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Resonant Thermo-Electronic Effects

Stanislav Ordin* and Sveylana Snytkina

Ioffe Institute of the Russian Academy of Sciences, St Petersbarg, Russia

Abstract

Temperature “waves,” usually degenerate to the temperature front, turn, in principle, into waves in diffuse
thermoelectrics, but into waves with high attenuation, which are observed only in precision experiments.
Local Thermo-EMF in semiconductor structures, exceeding diffuse thermo-EMF by three orders of
magnitude, due to the high efficiency of the production of Prigogine’s Local Entropy, leads to weakly
damped Thermo-Electronic Waves, leading to Resonance Effects, which allow a deeper analysis of the
nonequilibrium thermodynamic characteristics of semiconductor structures and their optimization.

Keywords: Temperature waves; Diffuse seebeck and peltier effects; Prigogine local entropy production;
Semiconductor structures; Thermo-electronic resonances

Heat Waves in Diffuse Thermoelectrics

Temperature waves in a homogeneous medium were studied by Fourier [1,2]. They
propagate deep into the medium at a speed determined by the formula:

v=+2a.w 1

Where w=27/T are the frequencies of temperature changes, T is the oscillation period,
a =K/C,, p is the thermal diffusivity coefficient, and x , c, » p are thermal conductivity,
specific heat capacity and density of the material, respectively. Thus, the thickness of the
anisotropic crystal plate perpendicular to the heat flow d determines the speed of Anisotropic
Thermoelectric Detectors [3,4]

2
r=2.Z @
a

T

And, accordingly, it sets the cutoff frequency of the transverse thermoelectric voltage
generated by them (Figure 1). Since temperature waves are highly attenuated - when exposed
to a harmonic heat source they attenuate at a quarter of a wave, they usually degenerate into
a temperature front. These slow diffuse waves determine both the large delay in heating
and cooling of the Earth and the usually low response speed of thermal detectors. However,
due to the high anisotropy of the thermopower of a one-dimensionally incommensurate
crystal of higher manganese silicide (HSM) [5], thermal detectors based on the transverse
thermoelectric effect (ATE) can operate up to a microsecond, i.e., as can be seen from Figure
1, a cutoff frequency of the order of megahertz is achievable.

Academic Journal of Engineering Studies 1


http://10.31031/AES.2023.03.000566
https://crimsonpublishers.com/aes/

AES.000566. 3(4).2023 2

— i — _m -
o AC_12pk
* AC_20 pm
+ AC 35mm
o AC 60pum

N\x AC_120pk 1

o\ AC_220pk |

10000
Figure 1: Amplitudes of the alternating (AC) signal of the Anisotropic Thermoelectric Detector (ATD) depending on

the frequency of modulation of the heat flow for different thicknesses of the higher manganese silicide (HSM) plate:
points - experiment, lines - calculated curves in accordance with formula 2.

Moreover, in experiments with a one-dimensionally into account by formulas 1, 2 of the macroscopic theory. But the
incommensurate HSM crystal nano- modulated along the C detection ability of any thermal detectors is determined, as for any
axis, both an addition at zero frequency (Figure 1) and a high- heatengine, by the Carnot cycle and, in principle, is low. In addition,
frequency addition are observed, which, naturally, cannot be taken  as performance increases, it naturally drops for ADT (Figure 2).
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Figure 2: Dependence of the detection ability of thermal detectors on their speed.

Thermo-Electronic Waves in Semiconductor classified as anomalous due to poor reproducibility, become well
Structures repeatable if a well-established technology for creating devices
based on p-n junctions is used as a working thermal contact (Figure

Studies of contact phenomena [7-10] have shown that giant
thermopower arising at contacts, which for a long time was

3).

Academic ] Eng Stud Copyright © Stanislav Ordin



AES.000566. 3(4).2023

Si

P (N)

(SiC, GaN)

Cu

Figure 3: A p-n junction shielded from radiation by a thin absorbing metal film, brought into thermal contact with a
copper radiator.

A series of studies of the EMF of p-n junctions, both when
applying a heat flux using close contact, and due to the absorption
of radiation in a micron metal film covering the heated plate, gave
not only their high reproducibility [11-17], but also made it possible
to understand the nature giant Thermo-EMF p-n junctions arising
due to Prigogine’s Local Entropy Production [18-23].

The high, three orders of magnitude greater than the diffusion
Seebeck coefficient, value of Local Thermo-EMF p-n junctions and
their high efficiency of DIRECT, as opposed to INDIRECT- diffuse,
conversion of thermal energy lead to the fact that Local Thermo-
EMF must be taken into account for the correct description of all
Electronics [22-26]. At the same time, near the p-n junction and in

structures based on them, the transformation of the temperature
wave into a three- component Thermo-Electronic Wave also
occurs. In the Thermo-Electronic Wave, due to the heating pulse,
in addition to the propagation of Local regions of temperature
rise, regions of Local heating, regions of Local Einstein cooling
also arise, corresponding to negative temperature half- waves.
Thus, the Thermo-Electronic Wave, in contrast to the Electron
Wave, which takes into account only electrical and concentration
forces, also takes into account the actual temperature force - Local
Temperature Gradients (Figure 4). Therefore, with a length of the
Thermo-Electronic Wave on the order of the active region of the p-n
junction, one could expect that the frequency response of the Local
Thermo-EMF would have a resonant character.

1000

400 800 N 800

Figure 4: Scheme of the appearance when a heating pulse is turned on (left) in a semiconductor structure on a
copper n-P-Cu radiator of a spatial distribution of Thermo-Electronic Waves (green line), degenerating over time
(lilac curve) into a linear temperature distribution (blue line), determined by the average thermal conductivity
of the structure. The movement of the wave front shown in the figure deep into the copper radiator (lilac line) is
conditional - for clarity, because Due to the high thermal conductivity of copper, the waves in the massive radiator
are attenuated and degenerate into a sharp approach to room temperature (red dotted curve).
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Figure 4 Scheme of the appearance when a heating pulse is
turned on (left) in a semiconductor structure on a copper n-P-
Cu radiator of a spatial distribution of Thermo-Electronic Waves
(green line), degenerating over time (lilac curve) into a linear
temperature distribution (blue line), determined by the average
thermal conductivity of the structure. The movement of the wave
front shown in the figure deep into the copper radiator (lilac line) is
conditional - for clarity, because Due to the high thermal conductivity
of copper, the waves in the massive radiator are attenuated and
degenerate into a sharp approach to room temperature (red dotted
curve).

In this case, as shown in Figure 4, when the heating pulse is
turned on, the temperature on the surface of the semiconductor
structure sharply (with the rate of heating of the thin metal layer)
increases almost to the maximum temperature value determined
by the heat flow and thermal resistance of the structure (in Figure 4
itis taken as one). And not just a thermal front propagates deep into
the semiconductor structure, but Thermo-Electronic Waves (green
curve), creating a large temperature gradient, the passage of which

==

10 Db, 150 Hz

10 Db, 15 kHz

through the p-n junction gives a large EMF.

In accordance with Figure 4, we also have the maximum value of
the Local Thermo-EMF when the maximum temperature gradient
of the Thermo-Electronic Wave passes through the n-P junction,
which, with a regular thermal meander, takes on a stationary form
with a phase shift determined by the structural parameters. In the
region of linear conversion of heat flow power described in [27],
for large periods of the heat flow meander, as can be seen from
the oscillograms in Figure 5, at the beginning of the thermal pulse
there is a sharp positive voltage pulse and a more diffuse negative
pulse at its end (Figure 5, 150Hz - 10dB power attenuation). With
an increase in the frequency of the thermal meander, it is clearly
seen that even at low powers the leading edge of the voltage pulse
is followed by a small voltage drop (Figure 5, 1500Hz - 10dB
power attenuation). When the frequency of the thermal meander
increases by another order of magnitude at low powers (Figure 5,
15kHz - 10dB power attenuation), the voltage drop at the beginning
of the pulse does not occur because during half the period, it does
not have time to reach the critical “breakdown” amplitude.

0 Db, 150 Hz

0 Db, 1500 Hz

0 Db, 15 kHz

Figure 5: Characteristic oscillograms of the dependence of the degree of filling of the response pulse of Local
Thermo-EMF in the p-n junction on the duration of the thermal meander pulse and the level (attenuation in dB) of
its power.

With an increase in the power of the thermal meander, in
accordance with the saturation of the detector signal described in
[27] and its drop until the phase reversal, a significant contribution
of the “breakdown” pulse is observed at all frequencies of the
meander (Figure 5, 0dB). But, as can be seen from Figure 5, the
longer the period, the greater the negative contribution.

Thus, the shape of the observed voltage pulses depends on the
total pulse accumulated over time at the charge front. The shown
more detailed change in the shape of the response pulse of Local
Thermo-EMF depending on the power of the meander ata frequency
of 475Hz (Figure 6) is fully consistent with the conclusions made
above and explains the result given in [27] about the saturation of
the effective amplitude of the response of Local Thermo-EMF.
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Figure 6: Characteristic saturation at a frequency of 475Hz of the effective amplitude of the response of Local
Thermo-EMF with a subsequent reversal of their sign with increasing power of the thermal meander.

The slower negative pulse is probably due to the fact that when
the temperature front reaches the boundary of the semiconductor
with the copper contact radiator (purple line in Figure 3), the main
temperature drop will occur on the thick semiconductor substrate,
which will give an antiphase signal at the back edge of the meander.
Although, it is possible that the shape of the response pulse is also
affected by a process associated with the low work function of
electrons from the metal into the semiconductor.

By changing the duration of the period of the thermal meander,
bringing it closer to the characteristic times of the described

response pulses of the Local Thermo-EMF p-n junction, we change
its degree of filling (Figure 5) and, naturally, the amplitude of the
effective signal. At powers of the linear conversion range, the
frequency response of the effective signal. changes slightly up to
a certain frequency at which the signal increases followed by a
decrease, the frequency of which is determined by the pulse duration
of the leading and trailing edges (Figure 5 & 6). But, at the same
time, a special point appears on the current-voltage characteristic
of the p-n junction, causing the voltage of the alternating signal to
pass through zero when approaching zero frequency (Figure 7).
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Figure 7: Zeroing the response signal of Local Thermo-EMF p-n junction with its negative bias.

This special point, which appears when applying both a
constant and modulated heat flow, modifies the current-voltage
characteristic at direct current, but does not coincide with the
passage of the current-voltage characteristic itself through zero

and is a special thermodynamic resonance point, relative to which
the current-voltage characteristic turns when the heat flow passes
through the p-n junction (Figure 8).
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Figure 8: Displacement (“rotation”) of the current-voltage characteristic of the p-n junction due to the temperature
difference arising on it at different attenuations of the power of the supplied heat flow.
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Thus, at modulation frequencies tending to zero, the generated
Local Thermo-EMF at a special point of the current-voltage

case, a transformation of the frequency response of the alternating
signal occurs and is, moreover, controlled using a constant bias

characteristic gives a strict transition to an antiphase signal. In this

60

(Figure 9).
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Figure 9: Transformation of the frequency characteristic
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of the effective amplitude of the response of Local Thermo-

EMF of a silicon p-n junction when it is biased by direct current.

But, as shown in Figures 9a & 9b, biasing the pn junction
reduces the low-frequency signal to zero, and then, after passing
a critical current, reverses its phase and, with a further increase
in the bias current, increases the amplitude of the signal at low
frequencies. In the high-frequency region, the signal monotonically
increases somewhat. In this case, the Thermo-Electronic Wave can

be modified by external electrical displacement of the p-n junction
in such a way that the frequency response characteristic takes on
a resonant form (Figure 10). When biased by a critical current, the
frequency response takes the characteristic form of a Gaussian
resonance, but from the logarithm of the heat flow modulation
frequency.
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Figure 10: Frequency characteristic of the amplitude of Local Thermo-EMF at a critical (for a given p-n junction)
bias (a small change in the heat flow power in the linearity region does not change the shape of the resonance
characteristic).

The Resonance shown in Figure 10 has the form of a normal
(Gaussian) distribution - probability density: The Gaussian
distribution of the random variable X is characterized (in the one-
dimensional case) by the probability density

3)
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The experimentally observed resonance of Local Thermo-EMF
at silicon p-n junctions is strictly described

by a similar Gaussian, but from the logarithm of frequency
(solid line in Figure 10):

1 ( 1n<f>—ln(fr)]2

1 (h«f)—ln(fr)jz (4)
U — UmaXeZ o

zUmaxe 2 1

U™ =47,2056, ©=1,0690, y,=7,3456=In(fi)

Any component of the velocities of electrons in thermal motion
is normally distributed. But the maximums of the distribution of
velocities of electrons moving under the influence of the thermal
field and the counter flow of electrons moving under the influence
of the difference in electrical potentials arising on the layer are
separated. In addition, as already noted, we have a contribution to
the total flow from the temperature force. And as a result, Thermo-
Electronic Oscillation occurs in a ballistic, highly efficient mode.
And the fact that the dispersion on a logarithmic scale is equal to
unity is very symbolic and is one of the confirmations of the TRUTH
of the Principle of Logarithmic Relativity, which manifests itself in
IR spectra, and in general for any SCALES, not only energies, but
also spatial coordinates, and TIME.

Conclusion

The Principle of Logarithmic Relativity, corresponding to the
adiabatic expansion in energy, as noted earlier in [28], manifests
itself in the similarity of optical oscillators of different frequency
ranges. In this work, Rits.10 clearly demonstrates the manifestation
of this Principle within one spectrum over a wide range
corresponding to Thermo-Electronic Resonance, arising due to the
statistical distribution of several electron flows under the influence
of several thermodynamic forces.
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