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We investigate the impact of P3HT regioregularity on the performance of bulk heterojunction solar

cells with inkjet printed P3HT:PCBM layers. Three polythiophenes with different regioregularities

ranging from 93% up to 98% are inkjet printed from two different formulations at room temperature. It

is found that the high RR-P3HT (98%) is not suitable for inkjet printing at room temperature. The fast

formation of aggregates shortens the shelf life of the ink and thus, results in low reliability of the

printing process, in the formation of inhomogeneous and very rough films with surface roughnesses up

to 70 nm, and in a strongly reduced device performance. This phenomenon is not observed for solar

cells processed via the doctor blading technique. Nevertheless, inkjet printing of 96% RR-P3HT:PCBM

oDCB/mesitylene solutions at room temperature resulted in solar cells with 3.5% efficiency, while

doctor blading of 98% RR-P3HT:PCBM oDCB/mesitylene solutions resulted in efficiencies as high as

4.4%.
Introduction

A variety of approaches has been used to solution deposit the

most prominent photoactive organic materials poly(3-hexylth-

iophene) (P3HT) and [6,6]-phenyl C61 butyric acid methyl ester

(PCBM) of bulk heterojunction (BHJ) organic solar cells (OSC).

The commonly applied deposition techniques are solution-based

processes such as spin coating,1,2 doctor blading3–5 or printing.6,7

Due to the compatibility to roll-to-roll production, printing

technologies6,7 have gained significant attraction for organic

semiconductor processing, among them screen printing,8–12

gravure,13,14 offset15 and inkjet printing.16–18 Screen, gravure and

offset printing suffer from a complex master, but in contrast,

inkjet printing has evolved to the most promising digital printing

technology. Inkjet printing is so promising because polymer

device fabrication can be easily adapted in terms of compatibility

to various substrates, no-mask patterning solvents, and, reduc-

tion in waste products. A post-patterning of large-area spin

coated or doctor bladed films has been demonstrated by using

subsequent laser ablation19 of the film to achieve the desired

pattern, but it is unlikely to realize post-patterning of films as

a commercially viable route. Owing to a two-dimensional

patterning of films and the reduction of waste products and more

importantly, to economize on one fabrication step namely the

post-patterning, inkjet printing has a clear benefit there.

At present, bulk heterojunction solar cells based on blends of

a polymer donor with a fullerene acceptor, are the materials

systems with the highest reported efficiencies for printable solar
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cells. Efficiencies of up to 6% were certified by NREL,20 but the

performance depends critically on the properties of the materials

as well as on the processing conditions affecting the blend

morphology.21–24 In this study we focus on the well-known

donor-acceptor system P3HT:PCBM and discuss the correlation

of material properties to performance in the case of inkjet

printing. Fig. 1b shows the chemical structures of P3HT and

PCBM.

The formulation of a P3HT:PCBM blend solution as well as the

chemical properties of the polythiophene have a strong impact on

the nature of the droplet generation, ejection process and film

formation in the inkjet process. In parallel, various studies inves-

tigate the influence of molecular weight distribution of P3HT on

charge carrier mobility and device performance for solution pro-

cessed films.25–27 Schilinsky et al. reported on improved power

conversion efficiencies (PCE) for P3HTs with a number average

molecular weight of greater than 10000 g mol�1 due to improved

hole mobility accompanied by increased intermolecular ordering

(pi stacking) of the P3HT phase.27 Lately, Ballantyne et al.

observed constant hole mobility at molecular weight ranges from

13000 to 18000 g mol�1, but reduced hole mobility for molecular

weight values between 34000 to 121000 g mol�1 due to a change in

surface morphology resulting in decreased OSC device
Fig. 1 a) Device architecture of the solar cell ITO/PEDOT:PSS/

P3HT:PCBM blend/Ca/Ag under study. b) Chemical structures of

poly(3-hexylthiophene) and [6,6]-phenyl C61 butyric acid methyl ester.

This journal is ª The Royal Society of Chemistry 2009
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performance.25 Recently, Kim et al. attributed the improved device

performance using higher regioregularity (RR), defined as the

percentage of monomers adopting a head-to-tail configuration

rather than head-to-head, to enhanced optical absorption and

transport properties.28 A high regioregular P3HT organizes more

rodlike in planar structures, and results in the formation of well-

ordered lamellar structures (crystallites) with extended conjuga-

tion leading to enhanced charge carrier mobility.29–32 Higher RR

enables closer packing of these lamellae and thus, promotes

interchain alignment.28 Due to the regioregular alignment of high

RR-P3HT in solution, single chains may undergo self-assembly

and interact with adjacent rods, resulting in large linked clusters

and subsequent aggregation33 between the rods of different poly-

mer chains, also called gelation. The formation of gels in P3HT is

usually attributed to the formation of physically cross-linked

polymer strands. This network formation is thermoreversible, can

be dissipated upon reheating accompanied by endothermic heat

flow, and is therefore called gelation.34 Gelation significantly

affects the stability of the semiconductor solution in terms of

a short shelf life and a low reproducibility, mainly due to an

increased viscosity of a gelled formulation. Inkjet printing is very

sensitive to gelling, and the photovoltaic performance of inkjet

printed devices depends critically on the state of the ink to guar-

antee stable jetting behaviour for a reproducible printing process.

In this manuscript we discuss that inkjet printing requires

a distinct material specification, which is different to the material

specification of other solution-processed methods like e.g. blad-

ing technologies. The processing conditions, morphology and

performance of inkjet printed layers depend much more strongly

on the material and ink properties than for other solution pro-

cessing methods. In this communication we investigate that

regioregularity (RR) of P3HT, among the molecular mass

distribution, has the most critical impact on ink formulation.

Improper P3HT specifications provoke instable solutions,

showing a limitation due to strong gelation leading to a reduced

processing window as well as to insufficient reproducibility. A

strong correlation between the regioregularity of the conjugated

polymer and the shelf life of the blend fluid affecting the

photovoltaic performance is found. The solar cell device

performance is investigated for doctor bladed versus inkjet

printed devices for several P3HT:PCBM blends with different

P3HT regioregularity (RR). Mono-solvent approaches based on

pristine tetralin are compared to two-component solvent-

mixtures constituted of 68% oDCB and 32% mesitylene. More

details on the individual solvent formulation can be found else-

where.17

The device performance is demonstrated according to the

common device configuration glass/ITO/PEDOT:PSS/active

layer/Ca/Ag, as depicted in Fig. 1a. Moreover, we investigate the

spectrally resolved absorption behaviour of polymer solutions

with different RR-P3HT, formulated either in tetralin or oDCB/

mesitylene at ambient conditions and elevated temperature.
Table 1 Material properties of P3HT

RR [%] Mn [kDa] Mw [kDa] PD

93 36 72 2.00
96 35 60 1.70
98 21 37 1.76
Experimental

Materials and instrumentation

Solar cell devices were built on transparent indium tin oxide

(ITO) coated glass substrates, purchased from TFD. Glasses
This journal is ª The Royal Society of Chemistry 2009
were cleaned for 10 min in acetone and another 10 min in iso-

propyl alcohol in an ultrasonic bath. Before use, substrates were

surface treated for 10 min in an ozone oven. Subsequently, a 60

nm thin layer of poly(3,4-ethylene dioxythiophene) doped with

polystyrene sulfonic acid (PEDOT:PSS Clevios PH) was depos-

ited by doctor blading on top of the ITO bottom electrode. After

PEDOT:PSS doctor blading, samples were stored in inert

atmosphere for at least two hours. The photoactive layer consists

of 1 wt% P3HT blended with fullerene PCBM in a 1:1 weight

ratio and either dissolved in pristine tetralin or in an ortho-

dichlorobenzene/mesitylene solvent mixture. All solvents were

purchased from Sigma Aldrich. The semiconductor solutions

were stirred at 80 �C for at least two hours. The deposition of the

active layer was done by inket printing (Fujifilm Dimatix DMP-

2831) or doctor blading (Erichsen Coatmaster 509MC). A ther-

mally evaporated Ca-Ag electrode terminated the solar cell (see

Fig. 1a). Prior to evaporation of the top electrode, all devices

were subjected to a thermal treatment at 140 �C for 10 minutes.

The device area is defined by the overlap between the under-

lying ITO and the top electrode. Solar cells with an active area of

typically 20 mm2 were studied. The current density-voltage (J-V)

characteristics were assessed with a source measurement unit

SMU 2400 from Keithley in nitrogen atmosphere. The photo-

response of the solar cells was measured under AM 1.5 G illu-

mination from a Steuernagel solar simulator at 100 mW cm�2.

The mismatch factor of the solar simulator for P3HT:PCBM

based solar cells was determined as 0.75. Subsequently, all effi-

ciency values in this paper were corrected for a mismatch of 0.75.

Topography analysis of thermally annealed inkjet printed and

doctor bladed films coated on glass/60 nm PEDOT:PSS were

performed by an atomic force microscope from NanoSurf

easyScan 2 operating under ambient conditions in contact mode.

For absorbance measurements, pristine donor solutions of each

RR-P3HT were prepared with 1% solid content either in 100%

tetralin or 68% oDCB/32% mesitylene. Solution absorption

spectra were recorded with an Ocean Optics tool equipped with

an attenuated total reflection (ATR) sensor from Halma at two

temperatures (30 �C and 80 �C).
Results and discussion

P3HT is essentially a rigid rod polymer which gets its solubility

and processability from chemically attached side groups

(hexyl groups) in the 3-position of the thiophene. The chemical

properties of the polythiophenes used in this study are listed in

Table 1. The 93%- and 96% regioregular P3HTs have similar

number average molecular weight distributions (Mn ¼ 36 kDa

and 35 kDa), with the 93% RR P3HT showing a slightly higher

weight average molar mass than the 96% RR-P3HT (Mw ¼ 72

kDa vs. 60 kDa), corresponding to a polydispersity (PD) ranging

from 1.7 to 2.0. In contrast, the 98% RR-P3HT shows
J. Mater. Chem., 2009, 19, 5398–5404 | 5399
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a significantly lower Mn of 21 kDa and Mw of 37 kDa, but

a similar PD of 1.76. Despite the lower molecular weight and its

better solubility,35 the 98% RR-P3HT has the highest tendency to

aggregate and gel among these three P3HTs.

Both, tetralin and the oDCB/mesitylene mixture have excellent

solvation properties for P3HT at higher temperatures. However,

as soon as the temperature of the solution decreases, the ink

starts gelling. The kinetics of the gelling depends critically on the

chemical properties of the polymer such as the regioregularity or

the molecular weight distribution but also on temperature.

Agitation alone is insufficient to suppress gelation at room

temperature.

We compared the gelation behaviour of three different P3HTs

with respect to the time interval until gelling starts, and the

occurrence of small particles in the solution. In general, we found

that gelling occurs more rapidly and stronger for tetralin solu-

tions than for oDCB/mesitylene blends. Moreover, higher RR-

P3HT is shown to have a much stronger gelation tendency than

lower RR-PRHT batches. At ambient temperatures, gelation can

occur within 5 minutes for the 98% RR-P3HT, while the 93%

RR-P3HT solution was stable for more than 75 minutes. Once

the gelation is initiated and a network is formed, the ink can no

longer be processed with the Dimatix inkjet printing tool.

Gelation was also observed during the printing operation, being

responsible for frequent nozzle clogging once the ink starts to

cool down. Such rapid gelation also prevents stable ink jetting

conditions. Doctor blading has a clear advantage there. Here,

small amounts of fresh 80 �C hot ink is directly applied into the

gap between the temperature-controlled substrate and the knife

before processing. Hence, limitations due to gelling are not

observed for doctor blading operation. As such, doctor blading

provides a reliable reference system.
Atomic force microscopy

The materials under study differ in regioregularity. To elucidate

surface topography, atomic force microscopy (AFM) was per-

formed. The AFM images of inkjet printed and doctor bladed

films based on pristine tetralin or oDCB/mesitylene are shown in

Fig. 2. The inkjet printed films from tetralin (Fig. 2a) display

extremely rough surfaces especially for the 98% RR (Fig. 2a3)

P3HT:PCBM solution with a calculated rms roughness of 73 nm

compared to the 96% RR (Fig. 2a2) and 93% RR (Fig. 2a1)

revealing an rms of 12.3 nm and 26 nm respectively. In contrast

the inkjet printed films from oDCB/mesitylene (Fig. 2b) evidence

a much smoother surface topography. The rms roughness is

calculated to be 3.9 nm, 7.4 nm and 41.8 nm for the 93% RR

(Fig. 2b1), 96% RR (Fig. 2b2) and 98% RR P3HT (Fig. 2b3)

respectively. The AFM images show an intimate mixing of the

blend materials for the 93% RR and 96% RR-P3HT:PCBM

layer. Despite that, oDCB/mesitylene is approved to result in

high quality P3HT:PCBM films with decent device perfor-

mance,17,24 only rough films are gained for the 98% RR-

P3HT:PCBM.

Because of the different solvent formulations as well as

different regioregularities, a significant distinction in the grain

size and surface roughness between the inkjet printed layers is

visible. A non-uniform surface roughness could affect the inter-

faces of the photoactive layer and therefore, the performance of
5400 | J. Mater. Chem., 2009, 19, 5398–5404
the inkjet printed device. The larger grain size of the inkjet

printed tetralin P3HT:PCBM indicates strong morphological

limitations. The poor morphology for tetralin films, especially

for the 98% RR-P3HT:PCBM blend film is related not only to

the low drying rate owing to the low vapor pressure, but also to

a more pronounced aggregation during the slow drying process.

In contrast, the oDCB/mesitylene films show distinct aggregation

for the 98% RR P3HT:PCBM inkjet printed film, while the 93%

and 96% RR blend layers yield homogeneous topographies.

As reported by Li et al., slow drying is a post-processing

method which may lead to high efficiency spin coated solar

cells.36 Campoy-Quiles suggested that slow drying results in

higher degree of P3HT crystallites.37 Thus, it appears sound to

attribute the morphology evolution from the 93% RR to the 96%

RR-P3HT:PCBM inkjet printed films to an enhanced crystalli-

zation during the slow drying process. Comparing both ink

formulations used in this study, this is even more pronounced for

the oDCB/mesitylene solvent formulation. We believe, that this

trend is not continued for the 98% RR-P3HT:PCBM inkjet

printed layer. Here, the huge surface roughness may indicate the

formation of large P3HT and PCBM domains. This is even more

distinct for the 98% RR blend tetralin film. In contrast, the

doctor bladed oDCB/mesitylene films (Fig. 2c) reveal signifi-

cantly more uniform films with low rms roughnesses in the range

of a few nanometers independent of the regioregularity.

The AFM analysis indicates significant distinctions in surface

roughness and grain sizes between inkjet printing and doctor

blading. For both deposition techniques, the substrates were

heated to 40 �C, thus, the substrate temperature should not be

responsible for the discrepancies. However, the deposition and

handling of the inkjet fluid is very different to doctor blading. In

the doctor blading method, the ink is stored on a magnetic stirrer

at 80 �C prior to processing and the hot solution is directly

applied in the gap between the substrate and the knife, whereas in

the inkjet printing technology, the ink is filled in a non-heated

cartridge without homogeneous agitation. Prior to droplet

formation, the resting ink was dwelled at ambient conditions in

the cartridge and the jetting was performed with ambient

temperature P3HT:PCBM solution. Independent of the solvent

formulation, higher RR (98%) P3HT resulted in early nozzle

clogging, while lower RR-P3HT materials resulted in reliable

jetting behavior.

AFM is a sound tool to investigate the impact of solvent

formulation and RR on the quality and topography of thin films.

To better understand the properties and limitations of different

RR-P3HT solutions, and, to understand to what extent gelling

already occurs in the solution versus during the drying of the

film, absorbance measurements at 30 �C and at an elevated

temperature of 80 �C are performed on pristine 1 wt% P3HT

solutions from tetralin and oDCB/mesitylene.
Absorbance

The optical absorption of P3HT solution was measured with an

attenuated total reflection (ATR) fiber. The absorbance spectra

of pristine P3HT solutions with different regioregularities based

on either tetralin or oDCB/mesitylene are shown in Fig. 3. The

spectra were recorded for solution temperatures of 30 �C

(closed symbols) and 80 �C (open symbols). It is important to
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 Atomic force microscope images of 93%, 96% and 98% regioregular P3HT:PCBM blend films deposited by a) inkjet printing from tetralin, b)

inkjet printing from oDCB/mesitylene and c) doctor blading from oDCB/mesitylene.
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note, that higher RR-P3HT solutions reveal enhanced absor-

bance intensity. The absorbance is higher for the 30 �C solutions

than for the 80 �C solutions indicating a transition in the state

of aggregation from amorphous to more crystalline.38 At

ambient conditions a clear red-shift becomes visible, indicating

a pi-pi transition shift of the planarized individual polymer

chains.27,29 During the transition the conjugation length

increases and consequently, the electron becomes delocalized

resulting in a red-shift of the absorption band.29 The polymer

backbones are more flexible at 80 �C, whereas a 30 �C solution

temperature initiates aggregation of the polymer backbones.

The formation of such aggregates is visually monitored by

a change of the solution color from fluorescent orange to

brownish. This phenomenon is most pronounced for the 98%

RR-P3HT, particularly through the sharper shoulder at

a wavelength of 610 nm, which has been assigned to a delo-

calized interchain excitation.39 In thin films, such a shoulder was

correlated with the degree of P3HT crystallinity as deduced

from X-ray diffraction data.40 Higher RR-P3HT materials tend
This journal is ª The Royal Society of Chemistry 2009
towards more closely packing and therefore, reflect a higher

intermolecular order or crystallinity. While that phenomenon is

well known for thin films of P3HT, we also can observe this

aggregation for the 98% RR-P3HT in solution at ambient

conditions. However, these aggregates are not observed for

a solution temperature of 80 �C. The kinetics of the aggregation

is different for the 93%, 96% and 98% RR-P3HT solutions and

is a function of solution concentration and temperature as

described elsewhere.29,30 Apart from this, not only the alkyl side

chain of the polythiophene and the regioregularity affect the

aggregation tendency, but also the solvent formulation and

thus, the rate of solvent loss.30,41 Correspondingly, this meta-

stable and reversible aggregation of the P3HT solution may

affect the film and morphology formation differently for

different printing and coating methods.

This influence of the individual RR-P3HT:PCBM solutions

based on tetralin or oDCB/mesitylene and their impact on the

printing and coating reliability as well as solar cell device

performance is discussed in the next section.
J. Mater. Chem., 2009, 19, 5398–5404 | 5401
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Fig. 3 Absorption spectra of pristine P3HT solutions with different

regioregularities based on a) tetralin and b) oDCB/mesitylene.
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Device performance

Organic photovoltaic devices were fabricated by inkjet printing

and doctor blading of the P3HT:PCBM blend layer. The

film thickness of the active layers ranges from 200 to 230 nm

(Table 2). The film thickness of the 98% RR-P3HT:PCBM

inkjet printed films could not be adjusted to 200–230 nm due to

poor jetting behaviour and strong aggregation. The active layer

thickness for inkjet printed 98% RR films was measured to be
Table 2 RR-P3HT, ink formulation, device performance, surface roughness
equivalent circuit42 and P3HT:PCBM film thickness of the inkjet printed and

RR [%] Solvent Voc [V] Jsc [mA/cm2] FF [%

inkjet printed 93 tetralin 0.45 4.7 63
93 oDCB mesitylene 0.54 8.4 64
96 tetralin 0.46 7.5 63
96 oDCB mesitylene 0.54 10.1 64
98 tetralin 0.50 4.1 35
98 oDCB mesitylene 0.41 0.5 40

doctor bladed 93 oDCB mesitylene 0.58 10.4 67
96 oDCB mesitylene 0.58 11.2 64
98 oDCB mesitylene 0.56 11.7 68

5402 | J. Mater. Chem., 2009, 19, 5398–5404
300 nm. Table 2 presents the device performance parameters

extracted from the analysis in terms of current density-voltage

(J-V) characteristics and one-diode equivalent circuit for inkjet

printed and doctor bladed devices under study.42 J-V charac-

terization of the inkjet printed (Fig. 4a,b) and doctor bladed

(Fig. 4c,d) devices has been performed under AM1.5 illumina-

tion with 100 mW cm�2 and in the dark, respectively. The

resulting device performances are shown in Table 2. First of all,

the 93% and 96% RR-P3HT:PCBM solution demonstrated

excellent jetting behaviour, whereas the 98% RR blend solution

resulted in poor printing reliability as well as poor film quality.

It is important to note, that the 98% RR-P3HT:PCBM ink based

on tetralin was deposited onto 60 �C heated substrates due to

jetting and wetting problems, while all other ink formulations

were deposited onto 40 �C heated ITO/PEDOT:PSS substrates.

The inkjet printed devices based on oDCB/mesitylene (closed

symbols) exhibit improved device performance over the tetralin

ones (open symbols) due to enhanced open circuit voltage

(Voc) and short circuit current (Jsc). Improved Voc of oDCB/

mesitylene solar cell devices arises from higher built-in potential

(Vbi) and improved interface quality due to lower surface

roughness and morphological distinctions. The origin of the

reduced Voc of inkjet printed devices is not clear. In principle,

the Voc of solar cells is determined by the energy gap between

the acceptor LUMO and the donor HOMO. Ma et al. suggested

that strong phase separation between the PCBM and P3HT can

result in a reduction of Voc,35 however, that model has not been

proven so far. The much higher Jsc values for the inkjet printed

oDCB/mesitylene solvent formulation are directly related to

smoother surface topographies and enhanced morphology

evolution and thus, improved charge separation.17,24 The

rough surface topographies as evidenced in the AFM images

(Fig. 2a) for the tetralin based devices, 98% RR-P3HT (73 nm),

96% RR-P3HT (12.3 nm) and 93% RR-P3HT (26 nm), indicate

large phase separation between P3HT and PCBM due to the

low drying rate. This unfavourable morphology for inkjet prin-

ted tetralin layers is expected to be the major reason for the

significantly reduced Jsc and is related to decreased charge

separation efficiency owing to large agglomerates of donor

or acceptor material. Beyond this, the reduced Jsc of the

inkjet printed tetralin devices over the inkjet printed oDCB/

mesitylene solar cells is partly explained by a first order recom-

bination.17

We suggest that the limited performance of inkjet printed 93%

and 96% RR tetralin devices can be at least partially attributed to
rms, device parameter extracted from the device analysis using one-diode
doctor bladed devices under study

] PCE [%] rms [nm] Vbi [V] mT-product [cm2/V] thickness [nm]

1.3 26.0 0.51 5 � 10�9 200
2.9 3.9 0.59 5 � 10�9 200
2.1 12.3 0.52 3 � 10�9 200
3.5 7.4 0.60 3 � 10�9 230
0.7 73.0 0.55 3 � 10�9 300
0.1 41.8 0.44 5 � 10�9 300
4.0 3.6 0.63 4 � 10�9 200
4.1 3.7 0.63 3 � 10�9 230
4.4 7.2 0.60 4 � 10�9 200

This journal is ª The Royal Society of Chemistry 2009
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Fig. 4 Current density-voltage (J-V) characteristics of the different regioregular P3HT:PCBM devices based on tetralin (open symbols) or oDCB/

mesitylene (closed symbols) for a) inkjet printed devices under AM 1.5 illumination with 100 mW cm�2 and b) inkjet printed dark J-V characteristics in

a semi-logarithmic representation in the voltage range revealing the opening of the diode doctor bladed solar cells. c) Light J-V curves of doctor bladed

devices based on oDCB/mesitylene under AM 1.5 illumination with 100 mW cm�2 and d) dark J-V characteristics of doctor bladed devices based on

oDCB/mesitylene in a semi-logarithmic representation in the voltage range revealing the opening of the diode.
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the low deposition temperatures (40 �C) at the inkjet table for the

comparatively high-boiling solvent tetralin (207 �C), whereas

slow drying leads to significantly stronger phase separation.

Higher drying temperatures are expected to reduce this issue. In

the case of the 98% RR inkjet printed devices, the tetralin based

solar cell exhibits slightly better performance than the oDCB/

mesitylene device, which can be attributed to the higher drying

temperature (60 �C instead of 40 �C).

Independent of the solvent formulation, the devices based on

93% and 96% RR reveal high fill factors (FF) of 0.63–0.64. From

the detailed J-V simulation,42 we found that the mobility lifetime

(m-t) product42 (Table 2) is in the same range (3–5 � 10�9 cm2

V�1) for all the devices under study, indicating similar transport

properties.

The doctor bladed reference devices based on oDCB/mesity-

lene show excellent photovoltaic performances. As reported by

Kim et al., higher RR leads to improved charge transport, charge

carrier mobilities and light absorption.28 Consistent with our

study, enhanced current densities are observed for higher

regioregularities yielding better power conversion efficiencies

(PCE) for the doctor bladed solar cells. The highest device

performance was achieved with the 98% RR-P3HT:PCBM

blend. This device reveals a Voc of 560 mV, a FF of 0.68 and a Jsc

of 11.7 mA cm�2 corresponding to a PCE of 4.4%. We would like
This journal is ª The Royal Society of Chemistry 2009
to note that a Jsc of 11.7 mA cm�2 is an unusual high current

density for P3HT:PCBM blends, which might be slightly over-

estimated due to our solar simulator calibration.

The major differences in the device performance between

inkjet printed and doctor bladed cells are mainly due to the lower

values for Voc and Jsc as discussed above. Moreover, doctor

bladed devices show improved photovoltaic performance with

increased RR. Beyond this observation we found, that inkjet

printing requires a particular material design that ensures a high

reliability of the ink without inducing process limitations. In

principle, 96% RR-P3HT:PCBM inkjet printed devices show

greatly improved performance over the 93% RR blend cells.

However, we found that high RR (98%) materials reduce the

stability of the printing fluid at ambient conditions and thus, the

reliability of the jetting behaviour and printing process. It is of

enormous interest to formulate inks with as high as possible RR

materials for enhanced light absorption, improved mobilities and

transport while not affecting the shelf life of the ink. The low

device operation for the 98% RR-P3HT:PCBM formulations

reveals modification of the solution in terms of aggregation that

is increasing with dwell time. In contrast, the inkjet printed

organic photovoltaics based on 93% and 96% RR-P3HT:PCBM

blend exhibit excellent jetting behaviour and both materials are

comparable and feasible to operate in high quality inks at
J. Mater. Chem., 2009, 19, 5398–5404 | 5403
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ambient conditions with an extended shelf life that meets the

requirements for inkjet printing.

Conclusion

In this contribution, we have described bulk heterojunction solar

cells with inkjet printed P3HT:PCBM layers. Three poly-

thiophenes with different regioregularities were compared based

on two solvent formulations, tetralin and oDCB/mesitylene, and

deposited by inkjet printing. It is well known from the literature

that high RR is needed in order to gain suitable packing of the

P3HT polymer chains within the blend after annealing.28 In the

case of spin-coated films the higher the RR the better the PCE.28

This is also observed for the doctor bladed devices discussed in

this study. In contrast to our expectation the high RR-P3HT

(98%) is not suitable for inkjet printing at room temperature

conditions due to a short shelf life of the ink and thus, a low

reliability of the jetting behaviour and printing process. At

ambient conditions rapid gelling occurs in the 98% RR-

P3HT:PCBM inks as a result of the higher aggregation tendency

over the 93% and 96% RR materials that exhibit a long shelf life

even at ambient conditions. Beyond this, the aggregation

prevents a reliable jetting and leads to clogged nozzles of the

printhead. To elucidate morphology, preliminary investigations

were done by AFM showing a huge limitation in film quality for

the inkjet printed 98% RR-P3HT:PCBM layers. Independent of

the solvent formulation, the absorption spectra of pristine P3HT

solutions at ambient conditions reveal strong aggregation

tendencies of the 98% RR material for both solvent formula-

tions, whereas the aggregation is suppressed for elevated

temperatures. These findings indicate a clear limitation in the

upper range of a high RR-P3HT:PCBM blend for inkjet printing

if the fluid needs to be processed at room temperature. This

phenomenon is not observed in the doctor blading technique

since the hot ink is immediately applied in the gap between the

coating knife and the substrate. Therefore, the RR material

specification for the inkjet printing technique is a compromise

between performances, and shelf life of the ink. A high photo-

voltaic performance of 3.5%24 has been achieved by using a 96%

RR-P3HT:PCBM blend solution based on oDCB/mesitylene,

which ensures good shelf life at room temperature with respect to

aggregation and thus, reliable printing.
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