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1. INTRODUCTION

Conducting polymers as materials for light-emitting and
photovoltaic devices have been the subject of consid-
erable interest over the last decade (see, e.g., [1, 2]).
Because of their light weight and excellent mechani-
cal properties, they are ideal candidates for applications
which require portability. The ease of processability and
flexibility in the thin film form of polymers (e.g., spin-
on or ink-jet printed deposition [3]) contrasts with the
stringent requirements of vacuum epitaxial growth of
monocrystalline semiconductor structures. Flexible sub-
strates lend themselves to innovative designs for end
products and processing based on continuous coating of
large-area surfaces. This physical flexibility is matched by
functional versatility: a wide variety of compounds can be
fashioned using synthetic methods, with energy gap and
ionization potential being tuned by chemical modification
of polymer chains.

A new degree of freedom has been introduced to the
realm of conducting polymers: the incorporation of an
inorganic component in order to form composite struc-
tures. The influence of inclusions is at least twofold:

* Inclusions create areas with high intensity of gener-
ation and recombination of nonequilibrium carriers.
In photoelectric devices, this may result in a consid-
erable increase in the quantum yield and the addi-
tional possibility of tuning spectral characteristics.

* Inclusions modify characteristics of the surrounding
polymer, influencing the optical, photoelectric, and
transport properties of the composite.

In this chapter we review experimental reports in this
actively developing area, give a theoretical description of
observed phenomena, and discuss possibilities of further
optimization of light-emitting and photovoltaic devices
based on the conducting polymer/inorganic nanocrystal
composites.

This choice of materials leaves outside the scope of
our consideration a great number of interesting works on
optical properties of composites using ordinary, noncon-
ducting polymers (such as PMMA and many others). We
also will not consider polymers with ionic conductivity
(see, e.g., [4, 5]) where the physics of charge transfer dif-
fers essentially from the objects of our primary interest.

2. TECHNOLOGICAL ASPECTS

In this section we briefly discuss the fabrication of
organic-inorganic nanocomposites. We will not consider
here the chemical aspects of synthesizing conducting
polymers used as the matrix material. A list of the most
popular conducting polymers used for nanocomposites
is given at the end of the chapter. The description of
corresponding chemical processes, different for differ-
ent polymers, can be found elsewhere. A great number
of conducting polymers are now commercially available

and can be directly used for fabrication and investigation
of polymer-based composites. For this reason we discuss
below only problems related to nanocrystal fabrication
and their embedding into the polymer matrix.

2.1. Nanocrystals and Core-Shell Structures

There exist a number of different methods of nanocrys-
tal fabrication briefly mentioned, for example, in [5].
We restrict our attention to those from which nanocrys-
tals are obtained in a form suitable for subsequent
incorporation into polymer films, for instance, in some
organic solutions. This narrows the choice of technolog-
ical possibilities chiefly to a variety of techniques based
on organometallic and polymer chemistry [5, 6]. We
consider the main principles of nanocrystal fabrication
usiag as an example II-VI semiconductor compounds
(CdSe, CdS, ZnSe, etc.)—the most popular materials
used for this purposes. These may be fabricated via chem-
ical reaction in solution between metal alkyls contain-
ing group II metals (dimethylcadmium, diethylzinc, etc.)
and organophosphine chalcogenides or bistrimethylsi-
lylchalcogenides supplying the group VI elements.

To grow monodisperse nanocrystals of a given size, it is
necessary to control the process of nucleation and subse-
quent growth of nanocrystals. Many works in this direc-
tion are based on the old classical work of La Mer and
Dinegar [7] who showed that the production of monodis-
perse nanocrystals requires a temporally discrete nucle-
ation event followed by slower controlled growth around
the existing nuclei. Rapid addition of reagents to the
reaction vessel raises the precursor concentration above
the nucleation threshold. A short nucleation burst par-
tially relieves the supersaturation. As long as the con-
sumption of feedstock by the growing colloidal nanocrys-
tals is not exceeded by the rate of precursor addition,
no new nuclei form. Since the rate of growth for all of
the nanocrystals is similar, the initial size distribution is
largely determined by the time over which nuclei are
formed and begin to grow. If the percentage of growth
during the nucleation period is small compared with sub-
sequent growth, the nanocrystals can become more uni-
form over time. This phenomenon has been referred to as
focusing of the size distribution and is due to the strong
size dependence of the crystal surface energy influenc-
ing the kinetics of crystal growth [8]. Direct observations
confirmed more than twofold (from 20% to 7.7%) nar-
rowing of the size distribution due to the “focusing” phe-
nomenon in CdSe nanocrystal growth [9].

Focusing of the size distribution occurs when the
nanocrystals present in solution are slightly larger than
the equilibrium critical size. Under these conditions,
the smaller nanocrystals grow faster than the larger
ones. When the concentration of material in solution is
depleted due to growth, the critical size becomes larger,
and the distribution broadens because some smaller
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nanocrystals are shrinking and eventually disappear while
larger ones are still growing. This is known as Ostwald
ripening [10], or defocusing.

Nanocrystal growth can be operated by two meth-
ods: (i) fast injection of the metal-organic precursors
and (ii) using different kinds of coordinating solvents.
A rapid precursor injection in a hot (~150-350 °C) solu-
tion triggers the supersaturation and subsequent nucle-
ation and gives rise to a homogeneous nucleation, which,
followed by a slow growth and annealing, results in a
uniform surface derivatization. The role of coordinating
solvents consists in terminating the particle surface with
organic ligands. This treatment on the one hand modi-
fies and stabilizes the nanocrystal surface, increases their
solubility, and prevents agglomeration among particles
and, on the other hand, controls the density of surface
states and decreases surface recombination. The solvents
usually used are mixtures of long-chain alkylphosphines,
alkylphosphine oxides, alkylamines, etc. [10, 11].

When the stabilizing molecules are attached to the
nanocrystal surface as a monolayer through covalent or
ionic bonds, they are referred to as capping groups [12].
The above-mentioned stability with respect to aggrega-
tion occurs only if the capping groups provide a repulsive
force strong enough to counteract the internanocrystal
van der Waals attraction. If the capping groups are well
bound to the surface of nanocrystals, the resulting pow-
ders are stable in a variety of organic solvents, which is
important for their storage and further use for fabrication
of polymer—nanocrystal composites.

The methods of ultimate control of the nanocrystal size
can be divided into two main categories (see [13]): one in
which the size is controlled by the relative concentration
of the capping material [14] and the second method in
which the ultimate cluster size is dictated by the size of
a reverse micelle inside which the particle is grown [15]
(see Fig. 1).

These methods were successfully applied for growing
of nanocrystals CdS [6, 13, 16, 17], CdSe [16, 18-23],
CdTe [17, 24], ZnSe [23], Cd,_,Zn,S [17], Cd,_,Mn,S
[17], and Cd,_,Mn,Se [25] followed by fabrication of
nanocomposites using different kinds of conducting poly-
mers. By changing the growth conditions, the authors
managed to vary the mean nanocrystal size from approx-
imately 10 to 100 A and beyond. Direct measure-
ments by transmission electron microscopy, atomic force
microscopy, and small-angle X-ray scattering confirmed
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Figure 1. Synthesis of CdS nanocrystals. Reprinted with permission
from [13], J. G. Winiarz et al., Chem. Phys., 245, 417 (1999). © 1999,
Elsevier Science.

that in many cases almost monodisperse size distribution
(down to<5% standard deviation [26]) could be achieved
(Fig. 2). This key result is independently confirmed
by measurements of luminescent spectra described in
Section 5.

In addition to II-VI compounds, the methods
described were used for fabrication of nanocrystals and
nanocomposites from some other semiconductors. Syn-
thesis of InP and InAs has been achieved by rapidly mix-
ing and heating group III and V precursors in boiling
coordinating solvents [27-29]. Nanocrystals Al Ga,_,N
[30], GaSb [31], Ge [32], Si [33], PbS [34], and Ag,S [17]
in organic solvents have also been fabricated. Some of
them used different technological approaches more ade-
quate for a particular semiconductor. For instance, Si
nanocrystals [33] were developed by means of a high-
temperature gas-phase synthesis using disilane pyroly-
sis. In this procedure, nucleation, growth, annealing, and
surface derivatization take place in the aerosol state at
approximately 1000 °C, which is favorable to producing
the most thermodynamically stable isomer. For produc-
tion of GaSb nanocrystals [33] the process is based on
the chemical reaction between GaCl; and Sb(SiMe;); in
different solvents.

So far we have described the growth of semiconduc-
tor nanocrystals for semiconductor-polymer composites.
However, a series of interesting phenomena with possi-
ble device applications is observed in dielectric—polymer
composites as well (see Section 5 below). Thus it is worth
briefly mentioning also the case of dielectric nanocrystals.

Usually the size and quality requirements for dielectric
nanocrystals are less rigid. In semiconducting nanocrys-
tals, which are intended to play the role of potential wells
for electrons and holes (see Section 3), the size should
be small and carrier mobility high enough to provide
effective quantization of the electron and hole energy
spectra [5]. For many applications, particularly for light-
emitting devices, additional requirement of a small size

Figure 2. High resolution TEM-image of 8.5 nm diameter CdSe
nanocrystals. Reprinted with permission from [9], X. Peng et al., J. Am.
Chem. Soc., 120, 5343, (1998). © 1998, American Chemical Society.
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dispersion exists to provide a narrow spectrum of emitted
light. Dielectric inclusions instead typically play the role
of potential bumps, repelling carriers. For this reason,
dielectric nanocrystals for the polymer-based composites
are often prepared by rather simple chemical reactions in
solution [35-37] or even chosen from commercially avail-
able nanocrystals of different oxides [38-40].

Among dielectric inclusions, one material should be
mentioned separately, namely, titanium oxide (TiO,).
This material plays an active and important role in pho-
toelectric phenomena, considerably improving character-
istics of the polymer-based solar elements, which will
be discussed in Section 5. For this reason, technology
of TiO, nanocrystals is the object of special concern
described, for example, in [41-44].

Fabrication of nanocrystals with a given chemical com-
position and size distribution is not the only technological
problem to be solved on the way to finding nanocom-
posites suitable for device applications. The next serious
problem consists of reducing the powerful recombination
effects at the nanocrystal surface.

There are two main methods of suppressing surface
recombination, often used in tandem. One relates to
surface passivation and has already been partially dis-
cussed. The most popular passivating agents widely used
for II-VI nanocrystals are trioctylphosphine (TOP) and
trioctylphosphine oxide (TOPO).

The other method consists of replacing chemically
homogeneous (or homostructure) nanocrystals with core—
shell structures. These are two-phase nanocrystals con-
sisting of an internal core semiconductor with bandgap
E,, of radius several nanometers, covered by a layer of
a larger bandgap (E,, > E,;) material. The thickness of
this shell layer does not exceed several lattice constants
(1-2 nm). Since the core material presents a potential
well for carriers, the electron and hole wave functions
are confined mostly inside the core material and their
amplitude at the external surface of nanocrystals is rather
small. This may reduce noticeably recombination at this
surface as long as the core-shell interface for proper fab-
rication technology provides a nearly ideal heterojunction
causing no additional undesirable recombination.

Growth of core-shell structures is based on the
same standard procedure of pyrolysis of organometal-
lic reagents used for fabricating chemically uniform
nanocrystals as described above. After the core part is
grown, a fresh solution of solvent and stabilizers is added.
The solution is then heated while precursors for the shell
are gradually added [6, 21]. The rate of new precursor
addition should not exceed the rate of deposition on the
seed in order not to grow separate crystals of the shell
phase. The second growth stage is usually performed at
lower temperature to avoid growth of the core material.

The most popular core-shell nanocrystals used in
polymer-based composites consist of CdSe core (E,; =

1.7 ¢V [45]) and CdS shell (E,, = 2.5 eV) [46, 47]. Core~
shell structures CdSe/ZnS [11, 22, 48, 49], CdSe/ZnSe
[50], CdS/ZnS [49], and InAs/ZnSe [51] have also been
reported.! Recent work [51] reports core and shell mate-
rials of different semiconductor groups (II-VI and I1I-V)
grown by a two-step pyrolysis of organometallic precur-
sors thoroughly described in [54].

2.2. Polymer-Nanocrystal Composites

Uniform or core-shell nanocrystals are stored in solu-
tion with a proper stabilizer chemically compatible with
the materials used in synthesis of the polymer matrix.
The method of preparation of polymer-based composites
depends on the structure of nanocomposites we want to
obtain.

The most common approach consists in mixing the
polymer and nanocrystal-containing solutions followed by
spin coating on the substrates and, in some cases, also the
final thermal annealing [16, 20, 22, 55-57]. This method
results in a composite with nanocrystals randomly dis-
tributed over the whole matrix volume.

In some cases, especially for light-emitting structures,
it is desirable to concentrate most nanocrystals in a thin
layer compared with the total thickness of the polymer
film (see Section 5.4). In this case polymer and nanocrys-
tal solution are spin coated separately in two consequent
operations [21, 58].

It is also possible to use more sophisticated methods
of growing partially or completely ordered nanocompos-
ite structures. For instance, in [59, 60] the layer-by-layer
self-assembly method was described and applied to fab-
ricate a composite with CdTe nanocrystals for electro-
luminescent devices. The driving force in the method is
the electrostatic attraction between oppositely charged
molecules, which, in turn, appear in the process of con-
secutive adsorption of polyanion and polycation mono-
layers. Some interesting aspects of a complete two- and
three-dimensional self-organization of CdSe nanocrystals
can also be found in [61].

2.3. Device Structures

Fabrication of separate films of polymer-nanocrystal
composites described above is an essential but not ulti-
mate goal in the direction of device realization. For most
experimental measurements, as well as for light-emitting
and photovoltaic devices, these films should be incorpo-
rated into structures containing electrical contacts and
suitable for light input and/or output.

The standard method of satisfying both these condi-
tions consists of using transparent contacts such as thin

' Nanostructures containing a wide-gap core with a narrow-gap shell
can be also fabricated [52, 53]. These physically interesting “quantum
shell” systems are, however, less promising for optoelectronic applica-
tions and will not be discussed here.
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films of a mixed indium-tin oxide (ITO). This material
widely used in optoelectronic devices possesses a high (up
to 102! cm™) concentration of free carriers and thus a
low resistance and simultaneously is transparent in the
spectral region 350-1100 nm [38-40]. Figure 3 shows the
standard simple structure used for both physical investi-
gations and fabrication of light-emitting devices. It con-
sists of an optically transparent substrate such as glass or
polymer film, if the device should be mechanically flex-
ible, covered by a thin layer of ITO. By using techno-
logical methods described in the previous subsection this
substrate is covered by the film of polymer-nanocrystal
composite. The second contact is deposited on top of the
composite layer. The upper electrode can be nontrans-
parent and is usually a simple metallic layer.

If an external bias is applied to the structure, electrons
injected from a cathode and holes injected from an anode
are captured by nanocrystals and recombine there with
the emission of light. The theory of this process consid-
ered in Section 6 predicts that for the quantum yield of
electroluminescence to have a maximal value, the injec-
tion currents of electrons and holes should be equal. This
creates serious restrictions for the choice of electrode
materials. As will be shown in the next section, most con-
ducting polymers are characterized by rather low values
of the electron affinity y” and most metals, as well as
ITO, can provide effective hole and weak electron injec-
tion into the polymer matrix. For this reason, ITO is used
as an anode and the main problem consists of creating a
cathode with a comparable effectiveness of electron injec-
tion. This restricts the choice of cathode material to met-
als with low work function W such as Li (W = 2.38 €V),
Ca (W =28 eV), Mg (W =3.64 eV) and Al (W =
4.25 eV) [62]. Some of these low-work-function metals
are unstable in the ambient atmosphere and are usually
covered by a protecting layer of Al or Ag.

The effectiveness of electron injection can also be
increased by creating an additional dielectric layer
between the polymer and metal, thin enough not to block
the current completely [63—-65]. The most probable expla-
nation for this phenomenon [66] is the fact that the
voltage drop at this layer shifts the Fermi level in the

Polymer-Based Electroluminescent Device

S it Ag
Al
' Al O, dielectric layer - optional
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- Substrate (glass, quartz, mylar)
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Figure 3. Schematic construction of a polymer-based light-emitting
device. ETL—electron transport layer, HTL—hole transport layer.

metal relating to molecular orbitals in the polymer and
decreases the barrier to electron injection.

3. ENERGY BAND DIAGRAM

Luminescence and photovoltaic phenomena in polymer—
nanocrystal composites described in the present chap-
ter are complicated processes. They rely on optical
generation of nonequilibrium carriers (for photovoltaic
phenomena or photoluminescence) or their injection
from contacts (for electroluminescence), carrier transport
though the polymer matrix, their capture to and emission
from nanocrystals, and recombination inside nanocrystals
as well as in the polymer matrix. The description of all
these phenomena requires the knowledge of the electron
and hole spectrum both in the matrix and in nanocrys-
tals and their relative position at the polymer—nanocrystal
interfaces.

The band diagrams of semiconductors and dielectrics
are usually well known, not only in bulk materials but
also with the account of possible size quantization in very
small nanocrystals (see, e.g., [5]). For conducting poly-
mers, it may suffice to know the positions of the high-
est occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) which play roles
similar to the valence and conduction bands in a semicon-
ductor [67]. This analogy between semiconductors and
conducting polymers can be very fruitful for qualitative
understanding of most observed phenomena but there
exist two serious distinctions between these two types
of materials. These play an essential role in our further
interpretation of experimental results.

e The HOMO and LUMO energies contain an appre-
ciable polarization component, which is determined
by long-range Coulomb forces and can be modified
in highly dispersed nanocomposites.

e Carrier mobilities in conducting polymers are many
orders of magnitude lower than in semiconductors
and usually differ drastically for electrons and holes.

Most electronic phenomena in composites depend to a
great extent on the relative values and relative positions
of the bandgap in a semiconductor (or dielectric) E; and
the HOMO-LUMO gap in a polymer E}. The partic-
ular energy band diagram depends on the relationship
between Ej and Ey as well as on the electron affinities of
both materials x* and y*. Figure 4 shows all the qualita-
tive band alignment possibilities. Available literature data
give for most conducting polymers y? ranging from 2.3
to 2.6 eV [1]. This is less than the typical electron affin-
ity for most semiconductors which are usually close to
4 ¢V [45] and for a number of dielectrics (e.g., TiO, with
x° = 4.2 eV [67]). For this reason, the band diagrams
(c) and (f) are presumably not realized in polymer-based
composites and will not be discussed below.
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Figure 4. Different possible energy band diagrams of polymer—
semiconductor (a,b,c) and polymer-dielectric (d,e,f) composites. (b)
and (e) correspond to type-I and all others to type-II band diagrams.

The four remaining diagrams can be classified accord-
ing to two characteristics. The first one is the ratio E}/E{.
We will refer to the case of narrow-gap inclusions ES
E{ [(a) and (b)] as that of polymer—semiconductor com-
posites and refer to the opposite situation E} > E¢ [(d)
and (f)] as the polymer—dielectric comp051tes The other
characteristic is the relative position of gaps. One gap
may lie completely inside the other [(b) and (e)] or form
a staggered structure [(a) and (d)]. In the physics of
semiconductor heterojunctions, the first situation is called
type-I band alignment and the second situation type-II.

For the band diagram (b), semiconductor nanocrys-
tals play the role of potential wells for both electrons
and holes. This construction has definite advantages for
light-emitting devices, such as LEDs and lasers. The con-
centration of nonequilibrium electrons and holes in the
same confined regions results in increased efficiency and
decreased threshold currents in these devices.

Another important class of devices—photovoltaic
structures, including solar elements—benefits from dif-
ferent band alignment. These devices are based on spatial
separation of photogenerated electrons and holes in an
electric field, resulting in the flow of electric current in an
external circuit. For this purpose the band diagram (b) is
not optimal since both electron and holes concentrated
in semiconductor inclusions require for their separation
additional activation into the polymer matrix, which may
suppress the effectiveness of photovoltaic devices. On the
contrary, in the type-II band diagram [(a) or (d)] such
barriers are absent, at least for one type of carrier, pre-
senting an advantage in photovoltaic applications.

We discuss in detail the implications of band align-
ments in Sections 5 and 6 for type-I and in Sections 5
and 7 for type-II structures.

The band diagrams shown in Figure 4 correspond to an
idealized picture. In real systems it may be considerably
distorted by at least two important factors. One of them is
the electrostatic band modulation when nonequilibrium
carriers are partially separated by the potential relief and
nanocrystals acquire some electric charge. This effect is
important in type-II systems and will be considered in
detail in Section 7.

The other difference from the idealization of Figure 4
comes from changes in polarization energy caused by
nanocrystals. In conducting polymers, polaron effects
play a very important role [67], shifting the energy lev-
els and decreasing the effective HOMO-LUMO gap EY.
This polaron shift W is caused by interaction between
an electron at the given atom with surrounding atoms
including not only nearest neighbors but also atoms from
higher coordination spheres. For polymer molecules in
the closest vicinity of nanocrystals, some of these polar-
izing units are replaced by different molecules with dif-
ferent polarizability . It will result in a local decrease
of E} for the case when «a; exceeds the polarizability of
the polymer matrix and in an increase of EY in the oppo-
site case, accompanied by corresponding changes in the
luminescence spectra [40].

4. PHOTOELECTRIC PROPERTIES
OF CONDUCTING POLYMERS

Since the main applied prospects of conducting polymer—
nanocrystal composites are related to optoelectron-
ics and, particularly, to light-emitting and photovoltaic
devices, we focus this chapter on experimental results
of luminescent and photoelectric phenomena as well as
key electrical, primarily current-voltage, characteristics.
We begin by summarizing these phenomena in pure con-
ducting polymers allowing us to reveal subsequently the
impact of nanocrystals.

Photoconductivity phenomena in conjugated polymers
are discussed in detail in [68, 69]. The nature and spec-
trum of light-induced electron excitation play a central
role in these phenomena. The analysis of the photocur-
rent response of metal/polymer/metal structures has been
established to be a powerful method for the investigation
of injection of holes [70] or photoemission of electrons
[71] over a Schottky junction, as well as the photogenera-
tion of charge carriers in the bulk of conjugated polymers
[72, 73]. In the latter case, the photocurrent is due to
mobile photoexcited species of the polymer which, in the
semiconductor band model [74, 75], are directly photo-
generated by the incident photons.

The exciton model [76, 77] describes the initial process
of carrier generation as the photogeneration of a sin-
glet exciton bound by Coulomb attractions. The exciton
must be broken to obtain free carriers that can migrate in
an external applied electric field. Excitons can be either
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intrachain singlet excitons localized within the same con-
jugation length (segment of polymer chain) or interchain
excitons (bound polaron pairs) with electrons and holes
localized at different chain segments or even at differ-
ent chains, differing from singlet excitons by their bind-
ing energy. In interchain excitons, the wave functions of
negative and positive polarons overlap weakly, so that
the probability of radiative recombination is low and the
main recombination channel is the nonradiative geminal
recombination.

Picosecond photoinduced absorption studies [78, 79]
show that electron excitations in conducting polymers are
mostly polaron pairs and only about 10% of them are
excitons. The decay of polaron pairs can be caused by
jumping of one charge on the adjacent chain followed by
formation of a polaron pair or of an exciton which subse-
quently decays; the positive and negative polarons move
randomly on their own chains and separate thermally or
in the presence of an electric field, yielding free polarons
contributing to photocurrent. The polaron (P*) pairs can
also evolve to bipolarons (BP*). The direct reaction P*+
P* = BP* is hindered by a strong Coulomb repulsion,
but the residual impurities and dopants can facilitate this
process [80]. Once appearing, the bipolaron is a more
stable formation than the polaron.

Formation of inter- and intrachain excitons is caused
by the generation process itself. It occurs when the excess
photon energy considerably exceeds the exciton bind-
ing energy, causing exciton heating, as well as to the
mutual orientation of the photon polarization vector and
the polymer chain segment. The intrinsic optical prop-
erties of polymers are found to be highly anisotropic
[81] due to their quasi-one-dimensional nature. Photoex-
citation with the parallel polarization creates predomi-
nantly intrachain electron-hole pairs, while the perpen-
dicular polarization generates interchain pairs. In the last
case, delocalized excited states (Wannier-like excitons)
are formed [82], where the pair constituents are situated
on different chains or on different conjugation lengths
of the same chain. The absorption coefficients for paral-
lel and perpendicular polarization of light relating to the
direction of a chain segment differ noticeably, with much
higher absorption for the parallel orientation [83, 84].
For this reason, the absorption coefficient in amorphous,
nonoriented polymer films almost coincides with that for
parallel polarization. At high photon energies, exceeding
the bandgap 2.5-3 times, the absorption anisotropy drops.

The breaking of electron-hole pairs is assisted by
extrinsic mechanisms such as a heterojunction between
two polymers of different carrier mobility [85], or via
chemical defects such as oxygen and carbonyl [79], or
via applied and built-in electric field and temperature.
The pair break in the electric field is often described by
Onsager’s theory of geminate pair dissociation [85]. A
photon of sufficient energy is assumed to have gener-
ated a Coulombically bound electron and hole (geminate

pair) which thermalize at a separation distance ry. This
initial separation distance increases with photon energy.
Whether they dissociate into a pair of free carriers or
recombine to form an exciton is determined by r, and by
their subsequent diffusion in the electric field, which is a
superposition of the Coulomb well due to their attraction,
and the applied field. The theory predicts that electron—
hole dissociation is an activated process, with the acti-
vation energy decreasing with increasing field. The field
dependence predicted is steep over a wide range of
fields [68]. This theory with subsequent modifications [86]
describes pair breaking in molecular crystals but fails to
describe the processes in polymers [87]. It fails in partic-
ular to explain the weak temperature dependence. The
dissociation of optical excitations in conjugated polymers
is described much better with the theory suggested in [88,
89]. The model of temperature-independent photogener-
ation of charge carriers in conjugated polymers is based
on the concept of the on-chain dissociation of unrelaxed
higher optical excitations. The dissociation probability is
determined by the interplay of the rate of carrier dissoci-
ation jumps and the rate of the excess energy relaxation
and is virtually independent of the sample temperature.
The excess photon energy above the §; <« §,/0-0 tran-
sition is considered to be transferred into intrasegmen-
tal vibronic energy and establishes, while dissipating, an
important additional source of energy required for carri-
ers to cross the potential barrier and to separate within
the segment. The external electric field lowers the poten-
tial barrier for carrier separation and thus assists the
dissociation of optical excitations. An important theory
parameter is also the exciton binding energy, in polymers
having an order of ~0.4 eV. The diffusive motion in the
Coulomb potential in this theory is irrelevant since all
processes occur inside the same conjugated chain seg-
ment.

Photoinduced excitons and bound polaron pairs them-
selves cannot create electric current. The free carri-
ers involved in photocurrent (in conjugated polymers
these are mostly charged polarons and bipolarons) are
derived primarily from exciton dissociation [68]. The one-
dimensional intrachain mobilities u, of electrons and
holes on isolated polymer chains free from interchain
interactions are considerably higher than those in bulk
materials. For instance, for holes in PPV, u,~0.5 cm?/V/s
[90] dropping in the bulk materials to 10~~10~¢ cm?/VJs,
mostly due to the barriers presented by domain and grain
boundaries and, in the case of the electrons, also to deep
trapping sites [91]. In almost all conjugated polymers (for
exceptions see [82, 92]) the mobility of holes is much
higher than that of electrons.

Photocurrent measurements are usually performed at
sandwich structures containing thin (from some tens of
nanometers to some micrometers) polymer films with
asymmetric contacts providing effecting injection of elec-
trons from a cathode and holes from an anode (see
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Section 2.3). The current-voltage characteristic of such
structures is usually asymmetric and depends on the
illumination intensity much more strongly than in typi-
cal semiconductor photovoltaic structures (see Figure 5).
Asymmetry of the current-voltage characteristic is caused
by different work functions, and hence different contact
barriers, for the cathode and anode, as well as by signifi-
cantly different electron and hole mobilities [93]. Due to
such asymmetry, an illuminated sandwich structure pro-
duces a photocurrent even in the absence of an applied
bias [73, 92].

For many organic semiconductors, two types of rela-
tionships between the photocurrent and absorption spec-
tra exist. If they correlate well, so that the maximum pho-
tocurrent is obtained for the most strongly absorbed light,
the photocurrent response is said to be symbatic with
the absorption spectrum. Under the opposite condition,
when the photocurrent maxima occur for photon ener-
gies where the absorption is weakest, the photocurrent
response is said to be antibatic. The type of photocurrent
spectra depends on the applied bias voltage, the electrode
through which it is illuminated, and the thickness of the
polymer film (Fig. 6).

Free carrier photogeneration in conjugated polymers
depends on the details of light absorption, exciton disso-
ciation, and current injection from the contacts. Exper-
iments on transient photoconductivity demonstrate the
presence of two components of photocurrent, called
intrinsic and extrinsic [68, 79]. They differ by the mecha-
nism of free carrier generation, characteristic time, light
intensity, electric field, and temperature dependences.
Intrinsic photocarriers result from dissociation of photo-
generated excitons by mechanisms characteristic for poly-
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Figure 5. Current-voltage  characteristics of a  255-nm-thick

Au/arylamino-PPV/Al device. Squares represent currents without
illumination conditions; triangles are data recorded under different
illumination conditions. Illumination through Al was at A = 450 nm
(A). For illumination through Au A = 375 nm () and A = 485 nm
(v) were used. Reprinted with permission from [73], K. Déubler et al.,
Phys. Rev. B., 59, 1964 (1999). © 1999, American Physical Society.

mer chains themselves. They may include the influence
of ambient temperature and applied electric field but
not the interaction with interfaces, chemical defects, and
other impurities not forming the polymer chain structure.
The latter are responsible for the extrinsic photocurrent.

Transient photoconductivity reveals fast (~100 ps or
even less) and slower (~600 ps) components [75]. The
magnitude of the fast component, usually related to the
extrinsic photocurrent, is independent of temperature
and linearly dependent on light intensity. It is linear
in electric fields up to fields of a few times 10* V/cm.
The slower component is proportional to the square root
of the light intensity and has an activation temperature
dependence with the activation energy ~100 mV. It is
connected with the intrinsic photocurrent and, from its
intensity dependence, is attributed to bipolarons [74],
with account of their lower mobility compared with
polarons.

Kinetics of photocurrent in PPV films studied in air
and vacuum [79] also showed the presence of fast and
slow components but in the time scale of seconds. In air
the characteristic time of the slow component can be as
long as several hours. This slow component, attributed
to intrinsic processes, depends on the square root of the
light intensity. It results from the interaction of the pho-
togenerated polaron pairs with defects to create positive
polarons. The restricted recombination of charge carriers,
which is responsible for the slow buildup and decay kinet-
ics, is interpreted as being due to the dispersive diffusion
of positive polarons in a random density of negatively
charged defects. The fast, extrinsic component is related
to the thermal dissociation of excitons and subsequent
creation of conducting positive polarons and immobile
negative polarons. The decay of polaron pairs may be
at the origin of such excitons, with one charge jump-
ing to the adjacent chain to create an on-chain exciton.
As exciton dissociation competes with geminate recom-
bination this photocurrent rapidly reaches steady state
and depends linearly upon optical power. In view of
increased geminate pair dissociation in disordered media
[94], resulting in temperature independence of the fast
component proportional to light intensity, it has been
suggested [79] that the linear picosecond response of [75]
is also the intrinsic photocurrent. The higher the degree
of energetic disorder, the faster the dissociation and the
higher the quantum yield of mobile carriers.

Extrinsic processes play an important role in the expla-
nation of the symbatic and antibatic spectra and some
other characteristics of photocurrent. A comparative
analysis of different photocurrent models is given in [76].
The models can be divided into two groups. The first
group assumes that carrier generation is only success-
ful within a narrow photoactive region, called the bar-
rier region, close to one of the electrodes. It is not a
true Schottky barrier but rather a thin barrier region of
fixed width 10 nm, consisting of metal-oxide layers and
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with the room temperature absorption spectrum (----- ). Reprinted with permission from [76], M. G. Harrison et al., Phys. Rev. B., 55, 7831 (1997).
© 1997, American Physical Society. (a) Thick (780 nm) polymer film, illumination through the ITO electrode; (b) thin (120 nm) polymer film,
illumination through the ITO electrode; (c) thick film, illumination through the Al electrode; (d) thin film, illumination through the Al electrode.

an insulating, defective region of the polymer. In either
case there is evidence of a thin, highly resistive layer
resulting in a high local electric field at the barrier, which
could assist exciton dissociation. In the model [95] most
often used for the analysis of experimental data, light
absorption in a polymer film followed by exciton diffusion
toward the dissociation area near the barrier is taken into
account. The second group of models contains an explicit
solution of the diffusion equation, either for excitons
or free charges, subject to various boundary conditions
(see, e.g., [96]). These models give similar results explain-
ing symbatic and antibatic photocurrent spectra but with
a serious disagreement with experiment at low photon
energies. A qualitative explanation of the symbatic and
antibatic responses requires account of the internal filter
effect from self-absorption inside the film.

From experimental results in sandwich structures it
may be concluded that carrier photogeneration is an
extrinsic process, following dissociation of excitons, either
in the presence of oxygen molecules acting as electron
traps, or at metal electrodes, into which an exciton may
expel an electron [76] (in the case of a polymer with the
p-type conductivity). When one carrier leaves an exci-
ton pair for a contact electrode while the second one

remains in a polymer film, the situation is called pho-
toinjection for the remaining carriers. In an Al/poly(3-
dodecylthiophene)/ITO structure illuminated from the Al
contact at low bias voltages not exceeding +5 V, photoin-
jection of holes was manifested as a considerable current
growth in a direct branch compared with the dark cur-
rent [93]. Experiments show [70] that the current com-
ponent caused by carrier generation in the bulk is small
compared with that caused by generation in the contact
region. For reverse bias, this region in p-type polymers is
located near the cathode electrode having the lower work
function (for n-type polymers the situation is opposite
[92]) since in this case the carriers with lower mobility
can be directly removed into a contact.

Carrier dissociation in a sandwich structure with dif-
ferent contact work functions allows fabrication of large
area polymer solar elements [97, 98]. Their drawback
is a low conversion efficiency of order 1073-1072% for
pure conjugated polymers [99] since carriers are col-
lected only from the narrow layer directly adjacent to
the contact where excitons dissociate. The low mobil-
ity of carriers (especially electrons in p-type polymers)
prevents collection of photoexcited carriers. The small
size of the dissociation area is one more reason for
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the low conversion efficiency. All these negative factors
stimulate a search for new ways of increasing the effec-
tiveness of energy transformation, including embedding
semiconducting, dielectric, or metallic nanoparticles into
the matrix of a conjugated polymer.

5. EXPERIMENTAL INVESTIGATIONS
OF POLYMER-NANOCRYSTAL
COMPOSITES

5.1. Nonequilibrium Carriers in Nanocomposites

Embedding of semiconductor (e.g., CdS, CdSe) or dielec-
tric (e.g., TiO,) nanocrystals into a conjugated polymer
matrix creates internal polymer/inorganic material inter-
faces stimulating extrinsic dissociation of light-emitted
excitons and bound polaron pairs. Exciton dissociation
is enhanced since it is energetically favorable for elec-
trons to move from the polymer LUMO levels to the
conduction band of the nanocrystals (Fig. 7). An impor-
tant parameter in exciton dissociation is their diffusion
length, which in polymers has the order of 5-15 nm [16].
For a high density of nanocrystals (exceeding 15-20% vol-
ume), percolation paths through the network of nanocrys-
tals appear and additional electron transport absent in
n-type polymers becomes possible. Electron mobility in
the nanocrystal materials u, is essentially higher than
in polymers. For instance, in TiO, w, ~ (0.1-1) cm?/V's
[16], which is several orders of magnitude higher than in
typical polymers. In most semiconductors in turn, w, is
essentially higher than in TiO,. Nanocrystals also provide
the possibility of optical generation of carriers followed
by the hole transitions into polymer. This process, con-
sidered in more detail in Section 7, is also energetically
favorable since CdS, CdSe, and TiO, form the type-II
band diagram (see Section 3) with most conducting
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Figure 7. Relative energy band positions in major polymers and
nanocrystals. P1I—PVK, P2—¢-Bu-PBD, P3—PPV, P4—arylamino-PPV,
P5—MEH-PPV, P6—P3HT; S1—InAs, S2—CdSe, S3—CdS, S4—CdTe,
S5—ZnS.

polymers. Therefore, nanocomposites can provide very
effective separation of charges which in a pure polymers
would be bound into excitons or bound polarons.

Photoconductivity and/or photovoltaic effects were
experimentally investigated in a number of polymer—
nanocrystal composites®: PPV/TiO, [39, 43, 101], MEH-
PPV/TiO, [67, 102], LPPP/dye-sensitized TiO, [36, 103],
PVK/dye-sensitized TiO, [36], PPV/dye-sensitized TiO,
[36], MEH-PPV/CdSe [16, 19, 20, 104, 105], MEH-CN-
PPV/CdSe [19, 106], DHeO-CN-PPV/CdSe [19, 106],
P3HT/CdSe [107], MEH-PPV/CdS [58], 6FPBO/CdS
[58], and PVK/CdS [108, 109]. The effectiveness of pho-
toelectric devices is determined by the photocurrent
quantum yield Q, the number of electrons in an exter-
nal circuit per light quantum. This characteristic depends
on the photon energy E = hw and in the short cir-
cuit scheme can be written as a product of three fac-
tors: Q(E) = A(E)ke(E) where A(E) is the fraction of
photons absorbed, k is the charge separation yield per
absorbed photon, and ¢(E) is the charge transport effi-
ciency, or probability of collecting the charge at contact.
The charge separation efficiency « is not determined by
the energy of the excitation, but only by the energetic
and electrical characteristics of the interface. The collec-
tion efficiency ¢ may depend on excitation energy, since
different excitations may lead to charge-separated states
with different lifetimes and thus may be collected with
different efficiencies.

The photoluminescence efficiency ® (number of pho-
tons emitted in photoluminescence per absorbed pho-
ton) of conjugated polymers depends on the fraction
of absorbed photons that produce singlet excitons (the
branching ratio 1) as opposed to other species such as
spatially separate polaron pairs, and the probability &
that singlet excitons will decay to the ground state by
radiative emission: ® = ne. This characteristic for pure
polymers is in PPV ® = 0.27, in MEH-PPV & = 0.1-
0.15, in CN-PPV ® = 0.35-0.36, and in MEH-CN-PPV
® = 0.48 [110]. Measurements showed that, for exam-
ple, for PPV & = 0.28 [110], which means that 7 is close
to unity, implying that the species produced by photoex-
citation is predominantly the singlet exciton. Only after
excitation of singlet excitons do approximately ;3; of them
transform into a triplet state with subsequent nonradia-
tive recombination. This fraction may vary from 3 due to
the change of efficiency of this transformation in differ-
ent polymers. A considerable drop in this parameter in
MEH-PPV is believed to be caused by a higher degree
of ordering and, as a consequence, spreading of exci-
ton charges over adjacent chains with ensuing nonradia-
tive recombination. (The most likely interpretation is that
another branching channel is added to the system, i.e.,
an exciton loss via charge separation which subsequently

*Standard chemical abbreviations of polymers used below are
explained in the Appendix.
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decays nonradiatively.) For PPV the parameter is seen to
approach 2. Given that the photoluminescence efficiency
decrease is due to charge separation at the polymer-
nanocrystal interface, the fraction of charge separation
events per absorbed photon can be written I' = nk where
K is the efficiency of charge separation of the state. Thus
I + ® = 1, with all absorbed photons leading to either
luminescence or charge separation. In general each term
(I' and @) is also dependent on the photon energy. I'
is determined by x via geometric considerations (distri-
bution of nanocrystals per unit volume, i.e., polymer—
nanocrystal distance) and by the probability of exciton
dissociation upon reaching an interface. In the case of
nearly complete photoluminescence quenching, with all
absorbed photons leading to singlet excitons which are
capable of charge separation, k 2 1, and thus all absorbed
photons lead to charge separation. In conjugated poly-
mers, in general, the efficiency of dissociation, k, may
be lower than unity, or there may be other nonradiative
channels of decay available to an exciton upon reaching
the interface, resulting in a less than complete photo-
luminescence quenching. This should really be the case
if part of singlet excitons have enough time to trans-
form into a triplet state where most of them recombine
nonradiatively. However, if singlet excitons have time to
dissociate at the nanocrystal interface before transform-
ing into triplet or the interface causes decay of both
singlet and triplet excitons, k may be expected to be
close to unity. Direct observations of complete photolu-
minescence quenching by microwave conductivity mea-
surements [43] confirm that all excitons are converted
into separated charges in composite PPV/TiO, with 20%
TiO, and higher. Photoluminescence quenching provides
evidence for charge transfer, because once the singlet
exciton has been dissociated, it can no longer decay radia-
tively to the ground state (Fig. 8).

The effectiveness of charge separation at the polymer—
nanocrystal interface plays a key role in the effectiveness
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Figure 8. Photoluminescence efficiency (squares) and short-circuit
quantum efficiency (circles) in the MEH-PPV/CdSe nanocomposite as a
function of nanocrystal concentration. Reprinted with permission form
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vier Science.

of solar elements and photoconductors. Charge trans-
fer from polymer to nanocrystal will be energetically
favorable if y* — x? > U — V, where 7 are the elec-
tron affinities (see Section 3), U is the Coulomb binding
energy of a singlet exciton in the polymer, and V' is the
Coulomb energy associated with attraction between elec-
tron and hole in the final, charge-separated state. In gen-
eral, U is significantly larger than /' due to the increased
average electron—hole separation in the charge-separated
state. The difference in electron affinities between CdS,
CdSe, and TiO, on the one hand and typical conduct-
ing polymers on the other (Fig. 9) is so high that the
above-mentioned condition is always fulfilled, given that
the typical exciton binding energy is only ~0.4 eV. Even
the decrease in effective y° due to size quantization in
nanocrystals will not significantly alter the charge trans-
fer effectiveness. No such size dependence is observed in
a MEH-PPV/CdSe nanocomposite with nanocrystals of
5 nm and less. There is also no evidence for an electron—
polaron interaction that is affected by nanocrystal size
[19].

One may distinguish three mechanisms of forming
the mobile carriers in a polymer and nanocrystals. The
first consists of exciton dissociation at the polymer—
nanocrystal interface with direct transition of electrons to
the conduction band of nanocrystal; the second includes
energy transfer from the excited state of polymer to
nanocrystals via the Forster mechanism (see, e.g., [69]) or
with the reemission when a photon emitted in a polymer
is absorbed in a nanocrystal, creating an excitation fol-
lowed by hole transfer into the polymer. The third mech-
anism is related to direct light absorption in a nanocrys-
tal and the hole transition to a polymer. The Forster
mechanism is effective when excitation energies in the
polymer and nanocrystal are close. The final effect of all
three mechanisms is the creation of a free electron in a
nanocrystal and of a positively charged mobile polaron in
a polymer.

The effectiveness of charge transfer from polymer to
nanocrystal depends to a great extent on conditions at
the polymer—nanocrystal interface. Charge transfer is dif-
ferent for clean nanocrystals and those coated with a
l