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Adjustable electrical characteristics in hybrid
Si/PEDOT:PSS core/shell nanowire hetero-junctions†

Wenhui Lu,*a Shuai Zhang,a Enqi Dai,a Bin Miao,b Yiran Peng,c Tao Pang,a

Tiansheng Zhang,a Lei Yan, c Shuxin Zhang,c Jiadong Li*bd and Xingzhu Wang *c

Si/PEDOT:PSS core/shell nanowire hetero-junctions with adjustable electrical characteristics are reported.

They exhibit an ohmic behavior ascribed to p-type Si/PEDOT:PSS, whereas n-type Si/PEDOT:PSS displays

a rectifying nature. A large interfacial area within the core/shell nanowire configuration is beneficial for

charge transport, decreasing the resistance by 60% for p-type Si/PEDOT:PSS, and increasing the rectification

ratio by 10 times for n-type Si/PEDOT:PSS as compared to the planar structure. By incorporating a

perfluorinated ionomer into PEDOT:PSS, the reverse saturation current densities of n-type Si/PEDOT:PSS

core/shell nanowire hetero-junctions are reduced by 2 to 4 orders of magnitude, and the rectification

performances are enhanced.

Introduction

Si nanowires are attractive and promising building blocks for
nano-electronic or nano-photoelectronic devices because of
their unique morphology and excellent physical properties.
Until now, various nano-scale devices based on Si nanowires, such
as field-effect transistors,1 solar cells,2 photodetectors,3 chemical
and biological sensors,4 photoelectrochemical cells,5 lithium
batteries6 and thermoelectric devices7 have been successfully
demonstrated. Within various devices, the ohmic contact of Si
nanowires is the key factor accounting for the device performance.
The interface states between the Si nanowire and the metal contact
often lead to Fermi-level pinning, resulting in a relatively large
Schottky barrier, and therefore, obstruction to forming the ohmic
contact. In order to address this issue, various metals are usually
deposited on the Si nanowire as contact electrodes and undergo
high temperature annealing to form the silicide alloy eventually,
which can provide a very low Schottky barrier height between
silicides/Si hetero-junctions and hence facilitates the ohmic
contact.8–12 However, ohmic contact requires annealing at high
temperatures, which limits the choice of material and processes

for such devices. On the other hand, the Si nanowire based on a
rectifying junction is essential for devices, and employs excellent
rectification performance as well as simple fabrication processes.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS), an organic conducting polymer, displays excellent opto-
electronic properties such as high conductivity, and high trans-
parency, and can be processed within various substrates at low
temperature. The work function of PEDOT:PSS is about 5.1 eV,
similar to the valence energy band of Si; thus, the interface
between the PEDOT:PSS layer and p-type Si nanowires potentially
leads to ohmic contact. In addition, the conformal coating of the
PEDOT:PSS film on n-type Si nanowires could facilitate the
formation of a hybrid Schottky junction,13–16 which is applicable
in various nano-photoelectronic devices, such as solar cells17,18

and photoelectrochemical cells.19,20 However, the optimization of
devices requires a further improvement in the rectification
performance of the hybrid core/shell nanowire hetero-junctions.
For planar PEDOT:PSS/n-type Si hetero-junctions, a high work
function capping layer upon the PEDOT:PSS layer can be used to
induce a stronger inversion layer in the Si underneath,21–23

resulting in an improved rectification performance. In principle,
a similar approach would also be effective in coating the hybrid
core/shell nanowires; however, a conformal coating of overlayers on
the high density core/shell nanowire arrays could be a challenge.

In this work, hybrid p-type and n-type Si/PEDOT:PSS core/
shell nanowire hetero-junctions were fabricated via a low
temperature process, and their electrical characteristics were
investigated. The objective of this study is not only to demonstrate
the ohmic behaviour of p-type Si/PEDOT:PSS core/shell nanowire
hetero-junctions, but also to enhance the rectification performance
of the n-type Si/PEDOT:PSS core/shell nanowire hetero-junctions.
The advantages of hybrid Si/PEDOT:PSS hetero-junctions with the
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core/shell nanowire configuration is evaluated as compared to the
planar structure. Moreover, the n-type Si/PEDOT:PSS core/shell
nanowire hetero-junction exhibits an enhanced rectification
performance by including a perfluorinated ionomer (PFI)
into PEDOT:PSS. The corresponding physical mechanism is
also discussed.

Experimental

The hybrid p-type and n-type Si/PEDOT:PSS nanowire arrays
were prepared by Ag-assisted chemical etching24 followed by a
PEDOT:PSS solution filling and drying approach25 (for details
see the ESI,† Note S1). For the p-type Si/PEDOT:PSS samples, Au
electrode patterns with 400 nm thickness and 1.1 � 0.3 cm2

area were thermally evaporated on the core/shell nanowire
arrays through a shadow mask. Arrays in the spacing between
the two Au contact patterns were removed by mechanical
scratching. For the n-type Si/PEDOT:PSS samples, a back electric
contact was applied to the backside of the samples with a 400 nm
thick Al layer, and the front contact of PEDOT:PSS with a 400 nm
thick Au layer. In order to provide a comparison, the planar p-type
or n-type Si/PEDOT:PSS hetero-junctions have been fabricated via
an identical experimental protocol to that mentioned above.

The morphologies of Si nanowire arrays and Si/PEDOT:PSS
core/shell nanowire arrays are characterized by field emission
scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). The current–voltage characteristics of the hybrid
hetero-junctions were measured using a Keithley 2400 sourcemeter.
All measurements were performed at room temperature.

Results and discussion

The Si/PEDOT:PSS core/shell nanowire arrays are illustrated in
Fig. 1(a), showing that the PEDOT:PSS layer is conformal on the
Si nanowires. The FE-SEM images corresponding to the prepared
Si and Si/PEDOT:PSS core/shell nanowire arrays are provided in
Fig. 1(b) and (c), respectively. It is observed that the Si nanowires
stand on the Si substrate. The formation mechanism adopted by
the Si nanowires was assumed to be driven by the Si electro-
chemical reaction within HF and H2O2 solutions, as described in
a previous report.26 Once the film of PEDOT:PSS has undergone
coating, the tops of the nanowires are interconnected. The
morphology of the Si/PEDOT:PSS core/shell nanowires have been
further confirmed by the TEM image as depicted in Fig. 1(d),
indicating clearly the core/shell nature of the nanowire structure.
The diameter of the core/shell nanowires has been found to be
within the range of 30–180 nm.

Fig. 2 shows the typical current–voltage curves of the hybrid
p-type Si/PEDOT:PSS core/shell nanowire hetero-junctions in
comparison with the planar p-type Si/PEDOT:PSS hetero-junction.
The current–voltage curves corresponding to both the planar and
nano-structured p-type Si/PEDOT:PSS hetero-junctions exhibit the
ohmic behavior at low voltage ranges between the two Au contact
patterns with different spacings. The result demonstrates the
formation of ohmic contact between the PEDOT:PSS layer and

p-type Si nanowires. The underlying mechanism has been
ascribed to the similar energy level of the work function of
PEDOT:PSS and the Si valence energy band. However, a deviation
of both planar and nano-structured p-type Si/PEDOT:PSS hetero-
junctions from the ohmic behavior was monitored at high voltage
ranges. The physical mechanism for this is still not understood.

To further evaluate the ohmic contact characteristics, the
total resistances between the two Au contact patterns were
plotted as a function of contact spacing (see the inset in Fig. 2).
The total resistance is as described by the following equation:

RT ¼ 2Rc þ
R&�Si � d

L
(1)

in which RT is the total resistance between the two Au contact
patterns, Rc is the resistance of p-type Si/PEDOT:PSS core/shell
nanowire arrays between the Au electrode and Si substrate, R&�si
is the sheet resistance of the Si substrate, L is the length of the Au
contact pattern, and d is the spacing between the Au contact
patterns. Thus, Rc was determined using eqn (1) to linearly fit
the experimental plot. The results show that the resistance of the
p-type Si/PEDOT:PSS core/shell nanowire arrays between the Au
electrode and the Si substrate with an effective area of 0.33 cm2 has
decreased by 60% as compared to the planar p-type Si/PEDOT:
PSS/Au contact. The corresponding specific contact resistance,
rc¼Lx

2R&�si=4, has decreased by 77%. This behaviour originates
from a large interfacial contact area for the charge transport in
the core/shell nanowire configuration that directly connects the
Si nanowires with the Si substrates. Therefore, the p-type
Si/PEDOT:PSS hetero-junctions with core/shell nanowire configu-
ration have the potential to induce a lower contact resistance.

Fig. 3(a) illustrates the typical current density–voltage curves
of the hybrid n-type Si/PEDOT:PSS hetero-junctions with planar
as well as core/shell nanowire configurations. They all exhibited
a rectifying behavior. The current density of the hybrid core/shell

Fig. 1 (a) Schematic illustration of the hybrid Si/PEDOT:PSS core/shell
nanowire arrays, (b) FE-SEM image of the Si nanowire arrays; (c) FE-SEM
image of the Si/PEDOT:PSS core/shell nanowire arrays; and (d) TEM image
of a single Si/PEDOT:PSS core/shell nanowire.
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nanowire hetero-junctions at a positive bias was enhanced as
compared to the hybrid planar ones. However, the current density
at the negative bias has displayed similar orders of magnitude for
both types. Thus, the rectifying ratio at 1 V of the hybrid core/shell
nanowire hetero-junction has increased by more than 10 times as
compared to the hybrid planar samples. The results suggest that
the junction configurations play a key role in determining the
current density–voltage curves. When the Si nanowire is just at full
depletion, the built-in potential in the Si nanowires in hybrid
n-type Si/PEDOT:PSS hetero-junctions is approximately described
by the following equation (for details see the ESI,† Note S2):

VD ¼
ðr0
0

Edr ¼ qND

4e0er
r0
2 (2)

where VD is the built-in potential in Si nanowires, q is the
elementary charge, e0er are the dielectric constants of Si,

ND = 2.4 � 1015 cm�3 is the doping concentration of Si, and
r0 is the radius of the Si nanowires. At the equilibrium state, the
built-in potential in the Si nanowires is more than 0.45 eV.13–16

According to eqn (2), r0 is more than 693 nm. In the hybrid
n-type Si/PEDOT:PSS core/shell nanowire hetero-junctions, the
radius of the Si nanowires is less than 693 nm, resulting in full
depletion of Si nanowires at the equilibrium state. When an
increased positive bias is applied to the hybrid hetero-junction,
the built-in potential in the Si nanowires is reduced. Then the
Si nanowires will change from being fully depleted to partially
depleted. In contrast, when increased negative bias is applied
to the hybrid hetero-junction, the built-in potential in the Si
nanowires is enhanced. Then the Si nanowires will be further
depleted. Therefore, schematic depletion region profiles at a
positive bias and a negative bias for both the planar and nano-
structured n-type Si/PEDOT:PSS hetero-junctions are shown in
Fig. 3(b). At a positive bias, the core/shell nanowire hetero-junctions
have displayed larger work interfacial contact area than the planar
ones due to distinct morphologies of the junctions, offering charge
transfer channels. Based on this observation, an enhanced forward

Fig. 2 (a) The current–voltage curves between the two Au contact
pattern with different spacing for the hybrid planar p-type Si/PEDOT:PSS
hetero-junctions, and (b) the current–voltage curves between the two Au
contact patterns with different spacings for the hybrid core/shell nanowire
p-type Si/PEDOT:PSS hetero-junctions; inset: RT–d behavior extracted
from the current–voltage measurements for the hybrid planar p-type
Si/PEDOT:PSS hetero-junctions in (a), and RT–d behavior extracted from
the current–voltage measurements for the hybrid core/shell nanowire
p-type Si/PEDOT:PSS hetero-junctions in (b).

Fig. 3 (a) Typical current density–voltage curves of the hybrid n-type
Si/PEDOT:PSS hetero-junctions with planar (black squares) and core/shell
nanowire configuration (red circles); (b) schematic depletion region profiles at a
positive bias and a negative bias for both the planar and nano-structured n-type
Si/PEDOT:PSS hetero-junctions.
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current density within the core/shell nanowire hetero-junctions
can be expected. At the negative bias, the Si nanowires may be
completely depleted because of their smaller diameter. Thus,
the hybrid n-type Si/PEDOT:PSS planar and core/shell nanowire
hetero-junctions have a similar work interfacial area for charge
transfer at the negative bias, resulting in almost the same
reverse current density. Therefore, the n-type Si/PEDOT:PSS
hetero-junctions with core/shell nanowire configuration are
beneficial to get a large rectification ratio.

The hybrid n-type Si/PEDOT:PSS hetero-junctions are considered
as Schottky diodes because of the metallic properties of PEDOT:PSS.
A Schottky diode employs the thermionic emission of the majority
carriers over the Schottky barrier as the transport mechanism; and
its current density–voltage features are described by the ideal diode
eqn (3) and (4):

J ¼ J0 exp
q

nkT
V � JARsð Þ

h i
� 1

n o
þ V � JARs

ARsh
(3)

J0 ¼ A�T2 exp �qfB

kT

� �
(4)

where k is the Boltzmann constant, T is the absolute temperature,
J is the current density, V is the applied voltage, J0 is the reverse
saturation current density, n is the diode ideality factor, A is the
effective area, Rs is the series resistance, Rsh is the shunt
resistance, A* is called the Richardson constant, and fB is the
barrier height of the Schottky diode. J and J0 are mainly
dependent on fB, which is defined as the potential difference
between the band edge of the semiconductor and the Fermi
energy of the metal for an ideal Schottky diode, consisting of an
n-type semiconductor and a metal. Hence, the Fermi work function
of the PEDOT:PSS plays an important role in the rectification
performance of the hybrid Schottky diode, especially in the
current density at a negative bias.

Bearing the purpose in mind of verifying the hypothesis
described above as well as enhancing the rectification performance
of the hybrid Schottky diode, different amounts of a perfluorinated
ionomer (PFI) have been added into PEDOT:PSS, facilitating the
adjustment of the Fermi work function of the conducting polymer
composition.27,28 The PFI solution was purchased from Aldrich Co.
(No. 527084). PFI solutions at volumetric ratios of 0 : 3, 1 : 3, 2 : 3,
and 3 : 3 were added to the PEDOT : PSS solution to eventually
fabricate the hybrid n-type Si/PFI-modified PEDOT:PSS core/shell
nanowire hetero-junctions. The resulting hetero-junctions have
revealed a clear difference within the current density–voltage
curves as shown in Fig. 4. All hetero-junctions have exhibited a
rectifying behavior; however, a significant drop in the reverse
current density at negative bias was recorded as the content of
PFI was increased. As a consequence of this observation, the
rectification ratios of the hybrid n-type Si/PFI modified PEDOT:
PSS core/shell nanowire hetero-junctions at 1 V have been
enhanced by more than 1–2 orders of magnitude as compared
to the ones of un-doped PEDOT:PSS (see Table 1). The explanation
behind such enhanced rectification ratios is based on the drop-
ping of the reverse saturation current density. On the other hand,
the reverse saturation current densities can be obtained by the best

fitting of the diode dominated region with ln( J) = ln( J0) + (q/nkT)V.
The fitting results are as summarized in Table 1. It indicates
that the reverse saturation current densities decrease as the
content of PFI increases. The reverse saturation current density
is reduced by 2–4 orders of magnitude due to the addition of
PFI into PEDOT:PSS. As previously reported,27 the Fermi work
function of the conducting polymer has expanded with the
increase of the PFI content, which can be used to enhance the
Schottky barrier height of the hybrid n-type Si/PFI modified
PEDOT:PSS core/shell nanowire hetero-junctions. According to
eqn (4), the reduced reverse saturation current densities also
suggest that the Schottky barrier height of the hybrid hetero-
junctions was improved by PFI addition, corroborating the above
discussion. At a reverse bias, electrons will have to overcome the
Schottky barrier from the PEDOT:PSS to Si, and form a reverse
current. The electrical transport mechanism29,30 includes thermal
emissions, thermionic field emissions, as well as non-ideal effects.
A higher Schottky barrier height can cause a lower reverse current.
Therefore, the physical mechanism facilitating reduced reverse
current density and enhanced rectification ratios can be attributed
to the Schottky barrier height which was improved by PFI addition.

The p-type Si/PEDOT:PSS core/shell nanowires exhibit better
ohmic behaviour and can be obtained via a simple low temperature
process, and thus are promising materials and structures for
Si-based nano-electronic devices. In addition, an effective way
has been demonstrated to promote the rectification perfor-
mance of the hybrid n-type Si/PEDOT:PSS core/shell nanowire

Fig. 4 The current density–voltage curves of the hybrid n-type Si/PFI
modified PEDOT:PSS core/shell nanowire hetero-junctions for four different
PFI/PEDOT : PSS compositions at solution volume ratios of 0 : 3 (black
squares), 1 : 3 (red circles), 2 : 3 (green triangles) and 3 : 3 (blue inverted
triangles); inset: the same data plotted in logarithmic scale.

Table 1 Rectification ratio and J0 of the hybrid n-type Si/PFI modified
PEDOT:PSS core/shell nanowire hetero-junctions for different composi-
tion ratios of PFI and PEDOT:PSS

PFI : PEDOT (v/v) 0 : 3 1 : 3 2 : 3 3 : 3

Rectification ratio 1.4 � 102 1.3 � 103 8.0 � 103 1.8 � 104

J0 (A cm�2) 2.6 � 10�4 8.1 � 10�6 1.3 � 10�6 9.1 � 10�8
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hetero-junctions, which is beneficial for the performance of organic–
inorganic hybrid photoelectronic devices, such as solar cells.

Conclusions

In summary, hybrid p-type and n-type Si/PEDOT:PSS core/shell
nanowire hetero-junctions were fabricated and their electrical
characteristics were investigated. The results showed that such
materials exhibited an ohmic nature for the p-type/PEDOT:PSS,
whereas the n-type Si/PEDOT:PSS displayed a rectifying beha-
vior. The core/shell nanowire configuration over the planar
structure is beneficial for charge transport, resulting in a lower
resistance for the p-type and a higher rectification ratio for the
n-type Si/PEDOT:PSS hetero-junctions. Furthermore, the n-type
Si/PEDOT:PSS core/shell nanowire hetero-junctions exhibited a
reduced reverse saturation current density and an enhanced
rectification performance by including PFI into PEDOT:PSS.
The hybrid core/shell nanowire hetero-junctions achieved via a
simple low temperature fabrication process with tailored electrical
characteristics represent a promising platform for application in
organic–inorganic hybrid electronic devices or photoelectronic
devices.
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