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ABSTRACT

The a-styryl substituted BODIPY compound (BDP-Sty) was synthesized and

characterized. The optimize ground state structure, HOMO and LUMO simu-

lations, MEP surface map, and various molecular descriptors of the isolated

BDP-Sty compound were investigated by Density Functional Theory at the

B3LYP/6-311G (d,p) level. The reverse and forward bias current–voltage (I–

V) characteristics of the Au/BDP-Sty/n-Si/In diode showed Schottky diode-like

characteristics. An ideality factor (n) and barrier height (Ub) values of prepared

diode for dark were found as 2.32 and 0.828, respectively. The series resistance

(Rs) values were attained from the dV/dln(I) plot and Cheung’s H(I) function

and their values found for dark as 4.95 kX and 4.59 kX, respectively. The

lnI - lnV and ln(IR) - VR
1/2 characteristics of the Au/BDP-Sty/n-Si/In diode

reveal that the conduction mechanism is ohmic at low voltage and that of trap-

filled space charge limited current and space charge limited current at higher

voltage. The characteristic photodiode parameters of the prepared diode such as

open circuit voltage (Voc), short circuit current density (Jsc), and photosensitivity

(S) have also been investigated. All these results indicate the applicability for

Au/BDP-Sty/n-Si/In diode in the field optoelectronic device applications.

1 Introduction

Metal–semiconductor (MS) contact is one of the rec-

tifier contacts used as a basic component in the

electronic and optoelectronic applications, including

transistors, capacitors and diodes [1–3]. Due to the

technological importance of MS contacts, the struc-

tural and electrical properties of metal–insulator-

semiconductor and solar cells have been studied in

detail for a long time. The full understanding of the

nature of the electrical characteristics of Schottky

diodes (SDs), one of the simplest MS contact devices,
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is of great interest due to their technological impor-

tance. Recently, there has been a growing interest in

efforts to improve the performance, reliability and

quality of SDs by controlling diode parameters such

as series resistance of the device and barrier height at

the MS interface using an interlayer. Specially, the

choice of the interfacial layer, its type, thickness and

permittivity are of great importance for improving

the performance and reliability of these SBDs.

Namely, this modification using the interface layer or

insulating layer plays an important role in junction

parameters such as Rs, n, Ub, reverse saturation cur-

rent (Io) and density of interface states (Nss), resulting

in major changes in the electronics characteristics of

the device. For instance, the current conduction

mechanisms and electrical parameters of SDs have

been controlled by using insulators, polymers or

small molecule organic semiconductors as an inter-

layer at metal/semiconductor [4–17].

Due to the important advantages of organic semi-

conducting compounds such as high dielectric con-

stant, charge storage capacity and photostability, they

have become a widespread research subject for the

design and construction of semiconductor-based

devices [18, 19]. Among different types of organic

semiconductors, organic dyes have been intensively

studied over past decades, owing to their low cost,

good solubility in organic solvents, high chemical

stability and high photoconductive properties

[11, 12, 20–24]. Especially, BODIPY (4,4-difluoro-4-

bora-3a,4a-diaza-s-indacene) and its derivatives, one

of the most popular fluorescent dye, have emerged as

a promising candidate to obtain organic based elec-

tronic devices [25–28]. Due to its large p-conjugated

structure, high extinction coefficient, narrow emis-

sion bands, it is not surprising that BODIPY deriva-

tives have gained great importance recently in

diverse applications such as chemosensors, energy-

transfer cassettes and sensitizers for solar cells

[25, 27, 29–34]. Among these studies, only few studies

have been found in the literature on the effect of

using p-conjugated BODIPY derivatives as an inter-

facial layer on the structural and optical properties of

Au/n-Si thin film [27, 35–37]. In this context, the

synthesis of BODIPY derivatives with high semicon-

ductivity level and the investigation of their effects on

the main diode parameters of SDs is still an inter-

esting subject.

Considering the importance of p-conjugated BOD-

IPY compounds for optoelectronic devices, we have

been focused on the synthesis of a-styryl substituted

BODIPY p-system (BDP-Sty) (Fig. 1). The main pur-

pose of this study is to investigate the effect of p-

conjugated BODIPY (BDP-Sty) interlayer on the

electrical and photoelectrical parameters of Au/n-Si

type Schottky diode. For this aim, BDP-Sty com-

pound was synthesized according to literature.Then,

molecular orbital calculations have been studied by

DFT-B3LYP/6-311G(d,p) computational level to

obtain various structural parameters. Finally, Au/

BDP-Sty/n-Si structure have been fabricated to show

the effect of BDP-Sty compound on the illumination

dependent electrical and photoelectrical properties of

dependent I–V characteristics of the diode.

2 Experimental

2.1 Synthetic procedure for BDP-Sty

BODIPY and BDP-Sty compounds were synthesized

according to procedures published in literature [38].

Under argon atmosphere, BODIPY (400 mg,

1.23 mmol), 4-hydroxybenzaldehyde (165 mg,

1.35 mmol), 0.9 ml piperidine and 0.6 ml glacial

acetic acid were taken up in toluene (30 ml) and the

mixture was refluxed 3 h. Then water was added into

it and crude mixture was extracted with dichlor-

omethane. The organic layer was dried over anhy-

drous MgSO4, filtered and concentrated under

reduced pressure. The residue was subjected to col-

umn chromatography on silica gel using

EtOAc:hexane (1:9) as the eluent, which gave the

pure compound as red solid (yield: 48%); The iden-

tity of the BDP-Sty was unambiguously confirmed by
1H and 13C spectroscopy.

2.2 Fabrication of Au/BDP-Sty/n-Si/In
diode

A n-Si wafer with a (100) orientation, 500 lm thick-

ness and 20 X cm resistivity was used to fabricate the

Au/BDP-Sty/n-Si diode. Before making contacts, a

n-type Si wafer was chemically cleaned to eliminate

the impurities and inherent oxide layer on surface by

using standard RCA cleaning method, i.e., 10 min

boil in NH3 ? H2O2 ? 6H2O after that a 10 min

HCl ? H2O2 ? 6H2O. In order to make ohmic con-

tact, In metal (99.99%) with 100 nm thickness was

thermally evaporated onto the back side to n-type Si
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wafer, followed by annealing at 350 �C for 30 s in

nitrogen ambient. The BDP-Sty material was coated

on the cleaned front surface of the n-Si by the spin

coating at a spinning rate of 1000 rpm for 1 min in

order to form a thin film. To form the rectifying

contacts, Au metal was thermally evaporated onto

the organic film through a metal shadow mask. The

thickness of the interfacial layer was calculated to be

about 128 nm from high-frequency measurement of

the interface capacitance in the strong accumulation

region.

3 Results and discussion

3.1 Theoretical studies

The synthesized BDP-Sty was first subjected to

computational study based on DFT to computation-

ally obtain the detail information about the electronic

structure, conductivity and ground state optimize

molecular geometry of the compound [39]. It has

been known that Clausius–Mossotti equation, which

establishes a relationship between its dielectric con-

stant with polarizability and molar volume of any

material is expressed by

er � 1

er þ 2
¼ 4pNAa

0

3VM
ð1Þ

where er, VM and NA are dielectric constant, molar

volume of material and Avogadro’s constant,

respectively, while a
0

is the polarizability volume in

terms of a=4pe0 [40]. In this connection, the optimum

structural geometry, Highest Occupied Molecular

Orbital (HOMO) and Lowest Unoccupied Molecular

Orbital (LUMO) analyses, MEP surface analysis,

molecular static isotropic polarizability volume

(aiso: ¼ 1
3 ðaxx þ ayy þ azz)) and molar volume of our

compound were obtained by using Gaussian 09

program suite [39]. All computations were performed

with DFT-B3LYP/6-311G(d,p) computational method

by using keyword tight at the gas phase of isolated

molecule [41, 42]. GaussView5 graphical interface

program suite was used for visualization of the

computed electronic structure properties [43]. The

computed values of axx, ayy and azz components of the

polarizability were found as 728.4728 a0
3, 396.3244 a0

3

and 174.3071 a0
3, respectively. Depending on these

components, the molecular static isotropic polariz-

ability volume, aiso:, was calculated as 433.0348 a0
3 (or

6.4170 9 10–23 cm3) for the compound. The molar

volume, VM, was computed as 314.411 cm3. By using

these computed values, the dielectric constant, er was

calculated as 3.94 with help of Clausius–Mossotti

equation.

FMOs (frontier molecule orbitals), which are also

called as LUMO and HOMO, use to investigate many

molecular features such as ionization potential,

polarizability, electron affinity, electronegativity,

excitability, hardness, softness, basicity, acidity, glo-

bal reactivity, electrical, electronic, charge transfers

and electronic transitions of chemical systems

[44–47]. The HOMO and LUMO drawings simulated

of the compound at the gas phase with DFT-B3LYP/

6-311G(d,p) computational level were depicted in

Fig. 2a. Depending on these values, the computed

results of aforementioned some molecular descrip-

tors were listed in Table 1. For our compound, the

LUMO, HOMO and energy band gap (DE) were

theoretically found as - 2.65 eV, - 5.15 eV and

2.50 eV, respectively. As known from the literature,

DE provides information about the conductivity of

the compound. Since DE range for semiconductors is

between 0.5 and 3.5 eV, BDP-Sty compound can have

a semiconducting behavior [1, 48]. Moreover, it is

well-known that the small value of the energy band

gap between HOMO and LUMO indicate easily

excitable, polarizable and chemically softness of

Fig. 1 Synthesis of BDP-Sty
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compound. Additionally, the easy excitability indi-

cates that compound can have a good conductivity.

The small energy band gap of 2.50 eV of our com-

pound reveals a measure of its easily excitable,

polarizable, chemically softness and good conduc-

tivity. Moreover, the electron affinity (A = - ELUMO)

and ionization potential (I = - EHOMO) values for our

compound were computed as 2.65 eV and 5.15 eV,

respectively. As can be seen Fig. 1a, the HOMO is

mostly placed over bonding pi molecular orbitals of

BODIPY core group, olefin group and phenol ring,

while the LUMO is mostly localized on anti-bonding

pi molecular orbitals of BODIPY core group and

olefin group. The lowest energy transition

HOMO ? LUMO, which is the most likely transition

in a compound, corresponds to p ? p* charge

transfer in our compound. The electrophilic and

nucleophilic reactive attack sites of the compound

were investigated with molecular electrostatic

potential (MEP) surface map. The MEP surface map

of the compound was simulated with DFT-B3LYP/6-

311G(d,p) computational level. The different colors

on MEP surface map present different regions of

electrostatic potential. Negatively-valued red and

yellow places represent electrophilic reactive attack

sites of electrostatic potential, whereas positively-

valued blue places correspond to nucleophilic reac-

tive attack sites of electrostatic potential. The regions

with zero electrostatic potential are represented by

green color. Figure 2b shows MEP surface map of the

compound. The orange and blue colors around flu-

orine and phenol hydrogen atoms in our compound

correspond to negative (electrophilic reactive attack

sites) and positive (nucleophilic reactive attack site)

electrostatic potential regions with values of - 5.175

e-2 and ? 6.456 e-2, respectively. All these calcula-

tions clearly indicated that our synthesized BDP-Sty

compound shows a semiconducting behavior, and its

Fig. 2 a DFT computed energy levels of HOMO and LUMO b MEP surface map of the BDP-Sty compound

Table 1 Computed some molecular descriptors depending on

HOMO and LUMO energy values of the BDP-Sty

Parameters Value (eV)

ELUMO - 2.65

EHOMO - 5.15

Energy band gap |EHOMO - ELUMO| 2.50

Ionization potential (I = - EHOMO) 5.15

Dielectric constant (erÞ 3.94

Electron affinity (A = - ELUMO) 2.65

Chemical hardness [g = (I - A)/2] 1.25

Chemical softness [g = (I - A)/2] 0.40

Electronegativity [v = (I ? A)/2] 3.90

Chemical potential (l = - (I ? A)/2) - 3.90

Electrophilicity index (x = l2/2g 6.08

Maximum charge transfer index (DNmax. = - l/g) 3.12
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possible use in heterojunction devices may be

important for optoelectronic applications.

3.2 Illumination dependent I–
V characteristics of Au/BDP-Sty/n-Si
diode

Figure 3 shows the forward and reverse bias I–V

characteristics of the Au/BDP-Sty/n-Si diode under

dark and different illumination levels. The current

value under illumination conditions in the reverse

bias region was slightly higher than the current value

in dark condition. The value of current in the reverse

bias region increased with increasing light illumina-

tion, whereas there was small change in the forward

current with the illumination. This indicates that the

Au/BDP-Sty/n-Si diode shows a conventional pho-

toconducting behavior. Also, as can be seen, the

fabricated diode has a rectifier behavior. Therefore,

the charge transport mechanism of the Au/BDP-Sty/

n-Si diode obeys the thermionic emission (TE) theory,

and the relation between the I, V and Rs is expressed

as follows [3, 49]:

I ¼ I0 exp
q V � IRSð Þ

nkT

� �
� 1

� �
ð2Þ

where n, T, q, V and k are defined as ideality factor,

temperature in Kelvin, electron charge, applied

voltage and Boltzmann constant, respectively. I0
defined as the saturation current is defined by the

following equation:

I0 ¼ AA�T2exp � qUb

kT

� �
ð3Þ

where A and A* are defined as effective diode area

and Richardson coefficient (112 A cm-2 K-2 for n-Si),

respectively. Ub is the barrier height at zero bias and

determined by the following equation:

Ub ¼
kT

q
ln

AA�T2

I0

� �
ð4Þ

Ideality factor (n) which clarifies the departure of

the current transport mechanism from the ideal TE

model is defined as

n ¼ q

kT

dV

d lnIð Þ ð5Þ

The regions selected for the calculations were

defined as 0.18\V\ 0.70 V for dark and

0.20\V\ 0.75 V for illumination levels. The values

of n, Ub and I0 calculated from the forward bias I–

V characteristics for dark and different illumination

conditions were given in Table 2. The n and Ub values

were found to be 2.32 and 0.828 eV in dark, respec-

tively. As seen, the n values of the diode were higher

than 1 which indicates the diode shows non-ideal

diode behavior due to the interface states, barrier

inhomogeneity, surface states/traps and series resis-

tance. The n values decreased with increasing illu-

mination level which can be attributed to the

increasing photo generated charge carriers under

illumination in the interface of the device [1, 2, 18].

The values of Ub slightly increased with increasing

illumination level due to the increasing charge car-

riers. Additionally, in Fig. 3, the intersection behavior

of I–V curves was seen which seems to be an anomaly

compared to the traditional behavior of ideal Schot-

tky diodes. This behavior is attributed to the lack of

free charge under low illumination level and then

photo-current becomes increase as rapidly and hence

leads an intersection at about a constant voltage point

[16]. In this point, the value of current becomes

almost independent from the illumination. Moreover,

it can be seen in Fig. 3 that there was a fluctuation in

the reverse bias I–V plots under illumination condi-

tions which can be attributed to the high electron–

hole separation efficacy of the strong internal and

external electric fields which are in the same direction

in the reverse bias.

In Schottky structures, another main parameter

that effects the performance of the diode is series
Fig. 3 I–V characteristics of the prepared diode. Inset shows the

schematic representation of the fabricated diode
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resistance (Rs). Cheung’s method was used to obtain

the Rs values of Au/BDP-Sty/n-Si diode for dark and

various illumination levels. Cheung’s functions

model which defined a relation between Rs, I and V is

expressed as [50]:

H Ið Þ ¼ V � n
kT

q
ln

I

AA�T2

� �
ð6Þ

HðIÞ ¼ nUb þ IRs ð7Þ

dV

dðlnIÞ ¼
nkT

q
þ IRs ð8Þ

A plot of dV/d(lnI) vs. I and H(I) vs. I for prepared

diode were drawn in Fig. 4a and b, respectively.

Equations 7 and 8 show that, the slopes of the both

plot of H(I) - I and dV/d(lnI) - I give Rs of the Au/

BDP-Sty/n-Si diode. The Rs, n and Ub values

obtained from Cheung’s functions were listed in

Table 2. As seen, the values of Rs obtained from Eqs. 7

and 8 are in agreement with each other. The

decreasing Rs values with the increasing illumination

level can be explained by the increasing of the free

charge carrier concentration.

The conduction mechanisms of the prepared diode

were analyzed by using the ln(IF) vs ln(VF) and ln(IR)

vs VR
1/2 characteristics of the Au/BDP-Sty/n-Si

diode. As seen in Fig. 5a, the prepared diode has four

different linear part in different regions that shows

power law behavior of I � Vm, where m is the con-

stant and obtained from the slope of the ln(I) - ln(V)

plot. In the region I, the slope was found to be close to

1, which means that the current and voltage is nearly

proportional, and the conduction mechanism shows

the ohmic behavior. The slope of the region II was

much higher than unity, and so TCLC can dominate

in current mechanism. In addition, the m value of

region III and IV was found to be about 5.34 and 3.05,

respectively, and the current mechanism can be

explained by the SCLC [3, 49, 51]. Schottky emission

(SE) and Poole–Frenkel emission (PFE) theories were

used to study the current conduction mechanism of

Au/BDP-Sty/n-Si diode in reverse bias [52]. The SE

and PFE theory can be explained as:

IR ¼ AA�T2exp
bSCV

1=2

kTd1=2

� �
ð9aÞ

IR ¼ I0exp
bPFV

1=2

kTd1=2

� �
ð9bÞ

where bSC and bPF are the Schottky and Poole–Fren-

kel field lowering coefficients, respectively. The the-

oretical values of bSC and bPF coefficients can be

expressed as:

2bSC ¼ bPF ¼ q3

ere0p

� �1=2

ð10Þ

where er is the permittivity of the interfacial layer.

The theoretical values of bPF and bSC were calculated

as 7.64 9 10–5 and 3.82 9 10–5 eV m1/2 V-1/2,

respectively. The experimentally calculated b values

obtained from the slope of Fig. 5b were found to be

1.77 9 10–4 and 3.51 9 10–4 eV m1/2 V-1/2 for dark

and under 100 mW/cm2 illumination level, respec-

tively. These obtained results indicated that the

obtained experimental b values are close to the the-

oretical bSC coefficient, and so SE effect is more

dominant in reverse direction [52].

It is known that interface states which are located

between interfacial layer and semiconductor interface

can control some electrical properties of SDs such as

ideality factor and barrier height derived from

ln(I) - V plots of the device. When the interface

states in equilibrium with the semiconductor, the

relation between density of interface states and

Table 2 The calculated

ideality factor (n), reverse

saturation current (Io), barrier

height (Ub) and series

resistance (Rs) in dark and

under different illumination

levels

Illumination intensity (mW/cm2) n I0 (nA) Ub (eV) dV/d(lnI) - I H(I) - I

Rs (kX) n Rs (kX) Ub (eV)

0 2.32 4.07 0.828 4.95 2.21 4.59 0.880

40 2.23 2.64 0.839 3.19 2.94 2.85 0.827

50 2.18 2.30 0.842 3.09 2.90 2.77 0.829

60 2.08 1.74 0.850 2.91 3.08 2.48 0.820

70 1.96 1.40 0.855 2.89 3.04 2.56 0.822

80 1.84 1.03 0.863 2.76 3.12 2.47 0.817

90 1.79 1.58 0.852 2.65 3.80 2.46 0.769

100 1.59 0.704 0.873 1.80 4.57 1.61 0.746
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ideality factor for n-type Schottky diode is defined by

Card and Rhoderick as [51]:

Nss Vð Þ ¼ 1

q

ei
di

n Vð Þ � 1ð Þ � es
WD

� �
ð11Þ

where di, WD,es and ei are the thickness of interface

layer, space charge layer width (7.354 9 10–5 cm),

dielectric constant of semiconductor and dielectric

constant of interface, respectively. In n-type semi-

conductor, the energy of interface states is defined as:

Ec � Ess ¼ q Ue � Vð Þ;

Ue ¼ Ub þ bV ¼ Ub þ 1 � 1

n Vð Þ

� �
V

ð12Þ

where Ue and q are the effective barrier height and the

electron charge, respectively.

Figure 6 shows the Nss profiles of the Au/BDP-

Sty/n-Si diode derived from the forward bias I–

V characteristics for dark and under different illu-

mination intensity. The Nss values of Au/BDP-Sty/n-

Si diode is in the range of 7.15 9 1011 eV1-cm-2 to

1.83 9 1011 eV1-cm-2 under conditions of dark and

5.95 9 1011 eV1-cm-2 to 1.08 9 1011 eV1-cm-2 under

Fig. 4 a dV/d(lnI) vs. I and b H(I) vs. I curves for the Au/BDP-Sty/n-Si diode under dark and illumination conditions

Fig. 5 a ln(IF) vs.ln(VF) and b ln(IR) vs VR
1/2 curves for the Au/BDP-Sty/n-Si diode
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100 mW/cm2. Figure 6 reveals a decrease in the Nss

with increasing illumination intensities which can be

attributed to the discharge and charge of interface

states under the effect of illumination [53, 54].

To understand the photovoltaic performance of

diode, the forward current density–voltage (J–V)

characteristics of illuminated Au/BDP-Sty/n-Si

diode were analyzed (Fig. 7). The basic photovoltaic

parameters of the diode are listed in Table 3 for

various illumination conditions. As can be seen,

while the Voc value varies slightly with illumination,

the Jsc value increases with increasing illumination

intensity. This behavior can be attributed to the

increasing in charge carrier concentration due to

incident light absorption. Additionally, while

increasing light intensity increases maximum elec-

trical power (Pmax ¼ Jmax � Vmax), fill factor

ðFF ¼ Vmax � Jmax=Voc � Jsc) slightly decreases from

26.26 to 20.62 with the light intensity.

In addition, it was observed that the photosensi-

tivity (S ¼ Iphoto=IdarkÞ values under - 2 V increased

with the light intensity which shows that the Au/

BDP-Sty/n-Si diode is sensitive to illumination

intensities. In addition, it was observed that the

photosensitivity (S ¼ Iphoto=IdarkÞ values under - 2 V

increased with the light intensity which shows that

the Au/BDP-Sty/n-Si diode is sensitive to illumina-

tion intensities.

Short circuit current density, Jsc, shows a linear

change with illumination intensities, as seen in

Table 3, and is in good agreement with the theory

that can explain the relation between photocurrent

and light intensity as

Iphoto ¼ cPb ð13Þ

where c is a constant, and b is an exponent, which

depends on the process of the recombination such as

monomolecular and bimolecular. As seen in Fig. 8,

plot of ln(Iph) vs. ln(P) gives a linear relationship, and

the value of b can be obtained from its slope. The b
value for Au/BDP-Sty/n-Si/In diode was found to

be 0.27, and this shows that photoconduction mech-

anism might be controlled by bimolecular recombi-

nation mechanism [55, 56].

4 Conclusion

In the presented work, we showed the synthesis of a

a-styryl substituted BODIPY compound (BDP-Sty)

was demonstrated its use as a semiconductor mate-

rial in the fabrication of an Au/BDP-Sty/n-Si/In

diode. Theoretical studies were performed with DFT

theory analysis to investigate various molecular

descriptors such as optimize ground state structure of

the isolated compound, HOMO and LUMO simula-

tions, and various molecular descriptors such as

dielectric constant, electronegativity, chemical

potential, and electrophilicity index. The electrical

and photo response characteristics of the fabricated

diode have been investigated for different illumina-

tion intensities. The I–V measurements revealed that

the fabricated diode exhibited a good rectification

behavior in dark. The main diode parameters such as

I0, Ub, Rs Voc, Jsc, and S were obtained as strong
Fig. 6 Variation of Nss with Ec - Ess for the Au/BDP-Sty/n-Si

diode

Fig. 7 J–V plots for the Au/BDP-Sty/n-Si diode
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function of the illumination intensity. For instance,

while the value of n is decreased from 2.32 to 1.59

with increasing illumination condition from dark to

100 mW/cm2, the Ub values increased from 0.828 to

0.873 eV. Moreover, Rs values for dark calculated

from dV/dln(I) plot and Cheung’s H(I) function were

found as 4.95 kX and 4.59 kX, respectively. The

analysis of ln(IF) - ln(VF) characteristics indicated

that conduction mechanism is ohmic at low voltage

and SCLC and TCLC conduction was dominated at

higher voltage. It was also found that the conduction

of the diode is dominated by the Schottky emission

effect under reverse bias.
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Mater. Electron. 31, 13167 (2020)
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