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A B S T R A C T

All solid-state dye-sensitized solar cells (ss-DSSCs) based on the reference D102 organic dye and using
poly(3-hexylthiophene) (P3HT) as hole transporting material were fabricated and compared to the most
used 2,20,7,70-tetrakis-(N,N-di-p-methoxyphenylamine)-9,90-spirobifluorene (spiro-OMeTAD). Power
conversion efficiency of 4.78% was reached with P3HT vs. 3.99% with spiro-OMeTAD, which emphasizes
that polythiophene derivatives remain serious alternatives to spiro-OMeTAD for efficient and low-cost
photovoltaic energy conversion. Here, P3HT combining high regioregularity, medium-range molecular
weight and narrow dispersity was targeted. The ability of those P3HT chains to form semicrystalline
domains upon annealing leads to improved hole mobility, photocurrent collection and thus, device
performance.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The challenges stemming from dwindling fossil resources,
global population increase and environmental issues require more
than ever finding cheap, sustainable and efficient alternative
sources of energy. Photovoltaic cells are considered as one of the
greenest ways to produce electrical energy. In this context,
considerable attention is being paid on photovoltaic materials
and manufacturing processes with the aim of increasing power
conversion efficiency (PCE) and reducing costs. Even if silicon
based solar cells have reached PCEs of 25% [1], they require
expensive production processes [2]. In order to simplify the device
fabrication, increase the production rate and reduce the cost, new
concepts based on solution-processed photovoltaics were
developed. Among these technologies, dye-sensitized solar cells

(DSSCs), pioneered by Grätzel and colleagues, have attracted
considerable interest due to their low-cost production over silicon
photovoltaic devices [3,4].

A DSSC consists of a mesoporous nanocrystalline n-type
semiconductor (typically TiO2) sensitized with a dye, deposited
onto an anode and infiltrated by a redox active electrolyte
(generally triiodide/iodide ions), completed by a counter-electrode
(cathode). Even if PCEs over 13% have been reached for liquid-
electrolyte DSSCs [5], this technology hardly meets commercial
applications due to several drawbacks, especially regarding the
presence of a liquid electrolyte. Besides potential leakage issues,
the commonly used I3!/I! system is corrosive and dissolves many
of sealants and metal interconnects in the cell. Although several
alternative redox couples less corrosive than iodide such as the Co3
+/Co2+ [6,7] or the Cu2+/Cu+ systems have been reported [8], their
long-term stability remains unproved [9]. If the devices containing
these liquid electrolytes are not perfectly sealed, the liquid
evaporates away and facilitates the entry of impurities such as
water and oxygen [4,9]. As such, these DSSCs are not appropriate to
a widespread commercialization by industry as the liquid
electrolyte requires a careful packaging [9].
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Several approaches have been proposed to replace liquid
electrolytes using either quasi-solid electrolyte [10–12] or
solid-state hole-transporting materials (HTM) in solid-state DSSCs
(ss-DSSCs) [13]. Among solid-state HTMs, 2,20,7,70-tetrakis(N,N-di-
p-methoxyphenylamine)-9-90-spirobifluorene (spiro-OMeTAD)
remains the most successful one, owing to a number of advantages
such as its glass transition temperature, its good solubility, its
ionization potential, its absorption spectrum and its solid-state
morphology [14]. Although spiro-OMeTAD HTM allows achieving
PCEs up to 7.2% in classical ss-DSSCs [15], it has some drawbacks
such as a quite modest hole mobility in its pristine form
("10!4 cm2V!1 s!1)[16] and a relatively complex multistep and
expensive synthesis [17].

Consequently, conjugated polymers such as polyaniline [18,19],
polypyrrole [20,21], poly(3,4-ethylenedioxythiophene) [22–24],
and poly(3-hexylthiophene) (P3HT) [25,26] have been intensively
investigated as alternative HTMs with the aim of overcoming these
problems. P3HT exhibits a higher hole mobility as well as superior
film-formation properties compared to spiro-OMeTAD [27,28].
Besides, the ability of P3HT to absorb visible light (450–600 nm)
can in principle improve the light-harvesting capacity of the
devices and thus, contribute to the photocurrent through charge
and/or energy transfer pathways [29].

Unfortunately, the device performances obtained with P3HT as
HTM still require improvements compared to spiro-OMeTAD,
especially due to a reduced pore filling capacity in the mesoporous
TiO2 layer [30]. The size of polymer chains may limit pore filling by
P3HT and thus, the effective thickness of the mesoporous TiO2

layer [31]. This parameter is important since increasing the TiO2

layer thickness would enable increasing light absorption and
efficiency [31].

In this communication, we demonstrate that a specifically-
designed P3HT, combining (i) high regioregularity, (ii) medium-
range molecular weight and (iii) narrow dispersity, can be a more
suitable HTM for efficient ss-DSSCs than spiro-OMeTAD, using a
classical glass/FTO/TiO2/D102/HTM/Au device structure. The com-
mercially available metal free dye D102 was chosen since it
exhibits high extinction coefficients (55 800 L mol!1 cm!1) and
necessitates no additional co-adsorbent during the dye impregna-
tion [32–34]. To provide further insight into the device operation,
UV–vis absorption spectroscopy, incident photon-to-current
efficiency (IPCE), atomic force and scanning electron microscopies
(AFM and SEM, respectively) have been employed. To the best of
our knowledge, this is the first report where P3HT appears as the
best HTM in organic ss-DSSCs, giving a new impetus to the use of
polythiophene derivatives for efficient and potentially low-cost
third-generation photovoltaic cells.

2. Experimental

2.1. Materials

Titanium(IV) isopropoxide (97%, Aldrich), titanium(IV) chloride
(98%, Aldrich), D102 dye (95%, Aldrich), TiO2 paste (Dyesol 18NR-T,
Aldrich) bis(trifluoromethane)sulfonimide lithium salt (LiTFSI)
(99%, Aldrich), 4-tert-butylpyridine (96%, Aldrich), spiro-OMeTAD
(99%, Solaronix), absolute ethanol were used as received without
further purification. P3HT (Mn = 23 000 g mol!1, Mw= 28 500 g
mol!1, Ð = 1.24) was prepared according to methods reported in
literature [35,36]. Number-averaged (Mn) and weight-averaged
(Mw) molecular weights, and molecular weight distribution (Ð) of
P3HT were estimated using size exclusion chromatography (SEC)
on a Polymer Laboratories liquid chromatograph equipped with a
PL-DG802 degasser, an isocratic HPLC pump LC 1120 (flow rate of
1 mL min!1), a Marathon autosampler (loop volume of 200 mL,
solution conc. of 1 mg mL!1), a PL-DRI refractive index detector and

three columns: a PL gel 10 mm guard column and two PL gel
Mixed-B 10 mm columns (linear columns for separation of
molecular weight polystyrene standards ranging from 500 to
106 Daltons). The eluent used was THF at a flow rate of 1 mL min!1

at 40 #C. Polystyrene standards were used to calibrate the SEC.
UV–vis spectra were recorded at room temperature on a Safas D.E.S
UV–vis spectrometer.

2.2. Fabrication of the solar cells

Solar cells were prepared according to the following procedure
[34]: FTO-coated conducting glass substrates (Solaronix) were
cleaned in ultrasonic baths in water, acetone and isopropanol for
10 min each before being treated for 5 min by UV-ozone. A compact
layer of TiO2 was deposited by spray-pyrolysis at 450 #C from a
solution of titanium isopropoxide and acetylacetone in ethanol
followed by annealing at 450 #C for 20 min in air. A nanoporous
TiO2 layer was applied by spin-coating a solution of a commercial
TiO2 nanoparticle paste diluted in ethanol at a 1:1 weight ratio. The
layers were then gradually annealed from 250 #C up to 500 #C over
45 min. The substrates were then treated in a 0.02 M TiCl4 aqueous
solution for 2 h, rinsed with water and annealed at 450 #C for
45 min. The electrodes were finally immersed in a D102 dye
solution (0.3 mM) in a acetonitrile:tert-butanol mixture (1:1) for
15 h in the dark. After rinsing the electrodes and drying in air, HTMs
were deposited by spin-coating a spiro-OMeTAD (200 mg mL!1) or
P3HT solution (25 mg mL!1) in chlorobenzene containing
tert-butylpyridine and LiTFSI as additives (LiTFSI was predissolved
in acetonitrile at a concentration of 189 mg mL!1). Gold top
electrodes were finally evaporated in vacuum (10!6mbar) using
shadow masks that define two active areas per substrate (around
0.15 cm2 each).

2.3. Characterization of the solar cells

The current density-voltage (J-V) measurements, in the dark
and under illumination, were performed in air using a Keithley
model 2400 digital source meter by applying independent external
voltage to the cell and by measuring the photogenerated current.
The spectral mismatch between the emission of the solar simulator
(NEWPORT class A, 1 600 W) and the global AM1.5G solar spectrum
(IEC 60904-3 Ed.2) was corrected using a mismatch factor and the
solar simulator irradiance was adjusted accordingly using a
certified silicon reference cell in order to achieve an equivalent
AM1.5G irradiance of one sun (100 mW cm!2) on the test cells. The
incident photon-to-current efficiency (IPCE) was estimated using a
monochromated 75 W xenon lamp (Newport) in static regime,
with a calibrated picoamperater (Keithley 485) and a calibrated
photodiode. All data shown in this work were the average values of
four independent parallel tests.

2.4. Fabrication of the organic field-effect transistors

Bottom gate/bottom contact prefabricated OFET substrates
(Ossila) were cleaned by an ultrasonic treatment with chloroben-
zene, acetone, ethanol and isopropanol for 10 min each, before
being dried under nitrogen flow. The structures are based on a
p-type silicon substrate as gate electrode and silicon oxide as gate
dielectric. Gold drain and source electrodes, deposited on top of
SiO2, define a 1 mm wide and 30 mm long OFET channel. The hole
transporting materials (HTMs), i.e. P3HT or spiro-OMeTAD, were
deposited by drop-casting from a chlorobenzene solution at a
concentration of 1 mg mL!1 and the substrate was then dried in air
in the dark. Additional annealing up to 150 #C for 5 min was carried
out for some samples before the electrical measurements. All film
deposition, annealing and current-voltage characterization were
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performed in air. The surface capacitance of the gate dielectric is
estimated to 10.9 nF cm!2.

2.5. Characterization of the organic field-effect transistors

The output and transfer electrical characteristics of the
transistors were recorded in air using a Keithley 4200 analyzer.
Hole mobilities were obtained in the saturation regime of the
drain-source current (IDS) by using the classical expression:
IDS = (W/2L)Coxmsat(VGS-Vth)2, where W/L is the channel
width/length, Cox is the gate dielectric layer capacitance per unit
area, VGS and Vth are the gate and threshold voltages, respectively.

2.6. Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed
with a Nanoscope III microscope (from Bruker Nano), in tapping-
mode at room temperature under ambient conditions. NCHV tips
were used with nominal resonance frequency of 320 kHz. All raw
AFM images were analyzed using the Nanoscope Analysis
software.

2.7. Scanning electron microscopy

Cross-sections of the solar cell devices were imaged by scanning
electron microscopy (SEM). Samples were scribed on the substrate
(glass) side and cracked prior to acquisition of the SEM-images
(HR-field emission gun S-4800 Hitachi microscope). Entire cross
sections were imaged at a magnification of 25 000$ and 20 000$
for spiro-OMeTAD and P3HT-based devices, respectively. Prior to
the analysis, the samples were metallized with a thin platinum
layer. The acceleration voltage (EHT) was 2 kV and the working
distance (WD) ranged from 5 to 8 mm.

3. Results and discussion

Photovoltaic cells using D102-sensitized TiO2 as electrodes and
P3HT or spiro-OMeTAD as solid HTM were fabricated following a
conventional methodology and their photovoltaic properties were
investigated [34]. The optical, electronic, electrochemical proper-
ties, and solid-state packing of P3HTs are strongly influenced by
the molecular weight and dispersity [37–40]. The Kumada Catalyst
Transfer Polycondensation (KCTP) method was chosen for the
synthesis of P3HT (see Figs. S1 and S2, ESI for characterization
data), because it enables chain-growth polymerization, and leads
to polymer with relatively high molecular weight and narrow
dispersity [41]. Wang et al. have recently reported that the best
compromise between hole mobility, pore-filling and photovoltaic
performances is achieved with P3HT HTM having medium-range
molecular weight [42]. For this reason, we decided to target a P3HT
having a medium molecular weight (Mn = 23 000 g mol!1). The dye
impregnation (D102) was carried out in an acetonitrile/tert-
butanol mixture at 0.3 mM for 15 h without any coadsorbent. HTM
solutions were prepared in chlorobenzene with common additives
(4-tert-butylpyridine (TBP) and bis(trifluoromethane)sulfonimide
lithium salt (LiTFSI)) and stirred for 4 days at room temperature.
The additives are important in ss-DSSCs for both spiro-OMeTAD
and P3HT [43]. In particular, Ramakrishna et al. reported that the
treatment of D102/P3HT HTM-based devices with a Li salt and TBP
resulted in nearly 60-fold improvement in device efficiency [25].
Before being spin-coated onto D102-sensitized TiO2 electrodes, the
HTM solutions were filtered on 0.2 mm Millipore.

In view of analysing the load of the D102 dye adsorbed on the
TiO2 electrodes and the effect of the HTM on the absorption profile,
UV–visible absorption spectra were recorded (Fig. 1). The
D102/P3HT system displays a different absorption profile

compared to D102/spiro-OMeTAD, as observed with the naked
eye (Fig. S3, ESI). Generally, when P3HT is applied as HTM in
ss-DSSCs, only a small increase in absorbance is generally observed
indicating its weak infiltration into the TiO2 layer [29,44]. This poor
pore filling ability of the P3HT HTM material commonly implies
lower performances than spiro-OMeTAD [43]. In our case, the
absorbance values are almost the same as with spiro-OMeTAD but
the profile is significantly broadened between 550 and 650 nm.
This extended absorption with the emergence of a vibronic
structure between 550 nm and 650 nm suggests that P3HT self-
assembled into a lamellar-like structure built from interchain p–p
interactions between the planarized aromatic backbones of the
polymer chains [45]. This observation is quite important since the
formation of ordered nanostructures is crucial for efficient hole
transport [46].

The photocurrent density voltage curves (J-V) of the devices
employing D102 as dye and spiro-OMeTAD or P3HT as HTM are
presented in Figs. 2 and S4-5 in the Supporting Information. The
photovoltaic parameters are collected in Table 1 before and after
applying a post-infiltration annealing treatment to the
HTM-infiltrated devices, prior to electrode deposition. The
performances obtained for the reference cells based on D102
and spiro-OMeTAD, before and after annealing, are consistent with
those previously reported in the literature [33,34]. Interestingly,
we observed that P3HT gives a similar efficiency than spiro-
OMeTAD when used with D102 (PCE = 3.90% vs. PCE = 3.93%),

Fig. 1. UV–vis absorption spectra of D102/spiro-OMeTAD (solid line) and D102/
P3HT (dotted line) based ss-DSSCs.

Fig. 2. Current-voltage characteristics of ss-DSSCs sensitized with D102 depending
on the HTM: spiro-OMeTAD (solid black line), P3HT (dash black line) and upon
annealing (both respective red lines). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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before the annealing treatment. Regarding the other photovoltaic
parameters, both types of devices show similar FF (52% for P3HT vs.
51% for spiro-OMeTAD), but different JSC and VOC values. P3HT
provides a better photocurrent (about 15% higher), which suggests
better charge transport properties [29].

To our knowledge, this is the first example where P3HT shows
such remarkable results when associated with relatively thick TiO2

electrodes (around 2 mm). Indeed, ss-DSSCs with P3HT as HTM
usually exhibit modest performances due to the poor pore-filling of
P3HT into mesoporous TiO2 film [47]. Taking into account this
incomplete pore-filling, several research groups showed that the
enhancement of device performances could be achieved by
decreasing the TiO2 layer thickness [48,49].

However, it is worth noting that in most cases, the P3HTs used
in those reports are commercial polymers, with higher molecular
weights (up to 50 kDa) and dispersities (>1.5) [48,50]. Recently,
Wang et al. have shown that P3HT with high molecular weight
("60 kDa) results in non-uniform infiltration into the TiO2

mesoporous layer and thus, decreased device performances [42].
The optoelectronic properties of P3HT are known to be strongly

related to the polymer regioregularity, the molecular weight and
the dispersity [51,52]. Snaith et al. illustrated this effect by studying
regiorandom and regioregular P3HT as HTM in ss-DSSCs [53]. As
expected, due to its higher crystalline character, more suitable to
charge transport, regioregular P3HT yielded a better efficiency
compared to regiorandom P3HT (1.7% vs. 0.54%, respectively).
Recently, Salleo et al. reported that a large polymer dispersity is
detrimental to the charge transport properties, due to molecular
mixing of high and low molecular weight chains, which reduces
the density of aggregate-connecting molecules [54]. Since the
KCTP method enables to obtain P3HT with a controlled molecular
weight, narrow dispersity and high regioregularity, better
pore-filling, organization and hole mobility may be expected from
our P3HT (Mn= 23 000 g mol!1, Ð = 1.24, RR > 97%) compared to
commercial polymers, which would provide better performances
in ss-DSSCs.

The incident photon to electron conversion efficiency (IPCE)
recorded for the ss-DSSCs described above shows that the
photocurrent response of the P3HT devices is higher than that
of spiro-OMeTAD devices, with maximum peak values of 72 and
68% at 480 and 475 nm, respectively (Fig. 3). These maxima are
coherent with the values of the short-circuit current observed in
both spiro-OMeTAD and P3HT based ss-DSSCs (10.52 vs. 12.14 mA/
cm2). This indicates that the charge generation process is
extremely efficient in ss-DSSC with P3HT as HTM. To further
investigate the infiltration of P3HT and spiro-OMeTAD into the
dye-sensitized TiO2 electrodes, SEM analyses were performed on
cross-sections of the samples (Fig. 4). Over the glass substrate
(bottom), the layers that compose the cell, i.e. the conducting FTO,
the dense spray-pyrolyzed TiO2 layer, the mesoporous TiO2 layer
and the electrode, can be distinguished. The HTM materials are
homogenously distributed for both P3HT and spiro-OMeTAD-
based solar cells. Interestingly, the cell filled with P3HT seems to
present a good infiltration into the mesoporous TiO2 layer down to
the bottom of the electrode. The molecular characteristics of the

P3HT (i.e., medium-range molecular weight of 23 000 g mol!1 and
narrow dispersity of 1.24) seem to be really adequate to its
infiltration into the TiO2 mesopores, thus leading to excellent
performances when used as HTM in D102-based ss-DSSCs.

Regioregular P3HT is known to form fibrillar (nanowire-like)
crystallites that arrange in lamellae in thin films. The hole mobility
in P3HT is also known to substantially increase upon annealing
[55–57]. Thus, thermal annealing at 150 #C for 5 min was carried
out before the evaporation of Au electrodes in order to improve the
device performances. As shown in Fig. 2 and Table 1, PCE was
improved up to an absolute value of 4.8%, corresponding to a
relative increase of about 20% compared to the non-annealed
devices. In the same conditions, the performances of solar cells
based on spiro-OMeTAD only increased by a relative factor of 2%. It
was already shown that the LiTFSI additive can induce spiro-
OMeTAD oxidation upon high thermal annealing temperatures,
which becomes detrimental for device operation [58]. For solar
cells based on P3HT, VOC and FF increased significantly from 0.62 to
0.72 V and 52 to 58% on average, respectively. Therefore, we
assume that the enhancement in device performances is related to
the strong influence of annealing on the P3HT charge transport
properties, through the morphology of the HTM.

To verify this assumption, AFM images were recorded on non-
annealed and annealed P3HT-based device and compared to the
spiro-OMeTAD-based devices (Fig. 5). The devices filled with
spiro-OMeTAD exhibit a granular morphology characteristic of the
TiO2 mesoporous structure and an average roughness of 7.2 nm,
suggesting a quite flat and compact HTM overlayer (Fig. 5a). It is
important to note that no significant change is observed regarding
the morphology in spiro-OMeTAD device whatever the treatment.
In contrast, the formation of larger grains is observed for the
devices infiltrated with P3HT, which is accompanied by an increase
in film thickness and surface roughness (%19.5 nm) (Fig. 5b). Upon
annealing at 150 #C, the morphology of the P3HT film shows a
higher content of fibrillar structures (i.e., it becomes more
crystalline), which is expected to improve the local charge carrier
mobility (Fig. 5c and d) [39,40].

To further understand the annealing-induced enhancement in
PCE, hole mobility measurements were performed on neat P3HT
and spiro-OMeTAD layers using simple bottom gate/bottom
contact field-effect transistors in ambient conditions (see experi-
mental details and Fig. S6-7, ESI). As expected, the hole mobility of
P3HT was found to be much higher than that of spiro-OMeTAD, i.e.,
10!3 vs. 10!5 cm2 s!1V!1, whatever the treatment used (Table S2,
ESI). Upon thermal annealing at 80 #C, the hole mobility of P3HT

Table 1
Photovoltaic parameters of ss-DSSCs sensitized with D102 under simulated solar
emission as a function of the HTM: short-circuit current density (JSC), open-circuit
voltage (VOC); fill factor (FF) and power conversion efficiency (h). aAnnealing
procedure: 150 #C/5 min.

HTM VOC (V) JSC (mA cm!2) FF Average h (%)

spiro-OMeTAD 0.73 10.52 0.51 3.90
Annealed spiro-OMeTADa 0.76 10.21 0.51 3.99
P3HT 0.62 12.14 0.52 3.93
Annealed P3HTa 0.72 11.37 0.58 4.78

Fig. 3. IPCE spectra of ss-DSSCs based on dye D102 depending on the HTM layer.
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increased by about 40%. Thus, the P3HT annealed up to 150 #C may
exhibit an increased field effect mobility compared with as-
prepared devices, as already reported [55,56]. The values of the
series resistances of the devices also show a decrease by about 10%
after thermal treatment (Table S1, ESI). These better charge
transport properties are also expected to reduce the interfacial
charge recombination mechanisms. Consistently, better open-

circuit voltage and fill factor values are indeed observed for the
annealed P3HT ss-DSSC devices.

The positive influence of P3HT annealing on hole transport and
device performance being rationalized, the apparent discrepancy
between the IPCE spectra and the photovoltaic measurements was
examined. Indeed, a significant increase of photocurrent genera-
tion is noticed after annealing for P3HT devices (Fig. 3) whereas

Fig. 4. Cross-sectional SEM images of ss-DSSCs sensitized with D102 depending on the HTM: spiro-OMeTAD (left) and P3HT (right).

Fig. 5. Tapping-Mode AFM height images of (a) annealed spiro-OMeTAD device, (b) a P3HT device without annealing, (c, d) a P3HT device after thermal annealing; (d) is a
zoom of (c).
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the experimental Jsc values measured under simulated solar
emission (Table 1) show a small decrease after annealing (%5%).
This behavior is quite different from that of the spiro-OMeTAD
devices, which show similar values of IPCE and experimental
short-circuit current densities before or after annealing. As the
IPCE was recorded without any background continuous white bias
illumination, the data indicate that a light-dependent mechanism
is occurring for P3HT-based devices. Fig. 6 presents the photocur-
rent density Jph defined as the difference between the current
densities obtained under standard illumination at 100 mW cm!2

(Jsun) and in the dark (Jdark), as a function of the effective applied
voltage (Veff = Vbi! V), where Vbi is the built-in potential defined by
Jdark Vbið Þ ¼ Jsun Vbið Þ [56].

This double logarithmic plot emphasizes the limitations to
charge collection in the device as a function of the effective applied
voltage, under simulated sunlight. This approach was indeed
useful to explore the main physical processes governing polymer:
fullerene bulk heterojunctions, including drift and diffusion of
charge carriers, charge carrier generation, and recombination [59].
Basically, the plot shows two transport regimes for photogenerated
carriers: the first one at low effective bias voltage is governed by
generation-recombination mechanisms in the bulk, while the
second regime at high effective bias voltage, where recombination
is not efficient, is governed only by drift diffusion through the bulk.
Thus, at the voltage threshold between these two regimes, all the
available photogenerated charges carriers are extracted from the
device so that the photocurrent density is directly linked to the
photogenerated charge carrier density in the bulk. Here, it is clearly
seen that this carrier density is almost the same for all devices so
that differences between these devices must be attributed to
mobility limitation by traps. Despite quite similar short-circuit
current densities for all devices (corresponding to effective voltage
of around 0.8 V), the pseudo saturation regime for Jph is reached at
lower effective voltage for the annealed P3HT devices (%0.23 V),
compared to untreated or annealed spiro-OMeTAD (around 0.29 V
in both cases) and untreated P3HT (%0.44 V). This behavior is
consistent with the trend in device performance and illustrates the
intrinsic trap-limited transport occurring in P3HT. This observa-
tion is also coherent with the evolution of Jph in the linear regime
(Veff< 0.1 V), which evidences specific limitations for P3HT before
annealing compared to spiro-OMeTAD and annealed P3HT. Such
findings are fully consistent with the positive influence of
annealing on the morphology and charge transport properties of

P3HT. Charge transport and recombination are directly related to
the fill factor [60]. Thus, by improving charge transport and
reducing trap-assisted recombination after annealing, the fill
factor strongly increases, as observed for annealed P3HT (Table 1).

Nevertheless, no square-root dependence of Jph versus the
effective voltage is evidenced, which indicates that the photocur-
rent is not limited by a space-charge build-up [57,61]. Therefore,
our analysis suggests that the diffusion (low Veff values) and drift
(for large Veff) of photo-generated charge carriers are trap-limited
in pristine P3HT, due to its poor structuration. These traps, which
are largely cured through thermal annealing, are also highly
dependent on the illumination conditions. Under low light
intensities, such as those encountered during IPCE measurements
(around 5 mW cm!2), the extracted photocurrent is strongly
limited by the trap distribution associated with pristine P3HT,
through an effective trap-limited hole mobility. The full extraction
of charge carriers would therefore require a larger effective applied
potential, or the application of a high intensity bias illumination. At
the opposite, the annealed P3HT, which does not exhibit the same
trap-limitation due to its thermal structuration, delivers its
maximal photocurrent, both under low and high light conditions.
A significant increase of IPCE is therefore observed in this case after
annealing. In contrast, the charge transport properties of spiro-
OMeTAD, which is a molecular glass material, are not sensitive to
annealing in the range of temperatures used in this work.
Annealing only slightly affects its configuration in the pores of
the electrode.

4. Conclusions

All solid-state dye-sensitized solar cells based on
poly(3-hexylthiophene) (P3HT) as hole transporting material
(HTM) were prepared and their performances were compared to
spiro-OMeTAD. Highly regioregular P3HT with narrow dispersity,
synthesized using the KCTP method, enables to reach high PCEs up
to 4.78% (vs. 3.99% for spiro-OMeTAD), after an additional
annealing step. This is, to the best of our knowledge, the first
report where P3HT shows better performances than spiro-
OMeTAD as HTM in ss-DSSCs. A careful choice of the polymer
molecular characteristics (high regioregularity, medium-range
molecular weight and narrow dispersity) combined with appro-
priate thermal annealing are required to achieve high hole mobility
and thus, improved charge extraction efficiency. Probably, the
well-defined, medium-range P3HT used in this work represents a
good compromise between crystallinity, charge transport and
infiltration. This finding deserves further studies to gain deeper
insight into the effects of the molecular weight of the polymer, the
use of additives or the nature of the dyes, which will provide new
insights in the use of P3HT as HTM in ss-DSSCs.
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Appendix A. Supplementary data

1H NMR spectrum and SEC profile of P3HT, IPCE spectra and
current density-voltage of D102-based ss-DSSCs in the dark, series

Fig. 6. Photocurrent as a function of the effective applied voltage for cells based on
spiro-OMeTAD (solid lines) and P3HT (dashed lines), before (black) and after (grey)
annealing.
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resistance calculated for P3HT and spiro-OMeTAD-based ss-
DSSCs, mobility values for P3HT and spiro-OMeTAD-based OFETs,
output and transfer characteristics of P3HT-based OFETs upon
thermal annealing.

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.
synthmet.2017.02.015.
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