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a b s t r a c t

The vacuum thermal evaporation of poly(3-hexylthiophene) (P3HT) and poly(thiophene)
(PTh) conductive polymers with and without side groups is reported. The role of side
groups in relation to structural and electronic properties is examined. FT-IR and GPC anal-
ysis is used to study the effect deposition has on conjugation of the polymer. Topography
and grain structure of the polymer films are studied using MicroXAM, AFM and TEM. XRD
and TEM data reveal enhanced molecular packing and crystallinity of PTh. This results in
significantly improved charge transport properties with relatively high hole mobilities
(10�4 cm2/Vs). Evaluation of PTh and P3HT electronic properties is performed on simple
geometry planar C60 heterojunction solar cells. PTh/C60 devices exhibit almost a 70%
increase in efficiency as compared to P3HT/C60 devices, demonstrating enhanced charge
collection in PTh films through improved molecular order.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors for low-cost electronics,
including photovoltaics, are attractive because they can
be deposited cheaply via roll-to-roll processes using either
solvents or vacuum evaporation [1,2]. Vacuum thin film
deposition onto polymer substrates is an inexpensive and
commonly used method widely exploited, for example, in
the packaging industry [3–5]. Among its prevailing advan-
tages are a complete absence of solvents, good control over
the film thickness, and the parallel and sequential deposi-
tion of complex multilayer structures which are un-
matched by solution processing. Polymer semiconductors
are often chosen over their molecular and oligomeric coun-
terparts due to their attractive properties in printing inks,
and preferable response to morphological development
during or after deposition [6,7]. Thus we sought to examine
. All rights reserved.
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the vacuum deposition of polymeric semiconductors and
demonstrate efficiencies comparable to solution deposited
equivalents. We explore the influence side groups have on
the chemical, physical and electronic properties of
poly(thiophene) (PTh) and poly(3-hexylthiophene) (P3HT).

Polythiophenes form a family of conjugated polymers
that has been investigated for more than three decades
[8–10]. Their distinctive electronic properties have stimu-
lated their application in many fields of electronics and op-
tics, such as chemical and biological sensors, field-effect
transistors, photovoltaic cells and light-emitting diodes
[11–18]. Efficient charge transport in conjugated systems
occurs via strong coupling of the polymer electronic states.
Polymer structure determines both backbone planarity and
p stacking which influences intra and inter-chain elec-
tronic processes [19–21]. Polymers with no side groups
have the opportunity for enhanced backbone packing and
electronic properties in the solid state [22,23], however
for their effective processing in solution side groups have
to be added.
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Since the discovery of electrical conductivity in polythi-
ophene, many attempts have been made to improve its sol-
ubility while preserving its unique properties. Introduction
of alkyl groups onto the polythiophene backbone lead to a
successful trade-off between solubility and conductivity
[24]. Presence of these groups, however, results in distor-
tions of the backbone conformation and thus various side
effects, such as thermochromism or solvatochromism
[25]. Layered structures have alkyl side groups acting as
spacers between the backbone stacks thus allowing delo-
calisation of molecular orbitals in only two dimensions of
the polymer crystal (separation within the backbone plane
is shown in Fig. 1). In addition, high regioregularity of poly-
thiophenes is required to prevent molecular disorder [26].
It has been shown that intermolecular packing is reduced
by increased side-chain disorder with longer alkyl side
groups in polythiophenes [27] and several studies of hole
transport in thin films of poly(3-alkylthiophene)s have re-
vealed a decrease in mobility as a function of increasing
side-chain length [28–31]. These are just some of the
examples, in which optical and electronic properties of
the polymers are compromised by their need for solubility
[28].

Various deposition methods have been explored to en-
hance the molecular order and packing in polythiophene
thin films. These included Langmuir–Blodgett films
[32,33], electrochemical polymerisation on conductive sur-
faces [34–36], or transformation of soluble precursor poly-
mers [37–39]. Many of these techniques, however, lack
scalability and throughput necessary for industrial applica-
tion, while others involve reactions (e.g. heating, UV-light)
which cause degradation of other device components or
leave by-product residues. Standard solution coating and
printing are thus the only widely investigated methods
for large-scale processing of conjugated polymers [1,40].

Vacuum thermal evaporation of large organic molecules
already has a long tradition [41,42] and has been success-
fully applied to various polymers, mostly Teflon and nylon
in metal–polymer nanocomposite systems [43–48].
Although the main shortcoming is the decrease in molecu-
lar weight during the thermal heating, small polymers with
up to several 1000s gmol�1 equivalent to 10s of monomeric
units can be deposited [41] and therefore still possess their
Fig. 1. Molecular structure of P3HT and PTh with a simple model of their
molecular packing. PTh chains pack with closer proximity (d) than P3HT
(d0) due to the lack of side groups.
long-chain character. This macromolecular character might
be beneficial in achieving controlled phase-separation in
vacuum-deposited bulk heterojunctions.

In 2009, Wei et al. employed simple vacuum thermal
evaporation to deposit thin films of P3HT [49] and showed
that polymers can be thermally evaporated while retaining
their chemical composition and structure. In 2011, our
group confirmed this, and additionally demonstrated the
fabrication of functional P3HT/C60 photovoltaic devices
with efficiencies comparable to solvent deposited devices
of the same architecture [50].

In this paper, we examine the thermal vacuum deposi-
tion of unsubstituted polythiophene and compare its struc-
tural and electronic properties with P3HT. We show that
PTh molecules assemble into ordered films with high crys-
tallinity, leading to enhanced charge transport properties.
To illustrate the potential of polythiophene thin films in
electronic and optoelectronic applications, PTh/C60 photo-
voltaic cells are fabricated and detailed characterisation
performed.
2. Materials and methods

2.1. Materials

Poly(3-hexylthiophene) (P3HT) was purchased from
Rieke Metals. The molecular weight (Mw) was measured
using gel permeation chromatography (GPC) and was
found previously to be Mw = 36257 gmol�1 with respect
to polystyrene standards. The regioregularity of the poly-
mer was reported by the manufacturer to be 90%. Poly(thi-
ophene) (PTh) was supplied by Sigma Aldrich and its Mw

was not measured as it did not dissolve in tetrahydrofuran,
the mobile phase of GPC. Poly(3,4-ethylenedioxythio-
phene)-poly(styrenesulfonate) (PEDOT:PSS, Baytron P dis-
persion) was supplied by H.C. Starck. Fullerene C60 (99.9%
pure) was purchased from MER Corporation. All the mate-
rials were used as received.

2.2. Polymer deposition

Polymers (PTh, P3HT) were deposited by thermal evap-
oration from a tungsten boat (Leybold Optics) which was
heated by a Xantrex XHR 7.5-80 DC Power Supply. The
evaporation was conducted in high vacuum �1 � 10�5

Torr. The boat temperature was measured using a K-type
exposed thermocouple mounted inside the boat. For chem-
ical characterisation, PTh was deposited at a temperature
of 275 ± 5 and 300 ± 5 �C at a rate of �1 nm/min. For pho-
tovoltaic device fabrication, PTh was deposited at a tem-
perature of 300 ± 10 �C and P3HT at 415 ± 10 �C, both at a
rate of �1 nm/min. Since our previous study [50] we have
found that higher temperatures of P3HT deposition lead to
improved device performance.

2.3. Chemical characterisation

Thermal analysis of starting PTh was measured by DSC
(Perkin Elmer Diamond DSC) between �60 and 225 �C at
rates of 100 and 300 �C/min, and by TG/DTA (Perkin Elmer
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Pyris Diamond TG/DTA 6300) under N2 atmosphere be-
tween 25 and 800 �C at a rate of 10 �C/min. Following the
vacuum deposition of PTh onto a series of cleaned glass-
slides, the polymer films were dissolved in chloroform.
However, the starting PTh could only be partially dissolved
in chloroform. The solutions were characterised by UV–
Vis-NIR spectroscopy (Agilent Cary 5000) and infrared
spectroscopy (Varian UMA-600). Infrared spectra of PTh
were measured with an attenuated total reflectance exten-
sion on the FT-IR spectrometer (the solution being cast
onto the crystal window). GPC was carried out using PLgel
5 lm Mixed-D columns (2 � 300 mm length, 7.5 mm
diameter) from Polymer Laboratories. The calibration was
performed using polystyrene narrow standards
(Mp = 580–3.7 � 105 gmol�1) in tetrahydrofuran (THF)
with toluene as the flow marker, detecting at 254 nm.
The THF was degassed with helium and pumped at a rate
of 1 mL/min at 40 �C. Since most of the materials charac-
terization was necessarily performed in air, the exposure
to air, light and moisture was minimised to limit any effect
of oxidation that may have been introduced.

2.4. Polymer film characterisation

The surface morphology of the thin films was imaged by
MircoXAM surface mapping microscope (ADE Phase Shift)
and atomic force microscope (AFM) data was collected
using an AutoProbe CP (Park Scientific Instruments) in tap-
ping mode. X-ray diffractometry was performed on a Phi-
lips PW1820 system with PW1727 X-ray generator using
Cu Ka radiation (k = 1.5418 Å). Polymer films were depos-
ited on silicon wafer substrates by the process described
above. The evaporation temperatures were the same ones
as for device fabrication. The film thickness was approxi-
mately 0.3 lm for both PTh and P3HT (thicker PTh film
in the inset of Fig. 6b was �1 lm).

2.5. HRTEM analysis

HRTEM analysis was performed on a JEOL-JEM 4000EX
LaB6 microscope with an information limit of 0.12 nm at
an accelerating voltage of 100 kV and calibrated using lead
sulphide nanocrystals with well-defined lattice spacings.
Samples were prepared by taking a polymer film deposited
on PEDOT and placing it in deionized water for 24 h, the
PEDOT is dissolved and the polythiophene film floats off
and is mounted on 400 mesh copper TEM grid.

2.6. Device fabrication

Photovoltaic devices were prepared by sequentially
thermally evaporating PTh (or P3HT) and C60 in between
an Al cathode and an ITO-on-glass anode as follows. The
ITO surface was cleaned with acetone and isopropanol
and then treated with oxygen plasma for 5 min. A layer
of PEDOT:PSS was spin coated at 5000 rpm for 30 s onto
the prepared ITO surface and then heated for 5 min at
140 �C. Next, a layer of PTh (or P3HT) and a layer of C60

were sequentially deposited onto the substrate by vacuum
thermal evaporation. The layer thickness was controlled
in situ using a quartz crystal microbalance (Q-Pod, Inficon)
placed at the same distance from the source as the sub-
strates. After the deposition, the value was further verified
by Veeco DEKTAK surface profiler (Dektak 6 M Stylus Pro-
filer). Finally, a set of 80 nm thick Al electrodes was evap-
orated on top of the sandwich structure. The active device
area was 2.2 mm2.

Hole-only devices for carrier mobility and lifetime mea-
surements were fabricated as described above, excluding
the C60 deposition step. The thickness of the PTh films
was 130 nm. As reported previously [50], P3HT does not
adhere well to annealed PEDOT:PSS surface and therefore
various modifications of the surface were investigated
(ITO, plasma-treated ITO, plasma-treated PEDOT:PSS,
non-annealed PEDOT:PSS). The best results were obtained
for PEDOT:PSS plasma-treated for 2 min. Although de-
wetting phenomenon was observed here as well, the
thickness of the continuous part of the film was estimated
to be around 65 nm.

2.7. Electronic characterisation

Photovoltaic characterisation of the devices was carried
out under white light illumination (AM1.5, 100 mW/cm2)
in an inert N2 atmosphere. The light intensity at the sample
position was determined with a microprocessor-based
power meter (Thermo-Oriel Instruments, Model No.
70260) calibrated according to ASTM standards. A set of
neutral ND filters (Melles Griot) were used for varying
the illumination intensity. Current–voltage characteristics
were measured using a Keithley 2400 source measurement
unit. Impedance measurements were performed with an
Agilent E4980A opt001 LCR meter at biases from 0 to
3.0 V in the frequency range of 20 Hz–2 MHz. Each mea-
surement was taken in the R-X mode and the AC signal
was set to 25 mV. All impedance measurements were per-
formed in the dark. The purpose-built chamber provided
electrical shielding.

3. Results and discussion

3.1. Chemical characterisation

Prior to thin film deposition, the thermal stability of
PTh was studied by thermogravimetric analysis (TGA) un-
der an N2 atmosphere at atmospheric pressure. The onset
of polymer degradation under nitrogen (note, not the vac-
uum condition of the deposition) was identified at
approximately 272 �C with weight loss of 5 wt.% at
300 �C. This is in good agreement with the findings re-
ported previously by Mo et al. [51]. Thermal behaviour
of the polymer was analysed by differential scanning cal-
orimetry (DSC) and differential thermal analysis (DTA),
however, no evident phase-transition peaks were found.
Similar thermal behaviour has been observed also by
other groups [52,53]. The absence of an apparent glass-
transition suggests a high level of crystallinity in the
starting material.

Thin films of PTh were deposited by evaporating it at
275 and 300 �C at a vacuum base pressure of 10�5 Torr.
Two different temperatures were chosen to determine
the influence of heating on the chemical structure of the



Table 1
Main band assignments and intensity changes in the FTIR spectra of PTh.

Wavenumber Vibration On evaporation

787 Thiophene ring vibration [56] Shifted and
increased

831 Terminal thiophene ring
vibration [56]

Similar

1439 Symmetric C@C stretching
vibration [55]

Normalization
peak

1489 Asymmetric C@C stretching
vibration [55]

Shifted and
decreased

Fig. 2. UV–Vis absorption spectra of PTh evaporated at 275 and 300 �C in
comparison with the starting material. The absorption peaks are normal-
ized to the highest intensity.

Fig. 3. Bands of FT-IR spectra related to conjugation length of starting PTh
and PTh after evaporation at 275 and 300 �C.
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polymer. At 275 �C, the onset of a measurable evaporation
rate was detected at this pressure, and 300 �C was the tem-
perature at which only a minor weight loss (�5%) was
measured by TGA under nitrogen. Similar temperatures
(300–310 �C) under N2 atmosphere and atmospheric pres-
sure have commonly been used for conversion of precursor
polymers into unsubstituted polythiophene in solution-
processed heterojunction solar cells [23,38]. Fig. 2 shows
UV–Vis spectra of chloroform solutions of the evaporated
PTh and the starting material. The three curves are normal-
ized to their maximum intensity. The position of the
absorption maximum of PTh at 408 nm (corresponding to
the intramolecular p–p transition) remains almost un-
changed by the evaporation process. Wider but symmetric
peaks of the evaporated samples imply that the range of
conjugation lengths is increased as a result of evaporation.
The starting PTh has a shoulder peak at 614 nm, which
likely comes either from an intermolecular p–p stacking
and shows a presence of agglomerates [21,54]. The peak
is shifted towards smaller wavelengths for PTh evaporated
at 300 �C and disappears completely for the polymer evap-
orated at 275 �C. This suggests that the higher temperature
process gives rise to greater crystal packing and
agglomeration.

For evaporated PTh (300 �C), the thin film absorption
spectrum is considerably more red-shifted in respect to
the chloroform solution (7 nm) than it is in the case of
P3HT (a blue shift of 2 nm, see Supplementary informa-
tion). Moreover, the band broadening is more significant
in the PTh film compared to P3HT. Thus we can conclude,
that PTh molecules have better aggregation and stacking
in solid films than those of P3HT. The XRD data (shown la-
ter, in Fig. 6) indicate that the crystallinity of evaporated
PTh is greater than in evaporated P3HT films.

Structural NMR and FT-IR studies of P3HT have previ-
ously shown that the polymer conjugation length de-
creases during the evaporation and side groups dissociate
from the backbone [50]. Due to the absence of side groups
in PTh, a decrease in conjugation length was expected to be
the only major structural change caused by thermal heat-
ing. FT-IR spectroscopy was used to study changes in con-
jugation, as shown in the Fig. 3 (for detailed analysis of the
full spectra, see Supplementary information). As the ratio
of symmetric (1439 cm�1) to asymmetric (1489 cm�1)
C@C stretching vibrations refers to the conjugation length
of polythiophene [55], all three spectra were normalized
to the intensity of the 1439 cm�1 peak in order to directly
compare the degree of conjugation. Table 1 summarizes
changes in positions and intensities of the peaks.

The band 780–840 cm�1 (related to the thiophene ring
vibrations) shows a shift and increase of the 787 cm�1

peak, indicating decrease in conjugation length of the poly-
mer [56]. Similar trends can be seen in the range 1480–
1500 cm�1, where the 1489 cm�1 peak (normalized against
1439 cm�1) decreases and consistently shifts to 1491 and
1494 cm�1 for 300 and 275 �C, respectively. Both these
changes imply loss in the polymer conjugation [55,57].
Interestingly, the higher evaporation temperature
(300 �C) leads to a higher molecular weight being depos-
ited. Since the processing temperature is around the vapor-
ization temperature, bigger molecules can be evaporated
at the higher temperature.

Using gel permeation chromatography (GPC), we have
already shown that the molecular weight of P3HT is re-
duced following thermal evaporation from�36,000 gmol�1

to �1500 gmol�1, equivalent to a degree of polymerization
of about nine [50]. GPC of evaporated and starting PTh was
limited by poor solubility in tetrahydrofuran the mobile
phase of the GPC. The starting material could not be dis-
solved at all while only a small percentage of the evaporated



Fig. 4. MicroXAM images of 70 nm thick P3HT (left blue) and PTh (right blue) films on PEDOT:PSS coated ITO substrate. Scaled insets (brown) are high
resolution 1 � 1 lm AFM scans (positions of the scaled areas are only illustrative). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
RMS roughness values for MicroXAM and AFM scans of P3HT and PTh films.

P3HT
(86 � 64 lm)

PTh
(86 � 64 lm)

P3HT
(1 � 1 lm)

PTh
(1 � 1 lm)

RMS roughness
(nm)

26.10 0.35 0.21 1.77
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sample could. The evaporated PTh that was dissolved had
a Mw � 900–1000 gmol�1 corresponding to a degree of
polymerization of about 11–12. We believe that the overall
average molecular weight of the evaporated material to be
much higher once the insoluble component is included.
Fig. 5. (a) Bright TEM image of PTh grains. (b) Phase contrast image of a
single polythiophene crystal. (c) Diffraction pattern of PTh with crystal-
lographic planes indexed.
3.2. Morphological characterisation

Following the chemical characterisation of PTh, poly-
mer thin films were deposited directly onto a PEDOT:PSS
electrode surface and their topography (Fig. 4) and rough-
ness (Table 2) studied at both macro- and nano-scale. Fig. 4
shows a comparison of the surface profile of P3HT (a) and
PTh (b) layers measured by MicroXAM optical profiler.
P3HT film dewets the PEDOT:PSS and forms island-type
structures. As shown previously [50], such poor substrate
wetting causes large variations in the film thickness lead-
ing to low shunt resistance of the active layer due to partial
shorting across the device. In contrast, PTh coats the sur-
face and creates a microscopically flat film.

Higher resolution topography of the layers was ob-
tained from AFM scans (scaled insets of Fig. 4). At this scale
P3HT films are relatively smooth, while the PTh is com-
posed of grains between 20 and 50 nm in diameter. The
featureless character of the former might result from pack-
ing disorder caused by side group dissociation, and the
appearance of grains in the latter might be consistent with
packing of the PTh molecules into more ordered agglomer-
ates. The difference in roughness accounts for less than
�5% of the overall surface area and so is not making a large
difference to the area for charge separation in devices. The
low magnification bright TEM image shown in Fig. 5a sug-
gests a slightly smaller grain size of between 5 and 20 nm.
High resolution phase contrast imaging (Fig. 5b) of these
grains shows that they are made of single crystals of poly-
thiophene. A diffraction pattern (Fig. 5c) shows that these
crystal grains are orientated in different directions and that



Fig. 6. (a) XRD traces of PTh and P3HT deposited on silicon wafers. Inset of the figure shows unit cell of PTh with the herringbone packing motif. (b) XRD
intensity curve q2I(q) of PTh with Gaussian fit of the peak 110 (upper inset) and intensity curve of 1 lm thick PTh film (lower inset).
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the plane spacing corresponds with other TEM and XRD
studies [51,58]. TEM of the P3HT samples shows an amor-
phous structure with no grains or crystal structure present
and an amorphous diffraction pattern.

XRD patterns of the PTh film taken normal to its plane
suggest substantially higher crystallinity in PTh than its
P3HT counterpart (Fig. 6). Such h–2h XRD analysis does
not map the full range of crystal orientations, and so the
intensities do depend on the orientational distribution of
the crystals. Diffraction peaks at 19.6�, 22.8� and 28.0�
are in agreement with literature data and correspond to
110, 200 and 210 reflections of polythiophene [51,59].
The (hk0) indexing of reflections suggests polythiophene
chains lie in the plane of the substrate [59]. The calculated
lattice parameters are a = 7.80 Å, b = 5.51 Å and c � 7.70 Å
(estimated from the thiophene monomer [60]), all consis-
tent with either a monoclinic or orthorhombic unit cell
with the molecules rotated around their axis by alternately
a � ± 31� to the unit cell b axis [51,60]. This rotation leads
to a standard herringbone packing motif as shown in the
inset of Fig. 6a. Precise parameters as well as determina-
tion of monoclinic angle b would require analysis of a more
detailed data set.

The degree of crystallinity, Xcr, of a polymer can be esti-
mated as the ratio between the intensity of the diffraction
peaks over the total diffracted intensity (including amor-
phous areas). The values of Xcr = 35–40% have been found
for unannealed polythiophene powder [51,59]. In order to
analyse the contribution of the amorphous background,
the data of Fig. 6a were replotted as q2I(q) vs. q (Fig. 6b),
where q = 4 p (sinh)/k is the magnitude of the scattering
vector and I(q) is the total scattered intensity. This allowed
us to resolve the total intensity into the background diffuse
scattering and the crystalline diffraction. As seen from the
plot, the baseline of the diffraction peaks appears linear
(fitted by the dotted line) with no signs of amorphous
phase present in this orientation. Similar results were ob-
tained from the analysis of thick-film samples (�1 lm,
see lower inset of Fig. 6b), neither was any amorphous
background found outside the plotted range. In accordance
with results of the previous studies [51,59], this implies
that the PTh films have very high crystallinity after the vac-
uum deposition.
Additionally, a coherence length n = 260 Å of the poly-
mer was calculated from Debye–Sherrer relation [61].

n ¼ 57:3k=ðbcoshÞ ð1Þ

where b = (B2 � b0
2)1/2, B is the measured half-width of the

peak (in degrees), b0 is the instrumental resolution
(<0.05�), k is the wavelength of the X-radiation
(1.5418 Å), 2h is the scattering angle. Half-width B was ob-
tained from Gaussian fit of the peak 110, as seen in upper
inset of Fig. 6b.
3.3. Electronic characterisation

A high degree of molecular orientation and crystallinity
of polymers can improve the charge carrier transport. The
space charge limited current (SCLC) technique was there-
fore used to measure hole mobility l0 of the PTh and
P3HT films. Hole-only devices were fabricated by deposit-
ing a polymer layer between ITO bottom and a hole-inject-
ing gold top electrode (due to the limited wetting of the
surface by P3HT, modification of the PEDOT:PSS was nec-
essary; for more details see Section 2). Fig. 7 shows the cur-
rent density as a function of the applied voltage (corrected
for the built-in voltage VBI PTh � 0.05 V, VBI P3HT � 0.02 V).
While the slope of the curves at low voltages is equal to
1 (see log–log Fig. 7a) and reflects linear Ohmic behaviour
of the devices, the slope at higher voltages is 2, indicating
the presence of space charge limited current.

In this regime, the electrode injects more holes than the
material can transport and the J–V dependence become
quadratic as quantitatively described by the Child’s law
[62].

J ¼ 9
8
e0erl0

V2

L3 ð2Þ

where e0 is permitivity of free space, er is the dielectric
constant, l0 is the mobility, V is potential and L is the film
thickness (in our case 130 nm for PTh and 65 nm for P3HT).
The equation fitted to the experimental data leads to the
hole mobilities l0 PTh = 2.03 � 10�4 cm2/Vs and l0 P3HT =
1.05 � 10�6 cm2/Vs (Fig. 7b). While the value for P3HT



Fig. 7. (a) Dark J–V characteristics of an ITO/PEDOT:PSS/polymer/Au devices in double-logarithmic scale. Fitted are low-voltage region with Ohmic
character (slope = 1) and space charge limited region above >1 V (slope = 2). (b) The same J–V characteristics in semi-logarithmic scale fitted by single-
carrier SCLC (Child’s law).

Fig. 8. The characteristic frequency of a PTh device with a gold electrode
for 0.2 V forward bias. The inset displays the carrier lifetime as a function
of forward bias.
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appears very low, for PTh it is comparable with the best
photodiode mobilities achieved for ordered high molecular
weight P3HT deposited from solution [62,63].

A minority carrier lifetime s for PTh was calculated
from the characteristic peak angular frequency, x, in the
impedance spectrum (Fig. 8) through the relation [64].

x ¼ s�1: ð3Þ

The resulting value is s = 2.1 � 10�6 s for 0.2 V forward
bias, decreasing as the bias increases (as shown in the inset
of Fig. 8). The short time scale 10�3–10�4 ms implies high
losses caused by electron–hole bimolecular recombination
along the absorber layer or at the contact surfaces [64].
3.4. Photovoltaic devices

The optoelectronic behaviour of PTh films was studied
in a planar heterojunction solar cell configuration ITO/PED-
OT:PSS/polymer/C60/Al in order to directly compare the ef-
fect of the materials properties without the greater
variability in morphology associated with bulk heterojunc-
tions or annealing [65–68]. For comparison, P3HT-based
cells were fabricated to determine the effect of side groups
in vacuum-deposited devices. Initially, the optimal C60

layer thickness for constant PTh and P3HT was determined
to be 50 nm for both. Following this, the polymer thickness
was varied to optimise the overall device performance.
Fig. 9 plots the main figures of merit (PCE, Jsc, Voc, FF) as
functions of the donor thickness while the best cell param-
eters are summarised in Table 3.

For P3HT/C60 devices, the best power conversion effi-
ciency PCE = 0.30% was achieved with 8 nm-thick P3HT.
The value compares favourably to that of spin-coated
P3HT/C60 planar heterojunctions reported previously
(PCE = 0.17% [69]). The trend of increasing Jsc with decreas-
ing layer thickness suggests that the polymer thickness
probably approaches the value of the exciton diffusion
length [70] and thus the charge extraction improves. How-
ever, the poorly wetting thin P3HT layers (around 10 nm)
are already subject to low shunt resistance and therefore
decrease in Voc [50].

PTh planar heterojunctions exhibited significantly bet-
ter performance. Optimal donor thickness was found to
be 44 nm, leading to PCE = 0.52% (current–voltage behav-
iour of the optimised PTh and P3HT devices is shown in
Fig. 10a and their absorption in Fig. 10b). The J–V curves
indicate that the large, almost 70% increase in efficiency re-
sults from enhanced charge collection in PTh films through
improved current parameters Jsc PTh = 2.7 mA cm�2 and
FFPTh = 42.7 (compared to Jsc P3HT = 1.3 mA cm�2, FFP3HT =
32.9). Noticeably, the higher photocurrent and the lower
rate of recombination are directly affected by the molecu-
lar order and hole mobilities. This is also a result of better
structural stability of PTh as opposed to P3HT, where dis-
sociation of side groups can play various inhibition roles
in charge transport. Open circuit voltage Voc = 0.45 V of
the PTh/C60 combination is defined by the position of the
PTh HOMO level (EHOMO = 5.0 eV [71]) and as such can be
tailored by better molecular design.

The shape of the dark curves (inset of Fig. 10a) illus-
trates the difference in the quality of the donor/acceptor
interfaces. While in case of P3HT/C60 only a poor rectifica-
tion is observed, the interface of PTh/C60 displays much
better diode characteristics. This is reflected also in
the lower diode ideality factor nPTh = 2.6 of the device



Fig. 9. Main figures of merit (PCE, Jsc, Voc, FF) as functions of the polymer thickness for ITO/PEDOT:PSS/polymer/Al devices. Thickness of the C60 layer was
constant 50 nm.

Table 3
Comparison of the PTh- and P3HT-based device parameters.

Device Thickness (nm) Jsc (mA/cm2) Voc (V) FF (%) n Rs (X cm2) l0 (cm2/Vs) PCE (%)

PTh/C60 44 �2.70 0.45 42.7 2.59 25 2.03 � 10�4 0.52
P3HT/C60 8 �1.30 0.71 32.9 4.54 119 1.05 � 10�6 0.30
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(compared to nP3HT � 4.5, see Table 3). The values of n
and Rs were calculated from co-content function fit to the
4th-quadrant data section of the illuminated J–V curve.

As expected from the different molecular ordering in
PTh and P3HT films, the series resistance of the polythio-
Fig. 10. (a) Comparison of J–V characteristics of the best performing PTh/C6
phene devices, Rs PTh = 25 X cm2, was considerably lower
than Rs P3HT = 119 X cm2 despite having almost four times
higher thickness.

Next, the effect of illumination intensity on the PTh/C60

device performance was measured (as shown in Fig. 11).
0 and P3HT/C60 devices. (b) UV–Vis absorbance spectra of the devices.



Fig. 11. Jsc (circles) and PCE (stars) of the PTh/C60 44/50 nm cell as a
function of incident illumination intensity. Voc (triangles) and FF (squares)
dependence is shown in the inset.
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Although Voc and FF remained relatively unchanged with
decreasing illumination, Jsc increased nonlinearly causing
PCE to increase. At 10 mW/cm2, the PCE of the cell reached
0.71%. Similar behaviour has previously been observed for
P3HT-based devices [50].

Enhanced performance of the PTh/C60 devices exceeded
all untreated polythiophene and poly(alkyl-thiophene)/C60

planar heterojunctions reported so far [69,72] and is even
comparable to bulk heterojunctions of un-substituted
polythiophene and PCBM processed in solution [23]. Lim-
ited absorption and charge extraction of the PTh films
may further be improved by post-production thermal
annealing or by employing more complex solar cell de-
signs, for instance multi-junction and bulk heterojunction
architectures. These structures are currently under
development.
4. Conclusion

This study has shown that polymer side groups have a
strong influence on molecular packing and charge trans-
port in vacuum-deposited polymer thin films. TEM and
XRD data revealed, that unlike P3HT, evaporated PTh forms
highly crystalline films without requiring annealing. The
effect of molecular order was demonstrated on ITO/PED-
OT:PSS/polymer/C60/Al planar heterojunction solar cells.
PTh-based devices had significantly better current (Jsc)
and recombination (FF) characteristics, resulting in im-
proved overall PCE by 70% as compared to P3HT.

We have successfully demonstrated that vacuum ther-
mal evaporation is suitable for the deposition of low solu-
bility polymers. The deposition method is compatible with
current manufacturing processes and has good potential
for low-cost production of highly ordered polymer thin
films relevant to a plethora of electronic and optoelectronic
applications.
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