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Abstract In this chapter, the recent literature involving small molecule-based
organic solar cells (OSCs) will be reviewed. The number of papers published in
the fields of organic semiconductor and OSCs has grown exponentially in the past
decade. Such growth is stimulated by the exciting properties of these materials,
combined with the possibility to produce colored, flexible, transparent and cheap
solar cells. The main focus of this review is to give an overview and a perspective
of the recent advances in this area, highlighting the most interesting results, novel
materials as well as their limitations and challenges. This chapter will explore the
properties and applications of several classes of small organic molecules, as
electron donors and acceptors, dyes, and hole transport materials. Different
architectures and techniques will be also discussed in the assembly of double,
heterojunction, and multilayer films.

1 Introduction

“Size is not important”. This well-known adage is heard everywhere when the
matter is size (and in most cases, in a positive perspective). In the field of organic
semiconductors (OSs) and in particular those involving organic field-effect tran-
sistors, organic light-emitting devices and organic solar cells (OSCs), size has been
demonstrated to be an irrelevant factor. Indeed, the best performing devices are
those based on a limited number of low-molecular weight materials.
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There are currently two major classes of OSs: the low-molecular weight
materials, or small molecules, and n-conjugated polymers such as poly(thio-
phenes), poly(fluorine), and poly(phenylene vinylenes) derivatives. They have
many features in common, such as their excitonic nature (excitons are electrically
neutral quasi-particles consisting of bound electron—hole pairs formed after pho-
toexcitation), low dielectric constants, localized charge carriers (electrons and
holes), optically and electrically anisotropic properties, high extinction coeffi-
cients, narrow absorption bands, and more disordered structures compared to
inorganic semiconductors.

Organic semiconductors, both small molecules and polymers, show great
promise for photoconversion through their synthetic variability, low-temperature
processing (similar to that applied to plastics), and the possibility of producing
lightweight, flexible, easily manufactured, and inexpensive solar cells.

Although OSCs have been known for more than 50 years, they have become
the subject of active research only in the past 20 years. This new generation of
solar cells is also referred to as nanostructured solar cells since at least one
component and/or the morphology is in the nanoscale range. Low-temperature
processing of organic small molecules and polymers from the vapor-phase or from
solution have a crucial advantage over silicon technology since the high-temper-
ature processing requirements of the latter increases the production cost and limits
the range of substrates on which they can be deposited. Additionally, OSs can
be easily applied using low-cost methods, such as the high-speed, roll-to-roll
technique. Unfortunately, despite significant advances, the power-conversion
efficiency of OSCs remains low, with maximum values in the range of 6-7%.
When at least one component is replaced by an inorganic counterpart, these solar
cells are referred to as hybrid devices. Dye-sensitized solar cells (DSSC) fit well in
this class. For this kind of solar cell, the efficiency is ~ 11%, but has remained at
this plateau in the last years.

In order to enhance their competitiveness with other technologies, efficiency
and long-term stability are crucial in the field of OSC. The photocurrent in these
solar cells is limited by the light-harvesting capability of the individual molecules
or polymers in the device. Small band gap molecules have been intensively studied
to overcome these drawbacks, but it is a complicated matter. Morphology is also
important in this context because it impacts charge transport and an intimate
contact between donor and acceptor materials in a nanoscale range is difficult to
achieve due to phase separation. A better understanding of these processes at the
material level, particularly those in layer-to-layer interfaces, which determine the
open-circuit voltage (Voc), is critical and remains the subject of active research.
For DSSCs, photoelectrochemical devices, an additional factor is the presence of a
liquid electrolyte, which can hamper large-area production.

In this chapter, the application of small organic molecules applied to organic or
hybrid solar cells (including DSSCs) will be reviewed. A detailed description of
the chemical, physical, and electrical properties of OSs, or the state of art of OSCs
based on m-conjugated polymers is not the focus of this chapter. For this purpose,
the reader is encouraged to see references [1-7].
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Although many small molecules have been known and studied for decades,
only a small fraction have been used successfully in OSCs. This reflects the
diversity in charge-carrier mobilities, exciton diffusion lengths, thin film mor-
phology, energy levels, band gap, absorption coefficient and ambient and thermal
stability. In this chapter, we present the most commonly used donor and acceptor
materials used as active layers in OSCs and the most important contributions in
this field will be highlighted.

This chapter will be divided into five sections. The first two deal with small
molecules applied to OSCs, separated by fabrication techniques: physical and
solution methods. The third and fourth sections deal with liquid crystals (LCs) and
three-component solar cells, respectively, using diverse techniques. The last sec-
tion involves a description of small molecules in dye-sensitized solar cells as
sensitizer and hole transport materials.

2 Solution-Processable OSC

Solution-processable OSCs (SPOSC), prepared using solution processing tech-
niques including spin-coating, casting, roll-to-roll, etc., have attracted increasing
attention in academia and industry because of their potential advantages. Such
advantages include easy fabrication, low-cost, low-weight, large-area production,
and mechanical flexibility. On the other hand, films formed from blend solutions
tend to phase separate. The scale of the phase separation depends on the solvent,
solubility of the materials and other parameters associated with deposition, such as
the speed and temperature of the spin-coating process. The nanomorphology of the
active layer film is very important to device efficiency. Also, the materials used in
solution-processed solar cells must fulfill the physical conditions of high charge-
carrier mobilities, suitable values of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy levels, strong absorption
in the visible region and several processing conditions, such as: (i) the materials
must be soluble in common organic solvents, (ii) the solubility has to be high
enough to enable the deposition of smooth thin films, or even thick films, (iii) the
morphology of the spin-casted films should have the desired structure concerning
phase separation on the exciton diffusion length-scale and the percolation path to
the electrodes.

In this section, we present a review of recent reports on the use of small
molecule-based OSC assembled using solution-processing methods. This kind of
solar cell is analogous to the bulk-heterojunction devices based on polymer and
fullerenes, which are not in the scope of this review. Concerning the efficiencies,
OSCs based on small processable molecules are considered to be less efficient, but,
recent reports have demonstrated the potential of the small molecules and effi-
ciencies are catching up to those of the “standard” bulk-heterojunction devices.

The first achievement in the area of SPOSC was to make the small molecules
soluble in organic solvents. Before their use in organic or hybrid solar cells, most
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small molecules must undergo several chemical modifications in order to be made
appropriate for a solution-deposition method. Even the buckminsterfullerene, Cgp,
had to be converted into its well-known soluble derivative, [6, 6]-phenyl-Cg;-
butyric acid methyl ester (PCBM). Most of the significant achievements have been
realized with chemically modified molecules.

For example, perylene and its derivatives have been combined with different
molecules and polymers in SPOSCs. Li et al. [8] investigated a blend of perylene
tetracarboxydiimide as the acceptor and the polymer poly[N-(20-decyltetrade-
cyl)carbazole]-2,7-diyl as the donor. The bulk-heterojunction device based on this
combination afforded 0.63% of overall power-conversion efficiency () under low
light intensity illumination (10 mW c¢cm™?). Sharma et al. [9] reported the fabri-
cation of photovoltaic devices using a bulk-heterojunction layer of a small mol-
ecule named compound T (Fig. 1a), containing a central p-phenylenevinylene unit,
an intermediate thiophene moiety, and terminal 4-nitrophenyl-cyano-vinylene as
the donor, and a perylene—pyrene bisimide (Fig. 1b) as the acceptor. At the
optimum blend ratio (donor:acceptor 1:3.5 wt%), n was ~1.9%. The efficiency
was further increased to ~3.2% when the device was annealed (100°C for 5 min)
and a thin ZnO layer was incorporated between the active layer and the Al
electrode.

Squaraine dyes are another class of molecules which have been the subject of
many recent investigations, owing to their unique photochemical/photophysical
properties. The attraction to these dyes includes their broad absorption spectrum
(550—900 nm), facile synthetic access, a wide variety of possible structures and
oxygen/moisture stability. These properties enable an active layer deposition under
ambient conditions, in contrast to the inert atmosphere required for most con-
ducting polymers. New soluble squaraine derivatives (Fig. 1c) were used as long-
wavelength absorbers and donor components in SPOSC, and the effects of core
modification on active layer film morphology and photovoltaic response were
investigated [10]. Both linear and branched alkyl chain substituents provide sol-
ubility, but each gave rise to different effects on the solid state organization [11].
SPOSCs with different squaraine:PCBM ratios were fabricated by spin-coating the
blends from chloroform or o-dichlorobenzene. The optimum annealing conditions
were found to be 70°C for 1 h, as evidenced by the increased phase separation
observed in atomic force microscopy (AFM) images. Devices fabricated with a 1:3
squaraine:PCBM ratio spin-cast from chloroform exhibited higher carrier mobility
and improved performance, with a short-circuit current (Jsc) of 5.70 mA cm ™2
and an efficiency of 1.24%. This value was 1.5 times higher than the result
obtained using o-dichlorobenzene and was attributed to microstructure evolution
effects that occur during a more rapid film growth and drying rate when using
chloroform [10].

Recently, Winzenberg et al. [12] reported the polycyclic aromatic template
dibenzo[b,def]chrysene as a promising candidate for use in organic electronic
devices. These compounds have an advantage over other well-studied small
molecules, such as pentacenes, because they do not undergo cycloaddition
reactions with fullerenes. The bulk-heterojunction solar cells made from a
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(a)

Fig. 1 Examples of chemical structures of selected processable small molecules a com-
pound T, b perylene-pyrene (PPI) bisimide, ¢ squaraine, d dibenzo[b,def]chrysene, e anthrad-
ithiophene, f merocyanine, g dendritic thiophene, h, i dibenzo[f,#]thieno[3,4-b]quinoxaline
[9, 10, 13-16]
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dibenzo[b,def]chrysene compound (Fig. 1d) and PCBM reached an efficiency of
2.25%. These findings encouraged the use of other unexplored polycyclic aromatic
compounds in solution-processable bulk-heterojunction solar cells.

Other molecules, such as, anthradithiophene [13], merocyanine [14], or den-
dritic thiophene [15] derivatives, shown in Fig. le—g, have been used in solution
processed, small molecule-based devices in the last few years. Amine-based
molecules were also explored as possible candidates for highly efficient SPOSCs.
Two isomeric compounds (Fig. 1h—i) containing a dibenzo[f,h]thieno[3,4-b]
quinoxaline core and two peripheral arylamines were synthesized. The bulk-het-
erojunction SPOSC based on these materials as sensitizers and PCBM as electron
acceptor exhibited efficiency of 1.70%, which was attributed to the balanced
electron and hole mobility found in the active layer film [16].

Triphenylamine (TPA) molecules are also potential candidates for OSCs. These
molecules possess 3D, propeller-like geometry, glass-forming properties, and a
relatively high oxidation potential. TPA derivatives have shown excellent thermal
and electrochemical stability, electron-donating ability, isotropic optical, and
charge-transport properties [17, 18]. Research efforts have led to a progress in the
synthesis of new molecules which mainly consist of a TPA moiety linked to
different acceptor moieties, including dicyanovinyl, perylene, benzothiadiazole
(BT), or 2-pyran-4-ylidenemalononitrile, aiming at the development of donor-
n-acceptor (D-m-A) structures. Molecules with D-n-A structure have many
advantages, such as a lower bandgap which arises from the intramolecular charge
transfer between the donor and acceptor, and easily controlled energy levels by
introducing acceptor and donor moieties with different pull-push electron abilities
into the molecules [19, 20]. Compared with the D-n-A type polymers, soluble
D-7n-A small molecules have the advantages of well-defined molecular structure,
monodispersity, and relatively simple and reproducible synthesis and purification,
making them promising materials for application in solution-processing solar cells.

New solution-processable molecules, shown in Fig. 2, based on the combina-
tion of TPA donor units and BT acceptor units have been synthesized recently
[21-24]. He et al. [21] compared the properties of devices based on the star-shaped
molecule S(TPA-BT) and the linear molecule L(TPA-BT) (see Fig. 2). The
S(TPA-BT) film showed a broader and stronger absorption band in the range of
440-670 nm, lower band gap, higher hole mobility and better film-forming
properties (high quality uniform spin-cast film) than those of the corresponding
linear L(TPA-BT). The devices assembled with PCBM as acceptor and
S(TPA-BT) reached a Jsc of 4.2 mA cm ™2, Vo of 0.81 V, FF of 0.39 and 1.3% of
efficiency, while those based on L(TPA-BT) showed Jsc of 1.25 mA cm™2, Ve of
0.84 V, FF of 0.34 and 0.35% of efficiency. The same group later investigated a
molecule with TPA as core and benzothiadiazole-(4-hexyl) thiophene as arms,
S(TPA-BT-4HT). The end group of 4-hexylthiophene in S(TPA-BT-4HT) instead
of the TPA end group in S(TPA-BT) was intended to further improve the film
morphology and photovoltaic properties. The SPOSC devices were fabricated by
spin-coating the blended solution of S(TPA-BT-4HT) and [6, 6]-phenyl-C;;-
butyric acid methyl ester (PC;;BM) (1:3, w/w) and by using a Mg/Al electrode.
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S(TPA-BT) CeHiz S(TPA-BT-4HT) CgHiz

Fig. 2 Examples of linear and star-shaped molecules consisting of a TPA moiety linked to
different acceptor moieties [21, 22]

The obtained Jsc was 8.58 mA cm ™2, Voc of 0.85 V and FF of 32.7%, resulting in
maximum efficiency of 2.4% [22].

D-n-A structures containing electron-accepting sulfonyldibenzene cores and
electron-donating TPA dendrons have also been synthesized. Since the dendrimers
were highly soluble in common organic solvents, they were used to assemble bulk-
heterojunction SPOSCs in combination with PCBM, by spin-coating [25]. The cell
based on dendrimer GO (Fig. 3) showed an efficiency of only 0.34%. This might be
related to the absorption characteristics of the molecule, which strongly absorbs
light only below 450 nm. Devices fabricated with other molecules with similar
structures (G1 and G2, Fig. 3) had even lower performances. Although the larger
molecules G1 and G2 absorb photons at longer-wavelengths when compared to
GO, their extinction coefficients are lower than that of GO.

2-{2,6-bis-[2-(4-styryl)-vinyl]-pyran-4-ylidene } malononitrile (DCM)-type
organic dyes have also been combined with TPA. DCM dyes are known as low-
molecular weight red-emitting materials and most of them have a D-n-A molec-
ular structure that contains (dicyanomethylene)pyran (PM) as the electron
acceptor. The strong electron-withdrawing PM group can lower the LUMO energy
level and extend the absorption band such that it nearly overlaps with the entire
visible spectrum when combined with strong electron-donating units. Moreover,
the strong intermolecular dipole—dipole interaction or intermolecular n-stacking of
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Fig. 3 Chemical structures of D-n-A molecules containing sulfonyldibenzene cores and TPA
dendrons [25]
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Fig. 4 Examples of D-7-A small molecules used in SPOSC, containing TPA groups linked to
PM groups [26-28]

DCM-type organic dyes may be beneficial to the charge-carrier transportation. The
combination of electron-rich TPA and electron deficient PM groups via m-conju-
gated spacers is also an interesting combination, since they can effectively reduce
the band gap and produce special physical and photoelectric properties.

He et al. [26] reported the synthesis of a symmetric D-n-A small molecule
TPA-DCM-TPA where two TPA groups are linked by divinylbenzene bridges at
both ends of the PM group (Fig. 4). This material was applied in SPOSC and gave
an efficiency of 0.79%.
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Another symmetrical dye molecule, DADP (Fig. 4), was also used in a SPOSC
[27]. The optimized bulk-heterojunction devices based on the combination of this
dye and PCBM as the acceptor exhibited a Jsc of 4.16 mA cm 2, Voc of 0.98 V,
FF of 0.37, and efficiency of 1.50%. The efficiency of the device based on DADP
was almost twice that of the device based on TPA-DCM-TPA, although there is
only a small difference between their molecular structures: DADP has a shorter
distance between the TPA group and the PM group than TPADCM-TPA. This
small structural difference results in a lower-lying HOMO energy level and a
higher hole mobility in DADP, leading to increased efficiency.

Zhao et al. [28] synthesized bi-armed B(TPA-DCM-TPA) and tri-armed
T(TPA-DCM-TPA) molecules, shown in Fig. 4. Although the B(TPA-DCM-TPA)
and T(TPA-DCM-TPA) films show broad and strong absorption band in a
wavelength range of 300-750 nm, when B(TPA-DCM-TPA) was used as the
electron donor in an OSC with PCBM as the electron acceptor, the devices
delivered a power-conversion efficiency of only 0.73%.

Phthalocyanines (PC) and porphyrins (PP) have also been successfully used in
SPOSC:s. In fact, the first efficient OSC based on small molecules reported by Tang
[29] had PC as the donor material. Several examples of binary blends involving PP
have also been reported, designed for narrow-band absorption at the end of the
visible spectrum [30, 31]. However, higher efficiencies were found for copper
phthalocyanine/Cg p—n junction devices [32], due to the longer exciton diffusion
length in PC films as compared to PP films, which is reported to be as high as
68 nm [33].

The solution processing of the small molecule subnaphthalocyanine (SubNc)
was developed by Ma et al. [34]. Due to the high solubility, low tendency to
aggregate and strong light absorption in the visible region, amorphous SubNc films
with high charge transporting and light-harvesting properties were prepared via
solution casting. By using SubNc as the donor and Cgq as the acceptor in a planar
heterojunction SPOSC, the authors reported a power-conversion efficiency of
1.5%, with a Voc of 0.55 V, Jsc of 5.6 mA cm ™2, and FF of 0.49. This device
performance was considered high for a planar heterojunction device based on
solution processable small molecules, and was assigned to the contribution of
triplet excitons from SubNc.

Soluble 1,4:8,11:15,18:22,25-tetraethano-29H,3 1 H-tetrabenzol[b,g,l,q]porphy-
rin (CP), which can be thermally converted to a highly insoluble and crystalline
tetrabenzoporphyrin (BP) donor (Fig. 5), was used with a new fullerene acceptor
bis(dimethylphenylsilylmethyl)Cqq (SIMEF, Fig.5) in a three-layered p—i—n
structure, in which the i-layer possessed a defined interdigitated structure, formed
by spontaneous crystalline phase separation during thermal processing [35]. This
device showed a power-conversion efficiency of 5.2%, a value that is among the
best reported for solution-processed small-molecule OSCs.

Huang et al. [36] synthesized two soluble alternating porphyrin-dithienothi-
ophene conjugated copolymers where the units are linked by a single bond (I) or
triple bond (II), as shown in Fig. 6. The absorption spectrum of a thin film of I
exhibited a sharp Soret band at 450 nm and two weak Q-bands at 563-619 nm,
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Fig. 5 Donor and acceptor materials used in SPOSC: a thermal retro-Diels—Alder conversion of
CP (donor precursor) to BP (donor) at 180°C; b SIMEF (acceptor). “Reprinted with permission
from Matsuo et al. [35]. Copyright 2009 American Chemical Society”

Ci2H250 OC12Hzs CroHosO
OCyHzs copolymer I 12H25
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Fig. 6 Chemical structures of porphyrin-dithienothiophene copolymers containing single (I) or
triple bonds (II) [36]

while II exhibited a sharp Soret band at 491 nm and a strong Q-band at 760 nm.
The field-effect hole mobilities were measured to be 2.1 x 10~* ecm? V=! 57! for
the two copolymers. Solar cells based on blends of these copolymers with PCBM
were prepared by spin-coating an o-dichlorobenzene solution, followed by drying
at 80°C for 30 min. Despite the high charge-carrier mobilities, the efficiencies
obtained were only 0.30 and 0.15% for devices using II:PCBM or I:PCBM as
active layer. Although the authors do not comment on the low efficiency values
obtained, they attribute the difference observed to the stronger Q-band absorption
shown by the copolymer II.

Recently, efficiencies of 2.3 and 3.0% were reported for devices combining the
electron-poor diketopyrrolopyrrol-containing low-dimensional oligothiophene 2,5-
di-(2-ethylhexyl)-3,6-bis-(500-n-hexyl-[2, 20, 50, 200]terthiophen-5-yl)-pyrrolo
[3,4-c]pyrrole-1, 4-dione (SMDPPEH, Fig. 7) as donor, with PCBM or PC;;BM as
acceptors [37-39]. Aiming at further exploring film morphology formation and its
effects on device performance as a function of donor—acceptor (DA) interactions,
Tamayo et al. [40] fabricated solar cells using SMDPPEH and methanofullerene
derivatives having alkyl substituents with different lengths (as shown in Fig. 7).
The authors observed that the absorption, crystallinity, film morphology, and
device performance characteristics of both as-cast and annealed blended films of
diketopyrrolopyrrole-based donors and fullerene acceptors are significantly
affected by the length of the alkyl substituent attached to the methanofullerene.
The domain size of these structures increased when the alkyl chain attached to the
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As Cast Annealed

Fig. 7 Chemical structures of the donor SMDPPEH and the methanofullerene derivatives
acceptors PC¢;BM, PCq;BH and PC¢;BD, which contain alkyl substituents with different lengths.
AFM topographic images of as-cast (a, b, ¢) and annealed (d, e, f) SMDPPEH:PC61BX (50:50)
from (2% w/v) solution where X = M = methyl (a and d), X = H = n-hexyl (b and e),
X = D = n-dodecyl (¢ and f). Images for the as-cast and annealed films are 1 pm x 1 um and
2 pum X 2 pm in size, respectively. Ref. [40]—reproduced by permission of The Royal Society
of Chemistry (http://dx.doi.org/10.1039/B912824G)

fullerene acceptor was increased. Furthermore, annealing the blended films led to
varying degrees of phase separation and the most pronounced phase separation
was observed for the fullerene containing the largest alkyl chain. The different
morphologies observed are shown in Fig. 7, and are believed to have resulted from
the differences in hydrophobicity of the methanofullerenes, which affects their
interaction with the relatively more polar donor material. Thus, the simple vari-
ation of the alkyl chain length results in devices with power-conversion efficien-
cies between 1.5 and 3%.

To date, OSCs exhibiting fill factor (FF) values exceeding 50% have only been
realized with fullerenes [41-43], TiO, [44], or CdSe [45] as electron acceptors.
However, the V¢ of these devices seldom exceeds 0.7 V, which is in part due to the
high electron affinity of the electron-accepting phase, while an Vg exceeding 1 V
would be desirable for high power generation. On the other hand, Vg values reaching
1.5 V have been obtained when blending suitable electron-donating and accepting
polymers [46—48], but the FF of these devices was below 40% in most cases.

In this context, 2-vinyl-4,5-dicyanoimidazole (Vinazene) has been used as a
precursor to design a novel family of electron-accepting materials in which,
by changing the central aromatic unit, the energy of the LUMO can be tuned
to sufficiently low values. Ooi et al. [49] employed the small-molecule


http://dx.doi.org/10.1039/B912824G

68 L. C. P. Almeida et al.

EV-BT (acceptor)

PCz (donor)

CyoHz PCz:EV-BT
CizHzs

YO

Fig. 8 Chemical structure of the donor polymer PCz and the acceptor molecule EV-BT. The
dashed lines indicate the HOMO and LUMO levels of EV-BT and the solid lines those of PCz.
Ooi et al. [49]—reproduced by permission of The Royal Society of Chemistry (http://dx.doi.org/
10.1039/B813786M)

electron-acceptor EV-BT (Fig. 8) based on Vinazene in a SPOSC. This material has
a LUMO level of 3.6 eV and strongly absorbs light in the visible region up to
520 nm. These properties make this material attractive when compared to the most
widely used acceptor, PCBM. This Vinazene derivative was incorporated into bulk-
heterojunction devices using a poly(2,7-carbazole) (PCz) as electron donor. This
material provided absorption in a complementary range region and its HOMO level
was found to be 5.6 eV. The devices were fabricated by spin-coating PCz:EV-BT
films from chloroform solutions and the influence of blend composition and
annealing temperature were investigated using different weight ratios of PCz:EV-
BT. The most efficient device was obtained using 70% EV-BT followed by
annealing at 80°C, which presented a high V¢ of 1.36 V and FF of 49%, but a low
Jsc of 1.14 mA cm ™2, yielding an efficiency of only 0.75%.

Schubert et al. [50] investigated devices comprised of another Vinazene acceptor,
4,7-bis[2-(1-hexyl-4,5-dicyano-imidazol-2-yl)vinyl] benzo[c][1, 2, 5]-thiadiazole,
(HV-BT, in Fig. 9), and poly(2,5-dimethoxy-1,4-phenylenevinylene-2-methoxy-5-
(2-ethylhexyloxy)1,4-phenylenevinylene) (MEH-PPV) as the electron donor. Since
HV-BT is soluble in common organic solvents, it can also be deposited by thermal
evaporation; the authors were able to vary the device preparation scheme, system-
atically varying the heterojunction topology. Figure 9 shows the scheme of these
devices, AFM images of the topology, current—voltage curve (J-V) and incident
photon to current efficiency (IPCE) curves. The as-prepared bulk-heterojunciton
blend provided relatively low FF and IPCE values of 0.26 and 4.5%, respectively,
attributed to significant recombination of geminate pairs and free carriers in a highly
intermixed blend morphology. In the all-solution processed bilayer device, the FF
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Fig. 9 Chemical structure of HV-BT and schematic depicting the interface topology at the
donor/acceptor heterojunction for a blend device (lef), the discrete bilayer with a vacuum
processed acceptor layer deposited on top of the solution-cast polymer film (center), and the all-
solution-processed bilayer device (right). A closed view of geminate pair recombination is shown
in the inset of the left drawing. AFM topography images of a as-prepared 1:1 MEH-PPV:HV-BT
blend spin-coated from chlorobenzene, b high-vacuum deposited HV-BT film on top of a MEH-
PPV interlayer, and ¢ pure HV-BT film spin-coated on top of the MEH-PPV interlayer. The
d ICPE and e J-V curves measured under 100 mW cm_z, AM 1.5 illumination, of an as-prepared
1:1 MEHPPV: HV-BT blend (blue triangles), a strict bilayer (red stars) with an evaporated HV-
BT layer, and a diffuse bilayer (black squares) solar cell with solution-processed HV-BT on top
of a MEH-PPV interlayer. “Reprinted with permission from Schubert et al. [50]. Copyright
(2009), American Institute of Physics”

and IPCE dramatically increased to 0.43 and 27%, respectively. The FF increases
further to 0.57 in devices comprised of thermally deposited Vinazene layers when
there is virtually no interpenetration at the donor/acceptor interface. The AFM
images in Fig. 9 suggests that both the solution-cast and evaporated HV-BT layers
consist of crystallites. Such nanocrystalline morphology allows for the photogen-
erated electrons to quickly migrate into the acceptor phase away from the hetero-
interface, thereby reducing the mutual Coulomb binding energy to the hole
remaining in the donor phase. A high Vo of about 1.0 V was nearly the same for all
devices. This suggests that the heterojunction topology does not affect the energetics
of the active layer or at the electrodes.

In a more recent work, Inal et al. [S1] reported the photovoltaic properties
of HV-BT combined with poly(3-hexylthiophene) (P3HT) (Fig. 10). The P3HT/
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Fig. 10 a Normalized absorbance and photoluminescence spectra of thin films of P3HT (dash-
dotted and solid line, respectively) and of HV-BT (dashed and dotted line, respectively). PL
spectra were recorded at the excitation wavelengths of absorption maxima of each material.
b J-V characteristics for bulk-heterojunction (solid line) or bilayer-type (dashed line) devices
prepared with HV-BT and P3HT. Inal et al. [51]. Copyright Wiley—VCH Verlag GmbH & Co.
KGaA. Reproduced with permission

HV-BT blend covers a broader spectral range (from 290 to 820 nm) than the
HV-BT/MEH-PPV system. The photoluminescence (PL) intensity from the indi-
vidual components was largely reduced in the blend and calculations showed that
at least 95% of the excited states on both the donor and the acceptor are quenched
in the non-annealed blend. The solar cells were fabricated with as-prepared 1:1
donor/acceptor mixtures and exhibited higher FF and IPCE when compared to
earlier studies on blends of HV-BT with polymers [50, 52, 53]. This was attributed
to the high molecular weight of the polymer sample used, which might assist the
rapid motion of holes moving away from the heterojunction, rendering the pho-
tovoltaic properties less sensitive to the nanomorphology of the blend. No
improvements were observed upon annealing the samples. On the other hand, a
significant improvement of FF and V¢ was observed when inducing phase sep-
aration at a longer length-scale, i.e., in solution processed bilayer devices, com-
prising a layer of P3HT and a top-layer of HV-BT. The optimized device exhibited
a power-conversion efficiency of close to 1%, and the efficiency of such cells was
mainly determined by the device architecture [51].

Another interesting solution-based deposition method used to obtain thin films
is the electrostatic layer-by-layer (LBL) adsorption technique, in which molecular-
level control can be achieved. This technique was used to assemble thin films of
PP and PC combined with several different organic molecules [54—-58] and inor-
ganic nanoparticles [59-63]. Although the properties of these films are usually
well characterized, only a few reports can be found showing the use of these
materials in photovoltaic devices.

Ultrathin films serving as a light-harvesting and hole transporting materials were
fabricated via LBL deposition of the water-soluble copper(Il) phthalocyanine-
3,4’,4" 4" tetrasulfonic acid tetrasodium salt (CuPCTS) and poly(diallyldimethy-
lammonium chloride) (PDDA) [64]. The absorption characteristics of these films
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Fig. 11 Illustration of the photovoltaic cell with a triple-layered structure ITOIPCM/
PEDOT:PSSI(PDDA/CuPcTS)nlCgolAl. The thickness of PCM/PEDOT:PSS layer was 100 nm
(20 bilayers) and Cgq layer was 50 nm, which were prepared by LBL deposition of PCM and
PEDOT:PSS, and spin-coating from the blend solution of Cgy: PS (4: 1 wt%) in
o-dichlorobenzene, respectively. The thickness of PDDA/CuPCTS layer was varied from 0
(n=0) to 144 nm (n = 6). Numerical values represent the Fermi-level energies for ITO
(4.9 eV), PEDOT:PSS (5.3 eV), Al (4.2 eV), and HOMO and LUMO levels for CuPCTS (5.6
and 3.8-4.1 eV), and Cgy (6.2 and 4.5 eV). The chemical structures of polyelectrolytes used
in the LBL deposition: a PCM (polycation), b PEDOT:PSS (polyanion), ¢ PDDA
(polycation), and d CuPCTS. “Reprinted from Benten et al. [64], copyright (2009), with
permission from Elsevier.” (http://www.sciencedirect.com/science/journal/00406090)

indicated that the CuPCTS forms dimers or oligomers, and their molecular planes
were oriented parallel to the substrate. Triple-layered OSCs were developed by
combining CuPCTS with a poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) hole-transport layer and a Cg( electron-transport layer, displayed in
Fig. 11. The Jgc increased with increasing CuPCTS film thickness up to ca. 10 nm,
as a result of exciton generation in each CuPCTS layer and transport to the interface
with the Cg layer. The best Jsc value of 0.114 mA cm ™ reported is low compared
to devices assembled using other solution processing methods and is probably
caused by a poor light absorption inherent from the small layer thicknesses.

Generally, the photocurrent of devices assembled using the LBL technique are
still on the order of microamperes, but the self-assembly properties obtained using
this technique might be very useful for the future development of well-organized
and highly efficient devices.

3 Evaporated Small Molecules OSC
3.1 Growth Techniques

Among the various growth techniques capable of producing thin films of small-
molecular weight materials for OSCs, two techniques deserve special attention:
vacuum thermal evaporation (VTE) [65] and organic vapor-phase deposition
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Fig. 12 Schematic diagram of the OVPD method. Organic materials are first evaporated into a
carrier gas stream, which transports the molecules toward a cold substrate, where the vapor
condenses into a solid film. When the substrate is rotated, the thickness of the boundary layer
becomes uniform. “Reprinted with permission from Shtein et al. [66]. Copyright [2001],
American Institute of Physics”

(OVPD) (Fig. 12) [66]. Thermal sublimation in vacuum is the most frequently
used means for depositing small molecules that are insoluble in the majority of
solvents [65]. The VTE procedure involves placing a purified organic material in a
baffled tantalum or tungsten boat which is located between the electrodes in a
vacuum chamber with a pressure of 107°~10~7 Torr. When current is passed
through the boat or crucible, the temperature is increased beyond the sublimation
point of the organic material, and it is evaporated, depositing everywhere on the
chamber walls, as well as on the target substrate. A quartz crystal microbalance is
used to monitor the growth rate (typically 0.5-3 A s™') and the thickness of the
film. VTE has the advantage of being able to form films with high uniformity, high
degree of purity, good structural control, and “run-to-run” reproducibility.
Additionally, one particular advantage of VTE is its ability to grow several OS
layers without delamination or dissolution of the previous layers during sub-
sequent deposition steps [67]. However, this technique presents several drawbacks
such as lack of control over film thickness, uniformity, and dopant concentration
over large areas needed for many applications. Moreover, this technique requires a
relatively high material consumption and the initial setup costs for equipment are
also very high.

To overcome the drawbacks associated with the VTE technique, OVPD was
been introduced as an alternative method for depositing thin films of small
molecular weight materials and allowed greater control over doping. Besides, this
technique is suitable for fast, particle-free, uniform deposition in large-area sub-
strates [66, 68].

The process of OVPD differs from VTE; here the organic material is thermally
evaporated into an inert gas stream such as nitrogen or argon, which then trans-
ports the vapor in the hot-walled reactor vessel and toward a cooled substrate
where deposition occurs [69]. In this respect, OVPD allows one to adjust multiple
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parameters such as reactant concentration, carrier gas flow rate, deposition rate,
substrate temperature, chamber temperature, and chamber pressure. Thus, the
deposition efficiency and film morphology are controlled [70, 71].

In this technique, the heated chamber walls avoid material deposition, allowing
for a more efficient use of source materials compared with VTE [72]. Even with
such differences, both VTE and OVPD techniques are used to manufacture OSCs
based on small molecules [73, 74]. In the next section, different types of solar cell
architectures using evaporated small molecules and recent results from many
research groups are presented.

3.2 Organic Solar Cells Architectures

Besides manipulating the chemical and physical properties of small molecules, the
choice of the growth technique and the selection of the best donor and acceptor
combination are also important factors in controlling the device’s architecture.
These additional factors should be taking into account when attempting to improve
the performance of solar cells [72]. In the next section, several device architectures
using small molecules are described, highlighting the most important contributions
in this field.

3.2.1 Double-Layer Solar Cells

The first successful OSC to reach a power-conversion efficiency of 1% was
introduced by Tang at Kodak in 1986 [29]. Tang’s solar cell consisted of a double
layer of ~300 A copper phthalocyanine (CuPC) as the electron-donating material
and perylene tetracarboxylic derivative (~500 A), as the electron-accepting
material. Both materials were deposited by sequential thermal evaporation onto an
indium tin oxide (ITO) substrate. On top, an opaque Ag layer was evaporated
(Fig. 13). One of the most important conclusions derived from Tang’s experiment
is that the increase in thickness of the organic material layers led to a reduction in
efficiency. Hence, the authors inferred that only excitons generated in the prox-
imity of the interface between the donor and the acceptor materials were able to
generate free charge carriers. Such a phenomenon reflected on the values of Jgc.

In the work reported by Tang, different metal contacts such as In, Al, Cu, and
Ag were tested in the role of a top electrode. These metals, with different work
functions produced solar cells with Ve values differing by only 50 mV. It was
assumed that V¢ is strongly dependent on the choice of the particular pair of
organic layers.

Aiming to improve the efficiency of OSC, the group of Prof. Forrest [75]
introduced an additional layer of bathocuproine (BCP) in double heterojunction
solar cells. In this pioneering work, evaporated films of CuPC and 3,4,9,10-per-
ylenetetracarboxylic bis-benzimidazole (PTCBI) were employed as the electron
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donor and acceptor, respectively. The BCP and Ag cathode were also evaporated
and the final cell architecture was ITO/CuPC/PTCBI/BCP/Ag. 2.4% efficient solar
cells were produced using this double heterojunction approach. This device
architecture demonstrates that the control over the exciton diffusion can lead to a
significant increase in the number of charge carriers. One year after this work, the
same group reported an external power-conversion efficiency of 3.6% employing
the same architecture [32]; here, the acceptor molecule was replaced by Cgo. Both
reports highlighted the strong influence of BCP in these devices.

The introduction of BCP molecule represents one of the greatest advances in
small molecule-based solar cells assembly by evaporation techniques. This wide
band gap molecule acts as an exciton blocking layer (EBL) between the electron
acceptor material and the cathode, as shown in Fig. 13.

The HOMO-LUMO offsets between the acceptor and the BCP provide
reflection of excitons at the interface of these materials, preventing recombination
[75]. In this context, Vogel et al. [76] presented a detailed PL study on the function
of the BCP layer insertion in small-molecule solar cell (Fig. 14a). In the case of
sample 1, the weak PL was attributed to the fast nonradiative recombination
(i.e., exciton quenching) at the Al-Cg interface. In contrast to sample 1, significant
PL was observed in sample 2, clearly showing the PL spectrum of the Cgy. Sample
3, containing a BCP layer between Cgy and Al, showed the strongest PL and
consequently the lowest exciton quenching yield. These results corroborate
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Fig. 14 a Photoluminescence spectra of Cg films at 10 K with different interfaces with Al. The
direction of excitation and PL is indicated in the inset sample schemes. b Current density—voltage
characteristics of photovoltaic cells with sequentially deposited ZnPC and Cgq films with and
without BCP buffer layer. Photovoltaic cell parameters are the following: cell A:
Jsc = 1.2 mA ecm™2, Voc = 0.12 V, FF = 0.12, and 5 = 0.0%; cell B: Jsc = 5.2 mA cm ™2,
Voc = 0.52 V, and FF = 0.5, and 1 = 1.5%. “Reprinted with permission from Vogel et al. [76].
Copyright [2006], American Institute of Physics”

previous reports that BCP may in fact be preventing exciton recombination at the
Al-Cg interface [76].

Vogel et al. [76] further analyzed the function of BCP layer by interpretation of
the photocurrent—voltage (/-V) in double-layer photovoltaic cells. Two types of
devices were prepared using zinc phthalocyanine (ZnPC) as the donor and Cg as the
acceptor, with and without BCP layers. These devices are represented by cell A and
cell B in Fig. 14b, respectively. The short-circuit current density (Jsc) was reduced
from 5.2 mA cm 2 in cell B to 1.2 mA cm ™2 in cell A. In contrast, at a bias
of —0.5V, the photocurrent in cell A is only about 20% lower. Such strong
dependence of the photocurrent on the voltage shows that exciton quenching
explains only a small part of the photocurrent loss in cell A, since excitons are
neutral and therefore independent of applied bias. Important theoretical calculations
of electric field distribution and exciton diffusion were carried out by Breyer et al.
[77]. The authors show that even complete quenching of excitons at the Al-Cgg
interface does not reduce the photocurrent by more than about 13% compared to an
exciton-reflecting interface. Therefore, the larger part of the photocurrent increases
in cell B is mainly attributed to the improved efficiency of electron transport from
Ceo to the Al electrode via the BCP layer. In other words, the most important
function of BCP is to establish an Ohmic contact between Al and Cgy.

BCP has been typically used as an EBL material in small molecule-based solar
cells. However, its large energy gap and low conductivity make it unsuitable for
use in thick layer devices because the increase in the series resistance degrades
device’s performance.

Interestingly, Rand et al. [41] introduced an EBL composed of rris(acetyl-
acetonato) ruthenium(IIl) (Ru(acac)s). Its functionality results from an energy-level
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Fig. 15 Schematic energy-level diagram and proposed photovoltaic process for double-
heterostructure devices using either a BCP or b Ru(acac); EBL. Holes are shown as open
circles and electrons as filled circles. Energy levels are given in units of electron-volts (eV).
¢ Current-density—voltage (J-V) characteristics, in the dark and under 1 sun (100 mW cm_z)
intensity of simulated AM1.5G, for the organic photovoltaic cells with the following structure:
ITO/CuPC(200 A)/Cg0(400 A)/EBL(200 A)/Ag(1000 A). The EBL consists of either BCP (open
circles) or Ru(acac); (filled squares). The efficiencies for BCP and Ru(acac); based devices are
1.1 and 2.7%, respectively. The solid lines are fits to the J-V characteristics based on the
modified ideal diode equation (Rand et al. [41]). Copyright Wiley—-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission

alignment more favorable than BCP, as seen in Fig. 15a, b. This is reflected in the
remarkable differences observed in photocurrent—voltage characteristics as shown
in Fig. 15c.

3.2.2 Bulk-Heterojunction Solar Cells

The DA interface can be considered to be the heart of the small-molecule
solar cells. It is at this interface that strongly bound photogenerated exci-
tons are dissociated to generate photocurrent. The external quantum efficiency
(neqe) of a photovoltaic cell based on exciton dissociation at a DA interface is
NEQE = —Na X NEp X Hcc [78], where 1,4 is the absorption efficiency, #gp is the
exciton diffusion efficiency that corresponds to the fraction of photogenerated
excitons that reach the DA interface before recombining, and #cc is the carrier
collection efficiency and corresponding to the probability that a free carrier,
generated at a DA interface by dissociation of an exciton, reaches its corre-
sponding electrode. When the total thickness, L, in bilayer DA solar cells is of
the order of the optical absorption length, L, we can assume #,, described in
Eq. 1 [78], to be higher than 50% if optical interference effects are ignored, and
nce =& 100%. Nevertheless, since the exciton diffusion length (Lp) is typically
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Fig. 16 Representation of donor/acceptor interface architecture possibilities: a a double layer,
formed between thin films of donor and acceptor materials; b an optimal bulk heterojunction,
where there is complete phase separation of donor to one side and acceptor to the other side of the
device structure; and ¢ a non-ideal bulk heterojunction, where isolated regions of donor and/or
acceptor phases prevent the collection of photogenerated charges. Dashed and solid lines
correspond to hole and electron transport, respectively

an order of magnitude smaller than LA, a large fraction of the photogenerated
excitons are not used for photocurrent generation as shown in Fig. 16. Therefore,
limited #gqe and hence limited # are observed for double-layer solar cells.

na =1 —exp(=L/La) (1)

The ngor of an organic double-layer solar cell is often limited by a short
exciton diffusion length. To overcome this drawback, the bulk-heterojunction
concept has been introduced [78-82], resulting in an improvement in both nggg
and in the 7.

Bulk or mixed heterojunction is a mixture of the donor and acceptor materials
in a bulk volume, exhibiting a DA phase separation of about 10-20 nm which
provides an interpenetrating DA network with large interface area [83]. Compared
with the planar double layer cells introduced by Tang, in which the donor and
acceptor phases are completely separated from each other (Fig. 16a), the bulk
heterojunction has both materials intimately intermixed. It expands the photo-
current generation capability of the device by increasing the excitons’ probability
of reaching a nearby DA interface where they can dissociate [72].

In polymer photovoltaic cells, the exciton diffusion bottleneck has been over-
come by the introduction of bulk heterojunctions [84, 85] (Fig. 16c). In a bulk
heterojunction, the DA interface is highly folded so that photogenerated excitons
can find an interface within a distance Lp of their generation site. In an optimal
architecture [86], the width of the phases in the interdigitated structure should be
on the order of 2 L, to guarantee high probability of dissociation for the excitons
generated in the bulk of the material. At the same time, this optimal architecture
provides low resistance pathways for charge transport. In practice, however,
achieving such a structure is difficult. Recently, optimized polymer bulk-hetero-
junction cells have reached power-conversion efficiency of 7% [87]. In this work, a
blend of a novel semiconducting polymer based on alternating ester substituted
thieno[3,4-b]thiophene and benzodithiophene units and PC;,BM. The polymer
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exhibits a low bandgap, providing an efficient absorption around the region with
the highest photon flux of the solar spectrum (about 700 nm). The rigid backbone
results in a high hole mobility, and the side chains on the ester and benzodithi-
ophene enable good solubility in organic solution and suitable miscibility with the
fulleride acceptor. The polymer chain is found to be stacked on the substrate in the
face-down conformation from grazing-incidence wide-angle X-ray scattering
studies. This is very different from the polymer alignment in well-studied P3HT
solar cell system and favors charge transport [87]. This synergistic combination of
properties lead to an excellent photovoltaic effect (and efficiency record!).

Remarkable efforts have been conducted to perform bulk-heterojunction devi-
ces prepared by co-deposition of the donor and acceptor materials yielding #
values falling short of those attainable in optimized bilayer cells using the same
materials [32, 79, 82, 88-91]. Co-deposited donor and acceptor small mole-
cules have been used to prepare bulk-heterojunction photovoltaic devices [78, 80,
92-96] reaching power-conversion efficiency of approximately 3.5%. Using this
approach, the deposition of the mixed donor and acceptor phase is usually fol-
lowed by a decrease in charge-carrier mobility, i.e., by an increase in the series
resistance (Rg) of devices [92, 97]. This behavior is different from that observed in
polymer bulk-heterojunction structures [98]. The charge-carrier mobility is criti-
cally dependent on the composition and morphology in both polymer and small
molecule bulk-heterojunction structures. From space charge limited current
mobility measurements, Rand et al. [92] demonstrated that mixed layers presented
lower charge-carrier mobilities than neat films.

Aiming to accomplish a nearly ideal structure in the thermally co-evaporated
thin film, Peumans et al. [78] carried out an annealing treatment of the
CuPC:PTCBI mixture (300-500 K). Such post-treatment was responsible for
inducing phase separation of the two materials and an increase in #cc.

Donor and acceptor mixed layers can also be deposited via the OVPD growth
technique to directly form a bulk-heterojunction architecture in which the two
layers are phase-separated [99] (Fig. 16b). By this method, it is possible to control
the growth mode of the CuPC film on ITO such that, crystalline needles of CuPC
extend out of the CuPC film. After growth of the CuPC film, the OVPD process
was successfully applied to fill the spaces within the rough CuPC film. This
contrasts with growth induced by ultra high vacuum, in which the VTE process
results in voids in the film [99] (Fig. 16a). This architecture resulted in an increase
in device efficiency of the CuPC/PTCBI solar cell from 1.1 to 2.7%. The photo-
voltaic parameters for all architectures based on ITO/CuPC/PTCBI/BCP/Ag solar
cells are shown in Table 1.

Achieving a balance between the absorption needed for photocurrent generation
and a good charge transport in bulk-heterojunction devices is challenging.
Therefore, maintaining a good charge transport and a low Rg are important factors
in creating efficient OSCs [100] with high FFs, and reduced recombination
probability of the photogenerated charges within the mixture. This can be achieved
using a hybrid architecture: combined double layer and bulk heterojunction
approaches. This configuration consists of a bulk-heterojunction DA layer
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Table 1 Comparison of performance of several ITO/CuPC/PTCBI/BCP/Ag photovoltaic cell
structures characterized under 1 sun simulated AM1.5G illumination

Device Jsc mA cm®)  Voc (V) FF 5 (%) Rs (Q cm?)
Double layer using VTE?* 6 0.49 049 1.1 +£0.1 30 + 10
Annexed bulk hetero junction® 9 0.50 040 14 =%0.1 60 £+ 10
Double layer using OVPD 5 0.4S 047 11+£01 182+£05
Controlled bulk 11 0.49 058 2.7 +0.1 22+ 0.1

OVPD heterojunction

Ry is the specific series resistance [99]
@ Ref. [75]
b Ref. [78]

Table 2 Comparison of several OSC using different architectures, under approximately 1 sun
simulated AM 1.5G illumination, where Py is the incident optical power density [101]

Device P (suns) Jsc/Po (mA W~!) FF Voe (V) 11 (%)
Double layer” 1.3 11.8 £ 0.5 0.61 0.51 37+£02
Bulk heterojunction” 0.9 154+ 0.7 0.46 0.50 35+02
Double layer/bulk heterojunction 1.2 15 £ 0.6 0.61 0.54 50+£03
# Ref. [100]

® Ref. [93]

sandwiched between homogeneous donor and acceptor layers [101]. Because each
homogeneous layer has a thickness of approximately Lp, excitons are generated in
the entire heterojunction structure with a high probability of diffusing to a nearby
DA interface. This architecture provides both high ngp of a bulk heterojunction
and efficient charge collection characteristic of a double-layer device [101].

Using this approach, Xue et al. [101] fabricated solar cells consisting of the
donor CuPC, and acceptor Cgp, obtaining a power-conversion efficiency of 5%
under 1-4 sun of simulated AM1.5G illumination. The authors also compared
these devices with the bulk heterojunction and double-layer solar cells. The
photovoltaic parameters of these solar cells are summarized in Table 2.
Remarkably, this innovative concept afforded an increase in FF values and further
resulted in efficient charge transport in the active layer.

3.2.3 Tandem Solar Cells

In solar cells with only one band gap, the Shockley—Queisser limit [102] can be
reduced due to mainly two loss mechanisms [103]: thermalization losses and
losses via sub-band gap transmission of photons. Aiming to overcome these
limitations, tandem or multi-junction architectures have been investigated and
appear to be promising solutions. When two or more donor materials with non-
overlapping absorption spectra are used in a tandem solar cell, a broader range of
the solar spectrum can be covered. In the last years, several approaches for organic
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tandem cells have been employed, depending on the materials used for the active
layer and the separation or recombination layer(s). In general, these approaches
can be divided in three main categories: (i) tandem OSCs where both the bottom
(in front of the light illumination) and the top (back) cells are based on small
molecules growth by vacuum-deposition techniques; (ii) hybrid tandem OSCs in
which the bottom cell is processed from solution while the top cell is made of
vacuum-deposited small molecules; and (iii) fully solution-processed tandem
OSCs where both the bottom and top cells are deposited from solution. In this
section, only the first approach will be described, together with some promising
results described recently in the literature.

The use of small molecules presents a great advantage for tandem architectures
because different layers of donor and acceptor (or mixed layer) materials can be
evaporated or co-evaporated with sharp interfaces on top of each other, without
affecting the previously evaporated layer. The disadvantage, however, comes from
the relative low evaporation rate of active materials, which limits the processing
speed in large-area applications [104].

Tandem solar cells can theoretically be comprised of an infinite number of sub-
cells connected in series. According to Kirchhoff’s law, this type of connection
implies that the voltage across the entire cell is equal to the sum of the voltage
across each sub-cell. The Vo of these devices containing series sub-cells, in the
case of loss-free connections, is given by [105, 106]:

Voc,iot = Voci + Voc2 + Voo + K (2)

On the other hand, on contrary to what is often mentioned, the short-circuit
current of the organic tandem solar cells is not equal to the smallest short-circuit
current of the sub-cells, but depends strongly on the FF values of the respective
devices [106]. This behavior, illustrated in Fig. 17a, results in the combination of a
cell with lower Jsc and a significantly higher FF and a cell with higher Js¢ and
extremely low FF. According to Kirchhoft’s law, a J-V characteristic of the tan-
dem cell with a Jgc = Min (Jsc1, Jsc2) s attained. Oppositely, Fig. 17b shows the
combination of a cell with extremely low FF and lower Jsc and another with very
good FF and higher Jgc, leading to a resultant tandem device with a
Jsc = Max(Jsc1, Jsc2).- A description of the various cases was presented by
Hadipour et al. [105].

The tandem cell architecture was originally introduced by Hiramoto et al. [107].
This architecture was constructed from two identical bilayers based on evaporated
small molecules, where each bilayer was an organic DA junction consisting of
50 nm of metal-free phthalocyanine (H,PC) and 70 nm of perylene tetracarboxylic
derivative. These two bilayers were separated by a thin interstitial layer (2 nm) of
Au, in order to establish an Ohmic contact. The organic tandem cell resulted in
almost double the Ve (0.78 V) compared to single cell, in which the Ve was
0.44 V. This result showed that a thin interstitial Au layer was able to accomplish
an effective charge recombination site for electrons arriving from the perylene
tetracarboxylic derivative of the back cell with the holes coming from the H,PC of
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Fig. 17 a The combination of a cell with lower Jsc and significantly higher FF and a cell with
higher Jsc and extremely low FF results in a tandem cell with a Jsc = Min(Jsc1,Jsc2)-
b The combination of a cell with extremely low FF and lower Jsc and another with very good
FF and higher Jsc leads to a tandem device with a JSC = Max (JSC1, JSC2). Ameri et al.
[106]—reproduced by permission of The Royal Society of Chemistry
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Fig. 18 Schematic structure of an organic tandem solar cell based on the small molecules CuPC
as donor and PTCBI as acceptor performed by Yamikov and Forrest [109]. The 0.5 nm Ag
separation layer provides recombination sites for the electrons and holes (http://dx.doi.org/
10.1039/B817952B)

the front cell. In general, this interstitial layer is sufficiently thin to efficiently
supply charge recombination sites, and also is not thick enough to absorb light on
its way to the back cell, nearest the reflecting cathode [108].

Yamikov and Forrest [109] reported in 2002 the first tandem solar cells by
stacking two, three, or five vacuum-deposited thin heterojunction consisting of
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CuPC, as donor, and PTCBI, as electron acceptor. Between the DA bilayers, a thin
layer of Ag was deposited providing the charge recombination sites. The final
structure can be seen in Fig. 18.

The power-conversion efficiencies reached by the two and three-stacked solar
cells were n = 2.5% and 1 = 2.3%, with Voc = 0.93 and 1.2 V, respectively.
These values are twofold higher compared to a single junction cell based on
identical materials (7 = 1.1%). Rand et al. [110] found that the optical field
enhancement, due to surface plasmon generation on the metal clusters located at
the interstitial layers, was responsible for the higher efficiency. In contrast, the five
stacked cell showed a considerable decrease in n (1%) compared to devices
containing two or three-stacked bilayers. This observation comes from the
reduction in light absorption by the first bilayers, that being the main limitation of
multiple-heterojunction solar cells. Triyana et al. performed similar approach
using CuPC and PTCBI as donor and acceptor materials, respectively, in combi-
nation with ultrathin Ag and Au interlayers to produce multiple-junction solar cells
with two and three stacks [111, 112].

To improve the power-conversion efficiency in tandem solar cells, Xue et al.
[113] applied several modifications to the device’s structure. The use of Cgy as
acceptor materials, with a longer exciton diffusion length (Lp ~ 40 nm) com-
pared to the acceptor PTCBI [114], is the first modification. The second is the use
of an evaporated mixed DA layer or bulk-heterojunction structure sandwiched
between neat donor and acceptor layers. Thin layers of PTCBI and BCP were
employed as EBLs in the bottom and top sub-cells, respectively. These modifi-
cations gave rise to a highly efficient double bulk-heterojunction structure. It was
suggested that one EBL may be acting as a protection for the hot metallic particles
during the thermal evaporation process. In such device, ultrathin Ag interstitial
layer are recombination site which have a thickness of 5 A buried in a 50 A thick 4,
4, 4"-tris(3-methyl-phenyl-phenyl-amino)triphenylamine (m-MTDATA) p-doped
with 5 mol% tetrafluoro-tetracyano-quinodimethane. This structure with a mixed DA
layer sandwiched between homogenous donor and acceptor layers is named hybrid




Organic and Hybrid Solar Cells Based on Small Molecules 83

AlElectrode (b) [= single cell
U, =050V
'E 20 b J,.= 152 mAJem’ 4
2 FF= 037
£ n=2.11 +/-0.20 %)
2
2 0
8 vy
5 gy stacked cell
= 00000000a0eY) U =099V
5-20 R . J,.= 10.8 mAten |
130 mWiem’ FF= 047
_ 40°C n=3.80 +1-0.20 %
- 0 1
voltage [V]

Fig. 20 a Concept of a stacked p—i—n OSC with active layers sandwiched between p- and n-type
wide-gap transport layers. b J-V characteristics of single and tandem p—i—n solar cells under
130 mW cm ™2 simulated AM 1.5 solar illumination. The single cell is identical to the bottom cell
in the tandem configuration (Cell A) and prepared simultaneously. The performance parameters
are given. “Reprinted with permission from Drechsel et al. [115]. Copyright [2005], American
Institute of Physics”

double-bulk heterojunction [101, 113], and is schematically represented in Fig. 19.
Another important finding concerns the effect of different layers thickness that
resulted in 5% efficiency. It demonstrates the undercover potential of such
approach and that the device’s optimization may even augment the efficiency
value.

Dreshsel et al. [115] introduced an effective means to space the sub-cells apart
by employing a p—i—n heterojunction architecture, as depicted in Fig. 20. In this
case, the N,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine (p-doped MeO-TPD)
and the n-type Cgo wide-gap transport layers (which optimally do not absorb the
incident light) are used to spatially separat the mixed ZnPC:Cg (i-type materials)
layers that generate photocurrent.

The photocurrent—voltage characteristics for the single and tandem p—i—n solar
cells are shown in Fig. 20b. The power-conversion efficiency is 2.1% for the single
device and 3.8% for the tandem cell. It is very common to observe that optimized
organic tandem cells have lower Jgc values than optimized single cells.

More recently, Yu et al. [116] assembled organic tandem solar cells without
metallic nanoclusters between the sub-cells. In contrast, they fabricated organic
tandem cells employing all-organic units by continuous deposition. These
all-organic connecting units were heterojunction films, which have a better
transparency and a lower sublimation temperature than Au or Ag. A tunneling
mechanism was suggested as an explanation to why the organic heterojunction
became an effective charge recombination center. In an optimized tandem solar
cell comprising a tin phthalocyanine dichloride (SnCl,PC)/copper hexadecaflu-
orophthalocyanine (F,,CuPC) heterojunction as the connecting unit, the Voc is
almost twice that as a sub-cell, reaching up to 1.04 V, and 60% enhanced IPCE
(n = 1.8%). Furthermore, the all-organic connecting units can be continuously
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deposited, which provides an easy way to fabricate these devices and avoids
damage to the organic films.

4 Liquid Crystals

If the nanomorphology of the active layer could be controlled on a molecular scale,
the efficiency of charge separation and transport would be expected to increase
substantially, improving the performance of these devices. Since most organic
photovoltaic materials are amorphous solids or polymers with limited charge
mobilities and exciton diffusion lengths, an approach to achieve the necessary
enhancement in efficiency is the use of self-assembled materials into large domains
of crystalline or liquid crystalline order. In this context, the use of discotic liquid
crystalline materials and composites might reach this goal because of their
capacity to self-organize into columnar stacks, maintaining high charge-carrier
mobility while providing a well-distributed interface between the donor and
acceptor semiconductors.

The supramolecular assemblies of aromatic disc-shaped molecules, which lead
to the formation of discotic LCs, were discovered in 1977 by Chandrasekhar and
colleagues [117]. These disc-shaped molecules exhibit liquid crystalline properties
at room temperature (RT), with LC to liquid transition (clarification) temperatures
(CT) usually above 150°C. The discotic molecules generally consist of an aromatic
core surrounded by aliphatic chains. Due to strong n—7n interaction between the
cores and weak interaction between the flexible aliphatic chains, the molecules can
stack one over the other, forming columns, when slowly cooled from above CT to
RT. Thus, well-oriented large domains can be obtained. These columns can be
arranged in several ways, forming columnar hexagonal, columnar rectangular,
columnar oblique, columnar helical, or columnar plastic phases [118]. Typical
column—column distance in the columnar hexagonal phase is 2—4 nm depending
on the aliphatic chain length and the core—core distance within the column is
around 0.35 nm with a length of a few tens of nanometers.

The strong intracolumnar interaction and weak intercolumnar interaction con-
tribute to the quasi-one-dimensional electrical conductivity along the columns.
Long exciton diffusion lengths (a few 100 nm) and high charge-carrier mobilities
(up to 0.1 em? V™' s7!) have been found in the highly ordered liquid crystalline
discotic molecules [119]. The mobility along the columns is superior to typical
mobility of amorphous organic films and can reach values found for amorphous
silicon [120-122]. Provided the distance between the single discs is short, elec-
trons and excitons readily move along the columnar axes. Both p-type discotic LC,
such as triphenylene, dibenzopyrene, and hexabenzocoronene (HBC) (Fig. 21a—c),
and n-type discotic LC, such as tricycloquinazoline, anthraquinone, and perylene
(Fig. 21d-f), are known [123]. Moreover, liquid crystalline phases are self-
repairing and thereby minimize defects that can act as recombination sites. While
the aliphatic side groups affect the melting point, solubility, and film-forming
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Fig. 21 Chemical structure of p-type (a—c) and n-type (d—f) discotics liquid crystals [123]

planar homeotropic

Fig. 22 Schematic representation of the planar (edge-on) and homeotropic (face-on) orientations
of a columnar mesophase and ideal arrangements of the discotic stacks in a device configuration.
The LC stacks should be perpendicular to the surface substrate and be surrounded by the electron-
accepting material to obtain an ideal structure

properties, they have a negligible effect on the electrochemical oxidation/reduction
potentials and optical properties, which depend on the core structure and the
m-conjugation.

After the deposition of a LC molecule onto a substrate, the alignment can be
planar (columns parallel to the substrate) or homeotropic (columns perpendicular
to the substrate), as depicted in Fig. 22, depending on the type of the material, the
substrate, and the experimental conditions (film thickness, cooling rate, etc.) [124].
Sometimes, after spin-coating or vacuum sublimation of a film with thickness
below a critical value (typically a few hundred nanometers), the material clears
upon heating to form an isotropic liquid that rapidly destabilizes into isolated
droplets. This droplet formation can be avoided in many cases by an appropriate
ITO surface treatment (e.g., annealing at high temperature) combined with a rapid
cooling of the organic film through the liquid-to-LC phase transition [124, 125].

Grelet et al. [124] showed that uniform vertical orientation of the columnar axis
on the substrate can be achieved in submicron open films by controlling the growth
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kinetics of the columnar domains during thermal annealing. However, when the
film thickness was reduced to the typical value required in OSC (50-100 nm),
dewetting occurred, leading to inhomogeneous films. Later, the same group
showed that by treating the substrate surface either by UV ozone or by nitrogen
plasma, thin films of 50 nm of a columnar mesophase could be stabilized in
homeotropic orientation on an ITO electrode [126].

HBC liquid crystalline derivatives have been widely used in efficient photo-
voltaic diodes [127]. The disk-like aromatic cores of HBC assemble face-on into
columns, allowing for high charge-carrier mobilities along the discotic cores [128,
129]. The potential to form controlled, organized structures in optoelectronic
devices is evident by the self-organization of HBCs in both “edge-on” hetero-
tropic alignment [130] as well as homeotropic alignment perpendicular to the
substrate [131].

The photovoltaic behavior of three hexa-peri-hexabenzocoronene derivatives
with different-sized alkyl side chains was investigated [132]. Increasing the side
chain length dilutes the HBC chromophore core, decreasing the amount of light
absorbed by the film. Also, differential scanning calorimetry and X-ray analysis
showed that, at RT, the HBC derivative with the 2-ethyl-hexyl side chain is in a
crystalline state, while the HBC containing 2-hexyl-decyl or 2-decyl-tetradecyl
substituents are in the so-called “plastic crystalline state”. The HBC with the
shortest side chain was proven to be the best donor for perylenediimide, showing
IPCE of 12% (at 470 nm).

Fluorenyl hexa-peri-hexabenzocoronene functionalized with a series of thio-
phene dendrons, were synthesized using the Suzuki—Miyaura coupling [133].
Ordered structures were observed in blends of these materials and fullerene
acceptor materials. The larger thiophene dendritic substituent attached to the HBC
derivative broadened its absorption profile, and also altered the morphology.
A power-conversion efficiency of 2.5% was achieved for a device containing the
compound depicted in Fig. 23a with PC;;BM as the acceptor material [133].

Schmidt-Mende et al. [134] built a photovoltaic solar cell using hexa-
dodecylphenylhexabenzocoronene as the hole-transporting layer (Fig. 23b).
A chloroform solution of this LC and the crystalline dye N,N(bis(1-ethylpropyl)-
3,4,9,10-perylene-tetracarboxdiimide (PTCDI, Fig. 23c) was spin-coated onto
ITO. PTCDI is a LC dye with a long chain hydrocarbon moiety bound to the
nitrogen in the imide group, which self assembles in a similar manner to other
perylene diimides [135]. The device exhibited IPCE up to 34% and power effi-
ciencies of up to ~2%. The efficient photoinduced charge transfer and facile
charge transport through vertically segregated perylene and HBC were considered
responsible for the high efficiencies. The same group investigated later the per-
formance of solar cells assembled with blends of perylene diimide and other HBC
derivatives, spin-coated directly from solution [136]. The use of different HBC
derivatives as hole conductors showed lower efficiencies, attributed to the different
film morphology originated when spin-casting these materials.

In a different approach, Schmidtke et al. [137] employed the elastomer poly-
dimethylsiloxane (PDMS) to control the film morphology and phase separation of
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Fig. 23 Examples of HBC derivatives used as donors (a, b) and PTCDI dye used as an acceptor
(c) in LC-based SPOSCs [133, 134]

blends containing PTCDI and hexadodecylsubstituted-HBC. The PDMS stamp
formed a flat, top-surface, which was utilized during the annealing step and then
removed. The authors observed that the annealed devices showed a modest
increase in IPCE compared to that of the as-spun devices, whereas the PDMS-
annealed devices presented a twofold increase in IPCE over the as-spun films,
reaching 29.5% at 460 nm. The AFM images showed different textures and pat-
terns in each case. The annealing processes resulted in increased roughness and
polycrystalline features, which suggest higher charge-carrier mobilities associated
with the crystalline phases of the HBC derivative. Furthermore, the increased
vertical stratification increased the V¢ in these devices [137].

Porphyrine-based molecules may also present liquid crystalline properties.
Gregg et al. [138] studied in 1990 the photovoltaic effects of symmetrical cells
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filled with discotic liquid crystalline PP complexes. The authors did not study the
charge mobility in the mesophase itself, but utilized the liquid crystalline prop-
erties to promote macroscopic order, which, upon cooling, provided polycrystal-
line films. In 1999, Petritsch et al. [139] fabricated a double-layer device using a
liquid crystalline PC. They heated the PC until it reached its clarification point
(292°C) and then cooled it slowly to RT. The films were fabricated in air by spin-
coating from a chloroform solution. On top of the PC layer a thin layer of a
perylene derivative was sublimated. The assembled devices presented efficiencies
up to 0.5%.

Recently, Levitsky et al. [140] presented the preparation of a solar cell based on
n-type nanoporous Si filled with copper phthalocyanine (CuPCl, in Fig. 24) and its
derivatives (CuPC2, in Fig. 24), including a discotic LC form (CuPC3, in Fig. 24).
The conversion efficiencies were between 0.01 and 0.02% (at 30 mW cmfz) when
the CuPC-derivatives were used. For CuPC1, on the other hand, conversion effi-
ciencies up to 2% were observed. The striking difference in conversion efficiency
of hybrid devices was explained in terms of the interfacial area between organic
and inorganic components. The critical factor in this case was believed to be the
average distance between the CuPC core and the Si surface. The relatively long
alkyl chains in CuPC2 and CuPC3 hindered the charge transfer in such a way that
the LC organization in CuPC3 could not compensate for the low charge transfer
caused by the long alkyl chains.

The properties of discotic LC can be modulated by doping with either electron-
rich or electron-deficient molecules into the supramolecular, ordered phase. The
doping should be kept at an optimum concentration while retaining the liquid
crystalline phase and introducing sufficient electron or hole concentrations into the
liquid crystalline medium to increase the conductivity. Trinitrofluorenone and
several inorganic dopants, such as iodine, aluminum chloride, nitrosonium tetra-
fluoroborate and gold nanoparticles have been introduced in the columnar liquid
crystalline matrix [141-145].

The versatility of LCs allows the application of these molecules in other types
of solar cells as well, including silicon-based devices. For example, LC-based
thermography has been successfully used for the investigation of various thermal
phenomena in a wide range of applications, including the detection of shunts in
polycrystalline silicon solar cells [146].
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5 Ternary Component-Based OSC

For OSCs, effective absorption over a wide wavelength range is an important goal,
which usually is not sufficient when using a simple DA pair. As an alternative, the
inter or intralayer cascaded energy transfer concept has been proposed by Koeppe
et al. [147] and Liu et al. [148], utilizing multiple photoactive materials in a single
cell. The application of this method, however, is limited by the subtle balance of
hole and electron mobilities in the bulk heterojunctions. Also, the interface
formation and morphology are difficult to control in the presence of a third
component in the active layer. In this section, recent reported results for three-
component-based solar cells with small organic molecules are reviewed.

Figure 25a illustrates the basic ideas underlying the design of the multiple-
heterojunction system with antenna effects: (i) a p—n heterojunction, containing an
electron donor and an acceptor is responsible for exciton separation; (ii) antenna
layers, i.e., energy donors with wide bandgap and large exciton diffusion length are
introduced as sensitizers; (iii) excitons in the wide-gap antenna layers enter p- or
n-type layers via efficient energy transfer, and then diffuse to and dissociate at the
p—n junction; and (iv) efficient charge transport and collection of photogenerated
charge carriers can be realized if no significant barriers for holes and/or electrons
from the p—n junctions to the energy donors/antenna layers exist.

Using this concept for the purpose of improving photon harvesting in OSC,
Hong et al. [149] combined two hole-conducting materials, pentacene and ZnPC,
and electron conducting Cg( to construct three-component heterojunctions. Fig-
ure 25¢ shows the absorption spectra of the three active materials and their
molecular structures. Pentacene and ZnPC have strong absorption mainly in the
longer wavelength range (500-800 nm). In pentacene/ZnPC/Cg, multi-hetero-
junction cells (see scheme in Fig. 25b), some of the excitons in pentacene might
reach the ZnPC/Cyg, interface, where efficient exciton separation occurs and con-
tributes to the photocurrent. The V¢ of this device was slightly higher than that of
the ZnPC/Cg cell, which suggests a higher carrier concentration under the same
illumination density, due to sensitization effects of pentacene for the ZnPc
interlayer.

PC and PP [150-153] have also been added to polymer/fullerene systems to
improve light-harvesting. For example, solar cells with multilayer structure con-
taining P3HT, PCBM, and CuPC have been reported (Fig. 26) [151]. In these
devices, the CuPC layer was thermally evaporated onto the substrate and the
P3TH:PCBM layer was deposited by spin-coating. For solar cells with optimized
layer thicknesses, enhanced light absorption was responsible for the high Jgc
(12.5 mA cm™2) and high efficiency (4.1%), a consequence of a second optical
interference peak in the multilayer structure.

Cyanoporphyrins have also been incorporated into the active layer of
P3HT:PCBM solar cells, which were obtained by spin-casting the blends from
chloroform solutions [154]. Before annealing, the greatest PP contribution to the
spectral response occurred when both P3HT and PCBM were present. Upon
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Fig. 26 Schematic illustration of the device structure and energy diagram for a OSC of ITO/
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annealing (140°C for 4 min), the photocurrent generated by the PP was lost, due to
aggregation, except in devices where only a small amount of polymer was present.
For devices with low PCBM content, the PP did not contribute to the photocurrent
and hindered the photocurrent generation by P3HT at the Soret band. Overall, this
data suggests that the PP tends to interact with the polymer to quench photocurrent
generation, but interacts preferentially with PCBM when it is present in the film.

In order to improve the exciton diffusion length, both high-mobility compounds
and triplet materials with long exciton lifetimes can be introduced in the device.
An efficient bulk-heterojunction OSC based on the triplet material 2,3,7,8,12,
13,17,18-octaethyl-21H,23 Hporphineplatinum (II) was demonstrated by Shao and
Yang [155]. Schulz and Holdcroft [156] and Yang et al. [157] also showed
enhanced photovoltaic responses due to singlet-to-triplet exciton conversion in
conjugated polymer/iridium complex-based cells. Li et al. [158] fabricated ITO/
PEDOT:PSS/P3HT:Pt dendrimer/Cg(/Al cells, in which the charge generating
structure consisted of a film of P3HT blended with triplet platinum dendrimer
complex deposited by spin-coating and a thermally evaporated fullerene layer.
In this platinum dendrimer, the platinum porphyrin core acts as heavy metal
center, which induces intersystem crossing in the host polymer [157, 159], and the
external carbazole groups enhance the conductive properties. In particular, the
alkyl chains provide good solubility for the dendrimers in organic solvents and
excellent film-forming properties by spin-coating. The cells showed a poor effi-
ciency of 0.70%, which was attributed to poor mobility in the Pt dendrimer film.

The construction of supramolecular assemblies is also interesting and promising
for the future development of photovoltaics. In this perspective, recent develop-
ments of supramolecular systems for light energy conversion, which are mainly
composed of PC dyes and nanocarbon materials, such as fullerenes and carbon
nanotubes were reported. The water-soluble CuPC derivative 3,4,4,4 tetrasul-
phonic acid tetra sodium salt copper phthalocyanine (TS-CuPC) was blended with
concentrated dispersions of acid-treated carbon nanotubes to form stable solutions
with excellent film-forming properties [160]. The application of this nanocom-
posite material as hole-extracting electrode and donor layer in bilayer OSC using
Ceo as electron acceptor was demonstrated. The interaction between surface-oxi-
dized multi-walled carbon nanotubes (o-MWCNTSs) and TS-CuPC was also
investigated [161]. The compatibility between the two components was shown to
result from hydrogen-bonding interactions and ground-state charge-transfer
interactions. The self-organization of the o-MWCNT decorated PC molecules into
extended aggregates of 1D linearly stacked PC polymers was observed to occur
after the spin-coating deposition. The hybrid material was incorporated into an
organic photovoltaic cell at the interface between the P3BHT:PCBM bulk-hetero-
junction layer and the ITO electrode. This extra-layer increased the light-har-
vesting and facilitated the hole extraction, enhancing the #.

Despite the interesting concepts underlying the introduction of a third com-
ponent to the OSC, more efforts are necessary in the search for better material
combinations, since higher efficiencies are still found for two-component-based
devices.
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6 Small Molecules in Dye-sensitized Solar Cells

The possibility of exploring the solar energy with reduced costs became a reality
after the report of an efficient DSSC by O’Regan and Gritzel [162]. Since then
these devices have attracted significant attention from the scientific and industrial
community because DSSCs use cheaper materials and production processes than
the analogous Si-based photovoltaics. These solar cells can achieve up to 10.4%
of certified solar power efficiency [163] and their stability data indicates at least
10 years of use in outdoor applications [164]. Generally, DSSCs are assembled
using nanocrystalline TiO,, organic or inorganic dyes (normally Ruthenium (II)
coordination compounds), and a liquid electrolyte. The liquid component is
considered a drawback for large-area production as a consequence of potential
liquid leakage and contamination concerns; a sealed and secured cell is essential.
Also, the iodine usually employed is capable of attacking the transparent
conducting oxide substrate typically used in fabrication. Solid or quasi-solid
electrolytes, such as polymers and gels, have been applied as alternatives to
the liquid component [165-167]. However, all-solid-state solar cells are only
achievable when p-type semiconductors are employed, such as inorganic hole
conductors, organic low-molecular weight molecules or conducting polymers
[168-173, 218-220].

In this scenario, small organic molecules are also promising candidates to
replace the liquid electrolyte for several reasons: easy fabrication, low cost, and
versatile deposition. When applied as hole conductors (or hole transporting
materials, HTM) in DSSCs, better penetration is achieved due to their ability to fill
the TiO, pores more effectively.

Small organic molecules can also be used to replace the sensitizer dye in
DSSCs. In fact, in recent years, several groups have concentrated their efforts in
the search of novel organic dyes with more extended light absorption toward the
infrared. Besides, the small organic dye can replace the expensive metal com-
plexes based on the rare metal Ruthenium [174-176]. It is also possible that the
sensitizer dye acts simultaneously as both absorber and HTM in this kind of solar
cell, although the efficiency is low.

In this section we will focus mainly on the attempts to replace the liquid
electrolyte in DSSC by small organic molecules as HTMs. Small molecules are
powerful sensitizers, particularly perylene, indoline and arylamine derivates. Due
to the great versatility and performance demonstrated in DSSC, a brief review is
provided for this application.

6.1 Hole-Conductor Materials

Energy conversion in a DSSC is based on the injection of an electron from a
photoexcited state of the sensitizer dye (typically a bipyridine Ruthenium (II)
complex) into the conduction band of the nanocrystalline semiconductor (TiO; is



Organic and Hybrid Solar Cells Based on Small Molecules 93

Fig. 27 Schematic diagram E[V] vs SCE i
of the processes occurring at T : Bye
the dye-sensitized TiO,/

[0)
organic HTM heterojunction 0.8 i %{D’
(Haque et al. [217]). g
Copyright Wiley-VCH -0.4 I

Verlag GmbH & Co. KGaA.

Reproduced with permission 0.0 — 4)
e \
04— HTM

@) AGitsye-1mn)

0.8 < TR

D'/D

by far the most employed oxide semiconductor), as depicted in Fig. 27. These cells
also employ a liquid electrolyte (usually an iodide/triiodide redox-active couple
dissolved in an organic solvent) to reduce the dye cation (viz., regenerate the
ground state of the dye). Regeneration of iodide ions, which are oxidized in this
reaction to triiodide, is achieved at a platinum counter electrode.

A p-type semiconductor can replace the liquid electrolyte if it is able to accept
holes efficiently from the excited state of the dye cation. The main processes that
occur at the TiO,/dye/HTM interfaces are represented in Fig. 27. Cell operation
using HTM is analogous to liquid or polymer electrolyte-based DSSCs. However,
after dye excitation and electron transfer (reaction 1 in Fig. 27), the ground state of
the dye is regenerated by the HTM (reaction 2): electrons from the HOMO of the
HTM regenerate the ground state of the dye molecules instead of the redox couple
of the electrolyte. The oxidized HTM material is then reduced at the counter
electrode (in most cases a nanometric layer of gold). The main difference relies on
the kind of transport between the electrodes. In comparison to the ionic transport in
the DSSC which uses liquid or gel polymer electrolyte, the HTM cell transport is
typically electronic. The losses are represented by the electron recombination with
the dye cations (reaction 3) and with HTM (reaction 4). The recombination
reactions are important because they limit the efficiency of these solar cells: at
open-circuit and short-circuit conditions, the recombination is 10 and 100 times
faster than in the cells with liquid electrolyte, respectively [177].

The hole-transfer reaction is limited by the thermodynamic driving force,
defined as AGgye.irv [169]. In order to achieve an 85% charge-transfer yield, the
energy difference between the HOMO of the HTM and the HOMO of the dye
(AGgye-rv) must be at least 0.2 eV. According to the energy diagram, the HOMO
position of the HTM must lie above the ground state of the sensitizer dye.

Triarylamine derivates are so far the most important class of HTM applied in
DSSC. The first successful triarylamine derivate applied in DSSC was the amor-
phous compound 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobi-
fluorene (referred as spiro-OMeTAD, structure 1, Table 3), introduced by the
group of Prof. M. Gritzel in 1998 [168]. In 2007, the efficiency of the solid-state
DSSC based on spiro-OMeTAD reached 5.1% [178]. Until this present day, this
molecule has been unsurpassed in terms of hole conduction in DSSC. However,



94

L. C. P. Almeida et al.

Table 3 Characteristics of some organic HTM based on triarylamine derivatives applied in

DSSCs
Structure Mw Hole mobility/ HOMO level/  References
cm?> V7 ls7! eV
1 Q Q 1230 2 x 1074 (® —4.77 [170]
N O Q N
H(f"% O‘O g*m.
2 Ry 821 4.86 x 107 (®) —4.97 [169]
3w 1 815 8.07 x 1074 (® -5.0 [169]
4 o O 800 () 5.6 (171]
D
OO
@ @ —3 ca c
5 488 1072 () © [172, 173]
Q
@Nb
6 Q @ 516 ~107° () —5.13 [172, 173]
Q\AQ
7 Q @ oS48 ~1073 ) —5.06 [172, 173]
QNV@
8 @ Q 608 ~107° (%) —4.97 [173]
QNNQ
9 O 588 ~10°° ®) —5.20 [173]
R
/7\ O O \7/
10 688 ~1073 —5.18 173
OOO o OOQ (@) [173]
11 QQ Q [y 640 ~107° () -5.12 [173]

(continued)
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Table 3 (Continued)

Structure Mw Hole mobility/ HOMO level/ References
em? Vg™t eV
12 896 () @) [173]

O O
o8
3o

&
OO
<

13 Q 760 (%) —5.45 [173]

.
.

% Determined using the time-of-flight technique
® Field-effect transistor (FET) mobilities
¢ Not available

other types of organic HTMs have been synthesized and have demonstrated the
potential to replace liquid electrolytes, as well. Table 3 summarizes the structures
and some characteristics of small organic HTM based on tryarylamine derivatives
applied in DSSC.

Interestingly, the charge-transport properties of the spiro-OMeTAD showed
that its hole mobility is independent of film thickness from 0.135 to 4 um [170].
Thus, hole mobility is a non-dispersive characteristic and this indicates that the
photocurrent may be dependent on the rate of interfacial hole transfer, not as
function of the thickness. In fact, Durrant et al. [169] found that the hole transfer
yield (related to the efficiency of reaction 2 presented in Fig. 27) is directly pro-
portional to the photocurrent (Fig. 28).

Although a high hole mobility is a strong consideration when choosing between
potential HTMs, other important requirements must be taken into. It is well-
established that good film-formation ability, low tendency toward crystallization,
and excellent pore filling and HOMO energy value strongly influence the overall
conversion efficiency of DSSCs [173]. As observed in the performance of solar
cells using the hole conductors 1-3 as displayed in Table 3, the best efficiency was
achieved with spiro-OMeTAD (2.8%), although this molecule presented the lowest
hole mobility of all. Despite the higher hole mobility of the other triarylamine
oligomers, they are poor pore fillers [179] and have significant variations in the
hole transfer yields.

Similar conclusions involving the HTM properties and their relation to device
performance were obtained out by Karthikeyan and Thelakkat using several
synthesized HTMs based on triphenyldiamines with mobility of the order of
10 em* V7' s7' [173]. They calculated the charge-transfer rate for these
molecules and observed their dependence on the HOMO energy offset. The
maximum charge-transfer rate was realized for the energy gap of 0.79 eV. The
results give significant information for the design of novel dyes and HTM.
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Fig. 28 Short-circuit L . L . 1 . 1 . 1
photocurrent density (Jsc) as
a function of the hole transfer
yield, determined using
Transient Absorption
Spectroscopy—TAS (Kroeze
et al. [169]). Copyright
Wiley—VCH Verlag GmbH &
Co. KGaA. Reproduced with
permission

Jgo [MA cm’)
N
|
[ )
I

20 40 60 80 100
hole transfer yield [%]

Another class of HTM is macrocyclic aromatic compounds such as PP and PC.
They have high stability and high optical absorption, covering a great extension of
the solar spectrum. Some techniques have showed that PP and PC films are fre-
quently p-type semiconductors [180-184]. Few reports demonstrate the usage of
this class of small molecules in transporting holes after dye excitation. The
combination of TiO, and PC or PP is limited [185-190], and the efficiency is low.
For the TiO./ZnPC/Au cells, Voc = 0.376 V, Jsc = 0.142 mA cm 2, and
FF = 0.34 (under simulated AM 2 conditions) were achieved [185]. Other reports
were found for zinc (ZnPC) [185, 189, 190], copper (CuPC) [190], palladium
(PdPC) [185], lead (PbPC) [188], and iron (II) phthalocyanines (FePC) [187]. The
best result was obtained for an ITO/TiO,/ZnTCPP/Hg solar cell (where ZnTCPP is
zinc-tetra(4-carboxyphenyl) porphyrin), which showed a Voc of 0.7 V, Jsc of
0.22 mA cm~2, and FF of 0.25 [182].

For the most part, these molecules, PP and PC are more intensively explored as
dyes [191-198] . The dual function of this class of small molecules, as sensitizer
and as HTM, is rarely investigated [182]. A possible explanation for the limited
use of PP and PC as HTMs (and dye-HTM combination) in DSSCs comes from
low efficiency and this may be related to the difficulty of filling the pores of the
TiO, electrodes, annihilation of the molecule excited state by energy transfer due
to aggregation, and poor hole mobility after deposition. In fact, for this class of
molecules, the values of hole mobility is closely related to device performance.

Intensity-modulated photocurrent spectroscopy indicates that the transport of
holes in these small molecules is not governed by the electric field, but driven by
diffusion [182]. Mobility values of 5 and 2.5 X 10~* cm? V™! s7! were found for
columnar stacks of PP [199] and a palladium phthalocyanine (PdPC) [186]. In this
latter case the solar cell presented a Voc = 0.46, Jsc = 30 pA cm™ 2, FF = 0.35
and 1 = 0.025% under 20 mW cm 2. However, in the majority reports, the
mobility values fall between 1079 and 107" em? V! s7! [181, 182].

It is also important, however, to call attention to the difficulty in preparing such
films. This may explain the large discrepancy between the reported mobilities
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values derived from current—voltage [200, 201], time-of-flight [202] and micro-
wave-conductivity measurements [199], since only vacuum sublimation, elec-
tropolymerization and dispersion in other HTMs seems to be a successful method
to achieve homogeneous and stable films [183].

Nevertheless, the conversion efficiency can be substantially increased when
dyes or electron acceptors such as Cgq and 4-(dicyano-methylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran (DCM) are added as n-type material in ITO/TiO,/
n-type layer/PC/Au cells, where PC refers to ZnPC or CuPC [190]. The hole
mobililties were estimated as 3.8 x 107> and 2.6 x 107> cm® V™' s™! for CuPC
and ZnPC, respectively. The largest energy difference between the HOMO level of
PC and LUMO Ilevel of DCM leads to an increase in the Voc of the device. The
best solar cell performance was achieved with Cgy combined with CuPC (Fig. 29),
which causes an increase of Jgc, likely due to a higher carrier mobility, i.e., Cgq
acts as an electron acceptor, increasing the electron transport.

Pentacene molecules have also been applied as HTM in DSSC, however, the
efficiency of the solar cells is lower compared with triarylamine derivates, possibly
due to a fast recombination of the charge carriers at the interfaces [203].

6.2 Small Molecules as Sensitizers

In DSSCs, the photocurrent values are limited by the absorption spectrum of the
sensitizer dye. Tuning the optical and electronic properties of small organic
molecules by modifying their chemical structures has become an important step in
overcoming this issue and developing solar cells with improved light-harvesting
capabilities. In fact, the number of publications involving the synthesis of novel
organic dyes and their application as sensitizers in DSSCs has grown rapidly,
motivated by the high efficiency values reported recently (Fig. 30). The best result
achieved to date reached 9.8% of efficiency using a TPA derivative and a liquid
electrolyte [204].

Among the organic molecules sensitizers, cyanine [174], coumarin [205], por-
phyrins [191-194], phthalocyanine [192, 195-198], perylene derivatives [206-209],
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Fig. 30 Ruthenium complexes developed by the Gritzel Group in 1991 achieved an efficiency of
10% quite rapidly and they are currently at 11%. The use of organic dyes began with extremely
low efficiencies but has shown a fast growth in the last years. The D205 developed by Mitsubishi
Paper Mills in 2007 achieves an efficiency of 9.5% (from Tetsuo Nozawa Nikkei Electronics
Asia, July 2008) (http://www.sciencedirect.com/science/journal/00406090)

indoline [175, 176] and arylamine derivates dyes [204, 210, 211] have received
particular attention. In this section we will focus on perylene, indoline, and arylamine
dyes, since recent reviews on the use of cyanine [174], coumarin [174], porphyrin
[192, 193], and phthalocyanine [192] dyes in solar cells can be found elsewhere. The
perylene derivatives present high stability and high versatility attained by use of
different functional groups. Indoline/arylamine dyes have shown the highest effi-
ciency for organic dyes in DSSCs [176, 204].

Photophysical studies are a powerful tool to monitor the excited state of these
molecules and to correlate the effect of the substituent groups in molecular
dynamics. For example, the degree of dye aggregation can be modulated by
substituents like alkyl side-chains with free rotation capacities. Long alkyl chains
[206] and 2,6-diisopropylphenyl [207] have demonstrated promising results and
are shown in Fig. 31.

The presence of two alkyl chains in perylene (Fig. 31) showed that a free
rotation capacity prevents aggregation, enhancing the photoelectron transfer
injection from the dye to the titania film. Icli et al. [206] showed that the presence
of two chains instead of one long or small chains with many substituents prevents
charge recombination, resulting in photocurrent values up to 9 mA ¢cm™> and an
efficiency of 1.61%. When the substituent group is larger and possesses strong
electron-donating properties (i.e., two pyrrolidines at the perylene core) as in
perylene b (Fig. 31), the first oxidation potential is shifted in the negative direc-
tion, improving the power-conversion efficiency up to 2% [207].
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Fig. 31 Structures of perylene derivates [206-209]

In addition, the presence of four O-aryl groups makes the perylene sufficiently
electron donating when applied as TiO, sensitizer. The conjugation system
between the perylene core and the benzimidazole was tested and leads to a sig-
nificant bathochromic shift of the absorption maximum and to an enhanced molar
absorption coefficient. However, the electron injection was low, with efficiencies
below 1%. The absence of benzimidazole and the presence of alkyl chain (per-
ylene c, Fig. 31) led to a decrease in the dye recombination, reaching an efficiency
of 2.29% [208]. An interesting report by Jin et al., demonstrated that the presence
of two imide groups (perylene d, Fig. 31) in a perylene dye deteriorated device
performance. Such molecules contain a strong electron-withdrawing group,
resulting in ineffective electron transfer to the carboxylic groups anchored on the
TiO, [209].

Other organic dyes have also shown promise in the DSSC field. Indoline dyes
are a class of molecules with high sensitization. The presence of a rhodanine ring
in the indoline dyes (Fig. 32) contributed to a red shift in the absorption spectrum,
resulting in devices with a Voc = 693 mV, Jsc = 18.50 mA cm ™2, FF = 0.624,
and n = 8.00% [175]. Solid-state DSSCs using spiro-OMeTAD and D102 dye
have been reported. The devices showed efficiency higher than 4% [212]. The
introduction of a n-octyl substituent onto the rhodanine ring (D205 in Fig. 32) has
pushed the conversion efficiency up to 9.52% under 100 mW cm 2. This is the
highest value reported so far for an indoline dye-based DSSC, compared to the
same cells using Ruthenium (I) complexes [175].
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Fig. 32 Molecular structures
of indoline, rhodanine ring,
and indoline dyes D102,
D149, D205 [175, 176, 213]

D102

The high efficiency values can be explained by a red shift caused by attaching a
second rhodanine unit to the indoline structure, extending its m-conjugation [213].
Although the chromophoric units of these two dyes are identical and the IPCEs are
very close [175], the best behavior of D205 (Fig. 33) is a result of the extension of
the alkyl chain on the terminal rhodanine moiety from ethyl to octyl. The suc-
cessful combination of the n-octyl chain in the dye with the adsorption cheno-
deoxycholic acid (CDCA) onto the oxide resulted in blocking the charge
recombination between I3~ and electrons injected in the nanocrystalline-TiO,
electrodes [176].

However, the D205 indoline does not seem to be stable for use in outdoor
photovoltaic devices [214]. Thus, arylamine derivates dyes have been synthesized
to improve the resistance to degradation over light soaking at full solar intensity and
elevated temperatures [204, 215, 216]. These dyes contain an arylamine (electron
donor) and a cyanoacrylate group (electron acceptor) connected by one or several
thiophene moieties acting as a m-conducting bridge. During light excitation, elec-
trons are transferred from the arylamine through the thiophene bridge to the sur-
face-bound cyanoacrylate, producing an efficient and rapid electron injection from
the excited state of the sensitizer into the conduction band of the TiO, [214].
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Fig. 33 Current density vs.
voltage characteristics for
DSSC with indoline dyes
(D149 and 205) as sensitizers
with/without
chenodeoxycholic acid
(CDCA) under AM1.5
simulated sunlight

(100 mW cm™2) illumination.
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Fig. 34 Structures of the arylamine derivates dyes [204, 210, 211] (http://dx.doi.org/10.1039/
B809093A)

Due to the strong coupling of the excited state wave function with the Ti
(3d,ty,) orbitals [214], the record efficiency of 9.8% is reached using organic dyes
that belongs to an arylamine derivate dye named C217, shown in Fig. 34. Such a
remarkable dye combines an electron donor and an electron acceptor with an
electron-rich 3,4-ethylenedioxythiophene unit that has a small torsion angle with
respect to the adjoining phenyl fragment, ensuring efficient electronic communi-
cation between donor and acceptor units [204].

An analogous thiophene 7m-conducting bridge (thienothiophene and bisthieno-
thiophene) has also been demonstrated (C207, C202, C208, C206 e C211 in
Fig. 34) [210, 211], showing that the addition of one more thienothiophene units
both increases HOMO level slightly and drives down the LUMO, narrowing the
gap [210]. Comparing the dyes in Fig. 35, the band gap can be further shifted into
the infrared regime when two electron-donating methoxy groups (C208) are
replaced at R positions [211].

Although DSSCs employing indolines and arylamines have demonstrated
improved and impressive results in recent years, the overall power-conversion
efficiencies still remain slightly below the values achieved with expensive
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ruthenium complexes. However, scientists working in this field foresee that the
most powerful solar cells will be those based on organic dyes. Theoretical
chemical calculation, for example, is a powerful tool that can help us design and
select new dyes with more suitable absorption spectra, and as consequence,
increased light-harvesting abilities.

7 Conclusions and Perspectives

Any emerging technology represents a challenging task and this is no different in
the development of efficient, stable OSCs based on small molecules. This field
requires a multidisciplinary contribution that involves strong cooperation between
creative synthetic chemists, solid-state physicists, theoreticians, and device
engineers.

The efficiency of OSCs based on small molecules is currently inferior to those
employing conjugated polymers. This is partially attributed to the contact inter-
faces. A polymer adsorbed on a surface can only desorb if a substantial number of
its segments desorb simultaneously, which is improbable and slow. However,
interface quality and stability in small molecule devices have been lacking. Thus,
more stable interfaces are required.

In addition to searching for novel donor and acceptor molecules with improved
solubility, light-harvesting capability and charge mobility, the most challenging
and critical issue is to achieve a suitable morphology without phase separation in
solution-processed OSCs. It is very common to find FF values below 50% in solar
cells using the solution approach. Tryarilamines, vinazene, and diketopyrrolo-
pyrrol-based molecules are among the most promising candidates for solution
processable solar cells. In the case of vinazene molecules, values of open-circuit
voltage exceeding 1 V were obtained. Efficiency is expected to increase with
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better control over phase separation and the use of self-assembly techniques may
be interesting in this context.

Solar cells based on evaporated small molecules offer an alternative to SPOSCs
as OS films and/or multilayers can be easily deposited with high purity, high
crystallinity, and without pinholes. VTE and OVPD are the most-used techniques,
providing morphological control in the double layer, bulk heterojunction and
tandem approaches. The introduction of an EBL has allowed efficiencies up to 4%.
Besides those advantages, the major drawback is the cost associated with the
production method, especially for large-area solar cells.

Organic small molecules have also found their place as components in hybrid
solar cells, which include dye-sensitized solar cells. In this type of device, organic
molecules can act as both the dye and hole transporting materials. In fact, the field
of DSSCs has grown intensively in the area of novel small organic molecules with
ability to absorb long wavelengths. The indoline dyes represent the DSSC-ruthe-
nium free class that has delivered the highest efficiencies to date.

As HTMs, triarylamine derivatives, especially Spiro-OMeTAD, are the most
studied class of p-type semiconductors. The replacement of the liquid electrolyte
by an HTM is not trivial. Problems associated with poor electrode filling, HOMO
position (which controls the charge transfer yield) and mobility still need to be
solved.

For OSCs in general, the challenges are many. As solar cell efficiencies
improve, however, long-term device stability becomes a more relevant and
important issue to consider. Novel donor and acceptor molecules with improved
optical, electronic, and transport properties are desired. Control over morphology
is experimentally difficult and efforts in this direction continue to receive
increasing attention. Although most OSCs employ amorphous films, partly
because it is relatively easy to deposit amorphous pinhole-free films that adhere
well to substrates and to other films, a tendency to produce more crystalline and/or
aligned OSs has been observed. New cell architectures, the design of an appro-
priate DA combination based on theoretical investigations, more ordered structures
and stable interfaces have been pointed out as strategies to push the efficiency of
these solar cells toward a competitive level. The future is bright for OSCs and
based on recent achievements there is no doubt that their place is certainly
guaranteed in the photovoltaic market.
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