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Abstract

In the present study, 1,4-phenylenebis-1-(pyren-1-yl)methanimine derivative 3 (C4,H,,N,) was synthesized in high yield by
condensation reaction of pyrene-1-carbaldehyde (1) with benzene-1,4-diamine (2). The structures of the obtained organic
compound 3 were determined by nuclear magnetic resonance (NMR), infrared (IR), and high-resolution mass spectrometry
(HRMS) spectroscopic techniques. An Al/C,,H,,N,/p-Si device was then fabricated using this pyrene—imine-based organic
material 3 at the interface. The organic layer was coated on p-Si by the spin coating method, and ohmic and rectifier contacts
were deposited by thermal evaporation. Besides optical measurements, such as ultraviolet (UV) absorbance and NMR, the
electrical and photovoltaic properties were investigated by current—voltage (/-V) measurements in the dark and under dif-
ferent illumination conditions and capacitance—conductance—voltage (C—G-V) measurements at various frequencies. The
electrical parameters of the device, such as ideality factor, barrier height, and series resistance, were calculated using three
methods: thermionic emission theory (TE), Cheung method, and Norde functions. Using the TE method, the ideality factor
value of the six devices (D1 to D6) obtained by coating the C,,H,,N, organic layer between the metal and the semiconductor
was 2.02 to 2.06, and the barrier height value increased by between 0.77 eV and 0.78 eV compared with the reference device.
According to these results, the organic interface coated between the metal and semiconductor increased the barrier height
and rectifying ratio of the device. In addition to its rectification feature, the Al/C,yH,,N,/p-Si/Al device showed photodiode
characteristics. Although its solar cell parameters were low, these photodiode characteristics indicate that this device could
be used in optoelectronic applications.
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Introduction

Organic materials are commonly used in electronic and
optoelectronic devices including photodiodes,' thin-film
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taics due to their features. Many prominent researchers
have investigated the performance of organic photodiodes.
The performances of organic devices made from organic
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However, very few studies have been performed on devices
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simply in a one-step condensation reaction between alde-
hydes and amines.'> Moreover, they are also known to be
environmentally friendly compounds, because water is the
only byproduct in these reactions and complex purification
is not required.'® Because of their simplicity of preparation,
these structures are significant organic semiconductors and
represent alternatives to conventional conjugated com-
pounds as they are isoelectronic with vinyl analogs.!” On the
other hand, pyrene, which has the structure of a polycyclic
aromatic hydrocarbon, has attracted attention from research-
ers in the materials and photochemical scientific fields due to
its unique fluorescence properties.'® Pyrene can also be used
as a chemical sensor for the detection of chemicals such as
organic molecules as well as anionic and cationic analytes.'”

In the work presented herein, a novel isomeric mixture
of pyrene—imine-based organic material 3 was synthesized
and characterized. Moreover, the photovoltaic and electri-
cal characteristics of an Al/C,yH,,N,/p-Si device are also
reported. The electrical and photovoltaic properties were
investigated using current—voltage (/-V) measurements in
the dark and under different illumination conditions and
capacitance—conductance—voltage (C—G—V) measurements
at various frequencies. The electrical parameters of device
D2 were calculated using the following three methods: ther-
mionic emission (TE) theory, Cheung method, and Norde
function.

Experimental Procedures
General

All commercially available chemicals were obtained from
Sigma-Aldrich and used without further purification. 'H
nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker Ultrashield Plus Biospin spectrometer at
400 MHz. NMR chemical shifts were determined relative
to internal standard tetramethylsilane (TMS) at 6 0.0 ppm.
Chemical shifts (5) are reported in ppm, and coupling con-
stants (J) in Hertz (Hz). Melting points (M.p.) were recorded
on a Stuart melting point SMP30 device and are uncorrected.
Fourier-transform infrared (FTIR) spectra were recorded
using a PerkinElmer Frontier FT-IR spectrophotometer.
Mass spectra were recorded on an Agilent Technologies
6530 Accurate-Mass Q-TOF-LC/MS.

Synthesis of Organic Compound 3

To a 100-mL one-necked round-bottomed flask equipped
with a condenser were added benzene-1,4-diamine (2)
(0.25 g, 2.31 mmol) and ethanol (50 mL). To the above
solution was added aryl pyrene-1-carbaldehyde (4.85 mmol,
1.12 g, 2.1 equiv), and the reaction mixture was refluxed for

15 h and monitored by thin-layer chromatography (TLC).
After complete consumption of pyrene aldehyde 1, the reac-
tion mixture was concentrated under reduced pressure. The
mixture was then cooled to room temperature. Upon cool-
ing the resulting reaction solution to ambient temperature,
yellow crystals precipitated from solution; the solid prod-
uct was filtered and washed with cold methanol, then dried
in vacuo to give isomeric mixtures 3a,b. (1E(Z2),1'E(Z))-
N,N'-(1,4-phenylene)bis(1-(pyren-1-yl)methanimine) (3a.b):
(813 mg, 95%) as yellow crystals. M.p.: 315-317 °C. 'H
NMR (400 MHz, CDCl;): The NMR spectrum revealed
that a mixture of EE and ZZ isomers of 3a,b formed in the
reaction. §=9.61 (s), (ZZ); 9.54 (s), (EE). The two isomeric
mixtures were formed in a 2:3 ZZ to EE ratio. IR (cm™):
3049, 3023, 3004, 1922, 1792, 1678, 1607, 1598, 1538,
1504, 1413, 1385, 1362, 1322, 1310, 1243, 1234, 1215,
1204, 1183,1139, 1105, 1053, 1007, 967, 901, 858, 848,
839, 819, 800,764, 714, 681, 613, 605. HRMS (Q-TOF): m/z
[M+H]* caled. For CyyH,5N,: 533.2017, found: 533.2017.

Device Fabrication

First, a p-Si (100) wafer was one-side polished to thick-
ness of 525 um. Its resistivity was 1 ohm-cm to 10 ohm-
cm. Firstly, the wafer was cut into pieces of 2.0 cm X 2.0 cm
for ohmic contact. Secondly, they were chemically cleaned
using standard procedures; the pieces were cleaned using
acetone for 600 s by ultrasonic vibration, then rinsed with
DI water. The pieces were cleaned using isopropanol alco-
hol for 600 s by ultrasonic vibration, then rinsed with DI
water. For the final cleaning step, the pieces were subjected
to diluted HF for 30 s, then rinsed by ultrasonic vibra-
tion in DI water and dried using N,. Al was deposited by
thermal evaporation. The p-Si/Al structure was annealed
at 450 °C for 5 min in N, atmosphere for ohmic contact
with rapid thermal annealing (RTA). Stock solutions of
C,oHy,N, (1072 mol L™!) were prepared in dimethyl sulfox-
ide (DMSO). C,,H,4N, was directly formed by adding 2 uL.
0.001 M C,,H,yN, in DMSO on the front surface of the
p-Si substrate. The organic solution was then spin-coated
onto the Si substrates by rotating at 1000 rpm/min for 30 s.
The morphology of the interface layer sandwiched between
the metal and semiconductor affects the electrical properties
of the structure. A SEM image of the pyrene—imine organic
layer coated on the Si surface is shown in Fig. la. As seen in
the figure, the organic material is neatly coated on the sur-
face of the semiconductor layer, although there are borders
and cracks between regions. In this case, various electrical
parameters such as the ideality factor, which indicates the
quality of the structure, as well as the the surface states and
barrier height of the diode are affected. Additionally, the
thickness of the interface layer used affects the electrical
properties of the structure.?>?! Reddy et al.?! examined the
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surface morphology and optical and electrical properties
of Au/CuPc/n-Si heterojunctions with different thickness
interface. They showed that the electrical properties of the
Schottky structure can be altered by controlling the thickness
of the interlayer.

The rectifier contacts were obtained by coating Al on
the C4oH,,N,/p-Si layer surface. The energy band dia-
gram of the metal-semiconductor contact obtained with
the pyrene—imine interface is shown in Fig. 1b. Carriers
passing from the semiconductor to metal in thermal equi-
librium will encounter a barrier known as the Schottky
barrier.?? Using a circular mask, Al metal was coated on
the front surface of C,,H,,N,/p-Si by thermal evapora-
tion, so six different Al/C,yH,,N,/p-Si/Al rectifier contact

EHT= 500 kV 9 s el ZEISS
WD= 36 mm

structures with the same conditions and similar properties
were obtained. This is a metalorganic—polymer—semicon-
ductor (MPS) device. In addition, a reference Al/p-Si/Al
metal-semiconductor device structure was obtained using
the same fabrication conditions but without C,,H,,N,
interface material. /-V measurements were carried out on
all the devices in the dark at room temperature. In addi-
tion, /-V measurements of the Al/C,,H,,N,/p-Si/Al device
with the best device parameters were carried out under
different illumination values using a solar simulator and
C-V measurements were carried out at different frequency
values. A schematic diagram of the Al/C, H,,N,/p-Si/Al
structure and electrical measurement system is shown in
Fig. 2.

Er

—
B T st

Fig. 1 SEM image of C,;H,,N, organic layer (a) and schematic of energy band diagram for Al/C,,H,,N,/p-Si rectifier contact (b).
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Fig.2 Schematic diagram of Al/C,)H,,N,/p-Si/Al structure and electrical measurement system.
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Results and Discussion
Synthesis

Pyrene-1-carbaldehyde (1), which was commercially avail-
able, became the key structure that allowed us to prepare the
organic material 3. A schematic representation of the syn-
thesized organic compound is shown in Fig. 3. Compound
3 was synthesized via one-pot condensation of pyrene-
1-carbaldehyde (1) and benzene-1,4-diamine (2) in ethanol
with excellent yield (95%) (lit.,'” yield 19%). The '"H NMR
spectrum revealed that a mixture of EE and ZZ isomers was
formed in the reaction.

The 'H NMR spectrum of the isomers 3a,b, which has
a symmetrical structure, consists of sets of signals appear-
ing in the aromatic region (Fig. 4). The characteristic imine
(C=N) protons resonate as a singlet at 9.61 ppm for ZZ iso-
mer 3a and at 9.54 ppm for EE isomer 3b. The two isomeric
mixtures were formed in a 2:3 ZZ to EE ratio.

High-resolution mass spectrometry (HRMS) con-
firmed the constitution of the isomers 3a,b. The HRMS
results showed excellent agreement between the calculated
(533.2017) and obtained mass (533.2017), with both values
turning out to be exactly the same (Fig. 5). Since the molecu-
lar formulas of isomers 3a,b are the same, their calculated
masses are also the same.

The IR spectrum of compound 3 exhibited characteris-
tic absorption bands at about 3049 cm~! and 1385 cm™".
The C-H stretching band was seen at 3049 cm™'. The C-C
stretching band was also seen at 1385 c¢cm™!. Moreover, the
IR spectra of compound 3 showed one characteristic band at

_0O
NH,
EtOH
+ - -
O‘ reflux
NH, 12 h
1 2

Fig.3 Synthesis of isomers 3a,b.

1607 cm’, indicating formation of the imine (C=N) group
(Fig. 6).

Figure 7a shows the ultraviolet—visible (UV-Vis9 absorp-
tion spectra of the synthesized compound 3 in DMSO as
solvent. The absorption spectrum of compound 3 shows two
distinct bands at 292 nm and 432 nm, which may derive
from the n—n*/m—m* transitions on pyrene, benzene, and
imine cores in the structure of compound 3. Considering the
maximum absorbance peak at 432 nm, the energy bandgap
of compound 3 was calculated from Fig. 7b using the Tauc
method™ to be 2.49 eV.

Current-Voltage Characteristics of Al/C,H,,N,/p-Si
Device

To understand the effects of the material used as an interfa-
cial layer, the electrical properties, such as the current—volt-
age (I-V) and capacitance—voltage (C-V) characteristics, of
the fabricated devices should be examined. The /-V charac-
teristics of the Al/C,,H,,N,/p-Si/Al device were measured in
the dark and junder illumination. In addition, /-V measure-
ments were carried out on the Al/p-Si/Al reference device at
room temperature and in the dark. The device showed rec-
tifying behavior under all conditions. For devices, the leak-
age current was observed at reverse bias, while the current
at low voltage was saturated under forward bias.>* Accord-
ingly, this device is suitable for electronic and photovoltaic
applications at room temperature. The basic electrical diode
parameters of the device were calculated from the /-V meas-
urements using thermionic emission (TE) theory:>*
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Fig. 4 'H NMR (400 MHz, CDCl;) spectrum of isomers 3a,b.
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Fig.5 HRMS spectrum of isomers 3a,b.

V—-IR
I=Io[exp<—%> —1], (1

where [, is the leakage current found as the intercept of the
linear part of the In I-V graph when the voltage value was
zero as follows:>

()
I =AA*T2exp(—%>, 2
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where A, A*,T, q, @, and k terms stand for the effective
diode area, Richardson constant, zero-bias temperature,
electronic charge, barrier height, and Boltzmann constant,
respectively. The experimental n and &, values can be
obtained from Eqs. 3 and 4:%°

_q( v
"= kT<d(lnI)>’ &)

and
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Figure 8a shows the I-V characteristics of the Al/
C,4oH,4N,/p-Si/Al and Al/p-Si/Al devices at room temper-
ature in dark condition. The ideality factor of the device
obtained without the C,;H,,N, organic material was calcu-
lated to be 1.90 with a barrier height of 0.66 eV. On the other
hand, the ideality factor value of the six devices (D1 to D6)
obtained by coating a C,,H,,N, organic layer between the
metal and semiconductor varied between 2.02 and 2.06 with
barrier height values between 0.77 eV and 0.78 eV. As seen
from Fig. 8a, coating a thin organic layer between the metal
and semiconductor allowed the current to increase more
linearly at low voltages. On the other hand, the interfacial
layer prevented leakage current and reduced the reverse-bias

current.?>?3 According to these results, the organic interface
coated between the metal and semiconductor increased the
barrier height of the devices.?”?® This change can be seen
in Fig. 8b. A high ideality factor value is available in litera-
ture; 233 For example; Ongun et al.? fabricated Au/BOD-
Pyr/n-Si/In Schottky diode and found an ideality factor value
of 2.4 and 8.7 for two different regions in the dark, respec-
tively. In the same study, they found the barrier height to be
0.75 eV and 0.71 eV for two different regions, respectively.
The rectification ratio of the Al/C4,H,,N,/p-Si/Al device
obtained with the C,yH,4N, organic interface was greater
than that of the reference device.?

Figure 9a shows the logarithmic /-V measurements of
Al/C,,H,4N,/p-Si/Al device (D2) carried out at room tem-
perature and under different illuminations values of 30 mW/
cm?, 40 mW/cm?, 60 mW/cm?, 80 mW/cm?, and 100 mW/
cm?. The electrical characteristics of the device reveal ideal
Schottky diode behavior and rectification. According to TE
theory, n and @, were calculated to be 2.04 eV and 0.78 eV
using Eq. 3 and 4, respectively. In an ideal diode for electri-
cal and electronic applications, n should be 1, but it is usu-
ally greater than 1 due to imperfections, such as tunneling
current, interface state, inhomogeneity, deposition condi-
tion, and series resistance effect.>*® In addition to the I-V
measurements in the dark, the photovoltaic performance of
the device was investigated under illumination conditions.
The reason for taking such measurements is to examine
the response of the device under different light intensi-
ties. As seen in Fig. 9a, as the light intensity was gradu-
ally increased, the photocurrent values also increased. Fig-
ure 9b shows the linear /-V graph of the Al/C,,H,,N,/p-Si/
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Fig.7 UV-Vis absorption spectra of C4H,,N, organic thin film (a). Inset: plot of (ahv)? versus (hv) (b).
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Fig.9 Logarithmic /-V characteristics of the device in the dark and
under different illumination values (a) and linear I-V characteristics
of the device in the dark and under 100 mW/cm? (b).

Al device int he dark and under 100 mW/cm? illumination.
It is clear from this graph that the reverse-bias current of
the device increased under illumination. This is a desirable
physical property. Because the device is based on p-Si, the
conversion efficiency is very low for solar cell applications.
Thus, the device behaved like a photodiode under illumi-
nation. Yildiz et al.>* examined the electrical properties of
Au/4H-SiC Schottky diode under illumination. They showed
that, with increasing illumination intensity, the barrier height
increased while the ideality factor decreased.

@ Springer

Based on these electrical characterization results, the
Cheung and Norde function methods were used to deter-
mine the value of various diode parameters, such as the
series resistance (R,), n, and @, of the Al/C,yH,,N,/p-Si/
Al device D2. These diode parameters can be checked and
compared using different methods. The Cheung method is
applied in the region where the /-V graphs in Fig. 10 move
away from linearity in the forward-bias region. The series
resistance and barrier height values can be obtained accord-

ing to Cheung’s function:*"-*

kT I
H(’):V‘”<7>ln(m)="‘I’b+’Rs’ ®)
dv nkT

=T IR
dinD - e T (6)

R, values were found from the slope of the H(/)-I plots and
dV/d(Inl)-I in Fig. 10. The values of n and &, were calcu-
lated from the points where the dV/d(In/)-I and H(I)-I plots
intersected the vertical axis, respectively. The Cheung func-
tions used and the calculated diode parameters are presented
in Table I. In Fig. 10a, the plot of H(I) versus I is linear,
and the slope of this plot gives the R value of the device,
while the intercept gives the n and @, values. The n value
is given in Eq. 3. Thus, the @, and R, values can be calcu-
lated. Accordingly, dV/d(In/) versus [ with respect to Eq. 6
also gives a straight line. The slope and y-intercept of this
plot are equal to R, and nkT/g. The n values can be calcu-
lated from the intercept of the plot. Two different R values
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Fig. 10 (a) H(/) versus I and (b) dV/d(Inl) versus I plots of device.
Table| Diode parameters of nn @, (V) &, (V) &, (V) R.(kQ) R, (kQ) Cheung-din(l) R, (k&) Norde
AVCygHy,No/p-Si/Al device TE  Cheung TE Cheung Norde  CheungH(D) )
D2 calculated from I-V
measurements 2.04 275 0.77 0.82 0.79 6.23 6.36 0.67
are obtained from different fit data according to the Cheung S E
approximation. According to the H(I)-I plot, R, and &y, val- nE
ues of 6.23 kQ and 0.82 eV, respectively, were calculated. =
Using the dV/d(Inl)-I plot, R, and @, values of 6.36 kQ and 1.2 i—
2.75, respectively, were obtained. The main reason for the =1 |
different results obtained from /-V calculations using the TE 10 B
and Cheung methods is that they use different regions of the 0o f_
graph.®® In addition, different &, and n values are calculated os
duetotheRseffectandthechangeoftheinterfacestates..37’40 I T T PO POTT DU PUTIE PUTIT P PRI TR I
Furthermore, Norde proposed another method to deter- o000t % Jhage vy e 20
mine R, and @, values, as follows:*>3>3%
Fig. 11 F(V)-V plot of device.
V kT I(V)
F(V)==-=1In 5 ). ™
Y q AA*T
O = F(V Viin kT F(V ) 1s the minimum applied voltage corresponding to
b = F(Vinin) + vy q’ ®) 'y F(V_.), where y is an arbitrary integer greater than n
(y > n); here y=3 is used. F(V)-V plots for the devices are
KT(y = n) shown in Fig. 11. From these graphs, the minimum values
R, = ql— ©)] for 1, V, F were determined, and the values of @, and R,
min

In these formulas, F(V;,) is the minimum value of the
F-V curve, the minimum current corresponding to 7,

calculated using Eqs. 8 and 9 are presented in Table I.
The @, and R, values of the structure were calculated to
be 0.79 eV and 672 Q, respectively, using F(Vy)=0.75V
and V;=0.19 V. It is understood from literature that the
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interface material and the metal contacts used change the
basic electrical parameters such as n, @, and Rs.41

Capacitance-Voltage and Conductance-Voltage
Characteristics of the Device

The other electrical characteristics of the device are the capaci-
tance—voltage (C-V) and conductance—voltage (G—V) meas-
urements. The C-V and G-V plots are shown in Fig. 12a and
b, respectively. The C-V and G-V measurements were taken
at different frequencies such as 1 kHz, 10 kHz, 100 kHz, and
1000 kHz. In Fig. 12a, the C values increase with increasing
voltage but decrease with increasing frequency. The reason for
these behaviors depends on the series resistance and interface
states.*>* In Fig 12b, the G measurement was carried out at
the same frequencies. The G values increased with increas-
ing voltage, but the conductance increased with increasing
frequency, in contrast to the capacitance. The G values of
the device did not change anywhere at low frequency. This
conductance behavior can be attributed to interface states.***>
Furthermore, the C~>-V plots was drawn from the capacitance
measurements; some the main parameters, such as the Fermi
energy (Ep), donor concentration (;), maximum electric field
(E,,), and &,, were calculated using the C~*-V data. Figure 13
shows the reverse-bias 1/C? versus V characteristics for Al/
C4oH,4N,/p-Si/Al device D2 (Table II).
The depletion capacitance value is given as

1 2
— = —=— (v, -V),
2 (quNdA2>( w=Y) (10)
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Fig. 13 Reverse-bias 1/C? versus V characteristics for the device.

where V| is the built-in potential, N, is the donor concentra-
tion, and g is the permittivity of the semiconductor. Accord-
ing to Schottky diode research,*® there are two methods for
barrier height calculations. The first is based on an ideal
diode, while the other uses a nonideal diode.

@y = Vi + E. (11)
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Fig. 12 Forward- and reverse-bias capacitance versus voltage (a) and conductance versus voltage (b) characteristics for the device.
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Tablell Electrical parameters Frequency (kHz) dciav V, (V) E; (V) ?, ®, N, (cm™)
of device at various frequencies
1 1.56 x 10~ 0.53 0.26 0.79 0.61 1.2 x 10
10 1.63 x 107 0.54 0.26 0.81 0.63 1.2x 10"
100 1.60 x 10~ 0.58 0.26 0.84 0.69 1.2x 10"
1000 1.99 x 107* 0.61 0.27 0.87 0.71 9.8 x 101

If the diode is an ideal structure, the barrier height is
calculated from Eq. 11. In this situation, n is added to the
@&, calculations.

kT Ny
E. =—Inl — ).
= ”<N ) (12)

C

In addition, the Fermi level of the device can be calcu-
lated using Eq. 12. N, is the density of states at the con-
ductivity band edge. The value of N, is 2.8 x 10" cm™ for
n-Si at 300 K. According to the literature, some electrical
parameters of the diode may vary with frequency.*’

Conclusions

A novel isomeric mixture of efficient organic materials
derived from the pyrene carboxaldehyde with benzene-1,4-di-
amine hybrid nucleus was synthesized and characterized. The
organic material was synthesized in excellent yield using a
one-pot, one-step condensation reaction and characterized
using various spectroscopic techniques. To understand the
electrical and optical properties of this organic material, an
organic photodiode based on p-Si was fabricated with spin
coating and thermal evaporation techniques. The photovoltaic
and electrical properties of the device were investigated using
different calculation approaches such as TE theory, Norde
functions, and the Cheung method. n and &, were calculated
to be 2.04 and 0.78, respectively. According to the experimen-
tal results, the organic interface coated between the metal and
semiconductor increased the barrier height and rectifying ratio
of the device. The device showed typical rectifying behavior
and photodiode characteristics at room temperature. Accord-
ing to these results, such devices could be used for photodiode
and some diode applications due to their electrical properties.
However, they are not appropriate for solar cell applications
due to the low conversion efficiency. Moreover, to understand
the effects of the interface layer on the capacitance and con-
ductance characteristics, C—V—f and G—V-f measurements
were carried out on the diode at 300 K. The performance of
the device was examined by calculating different electrical
parameters as a function of frequency. The results of this work
highlight the consideration of using such an organic interface
layer in organic photodiode applications.
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