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a b s t r a c t

Hole transport characteristics in three new organic compounds based on triphenylamine (TPA) moiety
are presented. The effect on electrical and optical properties of TPA, attached with methyl or tert-butyl
side groups, has been investigated through measurement of current density versus voltage (J-V),
capacitance versus voltage (C-V), frequency dependent capacitance, ac conductivity, Impedance spec-
troscopy, UV-Vis spectroscopy, Photoluminescence (PL) spectroscopy and X-Ray Diffraction (XRD)
studies. These measurements reveal that, the attachment of methyl or tert-butyl group in the para-po-
sition of the TPA moiety leads to improved optoelectronic properties and greater molecular stability. XRD
analysis of the samples indicates that the inter-molecular distance is the lowest for TPA with tert-butyl
side group (3.43 Å) as compared to pure TPA (3.57 Å). This leads to stronger inter-molecular interaction
as evidenced by the UV-Vis spectra. PL studies indicate significant Quantum Efficiency (~30%) for alkyl
attached TPA. In order to get a better understanding of the charge transport phenomena, the effect of
molecular structure dynamics on charge transfer kinetics is analyzed by evaluating the charge carrier
hopping rate coefficient and dynamic state factor. The dynamic state factor b has higher value for lower
bias voltage, corresponding to dc conductivity, whereas, at higher bias, the value of b is smaller, indi-
cating the dominance of ac conductivity. Hopping conductivity is seen to be highest for the device with
tert-butyl substitution in TPA moiety. Our experiments indicate an order of magnitude enhancement in
charge carrier mobility for alkyl-substituted TPA.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconducting materials have a wide range of poten-
tial applications in devices such as organic light-emitting diodes
(OLEDs) [1e3], organic photovoltaics (OPVs) [4,5] and organic field-
effect transistors (OFETs) [6,7]. Molecular engineering, leading to
the synthesis of a very wide range of organic materials, together
with low temperature technologies for device fabrication, have led
to rapid progress in this field. Most of the organic materials
employed in the electronic devices are p-conjugated materials
which have delocalized electrons. It has been observed that organic
materials having high Photo Luminescence (PL) efficiency exhibit
des).
rather low charge carrier mobility (~10�6 cm2V�1s�1), whereas
materials having large carrier mobility show much lower PL - ef-
ficiencies [8]. Triphenylamine (TPA) and its derivatives, such as a-
NPD and TPD, are an important class of p-conjugated organic
compounds used in OLED applications. The reported values of hole
mobility for such materials fall in the range 10�3-10�7 cm2V�1s�1

[9,10] and the PL quantum efficiencies are seen to be about 30e40%
[8]. A proper choice of the side-group for attachment to such TPA
molecules is vital for achieving good device performance. In this
paper, we use hole-only devices to report on the role of methyl and
tert-butyl groups, attached toTPAmolecules, on the performance of
OLED devices.

The mobility in disordered organic compounds is influenced by
several factors such as molecular geometry, impurities and traps.
Stability of these compounds in the film form in ambient conditions
can significantly affect the charge transport [11]. The stability in
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ambient conditions depends on the HOMO-LUMO energy levels.
Materials with high-lying HOMO levels are prone to oxidation,
rendering them less stable [12]. However, in TPA molecules, the
presence of electron deficient nitrogen and C]N double bond,
lowers the HOMO energy level, leading to better stability besides
enhanced hole-transport [9]. Thus, these molecules can be
designed to play multifunctional roles in devices depending on
their HOMO-LUMO levels, which can be suitably altered by mo-
lecular engineering.

The presence of side groups in the organic molecules leads to
modifications in their electronic and optical properties. One such
effect is the increase in the number of p-electrons [12]. Secondly,
the presence of oxadiazole moiety reduces the steric repulsion and
minimizes the torsional disorder between the neighboring units,
thereby leading to amore planar structure [13]. Nagakubo et al. [14]
observed a reduction in the traps at the organic-substrate interface
due to the presence of tert-butyl groups, leading to improvement in
transistor characteristics [14,15]. In this work, we show that the
attachment of tert-butyl groups to the TPA moiety results in an
order of magnitude improvement in the hole mobility (~10�6

cm2V�1s�1) and thin films of this material show significant pho-
toluminescence quantum efficiency (~30%). This is in contrast to
materials having high carrier mobility [8] but low PL quantum ef-
ficiencies, typically < 1%. Further, the attachment of methyl or tert-
butyl side group to TPA molecule increases the number of delo-
calized electrons and also shows higher carrier hopping rate. These
investigations suggest that the alkyl-substituted TPA has good po-
tential for OLED applications.

Attachment of tert-butyl group to certain organic molecules
such as quarter thiophene, TTF and its derivatives, etc., improves
their stability and also electronic properties due to the delocaliza-
tion of p-electrons [15]. In contrast, the attachment of s-alkyl and n-
alkyl side groups to these molecules does not bring in these
beneficial changes. In addition, the para-position of the sub-
stituents is responsible for additional electron donation due to a
special type of resonance contribution known as hyperconjugation
[16]. It is therefore important to choose appropriate molecules as
side groups for achieving the desired optoelectronic characteristics.

We present the experimental investigation of hole transport in
three new compounds containing electron donating TPA moiety.
The compounds denoted for further discussion as X1, X2 and X3 are
listed below:
Fig. 1. (a) Schematic representation of the device structure and (b) energy level diagram
respectively.
a) 2-(4-(5-(4-(diphenylamino)phenyl)-1,3,4-oxadiazol-2-yl)ben-
zylidene)malononitrile

b) 2-(4-(5-(4-(di-p-tolylamino)phenyl)-1,3,4-oxadiazol-2-yl)ben-
zylidene)malononitrile

c) 2-(4-(5-(4-(bis(4-(tert-butyl)phenyl)amino)phenyl)-1,3,4-
oxadiazol-2-yl)benzylidene) malononitrile.

In these compounds, X2 and X3 are obtained from compound X1
by attaching methyl and tert-butyl substituents, respectively, to the
TPAmoiety. A brief account of their synthesis along with their NMR
spectra, mass spectra, photophysical characterization and XRD has
been given in the supplementary information to this paper
(Scheme 1, Figs. S1eS17, Tables S1eS2). Detailed synthesis along
with electrochemical and thermal properties will be reported
elsewhere.

We have determined hole mobility by employing Impedance
Spectroscopy which is widely used to study organic materials
having dispersive transport [17]. Besides this, we have also carried
out current density-voltage (J-V), capacitance-voltage (C-V) as well
as frequency dependent capacitance (C-f) and conductivity (s-f)
measurements on the devices fabricated in order to get an insight
into the charge transport process.

Previous theoretical studies [12,18e20] indicate that the mo-
lecular structural dynamics is responsible for interaction between
the neighboring localized hopping sites. For hopping transport,
electronic coupling and structural relaxation are key parameters
which can be altered by appropriate side-group substitutions.
Hence, we have investigated the role of side-groups on the trans-
port and the frequency dependence of hopping rate in detail. We
have also analyzed the effect of molecular structural oscillations on
charge transfer kinetics in these devices.
2. Fabrication and characterization of hole-only devices

The hole-only device structure used in this study is shown in
Fig. 1 (a), which includes 10 nm thick layers of N,N0-Di(1-naphthyl)-
N,N0-diphenyl-(1,10-biphenyl)-4,40-diamine (a-NPD) on either side
of compounds X1, X2 or X3 to facilitate hole transport from 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) layer as
well as to block electron injection from the Al cathode. The hole
mobility measured in our devices is in the range 10�6 -10�7

cm2V�1s�1 and is seen to improve with alkyl substitution. These
of various layers, where layers X1, X2 and X3 correspond to devices P1, P2 and P3,
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materials are considered a good choice for maintaining charge
carrier balance in organic electronic devices [21].

High quality F4TCNQ (>99%) and a-NPD (>99.5%) were obtained
from M/s. Lumtec, Taiwan, and were used without any further
purification. Patterned indium tin oxide on glass substratewas used
as the bottom anode, F4TCNQ was used as a hole injection material,
a-NPD was used as a hole transport and electron blocking material,
X1 or X2 or X3 was used as a hole transport material and aluminum
[Al, Alfa Aesar (99.999%)] was used as cathode. The purity of the
synthesized compounds was estimated by HPLC and all of them
had purity better than 99%. Prior to the thin film deposition, ITO
coated glass substrates (XinYanTechnology Ltd., Hong Kong), with a
sheet resistance of 15U/,, were ultrasonicated using acetone,
isopropyl alcohol, DI water, in that sequence, for 15 min each and
dried in flowing nitrogen to ensure that the substrate surface is free
of any contaminant. This was followed by UV-Ozone treatment for
15 min which enhances the work-function of ITO. All the materials
Fig. 2. Molecular structures of F4
were placed in molybdenum boats, well separated from each other
inside the vacuum chamber. Each boat was heated one at a time.
After the deposition of the material from a particular boat, it was
covered with a shutter and allowed to cool down. Then the next
boat was heated to deposit the succeeding layer and the process
was repeated till all the layers were deposited. Thin films of
F4TCNQ, a-NPD, X1 or X2 or X3 and Al were deposited at a rate of 0.2
Ås-1, 0.5 Ås-1, 0.5 Ås-1 and 5 Ås�1, respectively, by thermal evapo-
ration on the pre-cleaned ITO coated glass substrate under vacuum
(base pressure ~ 5 � 10�6 mbar). The active area of the device was
1.6 mm2. Fig. 1 (b) shows the HOMO and LUMO energy levels of
various layers in the fabricated devices having the configuration
ITO/F4TCNQ (4 nm)/a-NPD (10 nm)/X1 or X2 or X3 (125 nm)/a-NPD
(10 nm)/Al. As mentioned earlier, in our devices, F4TCNQ serves as a
hole injection layer facilitating injection of holes from ITO into the
adjacent hole transporting a-NPD layer. The injection of electrons
from Al cathode into the device is blocked by the a-NPD layer
TCNQ, a-NPD, X1, X2 and X3.
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adjacent to the cathode. The molecular structures of F4TCNQ, a-
NPD, X1, X2 and X3 are given in Fig. 2. Methyl and tert-butyl func-
tional group substituents in molecules X2 and X3 are expected to
result in nearly planar molecular structure with highly delocalized
p-electron concentration. Since the performance of organic semi-
conductor devices is strongly sensitive to fabrication conditions,
care was taken by fabricating multiple devices, in the 3 � 3 pixel
format, on a given substrate, thereby obtaining 9 identical devices
for characterization. We fabricated device P1 using material X1,
device P2 using X2 and P3 using X3 as hole-only device. From the
large number of devices of type P1, measurements were carried out
for 6 randomly chosen devices. Similar measurements were done
for devices of type P2 and P3.

Frequency dependent complex impedance, capacitance and
conductivity along with voltage dependent capacitance (C-V) were
measured at room temperature using Agilent E4980A Precision LCR
Meter in the frequency range 20 Hz-1 MHz at an ac voltage of
100 mV. Current density-voltage (J-V) measurements were carried
out using computer-controlled Keithley 2400 SMU. UV-Vis ab-
sorption spectra measurements were carried out using Ocean Op-
tics Inc SD2000 spectrometer. All measurements were carried out
immediately after device fabrication keeping them in open air.
3. Results and discussion

3.1. Impedance spectroscopy

Frequency dependent impedance measurements were
Fig. 3. Cole-Cole plots at different bias volta
performed to investigate the conduction mechanism in all the de-
vices. The charge transport in organic materials is dictated by
several factors, such as the quality of each of the interfaces, uni-
formity of the films deposited, quality of the deposited electrode
films, the injected free carriers and also the polarizability of the
organic molecules. In order to investigate the influence of these
factors on the device operation, it is common to plot the imaginary
part of the complex impedance against the real part and is termed
as ColeeCole plot. These plots, for our devices P1, P2 and P3 at
different dc bias voltages, are shown in Fig. 3(aec).

The shape of the Cole-Cole plots is seen to be non-semi-circular.
They may be fitted to a pair of semicircles, which individually
represent the behavior of bulk and the interfaces. One may thereby
extract relaxation times, corresponding respectively to the bulk and
the interfaces, from each of the two semicircles [22].

The devices fabricated for our experiments are expected to
behave as imperfect capacitors, owing to roughness in the in-
terfaces and metal electrode surfaces, inhomogeneities in the film,
varying film thickness and non-uniform current density distribu-
tion. For the purpose of electrochemical impedance analysis, such a
device is often modeled as the circuit shown in Fig. 4 (a). In this
figure, the resistance RS corresponds to the contact resistance, RB
and RI correspond to the bulk and interfacial resistances, respec-
tively. The elements QI and QB, termed as ‘constant phase elements
(CPE)’, represent the effect of inhomogeneities and surface rough-
ness of various layers in the devices mentioned above.

The frequency dependent complex impedance of this equivalent
circuit is given by the following expression [23]
ges for devices (a) P1 (b) P2 and (c) P3.



Fig. 4. (a) Schematic of equivalent circuit model for the analysis of Cole-Cole plot. (b)
Relaxation times at the interface (tI) and bulk (tB) for device P3.
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ZðuÞ ¼ RS þ
RI

1þ ðiuÞnItI
þ RB
1þ ðiuÞnBtB

(1)

where tI ¼ RI QI and tB ¼ RB QB, with tI and tB being the average
relaxation times at interface and within the organic layers.

The curves fitted using equation (1) yield values of various cir-
cuit parameters for devices P1, P2 and P3 and are shown in Table 1a.
From the table, it can be seen that the device P3 possesses lower
interfacial and bulk resistance values (RI and RB) compared to the
corresponding values for devices P1 and P2. Therefore, the current
density in P3 for a given bias voltage is higher than in P1 and P2. This
is also validated by the J-Vmeasurements discussed later. With this
in mind, we carried out a detailed investigation of device P3 only,
which is presented in Table 1b.
Table 1a
Equivalent Circuit parameters for devices P1, P2 and P3 at 5 V.

Device RI (U) RB (U) QI (F.cm�2

P1 1.86 � 105 24.3 � 103 1.44 � 10
P2 0.94 � 105 16.5 � 103 2.72 � 10
P3 0.59 � 105 16.1 � 103 4.13 � 10
From the above table, it can be seen that the values of nI and nB
obtained for the device P3 lie in the range of 0.72e0.98 for different
voltages. Further, the value of the series resistance (RS) is found to be
~240Uwhich ismuch smaller than the values of parallel resistances
(RB and RI). Values of QI and QB are seen to remain almost constant
with applied voltage indicating space charge limited conduction
mechanism [24]. The reduction in RB and RI with applied voltage
corresponds to the reduction in the radius of the semicircles in the
Cole-Cole plots as applied bias increases from 3 V to 5 V [see
Fig. 3(c)] which suggests increase in the injection of charge carriers.
The computed values of interfacial and bulk relaxation times (tI¼ RI
QI and tB ¼ RB QB) decrease with voltage as shown in Fig. 4 (b).

It is observed that the relaxation time tB in bulk regime is nearly
ten times less than tI in the interfacial regime in all the devicesP1,P2
and P3, indicating the dominance of bulk transport in the devices.

3.2. Charge carrier mobility from impedance spectroscopy

The charge carrier mobility at room temperature was studied by
analyzing the frequency dependence of imaginary part of the
complex impedance obtained from impedance spectroscopy.
Fig. 5(aec) shows the plot of jIm(Z)j as a function of frequency for
the devices P1, P2 and P3 for a range of bias voltages.

It can be seen that in each of these plots, jIm(Z)j attains a peak at
a particular frequency. The inverse of this frequency gives the bulk
relaxation time (tB ¼ 1/u). The average carrier transit time (tdc) is
related to tB through the relation tdc z 0.4tB [25].

This transit time at different voltages is used to calculate the
mobility as follows [26].

mðEÞ ¼ d
tdcE

(2)

where d is the thickness of the organic layer X1 or X2 or X3 and E is
the applied electric field. Theoretically, the mobility is modeled by
the well-known Poole-Frenkel theory and is given by the following
expression [26]

mðEÞ ¼ m0 exp
�
b

ffiffiffi
E

p �
(3)

where E ¼ V/d is the applied electric field at voltage V and d is the
thickness of the layer X1 or X2 or X3. The plot of ln (m(E)) against√E
yields a straight line as shown in Fig. 5 (d). The slope of this line
gives the Poole-Frenkel coefficient (b), and the intercept of the
extrapolated graph at E ¼ 0 yields the zero-field mobility (m0). For
our devices, the value of b is seen to be in the order of ~10�3

(cm V�1)1/2. The values of m0 for the devices are shown in Table 2.
We observe an order of magnitude larger hole mobility in de-

vices P2 and P3 compared to that in P1 which may be ascribed to
hyperconjugation resulting from the alkyl substitution on the TPA
moiety. Hyperconjugation results in enhanced molecular stability
due to the interaction of electrons in the s-bond with adjacent
empty or partially filled p- or p-orbital, leading to extended mo-
lecular orbitals. Methyl or tert-butyl groups show hyperconjugation
and hence, compounds X2 and X3 show greater stability and also
higher p-electron density compared to X1. Unlike fluorine, methyl
or tert-butyl groups do not possess negative inductive effects
.s(n�1)) QB (F.cm�2.s(n�1)) nI nB
�8 8.98 � 10�9 0.95 0.76
�8 9.30 � 10�9 0.91 0.82
�8 9.83 � 10�9 0.98 0.81



Table 1b
Equivalent circuit parameters for device P3 at various voltages.

Bias (V) RI (U) RB (U) QI (F.cm�2.s(n�1)) QB (F.cm�2.s(n�1)) nI nB

3 2.63 � 105 88.4 � 103 3.46 � 10�8 9.79 � 10�9 0.75 0.72
3.25 1.8 � 105 50.1 � 103 3.47 � 10�8 9.61 � 10�9 0.79 0.75
3.5 1.42 � 105 31 � 103 3.48 � 10�8 9.46 � 10�9 0.82 0.81
3.75 1.25 � 105 25.2 � 103 3.63 � 10�8 9.73 � 10�9 0.87 0.83
4 0.98 � 105 23.5 � 103 3.96 � 10�8 9.14 � 10�9 0.92 0.83
4.25 0.83 � 105 22.5 � 103 3.97 � 10�8 9.34 � 10�9 0.91 0.79
4.5 0.75 � 105 21.3 � 103 3.98 � 10�8 9.12 � 10�9 0.95 0.80
4.75 0.68 � 105 18.1 � 103 4.01 � 10�8 9.51 � 10�9 0.97 0.81
5 0.59 � 105 16.1 � 103 4.13 � 10�8 9.83 � 10�9 0.98 0.81

Fig. 5. Frequency dependent imaginary part of impedance of devices. (a) P1 (b) P2 and (c) P3. (d) Poole-Frenkel dependence of mobility in the devices P1, P2 and P3. (e) UV-Vis
spectra of compounds X1, X2 and X3 in thin film.
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associated with electron withdrawing nature [27]. Thus, fluorine
substituted compounds are typically less stable and have lower
density of delocalized electrons in contrast to molecules with
methyl or tert-butyl moieties. Further, the extended molecular or-
bitals ensure greater inter-molecular interaction resulting in higher
charge mobility. Our experiments clearly indicate that attachment
of methyl or tert-butyl side groups to the TPA molecules leads to an
order of magnitude increase in the hole mobility as compared to a
pure TPA molecule. This aspect is also corroborated by the
enhanced UV-Vis absorption exhibited by devices made using X2 or
X3 compound [Fig. 5 (e)].
3.3. J-V characteristics

The J-V characteristics of our devices are shown in Fig. 6(aeb).
From Fig. 6 (a), we observe higher current density and lower

turn-on voltage for device P3 compared to devices P2 and P1 indi-
cating improved hole injection and transport, in agreement with
the impedance measurements. This is also consistent with the
conclusions from mobility measurements described in section 3.2
above. With either of the two substitutions (methyl or tert-butyl),
there is an increase in the number of delocalized p-electrons. The
para-position of the substituent leads to highest charge distribution
in the aromatic ring at that site [16]. Fig. 6 (b) shows the log J- log V
plot. In this figure, the region with slope z2 corresponds to space-
charge-limited current regime.
3.4. Charge carrier mobility from J-V characteristics

The current density in the space-charge-limited regime follows
the Mott-Gurney law [28] given below

J ¼ 9
8
ε0εrm0

V2

d3
(4)

where J is the current density, ε0 is the permittivity of free space, εr
Table 2
Zero-fieldmobility obtained from Impedance Spectroscopy in devices P1,
P2 and P3.

Device Zero field mobility (cm�2V�1s�1)

P1 1.01 � 10�7

P2 1.06 � 10�6

P3 1.12 � 10�6

Fig. 6. (a) J-V characteristics and (b) log J
is the dielectric constant of the organic layer (X1 or X2 or X3) of
thickness d, V is the applied voltage and m0 is the zero-field charge
carrier mobility. Charge carrier mobility values are extracted from
the J-V characteristics shown in Fig. 6 (b) for devices P1, P2 and P3
and are tabulated in Table 3.

The mobility values obtained from Impedance Spectroscopy and
J-V characteristics are in good agreement with each other.

3.5. C-V measurements

Fig. 7 (a) shows capacitance normalized to geometric capaci-
tance (Cg) plotted as a function of dc bias voltage for devices P1, P2
and P3. In our measurements, the dc bias voltage ranges from �5 V
to þ5 V and on this bias a 100 mV, 500 Hz ac signal is also imposed.
This ensures that all the charge carriers and dipoles respond to the
electric field and contribute to the capacitance. It is clearly seen that
the capacitance equals the geometric capacitance for bias volt-
ages < - 2 V [29]. The peak observed at higher voltages in the C-V
plot can be attributed to the deep traps prevalent at the metal/
organic and organic/organic interfaces [29]. This peak demarcates
the diffusion dominated transport at lower voltages from the drift
dominated transport at higher voltages. In general, there is a
competition between the two transport mechanisms in the forward
bias. At high forward bias, the transport across the entire device is
space-charge limited [30].

Addition of tert-butyl group is known to reduce the trap density
at the interfaces [14], which is in consonance with the shift in the
peak towards lower voltage for device P3 as compared to P1 and P2.
Further, a smaller peak is observed at lower voltages, which is
proportional to the built-in potential [31]. This peak is also seen to
reduce progressively from 1.5 to 0.9 V for devices P1, P2 and P3,
respectively.

3.6. C-f measurements

Since device P3 exhibits highest current density, we again
- log V plot of devices P1, P2 and P3.

Table 3
Comparison of measured mobility values in devices P1, P2 and P3.

Device Zero field mobility (cm�2V�1s�1)

From Impedance Spectroscopy From J-V Characteristics

P1 1.01 � 10�7 0.98 � 10�7

P2 1.06 � 10�6 1.02 � 10�6

P3 1.12 � 10�6 1.07 � 10�6
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present the C-f measurements for only P3. From the C-f character-
istics in Fig. 7 (b), it is seen that the capacitance increases with dc
bias voltage at low frequencies due to increase in dipole density and
enhanced space-charge [32,33].

At higher frequencies, the molecular dipoles cannot follow the
rapidly oscillating electric field, leading to reduction in capacitance
to its geometric value (Cg) given by the following equation [34].

Cg ¼ ε0εrA
d

(5)

where ε0 is the permittivity of free space, εr is the dielectric con-
stant of the organic layer (X1 or X2 or X3) of thickness d and A is the
area of the device. The value of this capacitance is seen to be about
0.39 nF from Fig. 7 (b). The devices P2 and P1 also have similar Cg
values. The slight reduction in capacitance below Cg at very high
frequencies is ascribed to the parasitic effects due to contact re-
sistances and capacitances [35,36].
3.7. Conductivity measurements

The nature of field dependent charge transport mechanism in
Fig. 7. (a) C-V characteristics of devices P1, P2 and P3. (b) Frequency dependent
capacitance of device P3.
such devices can be ascertained from the frequency dependent
conductivity (s-f) measurements. The ac electrical conductivity is
given by the following expression [37]

sac ¼ d
ARe½Zðf Þ� (6)

where d is the thickness of the organic layer (X1 or X2 or X3) and A is
the area of the device. As shown in Fig. 8, the ac conductivity for
device P3 increases from about 10�9 Sm�1 to about 10�6 Sm�1 with
voltage at low frequencies and converges to a value of the order of
10�5 Sm�1 for all voltages at higher frequencies. This clearly shows
that at higher frequencies (>10 kHz) the dipole contribution to sac
becomes negligible.

The hopping transport in disordered materials is generally
described by the Jonscher power law of ac conductivity as shown
below [38].

sac ¼ sdc þ Bus; 0 < s < 1 (7)

where sdc is the dc conductivity, u is the frequency of the applied ac
signal, B is a complex constant depending on the material and
doping level. Further, s is determined from the slope of the curves in
Fig. 8.

The values of s obtained at 5 V for devices P1, P2 and P3 are seen
to range from 0.430 to 0.513 and are displayed in Table 4a. Various
other parameters related to hopping conduction, such as the den-
sity of localized states [N(Ef)] at the Fermi energy Ef, the energyWm

required by a charge carrier to move from one site to another, and
the minimum hopping length R, are obtained using the following
expressions [37].

sðuÞ ¼ p3

24
$
h
N
�
Ef
�i2

$ε0εruR
6 (8)

R ¼ e2

pε0εr

�
Wm � kBT ln

�
1

ut0

���1

(9)

s ¼ 1� 6kBT

Wm � kBT ln
�

1
ut0

� (10)

where t0 is the effective relaxation time, e is the electronic charge,
Fig. 8. Frequency dependent conductivity of device P3.



Table 4a
Variation of binding energy, minimum hopping length and density of localized states for device P1, P2 and P3 at 5 V.

Device s Hopping conductivity (s) in 10�6 Sm�1 Wm (eV) R (nm) N(Ef) (eV�1m�3) at 500 Hz

P1 0.513 8.12 0.320 5.224 5.92 � 1025

P2 0.451 8.54 0.284 5.887 5.48 � 1025

P3 0.430 19.61 0.273 6.124 4.18 � 1025
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kB is Boltzmann's constant and T is the absolute room temperature.
The values of these parameters are listed in Table 4a.

It has been shown that for hopping conduction mechanism, the
value of s lies between 0 and 1 [37,39e41]. Therefore, it can be
concluded that in our devices, the charge transport is dominated by
hopping mechanism.

The hopping conductivity, according to density flux model can
be written as [42e44].

sðuÞ ¼ 3
5
ε0εr

vp
vt

(11)

where ε0 is the permittivity of free space, εr is the dielectric con-
stant of the organic layer (X1 or X2 or X3) and vp/vt is the charge
transfer rate. In our case, the average charge transfer rate between
the two electrodes (ITO and Al) is calculated using equation (11).

An important objective of this investigation is to understand the
role of alkyl substitution in the organic molecules such as TPA. The
alkyl substitution leads to the molecular orbital overlapping
Fig. 9. The frequency dependent hopping rates f
between the adjacent molecular units. The size of the substituted
alkyl group controls the self-assembling character as well as
structural reorganization energy [12,45]. To get a clear insight on
structure-property relationship, we have studied the effect of mo-
lecular structural oscillations on the electrical conductivity of our
devices. Previous theoretical studies [12,18e20] confirm that the
molecular structural dynamics determines the interaction between
electronic and nuclear degrees of freedom, which is in turn
responsible for interaction between the neighboring localized
hopping sites. For hopping transport, electronic coupling and
structural relaxation are key parameters which can be altered by
the molecular structural disorder and appropriate side-group
substitutions. Investigations over the last decade, based on Mar-
cus theory of charge transfer rate have mostly focused on studying
the effect of dynamic disorder (due to strong molecular vibrations)
on charge transport in organic materials [11,18,20,43,46]. Thus, in
the present study we analyze the effect of molecular structural
oscillations on charge transfer kinetics for devices P1, P2 and P3
through frequency dependent conductivity (Fig. 8).
or hole transport in (a) P1, (b) P2 and (c) P3.



Table 4b
Dynamic state factor (b) at different applied voltages, rate coefficient (g) and hopping conductivity (s) for hole transport in P1, P2 and P3.

Device Dynamic state factor (b) Rate coefficient (g) in 105 s�1 Hopping conductivity (s) in 10�6 Sm�1

Applied potential (V) in volts

V ¼ 0 V ¼ 1 V ¼ 2 V ¼ 3 V ¼ 4 V ¼ 5

P1 0.461 0.456 0.429 0.39 0.364 0.33 4.82 8.12
P2 0.472 0.462 0.434 0.4 0.39 0.368 4.93 8.54
P3 0.574 0.566 0.556 0.547 0.542 0.531 10.73 19.61
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The density flux model [42e44] indicates that the average
hopping rate may be directly obtained from the frequency depen-
dent conductivity for hole transport. In our experiments, the ac
component of the applied bias significantly perturbs the nuclear
motion, leading to dynamic disorder (rather than static) in agree-
ment with the previous theoretical studies [20,44]. To analyze the
dynamic disorder effect, we plot the hole hopping rate as a function
of frequency [Fig. 9 (aec)] and fit the curve to the following power
law [12,18,43].

vp
vt

¼ kðuÞ ¼ g1�bðuÞb (12)

where b is the fitting parameter termed ‘dynamic state factor’
related to the dynamic disorder. The calculated rate coefficient (g),
hopping conductivity (s) and dynamic state factor (b) at different
applied potentials for the devices P1, P2 and P3 are displayed in
Table 4b.

It is seen that the device P3 has good hole transporting ability
and a hopping rate of 10.73 � 105 s�1 as calculated from the dy-
namic state factor (~0.57 at zero dc bias). This indicates significant
influence of molecular oscillations on the charge transport. Of the
three devices, P3 is seen to have the largest hopping conductivity of
19.6 mS m�1, and also maximum dynamic state factor over an
applied bias of 0e5 V. For this sample, the dynamic state factor is
seen to decrease from 0.574 to 0.531 when the applied voltage is
raised from 0 to 5 V [Table 4b]. From Fig. 8, we note that the con-
ductivity at a dc bias of 5 V increases by a factor of 10 over a fre-
quency range of 10 Hze100 kHz. In contrast, at zero bias voltage,
the conductivity increases by about a factor of 1000 over the same
frequency range. Therefore, slope of s-f graph is controlled by the
applied potential. From Table 4b, it is noted that the dynamic state
factor decreases slowly with increase in applied voltage for all the
three devices, and hence we conclude that the applied potential
ensures a uniform rate coefficient. It is also clear from Table 4b that
the dynamic state factor b for any device generally reduces with
increase in bias voltage. At smaller b, the effect of ac component of
the bias is expected to be negligible and hence the conductivity is of
the dc type. On the other hand, at zero dc bias, b is largest, indi-
cating that the conductivity is of the ac type.

It is observed from Table 4a that devices P2 and P3 have lower
charge carrier binding energy and density of localized states, and
higher minimum hopping length at 5 V when compared to device
P1. This means that the charge carriers in devices P2 and P3 require
lesser energy to hop between sites and they are free to move since
there are fewer trap states [N(Ef)] where the charge carriers are
localized [Table 4a]. The increase in the minimum hopping length
indicates that the injected carriers can hop a greater distance at a
given applied bias. However, P3 has much higher ac conductivity
indicating improved carrier transport in accordance with the J-V,
capacitance and impedance measurements.

4. Conclusion

In summary, the hole transport properties of three new
compounds containing electron donating TPA moiety have been
explored using impedance spectroscopy, current density-voltage (J-
V) measurements, capacitance-voltage (C-V) measurements, fre-
quency dependent capacitance (C-f) and frequency dependent ac
conductivity. The alkyl substitution on the TPA moiety is shown to
play an important role in the improvement of hole transport in the
devices, mainly due to the increase in p electrons available for
conduction on account of hyperconjugation. Various measure-
ments show that, in particular, the presence of tert-butyl group in
the para-position of the TPA moiety leads to superior device
properties. The relaxation time associated with the bulk of the
organic layer is found to be nearly ten times less than that at the
interfaces, indicating dominance of bulk charge transport in all the
devices. The value of bulk hole mobility determined in the device is
observed to increase by an order of magnitude with alkyl substi-
tution on the TPAmoiety in these compounds. Different parameters
such as hopping length, binding energy, extended molecular or-
bitals and the effective localized density of states are determined to
understand the charge transport mechanism and relate it to the
device performance. The experimental results show that the
structural oscillations due to a small applied ac electric field in-
fluence the charge transport mechanism and are in agreement with
the previous theoretical studies. The frequency dependence on
hopping rate is analyzed by the dynamic state factor which de-
termines the crossovermechanism between ac and dc conductivity.
The electrical and optical properties of these compounds indicate
that they can be potential candidates for applications such as
OLEDs.
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