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6. References 1336 1.2. Organic Solar Cell Materials
Materials having a delocalized electron system can
1. Introduction absorb sunlight, create photogenerated charge carriers, and
transport these charge carriers. Research on organic solar
1.1. Prologue cells generally focuses either on solution processable organic

semiconducting molecules/polymers or on vacuum-deposited
The need to develop inexpensive renewable energy sourcegmall-molecular materials.

stimulates scientific research for efficient, low-cost photo-  ag an example, phthalocyanine and perylene have com-
voltaic devices. The organic, polymer-based photovoltaic monly found applications in thin film organic solar cells.
elements have introduced at least the potential of _obtaining Phthalocyanine is a p-type, hole conducting material that
cheap and easy methods to produce energy from4ight  \yorks as electron donor, whereas perylene and its derivatives
possibility of chemically manipulating the material properties show an n-type, electron conducting behavior and serve as
of polymers (plfist|cs) cqmblned with a variety of easy and electron-acceptor material (see Figure 1).
cheap processing techniques has made polymer-based ma- |, general, organic semiconductors can be regarded as
terials present in almost every aspect of modern soéiety. «ntrinsic wide band gap semiconductors” (band gaps above
Organic sem_iconductors have several advant_ages: (a) _Iow-1_4 eV) down to “insulators” (band gaps above 3 eV) with
cost synthesis, and (b) easy manufacture of thin film devices 5 negligibly low intrinsic charge carrier density at room
by vacuum evaporation/sublimation or solution cast or temperature in the dark. Chemical, photochemical, or elec-

printing technologies. ) o trochemical doping is used to introduce extrinsic charge
_Furthermore, organic semiconductor thin f|IrI115 may Show carriers into organic semiconductdror example, photo-
high absorption coefficientsexceeding 19 cm™, which induced electron transfer from a donor to an acceptor-type

organic semiconductor film introduces free charge carriers
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hexylthiophene) (P3HT), and (iii) derivatives of fluorene
backbones such as (poly(3@octylfluoreneeo-bis-N,N'-(4-
butylphenyl-1,4-phenylenediamine) (PFB) (see Figure 1).

1.3. Preparation Techniques

Vacuum evaporation and solution processing techniques
are the most commonly used thin film preparation methods
in the production of organic solar cells. Polymers decompose
under excessive heat and have too large molar mass for
evaporation. Therefore, most polymer-based photovoltaic
elements are solution processed at low temperatures. The
printing/coating techniques are used to deposit conjugated
semiconducting polymersExamples of such techniques used
for production of polymer solar cells in the literature are (i)
spin-coating, (ii) doctor blading, (iii) screen printing, and
(iv) inkjet printing.

Donor—acceptor blends can be prepared by dissolving
donor and acceptor components in a common solvent (or
solvent mixture). Blends are deposited by using one of the

classical p-n junctiond®!!(see Figure 2). Chemical doping techniques mentioned above. Sometimes, a soluble monomer
of a semiconductor matrix by introducing small concentra- is cast as a thin film using a postdeposition polymerization
tions of reagents (dopants) has also been repétféd. reaction afterward. Soluble precursor polymers can also be
The buckminsterfullerene ¢ is an electron acceptor, converted into the final semiconducting form with a post-
which can be electrochemically reduced up to 6 electténs. deposition conversion reactidThe advantage of this latter
For photoinduced electron-transfer reactions (i.e., photodop-method is that the resulting conjugated polymer thin films
ing), it has been blended into electron-donating matrices with are insoluble.
hole conducting properties (see Figure®2). For organic solar cells, spin-coating, doctor blading, as
The solubility of simple G is limited. Wudl et al. well as screen-printing methods were appfig8uch large-
synthesized a soluble derivative ofgfC PCBM (1-(3- scale printing/coating techniques open up the possibility for
methoxycarbonyl) propyl-1-phenyl[6,640,'¢ which has an upscaling of the production with low-energy consumption.
been widely used in polymer/fullerene solar cells due to its This is important for the global energy balance, which can
solubility. be described as the energy delivered by a solar cell during
Important representatives of hole conducting donor-type its lifetime as compared to the energy needed to produce
semiconducting polymers on the other side are (i) derivatives the same solar cell itself.
of phenylene vinylene backbones such as poly[2-methoxy- Vacuum evaporation/sublimation is a very clean (no
5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene) (MDMO solvent) choice for the deposition of thin films based on small
PPV), (ii) derivatives of thiophene chains such as poly(3- molecules. A vacuum of <105 mbar is applied to reduce
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Figure 1. Examples of organic semiconductors used in organic solar cells. Reprinted with permission from the Annual Review of Materials
and Research, Volume 36, 2006, by Annual Reviews (www.annualreviews.org).
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Figure 2. lllustration of the photoinduced charge transfer (a) with
a sketch of the energy level (b). After excitation in the PPV polymer,
the electron is transferred to theC

(a)

Gunes et al.

Perylene

(o)

(10

(o)

evaporation inside of a glove box with inert atmosphere.
To create interpenetrating donesicceptor networks or to
achieve molecular doping, coevaporation techniques are
applied?7:20-22

The general structure used for organic solar cells is similar
to the organic light emitting diodes LEDs. The devices are
fabricated in sandwich geometry (see Figure 3). As sub-
strates, transparent, conducting electrodes (for example, glass
or plastic covered with ITO) are used. ITO (indium tin oxide)
electrodes are transparent and conductive but expensive.
Alternatives for ITO are searched for, and nanotube network
electrodes potentially work as wéf.

The substrate electrode can be structured by chemical
etching. On the transparent conducting substrate, PEDOT:
PSS, poly(ethylene-dioxythiophene) doped with polystyrene
sulfonic acid, is coated from an aqueous solution. This
PEDOT:PSS layer improves the surface quality of the ITO
electrode (reducing the probability of shorts) as well as
facilitates the hole injection/extraction. Furthermore, the

contaminants like oxygen and water. These can be eliminatedwork function of this electrode can be changed by chemi-

further by ultrahigh vacuum (UHV;<10° mbar) and/or

cal/electrochemical redox reactions of the PEDOT I&§er.
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Figure 3. Schematic device structure for polymer/fullerene bulk ‘300 400 500 600 700 800 900
heterojunction solar cells. The active layer is sandwiched between wavelength 2 /nm
two contacts: an indium-tin-oxide electrode coated with a hole _. . o .
transport layer PEDOT:PSS and an aluminum top electrode. Figure 5. Absorption coefficients of films of commonly used
materials are depicted in comparison with the standard AM 1.5
. terrestrial solar spectrum.
" o o0
coulombically bound electrerhole pairs, called excitons.
1/ N\, It is estimated that only 10% of the photoexcitations lead to
S free charge carriers in conjugated polymé&rEor efficient
SOH dissociation of excitons, strong electric fields are necessary.
Such local fields can be supplied via externally applied
PSS pEDOT

_ _ electrical fields as well as via interfaces. At an interface,
Figure 4. Chemical structure of PEDOTPSS (poly(3,4-ethylen-  \here abrupt changes of the potential energy occur, strong
dioxythiohene}-polystyrenepararsulfonic acid). local electrical fields are possibl& & —gradU). Photoin-
. ._duced charge transfer can occur when the exciton has reached

The chemical structures of PEDOT and PSS are shown ing,chy an interface within its lifetime. Therefore, exciton
Figure 4. , _ diffusion length limits the thicknesses of the bilay&ts.

The active layers are coated using solution or vacuum gyciton diffusion length should be at the same order of
deposmon. techniques as mentioned above. Finally, the,mpmagnitude as the donor acceptor phase separation length.
electrode is evaporated. In general, a lower work-function otherwise, excitons decay via radiative or nonradiative path
metal (as compared to ITO) such as aluminum is used with \yays pefore reaching the interface, and their energy is lost
an ultrathin lithium fluoride underlayer. The exact role of o, the power conversion. Exciton diffusion lengths in

this LiF underlayer is unknown, because thicknesses SUChponmers and in organic semiconductors are usually around
as ca. 0.6 nm cannot form a closed la§ef® In photoelec-  10-20 nm3°

tron spectroscopy studies, it was shown that the metal work
function can be considerably reduced by evaporation of LiF
layers?®

Blending conjugated polymers with electron acceptors,
such as fullerenes, is a very efficient way to break apart
photoexcited excitons into free charge carriers. Ultrafast
. s photophysical studies showed that the photoinduced charge
1.4. Operating Principles transfer in such blends happens on a time scale of 45 fs.

The process of conversion of light into electricity by an This is much faster than other competing relaxation processes
organic solar cell can be schematically described by the (photoluminescence usually occurs around 13hgurther-
following steps®® absorption of a photon leading to the more, the separated charges in such blends are metastable
formation of an excited state, that is, the bound electron at low temperatures (see Figure 2).

hole pair (exciton) creation; exciton diffusion to a region  For efficient photovoltaic devices, the created charges need
where exciton dissociation, that is, charge separation occursito be transported to the appropriate electrodes within their
and charge transport within the organic semiconductor to lifetime. The charge carriers need a driving force to reach
the respective electrodés. the electrodes. A gradient in the chemical potentials of
Because of the large band gap in organic materials, only electrons and holes (quasi Fermi levels of the doped phases)
a small portion of the incident solar light is absorbed (see is built up in a dono+acceptor junction. This gradient is
Figure 5). A band gap of 1.1 eV (1100 nm) is capable of determined by the difference between the highest occupied
absorbing 77% of the solar irradiation on eaitfowever, molecular (HOMO) level of the donor (quasi Fermi level of
the majority of semiconducting polymers have band gaps the holes) and the lowest unoccupied molecular orbital
higher than 2 eV (620 nm), which limits the possible (LUMO) level of the acceptor (quasi Fermi level of the
harvesting of solar photons to about 38%0n the other  electrons). This internal electrical field determines the
hand, because the absorption coefficients of organic materialsmaximum open circuit voltageVf,) and contributes to a
are as high as 2&@m2, only 100 nm thickness is enough to  field-induced drift of charge carriers. Also, using asym-
absorb most of the photons when a reflective back contactmetrical contacts (one low work-function metal for the
is used® This brings the problem to the point: We need a collection of electrons and one high work-function metal for
better “spectral” harvesting of solar photons via lower band the collection of the holes) is proposed to lead to an external
gap polymers and/or using energy-transfer cascades. Theield in short circuit condition within a metafinsulator-
thicknesses of the films are not the bottleneck. metal (MIM) picture3* Another driving force can be the
The primary photoexcitations in organic materials do not concentration gradients of the respective charges, which lead
directly and quantitatively lead to free charge carriers but to to a diffusion current. The transport of charges is affected
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by recombination during the journey to the electrodes, +
particularly if the same material serves as transport medium Aluminum
for both electrons and holé&3.

Transport in conjugated polymers is dominated by disorder
and was treated in many different studies before. To go into
detail to the transport phenomena in conjugated polymers
goes beyond the scope of this review, and the interested
reader is referred to the different books and articles in the

ITO

literature and references theré##>37 Plastic fol
As a last step, charge carriers are extracted from the device ]
through two selective contacts. A transparent indium tin Ligh
oxide (ITO) matches the HOMO levels of most of the
conjugated polymers (hole contact). An evaporated aluminum s~ NIDMO-PPV
metal contact with a work function of around 4.3 eV matches @ PCBM

tsf;geLUMO of acceptor PCBM (electron contact) on the other Figure 7. Bulk heterojunction configuration in organic solar cells.

: . . . While in the bilayer heterojunction the donor and acceptor
1.5. Organic Photovoltaic Device Architectures phases are completely separated from each other and can
; : selectively contact the anode and cathode, in the bulk
1.5.1. Bilayer Devices heterojunction both phases are intimately intermik@athis

In a bilayer heterojunction device, p-type and n-type mixture has a priori no symmetry breaking in the volume.
semiconductors are sequentially stacked on top of each otherThere is no preferred direction for the internal fields of
Such bilayer devices using organic semiconductors wereseparated charges; that is, the electrons and holes created
realized for many different material combinatiof?s:% 4+ within the volume have no net resulting direction they should
In such devices, only excitons created within the distance move’ Therefore, a symmetry breaking condition (like using
of 10—20 nm from the interface can reach the heterojunction different work-function electrodes) is essential in bulk
interface. This leads to the loss of absorbed photons furtherheterojunctions. Otherwise, only concentration gradient (dif-
away from the interface and results in low quantum efficien- fusion) can act as driving force. Furthermore, separated
cies®™ The efficiency of bilayer solar cells is limited by the  charges require percolated pathways for the hole and electron
charge generation 20 nm around the donefacceptor  transporting phases to the contacts. In other words, the donor
interface (Figure 6). Using thicker films creates optical filter and acceptor phases have to form a nanoscale, bicontinuous,

and interpenetrating netwofR.Therefore, the bulk hetero-
- + junction devices are much more sensitive to the nanoscale
Aluminum morphology in the blend, which will be discussed in more
detail below.

Bulk heterojunctions can be achieved by co-deposition of
donor and acceptor pigmeitd®-21500r solution casting of
either polymer/polymett5152 polymer/molecul&?5457 or
ITo molecule/molecuf®>° donor-acceptor blend%:%°

Plastic foil

I

Light

1.6. Characterization of a Solar Cell Device

The current-voltage characteristics of a solar cell in the
dark and under illumination are shown in Figure 8. In the
dark, there is almost no current flowing, until the contacts
I - o . ’

Eggg PPV start to inject at forward bias for voltages larger than the
— iU

. . : o ‘ open circuit voltage. In the fourth quandrant (between (a)

Figure 6. Bilayer configuration in organic solar cells. and (b)), the device generates power under light. At
. ) ) maximum power point (MPP), the product of current and
effects of the absorbing material before the light gets to the yoltage is the largest.

interface, resulting in a minimum photocurrent at the  The photovoltaic power conversion efficiency of a solar

maximum of the optical absorption spectréfwlso, the film cell is determined by the following formula:
thicknesses have to be optimized for the interference effects
in the multiple stacked thin film structufé?® V. Xl *FF
1.5.2. Bulk Heterojunction Devices Te= P,

Bulk heterojunction is a blend of the donor and acceptor | *y
components in a bulk volume (Figure 7). It exhibits a denor FE = M
acceptor phase separation in a0 nm length scale. In ls¢"Voc

such a nanoscale interpenetrating network, each interface is

within a distance less than the exciton diffusion length from whereV,. is the open circuit voltagéds. is the short circuit
the absorbing site. The bulk heterojunction concept has current, FF is the fill factor, andP;, is the incident light
heavily increased (orders of magnitude) the interfacial area power density. This light intensity is standardized at 1000
between the donor and acceptor phases and resulted inW/m? with a spectral intensity distribution matching that of
improved efficiency solar cells. the sun on the earth’s surface at an incident angle 0f°48.2
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05 Gadisa et at* studied the changes in thé, with the
0.4 (@ variation of the first oxidation potential (HOMO level) of
03] the donor conjugated polymer. Scharber éBagported for
I (mA) ,] 26 different bulk heterojunction solar cells that there is a
] linear relation between the oxidation potential (HOMO level)
01 of the conjugated polymer and thg; (see Figure 10).
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Figure 8. Current-voltage (—V) curves of an organic solar cell i
(dark, - - -; illuminated,—). The characteristic intersections with 200+ 1200
the abscissa and ordinate are the open circuit voltegg &nd the
short circuit currentl), respectively. The largest power output 9200 0 200 400 600 800 1000 120%
Pmax) is determined by the point where the product of voltage and .
E:ur?é)nt is maximized.yDivisFi)on OPmax by thepproduct ofls. a%d Onost ot Ouidebon (oW ]
Voc Yields the fill factorFF. Figure 10. V. of different bulk heterojunction solar cells plotted
versus the oxidation potential/HOMO position of the donor polymer
which is called the AM 1.5 spectruff.lmpp and Vimpp are used in each individual device. The straight line represents a linear
the current and voltage at the maximum power point. fit with a slope of 1. Reused with permission from M. Scharber,
D. Mihlbacher, M. Koppe, P. Denk, C. Waldauf, A. J. Heeger,
1.6.1. Critical Parameters for Solar Cell Efficiency and C. Brabecpdvanced Materials 18, 789 (2006). Copyright

2006, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.
Open Circuit Voltage. Generally, the open circuit voltage
of a metat-insulator-metal (MIM) device is determined by Charge carrier losses at electrodes lower\the* Open
the difference in work functions of the two metal contats.  circuit voltage is also affected by the nanomorphology of
However, in a p-n junction, the maximum available voltage the active layer in the polymer fullerene bulk heterojunction
is determined by the difference of the quasi Fermi levels of solar cells5
the two charge carriers, that is, n-doped semiconductor To achieve a better match between the energy levels of
energy level and p-doped semiconductor energy level, the anode and the HOMO of the hole conducting material,
respectively. In organic solar cells, the open circuit voltage the commonly used indium tin oxide (ITO) anode can be
is found to be linearly dependent on the highest occupied modified by plasma etchifi§®” or by coating with a higher
molecular orbital HOMO level of the donor (p-type semi- work function organic hole transport lay&@° Ganzorig et
conductor quasi Fermi level) and lowest unoccupied molec- al. demonstrated that self-assembled monolayers (SAM) of
ular orbital LUMO level of the acceptor (n-type semicon- polar molecules can modify the work function of ITO by up
ductor quasi Fermi levep?83 to 0.9 eV’°
Brabec et al. clearly showed linear correlation of the first ~ The cathode is generally modified by deposition of a thin
reduction potential (LUMO level) of the fullerene acceptors layer of LiF between the metal electrode and the organic
(different derivatives of fullerene dgin that study) and the  semiconductor. This improves the charge injection in organic
observed open circuit potential (see FiguréX). light emitting diodes OLED%?” and also increase, in
organic solar cellg®
a Interfacial effects at the metal/organic semiconductor
PCBM () interface (such as oxide formation) change the work function
S,=0.95 of the electrodes and influence the open circuit potefitil.
In conclusion, the open circuit potential is a sensitive

0,85

0,80+

0,75+

E o function of energy levels of the used materials as well as
o 0707 _ their interfaced.
g azafulleroid 5 Short Circuit Current. In the ideal, loss free contacts,
w 0,65 . . . .
° the short circuit currenty, is determined by the product of
> 0,60 the photoinduced charge carrier density and the charge carrier
mobility within the organic semiconductors:
0,55-] ketolactam 6
0,70 0,65 -0,60 0,55 lsc = NeuE

E' : . _
rea [V] wheren is the density of charge carrieesis the elementary
Figure 9. V. of different bulk heterojunction solar cells plotted  chargeu is the mobility, ancE is the electric field.
versus the reduction potential/LUMO position of the acceptor Assuming the 100% efficiency for the photoinduced charge

Luélr%rissnseioﬂe}r:\é?rt]lvg u;egrg]bggcglngL\QSiﬂil dgv'l\cﬂeéisRsﬁ:fe?\l W'Sth generation in a bulk heterojunction mixtureis the number

Sariciftci, T. Fromherz, M. Minse, L. Sanchez, and J. C. Hummelen, Of absorbed photons per unit volume. .
Advanced Functional Materialsl1, 374 (2001). Copyright 2001, For a given absorption profile of a given material, the
Wiley-VCH Verlag GmbH, D69469 Weinheim. bottleneck is the mobility of charge carriers. Mobility is not
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a material parameter but a device parameter. It is sensitive Poly(3-heyxlthiophene)/PCBM blends show much better
to the nanoscale morphology of the organic semiconductor photostability. The efficiency of solar cells using these
thin film.”77 In a van der Waals crystal, the final nano- components changed less than 20% during 1000 h of light
morphology depends on film preparation. Parameters suchsoaking at 70C under an inert atmosphete.
as solvent type, the solvent evaporation (crystallization) time,
the temperature of the substrate, and/or the deposition method, Conjugated Polymer: Fullerene-Based Solar
can change the nanomorpholo§y?The formation of abulk  ~g/is
heterojunction enhances the interfacial area between donor
and acceptor phases; however, the prize paid is the compli- Photoinduced electron transfer from donor-type semicon-
cated nanomorphology of a blend that is difficult to optimize ducting polymers onto acceptor-type polymers or molecules,
and control® such as &, is utilized in these organic solar cells. Bilayers
The external quantum efficiency or incident photon to Of semiconducting polymers with fullerenes show low
current efficiency (IPCE) is simply the number of electrons Photovoltaic conversion efficiency. Significant improve-
collected under short circuit conditions, divided by the menthas been achieved by using phase-separated composite
number of incident photons. IPCE is calculated using the materials. Controlling the nanomorphology of the phase
following formula: separation in an interpenetrating network (“bulk heterojunc-
tion”)54 has increased the power conversion efficiency of
1240, solar cells made from MDMOPPV/G significantly 8889
Typical dimensions of phase separation have to be within
APy, the exciton diffusion length (on the order of 10 nm). On the
other hand, bicontinuous, undisturbed pathways have to be
where 4 [nm] is the incident photon wavelengths. ensured for transport of charge carriers to the electrédes.
[uA/cm?] is the photocurrent of the device, afg [W/m?] To enhance charge carrier transport in organic and
is the incident power. polymeric materials, we have to increase the mesoscopic
Fill Factor. Fill factor is determined by charge carriers order and crystallinity. Hence, a nanoscale interpenetrating
reaching the electrodes, when the built-in field is lowered network with crystalline order of both constituents seems a
toward the open circuit voltage. In fact, there is a competition desirable architecture for the active layer of polymer pho-
between charge carrier recombination and transport. Hencetovoltaic device$?8” Eventually, the electronic band gaps
the product of the lifetime times the mobilityx determines  of the materials in the photoactive layer should be tuned to
the distanceal that charge carriers can drift under a certain harvest more light from the solar spectrém.
electric fieldE: d = u*t*E. This productu*t has to be
maximized® Furthermore, the series resistances influence 2.1. PPV:PCBM Bulk Heterojunction Solar Cells
the filling factor considerably and should be minimized.
Finite conductivity of the ITO substrate clearly limits the
FF on large area solar celt3 Finally, the device should be
free of “shorts” between electrodes to maximize the paralle
shunt resistance.

IPCE=

2.5% efficient solar cells can be obtained from soluble
derivatives of phenylene-vinylenes, for example, poly[2-
| methoxy-5-(37'-dimethyloctyloxy)-1,4-phenylene vinylene)
(MDMO—PPV) mixed with soluble derivatives of fullerenes,
for example, 1-(3-methoxycarbonyl)propyl-1-phenyl-[6,6]-
1.7. Stability methanofullerene (PCBM}. Shaheen et al. showed that a
o power conversion efficiency of 2.5% under AM 1.5 condi-

Apart from the necessity for efficiency improvement, tions can be obtained by using chlorobenzene as a solvent
stability is another problem for organic solar cells. Especially for spincasting in the weight ratio of 1:4 for MDMEPPV:
under light illumination and by simultaneous exposure to PCBM2 Changing the solvent from toluene to chloroben-
oxygen or water vapor, a rapid photooxidation/degradation zene increases the efficiency by nearly a factor of 3, which
occurs. Protection from air and humidity is necessary to was assigned to originate from the changes in the nanomor-
achieve long device lifetimes. phology (see Figure 1§

Neugebauer et &.showed that the photodegradation of ~ Such bulk heterojunction solar cells have 80 wt %
the conjugated polymer is significantly decreased when PCBM& However, the polymer MDMG PPV is supposed
mixed with fullerenes. The stability of the conjugated to be the main light absorber in these solar cells, because
polymer—fullerene solar cell mixture, which forms a charge- PCBM has almost no absorption in the visible-near-infrared
transfer donor and acceptor couple, is higher than the stabilityregion. Therefore, it is better to increase the volume
of conjugated polymers in light emitting diod&Also, |-V concentration of MDMG-PPYV for better absorption of solar
curves confirmed better stability of solar cell mixtures as light.”®
compared to LEDs with a single polymeric component. The  The electron mobility of pure PCB¥ was reported to
stabilization effect of G is presumed to be due to the fast be higher 102 cm?/V-s) than the hole mobility of pure
electron transfer. In this process, the highly reactive excited MDMO—PPV (10 cm?/V-s). The interesting observation
state of the polymer is emptied rapidly, lowering the energy is also that the mobility of the holes in the mixture is
to the more environmentally stable electrochemical potentials increasing with increasing fullerene loading. This is coun-

of fullerene reduction (LUMO). terintuitive because the admixture of fullerene should have
MDMO —PPV/PCBM solar cells show also a significant introduced more defects and lowered the hole mobifity®
nanomorphological degradatiéhAt elevated temperatures, To study the relation between morphology and perfor-

the PCBM molecules can diffuse through the MDMBPV mance in bulk heterojunction solar cells, MDM®PV/
matrix and form large crystal4.">#This nanomorphological PCBM blends were investigated in det&f> 7785 Experi-
instability can be fixed by post production cross-linking of mentally, the following parameters have been identified as
the components, to prevent their diffusién. influencing the nanoscale morphology in these polymer
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: , Figure 12. Top views of films cast from toluene with various
Distance (um) Distance (um) weight ratios of MDMG-PPV to PCBM using SEM. Reused with

Figure 11. AFM images showing the surface morphology of permission from H. Hoppe, M. Niggemann, C. Winder, J. Kraut,

MDMO—PPV:PCBM (1:4 by wt) blend films spin-coated from (a) ~R. Hiesgh, A. Hinsch, D. Meissner, and N. S. Sariciffaiyanced

toluene and (b) chlorobenzene solutions. The films cast from Functional Materials 14, 1005 (2004). Copyright 2004, Wiley-

chlorobenzene have a smoother surface as compared to films casVCH Verlag GmbH&Co. KGaA, Weinheim.

from toluene. Reused with permission from Sean Shaheen, Chris-

toph J. Brabec, N. Serdar Sariciftci, Franz Padinger, Thomas

Fromherz, and Jan C. Hummelépplied Physics Letterg8, 841

(2001). Copyright 2001, American Institute of Physics.

fullerene blends: (i) the used solvent, (ii) processing tem-
perature, (iii) the relative ratio in composition between
polymer and fullerene, (iv) the solution concentration, (v)
thermal annealing, and (vi) the primary chemical structure
of the materials determining tertiary organization structures.

The primary chemical structures of polymer and fullerene
determine the solubility in organic solvents and the miscibil-
ity between these two compounds. The solvent itself
furthermore influences the drying time during film formation,
whereas thermal annealing enables the recrystallization.
Diffusion of one or both components in the blend leads to a
modification of the phase separatibn.

Th mbination of mic force micr AFM . . ,
scan(neinco elI)ec?rto?l rgic?(;[gcoc O(SCEM) CazsdcotFr)gnémiss)i(,)n Figure 13. SEM cross sections of MDMOPPV/PCBM blend film
9 Py ' cast from toluene with various weight ratios of MDM®PYV and

electron microscopy (TEM) was applied to compare the pcgm. Reused with permission from H. Hoppe, M. Niggemann,
nanomorphology of chlorobenzene and toluene cast blérls.  c. winder, J. Kraut, R. Hiesgh, A. Hinsch, D. Meissner, and N. S.

Martens et al. showed by TEMthat larger €50 nm) Sariciftci, Advanced Functional Materialsl4, 1005 (2004). Copy-
PCBM-rich domains are embedded in a matrix of a saturated"9ht 2004, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.
mixture of MDMO—-PPV and PCBM. Hoppe et &l

demonstrated that increasing PCBM content increases the  Réplacing the & moiety of [(0]PCBM by G, fullerene
size of these PCBM nanoclusters (see Figure 12). derivative makes the HOMOLUMO transitions slightly

more allowed and increases the light absorption/harvest-
ing®®19° (see Figure 14).

Wienk et al*°®demonstrated improved efficiency for bulk
@eterojunction solar cells in an isomeric mixture ofoC
derivatives mixed with MDMG-PPV. Solar cells of this kind
are best when prepared framtho-dichlorobenzene (ODCB)
solution, giving power conversion efficiengy= 3% under
AM 1.5 (see Figure 15).

Cross-sectional SEM images show (Figure 13) that these
PCBM nanoclusters are covered by another “skin” layer of
approximately 26-40 nm thickness. 1615 nm-sized nano-
spheres are found in the composites and assigned to pur
polymer coils. These nanoclusters are embedded in an
amorphous matrix of saturated solid-state solution of both
phases in each othér.

Van Duren et al? investigated the phase separation and

performance of solar cells based on MDM®PV as a donor _ ; .

and PCBM as an acceptor. Using AFM, TEM, dynamic time- a'ezt'ero%yrggti%lrlfyggigphceé}FS)'PCBM Bulk
of-flight secondary ion mass spectrometry (TOF-SIMS), and
time-correlated single photon counting, they demonstrated Poly(3-alkylthiophenes) (P3ATs) are conjugated polymers
the nanoscale phase separation at approximately 67 wt %with good solubility, processability, and environmental
PCBM giving rise to almost pure PCBM domains in a stability 101192 Regioregular poly(3-alkylthiophenes) (RR-
surrounding matrix of MDMG-PPV that contains up to 50  P3AT) (P3HT:poly(3-hexylthiophene), P3OT:poly(3-octyl-
wt % PCBM. thiophene), and P3DDT:poly(3-dodecylthiophene) are used



1332 Chemical Reviews, 2007, Vol. 107, No. 4 Gunes et al.

a)

AlLg'cm’

800

wavelength / nm

Figure 14. UV/vis spectra of [70]PCBM ) and [60]PCBM

(- - +) both in toluene. To illustrate the contribution of MDMO

PPV to the absorption, the (normalized) spectra of [70]PCBM:
MDMOPPV (4:1, w/w; — — —) and [60]PCBM:MDMO-PPV

41, whw;—+ — - — ), also in toluene, are also presented. The inset
shows the structure of MDMOPPV. Reused with permission from JimAem” 1 01!
M. Wienk, J. M. Kroon, W. J. H. Verhees, J. Krol, J. C. Hummelen, 10 - 10°]
P. Van Haal, and R. A. J. Janssé&mgewandte Chemie, Interna- | :
tional Edition 42, 3371 (2003). Copyright 2003, Wiley-VCH Verlag 5. 10
GmbH&Co. KGaA, Weinheim.

15 4 101

as electron donors in polymer:fullerene bulk heterojunction
solar cells with record power conversion efficiencies up to
5%_103

Al Ibrahim et all®investigated the influence of the alkyl 10 | a—s-n-e—n-a—n-a-s-8-="""
side chain length of regioregular P3HT, P30T, and P3DDT 10 05 0.0 05 10
on the electrochemical and optical properties. Energy levels
for P3OTL5 for P3HT16.197and for P3DD T were almost ) ] )
the same with the optical band gap energy around 1.9 eV Figure 15. Photovoltaic properties of an ITO/PEDOGPSS/

- . . - . "fullerene:MDMO—-PPV/LiF/Al device with an active area of 0.1
With longer side chain length, their electrochemical band .- (a) External quantum efficiency (EQE) of [7O]PCBM:

gaps were slightly increased. The absorption coefficient \\pmo—pPPV cells spin-coated from chlorobenzeag énd ODCB
undergoes a systematic decrease by longer side chainm) and of [60]JPCBM:MDMO-PPV devices spin-coated from
polythiophenes due to chromophore dilution (i.e., conjugated chlorobenzened); (b) current-voltage characteristics of [70]-
segments in ratio to nonconjugated segments decrease upoRCBM:MDMO—PPV cells spin-coated from ODCB, in the dark
increasing the side chain length). (O) and under illumination (AM 1.5, 1000 W/AnH). The inset

Using regioreguiar poly(3-hexyltiophen) (RR-P3HT) as oW e Gakand lmivalesy crves = semiagantiic,

donor and PCBM as acceptSr,°bulk heterojunction solar | 'verhees, J. Krol, J. C. Hummelen, P. Van Haal, and R. A. J.

cells have been realized with external quantum efficiencies janssen,Angewandte Chemie International Editiod2, 3371

of around 75% and power conversion efficiencies up to (2003). Copyright 2003, Wiley-VCH Verlag GmbH&Co. KGaA,

5%21% The high efficiency of these devices is proposed to Weinheim.

be due to a microcrystalline lamellar stacking in the solid-

state packing!® Resulting in reduced recombinati&hRR- processing conditions on the light absorption of P3HT:PCBM

P3HT gives a hole mobility up to~0.1 cn?/V-s11t112 cells (Figure 17}!® Films cast from chloroform and chlo-

Moreover, interchain interactions cause a red shift of the robenzene solutions have absorption maxima at 600 and 630

optical absorption of RR-P3HT due to this stacking. The nm, respectively!® The authors argued that these differences

second component, PCBM, has an electron mobility of 2  indicated a higher degree of P3HT side chain ordéffhg

1073 cn#/V s 113 using chlorobenzene. The increased structural order can be
The efficiency of solar cells based on P3HT has been created by thermal annealing and/or by changing the solvent

improved by a thermal annealing stépg%21%4Padinger et  from chloroform to chlorobenzenrté?

al. demonstrated that, by annealing the devices by simulta- The correlation between the structural and optical proper-

neously applying an external voltage, the characteristics of ties was reported by Erb et al. using the grazing incidence

such plastic solar cells are impro¥edsee Figure 16).  X-ray diffraction (XRD, Figure 18} A higher crystallinity

Annealing not only causes recrystallization but also reducesof the P3HT:PCBM films is observed upon annealfiiy.

the free volume and the density of defects at the interfé€es. Savenije et al?® studied the relationship between the

P3HT recrystallization has a positive effect on the mobility morphology and charge carrier mobility using the flash

Voltage / V

of holes!*¢ Thermal annealing under chloroform vapdor photolysis time-resolved microwave conductivity technique
simple thermal treatmelt leads to an overall increase in (FP-TRMC). Annealing at 80C resulted in the formation
power conversion efficiency. of crystalline P3HT fibrils and enhanced the hole mobility

Chiravazé® et al. showed that the optical absorption by an order of magnitude.
spectrum shows a pronounced red shift upon thermal For a comprehensive analysis of the transport in polymer
annealing. Al Ibrahim et al. reported on the effects of the fullerene solar cells, the reader is referred to extended
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Figure 17. Absorption spectra of P3HT:PCBM composite films
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Advanced Functional Materials13, 85 (2003). Copyright 2003, permission from T. Erb, U. Zhokhavets, G. Gobsch, S. Raleva, B.
Wilev-VCH Verlag GmbH&Co. KGaA. Weinhei Stthn, P. Schilinsky, C. Waldauf, and C. J. Brabédvanced
ney- eriag Gm o. » weinneim. Functional Materials 15, 1193 (2005). Copyright 2005, Wiley-
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Figure 18. Diffractogram (grazing incidence) of P3HT/PCBM

literature on this topi€l 26 Briefly mentioning, the charge
carrier mobility in bulk heterojunction solar cells was studied the SCLC mobility?28-132 By simply annealing the devices

using field effect transistors (FET)}** time-of-flight at a temperature above 11Q for 4 min, hole mobility in
(TOF),*?® and space charge limited current (SCLC) in a the P3HT (Figure 19) phase increased by more than 3 orders
sandwich structur&’ Usually, the electron and the hole  of magnitude?®

mobility in organic solar cells are unbalanced. The mobility Using the CELIV method by Mozer et &.reported a

of holes in MDMO-PPV thin films is several orders of npegative electric field dependence of mobility in P3HT.
magnitude lower than the electron mobility in PCBM thin | thin film organic photovoltaic cells, the bulk hetero-
films.*2” Charge carrier mobility and recombination in bulk junction layer is sandwiched between two charge selective
heterojunction solar cells was studied using a novel glectrodes (Figure 20). The electric field of the light has to
method: the charge extraction by a linear increase of voltagepecome zero at the metallic (Al) back electrode due to

(CELIV). In the CELIV technique, the equilibrium charge reflection condition for a standing wave. Thus, a fraction of
carriers are extracted from a dielectric under a reverse biasthe active layer has nearly vanishing electrical field of

voltage ramp. The CELIV technique can be used to |ight 133
determine charge carrier mobilities in samples with only a Kim et al1%® [Heeger 5%] introduced an optically transpar-
few hundred nanometer thicknes. ent spacer between the active layer and the Al electrode.
Mihailetchi et al®® developed a model for quantitative The spacer must be a good electron transport material with
description of the behavior of PPV:PCBM bulk heterojunc- a conduction band edge equal to or lower in energy than
tion solar cells. Injection currents that quadratically scale with that of the LUMO of the PCBM, and it must be transparent
the voltage are indicative of space charge limited transport. to light. Such a spacer is intended to push the optically
This observation is common for low mobility, disordered absorbing region away from the reflecting metal electrode.
semiconductors, and it allows for a direct determination of Titanium dioxide was used as spacer and under AM 1.5
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10 i i = Mli components can exhibit a high optical absorption coefficient
d and cover complementary parts of the solar spectrum. It is

relatively easy to tune both components individually to opti-
mize optical properties, charge transfer, and charge collection
processes. On the other hand, polymer blends have an

. . intrinsic tendency to phase separate. These phase-separated
Figure 19. Dark current densities of 50:50 wt % P3HT:PCBM : : : :
blend devices measured at room temperature in the hole only (a)domams usually have dimensions of several micrometers and

and electron only (b) device configurations. The symbols correspond '€ thus too large as compared to exciton diffusion length
to different annealing temperatures of the photoactive layer as limitations for polymeric cells (see discussion in section 1.5).
follows: as-cast4), 90 °C (d), and 120°C (O), respectively. The biggest challenge for the polymer/polymer bulk hetero-
Reused with permission from V. Mihailetchi, K. K. Van Duren, P.  junction concept is to identify suitable n-type polymers with

Blom, J. C. Hummelen, R. Janssen, J. Kroon, M. Rispens, W. acceptor proper“es and good Stab'l‘ﬁy
Verhees, and M. WienkAdvanced Functional Materialsl6, 699

(2006). Copyright 2006, Wiley-VCH Verlag GmbH&Co. KGaA,
Weinheim.
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3.2. Donor —Acceptor “Double Cable” Polymers
The concept of “double cable” polymers has been intro-

hp # duced to have a control on the morphology at the molecular
I glass level (see Figure 2285 Chemically attaching the electron
4 out

V7
7

Figure 20. Schematic structure of the modeled multilayer device.
The incoming light [j,) enters the device and propagates attenuated
toward the aluminum electrode. There it is reflected, and the
outgoing intensityl.) leaves the device through the glass. Because
of the high reflectivity of the sufficiently thick aluminum electrode,
no light leaves or enters from the right side of the device. Reprinted
from Thin Solid Films451—-452, H. Hoppe and N. S. Sariciftci, p
587, Copyright 2004, with permission from Elsevier.

Figure 22. Schematic representation of “double cable” polymers.
The charge carriers generated by photoinduced charge transfer can
be in principle transported within one molecule, therefore termed
ilumination of 90 mw/cm devices showeds. = 11.1 as a “molecular heterojunction”.
mA/c?, Vo = 0.61 V, andFF = 0.66, corresponding to
improved power conversion efficiency of around 5% (Figure

2 1) 109

acceptor moieties directly to the donor polymer backbone
prevents the phase separation.

Electrons created by photoinduced electron transfer are
transported by hopping between the pendent acceptor
moieties, leaving the remaining hole on the conjugated chain
transporting the positive charge. Several double cable materi-
3.1. Polymer/Polymer Solar Cells als have been explored in polymer solar cells. The efficiency

Inspired by the developments of conjugated polymer/ Of such devices is low probably due to fast recombination
fullerene bulk heterojunctions, similar systems are also ©F inefficient interchain transpot®
reported in the literature. Polymer/polymer bulk heterojunc- .
tion solar cells achieved considerably less efficiencies and 3-3- Hybrid Solar Cells
attracted less attention, although they might have the potential A hybrid solar cell consists of a combination of both
to be implemented in inexpensive, large area photovoltaic grganic and inorganic semiconducting materials. It combines
systems, as well. the unique properties of inorganic semiconductors with the

Bulk heterojunctions of two conjugated polynfé& have film-forming properties of the conjugated polymé?s.
several advantages. In a conjugated polymer blend, bothOrganic materials usually are inexpensive, easily processable,

3. Alternative Approaches
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and their functionality can be tailored by molecular design  High surface tension of very small inorganic nanocrystals
and chemical synthesis. On the other hand, inorganic makes them unstable, and thus they have a tendency to grow
semiconductors can also be manufactured as processableo larger particles by a process called “Ostwald ripenitg”.
nanoparticulate colloids. By varying the size of the nano- Therefore, nanoparticles are synthesized commonly shielded
particles, their band gap can be tuned and their absorption/by an organic ligand. These ligands prevent the aggregation
emission spectra can be tailor&d. and oxidation of the nanoparticles and can alter the solution/
An effective strategy for hybrid solar cell fabrication is dispersion characteristics of the particles into the polymer
to use blends of nanocrystals with semiconductive polymers matricest37:140
as bulk heterojunctio#’~14? Excitons created upon photo- This organic ligand, on the other hand, is a barrier for
excitation are separated into free charge carriers verytransport of charges from nanoparticle to nanoparticle.
efficiently at interfaces between organic semiconductors and Therefore, in the hybrid solar cells, such ligands have to be
inorganic semiconductor nanopatrticles in a hybrid composite removed to ensure intimate electrical contact between the
thin film. The solubility of the n-type and p-type components nanoparticles5148
in the same solvent is an important problem. Organic
semiconductors are commonly dissolved in organic solvents, 4 Conclusions and Scope
whereas the inorganic semiconducting nanoparticles are
commonly dissolved in aqueous solvents. Using ligand The efficiency of a solar cell is given by the open circuit
exchange, the nanopatrticles can be made soluble in commoryoltage o), short circuit current densityd(), and the fill
organic solvents. Hybrid solar cells have been demonstratedfactor (FF). With a fill factor to 65% and neglecting any
in conjugated polymer blends containing Cd&g 42143 contribution from photons absorbed by the fullerene, Schar-
CulnS,137.140CdS141 or Pb344145nanocrystals. ber et al. calculated the expected efficiency of a bulk
The usage of inorganic semiconductor nanoparticles heterojunction as a function of the band gap and the LUMO
embedded into semiconducting polymer blends is promising level of the donof? Results shown in Figure #3demon-
for several reason? strate that 10% solar cell efficiency is possible.
(1) Inorganic semiconductor nanoparticles can have high To optimize the LUMO level of the donor polymer
absorption coefficients and higher photoconductivity as optimizes the open circuit voltage. The charge carrier

compared to many organic semiconductor materials. mobility of electrons and holes in the doreaicceptor blend
(2) The n- or p-type character of the nanocrystals can be must be as high as possible for efficient charge extraction
varied by synthetic routes. and a high fill factor. The highest energy conversion

(3) Band gap of inorganic nanoparticles is a function of efficiencies of around 10% are predicted by Scharber &t al.
nanoparticle size. If the inorganic nanoparticles become New novel materials have to be prepared to get to these
smaller than the size of the exciton in the bulk semiconductor efficiencies®®
(typically about 10 nm), the electronic structure of such small ~ Several other strategies are investigated to increase the
particles is more like those of giant molecules than an efficiency of solar cell$%° synthesis and development of low
extended solid. The electronic and optical properties of suchband gap polymers; synthesis and development of new
small particles depend not only on the material of which electron-accepting materials; tandem solar cells using mul-
they are composed, but also on their $t#e!*8 This quantum tiple layers of different band gaps; the use of light scattering
size effect can be used for novel tandem solar cells with the nano- or microparticles embedded in the optically active layer
different band gaps by modifying only one chemical toenhance the optical pathways in the film due to scattering;
compound. light trapping with simple patterning techniqu&$;hybrid
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Figure 23. Contour plot showing the calculated energy-conversion efficiency (contour lines and colors) versus the band gap and the
LUMO level of the donor polyme® Reused with permission from M. Scharber, D. INtacher, M. Koppe, P. Denk, C. Waldauf, A.
Heeger, and C. Brabe#&dvanced Materials18, 789 (2006). Copyright 2006, Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim.
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solar cells combining the properties of inorganic semicon-

ductor nanoparticles with conjugated polymé&s14® and

dye sensitized solar cells (DSSCs), with organic dyes on a

nanoporous Ti@electrode immersed in an electrolytéRe-
cently, solar cell efficiency of 4% was reported by replacing
the liquid electrolyte by an organic hole transporting
medium?3

The ideal structure of a bulk heterojunction solar cell is

schematically displayed in Figure 24. The two phases of

Figure 24. ldeal structure of a bulk heterojunction solar cell.

donor and acceptor within the bulk heterojunction have to
be interspaced with an average length scale of around

10—20 nm equal to or less than the exciton diffusion length.

The two phases have to be interdigitated in percolated
highways to ensure high mobility charge carrier transport
with reduced recombination. Last but not least, a pure donor
phase at the hole collecting electrode and a pure acceptor
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This minimizes the losses by recombination of the wrong

sign of charges at the wrong electrode, as well as acting as

58, 1061.
(21) Geens, W.; Aernouts, T.; Poortmans, J.; Hadziioanno@his. Solid
Films 2002 403-404, 438.

diffusion barriers for the wrong sign charge carriers at the (22) Tsuzuki, T. T.; Shirota, J.; Rostalski, J.; Meissner,Sdl. Energy

respective electrodes.

Such a well-organized nanostructure is not easy to obtain
in classical polymer mixtures due to disorder. However, self-

organization of the organic semiconducting polymers (mol-
ecules) can be introduced by: (1) an amphiphilic primary
structure like di-block copolymels156 resulting in a self-

Mater. Sol. Cell200Q 61, 1.

(23) Rowell, M. W.; Topinka, M. A.; McGehee, M. A,; Prall, H. J.;
Dennler, G.; Sariciftci, N. S.; Hu, L.; Gruner, @ppl. Phys. Lett.
2006 88, 233506.

(24) Frohne, H.; Shaheen, S.; Brabec, C:llety D.; Sariciftci, N. S.;
Meerholz, K.ChemPhysCher002 9, 795.

(25) Brabec, C. J.; Shaheen, S. E.; Winder, C.; Sariciftci, N. S.; Denk, P.
Appl. Phys. Lett2002 80, 1288.

organized phase; (2) an amine-acid-type hydrogen-bonded (26) Hung, L. S.; Tang, C. W.; Mason, N. @ppl. Phys. Lett1997, 70,

self-organizatiot?” resulting in hydrogen-bonded polymeric
superstructures; (3) an inorganic (Zn@r TiO,) template
nanostructure filled with organic semiconducté&®>°and
(4) liquid crystalline self-organizing columns of donor
acceptor phase$§®

Such strategies require highly interdisciplinary research (og)
between macromolecular chemistry, supramolecular chem-

istry, physical chemistry, colloid chemistry, photophysics/
photochemistry, device physics, nanostructural analysis, an

thin film technology. There are great challenges and op-

portunities in this avenue for the entire field of chemical

sciences, and advancement is expected in interdisciplinarity.
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