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Transport layers have a critical role in the performance of bulk heterojunction (BHJ) solar cells. In this work, poly(tryaryl
amine) (PTAA) was introduced as the hole transport layer (HTL) in the device with the structure ITO/PTAA/P3HT:PCBM/AL.
The electrical carrier transport properties of the devices were studied with PTAA layer in varying thicknesses and spin
speed. It has been observed that the PTAA which was coated at a spinning speed of 2000rpm exhibited better performance
compared to those spin cast at higher speeds. Impedance measurements with an ac voltage of 10mV amplitude at different
bias voltages, were carried and the effect of capacitance, resistance and conductance for a range of frequencies
investigated, which is expected to shed light on the possibilities of incorporating more versatile layers in such devices.
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1. Introduction

The research in organic photovoltaics has gained
momentum for more than a decade due to its lightweight,
low-temperature processing and flexiblity. The bulk
heterojunction (BHJ) organic photovoltaic (OPV) cells
prepared by a composite of donor and acceptor organic
semiconductors have more significance owing to their
greater conversion efficiency. The major processes in an
OPV are excitons generation, diffusion of excitons to the
donor/acceptor interfaces, dissociation of excitons into
charge carriers and finally a collection of charge carriers
by the electrodes. Due to the efficient excitons dissociation
and higher carrier mobility, P3HT:PCBM BHJ is widely
used [1] in OPV devices. The nature of the interfaces
between the active layer and electrodes is very important
in the overall performance and lifetime of the OPVs and it
is required to have a good ohmic contact at the interface.
Interfacial materials play a vital role in improving the
lifetime and efficiency of OPVs and the selection of such
materials carry significance with respect to the matching
of work functions with the energy levels of donors and
acceptors in the device. This in turn improves charge
selectivity of the electrodes and modifies surface
morphologies [2-4] of the active materials. Studies [5-6]
reveal that BHJ morphologies can be improved by
different techniques which enhance the photovoltaic
performance.

The organic semiconductor, poly(triaryl amine) PTAA
is a stable and solution-processable polymer with hole

mobility that varies from 10 to 10%cm?/VS. The effect of
PTAA on the OPV depends on the solvent type and
concentration, spinning speed, annealing temperature and
the duration in which annealing is carried out [7].

In this article, PTAA was introduced as the hole
transport layer (HTL) in the BHJ OPV device in which
P3HT and PCBM combination forms the active layer. The
influence of PTAA with varying thicknesses on the device
performance was investigated. The thin layer of PTAA
was prepared by spin coating which produces uniform
layers. The layer was evenly coated onto the substrate at
higher spinning speed due to the centripetal force together
with the surface tension of the solution. The high-speed
spinning causes the solvent evaporation which leaves the
material on the surface and the film obtained after the spin
coating has a thickness that is proportional to the spinning
speed as t a 1/w"? where t and  are the film thickness and
spin speed. The devices were fabricated with the PTAA
layer coated onto the ITO substrate at different spinning
speeds to obtain the layers with varying thicknesses. It is
understood that [8] the photovoltaic properties vary with
the thickness of HTL as it varies with the resistance and
work function of the layer.

2. Experimental

Fig. 1 shows materials molecular structure, energy
levels and device configuration
ITO/PTAA/P3HT:PCBM/AI [9-11].
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Fig. 1. (a) Structures of P3HT, PCBM and PTAA (b) OPV device (c) Energy band diagram (color online)

The materials P3HT, PCBM and PTAA purchased
from Sigma-Aldrich were directly used for fabricating the
device. The ITO coated glass substrates (76€/cm?) were
initially cleaned by sonicating in 0.1% Hellmanex solution
and further in isopropyl alcohol and also by UV ozone
cleaner [12-13]. The 0.2% PTAA solution was prepared in
toluene and stirred for 1hr in a glove box. It was spin-
coated onto the ITO glass substrate at different spinning
speeds 2000 rpm, 3000 rpm and 4000 rpm. P3HT and
PCBM were intermixed in equal proportion in 1,2-
dichlorobenzene and stirred for 12hrs at 70 °C. The blend
was coated onto the PTAA layer at a spinning speed of
1000 rpm for 65s. Al (cathode) was evaporated to get a
layer thickness of 106 nm.

A Keithley Source Meter in unison with a solar
simulator at 100 mW/cm? was used to obtain the electrical
characterizations of the devices made with different HTL
thicknesses. Impedance measurement was carried out by
Wayne Kerr 6500B Precision Impedance Analyser.

3. Results and discussions

OPV devices, device A, device B and device C were
constructed in the same configuration
ITO/PTAA/P3HT:PCBM/AI where the PTAA layer was
coated with different spinning speeds of 2000 rpm, 3000
rpm and 4000 rpm respectively.

3.1. Dark current-voltage characteristics

The characteristics shown in Fig. 2 gives nonlinear
and asymmetric characteristics that mimic a rectifier diode
which is emerged from the presence of the Schottky
barrier in the diode and it is due to [14-15] the effect of
density of interface states, series resistance and the ideality
factor.

The rectifying nature, reverse saturation current, the
density of states and series/shunt resistances of the diode
can be better explained from the semilogarithmic plot (Fig.
2(b)). The rectification behavior deduced from the voltage
drop across the series resistance corresponds to a linear
variation for the lower voltages and the linearity is seen
here as not holding good for higher voltages. The ratio of
the forward current to the reverse current by keeping the
voltage constant better analyses this fact and the ratio
obtained for device A, device B and device C at +/- 1V are
2.99x10°, 8.9x10" and 8.5x10? respectively. It is found
that even the ratios are not as high as to show better
rectification behaviour, the device fabricated with HTL
coated with 2000 rpm with better efficiency posses the
highest rectification ratio. It implies that in device A,
charge injection is higher during the forward bias and less
in the reverse bias. It is also to be noted that the devices
with PTAA coated with different spinning speeds have
different thicknesses and morphologies and these may
also have an effect on the diode properties [16]. The
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barrier heights of electrons and holes usually decide the
rectification ratio. In a homojunction diode, the barrier
height seen by electrons and holes are the same and is
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equal to the barrier potential and at the same time, it is
different in the heterojunction devices [17].
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Fig. 2. Forward and reverse bias (a) J-V and (b )semi-logarithmic J-V dark characteristics (color online)

The characteristics in the semilogarithmic scale shown
in Fig. 2(b) exhibits a linear variation at lower bias
voltages and a downward curve at higher voltages, and this
is attributed to the presence of the series resistance and
interfacial states at the interface of metal/semiconductor.
Shunt resistance Ry, is associated with the polymer-
semiconductor and series resistance R is with the metal-
semiconductor interfaces and so for the ideal diode, R~ 0
and Ry, is of very high, in the order of megohms (MQ)
[14]. The values of Ry, and R; obtained for the devices A,
B and C were 2.37MQ, 2.21MQ and 2.17MQ and 1MQ,
1.44MQ and 1.6MQ respectively. The values show that
Rs, reduces and Ry increases as thickness get reduced.
Thus, it can be concluded that HTL coated at 2000rpm
behaves better compared with other devices.

Barrier height at the zero bias and the reverse
saturation current are related as [18]:

¢y = %m(ARTZ ) (1)

where k-Boltzmann’s constant, T-temperature in Kelvin,
g- electron charge, A- the contact area of the rectifier, R-
Richardson constant and lo is the reverse saturation
current. lo can be obtained from the semilog J-V
characteristics by taking the intercept of the straight line at
V=0.

The values of lo determined for the devices are found
to reduce from 3.24x10°mA/cm?® to 4.73x10°mA/cm?
and that of ¢g increases from 1.02eV to 1.09eV (with
R=120 Acm“K™) [19] for the devices from device A to
device C. The obtained value of ¢g may be at par with the
optical band gap of P3HT:PCBM [20].

The carrier mobility of the devices based on different
PTAA layers are estimated using the space charge limited

current (SCLC) method and are found to be
0.4654x10°cm?/VS and 0.1876x10cm?VS for device A
(2000 rpm) and device C(4000 rpm) respectively. It is
understood that the mobility get reduced due to the lower
electrical conductivity [21] of the PTAA layer when it
becomes thinner.

3.2. Device Characteristics under illumination

The current-voltage characteristics of the devices are
plotted in Fig 3.
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Fig. 3. J-V characteristics (color online)

Different parameters of OPV devices that is, short
circuit current density (Js.), open-circuit voltage (Vo), fill
factor and the power conversion efficiency (PCE) thus
obtained are listed in Table 1 below:
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Table 1. Parameters computed with different thicknesses of PTAA under the illumination of 100mW/cm?

Device Spinning Speed Jsc Ve Fill Factor PCE R Rqh
(rpm) (mA/cm?) V) (%) (%) (Kohms) (Kohms)
A 2000 3.940 0.462 24.18 0.440 0.138 0.161
B 3000 0.025 0.393 16.76 0.002 31.10 8.57
C 4000 0.00002 0.383 18.55 0.0001 31.20 24.90
As can be seen, the PV cell parameters vary morphology of the absorber on PTAA even though the

significantly with the devices except in the case of V, and
it is found that the variation of V. is not much compared
to other parameters. The higher the spinning speed, the
faster is the drying time which provides better consistency,
but the poor performance of thinner PTAA layers may be
attributed to the lack of time needed to self-assemble
and/or crystallize the layer. The device with the highest
thickness gives better efficiency due to the increase of
short circuit current density and fill factor. The improved
performance is due to the hole selective interface and
ohmic contact at the anode which provided a better way to
extract the holes and their transport to the electrode [22].

It can be further seen from Table 1 that device A
which shows the highest efficiency has a smaller value of
Rs compared to Rg,. It is known that the fill factor
decreases when the series resistance increases at the
PTAA/anode interface and the shunt resistance decreases.
The layers coated with 3000 and 4000 rpms, the values of
shunt resistances are lower than that of series resistances
and it could be due to the surface inhomogeneities at the
PTAA layer [15].

It is observed that the photovoltaic performance of the
OPV device with the PTAA interface layer is not
appreciable though better parameters are obtained with
device A. The overall low performance may be due to the
fabrication processes being carried out under the normal
atmospheric conditions in which the humidity ranges from
60 to 75%. Further, the PTAA is inherently hydrophobic
in nature. The contact angle of water measured for PTAA
is about 85° (Fig. 4) and it is much larger compared to the
wetting angle of PEDOT:PSS (25° which shows that the
surface energy of PTAA is less than that of PEDOT:PSS.
The hydrophobicity of PTAA affects the morphology and
incomplete coverage of the active layer. This argument
may little bit odd considering the fact that the
P3HT/PCBM active layer is also hydrophobic. However,
in the P3HT:PCBM bulk heterojunction, P3HT has been
shown [23] to be relatively hydrophobic and PCBM
relatively hydrophilic. Because of the different surface
tension properties of these materials, it is known that
PCBM tends to be at the bottom side (near to PTAA), once
the bulk heterojunction is coated over it and this makes the
interface more hydrophobic-hydrophilic than hydrophobic-
hydrophobic. This must be the reason for the poor film

blend contains a strong hydrophobic component P3HT and
this can be the plausible reason for the poor interface
compatibility and bad contact morphology the absorber
layer suffers on the top of the hole transport layer, PTAA
in the device studied here. This must he contributing to
the overall poor efficiency of the device. The wettability
issue may be alleviated through annealing assisted
interdiffusion method, surfactant addition engineering and
sophisticated pre-wetting methods. However, PTAA has
substantial advantages over PEDOT:PSS like not
hygroscopic as the latter. This advantage may result in
more environmental stability for PTAA based device.

Fig. 4. Water contact angle on ITO/PTAA

3.3. Impedance Spectroscopy Analysis

The frequency-dependent capacitances of the devices
are shown in Fig. 5. The capacitance has significant
variation when the biasing voltage is more positive. The
capacitance value is greater when the thickness is optimum
in its performance and it reaches a steady value at higher
frequencies due to the absence of charges flow through the
device. The geometric capacitance, Cy, Values obtained
for the devices A and C are 106pF and 172pF respectively.
At intermediate frequencies, Cg, reduces due to the
injected carriers and at lower frequencies, the capacitance
increases as there is an extra capacitance due to the
trapping and release of charges from the traps in the
material [24].
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Fig. 5. Capacitance-frequency plot (a) Device A(2000 rpm) (b) Device C(4000 rpm) (color online)

The conductance variation with frequencies of the as the injected holes are increased [25] and it has lower
same device with varying bias voltages is given in Fig. 6. values with Device C.
It is clear that conductance increases with biasing voltages
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Fig. 6. Frequency dependent conductance (a) Device A(2000 rpm) (b) Device C(4000 rpm) (color online)

The resistance-frequency plot of the devices is shown in Fig. 7 for different biasing voltages.
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Fig. 7. Resistance-frequency variation (a) Device A(2000 rpm) (b) Device C(4000 rpm) (color online)
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The hole mobilities can be computed from the
negative differential susceptance (-AB) versus frequency
plots in Fig. 8 using the measured capacitance C and the
device capacitance Cgy, as -AB = 2xf(C-Cy). The peak
point of -AB corresponds to the frequency f, = t,>. With

the bias voltage V and the device thickness d, using the
2

expression = where 14. = 0.567, [24], carrier mobility

TacV
can be calculated.

The measurement of capacitance depends upon the
space charge region present in a pn or Schottky junction
and it varies inversely with its width. The space charge
region width in turn depends upon the applied voltage V
and also the doping concentration N,. The variation of
capacitance with the bias voltage, according to the Mott-
Schottky relation [26] is given by,

C—Z — 2(Vpi—V) @)
AZgqeqN,

where Vy,; is the built-in potential, &,- absolute permittivity,

g - permittivity of the organic semiconductor which is

taken as 4 [27], A is the surface area of the device and q is

the electron charge.

The capacitance-voltage characteristics of devices A
and C are given in Fig. 9. The linearity is exhibited due to
the formation of the Schottky junction between the metal
and semiconductor.
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Fig. 8. Negative Differential Susceptance -AB obtained from
the capacitance data (color online)

At uniform doping, N, is constant and CV plot is a
straight line. Its slope gives N, and the intercept with the
horizontal axis corresponds to the value of barrier potential
at zero bias. From Fig. 9, the doping concentration Nj is
obtained for device A is 1.1x10*/cm® and 1.9x10"/cm? for
device C. These values indicate a reduced carrier
concentration for device C. The depletion region of device
A varies between 31.9 nm to 83.8 nm which is compatible

with device thickness of 110 nm for the average potential
applied between -1 and 1V [26].

—— Device A
—— Device C

0.5 1.0 15
Bias Voltage (V)

Fig. 9. C-V characteristics (color online)

The commonly used electrical equivalent of a solar
cell (Fig. 10) in which the resistive losses in the electrodes
and transport layers are represented by the series resistance
R, and active layer response by the combination of R, and
C,. The equivalent circuit can be modelled accurately by
the series combination of R, and C, or a parallel
combination of R, and C, depending on the region in

which the capacitance, resistance, frequency etc.
dominates [28].
Rp
Rs
Cp

Fig. 10. Equivalent circuit

Fig. 11 shows the variation of impedance magnitude
with the frequency of the devices A and C and from the
impedance magnitude, the approximation, series/parallel
can be selected. The boundary at which the approximation
model changes is device-dependent. The smaller
capacitance, as well as series resistances, may shift the
parallel to series transition at higher frequencies. The
general guidelines used are i) |Z| >10KQ for parallel
approximation, ii) |Z| <1KQ for series approximation and
iii) any of the above for 1K<|Z|<100K< [13].
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Fig. 12. Cole-Cole plot (a) Device A(2000 rpm)(b) Device C(4000 rpm) (color online)

The Nyquist curves of ITO/PTAA/P3HT:PCBM/AI
measured at different bias voltages with the Devices A and
C are shown in Fig. 12(a) and 12(b). In the plot, it can be
seen that the size of the semicircle, which indicates higher
R, is higher for device C. The resistance R, in the
equivalent circuit, corresponds to the charge transport
through the device and this means [29] that the charge
transfer is faster in device A.

4. Conclusion

The effect of PTAA as a hole transport layer for the
bulk heterojunction OPV devices are investigated in terms
of different layer thicknesses formed by the spinning
speeds of 2000 rpm, 3000 rpm and 4000 rpm. The device
current-voltage characteristics were obtained under both
dark and illumination. devices were determined from the
dark characteristics. The reverse saturation current is

found to reduce and barrier potential increases for devices
with active layer formed at higher spinning speeds. The
rectification ratio was found to be highest for device A
formed at the lowest spinning speed for which the carrier
mobility and the power conversion efficiency are greater.
Thouh the efficency of the deices are found to be very low,
the investigations helped to provide valuable indsight on
the effect of hydrophobicity of the PTAA layer on the
morphology of the BHJ layer. The mobility and other
parameters extracted using impedence spectroscopy also
helped to evlaluate the potential use of PTAA as hole
transport layer in P3HT-PCBM based organic solar cells.
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