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ABSTRACT

The merger of nanoscale building blocks with flexible and/or low cost substrates could enable the development of high-performance electronic
and photonic devices with the potential to impact a broad spectrum of applications. Here we demonstrate that high-quality, single-crystal
nanowires can be assembled onto inexpensive glass and flexible plastic substrates to create basic transistor and light-emitting diode devices.
In our approach, the high-temperature synthesis of single-crystal nanowires is separated from ambient-temperature solution-based assembly
to enable the fabrication of single-crystal-like devices on virtually any substrate. Silicon nanowire field-effect transistors were assembled on
glass and plastic substrates and display device parameters rivaling those of single-crystal silicon and exceeding those of state-of-the-art
amorphous silicon and organic transistors currently used for flexible electronics on plastic substrates. Nanowire transistor devices have been
configured as low-threshold logic elements with gain; moreover, the high-performance characteristics are relatively unaffected by operation
in a bent configuration or by repeated bending. The generality of this approach is further illustrated with the assembly of gallium nitride
nanowire UV-light-emitting diodes on flexible plastic substrates. These results suggest that nanowires could serve as high-performance building
blocks for the next of generation lightweight display, mobile computing, and information storage applications.

There is currently substantial interest in the fabrication of
semiconductor devices on noncrystalline substrates such as
plastics and glass because devices made on these low-cost
and lightweight substrates serve as the basis for a large and
rapidly growing class of electronics applications, including
flat-panel displays, smart cards, and wearable displays.1-5

For example, amorphous silicon can be deposited on glass
at relatively low temperatures using vacuum deposition
techniques and is used as the active component of transistors
in flat-panel displays. The low carrier mobility1,2,6 of
amorphous silicon restricts its use to pixel-switching elements
in these displays, thus requiring additional higher-perfor-
mance electronics to drive the switching elements. These
performance limitations can be overcome with polycrystalline
silicon, which has demonstrated carrier mobilities approach-
ing that of single-crystal silicon,7 thereby opening up the
possibility of combining pixel elements, display drivers, and
more complex electronics on the display substrate. However,
the additional steps and higher-temperature processing

required to achieve high-quality polycrystalline silicon
represent limitations in the implementation of polycrystalline
silicon transistors on large-scale glass and plastic substrates.3

As an alternative to these silicon-based materials, there
has also been substantial effort placed on utilizing organic
materials as active semiconductor elements.2,5 An attractive
feature of organic semiconductors is the potential for room-
temperature, solution-based processing that can be easily
coupled to flexible plastic substrates.8,9 Yet the low carrier
mobilities exhibited by organic semiconductors,2,10which are
comparable to or lower than those of amorphous silicon,
restrict the potential function and corresponding applications
possible with these materials. Overall, these results indicate
a dichotomy in the capabilities of current materialsseither
low performance and broad substrate applicability (organics
and amorphous silicon) or high performance and restricted
substrate use (polycrystalline silicon)swhich if overcome
could open up exciting opportunities such as the integration
of high-performance multifunctional electronics and displays
on flexible plastics.

Here, we describe a new approach to this general problem
that utilizes the solution-based assembly of high-performance
inorganic semiconductor nanowire (NW) devices, where the
functional properties are defined by NW building blocks used
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in the assembly process.11 There are three key features of
our approach (Figure 1). First, the synthesis of NW building
blocks is carried out under conditions optimized to yield
high-quality single-crystal materials, where the desired
electronic and/or photonic functions are defined by material
composition, structure, and diameter.12 Because this growth
phase is independent of the stage in which active devices
are fabricated, there is no need to be concerned with thermal
and other substrate limitations, in contrast to direct thin-film
deposition. In addition, previous characterization studies
carried out on single-crystal substrates have shown that NWs
of silicon,13-15 gallium nitride,15-17 and other materials18-20

can exhibit properties comparable to the best bulk and
epitaxial single-crystal semiconductors.13 Second, the NWs
can be readily isolated as stable solution suspensions that
are then used for the deposition and patterning of devices.21

The use of NW suspensions has the same processing
advantages as the use of organic semiconductors8,9 and also
enables us, via the sequential transfer of distinct NWs, to

introduce very different types of functions on the same
substrate. Third, high aspect ratio NWs can be interconnected
without the need for advanced lithography; that is, this
approach takes advantage of the unique properties and
processability of these nanoscale materials but does not
require us to make ultrasmall devices to achieve high
performance.

We first illustrate this approach with the assembly of
p-type silicon NW field-effect transistors (p-SiNW FETs)13-15

on glass substrates. The key steps in the overall device
fabrication process22 included (i) patterning of gate electrodes
on the glass substrate, (ii) fluid-directed assembly21 of the
NWs across the gate electrodes, and (iii) lithography and
metallization to form source-drain contacts to the NWs. The
gate dielectric used in these experiments was either a ca.
2-nm-thick shell of SiO2 surrounding the SiNWs18,23 or a
20-nm-thick layer of SiO2 deposited on the gate electrodes
prior to NW assembly. Representative current versus source-
drain voltage (Isd versusVsd) data (Figure 2a) recorded for
different values of the gate voltage (Vg) exhibit a linear

Figure 1. NW growth and device assembly on glass and plastic
substrates. High-quality NWs of desired composition (purple, green)
are prepared in a high-temperature process and subsequently
dispersed into solution. Solution-based assembly then yields devices
with diverse functionalities.

Figure 2. NW device characterization on glass substrates. (A)Isd

vs Vsd curves for a 20-nm p-SiNW FET on glass. The red, orange,
yellow, green, blue, and purple curves correspond toVg ) -3, -2,
-1, 0, 1, and 2 V, respectively. (Inset) Scanning electron
microscopy (SEM) image of the device. The source (S), drain (D),
and gate (G) are labeled. The scale bar is 1µm. (B) Isd versusVg

(Vsd ) 1 V) for the device shown in A, plotted on a linear scale
(left axis, blue curve) and log scale (right axis, red curve). The
log-scale plot consists of two curves recorded at two sensitivities
and joined for clarity.
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response. This linear response shows that contacts behave
in a practical sense as ohmic, suggesting that contacts can
be made on glass substrates.

Key characteristics of these NW FETs were determined
from Isd versusVg data (Figure 2b). The p-SiNW devices
exhibit relatively large on currents of a ca. microampere (Vsd

) 1 V). The transconductance, dIsd/dVg, that is obtained from
the linear portion of the data has a value of 460 nA V-1 for
the device shown and yields24 a hole mobility of 365 cm2

V-1 s-1. Notably, the hole mobility value is comparable to
or larger than that observed in single-crystal p-type silicon.25

An extension of this linear region yields a threshold voltage
of 1.7 V. In addition, an examination of the fullIsd versus
Vg curve shows an on/off ratio of∼105 and a subthreshold
slope of 550 mV per decade change in current.

A similar approach was used to assemble p-SiNW FETs
on flexible plastic substrates. TypicalIsd versusVsd data
(Figure 3a) recorded for different values ofVg exhibit a linear
response and thus demonstrate that ohmic contacts to the
SiNWs are achievable on the plastic substrates using post-
NW synthesis processing performed entirely at room tem-
perature. In addition, other important metrics of these NW
transistors are comparable to those found on glass substrates.
From Isd versusVg curves (Figure 3b), we obtain a trans-
conductance value of 650 nA V-1 and a threshold voltage
of 1 V. The corresponding mobility calculated for this device
was 135 cm2 V-1 s-1. An analysis of the subthreshold region
of these data further reveals an on/off ratio of 105 and a
subthreshold slope of 175 mV per decade change in current.
Overall, these results show that p-SiNW transistors assembled
on plastic and glass substrates exhibit similar characteristics.
The on current for the NW/plastic device shown (Figure 3b)
is somewhat lower than that for the NW/glass structure
(Figure 2b), although measurements of additional NW/plastic
transistors showed values (1.2-2.5 µA) that are essentially
the same.

These results for NW transistors obtained on glass and
plastic substrates can be compared to values reported
previously for amorphous silicon, polycrystalline silicon, and
organic thin films deposited on glass and plastic substrates.
First, the values of mobilities obtained for the SiNW/plastic
and SiNW/glass devices are comparable to or better than
the highest values reported for p-channel polycrystalline
silicon transistors,∼200 cm2 V-1 s-1, on nonalkali glass7

and are at least 2 to 3 orders of magnitude larger than typical
values observed for amorphous silicon and organic transistors
on glass and plastic substrates.6,10 This comparison with
amorphous silicon and organic transistors is especially
striking, and we believe that it most clearly indicates the
potential of our approach for future applications on flexible
plastics. To elaborate this point further, we also compare
the threshold voltage (1-2 V) and subthreshold swing (175-
550 mV dec-1) for NW devices versus amorphous silicon26-29

(1.5-4 V; 300-600 mV dec-1) and organics30-33 (1-10 V;
400-1600 mV dec-1) on plastic and glass substrates. The
lower values of these key parameters for the SiNW devices,
which are similar to those reported for polycrystalline silicon
transistors,7,34,35could offer advantages for low-power opera-

tion. The on/off current ratios of the NW devices reported
here are lower than the best amorphous silicon transistor
values, 106-108, on glass and plastic,6,27,31,33although recent

Figure 3. High-performance p-SiNW devices on plastic. (A)Isd

vs Vsd curves for a 20-nm SiNW transistor on a Mylar substrate,
where the red, orange, yellow, green, and blue curves correspond
to Vg ) -3, -2, -1, 0, and 1 V, respectively. (Inset) SEM image
of the NW device. The source (S), drain (D), and gate (G) are
labeled. The scale bar is 1µm. (B) Isd vs Vg (Vsd ) 1 V) for the
device shown in A, plotted on a linear scale (left axis, blue curve)
and log scale (right axis, red curve). (Inset) Data recorded at higher
sensitivity. (C)Vout vs Vin for a NW inverter assembled from a
p-SiNW on plastic. (Left inset) Schematic of the device. (Right
inset) SEM image of the device, in which the NW is oriented in
the vertical direction crossing two gates (G). The scale bar is
2 µm.
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NW studies36 suggest that similar values are possible. Last,
the NW devices fabricated on plastic and glass could be
readily improved without changing our fabrication strategy,
for example, by using multi-NW devices to increase the on
currents,36 employing more sophisticated core/shell NW
structures18 designed to produce high mobilities, and/or by
incorporating high-κ gate dielectrics.37

The assembly of high-performance SiNW devices on
flexible plastic substrates can be readily extended to more
complex structures. For example, we have configured a high
aspect ratio p-SiNW as an inverter or logic NOT device
(Figure 3c) by defining two FETs on a single NW. One of
the transistors is used as a switch, and the other functions as
a compensating resistor.38 The voltage output (Vout) versus
voltage input (Vin) of this device shows thatVout is high (1
V) when Vin is low (0 V) and that the output drops rapidly
to a low value as the input is increased. ThisVout versusVin

data shows that the inverter has a gain,|dVout/dVin|, of 4.
The inverter operates within a 1-V range, which is signifi-
cantly lower than the 5-10 V reported for inverters
fabricated using organic transistors,39,40and thus has advan-
tages for low-power applications.38

In addition, we have investigated the behavior of SiNW/
plastic devices when bent because one of the potentially
attractive features of plastic substrates is their flexibility.
Significantly, a comparison ofIsd versusVg data recorded
when the NW/plastic device was flat versus bent to a radius
of curvature of 0.3 cm (Figure 4) shows that there is only a
small change in the bent state. There is a slight decrease in
current for the device in the bent configuration, although
this change is less than 10% for every point in the region of
largest current drop,-2 to 1 V, with an average decrease of
about 5%. This change is small given the large stress on the
chip in the bent state and clearly shows the robust nature of
our SiNW/plastic transistors and the potential for high-
performance flexible devices.

Our approach for fabricating high-performance electronic
devices on plastic and glass substrates is not limited to

transistor devices and applications because the same strategy
can be used to assemble NWs with different function. For
example, the assembly of crossed-NW light-emitting di-
odes17,20 (LEDs) on plastic substrates could enable the
development of flexible self-emitting displays (Figure 5a)
similar to organic LEDs.41,42 Compared to organic LEDs,
NWs have several advantages: (i) they are robust inorganic
materials, (ii) different materials have a wide-range of
spectrally pure output colors, and (iii) NW transistor drive
and LED devices can be integrated together without the need
for polycrystalline silicon. To investigate this concept, we
assembled crossed-NW UV LEDs from n-type GaN NWs16,17

and p-type SiNWs onto plastic substrates using sequential
orthogonal fluid-directed assembly.21 Significantly, when
either one or both of the p-n diodes of a representative 1×
2 n-GaN/p-Si crossed NW device (Figure 5b) were forward-
biased, localized and addressable emission was observed
from the junctions (Figure 5c-e). These NW UV LEDs can
also maintain their emissive properties upon repeated cycles
of bending/unbending of the plastic substrate and thus
demonstrate the potential for the fabrication of high-
performance optoelectronic systems on flexible plastics in
the future.

We have shown that high-quality, single-crystal NWs can
be assembled on glass and flexible plastic substrates to create
FET and LED devices. In our approach, the high-temperature
synthesis of single-crystal NWs has been separated from
ambient-temperature solution-based assembly to enable the
fabrication of single-crystal-like devices that greatly exceed
the characteristics of amorphous silicon and organic materi-
als, which have been widely investigated as materials for

Figure 4. Effect of substrate bending on NW device performance.
Isd vs Vg for a NW transistor device measured when the substrate
was flat (blue curve) and bent to a radius of curvature of 0.3 cm
(red curve). (Inset) Photograph of the device used for bending the
flexible plastic chip and securing it during measurement. The chip
is highlighted with a black dashed line.

Figure 5. LED array on plastic. (A) Schematic of a flexible self-
emitting display consisting of a crossed-NW LED array on a flexible
plastic substrate. (B) SEM image of two p-SiNWs (vertical) crossing
an n-type GaN NW to form two LEDs on the plastic substrate.
The scale bar is 1µm. (C-E) Electroluminescence (EL) images
of localized emission from forward-biased Si-GaN junctions. The
junctions can be driven individually (C, D) or simultaneously (E).
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developing lightweight and flexible electronic and dis-
play applications. In the future, it will be important to
demonstrate NW assembly and reproducible device fabrica-
tion in a scalable manner. Recent studies employing scalable
Langmuir-Blodgett and photolithography techniques, which
have demonstrated control of the organization, hierarchical
patterning, and interconnection of a large numbers of devices
over large areas,36,43suggest that this latter challenge can be
overcome. Last, it is worth noting that there remains
substantial potential for high-density integration on these
substrates because this approach should be scalable to ever
increasing densities and smaller device sizes without any
changes in the key building blocks.
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