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Zinc oxide nanowire networks for macroelectronic devices
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Highly transparent zinc oxide (ZnO) nanowire networks have been used as the active material in
thin film transistors (TFTs) and complementary inverter devices. A systematic study on a range of
networks of variable density and TFT channel length was performed. ZnO nanowire networks
provide a less lithographically intense alternative to individual nanowire devices, are always
semiconducting, and yield significantly higher mobilites than those achieved from currently used
amorphous Si and organic TFTs. These results suggest that ZnO nanowire networks could be ideal
for inexpensive large area electronics. © 2009 American Institute of Physics.

[DOLI: 10.1063/1.3120561]

The large scale synthesis of wide ranging one-
dimensional nanowires (NWs)/tubes with extraordinary
properties are advancing optical and electronic devices.'™
The challenges of large scale integration of individual NWs/
tubes has shifted the research focus to large area electronics
based on ensemble of these materials which collectively
yield sufficiently good device characteristics but can be fab-
ricated by bottom up approaches such as transfer printing or
stamping.g_ >

Among semiconducting NWs, ZnO is promising for
optoelectronic devices because of its direct wide bandgap of
3.37 eV (at 300 K) and a relatively large exciton binding
energy of 60 meV. ZnO NWs can be readily synthesized
using gas phase deposition16 or via hydrothermal route."”
Optoelectromc devices such as UV nanolasers field effect
transistors,'® solar cell electrodes,” and piezoelectric
nanogenerators utilizing ZnO NWs have been reported.

In addition to individual NW devices, networks of ZnO
NWs grown at low temperatures through hydrothermal
routes have shown promising thin film transistor (TFT)
characteristics.”**! The defective NWs led to high operating
voltages in these devices and no information on the transpar-
ency of the active material was provided. Here, we report on
a fabrication scheme for transparent ZnO NW networks that
utilizes a less lithographically intense alternative to indi-
vidual NW devices and demonstrate basic electronic devices
with large channel lengths based on these networks.

Highly crystalline and high aspect ratio ZnO NWs were
obtained on gold catalyzed silicon (100) substrates by the
carbothermal reduction of ZnO powder at 950 °C.*? In order
to achieve reproducible ZnO NW networks with a control-
lable density, we used contact printing method which in-
volves bringing NW substrate in mechanical contact with a
receiver substrate. Growth substrate consists of dense “lawn”
of ZnO NWs and the receiver substrate is functionalized by
poly—L-lysine.” For the stamping process, surface of both
the receiving and the growth substrates were cleaned to en-
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sure proper overlapping. The growth substrate was then
placed on the receiver substrate at the desired location and a
pressure of ~200 g/cm? was applied on the growth sub-
strate. Transfer process was finalized by lifting the growth
substrate without any shear on the receiver substrate. During
contact, NWs are detached from the growth substrate and
attached to the receiver substrate through van der Waals in-
teractions. Size of the deposited network area can be con-
trolled by the growth substrate. The yield of the transfer
process is independent of the type of the receiver substrate
used indicating sufficiently strong cohesive forces are
present between the wires and the substrate.

All devices reported here utilized NW densities slightly
below or above the percolation threshold. The control of the
NW density can be achieved by consecutive stampings. NW
density, corresponding to the number of stampings, has been
calculated using imaging software. The role of percolation
has been investigated in order to understand the transport
mechanism in two-dimensional ZnO NW networks. Under
the percolation theory, ZnO NWs are assumed as uniform
sticks with random alignment. The percolation threshold is
defined as the formation of long-range connectivity in ran-
dom systems. The percolation threshold of ZnO NW network
is given by N.=[(4.236/1)?/ m)] for random ahgnment
The length (1) of the transferred NWs was ~6 um, there-
fore, the percolation threshold of ZnO NW network is
estimated to be around 0.16 NW/um?.

Planar TFTs were fabricated utilizing conventional pho-
tolithographical processes on top of the stamped NW net-
works on SiO,/Si substrates. Niobium (Nb) source and drain
contacts were sputtered, defining channel lengths ranging
from 5 to 50 wm. The transfer characteristics for ZnO NW
network TFTs with different channel lengths and the corre-
sponding output characteristics of a 20 wm channel device
are shown in Figs. 1(a) and 1(b), respectively, together with
a photograph and SEM image of the devices [Fig. 1(c)].
TFTs exhibit n-channel depletion mode behavior; in agree-
ment with the individual ZnO NW field-effect transistors
(FETs) usmg gold catalyzed ZnO NWs with smooth
surfaces.”* The ON/OFF ratios ranged from 103 to 10, de-
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FIG. 1. (Color online) TFT devices based on ZnO NW networks. (a) Trans-
fer characteristics for 5, 15, 20, and 50 wm channel devices (Vpg=4 V).
5 um TFT device consists of arrays of ZnO NWs whereas others are net-
works as indicated by the schematics inside the figure. (b) Output charac-
teristics of a 20 um channel ZnO TFT. Gate voltages are marked on the
curves. (c) Optical micrograph and SEM image of an actual device. The
channel length is 20 wm. (d) Mobility and ON/OFF ratios of TFT devices
with respect to the channel length. ZnO NW density is fixed to
0.25 NW/um? All electrical measurements were performed at ambient
dark conditions with an Agilent 4156B semiconductor parameter analyzer.

pending on the channel length. The highest ON/OFF ratios
are comparable to that of reported best single walled carbon
nanotube (SWNT) network devices.'"” To investigate the
effect of channel length, ZnO NW density was fixed
(0.25 NW/um?) and channel lengths were varied from 5,
15, 20, and 50 um. The effects of channel length on the
mobility and the ON/OFF ratios are shown in Fig. 1(d). Con-
sidering average NW length, devices with 5 wm channels
are arrays rather than networks. The ON current increases
with decreasing channel length which may be attributed to
the fact that for a given NW network, the number of active
current paths between source and drain electrodes increases
with decreasing channel length. Meanwhile, the OFF current
is almost independent of the channel length (within the same
order of magnitude). Thus, the increase of the ON/OFF ratio
with the decrease in channel length, as shown in Fig. 1(d), is
a result of increasing ON current due to smaller number of
nodes in the current path. The mobility of the TFTs calcu-
lated from the linear regime of the transfer characteristics
was found to be u.~25 cm?/V s for the short channel
devices and indeed increases with decreasing channel length,
as shown in Fig. 1(d).26 This is due to the increase in channel
conductivity with reduced number of nodes in a ZnO NW
path. It is worth emphasizing that the mobilities of our ZnO
NW TFTs are significantly larger than or comparable to those
of organic and a-Si TFTs (<1 c¢cm?/V s) even for very long
channels. The mobilities are also of the same order as those
for nonaligned SWNT networks.”’ In particular, the mobility
of NW TFTs with a channel length of 20 wm is at least an
order of magnitude higher than that of previous ZnO NW
TFTs presented by Sun and Sirringhaus20 and Ko ez al.*' The
original value for channel width defined by Nb was 100 um;
however, for mobility calculations effective channel width
was taken into account. Effective channel width was esti-
mated as the product of the average of the NW diameter and
the number of NWs on the source and drain contacts. For
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FIG. 2. (Color online) Effect of NW density on the properties of TFT
devices. (a) Transfer characteristics for different NW densities of 0.11, 0.17,
0.2, 0.25 NWs/um? for 20 wm channel devices (Vps=4 V). (b) Mobility
and ON/OFF ratio of TFT devices with respect to the ZnO NW density in
the network. TFT channel length is fixed to 20 wm. (c) Transmittance as a
function of wavelength (photon energy) for the different density ZnO NW
networks.
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comparison, the mobility for the 20 um channel length ZnO
network TFT was 0.59 cm?/V s when the actual width of
the channel was taken into account, and 7.4 ¢m?/V s when
effective channel width was used. This indicates that NW
nodes are effective in means of charge transport, and highly
aligned ZnO NW networks would yield better device perfor-
mance.

In order to investigate the effect of NW density, channel
length was fixed to 20 um and devices with NW network
densities ranging from 0.11, 0.17, 0.2, and 0.25 NW/um?
were fabricated. The transfer characteristics for ZnO NW
network TFTs and the corresponding ON/OFF ratios and mo-
bility values with different NW densities are shown in Figs.
2(a) and 2(b), respectively. It can be seen in Fig. 2(b) that
both the mobility and the ON/OFF ratios increase with the
NW density. Higher ON currents for the TFTs are required
for a number of applications such as display drivers and mi-
crowave circuits. The ON current was found to scale linearly
[Fig. 2(a)] with the NW density, keeping the OFF current
level almost constant which clearly demonstrates the unifor-
mity and reproducibility of the ZnO NW network TFTs.

NW networks are also highly transparent. The normal
incidence transmittance between 1.5-4 eV photon energy
with the substrate absorption removed is shown in Fig. 2(c).
Transmittance shows a monotonous decrease with increasing
photon energy in the measured regime as shown in the fig-
ure. NW network densities yielded transmittance values in
excess of 95%, scaling almost linearly with NW density, sug-
gesting that the losses due to overlapping NWs is negligible.

To investigate the viability of a fully functioning net-
work inverter device, we have connected SWNT and ZnO
NWs in series as p-type and n-type network TFTs. SWNT
networks were prepared using the vacuum filtration
method.”® We have used a SWNT concentration which is
well below the percolation threshold of the metallic SWNTs.
Gold source and drain electrodes were deposited using ther-
mal evaporation. SWNT network TFT used in the inverter
device exhibits p-type gate transfer and output characteristics
as shown in Figs. 3(a) and 3(b). The ON state current of the
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FIG. 3. (Color online) Electrical characteristics of a TFT complementary
inverter. (a) Transfer and (b) output characteristics for a 20 um channel
SWNT network TFT. Drain-source voltages and gate voltages are marked on
the curves, respectively. (c) Transfer characteristics of a back gated CMOS
inverter fabricated by connecting p-type SWNT TFT with n-type ZnO NW
TFT in the back gate geometry (Vpp=10 V). Inset is the schematic of the
CMOS inverter. (d) Optical micrograph of an actual device where Nb con-
tacts of ZnO TFTs are overlapping Au contacts of SWNT TFTs.

device at ambient conditions and under a drain-source volt-
age of Vps=—4 V was measured to be Ioy=1.04X107° A,
whereas OFF state current was Iopr=1.17 X107 A. This
yields ON/OFF ratios of about 10 with a threshold voltage
of Vy,=—15 V. Using Fig. 3(a), the slope of the source drain
current as a function of the gate voltage was measured in the
linear region and the field effect mobility is estimated to be
er=0.43 cm?/V s.

Figure 3(c) shows transfer characteristics of the comple-
mentary inverter with a channel length of 20 wm for both
SWNTs and ZnO TFTs, with the photograph of the devices
[Fig. 3(d)]. A schematic of the inverter is shown in the inset.
A 10 V bias was applied to the Vpp terminal and the input
voltage of the inverter was applied to the common back gate
of both SWNT and ZnO NW TFTs. The output voltage of the
inverter was obtained from the common drain terminal.
When the input voltage is lower than —30 V, the p-type
SWNT TFT is ON, conductance is high, and the n-type ZnO
NW TFT is OFF, the conductance is low. As a result, the
output of the inverter is close to Vpp (10 V). As the input
voltage is increased, the conductance of the p-type SWNT
TFT decreases and the conductance of the n-type ZnO NW
TFT increases, leading to a decrease in the output voltage.
With sufficiently high input voltage (>10 V), the p-type
SWNT TFT is turned OFF, and the n-type ZnO NW TFT is
ON. The combined effect is an output voltage close to the
ground (0 V), as clearly shown in our experiment. Our re-
sults show that the output starts to decrease at V;;=—30 V
and is cutoff at V;,=10 V, leading to a gain of ~1.

In summary, we have deposited high temperature grown
ZnO NWs onto receiver substrates at room temperature in
the form of semiconducting random networks. We have fab-
ricated TFTs and complementary inverter devices based on
these networks and investigated the effect of channel length
and NW density. Our approach opens up the possibility for
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fabricating high performance TFTs based on transparent and
semiconducting ZnO NWs for applications requiring low-
cost and low-temperature manufacturing, potentially on flex-
ible substrates.
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