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Abstract

Organic—inorganic hybrid photodiodes have garnered research interest to achieve high-performance optoelectronic devices
with longer lifetime. In the present study, a fluorescent 1,8-naphthalimide (NI) derivative BHSHNI was synthesized through
bromination of 3-hydroxy naphthalic anhydride and subsequent imidation reaction with salicyloyl hydrazide. The IR, NMR
and mass spectrometry studies confirmed the molecular structure of the NI derivative. Intramolecular charge transfer was
confirmed using theoretical and fluorescence emission studies. Thermal investigations suggested good stability of BHSHNI
and cyclic voltammetry indicated an electrochemical band gap of 1.10 eV. Surface uniformity and pit-free morphology was
observed in SEM and AFM images of thin films formed by BHSHNI. The organic (PEDOT:PSS) and hybrid (organic—inor-
ganic) p—n type diodes were successfully constructed using BHSHNI. The hybrid diode exhibited better features with ideality
factors of 9.3 and 15.2 in dark and visible light, respectively, with a dielectric constant of 7.65 at 30 kHz. The calculated
responsivity of the hybrid diode was found to be 66.26 uA/W. The device incorporating BHSHNI as functional material
with NiO can be further explored for photodiode applications.
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devices’ have attracted wide attention among researchers
to achieve the desired device properties at a considerably
reduced cost. Thus, organic electronics have evolved as an
active, advanced, easy and high-performance modern tech-
nology. Among the electronic devices, the semiconductor
diode is a two-terminal electrical device with a p—n junction,
mainly used as inverters and rectifiers in power supply struc-
tures, clamping devices and logic gates in computer systems,
limiters, clippers and gates in optical communication sys-
tems, and phase clamping devices, limiters, and detectors
in televisions. They are also used in biomedical imaging,
environmental monitoring, and sensing.>® A photodiode
(PD) generates electrical signals when illuminated with light
and is mainly used as a photodetector. The charge transport
properties of the sandwich structures, which form an integral
part in diodes are very crucial in PDs. There is much scope
to improve the electrical transport features of the functional
materials by using suitable injection and transport materials
in these devices. Moreover, it is imperative to analyze the
effect of charge transport properties of organic and inorganic
materials in sandwich structures.

Organic molecules are primarily used in PDs because of
their low-cost manufacturing, inherent tunability to detec-
tion wavelength, and compatibility with flexible devices.'?
Although certain inorganic metals seem promising, their
intrinsic drawbacks including broadband absorption, high
brittleness, complicated and expensive manufacturing pro-
cess, and potential toxicity limit their applicability.!"!2
Lower charge carrier mobility and less-ordered molecular
arrangement of organic molecules result in slower response
speed and fewer charge generation in PDs compared to their
inorganic counterparts. Hence, in some devices, blends of
organic and inorganic materials are also used.

In recent years, researchers are immensely interested in
the electrochemical, optical, as well as photoelectric aspects
of electron-deficient 1,8-naphthalimides (NI), which pos-
sess a rigid planar framework.!® These derivatives pos-
sess a structure with an electron-deficient center and good
thermal stability, which are the two primary requirements
for an electron transport material. Most NI derivatives dis-
play high solid state fluorescence quantum yield and have
been employed as electron-deficient materials in organic
light emitting diodes with good performance and electro-
luminescence stability.!* NI derivatives serve as excel-
lent electron conductors and are used as host or electron
transport materials.'>!® As these materials can exhibit
low reduction potentials'>!"!8 and wide energy gaps,'*>!
they are studied for their application as electron-deficient
n-type organic semiconductors.??~>* Therefore, in the pre-
sent study a NI derivative, BHSHNI has been synthesized
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through easy synthetic protocols as an n-type semiconductor
material in the fabrication of two types of diodes: organic
with PEDOT:PSS and hybrid with nickel(Il) oxide as p-type
materials.

Materials and Methods

Chemicals/solvents procured from Sigma Aldrich, TCI Chemi-
cals, and Finar were used in the experiments. The open capil-
lary method was used to determine the melting point and is
uncorrected. The infrared (IR) and nuclear magnetic resonance
(NMR) (‘H and '®C) spectra were obtained using Shimadzu
FTIR and Bruker 400 MHz spectrophotometers. The mass
spectrum was acquired with electrospray ionization by means
of an Agilent 6430 Triple Quad instrument. An 1800 Shi-
madzu UV-visible spectrophotometer was used to record the
absorbance spectra. The thermal study was performed using
a Hitachi STA7000 series thermal analyzer under nitrogen
atmosphere at a heating rate of 10°C min~'. The B3LYP func-
tions of Schrodinger's Materials Science Suite (6-31G™* basis
set) were employed for the computational studies. Cyclic vol-
tammetry (CV) measurements were performed at 50 mV s™!
scan rate using a CH Instrument 604E series (USA) with Beta
software. The conventional cell system comprising glassy car-
bon (0.0771 cm? electroactive area) as the working electrode,
platinum wire as the auxiliary electrode and Ag/AgCI(KCl,,)
as the reference electrode were dipped in tetrabutylammonium
hexafluorophosphate in acetonitrile (0.1 M) as the supporting
electrolyte. Hall effect experiment and dielectric studies were
performed using a Keithley Hall Effect setup 3706A and a
Hioki LCR meter IM 3635, respectively. A Carl Zeiss EVO
18 analytical scanning microscope (SEM) and an INNOVA
SPM atomic force microscope (AFM) were used to analyze
the surface morphology of the thin films.

A p-n type organic diode was fabricated using BHSHNI as
n-type material and PEDOT:PSS as p-type material. Further,
a hybrid diode was prepared by replacing PEDOT:PSS with
NiO as the p-type material. NiO thin film was deposited on
ITO glass substrate using reactive DC magnetron sputtering,
and the film was grown using a 99.99% pure nickel metallic
target of 2-inch diameter. The vacuum chamber was sustained
at~7x 107 Pa, and a mixed ambience of Ar/O, ratio of 6/1
sccm (standard cubic centimeters per minute) was maintained
during the deposition. The sputter power to the nickel target
was fixed at 50 W and sputtering was performed at 1 Pa. The
crystallinity of the NiO film was examined by x-ray diffraction
(XRD, Rigaku MiniFlex) using monochromatic Cu-Ka radia-
tion, and thickness was measured using a stylus profilometer
(DektakXT, Bruker). The I-V measurements of the diode were
performed using a Keithley 2400 source meter.
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Results and Discussion
Synthesis and Characterization of BHSHNI

The synthesis of the NI derivative involves two-steps:
the initial bromination reaction of 3-hydroxy-1,8-naph-
thalic anhydride and subsequent imidation with salicyloyl
hydrazide. The synthetic pathway for BHSHNI is depicted
in Scheme 1.

6-bromo-5-hydroxybenzo[de]

isochromene-1,3-dione(BHNI)

N-Bromosuccinimide (NBS: 2 mmol) in DMF was
added to 3-hydroxy-1,8-naphthalic anhydride (2 mmol)
in DMF and refluxed at room temperature (RT) for 24 h.
The reaction mixture was quenched in ice, filtered, and
dried to obtain BHNI.

N-(6-bromo-5-hydroxy-1,3-dioxo-1H-benzo[de Jisoqui-
nolin-2(3H)-yl)-2-hydroxybenzamide (BHSHNI)

Salicyloyl hydrazide (5 mmol) was added to BHNI
(5 mmol) in ethanol and refluxed for 56 h, then cooled to
RT to yield crude BHSHNI, which was further recrystal-
lized in ethanol.

The molecular structure of the NI derivative was further
confirmed using spectral techniques.

N-(6-bromo-5-hydroxy-1,3-dioxo-1H-benzo[de]
isoquinolin-2(3H)-yl)-2-hydroxybenzamide (BHSHNI):
Deep yellow powder (69%) mp: >250°C; FT-IR (ATR,
cm™!) (Fig. S1): 3300 (OH str.), 3201 (NH str.), 3038 (Ar
CH str.), 1716, 1691 (C=0 str.); '"H NMR (DMSO-d,,
400 MHz) (Fig. S2): 8 6.998-7.065 (m, 2H), 7.495-7.538
(m, 1H), 7.953-7.992 (m, 2H), 8.276 (s, 1H), 8.432-8.452
(dd, 1H,), 8.540-8.563 (dd, 1H); '*C NMR (DMSO-d,,
100 MHz) (Fig. S3): 6 113.64, 115.60, 117.78, 119.85,
122.23, 122.51, 122.58, 123.06, 129.40, 129.54, 130.07,
132.55, 132.64, 134.97, 154.24, 158.87, 161.54, 161.82,
166.55; MS C,oH,,05N,Br (m/z) (Fig. S4): 427.

Se
D
Br
OH

BHNI BHSHNI Br

Photophysical Studies

Since light absorption in naphthalimides with D—z—A
architecture generates charge transfer interactions between
the carbonyl groups and the substituents at the C-4 posi-
tion, their photophysical characteristics are mainly
connected to the polarization of the chromophoric sys-
tem.?>>® The absorption spectrum of BHSHNI in DMSO
(1 x 107 M) presented in Fig. S5A suggested two absorp-
tions at 342 and 391 nm for z—z* and n—z* transitions.?’-*8
The Tauc plot (Fig. S5B) with energy versus ahv'’? was
used to estimate the optical band gap of BHSHNI, which
was found to be 2.87 eV. The molar extinction coeffi-
cient (&), which defines the amount of light absorbed by
BHSHNI was calculated using Eq. 1.

e=A/mC ey

where A is the absorbance, m is the path-length of the light
and C is the concentration of BHSHNI.

The high log ¢ value of 6.540 suggests long-wavelength
absorption bands due to a charge transfer through z—x tran-
sition. The optimized molecular geometry and HOMO and
LUMO energy levels of BHSHNI were generated using
Schrodinger material suite software to realize the electron
density distributions. The charge distribution of HOMO
was found to be localized on the hydroxybenzamide unit of
the molecule, whereas the electronic cloud was distributed
on the NI moiety in the LUMO, indicating an ICT process
as shown in Fig. la. Generally, molecules that exhibit an
ICT process show hypsochromic shifts with increase in
the emission intensity upon adding a small amount of non-
polar solvent to its solution in a polar solvent. The THF
solution of BHSHNI (1 x 10~ M) exhibited a hypsochro-
mic shift of ~ 10 nm with an increase in emission intensity
upon increasing hexane fractions (0-90%) as portrayed
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in Fig. 1b. The electron-deficient NI moiety acted as the
acceptor, and the hydroxybenzamide unit served as the
electron donor in the molecule.

Electrochemical Measurements

The charge injection capabilities and molecular orbital
energy levels for the NI derivative have been investigated
using CV measurements. The current versus voltage plot
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Fig. 1 (a) Theoretically obtained optimized geometry and molecular orbital structures of BHSHNI and (b) emission spectra of different hexane/

THF solutions of BHSHNI.
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Fig.2 (a) Cyclic voltammogram and (b) thermogram of BHSHNI. (c

BHSHNI.
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demonstrated a redox peak between —0.5 eV and 1 eV at
a scan rate of 20 mVs~!. The cyclic voltammogram shown
in Fig. 2a presented the oxidation and reduction onset
potentials. The HOMO and LUMO levels of BHSHNI
was calculated to be —5.303 eV and —4.2 eV, respectively,
with a band gap of 1.10 eV. The LUMO level was quite
low, indicative of an air-stable electron transport, sug-
gesting that BHSHNI is a suitable candidate for device
applications.

Thermal Analysis

Organic materials should possess significant thermal sta-
bility to endure temperature fluctuations to be employed
in optoelectronic devices.?! The TGA thermogram
of BHSHNI was recorded from a temperature range of
50-800°C, and it was observed that the compound is ther-
mally stable and degrades in three steps as depicted in
Fig. 2b. The first step of degradation of 6% might be
due to the lattice water molecules, and further weight
losses of 47.6% and 37% could be attributed to molecular
degradation.

Surface Analysis

The formation of uniform amorphous thin films is vital for
any device application.> The surface morphology of the
thermally evaporated thin film of BHSHNI was observed
using SEM and AFM analysis. The SEM image, as depicted
in Fig. 2¢, showed the formation of a uniform thin film with
pit-free surface. The AFM analysis (Fig. 2d) displayed a
surface roughness (Rg) value of 3.79 nm, thereby supporting
the SEM analysis data. These results indicate that BHSHNI
is a suitable functional material for device fabrication with
possibly reduced leakage of current.

Electrical Characterization

Various quantitative electrical parameters including charge
mobility, charge carrier concentration and resistivity play an
important role in interpreting the fundamental charge trans-
port mechanisms and inherent mobility in organic semicon-
ductors. NI derivatives are extensively researched as elec-
tron-deficient n-type organic semiconductors because they
can have low reduction potentials and wide energy gap.>***
BHSHNI was found to be an n-type semiconductor with a
charge carrier concentration of 1.57 x 10'* cm™ and charge
mobility of 7.06 cm?/V s, which are favorable for different
device applications.

Dielectric studies were accomplished in the frequency
range of 10-5000 Hz by sandwiching the thermal evapo-
rated BHSHNI (under vacuum 6 x 10~ mbar) between the
ITO coated plate and the aluminum contacts, which served
as a parallel plate capacitor. The frequency-dependent
capacitance measured (Fig. 3a) indicated a higher capaci-
tance value at lower frequency, which dropped suddenly to
attain a constant value. The higher values of capacitance
could be attributed to major and minor carriers and interface
states which respond to the AC. However, with increased
frequency, only part of these interface states and major car-
riers respond to the AC current.*’ The interface states had
enough time to capture the charges at lower frequencies,
while charge trapping processes were sluggish at higher
frequencies.*®

The dielectric constant, which represents the ratio of
permittivity of the dielectric material to that in free space,
was calculated using Eq. 2 and plotted against frequency as
shown in Fig. 3b.

_ad
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where C is the capacitance, d represents thickness, € is the
permittivity in free space and A signifies the active area.
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Fig. 3 (a) Capacitance versus frequency, (b) dielectric constant versus frequency, and (c) AC conductivity versus logarithm of angular frequency

for BHSHNI.
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The dielectric constant for BHSHNI was found to be 2.01
at 500 Hz. Electronic polarization and space charge could
be responsible for the higher dielectric constants at lower
frequencies.*’ The decline in the dielectric constant may be
due to decrease in the polarization at higher frequencies.*®*’

In an ideal case, charge should not penetrate through the
dielectric material. However, large current flows through it
upon applying potential, which is designated as dielectric loss.
The dielectric loss versus frequency plot (Fig. S6) suggested
minimal dielectric loss and storage of charges in the dielectric
material, BHSHNI. As AC conductivity and dielectric loss are
closely related, the increase in conductivity will increase the
eddy current, which in turn will increase the dielectric loss.®
AC conductivity was calculated using Eq. 3 and was plotted
against semi logarithm of angular momentum as depicted
in Fig. 3c. The AC conductivity of BHSHNI was found to
be ~ 15,000 nQ~! cm™! at higher frequencies.

Oac = WE £ tand 3)

where o is the angular frequency, €, is the permittivity in
free space, ¢, is the dielectric constant and tand represents
the dielectric loss of BHSHNI.

Diode Fabrication and Characterization
Organic Diode

A p-n type diode with ITO | PEDOT:PSS | BHSHNI | Alq3 |
Al configuration was fabricated using BHSHNI as the active
n-type component (Fig. 4a). The corresponding energy level
diagram is displayed in Fig. 4b. PEDOT:PSS was spin-
coated as a hole transport layer on precoated ITO plates,
which acted as an anode, BHSHNI (100 nm) as n-type semi-
conductor, and Alq3 (60 nm) as the electron transport layer
was thermal evaporated under a vacuum of 6 x 10° mbar
with an evaporation rate of 0.1-0.5 Als. Al (100 nm) as cath-
ode was coated on Alqg3 by thermal evaporation at 1-5 Als to
complete the device fabrication. The current versus voltage
(I-V) plots were recorded for the device (Fig. 5a), and the
current was observed in micro-amperes. The ideality fac-
tors calculated for the diode using log I versus voltage plot
(Fig. 5b) for dark and visible light were found to be 27.6
and 14. The constructed diode did not exhibit a significant
difference in the current value in dark and light conditions
as evident from Fig. 5a and b.

| Alq, | PhOth‘esponse

6 ,J'J \

| Al | <

Al
Photo response
» i BHSHNI |

[ Busani_ | S :
' . NiO
PEDOT:PSS ‘
ITO
ITO .
2 Hybrid diode
Organic diode
K BHSHNI /
(b) -1.8eV
42evy “31eV 4.2eV
Al Al
ITO Z
. - -4.06 eV ITO 2 -4.06 eV
Ta7ev PEDOT:Pss| 2 - o =
T k=3 -4.7 eV 2 I
50ev | T < @
(+4]
-5.3 eV
v -5.8eV -5.4eV -5.3eV

Fig.4 (a) Device architectures and (b) energy level diagrams of different layers used in organic and hybrid diodes.
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Fig.5 The plots of (a) I-V, (b) log I versus V in light and dark con-
ditions, (c) capacitance against frequency, (d) dielectric constant
against frequency, (e) dielectric loss against frequency and (f) AC

Further, the dielectric studies of the device with BHSHNI
were performed from 10-1000 Hz where ITO plate and Al
acted as parallel plates in a capacitor. Frequency-dependent
capacitance plots were constructed as depicted in Fig. 5c,
which displayed a capacitance of ~ 0.5 nF at higher frequen-
cies. Furthermore, the dielectric constant versus frequency
plot (Fig. 5d) denoted that diode with BHSHNI had a dielec-
tric constant of 2.75 at 2000 Hz. A sudden dip in the dielec-
tric constant values observed at higher frequencies could
be due to the inability of the interfacial states and minor
charges to respond to the AC current. The dielectric loss
was calculated and exhibited in Fig. Se. The lower dielectric
loss specified a better dielectric nature of the device. The
frequency-dependent AC conductivity was further calculated
and plotted as presented in Fig. 5f, and the value was found
to be ~ 0.4 nQ ™' cm™! at higher frequencies.

Generally, most organic materials have a weak UV
absorption coefficient, which implies that they do not absorb
much UV light, resulting in a poor UV photo-response.
Moreover, stability of the organic material can also hinder
the UV photodetection. Since UV radiation has high energy
and has the potential to photodegrade organic materials, the
device performance will eventually deteriorate. Because of
this, employing organic materials for UV photodetection
applications is not always preferable.

conductivity against logarithm of angular frequency for the diode
with BHSHNI as the active material.

Hybrid Diode Fabrication

As there was no light response from the organic diode, con-
ventionally used p-type PEDOT:PSS was replaced with NiO
as an electron-blocking layer and BHSHNI as the n-type
material to construct an inorganic—organic hybrid p-n
type diode. The device architecture and the energy level
diagram are displayed in Fig. 4a and b, respectively. The
photo-response of the diode was checked by coating NiO
(~200 nm) as the p-type material on the ITO plate using
magnetron sputtering. The sputtered NiO was confirmed
using XRD patterns as displayed in Fig. S7. The experi-
mentally obtained XRD patterns were compared with the
theoretically obtained XRD patterns. BHSHNI (250 nm)
was thermal evaporated on NiO with an evaporation rate
of 0.1-0.5 A/s. Al as cathode was coated above BHSHNI
under a vacuum of 6 x 10~° mbar with an evaporation rate of
1-5 A/s and diode characteristics were measured. The ideal-
ity factors calculated for the diode in dark and visible light
were found to be 9.341 and 15.275, respectively (Fig. 6a
and b). It is evident from the I-V curve that there is almost
a 10-fold increase in the current value when light is incident
on the device. This could be due to the high air stability,
hole conductivity, and LUMO level for blocking the external
electrons injection of the metal-oxide layer.
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Fig.6 Plots of (a) I-V, (b) log I versus V in light and dark conditions, (c) capacitance against frequency, (d) dielectric constant against fre-
quency, (e) dielectric loss against frequency and (f) AC conductivity against logarithm of angular frequency for the hybrid diode.

Dielectric measurement of the hybrid diode was performed
at 10-50 kHz and the capacitance versus frequency graph
exhibited a capacitance value of ~ 39 pF at 30 kHz (Fig. 6¢).
The frequency dependent dielectric constant was found to
be ~ 7.65 at 30 kHz as displayed in Fig. 6d and the negative
dielectric loss denotes higher charge storing capacity of the
diode (Fig. 6e). The AC conductivity was ~ 45 pQ~' cm™ at
higher frequencies (Fig. 6f).

In order to understand the transport of charges, Nyquist plot
was drawn. Grain boundaries, bulk grains, electrode-film inter-
faces and their response to the AC current was studied using
circuit.’® The Nyquist plot with the fitted circuit is depicted
in Fig. 7, which denotes the contact resistance (R,) to be
1.58x 10* Q with charge transfer resistance (R,) of 1.65x 10°
Q and a capacitance of 7.06 X 10~"' F, which is in accordance
with the dielectric values. The absence of semicircle nature
in the plot is indicative of lower charge storing capacity and
higher resistance of the system.

In comparison to the organic diode, the hybrid diode not
only exhibited a higher current value in the I-V plot in pres-
ence of light, but also exhibited better current in dark con-
ditions with comparatively same ideality factor. Further, the
photo-responsivity (R) was calculated using Eq. 4,

I

R= illuminated — Idark (A/W)

5 “

illuminated
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Fig. 7 Nyquist plot with circuit fit for hybrid system.

where Iy inaea 15 the current signal under illumination and
14,4 indicates the dark current and P is the optical power
density of the photodetector when the light illuminated the
device area A. The responsivity of the hybrid diode was cal-
culated to be 66.26 A /W. Further, to obtain a high R value,
it is essential to have a high photo current under light illumi-
nation, which was not observed in our device. However, in
comparison to the organic diode, the hybrid diode exhibited
a better photo current in the presence of light. The working
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mechanism of the device is as follows: after the UV light
falls on the device, excitons are created in the p—n junction.
The internal built in electric field separates the electrons and
holes which drift towards respective electrodes. In the space
charge region, built-in photogenerated charge carriers are
drifted by the internal electric field. Therefore, photocurrent
can increase under reverse bias as observed in our study.

Conclusion

A naphthalimide derivative BHSHNI was synthesized
through bromination and imidation reactions from
3-hydroxy-1,8-naphthalic anhydride and was characterized
using IR, NMR, and mass spectrometry. The ICT within the
molecule was validated using both theoretical and experi-
mental studies. The n-type semiconductor displayed good
thermal stability with an electrochemical band gap of 1.1 eV.
A hybrid diode was fabricated by replacing PEDOT:PSS
with NiO, which exhibited a photo-response. The dielectric
studies revealed that the BHSHNI possessed a lower dielec-
tric constant (2.01 at 500 Hz) than that of the organic device
(2.75 at 2000 Hz), but the dielectric constant value increased
in the hybrid diode. The ideality factors of the organic diode
with BHSHNI were 27.6 and 14, whereas that for the hybrid
diode were 9.341 and 15.275 in dark and light conditions,
respectively. The hybrid diode can be further explored for
photo-sensing applications.
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