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THERMOELECTRIC NANOSTRUCTURES:  
PROS AND CONS 

 
 

The limits for increase in the figure of merit Z and power W of thermoelectric materials (TEM) at 
nanostructurization are determined. It is shown that parameters Z and W of nanostructures (NS) vary 
due to the transitions λph  and λe  a in TEM. (Here, a is interatomic distance, λph and λe are 
average mean free paths of phonons and electrons in the samples). It is found out that in the range 
1 ~ λрh/a < λe/a < 2 – 3 the transition λe  a can be used for a simultaneous increase in the Z and W 
of TEM. It is established that NS TEM with the simultaneously increased parameters Z and W can 
effectively work in maximum power mode in thermoelectric power converters. Some negative 
characteristics of NS TEM are also revealed. It is optimal carrier concentration mismatch of TEM 
parameters Z and W, increase in the electrical and thermal contact resistances, as well as 
development of diffusion instability of samples at high temperatures Т > TT ~ 0.5 Tm ~ 400 – 500 K. 
(Here, TT is the Tammann temperature and Tm is material melting temperature). 
Key words: thermoelectricity, figure of merit Z and power W, nanostructures (NS). 

Introduction 
At the present time many researchers study the properties of nanosized material particles 

(x ~ 10–9 m), as well as the bulk heterogeneous nanostructures (NS) formed on their basis with a small 
identity period х = 1 – 100 nm [1]. It was found that the properties of such NS can differ considerably 
from the properties of homogeneous crystalline materials, which is generally related to the impact of 
surface and (or) quantum-size effects [2]. Thus, for a series of NS thermoelectric materials (TEM) there 
was a considerable increase in the thermoelectric figure of merit Z = W/κ (up to 5 times and more) and 
power W = α2σ (up to 1.5 – 2 times) at room temperature (Table 1). (Here α is the Seebeck coefficient, σ 
and κ = κL + κe are the electric conductivity and thermal conductivity, κL and κe are the lattice and 
electron components of thermal conductivity) [3-4]. The maximum figure of merit values 

 1 3/2 3/2 1
max max~ ~  ,r

p d pZ W Nm T e− −κ μ κ  (1) 

are known to be achieved in TEM at temperatures Tmax = Eg/bk0 that are determined by the onset of 
intrinsic conductivity development in the samples. (Here N is the number of equivalent extremums in 
conduction band (valence), md is the effective mass of the density of states in a separate extremum, 
μ = σ/(en(p)) is mobility, e is elementary charge, n(p) is electron (hole) concentration in the samples, T 
is absolute temperature, r is scattering parameter, Eg is energy gap width, k0 is the Boltzmann constant, 
b = 5 – 10 is the coefficient that varies depending on the ratio between electron and hole mobilities 
a = μe/μp in the samples) [3-4]. It is generally assumed that at the transition “crystal  NS” the band 
structure of TEM is not changed (N, md ~ const) [1]. In so doing, increase in Zmax of NS TEM is 
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attributable to a decrease in κL and increase in r due to additional scattering of phonons and electrons 
(holes) on the inhomogeneities with х = 1 – 100 nm (Table 1) [1, 2]. Research on NS TEM is a new 
promising direction of modern material science. Here, alongside with the evident advantages of NS 
TEM, some of their essential shortcomings were revealed. Thus, increase in Z of samples is, as a rule, 
accompanied by a reduction of σ and W, which complicates the use of NS TEM in power thermoelectric 
converters (TEC) (generators (TEG), coolers (TEC), heaters (TEH)), operated in maximum power mode 
[1]. Moreover, NS TEM are also characterized by complexity and high cost of fabrication, toxicity and 
reduced reproducibility of characteristics [5]. The major fault of NS is their instability (morphological, 
diffusion, chemical), which becomes apparent in the process of manufacture, storage and operation of 
samples [1, 2]. Finally, installation of NS into TEC entails additional problems related to optimization of 
materials and connection of legs [1-6]. The purpose of this work was all-round analysis of the strong and 
weak points of NS TEM, as well as determination of the immediate prospects of their use in TEC. 

1. Preparation and properties of NS TEM 
1.1. Formation of PGEC phase 

The bulk NS TEM were obtained by different methods that can be conventionally classified as 
“artificial” and “natural” (Table 1) [5-14]. In the former case the necessary identity periods x in the 
samples were assigned by means of additional technological operations (grinding with subsequent 
sintering, evaporation and epitaxial growth of nanolayers, introduction of “quantum dots”, irradiation, 
etc.) (Table 1) [5, 7-9]. In the latter case (less expensive and promising one) the nano-like TEM 
structures were obtained “spontaneously” as a result of “self-organization” of initially homogeneous, 
nonequilibrium samples, with various phase transitions (decomposition of oversaturated solid solutions, 
superstructural transitions, doping and self-doping of disordered phases, etc.) (Table 1) [6, 10-14]. In all 
cases the researchers’ immediate objective was to obtain from TEM the “phonon glass-electron 
crystal” phase (PGEC) (Table 1) [2]. The PGEC is a partially disordered phase of TEM which is 
characterized by low thermal conductivity κL inherent in amorphous materials, and high electric 
conductivity σ, typical of crystals [1, 2]. As a result, at the transition “crystal  PGEC” considerable 
growth of TEM parameter Z can be observed [1]. The possibility of PGEC phase formation in TEM is 
related to the difference in average mean free paths of phonons and electrons in crystals: 

  3 /ph ph CVλ = κ  (2) 

and 

 ( )1/2 2 2 1/32 / / (3 / ) / ,e F d cv E m m e ћ n N eλ = τ = μ = π μ  (3) 

where С = Сmol d/M is heat capacity of volume unit, Сmol is molar heat capacity, d is density, M is 
molecular mass, V is sound velocity, v and τ = τ0 E r – ½ is velocity and average in energy E relaxation 
time of electrons or holes, r is scattering parameter, τ0 is energy-independent factor, EF is the Fermi 
energy, e is the unit cell, μ is current carrier mobility, N = md/mc is the number of extremums in the 
band, mc and md are the effective masses of conductivity and density of states of electrons (holes) in 
the samples [15, 16]. As a rule, for crystalline semiconductors we have: a << λph << λe (here 
a ~ 0.3 nm is interatomic distance) (3, Fig. 1) [16]. However, crystalline TEM were selected from 
semiconductor materials by Zmax criterion (1). Therefore, they are noted for low κр values and high N, 
which according to (1) and (2), determines low λph and λe values in the samples (Fig. 1) [15-19]. Thus, 
TEM turn to be closer to the transitions λph  a and λe  a than conventional semiconductor 
materials, which facilitates formation of PGEC phase in the samples [16]. 
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Table 1 
Change in the properties of crystalline samples at “artificial” and “natural” nanostructurization  

of TEM by different methods 
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As long as the transition λph  a in TEM is generally terminated sooner than the transition λe  a, in 
the range 

  ph ea = λ < λ  (4)  

formation of PGEC phase appears to be possible (5, 6, Fig. 1) [16]. 

 

Fig. 1. Dependence of mean free path of phonons λph/a and electrons λe/a (2) on scattering factor (3 – 7). 
Samples: 3 – solid semiconductors; 4 – 7 – TEM; 5 – 6 – PGEC phase; 7 – amorphous bodies. 

Materials: 4 – PbTe [1, 6]; 5 – PbTe/PbSeTe (1 ~ λph/a < λe/a) [7]; 6 – TAGS (1 ~ λph/a < λe/a < 2 – 3) [6, 10]; 
7 – Cu1.99Se (1 ~ λph/a ~ λe/a ) [11-13]. Temperature, Т, K: 5 – 300; 4 – 600; 6, 7 – 700. 

1.2. λ-diagnostics of NS TEM  

To determine belonging of samples (Table 1) to PGEC phase (3), we used the method of  
λ-diagnostics of TEM based on the estimation of values λph and λe by the formulae (1) and (2) [16]. In 
the estimates, the data of original works as well as the reference data was employed [20, 21]. For 
GeTe<Bi> alloys and TAGS-90 the х parameters were calculated in the approximation of uniform 
distribution of dopants in the sample, and for Cu1.99Se alloys – of mobile interstitial copper 
(T > Tc = 700 K) (Table 1). From Table 1 it is seen that for PbTe/PbSeTe [7] and Bi2Te3/Sb2Te3 [8] 
samples the PGEC phase (3) is formed already at room temperature, as confirmed by a drastic increase in 
Z by a factor of 2 – 5.1 Formation of PGEC phase (3) was also observed in doped alloys GeTe <Bi> and 
TAGS-90 [6] at a temperature of Т = 750 – 800 K, which is accompanied by Z increase by a factor of ~ 2 
as compared to GeTe (Table 1). The samples of (PbTe)0.92(PbS)0.08 [10] were also close to formation of 
PGEC phase (Z650 K increase by a factor of ~ 1.6 as compared to PbTe) and GeBi4Te7 [14] (Z300 K increase 
by a factor of ~ 1.6 as compared to GeTe) (Table 1). However, in Bi0.3Sb1.7Te3 [5] and Bi0.52Sb1.48Te3 [9] 
samples the transition λph  a proved to be incomplete, PGEC phase was not obtained and, as a result, Z 
value increased only slightly (Table 1). The incompleteness of the transition λph  a in the sample 
Bi0.52Sb1.48Te3 [9] (Table 1) is due to insufficient material dispersion (х ~ 103 nm). At the same time, the 
sample Bi0.3Sb1.7Te3 [5] (Table 1) obtained from nanoparticles of the necessary size (x ~ 10 nm, in the 
course of hot pressing was recrystallized with grain increase (effect of “knockout” from nanoregion) 
(x = 10  300 nm) [16]. Moreover, in all NS TEM (Table 1) there was also the transition λe  a related 
to increased electrons (holes) scattering with dispersion of samples. In the superionic Cu1.99Se the two 
transitions λph  a and λe  a were completed (Т = 700 K), and the sample became quasi-amorphous 

                                                 
1 According to [5], the results of [7, 8] have not been reproduced to this date in any other laboratory of the world, 
NS based devices have not been created either. 
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(λe ~ λph ~ a) (7, Fig. 1) [11-13]. The results of λ-diagnostics of NS TEM (Table 1) allow determination 
of the basic mechanisms responsible for a change in Z and W. From Table 1 it is seen that formation of 
PGEC phase and Z increase of NS TEM is due to a decrease in κL ~ λph with the transition λph  a. In so 
doing, the attendant λe  a transition, as a rule, reduces W of TEM due to reduction of σ ~ λe (Table 1). 
The exception is provided by the samples of PbTe/PbSeTe [7] and TAGS-90 [6] (Table 1) where a slight 
growth of W was observed due to increased α of the samples. In case of NS [7] the growth of α was 
accounted for by additional current carrier scattering on “quantum dots” (х = 10 – 16 nm) [1], and for the 
sample [6] – by peculiarities of TEM band structure in the transient region 1 < λe/a ~ 3 [16]. 

1.3. Two-channel band model of TEM 

According to [15, 16], the band structure of TEM in the transient region 1 < λe/a ~ 2 – 3 is 
varied considerably. With the transition λe  a in TEM in addition to a “band” conduction channel 
(λe / a > 1) (1, Fig. 2), a diffusion conduction channel is formed in conduction (valence) band (2), 
related to the appearance of a group of current carriers with a low mobility, moving in the sites of 
crystal lattice (λe/a = 1) [15]. With further scattering increase, the “band” current carriers disappear, 
and the “diffusion” ones cover the entire band (arrow, Fig. 2). The model (Fig. 2) corresponds to  
р-type conductivity and acoustic scattering mechanism (r = 0). With increase in r > ½, the situation is 
changed, namely the “diffusion” conduction channel (2, Fig. 2) is formed near the band edge, and then 
it is distributed in the band toward larger energies [16]. 

 
Fig. 2. Two-channel band model of TEM. Bands: v – valence; c – conduction. Channels: 1 – “band” (λe > a),  

2 – “diffusion” (λe = a). The arrow shows a direction of channel boundary displacement  
in the energy scale with scattering increase in the samples (р-type conductivity, r = 0) [15, 16]. 

In the two-channel model (Fig. 2) the kinetic coefficients of samples with constant total carrier 
concentration (p = p1 + p2 = const) are given by the expressions σ = σ1 + σ2, and α = α1·t1 + α2·t2 (Here, 
ti = σi/σ is transport ratio, αi and σi are partial  thermoEMF and electric conductivity, i = 1, 2 are 
numbers of channels with “band” (λe > a) and “diffusion” (λe = a) conduction, respectively) [16]. Fig. 3 
shows the results of calculations of a relative change in thermoelectric figure of merit Z (curve 1), power 
W (curve 2) and thermal conductivity κ (curve 3) of TEM samples in the region of PGEC phase 
existence. In the calculations, use was made of the band parameters μ1/μ2 ~ κL/κe ~ 10 and 
κL

cryst/κL
PGEC = 3 (here, μ1,2 are partial mobilities, κL and κe are the lattice and electron components of 

thermal conductivity), as well as scattering parameters r = 0 (acoustic scattering) and r = ½ (scattering on 
neutral centres) for the “band” (1) and “diffusion” (2) conduction channels, respectively (Fig. 2) [16]. 

From Fig. 3 it follows that in the range of 1 < λe/a < 2 – 3 the values of Z and W in TEM can 
increase simultaneously (curves 1 and 2). At t1 ~ 0.8 maximum increase in Z by a factor of ~ 2.5 – 3 and 
W by a factor of 1.3 – 1.4 (curves 1 and 2, Fig. 3) is possible due to a combined effect of the transitions 
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λph  a and λe  a. The possibility of α and W growth (3, Fig. 3) in the model (Fig. 2) is related to 
energy selection of the “band” and “diffusion” current carriers taking part in conductivity [16]. Earlier 
the model (Fig. 2) was used to account for the anomalous growth of Z and W in GeTe and Cu1.99Se 
alloys at a high temperature [15]. According to estimates (Fig. 3), two-channel conductivity can be also 
responsible for the simultaneous growth of Z and W at a high temperature (Т = 700 – 800 K) in the 
nano-like structures of the type р-TAGS ((AgSbTe2)1–x(GeTe)x) (λe/a ~ 2) (Table 1) [6, 10], as well as  
p-LAST-m (AgPbmSbTe2+m,, m = 18 – 22) (ZT = 1.6 – 2.2) [10]. 

 
Fig. 3. Relative change in the figure of merit Z (1), power W (2) and thermal conductivity κ (3) 

 with the transitions λph  a (4, 5) and λe  a (6) in TEM depending on the transport ratio  
of band charge carriers t1 (T = const). 

2. Comparison of NS TEM and crystalline TEM 
2.1. λ-diagnostics of crystalline TEM 

The results of λ-diagnostics of crystalline TEM are given in Fig. 4 (а – f). Figs. 4 а and 4 b 
show polyterms λph/a (а), λe/a (b) (Т = Tmax) (curves 3 and 4) depending on Eg of the best low-, 
medium- and high-temperature TEM [1, 6, 10-13, 21, 22]. Figs. 4 c and 4 d show the respective 
polyterms Tmax (curves 5 – 8), as well as optimal charge carrier concentration nopt(popt) (curve 9) and 
the Fermi energy EF of TEM (curve 11). From Fig. 4 а and 4 b it is seen that with increase in Eg and 
Tmax, the transitions λph  a and λe  a occur in crystalline TEM that change the characteristics of 
samples. Fig. 4 c shows the impact of the transition λe  a on the Tmax value of TEM (curves 7 and 8). 
According to Fig. 4 c, far from the transition λe  a (λe/a > 10, Eg < 0.4 eV) TEM behave as 
conventional semiconductors with high mobility μ, the values of Tmax being in the range of 5 < b < 10 
(5 – 8, Fig. 4 c). However, at Eg > 0.5 – 0.7 eV and λe / a < 2 – 3 the values of Tmax go beyond the 
range of 5 < b < 10 (curves 7 and 8, Fig. 4 c). The effect is attributable to the appearance in the 
samples of “diffusion” charge carriers with a low mobility (λe = a), which increases the relative 
contribution of minor carriers to development of intrinsic conductivity in the samples (r = 0) [15, 16]. 
Here we have Tmax(р) < Tmax(n) (curves 7 and 8, Fig. 4 c), since generally a = μe/μp > 1 [11]. The 
transition λe  a also affects the polyterms пopt(р)opt, EF = f(Eg) in TEM (Fig. 4 d), where one can see a 
reduction in growth rate пopt(р)оpt (curve 9) and even slight reduction of EF ~ ½ k0Tmax (curve 11) 
related to Tmax reduction in the region of λe ~ a (curve 10). Figs. 4 e and 4 f show polyterms of the 
figure of merit (ZT)max (curve 12) and power W = f (Eg) (curve 15) in crystalline TEM (T = Tmax). Curve 
12 (Fig. 4 e) has an extended maximum (ZT)max ~ 1 in the range of 0.1 eV < Eg < 1.0 eV and drops in 
the area of low and high Eg. According to Figs. 4 а and 4 f, condition (ZT)max ~ 1 in the range of 
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0.1 eV < Eg < 0.6 eV (curve 12, Fig. 4 e) is maintained due to a compensating effect of the transitions 
λph  a and λe  a leading to a simultaneous reduction of κL and W of the samples. 

 
Fig. 4. Polyterms λph/a (а), λe/a (b), Tmax (c), nopt (popt) and EF (d) (ZT)max (e) and W (Tmax) (f) depending on the 
energy gap Eg of TEM (T = Tmax). Samples: 1 – 12 – crystals [1, 6, 10-13, 20-22]; 13, 14 – NS [7, 8, 10, 22]. 
Materials (in order of increasing Eg): 1 – n-type (BiSb, Bi2Te3, PbTe, CoSb3, SiGe); 2 – p-type (BiSb <Sn>,  

Sb2Te3, PbTe, TAGS, GeTe, SiGe, Cu1.99Se). 1, 2, 14-experiment; 5, 6, 10, 13 – calculation. Design formulae:  
5, 6 – Eg = bk0T (b: 5 – 5; 6 – 10); 10 – E = k0Tmax; 13 – y = (ZTmax (curve 12))* (λph/a). Directions of possible 

changes in TEM characteristics at formation of NS are shown with arrows. 

In so doing, the decay in curve 12, Fig. 4 e at Eg > 1.0 eV is related to completion of the 
transition λe  a (λe/a = 1), and the decay at Eg < 0.1 eV – to requirements of thermodynamics – α, 
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W  0, at T  0, [1, 4, 6]. The results obtained (Fig. 4) show that the mechanisms of Z and W 
increase in NS and crystalline TEM at a high temperature are of the same physical nature. In so doing, 
the difference in the characteristics of NS TEM and crystalline TEM at T = const is due to different 
stages of the transitions λph  a and λe  a in the samples. Hence it follows that the expected 
characteristics of NS TEM can be estimated based on the properties of crystalline TEM by 
extrapolation λph  a and λe  a. Directions of possible changes in the characteristics of TEM at the 
transition “crystal  PGEC” are shown by arrows in Fig. 4. 

2.2. The “crystal-PGEC” transition 

According to Fig. 4, on condition of Eg = const, the “crystal  PGEC” transition in TEM results 
in the reduction of λph and λe, Tmax, nopt (pоpt), EF, as well as W (at Eg < 0.4 eV). In so doing, for any 
values of Eg the value of ZT is increased due to a reduction of NS κL (curves 12  13, Fig. 4 e). Curve 
13, Fig. 4 e gives the upper limit of ZT increase in samples when passing to PGEC phase. Curve 13, 
Fig. 4 e was calculated for NS by formula (1) based on curve 12 for crystals on condition of λph/a = 1 
(Fig. 4 e). From Fig. 4 e it is seen that the greatest ZT increase when passing to PGEC phase (up to 
~ 10) can be expected only at Tmax < 600 K and Eg < 0.4 eV (curve 12  13). With Tmax > 600 K and 
Eg > 0.4 eV the possibilities of ZT increase for NS in PGEC phase are reduced considerably (up 
to~ 1.5) (Fig. 4 e).2 By and large, the above conclusion is confirmed by the experimental observations 
of (ZT)max for NS TEM (14, Fig. 4 e). Further increase in (ZT)max of NS TEM can be promoted by 
increase in power parameter W with the transition λe/a  1 related to a displacement of W features in 
the range of 1 < λe/a < 3 toward low Eg (Fig. 4 е). 

2.3. Simultaneous increase in Z and W of TEM 
The main problem of using NS TEM in TEC is a reduction in the majority of cases of  

power parameter W of NS as compared to crystalline materials (Table 1) [1, 2]. As is known,  
the Z value of TEM determines maximum temperature difference of TEC and TEH, namely 
ΔTmax = ½ ZT1

2 = ½ Z((1 + 2T0Z)½–1)/Z)2 and TEC 
efficiency – η = ηс (M0 – 1)/(M0 + Tc/Th) (maximum 
efficiency mode), or η = ηс/(2 + 4/ZTh – ηс/2) (maxi-
mum power mode) (Here, ηс = (T0 + T1)/T1 is the 
Carnot factor, M = R/r is the relative electric load of 
TEG; R is the electric resistance of load; 
M0 = (1 + Z⎯T)1/2; ⎯T = ½ (T0 + T1) is the average 
temperature) [1]. On the other hand, the W of TEM 
determines maximum cooling capacity of TEC and 
TEH, namely Qmax = ΔTmaxκS/l ~ ½W T1

2, as well as 
maximum net power of TEG Wmax = WΔΤ2/4 = WS/4l 
[1, 6]. As an example, Fig. 5 shows a relative 
change in the temperature difference ΔT/ΔT0 of 
TEC with different Z and W as a function of 
cooling capacity Q/Q0. From Fig. 5 it is evident 
that using NS TEM with increased Z (curves  

                                                 
2 This conclusion refers to averaged Z values of TEM. For instance, in SiGe alloys, where λph/a ~ 8 (Fig. 4 а), 
there are considerable additional reserves for Z growth [1].  

 
Fig. 5. Relative change in temperature difference  
ΔT/ΔT0 (1 – 4) versus cooling capacity Q/Q0  

of TEC. Materials: 1 – crystals (ΔT/ΔT0 = Q/Q0 = 1); 
2 – 4 – NS. ZНS/ZCR = 3; WНS/WCR : 2 – 0.7; 3 – 1;  

4 – 1.3. 5 – region where NS (2) are inferior in 
characteristics to crystals (1). 
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2 – 4), in the mode of zero thermal load (Q = 0) one can always expect ΔTmax growth as compared to 
crystals (curve 1). However, when passing to maximum power mode, with increase in Q in Fig. 5 
appears a region (5), with NS characteristics inferior to crystals. Hence it follows that for an adequate 
use of NS TEM in TEC a simultaneous increase in parameters Z and W is needed (1  3, 4, Fig. 5) 
[1, 10, 20]. For a simultaneous increase of Z and W in TEM the most efficient method was 
optimization of the band parameters of materials (N, EF and energy gap Eg). It is also possible to use 
quantum-size effects (superlattices, quantum wells, wires and dots, etc.), to create in the permitted 
band close to EF the “resonance” states, to use grain boundary scattering providing carriers “filtration” 
according to energies (growth of r and α) [1, 4, 6, 8, 10]. According to Fig. 3 – 4, for a simultaneous 
increase of Z and W in NS TEM one can also use the effect of “two-channel” conduction acting in 
TEM in the range of 1 ~ λрh/a < λe/a < 2 – 3. If necessary, further increase of Z and W in TEM is 
possible due to the use of quantum effects in NS [1, 10, 20]. 

3. Other problems of using NS TEM 
3.1. NS TEM instability 

Different types of NS TEM instability are directly related to the instability of nanoparticles that 
form them and possess increased surface energy [1, 2, 23]. Therefore, in the process of compaction of 
such nanoparticles when preparing the bulk materials there is recrystallization of grains accompanied 
by increase in their size by several orders (effect of “knockout” from the nanoregion) (Table 1) [5]. 
However, in some cases the “knockout” effect can be conquered, for instance, by using plasma 
sintering of particles accompanied by formation of secondary grain substructure [1, 10, 22]. The main 
type of NS TEM instability is their diffusion instability manifested in the rise of temperature 
Т > TT ~ 0.4 – 0.6 Tm ~ 400 – 700 K (Here, TT and Tm are the Tammann and material melting 
temperatures, respectively) [22]. Fig.6 shows melting temperature Tm (1), Tmax (2) and the Tammann 
temperature TT = 0.6 Tm (3) of crystalline TEM depending on Eg of samples. 

 
Fig. 6. Melting temperature Tm (1), Tmax (2) and the Tammann temperature TT = 0.6 Tm (3)  

of crystalline TEM versus the energy gap Eg. 4 and 5 are NS stability  
and instability ranges at Т = Tmax. Samples: see caption to Fig. 4. 

From Fig. 6 it is seen that at Tmax > 500 – 600 K and Eg > 0.3 eV NS TEM are instable at 
temperature T ~ Tmax (range 5). At temperature Tmax only the alloys with Tmax < 500 K and Eg < 0.3 
remain stable (range 4), which restricts considerably the prospects of using NS in high-temperature 
region. To the full extent this conclusion refers to “artificial” NS TEM and to a lesser degree to NS 
TEM obtained at decomposition of oversaturated solid solutions (Table 1). Even to a lesser extent this 
conclusion is related to natural superlattices of TEM obtained by crystallization from the melt [1], as 
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well as strongly disordered nano-like structures of the type Ge1–xTe, TAGS, LAST and Cu2–xSe 
(Table 1). Diffusion instability of NS TEM directly accounts for their chemical instability determined 
by high rate of reagents diffusion along the grain boundaries. Various technical methods for 
combatting chemical instability of NS TEM are applied with profit [1, 22]. 

3.2. Change in material optimization parameters 

The transition “crystal  NS” reduces the values of Tmax, nopt (popt), and in some cases EF of the 
samples (Fig. 4). This necessitates a change in optimization rules of NS TEM as compared to crystals. 
Fig. 7 demonstrates the Bergholz diagrams qualitatively explaining the differences in the optimal 
concentration of current carriers in crystal and NS [3]. From Fig. 7 it is seen that on condition of  
α ~ α (crystal) ~ α (НS) ~ const (Table 1), the optimal concentration of current carriers nopt of NS will 
be reduced, and the known mismatch between nopt for Z and W will increase (Δ1 > Δ2). 

 
Fig. 7. The Bergholz diagrams of TEM. 1, 2, 4, 5, 7, 9 – crystals; 1, 3, 6, 10, 11, 12 – NS (T = 300 K). 

Characteristics: 1 – α ~ α (crystal) ~ α (НS) ~ const; 2, 3 – σ; 4, 11 – κ = κL + κe; 5, 12 – κL; 6, 7 – Z;  
9, 10 – W. Mismatch in пopt between Z and W: Δ1 are NS; Δ2 are crystals. 8 is transition λph a. 

The mismatch Δ1 > Δ2 can result in the necessity of developing NS TEM with different 
parameters as applied to maximum efficiency and maximum power modes of TEC.  

3.3. Contact effects and material saving 

The transition “crystal  NS” is accompanied by increase in thermal (rT = κ–1) and electrical 
resistance (ρ = σ–1) of the samples. As a result, the use of NS TEM in TEC is accompanied by increase 
in transient contact thermal and electrical resistances of thermocouples, which can generate a need for 
longer legs and reduced device efficiency [1, 6]. However, in [23] it was shown that for the case of 
automobile thermoelectric generators (ATEG) using gas heat carriers [6] the contribution of contact 
resistances of NS TEM can be assumed to be inessential as compared to parasitic resistances of heat 
exchangers. In this case, the use of NS TEM can lead to a simultaneous increase in TEC efficiency and 
considerable saving of costly TEM (up 3 times and more) [24]. However, in the case of TEC using 
liquid and solid heat carriers, the contribution of NS contact resistances to TEC efficiency can prove to 
be essential, and it should be taken into account in the development of devices [6]. 

Conclusion 
Research on NS TEM is a new upcoming trend of modern material science [1, 2]. In this paper, 

a thorough analysis of NS TEM characteristics is made and mechanisms for improving their 
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thermoelectric figure of merit Z and power W are determined. Transition of TEM into “phonon glass-
electron crystal” (PGEC) phase underlies the growth of NS parameter Z. The possibility of PGEC 
phase formation in the samples (a = λph < λe) is related to the proximity of TEM to the transitions 
λph  a and λe  a. (Here a is interatomic distance, λph and λe is the average mean free path of 
phonons and electrons). To determine the degree of proximity to PGEC phase, the method of  
λ-diagnostics of TEM based on the estimation of λph and λe values in the samples is developed in [16]. 
The use of λ-diagnostics allowed to establish that increase of Z and W in NS TEM, as well as TEM 
crystals at high temperature are determined by the same mechanisms. Owing to this result, the 
theoretical limits of increase in Z and W parameters in NS TEM were estimated in various temperature 
ranges. According to estimates, the greatest growth of Z in NS TEM is possible at room and lower 
temperatures; with a rise in temperature, the possibilities of Z growth in NS TEM are reduced. The use 
of λ-diagnostics also allowed establishing the mechanisms responsible for growth of Z and W in NS 
TEM. It is shown that formation of PGEC phase and growth of Z in NS TEM is due to reduction of 
κL ~ λph at the transition λph  a. In so doing, the attendant transition λe  a, as a rule, reduces W of 
TEM due to reduction of σ ~ λe. As long as reduction of W complicates the use of NS TEM in power 
TEC, it is necessary to further increase α and W of NS TEM by various methods. With this aim in 
view, in the present paper it is proposed to use the effect of two-channel conduction assuring 
simultaneous growth of Z and W in the range of 1 ~ λрh/a < λe/a < 2 – 3. This paper also covers some 
negative characteristics of NS TEM preventing their wide use in TEC. In particular, the ranges of 
diffusion instability of NS at high temperatures are determined. It is shown that at present the “safe” 
range of using “artificial” NS TEM is probably restricted to near-room and lower temperatures. One is 
inclined to think that the above disadvantages of NS TEM can be overcome, and the stability of 
samples at high temperatures can be increased using various technical methods. However, since the 
above problems have not been solved up to now, only the “natural” NS such as naturally-occurring 
superlattices based on multicomponent systems seem to be the most promising so far for high-
temperature use3. Also of great interest are “natural” nano-like structures of the type GeTe, TAGS and 
LAST based on strongly disordered phases, that have already proved their reliability by failure-free 
operation on space objects for 10 and more years [1, 6, 10]. 
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