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Abstract: This paper presents a review of recent advances of Gallium Nitride (GaN) and Zinc Oxide (ZnO) based hybrid
structures materials and devices. GaN and ZnO have gained substantial interest in the research area of wide bandgap
semiconductors due to their unique electrical, optical and structural properties. GaN and ZnO are important semiconductor
materials with applications in blue and ultraviolet (UV) optoelectronics. Both materials have similar physical properties. GaN
and ZnO as hybrid material have received much attention due to their unique potential applications. Several potential optical
applications are being fabricated based on GaN and ZnO hybrid materials such as optical wave guide, light emitting diodes
(LEDs), and laser diodes (LDs). The recent aspects of GaN and ZnO hybrid based devices are presented and discussed.
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1. Introduction

ZnO is a group II-VI compound semiconductor material,
with a direct wide bandgap of 3.37 eV and a large exciton
binding energy of 60 meV [1]. This binding energy is
significantly high, 2.4 times the room temperature thermal
energy which permits the fabrication of ZnO based
photoelectronic devices possessing high optical efficiency,
while the wide bandgap eases the application of ZnO thin
films for short wavelength optoelectronic devices [2]. The
unique physical properties of ZnO has numerous advantages
for the electronic device due to the improved -carrier
confinement in one-dimension, increased junction area and
hole transport. The conjugated polymer has higher hole
mobility while the ZnO has higher electron mobility. When
ZnO mixed with other materials, it makes good electronic
properties [3]. ZnO has impressive electronic and optical
properties. Due to these properties, ZnO has received a
considerable attention in a wide range of applications such as
transparent  conductive  oxide, optoelectronic, and
piezoelectric devices [4-6]. Recently, ZnO has attracted
increasing interest in organic and amorphous semiconductor
for plastic electronic, LEDs, photodetector (PD), solar cells

(SCs), and transparent thin film transistors [7].

ZnO normally has a hexagonal structure with a =3.25A and
¢ =5.12 A; each Zn atom is tetrahedrally coordinated to four
oxygen atoms, where the zinc d-electrons hybridize with the
oxygen p-electrons; layers occupied by Zn atoms alternate
with layers occupied by oxygen atoms [8]. Moreover, the
crystalline structure of the ZnO exists as wurtzite and Zn
blende, which led it as a perfect polar symmetry along the
hexagonal axis, which is responsible for a number of the
physical and chemical properties, including piezoelectricity
and spontaneous polarization.

ZnO has been widely investigated for its potential in
optoelectronic devices such as wvaristors, UV sensors,
biosensors [9], optical wave guides, UV light emitters [10],
LEDs [11], piezoelectric micro electro mechanical systems
(MEMS) [12], chemical sensors [13], pH sensors, spin
electronics [14], solar energy [15], p-n junctions [16], field
effect [17], field sensors [18], gas sensors [19], temperature
sensors [20], field emission [21], display [22], catalysis [23],
acoustic wave [24], and SCs [25].

ZnO is categorized as n-type semiconductor. It is between
covalent and ionic bond of semiconductor [26]. Recently, the
composite of ZnO n-type semiconductor and conjugate
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polymer p-type are very introducing for organic LEDs. The
conjugated polymers poly
[2-methoxy-5-2'-ethyl-hexyloxy-1,4-phenylenevinylene]

(MEH-PPV) [27] containing inorganic material have been
subject of a considerable research because of their potential
electrical, structural and optical characteristics for
optoelectronic device. The conjugated polymer is used in
optoelectronic especially in emitting device due to its good
electrical conductivity and high stability [28]. ZnO thin films
have been fabricated using variety of techniques including
sol-gel technique, radio frequency (RF) magnetron sputtering,
pulsed laser deposition (PLD), electron beam evaporation
(e-beam), spray pyrolysis, metal organic chemical vapor
deposition (MOCVD), and molecular beam epitaxy (MBE),
electrochemical deposition method [29]. The electrochemical
deposition method, which is one of the wet processes, is a
well-established solution based process to obtain ZnO thin
films [30] and has some advantages such as low cost and low
temperature deposition over vapor phase deposition [31].

2. GaN Properties

GaN has a direct wide bandgap of 3.4 eV. GaN has superior
electronic properties, such as low electron affinity (2.7-3.3
eV), high melting point (2600 K), and small work function
(4.1 eV) [32], which are of great performance for field
emission (FE) devices such as cold cathode emitters and flat
panel display [33]. GaN based devices are highly suitable for
high frequency, high power, and high temperature electronics
applications [34]. GaN based materials demonstrate several
high level electronic and material properties such as a high
breakdown electrical field, high saturation velocity, high
thermal stability [35] and chemical inertness [36]. Due to
these properties, GaN is considered as a well-established
semiconductor used in solid state lighting devices [37] and in
high temperature as well as high power operation electronic
applications [38-40]. GaN material is a chemically and
mechanically stable. It has a high thermal conductivity and a
high mobility [41, 42]. GaN material is considered as an
excellent choice for efficient and durable device fabrication
[43-45].

GaN based devices have promising prospects in military,
satellite and commercial applications. Several devices can be
fabricated based on GaN including light detecting and
emitting devices, such as solar blind detectors, LEDs [46], and
blue/green/UV LDs [46]. Moreover, GaN has gained much
attention due to its potential applications in series of devices
such as LEDs, short wavelength emitters or detectors, high
power and high frequency electronic devices [47-49]. GaN
based LEDs are widely applied in color displays, traffic lights,
and solid state lighting [50-52]. GaN based semiconductors
are highly promising for the fabrication of electronic devices
including high electron mobility transistors [53],
heterojunction bipolar transistors [54], UV Schottky barrier
photodetectors (PDs) [55], and metal semiconductor metal
(MSM) PD [56]. To enhance the efficiency of these electronic
devices, the formation of high quality ohmic and Schottky
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contacts is crucial [57, 58]. On the other hand, GaN is an
essential material for high frequency and high power devices
with applications in wireless communication and electric
transportation systems [59, 60]. GaN based heterostructure
devices remain a big concern for the commercial success [61].
The polarization effects including piezoelectric and
spontaneous polarization in one way are found to be useful in
heterostructure devices, whereas the same properties are seen
to be a curse due to the responsible for threshold voltage shift
heterostructures and delivering lower output power in the
nitride based LEDs [62, 63]. Doped and undoped GaN has
been widely used in several optoelectronic devices due to its
ability to cover a wide spectral range, as well as due to its high
electrical  conductivity comparing to other II-V
semiconductors [64-66]. GaN can be doped with different
types of impurity elements including silicon [67], magnesium
[68], copper [69], cobalt [70], mercury [71], aluminum [72],
germanium [73], and titanium [74]. The electronic properties
of GaN could be controlled through modifying the type as well
as the content of dopants [75].

3. GaN and ZnO Properties

GaN and ZnO have wurtzite crystal structures with
identical in plane lattice parameter. The bandgap energies
of ZnO and GaN are similar. ZnO have a larger exciton
binding energy comparing with GaN, 60 meV and 26 meV
respectively [76]. They both crystallize in the hexagonal
wurtzite structure and have a direct bandgap of about 3.4
eV at low temperatures [77]. GaN and ZnO are the most
important wide bandgap semiconductor materials currently
being used for the short wavelength optoelectronics
industry. The two materials have similar properties in many
aspects [78]. GaN and ZnO are suitable for applications in
optoelectronics high temperature, high frequency and high
power devices [79]. GaN and ZnO are the most wide
bandgap semiconductor materials that have been recently
attracting much interest due to their promise for application
in electronic and optoelectronic devices [80].

GaN and ZnO are the most important semiconductor
materials for the application of optoelectronic devices such as
blue LED, blue LD, and UV PD [81-83]. GaN and ZnO have
been used to fabricate blue, green, and UV LEDs, LDs, UV
blind detectors, high power, and high temperature electronics.
They also have superior electrical properties, including
controllable conductivity and a higher carrier mobility than
organic materials [84, 85]. However, the practical device
application using ZnO is still undergoing inherent problems
including lacks of reproducibility on forming the stable p-type
ZnO layer and availability on engineering the bandgap energy
[83]. GaN and ZnO are among the inorganic semiconductor
materials [85]. Among the inorganic semiconductor materials,
ZnO has been investigated and demonstrated its capability of
constructing high quality optoelectronic and inorganic devices
[86-88].
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4. Hybrid Organic and Inorganic
Materials Properties

Organic and inorganic semiconductor hybrid structures
have received much attention due to their unique properties.
The combined structures can be used in novel devices and
many practical applications [89-91]. The unique properties
resulted from the combination of the two materials allow such
structures to be used in novel optoelectronic devices and many
applications [85, 89-91]. Recently, the organic/inorganic
semiconductor hybrid structures have attracted a considerable
attention due to their strong potential for applications such as
efficient microlight sources that can be used in full color
displays, imaging systems, miniature chemical and biological
sensors [92]. The coupling of organic and inorganic
semiconductors allows to utilize the most favorable
properties of the inorganic component, e.g. the high electrical
conductivity, with the most favorable properties of the
organic component, e.g. the high photoluminescence (PL)
yield across the visible spectrum [93]. The organic and the
inorganic hybrid system has been developed to provide a
potential platform for the optoelectronic applications, such as
tunable photodiodes [94], transparent coatings for short
wavelength shielding [95], light up conversion devices [96],
hybrid SCs [97-99]. On the other hand, the organic
semiconductors have excellent luminescence properties with a
greater variety of emission wavelengths, significantly higher
PL efficiencies and potential for stable p-type electrodes;
however, they exhibit inferior electrical behaviors [85, 100,
101]. The organic semiconductors have many advantages,
such as high absorption coefficient, variable bandwidth, low
cost and excellent manufacturing performance [88, 102, 103].
They have attracted keen attention due to their potential for the
next generation optoelectronic devices including displays,
lightings, and logic circuits [104, 105]. The organic light
emitting devices (OLEDs) have been successfully launched in
market as a display in smart phones and high density
televisions [106]. In addition, for the last decade, organic solar
cells (OSCs) have been intensively studied because of their
expectations for low cost production of light and flexible
plastic solar modules [107]. Recently, the power conversion
efficiency of OSCs reached 11% by employing new
semiconducting polymers and developing new device
structures [108, 109, 110]. The organic photodetectors (OPDs)
have been less spotlighted than OLEDs and OSCs, even
though they possess the same advantages as for OSCs and
huge applications as cameras or sensors for smart phones,
notebooks, industrial monitoring systems, cars, aircrafts, and
military systems [111, 112]. There are many benefits of the
OPDs such as large area, ultrathin, light weight and flexible
and bendable detectors, compared to conventional inorganic
PDs [113, 114]. The organic gnd inorganic hybrid SCs with
perovskite structure have been widely studied because of the
easy of fabrication process and the high power conversion
efficiency [115-118]. The power conversion efficiencies of
these devices strongly depend on the device structures and the
fabrication processes [119].

5. ZnO Based Devices

ZnO devices based on hybrid organic and inorganic
materials have attracted a considerable attention, both in basic
research and applications because they offer the possibility of
combining the stability and the tunable electronic properties of
inorganic semiconductors with the large functionality and the
selectivity of organic chemistry [120]. The ZnO organic
OLEDs are promising for lightings and flexible displays
because OLEDs have high contrast, surface emission, and
light weight in contrast to inorganic LEDs. In the device
structure of conventional OLEDs, it is essential to deposit low
work function and air sensitive cathode materials, such as
calcium and barium, and to encapsulate rigorously because of
the protection from moisture and oxygen. Recently, ZnO
inverted OLEDs (IOLEDs) have received a considerable
attention because they are air stable and thus, suitable for
flexible OLED displays [121]. The IOLEDs configuration is
inverted with respect to that of conventional OLEDs. The
device structure of the IOLEDs is substrate/metal oxide
cathode/light emitting polymer/MoO,/Au anode. The main
advantage of IOLEDs is that metal oxides work as electron
injecting layers (EILs), avoiding the use of reactive cathodes
and therefore allowing the devices preparation without
rigorous encapsulation. The air stable metal oxide EILs in
IOLEDs are based on several materials such as titanium oxide
(TiO,) [122] and ZnO [123]. The recent important approach
has been using the ZnO thin films as EILs in IOLEDs because
the IOLEDs with the ZnO EIL exhibits relatively high current
efficiency [124, 125] resulting from the favorable conduction
band energy level, high transparency and high electron
mobility of ZnO thin films [125].

The study of the ZnO photonic crystal (PC) formed via
facile nanoimprinting employed on the ZnO electron selective
layer of inverted organic photovoltaics (OPV) was reported by
Nirmal et al. [126]. The optimized inverted OPV fabricated
with these highly ordered periodic structures provided
effective light trapping, which resulted in increased incident
light absorption in the active layer [126]. Consequently, the
OPVs with the ZnO PC layers showed a 23% current density
improvement compared with OPVs with planar ZnO layer
[126]. The time domain simulation of the finite difference
study showed that the electric field intensity was significantly
higher in the active layer for devices with ZnO PC structures
in comparison with reference devices with planar ZnO
electron selective layer [126]. The nano imprinted ZnO PC is,
thus, a viable method for the light absorption and the
efficiency enhancement in OPVs [126]. The study’s result
showed that the PCs embedded in the electron selective layer
of the OPV lead to the enhancement of the current density by
virtue of field localization. The optimized OPV's with these PC
structures can effectively trap the incident light and increase
the absorption in the active layer [126]. The ZnO PC provided
an enhanced performance [126]. The use of such photonic
structures could be readily extended to any metal oxide
interlayer employed in OPV structures. The low refractive
index of the ZnO PC structure with P3HT:PCBM active layer
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provided the index contrast necessary for the field localization
provided by the photonic crystal and, thus, aids in increasing
the optical path length of incident light [126]. It enhances
subsequently the optical absorption in the active layer [126].
Figure 1 shows the schematic representation of the fabricated
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OPV devices. Figure 2 shows the scan electron microscopy
(SEM) image of the ZnO PC structure formed on ITO coated
glass [126]. Figure 3 shows the I-V characteristics of the OPV
devices with the planar ZnO and the ZnO photonic crystal
electron selective layers [126].
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Figure 1. Schematic representation of the fabricated OPV devices [126].

Figure 2. SEM image of the ZnO PC structure formed on ITO coated glass
[126].
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Figure 3. I-V characteristics of OPV devices with the planar ZnO and the
Zn0O PC electron selective layers [126].

The high efficiency OPV with a PTB7: PC70 BM photo
absorption layer was fabricated by adopting Lithium (Li)-
and Cadmium (Cd)-doped ZnO electron extraction layers

was reported by Kim et al. [127]. For devices with both Li-
and Cd-doped ZnO, the performance was significantly
improved, including the short circuit current, the open circuit
voltage, the fill factor (FF), and the power conversion
efficiency [127]. The resulted films were characterized by
the X-ray diffraction (XRD), the high resolution the
transmission electron microscopy (TEM), and the resistivity
analysis. The study’s results suggested that the improved
electrical properties of Li- and Cd-doped ZnO electron
extraction layers with a doping ratio of approximately at 6%
are highly effective in achieving a power conversion
efficiency of up to 8% [127]. The Cd-doped ZnO showed
better electrical properties attributed to Cd in the
substitutional sites along with increased carrier density
compared with that of pristine ZnO [127]. The power
conversion efficiency (PCE) was significantly improved to
7.90% [127]. These results are contributed to the use of the
interfacial engineering with Li and Cd dopants into the ZnO
electron extraction layer in OPVs to facilitate the efficiency
improvement [127]. Figure 4 shows the OPV device
architecture [127]. Figure 5 shows the TEM of ZnO [127].
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Figure 4. OPV device architecture [127].
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Figure 5. TEM of ZnO [127].

The fabrication of the inverted type OPDs with ZnO
electron collecting buffer layers and polymer was reported
by Jeong et. al [128]. The visible light was detected by the
inverted OPDs when a background UV light was ON,
whereas no photocurrent signal was measured for visible
lights without the background UV light [128]. The UV
lights solely were successfully detected without any
surrounding UV light [128]. The devices exhibited fast and
stable photoresponse under the modulated or the
continuous UV visible lights [128]. The study’s results
showed that the external quantum efficiency (EQE) value
was significantly enhanced by increasing the applied
voltage, and the corrected responsivity (RC) reached 2000
mA/W at a lower light intensity [128]. The devices could
sense the UV lights without the background UV
illumination [128]. The light modulation and stability test
proved that the present OPDs were quite stable enough for
practical UV-visible detector applications by further
optimization [128]. Figure 6 shows the device structure and
the materials used for the inverted OPD [128]. Figure 7
shows the I-V characteristics of the devices under the
illumination of a monochromatic light 525 nm, 113 pW/cm®
with UV ON or without UV OFF the background UV
illumination 365 nm, 177 uW/cm® [128].
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Figure 6. Structure and materials used for the inverted fabricated Device
[128].
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Figure 7. I-V characteristics of the devices under illumination of a

monochromatic light 525 nm, 113 uW/cm? with UV ON or without UV OFF
the background UV illumination 365 nm, 177 uW/cm?® [128].

The performance of the conventional bulk heterojunction
(BHJ) OSC incorporating a solution processed ZnO spin
coated on the photoactive layer poly 3-hexylthiophene:
indene-Cg b;; adduct was reported by Kim et al. [129]. The
study showed a significant improvement in short circuit
current density (Ji) upon the introduction of ZnO. That
improvement is further evidenced by the reduction of Jg
leading to a lower power conversion efficiency (PCE) in the
device without the presence of ZnO [129]. The effect of the
photomask on the ZnO based device's performance cause a
decrease in both the J. and the open circuit voltage (V) [129].
The decrease is about 13.42% and 0.73%, respectively. But it
causes an increase in the filling factor (FF) [129]. Although
the introduction of the photomask on the device active area
decreased both J_and V_, it actually increased the FF to 55%;
thus, the PCE in the case with the photomask effect has been
reduced to 4.42% [129] Hence, serious carefulness must be
taken to define the accurate active area and the photomask
area [129]. The studied device showed a good lifetime in
which the PCE only drops by 18.04% although the
measurements were conducted up to 1440 h [129]. The study’s
results demonstrated that the ZnO plays an important role in
the improvement of the OSCs’ performance [129]. Figure 8
shows the layer sequence of the conventional BHJ OSCs.
Figure 9 (a) shows the current density of the devices with and
without ZnO, (b) the current density before and after the
photomask. A V. of up to 0.818 V was obtained in the device
based on the ZnO [129].

| ukal [ |

£n0O
P3HTICBA

PEDOT:PSS
ITO

Glass

Figure 8. Layer sequence of the conventional BHJ OSCs [129].
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Figure 9. (a) I-V characteristics of the devices based with/without ZnO (b) I-V
characteristics of a device based on ZnO before and after photomask [129].

The electrical and the optical properties of the poly
dioctylfluorene-alt-benzothiadiazole based IOLEDs with
electrochemically deposited ZnO EIL have been reported by
Takada et al. [130]. The device characteristics of the
fabricated IOLEDs were comparable to those of
conventional IOLEDs with sputtered ZnO EIL, indicating
that the electron injection properties of the electrodeposited
ZnO EIL were similar to those of the sputtered ZnO EIL
[130]. The impedance spectroscopy revealed that the
equivalent circuits of IOLEDs with electrochemically
deposited ZnO EIL and with sputtered ZnO EIL are
indistinguishable [130]. The study's results showed that the
equivalent circuits below and above the electroluminescence
(EL) threshold in IOLEDs with electrodeposited ZnO EIL
were the same as those in the IOLEDs with the sputtered
ZnO EIL [130]. Figure 10 shows the schematic structure of
the IOLEDs. Figure 11 shows the SEM images of the ZnO
deposited by an electrochemical method on ITO substrate
[130]. Figure 12 (a) shows the plots of the current density
versus applied voltage for IOLEDs [130], (b) the luminance
versus the applied voltage for IOLEDs [130].
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Figure 10. Schematic structure of IOLEDs [130].

Figure 11. SEM images of ZnO deposited on ITO substrate [130].
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The fabrication of the inorganic flexible LEDs using CuO
and ZnO nanowires as the hole and electron transport
materials was reported by Biswas et al. [131]. The flexible
inorganic p-CuO nanowires/n-ZnO nanowires heterojunction
LED was fabricated on polyimide (PI) substrates [131]. Both
the metal oxide semiconductors were synthesized by the using
of low temperature 100 °C solution processes [131]. The
synthesized CuO nanowires were chemically pure and
exhibited agglomerating and flexible nature [131]. The
heterojunctions were fabricated inside 5 mm square patterns in
order to achieve better flexibility [131]. The study's results
showed that the I-V characteristics of the heterojunction
revealed a typical p-n diode nature with an on/off ratio of 8.6 x
10 at 4 V, a turn on voltage of 2.8 V, and a stable current flow
at different voltage stress [131]. The EL spectra from the LED
at different forward bias exhibited eminent peak at around 710
nm corresponding to red light, which was in accordance with
the deep level emission of PL spectra of the ZnO nanowires
[131]. The X-ray photoelectron spectra revealed that the deep
levels are related to the oxygen vacancies (Vos) [130]. The
devices showed a significant stability during the bending test
and continued to emit light beyond 1000 cycles of the dynamic
bending at a curvature radius of 5 mm [131]. The EL spectra
and the corresponding optical microscopic (OM) images of
the heterojunction LED revealed a stable red emission with an

eminent peak at 710 nm. The emission was originated from

the radiative recombination through Vps in the ZnO

nanowires which was in accordance with the deep level

emission (DLE) of PL spectra [131]. The presence of Vs was

also confirmed by the Zn 2p and O Is narrow scan X-ray

photoelectron spectroscopy (XPS) spectra [131]. The light

emission was observed to be promising up to 500 cycles of the

dynamic bending with a curvature radius of 5 mm [131]. The

LEDs continued to emit light beyond 1000 cycles of dynamic

bending indicating a robust nature [131]. Figure 13 shows the

schematic illustration of the multistep fabrication process of
the inorganic flexible LEDs (a) flexible PI substrate of 20 pm

thickness (b) the deposition of the 100 nm aluminum for

ohmic contact with #n-ZnO (c) flexible PI substrate after the

deposition of Gallium doped ZnO (GZO) seed layer 100 nm (d)
1.5 pm-thick patterned photoresist on flexible PI using the

optical lithography [131]. Figure 14 shows the SEM image of
ZnO nanowires indicating an average length of 500 nm. The

figure inset shows the nanowires at higher resolution showing

an average diameter of 50 nm. Figure 15 shows the I-V

characteristics of the heterojunction LED revealing a typical

p-n diode nature. Figure 16 shows the LED EL spectra under

the dc forward voltages. The inset shows the variation of the

EL intensity and the full width half maximum (FWHM) of the

spectra as a function of the applied voltage [131].

Figure 13. Schematic of the multistep fabrication process of inorganic flexible LEDs: (a) Flexible PI substrate of the thickness of 20 um (b) Deposition of
aluminum 100 nm for ohmic contact with n-ZnO (c) Flexible PI substrate after deposition of GZO seed layer 100 nm (d) 1.5 um-thick patterned photoresist on

flexible PI using optical lithography [131].
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Figure 14. SEM image of ZnO nanowires with average length of 500 nm:
inset shows nanowires at higher resolution with an average diameter of 50 nm

[131].
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Figure 15. I-V characteristics of the heterojunction LED revealing a typical
p-n diode nature [131].

EL Intensity (a. u.)

200 400 600 800 1000
Wavelength (nm)

1200

Figure 16. LED EL spectra under the same dc forward voltages: inset shows
the variation of EL intensity and FWHM of the spectra as a function of applied
voltage [131].

The effect of the buffer layers for the OSC, the nanorod like
TiO, and ZnO thin films onto the Indium Tin Oxide
(ITO)/glass using sol-gel and electrochemical method was
reported by Thao et al. [132]. The TiO, films were crystallized
in the anatase phase and the ZnO films, in the wurtzite
structure. The nanorods in both films have a similar size of 15
to 20 nm in diameter and 30 to 50 nm in length [132]. The
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nanorods have an orientation nearly perpendicular to the ITO
substrate surface [132]. The TiO, bandgap and ZnO films
were determined to be 3.26 eV and 3.42 eV, respectively [132].
The laminar OSCs with added TiO, and ZnO, namely
ITO/TiO,/P3HT: PCBM/LiF/Al TBD and ITO/ZnO/P3HT:
PCBM/LiF/Al ZBD were made for the characterization of the
energy conversion performance [132]. The study's result
showed that the nanorod like ZnO film was found to be a
much better buffer layer that made the FF improve from a
value of 0.60 for the TBD to 0.82 for the ZBD, and
consequently the PCE was enhanced from 0.84 for TBD to
1.17% for the ZBD [132]. The nature and nanostructures of a
buffer layer can thus influence greatly the performance of
OSCs [132]. Figure 17 shows the field emission scanning
electron microscopy (FESEM) of the ZnO/ITO/glass. Figure
18 shows the XRD patterns of the ZnO/ITO [132].

1 1 1 I.
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Figure 17. FESEM of ZnO/ITO/glass thin films [132].
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Figure 18. XRD patterns of the ZnO/ITO [132].

The organic/inorganic hybrid UV photovoltaic detector
using the Polyfluorene (PFO)/ZnO heterojunction was
developed and reported by Guo et al. [133]. The device
structure aluminum/PFO/ZnO/ITO had a smooth surface root
mean square (RMS) roughness: 0.28 nm which is a key
parameter for the large array, high uniformity UV focal plane
array (FPA) detectors [133]. The PFO/ZnO heterojunction
may broaden the absorption band, absorbing more UV
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photons that is important for high sensitive device [}33], The
unoptimized device showed a D* >3 % 10 OcmHz W at2
V bias voltage under 0.01 mW cm at the room temperature
[133]. The study paved the way for developing large array,
high performance, high uniformity, light weight and low cost
UV FPA detectors [133]. These UV FPA detectors have
important  applications in  astronomical  research,
environmental monitoring, forest fire prevention, medical
analysis, and missile approach warning [133]. Figure 19 (a)
shows the schematic illustration for fabrication of PFO/ZnO
hybrid UV detector (b) the cross sectional SEM image of the
device revealing the thicknesses of ITO, ZnO and PFO films
are 161, 80 and 558 nm, respectively. Figure 20 shows the
PFO/ZnO heterojunction may broaden the absorption band.
The FWHMs of absorption peak for ZnO and PFO films are
42.0 and 67.5 nm respectively, their heterojunction gives 69.5
nm. These results were due to the fact that both junction
components ZnO and PFO films can absorb UV photons
efficiently, and the photogenerated electrons holes flow to
Zn0 PFO because of the electric potential difference between
the two layers [133]. Figure 21 shows the PL for ZnO, PFO
and their hybrid films. ZnO film showed a strong PL
emission peak at 400 nm excited by various A, ranging from
280 to 360 nm with a step of 20 nm [133]. Figure 22 shows
the I-V characteristics for of the PFO/ZnO hybrid UV
detector [133].
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Figure 19. (a) Schematic diagram of the PFO/ZnO hybrid UV detector (b)
SEM image of the device [133].
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Figure 20. Normalized UV-visible absorption spectra for ZnO, PFO, and
PFO/ZnO films [133].
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Figure 22. I-V characteristics for the PFO/ZnO hybrid UV detector [133].

The  fabrication of the  transparent  bilayer
InGaZnO:H/InGaZnO homojunction metal oxide thin film
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transistors (TFT) was reported by Abliz et al. [134]. The
bilayer structured device could enhance the mobility and
instability issue of the indium gallium zinc oxide (InGaZnO)
based TFTs [134]. The study’s result showed that the
fabricated devices exhibited high performances with the field
effect mobility (upg) of 55.3 cm Vs, on/off current ratio
(Ton/Togr) of 108, threshold voltage (Vth) of 0.7 V, and
sub-threshold swing (SS) of 0.18 V/decade [134]. Besides, the
bilayer InGaZnO:H/InGaZnO TFTs showed a good bias stress
stability, where the threshold voltage shift (DV,) of -0.8 V and
1.1 V under the negative gate bias stress (NBS) and positive
gate bias stress (PBS) is much smaller than that of the single
InGaZnO layer [134]. These characteristics were attributed to
the InGaZnO:H ultrathin layer, which not only increases the
carrier concentration (Ng) but also reduces the Vg of the
defect states and the interfaces trap density [134]. Overall, the
optimized bilaygr InGaZnO:H/InGaZnO TFTs with pg of
above 50 cm V's' make realize competitive device
performance and suitable switching behavior for the
applications in future high resolution flat panel displays [134].
Figure 23 shows the schematic device structures of bilayer

Review of GaN/ZnO Hybrid Structures Based Materials and Devices

InGaZnO:H/InGaZnO based homojunction TFTs using silicon
(Si) bottom gate [134]. Figure 24 (a) shows the optical
bandgap (b) the near valence band edge peak (XPS) spectra of
the pristine InGaZnO and hydrogenated InGaZnO:H 300 s
films (c) the schematic band alignment energy diagrams
indicate the relative energy position of the Fermi level,
bandgap, conduction band, and valence band [134].

Passivation layer

Bottom Gate

Figure 23. Schematic device structures of bilayer InGaZnO:H/InGaZnO
based homojunction TFTs using Si bottom gate [134].
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Figure 24. (a) Optical bandgap (b) near valence band edge peak XPS spectra of the pristine InGaZnO and hydrogenated InGaZnO:H 300 s films (c) Schematic
band alignment energy diagrams indicate the relative energy position of the Fermi level, bandgap, conduction band, and valence band (d) [134].

The investigation of the promising materials for optoelectronic
was demonstrated by introducing n-type inorganic material into
conjugated polymer was reported by Azhar et al. [135]. The
optical and the electrical of nanocomposite films based on poly
[2-methoxy-5-2’-ethyl-hexyloxy-1,4-phenylene vinylene]
(MEH-PPV) and ZnO nanostructured of various deposition

layers 1 to 3 layers were investigated [135]. The MEH-PPV:ZnO
nanocomposite films were deposited using spin coating
technique [135]. The surface morphology nanocomposite films
were characterized using the FESEM [135]. It was found that the
thickness of the nanocomposite films increased as the deposition
time increased [135]. The optical properties were measured using
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PL spectroscope [135]. The PL spectra showed that two
deposition layers has the highest intensity at the visible region
green emission due to the high energy transfer from particles to
the polymer [135]. The current density for two layers sample was
due to the aggregation of the conjugated polymer chain hence
form excited interchain exciton for the optical excitation [135].
That study provided a better performance and a suitable for
optoelectronic device especially OLEDs application [135]. The
study’s results showed that the diameter size of the ZnO
nanotetrapods in nanocomposite thin films increase when the
layers increased [135]. These increases diameters might be due to
the influence of the growth condition fluctuation on the crystal
surface formation [135]. The PL spectra showed a prominent
emission peak in the visible region indicate the high defect for 2
layers of the prepared nanocomposite thin films was found to
increase with the deposition layers [135]. The resistance
decreased as the deposition layer increased to 3 layers which was
caused by the imperfection in the atomic lattice structure [135].
Figure 25 shows the FESEM images of the MEH-PPV: ZnO
nanocomposite thin films at one layer. Figure 26 shows the PL of
the MEH-PPV: ZnO nanocomposite thin films at different
deposition layers [135].

Figure 25. FESEM images of MEH-PPV for ZnO nanocomposite thin films at
one layer [135].
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Figure 26. PL of MEH-PPV: ZnO nanocomposite thin films at different
deposition layers [135].

6. GaN Based Devices

The organic/inorganic white light emitting F8T2
9,9-dioctylfluorene-co-bithiophene/GaN heterojunction was
reported by Wu et al. [136]. The white light emission was
produced by hybridizing the blue light 464 nm emitted from the
GaN MQWs and the yellow/green light 500-650 nm emitted at
the F8T2/p-GaN interface by EL [136]. The yellow/green light
emission in the F8T2 layer was resulted from the carrier
accumulation and the Frenkel excitons at the F8T2/p-GaN
junction interface [136]. The study’s results showed that the
energy barrier and the large mobility discrepancy at the
F8T2/p-GaN junction interface cause carriers accumulating in
the F8T2 side near the F8T2/p-GaN interface [136]. The
accumulated carriers at the F8T2/p-GaN interface form Frenkel
excitons by Coulombic interaction [136]. Then, the Frenkel
excitons recombine to radiate the yellow/green emission in the
F8T2 layer. The international commission on illumination (CIE)
coordinate of the white light emitted from the present device
was at 0.28, 0.30, which was very close to the standard white
light 0.33, 0.33 [136]. It was also found that the primary
mechanism for this white light device was the EL based on the
carrier accumulation and Frenkel excitons at the
organic/inorganic F8T2/GaN interface and can allow further
optimization of organic/inorganic optoelectronic devices [136].
The energy barrier and large mobility discrepancy at the
F8T2/p-GaN junction interface would cause the -carrier
accumulation in the F8T2 side near the F8T2/p-GaN interface
[136]. The strong coulombic interaction in F8T2 layer promotes
the accumulated carriers form Frenkel excitons and radiate the
yellow/green emission. Strikingly, there are two emission
regions coexist in the hybrid structure to hybridize white light
[136]. The white light emission was produced by hybridizing
the blue light 464 nm emitted from the GaN MQWs with the
yellow/green light 500-650 nm emitted at the F8T2/p-GaN
interface by the EL [136]. The CIE coordinate of the white-light
emission from the present device is at 0.28, 0.30, which is very
close to the standard white light 0.33, 0.33 [136]. It was found
that the F8T2/p-GaN interface creates a unique and an efficient
carrier recombination and can combine with the traditional GaN
light emitting diode for a potential extension of emission color
range [136]. These results enhance further understanding on the
characteristics of the carrier transport of hybrid interface [136].
It also provide an attractive white light EL device and extend
the possibility of the large area hybrid white light GaN based
emitting applications [136]. Figure 27 shows the schematic of
the white light F8T2/GaN LED structure. Figure 28 shows the
PL spectra of the F8T2, GaN MQWs, and F8T2/GaN MQWs
structure with a 266 nm laser excitation source [136]. Figure 29
shows the EL spectra of the hybrid white light F8T2/GaN
MQWs device under different applied forward voltage from 11
V to 15 V. The inset in the figure shows the EL spectra under a
forward voltage of 11 V. Figure 30 shows the current density
voltage luminance characteristics of the white-light F8T2/GaN
MQWs device. The inset in the figure shows the power
efficiency versus current density [136].
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Figure 27. Schematic diagram of the white-light F8T2/GaN LED structure
[136].
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Figure 28. PL spectra of F8T2, GaN MQOWs, and F8T2/GaN MQWs structure
with a 266 nm laser excitation source [136].
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Figure 29. EL spectra of the hybrid white light FST2/GaN MQOW:s device
under different applied forward voltage from 11 V to 15 V. The inset in EL
spectra under a forward voltage of 11 V [136].
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Figure 30. Current density voltage luminance characteristics of the white light FS§T2/GaN MQWs device. The inset shows the power efficiency versus current

density [136].

The organic/inorganic hybrid structures based on green
polyfluorene F8BT and GaN (0001) nanorods grown by
magnetron sputtering on Si (111) substrates was reported by
Forsberg et al. [137]. In such nanorods, the stacking faults can
form the periodic polymorphic QWs characterized by the
bright luminescence [137]. The recombination rate for the
stacking fault related emission increases in the presence of the
polyfluorene film, which can be understood in terms of the
Forster interaction mechanism [137]. The pumping efficiency
of the nonradiative resonant energy transfer in the hybrids was

estimated to be as high as 35% at low temperatures [137]. The
study’s results showed that an increased recombination rate
of the stacking faults (SF) related transition in the
polyfluorene presence at low temperatures [137]. That can be
explained by the non-radiative resonance energy transfer
(NRET) mechanism [137]. For the excitons confined in the
SF QW like potential the requirement of the critical distance
proximity can be fulfilled allowing, thus, the Forster
interaction with dipoles in the polymer layer [137]. Figure 31
shows the scan electron microscopy (SEM) image of the



American Journal of Nano Research and Applications 2018; 6(2): 34-53 46

as-grown GaN nanorods sample on Si substrate with different
lengths and diameters [137]. The SF presented in some
nanorods are also schematically shown in the figure. Figure
32 shows the temperature dependent PL spectra measured at
excitation power of 1 mW [137]. The spectra were
normalized and shifted vertically for clarity [137]. The
spectra taken for as-grown GaN nanorods and bare nanorods
are shown by solid red lines, for nanorods covered by
polyfluorene — by green dashed lines [137]. Figure 33 shows
the temporal evolution of the recombination time (t) for the
SF PL line in the bare nanorods and after covering by
polyfluorene [137].

Figure 31. SEM of GaN nanorods [137].
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Figure 32. Temperature dependent PL spectra measured at excitation power
1 mW [137].
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Figure 33. Temporal evolution of the recombination time for the SF PL line
in the bare nanorods and after covering by Polyfluorene [137].

The hybrid optoelectronic device structures offer promising
options for a wide range of properties [138]. The functioning
of hybrid bilayer devices is largely determined by their
interface [138]. The hybrid bilayer devices based on the wide
bandgap GaN and low bandgap donor/acceptor polymers offer
a unique combination and model interface systems for
application in PDs. A systematic study of the optoelectronic
properties [138], specifically the photocurrent as a function of
voltage bias and incident wavelength, has been carried out for
n-GaN/polymer bilayer structures was reported by Kumar et al.
[138]. The study's results showed that the charge transport was
strongly affected by the interface charge trapping and the
polarization effects which was introduced by the nitride
surface. The n-GaN/donor polymer hybrid system utilizes the
450-650 nm defect state emission of n-GaN, which was
advantageous since this emission was reabsorbed by the donor
polymer resulting in an enhanced photocurrent, significantly
increasing the UV detection capacity [138]. An important
issue to be addressed for improving the detectivity of
n-GaN/donor polymer-based hybrid diodes was to modify the
hybrid interface, such that any trapping dominated influence
or polarization related effects on charge transport and
photogeneration may be controlled [138]. An increase in the
responsivity for the reverse bias as well as the forward bias has
been observed [138]. The maximum applied reverse bias was
strongly limited by the reverse leakage current [138]. The high
photodetection efficiency of nitride polymer hybrid devices
can be achieved by modifying the interface to reduce the
magnitude of leakage current and other losses due to the
recombination [138]. Figure 34 shows the schematics of the
n-GaN/D hybrid device structure. Figure 35 shows the XRD
has been utilized to probe the ordering present in the polymer
films coated on GaN. Figure 36 shows the photocurrent
response from n-GaN/PBTTT-C14 and n-GaN/P3HT under
white light illumination 100 mW/cm®. The inset shows the
dark and light I-V characteristics for n-GaN/N2200 diode
[138].
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Figure 34. Schematic of n-GaN/D hybrid diode structure [138].

The hybrid device that combines the properties of
organic/inorganic semiconductors was fabricated and reported
by Shin et al. [139]. The device incorporated poly
[2-methoxy-5-2-ethylhexyloxy-1,4-henylenevinylene]
(MEH-PPV) and poly 3,4-ethylenedioxythiophene: poly
styrene sulfonate (PEDOT: PSS) as some organic polymers
and GaN nanoneedles as an inorganic semiconductor [139].
The layers of the two polymers were spin coated onto the GaN
nanoneedles [139]. The one peak in the EL originated from the
MEH-PPV layer owing to the different potential barriers of
electrons and holes at its interface with the GaN nanoneedles
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[139]. However, the PL spectrum showed peaks due to both
GaN nanoneedles and MEH-PPV [139]. Such hybrid
structures, suitably developed, might be able to improve the
efficiency of optoelectronic devices [139]. Figure 37 shows
the FESEM images of MEH-PPV layer on GAN nanoneedles.
Figure 38 shows the hybrid LED structure of GaN [139].
Figure 39 shows the I-V characteristics of the
MEH-PPV/PEDOT:PSS layer on GaN nanoneedles and
semi-logarithmic plot of I-V characteristics inset [139].
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Figure 35. XRD for P3HT on n-GaN, Plane n-GaN, PBTTT-C14 on n-GaN
and PBTTT-C14 on quartz [138].

Figure 36. Photocurrent response from n-GaN/PBTTT-C14 and n-GaN/P3HT
under white light illumination 100 mW/cm’. Inset shows the dark and light I-V
characteristics for n-GaN/N2200 diode [138].

Figure 37. FESEM images: MEH-PPV layer on GaN nanoneedles [139].
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Figure 38. Hybrid LED structure of GaN [139].
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Figure 39. I-V characteristics of the MEH-PPV/PEDOT: PSS layer on GaN
nanoneedles and semi-logarithmic plot of I-V characteristics inset [139].

The organic/inorganic hybrid hetero structure for
optoelectronic device and applications was reported by Shin et
al. [85]. The structure was fabricated using inorganic material
consisting of GaN nanoneedles and the hole conducting
polymer PEDOT:PSS [85]. The PEDOT:PSS layer with a
thickness of 50 nm was deposited using the spin coating on
GaN nanoneedles grown using an hydride vapor phase
epitaxial (HVPE) system [85]. The GaN
nanoneedle/PEDOT:PSS structure showed a broader, shifted
emission peak in the PL measurements compared with the
GaN epilayer/PEDOT: PSS structure, as well as a lower
turn-on voltage when the I-V characteristics were measured
[85]. The PL peaks for the GaN nanoneedle PEDOT:PSS and
GaN epilayer/PEDOT:PSS structures were due only to the
GaN materials, regardless of the PEDOP:PSS peak [85]. The
broadened and shifted PL peak for the GaN
nanoneedle/PEDOT:PSS structure was presumed to result
from the various magnitudes of the stresses in differently
strained domains within the nanoneedles [85]. That led to the
low turn-on voltage observed in the I-V characteristics, which
showed a stable and a well behaved rectification [85]. The
study's results showed that the GaN nanoneedle/PEDOT:PSS
heterojunction structures reduce the importance of achieving
the p-type doping of GaN nanostructures, and hold strong
potential for GaN based polymer optoelectronic devices [85].
Figure 40 shows the schematic diagram of the GaN
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nanoneedle/PEDOT:PSS hybrid heterojunction structure.
Figure 41 shows the FESEM images of the GaN hybrid
structure. Figure 42 shows the PL spectra for the present GaN
nanoneedle/PEDOT: PSS and GaN epilayer/PEDOT: PSS
structures, measured at room temperature. A strong narrow PL
peak and a yellow luminescence band were observed for the
GaN epilayer/PEDOT: PSS, and a broad blue emission band
was observed for the GaN nanoneedle/PEDOT: PSS structure
[85].

Figure 40. Schematic diagram of the GaN nanoneedle/PEDOT:PSS hybrid
heterojunction structure [85].

Figure 41. FESEM image of GaN nanoneedles [85].
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Figure 42. PL spectra for GaN nanoneedle/PEDOT:PSS and GaN
epilayer/PEDOT: PSS heterojunction structures [85]. 7. Conclusion.

The recent development of the GaN/ZnO hybrid-based
materials and devices has been reviewed. GaN/ZnO hybrid
materials are forming a very encouraging material system due
to the easy fabrication, high flexibility, superior electrical,
optical properties, low cost, easy process ability, and large scale
manufacturing which enables to offer improved functionalities
to nano-optoelectronics including OSCs. Regardless of the
developments in that area, many issues still need to be more
investigated. The issue of the highly efficient OSCs using
nanoscale materials is still very challenging. The utilization of
GaN and ZnO materials is promising to increase the OSCs
efficiency. Moreover, the efficiency can be further improved by
developing a powerful photosensitizer with broad spectral
range and higher molar extinction coefficient than the existing
sensitizers, improving the open circuit voltage which is the
difference between the quasi fermi level in semiconductor and
redox couple in electrolyte, the use of suitable electrolyte to
boost the open circuit voltage value for a particular
semiconductor. Moreover, the efficiency of the GaN/ZnO
based devices can be further improved by the thermal annealing
treatment. The annealing treatment helps to restore the
crystallization of the GaN/ZnO films. Consequently, it
improves the device performance and removes the defects.
Moreover, the introducing of the buffer layer as an interfacial
layer between the active layer and the electrode plays a crucial
role in the GaN/ZnO based devices, as they may impact the
device polarity by selectively transporting the charge carriers,
energy barrier at the contact interface, light propagation and
distribution, electrode surface affinity and active layer
morphology. Moreover, doping of the GaN/ZnO devices helps
to passivate the defects, reduce the charge carrier recombination,
increase the charge carrier concentration and thus increase the
interlayer conductivity. The major drawback of the GaN/ZnO
inorganic devices is they possesses lesser light absorptivity than
organic materials. Therefore, inorganic semiconductors require
more quantity of absorbing layers which makes them thicker.
Also, to achieve better efficiency, purity of inorganic
semiconductors is most important factor which increases the
cost with increase in the purity. Furthermore, a high quality
GaN/ZnO based devices with hetero-interfaces layers in the
architecture of PSCs are essential. These hetero-interfaces can
be improved by introducing a buffer layer which improves the
structural stability of the GaN/ZnO thin films. Finally, the
GaN/ZnO based devices performance can be improved by
optimizing the deposition and the thin film properties including
the crystalline structures, the film quality, the growth method,
the film morphology. Moreover, the presence of the residual
affects the device stability and cause the degradation of the
device performance under illumination.
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