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• This is a review of works dedicated to quantum size effects in low-dimensional materials, specifically: 
metals, semimetals and semiconductors. Special consideration is given to the ability of a material to 
achieve a simultaneous power factor increase and thermal conductivity reduction in one direction.  
Promising semiconductor compounds for the construction of quantum dot, quantum wire, quantum 
well superlattices and nanostructured composites have been studied. 

Introduction 
Energy conversion problems are generally known. They have gained a new direction and depth 

due to intensive nanotechnology developments. Thermoelectricity has not escaped it either. Now we 
are faced with an acute problem of improving the efficiency of thermal into electrical energy 
conversion, primarily through use of solid-state thermoelectric modules based on semiconductor 
compounds. Generators on their basis offer a number of advantages over traditional ones: simple 
design, absence of movable parts and, hence, noise-free operation and high reliability, possibility of 
miniaturization without loss of efficiency. However, because of sufficiently low efficiency (6 – 9%) 
they have not gained wide application, except for in special areas: spacecrafts, ships, electronics, 
portable refrigerating devices, cooling of infrared sensors, etc [1, 2].  

The efficiency of materials used in thermoelectric converters is defined by the value of 
dimensionless thermoelectric figure of merit: 

 
2σ

=
κ
S TZT  (1) 

Here σ is electrical conductivity, S is the Seebeck coefficient, κ is thermal conductivity, 
T = (T1 + T2) / 2 is operating or average temperature, (T1 and T2) are temperatures of the hot and cold 
contacts, respectively. Therefore, for the minimization of unproductive expenses of energy in the 
converters (ohmic and due to thermal conductivity) it is necessary to assure a low thermal conductivity 
and high values of electrical conductivity σ and the Seebeck coefficient S of material. 

Of practical sense are materials for which ZT ≈ 1. At ZT ≈ 2 – 3, the efficiency ≈ 20%, which 
would result in a drastic growth of demand (at T = 300 К), and at ZT ≈ 3 – 4 the thermoelectric 
converters might compete with conventional electric generators. The Seebeck coefficient and electrical 
conductivity are governed only by electron subsystem (P = S2σ is power factor). The thermal 
conductivity is governed by the electron and phonon subsystems (κ = κe + κL). The values κ e and σ are 
interrelated by the Wiedemann-Franz law  

 0
κ

=
σ

e L T  (2) 

where L0 is the Lorentz constant. In so doing, the electrical conductivity increase is followed not only 
by growth of κe, but also by a reduction of coefficient S.  

In the bulk samples, the main method for improving power factor P = S2σ is doping, and the 
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method for reducing thermal conductivity κ is selection of optimal alloy components. Over the course of 
the past half a century no essential results have been achieved in reaching the necessary ZT values. Thus, 
for the room temperature range one profitably employs the alloys based on bismuth and antimony 
tellurides, for the temperatures (500 – 700) K – lead telluride (Fig. 1) [3, 4]. There is certain outlook for 
composite alloys based on germanium, silver and cobalt (Fig. 2) [5]. 

 
Fig. 1. Thermoelectric figure of merit of promising materials as  

a function of temperature [2]. 

0 400 800 1200
T, K

0.5

1.0

1.5

2.0

Si Ge1-x x

PbTe

CeFe Co Sb4 12-x x

Yb Co Sb0.19 4 12

Zn Sb4 3

AgPb SbTem m2+

Bi Te2 3

CsBi Te4 6

ZT

 
Fig. 2. Dimensionless thermoelectric figure of merit of promising materials as  

a function of temperature [5]. 

In recent years, a new line has emerged for improving the thermoelectric characteristics of 
materials where progress has been achieved and which has given a new impetus to corresponding 
research in this field. This approach lies in the use of spatially inhomogeneous structures with 
inclusions that are comparable in size with characteristic wavelength of electrons and phonons, that is, 
they are in nanometer region. A reduction of system dimensions to nanometer scale causes drastic 
differences in the density of electron states (Fig. 3), creating new possibilities for quasi-independent 
variation of S, σ and κ. The nanosized components create a quantum size effect which improves power 
factor S2σ, and the arrangement of internal boundaries in a nanostructure allows reducing thermal 
conductivity as compared to electrical conductivity which is based on the differences between the 
phonon and electron scattering lengths. On this basis, systems with quantum wells, wires and dots, as 
well as various components with disordered nanosized inclusions are created. 
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Fig. 3.Density of states versus energy for the bulk samples,  
quantum wells, wires and dots [1]. 

Our purpose in this work is a review of research on the thermoelectric properties of 
nanostructured materials. 

1. Strategies and concepts for thermoelectric performance enhancement  
Theoretical test of a model of two-dimensional periodic quantum well system [5], and then 

single-dimensional quantum wire system [6] and their subsequent experimental validation [7, 8] 
enabled introduction of two strategies in the field of low-dimensional thermoelectricity: 
– use of quantum size effects for the Seebeck coefficient increase and independent control of S and σ 

values; 
– introduction of a considerable number of boundaries that scatter phonons more efficiently than 

electrons, as well as scatter preferably those phonons that contribute to thermal conductivity most 
of all. 

The ability of a system of low-dimensional materials to enhance the thermoelectric (TE) figure 
of merit was first demonstrated for PbTe quantum well superlattice with n-type Pb1-хEuxTe barriers [7] 
and later on for a similar p-type superlattice [9]. In so doing, a good agreement was obtained between 
the theoretical and experimental dependence S2n on the well width (dependence structure S2n rather 
than S2σ is due to the fact that n and σ are related by the formula σ = neμ, where е is electron charge, n 
is concentration of carriers, and their mobility μ is very sensitive to ambient factors, such as defects, 
whereas S2n is more closely related to the internal parameters of materials). The increase in S2n was 
demonstrated not only for PbTe semiconductor superlattices, but also for Si quantum wells in Si/SiGe 
systems [10], where a good agreement between theory and experiment was also achieved. 
Experimental research on the transverse transport in Bi2Te3/Sb2Te3 superlattices has shown that phonon 
scattering on the boundaries has reduced thermal conductivity to a larger extent than electrical 
conductivity [11, 12], thereby proving the criticality of the second strategy that assures larger ZT 
growth compared to the case when ZT increase is due to increase in S2n. 

Upon the experimental validation of the above strategies, investigations are pursued in two 
different lines. In the first line, the efforts aim at achieving progress in the design and growth of 
superlattices, in the second – at obtaining ordered structures of smaller size (single-dimensional quantum 
wires and 0-dimensional quantum dots). The use of low-dimensional materials for thermoelectric figure 
of merit enhancement has obtained more scope due to the use of the following concepts: energy 
throttling of carriers on barriers; "carrier-pocket" engineering; semimetal- semiconductor transition. Note 
that all these concepts and strategies are currently used to improve the efficiency of nanostructured 
thermoelectric materials in the course of basic and applied research in this field. 

1.1. Energy throttling of carriers on barriers  

The concept of energy filtration of carriers is introduced for increasing the thermoelectric power 
factor S2σ and consists in the introduction of respective barriers in the form of boundaries that restrict 



D.M. Freik, I.K. Yurchishin, Yu.V. Lysyuk 
Quantum size effects in nanostructures and problems of thermoelectricity 

8 Journal of Thermoelectricity №2, 2012 ISSN 1607-8829 

the energy of carriers entering the material. Carriers with the average energy considerably higher than 
the Fermi level EF will preferably pass through the boundary.  It will improve the Seebeck coefficient 
which depends on the excess energy (Е – ЕF) of carriers in a sample. Procedure of introducing 
additional barriers will lead to a reduction of conductivity σ, which in this approach is well 
compensated by growth of S. Thus, energy filtration process leads to growth of S2σ [12, 13]. 

1.2. "Сarrier-pocket" engineering 

The essence of "сarrier-pocket" engineering [14] lies in the development of superlattice 
structure in such a manner that one carrier type is quantum restricted in the area of a quantum well, 
and the other carrier type of the same sign – in the area of a barrier. This concept was introduced for 
the case of electron Γ-point of GaAs quantum wells and for electron X-point of AlAs barriers [15] in 
GaAs/AlAs quantum well superlattices [14]. It is also used for 2-dimensional Si/SiGe superlattices [16] 
and, in a sense, in self-organized nanostructured composites. 

1.3. Semimetal-semiconductor transition 

The concept of semimetal-semiconductor transition is primarily concerned with bismuth and its 
related materials. Although Bi possesses high Seebeck coefficient at electron L-point [15], the fact that 
it is a semimetal and, accordingly, has both charge carriers – electrons and holes, leads to a reduction 
of S. Conversion of bismuth semimetal into n-type semiconductor can be done by using low-
dimensional structures on its basis or alloys with antimony. Development of two-dimensional 
superlattices based on Ві quantum wells is impeded by the difficulty of seeking for a suitable barrier 
material. Therefore, low-dimensional materials based on Bi and Bi1-xSbx alloys are used as ordered 
series of 1-dimensional quantum wires inside the pores of anodic aluminum samples [17]. When we 
speak about the mechanism of semimetal-semiconductor transition, with a reduction of wire diameter 
there occurs splitting of energy levels into separate subbands, which is attended with motion of the 
edge of the lowest conduction subband upstream and the edge of the highest valence subband 
downstream the energy. When these energy levels intersect, the material makes a transition from a 
semimetal to semiconductor with a certain energy gap [17 – 19]. To achieve considerable domination 
of one carrier type in the semiconductor phase, the material can be doped. Such semimetal-
semiconductor transition had been predicted [20] and later observed experimentally for Bi-Sb 
nanowires [20, 21]. 

2. Quantum size effects 
What is called quantum size effect is a dependence of thermodynamic properties and kinetic 

coefficients of solids on their characteristic dimensions when the latter become commensurate with the 
effective de Broglie wavelength of elementary excitations. Current interest in studying quantum size 
effects is caused by intensive progress in the field of nanotechnologies. The theoretical groundwork 
for quantum size effects was laid in the works of 50-60-s by Lifshits, Kosevich, Sandomirsky, Tavger 
and Demikhovsky [22 – 28], and a report on their experimental validation appeared in 1966 (Ogrin, 
Lutsky and Elinson) [29, 30] and dealt with bismuth thin films whose properties were studied in a 
wide range of thicknesses. With regard to complexity of effect observation in actual films, the 
experimental achievements proved to be much more modest than theoretical predictions. Initially the 
works on quantum-size effect most often discussed the situation when only one subband with a square 
law of dispersion is occupied. Such a model was used for the calculation of electrical conductivity and 
galvanomagnetic properties of size-quantized semiconductor and semimetal films [31]. Developing 
the theory of quantum size effects, V.B.Sandomirsky in 1967 by an example of isotropic semimetal 
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assumed that charge carrier scattering in it occurs on δ-like potential and obtained a saw-tooth like 
relaxation time function of energy [32]. Thus, the works on the calculation of thickness dependences 
(d) of TE parameters of thin films are related to calculation of relaxation time, as well as the thickness 
of states for different conditions. Oscillation of density of states versus the thickness of films governs 
the oscillations of the respective TE parameters. The density of states depends on the Fermi energy of 
system which accounts for a large number of works dedicated to calculation of this energy 
characteristic [33]. 

V.B. Sandomirsky showed that the presence of a finite minimum energy determined by film 
thickness [32] is the reason for reduction of overlapping in semimetals, and at certain thickness d0 can 
result in semimetal-semiconductor transition [34]. In a model of a rectangular well with infinitely high 
walls for isotropic semimetal the thickness d0 coincides with oscillation period Δd. In work [33] the 
critical thickness of transition is calculated for said model with different orientations of bismuth and 
antimony films. In 1982 the authors of  [35] observed experimentally the semimetal-semiconductor 
transition with a change in thickness of bismuth-antimony alloy. Thus, for instance, for Bi0.83Sb0.17 
films it occurs with the thickness of 7 – 8 μm. Now work is underway to establish such a transition for 
pure bismuth films.  

Quantum size effect is also investigated through use of tunneling spectroscopy. G.A. Gogadze 
and I.O. Kulik in 1965 showed that tunneling current from a size-quantized film is an oscillating bias 
function which reflects the peculiarities of density of states [36]. It was also shown that conductivity 
of tunneling system with a change in film thickness is monotonously changed, the regions of fast and 
slow drop of conductivity being alternated [36, 37]. 

For practical observation of quantum size effect it should be taken into account that the structure 
and electronic properties of thin films are largely governed by technological factors (the type and 
temperature of substrate, batch composition, interaction with oxygen, etc), which necessitates study of 
the effects of these factors on the manifestation of oscillation effects. The theoretical works, as a rule, are 
concerned with an idealized model of single-crystal film with mirror smooth surfaces. The presence of 
defects in the bulk of the film and surface roughness lead to a reduction of amplitude of quantum size 
oscillations [38]. Work [39] discusses a change in the character of electron-phonon scattering in a 
quantized film which is due to the presence of surface. When electrons interact with impurities, the 
thickness dependences of TE parameters with a size quantization become rather complicated though 
retain their oscillating character [40]. 

2.1. Conditions of the existence of quantum size effects in nanostructures 

The proportionality between de Broglie wavelength and the characteristic dimensions of 
nanostructures generally exists in semimetal and semiconductor structures. There are also certain 
requirements to experimental conditions and material structure. Let us consider these conditions by an 
example of a thin film. 

As can be seen from Fig. 4, the spectrum of carriers in a film is composed of bands that are 
overlapped. In so doing, the specific feature of film spectrum is the availability of finite minimum energy 
ε1. When current carriers occupy a large number of these bands, spectrum quantization should not be of 
essential importance. Dimensional quantization can become apparent only in the case when the average 
energy of conduction electron ε is of the same order as characteristic quantization energy ε1 [41, 42]: 

 ( )
2 2

1 21, 0
2 ⊥

π
ε ≡ ε = κ = κ = =x yn

m d
, (3) 

where n is dimensional quantum number; m⊥  is effective mass of current carriers in direction 
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perpendicular to film area; d is its thickness. That is, carriers should occupy a small number of 
subbands (a subband in this case should be understood to mean the values acquired by energy ε under 
given value of quantum number n.) Hence, a prerequisite for quantum size effect manifestation is: 

 
2 2

22m d⊥

π
ε ≈  оr 

2 Dd
m⊥

π
≈ ≈ λ

ε
, (4) 

where λD is de Broglie wavelength. In condition (4) for the degenerate electron gas ε is of the same 
order as the Fermi energy ζF, and for the nondegenerate 0k Tε ≈ . Thus, for the manifestation of 
dimensional quantization, film thickness must be commensurate with the de Broglie wavelength λD for 
carriers. From (4) it is also evident that manifestation of quantum size effect at real thicknesses 
requires a low effective mass, small filling of spectrum or low temperatures. Calculations by formula 
(4) yield unreal thicknesses for metal films and real ones for semiconductor and semimetal films. 

 
Fig. 4. Partially quantized spectrum of current carriers in a thin film [41]. 

The process of current carrier scattering leads to partial blurring of quasi-discrete spectrum by 
the value h/τ, where τ is relaxation time. To retain spectrum discreteness, the following condition 
should be met: 

 1 ,n n
h

+<< ε − ε
τ

 1(2 1)h n<< + ε
τ

, (5) 

In (5) the second condition follows from the first one due to a replacement εn = ε1n2. Condition 
of quasi-discrete spectrum existence in film (5) is most strict and is satisfied only in rather perfect and 
pure films where carriers have a long mean free path. A directly proportional relation between the 
mobility and relaxation time μ = eτ/m imposes the following condition on it 

 
2ed

μ >>
π

 (6) 

Besides, the film must be thickness homogeneous, so that a change in position of size levels in its 
different portions due to accidental thickness variation is considerably less than the distance between them. 
For this purpose a relative thickness variation should satisfy the condition [41]: 

 2

(2 1)
2

d n
d n
Δ +

<<  (7) 

where n is subband number. With relatively high n, as can be seen from (7), thickness variation |Δd| 
should be smaller than d/n, to avoid overlapping of film subbands of different areas. The film 



D.M. Freik, I.K. Yurchishin, Yu.V. Lysyuk 
Quantum size effects in nanostructures and problems of thermoelectricity 

ISSN 1607-8829 Journal of Thermoelectricity №2, 2012 11 

thickness homogeneity is also necessary to assure mirror scattering of carriers from the surface, when 
quasi-impulse projection reflected from the surface is not changed. For this purpose the inhomogeneity 
size |Δd| must be smaller than the de Broglie wavelength for current carriers. 

To observe the oscillation quantum size effects, current carriers in a film must be degenerate 
k0T << ζF, and blurring of the Fermi distribution (the Fermi boundary) must be much smaller than the 
distance between the neighbouring subbands [41, 42]: 
 ( )0 12 1 Fk T n<< + ε < ζ  (8) 

The latter inequality in (8) highlights the fact that for the observation of oscillation quantum size 
effects there must be at least several film subbands under the Fermi level. 

Thus, in general for nanostructures one can state that realization of quantum size effects requires 
materials with a low effective mass of carriers, low occupancy (the Fermi level), high mobility and 
mirror surface scattering (thickness homogeneity), and it is desirable to conduct the experiments at 
low temperatures (8). 

2.2. Quantum size effects in metals, semimetals and semiconductors 

As previously discussed, the above conditions for realization of quantum size effects are best met 
by semimetal and semiconductor structures. However, this does not preclude the necessity of studying 
quantum size effects in metals, because metallic inclusions are an important component of up-to-date 
nanostructured materials (for instance, metallic inclusions in a semiconductor nanocomposite array or 
aluminum templates of Bi nanowires). 

In 1968 the authors of [43] discovered in tin thin films the Blatt-Thomson effect which lied in the 
fact that with a change in film thickness the critical temperature and superconducting gap oscillated with 
damping amplitude. The effect was theoretically explained by the nonmonotonic dependence of density 
of states on film thickness. The oscillation period was equal to the de Broglie half-wavelength.  

In work [44], in the range of liquid helium temperatures (4.2 K), the presence of little oscillations 
of aluminum film transparency is shown as a thickness function. A rise in temperature to liquid nitrogen 
value has resulted in oscillation amplitude reduction and its complete disappearance at room 
temperature. According to authors’ prediction the obtained nonmonotonic variation of transparency 
versus thickness is a result of quantization. Aluminum forms a good optical surface capable of mirror 
reflection of electrons, and spin-orbit interaction that causes blurring of quantization effect is very slight 
in it [44]. Therefore, the nonmonotonic change in transparency can really result from quantization, and 
oscillation amplitude reduction with a rise in temperature can occur due to reduction of mean free path of 
electronsв. Important conclusions as to the possibility of quantum size effect demonstration in gold films 
were made by the authors of [45]. Due to a low value of the de Broglie wavelength and, respectively, 
low oscillation period, for their growth one should use specific technological means or, the so-called 
surfactant substrates (for instance, with a sublayer of Ві2О3, Аl, Gе, etc.). The size dependences of copper 
films resistivity (d ≈ 4 – 30 nm), sputtered in high vacuum (10–7 Pa) even at low temperatures (78 K) 
show no oscillations. The unobservability of oscillations was explained by the presence of surface 
inhomogeneities and peculiarities of film growth dynamics [46]. Therefore, manifestation of dimensional 
quantization in metals should be observed when the size of respective inclusion becomes less than  
4 – 5 nm, since exactly these dimensions are commensurate with the de Broglie wavelength of current 
carriers. In the case of thin metal films, to obtain homogeneous continuous layers of such small 
thicknesses it is necessary to overcome a number of technological problems.  

As regards quantum size effects in semimetals, the best studied in this area is bismuth. Thus, 
thickness dependences of resistance, the Hall coefficient, magnetoresistance, as well as concentrations 
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for bismuth thin films on mica at 300, 78 and 4.2 K are of oscillation type with approximately the 
same period (Δd = 400 – 500 Å) and oscillation amplitude [29, 47]. At room temperatures, oscillations 
are essentially smoothed out as compared to low temperatures. In so doing, structural characteristics of 
Bi epitaxial films on mica testify to their high perfection [48]. The results were explained by 
dimensional quantization. 

According to theoretical calculations of V.B. Sanomirsky [32], the d-dependence of bismuth 
thin films is an oscillating function that coincides with thickness reduction. At the same time, the 
authors of [49] at low temperature (4.2 K) observed an anomalous size effect characterized by the fact 
that in polycrystalline bismuth thin films conductivity grows with a reduction of their thickness. Such 
an anomalous dependence can be explained by growth of film structural perfection, but it is nearly 
impossible with a reduction of thickness. The authors of [49] attributed this run of the curve σ(d) to 
growth of hole and electron relaxation time with a decrease in film thickness Growth of relaxation 
time leads to growth of mobility and conductivity of carriers. Much later [50] the same authors 
showed that doping of bismuth films with antimony (4 at.%) results in the average resistance growth 
over the entire range of investigated thicknesses, as well as in the growth of its amplitude and 
oscillation period from ~ 260 to 650 Å, that is, more than twice. Such results allowed making a 
principal conclusion that in structurally perfect bismuth films the resistance oscillations are related 
exactly to spectrum parameters, and not to some other accidental reasons. 

The run of the electrical conductivity oscillation dependence on the thickness of antimony thin 
films is in full agreement with the respective theoretical dependence of V.B. Sandomirsky [32], 
namely the electrical conductivity drops with a decrease in thickness [51]. This marks it off 
qualitatively from the respective dependence for bismuth films with the anomalous size effect. 
Reduction of σ in antimony films can be related to degradation of structural characteristics of films with 
a decrease in thickness, as testified by amplitude reduction and quantum oscillation blurring. 

The authors of [52] have demonstrated for bismuth films that oscillation amplitude depends on 
their structural perfection and, as a rule, is larger for areas close to maximum thickness, where quality 
of films is higher due to a perpendicular drop of a molecular beam. According to experimental data, 
the oscillation amplitude for films less than 100 nm thick with a decrease in thickness is markedly 
reduced instead of considerable growth expected by theory. The authors assumed that damping of 
oscillations is related to spectral deformation close to surface due to the influence of surface states.  

In [30], tunneling spectroscopy method was used to evaluate the Fermi energy in bismuth film 
within (0.02 ÷ 0.027) eV, as well as the effective mass of electrons in Bi mef Bi ~ 0.012m0. As can be seen, 
the Fermi energy values in Bi films are close to known Fermi energy values in the bulk bismuth, and 
measurement of effective mass by tunneling spectroscopy method is in good agreement with the known 
value of this quantity from measuring de Haas-van Alphen effect. In work [53], for Bi films on KBr 
substrates there was revealed a displacement of optical absorption red boundary with a change in film 
thickness, that is, a change in the energy gap width, which is a consequence of quantum size effect. 

According to [54], a decisive influence on the oscillation dependences of kinetic coefficients on 
the thickness of Bi films evaporated in vacuum on mica substrates is produced by substrate 
temperature in the course of growing. Thus, a reduction of substrate temperature from Tп = 380 K to 
room temperature leads to smoothing out the oscillations and reducing maximum values of kinetic 
coefficients. This effect is attributable to a higher degree of structural perfection of films grown at a 
higher substrate temperature. Besides, this work highlights growth of all kinetic coefficients with 
increasing film thickness to ~ 200 with a subsequent attainment of saturation. It is assumed that critical 
thickness of Bi films which corresponds to"semimetal-semiconductor" transition is d = 25 ± 5 nm. 
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Quantum size effect in the field of semiconductor materials is characterized by the largest 
number of works, especially as regards IV – VI compounds. A good many of these works are not only 
of scientific, but also of applied importance, so the main emphasis on these papers will be placed in 
the next section of this review. 

One of conditions for observation of quantum size effect in semiconductors is electron gas 
degeneracy. Experimental and theoretical studies show that in semiconductor thin films the energy 
spectrum of electrons is of quasi-discrete nature. A low density of states in conduction band leads to 
electron gas degeneracy in it. Thus, dependences of electrical resistivity ρ, the Hall coefficient RH, 
mobility μ = RH/ρ on thickness d of n-type Sb films are of oscillation type. At d ≤ 300 Å one can see a 
drastic growth of ρ which is mainly caused by carrier concentration decrease. The authors interpret this 
effect as removal of electron gas degeneracy [55]. 

Oxidation processes occurring in thin film structure produce a very serious effect on its 
properties. Thus, in our earlier works [56, 57] and in the works by E.I. Rogacheva it was shown that 
oxygen effect on lead chalcogenide thin films causes growth of n-type carrier concentration in them. 
Finally, in the initially n-type films this leads to the inversion of predominant carrier sign from n to p. 
Based on the results of works [58 – 61] it can be said that coating of  films with a thin layer of EuS 
(≈ 30 nm) protects them completely from oxidation. In these works, oscillations of thermoelectric 
parameters in IV-VI PbSe, PbS, PbTe thin films are investigated. The KCl substarte (mica for PbTe) 
and EuS surface layer (Al2O3 for PbTe) provided a quantum well for carriers in the film layer. 
Estimation of oscillation period Δd of TE parameters by the known value of charge carrier effective 
mass and the Fermi energy (εF) demonstrates a good agreement with the experiment for PbTe QW, 
and a fuzzy match with the experiment for PbSe, PbS QW. Such a mismatch in the experimental and 
theoretically calculated oscillation period is attributed by the authors to simplifications in the 
employed model, namely to isotropy and parabolicity of conduction band, mirror scattering of charge 
carriers, identity and infinite height of quantum well walls. Comparison of d-dependences of TE 
parameters of nanostructures of stoichiometric and with 2 at.% lead excess (001) KCl/PbTe/EuS has 
shown that lead excess results in growth of n-type carrier concentration, increase of maximum value of 
thermoelectric power factor S2σ, as well as displacement of maxima of oscillation dependences σ(d) 
and S2σ(d) to the right toward a larger thickness of PbTe condensate, and for S(d) – to the left [62]. 
Thus, a change in charge carrier concentration preserves general oscillation character of  
d-dependences of thermoelectric parameters in quantum wells of KCl/PbTe/EuS nanostructure, though 
the extreme positions in this case are displaced. 

A good agreement between the experimental and theoretical oscillation period in QW model 
with infinite walls is observed in the dependences of TE parameters on the thickness of p-SnTe layer 
in KCl/n-РbТe/p-SnТe/n-РbТe/EuS heterostructure. In so doing, the thicknesses of the lower and upper 
PbТe layers were kept constant (d1

PbTe ≈ 40 nm and d2
PbTe ≈ 10 nm), and the thickness of SnТe layer 

varied within dSnTe = (0.5 – 6.) nm [63]. 
The d-dependences of TE parameters of nanostructures р-SnTe [64, 65], PbTe:Bi [66] on mica 

and PbTe on polyamid [67] without the external protective layer are also of oscillation nature. In this 
case quantum well for carriers is realized due to two barriers: the substrate and the layer on structure 
surface strongly enriched in acceptor centers. In the case of a polycrystalline structure oxygen 
diffusion can be attended with formation of a thin absorbed layer on the surface of each 
nanocrystallite; then quantization of the energy spectrum of carriers will occur within each crystallite. 
The authors of the above mentioned works note that maxima in the d-dependences of electrical and 
kinetic parameters are also governed by the mechanisms of condensate growth. 
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3. Nanostructured thermoelectric materials 
In semiconductor nanomaterial research three basic nanoobjects are introduced: two-dimensional 

quantum wells, single-dimensional quantum wires and zero-dimensional quantum dots. Based on these 
three objects, superlattices and composites of various types are being designed today. Calculations show 
that changing the characteristic size of quantum wells, wires and dots, one can increase considerably the 
values of thermoelectric power factor P = S2σ and thermoelectric figure of merit ZT. It is primarily due to 
the fact that size reduction leads to a change in the electron density of states.  

3.1. Superlattices 

Experimental validation of the possibility of increasing the Seebeck coefficient on which the 
basic hopes related to low dimensional systems had been initially pinned was demonstrated in 
PbTe/Pb1-xEuxTe QW superlattices [7]. Using a molecular beam epitaxy method, on (111) BaF2 
substrates one first grew a buffer layer PbTe/Pb0958Eu0.042Te 200 nm thick, and then 
PbTe/Pb0927Eu0.073Te QW superlattice proper with the number of periods from 100 to 150. The 
thicknesses of PbTe layers varied between 17 and 55 Å, and the thickness of Pb0958Eu0.042Te barrier 
layers was nearly 450 Å. Carrier concentration was varied with the use of Bi donor atoms in barrier 
material. By this means, n-type conduction was achieved in quantum well conduction band. 
Measurement of resistivity, the Hall and Seebeck coefficients was carried out in the direction parallel 
to superlattice layer planes at 300 K. As a result, growth of TE power was recorded with a reduction of 
PbTe layer thicknesses and increase of n-type carrier concentration (Fig 5). It was also experimentally 
shown that the Seebeck coefficient of single PbTe QW with Pb0958Eu0.042Te barriers is equal to S of a 
sample of multiple quantum wells. In so doing, the experimental points for TE power S2n fell rather 
well on the theoretical curve for PbTe/Pb0927Eu0.073Te QW (Fig. 5). 

 

Fig. 5. Experimentally found coefficient S2n for PbTe/Pb0.927Eu0.073Te QW superlattices as a function of PbTe 
layer thickness at Т = 300 K. Continuous line represents a theoretical model [7]. 

An important feature of superlattices is their ability to reduce lattice thermal conductivity as 
compared to the bulk materials. Selective transmission of high-frequency phonons is observed in 
direction transverse to layer thickness [68]. Thus, thermal conductivity of Si/Ge QW superlattices with 
the period (130 – 300) Å has the value close to 2 W (m⋅K)–1, that is half as large as that of Si0.85Ge0.15 
alloy films with thermal conductivity (4 – 5) W(m·K)–1. Besides, a decrease in period value of such a 
superlattice leads to growth of lattice thermal conductivity [69]. The same halving of thermal 
conductivity in a direction perpendicular to layers was observed in Bi2Te3/Sb2Te3 QW superlattices 
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with periods (40 – 120) Å [70], which is supported theoretically [71]. 
Theoretical calculations show that in superlattices with a complex structure of unit cell where 

each period consists of three, four and larger number of layers, a more essential reduction of thermal 
conductivity is possible [72, 73]. A record-breaking value of thermoelectric figure of merit 
ZT = 2.4 was observed in p-type Bi2Te3/Sb2Te3 QW superlattices at 300 K with Bi2Te3 and Sb2Te3 layer 
thicknesses 10 and 50 Å, respectively. In so doing, lattice thermal conductivity was 0.22 W (m·K)–1, 
and superlattice structure itself had no effect on the hole mobility that was identical along and across 
the layers and almost twice exceeded the hole mobility in BiSbTe3 alloy. In n-type PbTe/PbTe0.75Se0.25 
QW superlattices with a high electron concentration (1019 сm–1), grown by thermal evaporation in 
vacuum, there is also a twofold thermal conductivity reduction as compared to films of PbTe0.75Se0.25 
alloy to 0.5 W(m·K)–1. The ТЕ figure of merit for such a superlattice is ZT = 0.63 at 300 K in a 
direction perpendicular to layers and ZT = 1.75 at 425 K – parallel to layers, exceeding considerably 
the respective values for the bulk PbTe. 

New technological procedures, in particular, molecular-beam epitaxy and realization of the 
Stranski-Krastanov growth mechanism enabled creation of quantum dot structures. Until recently, 
optoelectronics has been considered the main area for application of quantum dot arrays. Starting from 
2000, the theoretical and experimental works came out that stipulated possible major increase in 
thermoelectric figure of merit in superlattices and proved it experimentally [74, 75]. The value of such 
superlattices lies in a simultaneous realization of two strategies: phonon scattering on the flat layers of 
randomly distributed quantum dots without essential effect on the electron subsystem, as well as 
increase of power factor S2σ due to quantum size effects. 

The foregoing is confirmed in work [76]. On BaF2 substrates, using a molecular-beam epitaxy 
method, PbSe0.98Te0.02/PbTe QD superllatices of thickness 100 μm and size (1.8 × 1.8) сm2 were grown. 
Typical sample of such a superlattice was composed of 8005 periods, 13 nm thick each. In so doing, due 
to doping with bismuth, from the source of Bi2Te3 effusion cell there were obtained n-type QD 
supertlattices. In fact, quantum dots were formed in PbSe0.98Te0.02 layers. By changing the level of doping 
and growth parameters, there were obtained 15 samples of PbSeTe/PbTe QD superlattices with different 
thermoelectric figure of merit ZT and the Seebeck coefficient S (Fig. 6) [76]. It can be seen that the 
Seebeck coefficient growth attends the increase in ZT value from ~ 1.4 to ~ 1.7. For a sample with the 
highest ZT in nitrogen atmosphere at pressure ~1 atm there was revealed a predominance of metallic 
behaviour (growth) of resistivity with temperature over the increase of the Seebeck coefficient, which is 
the reason for reduction of S2σ value (Fig. 7). Note also that in 2002 the authors of [76] reported on 
ZT = 2 at 300 K in PbTe/Pb1-ySnyTe1-xSex QD superlattices with x = 98%, y = 16% [77]. 

Let us consider in more detail the mechanisms responsible for these results. First, for 
PbSeTe/PbTe QD superlattices a drastic reduction of lattice thermal conductivity (κL) gives the value 
of general thermal conductivity in the range of (0.58 – 0.62) W/(m·K) [77]. Evaluation of electron 
thermal conductivity κE together with the use of the Wiedemann-Franz law allows obtaining 
κL ≈ 0.33 W/(m·K) (still lower values are possible in a quarternary Pb0.84Sn0.16Se0.98Te0.02/PbTe) QD 
superlattice. With regard to the fact that lattice thermal conductivity of equivalent disordered alloy 
PbSeTe κL ≈ 1.25 W/(m·K), it can be said that the effect of quantum dots lies in reducing κL almost by 
a factor of 4, and, possibly, even more for a quarternary QD superlattice. On the other hand, up to 
concentration 2·1019 сm–3 the mobility of carriers in lead chalcogenides is weakly dependent on doping 
level [77]. Another mechanism responsible for ZT increase in QD superlattices lies in growing the 
Seebeck coefficient which proves to be higher than in the bulk materials with the same density of 
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carriers. In Pb0.98Sn0.02Se0.13Te0.87 QD superlattices with a mobility higher than 500 сm2/(V·s) the 
thermoelectric power factor S2σ is rather high. The task of further theoretical efforts is to explain such 
a behaviour which, apparently, is related to quantum-size effects. 

 
Fig. 6.Dependence of thermoelectric figure of merit on the Seebeck coefficient for different samples  

of n-type PbSe0.98Te0.02/PbTe QD superlattices at 300 K [76]. 

 
Fig. 7. Dependence of the Seebeck coefficient (rhombs), electrical resistivity (circles) and  

power factor (triangles) on temperature for different samples of  
n-type PbSe0.98Te0.02/PbTe QD superlattices at 300 K [76]. 

Theoretical calculations also show that in the case of meeting the conditions for formation of 
minibands in Ge QD superlattices in p-type Si and selection of superlattice parameters such that 
transport took place in one miniband of sufficient width, it is possible to increase carrier mobility, the 
Seebeck coefficient and, accordingly, the TE figure of merit [78]. 

Note that despite a series of theoretical works on the research of TE properties of individual 
nanowires, at the present time there is no procedure for growing superlattices on their basis. Instead, 
there exists a technology for creating arrays of single-dimensional nanowires, in particular, on the 
basis of bismuth alloys, inside the pores of aluminum anodic samples [79]. 

3.2. Composites 

Research on thermal conductivity mechanisms in superlattices has lead to the conclusion that 
for thermal conductivity reduction a periodic structure is not mandatory. This accounted for the 
development of composite thermoelectric materials [80]. Nanocomposite is a bulk thermoelectric 
material (host) that comprises components of nanometer scale. Introduction of many surfaces into host 
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material allows due to scattering surface to reduce the thermal conductivity, as well as with the help of 
energy filtration of carriers or quantum restriction to increase the Seebeck coefficient S. In so doing, 
growth of S must compensate with excess the electrical conductivity reduction, thereby increasing the 
TE power factor. Such materials are easily processed and can be united into a series of desirable shape 
to be used in the instruments. Due to their design, nanocomposites must have a lower thermal 
conductivity than the alloys with the same rated composition of components. 

Different research groups proposed various procedures for synthesis and processing of these 
materials [81, 82] that are united by a series of general fundamental concepts but differ in the details of 
their implementation. For instance, for the preparation of nanoparticles one employs the wet chemistry or 
ball milling methods, or the inert gas condensation method [83]. Thus, for SixGe1-x alloy the prepared 
nanometer particles of Si and micrometer particles of Ge were pressed in the hot state under a pressure of 
plasma or in argon at 1333 K. This procedure made it possible to obtain hard, mechanically strong bulk 
nanocomposites with a density close to theoretical. In this way, a disc of diameter 2.54 сm and samples 
of other shapes were prepared. To control the integrity of nanoparticles during all processing stages, use 
was made of XRD-method technology, scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). Such investigations confirmed the previous theoretical predictions of the importance 
of attainment in the experimental sample of TE nanocomposite density close to theoretical, especially 
with regard to nanometer particles [83]. 

Model calculations that are used for the selection of optimal technological parameters in the 
course of preparation of nanocomposite materials are based on two approaches: 1) solution of the 
Boltzmann equation for a unit cell that comprises aligned nanoparticles with periodical boundary 
conditions introduced with regard to thermal flux direction and with a fixed temperature difference 
through each cell, as well as with surface reflectivity and relaxation time used as input parameters 
[80]; 2) the Monte-Carlo method is also employed in the case of disordered size, orientation and 
particle distribution [84]. Such calculations show that in SixGe1–x nanocomposites in the range of 
0.2 < х < 0.8, when nanoparticles have a size of order 10 nm, the thermal conductivity can be 
considerably reduced as compared to alloy of the same composition. Besides, with increasing the 
volume fraction of Si nanoparticles in Ge host material, there is a drop in thermal conductivity which 
is completely different from SixGe1–x alloy where the thermal conductivity grows with increasing Si 
concentration [85]. This is explained by the fact that nanoparticle size 50 nm and less creates the 
respective restriction for mean free path, so thermal conductivity κ becomes more sensitive to sound 
velocity and specific heat. With increasing the volume fraction of Si, the main mechanism for 
reduction of silicon effective thermal conductivity is scattering [85].  

Apart from composites with a disordered distribution of nanoparticles which, when sufficiently 
small-sized, can be considered to be quantum dots, there are also composites with randomly 
distributed nanowires. According to calculations, Si-Ge nanocomposites with Si wire diameter  
(10 – 50) nm can have a lower thermal conductivity than in Si-Ge superlattices (polylayers) with the 
same film thickness and in the same SixGe1–x stoichiometry (at х > 0.60) [86]. This indicates the 
possibility of substitution of expensive superlattices by cost-effective nanocomposites having a lower 
thermal conductivity. Fig. 8 shows a dependence of thermal conductivity on the interface area per unit 
volume of Si nanoparticles and nanowires in Ge host material obtained by Monte-Carlo simulation [1]. 
The value of minimum thermal conductivity was taken from work [87]. As can be seen, when the 
interface area per unit volume exceeds 0.08 nm–1, the nanocomposite thermal conductivity is lower 
than in the bulk alloy for the same sample types. These results testify to the fact that for achieving a 
low thermal conductivity the ordered structures are not mandatory. 
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Fig. 8. Design thermal conductivity of 
nanostructured materials with inhomogeneities of 

different size and shape [1]. 1 – 3-dimensional 
ordered 10 nm cubic particles; 2 – 3-dimensional 
ordered 50 nm cubic particles; 3 – 3-dimensional 

ordered 200 nm cubic particles; 4 – 3-dimensional 
particles disordered in size  

and location; 5 – 3-dimensional 10 nm particles 
disordered in location; 6 – 3-dimensional  

imperfect fcc-lattice, 10 nm cubic particles; 
 7 – 2-dimensional ordered 10 nm nanowires;  
8 – 2-dimensional ordered 50 nm nanowires. 

A theoretical model constructed in work [88] has shown that short-wave phonons in a 
nanocomposite are mainly scattered on point defects of host material, whereas nanoparticles scatter 
phonons with the average and long wavelengths. In the same work for In0.53Ga0.47As alloy with ErAs 
inclusions there was experimentally revealed a considerable reduction of thermal conductivity and, 
hence, the TE figure of merit increase of this material by a factor of two. A reduction of thermal 
conductivity was also recorded for Zr0.5Hf0.5Ni0.8Pd0.2Sn0.99Sb0.01 nanocomposite from 3.6 W(m·K)–1 in 
the absence and to 2.5 W (m·K)–1 in the presence of a volume fraction of ZrO2 particles at Т = 700 K. 
In so doing, the increase in volume fraction of ZrO2 particles lead to growth of the Seebeck coefficient 
modulus and to the TE figure of merit ZT = 0.75. It was established that thermal conductivity of 
nanostructured Si samples with granule size 10 – 30 nm was reduced by an order with regard to the 
bulk silicon, and introduction of 5% of Ge atoms reduced thermal conductivity by another factor of 2 
to the value of 5 – 6 W (m·K)–1. The TE figure of merit of such Si0.95Ge0.05 sample was 0.95 at 900 K 
[89]. Doping of PbTe with silver and antimony results in formation of AgPb2nSbTe2n+2 compound 
together with nanosized AgSb inclusions, which eventually yields ZT = 2.2 at 800 K [90]. Growth of S 
and reduction of thermal conductivity κ is also observed in sintered polycrystalline samples of n-type 
PbTe with grain size reduction from 4 to 0.7 μm [91]. The same is observed in nanogranulated PbTe 
samples with grain size (30 – 50) nm. 

Note that at room temperatures the TE figure of merit of nanocomposites remains very low as 
compared to superlattices, so intensive efforts are being pursued in this direction now. 

3.3. Nanoobjects: quantum wells, quantum wires and quantum dots 

Research on individual nanoobjects in thermoelectricity is faced with a number of objectives. 
First, study of thermoelectric characteristics of an individual quantum well allows selecting optimal 
characteristics of a superlattice with rather high barriers in the case of transport along the plane of its 
layers. The same can be said of a quantum wire in quantum wire arrays of certain matrix. Information 
on the optimal geometrical characteristics of an individual nanowire can be used for synthesis of 
composites with their random distribution. Besides, it is important to understand transport in 
nanostructures with a periodical sequence of quantum dots. Also, a need in such studies is caused by 
purely scientific interest in quantum size effects and scattering processes in nanostructures. 

The authors of [92] performed a systematic theoretical analysis of electron states and transport 
processes in the n-type PbTe/Pb1–xEuxTe quantum wells. In so doing, carrier scattering on the optical 
and acoustic phonons was taken into account. With regard to interssubband transitions, a variation 
method was used to solve the kinetic equations and determine the dependences of thermoelectric 
parameters on the well width for QW structures with crystallographic orientations [100] and [111] and 
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with different charge densities. It was established that power factor (S2σ) is larger for QW with 
orientation [100]. In so doing, a reduction in potential barrier (U), with a constant charge density, leads 
to a reduction of power factor. However, the latter can be increased due to increase in allowed carrier 
concentration. Hence, at U = 250 meV, d = 20 Å, n = 5·1018 сm–3 the expected values of power factor  
are 175 μWсm–1K–2 and 108 μWсm–1K–2 for orientations [100] and [111], respectively. Experimental 
validation of previously obtained results for d-
dependences of thermoelectric parameters of QW [111] 
PbTe/Pb1–xEuxTe with x = 0.073 (U = 171 meV) at 
300 K is given in [93]. In this work, a reduction of 
power factor with growing potential barrier height from 
U = 171 meV to U = 250 meV with a constant 
concentration of n is recorded. This effect is 
attributable to drop of σ and S which is due to more 
localized wave functions in a deeper potential well. 
However, in deeper wells a possibility emerges to raise 
the optimal density of carriers. Certain discrepancy 
between the experimental and calculated data is 
attributable to the emergence of a new subband close to 
the height of potential barrier which appears at 
d = 50 Å, and since a continuous spectrum is not taken 
into account, calculations for this d are less precise. In 
[94] solution of kinetic equations by iterations method 
allowed analysing the thermoelectric figure of merit of 
PbTe/Pb1–xEuxTe QW in a wide range of well widths 
and carrier concentrations (Fig. 9). As is apparent, at 
maximum carrier concentration (n = 1019 сm–3) and with orientation [100], ZT attains the value of 1.3 
at Т = 300 K. 

Due to the complexity of measuring thermal conductivity of thin films, the experimental works 
on measuring their TE parameters are often restricted to thermoelectric power factor S2σ. Comparison 
of thickness dependences of S2σ in IV – VI thin films shows that  the highest value of this coefficient 
S2σ ≈ 90 μWсm–1K–2 can be achieved in PbSe films [58-63]. Besides, works [62, 66] experimentally 
support the above theoretical predictions as to S2σ increase due to growth of major carrier 
concentration. In work [62] the concentration of n-type carriers in PbTe films was increased due to Pb 
excess in the output batch, and in [66] – by doping of lead telluride with bismuth. Although PbTe 
films doped with Bi were not protected from oxidation, maximum S2σ values in both cases proved to 
be commensurate (S2σ ≈ 30 μWсm–1K–2). Such S2σ value proves to be larger than in other known 
nanostructures based on PbTe and Bi (Fig. 10). 

Here regard must be paid to the following. The oscillation periods of TE parameters in QW 
theoretically calculated by the known Fermi energy for the bulk samples not always coincide with 
those determined experimentally. This, in particular, can be related to model oversimplification: 
failure to take into account the presence of impurities and other defects both on the surface and in the 
bulk, the anisotropy of energy levels and nonparabolic dependence of charge carrier energy on quasi-
impulse. Besides, the model does not take into account the specific layered structure and the 
nonidentity of barriers at the interfaces. 

 
Fig. 9.Dependence of thermoelectric figure of 

merit of PbTe/Pb1-xEuxTe quantum wells on the 
well width for[100] (curves 1, 2, 3) and [111] 

(curves 1́, 2 ́, 3́) orientations. Carrier 
concentration n, сm-3: 1018 – curves 1, 1 ́;  

5·1018 – curves 2, 2 ́;  
1019 – curves 3, 3 ́,Т = 300 K [94]. 
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Fig. 10. Dependences of thermoelectric power factor S2σ on the layer thickness: stoichiometric  
(curve 1) and with 2 at.% of excess lead (curve 1׳) PbTe in  

KCl/n-PbTe/EuS nanostructure [62]; Bi grown at Tп1 = 380 K (curve 2) and Tп2 = 300 K  
(curve 2′) in mica/n-Bi/EuS structure [54]; and Bi in mica/PbTe/Bi/Al2O3  

heterostructure (dPbTe = 50 nm) (curve 3) [54] at T = 300 K. 

As regards quantum wires, as previously mentioned, the greatest promise in this area is shown 
by bismuth based materials. Theoretical calculations show that a reduction of nanowire diameter 
leads to growth of its ZT. In particular, in [95] it is shown that with a diameter of 5 Å in Bi2Te3 wire 
at room temperature ZT = 14. These results were confirmed in theoretical works [96, 97] for Bi 
quantum wire. Note that calculations in all these works were performed in the approximation of 
constant relaxation time. In theoretical works [98, 99] for free GaAs and Si nanowires there was 
revealed a reduction of its thermal conductivity with a decrease in diameter. Calculations [99, 100] 
for III – V and II – VI semiconductors showed that 
the reduction value of nanowire thermal conductivity 
against the bulk samples depends on the ratio of 
atomic masses of compound components. In so doing, 
the largest value of thermoelectric figure of merit 
ZT ≈ 6 can be achieved in free InSb and InAs quantum 
wires (Fig. 11) [101, 102]. 

Experimental investigations of the temperature 
dependence of the electrical resistivity of Bi nanowires 
of diameter 9 and 15 nm in aluminum oxide matrix 
show that such samples possess semiconductor 
properties with the energy gap width 0.17 – 0.4 eV. The 
Seebeck coefficient at room temperature proved to be 
higher in the samples of diameter 9 nm and made 
2·104 μV·K–1. The thermoelectric figure of merit of pressed powder of Bi2Te3 nanotubes obtained by 
hydrothermal synthesis at Т = 450 – 500 K is approximately equal to unity [103]. Measuring the TE 
figure of merit of easy to produce silicon nanowires of diameter 20 – 300 nm due to their thermal 
conductivity reduction by two orders against the bulk samples gave the value of ZT ≈ 0.6 at room 
temperature [104]. 

Works [105 – 108] demonstrate the possibility of experimental synthesis of quantum dot 
superlattices along nanowires (other names: quantum dot stacks, superlattices in quantum wire), and in 

 
Fig. 11. Dependence of design figure of 

merit ZT on the diameter of  
InSb, InAs, GaAs and InP nanowires [102]. 
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work [109] calculations were made with indication of parameters that must be controlled to improve 
the operating efficiency of this superlattice type. It was established that owing to diameter-independent 
subband energy, potential barrier regions and the bulk heterostructure wells can be inverted into 
quantum dot stacks. In so doing, the dependence of thermoelectric figure of merit ZT on nanowire 
segment length is of a nonmonotonic oscillation nature (Fig. 12). It is seen that the optimal segment 
length of n-PbSe/PbS quantum dot stack is nearly 3 nm for both orientations [001] and [111] with ZT 
value 4.4 and 3.7, respectively (Fig. 12, а). Note that p- and n-type quantum dot stacks of respective 
diameters have a similar dependence of ZT on segment length (Fig. 12 a, b). In so doing, ZT for  
p-PbSe/PbS quantum dot stacks is 6.2 and 4.4 with segment lengths ~ 2 nm and ~ 4 nm for [001] and 
[111] orientations, respectively (Fig. 12, b). The p-PbSe/PbS quantum dot stacks have somewhat 
higher ZT value than n-type wires (Fig. 12 а, b). The reason for this can be a lower effective mass of 
holes than of electrons in PbSe and PbS. From Fig. 12, c it is seen that for n-PbSe/PbTe quantum dot 
stacks of diameter 10 nm the oscillation behaviour is less pronounced than for 5 nm. For these 
quantum dot stacks of diameter 5 nm the optimal ZT values are 6.4 and 8.1 for segments of length 
2 nm and for both orientations [001] and [111] (Fig. 12, c). In general, it can be noted that PbSe/PbTe 
quantum dot stacks possess better thermoelectric figure of merit than their PbSe/PbS analogs, which is 
attributable to larger carrier anisotropy and lower effective masses of PbTe than in PbS, which assure 
a larger density of states and lower effective masses in nanowires than in the bulk materials [109]. 

  

а) b) 

 

 

c) 

Fig. 12. Dependence of thermoelectric figure of merit ZT of n-PbSe/PbS (а), p-PbSe/PbS (b) and  
n-PbSe/PbTe (c) nanowire superlattices of different diameters on heterostructure segment  

length for [001] (––) and [111] (---) orientations at 77 K [109]. 
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In 2010 in the theoretical works by V. Fomin and P. Kratzer there was revealed high sensitivity 
of ZT coefficient to the Fermi energy value and, respectively, to carrier concentration in InAs/GaAs 
quantum dot stacks. Thus, at certain Fermi energy values the ZT value of InAs/GaAs quantum dot 
stacks is almost equal to zero, and at other values, rather close to previous ones, the thermoelectric 
figure of merit reaches the value of ZT = 3 [110, 111]. 

Conclusions 
This paper is a review of the basic theoretical and experimental works dedicated to the influence 

of quantum size effects on the thermoelectric properties of nanostructured materials. The main strategies 
and concepts in this direction are highlighted. It is shown that the main factor for revival of interest in 
thermoelectricity in the early 90-s was the possibility of thermoelectric figure of merit improvement due 
to material size reduction. Experimental measurements of the TE figure of merit of superlattices based on 
quantum wells and dots, composites based on quantum wires and dots, nanowire arrays, as well as 
individual nanoobjects have partially confirmed previous theoretical foresights.  

To understand the ways for thermoelectric figure of merit enhancement, the main objective 
today lies in the development of theoretical models of influence of quantum size effects on the 
electron and phonon subsystems of nanostructures. The prerequisite for achievement of desirable 
thermoelectric figure of merit is development of a technique for fabrication of nanostructures with the 
assigned average size of particles, their distribution according to size and density that should be 
maintained during creation and processing, as well as in operation. 

The work was performed within the state budget scientific research project № 0111U001766 of 
the Ministry of Education and Science, Youth and Sports of Ukraine, the State Foundation for 
Fundamental Research, the State Agency for Science, Innovation and Information of Ukraine 
№ 0110U007674 and the National Academy of Sciences of Ukraine № 0110U006281. 
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