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Abstract. The results of studies on core/shell semiconductor
nanoparticles with spatial separation of photoexcited
charge carriers are analyzed and generalized. Peculiarities
of the electronic properties of semiconductor/semiconduc-
tor heterojunctions formed inside such particles are consid-
ered. Data on the effect of spatial separation of charge
carriers on the optical properties of nanoparticles including
spectral shifts of the exciton bands, absorption coefficients
and electron—hole pair recombination times are presented.
Methods of synthesis of core/shell semiconductor nano-
particles in solutions are discussed. Specific features of the
optical properties of anisotropic semiconductor nanopar-
ticles with the semiconductor/semiconductor junctions are
noted. The bibliography includes 165 references.

1. Introduction

Progress in the design of new nanomaterials with specified
properties is to a great extent due to the advances in the
development of new synthetic approaches to nanoparticles
including semiconductor nanoparticles that attract consid-
erable attention of researchers. The quantum size effects in
particles whose size is smaller than the Bohr exciton radius
are basic to the electronic and optical properties of semi-
conductor nanoparticles.! Usually, such particles are 2 to
10 nm in size and comprise 103 to 10° atoms. In some cases,
nanoparticles are stabilized by organic ligands attached to
the nanoparticle surface. Ligand-stabilized semiconductor
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nanoparticles can be obtained by solution-phase chemical
synthesis. A feature of these nanoparticles is that they can
form stable sols in nonpolar solvents. Chemical methods of
synthesis do not require expensive vacuum apparatus and
the necessary amounts of nanoparticles can be obtained
with ease. The fact that the optical properties depend on the
nanoparticle size offers prospects for the design of new-
generation solar cells, lasers, light-emitting diodes, lumines-
cent labels and photocatalysts based on nanoparticles.? 3

In the present review, we consider a new class of nano-
particles based on semiconductor/semiconductor hetero-
junctions formed inside nanoparticles. In this case, a
nanoparticle comprises two (and more) different-type semi-
conductor fragments that are, as a rule, epitaxially joined
along particular crystallographic planes. An example is
provided by well-known and well documented core/shell
semiconductor nanoparticles in which a core is covered with
a shell made of a wider bandgap semiconductor.® Such a
structure allows the luminescence efficiency to increase due
to passivation of surface defects. Core/shell nanoparticles
with spatial separation of photoexcited charge carriers
represent yet another example. Here, a feature of the
electronic structure of the semiconductor heterojunction is
that the energetically favourable arrangement of electrons
and holes corresponds to their localization in different parts
of a nanoparticle. Spatial separation of charge carriers was
demonstrated for CdTe/CdSe nanoparticles as an example.”
By varying the nanoparticle size one can control the charge
separation processes and modify the optical properties,
namely, to control not only the spectral position of an
optical transition, but also the recombination times and the
extinction coefficients.® Moreover, modern synthetic
approaches allow one to obtain anisotropic nanoparticles
with a specified shape; this extends the possibilities for
control of their properties.

Due to their nanoscale size, semiconductor nanopar-
ticles with spatial separation of charge carriers have a
discrete electronic structure. They occupy an intermediate
position between semiconductor heterostructures® and
charge-transfer molecular complexes (Fig. 1).1°
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Figure 1. Electronic structure of charge-transfer complexes (a),
semiconductor nanoparticles with spatial separation of charge
carriers (b) and semiconductor heterostructures (c).

A is acceptor and D is donor; filled circles denote electrons and
open circles denote holes; ‘1’ denotes a semiconductor with higher
electron affinity, ‘2’ denotes a semiconductor with lower electron
affinity; Er is the Fermi level, LUMO denotes the lowest unoccu-
pied molecular orbital and HOMO denotes the highest occupied
molecular orbital. Arrows denote the direction of charge transfer
upon photoexcitation; the characteristic sizes of charge-transfer
regions are listed below.

Recently, the number of objects and approaches to the
synthesis of nanoparticles with semiconductor/semiconduc-
tor heterojunctions have been extended significantly. A
number of reviews devoted to this type of nanoparticles
including semiconductor nanoparticles with spatial separa-
tion of charge carriers are available.!!'~1¢ These publica-
tions are mainly focused on the synthetic aspects,
morphology and crystal structure of nanoparticles with
semiconductor/semiconductor ' =15 and metal/semiconduc-
tor heterojunctions;!® the optical properties were described
to a lesser extent.

In the present review we use the results of the studies
carried out mainly in the last decade to analyze the peculiar
features of the electronic structure of semiconductor nano-
particles with spatial separation of charge carriers, the
dependence of their electronic structure on the type of
heterojunction, on the particle size and morphology, and
the effect of spatial separation of charge carriers on the
optical properties of nanoparticles. We will consider meth-
ods of solution-phase synthesis, which allow one to obtain
core/shell nanoparticles with highly homogeneous size and
shape distribution, as well as anisotropic nanoparticles of
specified shape.

I1. The quantum size effects, electronic structure
and optical properties of semiconductor
nanoparticles

1. The quantum size effects in semiconductors

The quantum size effects in semiconductor nanoparticles
were for the first time demonstrated and explained in the
early 1980s by Ekimov !7 for nanoparticles in a glass matrix
and by Brus!® for nanoparticles in a sol. To that time, the
quantum size effects in semiconductors were known for
quasi-2D structures (quantum wells) comprising a thin
epitaxial semiconductor film placed between layers of a
wider bandgap material.'® In quantum wells, charge carriers

execute an in-plane motion and cannot move in the perpen-
dicular direction. Analogously, charge carriers in quantum
wires can move along one direction only.?® In quantum
dots, which are practically implemented in the form of
semiconductor nanoparticles, charge carriers can not move
along all spatial coordinates.!-© This leads to degeneration
of a continuous energy spectrum to discrete energy levels.
As the nanoparticle size and, correspondingly, the number
of atoms in these levels increases, the energy gaps between
the HOMO and LUMO decrease. Therefore, the energy of
the HOMO-LUMO transition (analogue of the effective
bandgap) depends on size of the nanocrystal, namely, it
decreases down to the bandgap of bulk semiconductor as
the nanocrystal size increases. A conditional threshold value
of the nanoparticle size, which corresponds to the onset of
size effects, is the Bohr exciton radius for a given material

&emg
ag = do——, (1)
u

where ao is the first Bohr radius of hydrogen atom, ¢ is the
dielectric constant of the semiconductor, my is the rest mass
of electron, u is the reduced (effective) mass of exciton
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me is the mass of electron and my, is the mass of hole. If the
nanoparticle radius r is such that r < ag, the exciton energy
is higher than the energy of a free exciton in the bulk
material. 2!

The Bohr exciton radii of the A'BY! and AMBY semi-
conductors taken from Ref. 22 are listed in Table 1. For
most substances, the Bohr exciton radii are of the order of
the nanoparticle size (1 — 15 nm). Practically, this means the
possibility to obtain nanoparticles with pronounced quan-

Table 1. Crystal structures of the A"BV! and A"BY semiconductors
stable at room temperature, the corresponding lattice constants (a, ¢)
and the Bohr exciton radii (ag).

Semiconductor Structural type a /A ¢ /A ap /nm
MgSe zinc-blende 5.9100 — 2.5
MgTe 6.4200 — 34
ZnO wurtzite 3.2495 52069 2.6
ZnS 3.8226 6.2605 2.5
ZnSe zinc-blende 5.6692 — 4.0
ZnTe 6.0090 — 5.0
CdS wurtzite 4.1367 6.7161 4.1
CdSe 4.2999 7.0109 52
CdTe zinc-blende 6.4810 — 6.8
AIN wurtzite 3.1120 4.982 2.0
AlIP zinc-blende 5.4635 — 3.1
AlAs 5.6613 — 5.0
AlSb 6.1355 — 4.9
GaN wurtzite 3.1896 5.1855 39
GaP zinc-blende 5.4508 — 6.2
GaAs 5.6533 — 11.4
GaSb 6.0959 — 23.3
InN wurtzite 3.5480 5.760 6.9
InP zinc-blende 5.8690 - 9.6
InAs 6.0583 — 33.7
InSb 6.4793 — 72.5
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tum size effects for all of these materials. The size-depend-
ent properties of anisotropic nanoparticles are affected by
the smaller dimension. For instance, a study of CdSe nano-
rods longer than 10—15 nm showed that variation of their
length has little effect on the effective bandgap (Egqa),
whereas variation of the diameter causes Egqq to vary over
a rather wide range.? 24

2. The electronic structure and optical properties
As the nanoparticle size decreases, the energy gaps between
the size quantization levels of electron and hole increase.
Under resonant excitation conditions (e.g., absorption of a
photon with appropriate energy), an electron goes from the
highest occupied level (from the valence band) to the lowest
unoccupied level (to the conduction band). The nomencla-
ture of optical transitions is well documented.?®2¢ For
example, the lowest-lying optical transitions observed for
spherical CdSe nanoparticles are as follows:2¢ 1S3,(h)—
1S(e), 283/2(h)—1S(e), 1S1/2(h)—1S(e), 2S1,2(h)—1S(e) and
1P3/2(h)—1P(e). In some cases, the order of transitions can
change.?” Complication of the morphology or composition
of nanoparticles causes changes in the symmetry of elec-
tron—hole states and in the order of the corresponding
transitions.>*28-2% Electronic transitions between the size
quantization levels are often called excitonic transitions.
The lowest-energy exciton maximum near the absorp-
tion edge in the absorption spectra of nanoparticles is
detected most clearly and can serve as a source of informa-
tion on the electronic structure of nanoparticles and on
statistical characteristics of their ensemble.?®~33 The energy
of the first exciton maximum (effective bandgap) is first of
all determined by the nanoparticle material and size (d)
and, ignoring small electrostatic corrections, can be esti-
mated as

2l

o @

qud = Eg+

where E, is the bandgap of the bulk semiconductor.?*

Thus, as the nanoparticle size decreases, the effective
bandgap increases approximately as d—2. By using different
materials and varying the nanoparticle size one can prepare
nanoparticles with effective bandgaps lying between nearly
0.5 and 3.5-4 eV (Fig. 2). This makes it possible to span
the wavelength range from the IR to near-UV region.
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Figure 2. Effective bandgaps of various semiconductor nanopar-
ticles of different size.?’
Bulk material (/), 10-nm nanocrystal (2) and 3-nm nanocrystal (3).

When choosing an appropriate method of synthesis, it is
of great importance to establish correlations between the
nanoparticle size and spectral characteristics, viz., spectral
positions of exciton absorption and luminescence bands,
extinction coefficients and absorption band widths.

Generally, the experimental dependence of the position
of the exciton absorption band on the nanoparticle size
obeys expression (2). In practice, one deals with approx-
imation of the experimental dependences of the wavelength
of the first exciton maximum on the nanoparticle size, as
was done for spherical cadmium chalcogenide nanocrys-
tals 3 (Fig. 3). Analogous experimental dependences are
also available for CdTe,?> InP,3® CdSe,3” CdS3® and
InAs.3° It should be noted that the dependences reported
by different authors3% 37 are in reasonable agreement with
each other and confirmed by the results of theoretical
calculations by the semiempirical pseudopotential method.
Using the plots shown in Fig. 3, the average diameter of
nanoparticles in an ensemble can be determined from
optical absorption data with high accuracy.

Photoexcitation of a nanoparticle can be followed by

nonresonant, resonant or intraband optical transitions
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Figure 3. The wavelength of the first exciton absorption maximum plotted vs. size
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corresponding to energies higher than, equal to or lower
than the effective bandgap. Optical absorption spectroscopy
is the most widely used method of analysis of the size effects
in semiconductor nanoparticles. However, transitions
between the size quantization levels in the absorption
spectrum are often insufficiently well-resolved due to inho-
mogeneous broadening caused by the particle size and shape
distribution and by different-type localization of surface
defects. More detailed investigations of these transitions are
carried out using various methods including luminescence
excitation spectroscopy, time-resolved differential absorp-
tion spectroscopy and photoluminescence line narrowing
spectroscopy.?’

Dispersion of nanoparticle parameters (e.g., the concen-
tration of surface defects) can influence the density of states
function, which in turn leads to changes in the band over-
laps in the spectrum and result in the broadening of the
absorption bands.?> This is particularly pronounced in the
high-energy region where the density of states is higher. For
example, for a series of CdSe nanoparticles of different size,
discrete bands appear in the absorption spectra within
about 1eV on the high-energy side of the first optical
transition [1S3,2(h)—1S(e)]. At higher energies, discrete
optical transitions merge into a structureless absorption
‘tail’.32

The extinction coefficient is an important optical char-
acteristic. A decrease in the intensity of radiation that has
passed through a sample is due to its absorption (Caps) and
scattering (Cscat). Since the nanoparticle size is much
smaller than the wavelength of incident radiation, Cscat 18
much smaller than C,ps and scattering can be ignored.*® The
absorption of an ensemble of nanoparticles at the electronic
transition wavelength is related to the oscillator strength f;;
of this transition and the number of unit ion pairs

e~0~ uVqa. 3)

where ¢ is the extinction coefficient of nanoparticles, o is the
effective absorption cross section of one structural unit of
the semiconductor (u ~ fj;) and Vgq is the nanoparticle
volume.33

The experimentally determined dependences of the
extinction coefficients (eex) at the first exciton maximum
on the size of cadmium chalcogenide nanoparticles are
shown in Fig. 4. The extinction coefficient increases as the
particle size increases. This is first of all due to an increase
in the effective absorption cross section. The molar extinc-

tion coefficient of spherical nanoparticles is related to the
particle size as follows:3%31

e~db,

where b changes from 2 to 3.

The extinction coefficients of the first exciton maximum
of CdSe nanoparticles are also available in the litera-
ture.33-37.41-43_ The results 3%-31-33 are in reasonable agree-
ment with one another, but at small particle sizes they are
somewhat different from the results of another study.3” The
results of theoretical calculations of the extinction coeffi-
cient 37 agree well with the experimental results.

At high energies, an increase in the electron and hole
density of states causes the absorption spectrum of semi-
conductor nanoparticles to merge into a structureless
absorption identical for all samples irrespective of the
particle size. The shape of the absorption spectra of CdSe
nanoparticles at photon energies higher than 3.5eV
matches that of the absorption spectrum of bulk semi-
conductor corrected for the local field effects.3> This
suggests that at high energies, the absorption of nano-
particle sols is solely determined by the volume fraction of
the semiconductor material. Taking into account this fact,
the extinction coefficients and the effective absorption cross
section per unit ion pair were calculated for CdTe and
CdSe.?3 At a photon energy of 3.1 eV, the effective absorp-
tion cross section per unit ion pair at a photon energy of
3.1eVis

n o
iy == |Foo ' - @)

5
Nsoly Nunit

where nsem and nso1y are the real parts of the refractive index
of the semiconductor and solvent, respectively; |Fioc|? is the
correction for the local field effects, a3 is the bulk absorp-
tion coefficient of the semiconductor at a photon energy of
3.1 eV; and Nynit is the number of formula units per cubic
centimetre. The Fioc value is given by

3 2
Msoly —, (5)

2
Mem + 2msolv

Fo =

where msem and msory are the complex refractive indices of
the semiconductor and solvent, respectively. These param-
eters for CdTe, CdSe and CdS are listed in Table 2.
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Figure 4. Experimental dependences of the extinction coefficients at the first exciton maxima on the size of spherical nanoparticles:

CdS (a), CdSe (b), CdTe (c).30-31
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Table 2. Main optical constants of cadmium chalcogenides.**~47

Com-  7sem mﬁem Fioc 10303, 10-22y z

pound /em~!  Jem3

CdTe 3.5 13.1 0337 3 2.723 4 (cubic)
1.336 2 (hexagonal)
(calculations)

CdSe 2.8 82 0473 2 2.217 4 (cubic)
1.123 2 (hexagonal)

CdS 26 69 0530 1.4 1.969 4 (cubic)
0.995 2 (hexagonal)

Note. The Fio values are calculated using expression (5) for a spherical
nanoparticle in hexane; v is the unit cell volume,*” and z is the number
of formula units per unit cell.

Typical solvents for nanoparticles stabilized by long-
chain molecules include hexane (ns01v = 1.37486) and tol-
uene (nsoly = 1.49693). They do not absorb in the region
near 3.1 eV and therefore it can be assumed that mgoy =
Hsolv-

The corresponding extinction coefficient at a photon
energy of 3.1 eV is

V

n 2031 NA
&1 = S ‘Floc‘ qd (6)

Moty 2303

and depends only on the optical parameters of the semi-
conductor and solvent and on the parameter Vqq (Na is the
Avogadro constant).

The so-called inhomogeneous broadening of an absorp-
tion band is mainly governed by the particle size distribu-
tion.?®> Homogeneous broadening is mainly due to
electron —phonon interaction. The width of a homogene-
ously broadened absorption or luminescence band is much
smaller than that observed in the experiment.*® 4% Assuming
a Gaussian particle size distribution for the ith electronic
transition, the inhomogeneous broadening (I';) is propor-
tional to the size dispersion J, = 4,/r (Ref. 32)

A
F,=2Tr(hw,ng) :251‘Al’ (7)
where
A[ = hwing,

hw; is the energy of the ith transition, E, is the bandgap of
the bulk material and r is the particle radius. The absorption
band width at half-height is I';,2v21In 2.

Thus, the bands corresponding to higher-energy transi-
tions are more broadened. The structureless absorption of
the semiconductor, which matches its bulk absorption, is
stronger in the UV region; therefore, positions of electronic
transitions in this spectral region are difficult to determine.
The effect of the structureless bulk absorption can be to
some extent levelled by differentiating the absorption spec-
trum; this leads to an increase in the number of reliably
observed bands and better determination of their spectral
positions.>?

II1. Peculiarities of the electronic structure and
optical properties of core/shell semiconductor
nanoparticles

1. Heterojunctions in semiconductor structures

A semiconductor heterojunction is a contact between two
different semiconductors. The main characteristic of a
heterojunction is the energy band discontinuity at the
junction. Usually, it is assumed that an abrupt transition
from one semiconductor to the other occurs at a distance of
at most a few lattice constants; consequently, to a first
approximation, the energy band structure at the junction
changes jumpwise.?- 3!

There are the following types of heterojunctions with
respect to the sign and magnitude of the energy band
discontinuity (Fig. 5):°1-52

— type I heterojunction (see Fig. 5a) is a straddling gap
heterojunction formed by a wide-gap and a narrow-gap
semiconductors; the conduction band offset and the valence
band offset have different signs; the energetically favourable
situation corresponds to both electron and hole localization
in the same region of the heterostructure, viz., the narrow-
gap semiconductor; examples are provided by the
GaAs/AlAs and CdSe/ZnS systems;

— type II heterojunction (see Fig. 5b) is a staggered gap
heterojunction formed by two semiconductors with compa-
rable bandgaps; the energy band offset have the same sign;
the energetically favourable situation corresponds to spatial
separation of charge carriers (localization of electron and
hole in different regions of the heterostructure); examples

CB CB

Figure 5. Energy band structures of different types of heterojunc-
tions.>!

(a—d) See text; CB is the conduction band, VB is the valence band,
AE. is the conduction band offset and AE, is the valence band
offset.
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Table 3. Main parameters of the electronic structure of cadmium chalcogenides at the I point of the Brillouin zone.??

Material Structural type E, eV Aso /meV Aer /meV s leV me/mo Mhn/Mo nun/mo Mso/Mo
CdS zinc-blende 2.46 70 — — 0.14 0.68 0.15 0.24
CdS wurtzite 2.501 65 28 4.5 0.151 0.66% — -
CdSe zinc-blende 1.675 410 — — 0.119 0.57 0.11 0.18
CdSe wurtzite 1.751 420 40 4.95 0.125 0.46° — —

— 4.78°
CdTe zinc-blende 1.51 900 — 4.28 0.090 0.82 0.145 0.24

— 4.182

Note. Notations are as follows: Ay, is the spin—orbit splitting; A, is the splitting of the I'g subband in the wurtzite crystal field; m. is the effective
mass of electron; mnn , mun and mi, are the effective masses of heavy, light and spin— orbit holes, respectively; and my is the rest mass of electron.

2 Calculated using the Luttinger parameters. ® According to Ref. 53.

are provided by the GalnAs/GaAsSb and CdTe/CdSe
systems;

— type III heterojunction (see Fig. 5¢) is characterized,
similarly to the type II heterojunction, by energy band
offset of the same sign, but their absolute values are larger
and the bands do not overlap; an example is provided by the
InAs/GaSb system; and

— type IV heterojunction (see Fig. 5d) is formed by a
zero-gap semiconductor and a finite-gap semiconductor; an
example is provided by the HgTe/CdTe system.

It should be noted that type III and type IV hetero-
junctions are realized for a few materials; corresponding
data for core/shell nanoparticles are unavailable in the
literature.

To a first approximation, band edges have constant
positions.>! The position of the bottom of the conduction
band of a semiconductor on the energy scale is character-
ized by the electron affinity (z.).>> The published y. values
for the AUBY! and A'BY semiconductors vary over a wide
range. Table 3 lists the most reliable y. values obtained by
X-ray photoelectron spectroscopy. Mutual position of the
band edges for some semiconductors is shown in Fig. 6. The
conduction band offset at the heterojunction can be calcu-
lated as the electron affinity differences between the semi-

Energy /eV
—3 F
E;
—4 H
U0 =
(I
—6 H
7+
_87Ev
| | I I — | — |
o O ouw_gz <[CH'D 2_0
2o et <ng %3 %e TR
I SSSS3<=<8888 E S E

Figure 6. Diagram illustrating the mutual position of the conduc-
tion and valence band edges for A"BY! and A"BY semiconductors
(data taken from Ref. 22).

E, and E are the valence and conduction band edges, respectively.

conductors. The valence band offset can be defined as the
sum

AE, = AE. + AE,. (8)

In real systems, one deals with redistribution rather than
linear superposition of bulk quasi-atomic charges and
potentials near the junction. Charge redistribution is a
result of tunnelling, the action of image forces, efc.® These
rearrangements induce an electronic dipole in the near-
junction region, which shifts the bands relative to each
other and relative to the bands in the linear superposition
model.?>! In addition to electronic dipoles one can expect
the appearance of atomic (or ionic) interfacial dipoles if, for
some reason, atoms of one semiconductor will cross the
ideal junction and penetrate into the other semiconductor.
Thus, estimation of energy band offsets is a particular task.

2. The electronic structure of core/shell semiconductor
nanoparticles
Studies of core/shell semiconductor nanoparticles also
involve consideration of heterojunctions with correspond-
ing (type I or type II) spatial localization of charge carriers
(Fig. 7). The type of localization of charge carriers is
specified by the positions of the size quantization levels.
For bulk heterostructures, the localization region of charge
carriers is always known with certainty. Namely, charge
carriers are localized in the same region in type I hetero-
junctions and on different sides of the junction in type II
heterojunctions. However, in nanosystems one deals with
the quantum size effects and spatial localization of charge
carriers depends on the size of the nanostructure. For
instance, both types of charge carriers can be delocalized
over the entire nanoparticle (no spatial separation) provided
a type II heterojunction (so-called type I localization).>* The
reverse situation is also possible, where one type of charge
carriers is spatially localized while the other type of charge
carriers is delocalized over the entire nanoparticle provided
a type I heterojunction (so-called type II localization).
Thus, the type of spatial localization of charge carriers
can be controlled by varying the size of the core or shell.
The localization regimes are illustrated by a scheme shown
in Fig. 8. The smallest (largest) nanoparticle sizes corre-
spond to type I (type II) localization. At intermediate
nanoparticle sizes, one deals with quasi-type II localization,
viz., one type of charge carriers is spatially localized while
the other one is delocalized over the whole nanoparticle.
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Figure 7. Localization of charge carriers for core/shell nanoparticles with type I (@, ¢) and type II (b, d) heterojunctions.
Conduction band (top) and valence band (bottom) edges (/), size-quantized levels of electron and hole (2) and the corresponding wave

functions of charge carriers (3).

An interesting example of control of localization is
provided by the so-called inverted nanoparticles in which a
core of a wide-gap semiconductor is coated with a shell of a
narrower-gap material.>*3%57 As was shown in Fig. 9 for
ZnSe/CdSe nanoparticles, both electron and hole are delo-
calized over the entire nanoparticle if the CdSe shell is
sufficiently thin (Fig. 9 a). As the shell thickness increases,
the electron and hole become spatially separated (Fig. 95)
and then again localized in the same region (now within the
CdSe shell, Fig. 9c¢); i.e., the localization type of charge
carriers changes.

Therefore, the electronic properties of a nanoparticle are
governed by the mutual position of the energy band edges at

Quasi-type 11

vz 1
NP

Shell thickness

Core radius

Figure 8. Spatial localization of charge carriers in a core/shell
nanoparticle with type II heterojunction depending on the core
and shell size.%: 33

Electron (/) and hole (2). Lines denote conditional boundaries that
separate regimes with different types of spatial localization of
charge carriers.

the heterojunction (see Fig. 6 and, e.g., Ref. 58) and the
nanoparticle size. Mutual position of the conduction and
valence band edges for some semiconductor materials is
shown in Fig. 6.

Considering the synthesis of core/shell nanoparticles, an
important role is played by the possibility of creation of an
abrupt heterojunction and epitaxial growth of components
of the nanoparticle. This possibility is determined by the
crystal lattice mismatch and by the solubility of compo-
nents. Often, components of bulk semiconductors AMBV!
and AMBY are mutually soluble.®® For instance, both
components of the CdS/CdSe system show an infinite

H,
E
Y
AE, 4\
. E4(CdSe) 3 Eg(ZnSe)
AE} ‘

Figure 9. Change of the type of spatial localization of charge
carriers with an increase in the shell thickness in ZnSe/CdSe
nanoparticles.>*

Type 1, core/core (a); type II, shell/core (b); and type I shell/
shell (C); H| < H, < H3.
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Figure 10. Influence of deformations on the energy band structure
of sphalerite near the I' point of the Brillouine zone.??

Heavy hole (1), light hole (2) and spin— orbit split-off hole (1); AE}
is the deformation-induced shift of the conduction band edge.

mutual solubility, the ionic radii of sulfur (0.182 nm) and
selenium (0.193 nm) differ insignificantly and E, is a linear
function of the composition.®® The CdS/CdTe system is
characterized by partial solubility of components and the
ionic radii of tellurium (0.211 nm) and sulfur differ consid-
erably. In this case, one deals with the so-called ‘band
sagging’ effect.®! In the CdTe/CdSe system, in spite of
unlimited mutual solubility of the components, the differ-
ence between the ionic radii of selenium and tellurium is
large enough and has strong effect on the character of the
compositional dependence of the bandgap which shows a
nonlinear behaviour.>®

Thickness /A

5 10 15 20 25 30 35 40
Radius /A

Figure 12. Theoretical dependences of 6% on the core radius and
shell thickness for core/shell nanoparticles. Localization of charge
carriers: electron (core)/hole (shell).!®

(I—-4) See text; numbers denote the 02 values.

When choosing substances for the synthesis of core/shell
nanoparticles, one of the most important factors is to have
components with close values of lattice constants. An
empirical rule is that the lattice constants of the core and
shell materials should differ by at most 10% (see Table 2).
Lattice mismatch at the heterojunction inevitably leads to
mechanical deformations which penetrate into the interior
of the nanoparticle by a few lattice constants and can
therefore produce a strong effect. Methods of calculations

a
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Figure 11. Lattice strain-induced changes in heterojunctions in the CdTe/ZnSe system.”?

Bulk heterostructure (), unstrained core/shell particle (b), thin epitaxial shell (¢) and thick epitaxial shell (d). The colour of the wiggly
arrows indicates the luminescence wavelength. The unstrained core/shell nanoparticle has a conventional type I heterojunction which
changes to type II heterojunction upon compression of the core and stretching of the shell.
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of deformations in nanostructures due to lattice constant
mismatch have been documented.%2~¢7

Mechanical strain in the system cause the conduction
and valence band edges to shift.?? Taking zinc-blende as an
example, Fig. 10 illustrates the effect of mechanical strain
on positions of the conduction and valence band edges.
Usually, only small deformations are considered; here, the
energy shift AEL is a linear function of deformation. The
coefficients of proportionality in these dependences (defor-
mation potentials) for some semiconductors ATBY! AIIBY
were reported in the literature.®®~7! For most semiconduc-
tors, they are negative, i.e., compression (stretching) of a
crystal leads to an increase (decrease) in the conduction
band edge energy level.

The influence of the lattice constant mismatch on the
electronic structure of core/shell nanoparticles was
studied.”’?~74 Lattice strain can induce significant changes
in the energy gap width in the case of epitaxial growth of the
shell on a small compressed core (Fig. 11). A bulk CdTe/
ZnSe system is characterized by a type I heterojunction and
localization of both charge carriers in the CdTe region.
However, epitaxial growth of the ZnSe shell leads to
pronounced compression of the CdTe core because the
CdTe lattice constant (6.481 A) is much larger than that of
the ZnSe lattice (5.669 A). Compression of the core is
accompanied by a decrease in the energy of the bottom of
the conduction band; correspondingly, stretching of the
shell causes this energy to increase (see Fig. 11). The two
opposite effects lead to a change of the heterojunction type
and a decrease in the effective bandgap.

Deformations of core/shell nanoparticles mainly occur
in the core region.”? Lattice compression by a few per cent
produces changes in the electronic structure of a material by
tens and even hundreds of meV according to the deforma-
tion potential.

3. Separation of charge carriers in core/shell nanoparticles

Quantitative estimation of spatial separation of charge
carriers in core/shell nanoparticles is performed using the
overlap integral (0?) of the electron and hole wavefunctions
V. and Yy, respectively, in spherical system of coordinates ®

o0 2
0> = <J l//c(r)wh(r)4ﬂ:r2dr> . )

0

The dependence of 62 on the core radius and on the shell
thickness for a model semiconductor nanoparticle with an
electron (core)/hole (shell) charge carrier localization type is
shown in Fig. 12. An example is provided by the CdSe/
CdTe nanoparticle.

Line / separates the regimes with electron delocalization
over the whole nanoparticle (on the left of the line) and with
electron localization in the core (on the right of the line);
line 2 is the thick-shell asymptote; line 3 separates the
regimes with hole delocalization over the whole nanopar-
ticle (below the line) and with its localization in the shell
(above this line); and line 4 is the thick-core asymptote. The
smallest core and shell sizes correspond to type I local-
ization regions, whereas the largest ones correspond to type
II localization regions. Intermediate core and shell sizes are
characterized by quasi-type Il localization, viz., one charge
carrier is localized in some region of the nanoparticle while
the other is delocalized over the nanoparticle.

4. The effect of separation of charge carriers on the optical
properties of core/shell nanoparticles

Type II localization of charge carriers is accompanied by a
decrease in the oscillator strength of the transition and in
the effective bandgap and by emergence of electric field
inside the nanoparticles. The first effect for ZnSe/CdSe
nanoparticles is illustrated in Fig. 13 a. The overlap integral
of the electron and hole wavefunctions determines the
oscillator strength of the corresponding electronic transi-
tion. As 02 decreases, the electronic transition probability
also decreases. As a result, an increase in the thickness of
the CdSe shell causes an electron to move to the energeti-
cally favourable region within the shell. This manifests itself
as a decrease in the absorption intensity of the first exciton
maximum in the optical absorption spectra of ZnSe/CdSe
nanoparticles (see Fig. 13 a). A rather strong exciton band
in the absorption spectra of individual cores is transformed
to a structureless absorption ‘tail’. Further increase in the
shell thickness is accompanied by motion of the second
charge carrier (hole) to the shell, and the overlap integral
increases. Changes in the relative intensity of the exciton
band for nanoparticles of different size are illustrated in
Fig. 13 b. The exciton absorption in the region correspond-
ing to type II localization is suppressed, whereas in the
region corresponding to small and large shell thicknesses
the absorption maximum is more pronounced.

An important consequence of spatial separation of
charge carriers in nanoparticles consists in the decrease in
the probability of radiative recombination, which leads to
an increase in the lifetime of photoexcited electron—hole
pair (Fig. 14).7-3%75 The probability of radiative recombi-
nation is proportional to the overlap integral of the electron
and hole wavefunctions.’® However, changes in the photo-
luminescence kinetics are often not limited to the increase in
the lifetime. The probability of nonradiative recombination
of an electron—hole pair with long lifetime is higher owing
to the interaction with defect states. As a result, a larger
number of states becomes involved in recombination.”® In
this case, the luminescence decay kinetics shows a complex
multiexponential behaviour.”?

As the shell thickness increases, the luminescence max-
imum is shifted towards the long-wavelength region due to a
decrease in the effective bandgap for the space-indirect
transition. The bandgap will be determined by the energy
difference between the bottom of the conduction band of
the material with the higher y. value and the top of the
valence band of the material with the lower ionization
energy; this allows energies lower than the bandgap of
each constituent semiconductor to be attained. Note that
spatial separation of charge carriers leads to changes not
only in the exciton lifetimes and oscillator strengths, but
also in the spectral positions of electronic transitions. This
is due to the emergence of electric field inside the nano-
particles owing to the appearance of noncompensated
charge regions. The embedded electric field will strongly
affect the behaviour of multiexcitons in the nanopar-
ticle.®-77 According to calculations, core/shell nanoparticles
with spatial separation of charge carriers are characterized
by positive energy of Coulomb interaction of a biexciton
which can reach values of the order of 100 meV;? this is
comparable with typical widths of optical bands. This is the
reason for the situation where a large Coulomb shift of
optical transitions in a singly excited nanoparticle leads to
almost complete suppression of absorption at the lumines-
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Figure 13. Absorption spectra of ZnSe/CdSe nanoparticles with a
fixed core radius of 1.5 nm and three different thicknesses (H) of
the shell (a)°7 and changes in positions of the photoluminescence
maximum and minima of the second derivative of the absorption
spectrum (b).>*

(a) Hy (1) < H>(2) < H3 (3); (b) the sizes of the rhombi and circles
denote the relative intensities of the exciton absorption band;
changes in position of the photoluminescence maximum (/); and
positions of the two first minima of the second derivative of the
absorption spectrum corresponding to the maximum of the exciton
absorption band (2, 3); nanoparticle type: I (c/c) — both charge
carriers are located in the core; 11 (s/c) — one charge carrier is
located in the shell, the other charge carrier located in the core; and
I (s/s) — both charge carriers are located in the shell.

cence wavelength. Under these conditions, stimulated emis-
sion can be attained even in the single-exciton regime, which
allows one to avoid difficulties related to fast radiative
recombination due to the Auger processes. This effect can
be used in the design of quantum dot lasers. To date,
spherical nanoparticles with type II heterojunction includ-
ing CdTe/CdSe, CdTe/CdS, ZnSe/CdSe and CdS/ZnSe have
been reported.’-36-75.78.79

As mentioned above, semiconductor nanoparticles with
spatial separation of charge carriers are analogues of
charge-transfer molecular complexes (see Fig. 1) and can
therefore be considered from the standpoint of the Mar-
kus—Hush thermodynamic theory of charge transfer.80-8!
Absorption of a photon causes a nanoparticle to undergo
transition from the ground to excited state. The formation
of an electron—hole pair should be accompanied by the
electron density redistribution over the nanoparticle, which
corresponds to different position of the ground- and
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Figure 14. Photoluminescence kinetics of CdTe and CdTe/CdSe/
CdS nanoparticles with different number of shell monolayers;”>

x and y denote the numbers of CdSe and CdS monolayers,
respectively. The instrumental response function is shown in black.
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Figure 15. Schemes of electronic transitions for optical absorption
and luminescence (a) and the corresponding spectral bands (b);%?
n, m are the numbers of vibrational levels in the ground and excited
state, respectively.
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Figure 16. Free energy curves plotted in the configuration coordi-
nates for CdTe/CdSe nanoparticles (¢) and the corresponding
absorption and luminescence spectra (b).80

(@) Changes in the free energy on charge transfer (AG 21), excitation
(AG247e) and relaxation (AG2y) of electron; ER3X, and EZ are
the energies of the exciton luminescence band and the CT-band ;
and Ecr is the reorganization energy of the medium upon charge
transfer;

(b) the bands corresponding to the exciton absorption in CdSe (/)
and CdTe (2) and to absorption of the CT-state (3).

excited-state minima on the energy diagram in the config-
uration coordinates (Fig. 15). Relaxation of electron to a
lower-energy excited state can occur via vibrational levels
through electron—phonon interaction.®2 Analogously,
excited nanoparticles with spatial separation of charge
carriers undergo transition to charge-transfer (CT) states
followed by true relaxation (Fig. 16). Because of this, the
absorption and luminescence spectra of nanoparticles with
spatial separation of photoexcited charge carriers can
exhibit both exciton and CT bands. The latter bands are

usually weak in the absorption spectra due to the low
probability of the corresponding electronic transition.8!-83

The emission energy is always somewhat lower than the
absorption energy. In the case of monodisperse nanopar-
ticles, the difference between these energies is called the
resonant Stokes shift80-84 which increases as the nano-
particle size decreases (Fig. 17 @). The experimental depend-
ence is in good agreement with the theoretical splitting
between the ‘dark’ (spin-forbidden) and ‘light’ (spin-
allowed) exciton states.80

Nonresonant Stokes shift observed for an ensemble of
nanoparticles also increases with decreasing the nanopar-
ticle size (Fig. 175b). Its magnitude is to a great extent
determined by the nanoparticle size dispersion.8%-84 More-
over, the nonresonant Stokes shift is affected by the shape,
structure and differences in the chemical environment of
nanoparticles.8%-8 For this reason, the experimentally
determined Stokes shift does not always agree with the
theoretical dependences.
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Figure 17. Resonant («) and non-resonant (b) Stokes shifts plotted
vs. CdSe nanoparticle size.3% 84

(a) Solid line denotes the theoretical dependence of the splitting
between the ‘dark’ and ‘light’ exciton;

(b) theoretical dependence at a size dispersion of 5% (1), depend-
ence plotted taking into account the phonon contribution to the
Stokes shift (2), and theoretical dependence at a size dispersion of
10% (3).
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IV. Methods of synthesis of core/shell
semiconductor nanoparticles

1. The choice of initial reactants and stabilization of
nanoparticles

To date, numerous methods of synthesis of semiconductor
nanoparticles have been developed. Below we will consider
chemical methods of synthesis in nonpolar solvents in the
presence of stabilizers. Their advantages are as follows:33 87

— the possibility of control of nanoparticle growth,

— good passivation of the surface states of nanopar-
ticles,

— narrow nanoparticle size distribution (scatter of the
order of 5% —8%), and

— the possibility of subsequent isolation and purifica-
tion of nanoparticles (no matrix).

The synthesis of semiconductor nanoparticles in solu-
tions of tributylphosphine (TBP) and tributylphosphine
oxide (TBPO) was proposed.®® Using these compounds,
one can control the nanoparticle growth and carry out the
synthesis at a rather high temperature (namely, at 220 °C to
provide the formation of a crystal structure with lower
content of defects). Subsequently, the technique was modi-
fied 8 and the possibility of carrying out reproducible syn-
thesis of highly monodisperse nanoparticles appeared.

As a rule, chemical methods involve a rapid introduc-
tion of initial reactants into a heated nonpolar solvent
containing a stabilizer of nanoparticles. A rapid reaction
occurs, resulting in the formation of a supersaturated
solution and subsequent intense nucleation (Fig. 18). As
the degree of supersaturation decreases, nucleation ceases
and seeds continue to grow. Since the nucleation stage takes
a short time, nanoparticles have a narrow size distribution.
Yet another mechanism of reduction of the nanoparticle
size dispersion possible at high supersaturations is called
‘focusing’ of size distribution.®®-°! It should be noted that
the growth stage, when the reaction mixture is considerably
depleted in initial reactants, can be followed by Ostwald
ripening leading to an increase in polydispersity. The main
approaches to control of nanoparticle size distribution have
been reviewed.”?

Nucleation

Threshold of nucleation

Growth from
— supersaturated solution

Concentration

Saturation

Time

Figure 18. LaMer diagram of changes in the precursor concentra-
tion during nanoparticle growth.

Methods of synthesis in nonpolar solvents developed to
date include the synthesis in a stabilizing solvent and the
synthesis using stabilizing precursors.

In the former case, the stabilizing solvents usually
include alkylphosphines, alkylphosphine oxides, alkyl phos-
phites, alkyl phosphates, pyridine, alkylamines and furan;
trioctylphosphine oxide (TOPO) is most often used;%?
dimethyl cadmium is a possible source of cadmium.

In the latter case, inert solvents include, e.g., diphenyl
ether or octadecene; cadmium oleate can be used as both
initial reactant and stabilizer.3

In the synthesis of A'BV! semiconductor nanoparticles,
cations can be supplied from metal alkyl derivatives and
metal oxides or their organic salts. For example, possible
sources of cadmium include CdO,76-81.94-100
Cd(OACc),,77- 1012104 Me,Cd 9% 105-110 and  other com-
pounds. Group VI element anions can often be obtained
using organic phosphine chalcogenides®4~ 119 or trimethyl-
silyl chalcogenides (TMS),E (where E = S, Se, Te) as initial
reactants.®?

The synthesis of A"'BY semiconductor nanoparticles is
somewhat different from the synthesis of the AU'BVY! semi-
conductor nanoparticles.!'!' =113 First, the A"'BY semicon-
ductors are characterized by higher covalency and therefore
the formation of a crystal structure with low content of
defects requires a higher temperature of the synthesis. This
can lead to irreversible aggregation of particles. Second, the
compound A''BY cannot be obtained by solution-phase
synthesis as a result of a direct reaction between corre-
sponding atoms or ions (as for A"BV!) because they will
react with the solvent. A way to solve this problem is to
form complexes that prevent undesired reactions and pro-
duce the necessary compounds after pyrolysis. Most often,
the synthesis is carried out in high-boiling stabilizing
solvents using trimethylsilyl derivatives of Group V ele-
ments [(TMS);P, (TMS)3As)] 114-120 and anhydrous metal
halides (e.g., InCls) as sources of metals.!!-116-120 However,
these compounds are characterized by low reactivities;
correspondingly, the reaction time increases, which leads
to polydisperse nanoparticles. These methods have been
best developed to synthesize InP nanoparticles.!!5 117123

Nanoparticles with a large proportion of surface atoms
are thermodynamically unstable. They can be stabilized by
introducing stabilizers of disperse systems. The proper
choice of a stabilizer is basic to the synthesis of nano-
particles. Stabilizers should meet rather strict requirements:

— it should prevent aggregation rather than growth of
nanoparticles;

— its molecules should form sufficiently strong bonds
with the nanoparticle surface; and

— the stabilizer molecules should passivate the nano-
particle surface, thus saturating broken bonds that act as
traps of charge carriers.

Structural, mechanical and electrostatic stabilization of
nanoparticles has been studied in detail.!>* The range of
potential organic stabilizers includes all nucleophilic reac-
tants containing a group coordinating to the metal (usually,
an electron-donating group) and long-chain substituents,
e.g., long-chain amines, thiols and higher carboxylic acids.”®
Each class of compounds is described in detail below.

Amines. The properties of amines depend on the degree
of substitution at the nitrogen atom. Primary and secondary
amines can act as electron-donating (with cadmium) or
electron-withdrawing (with tellurium) centres. Owing to



Semiconductor nanoparticles with spatial separation of charge carriers: synthesis and optical properties

1151

these properties, amines can be used as stabilizers. Also, it is
important that aliphatic amines are stronger nucleophiles
compared to aromatic amines; this allows one to introduce
long-chain hydrocarbon substituents.

Thiols are well soluble in many organic solvents and
form strong S—M (M is a metal) bonds with the nano-
particle surface.

Carboxylic acids form one of the largest classes of
stabilizers. The most pronounced effect is attained when
the carboxylic acid molecules contain a long-chain hydro-
carbon substituent which prevents agglomeration of par-
ticles. Among carboxylic acids, oleic acid is one of the best
stabilizers.

Phosphonic acids have the general formula OPR(OH),,
where R is a long-chain organic substituent. They differ
from carboxylic acids in ability to form a stronger bond
with cations from the nanocrystal lattice. Therefore, by
varying the carboxylic-to-phosphonic acid ratio in the
mixture one can change the surface energy of a nanocrystal.

Trioctylphosphine oxide is one of the most widely used
cationic stabilizers which also often plays the role of a
coordinating solvent.

Diols are a rarely used class of cationic stabilizers.
Usually, they are used in combination with other classes of
stabilizers.

Phosphines represent the most abundant type of anionic
stabilizers. Relatively strong bonds between the phosphorus
atoms and chalcogene atom (surface atom) allows one to
passivate the broken bonds at chalcogene (these bonds act
as traps for photoexcited holes). As a rule, passivation is
achieved by introducing phosphines into the growth
medium. A similar effect is also observed when using
trioctylphosphine chalcogenides or tributylphosphine chal-
cogenides as initial reactants.

There are three general approaches to the synthesis,
namely, successive ‘buildup’ of the shell from anionic and
cationic components; cation exchange; and continuous
growth of the shell on the core surface.

2. Successive shell growth

The successive ionic layer adsorption and reaction (SILAR)
approach was the first method of synthesis of core/shell
nanoparticles from cationic and anionic components.”> 123
In essence, this is a layer-by-layer buildup of the shell. The
SILAR method for the synthesis of nanoparticles is analo-
gous to the molecular deposition method considered by
Aleskovskii 126 and used for the synthesis of planar struc-
tures, e.g., A'BV! superlattices.!?” The state of the art in the
field of research on the molecular deposition reactions was
reviewed.!?® In the case of core/shell nanoparticles, molec-
ular deposition is carried out in colloidal solutions. For
instance, some calculated amounts of initial reactants
(sources of cadmium and selenium) were added one at a
time to a CdTe nanoparticle sol thoroughly purified from
other cadmium and tellurium compounds.”> The addition of
the source of cation or anion was followed by heat treat-
ment until total deposition of the whole amount of the
initial reactant. The growth was controlled by optical and
photoluminescence spectroscopies. The next portion of an
initial reactant (source of selenium or cadmium) was added
only after no red shift due to an increase in the particle size
was observed in the spectra. Four CdSe monolayers were
grown using this technique.

The development of the SILAR method is due to the
need for elaboration of a high-precision shell buildup
procedure to be used for the synthesis of core/shell nano-
particles with narrow size distribution and exactly specified
shell thickness.”> Also, this method is interesting for iso-
tropic shell growth because it allows one to completely
eliminate the effect of different growth rates along different
crystallographic directions. A successful application of the
SILAR method to the CdSe/CdS system was reported.!?®

3. Cation exchange
In ionic nanoparticles, in particular, transition metal chal-
cogenides, the cation sublattice can be replaced by various
metal ions as a result of fast reversible cation exchange.!3?
This affects the composition of nanoparticles but their size
and shape remain unchanged.!30- 133

The cation exchange mechanism is as follows. The
addition of the source of some other metal (e.g., AgNO3
solution in methanol) to the nanoparticles of a given binary
semiconductor (e.g., CdSe sol in toluene) causes an
exchange in the cation sublattice, i.e., Ag™ cations replace
Cd?™* cations but the anion sublattice remains unchanged
(Fig. 19 a). This exchange is driven by the thermodynamic
energy gain and different solubility of reactants and reac-
tion products, because methanol forms stronger bonds with
the doubly rather than singly charged cations.!3® The
reaction proceeds at room temperature.!3®> The reverse
reaction (replacement of silver ions by cadmium ones)
does not occur under similar conditions. However, the
reverse cation exchange was practically implemented 30
upon a 100-fold increase in the concentration of the dou-
ble-charged cation (Cd?™) to be inserted and the addition of
TBP to the reaction mixture (TBP is assumed to form
intermediate complexes as ligand with initial reactant cati-

a
Cdz+ Ag™
o - Q
CdSe Ag* Ag>Se Cd2+ CdSe
b
Zn?" . Se/ZnSe
Ag* 2+
. FoN . e, . "
a-Se Se/Ag>Se
Pb2+
— Se/PdSe
Zn2+
® ST,
} g“ 2 diffusion
12 13 i ;24 : 32 i
ZnSe Cd2+ Cation exchange Cd,Zn;_.Se

Figure 19. Scheme of cation exchange (a),'° cation insertion fol-
lowed by exchange (b)'3? and exchange of doubly charged cati-
ons (¢).!33
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ons and these complexes facilitate the replacement of Ag™
by Cd2+).130.132.133

This approach was successfully employed for cation
exchange CdS — Ag,S,'3% 132 CdSe — Ag,Se,!30 CdTe —
AgoTe, 130 CdS — CuyS — PbS, 131134 CdSe — CusSe —
PbSe,!'3* and Ag,Se — ZnSe, CdSe or PbSe.!33 Conservation
of the anion sublattice in the course of cation exchange
enables transformations of multicomponent nanoparticles
with conservation of not only the size and shape, but also
the component ratio. This allows one to extend the field of
application of the cation exchange method to the synthesis
of core/shell nanoparticles.!3? 134 Cadmium cations can be
completely exchanged by copper cations in the nanopar-
ticles based on CdSe/CdS nanorods.!3* The exciton absorp-
tion bands characteristic of the CdSe nanoparticles
disappear and a structureless absorption edge characteristic
of copper chalcogenides appears. After the reverse reaction
(replacement of copper ions by cadmium ones), peculiar
features of the absorption spectra are recovered.!34

A method 133 of preparation of Se/Ag,Se nanoparticles
is more similar to insertion of cations rather than cation
exchange because the core is formed by amorphous sele-
nium nanoparticles. A dropwise addition of a solution of
AgNOs3 in ethylene glycol to a-Se nanoparticle sol over a
period of 10 min led to a noticeable change in the colour of
the sol. Then, the mixture was allowed to stay at room
temperature for 2 h, nanoparticles were precipitated with
water, washed and dissolved in methanol. The nanoparticles
thus obtained were involved in cation exchange using a
method analogous to that reported in Ref. 130. This tech-
nique was used to obtain Se/ZnSe, Se/CdSe and Se/PbSe
nanoparticles (Fig. 19 b).

An alternative approach to cation exchange involves
high-temperature treatment of nanoparticles in a solution of
a precursor of the second cation.!33> Depending on the
degree of cation exchange, three different systems can
form, viz., nanoparticles based on the solid solution of the
components, completely substituted nanoparticles and core/
shell nanoparticles (Fig. 19 ¢).

4. Shell growth on nanoparticle seeds

Core/shell nanoparticles are also synthesized by a method
without separation of the growth of anion and cation layers
in time. A rather low supersaturation is produced instead to
allow epitaxial growth of the shell on the surface of core
type nanoparticles (they play the role of seeds) but to
prevent nucleation of individual nanoparticles of the shell
material.

One of the first one-step implementations of this method
of synthesis of CdSe/ZnS nanoparticles was carried out
using organometallic compounds as initial reactants.!3¢
First, CdSe nanoparticles were synthesized by introducing
a dimethylcadmium solution and (TOP)Se in TOPO at
350 °C. When the reaction temperature decreased to
300 °C, a mixture of Me>Zn and (TMS),S in trioctylphos-
phine was added slowly to the solution. The temperature
was maintained at 300 °C to prevent the formation of ZnS
nanoparticles. As the whole amount of the mixture was
added, the solution was cooled to 100 °C and allowed to
stay at this temperature for 1 h.

A two-step modification 137 of this method involves
isolation, purification and subsequent redispersion of the
synthesized CdSe nanoparticles in hexane. Separation of the
syntheses of the core type nanoparticles and core/shell

nanoparticles allows one to remove residual amounts of
initial reactants that did not react in the synthesis of the
core type particles. The second important advantage of the
two-step synthesis is the possibility of characterization of
nanoparticle seeds, determination of their sizes, quantum
photoluminescence yield, efc. Subsequently, an analogous
method was used to synthesize CdSe/CdS,!3® CdSe/ZnS '3°
and CdSe/ZnTe nanoparticles.”

V. Anisotropic nanoparticles with semiconductor/
semiconductor heterojunctions

1. Growth of anisotropic A"BY! and A"'BY semiconductor
nanoparticles

Methods of synthesis of anisotropic A'BY! and A'BVY
nanoparticles are based on growth along a specified direc-
tion and branching.

The growth anisotropy can be manifested by various
crystallographic structures. The presence of a specified
growth direction in the wurtzite structure characteristic of
many AUBV! semiconductors is particularly pronounced.
Owing to its high symmetry the wurtzite ¢ axis differs from
other growth directions. In the case of cadmium chalcoge-
nide nanoparticles, the ¢ axis can be used as the fast growth
direction to obtain structures extended along this direction
if an appropriate stabilizer has been chosen.'*® For exam-
ple, CdSe nanorods grow as the wurtzite structure, which is
confirmed by the results of X-ray diffraction and high-
resolution transmission electron microscopy studies.'#! An
array of vertically aligned rods that form a honeycomb
structure was prepared.!4! Hexagonal faceting was observed
for each rod. It should be noted that the wurtzite structure
is more preferable for thin nanorods even under the con-
ditions where the bulk material would exists as a zinc-
blende structure; this is explained by a smaller number of
broken bonds on the surface.!42 143

Branched nanoparticles are more complex objects. An
interesting representative of such structures is a tetrapod, a
four-legged design, each leg projecting from the centre at
the tetrahedral angle (Fig. 20). All four legs are equivalent;
therefore, the tetrapod is a highly symmetrical object
belonging to the symmetry group 74. Nanoparticles with
tetrapod symmetry were obtained for a number of A'BV!
semiconductors including CdS,'44 CdSe,'4>-146 (CdTe,”
Zn0,'%7 ZnS 48 and ZnSe.'*® A distinctive feature of some
of these materials consists in that they are characterized by
intermediate degrees of bond ionicity, which makes it

.

e 090

Figure 20. Schematic view of a tetrapod.®®

Core face with sphalerite structure (¢) and arm face with wurtzite
structure (b). Lateral surface of tetrapod arm: shown are the
molecules of stabilizer.
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possible to form two types of crystal structures (polytyp-
ism). By and large, the growth mechanisms of tetrapods are
close to those of nanorods, viz., the monomer is mainly
deposited on high-energy end faces, whereas deposition of
the monomer on lateral faces occurs more slowly. It is
assumed that nucleation results in the formation of a core
with the zinc-blende structure. Tetrapod legs grow selec-
tively on the (111) face of the zinc-blende structure which is
identical to the (0001) face of the wurtzite structure.

Crystallographic faces of binary semiconductors have
not only different densities of anions and cations, but can
also be enriched with some sort of ions, i.e., they can be
charged. For instance, in the wurtzite structure the (0001)
face is built of cations, whereas the (0001) face is comprised
of anions while the plane families {0110} and {1120} are
mixed, i.e. comprise cations and anions; therefore, they are
electrically neutral, but the wurtzite structure is polar along
the [0001] direction. Using methods of solution-phase syn-
thesis, one can obtain anisotropic nanocrystals by varying
the growth rates of different faces by changing the density
of stabilizer molecules and the strength of their bonds with
corresponding ions of the nanocrystal lattice. Therefore,
there are two important characteristics of stabilizer mole-
cules, namely, the selectivity and affinity to a certain
face.139- 151 It should be noted that the faces are character-
ized by different stabilities.!>?

A comparative analysis 152 of the stabilities and reactiv-
ities of different faces of the wurtzite polymorph of CdSe
showed that the face of the {1120} family is the most stable.
Among polar faces, the anionic face (0001) is the most
stable under cadmium-deficiency conditions and the cati-
onic face (0001) is the most stable under cadmium-rich
conditions.

Adsorbed Se and Cd atoms are more strongly bound to
the (0001) and (0001) faces, respectively. On the one hand,
binding the CdSe molecule to the (0001) surface with the
molecule parallel to the crystal plane is more preferable.
Rearrangement of the (0001) surface through the addition
of the adsorbed atom favours a stronger binding of cad-
mium atoms and CdSe molecules and only slightly sup-
presses the binding of selenium atoms. On the other hand,
the formation of a vacancy on the (0001) surface has no
effect on the binding of cadmium atoms, but completely
suppresses the adsorption of selenium atoms. Therefore,
one can expect acceleration of growth of the (0001) face
upon attachment of the adsorbed metal atom and suppres-
sion of growth in the presence of a vacancy.

Dissociation of CdSe molecules from all faces except
(0001) is an endothermic process; desorption from the
(0001) face is energetically favourable.!>2 Moreover,
among the faces investigated in Ref. 152, it is the (0001)
face for which sorption and sorption with subsequent
dissociation are preferable. This is confirmed by a known
hypothesis °7-106:107  according to which homoepitaxial
growth is more favourable on the anionic face of the crystal.

Taking the wurtzite-type polymorph of CdSe as an
example, the selectivities and affinities of some ligands to a
nonpolar face from the {1120} family, the (0001) anionic
face and the free and reduced (0001) cationic face were
analyzed.!>%- 151 Ligands included substances from the main
classes of stabilizers which are currently used for the syn-
thesis of nanoparticles in nonpolar solvents (Table 4).

Table 4. Model ligands and ligands used in the synthesis of CdSe
nanocrystals.!>0

Ligand Nanocrystal ~ Precursor
shape concentration

model experiment
PH; trioctylphosphine sphere low

tributylphosphine rod high
NH; oleylamine sphere low
OPH; trioctylphosphine " "

oxide

" rod high
HCOOH oleic acid sphere low
OPH,OH hexadecylphosphinic

acid

high concentration  rod high

low concentration sphere

Among all ligands investigated,’>® only phosphine
mainly binds to the (0001) face. For other ligands, the
bond stabilities increase in the series

OPH3; < HCOOH < OPH,OH < NHj3 < PH3.

In the case of the nonpolar face of the {1120} family, the
bond stability changes in the following series of ligands

PH3; < OPH3; < HCOOH < NH3 < OPH,OH.

The stabilities of the bonds between ligands and the
polar cationic face (0001) vary in a similar fashion. Qual-
itatively, the interaction of ligands with these faces can be
characterized as follows:

— PH; has a high affinity and selectivity to the (0001)
face,

— NHj3 has a high affinity and low selectivity to the face
from the {1120} family,

— OPHj3; has a moderate affinity and high selectivity to
the face from the {1120} family,

— HCOOH has a moderate affinity and high selectivity
to the face from the {1120} family,

— OPH,OH has a high affinity and selectivity to the
face from the {1120} family.

High bond strength and high selectivity of OPH,OH to
the face from the {1120} family favour its effective aniso-
tropic growth in the kinetically controlled regime. This
phenomenon was observed experimentally, namely, phos-
phonic acids are often used for the synthesis of nanorods.
At the same time, bulk trialkylphosphine ligands modeled
by PHj3 are mainly adsorbed with a low coverage and, as a
consequence, they cannot favour anisotropic growth of the
(0001) anionic face in spite of high affinity and selectivity to
this face. This is the reason for the use of trialkylphosphines
in the synthesis of spherical nanoparticles.3?-153: 154 Ligands
with moderate binding energy, such as phosphine oxides
and carboxylic acids, can also be used for the synthesis of
spherical nanoparticles.

Among the ligands studied in Ref. 150, a specific
position is occupied by amines that are characterized by
high affinity but low selectivity to the anionic and cationic
faces (0001) and (0001), respectively. This combination of
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properties allows amines to be used when growth of both
polar faces is needed, e.g., in the synthesis of dumbbell-
shaped nanoparticles.**

As a rule, the shape of a crystal is determined by the
growth rate difference between its faces. Similarly to the
entire crystal, the growth rate of a particular face is
determined by the concentrations of initial reactants near
the growth surface and by the specific surface energy. The
surface energies of the A"BY! semiconductors in different
crystallographic directions can be significantly different,
although it to a great extent depends on the choice of
stabilizer.!30- 151,155

The method of synthesis of anisotropic nanoparticles
involving selective passivation of various faces cannot be
adapted to semiconductor nanoparticles with cubic struc-
ture because of the lack of surfaces with marked chemical
differences. Therefore, A"BVY semiconductors are synthe-
sized using other approaches. A method was proposed of
the synthesis of A"'BY semiconductor nanorods with high
degree of crystallinity using metallic nanoparticles promot-
ing one-directional growth.!3® This method is analogous to
a widely used ‘vapour —liquid —crystal’ method of synthesis
of whiskers using supported molten metal microdrops. The
method allows one to obtain particles of variable length, in
wide range. 15°

2. Synthesis of anisotropic nanoparticles with
semiconductor/semiconductor heterojunction

The synthesis of anisotropic nanoparticles with semicon-
ductor/semiconductor heterojunction can be practically
implemented both under conditions of anisotropic growth
of the second semiconductor material on spherical nano-
particles and under growth on anisotropic nanoparticles
(Figs 21, 22).

The first approach is described in
Refs 94,95,100,105,157. Various growth patterns of the
arms of wurtzite-type A"BV! semiconductors (CdS, CdSe,
CdTe) on zinc-blende type seed nanoparticles (CdSe, CdTe,
ZnTe) were demonstrated;*> they allow one to obtain
tetrapod morphology (see Fig. 21). It should be noted that
in the tetrapods thus obtained both core and arms are built
of CdTe. This two-step method of arm growth on seed
nanoparticles is an alternative to the one-step methods of
synthesis of CdTe tetrapods.?®-°°-192 The possibility of
obtaining nanoparticles comprising the A"BV! and A''BY
semiconductor blocks was suggested.”> Also, the possibility
of control of nanoparticle morphology by varying the
crystal structure of seed nanoparticles was reported.!?® It
was shown that fast anisotropic growth of CdS arms on
wurtzite-type CdSe seed nanoparticles leads to formation of
nanorods; the growth on zinc-blende type CdSe nanopar-
ticles results in tetrapods (see Fig. 22). Directed growth of
CdS and CdTe arms on wurtzite-type CdTe and CdSe cores
was realized by multiple injection of initial reactants.®* This
resulted in CdS/CdTe/CdS and CdTe/CdSe/CdTe nanorods
with optical properties characteristic of nanoparticles with
spatial separation of charge carriers. The size effect of the
seed nanoparticles on the arm growth direction and mor-
phology of final nanoparticles was revealed.!>8

A particular class is formed by anisotropic nanoparticles
with semiconductor/metal CdSe/Au heterojunction;!>® they
have an analogue of a contact pad for integration into
conducting devices. Such nanoparticles are of interest for
nanoelectronics.

~__—Shell (CdS,
CdSe, CdTe)
® -
v \’._S' . _I
Core (CdSe,
CdTe, ZnTe)
b
»
J\
 {
J
“A b
100 nm
e

Figure 21. Scheme (a) and micrograph (b) of nanoparticles
obtained by anisotropic growth of arms with wurtzite structure on
nanoparticle seeds with sphalerite structure.’>

The second approach to the synthesis of anisotropic
nanoparticles comprising blocks of different materials
implies growth on anisotropic seed nanoparticles, e.g.,
nanorods or tetrapods, as was demonstrated in Ref. 98.
The authors proposed a method of control of selective
growth and the degree of branching of the material of the
second semiconductor which makes it possible to specify the
nanoparticle topology (Fig. 23).

Methods of control of the degree of anisotropy for
multicomponent semiconductor nanoparticles are similar
to the methods used in the synthesis of monocomponent
nanoparticles. For instance, the effect of oleic acid concen-
tration on the growth direction of CdSe arms in CdTe/CdSe
nanoparticles based on CdTe tetrapods was demon-
strated.83.103.104.160 Growth of CdSe arms using cadmium
oleate as the source of cation and the ratio [Cd]:[oleic
acid] = 1:2 proceeded selectively on the end face of an arm
of CdTe tetrapod along the [0001] direction. At the ratio
[Cd]: [oleic acid] = 1: 3, the presence of free oleic acid in the
reaction mixture led to passivation of the end cationic faces
of the arms of CdTe tetrapod and blockage of growth along
this direction. Concentric growth of CdSe shell on the
lateral surface of the arms of CdTe tetrapods was observed
instead.

Most methods of growth of anisotropic nanoparticles
based on ABV! semiconductors allow one to obtain nano-
particles comprised of blocks of nanorods and tetrapods;
this is due to the symmetry of the crystal structures of these
materials (zinc-blende and wurtzite type). However,
CdSe/CdS octapods were also prepared by combining the
growth on seed nanoparticles and cation exchange.!¢!

The most important difference of the optical properties
of anisotropic nanoparticles with spatial separation of
charge carriers from the optical properties of spherically
symmetric core/shell nanoparticles is the emergence of
internal field due to the spatial separation of charge
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Cds/CdSe
CdSe/CdTe

CdS/CdTe

CdSe/CdTe

Figure 22. Schemes and micrographs of nanoparticles obtained by anisotropic growth of the second semiconductor domain on nanorods (a,
b, e, f) and tetrapods (c, d, g, h).8

Figure 23. Tetrapod-shaped CdTe nanoparticles (a—c); CdTe/CdSe nanoparticles based on CdTe tetrapods, obtained at [Cd]: [oleic acid
]=1:2(d—f); and CdTe/CdSe nanoparticles based on tetrapods CdTe, obtained at [Cd]: [oleic acid] = 1:3 (g—i).83- 103,104,160
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carriers.!92 In particular, this leads to a strong dependence
of the optical properties of such nanoparticles on the
external electric field and on the degree of anisotropy
because both these parameters affect the overlap integral
of the electron and hole wave functions.!37-163 Also, the
influence of the temperature and nature of solvent on the
separation of charge carriers in CdSe/CdTe anisotropic
nanorods was reported.'®* The optical properties of aniso-
tropic nanoparticles can be studied not only from the
standpoint of the energy band structure of solids, but also
from the standpoint of the Markus—Hush theory of charge
transfer.76- 81,82, 165

VI. Conclusion

The data presented in this review suggest that nanoparicles
consisting of two and more epitaxially joined semiconduc-
tor fragments offer great prospects for control of their
electronic properties. Such nanoparticles are characterized
by pronounced quantum size effects. These systems occupy
an intermediate position between charge-transfer molecular
complexes and semiconductor heterostructures. The pres-
ence of junction between semiconductors allows one to
control the spatial localization of photoexcited charges by
both ‘confinement’ of the electron—hole pair in a certain
fragment of the nanoparticle and ‘separation’ of photo-
excited electron and hole in different parts of nanoparticles.
This makes it possible to independently control the optical
properties, namely, to specify the spectral positions of the
absorption and luminescence bands, recombination times of
the electron—hole pair and extinction coefficients.

Core/shell nanoparticles exhibit unique optical proper-
ties, viz., giant extinction coefficients (to 108 litre mol~!
cm~— 1) and polarized luminescence. Luminescence can be
controlled by varying the applied electric field. This can be
of great importance for the design of solar cells, memory
devices, laser media and biological labels.

Modern chemical methods allow one to synthesize semi-
conductor nanoparticles of specified size, composition and
shape simultaneously with narrow particle size distribution
and high shape homogeneity. One can expect that the
development of methods of synthesis (especially, in order
to obtain anisotropic nanoparticles with specified shape), as
well as studies of electronic processes at the heterojunction
will extend the possibilities of application of semiconductor
nanoparticles in optoelectronics, biology and medicine.

This review has been written with partial financial
support from the Federal Target Programme ‘Research
and Development in the Priority Areas of the Russian
Science and Technology. Years 2007-2012" (Contract
No. 16.516.11.8071).
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