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A heterojunction diode based on an ambipolar organic semiconductor 2,8-bis(5-(2-octyldodecyl)thien-
2-yl)indeno[1,2-b]fluorene-6,12-dione (20D-TIFDKT) was fabricated on p-Si using a drop-casting
technique. The current-voltage and capacitance-voltage characteristics of Al/20D-TIFDKT/p-Si/Al
devices with aluminized contacts were investigated under dark and 100 mW/cm? illumination intensity.
The result is a novel interface-state controlled diode device that is shown to be rectifying. In the forward,
bias it has a current that depends on the illumination intensity at constant bias, showing potential
application in low-power solar cell application. In the reverse bias, it has a response that depends on the
illumination intensity regardless of the applied reverse bias. This suggests a potential use as a sensor in
photoconductive applications. Between 0 and 0.7 V forward bias, the ideality factor, series resistance and
barrier height average at 2.35, 67.6k{) and 0.842 eV, respectively, regardless of illumination.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Organic semiconductors consisting of 7r-conjugated small
molecules (7-SM) have emerged over the past few decades as
promising candidates for application in low-cost, flexible, and
large area organic devices. Such devices include, but are not limited
to organic light-emitting diodes (OLED), organic thin-film tran-
sistors (OTFT), organic photovoltaics (OPV), light-emitting tran-
sistors (OLET), sensors and large-area integrated circuits. These
devices, because of their inherently low electron and hole
mobilities, are not intended to compete with silicon-based
technologies, but are desired to be lower-cost alternatives. At
the same time, significant developments continue to boost organic
device performance due to improved synthetic methods, optimi-
zation techniques and device engineering [1]. In contrast to larger
Tr-conjugated macromolecular systems, 7m-SMs have the advan-
tages of easier synthesis, better purity and yield, good solubility in
common organic solvents and better thin-film crystallinity. These
traits lead to good reliability and device fabrication reproducibility
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[2]. One current design approach for semiconducting organic
molecules is to attempt the realization of a good balance between
solution processability, highest occupied molecular orbital (HO-
MO)/lowest unoccupied molecular orbital (LUMO) energies,
optical band gaps and actual device packaging and metallization
[1,2]. With the continuing rapid development of new semicon-
ducting organic materials, the need to better understand and
rationalize electronic structure, charge transport and organic
molecule/metal interfaces become increasingly important [3].
With the emergence of organic semiconductors in optoelectronic
devices, metal/organic interfaces were initially studied in the
context of the established metal/semiconductor interface theory
developed by Schottky-Mott for ideal metal/inorganic semicon-
ductor interfaces. Recent studies have revealed that such interfaces
are dominated by large dipole interactions that lead to significant
Fermi-level pinning and manipulation barrier height [4]. In order
to realize optimized high-performance devices, lowered charge-
injection barrier height with minimized localized trap states at the
organo-metal interface is needed. Ideally, the organic-metal
interface should offer low charge injection barriers for Ohmic
contact, which depends on the difference in energy between the
metal work function and the HOMO level for hole injection or
LUMO level for electron injection. This condition can be closely
approached for organic-metal interfaces if there is direct contact
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between the metal and the Il-electrons in the conjugated small
molecule. The metal atoms are evaporated and condensed onto the
organic film, where diffusion of metal atoms up to several
nanometers of the p organic surface can occur during deposition
[5]. However, the exact nature of the interface relies on the
deposition method, which controls the surface morphology. The
work of Liu et al. [1] also suggests that engineering the contact
surface with an ultra-thin, insulating layer before the deposition of
m-SMs, the performance of the device could be enhanced
substantially. Specifically, they studied the role of 0-6nm
thicknesses of SisN,4 for two different organic compounds. Their
findings suggest that the onset of various device behaviors-from
rectifying to quasi-Ohmic to tunneling-could be controlled by
tuning the insulator thickness, which is in agreement with the
theory of Fermi-level pinning or de-pinning [6]. The distribution of
the localized states close to the organic-metal interface was found
to change due to the improved protection of the organic-film from
physical interference during metallization. In addition, the
improved modulation of the charge injection led to reduced
barrier height. The use of SizN4 was motivated by the need to avoid
oxygen during a thermally activated deposition process, which
could lead to oxidation artifacts arising from the organic
compound. Also, the wider band gap of the insulator is chosen
to be far from the HOMO/LUMO energies thereby eliminating
charge injection into these levels [1]. On the account of the band
gap of SiO,, (~9 eV), which is much higher that of metal oxides and
SisN4 (~5.3 eV) would be ideal [7]. However, the aforementioned
need to avoid oxygen precludes it. Another currently held general
principle of organic molecule design for practical applications is to
attempt to achieve lower band gap and to enhance m-conjugation
by engineering donor-acceptor molecular architectures while
minimizing the torsional forces between the rings coupling the
Tr-electron deficient acceptors and the mr-electron rich donor
moieties [8-11]. The role of substituents such as chlorine has also
been investigated by Ryu et al. [12]. Their findings suggest that
such substitutions may extend the application of organic semi-
conductors in optoelectronic devices by enhancing physicochemi-
cal and optoelectronic properties through the band gap and
relative positions of HOMO/LUMO energies. This also has direct
implications to the possible metallization contacts. Some effects of
annealing on the thermal and electrical properties were
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investigated by Wang et al. [13], who found that annealing small
organic molecules at temperatures between 24 °C and 140 °C led to
a gradual increase in the field effect mobility while shifting the
threshold voltage from positive to negative. Some efforts have been
spent by others to functionalize the organic-metal interface
through work-function modification by employing higher ordering
of self-assembled molecular mono-layers [14]. In this paper, we
report on the synthesis and application of an organic small
molecule based on an indeno[1,2-b]fluorene-6,12-dione-thio-
phene ladder-type ambipolar building block, which demonstrates
good charge transport ability and device stability. The molecule is
designed based on the repositioning the [(-substituents to a
molecular terminal referred to as «, w-disubstitution, which has
improved the stereochemistry by enhancing the m-core planarity
of the semiconductor backbone through reduced steric interac-
tions. The resulting ambipolar organic compound is 2,8-bis(5-(2-
octyldodecyl)thien-2-yl)indeno|1,2-b]fluorene-6,12-dione (20D-
TIFDKT), which has been recently reported as an ambipolar
semiconductor in OTFTs with good charge transport characteristics
(Me=0.12cm?/Vs py=0.02 cm?/Vs). We present the results of the
fabrication and measurements of a novel metalized rectifying
20D-TIFDKT/p-Si junction diode, which has few precedents and
has a potential use as in sensor applications.

2. Experimental

2.1. Synthesis of ambipolar 20D-TIFDKT
Scheme 1

2.2. Materials and methods

The reagents used in this synthetic work were acquired from
commercial sources and used as received. Vacuum/nitrogen
manifold was used for the reactions that will be carried out under
N, and for drying processes. 'H NMR (400 MHz) and '>C NMR
(100 mHz) spectra were recorded on a Bruker 400 spectrometer.
LecoTruspec Micro model instrument and Bruker Microflex LT
MALDI-TOF-MS Instrument were used for elemental and MALDI-
TOF analyses.

Me;Sn
3 CioHz21

CgHq7

2

=

o
20D-TIFDKT

Scheme 1. Synthesis of 2,8-bis(5-(2-octyldodecyl)thien-2-yl)indeno[1,2-b]fluorene-6,12-dione (20D-TIFDKT).
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2.3. Synthesis and characterizations

The synthetic route to 20D-TIFDKT is shown in Scheme 1. In
addition, the details for the synthesis of 2-octyldodecyl bromide is
given in the following procedure:

2.3.1. Synthesis of 2-octyldodecyl bromide

The reagents 2-octyl-1-dodecanol (5.4 g, 18 mmol) and triphe-
nylphosphine (6.84 g, 72 mmol) were dissolved in 240 mL THF in
ambient, which is followed by the addition of bromine (10.8 g,
72 mmol). The resulting reaction solution was stirred at room
temperature for several hours. After the reaction is completed,
3 mL of methanol was added to this mixture, and the solvent was
evaporated. Then, hexane was added, the precipitate was removed
by filtration, and the filtrate was concentrated to yield a crude oil.
Final purification was performed by column chromatography using
silica gel and hexane as the stationary phase and eluent to yield the
pure product as a colorless oil (6.2g, 95%). '"H NMR (400 MHz,
CDCls3): 8 3.44 (2H, d, J=4.8Hz), 1.58 (1H, m), 1.27 (32H, m), 0.88
(6H, t, J=6.7 Hz).

2.3.2. Synthesis of 2-(2-octyldodecyl) thiophene (1)

2.68 mL (6.7 mmol) of n-butyllithium (2.5M in n-hexane) was
added to a solution of thiophene (0.537 g, 6.38 mmol) in THF
(10 mL) at —78 °C under nitrogen. The lithiation was performed by
stirring at —78°C for 30 min and at room temperature for 1h,
respectively, which was followed by the addition of 1-bromo-2-
octyldodecane (2.44g, 7.02 mmol) at —78°C. Next, the reaction
mixture was heated to reflux for 12 h. After the reaction was
completed, the reaction mixture was quenched with water and the
product was extracted into an organic phase (chloroform). The
crude product was obtained after evaporation to dryness, which
was purified by column chromatography using silica gel and
hexane as the stationary phase and eluent, respectively. The pure
product was obtained as a colorless oil (1.28 g, 55.0%). 'H NMR
(400 MHz, CDCl3): & 0.89 (m, 6H), 1.27-1.33 (m, 33H), 2.76 (d, 2H,
J=6.8Hz),6.76 (d, 1H, J=3.4Hz), 6.92 (dd, 1H, J=5.2 Hz, J=3.4 Hz),
7.13 (d, 1H, J=5.2 Hz).

2.3.3. Synthesis of 2-(2-octyldodecyl)-5-trimethylstannylthiophene
2)

1.29 mL (3.22 mmol) of n-butyllithium (2.5 M in n-hexane) was
added to a solution of 2-(2-octyldodecyl)thiophene (1) (1.12g,
3.07 mmol) in THF (25 mL) at —78 °C under nitrogen. The lithiation
was performed by stirring at —78°C for 30 min and at room
temperature for 1 h. To this lithiated mixture, trimethyltinchloride
(0.67 g, 3.37 mmol) was added at —78 °C, and the reaction mixture
was stirred overnight while warming to room temperature. The
final reaction mixture was quenched with water, and the product
was extracted into an organic phase (hexanes). The organic phase
was washed with brine and dried over Na,SO,4. The final pure
product was obtained as a colorless oil (1.52¢g, 94%). 'H NMR
(CDCl3, 400 MHz): § 0.35 (s, 9H), 0.91 (m, 6H), 1.25-1.33 (m, 33H),
2.80(d, 2H,J=6.0Hz), 6.88 (d, 1H,J=3.2 Hz), 7.02 (d, 1H, J= 3.2 Hz).

2.3.4. Synthesis of 4,4"-dibromo-2,2"-methoxycarbonyl-[1,1';4',1"]
terphenyl (3)

The reagents 1,4-benzenediboronic acid bis(pinacol) ester
(0.5g, 1.51mmol), methyl 2-iodo-5-bromobenzoate (1.13g,
3.32mmol), and Aliquat 336 (0.174g, 0.43 mmol) were added
under nitrogen to a reaction flask containing 10 mL of dry toluene.
Next, tetrakis(triphenylphosphine)palladium (0.10g, 0.09 mmol)
and deaerated 1 M aqueous sodium carbonate solution (0.64 g in
6.1 mL of water) were added and the reaction mixture was heated
at reflux for 2 days under nitrogen. After the reaction is completed,

the mixture was cooled to room temperature and quenched with
water. The product was extracted into an organic phase with
hexanes and evaporated to dryness to yield the crude product. The
pure product was obtained as a white solid (0.66 g, 86.0% yield)
after column chromatography using silica gel and chloroform as
the stationary phase and the eluent. 'H NMR (400 MHz, CDCls): §
3.71(s, 6H), 7.32 (m, 6H), 7.67 (dd, 2H, J=8.0 Hz and J = 2.4 Hz), 8.00
(d, 2H, 2.4Hz).

2.3.5. Synthesis of 2,8-dibromo-indeno[1,2-b]fluorene-6,12-dione (4)

A mixture of 3 (0.55g, 1.08 mmol) in 54.0mL of 80% H,SO,4
(prepared from 11 mL of H,O and 44 mL of concentrated (98%)
H,S04) was stirred at 120 °C for 1 day. Next, the resulting reaction
suspension is poured into ice-water mixture to yield a dark red
solid. The crude product was then collected by filtration, and
washed with water and saturated NaHCO5 solution, and methanol,
respectively. Since the solubility of 4 in common organic solvents is
very low, the crude product was purified by high vacuum-based
thermal gradient sublimation (2 x 10~>Torr). The pure product
was obtained as a cherry red crystalline solid (0.384 g, 80% yield).
m.p.>390°C. Anal.calcd. for C;oHgO,Br5: C, 54.58; H, 1.83 Found: C,
54.70; H, 1.96.

2.3.6. Synthesis of 2,8-bis(5-(2-octyldodecyl)thien-2-yl)indeno[1,2-b]
fluorene-6,12-dione (20D-TIFDKT)

2,8-dibromo-indeno[1,2-b]fluorene-6,12-dione (4) (0.546¢g,
1.24 mmol), 2-trimethylstannyl-5-(2-octyldodecyl)thiophene (2)
(1.44 g, 2.73 mmol), and Pd(PPhs),Cl, (0.087 g, 0.124 mmol) were
added under nitrogen to a reaction flask containing 60 mL of
anhydrous DMF. Afterward, the reaction mixture was heated at
125 °C for 1 day. After the reaction was completed, the mixture was
cooled to room temperature and evaporated to dryness. After
filtration with methanol, the dark crude solid was obtained by
washing with methanol, acetone, and hexanes respectively. The
pure product was obtained as a dark green solid (0.50 g, 40% yield)
after column chromatography using silica gel and CHCls/hexanes
(7:3) as the stationary phase and the eluent. m.p. 135-136°C. 'H
NMR (400 MHz, CDCls): § 0.90 (m, 6H), 1.28-1.31 (m, 33H), 2.74 (d,
2H,J=6.4Hz), 6.68 (d, 1H,J=3.2 Hz), 7.12 (d, 1H, J=3.6 Hz), 7.38 (d,
1H,J=7.6 Hz), 7.60 (m, 2H), 7.70 (s, 1H).*C NMR (100 MHz, CDCl5):
8§ 141, 22.7, 26.6, 29.3, 29.4, 29.7, 29.8, 29.9, 30.0, 31.9, 33.2, 34.7,
40.0,115.7,120.8,120.9,123.5,126.4,131.3,134.6,136.1,139.4, 140.2,
141.2,145.4,145.5,192.5. IR (KBr): 1710 cm~' (C=0 Stretching). MS
(MALDI-TOF) m/z (M"): calcd. for CggHg40,S,: 1008, found: 1009
[M+H]*. Anal.calcd. for CggHg40,S,: C, 81.06; H, 9.40, Found: C,
81.31; H, 9.52.

2.4. Diode fabrication and characterization

20D-TIFDKT powder sample was dissolved in water and stirred
to obtain a clear solution. For the fabrication of the diode, firstly, an
ohmic contact was prepared on p-type silicon. P-type silicon
substrate was cleaned by chemical cleaning procedure. Then, Al
metal was evaporated on p-type silicon substrate to obtain Al dots.
After evaporation process, p-Si/Al wafer was annealed at 570 °C for
5 min. After ohmic contact preparation procedure, the solution of
20D-TIFDKT sample was drop casted onto p-type silicon substrate
having ohmic contact and dried to obtain a solid film. The top
contacts were prepared by thermal evaporating of aluminum onto
film as dots having 1 mm diameter. Fig. 2 shows the construction of
the Au/20D-TIFDKT/p-Si/Al diode. The diode contact area was
found to be 3.14 x 1072 cm?. The electrical characterizations of the
diodes were performed using a FYtronix Solar IV characterization
system (Fig. 1b, ).



R.O. Ocaya et al./Synthetic Metals 221 (2016) 48-54 51

(o]
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Fig. 1. Chemical structure of 2,8-bis(5-(2-octyldodecyl)thien-2-yl)indeno[1,2-b]
fluorene-6,12-dione (20D-TIFDKT).

3. Results and discussion

Fig. 3 shows the Al/20D-TIFDKT/p-Si/Al diode I-V character-
istics under dark and 100 mW/cm? illumination. The method of
Cheung & Cheung was used to extract the diode parameters
[15-17].

In the method

%:Rslntn(l%) (1)
and

H(I) = R + n®, (2)
where

H() =V — n(’%)ln(AAI*TZ) 3)

where ®j is barrier height, n is ideality factor and R is resistance.
For a rectifying diode, thermionic emission theory [18] relates

(2)

LUMO [-3.63 V]

current (I) at applied bias (V) and temperature (T) by the equation

a2 qP, q(V —IRy)
I=AA"T exp( T )exp{ kT } (4)

where q is electronic charge, A is device area, k is Boltzmann

constant. The effective Richardson’s constant A* is 32A/cm?K? for
p-Si [19]. Fig. 3 shows diode rectifying behavior. The forward bias
region depicts three distinct regions, suggesting that the device
parameters such as ideality factor, resistance and barrier height
depend on the applied bias. This further suggests the dependence
on interface properties and barrier inhomogeneities [20]. In
addition, recent studies of electron transfer mechanisms highlight
the need to better understand the interface chemistry [21],
particularly since electron and hole mobilities for such devices are
already lower due to dependence on the interfaces and employed
processing method. This is certainly the case if established
Schottky diode methods such as Shockley’s equation are to be
extensible to the new organic-metal based devices. At the same
time, it is well understood in the literature that the I-V curves of
organic photovoltaics such as solar cells analyzed through
Shockley’s equation yield ideality factors, parallel device resistance
and photo-currents that do not necessarily convey a physical
meaning [22]. Therefore, some caution is needed when interpret-
ing the analytical results. Table 1 shows the diode parameters
using the Cheung-Cheung method. The data in Table 1 suggests
that generally ideality factor increases while barrier height falls
with applied forward bias. However, in the low forward bias region
between 0.2V and 0.7V both the ideality factor and the barrier
height are nearly constant at ~2.35 and ~0.842 eV, respectively for
both dark and 100 mW/cm? illumination. The ideality factor of the
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Fig. 2. a) Construction of the Al/20D-TIFDKT/p-Si/Al diode b) FYtronix solar IV characterization system.
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Fig. 3. I-V characteristics of Al/20D-TIFDKT/p-Si/Al diode under dark and 100 mW/
cm? illumination. The forward characteristics magnified in the inset, show three
distinct regions 1-3. The reverse characteristics show that the diode has a photo-
response.

diode is higher than unity. The higher ideality factor of the diode is
resulted from the interface states and series resistance.

However, the diode resistance is observed to drop to less than
half of its dark value of 67.6 k(). This suggests possible application
as a photovoltaic cell in this region, since the output power is
higher at increased illumination at nearly constant open-circuit
diode voltage. It may be expected that in this region, the diode
behavior is closer to the ideal thermionic emission model
portrayed by Eq. (4). The reverse bias region shows photoconduc-
tive behavior, although intensities between dark and 100 mW/cm?
would be needed to establish the exact nature of the illumination
dependence, for instance using the power law suggested by Soylu
et al. [23].

Impedance spectroscopy on the device relied on capacitance-
voltage measurements on the Al/20D-TIFDKT/p-Si/Al diode on the
100 kHz — 1 MHz frequency range. Fig. 4 shows the C-V plots for
the diode.

Table 2 shows the determined intrinsic carrier density (N;), built
in potential (Vy;), and barrier height (®3), using the C-V method on
the Al/20D-TIFDKT/p-Si/Al diode. The calculated N; shows higher
variance over the frequencies used unlike suggesting sensitivity to
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0
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e 700k Hz
-30 e 800K Hz|
jemn 900K HZ
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-4 2 0 2
Voltage (V)

Fig. 4. C-V measurements on the Al/20D-TIFDKT/p-Si/Al diode.

series resistance (Rs). These plots exhibit low and high-frequency
dependence indicating the existence of interface states. It can be
seen that the conductance increases rapidly with the frequency.
The series resistance of the diode was directly measured using an
impedance analyzer and it was shown in Fig. 6.

The series resistance of the diode can be determined by the
following equation [25-27]

(Gm/Cim)?

T GG v

The peaks in the plot shift towards higher positive bias voltage
as frequency is increased. The peak intensity decreases frequency,
suggesting that the interface states change are frequency depen-
dent. At lower frequencies interface states easily follow the AC
signal resulting in excess capacitance in contrast to higher
frequencies, leading to decreased contribution to interface state
capacitance [28,29]. C-V and G-V measurements therefore need
series resistance compensation before parameter extraction using
impedance spectroscopy. The adjusted capacitance (Cap) and
conductance (Gppy) are expressed [30] as

[G,Zn + (wcm)z]

@ + (wCp)? Cm ©

Capy =

Table 2
Extracted parameters of the Al/20D-TIFDKT/p-Si/Al diode C-V using the C-V
method.

the measurement frequency. Both V,; and ®; show lower f (kHz) N; (Jem?) Vi (V) Dy (eV)
sensitivity to characterlzat_lon frequency, averaging _2.18 ﬂ:_0.0Z_V 100 217E+08 197 101
and 1.53 +0.05eV respectively. The calculated barrier height is 200 7.18E+09 218 1.61
approximately twice the maximum from the I-V method in Region 300 3.57E+08 2.28 1.63
1. Barrier heights calculated using the two methods are known to 400 4.47E+06 2.38 161
often differ markedly [24]. >00 768E+08 2.28 1.66
. . 600 3.25E+09 2.23 1.64
Fig. 5(a) and (c) show measured capacitance and conductance 700 287E+10 215 161
measured against the applied voltage. Fig. 5(b) and (d) show the 900 1.78E+10 1.97 1.43
capacitances and conductance adjusted for the effects of diode
Table 1
Al/20D-TIFDKT/p-Si/Al diode parameters from the Cheung-Cheung method.
Region 1 Region 2 Region 3
Intensity (mW/cm?) n Rs (kQ) D (eV) n Rs (k) D (eV) n Rs (kQ) D (eV)
Dark 22 67.6 0.860 6.1 14.2 0.705 195 3.81 0.586
100 2.5 309 0.824 114 5.3 0.641 39.4 1.58 0.534
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Fig. 5. Plots of the capacitance/adjusted capacitance and conductance/adjusted conductance using 100 kHz-1 MHz frequencies on the Al/20D-TIFDKT/p-Si/Al diode.
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Fig. 6. A plot of the series resistance of the Al/20D-TIFDKT/p-Si/Al diode as a
function of frequency and applied voltage.

[G; n (wcm)z}

7 (7)

Gy —
T2 4 (C)

wherea = G, — [Gﬁ1 + (a)Cm)z]Rs. Diode junction capacitance is
made up of diffusion and depletion layer capacitances [26,30-32].
The depletion layer capacitance (C) is given by

12

C? geA’N;

(Vii + Vi — Vip) (8)

where &, =11.8¢ is the effective permittivity of p-Si, A is the diode
area, N; is the non-compensated ionized acceptor density, Vy; is the
built-in voltage, V, is the applied reverse voltage and V, is the
thermal voltage. The barrier height (®g) is then [33]

kT Ny
Dp =V + q [l +lnNJ 9)
where Ny ~ 1.04 x 10"°cm~3 is the valence band density of states
for p-Siat 300 K. Table 2 shows the calculated built-in voltage, non-
ionized acceptor density and barrier height derived from Eq. (9).
Nicollian & Brews [32] outlined a method by which the interface-
state densities of the diode could be estimated through measured
C-V, G-V data. Their method relies on peaking in the G-V
characteristics. In the present case, no peaking is observed.

4. Conclusions
The present paper presents the detailed synthesis of an organic

small molecule 2,8-bis(5-(2-octyldodecyl)thien-2-yl)indeno[1,2-
b]fluorene-6,12-dione (20D-TIFDKT) and its application in the
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fabrication of a novel new p-Si substrate diode metalized with
aluminum. Al/20D-TIFDKT/p-Si/Al exhibited a good rectifying
behaviour. At low forward bias, it has a low ideality factor of ~2 and
its properties can be explored through the thermionic emission
theory. Between 0-0.7V forward bias the ideality factor, series
resistance and barrier height average of 2.35, 67.6 k() and 0.842 eV,
respectively, regardless of illumination. In addition, the analysis
shows that the series resistance drops under illumination at a
given bias value, suggesting that the device can operate as a
photovoltaic cell. In reverse bias, the illumination current is
reasonably constant over a wide range of bias voltages, suggesting
that the diode has a potential in photoconductive applications.
Impedance spectroscopy measurements indicate that interface
states govern the electrical behavior of the device, suggesting the
need to better understand the nature of the interfaces within the
device.
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