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Herein, we report the optoelectronic properties of hybrid diodes fabricated using vanadyl phthalocyanine
(VOPc) and zinc oxide nanorods (ZNR) with the configuration: ITO/ZNR/VOPc/MoO3/Al. Vertically aligned
ZnO nanorods were grown using a simple aqueous solution (AS) method as a function of growth temperature.
The correlation between the morphology of ZNR films and the optoelectronic properties of the ZNR/VOPc hybrid
devices was investigated. The results show that the hybrid diodes with ZNR films grown at 120 °C offer the best
optoelectronic properties. The higher photocurrent responsivity, Ry, (16.28 A/W) was achieved for devices with

ZNR films grown at 120 °C. This value is 25 times higher than the R}, value obtained for the devices made with
ZnO nanoparticle films that were reported earlier.

1. Introduction

Recently, organic-inorganic p-n junctions have simulated much at-
traction due to their possible applications in the field optoelectronics
[1-5]. We have seen in our previous work that the morphology of the
films plays a significant role in enhancing the performance of organic-
inorganic photodiodes [6]. By utilizing the advantages of the individual
material properties, such as high charge carrier mobility and environ-
mental stability, these hybrid p-n junctions can minimize several factors
that limit the performance of the devices. Several research groups have
explored hybrid p-n interfaces of zinc oxide (ZnO) nanostructures with
organic semiconductor materials due to their potential applications in
miniature devices [7-11]. Due to the simple synthesis process, superior
optical and electrical properties, able to form different nanostructures
even at low temperatures (< 100 °C), ZnO nano-thin films have been
widely exploited by forming hybrid junctions [12-14].

On the other hand, phthalocyanines have emerged as important
materials for optoelectronic device applications [15]. Wide varieties of
phthalocyanines (greater than 70) were synthesized, and several
phthalocyanines were investigated for their structural, optical, elec-
trical and photovoltaic properties [16-21]. Furthermore, it is observed
from recent literature that the non-planar MPcs showed better stability
and higher mobility than other phthalocyanines [22-25]. Also, non-
planar phthalocyanine-based devices offer better performance in

comparison with planar phthalocyanines [26-28]. Among many
phthalocyanines, titanyl phthalocyanine (TiOPc) and vanadyl phtha-
locyanine (VOPc) are least investigated materials with regard to their
electrical and photovoltaic properties.

Since a p-n junction is the fundamental component of any optoe-
lectronic device, it is essential to understand the charge carrier dy-
namics at such hetero-junctions. Further, we have studied the devices
made using ZnO nanorod (ZNR) films instead of ZnO nanoparticle films,
which form a p-n junction with organic metal phthalocyanine (MPc)
films. The heterojunction devices based on ZnO nanoparticles/MPcs
such as ZnO/Zinc phthalocyanine [29-31], ZnO/Copper phthalocya-
nine [9,31-33], ZnO/tetra-sulfonated copper-phthalocyanine [34],
ZnO/Nickel phthalocyanine [35], ZnO/cobalt phthalocyanine [33,36],
have been well studied for photovoltaic applications. However, the
devices based on ZNR/MPcs have not been explored much. Mainly,
devices having a heterojunction of MPc film and ZNR (vertically
aligned) film and/or ZNR film prepared by aqueous solution growth
have been rarely studied. The influence of the growth parameters of
vertically aligned nanorods film on the ZNR/MPc heterojunction also
needs to be studied.

In our previous reports, we have shown that VOPc films deposited at
lower rate acquire improved charge carrier mobilities [37]. It is also
shown that the ZnO nanoparticle films, annealed at 350 °C, exhibit
better optoelectronic properties in hybrid diodes based on ZnO and
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Fig. 1. (a) X-ray diffraction pattern of ZNR thin films grown at different temperatures; (b) SEM image of ZNR film grown at 60 °C, (c) at 90 °C and (d)at 120 °C for
about 1h (scale is 100 nm); insets show the columnar structures that confirm the vertical growth perpendicular to the plane of ITO substrate.

VOPc thin films [37]. However, to the best of our knowledge, the hy-
brid devices based on ZNR/VOPc have not been investigated ex-
tensively so far.

In this study, the optoelectronic properties of hybrid diodes invol-
ving ZNR and VOPc films are investigated as a function of nanorod
growth temperature. We first investigated the effect of growth tem-
perature on the structural, morphological and optical properties of the
ZNR thin films. Subsequently, we also fabricated and performed inter-
face measurements of p-n junction devices with the configuration: ITO/
ZNR/VOPc/Mo00O3/Al, under dark and illuminated conditions. These
studies were carried out with the motivation to understand the charge
carrier dynamics at ZNR/VOPc interfaces and their effect on charge
carrier transport.

2. Experimental
2.1. Preparation of ZNR thin films and fabrication

The preparation of ZNR thin films was done in two steps, namely, (i)
seed layer deposition and (ii) nanorod growth. The details of these steps
are described below.

2.1.1. Preparation of seed layer thin films

The nanoparticulate seed layer thin films of ZnO were prepared
using sol-gel spin coating techniques as described earlier in our pre-
vious reports [6,38]. 4g of zinc acetate dehydrate [Zn
(CH3C00)»2H,0] dissolved in 50 ml of 2-methoxy ethanol used as a
precursor solution. This unsaturated solution was stirred on a preheated

hot plate (kept at 70 °C) for 1 h. Monoethanolamine (MEA; 10 ml, acts
as a stabilizer) was added drop-wise for about 10min, and the mixture
was left stirring for about 2 h. The obtained clear solution was aged for
48 h to form a gel (at room temperature). The prepared sol-gel was spin-
coated at a spin rate of 500 rpm for the first 30s, and then 100 rpm for
next 30s on pre-cleaned ITO coated glass substrates. The spin-coated
films were baked at 120 °C in a hot air oven for 10 min to remove the
solvents.

2.1.2. Growth of ZNR thin films

To grow the ZnO nanorods, an aqueous solution (1:1) of 0.06 M zinc
nitrate hexahydrate and hexamethyl tetra-amine was prepared in a
glass reagent bottle (GL 45, BOROSIL). This served as the precursor
solution. The substrates with pre-coated ZnO seed layer thin film were
dipped vertically into the precursor solution in the bottle and kept in an
oven at the desired temperature. After 1 h, the substrate was taken out
and cleaned thoroughly multiple times with distilled water and further
annealed at 350 °C for about 60 min. This process yielded ZnO nanorod
thin film with nanorods aligned vertically to the surface of the sub-
strate. These films were characterized in terms of their structural,
morphological and optical properties.

The aqueous solution (AS) method employed in this work is a simple
and less expensive technique, allowing one to grow uniform vertically
aligned nanorods on a large scale at low temperatures. In the present
work, we have grown the nanorods at three different temperatures viz.,
60 °C, 90 °C and 120 °C. We were not able to proceed beyond 120 °C due
to rapid evaporation of the solvent.
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2.1.3. Fabrication of hybrid photodiode

The 100 nm thick VOPc layer was deposited on the pre-coated ZNR
films using thermal evaporation method (at a base pressure of
8 x 10~ ®mbar) at an evaporation rate of 0.1-0.2 Ass. Next, to facil-
itate hole transport, a thin layer of molybdenum oxide (MoOs, 3 nm)
was deposited over the VOPc layer (at an evaporation rate of 0.1-0.2 A/
s). Finally, the aluminium layer (Al, a 100 nm thick) was deposited over
the MoOj; layer to function as a top electrode.

3. Results and discussion
3.1. Structural and morphological properties

The XRD pattern of the ZNR thin films grown on ITO coated glass
substrate at different temperatures is shown in Fig. 1(a). The patters
indicate that all the ZNR films are crystallized in hexagonal wurtzite
structure [JCPDS 36-1451]. The intense peak appearing at 26 = 34.2°
is assigned to (002) crystal plane, which indicates that almost all the
nanorods are oriented parallel to the c-axis. Further, the peak intensity
is found to increase with growth temperature. A less intense peak also
appears in the XRD pattern of each sample at 26 = 30.2°, and this is
ascribed to the ITO film [39,40]. The average crystallite size was esti-
mated using Scherrer's formula and is found to increase from 31 nm to
50 nm as the growth temperature increases from 60 °C to 120 °C. The
results are presented in Table 1.

The SEM images of nanorod thin film grown at different tempera-
tures on ITO substrates are shown in Fig. 1(b—d). It shows that all the
ZnO nanorods are oriented nearly perpendicular to the substrate plane
regardless of growth temperature. The top view of SEM images reveals
that the nanorods have a hexagonal shape, suggesting that the nanorods
grew along the (002) direction at various temperatures. However, the
diameter, as well as the length of the nanorods, was found to increase
with an increase in the temperature of the precursor solution. In this
connection, we utilize Image J and SPIP software to estimate nanorod
diameter and length and the average spacing between the rods. The
detailed analysis is presented as supplementary of this manuscript. It is
observed that the average diameter of the nanorods increases from
38 nm to 60 nm, with an increase in the growth temperature from 60 °C
to 120 °C. It is also observed that the inter nanorod gap increases from
56 nm to 74 nm with the increase in growth temperature. Further, the
length of the nanorods is seen to increase by about 47% from ~150 nm
to ~280 nm as the growth temperature increases from 60 °C to 120 °C.
The results are tabulated in Table 1.
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Fig. 2. Optical transmission spectra of ZNR films at different growth tem-
peratures. The inset shows Tauc's plots to estimate bandgap of ZNR films at
different growth temperature.

3.2. Optical transmission spectra

The optical transmission spectra of ZNR films grown at different
temperatures are shown in Fig. 2. It is seen that all the samples show a
transmission higher than 80% in the visible region. The plot of o?
versus hv for ZNR films grown at different temperatures is shown in the
inset of Fig. 2. The optical band gap (Eg) values were estimated by
extrapolating the straight-line portion of the plot to the x-axis and were
found to be ~3.24 eV for all the samples [41]. These high transmissions
of ZNR thin films (> 80%) are much needed to obtaining high photo
responsivity. However, the transparency of the ZnO seed layer films
exhibited grater transmission than the nanorod films as reported earlier
[42].

3.3. J-V characteristics

The schematic of the proposed p-n hybrid diode is shown in
Fig. 3(a), and its energy level diagram is shown in Fig. 3(b). The energy
level values of the materials used in the devices have been taken from
our previous work and the reported literature [6,36]. The J-V char-
acteristics of p-n junctions involving ZNR films, grown at various

Table 1
Estimated p-n junction parameters from J-V characteristics.
T (°C)* S (nm)” D (nm)* L (nm)“ X (nm)® Condition n Io (amp)® Von (V)" ®p(meV)' RR/ Rpn (A/W)"
@4.5V @ 4.5V
120 31 38 350 56 Dark 5.16 6.37 x 1077 0.56 0.650 5.40 11.56 16.28
Light 5.71 1.35 x 107° 0.06 0.570 1.15
90 43 51 430 65 Dark 5.60 5.59 x 1078 2.35 0.713 1.95 0.267 0.372
Light 5.56 2.16 x 1077 1.46 0.678 1.27
60 50 60 480 74 Dark 6.05 3.23x 1078 3.84 0.727 1.79 0.058 0.061
Light 6.71 1.65 x 1077 2.50 0.685 1.42
? Nanorod growth temperature.
b

Crystallite size of ZnO measured from XRD.
Diameter of nanorods estimated form SEM.
Thickness of nanorod thin film.
Inter-nanorod spacing.

Diode ideality factor.

& Reverse saturation current.

" Diode turn-on voltage.

! Interfacial barrier height.

J Rectification ratio.

¥ Photocurrent responsivity.
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Fig. 3. (a) Schematic of the fabricated hybrid diode, (b) the energy level diagram for various layers in the fabricated device, (c¢) J-V characteristics of devices under
dark and (d-f) J-V characteristics of the hybrid diodes under dark and illumination at a given ZNR growth temperature.

temperatures under dark condition are shown in Fig. 3(c). The char-
acteristic diode equation under forward bias is given by Ref. [43].

vV
I = Lexp| —
0P (nw) &)

here, V. is the thermal energy at 300 K (26 meV), V is the applied bias
voltage, n is ideality factor of the diode, I, is the reverse saturation
current and can be expressed as [9].

9%¥p

Iy = AA* Tzexp(—)

kT 2

here, A is the area of the device (1.6 x 10~ 2cm?), T is the absolute
temperature in K, A* is the effective Richardson's constant (32
Am 2K~ ?) for ZnO, qg, is the barrier height (eV), k is the Boltzmann
constant.

All the diodes exhibit rectification behaviour and the rectification
ratio (RR) increased from 1.79 to 5.40 as the ZNR films growth tem-
perature increases. On fitting the experimental data of J-V curves of
ZNR films, grown at different temperatures, to the diode equation, it
was found that the value of the ideality factor (n) reduces with the
increase of growth temperature. It is also found that the n values are
relatively higher, ranging from 6.71 to 5.16 than the ideal diode
(n = 1). This may be due to the depletion region of ZNR/VOPc suffers
from the electron-hole recombination, leading to a decrease in the
series resistance of the device [44-46].

From Fig. 3 (c), it is seen that the current density of the device is
higher for the devices with ZNR films grown at higher temperatures
(120°C). As mentioned earlier, higher growth temperatures lead to
increased ZNR crystallite size (from 31 nm to 50 nm, from XRD data),
and also to lowering of the interfacial barrier height from 727 meV to
650 meV (estimated using Egs. (1) and (2)). This might be one of the
reasons for high current density through devices having ZNR films

grown at higher temperatures 120 °C. Correspondingly, the turn-on
voltage of the diodes was reduced from 3.84 V to 0.56 V with increasing
ZNR growth temperature (presented in Table 1). Further, the current
density through the ZNR films (Fig. 3(c)) is found to be two orders
higher in magnitude than that for the devices with nanoparticle ZnO
films [6]. This can be attributed to the higher crystallite size, the larger
diameter of the nanorods, and to the higher donor-acceptor interfacial
area due to the filling of gaps between the nanorods by VOPc (as the
gaps observed from Figure (1)).

Fig. 3(d-f) displays the J-V characteristics in dark condition and
with illumination for the devices with ZNR films grown at different
temperatures. It is evident that all the samples show photoresponse. The
charge transfer mechanism is shown in Fig. 4. However, the photo-
current and hence the photocurrent responsivity, Ry, (for both forward

LUMO

Ec

R

: Light
—_—d
o ]
hole® &
1 Ey

VOPc¢ ! ZNR

Fig. 4. Illustration of photocurrent generation mechanism in ZNR/VOPc hybrid
diodes.
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Fig. 6. Cole-Cole plots for the devices, made using ZNR, in both dark and illuminated conditions (a) at 0V, (b) at +5 V and (c) -5V.

Table 2
Estimated parameters from IS measurements employing equivalent circuit.
Parameter atov at +5V at-5V
Dark Illumination Dark Ilumination Dark Illumination
Ry(Q)* 209 201 210 221 161 223
Rp (Q)° 87121 7050 1475 745 5266 264
CPE (F)* 21%x107° 3.0x107° 1.2x107° 2.9 x10°° 1.9 x 107° 3.0x10°°

@ Series resistance.
b Pparallel resistance.
¢ Constant phase element, which analogous to the parallel capacitance.
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and reverse bias voltages) is higher for the devices with ZNR grown at
120 °C than the other temperatures. From Table 1, it is seen that the
value of Ry, increased from 0.058 A/W to 11.56 A/W (200 times) under
reverse bias and from 0.06 A/W to 16.28 A/W (270 times) under for-
ward bias with the ZNR growth temperature. The Ry, value, for devices
having ZNR films grown at 120 °C, is approximately 25 times and 125
times higher than that for the devices made using ZnO nanoparticle
films under forward and reverse bias voltages (at 4.5V), respectively
[6]. It can be ascribed to the lower electron-hole recombination due to
the highly efficient electron transport pathways (provided by nanorods)
and, hence, better charge collection at the ZNR/VOPc interface [47].

3.4. IS measurements

To further investigate the photoresponse and the charge carrier
dynamics at the hybrid heterojunctions, IS measurements were carried
out for the p-n junction diode made with ZNR grown at 120 °C. Fig. 5(a)
shows the resistance (Re[z]) - frequency plots for the devices in the dark
conditions. From these plots, it is noted that the resistance of the de-
vices reduces with increase in applied bias (both positive and negative).
The resistance of the devices at 50 Hz was found to reduce from
~86 kQ to ~1.48 kQ in the forward bias (0-5V) and ~87 kQ-6.2 kQ
in reverse bias (0 to -5 V) voltages, respectively. The ratio of resistance
(absolute value) in the reverse bias to the resistance in the forward bias,
which is a measure of the rectification ratio, is found to be ~4.2.
Fig. 5(b) shows the photoresponse of the devices under forward and
reverse bias conditions. Upon illumination, it is seen that the bulk re-
sistance of the devices drops remarkably at any given bias voltage. The
resistance is found to be reduced from 87 kQ to 7.1 kQ, 1.5 kQ-1 kQ
and 6.2 kQ-0.6 kQ2 for 0V, +5V and -5 V, respectively.

Fig. 6 shows the Cole-Cole plots for the devices in dark and illu-
minated conditions at a given bias. For each bias voltage in the dark
condition, the Cole-Cole plot displays a single semicircle, which is an
indication of the dominance of a single carrier lifetime. Usually, two
semicircles are expected for a junction involving two materials at a
given bias. Since the bulk resistance of the ZNR film (< 2009Q) is
minimal compared to the bulk resistance of VOPc (2 M), the Cole-Cole
plot corresponding to ZnO film is not observed in the measured range
(50 Hz to 2 MHz). To analyze further, these Cole-Cole plots, equivalent
circuit models, were employed similar to the one shown in Fig. 5(c).
Further, it is also observed that Cole-Cole plots deviate from perfect
semicircles at very low frequencies (~50 Hz) in Fig. 6(b and c), which
may be due to charge accumulation at the metal/organic interface.
These charges are either injected due to higher bias voltages and/or
generated upon illumination.

In general, upon illumination, the following two processes are ex-
pected to occur: (i) the bulk resistance of the devices decrease due to
the high photogenerated charge carrier density, and (ii) the capacitance
of the devices increases due to photogenerated charge carriers [48]. We
also note that the radius of the semicircle (Cole-Cole plot) for the de-
vices at any bias is found to be reduced for measurements done under
illumination. This indicates a reduction in bulk resistance under illu-
mination. It is also observed that the capacitance of the devices in-
creases under illumination. The values are presented in Table 2.
Therefore, the high photocurrent and photoresponse for the devices
with ZNR grown at 120 °C can be attributed to the improved exciton
dissociation at the ZNR/VOPc interface, and to better charge collection
facilitated by the vertically aligned nanorods.

4. Conclusions

In summary, several hybrid diode devices, with configuration ITO/
ZNR/VOPc/Mo03/Al, were investigated for their optoelectronic prop-
erties by varying the growth temperature of ZNR films. The interface
parameters such as ideality factor (n), the Schottky barrier height (qe;)
and the rectification ratio (RR) of the devices were determined from J-V
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characteristics. It was observed that the devices with the ZNR films
grown at 120 °C show higher photocurrent responsivity, Rpp, (16.28 A/
W). This value is 25 times higher than the Ry, value obtained for the
devices made with ZnO nanoparticle films. This can be attributed to the
highly crystalline vertically align nanorods that can provide better
pathways for charge transport. IS measurements also revealed that the
high photocurrent and photoresponse for the devices with ZNR grown
at 120 °C could be attributed to the improved exciton dissociation at the
ZNR/VOPc interface, and to better charge collection facilitated by the
vertically aligned nanorods. Hence, ZNR films annealed at 120 °C are
suitable for organic-inorganic hybrid optoelectronic device applica-
tions.
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