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ABSTRACT

The impact of cross linking chain of N, N’-bis (napthalen-|-y|)-N, N’-bis(phenyl)-benzidine (NPB) was studied for opto-
electrical properties having focus on temperature dependent transport properties. The Spiro structured NPB compound is closed
in itself and the thin film surface roughness is less in comparison to NTNPB compounds. Both absorptions and photoluminence
shows a shift of 10 nm towards higher wavelength in case of cross linked spiro structured compound. The mobility calculated in
SCLC region for NT and Spiro NPB was 1.32x107 and 3.3x10” cm? VV’s™, respectively. Both the compounds show single
relaxations and can be modeled as an RC equivalent circuits. The dc conductivity for both the compounds was explained by
Mott’s VRH models showing 3D transport mechanism. The hopping distance for NT and Spiro NPB compounds is 0.8 and
0.5 nm, respectively. The hopping conduction process can be explained clearly using correlated barrier hopping model. The
cross linking of the compounds shows two orders of less density of states. Copyright © 2016 VBRI Press.
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Introduction

The attraction of organic semiconductors for researchers is
due to possibilities of manufacturing of optoelectronic
devices for lighting application, photovoltaics applications
and electronics applications. All these devices can be
fabricated at low-cost, large area and light weight [1-5].
The performance of organic semiconductor devices is
influenced by the morphology of the corresponding
materials and the morphology of the organic semiconductor
materials depends on the glass transition temperature.
The simple way of tuning the materials glass transition
temperature is by changing the structure of the compound
with closed and open structure. The high glass transition
temperature of material is achieved by introducing the
concept of cross linking or simply converting them into
Spiro. There are many different materials viz electron
transport material; hole transport material; anode/cathode
buffer layers and light emissive layers used for
optoelectronic devices [6-10]. The concept of spiro or
crosslinking is possible for any organic semiconductors.
Now a days; the Spiro small molecules organic compounds
are getting attention due to its application in dye sensitized
solar cells and Perovskite based organic solar cells [11,12].
The interface between organic semiconductors and metals
or organic — organic compound is also dependent on the
glass transition temperature or simple the morphology of
the corresponding thin film. The carrier injection or

transport in the device depends on appropriate organic
semiconductor surface morphology. The main contribution
of organic semiconductors morphology is reduction of the
contact resistance between organic semiconductors and
metal. At the same time; the interface energy barrier is
reduced because of band bending phenomena.
These contributions support to improve the device life time
[13,14]. The well-known and studied hole transport organic
materials are N,N’-bis(napthalen-|-y|)-N,N’-bis(phenyl)-
benzidine (NPB) which is in two structural forms non-
crosslinked (NT-NPB) and crosslinked (spiro-NPB) [15].
The electrical and optical properties of these organic
materials have been extensively investigated earlier but the
electrical properties comparison of NT and spiro organic
semiconductors needs more research focus because the
cross linking of the benzenes leads to the fused nature of
the molecules. The fused nature of molecules influences
m-1 interaction, rigidity and planarity. Hence comparison of
electrical properties for non-fused and fused nature of the
organic molecules will be helpful for designing the organic
electronic devices like transistors and organic light
emitting transistors.

In this paper; we have presented the temperature
dependent electrical properties of NT-NPB and
spiro-NPB  hole only device using Atomic force
microscopy, absorption and photo-luminance (PL), current-
voltage characteristics and broad frequency range
(100Hz - 1MHz) impedance spectroscopy.
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Experimental

The indium tin oxide (ITO) coated glass substrates was
used to fabricate hole only device (HOD) in the structure of
ITO/organic material (NT or Spiro NPB)/Au to explore the
carrier dynamics of the materials. The organic
semiconductor films and the gold (Au) thicknesses were
maintained at 120 nm and 100 nm, respectively. The ITO
patterned glass substrates were cleaned ultrasonically with
soap solution, de-ionized (DI) water and organic solvents
acetone and isopropyl alcohol. The substrate was dried at
120 °C for 30 minutes into vacuum chamber. The thermal
deposition of organic semiconductors and metal layers were
performed in a high vacuum deposition system using
shadow masks. The base pressure of the chamber was
maintained at ~10°® Torr. The deposition rate for organic
layers and metal electrode were maintained at 1-2 A°/s and
2-5 A%s, respectively. The overlap area of ITO and gold
electrode are the device area, which is 9 mm?.

The optical properties of organic semiconductors thin
film were measured using PL setup (Horiba) and UV-Viz
Spectrometer. The electrical properties were evaluated
using Impedance spectroscopy (IS) by Impedance/Gain-
Phase Analyzer (Solartron, model SI 1260) System. The
device impedance as a function of AC frequency and DC
bias was measured by superimposing a 100 mV amplitude
AC signal with DC bias voltages.

Fig. 2. AFM images of NTNPB and SpiroNPB thin film deposited in
silicon substrate.

Results and discussion

The molecular structure of NTNPB and SpiroNPB are
shown in Fig. 1. The chain is open in the NT structure of
NPB whereas the chains are cross linked in the spiro
structure of NPB. Simply the spiro structure are closed in
itself hence are less reactive to the environment. Fig. 2
shows the atomic force microscopy (AFM) images of NT
and spiro NPB thin film deposited on silicon substrate. All
AFM images were captured in the tapping mode of
operation using AFM system (NT-MDT Solver Pro). The
RMS value of surface roughness for NT and spiro NPB thin
film are 2.51 nm and 1.78 nm, respectively.
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Fig. 3 Absorption spectra and Photoluminescence (PL) Intensity spectra
of NTNPB and SpiroNPB 50 nm thin films on glass substrate.

The almost smooth images of thin film indicate the
uniform deposition of both the materials. However, the
surface roughness of spiro NPB decreases compares to
NTNPB this may be due to closed cross linked chain of the
materials. Fig. 3 shows the spectra of absorption and PL for
200 to 1000 nm wavelength. The maximum absorption for
NTNPB and spiroNPB thin films was found at a
wavelength of ~380 nm and 390nm, respectively. There is a
shift in the peak of the spiro NPB of ~10 nm wavelength
towards higher wavelength. The photo-luminescence
intensity (PL) peak for NT and Spiro NPB thin film was
observed at ~ 440 nm and 450 nm. Again an increase of 10
nm wavelength in maximum of PL spectra was observed.

1

SpiroNPB

3 8
°

°
2
ey e
-

Current density (mAlcmz)

Current density (mA/cm’)

e
3
o

Voltage (V) Voltage (V)

Fig. 4. Current density — Voltage (J-V) characteristics of ITO|NT or Spiro
NPBAu with temperature variation.

Fig. 4 shows the current density voltage (J-V)
characteristics of hole only NTNPB and SpiroNPB devices.
The current densities (J) for both devices have a linear
increase with voltage in low region and at high bias voltage
region; the current density has non-linear increases. At low
voltages (first region of  J-V curve), the Log J-V plots
shows nearly unity slope, while at higher voltages, the slope
is about 2 or more. Hence the conductivity is visibly Ohmic
at low voltage region and for higher voltages region it is
space charge limited conductivity (SCLC). The Ohmic
region current density can be represented as [16]

v
J=qnou— @)
d
where, n, x and d are the concentration of thermally
activated carriers, mobility and thickness of the organic
semiconductor (d =120 nm). In the ohmic region; current
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for both compound increases with increase of temperature
too. Similar trend of current increase is observed in high
voltage region. At high voltages region (second region of
J-V curve) Joc VA, the current is limited by space charges
with a single discrete set of shallow traps.

The SCLC current density is

2
J =§€,u€%y (2)

where, u is the charge carrier mobility , 0 is the trapping
fraction and ¢ is the organic semiconductor dielectric
constant (taken as 3.5). The trapping fraction can be
nO

Ny + N,

where, n, is the free charge carrier density and n; is the
trapped charge carrier density. The hole mobility of NT and
Spiro NPB calculated assuming trap free SCLC (n, = 0) was
1.32x107 and 3.3x107 cm? V's™, respectively which is
comparable to the mobility obtained by OTFT [17]. Almost
same order of mobility was found for both the compounds.
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Fig. 5. (a, b) Real part of impedance as a function of frequency at various
applied bias voltages for NTNPB and SpiroNPB (c, d) Imaginary part of
impedance as a function of frequency at different temperatures for
NTNPB and Spiro NPB.

Fig. 5 Shows the frequency dependent variation of real
(Re Z) and imaginary (Im Z) parts of impedance at different
temperature. The complex impedance Z (f) as a function of
frequency can be represented as,

ZH =2+ 2" () 3)

The real and imaginary parts of impedance are denoted
as Z’ and Z”, respectively. For NT NPB device the real Z is
constant upto a frequency of 1 kHz and for Spiro NPB
device it is constant upto 500 kHz frequency. In high
frequency region; the ReZ for NT and Spiro NPB device
had decreasing trends from 1 kHz to 10 kHz and from
500 kHz to 900 kHz, respectively. The Re Z magnitude
decreases with increase of temperature at low frequency but
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the Re Z magnitude value merges for higher frequency at
all studied temperature.
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Fig. 6. Variation of relaxation frequency (®max) With 1/T.

Both NT and Spiro NPB hole only device show an
increase in ac conductivity with frequency and a single
relaxation process. A maxima peak Im (Z)m.x Was observed
in ImZ curve for all studied temperature range. The
frequency corresponding to Im (Z)ma. called relaxation
frequency. The relaxation frequency shows a shift to higher
values of frequency with increase of temperature which
corresponds to temperature dependent loss in the materials.

The relaxation process at the peak is defined by the
condition,

0,7, =1 (4)

where, Tp,, is the relaxation time. The relaxation frequency

was observed to be shifted towards higher side of the
frequency by increase of temperature, this shifts
corresponds to lowering value of relaxation time. The
variation of relaxation frequency with temperature is shown
in Fig. 6. For hopping conduction; the relaxation frequency
is given by [18]

@ = 0, exp(-E, 1 K,T), 5)

where, w,and E, are the phonon frequency (usually in the

range of 10™- 10*® Hz) and activation energy, respectively.
The estimated activation energy for NT and Spiro NPB are
0.11 and 0.087 eV, respectively. The plots of Cole-Cole
for both NT and Spiro NPB at different temperatures are
shown in Fig. 7. A single semicircle is observed at all
studied temperature range and the semicircle size decreases
rapidly as the temperature increases. The electrical model
corresponding to Cole-Cole plot of both devices are an RC
equivalent electrical circuit in which contact series
resistance Rs are in parallel to a single resistance (Rp) and
the capacitance (Cp) network. The Rs is the electrode
contact resistance which is the minimum values of Re Z and
it is about 60 Q for all devices. The values of Rg at different
temperature are nearly same. The maximum value of Re Z
corresponds to the summing up of Rs and Rp.
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Fig. 7. Cole-Cole plots of NTNPB and Spiro NPB hole only device at
different temperature.

.m L T T L] T T L] T
]
&
100 | —
- e
'i"k.,l
gm' " ] -, g}
E a - ﬁ
£ o
ERO . a T &
E o | &
& - --35
F &
-
e &
n i L L 'l L Iﬁ- * * '1
0 40 50 B ™ &0 0 0
Temperature {C)

Fig. 8. The variation of bulk resistance RP and capacitance CP with
temperature.

The wvariation of resistance and capacitance with
temperature are shown in Fig. 8. It can be seen that the R,
for both NT and spiro NPB decreases as the temperature

increases whereas Cp for NTNPB increases with increase of
temperature but for spiroNPB it is almost independent on
the temperature. Generally, the intrinsic property of
materials is directly related to Cp. The large number of
injected carriers causes a decrease of Rp with temperature.
This decrease indicates that the organic material effective
conductivity will increase with the temperature. The Rp and
Cp value at room temperature for NT and SpiroNPB are
~20kQ, 110 kQ and 4, 0.5 nF, respectively.

The basic ac electrical conductivity equations are given
by,

bl
[

Tor = E (6)

where, A and | are taken as the area and thickness of the
device. Z represents impedance of device.
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Fig. 9. Variation of dc conductivity (cqc) with /T

Fig. 9 shows the variation of .. with frequency at
different temperature. There are two different regions of ac
conductivity for studied temperature range; at low
frequency it is frequency independent and at high frequency
it is frequency dependent. It is clear that the frequency
independent conductivity increases with temperature
whereas the frequency dependent has the opposite
characteristics. The onset (switch from frequency-
independent to frequency-dependent region) shows a shift
to higher side with temperature. The frequency dependent

.. region display a power law dependence like
conducting materials given by Jonscher [19]
Ope = Ogo + Aw® )

ac

where, 7. is the frequency-independent conductivity, tw
is the angular frequency of the applied AC electric field in
the frequency sensitive region, A and s (0 < s < 1) are
material and doping dependent constants. According to
Mott’s VRH model [20], variation of dc conductivity with
temperature are presented by

oa = Thexp[~(22T) ] ©®)
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where, oy is the conductivity at infinite temperature, vy is
the VRH exponent, and Ty is the Mott’s characteristics
temperature given by,

24

[0 NG ©)

Ttz =
Here, Lo is the localization length and N(Ey) is the density
of states at the Fermi level. The Mott’s characteristics

temperature depends on the hopping barrier. The VRH
exponent (y) is related to the dimensionality “d” by,

v = (1/1+d) (10)

From this equation, we may say that y = 1/4, 1/3, 1/2
corresponds to 3, 2, and 1 dimensional system,
respectively.
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Fig. 10. The ac conductivity (oac) variation with frequency at different
temperatures.

The variations of Inog with TV are shown in Fig. 10.
The experimental data are fitted nearly a straight line that
indicates 3D charge transport mechanism may be the
dominant charge transport mechanism. The value of Ty
for NT and Spiro NPB are found to be 0.23K and 3.38 K,
respectively. The correlations of conduction mechanism
with frequency exponent “s” have been proposed by
different theoretical models to explain the nature of
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frequency and temperature dependent ac conductivity (o).
Fig. 11 shows the variation of frequency exponents (S) with
temperature. For both the compound NT and Spiro NPB
the value of s is around one and decreases with increase of
temperature. The main proposed theoretical models for ac
conduction in amorphous semiconductors are correlated
barrier hopping (CBH), classical hopping over barrier
(HOB) and quantum mechanical tunneling (QMT). In QMT
model; the carrier tunnels between two localized states near
the Fermi level. Similarly; there is hopping of two electrons
or holes simultaneously over the potential barrier between
two charged defect states (bipolaron hopping) in CBH
model.
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Fig. 11. The variation of exponent “s” with temperature.

The correlations of barrier height (W) with the intersite
separation(R) are driven by Coulombic interaction. Barrier
height (W) is presented by

2
— _ne
W =Wy )! mesgR 1n

where, Wy e, and £; are maximum barrier height,

electronic charge, dielectric constants of material and free
space, respectively. The number of electrons involved in
the hoping process is n; which are taken as n=1for single
polaron hopping and n = 2 for bipolaron hopping.

The ac conductivity for this mechanism are represented
as [21],

g
Oy, = %NZEEHRE,
(12)
mz
R = T8 £ (W pg + RTIN (atg)]

where, Ro and N are considered as the hopping distance at
a frequency ® and the concentration of pair states.

In CBH model; the frequency exponent can be assessed
as,

§=1- — =T _ (13)

Wiy +ETIR(wTg)
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In Fig. 12(a), the calculated minimum hopping distance,
the binding energy (Wy) and (b) density of states N(Ey) for
both NT and spiro NPB compound are shown. The binding
energy for both the compound increases with temperature
and there is similar trend in density of states whereas the
hoping distance has completely opposite trend. The hoping
distance decreases with temperature. The room temperature
binding energy for NT NPB (~ 0.4eV) is less in comparison
to spiro NPB (~ 0.25eV). Similar trend is observed for
hopping distance viz Rw for NT NPB ~0.8nm and for Spiro
NPB ~0.55 nm.
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Fig. 12. (a) Temperature dependence of minimum hopping distance
(Rmin), binding energy (Wmin) and (b) density of states (Ngf) at 1kHz for
NTNPB and SpiroNPB.

At Fermi level (for 100 kHz); the value of calculated
density of states (DOS) for both the materials NT and Spiro
NPB are 2.5x10" and 4 x10™eV'cm?, respectively. The
dominating factor for DOS near the Fermi level are
impurities, doping, decomposition or the different
molecular phases and the interfacial region [22]. The deep
tails of the intrinsic Gaussian DOS distribution may be
broaden because of the Coulombic interaction of the charge
carriers released and the dopant or interfacial region [23].
Hence the cross linking of organic structures leads to
decrease of the total density of states.

Conclusion

Two structures of NPB were studied; the NTNPB structure
has open chain whereas the spiroNPB structure is closed in

Ramar et al.

itself that’s makes spiroNPB compound environmentally
stable. The surface roughness of the spiroNPB compound
thin film is low in comparison to NTNPB compound thin
film. The absorption and photoluminence of spiroNPB
compound shifts 10nm towards higher wavelengths. The
hole mobility in the SCLC re%ion of both the compound are
of the same order (~ 107cm?V'S™). Both the compounds
show single relaxation process and the ac conductivity
increases with frequency. The activation energy for NT and
Spiro NPB are 0.11 and 0.087 eV respectively. The model
of R-C equivalent electrical circuits can be well fitted with
the Cole-Cole plot of both the compounds. The dc
conductivity was fitted to Mott’s VRH model and Mott’s
temperature for both compounds is almost near room
temperature ~ 0.23 K for NTNPB and 3.3K for SpiroNPB.
The carriers transport in both the compound is 3D
transport. The ac conductivity is well fitted with correlated
barrier hopping model. The hopping distance for NT and
Spiro NPB compounds is 0.8 and 0.5 nm, respectively. The
DOS at Fermi levels for NT and Spiro NPB are of the order
of 10" and 10%, respectively. The cross linking of the
compounds shows two orders of less density of states. The
electrical and optical properties studied above can make a
way to designing the fused and nonfused organic compound
for improvement of device performance. The transistor
based light emitting devices are being under optimization in
our laboratory based on these compounds.
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