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ABSTRACT: Due to the fragility and the poor optoelec-
tronic performances of Si, it is challenging and exciting to
fabricate the Si-based flexible light-emitting diode (LED)
array devices. Here, a flexible LED array device made of Si
microwires-ZnO nanofilm, with the advantages of flexibility,
stability, lightweight, and energy savings, is fabricated and
can be used as a strain sensor to demonstrate the two-
dimensional pressure distribution. Based on piezo-photo-
tronic effect, the intensity of the flexible LED array can be
increased more than 3 times (under 60 MPa compressive
strains). Additionally, the device is stable and energy saving.
The flexible device can still work well after 1000 bending
cycles or 6 months placed in the atmosphere, and the power
supplied to the flexible LED array is only 8% of the power of
the surface-contact LED. The promising Si-based flexible device has wide range application and may revolutionize the
technologies of flexible screens, touchpad technology, and smart skin.
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The promising Si-based flexible light-emitting diode
(LED) array devices, with the advantages of flexibility,
lightweight, energy savings, and high efficiency, can be

used as strain sensors to demonstrate the pressure distribution
by the differences of light emission intensities, which could
revolutionize the current technologies for flexible screens,
human−machine interfaces, touchpad technology, personal
signatures, and smart skin.1−3 In this work, a flexible LED
array device made of transferred Si microcolumns-Zn nanofilm
is fabricated and lighted up continuously for more than 24 h
and turned on and off for more than 1011 times when applied
by a pulse voltage with the frequency of 1 MHz. The power
supplied to the flexible LED array is only 8% of that of the
surface-contact LED (SC LED),1 shown in Figure 4d or Figure
S3. The electroluminescent (EL) intensity of the flexible LED
array device is increased more than 3 times when under 60
MPa static compressive strains. A visualized strain/pressure
mapping system can be formed just by recording the EL

intensities of the LEDs. With the help of the well-developed Si
microelectronic technology, large-scale integrated devices can
be easily fabricated for the use of Si-based optical
communication systems and photonic integrated circuits,4

which will largely increase the speed of data transmission and
operation in the future.

RESULTS AND DISCUSSION

Due to their large surface-to-volume ratios, anisotropic
electrical conductive properties, good light absorption, and
thermal-conductive abilities, as well as the advantages of low
cost, abundant sources, and simple fabrication, the vertical
silicon wire arrays show promising advances for the applications
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of vertical devices, for example, field-effect transistors,5,6

LEDs,7,8 solar cells,9,10 biosensors,11−13 thermoelectric mod-
ules14,15 and smart skin.1 However, there are some big
challenges to utilizing the specific optical and electrical
properties of the Si wire array device, especially the Si wire-
based flexible LED array device. First, as the Si wire array
contains billions of wires with a complex pattern, the structure
and the pattern of the Si wire array are extremely difficult to
maintain during the transfer process. Second, the indirect band
gap and the low carrier mobility of Si are existing problems.
Finally, due to the immature technology of flexible electrodes, it
is almost impossible to ensure that every pixel of the bended
flexible LED array will light up. Tremendous efforts have been
made to improve the fabrication processes. A range of different
methods have been applied to achieve the mechanical breakage
and transfer of the Si wire by application of sheer forces,16

peeling forces,17 or the porous crack of the Si wires.18 Also,
different methods have been attempted, such as energy band
engineering, doping with special elements (Er, etc.), structure
modification (e.g., porous silicon), and piezo-phototronic
effects, to improve the EL properties of Si LEDs.
To fabricate the most popular semiconductor in the world in

LED, we etched and transferred the Si microwire arrays to
produce a flexible n-ZnO/p-Si heterostructure LED array
device, featuring high intensity of visible light, flexibility, long
lifetime, and energy saving. The fabrication process of the
vertical Si microwire array device is demonstrated in Figure 1.
P-type Si wafers are cleaned (Figure 1a) and then spin-coated

by photoresist to get the designed pattern through lithograph-
ing. After etching, large arrays of Si microwires are formed
(Figure 1b).1,19 The diameter, length, and center-to-center
distance of the Si microwires are 2.5, 40, and 5.5 μm,
respectively, indicating that the Si arrays are vertically oriented
and well-ordered. Polydimethylsiloxane (PDMS) polymer is
used as a matrix to support the microwires to fabricate the
mechanically free-standing polymer/Si microwire array compo-
site film (Figure 1c). Then the Si microwire tips are exposed by
oxygen plasma etching (Figure S1e). A ZnO nanofilm (200 nm
in thickness) is deposited in direct contact with the Si
microwires to form a p−n junction (shown in Figure S2),
and an Ag layer is used as the top electrode for the entire
microwire array (Figure 1d). The polymer/Si microwire array
composite film is then peeled off from the Si substrate
mechanically, generating a flexible and mechanically free-
standing material containing a well-ordered crystalline Si
array (Figure 1e). The area of the removed polymer/Si
microwire sheet could be >4 × 4 cm, and the size of the flexible
film is only limited by how big the Si wafer is. Another Ag
nanofilm is evaporated onto the back side of the device to form
the ohmic contact. Finally the polymer/Si microwire array
composite film is then adhered to a PET substrate (Figure 1f),
and the Si substrate can be reused for etching another Si
microwire array after polishing. The flexible polymer/Si/ZnO
LED array can be uniformly lit up under a bias of 10 V, and
each microwire is a single light emitter. The light emission

Figure 1. Fabrication process of the flexible polymer/Si/ZnO LEDs array device. (a−e) Diagrams of transfer process of vertical Si microwire
arrays. (f) Illustration of the flexible polymer/Si/ZnO LEDs array device.

Figure 2. Characterization of the flexible LED array structure. (a) Side view of Si microwires by SEM, and the inset is the top view with a scale
bar 15 μm. (b) Schematic diagram of the transferred flexible LED array device and the Si substrate. (c) The back side of the polymer/Si
microwire array composite film. (d) The transferred flexible film, rolled into cylinders. (e) SEM image of Si substrate after transfer process. (f)
Optical image of the LED array device under 10 V biased voltages.
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intensity of the LEDs can be increased when under compressive
strains.
Cross-sectional and top scanning electron microscopy

(SEM) images of the silicon microwire array are presented in
Figure 2a, showing a length of 40 μm and diameter of 2 μm for
the Si columnar structure. After it is peeled off from the Si
substrate, the back side of the polymer/Si microwire array
composite film is presented in Figure 2b,c, revealing the gapless
structure of the PDMS matrix and the microwires. Figure 2c
also shows that the tips of the Si microwires are uncovered,
permitting the subsequent ohmic contact with the electrodes.
The as-removed polymer/Si microwire array composite film
can be folded into cylinders whose diameters can be smaller
than 100 μm (Figure 2d) without significant displacement or
damages. The polymer/Si microwire array composite film also
keeps the orientation, spacing, pattern, and unit of the array.20

The microwires in such film present electrical conduction from
top side to back side while being highly isolated laterally. The
SEM image of the Si substrate after the transfer process is
illustrated in Figure 2e, demonstrating all the Si microwires
have been perfectly removed. Light emission of the polymer/Si
microwire arrays/ZnO device, when applied at 10 V, is
presented in Figure 2f, which shows that each microwire is a
single light emitter. The difference between each individual
LED’s emission intensity is explained as the nonuniform
distribution of serial contact resistances. When introducing a
bar electrode or Ag wire network electrode (Figure 3a), better
performances and more uniform light emission can be
obtained, since the distribution of contact resistances problem
is effectively eliminated with the advanced designs.
Through the method described above, different shapes and

different lengths of the Si microwires can be obtained. Efforts
have been made to achieve better structure for the mechanical
breakage and transfer of the Si microwires. In Figure S1a, the
top of the Si microwire is much wider than the bottom, which
makes mechanical breakage and separation of the Si microwires
much easier. The method maintains the pattern and the
structure of the Si microwire arrays during the transfer process.
Because the Si microwire length can be controlled, ultrathin
polymer/Si composited film can be as thin as 8 μm (Figure

S1b,c), which significantly reduces the thickness of the whole
device and increases the potential applications of the ultrathin
device.
Our method of transfer has five key merits. First, the method

can be applied broadly, regardless of the dimensions, lengths,
materials, and fabricating methods of the Si wires. Figure 2 and
Figure S1 demonstrate that this method can apply to Si
microwires ranging from 8 to 40 μm in length. Second, the
orientation, structure, and pattern of Si microwire arrays are
well-kept during the transfer process. Even patterned arrays
containing billions of Si microwires (Figure 2c,d) can be
perfectly transferred, keeping the shape of the pattern. Third, Si
wafers can be repeatedly used to etch vertical Si microwire
arrays. Usually, when the Si microwire array is transferred, the
Si substrate may be wasted. To make the best use of the Si
material, the remaining Si substrate after polishing is reutilized
and etched to create a second Si microwire array layer. The
structure of the second Si array layer is the same as that
manufactured on the original Si wafer. The thickness of a
commercial Si wafer is approximately 500 μm, although
approximately 40 μm height of Si is abraded in each polishing
process, the wafer could still be re-etched up to about 10 times
for the 8 μm Si microwire array. Therefore, the reutilization of
the remaining Si wafer substrate is extremely important and
economical. The fourth merit of this method is that the
polymer/Si microwire array composite film can be transferred
to most flat substrate, like glass, metal, polymer film, and so on.
The fifth merit is that the Si microwire array can be used to
fabricate different kinds of devices, such as LEDs, solar cells,
optical detectors, and so on, with a designated thickness. It will
largely promote the application of the ultrathin device.
The flexible polymer/Si/ZnO LED array device is completed

by sandwiching the polymer/Si layer between a ZnO depositing
layer and the electrodes (Figure 3a). As is generally understood,
it is challenging to fabricate a flexible electrode with high
conductivity, especially to make sure the billions of LEDs in the
array maintain good contact with the electrodes on both sides
when the device is bent. Even a single LED in the array has
poor contact with the electrode, the screen based on the LED
array will have a missing pixel and appear imperfect. A great

Figure 3. Flexibility of flexible LED array device. (a) Schematic structure of the flexible LED array device. Light emission intensities of
different areas of (b) LEDs and (c) I−V curves under different bending angles. (d) The light emission intensities of different LEDs when
lighted up continuously for more than 24 h powered by a pulse voltage with the frequency of 1 MHz. (e) Mechanical stability of the flexible
LED array device for 1000 cycles.
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many researchers have devoted themselves to improving the
conductive properties of the flexible electrodes in recent years.
Here we add a layer made of Ag fibers to ensure that the
majority of LEDs in the array will still light well even when the
device is bent.21 In order to study the flexibility of the LED
array device before and while being bent, the intensity and I−V
curves of the LED array device are measured under different
bending angles. Figure 3b shows the relationship of the
intensity of the LEDs with the bending angle, which reveals that
the intensity of the LEDs will slightly decrease and then remain
stable as the bending angle increases. The inset of Figure 3b
shows the flexible LED array device is quite flexible and can be
bent to a large angle. No significant deviation of the I−V curves
is observed, as shown in Figure 3c, which indicates that the
array device possesses excellent flexibility. Also the Si

microwires and the ZnO nanoflim consist of billions of p−n
junctions and show a clear rectifying behavior, indicating the
formation of diodes.22

Meanwhile, the flexible device is stable. Figure 3d reveals the
LEDs can be lighted up continuously for more than 24 h when
applied by a pulse voltage with the frequency of 1 MHz.
Considering the indirect band gap of the Si materials, most Si-
based LEDs have difficulty emitting light and generate large
amounts of heat due to low efficiency. The flexible LED device
has a longer lifetime. During the testing, the LEDs are turned
on and off for more than 1011 times. The device can still be
lighted up after 6 months (placed in the atmosphere),
indicating the excellent stability of the device.
To better understand the mechanical flexibility, the long-

term stability of the flexible LED array device for 1000 cycles at

Figure 4. Light emission performances of the flexible LED array device. (a) EL spectra of the flexible device under different input currents. (b)
Gaussian functions were used to deconvolute the peak of the spectrum when the input current is 30 mA. (c−f) Comparison between three
different similar structures of ZnO/Si LED array devices: (d) SC LED, (e) DCSS, and (f) flexible LED.

Figure 5. Working mechanism and enhancements by piezo-phototronic effect. (a) Working mechanism of the pressure distribution function of
the flexible LED array device. (b) A patterned sapphire stamp shaped to read “NANO” with a scale bar 150 μm. (c) Pressure distribution
mapping by the LED array as the word “NANO”. (d) Energy band of the flexible LEDs array device under no stains nor bias voltages and (e)
band under a bias voltage and compressive strains. (f) Pressure distribution mapping under different pressure by the LEDs array intensity
image.
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a 45-degree bending angle was measured (Figure 3e). The
flexible LED array device shows good durability.23 The I−V
curves decrease at first and remain almost constant during
hundreds of bending cycles, indicating the flexible LED array
device can still light up even after 1000 bending cycles. The
initial decreases are most likely caused by the small separation
between the interface of the device and the electrode when
bending, as the device recovers when releasing without
noticeable failure and has good repeatability. The cycling
stability, mechanical flexibility, and long lifetime of the flexible
LED array device will be beneficial for their practical
applications.
The EL emission spectra of the flexible LED array device is

obtained when the input current increases (30, 35, 40, 45, 50,
and 55 mA) at room temperature, Figure 4a. When the input
current increases, the EL intensity becomes higher, and the
peak positions of different currents are similar. To better
explain the physical mechanism of light emissions, Gaussian
function is applied to deconvolute the peaks, as seen in Figure
4b. Four distinct peaks can be simulated from the emission
spectra, and each corresponds to a particular recombination
mechanism as mentioned. The schematic band diagram of the
ZnO-Si heterostructure is shown in Figure 5d. The peak near
400 nm in Figure 4b is the near-band emission of ZnO.24,25

The peak around 500 nm and the peak near 600 nm are related
to the defects emission in ZnO nanofilm.26−29 Because of the
nano and microstructures at the surface of the Si microwires
(Figure S 1f), the energy band gap of Si with nano/
microstructures near the heterojunction interface is bigger
than that of bulk Si,1 which is associated with the peak of 700
nm.8,30−32

As Si is an indirect bandgap semiconductor, the excited
charged carrier in silicon will be scattered to the electronic
branch and relaxes along the electronic branch by scattering
with phonons (Figure S4e).33 Both energy and momentum
must be conserved, thus the emitted photon will have energy E.

∑= −E E Eexcited scattering (1)

where Eexcited is the excitation energy, and ∑Escattering is the total
energy of all scattering phonons. The lifetime of the intraband
relaxation in silicon is approximately 1 ps, while the radiative
recombination occurs on a 10 ns time scale. Therefore, the
radiative recombination occurs normally. On the other hand,
the relaxation of intraband will generate the phonons with the
momentum qr and finally convert the energy (∑Escattering) into
heat. This phenomenon results in low efficiency, a great
quantity of energy wasted, and a large amount of heat.
However, there are three reasons to explain why the flexible

LED array device is energy saving. First, the Si/ZnO contact
area of dot-contact LED is only about 13.63% of that of the SC
LED. A comparison between three different Si/ZnO structures
is shown in Figure 4c−f. In Figure 4d the ZnO nanofilm forms
surface contact with the Si microwires, meaning the SC LED
has a larger contact area than the dot-contact with Si substrate
LED (DCSS LED) in Figure 4e and flexible LED in Figure 4f.
The additional contact surface is marked by the red rectangle in
Figure 4d. Meanwhile, the experiment results demonstrate that
light is only generated from the region near the top surface of
the Si microwires, and the currents flowing through the surfaces
marked in the red rectangle are mostly converted to heat.
Second, the Si substrate under the microwire arrays generates a
large amount of heat and decreases the efficiency of the LED.

The thickness or the volume of the Si substrate is much larger
than that of the Si microwire array, resulting in more energy
wasted by the Si substrate. Third, most of the recombination
occurs at the ZnO of the flexible LED, which significantly
improves the emission efficiency and reduces the heat
generated from the photons in the Si material. The emission
peaks related to ZnO (near 400, 500 and 600 nm) have a high
proportion of the whole emission, and the only peak related to
Si is much lower than that of SC LED. In addition, the emission
spectra of SC LED have the emission peaks around 780 and
820 nm, which increases significantly when the current reaches
at about 0.8A.1 The method of the flexible LED uses silicon as
the p-type material to form the p−n junction and limits the
problems of the indirect band and the corresponding low
efficiency. Because of the dot-contact and lack of Si substrate,
the flexible LED array device will have the highest efficiency
theoretically, which corresponds to the experimental results
shown in Figure 4c. Figure 4c gives the current and the power
when the light intensities of different structure LEDs are almost
the same (more information is shown in Figure S3). It is
obvious that the flexible structure shown in Figure 4f needs
minimum power, and the power supplied to the flexible LED
array is only 8% of that of the SC LED in Figure 4d.
A patterned sapphire stamp (NANO), as shown in Figure 5b,

was used to apply pressure to the flexible polymer/Si/ZnO
LED array device to test the impact of the piezo-phototronic
effect. The pressure could be controlled step by step when
using the three-dimensional stage shown in Figure S4. The
emission of the LEDs when applied by compressive pressure
will be enhanced by the piezo-phototronic effect;2,34−37

therefore a two-dimensional mapping of pressure was obtained,
as shown in Figure 5c,f. Figure 5c shows that the LED intensity
image can clearly demonstrate the pressure distribution applied
to the LED array as the word “NANO”, which corresponds to
the sapphire stamp.25,38 Different pressures of 11, 23, 42, and
65 MPa were studied to reveal the relationship between the
light intensity and the pressure in Figure 5f. The stronger the
pressure applied, the stronger the light intensity obtained,
which demonstrates a linear dependence of the light intensity
on the pressure.39 Only the LEDs compressed by the patterned
stamp change, while those not affected by the patterned stamp
show negligible change. No crosstalk of the adjacent pixels is
observed, and the resolution of the LED array is 2 μm, shown
in Figure S4d, which indicates a reliable resolution of the LED
array. Because the center-to-center distance between two
neighboring LEDs is 5.2 μm, the flexible LED array device
can be used as a 4300 dpi high-resolution pressure mapping
system, which shows potential for touchpad technology,
personalized signatures, and smart skin.
The schematic band drawings of ZnO/Si heterostructure,

shown in Figure 5d,e, illustrate the piezo-phototronic effect and
the emission enhancement mechanism. Because of the
noncentral symmetry of ZnO, the relative displacement of
centers of anions and cations will occur when applied by a
compressive strain. When the +c-axis is pointing from the p−n
junction interface to the interface of the electrode side, the
positive charges of piezoelectricity are generated at the p−n
interface, which modify the ZnO’s valence and conduction
band near the interface, as shown in Figure 5e, and then
influence the carriers’ actions, such as separation, transport, and
recombination. More electrons from the ZnO conduct band
and holes from the Si valence band will be trapped at the p−n
interface, thus the recombination between holes and electrons
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at the interface is raised, which causes the LED’s light emission
enhancement. Meanwhile, under compressive strains, the
potential of the corresponding piezoelectric charges is opposite
to the built-in electric field’s direction and will reduce the width
of depletion region and thus enlarge the injection current and
the emission intensity.

CONCLUSIONS

In summary, we designed and manufactured the Si microwire
arrays to produce flexible n-ZnO/p-Si heterostructure LEDs at
room temperature, featuring high intensity of visible light,
flexibility, a long lifetime, and energy savings. The LED array,
with good mechanical flexibility, can be lighted up continuously
for more than 24 h and turned on and off for more than 1011

times when applied by a pulse voltage with the frequency of 1
MHz. A huge amount of energy can be saved when comparing
the flexible LED array with SC LED. The EL intensity of the
flexible LED array device is enlarged more than 3 times when
under 60 MPa compressive strains. A visualized strain/pressure
mapping can be formed by recording the EL intensities of the
LEDs, which has a wide range of applications and will lead to
special optoelectronic devices.

METHODS
Fabrication Process of Si Microwires. P-type Si wafer was

cleaned with acetone and dried in nitrogen blow down. The remaining
organics and oxide on the Si surface were removed by immersing the
Si wafer in hydrofluoric acid (HF, 1%) for 2 min. After the wafer was
dried by N2 for 30 min and treated by hexamethyl disilazane (HMDS)
for 10 min, the photoresist (SUN 9i 50 cP) was spin-coated and
exposed to form the photoresist pattern. Then, the aligned microwire
arrays were generated by the inductive plasma reactive ion etching
(SENTECH SI 500). When etching, SF6 and C4F8 gases were applied
at the rate of 200 sccm each.
Fabrication Process of the Flexible LED Array. The Si

microwires were embedded into a polymer matrix (polydimethylsilox-
ane (PDMS)), and a curing agent was mixed in a 10:1 w/w ratio. The
device was then etched by oxygen plasma etching (SENTECH SI 500)
to make sure the ends of the Si microwires were exposed. The ZnO
nanofilm (60 W 45 min) and Ag layers (80 W 2−3 min) were
deposited by magnetron sputtering (Discovery 635, Denton Vacuum)
to form the n-type layer and the electrodes. The flexible polymer/Si
microwire array/ZnO composite film was peeled off from the Si wafer
mechanically with a sharp blade. Finally, an electrode was deposited on
the back side of the flexible polymer/Si microwire array/ZnO
composite film.
Characterization and Measurement of the Flexible LED

Array. The field-emission scanning electron microscopy Hitachi
SU8020 was used to characterize the flexible ZnO/Si LED array
device. The Maynuo DS Source M8812 and the pulse power supply
Agilent AFG 3011C were used to power the flexible LED array device.
The optical images and the emission spectra of the device were
measured by Zeiss Observer Z1 and spectrometer Horiba iHR550,
respectively. I−V curves were taken by KEITHLEY 4200SCS.
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