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halic acid low molecular weight
gelator based novel semiconducting
supramolecular Zn(II)-metallogel: unlocking an
efficient Schottky barrier diode for
microelectronics†

Subhendu Dhibar,*a Baishakhi Pal,b Kripasindhu Karmakar, a Sanjay Roy, c

Sk Abdul Hafiz,d Arpita Roy,e Subham Bhattacharjee,d Soumya Jyoti Ray, e

Partha Pratim Ray *b and Bidyut Saha *a

A novel method has been successfully developed for creating supramolecular metallogels using zinc(II) ions

and 5-aminoisophthalic acid as the gelator (low molecular weight gelator) in a dimethylformamide (DMF)

solvent at room temperature. Comprehensive rheological investigations confirm the robust mechanical

strength of the resulting zinc(II)-metallogel. Microstructural analysis conducted through field-emission

scanning electron microscopy (FESEM) unveils a unique flake-like morphology, with energy-dispersive X-

ray (EDX) elemental mapping confirming the prevalence of zinc as the primary constituent of the

metallogel. To understand the formation mechanism of this metallogel, Fourier-transform infrared (FT-

IR) spectroscopy was employed. Notably, these supramolecular zinc(II)-metallogel assemblies exhibit

electrical conductivity reminiscent of metal–semiconductor (MS) junction electronic components.

Surprisingly, the metallogel-based thin film device showcases an impressive electrical conductivity of

1.34 × 10−5 S m−1. The semiconductor characteristics of the synthesized zinc(II)-metallogel devices,

including their Schottky barrier diode properties, have been extensively investigated. This multifaceted

study opens up a promising avenue for designing functional materials tailored for electronic applications.

It harnesses the synergistic properties of supramolecular metallogels and highlights their significant

potential in the development of semiconductor devices. This work represents a novel approach to the

creation of advanced materials with unique electronic properties, offering exciting prospects for future

innovations in electronic and semiconductor technologies.
1. Introduction

Gels are a three-dimensional network of molecules held
together by cross-linkages, creating a semi-solid, viscous
material.1 They exist in a colloidal state, with gelators forming
the dispersed phase and solvent forming the continuous
medium. The characteristic so and elastic behavior of gels can
oen be conrmed through tests such as the inverted vial
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–6723
method.2,3 Supramolecular gels offer distinct advantages due to
their composition of low molecular weight gelators, diverging
from traditional long-chain polymers. Research in this eld
aims to understand the intricate structures present in gels
across different length scales and explore their potential
applications in cutting-edge technologies. Gels nd wide-
ranging uses in the biomedical, pharmaceutical, oil recovery,
food, cosmetic, environmental, and conducting device indus-
tries, among others.4–6 Within the 3D so gel framework, the
core constituents constituting the supramolecular gel are gela-
tors and solvent molecules, both held in immobilized states by
the gelator molecules themselves.

Gelators derived from polymers such as polyester, poly(-
ethylene glycol), polyolens, polycaprolactones, and poly-
carbonates are frequently utilized to create a diverse range of
stable gel compositions.7 However, low molecular weight gela-
tors (LMWGs) are pivotal components in the realm of supra-
molecular gel synthesis. Unlike traditional polymeric materials,
LMWGs are characterized by their relatively small molecular
© 2023 The Author(s). Published by the Royal Society of Chemistry
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size, which enables them to self-assemble into well-dened
structures through non-covalent interactions. These interac-
tions, such as hydrogen bonding, p–p stacking, and van der
Waals forces, lead to the formation of organized networks that
entrap solvents and create a gel-like structure.1,8,9 The design
and selection of appropriate LMWGs are crucial as they govern
the overall gel properties, including mechanical strength,
stability, and responsiveness. LMWGs offer remarkable versa-
tility, allowing researchers to ne-tune the gel's properties by
adjusting molecular structures and functional groups. Their
ability to create supramolecular gels with tailored characteris-
tics has led to signicant advancements in various elds, from
materials science to drug delivery, offering novel avenues for
developing functional and responsive materials.2

Supramolecular gel synthesis encompasses a fascinating
array of solvents that play a pivotal role in the creation of these
intricate structures. From common solvents such as water,10

acetonitrile,11 ethanol,12 and methanol13 to more specialized
ones such as dichloromethane,14 deuterated dichloro-
methane,15 1,2-dichlorobenzene,16 acetone,17 carbon tetrachlo-
ride,18 DMF,19 tetrahydrofuran,20 dimethyl sulfoxide,21 and
toluene,22 each solvent brings its unique properties to the
process. By interacting with organic and/or inorganic gelators,
these solvents facilitate the formation of three-dimensional
networks that dene the gel's characteristics. The choice of
solvent not only inuences the gel's physical properties but also
contributes to its potential applications, making solvent selec-
tion a critical aspect of designing supramolecular gels with
tailored properties.

The literature is replete with a plethora of low molecular
weight gelators, encompassing alkenes,23 amides,24 modied
amino acids,25 urea,26 peptides,27 sugars,28 dendrimers,29 and
more. These gelators exhibit remarkable gelation properties in
the presence of diverse solvent molecules. The formation of
supramolecular gels arises from captivating non-covalent
interactions, including hydrogen bonds,30 electrostatic interac-
tions,31 hydrophobic32 and hydrophilic forces,33 van der Waals
forces,30 and aryl-system-based interactions.34 The realm of
supramolecular gels has emerged as a pivotal domain within
materials science, nding applications across academia and
industry alike. Notably, these gels are integral to catalysis,10a,b

lithography,35 opto-electronic and electrochemical devices,36,37

chemo-sensors,38 cell culture,39 drug delivery,40 tissue engi-
neering,41 and semiconductors.19

Metallogels represent a signicant subset of supramolecular
gels, resulting from the synergistic interaction between metal
ions and appropriate low molecular weight gelators (LMWGs).
This collaboration gives rise to intricate 3D supramolecular so
gel structures characterized by intriguing and unconventional
properties. Within metallogels, the incorporation of metal ions
introduces a range of noteworthy functionalities, including
redox activity,42 magnetic behavior,43 conductivity,44 actuation,45

catalytic activity,46 and optical attributes.47 Transition metal-
based supramolecular metallogel systems have garnered
attention for their practicality and accessibility as smart func-
tional materials. Different metal ions such as cobalt(II),48 nick-
el(II),49 copper(II),19b cadmium(II),19a iron(II/I II),50 zinc(II),19c,d and
© 2023 The Author(s). Published by the Royal Society of Chemistry
manganese(II)1 have emerged as noteworthy contributors to this
eld, offering diverse applications across scientic domains.
Zinc(II) metallogels are a type of somaterial formed by the self-
assembly of Zn(II)-metal ions and organic ligands into a three-
dimensional network structure. These materials have
garnered interest due to their potential applications in various
elds. Notably, Zn(II)-ion-based metallogels have proven
particularly impactful, nding utility in drug delivery,51 anti-
pathogenic activity,52 uorescence sensors,38b electrocatalysis,53

semiconducting devices,19c,d etc.
Schottky diodes based on metallogels hold signicant

importance across various applications, owing to several key
advantages. Firstly, metallogels provide a platform for ne-
tuning electronic properties through the selection of specic
metals and ligands during synthesis. This tunability grants
precise control over the energy band structure and electronic
behavior of Schottky diodes, facilitating the customization of
device characteristics to meet specic requirements. Secondly,
metallogels exhibit exceptional stability, ensuring prolonged
performance and reliability of Schottky diodes. Their robust
structure and resistance to degradation make them well-suited
for deployment under diverse environmental conditions and in
diverse applications. Thirdly, metallogels can be manufactured
using a variety of techniques, including solution processing,
self-assembly, and templating methods. This versatility in
fabrication allows compatibility with different substrates and
facilitates scalable production, streamlining the incorporation
of metallogel-based Schottky diodes into various electronic
devices. Furthermore, metallogels readily integrate with other
electronic components, such as transistors and sensors, due to
their compatibility with diverse materials and fabrication
techniques. This seamless integration paves the way for the
development of multifunctional devices and systems,
enhancing overall performance and functionality. In summary,
Schottky diodes based on metallogels offer a unique combina-
tion of advantages, including adjustable electronic properties,
stability, versatile fabrication methods, tailored surface char-
acteristics, and compatibility with other electronic components.
These attributes render them indispensable across a wide
spectrum of electronic applications where precise control of
device properties and dependable performance are paramount.

Broadly, the role of dicarboxylic acids as low molecular weight
gelators in metallogel-research is highly precious.19 Recent
research by Dhibar et al. has demonstrated the utilization of
metallogels in developing metal–semiconductor (MS) junction
devices for applications such as Schottky barrier diodes. Dhibar
and colleagues have undertaken noteworthy research in the realm
of metallogel-based Schottky diode applications. Their innovative
investigations center on leveraging metallogels for the develop-
ment of Schottky barrier diodes, which hold crucial signicance in
electronic device engineering. The team's pioneering work high-
lights the potential of metallogels to serve as a critical component
in the construction of metal–semiconductor (MS) junction devices
with Schottky barrier properties. These diodes exhibit intriguing
electronic behavior and have implications across various elds,
including electronics, photonics, and optoelectronics. Dhibar et al.
expanded the horizons of materials research within the realm of
Nanoscale Adv., 2023, 5, 6714–6723 | 6715
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Scheme 1 The gelation process involves the following synthetic
procedure, leading to the formation of a Zn(II)-metallogel (ZnA-5AIA).
Subsequently, a photographic image of the obtained ZnA-5AIA met-
allogel is presented.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/3
0/

20
25

 8
:0

4:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Schottky diode applications by employing a straightforward met-
allogel synthesis approach that does not require the use of harsh
reaction conditions. This showcases the remarkable versatility and
adaptability of metallogel systems in the development of advanced
devices with enhanced functionality. Their ndings open up
exciting possibilities for the integration of novel materials in
semiconductor device engineering, promising advancements in
electronic and optoelectronic technologies. In line with the pre-
vailing trajectory, we present a comprehensive synthesis procedure
for a room-temperature-stable metallogel featuring Zinc(II)-ions
and 5-aminoisophthalic acid as a low molecular weight gelator
(LMWG) within a DMF medium (Scheme 1). This innovative
approach serves as a foundation for generating tunable and
enduring electronic devices. The Zn(II)-metallogel, denoted as ZnA-
5AIA, exhibited robustness against gravitational forces, as
demonstrated by the inversion vial test (Scheme 1). Our study
encompasses the assessment of mechanical attributes and the
elucidation of morphological proles. With the ultimate goal of
realizingmetallogel-mediatedmetal–semiconductor (MS) junction
devices, we accomplished the fabrication of a Schottky barrier
diode (SD).
2. Experimental
2.1. Materials

Zinc(II) acetate dihydrate (98%) and 5-aminoisophthalic acid
(94%) were purchased from the Sigma-Aldrich chemical
company and used as received. Dry solvents (i.e. N,N-dimethyl
formamide (DMF) were used for the entire work.
2.2. Apparatus and measurements

UV-vis absorption spectral data were collected using a SHI-
MADZU UV-3101PC spectrophotometer.

Rheology experiments were conducted using an Anton Paar
100 rheometer with a cone and plate geometry (CP 25-2),
maintaining a xed gap distance of 0.05 mm between the cone
and plate. Gel samples were placed on the rheometer plate for
mechanical measurements. An oscillatory strain amplitude
sweep was performed at a constant 1 Hz oscillation frequency
and in a strain range of 0.001–10% at 20 °C.

Microstructural analysis was carried out using a Carl Zeiss
SUPRA 55VP FESEM instrument, while EDX elemental mapping
studies were conducted using the ZEISS EVO 18 apparatus.
6716 | Nanoscale Adv., 2023, 5, 6714–6723
Infrared (IR) studies utilized a Shimadzu FTIR-8400S FTIR
spectrometer.

The gel's melting point (Tgel) was determined using a digital
gel melting point measurement apparatus (Aplab MPA-01).

For electrical characterization, the current density–voltage
(J–V) characteristics were assessed using a Keithley 2635B
source meter through a two-probe technique within a bias
voltage range of ±1 V. The Schottky diode's conductivity was
measured under dark conditions. All experiments were per-
formed at room temperature.
2.3. Synthetic procedure of the Zn(II)-metallogel (ZnA-5AIA)

A white colour stable Zn(II)-metallogel (ZnA-5AIA) was synthe-
sized by one shot mixing of 1 mL DMF solution of Zinc(II)
acetate dihydrate (0.219 g, 1 mmol) and 1mL DMF solution of 5-
aminoisophthalic acid (0.362 g, 2 mmol) followed by contin-
uous sonication of the mixture for 10 minutes at room
temperature (Scheme 1). The inversion vial of the ZnA-5AIA
metallogel proves its stability against the gravitational force
(Scheme 1). The minimum critical gelation concentration
(MGC) of the ZnA-5AIA metallogel was recorded at ∼581 mg
mL−1. The concentrations of Zn(CH3COO)2$2H2O and 5-ami-
noisophthalic acid were varied in a certain range (i.e. 30–581 mg
mL−1) to evaluate the MGC of ZnA-5AIA metallogel. Here, the
ratio of the ZnA-5AIA metallogel forming components was
maintained as [Zn(CH3COO)2$2H2O] : [5-aminoisophthalic
acid] = 1 : 2, (w/w). The white colour stable ZnA-5AIA metal-
logel was obtained at a 581 mg mL−1 concentration of Zn(II)-
acetate salt and 5-aminoisophthalic acid in DMF solvent. The
gel melting temperature (Tgel) of the Zn@5AIA metallogel was
recorded as 120 °C ± 2 °C via a digital melting-point measuring
apparatus.
3. Results and discussion
3.1. Rheological analysis

The mechanical characteristics of the ZnA-5AIA metallogel were
meticulously evaluated using a rheometer instrument, encom-
passing both angular frequency and strain-sweep measure-
ments. The evident dominance of storage modulus (G′) over loss
modulus (G′′) serves as conrmation of the gel-like nature of the
examined sample. Particularly intriguing is the outcome of the
rheological analysis conducted at a specic concentration of
Zn(CH3COO)2$2H2O and 5-aminoisophthalic acid (MGC =

581 mgmL−1). In this investigation, the superiority of G′ over G′′

for the ZnA-5AIA metallogel, as evidenced in Fig. 1, substanti-
ates its gel-like consistency, exhibiting a behavior akin to that of
semi-solid materials.

Impressively, the average storage modulus of the ZnA-5AIA
metallogel, measuring G′ > 105 Pa, distinctly outperforms the
loss modulus (G′′), a testament to the material's notable
mechanical resilience (Fig. 1). Complementing these ndings,
as shown in Fig. 2, a strain-sweep experiment was conducted on
the ZnA-5AIA metallogel, with a constant angular frequency of
6.283 rad s−1. The outcomes unveil a pivotal observation,
a critical strain of 0.45%, marking the initiation of gel
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The relationship between angular frequency measurements
and the storage modulus (G′) and loss modulus (G′′) of the ZnA-5AIA
metallogel.

Fig. 2 Strain-sweep experiments conducted on the ZnA-5AIA met-
allogel, maintaining a consistent frequency of 6.283 rad s−1.

Fig. 3 The FESEM microstructural pattern of the ZnA-5AIA metallogel
is displayed in (a–d), while the chemical compositions determined
through elemental mapping are presented in (e–i).
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breakdown. This crossover point becomes evident as G′ and G′′

intersect, an indicator of the transition from the gel to sol
transition (Fig. 2).54

These combined results contribute to a comprehensive
understanding of the mechanical behavior of the ZnA-5AIA
metallogel, shedding light on its gel-like attributes, robust-
ness, and the critical point at which its structural integrity shis
under strain.

3.2. Morphological analysis

The FESEM morphological analysis of the ZnA-5AIA metallogel
reveals a distinctive hierarchical network characterized by ake-
like patterns (as depicted in Fig. 3a–d).

These structural arrangements within the ZnA-5AIA metal-
logel emerged through the synergistic combination of
Zn(OAc)2$2H2O and 5-aminoisophthalic acid in DMF solvent,
facilitated by continuous sonication. The resulting FESEM
image showcases the horizontally elongated ake-like
morphology, underscoring the intricate nature of the formed
networks. The elemental mapping further corroborates the
© 2023 The Author(s). Published by the Royal Society of Chemistry
composition of the network, conrming the presence of carbon
(C), nitrogen (N), oxygen (O), and zinc (Zn) elements arising
from Zn(OAc)2$2H2O, 5-aminoisophthalic acid, and DMF
molecules. This collective elemental makeup is responsible for
the creation and organization of the distinct ZnA-5AIA metal-
logel network structures, as evidenced by the elemental
mapping (Fig. 3e–i). Please see Fig. S1 in the ESI† for EDX
spectrum analysis of ZnA-5AIA metallogel. The FESEM analysis
thus provides valuable insights into the microstructural intri-
cacies and elemental composition underlying the formation of
the hierarchical ake-like network in the ZnA-5AIA metallogel.
3.3. FT-IR and PXRD analysis of ZnA-5AIA metallogel

As shown in Fig. 4, the FTIR spectrum examines the emission and
absorption of materials in the infrared (IR) region. The distinct
vibrations of functional groups serve as ngerprints that reveal
their presence, and vibrational bands are assigned to verify the
identity of these groups. Alterations in the local environment can
affect these vibrations, leading to shis in wavelengths, either
shorter or longer. Evenminor variations in themicroenvironment
are readily detected through spectroscopic analysis. Fig. 4 shows
the FTIR spectrum of 5-aminoisophthalic acid and zinc acetate
which are the constituents of the ZnA-5AIA metallogel. In xerogel
form, the FT-IR spectrum of the ZnA-5AIA metallogel reveals
signicant peaks at 3280–3120, 2930, 1622, 1354, and 1155 cm−1,
Nanoscale Adv., 2023, 5, 6714–6723 | 6717
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Fig. 4 FT-IR spectra of the xerogel form of the ZnA-5AIA metallogel,
zinc acetate and 5-aminoisophthalic acid.

Fig. 5 Powder X-ray diffraction (PXRD) pattern of the ZnA-5AIA
metallogel in xerogel.

Scheme 2 Schematic representation of a metal–semiconductor (MS)
junction device utilizing the ZnA-5AIA metallogel.
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corresponding to OH stretching, –CH stretching, C]O (carbox-
ylic) stretching, –CH3, and ns(COO) vibrations, respectively.
Notably, an additional peak at 538 cm−1 is attributed to Zn–O
stretching vibrations (as shown in Fig. 4). The FT-IR data highlight
the supramolecular interactions among the constituent compo-
nents, delineating the intricate chemistry involved in ZnA-5AIA
metallogel formation. Fig. 4 shows the FTIR spectrum of 5-ami-
noisophthalic acid and zinc acetate which are the constituents of
the ZnA-5AIA metallogel. Vibrations of O–H stretching in the
hydroxyl group are present at 3061 cm−1 in zinc acetate. The peak
at 2489 cm−1 in zinc acetate represents C–H stretching. The peak
at 1546 cm−1 in zinc acetate represents C]O stretching. The
vibrations at 1429 cm−1 are the ngerprint vibrations of –CH3.
Notably, an additional peak at 617 cm−1 is attributed to Zn–O
stretching vibrations. Compounds with acetate anions must have
two vibrations in the 1350–1600 cm−1 range. The O–H and C]O
6718 | Nanoscale Adv., 2023, 5, 6714–6723
stretching bands of the acid group appear at 3250 and 1687 cm−1,
respectively, while those of the NH2 bending frequency appear at
1542 cm−1. The CH band appears at 2830 cm−1. The ZnA-5AIA
metallogel has vibrations from both the constituents.

The ZnA-5AIA metallogel's nature was analyzed using
powder X-ray diffraction (Fig. 5). The diffraction pattern
exhibited ten sharp peaks at specic 2q values 10.99°, 15.73°,
17.95°, 20.33°, 21.64°, 22.55°, 24.62°, 26.98°, 29.50°, and 30.24°,
respectively. Other peaks were narrow. The sharp and narrow
peaks indicate a high degree of crystallinity in the synthesized
compound. Based on the XRD proles at room temperature, the
presence of zinc acetate and 5-aminoisophthalic acid was
identied. Specically, the 2q values such as 10.99° corre-
sponded to zinc acetate monohydrate, 15.73° corresponded to
zinc acetate, 17.95° corresponded to both zinc acetate mono-
hydrate and zinc acetate, 26.98° corresponded to 5-amino-
isophthalic acid and 29.50° and 30.24° corresponded to DMF.
3.4. Fabrication of a thin lm device

The Schottky device conguration employed an ITO/ZnA-5AIA/
Al sandwich structure. To prepare the ITO substrate, sequen-
tial ultrasonic cleanings were carried out for 20 minutes each to
perform a typical wet cleaning process using soap solution,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (ahg)2 versus hg curves of ZnA-5AIA, and UV-vis absorption
spectra (inset) were determined with the help of Tauc's equation.

Fig. 7 Current density–voltage (J–V) graph of artificial gel under dark
conditions. The insets show respective J vs. V plots (in log scale).
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acetone, ethanol, and distilled water. Finally they are dried by
annealing in the presence of N2 for 15 minutes. Aluminium was
selected as the contact metal to form a metal–semiconductor
junction, establishing the rectier behavior (Scheme 2).
3.5. Optical characterization

For optical band gap measurement we recorded absorption
spectra of this synthesized gel in the wave length region 300 to
Table 1 Electrical parameters of the ZnA-5AIA metallogel based SD

Rectication
ratio Conductivity (S m−1)

Series resistanc

dV/dlnJ
vs. J curve

45.11 1.34 × 10−5 0.58 K

© 2023 The Author(s). Published by the Royal Society of Chemistry
800 nm with a UV-Vis spectrophotometer and the recorded
spectra are shown in Fig. 6 (inset). The optical band gap was
determined from the analysis of the Tauc plot using the
equation

ahn = A(hn − Eg)
n

where a = absorption coefficient, h = Planck's constant, n =

frequency of light, A = energy dependent constant (which is
taken as 1), Eg = band gap, and n = electron transition process
dependent constant (for direct transition n= 1/2). The (ahn)2 vs.
hn plot is shown in Fig. 6. From Fig. 6 by extrapolation of the
linear portion of the curve we can conclude that the material
possesses a direct optical band gap 3.22 eV.
3.6. Electrical characterization of the device

Fig. 7 shows the current density (J) vs. voltage (V) graphs
measured under dark conditions. We have fabricated different
devices with varying lm thicknesses of the ZnA-5AIAmetallogel
but based on the comparative study of their electrical parame-
ters (see Table S1 in the ESI†) here we have chosen the device
with lm thickness about 1.0 mm for analyses. The J–V charac-
teristics curve of all the fabricated devices with varying thick-
nesses of thin lms is shown in Fig. S2 in the ESI.† The nature of
the J–V characteristic exhibits considerable non-linearity in the
scan voltage range, implying a non-ohmic conduction mecha-
nism. This property is similar to that of the Schottky barrier
diode's rectication. In the inset of Fig. 7, the log J vs. log V plot
is shown. The rectication ratio was measured and for this
compound-based diode it was found to be 45.11. The estimated
conductivity for this compound-based diode at room tempera-
ture was 1.34 × 10−5 (see Table 1). This is one of the necessary
and crucial characteristics of a material that can be used in
photovoltaic applications.55

The J–V characteristics of the Schottky diode are further
studied employing thermionic emission (TE) theory, and
Cheung's method was employed to extract the important diode
parameters.56,57

According to thermionic emission theory, the forward bias
current density can be expressed as

J ¼ J0

�
exp

�
qV

hKT

�
� 1

�
(1)

J0 ¼ saturation current density ¼ A*T2exp

�
� qFB

KT

�
(2)

where q = electronic charge, V = applied voltage, h = ideality
factor, K = Boltzman's constant, T = temperature in kelvin
e (U) from

Ideality factor
(h)

Barrier height
4b (eV)H vs. J curve

0.53 K 4.91 0.69
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scale, FB = barrier potential height, and A* = Richardson's
constant and was considered as 1.2 × 106 A m−2 K−2.

According to Cheung's model, when a series resistance is
designed as a series combination of a resistor and diode, then
the voltage across the diode can be substituted as the voltage
drop across the series combination of the diode and resistor.
Then eqn (1) can be draed as,

J ¼ J0

�
exp

�
qðV � IRSÞ

hKT

��
(3)

where the IRS term indicates the voltage drop across the series
resistance of the semiconductor diode. Inserting the value of
saturation current density into eqn (3) and differentiating with
respect to lnJ, we get,

dV

dlnJ
¼ AJRS þ hKT

q
(4)

where Rs = series resistance, q = electronic charge, h = ideality
factor, K = Boltzman's constant, and T = temperature on the
Kelvin scale.

As stated in the Cheung model, the current density-reliant
function H(J) can be written as,
Fig. 8 (a) Under dark conditions, dV/dlnJ vs. J; (b) H(J) vs. J curves in
the double y-axis. T

ab
le

2
C
o
m
p
ar
is
o
n
ta
b
le

o
f
e
le
ct
ri
ca

lp
ar
am

e
te
rs

o
f
th
e
Z
n
A
-5

A
IA

m
e
ta
llo

g
e
lb

as
e
d
d
e
vi
ce

w
it
h
o
th
e
r
re
p
o
rt
e
d
re

D
ev
ic
e
ba

se
d
on

R
ec
ti

ca
ti
on

ra
ti
o

C
on

d
uc

ti
vi
ty

(S
m

−1
)

Id
ea
li
ty

fa
ct
or

(h
)

B
ar
ri
er

(4
B
)
(e
V

Zn
A
-5
A
IA

45
.1
1

1.
34

×
10

−5
4.
91

0.
69

Zn
@
T
A

37
.0
6

7.
77

×
10

−6
3.
78

0.
47

Zn
-S
A

20
.8
3

6.
72

×
10

−6
2.
53

0.
70

Zn
-S
B

14
.6
3

1.
18

×
10

−6
3.
93

0.
75

Zn
C
dS

29
—

2.
22

0.
28

6720 | Nanoscale Adv., 2023, 5, 6714–6723 © 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00671a


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/3
0/

20
25

 8
:0

4:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
HðJÞ ¼ V � hKT

q
ln

�
J

A*T2

�
¼ AJRS þ hFB (5)

where FB = barrier height and A* = Richardson's constant and
was considered as 1.2 × 106 A m−2 K−2

The curve of dV/dln(J) vs. J in Fig. 8a is linear. The y-axis
intercept of this gure yields the ideality factors (h) of the SBD.
The diodes' barrier height (4b) is calculated from the y-axis
intercept of the H(J) vs. J linear plot shown in Fig. 8b. Table 1
shows the measured ideality factor and barrier height for the Al/
ZnA-5AIA junction. The ideality factor for the compound based
device deviated from unity, as can be seen.

Multiple generation recombination of charge carriers in the
junction region via interface traps and inhomogeneous barrier
height is the cause of the variation.58 The calculated barrier
height for the Al/ZnA-5AIA metallogel junction is 0.69 eV.

We have compared the electrical parameters of the current
materials based SBD with other reported results and all the data
are tabulated below. Table 2 shows that our synthesized mate-
rial has greater electrical conductivity and higher rectication
ratio and lower series resistance than other materials reported.
4. Conclusions

In summary, a pioneering approach was employed to synthesize
a novel supramolecular Zn(II)-metallogel utilizing 5-amino-
isophthalic acid as the gelator. The gel was swily formed
through the immediate mixing of zinc acetate and 5-amino-
isophthalic acid in DMF, followed by sonication under ambient
conditions. The resultant stable ZnA-5AIA metallogel owes its
structure to a medley of non-covalent interactions, facilitating
its formation at room temperature. Microstructural analysis via
FESEM unraveled the intriguing hierarchical ake-like archi-
tecture of the hydrogel. Mechanical assessments established
the robustness of the ZnA-5AIA metallogel material, evidenced
through rheological examinations. Notably, optical band-gap
measurements indicated the semiconducting nature of the
synthesized ZnA-5AIA metallogel. The fabrication of a thin lm
device incorporating the ZnA-5AIA metallogel as a semi-
conducting component alongside Au metal yielded a metal–
semiconductor junction. The nonlinear charge transport
observed in the I–V characteristic graph validated the realiza-
tion of a Schottky diode. This study presents a noteworthy
conguration of ITO/ZnA-5AIA metallogel/Au, underscoring its
potential for future advancements in supramolecular Zn(II)
metallogel-based electronic devices. The successful synthesis
and characterization of the ZnA-5AIA metallogel, grounded in 5-
aminoisophthalic acid and zinc(II) components, hold promise
as a pioneering strategy for semiconducting device fabrication.
The outcomes of this research illuminate a promising path
toward the development of innovative technologies. By har-
nessing the distinctive properties of supramolecular metal-
logels, the study extends the horizon for the creation of
advanced electronic devices. Ultimately, the demonstrated
methodology offers an impactful contribution to the eld,
providing novel insights and avenues for the integration of
metallogels in semiconducting device applications.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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