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Abstract: Thermoelectronics includes invariant elements of thermoelectricity, thermoemission and theory of p-n 
junction. And the local Nano-Thermo-Electromotive Forces (EMFs) discovered and used to build this unified theory 
of nano-scale, which are orders of magnitude superior to the seebeck EMF, are not only a diagnostic tool for any 
microelements, but can also be used to increase the Energy conversion efficiency of all traditional electronic devices. 
But most importantly, they prompted understanding that between the micro and marco-worlds, Physics missed 
a scale where their linear approximations do not work, but the Thermoelectronic Laws of the nano-scale work. 
Whereas the macroscopic response from nano-effects, in contrast to its acceptance as due from quantum effects, with 
reference to Thermodynamics, due to not taking into account prigogine’s production of Local Entropy, was generally 
considered forbidden. Thus, Thermoelectricity, which was initially included in the fundamentals of Nonequilibrium 
Thermodynamics, returned again to the Fundamental Science of the nano-scale missed by Physics and actually 
expanded Electronics to thermoelectronics. Taking into account the thermoelectronic effects allowed us to identify 
previously unaccounted aspects of increasing the efficiency of energy conversion of the scale missed in theories. In 
addition, the refinement and expansion of the theory of thermoelectricity became the background (basis) of all evidence-
based fundamental physics.
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1. Introduction
The well-known thermoelectric Seebeck effect and its inverse Peltier effect [1-4] allowed to establish the principle 

of symmetry of the Casimir-Onsager kinetic coefficients and, thus, formed the basis of nonequilibrium Thermodynamics 
of diffuse flows [5, 6]. But ballistic local effects were actually dropped from consideration under the erroneous pretext 
that Thermodynamics supposedly forbids the macroscopic manifestation of local effects. Whereas the question of 
whether it is allowed to use macroscopic manifestations of quantum effects was not even raised. And as was shown in 
the cycle of my works, previously it was diffuse thermoelectricity that was considered [7], which does not take into 
account the concentration thermodynamic force, like the theory of p-n junction [8-10], and does not fully take into 
account the temperature force, like in the theory of thermoemission [11, 12]. That is why thermoelectricity has a low 
efficiency limit for converting thermal energy into electrical energy, which cannot be exceeded by any technical tricks.

But the technology of modern thermoelectricity is still based on the purely diffuse Ioffe model. Whereas the 
discovered local Thermo-EMFs allow the efficiency limit to be raised several times due to ballistic effects. Refinement 
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and expansion of the theory of thermoelectricity allowed not only to raise the efficiency of traditional macroscopic 
thermoelectric devices several times, but also to increase the sensitivity of thermal detectors by an order of magnitude.

Previously, the upper limit of the prevalence of Local Thermo-EMFs over conventional diffuse seebeck coefficients, 
which are observed on macro scales, was analyzed and investigated in detail. And it was shown that already on scales of 
the order of several microns, local Thermo-EMFs, due to their gigantic value of the order of a volt, like the photoelectric 
effect, prevail over diffuse thermo-EMFs, usually less than a millivolt. It follows from this that it is impossible to neglect 
the temperature force when calculating p-n junctions in micron-scale Electronics-their real energy characteristics can 
differ from the calculated ones by several times, and current-by orders of magnitude.

But modern Electronics, unlike Thermoelectricity, has long ago, purely empirically mastered the nano-scale of the 
element. But it is the local Thermo-EMF that allows diagnostics of extremely thin energy barriers that can be used to 
control currents in nano-elements.

The schottky effect leads to a fairly extended bend in the energy bands near the boundary of semiconductors with 
different types of conductivity, which, in fact, leads to a decline (negative resistance) on the Volt-Ampere Characteristic 
(VAC) in tunnel diodes. So for reliable operation in the initial section of the VAC, it is necessary to use semiconductors 
with a large bandgap and low permittivity. The ultimate analysis of the lower boundary of the “normal” initial section 
of the current-voltage characteristic and local Thermo-EMF can be carried out on the basis of a vacuum contact of 
metals with different work functions. In this area, in principle, there is a large reserve from the area of the above-
mentioned thermoemission. But it should be taken into account that earlier thermionic models were built on the basis of 
experiments with large currents and also use diffuse models for their analysis.

When current flows over barriers at the boundary of a metal with a semiconductor, a counter-EMF also arises, 
which is actually equivalent to a decrease in the applied voltage. This is probably related to the fact that the measured 
change in the work function from the metal to the semiconductor is usually an order of magnitude less than the change 
in the work function from the metal to the vacuum.

The nano-scale of electronic devices and the impetus for the need to take into account local Thermo-EMF on 
potential barriers in solids. On the other hand, it allowed to conduct their precision measurements.

And taking into account these local effects in p-n junctions, on the one hand, showed that on scales of the order 
of the electron mean free path, their efficiency is several times greater than the theoretical maximum achievable using 
traditional diffuse seebeck and peltier thermoelectric effects used in thermoelectric generators and thermoelectric 
refrigerators. This theoretical conclusion was preceded by a large cycle of experimental and theoretical studies on 
increasing the efficiency of homogeneous, superstructured and textured thermoelectrics [13-28], which showed that 
the saturation of the efficiency of thermoelectrics observed for several decades is due to the fact that the theoretical 
limit has actually been reached for the diffuse seebeck and peltier effects. On this basis, the guidelines were chosen 
for both precision experiments on contacts and artificial structures, and for refinement and expansion of the theory of 
Thermoelectricity [29-39], due to the construction of a unified phenomenology of thermo-electronics. And methodically, 
these studies became the basis (background) for the development of evidence-based physics [40], which resulted in a 
revision of the basic concepts of physics concerning quantization and the principle of relativity. And as was shown in 
my noted works, the technology was fixed at the level of the last century. And even modern nano-calculations of p-n 
junctions are built on the basis of models developed for experiments with large elements and for average statistical 
temperatures throughout the element, i.e. they do not take into account the main thermodynamic force of thermo-
electronics-temperature.

2. Local Thermo-EMF of contact areas
Initial studies of anomalous contact effects occurring in massive thermoelectrics resulted in normal studies of 

the dependence of the Thermo-EMF and output resistances on the size of the sample along the direction of heat flow 
propagation. And, as a consequence, both the occurrence of anomalously large EMFs on contacts and their small output 
resistance were explained as local ballistic effects (Figure 1).
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Figure 1. Dependence of Thermo-EMF S and the ratio of their output resistances to input (galvanic) RTh/RG on the size of silicon carbide crystals d

As shown in Figure 1, at sample thicknesses d of less than 10 microns, an anomalous (for the diffusion theory 
of thermoelectricity) increase of the thermoelectric power S by an order of magnitude is observed. At the same time, 
the drop in their output resistance RTh/RG indicates the prevalence of local ballistic effects over diffuse ones not only 
in voltage, but also several times in power. But, since no fundamental changes in the volume properties were revealed 
when the crystal sizes were reduced, a more detailed study of their influence on the contact areas was required.

It followed from this that an experimental object of study on a micron scale with well-studied technical and 
physical characteristics was needed. And it was understood that the proven technology of microelectronics just gives a 
well-isolated from extraneous influences and well-studied contact-this is the p-n junction.

That is why the main analysis of local Thermo-EMF was aimed at the p-n junction, which, it would seem, had 
already been studied up and down since the time of Losev. And that is why it was so reluctantly accepted by electronics 
specialists that the known empirical discrepancies in their characteristics are related to the limitations of the theory of 
this p-n junction itself. Although the most advanced of them were happy, because an explanation was found for the 
discrepancy between the theory of the transistor and its real characteristics. If the diffusion theory of thermoelectricity 
missed the main thermodynamic force of the theory of the p-n junction-the concentration one, then the theory of the p-n 
junction missed the main thermodynamic force of thermoelectricity-the temperature one. That is, in the theory of the 
p-n junction, only its average temperature was taken into account, while Prigogine’s local entropy Production and, as a 
consequence, temperature differences in the p-n junction itself were not taken into account.

And the correction of the physics of the p-n junction itself, following from the cycle of thermoelectric studies, 
taking into account the local EMF, was carried out on the basis of the photoelectric effect, which was also well studied 
in it, since the photo-EMF and Local thermo-EMF in it, as was shown in previous works, are determined by the value 
of the potential barrier and are of the same order. This also prompted, as was noted earlier, to use the method of their 
displacement by current (Figure 2) for qualitative assessments of the shift of the Volt-Ampere Characteristic (VAC) of 
the p-n junction by the temperature force, tested in photo-detectors.

As was shown in previous works, the corrected physics of the p-n junction allowed us to understand that the 
high efficiency of local Thermo-EMF with their antiphase connection with photo-EMF reduces the efficiency of 
photodetectors. But the role of near-contact nano-regions in devices using was not well enough understood. Therefore, 
the creation of contacts to the p-n junctions themselves remains rather an art-the lot of empirical technology. So the use 
of artificial shift of the work function of metal contacts on silicon crystals gave the Thermo-EMF values, the magnitude 
of which (according to Seebeck) poorly correlated with the change in the work function of the metals used for the 
contacts: copper (approximately 4.7 eV), magnesium (3.66 eV), platinum (approximately 5.5 eV) (Table 1).

0.1

3 4 5 7 10 15 30

grain size d

G
re

en
 c

ur
ve

 se
eb

ec
k 

co
effi

ci
en

t Z
 a

nd
 

re
d 

cu
rv

e 
re

si
st

an
ce

 ra
tio

50 100 300

d, μ

RTh/RG

0.3

1

3

10

Q
U

SiC

ΔT = 10 K

Al

Al

S, mV/K



Advanced Energy Conversion Materials 4 | Stanislav Ordin

Figure 2. Calculated current shifts of the I-V characteristics of an ideal p-n junction by equivalent (in power) flows: thermal (red curves) and light (blue 
curves), with a 2-fold increase in flows. Generation quadrants are shown in yellow

Table 1. Dependence of Thermo-EMF of silicon samples on the direction

Sample Longitudinal α, mV/K
seebeck coefficient Anode Cathode Transverse α, mV/K

total Thermo-EMF

i-Si -1.5

Cu Cu -1.01

Pt Cu -0.37

Pt Mg -0.72

n-Si -0.8
Cu Cu -0.80

Pt Mg -0.73

p-Si +1.2
Cu Cu +0.56

Pt Mg +1.01

As can be seen from Table 1, if the measurements of the Thermo-EMF of 300-micron-thick silicon plates at 
a temperature difference of 50 K along the plate yield a volumetric (independent of the contact material) Seebeck 
coefficient, then at a temperature difference across the plates the role of the near-contact regions significantly affects 
the total Thermo-EMF of the sample. The scale at which local Thermo-EMF prevails in silicon carbide is, as shown in 
Figure 1, and confirmed by studies of silicon p-n junctions, several microns. On the other hand, as shown, at thicknesses 
of the order of tens of angstroms, tunneling of local Thermo-EMF sharply decreases, similar to how the negative 
branch of the current-voltage characteristic arises in tunnel diodes. However, from these control experiments it is 
clear that at the nano scale it is necessary to additionally take into account the distortion of the energy diagram of the 
semiconductor in the near-contact region. But for a more qualitative consideration of local Thermo-EMF, a comparison 
of their characteristics with thermionic ones, which were initially used in setting up the experiments, was also used. 
In thermoemission, within the framework of its primitive models and using the work of metals exiting into vacuum, a 
displacement technique similar to Figure 2 (Figure 3) was used in principle.
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Figure 3. Energy diagram (a) and ideal current-voltage characteristic (b) of thermionic converter (from work [10])

But in the theory of thermionic emission itself, in the phenomenology of which only temperature and concentration 
thermodynamic forces were used, and the electric force was used only as a small correction when adjusting the 
experimental data to the theory, remained. So the experimental current-voltage characteristics of both electron tubes 
with a vacuum gap and converters with low-temperature plasma are far from the “ideal” current-voltage characteristic 
shown in Figure 3, but are qualitatively similar to the current-voltage characteristic in Figure 2 (shifted by local Thermo-
EMF). In the theory of thermionic emission itself, the work function is not strictly used for the exit of electrons into a 
vacuum. In fact, it is identified with the value of the potential barrier, which is small for the metal-vacuum contact (Figure 
4).

Figure 4. Initial section of the V-A characteristic of the vacuum gap with slight heating of the cathode with the work function of the cathode being 
less than the work function of the anode by approximately 0.6 eV

Both the ideal model emission current-voltage characteristic (Figure 3) and the experimental current-voltage 
characteristic of the vacuum gap confirm the correctness of the choice of the current-voltage characteristic bias by 
the temperature force precisely by the current. But for the exit of electrons from the metal into the semiconductor, 
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the barriers that arise near the boundary (measured) also correlate with the work function only qualitatively, but often 
differ from it even by the order of magnitude. To determine such strong changes in the measured potential barriers in 
semiconductors, the current-voltage characteristic of an analog of a thermionic converter was measured, in which a 
single crystal of silicon carbide 100 microns thick was used instead of a vacuum gap (Figure 5).

Figure 5. Experimental current-voltage characteristic of a converter on a silicon crystal and its model temperature bias by current (the work function 
of magnesium is approximately 3.66 eV, the work function of platinum is approximately 2 eV higher)

Figure 6. Transformation of the bottom of the conduction band of silicon carbide (dashed line) due to contact effects for a thick (b) and thin (c) single 
crystal in the gap between magnesium and platinum

The potential barrier of approximately 2.3 electron volts observed on the positive branch in Figure 5, which 
is somewhat lower than the work function of magnesium in vacuum, can be easily explained by the fact that the 
conduction band of carbide lies 1.4 electron volts below the vacuum level. So the additional potential barrier near the 
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contact of silicon carbide with magnesium is anti-blocking. The potential barrier of approximately 8.8 electron volts 
observed on the negative branch of the current-voltage characteristic in Figure 5, which is somewhat higher than the 
work function of platinum in vacuum and approximately 2 times higher-in the conduction band of silicon carbide. So, a 
blocking barrier appears at this boundary of silicon carbide (Figure 6).

The decrease in the vacuum level in the gap between metal contacts, similar to the description in [41-43], is a 
consequence of the formation of a Schottky barrier near the metal boundary (Figure 7a) and the imposition of Schottky 
potentials of adjacent boundaries (Figure 7b).

Figure 7. Formation of a surface barrier from atomic potentials (a) and lowering of the barrier in the gap between metals due to the superposition of 
surface potentials when metal surfaces approach each other (b)

Figure 8. Power output (shaded areas under the curves) of a converter based on silicon carbide, corresponding to its model-shifted I-V characteristics 
in Figure 5
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The energy diagram in Figure 6 allows you to see/understand the fundamental difference between local Thermo-
EMF in this thermionic converter and p-n junction. Unlike the p-n junction, where the sign of Local Thermo-EMF is 
determined exclusively by the polarity of the p-n junction itself, for the crystal, heating from the magnesium side will 
simply give high conversion efficiency, and heating from the platinum side will give the same sign of local Thermo-
EMF as the photo-EMF, but low conversion efficiency (Figure 8).

3. Conclusion
It was previously shown that the thermionic model, due to the temperature force, gives a significant correction to 

the p-n junction energy diagram itself. The analysis presented in this paper showed that local Thermo-EMF themselves, 
due to the Schottky effect, can change significantly on nano scales-from tunneling (about 10 Angstroms) to microns. 
So the choice of the optimal thickness and a separate crystal between the plates of metals with different work functions 
affects the efficiency of converting electrical and thermal energy (both in one direction and vice versa). At the same 
time, in the p-n junction, it is necessary to take into account the additional distortion of the energy diagram, even when 
creating ohmic contacts, which were previously believed not to affect the p-n junction itself.
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