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ABSTRACT: Photovoltaic cells based on blends of either regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT)
or a poly(phenylenevinylene) (A-PPE-PPV) derivative as electron donors with a novel electron acceptor based
on 2-vinyl-4,5-dicyanoimidazole (Vinazene) have been investigated in detail. We found a strong influence of
annealing conditions on the thin-film nanostructure and device performance. By adjusting the material combinations,
external quantum efficiencies between 12 and 15% and energy conversion efficiencies of 0.5% could be reached.
Though comparable efficiencies with both donor polymers could be obtained with the Vinazene derivative as
acceptor, we found strong indications that different mechanisms are limiting the device efficiency.

Introduction ethynylene-9,10-anthracenylene-ethynylene-2,5-dioctyloxy-1,4-
phenylene-vinylene-2,5-di(2thyl)hexyloxy-1,4-phenylene-
vinylene (A-PPE-PPV) with 4,7-bis(2-(1-hexyl-4,5-dicyano-
imidazol-2-yl)vinyl)benzo[c]1,2,5-thiadiazole (V-BT).

Organic solar cells have attracted tremendous attention by
promising low-cost large-area solar cétsOf the two compet-
ing technologies to process organic solar cells, vacuum and
§o|ution, solqtion processing is considgred most promising as Regylts and Discussion
it allows for high throughput processes like reel-to-reel, screen, _ o _ )
and ink jet printing. By blending and solution processing  'he synthesis of V-BT shown in Figure 1 is described
regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) as electron €lsewheré. The energy of the lowest unoccupied molecular
donor and the fullerene derivative 6,6-phenyl-C61-butyric acid Orbital (LUMO) and highest occupied molecular orbital (HOMO)
methyl ester (PCBM) as electron acceptor, organic solar cells @€ —3.49 and—5.87 eV, respectively. V-BT is highly soluble
with energy conversion efficiencies of 5% were recently N common polar solvents _Ilke chloroform, acetonel, or chlo-
demonstrated under simulated sun ligfhDespite the promising robenzene and has a meltlng temperature of ZD5with no
efficiencies obtained for the P3HT:PCBM devices, this system Observable glass transition temperatufg).(
has several drawbacks: First, P3HT:PCBM based solar cells For solar cells, a broad spectral absorbance is desired in order
generate a low open circuit voltage of only 0-6%70 V. This to harvest as much solar radiation as possible. Because the
low open circuit voltage is one of the major loss mechanisms acceptor V-BT absorbs mainly between 300 and 500 nm, we
in this system, taking into account that only photons with chose A-PPE-PPVand P3HT, two donor polymers (chemical
energies exceeding the optical band gap of P3HT of 1.9 eV arestructures shown in Figure 1) that exhibit strong absorption
absorbed. A higher open circuit voltage excegdinV would properties in the complementary wavelength region from 500
be desirable to allow for direct driving of low-power electronic  t0 650 nm.
devices like calculators and watches without requiring any  As shown in the thin film absorbance spectra in Figure 2a,
additional serial connections. Second, the absorbance coefficientA-PPV-PPE and V-BT absorb in nearly complementary spectral
of PCBM in the visible region is relatively low, such that the regions, making this combination a promising candidate for
photoresponse of the P3HT:PCBM devices is mainly due to efficient light harvesting. The 1:1 blend of both materials absorb
the P3HT absorption alone. Third, fullerenes in general and a substantial portion of the visible spectrum between 300 and
PCBM in particular, are prepared and purified using very 625 nm. After photoexcitation of an electron from the HOMO
sophisticated fabrication technologies, making them rather to the LUMO, the electron can jump from the LUMO of the
expensive and thus not the first choice for low-cost solar cells. donor (the material with the higher LUMO) to the LUMO of

In an effort to find lower-cost materials to replace fullerene the acceptor if the potential difference of the ionization potential
derivatives, a novel electron acceptor based on 2-vinyl-4,5- Of the donor and the electron affinity of the acceptor is larger
dicyanoimidazole (termed Vinazene) was synthesized in high than the exciton binding energy. Typical exciton binding
yield by a two-step process from commercially available €NErgiesin conjugated polymers are estimated to be around 300
materials. Here we present a detailed study on the influence of M€V The LUMO energy of A-PPE-PPV is3.1 eV. Thus the
annealing conditions on the morphology and photovoltaic LUMO of V-BT (—3.49 eV) is sulfficiently lower that photo-

performance of P3HT and poly(2,5-dioctyloxy-1,4-phenylene- generated excitons on A-PPE-PPV have a chance to be separated
at the heterointerface. In addition, the offset of the LUMO of

V-BT of the HOMO of A-PPE-PPV{5.20 eV) is sufficiently

:ﬁg{iﬁg%f;d,\iﬂneiea#;{‘sogeig;?g;] g},%mé‘,?gﬂ,ifé'ﬁﬁgww'de' large that high open-circuit voltages can be expected.
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Figure 1. Chemical structures of P3HT, V-BT, and A-PPE-PPV.
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Figure 2. (a) Absorbance spectra of a layer of A-PPE-PPV (solid line), of V-BT (dashed), and of a 1:1 mixture by weight of V-BT and A-PPE-
PPV (dotted line). (b) Corresponding photoluminescence spectra recorded at an excitation wavelength of 580 nm (upper figure).

V-BT in chloroform (5 mg/mL of each material, 1 wt % low efficiency is rather surprising because the PL measurements
solutions) on glass slides for optical studies or on glass:ITO: described before indicated an efficient separation of the pho-
PEDOT:PSS substrates for solar cell devices. Photoluminescenceogenerated exciton. Most likely a percolation path for the
spectra of the blend layer and of the individual single compo- separated charge carriers to their corresponding electrodes is
nents were recorded to investigate the degree of luminescenceabsent. This would adversely affect the transport properties, as
qguenching in the blend system. indicated by the low fill factor. In addition, the observed exciplex
The photoluminescence of A-PPE-PPV upon excitation at 580 emission indicates that recombination of the dissociated charge

nm (excitation of A-PPE-PPV only) is nearly completely carriers in the vicinity of the heterointerface might represent a
quenched, as shown in Figure 2b, indicating an effective chargemajor loss path.

transfer of the photogenerated electron on A-PPE-PPV to the
V-BT molecules. Interestingly, a residual broad featureless red-
shifted emission centered around 700 nm was observed. We
attribute this peak to an exciplex formed between A-PPE-PPV - - . .
and V-BT, similar to reports on exciplex formation in blends anr_1ea|mg on the efficiency for this s_ystem. After annegllng the
of donor/acceptor PPV derivativé8.Further studies on the actl\_/e Iay(_ar_prlor to cathode deposmc_)n atdDfor 10 min, a
origin of this broad red-shifted emission are under investigation. device efficiency of 12.2% was obtained, & 4mprovement

In the next step, solar cell devices using A-PPE-PPV:v-BT Of nonannealed devices (see Figure 3). Under white light
as active layers were prepared and the incident-photon-to-lumination (AM 1.5, 100mW/crf), we measured an energy
current-efficiency (IPCE) was measured. The IPCE is a measureCOnversion efficiency (ECE) of 0.42% with a corresponding fill

Because it is well-known that postannealing of the active
layers often leads to increased device performance of polymer
blend-based organic solar cell¥) we studied the influence of

of the external quantum efficiency and is defined as: factor of 35%. Furthermore, a rather high open-circuit voltage
(Voc) of 0.98 V was observed for the annealed devices, roughly
no. of electrons  Clsc 200 meV higher than what is reported for A-PPE-PPV:PCBM

IPCE=— =

blend deviceg.The higher open-circuit voltage can be explained

because less energy is lost when the photogenerated electrons

where/ is the incident wavelengtlsc the short-circuit current, transfer from the A-PPV-PPE to the V-BT (LUM©3.49 eV)

e the elementary chargé,the Planck constang the speed of than to PCBM (LUMO—3.8 eV).

light, andPiign; the incident light power. The increased efficiency after annealing can be attributed to
We investigated different weight ratios and found that highest a change in the thin-film nanostructure. To confirm this, we

efficiencies could be obtained for a 1:1 by weight blend of recorded atomic force microscopy (AFM) images for the as-

A-PPE-PPV:V-BT. We found that the as-prepared (without prepared devices annealed at different temperatures, as shown

annealing) device exhibited a rather low IPCE©8%. This in Figure 4. The as prepared layer exhibits a fine scale

no. of photons AP,
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Figure 5. Absorbance spectrum of a P3HT:V-BT (1:1) blend (solid
gii/ne) and PL spectra of a P3HT layer (dashed line) and of the P3HT:

-BT (1:1) blend on glass (dotted line) at an excitation wavelength of
520 nm.
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Figure 3. (a) IPCE spectra for A-PPE-PPV:V-BT blend devices
annealed at different temperatures. The inset shows the correspondin
I(V) characteristics.

Table 1. Characteristic Parameters for A-PPE-PPV:V-BT Blend
Solar Cells under AM 1.5 lllumination for the As-Prepared Device
(RT) and after Annealing at 80 and 100°C

annealing T Isc(MA)  FF (%) Voc(V) ECE (%) IPCE (%)

RT ©
o

RT 0.35 21 0.94 0.07 3.0
80°C 1.20 35 0.98 0.42 12.2
100°C 1.16 32 0.87 0.31 10.1

Most interestingly, a change in the shape of the IPCE spectra
after annealing could be observed. Only for the as-prepared
device, the IPCE spectrum follows the absorbance spectrum as
shown in Figure 2a, whereas after annealing the IPCE spectrum
is dominated by the characteristic absorption of V-BT in the
wavelength region between 330 and 420 nm. This is particularly
obvious if the spectra of the as-prepared and the’@@nnealed
devices are compared. In the region between 500 and 600 nm,
the efficiency remains nearly unchanged, whereas the quantum
efficiency at 350 nm increases from 3 to 12%. These observa-
tions can be explained by the formation of two different phases

) . after annealing. One phase consists of nearly pure A-PPE-PPV,
Figure 4. AFM topology images of the A-PPE-PPV:V-BT blend layers

as prepared and after annealing at different temperatures as indicatecy\’hereas the other 'on.e Is V-BT .“Ch with some fraction of
for 10 min, the height scale is measured in nm. A-PPE-PPV, quite similar to what is reported for blends of two

polyfluorene derivative$!12 Only in the V-BT rich phase,

phase separation in the nanometer range. This fine phas@ﬁicient charge separation and transport would take place
separation enables efficient dissociation of the photogenerated(Figure 3).
excitons at the heterointerface, as proven by the nearly complete For comparison, we also studied the performance of P3HT:
PL guenching. However, most likely, a percolating path for the V-BT solar cells. Initially, we varied the ratio of P3HT to V-BT
separated charge carriers is missing. Thus only few chargefrom 2:1 to 1:3 (not shown here) and found that the 1:1 blend
carriers can be extracted, whereas most recombine againproduced the optimum results. For the experiments, com-
limiting the device efficiency. After annealing at 8C, the mercially available P3HT (Rieke Metals Inc., regioregularity
phase separation increases, but the film appears to be homo90—93%, M,,: 20 800 g/mol, PDI= 1.20 as determined by
geneously mixed with feature sizes in the few tens of nanom- GPC) was used. Unlike for the A-PPV-PPE:V-BT blends, we
eters. Since the phase separation is still in the range of thefound that 1:1 blends of P3HT:V-BT gave only partial quench-
exciton diffusion length, which is estimated for conjugated ing of P3HT fluorescence, indicating that charge separation of
polymers to be between 5 and 20 nm, most photogeneratedthe photogenerated exciton is not very efficient (Figure 5). Most
excitons can still reach the heterointerface. Because of the largetlikely, the offset of the LUMO of P3HT (ca-3.2 eV) and the
domains, it is now more likely for the separated charge carriers LUMO of V-BT (—3.49 eV) is too low to separate the excitons,
to reach the electrodes, hence the device efficiency is muchas reported for other organic solar céfisTaking this into
higher. account, it is very surprising that the P3HT:V-BT solar cells

However, the 100C annealed |ayer is characterized by |arge still exhibit quite hlgh external quantum efficiencies of about
agglomerates extending over several hundreds of nanometerd-5%. This is to our knowledge the highest efficiency reported
with accompanied high surface roughness. The domains are nowfor blends of P3HT with small molecules other than those based
much bigger than the exciton diffusion length. As there was no ©on fullerene derivativest™¢
clear Ty found for the A-PPV-PPE, most likely the V-BT In contrast to the A-PPV-PPE-V-BT devices discussed before,
molecules diffuse at temperatures arounc@dn the A-PPE- the P3HT:V-BT devices exhibited a high quantum efficiency
PPV matrix and begin to aggregate (Table 1). of 12% even without any annealing steps. Annealing at120
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Figure 6. (a) IPCE spectra for P3HT:V-BT or the as-prepared blend layer on glass is shown. (b) Corresp{vidaigracteristics.

Table 2. Characteristic Parameters for P3HT:V-BT (1:1) Solar Cells
under AM 1.5 lllumination

annealing T Ilsc(MA) FF (%) Voc(V) ECE (%) IPCE (%)
RT 1.10 31.0 0.69 0.25 12

120°C 1.64 314 0.58 0.31 15
140°C 1.79 37.3 0.67 0.45 14
160°C 1.27 31.0 0.61 0.26 9

as shown in Figure 6a. However, the IPCE spectra resembles e EH

could improve the quantum efficiency slightly further to 15%
largely the absorbance spectrum of the 1:1 blend for all !

RT 52 SRT rinsed

[+}
investigated annealing conditions. This indicates that both achendilind '.~ “! = 120°C rlnsed‘_
materials contribute equally to the photocurrent. - -W’# ‘

Higher annealing temperatures again led to a decrease inthe % . : &5

IPCE. However, regarding the energy conversion efficiency
under white light illumination, annealing at 14C was the
optimum temperature because a higher fill factor was reached.
The fill factor increased slightly from 31% for the nonannealed
device to a quite moderate fill factor of 37.3% after annealing
at 140 °C. We attribute this increase to changes in the
morphology, leading to better percolation properties (Figure 6).
To study the influence of the annealing temperature on
morphology, AFM images were recorded for as-prepared and
annealed layers at 120 and 12D (Table 2). As expected, the
annealed films become more rough, indicating possible V-BT
and P3HT crystallization. Because of the possible crystallization
of P3HT, the interpretation of the AFM images are not as
straightforward as for blends containing the amorphous A-PPV-
PPE discussed before. To arrive at a clearer interpretation, we
rinsed the layers with acetone to selectively remove the V-BT,
as P3HT is not soluble in acetone while V-BT is. To our
surprise, for the 120C annealed rinsed layers, we found a Figure 7. A';M topology Ima?eds;%ﬁ'lr'd\?dBfI?Ir the af) pfrepareg ($tT)
honeycomb-like structure for the remaining P3HT with pores ﬁ;gfn% fv.?hnaﬁéﬁgﬁﬁgﬂiﬁ;ﬁt ccale is measirad . e aner
of about 50 nm diameter. Upon higher annealing temperatures,
the pore structure fused together to form worm-like structures. o e jicq efficiency compared to the A-PPV-PPE based devices
We propose that, upon annealing, rather pure regions of (Figure 7)
semicrystalline P3HT and crystalline V-BT are formed and a '
large fraction of V-BT protrudes to the surface layer and
crystallizes, leading to the very rough surface as observed in
AFM. The remaining V-BT is trapped in the honeycomb-like We present for the first time detailed studies on the influence
P3HT structures. Unfortunately, the structure sizes of 50 nm of annealing on nanostructure and photovoltaic performance of
are larger than the exciton diffusion length {220 nm) such A-PPE-PPV or P3HT blends with a novel Vinazene-based
that many excitons recombine before reaching the heterointer-accepting small molecule, V-BT. Similar high external quantum
face, thus limiting the efficiency. The dimension of the phase efficiencies in the range of 2215% could be reached for both
separation in the layer does not differ much after the different donor materials after optimizing the annealing conditions.
annealing steps compared to the not annealed device. ThisHowever, the efficiency limiting processes are rather different
explains why annealing does not have a dramatic influence onfor each case. The efficiency in the P3HT:V-BT devices is

Summary
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limited by incomplete dissociation of the photogenerated trometer. The excitation was incident at an angle of 60 the
excitons as indicated by incomplete PL quenching. Conversely, glass surface, and the emission was recorded in reflection at an
the A-PPE-PPV:V-BT blends show nearly complete quenching angle of 30 with respect to the surface normal. _ _

and thus very efficient exciton separation. However, missing _ Atomic Force Microscopy. AFM images were acquired with a

percolation pathways and recombination via exciplex emission Y€€c0 multimode atomic force microscope in tapping mode. The
L ; . _cantilever (model NCR, Nanoworld AG) had a resonance frequency
seem to be the limiting processes. Further spectroscopic studle%f 285 kHz, and the tip radius was specified to be less than 10 nm.

are needed to give more insight in these processes. The fill factor
for each donor polymer blended withABT reached values Acknowledgment. This research has been supported by the
between 36-40%, indicating that low electron mobility, as in - agency for Science, Technology, and Research (A*STAR) and
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been made to increase the fill factor to 50% while doubling the
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