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Abstract Issue from thin-film technologies, dye-sensitized solar cells have become one of the most promising
technologies in the field of renewable energies. Their success is not only due to their low weight, the
possibility of making large flexible surfaces, but also to their photovoltaic efficiency which are found to
be more and more significant (>12% with a liquid electrolyte, >7% with a solid organic hole conductor).
This short review highlights recent advances in the characteristics and use of low-molecular-weight glass-
forming organic materials as hole transporters in all solid-state dye-sensitized solar cells. These materials
must feature specific physical and chemical properties that will ensure both the operation of a photovoltaic
cell and the easy implementation. This review is an english extended version based on our recent article
published in Matériaux & Techniques 101, 102 (2013).

1 Construction and performance
of dye-sensitized solar cell

The energy-scenario analysis in 2050 plans an increase
until 300% of the world energy consumption. Such a need
cannot be exclusively satisfied by the fossil fuels, human-
ity has to turn to renewable energies and notably towards
the potentiality of solar energy. Photovoltaics is a promis-
ing renewable energy technology that converts sunlight to
electricity, with broad potential to contribute significantly
to solving the future energy problem that humanity faces.
Historically, in 1954, Bell Labs created the first silicon-
based solar cells with 6% efficiency [1]. To date, inorganic
semiconductor solar cells dominate commercial markets,
with crystalline Si having an 80% share; the remaining
20% is mostly thin film solar technology, such as CdTe
and CuInGaSe [2]. However, the use of this conventional
silicon involves a non-negligible production cost, in par-
ticular because of the silicon purification process to reach
the solar-grade silicon. This cost strikingly reduces the
competitiveness of these silicon cells compared with the
traditional sources of energy for the ground applications.

Since the last two decades, low-cost solutions have
emerged mainly using thin-film solar photovoltaic tech-
nologies. Among them, a new type of cell, known as dye-
sensitized solar cells (DSSC) [3], has been studied to de-
velop low-cost photovoltaic devices. In this type of cell,
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a light-harvesting material, generally a molecular dye ab-
sorbs photons and is photoexcited. The photogenerated
electrons and holes from the dye are quickly separated and
transferred into two different transporting media (metallic
oxide and electrolyte) reducing strongly the electron-hole
recombination in the absorber material. Moreover, the de-
vice is based on the superposition of active layers whose
thicknesses are ten to twenty-folds inferior to that of crys-
talline silicon wafers. In addition, the requested purity of
materials is 10 to 100 times less than for a silicon device.

The DSSC is composed of a photo-anode and a pho-
toinert counter electrode (cathode) sandwiching a redox
mediator (Fig. 1). It consists of five materials: (1) a
fluorine-doped SnO2 (FTO) coated glass substrate, (2) a
nanocrystalline TiO2 semiconductor thin film, (3) a pho-
tosensitizer, organic dye or metal coordination complex,
(4) an electrolyte containing redox mediator, and (5) a
platinum-coated glass substrate (Fig. 1).

A schematic presentation of the operating principles
of DSSC is shown in Figure 1 [4]. Upon absorption of
photons, dye molecules anchored on the TiO2 surface are
excited and an electron passes from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO). The excited dyes inject
electrons from their LUMOs into the conduction band
of the oxide. The oxidized dyes are then regenerated by
electron donation from the redox mediator, such as the io-
dide/triiodide couple. The iodide is regenerated, in turn,
by the reduction of triiodide at the counter electrode, with
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Fig. 1. Schematic presentation of liquid electrolyte-based DSSC and its operation principle.

the circuit being completed via electron migration through
the external load.

In 1991, O’Regan and Grätzel [5] published a semi-
nal paper on DSSC based on the mechanism of a fast
regenerative photoelectrochemical process. The overall ef-
ficiency of this new type of solar cell was 7.1–7.9% (un-
der simulated solar light) with I−/I−3 as redox mediator
and Ru complex as dye. The originality and the device
performances are mainly governed by (i) the high surface
area and the controlled nanoporosity of the oxide materi-
als, and (ii) the high efficiency regeneration of the photo-
oxidized dye molecules induced with an iodide/triiodide
redox electrolyte.

Since the last two decades, many research groups have
been focusing their efforts into developing and optimizing
all the processes and materials constituting a DSSC [3,6].
Nowadays, the photoconversion efficiencies reach over 12%
for small single cells [7,8] and about 10% for modules [9],
connected with high stability upon sunlight exposure. One
of the manufacturing challenges for DSSCs is the need for
a robust sealing process that would prevent the liquid elec-
trolyte in the cells from leakage and evaporation. More-
over, the electrolyte, the iodide/triiodide redox couple, is
corrosive to the surroundings. These problems create dif-
ficulties for the large scale production and greatly curb
the commercialization of DSSC [10–12]. For this reason,
“all solid-state” DSSCs have emerged in an attempt to
replace the liquid electrolytes with small organic or inor-
ganic hole conductors, π-conjugated polymers, or gel elec-
trolytes. These molecules, except polymeric materials, by
their small size can infiltrate into the pores of metallic
oxide to replace the liquid electrolyte. The structure and
the operation principle of the device are thus modified
(Fig. 2). Here, hole transfer occurs directly from the dye
to the hole-transporting materials (HTM), with the holes
being transported via hopping between electronic states
on the organic molecules to a metallic counter electrode.

To well ensure the operation cycle of a solid-state
DSSC, several characteristics are essential for any organic
p-type semiconductor.

(1) It must be able to be deposited within the porous
nanocrystalline layer: an amorphous state is required
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Fig. 2. Operation principle of solid state DSSC device.

with a glass transition superior to room temperature.
The amorphous phase, with small molecular size and
high solubility, facilitate pore filling, allowing good
contact with the dye and hence the best efficiency of
the cell.

(2) It must be able to collect holes from the sensitizing dye
after the dye has injected electrons into the TiO2; that
is why the HOMO energy level of p-type semiconduc-
tors must be located above the ground state level of
the dye.

(3) A method must be available for depositing the p-type
semiconductors without dissolving or degrading the
monolayer of dye on TiO2 nanocrystallites.

(4) It must be transparent in the visible spectrum with no
absorption screen effect compared to dye.

(5) The mobility of charge carriers in the organic p-type
semiconductors must be higher and substantially equal
than that in the nanoporous TiO2 layer avoiding a
charge excess at the interface between active layer and
electrode.

A solid-state DSSC with cyanidin as natural dye and
CuI as inorganic hole transporter was first demonstrated
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by Tennakone et al. [13] in 1995. In direct sunlight (ca.
800 Wm−2) the cell generated a JSC of 2.5 mA cm−2,
a VOC of 375 mV with the maximum energy conver-
sion efficiency equal to 0.8%. Since, the conversion effi-
ciencies of cells employed inorganic p-type semiconductor
electrolyte based solar cells have significantly increased.
Recently, Chung et al. [14] have reported new efficient
solution processable solid state DSSCs with p-type inor-
ganic semiconductor CsSnI3 as hole conductor with a high
hole mobility (μh = 585 cm2 V−1 s−1 at room tempera-
ture). With a bandgap of 1.3 eV, CsSnI3 enhances light
absorption in visible domain to outperform the typical
dye-sensitized solar cells. The cell sensitized with N719 us-
ing pristine CsSnI3 gave interesting photocurrent density-
voltage characteristics: VOC = 0.638 V, FF = 66.1%,
JSC = 8.82 mA cm−2, η = 3.72%. Moreover, the authors
showed that doping of CsSnI3 with fluor and SnF2 dramat-
ically improves these characteristics. At an optimum molar
concentration of 5% F and 5% SnF2, the cell exhibits the
highest efficiency: η = 10.2% (η = 8.51% with a mask)
under the standard AM 1.5 irradiation (100 mW cm−2).

The potential of ionic liquids as solvents for elec-
trolytes for DSSCs has been also investigated during the
last decade. The non-volatility, good solvent properties
and high electrochemical stability of ionic liquids make
them attractive solvents in contrast to volatile organic
counterparts. However, the problem of leakage of the liq-
uid electrolyte during the long-term operation is always
persistent [11, 15]. Then, polymeric ionic liquids, combin-
ing both features of ionic liquids and organic polymeric
materials, have been used as a promising approach leading
to high efficient devices. Recently, it was reported I2-free
solid state DSSCs based on a solid state polymerized ionic
liquids, i.e., poly(1-alkyl-3-(acryloyloxy)hexylimidazolium
iodide) and poly((1-(4-ethenylphenyl)methyl)-3-butyl-
imidazodium iodide) that can sufficiently penetrate the
TiO2 nanopores. These devices exhibited cell efficiencies
of 5.29 and 5.93%, respectively, with an excellent long-
term stability of the devices [16, 17]. Intrinsically, con-
ducting polymers are well known as good hole trans-
porting material, carrying current densities of several
mA cm−2. Thus, these materials are potential candidates
to use as HTM in solid state DSSCs. Nevertheless, poly-
mers cast from solutions must penetrate into the pores
of the nanoparticles and should form a good contact
with the adsorbed sensitizer. Semiconducting polymer as
poly(3,4-ethylenedioxythiophene) (PEDOT) [18, 19] and
poly(3-hexylthiophene) (P3HT) [20] are mainly used in
solid state DSSC as solid hole conductor [21]. How-
ever, the conversion efficiencies reported with conduct-
ing polymers as HTM are lower in comparison to the
cells using a liquid electrolyte or small organic hole con-
ductor molecules, mainly due to the incomplete filling
of the TiO2 nanopores by the HTM [22], which leads
to poor electronic contact between the dye molecules
and the hole conductor. To overcome this drawback,
in situ polymerized HTMs have been developed. The
polymerization of monomers has taken place directly in-
side the TiO2 networks leading to high efficient solid

state DSSCs with η ranges from ∼4–7% [18,19, 23–26].
A breakthrough was recently reported in solid-state hy-
brid solar cells by using organolead iodide perovskite
(CH3NH3PbI3) nanoparticles [27] as a light absorber
and spiro-MeOTAD as HTM, which shows an impressive
PCE of 9.7% with superior stability over 500 h. Etgar
et al. [28] have described the photovoltaic device com-
prised of a mesoscopic CH3NH3PbI3/TiO2 heterojunction
with CH3NH3PbI3 nanoparticles as both a light harvester
and a HTM, which shows a high efficiency of 5.5% un-
der 1 Sun illumination. Moreover, when the n-type semi-
conductor TiO2 was recently replaced by an insulating
Al2O3 mesoporous scaffold, the device displayed a high
PCE of 10.9%, where a CH3NH3PbI2Cl thin absorber
layer functions as both a light absorber and a charge trans-
port materials [29].

In this short review, we limited our study on solid small
molecular, non-polymeric organic hole conducting materi-
als for solid state DSSCs.

2 Molecular glasses based solid state DSSCs

Historically, the first study concerning the use of
molecular glasses as hole conductors in solid state DSSC
was realized by Hagen et al. [30] in 1997. The solid
state cells were prepared by evaporation of the (N ,N -9-
diphenyl-N ,N -9-bis(3-methylphenyl)4,49-diamine (TPD)
transport layer (Fig. 3) on a ruthenium complex sensitized
nanoporous TiO2 (N3, Fig. 4). External quantum efficien-
cies of up to 0.2% was achieved with a low open circuit
voltage equal to 300 mV (Tab. 1). Poor titania pore filling
has been reported as a major performance limiting factor
in this study: the vacuum evaporation process involved
a low interface between the dye and TPD yielding a low
charge transfer between sensitized TiO2 and TPD.

Senadeera et al. [31] elaborated solid-state dye-
sensitized photocell based on pentacene (Fig. 3) as a hole
collector, with N3 as sensitizer (Fig. 4). Pentacene was
thermally evaporated in vacuum on top of the dye-coated
TiO2 film to form films ca. 50 nm thick. Conductivity mea-
surements on these iodine doped pentacene films revealed
that conductivity is in the order of 1.25 × 10−2 S cm−1,
which was lower than that of pentacene films doped either
with iodine or bromine reported in the literature (electri-
cal conductivity of up to 100 S cm−1) [32, 33]. Different
film thickness, doping concentration and doping method
might be reasons for this low value. Using an outer sur-
face graphite-painted gold-plated FTO glass as counter
electrode, the cell gave photovoltaic characterizations un-
der illumination: JSC = 3.6 mA cm−2, VOC = 415 mV,
FF = 49% and η = 0.8%. The low value of the efficiency
can be explained by a partial absorption in visible light of
the pentacene involving an overlap in absorption with the
dye and cut off a significant amount of light reflected by
the back contacts. Additionally, a low pore filling and a
poor injection of the holes to the pentacene might decrease
the photovoltaic efficiency.

In 1998, Salbeck et al. [34] and Bach et al. [35]
reported the first dye-sensitized heterojunction of TiO2
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Fig. 3. Chemical structures of organic hole transporters discussed in this article.

with the amorphous organic hole-transport material
2,2’, 7, 7’-tetrakis (N ,N−di-p-methoxyphenyl-amine)9, 9’-
spirobifluorene (Spiro-OMeTAD) (Fig. 3), with an overall
conversion efficiency of 0.74%. Spiro-OMeTAD contains
a spiro-centre (a tetrahedral carbon linking two aromatic
moieties) which is introduced in order to improve the
glass-forming properties and prevent crystallization of
the organic material [36]. Its glass transition temperature
of Tg = 120 ◦C is higher that of the widely used hole
conductor TPD. Moreover, the methoxy groups are

introduced in order to (i) match the oxidation potential
of the hole-transport medium to that of the dye, (ii) move
the absorption towards the UV domain thanks to their
effect donor and (iii) make pore filling easier with a more
hydrophilic molecule.

Usually, the photovoltaic efficiencies in solid state
DSSC are dependent on the choice of the dye-HTM cou-
ple: a low interface or a screen effect in absorption between
both molecules decreases considerably the overall con-
version efficiency. In the case of the spiro-OMeTAD, the
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Table 1. Photovoltaic properties of hole transporters discussed in this article.

μh EHOMO Sensitization JSC VOC FF η
Compound Ref.

(cm2 V−1 s−1) (eV) dye (mA/cm2) (mV) (%) (%)

TPD 10−3 –5.06 N3 (Ru) n/a 300 n/a 0.2 [30]

Spiro-OMeTAD 2 × 10−4 –4.77 Y123 (OD) 9.5 986 76 7.2 [37]

Pentacene n/a n/a N3 (Ru) 3.6 415 49 0.8 [31]

HTM1 4.68 × 10−4 –4.97 N719 (Ru) 3.8 789 67.1 2.01 [48]

HTM2 8.07 × 10−4 –5.0 N719 (Ru) 1.69 750 34.9 0.44 [48]

HTM3 1.76 × 10−3 –4.99 N719 (Ru) 1.96 778 59.2 0.9 [48]

HTM4 2.06 × 10−4 –4.96 N719 (Ru) 0.87 779 51.8 0.35 [48]

HTM5 8.23 × 10−4 –4.98 N719 (Ru) 2.29 815 56.6 1.05 [48]

HTM6 1.04 × 10−3 –4.96 N719 (Ru) 2.51 797 49.5 0.99 [48]

(R)-TPA-BN-TPA n/a n/a N719 (Ru) 1.07 887 58 0.55 [49]

HY-CARB 6.4 × 10−5 –5.06 N719 (Ru) 0.42 500 35 0.07 [50]

TMEPA n/a –5.34 K51 (Ru) 4.60 770 70 2.4 [51]

VM3 n/a –5.25 N719 (Ru) 0.332 521 43 0.075 [52]

D n/a –5.70 Red sandal (OD) 0.9 250 n/a 0.39 [53]

AS37 5 × 10−5 –4.98 Z907 (Ru) 5.5 730 62 2.48 [54]

AS44 1 × 10−5 –4.99 Z907 (Ru) 6.0 730 67 2.94 [54]

4d n/a –4.82 D102 (OD) 2.63 630 32 0.54 [55]

4b 7.4 × 10−5 –4.92 D102 (OD) 0.75 573 28 0.12 [55]

5b 1 × 10−3 –4.86 D102 (OD) 1.72 531 35 0.32 [55]

TVT n/a n/a SQ (OD) 0.64 480 64 0.19 [56]

VM5C9 n/a –5.21 D102 (OD) 1.83 680 38 0.47 [57]

n/a: not available; (OD): organic dye; (Ru): ruthenium complex.
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evolution of both the nanostructuration of TiO2 and the
synthesis of new dyes (mainly organic dyes) allowed a con-
siderable increase of photovoltaic efficiencies with a record
in 2011 in 7.2% thanks to the organic dye Y123 (Fig. 4)
by Burschka et al. [37]. The inorganic dye based solar de-
vices have attracted considerable attention in recent years
as they offer high and interesting overall conversion ef-
ficiency: recently, Kim et al. [27] reported on solid-state
mesoscopic heterojunction solar cells employing nanopar-
ticles of methyl ammonium lead iodide (CH3NH3)PbI3
as light harvesters yielding a power conversion efficiency
of 9.7%. Moreover, Lee et al. [29] replaced TiO2 anode by
mesoporous alumina as an inert scaffold in sensitized solar
cells: with intense visible to near-infrared absorptivity by
the highly crystalline perovskite as absorber, the power
conversion efficiency of 10.9% in a single-junction device
under simulated full sunlight is observed. Electron trans-
fer is then carried out on the oxide surface and through
the perovskite.

Moreover, the hole conduction of spiro-OMeTAD
increased by adding lithium bistrifluoromethylsulfonyl
imide, (Li[(CF3SO2)2N]) as an electrolytic salt and
tert-butylpyridine (tBP) as solvent. This salt addition
improves the performances in terms of photocurrent,
open circuit voltage [38] and hole mobility [39, 40].
Upon the addition of lithium salts to the spiro-
OMeTAD hole-transporter matrix, Snaith et al. [39]
observe a 100-fold increase in conductivity through
spiro-MeOTAD within a dye-sensitized TiO2 meso-
porous network. By making “hole-only” diodes of pure
spiro-MeOTAD and those doped with lithium salts,
the authors calculate that the hole mobility increases
from 1.6 × 10−4 to 1.6 × 10−3 cm2/V s. Using a molec-
ular hole conductor (4,4”,4”’,4””-ter-N ,N -diphenyl[4-
(methoxymethyl)phenyl]-amine), Snaith and Grätzel [41]
have also shown that under illumination, the hole den-
sity increases, resulting in striking enhancements in film
conductivity, up to 106 times, and charge carrier mobility,
up to 103 times (hole mobility increases from 2.0 × 106

to 1.2 × 10−3 cm2/V s when increasing the incident illu-
mination intensity from dark to 100 mW cm2 at room
temperature. Moreover, 4-trimethylsilylpyridine as the re-
placement for tBP involved a 10% increase of overall con-
version efficiency [42].

The rate of pore filling by the molecular glass is also
an important parameter for optimal overall conversion ef-
ficiency. Infiltration of molecular glasses into mesoporous
TiO2 film is usually accomplished by depositing molecular
glass solution on the film and soaking the film for 1 minute,
followed by spin coating to remove excess solution. By
this way and with spiro-OMeTAD the filling fraction is
as high as 60–70% for films with thickness <3 μm; how-
ever, as the film thickness increases, the filling fraction
goes down, which may be the cause of poor efficiency of
these devices [43,44]. Moreover, the coating method could
influence the pore filling: Doctor blade coating is more
adapted for the higher thickness [45]. Melhem et al. [46]
demonstrated also different filling fraction depending on
crystalline morphology of TiO2.

The other structures of studied molecular glasses are
mainly arylamine derivatives [47]: the hydrogen atoms of
the phenyls near the nitrogen atom create between them a
steric hindrance inducing the three-dimensional structure
and consequently an amorphous state over the ambient
temperature like spiro-OMeTAD. Kroeze et al. [48] stud-
ied oligomers HTM with core triphenylamine of variable
molecular masses (HTM1 to HTM6, Fig. 3), and showed
in particular, higher efficiencies when the number of entity
decrease. Furthermore, the valuable difference of mobility
values, contrary to the filling, is not correlable in the per-
formances of cells. Also let us note that these values of
mobility are the same order as those of spiro-OMeTAD
but the performances are much lower. It can be the conse-
quence of a difficult penetration of these oligomers in the
porous anode.

As described above, the active layer of solid-state
DSSC is comprised of a nanostructured TiO2 film coated
with a monolayer of photosensitizer and infiltrated with
an organic electron-donating/hole-transporting semicon-
ductor. The most successful approach is to spin-coat a
highly concentrated solution of hole transporter on top
of the nanoporous film, allowing the favorable interac-
tion between the hole transporter and the dye-coated
surface to act as a driving force to aid material infil-
tration during solvent evaporation. However, this later
step is far from perfect and it is still difficult to ob-
tain material infiltration through more than a few mi-
crometers thickness. Snaith et al. [51] have, therefore,
suggested that a liquid organic semiconductor may offer
the ideal solution, enabling infiltration without the need
for subsequent solvent evaporation. They have synthe-
sized tris-[4-(2-methoxy-ethoxy)-phenyl]-amine (TMEPA,
Fig. 3) which absorbs only in the UV region. Due to
the methoxy-ethoxy side-chain’s characteristics, TMEPA
is in a liquid state at room temperature (Tg = −14 ◦C,
Tm = −7 ◦C). DSSC fabricated from NOBF4 chemically
doped TMEPA and K51-sensibilized porous anode deliv-
ered a power conversion efficiency of 2.4% with a quantum
efficiency of over 50%.

In 2007, Zhao et al. [49] reported a newly chi-
ral small organic hole conductor, (R)-2,20-dimethoxyl-3,
3’-di(phenyl-4-yl-diphenyl-amine)-[1,10]-binaphthyl ((R)-
TPABN- TPA, Fig. 3). This molecule features two
triphenylamine and two methoxynaphthalene moieties.
Introduced into dye-sensitized photoelectrical cell as solid-
state electrolyte, the device converted light to electricity
with an efficiency of 0.07% without any additives in elec-
trolyte. The solid-state devices showed an attractive con-
version efficiency of up to 0.55% with the assistance of
some functional small-molecules in the electrolyte. This
amelioration is attributed to the positive effects of func-
tional additives (tBP, Li[(CF3SO2)2N], N(PhBr)3SbCl6)
such as inhibiting interface charge recombination, improv-
ing hole-transporting properties and penetration of solid-
state electrolyte.

In 2008, our group reported a new class of hole
transporting molecular glasses based on hydrazone
derivatives (HY-CARB, Fig. 3) [50, 58]. Thermal and
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optoelectrochemical investigations revealed interesting
properties suitable for solid-state dye-sensitized solar cell
application. With an optical gap of 3.1 eV, which is
large enough to avoid screening effect in absorption with
dye, and a HOMO energy level close to −5.06 eV, HY-
CARB is well adapted for the regeneration of the photoox-
idized ruthenium dye (EHOMO = −5.45 eV). Indeed, dif-
ferential scanning calorimetric characterizations confirm
the metastable amorphous properties of HY-CARB with
glass transition temperature at 76 ◦C. Without any ad-
ditives, the solid-state DSSC based on N719-sensitized
TiO2 anode give the following photovoltaic characteris-
tics: VOC = 230 mV, FF = 29% and JSC = 1 μA/cm2.
Upon adding NOBF4 and Li[(CF3SO2)2N into electrolyte,
photovoltaic output was significantly improved (JSC =
0.42 mA cm−2, VOC = 500 mV et FF = 35%). How-
ever, it is still far from satisfactory. The low hole mobility
(6.4× 10−5 cm2 V−1 s−1), as well as the poor infiltration
into the nanoporous oxide layer because of its hydropho-
bic structure seem to be the cause of this unsatisfactory
performance.

Juozapavicius et al. [52] have reported a molecular
glass featuring hydrazone and triphenylamine moieties
(VM3, Fig. 3). Designed for the development of solvent-
free, melt-infiltration process, VM3 has relatively low
melting point (134 ◦C). Based on transient absorption
spectroscopy measurement, the authors have proved a
good efficiency of dye regeneration suggesting a good hole
transporter infiltration. However, low photocurrent lead
to low light to electricity conversion yield (η = 0.075%
with electrolyte doped by iodine vapor).

Mathew and Haridas [53] have recently reported
a starburst naphthylamine-based molecular glass hole
conductor (Tg = 80 ◦C), named N ,N ,N ′-tris-(2-
ethoxy-naphthalene-1-yl)N ,N ,N ′-triphenylbenzene1,3,5-
triamine (D, Fig. 3). Using this compound as solid
electrolyte, natural-organic-dye-sensitized solar cell was
fabricated and the performance was analyzed. Despite
unsatisfactory photovoltaic output performance (0.39%),
the authors highlight the economical aspect of these cells:
the total cost is down to nearly 30–40 % of a similar type
of fabricated cell.

Recently, Leijtens et al. [54] have reported two
new hole transporters, both containing double di(4-
methoxyphenyl)amino moieties (AS37 et AS44, Fig. 3).
Conceptually, the new HTMs were designed to have sim-
ilar functional groups and energy levels close to that of
spiro-OMeTAD but differ in molecular size, solubility,
glass transition temperature, and melting point. AS37
can be considered as a half of Spiro-OMeTAD, where
the central spiro-link was replaced by two hexyl chains.
In the other hand, replacement of the spiro-bridge by
carbazole core, which is more electron donating than flu-
orene core, lead to AS44 In addition to possessing high
solubility, their optoelectrochemical and electrical prop-
erties well suited for solid-state DSSC. These molecules
have relatively low glass transition temperature and melt-
ing point than that of Spiro-OMeTAD (AS37: Tg = 43 ◦C,
Tf = 106 ◦C, AS44: Tg = 59 ◦C, Tf = 132 ◦C). Using

standard device fabrication methods with Z907-sensitized
TiO2 nanoporous anode, interesting power conversion effi-
ciencies of 2.94% (AS44) and 2.48% (AS37) in 2-μm-thick
cells were achieved. In 6-μm-thick cells, the device per-
formance is shown to be higher than that obtained us-
ing spiro-OMeTAD in the same condition despite their
lower hole mobility, making these new HTMs promising
for preparing high-efficiency solid-state DSSCs. The au-
thors suggested that the high solubility of the new mate-
rials result in significantly improved pore filling in thick
devices, thus photovoltaic performance.

Tomkeviciene et al. [55] have recently synthesized a
series of molecular glasses based on 9-phenylcarbazole
(4b, 4d, and 5b, Fig. 3). All of these compounds con-
tain bis(methoxyphenyl)amino functional groups with
methoxy groups in the different position of dipheny-
lamino. These bis(methoxyphenyl)amino moieties modu-
late the optoelectronic and thermal properties of targeted
molecules. In addition to possessing high solubility, high
thermal stability (Td = 344–475 ◦C), stable amorphous
state (Tg = 65–89 ◦C), their optical, photoelectrical and
electrochemical properties are well suited for photovoltaic
application. The derivatives were tested as hole trans-
port materials in solid-state D102-sensitized solar cells and
showed overall conversion efficiency of up to 0.54%.

Recently, Unger et al. [56] has reported a star-shapped
hole transporting molecular glass absorbing in the vis-
ible spectral domain, named tris(thienyl-vinyl-thienyl)-
triphenylamine (TVT, Fig. 3). Associated with a near in-
frared harvesting squaraine dye (SQ, Fig. 4) in solid-state
DSSC, it has been demonstrated that TVT contributes
to the photocurrent. Energy transfer from TVT to SQ
was investigated by photoluminescence emission and ex-
citation measurements and the excitation energy transfer
efficiency from TVT to SQ was determined to be 26%. The
low power conversion efficiency (0.19%) may be due to the
slow regeneration of SQ by TVT and narrow absorption
band of SQ.

Our group has recently reported a starbust
triphenylamine-based molecular glass (VM5C9, Fig. 3)
absorbing strongly in the visible spectral domain
(λmax = 428 nm/ε = 131 000 L mol−1 cm−1) [57, 59],
which was successfully employed in solid-state DSSCs.
The device made from a spin-coated thin film of VM5C9
onto a TiO2 nanoporous anode (no dye-coated) delivered
an overall energy conversion yield of 0.3% after cathode
(Au) evaporation. It is noteworthy to note that, in this
device, VM5C9 played a double role as photosensitizer
and also as electron-donating/hole transporter. In the
other hand, VM5C9 was not chemically absorbed onto
TiO2 surface by covalent bonds. By using a D102-
sensitized anode, the performance of the obtained device
increased to 0.47%. Our first investigations suggest that
poor pore filling and strong screen effect in absorption
between VM5C9 and D102 caused this unsatisfactory
performance. We are actively working on the device
optimization and concerning results will be published
elsewhere shortly.
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From the analysis of photovoltaic properties of differ-
ent hole transporters cited in the article, it appears that
rational design of new hole transporter need some require-
ments. However some criteria are more relevant than other
ones.

– High hole mobility is desirable but not vital. The hole
drift speed should be at least in the same magnitude
to that of the electrons in inorganic semiconductor
porous network. Best results in PCE with TiO2/dye/
spiro-OMeTAD were obtained with charge mobilities
of 10−4–10−3 cm2/V s.

– The energy level of the HOMO of hole conductor must
be slightly higher than that of the photosensitizer. A
difference of 0.3–0.4 eV is requested in order to en-
sure good hole injection from excited photosensitizer
toward hole transporter.

– The screen effect in absorption between the elec-
trolytic molecular glass and the photosensitizer should
be avoided. Competing absorption between these two
components conducts to a bad impact on the pho-
tovoltaic efficiency of devices. Ideally, the hole trans-
porter should only absorb in the UV spectral domain
to ensure a good compatibility with larger range of
photosensitizer.

– Good penetration of hole conductor into the meso-
porous titanium dioxide networks is vital. Contrary to
liquid-based electrolyte DSSC where liquid electrolyte
can penetrate easily and deeply into TiO2 anode, the
pore filling of solid organic hole transporters stands
only around 60–70%. The insufficient pore-filling of
HTM causes lower photocurrent and poorer perfor-
mance under full sunlight and faster recombination as
well. The pore filling should be taken into account in
designing new molecules as dye or HTM for sDSSC
application. For example: dyes having similar func-
tional group to methoxyphenyl amine group on spiro-
OMeTAD could have a favorable contact between dye
molecules and HTM, and this good contact can lead to
better pore-filling. Additionally, the long alkyl chains
help to promote pore-filling of the HTM due to their
strong hydrophobicity. Moreover, the presence of a
long alkyl chain retarded charge recombination and
increased electron lifetime [60].

– Finally, in terms of morphological stability, glass tran-
sition should occur at high temperature, ideally higher
than 80 ◦C. The cell temperature can increase under
continuous full sunlight illumination, which leads to
morphological changes in the layer of hole conductor
if its Tg is too low.

3 Conclusion and outlook

Since one decade, the performance of solid-state dye-
sensitized solar cells has been made remarkable progress.
In this article, we review current progress in the use of
organic molecular glasses as hole transporting materi-
als in these devices. Contrary to liquid-based electrolyte
DSSCs, interfacial issues of mesoporous TiO2/colorant/
hole transporter are more critical and greatly influent

the photovoltaic performance of devices. New hole trans-
porter’s conception and chemical molecular engineering
focus primarily on the delicate balance of HOMO-LUMO
energy levels/no screen effect in absorption with photosen-
sitizer/infiltration into the mesoporous metal oxide net-
work. Many molecular glasses hole transporters have been
reported in the literature. Structurally, these compounds
are all tertiary arylamine derivatives. The introduction
of methoxy hydrophilic units in the molecular structure
seems to be primordial. These groups help to modulate
the optoelectronic and thermal properties of the targeted
molecule. On the other hand, the penetration of molec-
ular glasses into porous networks is favored leading to
more efficient devices. Currently, hole transporting ma-
terials based on arylamines are dominant and the most
efficient is spiro-OMeTAD.

But still several critical issues should be resolved in
solid DSSC: incomplete pore-filling of the spiro-OMeTAD,
stability of the cell, and low light harvesting efficiency. As
well as, new hole transporting materials should be devel-
oped in order to enhance a photovoltaic performance, the
device efficiency can be improved by applying new light
absorbing materials with high molar extinction coefficient
or modifications of the mesoporous TiO2 layer.
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