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Abstract

After a systematic survey in hybrid inorganic/organic light-emitting heterostructure devices based
on ZnO in the last decay, in this novel work, the impact of the single-mode ring-core waveguide
based on ZnO nanotube (NT)/MEH-PPV for ultraviolet organic light-emitting diode (UV-OLED)
application has been carefully scrutinized for the first time. The proposed structure has been
fabricated, simulated and compared with conventional ZnO nanorod (NR)/MEH-PPV structure.
To synthesize ZnO NTs, the as-grown chemical bath deposited ZnO NRs have been etched in
KCL solution in various molar (M) concentration, etching time and etching temperature. The
optimized etching condition is obtained in 1 M concentration of KCL solution, 4 h etching time
and 90 °C temperature. The structural properties (such as strain, stress and texture coefficient),
electrical properties (such as band gap energy) and optical properties (such as Urbach energy,
absorbance and photoluminescence spectra) of ZnO NTs have been investigated, systematically.
In continue, hybrid UV-OLEDs have been fabricated based on ZnO NRs and ZnO NTs. According
to the results, ZnO NT-based OLED depicts superior electrical and optical results including lower
turn-on voltage (11.2 V < 15 V) and higher UV peak in electroluminescence spectra with respect
to ZnO NR-based device. To acquire more enlightenment about UV emission mechanism, the
proposed devices have been simulated through Silvaco TCAD and Lumerical FDTD software.
The results from simulations illustrate great agreement with experimental results. Higher radiative
recombination rate, higher Purcell factor and single-mode waveguiding effect of ring-core ZnO
NT lead to major superiority of the ZnO NT-based UV-OLED fabricated and simulated in this

work.
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1. Introduction

Nowadays, novel optoelectronic devices based on polymers and nanostructures are well
capable of providing the market demand. Although organic light-emitting diodes (OLEDSs) are
widely utilized and scrutinized in recent years, achieving an optimized, stable and high-efficient
product is debatable until now. One of the most desired approaches to increase the efficiency and
light outcoupling of the OLEDs is utilizing waveguides (such as ring-core waveguides) within the
light-emitting devices [1-5]. Moreover, there are variety of applicable organic and inorganic
materials to provide hybrid optoelectronic devices. Among them, zinc oxide (ZnO) and poly [2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) have been considered as
proper materials for light-emitting diodes based on inorganic/organic (1/O) hybrid heterojunctions
[6, 7]. ZnO is known as an environmental-friendly material with some advantages including direct
bandgap of 3.37 eV [8], large Wannier-Mott exciton binding energy of 60 meV [9], easy growth
of various nanostructures [10] and high electrical conductivity [11]. Moreover, MEH-PPV is
introduced as a conjugated polymer with uncomplicated production process and low cost [12].
According to high band alignment and low lattice mismatch of ZnO and MEH-PPV, their
combination and growth process are acceptable [13]. From our previous review study related to
ZnO based heterojunction OLEDs [6], many scholars have been investigated and designed LEDs
based on these two materials. For instance, Zhao et al. offered the structure based on ZnO nanorod
(NR)/MEH-PPV that ZnO NRs are grown by hydrothermal method [14]. The growth methods of
ZnO nanostructures can be divided into two categories as solution-based chemical techniques [15-
18] and physical methods [19]. To grow the ZnO nanostructure with solution-based chemical
approaches, choosing a proper seed layer is essential. Aluminum-doped ZnO (AZO) plays a
significant role as a seed layer among different materials which could be a superior choice due to
the high physical characteristics [20, 21]. In the continuation of this issue, Rezaie et al. fabricated

OLED devices based on indium tin oxide (ITO)/AZO/ZnO NR/MEH-PPV/AIl and ITO/Zn0O/ZnO
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NR/MEH-PPV/AI layers which the first one is demonstrated superior capabilities including higher
average transmittance, higher surface morphology, lower trap concentrations and better optical
characteristics compared to the second structure [22]. As discussed above, ZnO NRs are mostly
utilized to fabricate hybrid LEDs, but there is no trace of any cooperation of ZnO nanotubes (NTs)
in OLEDs [6]. ZnO NTs can be achieved by the dissolution of the NRs, which is accessible by
applying KCI chemical solution [23]. Although both NRs and NTs are favorable for LED
preparation, NTs due to their higher surface to bulk aspect ratio [6, 24], tunable band gap energy
[25] and higher porosity [26, 27] are more advantageous to OLED applications. Since the ZnO
NT shape is annular, it can fill with organic polymers. If the refractive index of the filled polymer
becomes lower than ZnO NT, ZnO NT acts as ring-core waveguide. The produced UV light in
ZnO NT can propagate through the walls of NTs since the wall is surrounded with MEH-PPV
cladding with lower refractive index. If the numerical aperture of the waveguide which relates to
the refractive index of the ZnO NT core and MEH-PPV cladding, width of the ZnO NT's wall and
the wavelength of the propagated UV light satisfy the conditions, the guided wave becomes single-
mode, coherent, co-phase and uniform which leads to higher external quantum efficiency of
OLED.

After a systematic survey in hybrid 1/0 light-emitting heterostructure devices based on ZnO in the
last decay [6], in this novel work, the impact of the single-mode ring-core waveguide based on
ZnO NT/MEH-PPV heterostructure for UV-OLED application has been carefully scrutinized for
the first time. The proposed structure has been fabricated and simulated through Silvaco TCAD
and FDTD Lumerical software and compared with conventional ZnO NR/MEH-PPV structure.
The morphological and physical properties including X-ray diffraction (XRD) pattern, field
emission scanning electron microscopy (FE-SEM), selected-area electronic diffraction pattern
(SAED) and transmission electron microscopy (TEM) images have been done for ZnO NT

samples with various etching conditions. In continue, two OLEDs with the structure of



ITO/AZO/ZnO NR array/MEH-PPV/AI (device A) and ITO/AZO/ZnO NT array/MEH-PPV/AI
(device B) have been fabricated and compared. The structural, electrical and optical features
involving current density versus voltage curve, strain, stress, texture coefficient, Urbach energy,
band gap energy, trap concentration, characteristic energy, absorbance spectra,
photoluminescence (PL) and electroluminescence (EL) spectra of ZnO NT samples and devices
have been studied and compared. Moreover, the wave guiding effect for both ZnO NR and NTs,
the opto-electronic mechanism of the UV light generation and guiding as well as their role on
enhancing the EL intensity has been studied and investigated in this paper. Ultimately, radiative
recombination rate, electric field distribution in waveguides and Purcell factor of the structures

have been simulated and analyzed.

2. Experimental details

2.1. Synthesis of ZnO NRs arrays on ITO/AZO substrate

To synthesize ZnO NRs, 100 nm-thick-ITO layer is deposited with radio frequency (RF)
magnetron sputtering on glass substrate for 10 min at the vacuum pressure of 5x10~¢ Torr.
Besides, by applying the sputtering apparatus at frequency of 13.56 MHz and power of 175 W, a
layer of AZO with the thickness of 100 nm was sputtered on ITO substrate to guarantee the vertical
and uniform growth of ZnO NTs. Wet chemical bath deposition (CBD) method with the growth
temperature of 90°C was considered to synthesize the ZnO NRs with 12 mM
hexamethylenetetramine ((CH2)eNs4, Merck) (HMTA) and 24 mM zinc nitrate hexahydrate
(Zn(NO3)2.6H20, Merck) in deionized (DI) water solution. The molar (M) proportion of
HMTA:Zn(NO3)2-6H20 is 0.5:1 [28, 29]. To remove all residual organics, the ZnO NRs with the
height of 1500 nm and ITO/AZO layer with the thickness of 200 nm were annealed at 400 °C for

30 min.



According to the survival of the fastest model defined by Van der Drift, self-assembly
mechanism leads to growth of ZnO NR arrays [30]. The survival of the fastest model poses that
the nucleation sites which have rapid growth directions are preserved, while other directions are

ceased due to crossing higher NRs. Moreover, growth velocities of: v(91) > V(0111) > Y(0170) >
V(0001) show different crystal growth rate of ZnO NR planes [31]. As a result, since growth

velocity of (0001) dominates in ZnO NRs, synthesis of arrays occurs along the c-axis [22]. Besides,
the heterogeneous nucleation sites on AZO layers cause growth of well-aligned NRs that stems
from several advantageous including high energetic reaction, low barrier of nucleation energy,
easy creation of nucleation and negligible lattice mismatch between nanostructures and the
substrate/seed layer [32, 33]. There are some of the chemical reactions employed in the process of

synthesis of ZnO NR arrays which are listed as Egs. (1) to (8) [29, 34-36]:

Zn(NO3), + CeHioNy = [Zn(CeHypNy)]?t + 2N 03 1)
C¢Hy,N, + 6H,0 & 4NH; + 6CH,0 2)
NH; 4+ H,0 & NH} + OH™ (3)
In** + 40H™ - [Zn(0H),])*~ 4)
Zn?* + 4NH; © [Zn(NH3),]** (5)
Zn?* + 20H™ & Zn(0OH), < Zn0 + H,0 (6)
Zn?** +CeH1,Ny = [Zn(CoHioNy)|** (7
[Zn(CgH ;N )]?T + 20H™ - Zn0 + H,0 + C¢H,,N, 8)

From Eqgs. (2) and (3), HMTA plays main role to provide and control the concentration of the
hydroxyl ion (OH ™) and pH buffer (NH;) and enhances the growth of ZnO NRs along the (0001)

plane. Eq. (6) illustrates the beginning of the NRs growth which arises from creation of nucleation



sites after catching the OH~ anions by the Zn?* cations. Because of the hexagonal shapes of ZnO
NRs, more ions are absorbed by Zn-terminated top polar planes, while O-terminated bottom polar
planes stay inactive [37]. Furthermore, spatial resonance phenomenon that comes from
Zn[(OH),]?>~ ions is another crucial effect which involves in the faster rate of perpendicular
synthesis of ZnO NRs [37]. The anisotropic growth leads to faster rate of [0001] plane rather than
others [32]. After growing ZnO NRs, ZnO NTs' formation was achieved by etching the NRs under

various parameters including etching times, KCI solution concentrations and etching temperatures.
2.2. Synthesis of ZnO nanotube arrays on ITO/AZO substrate

In the following, the ZnO NRs were carved by placing up toward down in a potassium chloride

aqueous solution (KCI) which related reactions are shown by Eq. (9) and Eqg. (10) [38, 39]:
KCl + H,0 —» KOH™ + HCl (9)
Zn0 +20H™ — Zn0,*” + H, (10)

Furthermore, a favorable etching and conversion from NR into NT have been happened since there
is no trace of any kind of assistant reagents. In this work, the temperature, time of NRs etching
and concentration of KCI solution are variable and modified to optimize the process. To achieve

proper NTs, the mentioned variables were optimized.
2.3. Making hybrid OLEDs

Ultimately, I/O near ultraviolet LEDs were fabricated by growing the ZnO nanostructures on
ITO/AZO substrate and spin-coating of 5 mg/ml of MEH-PPV solution (dissolved in toluene) on
them at 3000 rpm for 8 times [22]. The thickness of MEH-PPV layer is considered to be 1600 nm
which is higher than ZnO nanostructures height and act as a barrier against the current leakage
into the electrode. In the last step, to achievel00 nm-thick-cathode layer, the evaporation technique

was employed to deposit the aluminum (Al) layer on MEH-PPV [22].



Fig. 1. Schematic diagram of the UV-OLED fabrication; (1) Synthesizing of ZnO NR on AZO seed layer via
CBD method, (2) Converting ZnO NR into NT by wet etching process in various KCI solution concentration,
etching time and temperature, (3) Spin-coating of MEH-PPV on ZnO NT structure, (4) Evaporating Al electrode
on the top of the device.

2.4. Structural, electrical and optical measurements

The structural and physical features of ZnO nanostructures were observed by various techniques
including Hitachi S-4160 at the voltage of 20 KV, FE-SEM images, JEM-2010-JEOL-Japan TEM
and Philips Expert pro XRD analysis using (A = 1.5418 A) with angel step size of 0.02°.
Furthermore, Source Measurement Unit (SMU), Cary Eclipse fluorescence spectrophotometer at
the wavelength of 325 nm with He-Cd laser as the source of excitation and a compact spectrometer
(Thorlabs Inc, CCS100, 350 — 700 nm) connected to computer were used to study the electrical

and optical characteristics of fabricated 1/0 LEDs, including current density-voltage (J-V) curves,



PL and EL spectra of devices, respectively. The schematic diagram of the UV-OLED fabrication

is illustrated in Fig. 1.

3. Results and discussion

3.1. Physical characteristics of ZnO NT arrays

As mentioned before, the ZnO NTs are perpendicularly grown on AZO seed layer. To
investigate the physical and structural characteristics of ZnO NTs, FE-SEM images and XRD
analysis considering etching time, KCI solution concentration and temperature are shown in Figs.
2, 3 and 4. FE-SEM images of ZnO NTs under the condition of 1 M KCI concentration solution
at 90 °C for variable etching time of 0, 2, 4 and 6 hours (h) are represented in Figs. 2a, 2b, 2c and
2d, respectively. ZnO NRs are uniformly grown in a large area which create a proper sample for
converting ZnO NRs to NTs. From Fig. 2d, it is obvious that after 6 h, all of the planes (including
polar and non-polar) have been etched which leads to formation of uneven top surfaces. Besides,
Fig. 2c demonstrates that after 4 h of etching, the intensity of non-polar planes decreases at a slow
rate, while the reduction in the non-polar planes intensity is more considerable when time passes
6 h which is not desired. Fig. 2e illustrates the XRD pattern of the of synthesized ZnO NTs under
the etching condition of 1 M concentration of KCI, 90 °C temperature and various etching times
of 0 (ZnO NR), 2, 4 and 6 h. For all samples (during each process) the most intense peak has been
occurred at (002) plane which demonstrates a perfectly aligned perpendicular orientation of ZnO
NTs grown on ITO/AZO substrates. According to Fig. 2e, by increasing the etching time from 0
to 6 h, the intensity of peaks related to (102) and (101) planes reduce under a constant temperature

of 90 °C and 1 M concentration of KCI solution.
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Fig. 2. FE-SEM images of synthesized ZnO NTs under the etching condition of 1 M concentration of KCI, 90 °C
temperature and various etching times of (a) 0 h (ZnO NR), (b) 2 h, (c) 4 hand (d) 6 h; () XRD of ZnO NTs carved in

various etching times.

FE-SEM images for different amount of KCI solution of 1, 2, 3 and 4 M under fixed temperature

and etching time of 90 °C and 4 h are demonstrated in Figs. 3a, 3b, 3c and 3d, respectively. Since
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most high surface energies have occurred on defect-full areas of NRs, even at 1 M concentration
of KCI solution, the process of rod to tube conversion is possible (shown in Fig. 3a). Although the
FE-SEM images related to NTs in the solution of 2 and 3 M are roughly similar, only small area
of ZnO NT related to 4 M etching solution is remained and most areas of the ZnO NRs are washed,
(see Fig. 3d). In accordance with Fig. 3e, under fixed temperature and etching time, by increasing
the amount of KCI solution from 1 up to 4 M, the peak intensity of (102) and (101) non-polar
planes have decreased from 95 to 63 and 152 downward to 95, respectively. The reduction in non-
polar peak intensity originates from the etching of the NRs and decrement of (002) dominant peaks
which reduces the height of the ZnO NTs. Besides, Fig. 3e shows that the intensity of (100) peak

for 4 M concentration of KCL solution increased which results in some flips on the ZnO NTs.

FE-SEM images of NTs grown at temperatures of 80, 85, 90 and 95 °C at 1 M concentration of
KCI solution for 4 h are depicted in Figs. 4a, 4b, 4c and 4d, respectively. A perfect vision of ZnO
NTs both in the inner and outer walls can be seen. Moreover, Fig. 4e depicts XRD pattern of ZnO
NTs under condition of 4 h etching time and 1 M concentration of KCL solution that the
temperature varies between 80, 85, 90 and 95 °C. It is obvious that by increasing the growth
temperature, a reduction in the intensity of (002) polar plane appears. In contrast with XRD
patterns related to changeable KCI concentration along with the increase in temperature, the
intensity of (102) and (101) peaks increase (for more detail see Table 1). As a result, the shrinkage
of NTs length has not occurred until 95 °C. Subsequently, the temperature of 90 “C can be selected
as optimized temperature. At least, according to XRD patterns, the optimized NTs are obtained

under the condition of 90 °C, 1 M concentration of KCI solution and 4 h carving time.
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Fig. 3. FE-SEM images of synthesized ZnO NTs under the etching condition of 90 “C temperature, 4 h etching time and
various KCI concentration of (a) 1 M, (b) 2 M, (c) 3 M and (d) 4 M; () XRD of ZnO NTs carved in various etching
concentrations.
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Fig. 4. FE-SEM images of synthesized ZnO NTs under the etching condition of 1 M concentration of KCI, 4 h etching time
and various etching temperatures of (a) 80 °C, (b) 85 °C, (c) 90 °C and (d) 95 °C; (e) XRD of ZnO NTs carved in various
etching temperatures.

In order to see morphological patterns of ZnO nanostructures, cross-sectional FE-SEM and

TEM images are depicted in Figs. 5a and 5b, respectively. FE-SEM cross section image before
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filling with MEH-PPV is depicted in Fig. 5a and the inset shows FE-SEM cross section image
after filling with MEH-PPV. A rod-like morphology of ZnO NRs apparently can be seen in Fig.
5b. In addition, a hexagonal wurtzite crystal for ZnO NT is represented by SAED pattern in the
inset of Fig. 5b. A hollow ZnO NT is shown in Fig. 5b. Although the differences between NR and
NT samples in this figure is not almost clear, a considerable color difference between the edge and
the center of the NT's end expresses unfilled shape of NT [40]. As the center part of the tube is
vacant, it has brighter color. Moreover, the inset of Fig. 5b presents a hexagonal wurtzite single-

crystal of ZnO NT.

Fig. 5. (a) FE-SEM cross section image before filling with MEH-PPV (The inset shows FE-SEM cross section
image after filling with MEH-PPV); (b) TEM image of the ZnO NT (The inset depicts the selected-area
electronic diffraction pattern (SAED) of the ZnO NTSs).

The other important morphological features of ZnO NTs can be derived from calculation of

their strain and stress values. To find the strain value of NTs, Eq. (11) has been applied [8]:
e =[(c—cp)/co] X 100% (12)

where c, demonstrates standard lattice parameter of ZnO and ¢ shows the NTs lattice
parameters related to each XRD pattern which is extracted by the equation of: 1/d? = (h? +

k% + 1%)/c? (where d is interplanar spacing and hkl are the Miller indices) [41, 42]. On the other
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side, the stress value of NTs is deduced from Eq. (12) [41] that the value of c;; is defined in Ref.

[8, 41]:

o = {[2¢f3 — c33(c11 + 12)]/(2¢13)} . € (12)

The strain and stress values of obtained specimens are summarized in Table 1. The positive
values of strain for all specimens explains that the unit cell has been stretched along the c-axis [8].
Generally, the etching process causes corrosion in (002) peak by changing time of etching,
temperature, and KCL concentration. Therefore, the mentioned reduction in (002) peak is
moderately desirable, however, by corrosion in (002) peak, the value of stress and strain increase.
Hence, it is critical to make a trade off by adjusting the corrosion rate for (002) peak and other

non-polar peaks including (101) and (102).

Table 1. Morphological parameters for ZnO NRs and ZnO NTs (texture coefficient, stress and strain)
Etching Time (h) Etching Concentration (M) Etching Temperature (°C)
0 2 4 6 1 2 3 4 80 85 90 95

20002) (°) 3430 | 34.26 : 34.22 34.02 34.16 33.86 33.64 33.42 34.32 34.28 34.24 34.12

(Standard = 34.4°)

doo2) (A) 2.611 | 2614 | 2.617 2.632 2.621 2.644 2.660 2.678 2.609 2.612 2.615 2.624

(Standard = 2.604 A)

Str?o'/”)(s) 0268 | 0.384 | 0499 | 1075 | 0652 | 1536 | 2150 | 2.841 | 0192 | 0307 | 0422 | 0.768
0
St(rgssa()") 062 | 089 | -116 | 250 | -151 | -357 | 500 | -6.61 | -044 | -071 | -098 | -178

TC (100) 0.028 { 0.035 | 0.047 0.057 0.040 0.068 0.090 0.105 0.025 0.035 0.050 0.075
TC (02 3.870 | 3.846 : 3.805 3.857 3.856 3.801 3.772 3.749 3.914 3.882 3.841 3.760
TC oy 0.022 { 0.027 | 0.035 0.025 0.027 0.037 0.041 0.037 0.014 0.020 0.026 0.036
TC (102) 0.077 { 0.090 : 0.111 0.059 0.075 0.092 0.095 0.107 0.045 0.061 0.082 0.126

According to Table 1, by increasing the temperature from 80 to 90 °C, the stress and strain
values slightly increases. However, with the enlargement in temperature from 90 to 95 °C, the
upward trend in strain and stress has been very strong, which is also evident in the XRD and SEM
patterns. Furthermore, for the etching time of zero (ZnO NR), the stress and strain depict the
minimum value. However, after 4 h of etching, the stress and strain experience a sharp increment
and the walls of the NTs become corroded. Similar to above discussed variables, elevating the

etching rate by employing higher value of KCL concentration causes an increment in stress and
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strain values. Hence, the KCL concentration above 1 M is unacceptable and optimized values are
occurred in the etching temperature of 90 °C, 1 M solution concentration of KCI and etching time
of 4 h, which have good agreement with our pervious description. The strain and stress in
specimens originate from the lattice mismatch between NTs and the seed layer. Lower strain and
stress values demonstrate better quality of crystal [43]. The degree of as-grown ZnO
nanostructures crystalline alignment can be scrutinized by the texture coefficient derived from Eq.
(13) [44, 45].

-1
Iy 1. 1 Iy k.1
TC(hikili) — (hlklll) l_zN (hzkllz) l (13)

i=1
Oniesry) [N 011y

Eqg. (13) explains texture coefficient related to each facet of the ZnO nanostructures. The
intensity of the (h;k;l;) plane for standard samples and the intensity of the measured (h;k;l;)

lattice plane for prepared samples are depicted by 10,1, and Iep,,1;), While the number of

diffraction peaks is demonstrated by N. The unity value of texture coefficient depicts that the
sample is aligned like the bulk ZnO. However, increasing or decreasing the mentioned value of
texture coefficient has a direct relation with the changes of alignment degree along a specific
direction [22]. The calculated texture coefficients are listed in Table 1. It is obvious that the peak
intensity of (002) involves higher values which represents perpendicularly growth of ZnO
nanostructures on the substrate. Moreover, due to the higher texture coefficient values of (002)
plane respect to the non-polar planes, the ZnO NT growth in the direction of [0001] has been

occurred.

3.2. Device properties

Two devices of Glass/ITO/AZO/ZnO NR array/MEH-PPV/AI (device A) and
Glass/ITO/AZO/ZnO NT array/MEH-PPV/AI (device B) are fabricated by employing NRs and
NTs under the circumstances of 90 °C, 1 M concentration of KCI solution and 4 h etching time.

The spectra of absorbance for ZnO NR/MEH-PPV and ZnO NT/MEH-PPV bi-layers have been
16



shown in Fig. 6a. The main absorption zone is observed lower than the wavelength of 400 nm.
Higher absorbance related to the device (B) stems from its better optical characteristics. Wide area
of absorption between 410 to 590 nm originates from MEH-PPV layer. In addition, the optical
band gap can be obtained by finding the wavelength of absorption edge (A.) calculated by
intersecting the linear part of the absorbance spectra with the wavelength axis. From A, of 363 hm
as well as 371 nm and according to the formula of: E; = hc/A, (where h demonstrates the Plank’s
constant and ¢ depicts the light speed), the optical band gaps are achieved 3.41 and 3.34 eV for
device (A) and (B), respectively. Furthermore, to perform a profound review on the defect
distribution of both hybrid LEDs, the Urbach energy (E,,) is deduced from the absorbance spectra
(@) shown in the inset section of Fig. 6a. According to lambert's law: I = I,e~% (where I, I, a
and t demonstrate the incident light, the intensity of the beam after transmission through a
thickness, absorption coefficient and the thickness of film, respectively) and the definition of
absorbance: A = log(1/1,), absorption coefficient can be defined by: a = 2.3034/t, which A is
the absorbance and t displays the film thickness (1.8 um) [46]. To obtain Urbach energy (E,,) from
absorption coefficient, the equation of: @ = a exp(hv/E, ) depicts the relation between Urbach
energy and a, where «a, is a constant [47]. As Urbach energy has inverse relationship with the
slope of: In(a) = In(a,) + (hv/E, ), lower slope of ZnO NR respect to ZnO NT in the inset of
Fig. 6a leads to higher value of Urbach energy for ZnO NR (490 meV > 325 meV). As a result,

the defect concentration and localized states of ZnO NT is lower than ZnO NR.
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Fig. 6. (a) The absorbance spectra of the layers based on NR/MEH-PPV and NT/MEH-PPV (The inset illustrates
relation of In(a) and (hv), (b) Current density vs voltage curve of two devices (The inset depicts logarithmic

graph for current density - voltage for two devices).

The current density versus voltage curves of both devices is demonstrated in Fig. 6b. The turn-
on voltage related to device based on NR arrays is higher than device based on NT arrays and its
value for hybrid LED based on NR and NT equals to 15 and 11.2 V, respectively. According to J-
V characteristics of both devices, by applying ZnO NTs as inorganic material, a decline in the
turn-on voltage is observed which arises from the lower band gap value of ZnO NTs rather than
NRs. The relation between band gap values and turn-on voltages is justified by examining the
band diagram of mentioned devices (shown in the inset of Fig. 7b). Higher band gap leads to
higher barrier between ITO/AZO contact and ZnO nanostructure layer [10]. Therefore, stronger
energy is required to suppress the high hole-injection barrier which leads to higher turn-on
voltages. To investigate the hybrid LEDs behavior, the logarithmic plot of the current density
versus voltage characteristics for both devices is calculated and compared. From the inset of Fig.
6b, it is evident that at low voltages (first region), both devices show an ohmic behavior that stems
from background electrons transportation in accordance with equation of: | = oV /d [48]. Here,
the conductivity is illustrated by factor of ¢ and specimen thickness is shown by d. Second region

differs from first one since at medium voltages, J is no longer follow the ohmic behavior and the
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power low relation (Mark—Helfrich equation) as: J « V!** becomes dominant which depends on
the trapped-controlled space charge-limited conduction model (T-SCLC) [49]. In that case, the

current density of devices made from low-mobility MEH-PPV is deduced by Eq. (14) [6, 50]

_ 241\ 1 egp)\! VIHL
J=a "Ny (7)) (52 o (14)

I+1 N;

where [ is the distribution of traps, q equals to 1.60 x 10~'° ¢ (charge of one electron), u,, is the
hole mobility of MEH-PPV, N,, is effective density of states in the valance band of MEH-PPV, N,
is the total concentration of traps, &, is known as permittivity of free space and & demonstrates the
dielectric constant of MEH-PPV. The thickness of the device is defined by d. Furthermore, by
increasing the applied voltage and exceeding the trap-filled limit voltage (Vig, = (N.qd?)/
(2¢e¢gy)), all of the local states are filled by electrons. As a result, there are no available traps left
[51]. Accordingly, at higher voltages, Mott-Gurney equation (Child's law) determines the behavior

of current density through Eq. (15) [52, 53]:

J = (9ueoerv?)/(81%) (15)
The total concentration of traps (N,) for both hybrid LEDs is calculated by Eq. (14). The calculated
N, for device (A) is 3.92 x 10 ¢m ™2 and for device (B) is 2.39 x 101* ¢m™3. Based on the inset
of Fig. 6b, the distribution of traps (1) is obtained from the logarithmic curve of J-V and equals to
8.5 and 9.5 for devices based on ZnO NR and ZnO NT, respectively. The characteristic
temperature (T¢) is derived by: T, = I X T (T is ambient temperature of 300 K) which is equal to
2550 and 2850 K for device (A) and (B). Moreover, the characteristic energies (Eg) of two devices
(A and B) can be obtained by: Eg = Kz X T; (K depicts Boltzmann constant) which are equal to
0.22 and 0.24 eV, respectively [54]. The trap concentration related to device based on NR is lower

than NT which arises from lower crystalline imperfection of device (B) respect to the device (A).
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The photoluminescence (PL) spectra for the samples of ZnO NR and ZnO NT with the optimal
etching condition is illustrated in Fig. 7a. Due to the ZnO wide band gap, free-excitonic near band
emission (NBE) is appeared with an intense peak at 372 and 378 nm for ZnO NR and NT,
respectively [55]. Burstein-Moss (BM) effect causes a slight red shift of ZnO NT with respect to
ZnO NR in the PL spectra which stems from occupying the low states located at the conduction
band with higher electron concentration and forcing the valence band electrons to move toward
the high states of the conduction band [56, 57]. Besides, because of some imperfections including
oxygen vacancy (Vg), zinc vacancy (Vzn), anti-site defect (Ozn), and interstitial oxygen (0;)
which is found in ZnO nanostructures, a broad green-yellowish emission from 450 to 800 nm as
deep level emission (DLE) is observed for samples [58, 59]. Moreover, NBE to DLE ratio
expresses the quality of ZnO nanostructures and higher Inge/loLe leads to higher crystal quality
[47]. The ZnO NT based device has maximum Inge/lpLe ratio of 6 which illustrates the superior
quality of crystal. The defect concentration in the center of ZnO NR are higher than NT. By etching
the (002) polar planes in ZnO NT, the trap concentration in the center becomes lower which results
in the lower defect emission and higher Inse/loLe ratio in PL spectra [60]. The obtained results are
in agreement with lower Urbach energy and lower total trap concentration of device (B) in

comparison with device (A) which discussed former.

According to Fig. 7b, the EL spectra for device (A) and (B) is studied and compared. Near-
band emission arising from free-excitonic emission is also observed in the EL spectra which is
more intense than other peaks. Due to the difference of NRs and NTs' band gap, EL spectra for
device (B) shifts toward the larger wavelengths (red shift) [10]. Besides, many parameters
involving lattice strains, crystallographic defects, electron-phonon couplings, linear dislocations
and interface imperfections induce a phenomenon known as Stokes shift [61]. The Stokes shift
describes the difference between NBE peaks of EL and PL spectra [62]. In addition, broad area

from 577 to 635 nm with a main peak at 590 nm originate from vibrionic-transition of MEH-PPV
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layer and point defects within ZnO nanostructures (such as Vg, O; and VoZn; cluster) [48]. The
higher EL intensity of device (B) is a confirmation of lower Urbach energy of device (B).
Subsequently, since ZnO NT based device has fewer defects, more charge carriers (electrons as

well as holes) are capable of participating in inter-band transition or in radiative emission.
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Fig. 7. (2) Photoluminescence (PL) spectra of the ZnO NR and the optimal ZnO NT (The insets depict the opto-

electronic mechanism of the structure and the visible orange-red luminescence of the fabricated device), (b)

Electroluminescence (EL) spectra of two structures (The inset shows the diagram of energy band).
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For more in-depth investigation of light generation mechanism, the generation of light is
considered and studied for both devices. From insets of Fig. 7a and 7b, Al is the source of electrons
that moves the electrons toward the MEH-PPV and on the other side, holes are injected into the
organic layer from ITO/AZQO anode through the ZnO nanostructures. As the MEH-PPV's mobility
for minority carriers is much lower than ZnO nanostructures' one, electrons flow slowly within
the MEH-PPV layer, while holes are passed away from ZnO with higher rate of speed. As a result,
carriers recombine perfectly in MEH-PPV layer at lower voltages and excitonic light which is
emitted at the wavelength of 590 nm appears (see the inset of Fig. 7a). However, by increasing the
voltage, the band bending and tunneling of carriers are occurred which leads to band-to-band
transition and the free carriers which are recombining in the ZnO nanostructures create near UV
light at the wavelengths of 380 and 385 nm for device (A) and (B), respectively [48]. In that
situation, more electrons tunnel to the conduction band of ZnO nanostructures without flowing
within the MEH-PPV layer and recombine with holes injected from ITO/AZO anode to the ZnO
nanostructures' valence band which lead to near UV band edge emission (see inset of Fig. 7a).
Between valance band of ZnO and MEH-PPV's HOMO level, an adequate barrier collects and
confines the holes in the inorganic layer which helps to NBE. Moreover, since LUMO level of
organic layer is higher than the conduction band of inorganic layer and conversely, the valence
band of the inorganic layer is lower than the HOMO level of the organic layer, not only the
dominant emission is the band edge emission, but also the intensity of UV emission at 380 nm is
sharper than excitonic emission at 590 nm [14]. According to the differences of band alignment
between two devices based on ZnO NR and ZnO NT, it is obvious that hole injection barrier for
device (B) is lower than device (A), therefore, less energy is required to concur the barrier results
in the reduction in turn-on voltage. It is noteworthy that, under reverse biases, because of the
confinement effect of electrons in the ZnO nanostructure and holes in MEH-PPV layer, any type

of emission is implausible. In that case, since the LUMO level of organic layer is located above
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the ZnO's conduction band and ZnO's valence band is located under the HOMO of organic layer,
electrons and holes are not capable of moving to higher and lower potentials, respectively and
light cannot be released under reverse bias (see inset of Fig. 7b) [63]. There are other factors except
free carrier recombination which might enhance the UV emission. First factor is the Wannier-Mott
excitons within the ZnO with binding energy of 60 meV which are active in the room temperature
and might boost the near violate emission in high voltages [64]. Second, the energy exchange
between the Frenkel and Wannier-Mott excitons from MEH-PPV to ZnO NT due to the narrow
distance between organic and inorganic layer (1-2 nm) might lead to more intense UV emission
at high electric fields (see inset of Fig. 7a) [65, 66]. Moreover, hybrid charge-transfer excitons
(HCTE) usually create in 1/0 interfaces [67]. The HCTEs transfer a charge from one atom to
another one in the organic and inorganic layers and despite Frankel and Wannier-Mott excitons,
they illustrate a static electric dipole moment [68]. Nevertheless, the HCTESs are commonly non-
radiative triplet excitons [66, 67] and do not affect the EL spectra since there is no exciplex

emission at the infrared range of the device (A) or (B).

3.3. Waveguiding effects of the proposed devices

Since the refractive index of the ZnO NR or ZnO NT is higher than MEH-PPV (2.04 > 1.5)
[69], the ZnO nanostructures act as core and MEH-PPV behaves as cladding in device (A) and
(B). To determine whether the generated UV-light in both devices can be guided through the ZnO
core or not, the maximum propagation angle must be calculated. The maximum propagation angle

of the light in the waveguide can be deduced by Snell's law [69, 70]:

n, sin(6,) = n, sin(6,) (16)

where n; and n, are the refractive index of the core (ZnO NRs) and cladding (MEH-PPV) which
are equal to 2.04 and 1.5, respectively [69]. The maximum propagation angle of the light in the

ZnO core (6,) can be calculated if 8, supposed to be 90 °. According to Fig. 8a and Eq. 16, if the
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angle of the emitted light in the ZnO becomes less than 42.6° respect to the propagation axis (Z-
axis), the emitted light capture and guide within the ZnO core. Now the chief question is: "For the
propagation angles less than 42.6°, which one of the devices based on ZnO NR and NT can guide
and extract the light from the UV-OLED more efficiently and coherently with minimum reflection
from the substrate?”. For analyzing the light extraction and the effect of ZnO NR and NT on the
intensity of the near UV peaks in EL spectra (Fig. 7b), the waveguide’s capability of light

capturing (waveguide parameter) for ZnO NR can be obtained by Eq. (17) [1, 2, 71]:

2
V= %a\/nf —ns (17)

where a depicts the average radius of ZnO NRs (200 nm) and A demonstrates the wavelength

of the UV light extracted from the EL spectra (380 nm). Furthermore, the numerical aperture of

waveguide can be defined as: N.A.= m . As the calculated waveguide parameter for
device (A) is 4.572 which is higher than the cut-off frequency of transverse electric (TE) mode of
TEo: for standard step-index waveguide (2.405) [72], the device based on ZnO NR are not capable
for supporting the single-mode propagation and light passes through the device (A) with multi-
modes [69]. With the linear polarization (LP) assumption and simplification, four modes including
LPo1, LPo2, LP11 and LP21 can be guided in the device with ZnO NR structure [73]. Moreover,
from Fig. 8a, it is obvious that the collision and interference between the modes reduces the

intensity of the extracted light results in lower UV peak of device (A) in EL spectra.

On the other side, since the ZnO NT has a ring-core (annular or tubular) shape, the waveguide
parameter determines slightly different. Conventional ring-core waveguides are constraining from
inner (a) and outer (b) radiuses. Accordingly, the waveguide parameter can be deduced by Eq.

(18) [74-76):

21 (b—a)
V= %\/nf —n3 (18)
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where A is the wavelength of the propagated light from device (B) extracted from the EL spectra
(385 nm). In ring-core waveguides, the ratio between inner and outer radius (p) determines the
cut-off frequency. In device (B), this ratio is 0.5 since the average inner and outer radiuses are 100
and 200 nm, respectively (see Fig. 8a). The relation between cut-off frequencies and p parameter
in ring-core waveguides has been calculated in many works [72, 74, 76]. For the p parameter
equals to 0.5, the cut-off frequency of TEo1 mode is 2.554 [72]. It means that if the waveguide
parameter of ring-core fiber is less than 2.554, the waveguide propagates single-fundamental-
mode. Since the calculated waveguide factor for ZnO NT structure is 2.255 which is lower than
2.554, device (B) propagates coherent, co-phase and uniform single-mode light (see Fig. 8a). Due
to the single-mode propagation of device (B), maximum number of photons can be extracted from
ZnO/MEH-PPV emissive interface and directed vertically towards the ITO layer which enhances
the EL intensity of device (B). Moreover, the reflection from the ITO/AZO substrate can be
acquired from: r = (n; — n,)/(ny + n,); which n; and n, are the refractive index of AZO and
ITO layers, respectively [69]. The calculations show that there is almost no back reflection from

the ITO/AZO substrate since the refractive index of ITO is equal to 2.06 which is close to AZO

layer [69].
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To illustrate the dependence of ZnO nanostructure's shape on the amplification of the
spontaneous emission (Purcell effect) [77], radiative recombination rate and the electric field
distribution in cavity, two simulations based on Lumerical FDTD solution and Silvaco TCAD

software have been performed. The input parameters utilized in the simulations are depicted in

Table 2.
Table 2. Parameters used in Silvaco TCAD and Lumerical FDTD simulations.
Units ZnO Nanorod ZnO Nanotube | MEH-PPV
Aspect Ratio or Thickness nm 1500/400 1500/400 1600
Doping cm™3 1e18 1e18 1e15
Band Gap Energy (E,) eV 3.26-3.41 3.22-3.34 2.3
Electron Affinity () eV 4.2 4.2 3.0
Permittivity - 8.5 8.5 3
Electron Mobility (i) cm?/V.s 100 100 0.5e-5
Hole Mobility (i) cm?/V.s 25 25 0.5e-4
Effective Density of States for 3
Electrons (No) cm 2.2e18 2.2el8 le21
Effective Density of States for 3
Electrons (Ny) cm 1.8e19 1.8e19 le21
Refractive Index -- 2.04 2.04 15
References -- [61, 69] [60, 69] [61, 62, 69]
Electrodes Units Al ITO
Thickness nm 100 100
Work Function (¢) eV 4.2 4.7
References -- [63] [69]

The method for measuring the Purcell factor (PF) which in that case the dipole is resonant with

cavity can be obtained by Eq. (19) [78]:

PF == (1)3 g (19)

where A describes the wavelength of the dipole and n shows the refractive index. Q is the quality

factor and V,,,,4. IS the mode volume calculated using Eq. (20) [79]:

Vinoae = [, € [E@)?d>r /max(e(r)|E(T)|?) (20)

26



where £(r) is the material permittivity and E (r) is local electric field at radius of . According to
the normalized Purcell factor illustrated in Fig. 8b, the peak at the wavelength of 385 nm in ZnO
NT is distinguished which means that the emitted UV light perfectly coupled with the fundamental
mode of ZnO NT ring-core waveguide and leads to higher efficiency. Besides, there is almost no
peak for ZnO NR in UV region which confirms the multi-mode propagation of ZnO NR
waveguide. To better understanding of the light intensification mechanism, the radiative

recombination rates of both devices are simulated and illustrated in Figs. 9a and 9b.

(a) (b)
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Fig. 9. Radiative recombination rate of the devices with (2) ZnO NR and (b) ZnO NT; The intensity of the
electric field in (¢) ZnO NR and (d) ZnO NT structures.

According to the Fig. 9a, relatively weak emission in the order of 106 /cm3s can be seen at the

ZnO NR's external wall and its interface with MEH-PPV layer. However, higher surface-to-
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volume ratio of ZnO NTs respect to ZnO NR leads to stronger optically active recombination rate
at ZnO NT/MEH-PPV interface in the order of 10'8/cm3s which causes more intense UV
emission [10] (depicted in Fig. 9b). To calculate the electric field distribution in the cavity, it is
important to investigate the discrete Fourier transform (DFT) algorithm, which the time domain

electric field (E’) can be considered as Eq. (21) [79]:
E(f) = [C7E()e/@tdt ~ AtENZ}E(nAt) e~jomse (21)

where N describes the length of the time domain sequence, w is angular frequency which equals

to 2rf and f shows the desired frequency and j is v—1. According to Figs. 9c and 9d, the dipole
source is utilized and electric field distribution and waveguide emission can be achieved by the
radiation properties of the mentioned dipole source. The electric field can be defined by an electric
dipole as: E = E° + E™, which E° demonstrates the electric field of dipole in the infinite medium
and ET explains the reflected field from nanostructures' interface [80, 81]. There is strong electric
field distribution in the width of ZnO NT which confirms the efficient propagation of the UV light
in ZnO NT ring-core waveguide. The electric field intensity distribution of the radial modes (RM)
shows that in the case of ZnO NR the coupled light is in the center and can easily scape from ZnO

NR structure, while the light escapes from the ZnO NT more slowly [82, 83].

4. Conclusions

This work investigates the effect of applying ZnO NTs as a single-mode ring-core waveguide on
the optical and electrical features of OLEDs in near UV range. First of all, ZnO NRs have been
grown via CBD technique and have been converted to ZnO NT via various etching solution
concentration, etching time and etching temperature. In the following, the impact of both ZnO NR

and ZnO NT arrays on two hybrid LEDs with the structures of ITO/AZO/ZnO NR array/MEH-
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PPV/AI and ITO/AZO/ZnO NT array/MEH-PPV/AI have been investigated. According to the
current density-voltage curve, device based on ZnO NT exhibits lower turn-on voltage related to
lower band gap of ZnO NTSs. Furthermore, the device based on ZnO NT arrays serves several
benefits including lower Urbach energy and defect emission, lower trap concentration, higher
radiative recombination rate and higher UV peak in PL and EL spectra. The waveguide parameter
for ZnO NT ring-core structure is less than the cut-off frequency of TEo1 mode (2.255 < 2.554)
which results in single-mode propagation. In contrast, ZnO NR based device depicts multi-mode
propagation. Furthermore, the normalized Purcell factor of ZnO NT based device shows a peak at
wavelength of 385 nm which indicates that the emitted UV light from OLED is perfectly coupled
with the fundamental mode of ring-core waveguide, but there is almost no peak for ZnO NR in
UV range. Consequently, ZnO NT-based device supports single-mode propagation with high
electric field distribution in the wall which causes more intense UV peak in EL spectra with
superior light outcoupling. We believe that this work can become a great breakthrough in lighting

industry and UV applications.
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