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The focus of this study is on investigating the vanadyl 2,9,16,23-tetraphenoxy-29H, 31H-phthalocyanine (VOPcPhO)
and its blend with o-xylenyl C60 bis-adduct (OXCBA), for use as a lateral ultraviolet organic photodetector. The research
focuses on improving dark current reduction, which is a challenge in lateral organic photodetector. By integrating the
OXCBA, low dark current values of 4.83 nA - cm 2 (Dfor = 1.414 x 10!! Jones) have been achieved as compared to
the stand-alone VoPcPhO device of 14.06 nA -cm~2. The major contributing factors to dark current reduction are due to
the efficient charge transfer at the photoactive-electrode interface, the deep highest occupied molecular orbital (HOMO)
level of OXCBA, which leads to favorable energy level alignments hindering hole injection, and the occurrence of bulk
heterojunction vertical phase segregation between VOPcPhO and OXCBA. These findings shed light on the relationship
between the organic photoconductor’s material composition, morphology, and performance metrics and open new avenues
for metal phthalocyanine-based lateral ultraviolet organic photodetectors with low dark current and enhanced performance.

Keywords: small molecule, dark current, ultra-violet (UV) sensor, device physics
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1. Introduction

The optoelectronic industry has rapidly revolutionized in
recent years, leading to numerous technological advancements
ranging from displays and sensors to solar cells and commu-
nication. The photodetector is a key player in this progress,
Photode-
tectors are widely used in modern electronics like displays,

converting light particles into electrical signals.

phones, solar cells, medical imaging, and sensing.!'~3! While
prevalent photodetectors rely on expensive inorganic semi-
conductors like silicon and gallium phosphide for superior
performance, 4~ their production costs and inflexibility limit
their scalability and compatibility with flexible electronics.
Organic photodetectors (OPDs) based on organic semi-
conductors such as polymers and small molecules have
emerged as a promising alternative to their inorganic coun-
terparts over the last decade due to their inherent advantages,
ease of processing, lower production costs, flexibility, and
scalability.!”-8] Metal phthalocyanines (MPcs) are a specific
class of organic semiconducting compounds with a central
metal atom or ion coordinated with an aromatic, macrocyclic
compound called phthalocyanine, which has gained signifi-
cant interest due to their desirable optical, chemical, thermal,
and electrical stability. However, most MPc-based devices
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have focused on the visible-NIR region of the electromagnetic
spectrum with a bit of emphasis on the ultraviolet-sensitive
OPDs.

Vanadyl 2,9,16,23-tetra phenoxy-29H, 31H-phthalocya-
nine (VOPcPhO) is a metal phthalocyanine with a vanadyl
(VO) group as the central metal ion along with a phosphine
oxide (PhO) derivative. VOPcPhO exhibits a broad absorption
spectrum ranging from ultra-violet (UV) to far-visible/NIR
regions. Due to this characteristic, it has been rendered a
promising candidate for OPD applications in various works of
literature. > Given VOPcPhO’s pronounced UV-absorption
capabilities, this research specifically focuses on developing
a VOPcPhO-based lateral organic photodetector designed for
UV detection.

In general, MPcs-based photodetectors can be classified
as photoconductors, photodiodes and phototransistors. A pho-
toconductor is the simplest type of three-device structure that
utilize the photoconductive effect in two-terminal devices. An
interest in utilizing a lateral OPD arrangement has evolved,
where two contacts are placed on opposite sides of the pho-
toactive layer with a small gap between them.!'!l Applying
an external bias across the electrodes establishes an electri-
cal “path” across the gap, allowing the collection of photo-
generated carriers when the semiconductor is exposed to light.

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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This means the electrodes are not in the light path of the signal,
and therefore, they do not need to be transparent.

However, lateral OPDs generally suffer from high
dark/leakage current values. Several strategies have been em-
ployed to reduce the dark current in OPDs. One of the most
promising methods to reduce charge injection is to create a
significant energy level offset between the Fermi level or the
work function of the electrode and the HOMO-LUMO (high-
est occupied molecular orbital-lowest unoccupied molecular
orbital) offset level of the donor-acceptor molecule at the elec-
trode:photoactive interface.!'?! A deeper HOMO-LUMO off-
set can facilitate more effective charge separation at the donor—
acceptor interface due to a stronger electron and hole transfer
driving force. On top of that, the reduction of charge injec-
tion helps control the accumulation of space charges near the
edges of the metallic contact, which, in turn, minimizes the
facilitation of charge carrier movement in the absence of light
and reduces the dark current in the device. '3

Several studies have focused on using donor molecules
with deep-lying HOMO levels, resulting in dark currents
as low as 1077 mA - cm~2.11*] Recently, solution-processed
bulk heterojunction (BHJ) photoactive layers have been ex-
plored to determine their effect on reducing the dark current
due to vertical phase segregation.!'! Low dark current val-
ues of 1.6 x 1077 A-cm™2 and 3.4 x 107'© A.cm™2 for
P3HT/PC7;BM'®! and Lisicon PV-D4650:PCBM!"7! sequen-
tially deposited bulk heterojunction (BHJ) active layers, re-
spectively, have been reported in the past. However, most of
the progress in reducing dark current has been made on verti-
cal structures of OPDs with little emphasis on the much sim-
pler planar/lateral structure.

Taking these factors into consideration, we aim to opti-
mize the performance of the UV-sensitive photodetector by
doping VOPcPhO-acceptor material with a fullerene donor
derivative having a deep HOMO level, namely, o-xylenyl C60
bis-adduct (OXCBA) to form a solution-processed BHJ pho-
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Fig. 1. (a) Molecular structure, (b) schematic illustration of the device structure, and (c) energy level diagram. !
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toactive layer. The OXCBA has gained considerable attention
recently due to its comparable properties with PCBM.18:1°]
In this study, we fabricate a novel MPc-based UV-sensitive
photodetector and explore the compatibility of OXCBA with
VOPcPhO from the morphological, optical, and electrical as-
pects with a focus on reducing the dark current density in the

fabricated UV-photodetector.

2. Experimental details

The molecular structure of the VOPcPhO (p-type) and
the OXCBA (n-type) is shown in Fig. 1(a). Both materials
were purchased from Sigma Aldrich Inc. and were used in an
as-received state. Chloroform, a polar organic solvent, was
used to separately dissolve both VOPcPhO and OXCBA with
a concentration of 10 mg/mL each using a magnetic stirrer at
700 rpm for 24 hours. The dissolved VOPcPhO and OXCBA
were mixed in a 1:1 molar ratio to prepare the PN solution. Si-
multaneously, 1.5 cm x 2.0 cm glass substrates were prepared
and cleaned with detergent, distilled water, acetone, and iso-
propyl alcohol for 15 min each in an ultrasonic agitator. The
glass substrates were then blow-dried using nitrogen.

The prepared solutions were then fabricated into thin
films using the spin-coating method at 2000 rpm for 30 s to
form a 150-nm thin layer. The deposited thin films were then
subjected to thermal annealing at 80 °C for 15 min to improve
the morphology of the layer. Later, a 100-nm aluminium layer
was thermally deposited on the thin films using the physical
vacuum deposition technique performed in a nitrogen glove-
box under a base pressure of 2 x 10~7 bar (1 bar = 10° Pa).
A minimal gap of 60 um between the aluminium and the de-
posited thin film was made. The schematic mechanism of the
fabricated devices and the energy level alignments are shown
in Figs. 1(b) and 1(c), respectively. The devices were then
stored in UV-cured epoxy and glass. The PN is defined as
VOPcPhO:OXCBA film throughout the paper.
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The thin films were characterized using a UV-Vis spec-
trophotometer (Perkin LAMBDA 900, Waltham, MA, USA)
under UV-visible-NIR irradiation to study their absorption
spectra. The surface thickness of the films was determined us-
ing a surface profilometer (model Bruker Dektak XT, Billerica,
MA, USA), while the morphology was characterized using an
atomic force microscope (Hitachi AFM5100N using SI-DF3
cantilever). The electronic characterization of the fabricated
devices was studied using the Kiethley 238 source measure
unit and a UV light source of specific wavelength 365nm and
an optical power density of 45 mW/cm?.

3. Results and discussion

3.1. Blue shift absorption and rougher surface due to the
addition of n-type

The UV-Vis spectroscopy was performed to determine the
light absorption properties of the VOPcPhO and the effect of
OXCBA on its absorption spectra. Figure 2(a) illustrates the

1.0

(a) -=~=- VOPcPhO
PN device

Absorbance

300 400 500 600 700 800
Wavelength (nm)

2.3 nm

\ —1.5 nm

1,07 nm .

absorption spectra of VOPcPhO. The most substantial absorp-
tion peak can be observed around the UV region at 344 nm,
with a shoulder coming about at 395 nm. These peaks repre-
sent the Soret bands in the metal phthalocyanines.!?!! Absorp-
tion peaks can also be observed at 715 nm, with a shoulder
coming at 665 nm in the visible region of the spectrum. These
peaks represent the Q-bands of metal phthalocyanine caused
by strong first 7—7* in the phthalocyanine macrocycle, with
the shoulder coming due to the exciton peak./?>%3]

The figure also illustrates the absorption spectra for the
PN thin film. By adding the OXCBA, the absorbance in the
UV region was increased dramatically, with the peak coming
at 340 nm. This can be attributed to the absorption spectra of
OXCBA, which demonstrates peak absorption in the UV re-
gion, specifically in the range of 300 nm—400 nm. It should
also be noted that the absorption in the visible region dropped
after adding OXCBA. This is again attributed to the fact that
OXCBA has little to no absorption in the visible and NIR re-

gions.

2.0
1 ——— VOPcPhO
1.6
2
= 8 m
= \
£ 12 \
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o 0.8 / \
3 / \
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0 ' ’ v v
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Fig. 2. (a) Absorption spectra of VOPcPhO and PN thin film and (b) Tauc plot for energy gap calculation and the AFM images of (c) VOPcPhO and (d) PN

thin film.
Another important characteristic that can be determined

from the absorption spectra is the energy gap, which can

which makes use of the following equation:

(o)™ = A* (hv — Ey),

ey

greatly impact the device’s performance.

The energy gap

for VOPcPhO is determined using the Tauc plot method, 4

where £, v, a, Es, and A* represent the Planck constant, pho-

ton frequency, absorption coefficient, energy gap, and slope

024204-3
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of the Tauc plot, respectively. The number of allowed direct
(n = 1/2) or indirect (n = 2), and forbidden direct (n = 3/2)
or indirect (n = 3) electronic transitions are determined by the
value of n. A linear region from the plot of (othv)? against
(hv) is used to extrapolate the x-intercept to determine the
value of E;. The value of E; for VOPcPhO was found to be
1.61 eV, which is in acceptance with values obtained in various
literature.?>! The Tauc plot of VOPcPhO is shown in Fig. 2(b).

The surface morphology and roughness can also play
a vital role in the charge transport properties of organic
photodetectors.[?%) To determine the surface roughness, the
atomic force microscopy (AFM) technique was used, which
relies on a cantilever to tap on the surface of the device. Fig-
ures 2(c) and 2(d) depicts the AFM images of the surface of
both devices. The addition of OXCBA in a 1:1 ratio increased
the surface roughness of the device from 1.07 nm to 2.10 nm.
This indicates that OXCBA when added in a 1:1 ratio, deteri-
orates the surface and hence can harm the charge transport of
the device and induce an electron—hole recombination.!?’!

3.2. Reduced dark current by adding the OXCBA

Dark current in OPDs, often called leakage current, is
caused by the charge injection carrier rate from the electrodes
and can significantly impact the device’s performance.!?%%]
The HOMO and LUMO levels of the donor and acceptor ma-
terials, respectively, the charge injection barrier &y, and the
strength of the applied bias can play a crucial role in the charge
injection dynamics of the OPDs. The electrode with a higher
(lower) work function than the LUMO (HOMO) of the ac-
ceptor (donor) creates an energy level alignment that favors
the injection of holes (electrons) from the higher (lower) work
function electrode.
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Figure 3(a) shows the J-V characteristics for both P and
PN devices under dark conditions. The P device is defined
as a stand-alone VOPcPhO device, while PN device is de-
vice is defined as VOPcPhO:OXCBA device. A decrease in
the dark current density (Jq) from 14.06 x 1072 A/em? to
4.83 x 107 A/cm? is observed by the addition of OXCBA.
This decrease in J4q can be attributed to the following reasons:
the presence of an electron channel between the photoactive
layer and the electrode interface’*’! and the rate of charge in-
jection carriers relies on the injection barrier @,.[8! This bar-
rier is determined by the difference between the acceptor’s
LUMO and the low work function electrode for electrons and
the donor’s HOMO and the high work function electrode for
holes.!"#! Since both the devices used in this experiment were
fabricated to have the same aluminum electrodes, the injection
barrier is determined solely by the HOMO and LUMO levels
of the donor and acceptor, respectively. As a donor, OXCBA
has a very deep HOMO level (5.66 eV),3!) which results in
a high hole-injection barrier of 1.36 eV between the Al elec-
trode and the photoactive layer thus blocking the hole injection
from the electrodes caused by either thermal effects or impu-
rities and lowering the Jq. The dark current characteristics of
the OPD verify the vertical phase separation in the blend layer.
The electrons injected from the cathode do not have to expe-
rience a high barrier of LUMO level and resulting in efficient
injection as compared to stand-alone OPD. A similar process
occurs for the holes at the anode.*?! This can lead to favorable
energy level alignments at the photoactive: electrode interface,
reducing charge injection from the electrodes, and enhancing
the device’s performance. These dark current reduction mech-

anisms are illustrated in Figs. 3(b) and 3(c).

(a)

Ji =14.06 x 10° A/cm?
JN=483 %107 A/em?

Voltage (V)

(©

Fig. 3. The dark current density voltage characteristics for the P and PN structures. The dark current reduction mechanism of (b) vertical phase segregation,

and (c) the presence of deep HOMO level.
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3.3. Resistance and current against varying electric field

analysis

To further study the basic characteristics of the devices
under illumination and dark conditions, the current—electric
field (/-FE) curves and resistance—electric field (R—E) curves
were plotted.?*! The electric field was calculated using the
formula E =V /d, where V is the voltage while d represents
the device’s thickness. The thickness of the P device was
found to be 150 nm, while the thickness of the PN device
was 160 nm. The I-E curves for both devices are shown in
Fig. 4(a).

(a) g

Current (10710 A)
W

0
0 20 40 60 80 100
E (kV/cm)
3.007 -
(b =P
2.50 ==EN
2.00-

Resistance (10" Q)

E (kV/cm)

Fig. 4. (a) The current—electric field characteristics and the (b) resistance—
electric field characteristics for the P and PN structures.

The electric field drives the charge carriers through the
device leading to a current flow. If the strength of the elec-
tric field is sufficient to overcome the &y at the photoac-

tive:electrode interface, then the electrons and holes can tunnel

through and become mobile charges leading to a more signif-
icant dark current. The values of dark currents for both P and
PN devices at E = 100 kV/cm were found to be 4.47 x 10710 A
and 0.97 x 10710 A, respectively. Thus, a decrease in dark
current is observed due to the addition of OXCBA at E =
100 kV/cm which further reaffirms less charge injection due
to an increase in the charge injection barrier because of the
deep HOMO level of OXCBA.

The resistance was calculated using the Ohmic relation
(R =V/I), and the R-E curves were plotted as shown in
Fig. 4(b). The resistance in the horizontal direction gradu-
ally increased for both devices, irrespective of the wavelength.
However, the PN device showed an increasing resistance trend
under dark conditions compared to the P device. In the case of
dark conditions, the increase in resistance can be attributed to
the reduction in the charge injection current from the electrode
due to OXCBA.34

Specific detectivity or D

*

“hot 18 @ figure of merit used to

evaluate the performance of a photodetector in terms of signal-
to-noise ratio (S/N), detector area, and detection bandwidth.

The formula to determine is given as!3-37]

. R

Dl = ———
shot \/Zqu’

where R represents responsivity, Jyq represents dark current

@

density, and q is the electric charge of an electron. The higher
the is the better device performance. Another important pa-
rameter in evaluating the performance of the photodetector is
the S/N ratio with respect to the dark current, where Jjight /Zdark
is at a certain applied voltage.*33°! These values for both de-
vices are tabulated in Table 1.

The S/N rvalue was increased in the PN device, confirm-
ing that the presence of OXCBA in the VOPcPhO host en-
hanced the photodetector’s performance. The D} , for all the
lateral devices was obtained in the order of 10! Jones (see
Table 2), which is comparable with the values obtained for

vertical structures in the previous literature. 40?1

Table 1. The P and PN device’s dark current and values.

Devices Jq (nA/cm?) Responsivity (nA/W) S/N Do (10" Jones)
P 14.06 254.0 0.722 (at —1 V) 1.197
PN 4.83 175.8 145 (at —1V) 1.414

Table 2. Comparisons between vertical UV-OPDs based on small molecules and present work.

Devices Voltage/bias  Jg (A/em?)  D* (10'! Jones) Ref.
ITO/TAPC:MoOs3/active layer/Bphen/Ag at—-3V 1.11x 107 64.3 [41]
ITO/TPBi/Mo00O3/C70/active layer/BCP/Al at—6vVv 2.2x 1072 22 [40]
ITO/PEDOT:PSS/active layer/Bphen/Ag at—15V  4.82x1077 3.7 [42]
Al/VOPcPhO:OXCBA/AI (lateral configuration) at—1V 4.83 x10_9 1.414 this work

024204-5
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4. Conclusion

This work’s fabrication and characterization of a
VOPcPhO-based UV organic photodetector provided valuable
insights into the performance and design considerations. Fur-
thermore, a VOPcPhO:OXCBA device mixed in a 1:1 molar
ratio was also fabricated. The influence of OXCBA as an ad-
ditive and its role in mitigating the dark current density was
studied under a 45 mW/cm? UV light source. One notable
achievement of this study is the reduction of dark current den-
sity in the VOPcPhO:OXCBA device, resulting in low values
of 4.83 nA -cm~2 as compared to a stand-alone VOPcPhO of
14.06 nA-cm 2.
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