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A heavily Si-doped GaN/polymer hybrid structure with p-type poly(3,4-ethylene-dioxythiophene):beta-1,3-
-glucan (PEDOT nanoparticle) interface layer has been fabricated. The Si-doped GaN thin film with carrier
concentration of 1× 1019 cm−3 was grown by metal-organic chemical vapor deposition. The PEDOT nanoparticle
with various sizes ranging from 60 to 120 nm was synthesized via a miniemulsion polymerization process. The
electrical conductivity of the PEDOT nanoparticle is less than 1.2 S/cm. The current–voltage (I–V ) characteristic
of the hybrid structure shows diode-like behavior. The I–V characteristic was examined in the framework of
the thermionic emission model. The ideality factor of the structure without PEDOT nanoparticle interface layer
is 12.9. However, the ideality factor of the hybrid structure with PEDOT nanoparticle interface layer is obtained
as 1.9. The value of ideality factor is dramatically decreased by inserting the PEDOT nanoparticle interface layer.

PACS: 73.61.Ey, 81.15.Gh

1. Introduction

Gallium nitride (GaN) is a promising material for
UV/blue light-emitting diodes and high power tempera-
ture devices. These electronic and optoelectronic devices
included visible light-emitting diodes (LED) [1], metal
semiconductor field effects transistors (MESFET) [2],
high electron mobility transistors (HEMT) [3], UV pho-
toconductive detectors [4], and UV photovoltaic detec-
tors [5]. The fabrication of the devices requires perform-
ing a controlled and reproducible n- and p-type doping.
Many works were done to study n-type doping of GaN.
Silicon (Si), germanium (Ge), and selenium (Se) have
been used as dopants [6, 7]. Satisfactory electrical prop-
erties of Si-doped GaN have been reported but still suffer
from compensation effects [8]. Heavily doped materials
with low electrical resistivity will lead to novel device and
contact metallization designs for high power and high effi-
ciency light emitters [9]. In most cases, the optoelectronic
devices are fabricated by growing GaN thin films on top
of different substrates, usually sapphire, Si, or SiC, using
various growth methods [10, 11].

Hybrid structures consisting of inorganic components
including low-dimensional system and organic compo-
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nents have recently attracted considerable attention due
to the advantages of the organic and inorganic materi-
als, such as modified light-matter interaction, low cost
spin-coating process, and mechanical flexibility [12, 13].
Spin coating of organic components may result in better
junction properties since physical and chemical stresses
are much lower at the interface than with other process
techniques [14]. Conducting polymers are an attractive
class of materials that combine the general properties of
traditional organic polymers with the electrical conduc-
tivity of metals or semiconductors. They have potential
applications in electrochromics [15], supercapacitors [16],
antistatic and electrostatic coatings [17], light-emitting
devices [18], photovoltaics [19], and sensors [20]. How-
ever, their insolubility in some solvents limits their wider
use.

Among conducting polymers, poly(3,4-ethylene-dioxy-
thiophene) (PEDOT) has been well investigated due to
its good environmental stability, low band gap, low re-
dox potential, and high optical transparency in its elec-
trically conductive state, all properties that make it an
excellent candidate for use in optoelectronics [21, 22].
Despite the fact that the PEDOT:poly(styrenesulfonate)
(PEDOT:PSS) mixture is largely used for photoelectron-
ics, there is still a need to optimize the synthesis and the
morphology of PEDOT in order to tune the optoelec-
tronic properties. Many groups have reported different
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techniques to synthesize PEDOT nanoobjects with the
aim of improving its processability [23–25]. Recently, Sun
and Hanger reported the synthesis of PEDOT nanowires
in the presence of poly (acrylic acid) [26]. We also synthe-
sized the p-type poly(3,4-ethylene-dioxythiophene):beta-
-1,3-glucan (PEDOT nanoparticle).

In this work, a hybrid structure comprised of heavily
Si-doped GaN and PEDOT:PSS with PEDOT nanopar-
ticle interface layer was fabricated. The field-emission
scanning electron microscopy (FE-SEM), transmission
electron microscopy (TEM), photoluminescence (PL),
the Hall effect, and current–voltage (I–V ) measurement
were carried out to investigate the properties of the Si-
-doped GaN thin film, the PEDOT nanoparticle, and
their hybrid structure.

2. Experimental details

2.1. Synthesis of PEDOT nanoparticle

The organic phase made up of 3,4-ethylene-dioxythio-
phene (EDOT) and a hydrophobe was thoroughly mixed
with the aqueous phase including deionized (DI) water
and surfactant. Then, the resulting mixture was trans-
ferred to an ultrasonifier and treated for 10 min in an ice
bath. The chemical oxidative polymerization was initi-
ated with the addition of the aqueous oxidant solution in
the reaction mixture, and the reaction was maintained at
35 ◦C for 48 h in a nitrogen atmosphere. After the com-
pletion of polymerization, the solid products were recov-
ered from the reaction mixture by filtration and cleaning
with a copious amount of DI water. The precipitated
particles were separated by thrice-repeated centrifuga-
tion and then dried under vacuum at 60 ◦C for 24 h.

2.2. Fabrication of the hybrid structure

Figure 1 shows the cross-section schematic diagram of
the hybrid structure. The GaN thin film was grown on

Fig. 1. Cross-section schematic diagram of the hybrid
structure.

sapphire substrate by metal-organic chemical vapor de-
position (MOCVD). Prior to the growth of GaN, the sub-
strate was nitridated at high temperature under N2 am-
bient. Then, the GaN nucleation layer was deposited
at low temperature. The undoped GaN layer with the
thickness of 1.5 µm and the Si-doped GaN layer with
the thickness of 2 µm were grown at 1100 ◦C. The PE-
DOT:PSS was deposited by spin-coating method with

the rotation speed of 3000 rpm for 20 s, and then PE-
DOT nanoparticle was sprinkled. The PEDOT:PSS was
again deposited onto PEDOT nanoparticle. A thin layer
of gold (Au) was deposited on top of the polymer layer
and the Si-doped GaN thin film.

3. Results and discussion

Figure 2 shows (a) FE-SEM and (b) TEM image of the
PEDOT nanoparticle. The PEDOT nanoparticle for FE-
-SEM analysis was coated with Pt/Pd by sputtering for
150 s. The FE-SEM images were obtained on a Hitachi
Model S-4300SE operating at 5 kV. Drops of aqueous
PEDOT emulsion were dried on a carbon-coated copper
grid for TEM analyst, and the TEM images were ob-
tained on a Hitachi Model H-7500 operating at 80 kV.
The morphology and size of the PEDOT particle are de-
pendent on the operation conditions of the ultrasonifier
treatment in the miniemulsion polymerization process.
In this work, the PEDOT spherical nanoparticle with
various size ranging from 60 to 120 nm was used.

Fig. 2. (a) FE-SEM and (b) TEM image of the PE-
DOT nanoparticle.

The electrical conductivity was measured using a Mit-
subishi Chemical Analytech Model Loresta-EP MCP-
-T360 four-probe resistivity meter at room temperature.
For the preparation of electrical conductivity specimen,
the vacuum-dried PEDOT nanoparticle was comingled
with a small portion of carboxymethyl cellulose (CMC)
(< 5 wt%) in the presence of DI water and then ground
with pestle in a mortar. The rectangular-shaped thin
specimen with a dimension of 7 mm×7 mm was prepared
by coating it with the PEDOT nanoparticle slurry using
a doctor blade. The specimen was dried under vacuum
at 60 ◦C for 24 h and then transferred for the electrical
conductivity measurement. The electrical conductivity of
the PEDOT nanoparticle is less than 1.2 S/cm due to the
presence of β-1,3-glucan molecules along with PEDOT.
The electrical conductivity was measured using a Mit-
subishi Chemical Analytech Model Loresta-EP MCP-
-T360 four-probe resistivity meter at room temperature.
For the preparation of electrical conductivity specimen,
the vacuum-dried PEDOT nanoparticle was comingled
with a small portion of carboxymethyl cellulose (CMC)
(< 5 wt%) in the presence of DI water and then ground
with pestle in a mortar. The rectangular-shaped thin
specimen with a dimension of 7 mm×7 mm was prepared
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by coating it with the PEDOT nanoparticle slurry using
a doctor blade. The specimen was dried under vacuum
at 60 ◦C for 24 h and then transferred for the electrical
conductivity measurement. The electrical conductivity of
the PEDOT nanoparticle is less than 1.2 S/cm due to the
presence of β-1,3-glucan molecules along with PEDOT.

The room temperature PL spectrum of the Si-doped
GaN thin film by using a He–Cd laser with an excitation
power of 30 mW and a 1 m single-grating monochro-
mator with a photomultiplier tube is shown in Fig. 3.
A weak peak at 365 nm with full width at half maximum
(FWHM) of 5.6 nm and a strong broad peak at 560 nm
with FWHM of 106 nm are observed. The peak at 365 nm
in the ultraviolet (UV) emission region is related to near-
-band-edge emission. It originates from the recombina-
tion of excitons near the band-edge. The strong yellow
emission peak corresponding to 560 nm is related to de-
fects [27]. The obvious Fabry–Perot interference from the
PL spectrum is observed due to a mirror-like thin film of
GaN on sapphire substrate [28]. The carrier concentra-
tion in the Si-doped GaN thin film is 1 × 10−19 cm−3

obtained from the Hall effect measurement with the Van
der Pauw method.

Fig. 3. PL spectrum of the heavily Si-doped GaN thin
film.

Figure 4 shows 30◦ tilt FE-SEM image of the PEDOT
nanoparticle embedded in the polymer layer of the hybrid
structure. The density of the PEDOT nanoparticle is
about 3.5× 1010 cm−2.

Figure 5 shows I–V characteristics of the PE-
DOT:PSS/Si-doped GaN and the hybrid structure.
A positive voltage was applied to the polymer layer and
a negative voltage was applied to the Si-doped GaN thin
film. The I–V characteristic shows diode-like behavior.
The threshold voltage of the hybrid structure compared
with the PEDOT:PSS/GaN structure with almost the
same thickness of polymer layer was increased. The in-
crease in the threshold voltage suggests that there is a
higher barrier for charge injection from electrodes into
the Si-doped GaN thin film. For further investigation,
I–V curve of the Si-doped GaN (without polymer layer)

Fig. 4. 30◦ tilt FE-SEM image of the PEDOT
nanoparticle embedded in the polymer layer of the hy-
brid structure.

was fabricated, which exhibits only a conductor behav-
ior, indicating that the PEDOT:PSS forms lower energy
barrier as composed with the heavily Si-doped GaN thin
film. The energy barrier height of the hybrid structure
is more increased by the PEDOT nanoparticle interface
layer.

Fig. 5. Current–voltage (I–V ) characteristics of the
PEDOT:PSS/Si-doped GaN and the hybrid structure.

The diode-like behavior of the hybrid structure was
examined using the thermionic emission model [29]. Ac-
cording to this model, the junction under forward bias
has the I–V relation as

I = Is

[
exp

(
qV

nkBT

)
− 1

]
, (1)

where Is is the saturation current, q is the elementary
charge, V is the applied forward voltage, n is the ideality
factor, kB is the Boltzmann constant, and T is the abso-
lute temperature. The saturation current Is is expressed
as
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Is = AA∗T 2 exp
(−qΦb

kBT

)
, (2)

where A is the junction area, A∗ is the effective Richard-
son constant with 32.4 A cm−2 K−2 for GaN (m∗

e =
0.2m0) [30], and Φb is the barrier height at the GaN/
polymer interface. The junction area in the present case
is 5× 10−2 cm2. In order to find out the values of n and
Φb of the hybrid structure, a graph of ln(I) against V
was plotted.

Fig. 6. Semilogarithmic plot of current (ln(I)) and
voltage (V ) for the hybrid structure.

Figure 6 shows the semilogarithmic plot of current as
a function of bias voltage. The slope and the intercept
from the linear fit to the log plot yield the ideality fac-
tor, n = 1.9 (n = 12.9 for the PEDOT:PSS/GaN struc-
ture), the barrier height, Φb = 0.51 eV (Φb = 0.40 eV for
the PEDOT:PSS/GaN structure). The ideality factor of
a junction usually falls between 1 and 2. However, for
the PEDOT:PSS/GaN structure, anomalous high ideal-
ity factor was obtained. The high ideality factors have
been previously reported in a few p–n junctions [31] and
heterojunctions [32]. The ideality factor of GaN based
diode with multiple quantum wells is usually in the range
between 5 to 7 [31, 33]. Furthermore, the fabrication of
nanorod structure diode will damage the surface of de-
vices easily which also contribute to high ideality fac-
tor (10 and 18 [34, 35]). However, the exact mecha-
nism of this high ideality factor has not been fully under-
stood. The ideality factor of the hybrid structure with
PEDOT nanoparticle interface layer is dramatically de-
creased. The ideality factor of n = 1.9 indicates that
the current transport mechanism is a combination of dif-
fusion limited and space charge limited transport. This
may be possible because the PEDOT nanoparticle em-
bedded in the polymer layer contributes to hopping of
carriers between the PEDOT:PSS chains. It is suggested
that the PEDOT nanoparticle may be useful for one of
the electron transport layers, which could be applied to
hybrid structured devices.

4. Conclusion

A heavily Si-doped GaN/polymer hybrid structure
with the PEDOT nanoparticle has been fabricated. The
I–V characteristic of the hybrid structure shows diode-
-like behavior. The ideality factor of the hybrid struc-
ture was calculated by applying the thermionic emis-
sion model and was found to be 1.9 while that of the
PEDOT:PSS/GaN structure exhibits anomalously high
value. The ideality factor of the hybrid structure indi-
cates that the current transport mechanism is a combi-
nation of diffusion limited and space charge limited trans-
port induced by the PEDOT nanoparticle interface layer.
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