent and/or
flexible transistors by using metal oxide nanowires as the
active channel materials are reviewed in the paper in order
to give the readers a clear map of this interesting research
topic. Metal oxide nanowires act as one of the best
candidates for the fabrication of high-performance fully
transparent flexible transistors. In addition, we believe that
the fascinating achievements in this topic should inspire
more and more research efforts to address the remaining
challenges.

This interesting topic was only developed for the last
several years, and we believe that there is still plenty of
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Fig. 8 (a) Optical image of fully transparent nanowire AMOLED substrate; (b) optical images of a region of substrate containing a
2 mmx2 mm array; (c) optical transmission spectrum of nanowire AMOLED display substrate before and after OLED deposition; (d)
measured luminance versus supply voltage curve for AMOLED array with all scan and data lines enabled (Reprinted with permission
from Ref. [62])
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Fig. 9 (a) Schematic of As-doped In,O5 nanowire transparent TFTs; (b) optical image of fully transparent TFTs built on As-doped In,O3
nanowires; (c) family of Iy —Vys curves of a single TFT; (d) current versus gate voltage plot in linear regime (Reprinted with permission
from Ref. [65])
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Fig. 10 Application of As-doped In,O; nanowire transparent TFTs circuitry to drive seven-segment AMOLED display. (a) Equivalent
circuit diagram of seven-segment AMOLED display circuitry; (b) optical image of AMOLED display substrate before OLED deposition;
(c) optical images of seven-segment pixels with different numerical digits (number “1”, “3”, and “6” can be easily seen) (Reprinted with

permission from Ref. [65])

room for researchers to explore. Synthesizing metal oxide
nanowires with excellent electrical properties is one of the
most difficult challenges. Using vapor phase methods,
people are able to control the diameters, lengths, and
shapes, now. However, the complicated environments
within the vapor phase system make it difficult to control
the electrical properties of the nanowires synthesized,
which then makes it difficult to fabricate high-performance
fully transparent flexible transistors.

Second, techniques focusing on transferring metal oxide
nanowires to the device substrate, for example, glass, PET,
etc., are required to decrease the lose of metal oxide
nanowires.

Third, the device structures and fabrication procedures
should be improved to optimize the performance of the
final devices. For example, the performance of the devices
is greatly influenced by the thickness and material of
dielectric layers and source/drain electrodes.

Finally, to realize fully transparent and/or flexible
nanoscale devices, other items besides transparent

transistors should also be considered and should be
explored, for example, the transparent dielectric layers,
the transparent electrodes, and even the transparent energy
conversion and storage units.
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