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Abstract: A model of the thermovoltaic effect emergence in ZnO/ZnO<Me> (Me = Cu, Fe), sandwich
structures has been developed in the article. The samples were made by the sol-gel method. When
they were uniformly heated in a laboratory furnace in the temperature range of 200–300 ◦C, there
an electromotive force (EMF) of −7~10 mV, not associated with the Seebeck effect, emerged. The
developed physical mechanisms of the effect emergence consist of the following well-known fact:
iron and copper coexist in zinc oxide in two states, namely, Fe2+ and Fe3+ (donor), and Cu2+ and Cu+

(acceptor). During the heating of the ZnO/ZnO–Me system, the concentration of charge carriers in
the layers will increase, while in the upper layer its value will be larger because of the presence of
electrically active impurities. At room temperatures, Coulomb forces retain an electron that is located
on the Fe2+ ion, as well as a hole on Cu2+ ion, and the main states undergo ionization. However,
as the temperature increases, the carrier concentration can reach a critical level, when they can
screen the ion charge (the Debye screening radius decreases to the Bohr radius of the impurity).
In this case, an abrupt collective endothermic process of ionization of multivalent impurities takes
place, accompanied by the appearance of a concentration gradient of free carriers in the sample,
and accordingly, the emergence of an electromotive force. Quantitative calculations of the critical
temperature, at which the onset of EMF generation is observed, performed within the framework of
the developed models.

Keywords: thermovoltaic effect; zinc oxide; spontaneous voltage generation;
metal-insulator transition

1. Introduction

A thermovoltaic effect is a phenomenon of the appearance of an electromotive force under
uniform heating of semiconductor materials without a temperature gradient that is associated with a
nonuniform distribution of the impurity in the semiconductor. This effect was first observed in SmS
and described in [1]. Apparently, it is the representative of a number of spontaneous voltage generation
effects, explained by various physical mechanisms. Currently, spontaneous voltage generation (SVG)
is an effect involving a wide range of related phenomena in various materials associated with the
emergence of an electromotive force in samples under uniform heating without a temperature gradient.
The prospect of its practical use is connected with the possibility of developing sources for alternative
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energy, as well as sensors for monitoring the state of the environment. This effect was first discovered
in 1976 in crystals of stoichiometric iron sulfide FeS at a phase transition of 150 ◦C [2], while the
magnitude of the resulting electromotive force was proportional to the rate of order-disorder transition.
At present, the amount of materials in which this effect was observed is limited by SmS [3], TiNi [4],
La(Fe0.88Si0.12)13 [5], Pr0.6Ca0.4MnO3 [6], metal-dielectric-semiconductor-metal (MDSM) structure [7],
and some other components that are based on rare earth metals. In most cases, the effect is observed
in the structural phase transition of the first kind. To explain the origin of the SVG, some physical
mechanisms, including models of diffusion currents [4] and the motion of twin boundaries, have been
developed. There are also models of the Seebeck effect, and temperature gradient is caused by the
absorption or release of latent heat of the phase transition in the local parts of the samples [5]. The
authors [3] explain the electromotive force generation in SmS by the emergence of semiconductor-metal
phase transition in the local areas of the sample, by diffusion processes of the emerged excess carriers,
and, as a consequence, by the emergence of the counteracting electric field of the appropriate intensity.

The authors of this paper first discovered the SVG in ZnO/ZnO–Me homojunctions
(Me–Fe,Cu) [8,9]. To explain this effect, the Mott insulators theory has been applied. Thus, a change
in the impurity valence in the sample takes place under a certain critical temperature, as well as the
emergence of the excess carrier concentration in the doped region and their diffusion into the undoped
part. There also the counteracting field and electromotive force appear as a result of this process. The
authors’ conclusions about the SVG existence in nanostructures based on non-uniformly doped zinc
oxide have been experimentally confirmed by other scientific groups. In particular, the appearance of
a thermovoltaic response in two-layer thin-film ZnO/ZnO–Fe structures with a maximum modulo
value of 1200 µV at a temperature of 673 K is shown in [10]. Somewhat later, this effect was observed
in a solid solution Si1−xGex (0 ≤ x ≤ 1) and in nSi–pSi1−xGex heterostructures [11,12].

In References [3,6,7], the prospect of the SVG using for converters of thermal to electric energy,
and various sensors (including gas sensors and bacteria) is outlined. For example, in polycrystalline
SmS samples, the coefficient of converting thermal to electric energy, according to [13], is in the range
of 7.5%–28%, which suggests the possibility of creating a new generation of converters.

Thus, the analysis of literature shows that, apparently, the SVG is a family of the related
phenomena, the physics of which, however, is currently unclear. The purpose of this paper is to
develop physical mechanisms of the thermovoltaic effect in zinc oxide non-uniformly doped with
mixed-valence impurities (Cu and Fe).

2. Materials and Methods

To study the thermovoltaic effect, ZnO/ZnO–Me homojunctions, as obtained in the framework of
sol-gel technology by the sol immersion method, were used as laboratory samples.

The following reagents were used as precursors for the synthesis of film-forming sols:
zinc acetate dihydrate (CH3COO)2Zn·2H2O, 2-methoxyethanol CH3OCH2CH2OH, 2-aminoethanol
HOCH2CH2NH2, iron nitrate nonahydrate Fe(NO3)3·9H2O, and copper acetate monohydrate
(CH3COO)2Cu·H2O produced by Sigma-Aldrich®, Saint Louis, MO, USA. The substrates were
ceramic material Rubalit®710 (99.6% Al2O3) of 20 mm × 10 mm × 0.63 mm produced by CeramTec,
Plochingen, Germany.

To obtain undoped ZnO films, the following procedure was used: 10 g of (CH3COO)2Zn·2H2O,
20 mL of CH3OCH2CH2OH and 3.2 mL of HOCH2CH2NH2 were mixed in a round-bottomed flask
and stirred for 15 min at room temperature until the zinc acetate dissolved completely. In a second
step, the solution was stirred for 60 min at a temperature of 60 ◦C using a magnetic stirrer (PE-6110,
Ekros-Analitika, Saint Petersburg, Russia). The resulting sol was ripened for 24 h at room temperature
and was deposited onto the substrates by the dip-coating method.

The formation of undoped ZnO layer was carried out by three successive immersions of 2/3
substrate area into the sol. After each dive, the structure was dried at 80 ◦C for 30 min. The final
annealing was carried out for 60 min at 500 ◦C.
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The preparation of film-forming sols for ZnO–Me layers was carried out in the same manner as
for pure ZnO, but in the first stage of mixing the precursors, appropriate additives were introduced:
for ZnO–Cu films—(CH3COO)2Cu·H2O (0.273 g for 3 at.% Cu); for ZnO–Fe films—Fe(NO3)3·9H2O
(0.552 g for 3 at.% Fe).

The formation of a metal-doped zinc oxide layer was carried out in a manner that was similar to
the formation of the lower layer, but the 2/3 substrate area was immersed in the sol from the opposite
side. Thus, the overlap of the upper and lower layers was 1/3 of the substrate area. The thickness of
the upper layer was controlled by the number of immersions in the sol. ZnO–Me films obtained by
two (ZnO–Cu(2) and ZnO–Fe(2)) and three (ZnO–Cu(3) and ZnO–Fe(3)) immersions were used for
the studies.

Heating of the samples took place in a tube furnace, inside which a predetermined temperature
was maintained without its gradient. Measurement of the generated electromotive force was carried
out using pressure point contacts made of gold (Figure 1a). Temperature control of the samples was
carried out prior to each measurement at a given temperature for 8 h. It should also be noted that no
illumination of the samples in the tube furnace was made.

Figure 1. A scheme of the experiment (a); surface morphology of ZnO (b); ZnO–Fe (c); and ZnO–Cu
(d) samples.

Investigation of the surface morphological structure of the obtained films was performed using
an atomic force microscope NTEGRA Therma (NT-MDT, Zelenograd, Russia).

3. Results and Discussion

3.1. Mechanism for the Emergence of an Electromotive Force during the Heating of ZnO/ZnO–Me
Homojunctions without an External Temperature Gradient

Figure 1b–d shows the structure of the samples studied, as obtained by atomic force microscopy.
Image analysis of the surface morphology shows that in all cases the films have a three-dimensional
structure with a typical diameter of the branches being 1–2 µm. All of the branches are hierarchically
assembled from nanocrystals having a fractal nature and formed during the maturation of the sol.
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Figure 2 shows the experimental results of the temperature dependence of the electromotive
force arising in the samples. We note once again that the samples were heated without a temperature
gradient, and before measuring the EMF, temperature control has been carried out for 8 h at each point.
After this thermal equilibrium was established, a short circuit of the output electrical contacts, leading
to the disappearance of the EMF, occurred. However, after opening the contacts, a complete restoration
of the initial electromotive force values was observed. It should also be noted that the obtained values
of the EMF were preserved in the “heating-cooling” cycles.

Figure 2. Temperature dependence of electromotive force in ZnO/ZnO–Me structures in the
air atmosphere.

To explain the results obtained, we developed a model based on the “dielectric-conductor”
transition in the upper heavily doped ZnO–Me layer. On the one hand, the transition from insulating
to metallic systems in semiconductor oxides (for example, ZnO, TiO2) can be explained by an increase
in the concentration of free charge carriers and the formation of a degenerate zone due to doping
processes, as suggested by Mott [14]. However, in the case of high-alloyed semiconductor oxides,
where there are both donor impurities and intrinsic electrically active point defects affecting the
concentration of free charge carriers, the exact nature of the “insulator-conductor” transition is far
from being understood. For example, in [15], an “insulator-conductor” transition was detected in
the ZnO–Ga system for the first time. The authors found that all gallium is in a state Ga3+ and is an
effective donor. However, it was found that an increase in the conductivity of ZnO–Ga thin films is a
combined effect, associated both with the presence of gallium impurity and with oxygen vacancies
acting as donors. However, pure zinc oxide shows only semiconductor behavior, which indicates the
energy of oxygen vacancy levels is controlled by impurities, such as Ga. Thus, the introduction of
gallium in ZnO leads to a change in the characteristics of oxygen vacancies and the metallic nature of
conductivity. In Reference [16], an “insulator-metal” transition was observed in the ZnO–Fe system.
The authors found that iron is in the zinc oxide matrix in two states, Fe2+ and Fe3+. It was shown
that the main contribution to the metallic nature of the films is made by the ionization of Fe3+ state,
replacing zinc cations in the crystal lattice. However, in the paper it was noted that the material may
also have other sources of free charge carriers, for example, oxygen vacancies and interstitial zinc,
which complement the effect of Fe3+. In the paper [17], the “insulator-metal” transition in thin ZnO–Nb
films was investigated. The authors found that niobium is in a donor Nb5+ state in the position of
zinc cations in the material. The films containing 0.41 at.% Nb showed metallic behavior at ambient
temperature. The authors associated it with the formation of a degenerate zone arising from a high
level of doping in the framework of the Mott model.

According to X-ray absorption spectroscopy, there is Cu+ (main), Cu2+ and Fe3+ (main), Fe2+

states, respectively, in ZnO–Cu and ZnO–Fe samples (the details of the zone diagram are presented
in [8]). During the heating of the ZnO/ZnO–Me system, the concentration of charge carriers in the
layers will be increased due to both ionization of the main forms of impurities in the material, and
the ionization of its own point electrically active defects, first of all, oxygen vacancies, while its value
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will be larger in the upper layer because of the presence of electrically active impurities. At low
temperatures, Coulomb forces retain an electron that is located on the Fe2+ ion, as well as a hole in
Cu2+, and the main states undergo ionization. However, as the temperature increases, the carrier
concentration can reach a critical level when they can screen the ion charge (the Debye screening radius
decreases to the Bohr radius of the impurity). In this case, a collective abrupt endothermic process of
ionization of the minority impurity forms takes place [18]. A literature review shows that the collective
change in the valence of transition-element cations in zinc oxide with the release of free electrons (for
example, Fe2+ → Fe3+ + e−; Mn2+ →Mn3+ + e−, etc.) is well known. For example, in the paper [19],
collective transition processes of iron, manganese, and nickel bivalent cations to trivalent ones, when
heated, are shown. It was found that the temperature of release depends both on the type of impurity,
and on other features of the material (impurity concentration, surface structure and volume, etc.). In
the studied samples, a collective transition Fe2+ → Fe3+ + e– occurred at low temperatures (90–120
K), and the transition Mn2+ →Mn3+ + e− occurred at room temperature. It should be noted that we
investigated the ZnO/ZnO–Ga system for the occurrence of a thermovoltaic effect; however, we did
not find it. We believe this is due to the fact that gallium is in a single Ga3+ state in the material.

To be certain, let us discuss the ZnO–Fe semiconductor (all the conclusions are valid for acceptor
semiconductors). The initial increase in the electron concentration is mainly determined only by the
ionization of iron ions Fe3+ and oxygen vacancies. Following the authors [16], we will assume that
their contribution is not decisive; therefore, we neglect them in the framework of our quantitative
model. Nevertheless, it should be understood that the influence of the own point electrically active
defects will introduce an error in the simulation results, which will be discussed in further sections.
Thus, the quantity ∆n1 can be defined as such a concentration, which was formed in a semiconductor
due to heating in the temperature range Tcool–Tcr. When the temperature reaches Tcr, there is an
abrupt increase in the electron concentration by an amount of ∆n2 due to the ionization of Fe2+ form.
In this case, we can approximately assume that:

∆n2 = [Fe2+] (1)

This time dependence of the carrier concentration will affect the appearance of the potential
difference, since the sample is non-uniformly doped with mixed-valence impurities. The following
effects can occur:

• In the region of the sample, where mixed-valence impurities are contained, an excess local
concentration of electrons or holes arises that creates a gradient leading to the generation of
an electric current. This process leads to the appearance of an opposing field with a potential
difference U.

• As ZnO/ZnO–Me samples are n–n+-transition (Me = Fe) or n–p-transition (Me = Cu), then the
appearance of additional charge carriers charges n+-area negatively (in case of ZnO/ZnO–Fe),
and p-area positively (in case of ZnO/ZnO–Cu). This means that both transitions are in forward
bias, which is equivalent to applying direct voltage. Thus, some effective value of voltage will be
formed on the sample, which is removed by a voltmeter.

To increase the reliability of the developed physical mechanisms, we consider quantitatively
the occurrence of the thermovoltaic effect in ZnO/ZnO–Fe and ZnO/ZnO–Cu systems. First, let us
analyze the possibility of the occurrence of an isostructural semiconductor-metal phase transition in
the ZnO–Fe system.

Iron ions form a solid substitutional solution in zinc oxide, displacing zinc cations into the
interstices. According to X-ray absorption spectroscopy, zinc oxide coexists with Fe2+ and Fe3+ states
in the ratio of 3:7, i.e., Fe3+ state is preferential [20]. Ions of Fe3+ are a donor impurity with ionization
energy of ~400 meV, and the energy level of Fe2+ is located near the Fermi energy of the semiconductor.
When a high concentration of donor impurity is introduced into the semiconductor, it is possible to
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obtain large concentrations of charge carriers that can screen the core charge of impurity atoms, which
will facilitate a collective transition of electrons from the level of Fe2+:

Fe2+ → Fe3+ + e− − ∆Q’ (2)

where ∆Q’ is the heat absorbed during the transition. This process is possible in the case when the
Debye shielding radius rS becomes less than the Bohr radius rB of electron localization:

rS < rB (3)

For convenience, all of the parameters that will be used in this article are summarized in Table 1.

Table 1. Important parameters.

Symbol Interpretation, Value Symbol Interpretation, Value

rS Debye shielding radius (m) h Planck’s constant, 6.62 × 10−34 J·s
rB Bohr radius (m) h̄ Reduced Planck’s constant, 1.054 × 10−34 J·s
ε Permittivity m∗n Effective electron mass
ε0 Dielectric constant, 8.85 × 10−12 F/m kb Boltzmann’s constant, 1.38 × 10−23 J/K
ζn Chemical potential of electrons (eV) T Absolute temperature, [K]
n Electron concentration (m−3) ND Concentration of donor impurities, [m−3]
q Electron charge, 1.6 × 10−19 C ED Donor level ionization energy, [eV]

The Debye shielding radius is found from the relation [21]

rS =

√
2εε0ζn

3nq2

Considering Equation (3) and

rB =
4πεε0}2

m∗nq2

then the condition for the appearance of a transition “insulator-metal” in a semiconductor can be
written as:

4πεε0}2

m∗nq2 =

√
εε0ζn

nq2 (4)

To calculate the chemical potential ζn, it is necessary to take into account the high concentration
of impurities in the resulting film ZnO–Fe (3 at.% Fe—1.2 × 1021 cm−3), which leads to a difference in
the electron energy distribution from the Maxwell-Boltzmann distribution, being a particular case of
Fermi-Dirac statistics. Therefore, we will find ζn by a numerical method using the electroneutrality
equation. To do this, we will make a number of approximations: the concentration of intrinsic
electrically active donor defects will be assumed to be negligibly small in comparison with the
donor impurity concentration; we will neglect the minority charge carriers; we will only consider
electronic transitions from the donor level to the semiconductor conduction band. In this case, the
electroneutrality equation can be written as: n = N+

D . Then, the electron concentration can be written
in the following form:

n = NCF1/2

(
ζn

kbT

)
where

NC = 2
(

2πm∗nkbT
h2

)3/2
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is the effective density of states in the conduction band of a semiconductor;

F1/2(ζn) =
2√
π

∞∫
0

t1/2dt
1 + exp(t− ζn/kbT)

is the Fermi-Dirac integral with an index of 1/2 [21]. Taking into account that the concentration of
ionized donors can be found from the expression [21]

N+
D = ND

1− 1

1 + 1/2 exp
(

ED−ζn
kbT

)


the calculation of the temperature dependence of the chemical potential is reduced to a numerical
solution of the integral equation:

4√
π

(
2πm∗nkbT

h2

) ∞∫
0

t1/2

1 + exp(t− ζn/kbT)
= ND

1− 1

1 + 1/2 exp
(

ED−ζn
kbT

)
 (5)

On the basis of the arguments obtained, we calculate the dependence of the Debye shielding
radius in the ZnO–Fe system on the temperature for different values of donor impurity concentrations.
Figure 3, illustrates the obtained dependences. The analysis shows that, in the investigated temperature
range, in this system the transition “insulator-metal” only occurs at very high impurity concentrations.
Thus, when ND = 1022 cm−3, the transition temperature will be 573 K, and at lower concentrations,
the temperature will exceed 700 K. The threshold electron concentration required for the transition is
~10−19 cm−3. Nevertheless, the obtained electron concentrations necessary for the phase transition
are some average values. As in any disordered system, there are impurity fluctuations that determine
the deviation from this mean value. This means that at first the transition occurs in local regions that
are characterized by the maximum concentration at temperatures lower than those corresponding to
the transition “insulator-metal” for averaged concentrations. Apparently, these processes explain the
occurrence of the thermovoltaic effect in the ZnO–Fe system at temperatures lower than the calculated
ones. With increasing temperature, the dimensions of these regions will grow and lead to the formation
of a percolating spanning cluster, when the phase transition covers the entire volume of the material.
Also, the contribution to the difference between theoretical and experimental values of the critical
temperatures at which the generation of the electromotive force begins is made by other factors
that were not taken into account in our quantitative model. First of all, it is the presence of its own
electrically active defects in zinc oxide, namely, vacancies in the oxygen sublattice, which act as donors.
Their ionization during heating of the system leads to the appearance of a critical concentration of
electrons at temperatures that are lower than the calculated ones. It should also be understood that
the films are not a single-crystal ZnO sample, but a branched polycrystalline fractal structure actively
interacting with the environment. The interaction process leads to the appearance of chemisorbed
forms of negatively charged oxygen, the presence of which forms depleted layers on the surface of
an n-type semiconductor. Nevertheless, the obtained values of the critical temperatures at which the
generation of the electromotive force occurs, even within such simple approximations, coincide in
order with the experimental data, which confirms the value of the developed concepts.



Coatings 2018, 8, 433 8 of 12

Figure 3. (a) Temperature dependence of the Debye shielding radius in the ZnO–Fe system with
different iron concentrations; (b) temperature dependence of the Debye shielding radius in the ZnO–Cu
system with different copper concentrations.

Let us now consider the possibility of the occurrence of an isostructural semiconductor-metal
phase transition in the ZnO–Cu system. Copper is an acceptor impurity in zinc oxide. When a solid
substitutional solution is formed, copper Cu+ cations displace Zn2+ into interstices and act as acceptors
with ionization energy of 369 meV. A small number of Cu+ cations occupy positions in the interstices
of the crystal lattice, playing the role of donor impurities with activation energy of 109 meV. The Cu2+

state is 200 meV lower the bottom energy of the conduction band [22].
Carrying out a simulation that is similar to the ZnO–Fe system, we obtain the results that are

presented in Figure 3b. It can be seen that the obtained dependences are analogous to ZnO–Fe.
Nevertheless, an important feature of the results should be noted. Since the activation energies of Fe
and Cu impurity atoms are practically the same, the main contribution to system differences is made
by the difference in the effective masses of electrons and holes in zinc oxide. Since the effective mass of
holes in zinc oxide is greater than the effective mass of an electron, an increase in the concentration
of free charge carriers with increasing temperature is faster. It should be expected that the transition
“insulator-metal” in the system would occur at lower temperatures than for the ZnO–Fe system, where
the main carriers are electrons. However, for the concentration of the acceptor impurity of 1022 cm−3,
the transition occurs at 584 K, which is higher than for ZnO–Fe at the same donor concentration. This is
due to the decrease in the Bohr radius in ZnO–Cu related to the higher effective mass of holes in ZnO.

Thus, the calculation of the temperature of the occurrence of the thermovoltaic effect within the
framework of the developed simple physical mechanisms in ZnO–Cu and ZnO–Fe systems describes
the experimental results obtained quite well. Firstly, it is shown that in the ZnO–Cu system the critical
temperature of the electric voltage generation will be higher than in the ZnO–Fe system. Secondly, the
obtained absolute temperature values are close to the experimental values (especially for the ZnO–Cu
system). The reasons for the lower temperatures of the beginning of generation in comparison with
the calculated ones are considered above.

A logical development of the proposed model will be taking into account the effect of the own
point electrically active defects in the material on the values of the critical temperature at which the
“insulator-metal” transition occurs. However, it should be noted that this is not an easy task. As it
was shown in [15], the total concentration of free charge carriers is not an additive sum of ionized
forms of impurities and defects, and there is an effect of external doping on the ionization efficiency
of oxygen vacancies. In the first approximation, when developing a more accurate model, one can
use ideas about the change in number of ionized point defects when the Fermi level changes position
in a semiconductor. Defective states in zinc oxide have several levels in the forbidden zone [23].
Therefore, the predominant form of the charge will be determined by the position of the Fermi level,
which depends on the doping level of the semiconductor. It should also be noted the possibility of the
formation of clusters of charged defect and impurity states in the semiconductor. At the same time, at
some annealing temperatures, oppositely charged defects diffuse to each other, forming clusters, which
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significantly affect the electrophysical properties of the material, including the energy of the defect
states themselves. The development of these physical mechanisms is the subject of our further research.

3.2. Development of Physical Mechanisms of Temperature Dependence of the Electromotive Force Arising in
Zn/ZnO–Me Homojunctions

Let us analyze the experimentally obtained dependences in Figure 2, while taking into account
the possibility of oxygen chemisorption on the surface of the films, as well as the mutual transition of
various forms of chemisorbed oxygen with a change in temperature.

The EMF temperature dependence will increase linearly in the 200–300 ◦C range from 0 to 10 mV
for ZnO/ZnO–Fe samples, the upper layer of which is formed by three immersions. This dependence
can be explained in the following way: in the semiconductor, as in any other disordered system, there
are fluctuations in the impurity concentration characterizing the deviation from the mean value. At
low temperatures, the semiconductor-metal transition will occur only in the local parts of the sample
with the maximum value of the concentration of free electrons. As the temperature rises, the region of
existence of the phase transition will grow, which is equivalent to an increase in the negative potential
in the ZnO–Fe region. Thus, an increase in temperature will lead to an increase in the electromotive
force arising in homojunctions.

It can be seen from Figure 2 that the samples of ZnO/ZnO–Fe, the upper layer of which is formed
by two immersions, behave somewhat differently. The features of this series of samples include a
change in the sign of the polarity of the emerging EMF, as well as a large deviation of its temperature
dependence on the linear function.

The first feature, apparently, can be explained by a combination of various factors, the main of
which are:

• Emergence of a potential barrier under point contact and the possibility of an inversion layer.
In this case, the system becomes n–n+–p, and in a certain temperature range the polarity of the
EMF taken will be different. With increasing temperature due to ionization of the donor impurity,
the inversion layer will decrease and disappear at some critical value. With further temperature
growth, the U(T) dependence will be close to the same dependence as for a series of samples, the
upper layer of which is formed by three immersions;

• Probability of emergence of piezo-, flexo- and pyroelectric effects in zinc oxide films;
• Emergence of new phases on the surface of films (for example, copper and iron oxides), which

can lead to the appearance of depleted, enriched or inversion layers at interfaces.

Nevertheless, despite a large number of factors capable of influencing the polarity and magnitude
of the electromotive force arising in the samples, it should be understood that its very appearance
cannot be explained by these effects. The fact is that pyro-, piezo-, flexoelectric, and other effects can
occur in our samples during heating. However, after the establishment of thermal equilibrium at a
given temperature, the resulting EMF should exponentially decay. In addition, we have short-circuited
the output contacts, which should lead to the EMF relaxation. However, further measurements showed
the restoration of the original value of the EMF. On the basis of these data, it can be concluded that
the very appearance of the electromotive force in samples is only explained by the “dielectric-metal”
transition. It should also be noted that when developing a model of the dependence of the output
voltage on temperature, it is necessary to take into account the formation of p–n and n–n+ junctions
in our materials. However, this is beyond the scope of our work, since our model calculates only the
critical temperature in the alloyed film, at which the “dielectric-metal” transition occurs, leading to the
appearance of the EMF.

As it was shown earlier, the surface of the film formed by two immersions is more developed
than the surface formed by three immersions for both ZnO–Fe and ZnO–Cu samples. On the basis of
this, it can be assumed that the chemisorbed forms of oxygen will exert a stronger influence on the
electrophysical properties of the samples in the first case.
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Oxygen, being an oxidizing gas, will carry out the capture of free electrons from the semiconductor,
which will eventually lead to a decrease in the value of the electromotive force due to the thermovoltaic
effect. There are two characteristic breaks at temperatures of ~240 and 280 ◦C on the U(T) dependence
for the ZnO/ZnO–Fe samples, the upper layer of which is formed by two immersions. Apparently,
their appearance corresponds to the processes of mutual transitions of various forms of chemisorbed
oxygen, which can be accompanied by a sharp increase or a decrease in the concentration of free
electrons in the semiconductor, manifested in a narrow temperature range [24]. It is likely that the
main contribution to the presented dependences is made by the following processes [25,26]:

O−2(ads) + e− → O2−
2(ads), 200 ◦C < T < 300 ◦C

O−2(ads) + e− → 2O−
(ads), T > 350 ◦C

O2−
2(ads) → 2O−

(ads), T > 350 ◦C
(6)

The EMF temperature dependences for ZnO/ZnO–Cu samples are, in fact, analogous to the same
dependences for ZnO/ZnO–Fe samples. It is established that the semiconductor-metal transition
in ZnO–Cu system will occur at higher temperatures than in the analogous ZnO–Fe system: the
onset of EMF generation for ZnO/ZnO–Cu samples occurs at a higher temperature than for the
ZnO/ZnO–Fe samples.

The U(T) dependence for ZnO/ZnO–Cu samples, the upper layer of which is formed by three
immersions, is close to linear. It should be noted that with the same configuration of the voltmeter
contacts that was used in the ZnO/ZnO–Fe system, the EMF value will have the opposite sign, since
ZnO/ZnO–Cu samples are of n–p+ structure, as shown in Figure 1.

The temperature dependence for ZnO/ZnO–Cu samples, the upper layer of which is formed
by two immersions, changes the EMF sign. Apparently, this process can also be associated with
phenomena under point contact, accompanied by the emergence of potential barriers and an inversion
layer. A significant deviation of the dependence on the linear form at temperatures of 290–300 ◦C both
for a given series of samples and for ZnO/ZnO–Fe samples can be due to mutual transitions of various
forms of chemisorbed oxygen.

The approaches that were developed in this work can be useful for explaining the thermovoltaic
effect in a wide range of materials, for example, in germanium-silicon films heavily doped with
titanium [27], variable-gap solid solutions of SixGe1−x [11], in which this effect has been detected in
recent years.

4. Conclusions

Thus, a model for the emergence of a thermovoltaic effect in zinc oxide non-uniformly doped with
mixed-valence impurities has been developed in the article. ZnO/ZnO<Cu,Fe> transitions, obtained
by the sol-gel method, were used as laboratory samples, resulting in a stepwise distribution of the
impurity in the sample. It is known from the work of other scientific groups that the impurities are
in two charge states in the sample, the main of which is a donor (Fe3+), or an acceptor (Cu+). With
increasing temperature, the concentration of free carriers increases due to the ionization of donor
and acceptor forms of impurities, as well as its own point electrically active defects, which leads
to a screening of the core charge of the impurity ions in the minority charge state under critical
conditions. This leads to an abrupt endothermic ionization process of multivalent impurities takes
place, accompanied by the appearance of a concentration gradient of free carriers in the sample, and,
accordingly, the emergence of an electromotive force. The influence of oxygen chemisorbed on the
surface of the films was also taken into account within the framework of the developed physical
mechanisms. Quantitative calculations of the critical temperature at which the thermovoltaic effect
occurs in the framework of the developed models describe the obtained experimental results quite well.

The results that were obtained can be used in the development of new generation heat energy
converters. It is well known that the efficiency of such converters reaches record highs. For example,
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for a semiconductor SmS typical values are 17%–36% [28]. The main advantage of such structures is the
generation of electrical power during heating without a temperature gradient. Therefore, calculation
of the efficiency of converters based on the developed samples is the future perspective of our work.
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