Organic Electronics 13 (2012) 1204-1212

Contents lists available at SciVerse ScienceDirect

Organic Electronics

journal homepage: www.elsevier.com/locate/orgel

Oligothiophene dendron-decorated squaraine dyes: Synthesis, thin film
formation, and performance in organic solar cells

William Kylberg?, Ying Zhang ¢, Arthur Aebersold ¢, Fernando Araujo de Castro®,

Thomas Geiger?, Jakob Heier?, Simon Kuster*!, Chang-Qi Ma “*, Peter Biuerle ¢,

Frank Niiesch?, Jean-Nicolas Tisserant?, Roland Hany **

3 Empa, Swiss Federal Institute for Materials Science and Technology, Laboratory for Functional Polymers, Uberlandstrasse 129, CH-8600 Diibendorf, Switzerland

b National Physical Laboratory, Hampton Road, Teddington, Middlesex TW11 OLW, United Kingdom
CInstitut fiir Organische Chemie II und Neue Materialien, Universitit Ulm, Albert-Einstein-Allee 11, D-89081 Ulm, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 2 February 2012

Received in revised form 13 March 2012
Accepted 17 March 2012

Available online 7 April 2012

Squaraine (SQ) dye-based organic semiconductor hybrids 6T-SQ and 18T-SQ functionalized
with oligothiophene dendrons were synthesized via Suzuki-Miyaura coupling. The elec-
tronic coupling between the oligothiophene dendrons and the squaraine core was rather
weak, as suggested from UV-vis spectra, cyclic voltammetry measurements and molecular
modeling. Thin films of pure SQ were characterized by a pronounced solvent- and heat-
induced crystallization tendency. The dendrons substantially hindered the squaraine core
crystallization, and 18T-SQ films remained amorphous after annealing or storage for sev-
eral weeks. PCBM disrupted dye crystallization in blends, and smooth and stable films
could be coated. Heat treatment of blended films induced dewetting for SQ:PCBM and
6T-SQ:PCBM, but 18T-SQ:PCBM remained again stable. These morphological film features
could consistently explain the performance of dye-fullerene solar cells. The best perfor-
mance (1 ~ 1.5%) was obtained for simple bilayer 6T-SQ:Cgo or 18T-SQ:Cg cells without
annealing. Our results demonstrate that the attachment of decorating moieties to a central
light-absorbing core unit in molecular push-pull systems can be used to adjust the opto-
electronic and morphological film properties of small molecular semiconductors with a
strong tendency towards crystallization.
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1. Introduction

Solution-processed organic photovoltaic (OPV) cells are
receiving considerable attention in the academic and
industrial community due to their potential as low-cost
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and lightweight devices for renewable energy applications
[1]. Polymer solar cells are still leading the field [2], but re-
cent work has demonstrated a recurring interest in soluble
small organic molecules as electron donor materials [3,4].
Indeed, small molecules present some advantages over
polymers, such as ease of synthesis, monodispersity and
purification [5]. On the other hand, film forming properties
and control over the nanoscale morphology of the active
components, which are keys for efficient charge generation
and transport, are often challenging [3]. For molecular
blend films coated from solution, the morphology develops
during solvent evaporation. A quench into the unstable re-
gion often initiates spontaneous phase separation. That
competes with the crystallization of the individual compo-
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nents once the solubility limits are crossed and nucleation
sites are present or the energy barriers for homogeneous
nucleation can be overcome. These films rarely show equi-
librium morphologies and further annealing cannot be
looked at independently of the coating history.

Power conversion efficiencies (#) of small molecule OPV
devices based on oligothiophenes, fused polycycles and
various dyes are rapidly increasing, and 7 = 4.4% (using a
dithieno-diketopyrrolopyrrole donor derivative [6]),
1 =4.3% (using a star-shaped triphenylamine-benzothiadi-
azole-oligothiophene donor [7]), or #=5.08% (using a
linear oligothiophene with electron withdrawing
cyanoacetate groups [8]) have been reported only recently.
These and many other semiconducting small molecules are
examples of push-pull architectures, where electron rich
and electron poor moieties have been combined to pro-
duce molecular donor materials with broad absorptions,
increased solubility and tunable redox energy levels [3,9-
11].

Using the same design strategy, we report here on the
synthesis of oligothiophene dendron functionalized squa-
raine dye hybrids, and present results on the film forma-
tion behavior and performance in organic solar cells
using these donor-acceptor-donor (D-A-D) type mole-
cules. Linear, branched and star-shaped oligothiophenes
have emerged as a very important materials class for opto-
electronic device applications, since their properties can be
tuned by chemical modifications, and further functionali-
zation with active molecules is readily possible [12]. Squa-
raines are 1,3-substituted derivatives of a central electron
withdrawing squaric acid core with electron rich aromatic
and heterocyclic groups. Squaraine dyes have a good pho-
tochemical, thermal, oxygen and moisture stability, and
absorb light strongly in the visible and near-infrared re-
gion. Squaraines have been successfully used for dye-sen-
sitized solar cells [13,14] and OPV devices [15-23] with,
for example, a reported # = 5.2% for a squaraine: fullerene
bulk heterojunction solar cell [21]. Details on the perfor-
mance of these squaraine OPV cells will be presented in
the discussion section.

2. Experimental

Materials and methods for the chemical synthesis are
described in the electronic supplementary information
(ESI) section. Glass (for film morphology studies) and
glass/ITO (Thin Film Devices, 140 nm, resistivity
15 ohms square ™!, for fabrication of solar cells) substrates
were cleaned before spin coating a ~70nm thick
PEDOT:PSS layer, followed by heating at 100 °C for 15 min
(poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate),
Sigma-Aldrich, conductivity 1Scm™!). Solutions of pure
dyes and blend mixtures with PCBM ([6,6]-phenyl-Cg;-bu-
tyric acid methyl ester, Solenne B.V.) were filtered
(0.45 um) before spin coating on PEDOT:PSS. Film thick-
nesses were measured on an Ambios XP-1 profilometer.
Identical UV-vis spectra for as-prepared solutions and re-
dissolved spin-coated films after heating confirmed that
no dye degradation was induced upon film annealing.
Annealing experiments (always for 30 min) were carried

out on a digitally controlled hotplate inside the glove
box. The actual film temperature was estimated by mea-
suring the temperature on the surface of a glass/ITO sam-
ple with a contact thermometer. Films for UV and AFM
experiments were annealed at ~150°C, solar cells at
~120 °C or ~150 °C, respectively.

Cyclic voltammetry experiments were performed with
a computer-controlled Autolab PGSTAT30 potentiostat in
a three-electrode single-compartment cell (5mL). The
working electrode consisted of a platinum wire sealed in
a soft glass tube with a surface area of 0.79 mm?, which
was polished down to 0.5 pm with Biihler polishing paste
prior to use in order to obtain reproducible surfaces. The
counter electrode consisted of a platinum wire and as ref-
erence an Ag/AgCl secondary electrode was used.

DSC was carried out under nitrogen on a Perkin Elmer
DSC8000 Differential Scanning Calorimeter. Samples were
measured with the temperature programme (always
20 °C min~1) of (i) heating from 20 °C to 220 °C, (ii) cooling
to 20°C, (iii) heating to 220 °C. The first heating cycles
were ignored to rule out an influence of the thermal his-
tory of the samples. For the pure materials between ~0.4
and 3.7mg were weighed in aluminium pans. For
SQ:PCBM blends, CHCl3 solutions containing a total of
1 wt.% SQ and PCBM were added dropwise to the pan until
the solid content was ~7 mg. Before DSC measurement,
blend samples were dried over night. The fraction of PCBM
in the blend was varied between 10% and 90% (w/w%).

Solar cells were fabricated and stored inside a glove box
(H,0 <1 ppm, O, <5 ppm). As cathode, Al (~40 nm, Cerac,
99.999%) was deposited by thermal sublimation under vac-
uum at a pressure of ~3 x 10~% mbar through a shadow
mask to define solar cells with diameters of 0.2 cm or
0.3 cm, respectively. For bilayer devices, Cgo (~40 nm, SES
Research, 99.9%) and Algqs (~2.5nm, Sigma-Aldrich,
99.995%) were deposited by thermal sublimation between
the dye layers and the cathode. Current-voltage (J-V) char-
acteristics were measured under simulated solar irradia-
tion using the spectrum of a 300 W Xe lamp together
with an AM1.5G filter set. A monochromator was used to-
gether with the Xe lamp to measure the incident photon-
to-current conversion efficiency (IPCE). AFM measure-
ments were performed on a Nanosurf Mobile S in tapping
mode at a resonance frequency of 170 kHz using silicon
cantilevers. Images were analysed with the WSxM scan-
ning microscopy software.

Density functional theory (DFT) was used to investigate
the molecular structure and electron density distribution
of the dendronized derivatives. With the exchange and cor-
relation functional B3LYP [24] and the 6-31G* molecular
orbitals basis set, calculations were performed using the
NWChem 5.1 [25] program installed on the Ipazia comput-
ing cluster (http://www.ipazia.ch). NWChem log-files were
analyzed with the program Jmol (Jmol: an open-source
Java viewer for chemical structures in 3D) and VMD 1.9
[26]. Calculated structures and frontier orbitals were illus-
trated with POV-ray (Persistence of Vision Pty. Ltd. (2004),
Persistence of Vision Raytracer, version 3.7). Chemical
structures were optimized for starting conformations with
the maximum number of 1,4-trans connected thiophene
groups in the dendrons.
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3. Results

The synthesis of the squaraine starting compound SQ,
SQ-Br2 [27] and the oligothiophene dendrons B-3T-Si and
B-9T-Si [28] has been described previously (Scheme 1,
Reagents and conditions: i) and ii) Pd, (dba); CHCl3, HP
(t-Bu);BF4, K,CO5, THF, 60 °C, overnight; iii) and iv) TBAF/
THF, rt, 30 min). Suzuki-Miyaura coupling of SQ-Br2 with
the thiophene pinacol boronic esters gave the squaraine
oligothiophene hybrids 6T-SQ-Si and 18T-SQ-Si. The tri-
methylsilyl groups were then removed with tetrabutylam-
monium fluoride which produced 6T-SQ and 18T-SQ. All
compounds were readily soluble in organic solvents such
as THF, chloroform or chlorobenzene. Details on the chem-
ical synthesis and characterization are given in the ESI
section.

3.1. Optical and film forming properties

The absorption spectrum of SQ (Fig. 1a) showed the typ-
ically high molar extinction coefficient (&=2.76 x
10°Lmol ' cm™', Table 1) for the main transition at
638 nm and a small vibronic shoulder [29,30]. For the 6T-
SQ-Si and 6T-SQ hybrids, the main absorption was batho-
chromically shifted by more than 40 nm and additional
absorption maxima between 300 and 500 nm developed
which can be attributed to the 6T dendron units [31]. By
extending the dendrons to 18 thiophene units (18T-SQ-Si
and 18T-SQ), the short wavelength absorption of the den-
dron units increased while the long wavelength absorption
of the dye core changed marginally. With increasing size of
the dendron, the Stokes shift, i = Af”{”" — % only in-

‘abs *
creased from 146 cm™' to 291 cm™! indicating that the

o iﬁ Pi
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N

structures of the molecules remain largely unchanged dur-
ing excitation (Table 1).

For a fully conjugated squaraine hybrid system, only
one absorption band is expected in the UV-vis spectrum
independent of the size of the molecule. Here, the appear-
ance of two absorptions indicates a rather weak electronic
coupling between the oligothiophene dendrons and the
squaraine core. Optimized structures for the hybrids using
molecular modeling support this assumption of restricted
effective m-conjugation. Fig. 2 illustrates the optimized
structures for 6T-SQ and 18T-SQ. The structure of the squa-
raine core is completely flat for both hybrids. The thio-
phene moieties covalently bound to the dye are slightly
distorted by 25° (6T-SQ) and 14° (18T-SQ) with respect
to the core plane. In turn, further thiophene moieties are
more and more distorted. Distortion hinders the effective
overlap of the w-orbitals of dye and dendrons and, in both
the ground and excited states, electrons are mainly located
on the dye core (ESI). This confirms the experimental
observation of two separate absorptions, one for the squa-
raine and one for the dendrons, with a bathochromic shift
of the dye maximum in the hybrids.

Cyclic voltammetry was measured in dichloromethane
solution. Measurements were referenced against the Fc*/
Fc couple for which an energy level of —5.10 eV vs. vacuum
was assumed [32,33]. The SQ dye showed two characteris-
tic strong and reversible oxidation waves at ~0 and
~0.49 V (Fig. 3a) [34]. The oligothiophene dendron peaks
are expected at potentials higher than +0.5 V and generally
manifest only as ill-defined shoulders in the voltammo-
gram [35,36]. For 18T-SQ-Si and 18T-SQ (Fig. 3b), the first
dendron oxidation peak overlapped with the second oxida-
tion peak of the squaraine moiety. One reduction wave
was observed for all dyes. The small change in the peak

R=SiMe3 6T-5Q-Si [82%)]
R=H 6T-5Q [97%)]

R =SiMe3 18T-5Q-5i [77%)]
iv)
I; R=H 18T-5Q [80%)]

Scheme 1. Synthesis of squaraine oligothiophene hybrids.
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Fig. 1. (a) Absorption spectra in CH,Cl,. (b) Absorption spectra of spin-
coated thin films from CHCl; solution (8 mg mL~!) onto PEDOT:PSS. SQ
was measured immediately after coating (a, black solid line) and after
storing for 1 h under nitrogen at rt (b, dotted black line). 6T-SQ, A (e,
dotted red line) was measured after heating a 6T-SQ film (c, red solid line)
at ~150 °C for 30 min. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

positions of the squaraine hybrids with respect to the non-
derivatized SQ again confirms that conjugation of the
dendronic units with the squaraine core is rather small.
The first half-wave oxidation potential (Ei20x) and the

Table 1
Optical and redox data of the squaraine core and SQ oligothiophene hybrids.
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reduction potential (Eq2req) Of the cyclic voltammograms
was assumed to correspond to the HOMO and the LUMO
levels of the dyes (Table 1).

The absorption spectra of spin-coated films (Fig. 1b)
were considerably broadened and extended to longer
wavelengths (by 26-37 nm, Table 1) than the solution
spectra. This can be explained with strong intermolecular
interactions and increased molecular ordering in the solid
state [37]. When films were stored at room temperature
(rt) under nitrogen, the absorption of 6T-SQ and 18T-SQ re-
mained unchanged (spectra c, d in Fig. 1b). However, the
absorption of SQ changed considerably during the first
hour after spin coating (spectrum a — b in Fig. 1b). The
intensity of the main transition reduced and a shoulder
at ~550 nm developed. This can be ascribed to solvent-in-
duced reorganization of SQ into more stable crystallites
and dimers/H-aggregates due to CHCl; remaining in the
film after coating [19,38].

For longer storage times than ~1 h under nitrogen at rt,
the absorption of SQ remained constant as well. The spec-
tral intensity continuously decreased further when the SQ
film was heated (data not shown). For the same annealing
conditions, the 18T-SQ spectrum remained almost con-
stant, whereas 6T-SQ showed an intermediate behavior be-
tween SQ and 18T-SQ. The 6T-SQ film developed a visually
inhomogeneous appearance (see below), with unchanged
regions and an associated absorption spectrum corre-
sponding to the one at rt (spectrum c, Fig. 1b), and coars-
ened areas that show a red-shifted absorption peak at
~760 nm (spectrum e, Fig. 1b) indicative of aggregate for-
mation [19,39].

These results demonstrate that the molecular ordering
and aggregation behavior between SQ and the squaraine
oligothiophene hybrids is substantially different. The rapid
solvent removal during spin coating appears to freeze a
predominantly amorphous phase morphology for SQ,
which crystallizes upon thermal or solvent annealing. For
6T-SQ, the crystallization tendency during film formation
is restricted, and largely suppressed in 18T-SQ.

AFM and optical microscope images gave further insight
into the film morphology. As-coated films of the plain
materials resulted in stable, smooth and featureless (root

Compound Optical data Electrochemical data®

Jabs ™ €/10° g Eg°P Zabs™ ™ film E12,0x E1/2,red Enomo Erumo ES

(nm)? (Lmol 'cm™1) (nm)? (eV)© (nm) (v (v (eV)® (eV)f (eV)®
SQ 638 2.76 644 1.89 675 -0.03 -1.76 -5.07 —-3.34 1.73
6T-SQ-Si 684 2.78 696 1.73 708 0.06 -1.65 -5.16 —-3.45 1.71
6T-SQ 681 2.68 692 1.73 717 0.06 -1.63 -5.16 -3.47 1.69
18T-SQ-Si 687 291 701 1.72 706 0.01 -1.71 -5.11 -3.39 1.72
18T-SQ 687 3.08 701 1.72 713 0.04 -1.69 -5.14 -3.41 1.73

In CH,Cly, rt.

Measured by cyclic voltammetry, in CH,Cl,, 1 x 1073 M, rt, referenced vs. Fc*/Fc.

a
b
¢ Calculated from E;°P'(eV) = 1240/ /,p:°™*"(nm).
d

Half-wave potential Eyj; = (Epc + Epa)/2, with the cathodic and anodic peak potentials, E,c and Epa. E1j2.0x is the first half-wave oxidation potential, E 3 red

is the half-wave reduction potential.
¢ Calculated from Eyomo(eV) = —5.1 eV—e Eq2,0x,Vs. Fct/Fc.
f Calculated from Ejymo(eV) = —5.1 eV-e E12,red, VS. Fc+[Fc [32].

& Calculated from EgEI(eV) = Eyomo—Erumo. The optical band gap of SQ, E,°", is larger (by 0.16 eV) than the electrochemical band gap, Ege', as observed for

other squaraine dyes [34].
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(c)

Fig. 2. Optimized structures of 6T-SQ (a front view, b side view) and 18T-SQ (c front view, d side view). Calculated energies were the same for

conformations with dendrons turned by 180°.
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Fig. 3. (a) Cyclic voltammograms of SQ and squaraine oligothiophene
hybrids. (b) First CV cycle of 18T-SQ; inset: multiple CV cycles of 18T-SQ.

mean square, rms, roughness <1 nm) films for 6T-SQ and
18T-SQ (ESI). The SQ film, on the other hand, displayed a
“spherulite-type” crystalline topography (Fig. 4a). Upon
annealing at ~150 °C the SQ crystals partially melted again

and isolated dye clusters formed on the glass/PEDOT:PSS
substrate (ESI). A pronounced crystallization was also ob-
served for non-annealed SQ films after storage at ambient
air humidity for 2 months (ESI). From this we conclude
that besides CHCl3 (see above) also water vapor induces
SQ reorganization into more stable crystallites at rt. Iso-
lated crystals also formed for 6T-SQ films after storage at
ambient air humidity, but 18T-SQ remained completely
amorphous (ESI).

Fig. 4b demonstrates the irregular 6T-SQ film morphol-
ogy after heat treatment, where large crystalline domains
co-exist with visually amorphous regions. The UV-vis
absorption of Fig. 1b, spectrum e, was measured on a crys-
tallized film spot size, while the spectrum c of Fig. 1b was
measured on an unchanged film area. The film 18T-SQ
again remained unchanged upon annealing (ESI).

DSC was measured for the pure dyes (ESI). SQ was a
crystalline material with a melting temperature of
161.1°C (AH=83]g'). During the heating step, the
recrystallization transition occurred at 102.0 °C. This tran-
sition was already visible during the cooling cycle using a
slower rate of 5°Cmin~'. No phase transition was ob-
served for 18T-SQ, confirming the suppressed crystalliza-
tion. For 6T-SQ, three phase transitions were observed at
51.6 °C, 62.1°C (AH=37] g™ ') and 98.0 (small) °C upon
heating. The material crystallized during the cooling cycle
at 55.1 and 43.8 °C.

Blending the dyes with PCBM changed their film forma-
tion and crystallization behavior. Initially smooth films
could be fabricated in all cases, even for the dye SQ that
crystallizes when coated undiluted from CHCls. Storage at
ambient air humidity induced limited crystallization in
the SQ: PCBM film, but 6T-SQ: PCBM and 18T-SQ: PCBM
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Fig. 4. (a) AFM topographical image of spin-coated SQ film, measured after storage for 2 days at room temperature under nitrogen; Optical microscope
images of (b) 6T-SQ film, (c) SQ: PCBM blend film, and (d) 6T-SQ: PCBM blend film, in each case after annealing at ~150 °C for 30 min.

films remained amorphous (ESI). Also upon annealing,
crystallization was suppressed for all dyes (Fig. 4c and d)
and high resolution AFM scans did not show distinct signs
of small-scale phase separation. No detailed information
on the vertical arrangement between the dyes and PCBM
through the film can be extracted from these observations
alone. However, the largely reduced crystallization ten-
dency would be consistent with the existence of an attrac-
tive interaction between the dyes and PCBM, resulting in
films where the two components remain blended. That
view is supported by the complete quenching of the 6T-
SQ fluorescence upon mixing with PCBM (ESI), and from
DSC measurements carried out for SQ: PCBM mixtures.
For PCBM contents of 10 and 20 wt.% in the blends, a small
SQ melting transition (at 152.9 and 150 °C, respectively)
was still observed. For higher PCBM fractions in the blends,
however, the crystallization of SQ was inhibited and no
phase transition was measured (data not shown).

Annealing though introduced another unwanted effect
and blend films were dewetting from the substrate. After
30 min of annealing at 150 °C, the blend film SQ:PCBM
shows a pattern characteristic to a late stage of dewetting
(droplet phase, Fig. 4c) while 6T-SQ:PCBM shows a pattern
characteristic to an early dewetting stage (hole growth,
Fig. 4d) [40]. The film of 18T-SQ: PCBM was the most stable
in that configuration, since after annealing the film did not
show signs of dewetting (ESI). It is finally interesting to
note that also in bilayer 6T-SQ/Cg films dye crystallization
was suppressed upon annealing (as demonstrated for pure
6T-SQ in Fig. 4b) and the film remained visually amor-
phous. A possible explanation is that Cgo intermixes with
6T-SQ to some extent upon evaporation and this also
seems to hinder dye crystallization [41].

3.2. Organic solar cells

SQ, 6T-SQ and 18T-SQ were tested with PCBM in bulk
heterojunction (BHJ) solar cells. Films with thicknesses of
~90 nm (for SQ), ~70 nm (for 6T-SQ) and ~85 nm (for
18T-SQ) were spin coated from CHCls solutions containing
3 mM of dye and 5 mg mL~! PCBM. As top electrode, 40 nm
of aluminium was evaporated. These as prepared solar
cells did not show clear diode characteristics (performance
data of all solar cells are summarized in the ESI section).
The same was observed when increasing the PCBM (to
12 mg mL™') or dye concentrations (to ~5-6 mM), or when
using chlorobenzene as solvent.

BH] solar cell performance developed slightly after
annealing. For 6T-SQ:PCBM before annealing, we measured
(using 100 mW cm~2 simulated sunlight) 1.3 mA cm~2 for
the short-circuit current (Jsc), 0.1V for the open-circuit
voltage (Vo) and 25% for the fill factor (FF), resulting in
7 =0.03%. After annealing, J,c=1.7 mAcm™2, V,.=0.39V,
FF = 38%, n = 0.25% were obtained. Comparable values were
measured for a 18T-SQ: PCBM cell after annealing
(Jse=1.0mAcm™2, Vo =0.52V, FF=31%, 1 = 0.16%). None
of these methods induced any mentionable performance
(1 <0.04%) in SQ: PCBM BH]J solar cells.

Bilayer dye/Cgo devices were also fabricated. CHCl;
solutions containing 1.9 mM of SQ, 6T-SQ and 18T-SQ were
spin coated to produce ~20 nm thick dye films. Layers of
Cso (~40 nm), Alqs (~2.5 nm) and Al (~40 nm) were subse-
quently evaporated. The J-V characteristics of these solar
cells are displayed in Fig. 5a using 50 mW cm~2 simulated
sunlight, but performances were the same for 1 sun light
intensity. The performances of 6T-SQ and 18T-SQ were
rather similar (6T-SQ: Jic=32mAcm % V=05V,
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Fig. 5. (a) J-V characteristics (50 mW cm™2) of bilayer dye(20 nm)/
Cs0(40 nm) solar cells; solid lines from as prepared cells, dashed lines
after storage for 2 weeks under nitrogen. (b) Incident photon-to-electron
conversion efficiencies (IPCE) of bilayer dye(20 nm)/Cgo(40 nm) solar
cells; solid lines from as prepared cells, dashed lines after heating to
~120 °C for 30 min.

FF=50%, n=1.6%, ¥2 sunlight; 18T-SQ: 1 =1.4%) and did
not change markedly over a period of 2 weeks of storage
in the glove box. The initial SQ solar cell performed less
(Jse=1.2mAcm 2, Voo =0.32 V, FF = 45%, = 0.3%), and de-
graded further during storage (Fig. 5a, black dashed line d).
To ensure a uniform dye coating, thinner films than 20 nm
were not prepared. We observed that the performance de-
creased quickly for thicker films, mainly due to a collapse
of the cell fill factor, suggesting limited hole transport
through the dye film.

Annealing accelerated the degradation of SQ bilayer
cells and the J-V characteristic was short-circuited (data
not shown). For 6T-SQ and 18T-SQ, V, and FF remained al-
most constant after heating, but J,. decreased by ~25%.
Fig. 5b shows the corresponding IPCE curves before (solid
lines) and after heating (dashed lines). Comparing the IPCE
for SQ before (curve a) and after annealing (curve d), cell
degradation gets evident. For 6T-SQ and 18T-SQ, annealing
induced a marked decrease of the IPCE in the wavelength
region where the squaraine core absorbs, but remains con-
stant below ~550 nm for 18T-SQ and even slightly in-
creases for 6T-SQ. Note that the curves in the wavelength
region between 400 and ~550 nm are probably the sum
of overlapping photocurrents generated after excitation

of Cgo, and from charge-transfer induced by direct excita-
tion of the oligothiophene dendrons.

4. Discussion

Thin film formation and bilayer OPV performance using
SQ is characterized by a pronounced crystallization ten-
dency of the dye. An initial precipitation of dye crystals
out of the solvent-quenched film is suggested from UV-
vis spectroscopy at rt (Fig. 1b), and results of SQ/Cgo OPV
cells showed that the film morphology develops further
over a period of several weeks (Fig. 5a). Therefore, mean-
ingful solar cell data can only be obtained after an ex-
tended storage period, at least for the squaraine dye we
studied here. Heat treatment of SQ films induced reorgani-
zation into large crystallites, resulting in discontinuous
films and associated poor OPV performance.

The oligothiophene dendrons in the 6T-SQ and 18T-SQ
hybrids seem to serve a dual function. Firstly, they contrib-
ute to light absorption in the 300-500 nm wavelength
range, and (the albeit limited) conjugation with the squa-
raine core leads to a red shift of the dye absorption. Sec-
ondly, the dendrons substantially hinder the squaraine
core crystallization. This gets more pronounced with
increasing dendron size, and 18T-SQ films showed no mac-
roscopic crystallites after initial coating and heat treat-
ment. In addition, bilayer 6T-SQ and 18T-SQ OPV cells
were stable upon rt storage (Fig. 5a), but performance de-
graded after heat treatment, mainly because of a decrease
of the photocurrent produced after photoexcitation of the
squaraine moiety (Fig. 5b). For pure 6T-SQ films, isolated
crystallization upon cooling from the melt was evident
(Fig. 4b), but we note that the extent of crystallization
can be different in the actual solar cell geometry, where
6T-SQ is covered by an additional Cgp/Al layer. The perfor-
mance decrease upon annealing is consistent with dye
aggregation/crystallization, with an associated demixing
and reduction of the diffuse squaraine core donor-fuller-
ene acceptor zone formed upon initial Cgy evaporation
[41,42]. Since Cgo has a substantially larger exciton diffu-
sion length than squaraines (~40 nm [43] vs. smaller than
~5nm [19,23]), the relative decrease of the IPCE after
squaraine excitation is larger than in the wavelength re-
gion where Cgo absorbs. Details for the short wavelength
IPCE increase in 6T-SQ/Cgo solar cells after annealing are
unknown, but possible reasons might be the formation of
a more ordered dendron morphology or a closer proximity
between Cgo and the thiophenes, allowing for more charge
generation and facilitated hole transport through the dye
film. Further details of the thermotropic behavior of 6T-
SQ were not studied within the scope of this work.

For films from blend solutions, microscopy, DSC and
AFM data do not reveal a clear picture if or to what extent
phase separation between the squaraines and PCBM oc-
curs. Similar results have been reported for other small
molecule: fullerene blends [44]. No or unincisive phase
separation persisting through the film is consistent with
the measurement of pronounced dye fluorescence quench-
ing in the blend, and the observation that efficiencies of as-
prepared BH]J cells were low. It is generally accepted that
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for a BHJ system an optimal length scale of the phase-sep-
arated domains exist. Below that length scale performance
is hampered by reduced hole and electron mobility and
missing continuous channels for efficient charge transport
to the electrodes, above that length scale the interfacial
area between donor and acceptor is small [45]. Annealing
improved the performance of 6T-SQ and 18T-SQ: PCBM
cells to some extent, suggesting that the components start
to demix. However, we observed dewetting of the films at
elevated temperatures. For SQ: PCBM blends, dewetting
seems to be dominating, and no working solar cells could
be fabricated.

These results should be compared with reported work
on squaraine-fullerene OPV cells. Unsymmetrical squa-
raines have been applied in one example in bilayer squa-
raine/Cgo OPV devices [17]. It was found that # values
increased for thinner dye films (7 = 1.01% for a 20 nm thick
squaraine layer), due to a combination of very high dye
light extinction coefficient, small exciton diffusion length
and limited hole transport through the squaraine film, as
inferred from the low cell fill factors (FF < 35%). A squa-
raine: PCBM BHJ solar cell has been reported in 2008
[15]. Again, # values increased with decreasing film thick-
ness, and 7 =1.24% (FF <40% throughout) was obtained
when spin coating a 30 nm thick film using a 1:3 (wt:wt)
squaraine: PCBM mixture in CHCls. Subsequently, the hole
transport mobility could be improved by replacing the
squaraine alkyl side chains by a hexenyl group, with #
increasing to 1.99% (albeit using PC;o0BM as acceptor at
the same time, FF < 40%) [16].

The  2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxy-
phenyl] squaraine compound has been studied in detail
[18-21]. A squaraine/Cgo bilayer cell was fabricated by
thermal evaporation [18]. The highest performance
(n=3.1%) was measured for the thinnest (6.5 nm) squa-
raine film, and the trends for Jsc and FF as function of squa-
raine thickness (6.5-20nm) were consistent with
increased resistance of hole transport in thicker dye films.
Squaraine films of comparable thickness (6.2 nm) were
also prepared by spin coating [19]. Before evaporating
the Cgp acceptor, the dye films were converted from amor-
phous to polycrystalline via postannealing at elevated tem-
perature. This roughened the squaraine film surface, and
increased the exciton diffusion length and film conductiv-
ity. Cgo evaporation resulted in a layered, controlled BH]J
device structure, with an optimized performance of
1 =4.6%. Using the same squaraine, solution-processed
BH] with various relative dye: PC;0BM concentrations were
fabricated [20]. Performances increased with increasing
fullerene content, and #=2.7% was measured for a 1:6
squaraine:PC;oBM blend mixture. Low squaraine concen-
trations, however, affected the hole mobility, resulting in
unbalanced electron and hole transport and relatively
low (<40%) FF. Finally, solvent (dichloromethane) anneal-
ing of these squaraine: PC;oBM (1:6) films created contin-
uous squaraine crystalline and low-resistive pathways for
hole conduction, and # increased to 5.2% [21]. Further
improvements have been achieved by substituting the N-
alkyl groups with arylamine groups, and #=5.7 + 0.6%
has been reported for functionalized squaraine/Cgo solar
cells only recently [46].

In these studies, solar cells performed better using thin-
ner films. This is consistent with our results. The high light
absorption coefficients of squaraines allowed the use of
very thin films that are necessary to compensate for the
small exciton diffusion length and conductivity. One po-
tential issue might be the pinhole-free deposition of ultra-
thin films over larger areas in up scaled solar cells, but such
data have not been published so far. Fine tuning of the
squaraine crystallinity via solvent or temperature anneal-
ing was found to be beneficial, since this increased the hole
conduction mobility and the exciton diffusion length, and
provided nanoscale mixtures with dimensions that lie
within the diffusion length of the exciton generation sites.
Excessive heat treatment or solvent annealing times, how-
ever, resulted in discontinuous films and pinholes between
the active layer and the electrodes, leading to shorted solar
cells.

5. Conclusions

The main motivation for the synthesis of molecular
push-pull systems so far was the adjustment of the optical
and electronic properties of the electron-donating compo-
nent. We demonstrate here that oligothiophene dendrons
attached to a squaraine dye in addition have a pronounced
and beneficial influence on the developing thin-film mor-
phology. Therefore, such decorating moieties of a central
light-absorbing core unit can be used both to adjust opto-
electronic and morphological film properties at the same
time. Similar synthetic strategies might be of relevance
for other small molecular semiconductors with a strong
tendency towards crystallization.

Our results agree with recent work on squaraine dyes
for organic solar cell applications. The promising results
using simple bilayer devices with a small interfacial do-
nor-acceptor area demonstrated the potential of the fuller-
ene-squaraine material system. A challenge for the further
development is therefore the fabrication of optimized
blend film morphologies. The squaraine core crystalliza-
tion tendency may be further suppressed by introducing
bulkier side groups than the straight C8 chains used here.
Recently, it has been realized that the chemical nature
and position of solubilizing side chains play an important
role not only on the thin-film morphology, but also on
the electronic processes and the performance of organic
solar cells [46,47]. The use of larger oligothiophene den-
drons, however, seems not to be necessary, and is also
not required for increased conjugation lengths, since the
electronic communication between the donor and acceptor
units is limited to a few thiophene units.
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