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Abstract. Published data on the use of colloidal quantum
dots in solar cells are analyzed and generalized. Various
types of solar cells, their design and principles of operation
are considered. The key factors influencing parameters of
these devices are discussed. The bibliography includes 184
references.

1. Introduction

Conversion of solar energy to electricity is a promising
avenue in green power engineering. Presently, first-gener-
ation devices based on crystalline silicon still dominate
among various types of solar cells. They have been
known for more than five decades. The operating efficiency
of such devices is characterized by the energy conversion
coeffcient () whose best value is as high as about 25%,!
being close to the theoretical limit for single-junction solar
cells (31%).? The operating life of the first-generation solar
cells is more than 25 years. However, they are expensive due
to strict requirements on the purity of the material and to
very complicated fabrication process. Second-generation
solar cells are based on amorphous or polycrystalline
silicon. They are cheaper owing to cheaper fabrication
technologies but less efficient.

Third-generation solar cells have various designs result-
ing from different technologies; a particular case is the use
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of nanostructures as solar cell components. Energy pro-
duced by the third-generation solar converters is much
cheaper than that produced by older-generation solar cells.
For instance, organic solar cells represent an attractive and,
which is more important, cheap alternaive to silicon cells. It
is believed that the cost of 1 kW h produced by organic solar
cells can be as low as 1-2 US cent.? Frequently used
working materials for this type of solar cells include
mixtures of fullerene derivatives (electron-accepting materi-
als) and novel polymers (electron-donating materials).*~8
These components are well soluble in organic solvents,
which makes it possible to deposit them on flexible poly-
meric substrates using printing technique. The technology
which utilizes soluble organic semiconductor materials
allows one to produce liquid ‘ink’. It has been well devel-
oped and is used by many companies. The appropriateness
of using organic solar cells is governed by a combination of
three factors, namely, the prime cost, operating life and
efficiency. Modern polymer —fullerene solar cells are char-
acterized by reasonably high efficiency of solar energy
conversion (up to ~10%).2- 11

Another type of third-generation solar cells, Grétzel
photochemical cells based on nanostructured TiO2 or ZnO
layers covered with a sensitizing dye, is also characterized
by high solar energy conversion efficiency (7max = 12%).12

This review concerns yet another promising avenue in
modern photovoltaics, namely, the use of semiconductor
nanocrystals or quantum dots (QDs) prepared by methods
of colloidal synthesis. Quantum dots exhibit unique optical
and electronic properties and can be readily incorporated
into liquid-phase technologies for fabrication of solar cells,

T A solar cell is a device for solar energy conversion to electricity using
photoelectric effect, a one-piece module made of cells.
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including printing techniques and high-performance roll-to-
roll method.

The variety of designs of quantum dot solar cells
includes the following main types:

— Schottky solar cells based on metal/semiconductor
junctions;

— bulk QDs/conjugated polymer heterojunction solar
cells;

— semiconductor/semiconductor heterojunction solar
cells; and

— QD-sensitized solar cells.

Recently, there has been considerable progress in the
field and numerous publications including analytical
reviews are reported yearly. For instance, Talapin et al.'?
considered various QD-based optoelectronic devices includ-
ing solar cells. A number of reviews are devoted to partic-
ular types of solar cells, such as hybrid QD/conjugated
polymer solar cells,!* 1> QD-sensitized solar cells!'® and
solar cells based on lead chalcogenides.!”-!8 Various types

of solar cells have been discussed in another study !'° whose
authors focussed on QD-sensitized systems.

The highest solar energy conversion efficiency values for
the solar cell types listed above are given in Tables 1 and 2.
Of course, the n values attained by QD-based devices are
still lower than those of Si-based converters (see above);
however, one can hope that the former will substantially
increase in the nearest future.

In this review, we report the results and recent advances
in the design of solar cells based on QDs. We systematize
modern solar cell architectures, classify them into main
types and consider the principles of operation and param-
eters for each type of solar cells. We will discuss main
problems and promising avenues of research aimed at
improving solar cell parameters. The emphasis will be
placed on surface modification of QDs and on the effect of
the surface ligands on the properties of solar cells. Also, we
will consider problems related to fabrication of QDs, charge
transport properties of layers of quantum dots, as well as
the role of ‘hot’ charge carriers in them.

Table 1. Energy conversion efficiency values for the best solar cells based on QDs.

Solar cell n (%) Ref.
Schottky cells

ITO/PbS QDs/LiF/Al/Ag 3.6 20
ITO/PbSe QDs/Mg/Ag 3.6 21
ITO/PbS QDs/LiF/Al 3.8 22
ITO/PbSo.7Se0.3 QDs/Al 33 23
ITO/CdTe nanorods/Al 5 24
Bulk QDs/conjugated polymer heterojunction cells

ITO/PEDOT : PSS/CdSe QDs—-PCPDTBT/Al 2.7 25
ITO/PEDOT : PSS/PbS QDs—PDTPBT/Al 3.78 26
ITO/PEDOT : PSS/PbS QDs— PDTPQx/Al 0.55 27
ITO/PEDOT : PSS/CdSe nanorods—P3HT/Al 2.65 28
ITO/PEDOT : PSS/CdSe tetrapods—PCPDTBT/LiF — Al 3.13 29
ITO/PEDOT : PSS/hyperbranched CdSe QDs—-P3HT/Al 2.2 30
ITO/PEDOT : PSS/CdSe tetrapods —OC,C;o-PPV/LiF — Al 2.8 31
ITO/PEDOT : PSS/CdS QDs—P3HT nanowires/hole-blocking layer/Mg—Ag 4.1 32
Semiconductor/semiconductor heterojunction cells

FTO/TiO»/PbS QDs/Au 5.1 33
ITO/ZnO nanocrystals/PbS nanocrystals/Au 2.94 34
ITO/PEDOT : PSS/PbSe nanocrystals/ZnO nanocrystals/Al 3.4 35
FTO/TiO,/PbS QDs/Au 55 36
ITO/CdTe nanorods/CdSe nanorods/Ca — Al 2.9 37
FTO/Zr-doped TiO»/PbS QDs/Au/Ag 5.69 38
FTO/TiO> nanocolumns/PbS QDs/Au/Ag 5.6 39
FTO/Zr-doped TiO,/PbS QDs shelled with Br ions/Au 6 40
QD-sensitized solar cells

FTO/TiO>/Sb,S3/P3HT/Au 5.13 41
FTO/TiO,/CdS@CdSe/polysulfide electrolyte/CunS 4.92 42
FTO/TiO,/CdTe@CdS/polysulfide electrolyte/Au 3.8 43
ITO - poly(ethylene terephthalate) (flexible electrode)/TiO»/CdS — CdSe QDs/polysulfide electrolyte/Cu,S 3.47 44
TiO,/CdSe ruthenium sensitizer/cobalt electrolyte/Pt 4.76 45
FTO/TiO,/CdSe/polysulfide electrolyte/carbon nanospheres 3.9 46
FTO/TiO2/Mn-doped CdS —CdSe/polysulfide electrolyte/Cu,S/reduced graphene oxide 5.42 47

Note. Notatons are as follows: ITO is tin-doped indium oxide; FTO is fluorine-doped indium oxide; PEDOT : PSS is poly(3,4-ethylenedioxy-
thiophene) doped with poly(styrene sulfonate); for other notations, see Table 2.
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Table 2. Some properties of conjugated polymers used in solar cells.
Name Molecular formula LUMO? /eV HOMOP® /eV

Poly(2,3-didecylquinoxaline-5,8- n-H21Cro

diyl-alt-N-octyldieno-[3,2-b:2,3'-d Ipyrrole
(PDTPQx)

Poly{2,6-[ N-(1-octylnonyl)dithieno-
[3,2-b:2',3'-d ]pyrrol]-alt-4,7-(2,1,3-benzothiadiazole)}

(PDTPBT) N

Poly[2-methoxy-5-(2-ethylhexyl)oxy-p-
phenylenevinylene]
(MEH-PPV)

Poly(3-hexylthiophene)
(P3HT)

Poly{2,6-[4,4-bis(2-ethylhexyl)-4 H-
cyclopenta[2,1-h;3,4-b'|dithiophene]-alt-4,7-
(1,2,3-benzothiadiazole)}

(PCPDTBT)

Poly[5-(3,7-dimethyloctyloxy)-2-methoxy-p-
phenylenevinylene]
(OC,Cio-PPV)

N72
)N )\ NN
N S

CioHz2i-n

—
N N
—261 —4.64
S S
\ /N /A
)

C3H17-n

—3.08 —4.89

-

-29 —-53

—-49

—-3.5 —4.9

—-238 -5.0

2 Lowest unoccupied molecular orbital. ® Highest occupied molecular orbital.

I1. Parameters determining the efficiency of solar
energy conversion

The operation of a solar cell is based on charge separation
at the interface between the electron-donating and electron-
acceptng materials. Conversion of solar energy to electricity
involves the following main steps determining the efficiency
of a photovoltaic device:

— light absorption by the active layer;

— formation of electron —hole pairs (excitons) and their
subsequent diffusion towards the donor/acceptor interface;

— dissociation of an exciton to a hole and an electron;

— transport of charge carriers throughout correspond-
ing phases towards electrodes.

Typical light and dark 7—7V curves of a photovoltaic
device are shown in Fig. 1.

Absorption of a photon is followed by creation of an
exciton, which dissociates to an electron and a hole at the

interface. Accumulation of charge in the space between
electrodes creates a potential difference. As a load is
connected, an electric current flows in the external circuit.
As the load resistance increases, the solar cell potential
changes from zero (at short circuit, one has R — 0) to the
open-chain potential V,.. At the same time, the electric
current changes from its maximum value (short-circuit
current Iy) to zero. The main parameters of the 77—V
curve, which are used to characterize the operation of
solar cells, include the short-circuit current, the open-circuit
voltage and the fill factor (FF).

The short-circuit current is given by the product of the
density of charge carriers (n) produced upon exposure to
light by the mobility of charge carriers (u) and by the
electric field (E) acting on charge carriers

I, =enuE
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Figure 1. Current—voltage curve of a solar cell.

The Isc parameter characterizes the maximum number of
photogenerated charge carriers which produce electric cur-
rent in the external electric circuit and, hence, depends on
the absorption spectrum of the photoactive substance.
Usually, the short-circuit current density (Jsc /A cm~—?2) is
specified; this allows different solar cells to be compared.

The open-circuit voltage depends on various factors
which will be discussed below for each particular type of
solar cells. They first of all include the electronic properties
of materials and electrodes used.

The maximum power produced by a solar cell is given by

Prax = Imax Vimax
and it corresponds to a particular point on the 7— ¥V curve.

The fill factor characterizes the degree of perfection of
the 7—V curve and is given by

FF — Imax Vmax
ISC VOC

The efficiency of solar energy conversion is the key
parameter characterizing a solar cell (and, therefore, its
operation). It is defined as the ratio of the maximum power
to the power of incident light (Piy,)

P, IV,

max _ p Zsc”oc

Pin Pin

}’I:

Yet another important parameter is the external quan-
tum efficiency (EQE) ¥ equal to the ratio of the number of
electrons arriving at electrodes to the number of incident
photons. The EQE is 100% if each incident photon creates
an electron—hole pair which then dissociates. However, the
EQE of actual devices is much lower than 100% owing to
losses due to reflection of incident photons and to recombi-
nation of charge carriers. But the EQE value can also be
higher than 100% for, e.g., those devices in which an
absorbed photon creates more than one electron—hole
pair, in particular, due to multiplication of charge carriers
(see below).

i Itis also called Incident Photon to Current Efficiency (IPCE).

To compare different types of solar cells, tests are
performed under standard conditions, viz., at a cell temper-
ature of 25 °C under irradiation with light with the model
solar radiation spectrum AM1.5 and a radiation power of
100 mW cm—2. The standard model solar radiation spec-
trum AM1.5 corresponds to an average power and spectal
characterstics of solar light at the Earth’s surface at a solar
zenith angle of 48.2°.

To improve the light conversion efficiency, there has
been a research on various novel electron-donating and
electron-acceptng materials and their combinations. There
is considerable recent literature on utilization of QDs as
promising photoactive components; unique electronic and
optical properties of QDs offer new prospects for physico-
chemical design of solar cells. In particular, owing to the
quantum size effect one can vary the bandgap width (£;) by
varying the QD size; this will allow one to optimize
absorption of solar radiation. By varying the QD size one
can also control positions of the energy levels of QDs
relative to the energy levels of other solar cell components
and thus control charge transfer across the interface.

I11. Synthesis of colloidal quantum dots

Semiconductor nanoparticles of specified size are synthe-
sized by various methods involving nucleation and growth
in supersaturated solutions.*® Quantum dots utilized in
solar cells are usually prepared by reactions of organo-
metallic precursors at high temperature. This method was
for the first time used by Murray et al.*® to synthesize CdX
(X =8, Se, Te) quantum dots; in particular, a cold (room-
temperature) solution of selenium in trioctylphosphine
(TOP-Se) was injected into a hot (300 °C) solution of
dimethylcadmium (CdMe,) in trioctylphosphine oxide
(TOPO). Rapid addition of the cold TOP-Se solution led
to avalanche-type formation of CdSe nuclei; the temper-
ature of the mixture abruptly decreased to ~230-260 °C,
and the nucleation ceased, followed by growth of all nuclei
present in the system. High synthesis temperature
(230—-260 °C) favours thermal annealing of nanocrystals
and formation of almost perfect crystal lattice.’® This
method satisfies two conditions necessary for the synthesis
of high-quality QDs, viz., separation in time of nucleation
and nanoparticle growth and their thermal annealing; this
makes it possible to obtain defect-free QDs with narrow
particle size distribution and high quantum yield of fluo-
rescence.

Unlike other liquid-phase methods, the high-temper-
ature method allows one not only to obtain nanoparticles
with rather narrow particle size distribution, but also to
additionally narrow this distribution by controlling the
particle growth during the synthesis. Under particular
conditions, the nanocrystal size distribution during the
growth can be narrowed (focusing mode) or broadened
(defocusing mode).>! To keep the focussing mode persistent,
it was proposed to add reactants gradually, thus retaining
the necessary degree of supersaturation in the solution
throughout the synthetic procedure. The particle size dis-
tribution can also be focussed in another manner, viz., by
controlling the temperature of the synthesis. As temperature
decreases, the solubility of most substances also decreases;
therefore, the degree of supersaturation increases and the
size of the critical nucleus decreases.>> This method of
controlling the growth of nanocrystals makes it possible
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not to add additional reactants and to obtain monodisperse
crystals 1.5—5 nm in size.

In the high-temperature colloidal method using organo-
metallic precursors, nucleation and growth occur in solu-
tion in the presence of ligands that are adsorbed on the
surface of growing crystals. Such ligands include not only
alkylphosphines and alkylphosphine oxides (TOP, TOPO,
tributylphosphine oxide), but also alkylamines (hexadecyl-
amine, oleylamine), carboxylic (oleic, stearic) acids and
phosphonic (tetradecylphosphonic, octadecylphosphonic)
acids. Having appropriately chosen the experimental con-
ditions (i.e., a combination of the precursor, surfactant,
solvent, temperature, etc.), one can use this technique to
synthesize QDs of different composition including various
nanocrystals, e.g., ATBV! [CdX, ZnX (X = S, Se, Te),>3 55
HgTe (Ref. 56)]; AVBV! [PbX,%7-¢! SnX (X =S, Se,
Te)];6% 63 AMBY [InP,** InAs,% GaP (Ref. 66)], as well as
CulnS;, (Ref. 67) and CulnSe, (Ref. 68), etc. The method
allows one to prepare nanoparticles of not only different
composition and size, but also shape (e.g., nanorods or
nanotetrapods %%-70).

It should be noted that solar cells can be fabricated from
both pre-synthesized nanocrystals and grown in the poly-
mer matrix 7!>72 or those grown in situ on the surface of the
photoanode.

IV. Charge transport properties of layers of
quantum dots. Surface modification of quantum
dots

As a rule, QDs in the active layer of solar cells are used as
an individual phase or in the form of consolidated thin
layers 100—300 nm thick, whose electron transfer proper-
ties play a decisive role in the attainment of high efficiency
of solar energy conversion to electricity. Charge transport
in such QD layers (phases) occurs by various mechanisms
including electron tunnelling between adjacent QDs and
variable range hopping where hopping distance takes ran-
dom values. In more detail, charge transport in the systems
in question was considered in another review.”? Clearly, the
interparticle distance plays a significant role for all mecha-
nisms of transport in consolidated QD layers.

Quantum dots synthesized by the colloidal method are
capped with a protective layer of surfactant molecules with
long hydrocarbon chains to prevent coagulation of QDs.
Therefore, an important step in the design of various
photovoltaic devices consists in replacement of original
surfactants by new surface ligands to shorten the distance
between QDs and, therefore, to improve the charge trans-
port properties. Usually, surface modification is performed
using shorter organic molecules (pyridine, benzene-1,3-
dithiol, benzene-1,4-dithiol, n-butylamine, tributylamine,
octylamine, ethane-1,2-dithiol, mercaptopropionic and thi-
oglycolic acids) containing functional groups that exhibit
some affinity to the surface of QDs.

An increase in the mobility of charge carriers with a
decrease in the interparticle distance was confirmed
experimentally 74 for films of PbSe QDs capped with
alkanedithiols having different-length hydrocarbon chains.
Charge carrier mobility measurements of layers of QDs
treated with different ligands gave the following ranges of
mobility values: from 1 x 10—* (Ref. 75) to 0.5—-1.2 (Ref. 76)
for electrons and from 1.5x10-3 (see Ref. 77) to
0.12-0.18 cm? V—1!s—! (Ref. 78) for holes. The highest

mobility values were obtained for hydrazine-treated layers
of QDs. Also, processing of PbSe QDs capped with oleic
acid in hydrazine led to an increase in the conductivity of
QD layers by ten orders of magnitude.”®

It should be noted that the conducting properties of
layers of QDs depend on both the mobility and concen-
tration of free charge carriers. Replacement of ligands on
the surface of QDs can lead not only to shortening of the
interparticle distance (and, therefore, to higher charge
carrier mobilities), but also to doping of QD layers (i.e., to
an increase in the concentration of free charge carriers). The
type and degree of doping are important parameters influ-
encing the operation of photovoltaic devices. Doping of QD
layers is related to formation of surface traps. Uncompen-
sated surface ions (cations or anions) trapping free charge
carriers act as donors if holes are trapped or as acceptors if
electrons are trapped. The degree of doping is determined
by the difference between the number of hole- and electron-
trapping defects. Treatment of the surface of films with
ligands as well as thermal annealing leads to changes in the
number of all types of defects and, as a consequence, the
overall type and degree of doping. For instance, hydrazine-
treated PbSe QD films had n-type conductivity.”® Vacuum
treatment or thermal annealing led to changes in the
conductivity type of the films. n-Butylamine PbS QDs
exhibited p-type conductivity because oxides covering the
surface of QDs acted as p-type dopants.”” Subsequent
treatment of these QDs with ethanedithiol cause the surface
concentration of oxides to decrease, which led to a decrease
in the concentrations of the main charge carriers.

The surface of QDs is modified with not only organic,
but also inorganic ligands, e.g., metal chalcogenide (SnS3~,
Sn>Sef™, InoSei~, GesSty) complexes. They can be used to
significantly improve the electrical properties of layers of
QDs compared to layers of QDs capped with organic
ligands. A study of gold nanocrystals revealed a decrease
in the interparticle distance from 2 to 0.5 nm and an
increase in the conductivity by 11 orders of magnitude
upon replacement of dodecanethiol by Sn.Sef™ as the sur-
face ligand.®® Halide ions were also used to passivate the
surface of QDs.#? The electron mobility in layers of QDs
covered with a monolayer of halide ions was as high as
4x1072ecm? V—ls—L

V. Multiple exciton generation and the role of ‘hot’
charge carriers in quantum dots

According to calculations by Shockley and Queisser,? the
limiting efficiency of solar energy conversion to electricity in
a single-junction solar cell is 30%. In this case, main losses
are due to conversion of solar radiation to heat, incomplete
absorption of radiation and recombination of charge car-
riers. The solar radiation spectrum corresponds to photons
with energies in the range from 0.5 to 3.5 eV. Photons with
energies lower than the semiconductor Eg value are not
absorbed and not involved in the photocurrent. Photons
whose energy is higher than E, produce ‘hot’ charge carriers
with an excess kinetic energy equal to the difference between
the energy of photons and E,. The excess energy transferred
to electrons is converted to heat through electron—phonon
coupling. The process leads to the greatest losses (47% for
silicon with E, = 1.1 eV), being the main factor limiting the
efficiency of photovoltaic devices.
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To reduce losses and approach an efficiency of about
>31%, multi-junction (or ‘tandem’) solar cells were
designed. They combine a number of p—n-junctions made
of semiconductors with successively decreasing E, values
along the direction of light propagation. In such systems,
photons with higher energies are absorbed by the semi-
conductors having higher E, values, while low-energy pho-
tons are absorbed by semiconductors with lower E,. The
maximum conversion efficiency predicted for solar cells
with an infinite number of junctions is 68% (cf. 43.5% as
the best result obtained so far®!). The efficiency of solar
cells can be improved using ‘hot’ charge carriers in two
ways:

— by increasing the open-circuit voltage; to this end,
‘hot” charge carriers should be trapped by high-energy
donors or acceptors of electrons or by electric contacts
with corresponding work functions prior to converting the
excess kinetic energy to heat by phonon radiation;

— through impact ionization (inverse Auger effect). In
this case, a ‘hot’ charge carrier produces two or more
electron-hole pairs; as a consequence, the short-circuit
current can be considerably increased (Fig. 2).

hv <

Figure 2. A schematic of multiple exciton generation (a) and
Auger relaxation (b).

Excess kinetic energy (E*) is consumed to generate additional
excitons (@) or is transferred to a hole which then relaxes ().

Realization of these mechanisms requires that the proc-
esses be faster than relaxation of ‘hot’ charge carriers
through electron—phonon coupling. In bulk semiconduc-
tors, ‘hot’ charge carriers are thermalized rapidly, e.g., the
relaxation time for silicon is about 1 ps.%? Uniqueness of
QDs consists in that owing to the quantum size effect, the
conduction band and the valence band represent discrete
energy levels rather than continuous sets of energy states.
The energy difference between these levels becomes much
larger than the characteristic phonon energies. Thus, cool-
ing of ‘hot’ charge carriers in QDs should occur at the
expense of simultaneous radiation of a large number of
phonons.

This process is little probable; therefore, it was assumed
that cooling of ‘hot’ charge carriers in QDs is significantly
slowed down. The effect was called ‘phonon bottleneck’.
However, a number of experiments revealed rather short
relaxation times of charge carriers in QDs ranging from
about 100 to 500 fs.83-85 Also, it was found that as the size
of QDs decreases, the relaxation rate increases rather than
decreases although the energy difference between the levels
increases. The effect observed is due to realization of
alternative channel of cooling of ‘hot’ charge carriers
through Auger relaxation accompanied by efficient elec-
tron—hole energy transfer owing to strong Coulomb inter-
action between them.33-8¢ Relaxation of a hole in the
valence band is fast due to the higher density of states (see
Fig. 2b). Faster relaxation in small QDs can also be
explained by strengthening of electron—hole Coulomb
interaction.

The electron—hole interaction force can be reduced by
surface modification of QDs. For instance, replacement of
TOPO by pyridine on the surface of QDs causes the
relaxation time of ‘hot’ charge carriers to increase from 1
to 200 ps.%’

In lead chalcogenide QDs, the exciton Bohr radius is
large and, therefore, the motion of charge carriers is
strongly confined in space, the energy levels of holes and
electrons are distant from one another, and Auger relaxa-
tion is thus little probable. However, no ‘phonon bottle-
neck’ effect is observed; this can be explained by relaxation
through surface states or by impact ionization. Impact
ionization (multiple exciton generation) is a process where
a high-energy exciton created in a semiconductor upon
absorption of a photon with the energy £ >2 E, produces
two excitons with energies equal to E, through transfer of
the excess energy to an electron in the valence band. This
type of energy transfer allows two or more excitons to be
created upon absorption of a single photon. Multiple
exciton generation was observed in PbSe,8-8° PbS, 80
PbTe,%' CdSe®” and InAs®! QDs. A study of lead selenide
revealed generation of seven excitons upon absorption of a
photon with hv = 7.8 E,, for E; = 0.636 ¢V.%2

Devices based on PbSe QDs with multiple exciton
generation were reported.”> The EQE values exceeded
100%, the highest being equal to 114%. However, the
possibility of considerable increase in 7 due to multiple
exciton generation casts some doubt. In particular, it was
shown that utilization of PbSe QDs leads to only 2%
increase in the efficiency due to multiple exciton genera-
tion.%#

VI. Schottky-junction solar cells

One of the simplest types of photovoltaic devices based on
QDs utilizes the Schottky junction, i.e., a contact between
two materials, a p-type semiconductor and a metal with low
work function (Al, Ca, Mg) or an n-type semiconductor and
a metal with high work function (Au, Pt). Usually, such a
device is a layer of QDs (active layer) placed between two
electrodes. The active layer is needed for light absorption
and generation of electron—hole pairs. The authors of most
studies on the topic employed QDs with p-type conductivity
and metals (Al, Ag) as electrode material.

The design of a device and the energy diagram of a
Schottky solar cell is shown in Fig. 3. Since the Fermi levels
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Figure 3. A Schottky solar cell (¢) and its energy diagram (b).
@b 1s the Schottky barrier height.

€Pp

of the p-semiconductor and the metal with low work
function have different positions, their contact causes elec-
trons to flow from the metal to the semiconductor. A region
depleted of the main charge carriers appears in the near-
boundary layer of the semiconductor; the concentration of
the main charge carriers will uniformly increase on going
from the surface into the interior of the semiconductor. This
situation corresponds to downward-bent bands in the
energy diagram which characterizes the change in the
potential in the depletion layer and equal to the work
function difference between the metal and semiconductor.
When exposed to light, the Schottky junction favours
dissociation of excitons formed and escape of electrons
from the active layer. Anodes represent optically trans-
parent conducting materials with high work function (usu-
ally, these are tin- or fluorine-doped indium oxide, ITO or
FTO, respectively), which form Ohmic contacts with semi-
conductors and favour extraction of holes.

A detailed study 77 on the operating mechanism of such
solar cells revealed that an important role in the device is
played by charge carrier drift in the depletion layer driven
by the contact potential difference and by diffusion of
charge carriers in the quasi-neutral layer. The operating
efficiency of such a device depends on the balance between
the light absorption and charge extraction. Generation and
separation of most charge carriers occur in the depletion
layer 150 nm wide. Under the action of the contact electric
field, electrons flow to the metallic electrode while holes
move to the edge of the depletion layer and diffuse towards
the ITO surface. Transport in the depletion layer can be
considered efficient because the drift length is 10 pm for

holes and 1 pum for electrons. As the thickness of the active
layer increases, light absorption also increases, but trans-
port in the thicker layer is influenced by the diffusion rate of
charge carriers in the neutral region. This effect becomes
pronounced if the active layer thickness for the device
approaches the sum of the minor charge carrier diffusion
length and the width of the depletion layer. The electron
diffusion length in the neutral region is 0.1 pm, so the
efficiency decreases at thicknesses > 300 nm.

Currently, Schottky solar cells are mainly fabricated
from nanomaterials absorbing in the IR spectral region,
e.g., PbS, PbSe, CdTe. Research groups headed by Nozik
and Sargent contributed largely to fabrication of this type
of devices. Sargent and co-workers > reported one of the
first studies on Schottky solar cells [n = 1.8% (AM1.5G)].
The active layer included 6-nm PbS nanoparticles prepared
by the colloidal method using organometallic precursors.
The starting oleic ligand was replaced by the shorter-chain
n-butylamine. Quantum-dot films 230 nm thick were
applied to ITO-covered glass substrate by the spin-coating
method in inert atmosphere. The Schottky junction was
formed between the QD film and the aluminium layer 140
nm thick deposited by thermal evaporation. Prior to alumi-
nium deposition, the surface of the QDs film was covered
with a thin (0.7 nm) LiF layer to improve the operating
properties of the device .

A PbSe QD film on a glass substrate covered with ITO
by the layer-by-layer deposition was used;*® calcium, mag-
nesium, silver, aluminium and gold were used as electrodes.
The ITO-covered substrate was first immersed in a solution
of QDs in hexane and then in a solution of ethane-1,2-
dithiol (EDT) in acetonitrile to remove oleic ligands. The
use of methylamine instead of EDT gave similar results. The
best device operating in nitrogen atmosphere was charac-
terized by Jic = 24.5 mA cm—2, Voo = 0.239 V, FF = 0.41
and 1 =2.1%.

It was also confirmed ®® that performance of this solar
cell configuration is based on Schottky junction. In this
case, the open-circuit voltage should be a linear function of
the height of the energy barrier (egp), and for the contact
between the p-type semiconductor and a metal one has

ep, = Eg +e(x — oum)

where e is the electron charge, y is the electron affinity of the
semiconductor and ¢wm is the work function of the metal.

For various cells based on different-size QDs, it was
shown that V. (in Volts) linearly increases with increasing
the QD bandgap

Eg
Voo = 0.49-% —0.253

A decrease in Vo, with increasing the work function of
the metallic contact served yet another proof of validity of
the model based on Schottky junction for this configura-
tion. However, going from gold to calcium
(|Appm| = 2.3 eV) caused the open-circuit voltage to increase
by only 0.15 V. This can be explained by Fermi level
pinning; as a result, the height of the energy barrier is
almost independent of the work function of the metal.
Often, the Schottky barrier is formed by defects that
appeared at the interface during deposition of the metal.
Probably, this is just the case. To date, the maximum
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efficiency attained for this type of photovoltaic devices is
~3%—4%.

An important problem in the design of Schottky solar
cells is to make the system more stable to oxygen. The first
solar cells with junctions based on n-butylamine-capped
PbS QDs degraded in air during a few minutes.?> A possible
reason for low stability of the devices consists in insufficient
passivation of the surface of QDs. Labile ligands, such as
n-butylamine and ethanedithiol, inefficiently protect QDs
from oxygen and moisture. Oxidation of the surface of QDs
leads to the appearance of deep electron traps acting as
recombination centres; they can hamper electron transfer.
This problem can be solved using a bidentate ligand N-
(2,4,6-trimethylphenyl)-N'-methyldithiocarbamate contain-
ing a dithiocarbamate group which forms a strong bond
with the metal cation on the surface of QDs and readily
replaces oleic acid. A 5 value of 3.6% was thus obtained.?®
Passivation of the surface of QDs with thiophenol that
strongly interacts with the surface of QDs made it possible
to fabricate cells with n = 3.6% and to increase their
operating life to a few weeks in inert atmosphere and to a
few hours in air.?!

A comparable efficiency of solar energy conversion
using cells operating in nitrogen atmosphere was attained
by improving the methods of synthesis of PbS QDs.?? It was
shown that the growth rate of QDs governs the quality of
synthesized particles and, therefore, significantly influences
the n value. The growth rate was controlled by varying the
concentration ratio of the lead and oleic acid (the acid was
used as stabilizing ligand). At low growth rate, monodis-
perse stable nanocrystals with low concentration of traps
were obtained. The efficiency of cells based on QDs synthe-
sized under these conditions reached a value of 3.8%, being
twice as high as the efficiency of cells based on QDs
synthesized at high growth rate.

The operating stability of solar cells is, in particular,
affected by the state of the interface between the active layer
and metallic electrode. Metals characterized by low work
function are readily oxidized and can interact with ligands
on the surface of QDs. For instance, aluminium (4.2 eV) or
silver (4.3 eV) was used as cathode in solar cells based on
PbS QDs.?7 Utilizing less reactive silver improved the solar
cell stability compared to that of cells with Al cathodes.
However, solar cells with the silver electrode (the work
function of Ag is higher than that of Al) were characterized
by lower Voc. It was proposed to use a thin buffer layer
between the active layer and the Al electrode. Among the
buffer layers studied (SiO, BiCls, LiF), the best effect was
obtained with LiF. A LiF thin layer (thickness 0.8 nm)
made it possible to slow down oxygen diffusion and the
oxidation of the CD/metallic electrode interface. Solar cells
thus produced were characterized by # = 2% and a tenfold
longer operating life (to tens of hours) in air.

An efficiency of 3.6% was also obtained using a magne-
sium electrode with a low work function (3.6 €V).2! Experi-
ments with a gold electrode (5 eV) revealed no formation of
the Schottky junction and the /- } dependence was linear.

Kuo et al.®® proposed yet another approach to increas-
ing the operating life and efficiency. The use of additional
hole transfer layer based on PEDOT : PSS in a cell with the
PbSe QDs active layer and Al/Ca cathode made it possible
to increase the x value from 1.5% to 2.4%; the operating life
showed a sixfold increase to 2 h. The increase in V. is
explained by a specific mutual position of the energy levels

of QDs, PEDOT : PSS and ITO, which favours hole trans-
port to the anode. The increase in Iy is due to the more
smooth anode surface (improved contact between the elec-
trode and the active layer as well as charge transport).

The active layer of a Schottky solar cell can comprise
nanocrystals of not only binary compounds. For instance,
solar cells based on PbS,Se; _ . nanocrystals appeared to be
more efficient than those based on undoped PbS and PbSe,
viz., higher I, and V,. values were obtained.?> The best
devices based on PbSy 7Seps nanocrystals were character-
ized by n = 3.3% at Jic = 14.8 mA cm 2, Voo = 0.45 V and
FF = 0.5.

Most Schottky solar cells are fabricated using lead
chalcogenides; however, it was also shown that cells based
on CdSe are more stable than those based on PbSe.’® The
highest efficiency n = 5% was obtained using CdTe nano-
rods.?4 It was also pointed that charge transport and optical
absorption were improved by annealing nanoparticle films,
which led to their aggregation, changes in the properties of
the material and to disappearance of the quantum size
effect.

The conversion efficiency attained using Si nanocrystals
instead of metal chalcogenide nanocrystals *° was low, viz.,
n=002% at Jsc=0.148 mA cm—2, Vo =0.51V and
FF = 0.26.

VII. Hybrid quantum dots/conjugated polymer
heterojunction solar cells

1. The architecture and principle of operation

The architecture of hybrid solar cells is similar to that of
organic polymer—fullerene cells; they represent an active
layer comprising a mixture of a conjugated polymer and
nanocrystals placed between two electrodes (Fig. 4). The
energy diagram of such a cell is shown in Fig. 5. Light
absorption leads to generation of excitons in both the
semiconductor and polymer, thus making this type of solar
cells different from traditionally used polymer—fullerene
cells in which fullerene does not contribute largely to
absorption. The efficiency of charge separation and the g
value depend strongly on the mutual position of the energy
levels of the components of the active layer and electrodes.
Dissociation of excitons at the nanocrystal/polymer inter-

/ Cathode

QDs/polymer mixture

PEDOT : PSS
ITO

°
Figure 4. Device solar cell based on QDs/conjugated polymer
heterojunction.
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Figure 5. Energy diagram of a solar cell based on QDs/conjugated
polymer heterojunction.

face is energetically favourable if the bottom of the con-
duction band of the nanocrystal is lower than the lowest
unoccupied molecular orbital of the polymer while the
highest occupied molecular orbital of the polymer is above
the top of the valence band of the nanocrystal. Efficient
dissociation requires that the energy difference between
these levels be larger than the exciton binding energy. As a
result of exciton dissociation, electrons from the polymer
are injected into the semiconductor nanoparticle phase
while holes from the semiconductor move to the polymer.
The maximum possible open-circuit voltage of such a solar
cell is proportional to the energy difference between the
bottom of the QD conduction band and the polymer
HOMO.

Usually, this type of solar cells utilizes Al, LiF/Al, Ca/Al
or Mg as cathode, the metal chosen should form an Ohmic
contact with the semiconductor. Optically transparent ano-
des are covered with a buffer material, namely, a
PEDOT : PSS conducting polymer, to smooth the ITO sur-
face and to improve adhesion of the active layer.

The exciton diffusion length in the polymer is
~10—-20 nm on the average. Efficient charge separation
requires that excitons be generated near the QDs/polymer
interface, at a distance no longer than the characteristic

hv
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@Exciton \
( ) ®
@
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e
e
15
&
S
a
Cathode Cathode Cathode
Figure 6. Illustration of processes in a bulk heterojunction solar

cell.100

exciton diffusion length. Also, light absorption is efficient if
the polymer layer is at least 100 nm thick. This problem can
be solved using the concept of bulk heterojunction (Fig. 6),
which was for the first time proposed for polymer —fullerene
solar cells.!%0 A bulk heterojunction is formed by continu-
ous interpenetrating n- and p-semiconductor phases. This
causes the surface area of the interface to increase consid-
erably; therefore, the distance from the exciton to the
interface decreases. In this case, the thickness of the active
layer can be rather large to ensure efficient absorption of
solar radiation and charge separation in the whole volume
of the active layer. Micrographs of the cross-sections of
films with bulk heterojunctions formed by conjugated
polymer P3HT with spherical and rod-like CdSe QDs are
shown in Fig. 7.

Figure 7. Micrographs of cross sections of polymeric composites
containing spherical () and rod-like CdSe QDs (b).!10!

To date, most available studies on the design of solar
cells based on QDs are devoted to just the hybrid cells based
on polymer/QD heterojunctions. Investigations are mainly
focussed on the search for new combinations of polymers
and QDs, modification of the surface of QDs and on control
of the morphology of the active layer.

2. Polymers and quantum dots used in hybrid solar cells

The properties of the conjugated polymer significantly
affect the solar cell efficiency. The most important param-
eters are the E, value of the polymer and position of the
HOMO. Utilization of narrow-band conjugated polymers
extends the spectral range of absorption and, therefore, the
photocurrent increases. The open-circuit voltage depends
on the energy difference between the bottom of the con-
duction band of QDs and the polymer HOMO. Therefore,
the latter should be as low relative to the electron energy in
vacuum (FEyac) as possible. The structural formulas of the
polymers mentioned in this review and the corresponding
HOMO and LUMO positions are presented in
Table 2.102-106
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Solar cells based on QDs and a conjugated polymer were
for the first time fabricated in 1996.1°7 The active layer
comprised a mixture of 5-nm CdSe QDs and the polymer
MEH-PPV. The solar energy conversion efficiency was as
low as 0.1%. At present, the maximum # value for this type
of solar cells with spherical CdSe QDs and the narrow-band
polymer PCPDTBT is 2.7% at Vo =0.591V,
Joe =83 mA cm—2 and FF = 0.56.2°> The properties of
two systems containing different polymers, PCPDTBT and
P3HT, were also compared.?> It was shown that in the
former case the energy conversion efficiency increases
owing to improved correspondence between the absorption
spectrum of the active layer and the solar radiation spec-
trum, which leads to higher short-circuit currents.

Hybrid solar cells most often use CdSe QDs because
methods of their synthesis are well developed, these par-
ticles exhibit appropriate spectral properties and can act as
good electron acceptors when combined with traditionally
used conjugated polymers. However, recently researchers
have focussed on narrow-band lead chalcogenides. It is
believed that the use of these compounds will extend the
operating range of solar cells to the IR region. Initially,
solar cells based on QDs that absorb in the near-IR range
and traditionally used polymers had very low n values of
0.04% (Ref. 108) and 0.001% (Ref. 109) for the devices with
the active layer based on the P3HT/PbSe and P3HT/PbS
QDs, respectively. Combining PDTPQx and PbS QDs gave
an efficiency of 0.55% at Jsc = 4.2 mA cm 2, Voo = 0.38 V
and FF = 0.34 (Ref. 27). The maximum efficiency attained
for hybrid cells based on lead chalcogenides is 3.78%.2° In
these cells, the active layer is composed of a mixture of PbS
QDs and a conjugated polymer PDTPBT; in addition, the
metallic electrode and the active layer were separated by a
hole-blocking TiO- layer.

Hybrid bulk heterojunction cells also use CdS,”!
TiO,,110: 111 SnSe, 112 CulnS,,’? GaAs,!!3 ZnS,!14 SnS,, 115
Zn0,'1% Si nanocrystals ''7 as electron-conducting compo-
nent.

3. Control of the composite morphology

An important factor determining the efficiency of solar cells
is the morphology of QDs/conjugated polymer composites.
The active layer of a solar cell should comprise continuous
interpenetrating phases, the polymer and QDs, with the
characteristic domain size no greater than the diffusion
length of charge carriers in a given phase. The active layer
is most often deposited from solution. The morphology of
the active layer depends on the preparation condtions
(including the choice of solvent and the use of various
additives) and on the treatment technique (including ther-
mal annealing or solvent annealing), as well as on the QD
shape and size and on the concentration ratio of the
polymer — QD mixture components.

a. The shape and size of quantum dots and the concentration ratio of
mixture components

The morphology of the active layer can be controlled using
anisotropic nanocrystals (nanorods, tetrapods, various
branched structures to create channels for directed trans-
port of charge carriers). For instance, CdSe tetrapods with
legs 50 nm long and 5 nm thick as well as CdSe rods 5 nm
thick and 65 nm long were used as components of the active
layer.!'® Under identical conditions, solar cells with tetra-
pods were more efficient than those with rods owing to

improved electron transport properties. The geometry of
CdS nanorods in hybrid solar cells based on P3HT plays a
significant role, viz., the efficiency 7 increased from 1.8% to
2.6% as the length-to-diameter ratio increased from 1 to
4.7 Solar cells based on P3HT and CdSe and CdTe
tetrapods, as well as CdTe/CdSe heterostructures were
studied.!!?

Presently, the maximum #5 values for bulk heterojunc-
tions based on anisotropic QDs are as follows: 2.65% for
CdSe nanorods,?® 3.13% for CdSe tetrapods?® and 2.2%
for hyperbranched CdSe nanocrystals.?® Also, mixtures of
spherical and anisotropic nanocrystals can be used. For
instance, devices based on a conjugated polymer and a CdSe
QDs/nanorods (2:1) mixture are characterized by higher
efficiency than devices based on particles of the same
type.120

Nanowires fabricated from narrow-band semiconductor
GaAs and P3HT polymer were used as the active layer.!!3 It
was shown that light absorption by nanowires made almost
no contribution to the photocurrent. The main role of
nanowires was to create a bulk heterojunction with vertical
morphology of the active layer; here nanowires are concen-
trated in the upper part near the metallic cathode while the
polymer phase is concentrated near the anode.

To create percolation pathways for transport of photo-
generated charges to electrodes, QDs, irrespective of their
shape, should aggregate in the composite. To create the
optimum morphology of the active layer, one should con-
trol the degree of aggregation of nanocrystals in the
polymer, which depends on the concentration of QDs in
the mixture with the polymer. The optimum concentration
of nanocrystals in the composite is rather high and is about
90 mass % for spherical,?>-2% 121 rod-like 122 and tetrapod
CdSe QDs.!'"” Lower concentrations lead to inefficient
percolation and poor electron transport, whereas higher
concentrations lead to inefficient light absorption and low
mobility of holes. The optimum concentrations of the SnS»
and ZnO QDs in composites are 50 mass % (Ref. 115) and
67 mass % (Ref. 116), respectively.

The morphology of a composite is influenced by not
only the shape and concentration of QDs in the composite,
but also by the QD size. In particular, the short-circuit
current can be increased by increasing the size of CdSe
nanoparticles.!?3 There are various reasons for an increase
in the electric current, and first of all, more efficient
absorption of solar radiation. The larger the QDs (they
have lower E,) the larger the number of excitons produced
and, therefore, the higher the short-circuit current. Another
reason is related to the morophological effect, namely, the
percolation pathway of charge transport is formed more
easily in the case of large particles provided equal QD
concentrations. Also, the effect of surface defects on charge
transport for large QDs is less pronounced.

b. Thermal annealing of the active layer

Fabrication of the photoactive layer usually involves ther-
mal annealing of the polymer/QDs composite. A study of
polymer —fullerene solar cells based on P3HT showed that if
the annealing temperature is equal or higher than the glass
transition temperature of the polymer, the morphology of
the composite changes due to crystallization of polymer
chains. Prior to annealing, the polymer is in amorphous
state and its crystallization is hampered by the presence of
fullerenes distributed over the whole volume of the layer.
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Thermal annealing leads to crystallization of polymer
chains and to displacement of isolated fullerene molecules
that can contact one another from the polymer phase.'?*
Other consequences of thermal annealing affecting the
operation of the device include removal of residual solvent,
a decrease in the concentration of traps at interfaces,
smoothing of the film surface and improvement of contact
with electrodes. Also, taking a PbS QDs/MEH-PPV com-
posite containing octylamine-capped PbS nanocrystals as
an example, it was shown that annealing can lead to
removal of labile ligands from the surface of QDs and,
consequently, to improved contact between adjacent QDs as
well as between QDs and the polymer.!'?3

Composites can be heat treated both prior to and after
spraying the metallic cathode. However, a study 2° of CdSe
QDs/PCPDTBT solar cells revealed that if thermal anneal-
ing is performed prior to deposition of the aluminium
cathode, the efficiency of operation was not improved;
otherwise, it increased from 0.5% —0.6% to 2.3% after the
first and to 2.7% after the second annealing step. It was
assumed that such a behaviour can be due to diffusion of
aluminium or to chemical reactions occurring in the course
of annealing and improving the contact between the photo-
active material and cathode.?’

c. The effect of solvent and additives

If the active layer is deposited by the spin-coating method,
the morphology of the film depends strongly on the choice
of solvent. Usually, high-boiling solvents are preferred since
in this case the time necessary to obtain a dry film increases.
As a result, the polymer structure becomes more ordered.
For instance, deposition from slowly evaporating trichlor-
obenzene leads to formation of P3HT films with high degree
of crystallinity, composed of fibres to a few micrometres
long; also, inter-chain m—m interaction becomes stronger
and charge transport significantly improves.!?® The use of
trichlorobenzene instead of thiophene and chloroform to
deposit the active layer comprising P3HT and CdSe nano-
rods improves the EQE and Iy (1 = 2.6%).'?7 Solar cells
based on OC;C;p-PPV and CdSe tetrapods deposited from
trichlorobenzene were characterized by 5 = 2.8%.3! The
authors of that study revealed vertical phase separation
with the formation of a layer with high concentration of
tetrapods near the metallic electrode and a polymer-
enriched layer near ITO.

d. Solvent annealing

The film drying time can be increased by treatment of the
active layer with solvent vapours. To this end, after coating
the substrate with the composite the film in the liquid phase
is placed in a closed container with atmosphere saturated
with solvent vapours. In this case, interpenetration of the
donor and acceptor phase is improved, as under thermal
annealing. This approach was used in fabrication of hybrid
polymeric solar cells.?® The efficiency of cells based on CdSe
nanorods/P3HT treated with benzene-1,3-dithiol vapours
increased by 70% compared to that of untreated cells.
Improved operation was explained by replacement of
ligands on the surface of QDs upon treatment with ben-
zene-1,3-dithiol vapours.

4. Surface modification of quantum dots
Modification of the surface of QDs is an important step in
the design of bulk heterojunction solar cells. Ligands used

in the synthesis form an insulating layer on the surface of
QDs. To ensure efficient transport of charge carriers and to
improve the compatibility of QDs with the polymer matrix,
the original ligands should be replaced by shorter-chain
ones. Often amines (n-butylamine, tri-n-butylamine '28) and
nitrogen-containing aromatics, e.g., pyridine are used as
surface ligands for QDs.28 127 Pyridine is most widely used
to modify the surface of metal chalcogenide QDs. Relpace-
ment of ligands is usually incomplete, so a fraction of the
original ligand is retained on the surface of QDs and the
efficiency of solar cells depends on the number of ligand
replacement cycles.!?® For instance, the amount of pyridine
on the surface of CdSe QDs increases from 54% for a single
ligand exchange reaction to 80% for three ligand exchange
cycles. Despite the fact that the reaction leads to a greater
extent of ligand exchange, which in turn improves charge
transport, the efficiency n decreased. For instance, the
second cycle of the ligand exchange reaction increases the
degree of aggregation of QDs in the P3HT layer, which
leads to more pronounced phase separation and the char-
acteristic sizes of the phases become larger than the exciton
diffusion length.!?® Reduced efficiency can also be due to an
increase in the number of surface defects in particles with
higher amount of pyridine on the surface.

Taking solar cells based on P3HT and TiO2 nanorods as
examples,'1? it was shown that the use of oligo(3-hexylthio-
phene)carboxylic acid as ligand allows the short-circuit
current and efficiency to be doubled as compared to the
devices utilizing pyridine.

Thiols represent another class of compounds frequently
used as surface ligands. With thiols, one can significantly
improve the parameters of inorganic solar cells;?!>%¢ how-
ever, these compounds are rarely used in solar cells based on
conjugated polymers and QDs. The operation of cells based
on CdSe nanorods and P3HT polymer was improved by
treating the active layer with benzene-1,3-dithiol vapours,
which led to replacement of pyridine on the surface of
QDs.2® Also, the active layer was treated with a solution
of ethanedithiol in acetonitrile to replace the original
n-butylamine on the surface of CdS QDs.3? The active
layer was formed from a mixture of CdS QDs and pre-
synthesized P3HT crystalline nanowires. This approach
made it possible to improve the morphology of the compo-
site and the electronic interaction between the polymer and
QDs. The highest 5 for hybrid solar cells based on con-
jugated polymers and QDs is 4.1%.32

Surface ligands influence not only charge transport, but
also the morphology of composites; therefore, the ligand
used should ensure high compatibility of QDs with the
polymer matrix. To improve compatibility, some authors
propose to functionalize the polymer with groups that
exhibit some affinity to the surface of QDs. For instance,
replacement of pyridine by amino-functionalized P3HT
improves the compatibility of the polymer and QDs.!30
Modification of P3HT with thiol groups also improves
contact between QDs and the polymer.!3! Yet another
method of improving compatibility is to use bifunctional
ligands containing two groups, one having affinity to the
surface of QDs and the other capable of interacting with the
polymer.132 In particular, a composite prepared involving
molecular recognition between diaminopyrimidine-func-
tionalized P3HT and thymine-capped CdSe QDs was
reported.'33 In this composite, nanocrystals uniformly dis-
tributed in the polymer matrix formed an extended 3D
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network, whereas mixtures with no specific interaction
exhibited phase segregation on the submicrometre level.
This strategy was used to prepare composites from aniline
tetramer and CdSe nanocrystals functionalized with 4-for-
myldithiobenzoic acid,’** P3HT with vinyl terminal groups
and CdSe nanorods functionalized with aryl bromide
ligands '3° or [(4-bromophenyl)methyl]dioctylphosphine
oxide.13¢

In addition to traditionally used ligand exchange proce-
dures, there are alternative methods of surface modification
of QDs. A method for increasing the efficiency # of solar
cells based on CdSe QDs/P3HT composite to 2% by treat-
ment of hexadecylamine-capped QDs with hexanoic acid
was proposed.’?! Also, the efficiency increased upon
annealing of systems based on P3HT composite and CdSe
QDs functionalized with tert-butyl-N-(2-mercaptoethyl)car-
bamate.!?2 The higher efficiency is due to transformation of
ligands on the surface of QDs to shorter-chain aminothiol
in the course of annealing.

Cells with no ligand exchange are also available. For
instance, hybrid polymeric solar cells with high energy
conversion efficiency were fabricated.'3” In this case, the
active layer comprised oleylamine-functionalized multi-
walled carbon nanotubes covered with P3HT and PbS
QDs. Nanotubes act as not only substrate for fixation of
QDs, but also as electron acceptors; this improves electron
transport to the electrode.

5. Buffer layers
Inorganic nanocrystals can be used not only as components
of the active layer, but also as components of the trans-
parent electrode. For instance, a solar cell based on a CdS
nanocrystals/polymer P3HT composite 7! utilized the trans-
parent electrode made of FTO covered with a layer of ZnO
nanorods. The 5 value increased from 0.7% (no nanorods)
to 1.8% upon coating with the ZnO layer and the short-
circuit current density increased from 3.8 to 6.8 mA cm—2.
It was assumed that nanorods act as electron collectors
(create directed charge transport) and reduce the average
distance from the electron generation point to the trans-
parent electrode. Using ZnO nanocrystals as cathodic
buffer layer, the 5 value considerably increased (by 80%
and 30% for solar cells based on 5-nm and 6.5-nm CdSe
nanocrystals, respectively) and the operating life also
increased.!3® Cells with no buffer layer degraded in air
within a few hours, whereas those containing the ZnO
layer showed only a 40% decrease in efficiency after 70
days. Degradation can be due to the following: the active
layer and electrodes can react with oxygen and water, and
absorption of UV photons in the presence of oxygen and
water leads to photo-oxidation. The authors of that study
believe that ZnO nanoparticles, first, slow down transport
of oxygen and water to the active layer and, second, absorb
UV radiation. They also state that the ZnO layer is more
stable than the calcium or magnesium buffer layers.!*® The
use of Cu,O nanoparticles as anodic buffer layer between
ITO and the ZnO nanocrystals/ MEH-PPV active layer
made it possible to increase the cell efficiency by 132% to
N = 2%.139

Hybrid devices based on nanocrystalline semiconductors
and polymers utilize not only pre-synthesized QDs. In some
cases, one can grow semiconductor nanorods on the elec-
trode and then cover them with the polymer.!#? It should
also be noted that there exist more complex architectures
including various carbon nanostructures as additional com-

ponents.!?3-137 Cells based on ternary mixture CdSe QDs/
polymer/PCBM (PCBM is methyl [6,6]-phenyl-Cg;-buta-
noate) are characterized by an energy conversion efficiency
of 1.3%.'23 When this mixture is exposed to light, polymer
and QDs can absorb photons and generate excitons; then,
electron transfer from the polymer to CdSe or PCBM, and
from CdSe to PCBM, or hole injection from CdSe into the
polymer are possible. The content of QDs in this system is
rather high, but the IPCE spectra exhibit no band character-
istic of QDs. Therefore, it is believed that the increase in the
cell efficiency is most probably due to the change in the
morphology of the active layer.

VIII. Semiconductor/semiconductor
heterojunction solar cells

Presently, semiconductor/semiconductor heterojunction
solar cells (one or both semiconductors are in the nano-
crystalline form) are thought to be among the most promis-
ing ones. Considerable attention is paid to cells with lead
chalcogenide QDs/metal oxide heterojunctions because they
are characterized by the highest efficiency among solar cells
based on QDs.

In 2010, solar cells based on PbS and TiO» nanocrystals
with the so-called depleted heterojunction and an efficiency
of 5% were fabricated.?? The design and energy diagram of
such a cell are shown in Fig. 8. In this cell, the hetero-

n-Type semiconductor
(metal oxide)

p-Type semiconductor

ITO

hv

®
nd
Metal >

M/

Figure 8. Depleted-heterojunction solar cell: a schematic (a) and
energy diagram (b).>3
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junction is formed by the transparent layer of n-type semi-
conductor (TiOz, ZnO) and the layer of QDs with p-type
conductivity. Contact of these materials is accompanied by
charge transfer from the oxide to the QDs layer, formation
of a depletion layer and bending of energy bands. Excitons
generated under exposure to light in the layer of QDs with
p-type conductivity dissociate at the interface between two
semiconductors. Injection of electrons into the metal oxide
layer is due to the difference between the energy levels of the
contacting layers and by the existence of the electric field
produced by the p—n-junction. Free electrons are trans-
ferred across the metal oxide layer to the transparent
electrode rather than the metallic electrode, as in the
Schottky cells, while holes move to the contact between
the layer QDs and the metal; this is the mechanism of
creating inverse polarity. In these structures, the layer of
QDs and the metallic electrode usually form an Ohmic
contact; however, a Schottky junction can also be formed
(as, e.g., in a cell with the structure ITO/ZnO/PbS/metal)
and affects the operation of the solar cell.!4!

Depleted heterojunction solar cells offer some advan-
tages over Schottky cells. First, in the Schottky cells, the
active heterojunction at which charge separation occurs, is
near the metallic contact. In this case, excitons generated
near the transparent electrode should travel across the
whole QD film to arrive at the heterojunction; this leads to
recombination losses. In the depleted heterojunction solar
cells, the interface at which charge separation occurs is near
the contact being irradiated, and the recombination losses
are lower. Second, in this type of solar cells there is a barrier
preventing undesired motion of holes from the layer of QDs
to the metal oxide layer. Third, the open-circuit voltage in
the Schottky cells is limited due to Fermi level resulting
from the formation of defect states at the metal/semicon-
ductor interface. In the depleted heterojunction, the TiO»/
QDs interface is passivated during the deposition of QDs.

Usually, fabrication of solar cells involves layer-by-layer
deposition of QDs on a layer of TiO, nanocrystals. For
instance, PbS QDs capped with oleic acid were deposited
from an octane—decane mixture 3 and the each QD layer
was treated with 3-mercaptopropionic acid in methanol.
This led to replacement of oleic acid on the surface of QDs
and they became insoluble in a specified mixture of solvents.
This made it possible to perform eleven re-depositions and
obtain a QD film 200 nm thick. The best device thus
fabricated was characterized by Js = 16.2 mA cm~—2,
Voe = 0.51 V, FF = 0.58 and n = 5.1%. It was shown that
the open-circuit voltage is determined by the p—n-junction
field potential (in this case, 0.52 V), which in turn depends
on the energy difference between the Fermi levels of TiO»
and PbS QDs.

The time of Forster-type energy transfer from one PbS
QD to another was estimated as 200—400 ns.33> Thus,
Forster-type energy transfer cannot explain the efficient
charge-carrier transport in films 200 —-250 nm thick because
only a few QDs are involved in charge transport during the
exciton lifetime (1-—2 us). It was concluded that charge
transport in such layers is due to fast exciton dissociation
in electric field produced by the p—n-junction and to hole
and electron drift (or diffusion).

It was proposed to fabricate depleted heterojunction
cells with a nickel electrode between TiO> and PbS QDs
instead of gold electrode because the former is cheaper.!4?
However, cells with the nickel electrode were of low effi-

ciency due to the formation of metallic lead and NiS at the
interface and to the formation of a Schottky junction
precluding hole injection into nickel. The problem was
solved using a LiF insulating intermediate layer. Cells with
the LiF/Ni electrodes were as efficient as the reference cells
with gold electrodes.

Depleted heterojunction solar cells were further
improved by modifying the TiO, layer. A study?® of the
influence of doping TiO, with various metal ions (Mg, Sb,
In, Al, Bi, Zr, Si, V, Pb, Nb) on the properties of TiO»
revealed that doping with Sb and Zr significantly improves
the efficiency of solar cells because position of the bottom of
the conduction band of TiO» changes in such a manner that
better conditions for electron injection from the layer of
QDs into TiO, are created. The maximum efficiency of
5.69% was obtained for a cell based on PbS QDs/Zr-doped
TiO> heterojunction.

Passivation of QD surface with inorganic ligands (halide
anions) was proposed.#® A procedure developed to obtain
inorganic layers of QDs in which particles are covered with
a monolayer of halide anions is carried out in air with no
annealing. Such all-inorganic QD layers have energetically
shallower trap states (surface states have lower energies
relative to the energy of the bottom of the conduction
band), the concentration of traps in them is lower while
the charge-carrier mobility is higher than in the QD layers
covered with organic ligands. This allowed record-high
efficiency values to be obtained, viz., 6% for cells with the
FTO/Zr-doped TiO»/Br—-shelled PbS QDs/Au structure
and 4.5%, 5.54% and 2.95% for cells of identical structure
and different anions (Cl1—, I~ and SCN—, respectively ).

Yet another promising method of making this type of
cells more efficient is to form the active layer with a more
complex geometry. In the solar cells considered above, the
heterojunction is formed between planar semiconductor
layers. Also, a bulk depleted heterojunction was reported.3®
In depleted heterojunction solar cells, efficient charge sep-
aration occurs at a distance equal to the width of the
depletion layer from the interface. Therefore, a TiO,/PbS
bulk heterojunction cell was produced where the character-
istic size of PbS domains did not exceed the width of the
depletion layer (Fig. 9). For this architecture, the thickness
of the active layer increases and extraction of corresponding
charges into electrodes is not deteriorated; thickening of the
active layer leads to an increase in absorption of solar
radiation compared to absorption in the bilayer devices
and the current density increases by 30% to 20.6 mA c¢cm 2.
It was found that in such a device, efficient charge separa-
tion is attained if the difference between the energy levels of
TiO> and PbS is larger than for planar devices. To decrease
the energy of the bottom of the conduction band of TiO»,
the TiO, layer was treated with TiCls. Thus, practical
implementation of the idea of bulk depleted heterojunction
in semiconductor solar cells made it possible to fabricate
solar cells with a very high efficiency of 5.5%.

A comparable efficiency (1 = 5.6%) was obtained using
a structurally ordered TiO; electrode in the form of nano-
columns grown on a substrate coated with FTO.3° Nano-
columns are organized in such a fashion that each column is
equally spaced from its neighbours by a distance
d ~ 275 nm. This distance meets the condition

d~2W+L
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Figure 9. Depleted bulk heterojunction solar cell: a schematic.3°

where W is the width of the depleted region in the layer of
QDs and L is the diffusion length of minority charge
carriers (electrons) in the QD film.

This architecture enables efficient collection of charges
because all of them are photo-generated in the depletion
layer or near it.

Thus, a bulk depleted heterojunction uses a larger
amount of QDs in the layer for better light absorption,
being also characterized by efficient charge separation (i.e.
most excitons generated dissociate and charge carriers reach
corresponding electrodes).

Zinc oxide is a good candidate for being a transparent
n-type semiconductor.?* To fabricate a solar cell, a layer of
ZnO nanocrystals (100 nm thick) was deposited on a sub-
strate covered with ITO by spin-coating. Quantum dots
(PbS) were deposited by multiple immersion of the substrate
into a solution of quantum dots in hexane and subsequent
treatment with ethanedithiol. Solar cells thus obtained were
characterized by 5 = 2.94%, being highly stable in air,
namely, the 5 value remained unchanged after 1000-h
irradiation in air. Solar cells based on the heterojunction
between a layer of PbSe QDs and a ZnO thin film with an
efficiency of 1.6% were reported.'*> The authors believe
that the operation of this type of cells is similar to that of
exciton solar cells (Vo is determined by the energy differ-
ence between the bottom of the conduction band of ZnO
and the top of the valence band of PbSe) rather than based
on the p—n-junction.

Cells with a heterojunction between PbSe QDs and ZnO
nanocrystals were also studied.3® The most efficient devices
were characterized by Voe=0.44V, Ji =24 mA cm—?2,
FF =032 and #n=34%. As the QD increases
(E; decreases), Vo decreases and vanishes at a QD size
corresponding to such mutual position of energy levels at
which electron transfer from PbSe to ZnO is impossible. It
was also stated that no p—n-junction is formed in the ITO/
PEDOT : PSS/PbSe QDs/ZnO nanocrystals/Al structures
and their operation is also similar to that of exciton solar
cells.

Different principles of operation of solar cells with
identical architectures can be a consequence of doping of
QD layers. No formation of p—n-junctions was obtained in
the studies 3> 143 where PbSe QDs treated with ethanedithiol

were used. However, it was shown that treatment of PbS
QDs with ethanedithiol leads to significant decrease in the
concentration of majority charge carriers; this explains the
absence of p—n-junction.

An original method for fabrication of heterojunctions
was proposed.!** Nanocrystals (PbS) were grown by high-
temperature colloidal method using organometallic precur-
sors on a substrate covered with a TiO; film and placed in a
reaction vessel. This gave a completely inorganic semi-
conductor/oxide interface; solar cells based on this hetero-
junction were characterized by n = 1.2%.

Heterojunctions formed using other compositions of
nanostructured semiconductors, e.g., SnS nanocrystals/
PbS nanocrystals,'*> CdSe nanorods/CdSe QDs,!4¢ PbS
QDs/silicon nanoneedles '47 are also utilized. Bilayer cells
based on CdTe and CdSe nanorods with an efficiency of
~ 3% were reported.3” Here, charge separation occurs as in
exciton solar cells (owing to formation of the second-type
heterojunction) because unirradiated nanostructured layers
contain no free charge carriers and the formation of a
depletion layer is unlikely.

Solar cells based on a CdTe/CdSe QDs heterojunction
had an efficiency of 3%.!® However, the fabrication
procedure of the QD film involved thermal annealing at
410 °C; therefore, the films exhibited the properties of bulk
material.

IX. Quantum dot-sensitized solar cells

Dye-sensitized Gritzel cells are of interest because they
exhibit high efficiency and are relatively cheap.'*® Owing
to thorough choice of optimum sensitizers, electrolytes and
anode material, the maximum efficiency of such cells known
to date is about 12%.12 The sensitizers were bipyridine
ruthenium complexes whose main drawbacks are high
cost and low photostability. For this type of solar cells, an
investigation line is related to the use of semiconductor QDs
instead of organic sensitizers (dyes).

1. The principle of operation
A schematic of a QD-sensitized solar cell is shown in
Fig. 10. Quantum dots adsorbed on the surface of meso-
porous TiO; films absorb solar radiation. Excitons pro-
duced dissociate at the QDs/TiO, interface. Electrons are
injected into the nanoporous TiO, layer and transferred to
anode. The initial state of QDs is recovered at the expense
of electron transfer from the electrolyte. Polysulfide
(S2—/S27) (Refs 150 and 151) or cobalt (Co2*/Co3")
(Res. 45, 152, 153) forms of solutions of the complexes
were utilized as electrolyte instead of iodide /triiodide
(I=/13) used for organic dye-sensitized solar cells because
the latter compound usually promotes photoinduced corro-
sion of QDs.

The following reactions proceed at the QDs/polysulfide
electrolyte interface:

$2- +2h* —» S )
S+ST — S7 (@)
2-5
The electrolyte regenerates at the cathode (counter
electrode)

S 4+2¢” —» ST, 48 (3)
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Figure 10. QD-sensitized solar cell: a schematic (¢) and energy
diagram (b).
CB is conduction band and VB is valence band.

The maximum open-circuit voltage in such cells is
determined by the difference between the energy of the
Fermi level of TiO, and the redox potential of the electro-
lyte.

A solid hole conductor, polymer P3HT, can be used
instead of liquid electrolyte.*! The active layer of the cell
fabricated in Ref. 41 was composed of mesoporous titania
film coated with Sb,S3; nanocrystals and P3HT. The Sb,S3
nanocrystals were chosen as a sensitizer because they are
characterized by high absorption coefficient and narrow
band gap. Owing to good mutual position of energy levels
of the components, excitons produced upon exposure to
light in both Sb,S3; nanocrystals and P3HT effectively
dissociate at interfaces. The Sb,S; nanocrystals act as
electron-transport layer while the P3HT polymer acts as
the hole-transport layer. Such solar cells showed high
stability and good properties, viz., Jsc = 13.02 mA cm 2,
Voe =0.65V and FF =0.61. The 5 was 5.13%, being
among the highest results obtained for QD-sensitized solar
cells.

2. Methods of fabrication

The efficiency of QD-sensitized solar cells is lower than that
of organic dye-sensitized ones. This is mainly due to poor
organization of QDs on the surface of titania, which is
associated with inadequacy of procedures for preparation of
QD layers on the surface of mesoporous films. There are
two strategies of QD deposition on the anode surface.

1. Growth of QDs on the surface of a photoanode by
chemical bath deposition (CBD) or by successive ionic layer
adsorption and reaction (SILAR) is most often used. In the
case of CBD, a photoanode is placed in a solution contain-

ing anionic and cationic precursors of nanoparticles. In
SILAR, a photoanode is successively immersed in solutions
of precursors. For instance, TiO» sensitized with CdS nano-
crystals was obtained by immersion of the electrode in a
solution of Cd(NOs3), in methanol for 5 min, treatment with
ethanol and subsequent drying by bubbling argon.!* Then,
the electrode was immersed in a solution of Na,S in
methanol for 5 min, washed with methanol and dried. To
fabricate an efficiently operating cell, the procedure was
multiply repeated.

2. The use of pre-synthesized QDs.!33- 156 An undoubtful
advantage of this approach is that the morphology of the
pre-synthesized nanocrystals can be controlled.

A drawback of the CBD and SILAR methods is related
to difficulties in control of the size of nanocrystals; how-
ever, it is these techniques that underlie the best results
obtained for sensitized solar cells. Pre-synthesized nano-
particles are covered with either a layer of original ligands
or bifunctional linkers. Organic molecules separate QDs
and the TiO; electrode; this makes electron injection less
efficient.  Bifunctional linkers represent molecules
containing (i) carboxyl group which is attached to the
surface of mesoporous oxide film and (ii) thiol group which
exhibits affinity to the surface of nanocrystals. Examples of
linkers are provided by thioglycolic 43 157-158 and mercapto-
propionic 3% acids.

When using pre-synthesized particles,!>® the efficiency
of a solar cell depends on the stabilizing agent on the
surface of QDs. For instance, the internal quantum effi-
ciency of cells based on n-butylamine-capped CdSe QDs is
higher than that of TOPO-capped CdSe QDs due to more
efficient electron transfer from QDs to TiO,. Thioglycolic
acid as a stabilizing agent provides higher rate of electron
transfer and n value compared to longer-chain mercapto-
propionic acid.

Quantum dots can be attached to TiO- surface through
electrostatic interactions. For instance, the active layer
composed of CdTe QDs and TiO, can be formed using
poly(diallyldimethylammonium chloride).!°

3. Quantum dots as sensitizers

Inorganic sensitizers for solar cells include QDs of various
compositions, namely, PbS, 152161 CdS, 152,162,163 Ag,gS 151
CdTe,* core—shell QDs such as CdTe@CdS,*
PbS@CdS,164 ZnSe@CdS,'55 CdSe,lS"* 157,165 CdTe,IS(” 160
CdHgTe,'%¢ InP,'%7 InAs '%® or Ag,Se.'®® Different-compo-
sition QDs can also be used in the same cell. In particular,
simultaneous sensitization with CdS QDs and CdSe QDs
leads to better absorption of solar radiation and to an
increase in I, as compared with those of devices sensitized
with one type of particles.!’? At present, researchers try to
use non-toxic QDs as sensitizers. Namely, solar cells based
on TiS and TiO,'7!-172 CulnS;@ZnS and ZnO'73 QDs
were reported. A number of studies are devoted to the
development of methods of synthesis of (Bij_,Zn,)S
(Ref. 174) and CulnS, (Ref. 175) nanoparticles on TiO>
surface.

Cells based on PbS QDs, a TiO; single crystal and a
polysulfide electrolyte exhibited the multiple exciton gener-
ation effect.176

The light absorption efficiency is improved by using
different-size particles.!”” For instance, the efficiency of a
cell based on different-size (2.5- and 3.5-nm) CdSe QDs was



444

L M Nikolenko, V F Razumov Russ. Chem. Rev. 82 (5) 429448 (2013)

higher than those of solar cells based on same-size CdSe
QDs.

2.5and 3.5
1.26

2.5
0.53

3.5
0.86

Particle size /nm
n (%)

Also, cells based on different-size QDs are characterized
by a greater extent of coverage of the photoelectrode
surface and by more efficient suppression of the reverse
recombination reaction between photoelectrons in the con-
duction band of TiO; and electrolyte.

Electron—hole recombination in the valence band or
with a redox pair can be suppressed by doping QDs.*’
Doping with manganese led to a considerable increase in 7
(to 5.42%); this can be explained by the appearance of
additional energy states in the bandgap. These states act as
electron traps and thus preclude undesired recombination.

Organic chromophores are also used as additional
sensitizers. Lee er al*> simultaneously used a ruthenium
complex and QDs. His solar cells were characterized by
higher efficiency than only QD-sensitized cells. Sensitiza-
tion of TiO; was also performed with combinations of QDs
and dye, e.g., PbS QDs and zinc carboxyphthalocyanine;
CdSv and squarylium dye.!”8

4. The photoanode

The efficiency of QD-sensitized solar cells is mainly deter-
mined by the morphology of the photoanode material. The
influence of the structure of a photoanode made of TiO»
nanoparticles on the energy conversion efficiency was
studied systematically. The efficiency #n = 4.92% was
obtained for a cell with a bilayer anode whose first layer
was made of 20-nm TiO; particles and the second layer was
composed of a mixture of 20-nm and 300-nm TiO;
particles.*? On the one hand, utilizing large TiO, particles
allows one to obtain a wide pore size distribution and thus a
more efficient coverage of the photoanode surface with
CdS/CdSe QDs, which makes pores better accessible to
polysulfide electrolyte. On the other hand, scattering by
large particles increases the optical path length of light and
the quantum yield of the cell in the long-wavelength
(> 600 nm) range.

The photoanode morphology can be improved using
various 1D nanostructures, e.g., TiO2 and ZnO nanorods,
nanowires and nanotubes; this favours more efficient charge
separation and electron transport.!>%17% An ITO - poly(eth-
ylene terephthalate) flexible electrode can also be used for
fabrication of solar cells.**

5. The choice of cathode
In the design of QD-sensitized solar cells, considerable
attention is paid to the choice of metallic electrode. Poly-
sulfide electrolyte often used in solar cells interacts with the
platinum electrode, namely, S~ anions are adsorbed on the
electrode surface, thus suppressing conductivity and electro-
catalytic activity. It was proposed to use a gold electrode
instead of a platinum one. This causes the cell efficiency to
increase from 3.7% to 4.22%.!7° Various carbon materi-
als, 46162 Cu,S 179-180 including CusS nanoparticles,!®! as
well as CoS 82 were also proposed as cathodes.

Cells with CdS/CdSe QDs and Cu,S as cathode showed
an efficiency of 3.47%. Using ZnS 7% and SiO; layers, 33 the
cell efficiency can be increased by suppressing recombina-

tion of excited electron at the cathode/electrolyte interface.
Examples of using conductive polymers, such as polythio-
phene, polypyrrole, poly(3,4-ethylenedioxythiophehe) >4
for fabrication of cathode were reported. A solar cell design
with no transparent electrode (ITO or FTO) was proposed;
this significantly reduces the cost of the device.!” In this
case, TiO, nanotubes modified with CdSe QDs were syn-
thesized on a titanium substrate. A Cu,S ring on a brass
substrate with a glass window to make the active layer
accessible to light served as the cathode. The efficiency #
was as high as 1.8%.

X. Conclusion

Application of QDs in solar cells is a promising and rapidly
progressing research avenue in modern nanophotonics.
Solar cells based on QDs are treated as third-generation
photoelectric converters whose efficiency is expected to be
rather high, the devices being cheaper than the first- and
second-generation solar cells. Presently, there are various
architectures of solar cells based on QDs. Among them,
hybrid polymeric cells are best studied. However, the great-
est advances were achieved in studies of semiconductor/
semiconductor heterojunction cells that exhibit the highest
energy conversion efficiency (6%).

Summing up, there has been considerable progress in
studies on solar cells based on QDs despite a relatively short
history of research efforts in the field. Significant improve-
ment of operating parameters of cells in the nearest future is
anticipated. Promising investigation lines include, first of
all, the improvement of charge-carrier transport in the
nanocrystalline phase to make photovoltaic devices based
on QDs more efficient. Here, a key role is played by surface
modification of QDs. To improve the transport properties
of the nanocrystalline phase, surface ligands are replaced by
shorter-chain organic molecules. However, this approach
has some drawbacks related to, e.g., the formation of
surface traps upon replacement of ligands and to weaker
adsorption of new ligands (as a consequence, oxidation of
the surface of QDs becomes possible). An alternative is
provided by utilizing inorganic compounds to passivate the
surface of QDs. Just this approach made it possible to
design cells with the maximum energy conversion efficiency
among solar cells based on QDs.

The morphology of the active layer also significantly
influences the efficiency. Fabrication of ordered active
layers will improve charge separation and charge-carrier
transport. A possible way of creating a structurally organ-
ized active layer is to use nanorod arrays (e.g., titania
nanorods). Also, solar cells with a cascade of different-size
QD layers to ensure Forster-type energy transfer were
reported.!84

Now, various types of solar cells widely use lead chalco-
genide QDs. The interest in them is due to narrow band gap
and the possibility of multiple exciton generation. Studies
on this effect in solar cells are available; however, a large
contribution of the effect to the increase in the energy
conversion efficiency has not been reported so far. Recently,
the emphasis has been placed on the use of various carbon
nanostructures, in particular, nanotubes and graphene, in
combination with QDs in nanophotonics. Significant
improvement of the properties of solar cells owing to unique
electronic properties of these materials is anticipated.
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