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CdS nanorods/organic hybrid LED array and the
piezo-phototronic effect of the device for pressure
mapping†
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As widely applied in light-emitting diodes and optical devices, CdS has attracted the attention of many

researchers due to its nonlinear properties and piezo-electronic effect. Here, we demonstrate a LED array

composed of PEDOT:PSS and CdS nanorods and research the piezo-photonic effect of the array device.

The emission intensity of the device depends on the electron–hole recombination at the interface of the

p–n junction which can be adjusted using the piezo-phototronic effect and can be used to map the

pressure applied on the surface of the device with spatial resolution as high as 1.5 μm. A flexible LED

device array has been prepared using a CdS nanorod array on a Au/Cr/kapton substrate. This device may

be used in the field of strain mapping using its high pressure spatial-resolution and flexibility.

Introduction

CdS with a direct band gap of 2.4 eV and the piezoelectric
effect, has been recently studied as one of the most important
group II–VI semiconductors.1–3 A variety of methods have been
reported to fabricate different CdS nanostructures such as
hydrothermal methods,4,5 chemical vapor deposition
processes,6–8 template methods,9,10 thermal decomposition
methods,11 and solvothermal processes.12 There are many
potential electronic and photonic applications of CdS nano-
structures such as solar cells,13,14 sensors,15–18 nanogenerators
and FETs.19–22 Single-nanowire electrically driven laser LEDs
based on CdS nanowires and p-Si have been reported by Duan
et al.23 which attracted wide attention. However, there were few
subsequent reports about one dimensional nanostructure CdS
LEDs, especially for device arrays. This is because of the repro-
ducibility of the p-type doping and the pattern growth of nano-
wire arrays. With high flexibility and wide applications organic/
inorganic LEDs have been drawing tremendous attention in

recent years,24–28 and they have been considered to have poten-
tial in wearable electronic device applications. Organic
materials, for organic/inorganic LEDs, can be easily prepared
using spin coating or thermal vapor deposition to form the p–n
junction structure on a vertical CdS nanorod array grown using
a hydrothermal method, which has important applications in
the field of optoelectronic devices. Here, we demonstrate a LED
array composed of organic p-type materials and CdS nanorods
and study the effect of pressure on the luminous efficiency.
When negative piezoelectric polarization charges were pre-
sented by strain at the local interface of the p–n junction, the
band structure was modified by the piezo-phototronic effect to
reduce the barrier height for hole injections from the organic
side to the CdS nanorod array. Therefore the recombination
between electrons and holes in the CdS side was facilitated to
enhance the light emitting intensity of device. Moreover, when
the illumination intensities of the LED arrays were parallel-
read, the pressure distribution could be obtained with a resolu-
tion as high as 1.5 μm. A flexible LED device array has been pre-
pared using a CdS nanorod array on a Au/Cr/kapton substrate.
Due to the advantages of high resolution and flexibility, this
device may find future applications in areas such as imaging
surfaces, touch pad technology and electronic skins.

Results and discussion
CdS nanorods/organic hybrid LED array

Fig. 1a shows the schematic illustration of the CdS/polymer
LED array. Fig. 1c and e are the SEM images of the CdS nano-
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rods grown through a hydrothermal method, with diameter of
250 nm and length of 800 nm, on the substrate. Fig. 1d shows
the XRD image of the CdS nanorods with c-axis growth.29

Fig. 1b is the cross-sectional schematic illustration of the CdS
nanorod-LED, which clearly shows the device structure. The
device array was prepared based on a vertical array of n-CdS
nanorods grown by a hydrothermal method on the substrate
with an ITO electrode. Then the inter-nanorod space was infil-
trated by PMMA. And then oxygen plasma etching was used to
expose the heads of the CdS nanorods and a layer of organic
material (about 200 nm) was spin-coated onto the device array.
On top of the organic layer, an Au or ITO film was deposited to
form the top electrode. A schematic illustration of this array
device preparation process and the cross-section images are
shown in Fig. S1 and S2.†

The optical images of the CdS nanorods/PEDOT:PSS LED
array device are presented in Fig. 2a and b. And the details of
the lit-up device are provided in the microscope photo
(Fig. 2c). The I–V curve of the CdS nanorods/PEDOT:PSS LED
array is shown in Fig. 2d and the inset of Fig. 2d is the device
with the Au film electrode ‘NANO’. The edge of the letter is
very clear. So we can see that there is no crosstalk between

adjacent light-emitting pixels. Fig. 2e shows the PL image of
CdS nanorods.30 The near band emission (NBE) peak of the
CdS nanorod at 520 nm and the defect-related visible emission
ranging from 550 nm to 800 nm were both observed. The
strong defect-related peak is due to the non-perfect crystallinity
and high defect concentration of the CdS nanorods grown by
the low-temperature hydrothermal method. Fig. S3† is the CIE
chromaticity diagram of the CdS nanorods/PEDOT:PSS LED,
which shows that the light emission of the device is yellowish
white.

We compared the luminescence properties of the device by
using different organic molecules to be the hole transport
layer. The devices made using CdS nanorods/NPB and CdS
nanorods/PEDOT:PSS were designed to show the relationship
between the light emission and the energy band. As indicated
by the room temperature EL spectra of the CdS nanorods/NPB
LED (Fig. 3a) the emission peak at 520 nm is more obvious for
the CdS nanorods/NPB LED than for the CdS nanorods/
PEDOT:PSS LED (Fig. 3c). That is because the electron injec-
tion barrier from the conduction band of CdS into the LUMO
of NPB is about 2.1 eV. And the injection barrier in the inter-
face of CdS and PEDOT:PSS is 1.1 eV (as shown in Fig. 3b and
d). So the electron and hole accumulation in the CdS/NPB
device means they will more easily combine at the interface of
the nanorod and NPB, than at the interface of the CdS/PEDOT:
PSS device, in which the combining process is more likely to
occur in the middle of the nanorod, resulting in the broad
defect-related visible emission.

Piezo-phototronic effect of the LED array and pressure
mapping

In hexagonal structured wurtzite crystals, such as CdS, ZnO,
and GaN, the anisotropic property exists along and perpen-
dicular to the c-axis direction.31–36 When the material is under

Fig. 1 (a) The schematic illustration of the CdS nanorods/organic
hybrid LED array. (b) Cross-sectional schematic illustration of the CdS
nanorod-LED. (c) The SEM images of the CdS nanorods immersed in the
PMMA layer with their tips exposed (the inset bar is 200 nm). (d) XRD
image of the CdS nanorods, showing that the nanorods were formed via
c-axis growth. (e) Cross-section SEM image of the as-grown CdS
nanorods.

Fig. 2 (a, b) Optical image of the array LED device and the photograph
when the device was lit up. The emission color of this array device is
yellow-white. (c) The microscope photo of the CdS nanorods/PEDOT:
PSS LED array device. (d) I–V curve of the CdS nanorods/PEDOT:PSS
LED. The inset image is the device with the Au film electrode ‘NANO’.
(e) PL image of the CdS nanorods.
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strain, the centers of the Cd2+ cations and S2− anions are dis-
placed, leading to the piezoelectric property in non-central
symmetric crystals. Using the piezo-potential in a p–n junction
LED, the energy band structure can be modified by the piezo-
electric polarization charges giving a controlled optoelectronic
process, which is known as the piezo-phototronic effect. A pat-
terned (NANO) sapphire stamp was used to apply pressure to
the CdS nanorods/PEDOT:PSS LED array. By controlling the 3D
stages, the pressure could be applied step by step at a fixed
value. The schematic diagram of the measurement system for
characterizing the performance of the device under applied
compressive strain is shown in Fig. S4.† The changing of light
emission performance caused by the piezo-phototronic effect
was investigated (Fig. 4a). When the array device was com-
pressed in the c-axial direction of the CdS nanorods, the light
emission intensity increased obviously, which was due to the
piezo-phototronic effect of the nanorods (as shown in Fig. 4d–f,
the device was under a bias of 16 V). Fig. 4e shows the electro-
luminescence image of the device at a strain of 100 MPa. The
image clearly shows that the increased light emission of the
device only occurred at the area which was compressed by the
stamp. Moreover, if the pressure applied to the stamp is nonu-
niform, the light emission intensity clearly shows the pressure
distribution on the surface of the device. As shown in Fig. 4f,
the largest pressure was put on the upper left corner of the
array device surface which showed the most increase in emis-
sion intensity. The luminance distribution of the array device
was consistent with the pressure distribution applied to the
device surface. The same result is also shown in Fig. S5† with
the stamp ‘PIEZO’.

The light emission of the array p–n junction hybrid LED is
due to the electron–hole recombination at the p–n junction
interface under forward bias (Fig. 4b and c). During this pro-
gress, the polarization carriers, caused by the compression of
CdS nanorods, modify the band structure of the device. The
carrier mobility and the current balance are important factors
to influence the conversion efficiency of an array LED
device.25,26 In this hybrid device, the light emission occurs
only in the CdS nanorod side and the rate of hole injection is
the rate-limiting condition of the electron–hole recombination
as a result of the large barrier height for the hole injection
from the organic layer to the CdS nanorods and the low carrier
mobility for hole transport in the organic layer. If the device is
under pressure, this hole injection barrier can be reduced by
the negative piezoelectric polarization charges, which will raise
the energy band in the CdS nanorod side at the interface of
the p–n junction. Therefore, the hole injection rate from
PEDOT:PSS into the CdS nanorods increases and the light
emission intensity (E) is enhanced.

Fig. 5a shows the relationship of the enhancement factor
E and the applied pressure (E = Ip/Io, where Io is the emission
intensity of the LED without pressure and Ip is the emission
intensity under corresponding pressure). The optical images in
Fig. 5b–g show the light emitting performance of the array
device under different pressures of 0 MPa, 20 MPa, 40 MPa,
60 MPa, 80 MPa and 100 MPa. As shown in Fig. 5, the
enhancement factor E increases with a linear dependence on
the pressure.

For imaging strain distribution applications, the mapping
resolution is an important factor, and it can be defined by the
full-width at half-maximum (FWHM) of each light emission

Fig. 3 Comparison of the different hole transport materials. (a) EL
spectra of the CdS nanorods/NPB LED under different biased voltages.
(b) Schematic band diagram of the CdS nanorods/NPB LED. (c) EL
spectra of the CdS nanorods/PEDOT:PSS LED under different biased vol-
tages. (d) Schematic band diagram of the CdS nanorod/PEDOT:PSS LED.

Fig. 4 (a) The schematic illustration of the CdS nanorods/organic
hybrid LED array used for imaging pressure distributions. (b), (c) Sche-
matic band diagrams of the p–n junction without (life conditions) and
with (solid outline in the right image) pressure. The energy band of the
hybrid LED device in the CdS nanorods near the p–n junction region will
be raised by local negative piezoelectric charges. (d) The optical image
of the stamp with the pattern ‘NANO’ made by SU 8. (e) The light emit-
ting image of the device at a strain of 100 MPa from the stamp. (f ) The
two-dimensional contour map of the device under pressure from (e).
The pressure on the lower right corner of the stamp ‘NANO’ is smallest,
and the largest pressure is put on the upper left corner of it.
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pixel. In this array LED device, the size of the emission pixels
can be optimized by the geometry dimensions of the CdS
nanorods. The diameter of the nanorods in our device was
250 nm, so the estimated resolution for the array LED device is
given by R (μm) = D + 1.2 (μm), where D (μm) is defined as the
diameter of the nanorods.37 The mapping resolution of our
array LED device is near 1.5 μm.

There are many potential applications of our strain sensor
array in pressure mapping, as well as in electronic skins,
which is the motivation of this work. In our device, the CdS
nanorods can be fabricated on any substrate, including flexible
polymers and fibers, and even clothes. We have prepared the
CdS nanorod array on a Au/Cr/kapton substrate which is flexi-
ble, and then fabricated the CdS nanorods/PEDOT:PSS LED
array on it. The photograph and the optical image of the lit-up
device are shown in Fig. S6.†

Experimental
Fabrication of the device

The growth of the CdS nanorods on the ITO substrate was
based on a previously reported hydrothermal method.1–3

Firstly, a mixture solution of cadmium nitrate, thiourea, and
glutathione was added to a 50 mL autoclave. The molar ratio
of these three materials was about 1 : 1 : 0.6 with the concen-
tration of cadmium nitrate as 15 mmol L−1. The ITO substrate
was firstly cleaned ultrasonically and then placed into the
autoclave with the growth surface facing down. The autoclave
was sealed for CdS nanorod growth at 200 °C for 8 h and was

then allowed to cool to room temperature. The obtained
sample was rinsed with deionized water several times and
dried at 70 °C for 2 h. On top of the CdS nanorods, a layer of
PMMA was spin coated to fill the gaps between the nanorods
and plasma etched to expose the heads of the nanorods. And
then a layer of organic material (PEDOT: PSS about 200 nm)
was spin-coated on it. Finely a top electrode (30 nm) was fabri-
cated on the organic layer by sputtering Au or ITO.

Characterizations

A Zeiss Observer inverted microscope and HQ2 camera were
used for recording the light emitting performance of the LED
array device. The electronic characteristics of the device were
measured by a Keithley 4200 SCS system. An Ocean Optics QE
65000 Spectrometer was used to measure the electrolumines-
cence spectra (EL) of the device. An inverted microscope at 3D
micromanipulation stages was used as the pressure mapping
system. The pressure was applied with a stamp pattern of
‘NANO’ made of SU 8 based on a sapphire substrate. A dynamo-
meter was installed above the stamp. (Fig. S4†) By controlling
the 3D stages, the pressure could be applied step by step at a
fixed value. The output light emission images under different
pressures were recorded by CCD. Then, the numerical value of
the light emitting intensity of the images was processed by the
image acquisition (matlab), and the relationship between the
applied pressure and the enhancement of light-emitting inten-
sity was obtained.

Conclusions

In summary, a hybrid LED array based on a hydrothermally
grown CdS nanorod array and a layer of organic material was
designed and fabricated in this article. Both the NBE peak
(520 nm) and a broad defect-related visible emission (550 nm
to 800 nm) were observed in the device EL spectra. When the
device is under pressure, the hole injection barrier height
from PEDOT:PSS can be reduced by the strain-induced polari-
zation charges at the interface of the p–n junction, which is
defined by the piezo-phototronic effect of the CdS nanorods.
Thus the light emission of the array device should be
increased by applied pressure and the distribution of the LED
array device light intensity can be used in mapping pressure
on the device surface. The CdS nanorod array was grown on a
Au/Cr/kapton substrate, which is flexible, and then was used
to fabricate the CdS nanorods/PEDOT:PSS LED array. The
advantages of flexibility and high resolution of mapping
pressure give this array LED device a broad range of appli-
cations in human-machine interfacing and electronic skins.
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