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ELECTRICAL PROPERTIES
AND ENERGY PARAMETERS OF PHOTOSENSITIVE

n-Mn;03/n-CdZnTe HETEROSTRUCTURES

Conditions for the fabrication of isotype photodiode n-Mny Osn-CdZnTe heterostructures by
the spray pyrolysis of thin a-Mng Os bizbite films on n-CdZnTe crystalline substrates have
been studied. The temperature dependences of the current-voltage (I-V) characteristics were
used to analyze the mechanisms of electron tunneling through the energy barrier of the het-
erojunction in the forward and reverse current regimes. The role of energy states at the n-
Mns O3 /n-CdZnTe interface in the formation of the barrier parameters was clarified. Based
on the capacitance-voltage (C-V) characteristics, the dynamics of changes in the capacitive
parameters of the Mng Os thin film and the n-CdZnTe inversion layer and the relation between
them were established. A model for the energy diagram of the n-Mns O3 /n-CdZnTe heterojunc-
tion was presented. The photoelectric properties of the examined heterostructure were analyzed.
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1. Introduction

Manganese oxide MnyOgs is known to exist in the
following crystalline modifications: the cubic bixbite
(a-Mn303), orthorhombic (8-MnyO3), perovskite (¢-
Mny03), tetragonal (7-MnsOg3), and corundum (e-
Mn;O3) phases [1]. Under environmental conditions,
the cubic bixbite phase a-MnyOj3 is the most sta-
ble. It preserves its properties in wide intervals of the
temperature (up to about 1200 K) and the pressure
(up to about 27 GPa) [1]. The a-MnyO3 compound
is a widespread, non-toxic, and low-cost material. It
attracts attention by its wide scope of applications in
the power industry and ecology, e.g., in chemical an-
alytics, magnetic devices, and devices for energy con-
version and storage [2]. The semiconductor properties
of thin films of manganese oxides are used while creat-
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ing photocatalysts on the basis of 2D-2D heterojunc-
tions with g-C3Ny [3] and CuO, [4] compounds, het-
erostructured FepO3/MngOs electrodes for lithium
energy sources [5], and gas sensors [6].

Thin a-MnyOs films are characterized by the
bandgap width E, ~ 2.01+2.4 eV [7, 8], They are
promising for the fabrication of the front layer of
heterojunctions with semiconductors, which possess
a high light absorption coefficient. Such a design of
photodetectors is optimal for the efficient conversion
of radiation energy into an electrical signal [9].

For the manufacture of thin a-MnyO3 films, the
spray pyrolysis [8,10] and hydrothermal [11] methods,
the method of solid-state reactions in MnQO, at its
heat treatment [12], electrodeposition [13], and the
sol-gel method [14] are applied. The advantages of the
spray pyrolysis method among the others include a
simple equipment and the convenient correction of the
a-MnsQOj film deposition mode to obtain the desired
physical properties.
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When depositing oxide films on substrates made
of CdTe [15,16] and solid Cd;_,Zn,Te solutions [17,
18], high-quality diode structures are created. This
circumstance initiated us to perform an experi-
ment aimed at the fabrication of a heterostructure
based on the n-Mn O3 /n-CdZnTe heterojunction and
the study of its electrical and photoelectric prop-
erties. Solid Cd;_,Zn,Te solutions with = < 0.1
are characterized by the better mechanical strength
and structural perfection as compared with CdTe
[19,20]. That is why they were selected as substrates
for growing a-MnyOg films. The choice of the spray
pyrolysis method for the fabrication of thin a-MnsOg
films was associated with its low cost and with the
successful results obtained while manufacturing a-
F8203 films [15]

2. Experimental Part

For the fabrication of researched heterostructures,
substrates about 1 mm in thickness split from
Cdi—4Zn,Te (x < 0.1) crystals with the electron-
type electrical conductivity, which were grown us-
ing the vertical Bridgman method, were applied. At
the temperature T' = 295 K, the substrates had the
electrical conductivity ¢ = 1.4 O~ 'em™' and were
characterized by the free charge carrier concentration
n = 8.75 x 10'® cm™3 and the electron Hall mobility
pr = 1000 cm? V—1 71,

Isotype n-MnyOs3 /n-CdZnTe heterostructures were
fabricated by growing n-MnsOg films to the thickness
w =~ 0.5 pm on the surface of the n-CdZnTe substrates
making use of the spray pyrolysis method. The tem-
perature of the substrates in the course of pyroly-
sis was maintained at the level Ts = 350 °C. The
spray pyrolysis was performed under the atmospheric
pressure. The 0.1 M solution of MnCl, - 4H50O salt in
double-distilled water was used to create an aerosol
cloud over the substrates. As a result of the salt
pyrolysis at the interaction with the atmospheric
oxygen, there appeared a film of the binary semi-
conductor compound a-MnyOg3 (bixbite) character-
ized by the n-type conductivity, the resistivity p =~
10" Q cm at room temperature, and the band gap
Ey ~ 2.12 eV. The n-Mny0O3 films have a high resis-
tivity, the low coefficient of electron diffusion D,, =
5 x 1073 ecm?/s [21], and the charge carrier concen-
tration n = 1.1 x 102 cm~3.

Light transmission through the n-MnsOg films in
the visible spectral interval was studied on a spec-
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Fig. 1. Spectral dependences of the light transmission (the
inset) and absorption coefficients for a-Mn2Os3 films fabricated
using the spray pyrolysis method

tral installation SF-2000. The thickness of a-MnoO3
films was determined from the shift of the interfer-
ence lines at the film-substrate step with the help of
a Linnik microinterferometer MII-4. Ohmic contacts
to the low-impedance n-CdZnTe crystals were pre-
pared by soldering indium. Contacts to the n-MnsOg
film were made using a silver-based conductive paste.

Dark and light current-voltage (I-V) characteris-
tics of the n-MnyOg/n-CdZnTe heterostructures were
measured on a hardware-software Arduino complex
using an Agilent 34410A digital multimeter and a
Siglent SPD3303X programmable power source. The
measuring complex was controlled, and the research
results were preliminarily processed with the help
of a computer in the LabView environment and
making use of the software created by the authors.
The capacitance-voltage (C-V') characteristics of the
heterostructures were studied using an LCR-meter
BR2876.

3. Results and Their Discussion

The a-MnOj3 films with the thickness w = 0.5 pym
which were fabricated using the method of spray py-
rolysis on sodium-calcium glass substrates were char-
acterized by the light transmittance T' = 10+35% in
the wavelength interval A = 0.6+1 um (see the inset
in Fig. 1).

The absorption coefficient o was calculated on the
basis of the value obtained for the reflection coefficient
R ~ 10% [22] and using the formula [23]

G-k [G-R)

2T 272 R

a=—1In
w

(1)
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Fig. 2. I-V characteristics of the isotype n-MnaO3/n-CdZnTe
structure in the temperature interval from 7' = 295 K to T' =
= 339 K and (inset) the temperature dependence of the contact
potential difference qpy [d(qpy)/dT = —4.2 x 1073 eV /K]

On the basis of the spectral dependence a(hv), the
optical width of the band gap Fy, in the MnO3 films
was determined in the framework of the Tauc/Davis—
Mott model,

B%(hv — E,)"
o= (2)

where B is a constant, and the value of the constant
n is associated with the optical transition type. In
particular, for allowed direct interband transitions,
n=1/2.

The extrapolation of the rectilinear section in the
dependence (ahv)? versus hv toward the zero value of
the absorption coefficient made it possible to obtain
the optical width of the band gap, F; = 2.12 eV
(see Fig. 1). This value agrees well with the E¢-values
given for thin MnyOj3 films in the literature: 2.02 eV
[7] and 2.2-2.4 €V [§].

The study of I-V characteristics in the tempera-
ture interval T = 295+339 K (Fig. 2) allowed us to
reveal the diode properties of the isotype n-MnyOs/
n-CdZnTe heterojunctions. The current rectification
coefficient at T = 295 K was about 8.75 x 10 at
|[V| = 1.5 V. The forward bias across the heterostruc-
ture, at which a drastic current growth is observed,
corresponds to the voltage polarity with the negative
potential applied to n-CdZnTe. The reverse biases (a
negative potential at the n-MnyOs film) are char-
acterized by insignificant current values I, < 3 pA
within the whole interval of examined voltages.

By extrapolating the rectilinear sections of the I-V/
characteristics registered in the forward-bias regime
to the voltage axis, we estimated the height qpj of
the potential barrier at the n-MnsO3/n-CdZnTe het-
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erostructure. It was found that the quantity qpj de-
creases linearly from 0.9 eV to 0.7 eV, when the tem-
perature changes from T ~ 295 K to T" = 339 K
(see the inset in Fig. 2). The temperature coefficient
d(qpr)/dT = —4.2x 1073 eV /K is within the interval
typical of the CdZnTe-based heterostructures. The
absolute value of this coefficient for the n-MnyOs3/n-
CdZnTe heterostructure is an order of magnitude
lower than the temperature coeflicient of the band
gap in the base n-CdZnTe semiconductor, dE,/dT =
= —4.01 x 107* eV/K. This difference arises owing
to an increase in the effective density of states N¢
and Ny in the allowed energy bands, as well as in
the concentration of intrinsic charge carriers, as the
temperature grows [26].

To analyze the electrical properties of the n-
MnsO3/n-CdZnTe heterostructure, the energy dia-
gram of a real heterojunction was used, where the
influence of energy states at the n-MnyO3/n-CdZnTe
interface was taken into account (Fig. 3, b). When
constructing the energy profile in a real n-MnsOs/n-
CdZnTe heterojunction, which agrees well with ex-
perimental data, a number of differences were found
from the energy diagram that is based on the An-
derson model and does not consider the influence of
surface states and a possibility for the semiconductor
energy parameters (the electron affinity x) to change
at the surface (Fig. 3, a).

Thus, when constructing the required energy dia-
gram, we assumed that, at a low Zn concentration,
the electron affinity x(Cd;_,Zn,Te) ~ x(CdTe) =
= 4.28 eV [27,28]. The band gap in the solid solution
was taken to equal E,(Cd;_,Zn,Te) = 1.53 eV [29,
30]. The electron affinity value x(MnyO3) = 4.45 eV
[10] was used, which was determined using the Kel-
vin probe method for Mn,Og3 films fabricated with
the help of the spray pyrolysis method. The value
Ey,(MnyO3) = 2.12 €V was calculated from the re-
sults obtained for the optical absorption in the films
(Fig. 1). The positions of the Fermi level Er in the
forbidden band gap with respect to the bottom of
the conduction band in n-MnyO3 (61 = E¢ — Ep =
~ 0.41 eV) and n-CdZnTe (62 = 0.1 €V) were deter-
mined according to the expression for the concentra-
tion of equilibrium charge carriers in nondegenerate

semiconductors [31],
5 (27TmnkT>3/2 1

Ec — Ep =6 =kTln o -

: 3)
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Fig. 3. Energy diagrams of the n-MnaO3/n-CdZnTe heterostructure at 7' = 295 K:
on the basis of Anderson model (a) and for a real heterojunction with regard for the
influence of energy states in the forbidden gap at the semiconductor interface (b)

where m,, is the effective electron mass in CdZnTe
(m, = 0.096mg [28]) or manganese oxide (m, =
= 0.48my [32]).

When determining the charge carrier concentration
n = 1.1 x 10'2 cm™3 in thin n-Mn,Oj5 films from the
experimental resistivity value p ~ 107 £ cm [accord-
ing to the formula n = (qpu,) '], the data on the
electron diffusion coefficient D,, = 5 x 1073 cm?/s
[21] were used (u, = D, /kT, where k is the Boltz-
mann constant).

According to the electron work function values
for the analyzed semiconductors, A(n-CdZnTe) =
= 4.38 eV and A(n-CdZnTe) = 4.38 €V, the for-
mation of an isotype n-MnsOgz/n-CdZnTe hetero-
junction should enrich the n-MnsOjz film in the
majority charge carriers and diminish its resistance
(Fig. 3, a). The distribution of the contact potential
difference between the manganese oxide film, ¢(n-
Mny03), and the base CdZnTe material, ¢y, is writ-
ten in the form [33]

€s1Np1 k‘T[ (@an%) ]
= SSLIDLI B PMn205) 9] ool (4
7 ES2ND2[ q FPUTT Py, (4)

where €51 and e£go are the relative dielectric con-
stants of the contacting semiconductors, whereas Np;
and Npy are the donor concentrations in n-MnyOs
and n-CdZnTe, respectively. The calculated values
qp(n-MnyO3) = 0.17 €V and qpp = 0.26 €V corre-
spond to the E¢ and Ey band bendings in the energy
diagram depicted in Fig. 3, a.

The thickness of the electron-enriched region in n-
Mny0O3, which can be estimated using the expression
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for the Debye screening length [24]

I = k‘TE()ESl
P Npig?’

equals Lp ~ 3 um for Np; = 1.1 x 10'2 em™2 and
£s1 = 9.5 [34]. This means that, on the basis of such
speculations, an n-Mn,Ogs film with the thickness
w = 0.5 pm in the n-MnyO3/n-CdZnTe heterostruc-
ture is completely electron-enriched and must have
a low electrical resistance. As a result, all external
voltage applied across the heterojunction drops in the
depletion n-CdZnTe region, and the electrical prop-
erties are determined by the energy barrier with the
height gy, = 0.26 €V. This conclusion contradicts the
experimental value of the contact potential difference
o ~ 09V (at T = 295 K), which was estimated
from the I-V characteristics.

Making allowance for the negative charge of energy
states in the forbidden gap at the interface between
n-MnyO3 and n-CdZnTe enabled us to reconcile the
experimental data with the energy parameters of the
real heterojunction. The electric field created by the
negative charge of the states brings about an addi-
tional energy band bending (to that obtained in the
Anderson model) toward higher energies near the in-
terface between the materials (Fig. 3, b). A satisfac-
tory agreement with the experiment is obtained in the
case where the energy of electrons at the heterojunc-
tion interface is increased by 0.47 eV owing to the ac-
tion of the negative charge of the states. In this case,
the height of the barrier on the n-CdZnTe side is equal
to the experimental value ¢ie ~ 0.9 eV, whereas the
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Fig. 4. Dependences of Inl on V at forward biases appli-
ed across the n-MnaOgz/n-CdZnTe heterostructure for various
temperatures. The procedure of determining the activation
energy of tunnel currents E, is illustrated in the inset

electron depletion region with the thickness dy, which
corresponds to the barrier height px; ~ 0.3 eV, ap-
pears on the n-MnsOs3 side.

When constructing the energy diagram for the n-
Mn2O3/n-CdZnTe heterostructure, the influence of
the silver contact to the n-MnsOg film on the electri-
cal properties of the heterostructure was taken into
account. Despite the high resistance of the n-MnsOg3
films fabricated through the spray pyrolysis, the ap-
plication of silver contacts (the electron work func-
tion A(Ag) = 4.1 €V) leads to the enrichment of the
Mn;O3 film [A(Mn2O3) = 4.86 €V| with electrons
and reduces its resistance. Similar phenomena are ob-
served in the ZnO:Al/CdS/CdZnTe heterostructures
at the enrichment of high-impedance films of their
CdS buffer layer with electrons from the transpar-
ent conductive oxide (TCO). Owing to the enrich-
ment with the majority charge carriers, the barrier
on the n-MnyOj3 side of the n-MnsO3/n-CdZnTe het-
erostructure has a thickness d; that is much smaller
than the film thickness. The thickness ds of the elec-
tron depletion region on the n-CdZnTe side was cal-
culated using the formula

2e0€520k2
dy =\ ————, 6
2 qNDZ ( )

and the electron concentration value n = Np =
= 8.75 x 101 cm~3 so that dy ~ 0.35 um.

In order to clarify the mechanisms of the for-
ward current flow through the energy barrier in the

n-MnyO3/n-CdZnTe heterostructure, the correspon-
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ding I-V characteristics plotted in the In I versus V'
coordinates were used (Fig. 4). The relevant depen-
dences are rectilinear with a temperature-indepen-
dent slope angle. This is typical of the tunneling me-
chanism of the current flow described by the exponen-
tial dependence I ~ exp(aV'). In the expanded form,
this dependence looks like [36]

I = BN, exp (—4(2m*)1/2q1/2(<pk ~V) /3hH), (7)

where B is a constant, N; the concentration of states
onto which the tunneling occurs, m* the effective
electron mass (in our case, in the conduction band
of Mny03), ¢ = @ro is the height of the barrier
through which the electrons tunnel, and H = ds is
the barrier thickness (when electrons tunnel through
the barrier from the conduction band in n-CdZnTe to
the conduction band in n-MnyOgs, this parameter is
determined by expression (6)).

The plot of the InI-V dependence (Fig. 4) con-
tains sections with different slopes: tana =~ 19 at
the voltages 3kT/q <V < 0.4 V and tana ~ 6 at
0.4V <V <1 V. Taking Egs. (6) and (7) into ac-
count, the slope angle of the In -V dependences is
determined by the expression

1/2

tana = i(m*)l/zq (ND2> . (8)

3h E0ES2Pk2
The decrease of the slope angle at forward voltages
of about 0.4 V is associated with a reduction in the
concentration Nps of the electrically active impurity
in the contact region on the n-CdZnTe side. For the
efficient pyrolysis of the MnCl, salt and the forma-
tion of a MnyOs3 film on the n-CdZnTe surface, the
substrate was heated to 350 °C. Under such a ther-
mal action, some of the cadmium atoms evaporated
from the near-surface region of n-CdZnTe. Cadmium
vacancies are acceptors that demonstrate a compen-
satory effect in n-CdZnTe, when the electron concen-
tration decreases. According to Eq. (8), the ratio

= (9)

tana(3kT <V < 0.4V)  (Npo\"?
tana(04 V<V <1V) NY,

allows the contact concentration N2, on the n-
CdZnTe side to be estimated. At the forward volt-
age V = 0.4 V, the electron depletion region in n-
CdZnTe gets narrower (the parameter dy diminishes),
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Fig. 5. Mechanisms of charge carrier tunneling through the n-MnsO3/n-CdZnTe
heterostructure under forward (a) and reverse biases (b)

and the concentration of the electrically active im-
purity decreases by an order of magnitude: from
Npa =8.75 x 10 cm™3 to N9, ~ 8.8 x 10'® ecm 3.

The occupation of electronic states in the conduc-
tion band of MnyO3 is determined by the Fermi-
Dirac distribution function, and the quantity BN
depends exponentially on the temperature (see the
inset in Fig. 4). The tangent of the slope angle in
the dependences In(BN;) versus 10%/T determines
the tunneling activation energy FE, with respect to
the peak of the energy barrier with the height o
(Fig. 3, b). Within the interval of forward voltages
3kT/q < V < 04 V, the activation energy E, =
= 0.27 eV and corresponds to the tunneling of elec-
trons through the barrier with the participation of
states located in the conduction band by 0.27 eV be-
low the peak (Fig. 5, a). At V = 0.4 V, the bar-
rier height decreases because of a reduction in the
concentration Npgy of the electrically active impurity
in the contact region of the heterojunction. This sce-
nario agrees well with a reduction of the tunneling
activation energy to E, = 0.24 eV at the voltages
04V<V <1V

The temperature-independent slope of the In /-
V' dependences at the reverse biases across the
n-MnsO3/n-CdZnTe heterostructure points to the
tunneling mechanism of the reverse current forma-
tion. Within the voltage interval —0.3 V<V <0V,
electrons tunnel from the states located near the bot-
tom of the conduction band in MnsO3 through a bar-
rier with a height of about 0.3 €V (Fig. 5, b). Since
the barrier is rather high, it is most probable that the
tunneling is a multistage process with the participa-
tion of the states in both the n-MnsO3 and n-CdZnTe
band gaps at the heterojunction interface and the fur-
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Fig. 6. Dependences of In I on V at reverse voltages across
the n-Mn2O3/n-CdZnTe heterostructure for various tempera-
tures. The procedure of determining the activation energy of
tunnel currents E, is illustrated in the inset

ther recombination with holes in the n-CdZ inverse
region. This mechanism agrees well with the activa-
tion energy of the tunnel current in the voltage inter-
val —0.3 V <V <0V, namely, £, = 0.3 eV, which
was determined from the experimental dependence
In(BN,) versus 103 /T (see the inset in Fig. 6).

At the reverse biases within the voltage interval
—2V <V < —0.3V across the n-Mny03/n-CdZnTe
heterostructure, the activation energy of the reverse
tunnel current decreases to the value E, = 0.23 €V,
which corresponds to a lower height of the energy
barrier through which the tunneling takes place. The
energy barrier with a height of 0.3 eV (at V' =0V)
on the n-MnyOj3 side is created by a negative charge
of the states at the n-MnyO3/n-CdZnTe interface. A
reverse bias of about 0.3 V leads to the electron deoc-
cupation of the states (the Fermi level at the hetero-
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Fig. 7. C-V characteristics of the n-Mn2O3/n-CdZnTe het-
erostructure in the frequency interval of a measurement signal
10 kHz < f < 20 kHz (a) and 50 kHz < f < 1000 kHz (b)

junction interface is located lower). In so doing, the
negative charge of the states at the heterojunction
decreases, and, as a result, the height of the tun-
neling barrier on the MnsOg side diminishes from
0.3 eV to 0.23 eV. The lower barrier height corre-
sponds to the weaker electric field strength in the
barrier. The rectilinear sections in the voltage inter-
val =2V <V < —0.3 V in the In I-V dependences for
the reverse current (see Fig. 6) have a smaller slope
angle, tana ~ 1.8, in comparison with their slope
angle at the biases —0.3 V<V <0V, tana ~ 6.1.
The slope of the In I-V dependences is determined
by the electric field strength E in the barrier through
which the tunneling takes place [36]:
I = BN, exp (—4(2m*)1/2<p,1€{2 /3th). (10)
The changes of the slope angle in the In I-V depen-
dences and the activation energy E, at the reverse
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voltage V' ~ —0.3 V testify to the concentration of
energy states in the forbidden gap at the n-Mns O3 /n-
CdZnTe interface at the levels that are located by
0.3 eV below the equilibrium position of the Fermi
level. According to the energy diagram, this is the lo-
cation F ~ Fy + 0.23 eV with respect to the valence
band top in n-CdZnTe.

The presence of acceptor levels at the depth Ey +
+(0.2+0.22) €V in the forbidden gap of cadmium
telluride was established while carrying out theoreti-
cal calculations of the energy levels of intrinsic and
impurity point defects in the framework of the ab
initio method [37]. The authors of the cited work
showed that the indicated energy levels correspond
to the impurity atoms of the first group, which are
arranged over the sites in the cadmium sublattice,
namely, Cucg, Aucq, and Agcy. The arrangement
of the energy levels Ey + (0.2+-0.22) eV calculated
on the basis of quantum-mechanical methods corre-
lates well with experimental results [38, 39]. In par-
ticular, it was found that the presence of the en-
ergy level Fy + 0.24 eV in cadmium telluride crys-
tals does not depend on the method of their grow-
ing, heat treatment conditions, and the nature of
doping impurity [39]. This fact allowed the indi-
cated level to be interpreted as the energy arrange-
ment of the levels of an uncontrolled impurity. The
most probable impurity is copper, the concentra-
tion of which in undoped CdTe amounts, as a rule,
to 1016 ecm ™3,

The C-V characteristics of the isotype n-MnyOs3/n-
CdZnTe heterostructure were studied within the fre-
quency interval of a measuring signal 10 kHz < f <
< 1000 kHz (Fig. 7). Due to the presence of an inver-
sion layer near the heterocontact on the n-CdZnTe
side and a high-impedance layer in the MnyOg3 film,
a number of specific features take place, which are
typical of MIS structures [31].

The dependence C(V) is affected by the diffusion
capacitance C'p of the contact region in the n-CdZnTe
semiconductor and the capacitance C'r of the charge
carrier depletion region in the film. The capacitances
Cp and Cy are connected in series, and the total ca-
pacitance of the n-MnyO3 /n-CdZnTe heterostructure
is determined by the relationship for the equivalent
circuit (see the inset in Fig. 7, a)

111 a1
C Cp Cr
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In the absence of external voltage (V = 0 V), there
arises an inverse layer in the n-MnyOg/n-CdZnTe
heterostructure (Fig. 2) due to the combined action
of the electron work function difference and the nega-
tive charge of the states in the n-CdZnTe semiconduc-
tor at the material interface (in the region contacting
with MnO3). The total capacitance of the structure
at the frequency f = 10 kHz and the voltage V =0V
is equal to C' = 3.5 nF (Fig. 7, a). At the non-zero
reverse bias, this parameter slightly increases to 4 nF
(at V = —2 V). The capacitance Cr at the non-zero
reverse bias is determined by the thickness of the de-
pletion region in the MnsOs film (the in-series con-
nection of the barrier from the MnyOj side).

In the voltage interval —2 V. < V < 0V, the n-
MnO3/n-CdZnTe heterostructure enters the strong
inversion regime, which is responsible for a substan-
tial growth of the capacitance Cp. In this case, the
inequality Cp > CF is obeyed, and, according to
Eq. (11), the total capacitance of the heterostructure
C =~ CFp. The experimentally observed weak depen-
dence of Cr on the reverse bias voltage is associ-
ated with the narrowing of the depletion region in
MnyO3. When changing to the strong inversion con-
ditions (the band bending gy (inv) = 2qpg2), the
thickness ds of the depletion region in n-CdZnTe sat-
urates. Its maximum value W, is determined by the
formula [31]

4kTegeg In 1\;’32
m = W’ (12)

where Nps = n at T = 300 K, n; = 105 ¢cm™3
is the intrinsic concentration of charge carriers in
CdZnTe, eg is the dielectric permittivity of the semi-
conductor (for CdZnTe, eg = 10 [28]), and gy =
=8.85x 10712 F/m.

Being calculated according to expression (12), the
maximum thickness of the inversion layer in the n-
CdZnTe contact region is equal to W,,, = 0.4 pm. At
reverse voltages across the n-MnyOs/n-CdZnTe het-
erostructure, the charge density in the inversion layer
increases, and the external electric field does not pen-
etrate into it. The further broadening of the inverse
region is so insignificant, that it weakly affects the ca-
pacitance Cp in the C-V plots in the voltage interval
—2V<V<0V (Fig. 7).

In the strong inversion regime, when the band
bending in n-CdZnTe gpg2(inv) & 2qpre ~ 1.8 €V,
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the total capacitance of the structure with the thin
depletion layer d; in n-MnyO3 (Fig. 7, b) equals [31]

C. . — __ fotst 13

min dl + %Wm ( )
The determination of the Cjn-value from the exper-
imental high-frequency (f = 1000 kHz) C-V charac-
teristics (Fig. 7, b) allows the thickness d; of the de-
pletion region in the n-MnyOs3 film to be estimated at
the reverse biases V, ~ 1.8+2 V. Formula (13) gives
the value d; =~ 50 nm. This result testifies that the
reverse tunneling current in the n-MnsOgz/n-CdZnTe
structure is realized via a multistage process that is
possible only with the participation of states in the
forbidden gap of n-MnyOs3, because the probability of
forward tunneling into the n-CdZnTe states through
a 0.3-eV barrier with the thickness d; =~ 50 nm is
close to zero.

In the case of forward biases within the inter-
val from zero to about 1 V across the n-MnyOs/n-
CdZnTe heterostructure, the region d; (depleted from
the majority charge carriers) in the n-MnyOg film be-
comes wider, and its capacitance Cr decreases. The
region dy on the n-CdZnTe side exits from the inver-
sion regime, and its capacitance Cp increases due to
a reduction of its thickness. The growth of C'p man-
ifests itself in a frequency interval of 60-1000 kHz
(Fig. 7, b). At forward voltages up to about 1 V,
Cp > Cp, and, according to Eq. (11), the total ca-
pacitance C' = Cp.

At V > 1 V, the thickness of the depletion re-
gion in the n-MnsOs film becomes equal to the film
thickness, and the total capacitance C of the het-
erostructure does not depend on the applied voltage
(Fig. 7). Being evaluated in the constant-capacitance
section at V' > 1 V according to the formula w =
= g0e525/C, where S is the heterojunction area, the
MnsOg film thickness equals w = 0.5 pm. This value
is also obtained, when studying the film within the
multibeam interference method.

At the frequencies f > 50 kHz, the diffusion capac-
itance of the n-MnyOs/n-CdZnTe structure, which
corresponds to the inversion layer (at V < 0 V), de-
creases with the increasing frequency (Fig. 7, b). This
occurs as a result of a reduction in the ability of
charge carriers to follow the alternating signal. This
ability is governed by the generation and recombi-
nation rates in the contact region of n-CdZnTe. For
silicon-based structures, the minimum values of the
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Fig. 8. I-V characteristic of the n-Mn2O3/ n-CdZnTe het-
erostructure under irradiation (AM1.5 (100 mW /cm?) at T =
= 295 K. The mechanism of the photocurrent flow at V<0V
is shown in the inset

capacitance C,,;, were observed at the frequencies
f =~ 100 kHz [31]. For the researched n-MnsOgz/n-
CdZnTe structures, it is possible to observe Chyin
at the frequency f = 1000 kHz, which is an order
of magnitude higher. This fact points to a higher
limiting frequency of the n-MnsO3/n-CdZnTe het-
erostructures due to the high rate of generation-
recombination processes in n-CdZnTe.

The I-V characteristics of the isotype n-MnyO3/n-
CdZnTe heterostructures irradiated from the n-
Mny;O3 side under conditions close to AMIL1.5
(100 mW /cm?) demonstrate the generation of the
photocurrent j,;, &~ 4 mA /cm? at reverse biases larger
than 1V (Fig. 8). Under irradiation, the n-Mns O3 /n-
CdZnTe heterostructure generates the photo-emf
Voc = 0.36 V in the open-circuit mode. The pho-
tocurrent density in the short-circuit mode Jgo =~
~ 3.24 mA /cm?. The main role in the photocurrent
formation is played by the photogeneration process
in n-CdZnTe (the inset in Fig. 8). The recombina-
tion processes of electrons from the n-MnyO3 con-
duction band with photogenerated holes in n-CdZnTe
also take part in the formation of the photocur-
rent flow.

4. Conclusions

Isotype n-MnyO3/n-CdZnTe heterostructures with a
current rectification coefficient of about 10* were fab-
ricated using the spray pyrolysis of a 0.1 M aque-
ous solution of MnCl, - 4H50 salt on the surface
of crystalline n-CdZnTe substrates heated to Ts =
= 350 °C. The diode characteristics of the hetero-
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junction are governed by an energy barrier 0.9 eV
in height, which arises on the n-CdZnTe side. The
barrier is formed by a combined action of the en-
ergy states located at the interface between the n-
MnyO3 and n-CdZnTe semiconductors and the dif-
ference between the work functions of those semi-
conductors.

In the forward-voltage interval 3kT/qg <V < 0.9V,
the current flows through the n-MnyOgz/n-CdZnTe
heterostructure owing to the tunneling of electrons
from the states in the n-CdZnTe conduction band
into the n-MnyO3 conduction band through the bar-
rier. The analysis of the forward-current tunneling
mechanism made it possible to reveal a depletion of
electrically active impurities in the n-CdZnTe con-
tact region owing to the evaporation of cadmium
atoms from the n-CdZnTe near-surface region, when
the substrates were heated in the course of spray
pyrolysis.

The reverse current at the bias voltages —2 V <
<V < =3kT/q is formed by the multistage tunnel-
ing of electrons from the bottom of the n-MnyO3 con-
duction band to the states in the forbidden gap in the
heterojunction space-charge region and their further
recombination with holes in the valence band of the
inverse layer in n-CdZnTe. According to the analysis
of how the tunneling activation energy changes with
the reverse bias, the location of the energy states aris-
ing at the heterojunction interface and contributing
to the formation of the potential barrier height was
established to equal E ~ Ey (CdZnTe) + 0.23 V.

The C-V characteristics of the n-MnyOs/n-
CdZnTe heterostructure are formed by the combined
action of the diffusion capacitance of the inverse layer
in n-CdZnTe and the capacitance of the n-MnsOg
film. The capacitance minimum for the n-MnsO3/n-
CdZnTe structure in the inversion mode is observed
at a frequency of about 1 MHz, which is an order of
magnitude higher than the corresponding parameter
for silicon-based MIS structures. This fact testifies to
high values of the limiting frequency for the studied
heterostructure and is favorable for the application of
the latter in high-speed photoelectric devices.

1. S.V. Ovsyannikov, A.M. Abakumov, A.A. Tsirlin,
W. Schnelle, R. Egoavil, J. Verbeeck, G. Van Tendeloo,
K.V. Glazyrin, M. Hanfland, L. Dubrovinsky. Perovskite-
like Mn2O3: A path to new manganites. Angew. Chem.
Int. Ed. 52, 1494 (2013).

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 9



Electrical Properties and Energy Parameters

10.

11.

12.

13.

14.

15.

16.

F. Hong, B. Yue, N. Hirao, Z. Liu, B. Chen. Signifi-
cant improvement in MnsO3 transition metal oxide elec-
trical conductivity via high pressure. Sci. Rep. 7, 44078
(2017).

. M. Wang, M. Shen, L. Zhang, J. Tian, X. Jin, Y. Zhou,

J. Shi. 2D-2D MnO32/g-C3N4 heterojunction photocata-
lyst: In-situ synthesis and enhanced COg reduction activ-
ity. Carbon 120, 23 (2017).

. T. Yu, Y. Sun, C. Zhe, W. Wang, P. Rao. Synthesis of

synthesis of CuOz;/MnO2 heterostructures with enhanced
visible light-driven photocatalytic activity. J. Mater. Sci.
Chem. Eng. 5, 12 (2017).

. W. Ren, D. Liu, C. Sun, X. Yao, J. Tan, C. Wang, K. Zhao,

X. Wang, Q. Li, L. Mai. Nonhierarchical heterostructured
FeaO3/Mn2O3 porous hollow spheres for enhanced lithium
storage. Small 14, 1800659 (2018).

. S. Sharma, P. Chauhan, S. Husain. Structural and opti-

cal properties of Mn2O3 nanoparticles and its gas sensing
applications. Adv. Mater. Proc. 1, 220 (2016).

. R. Naeem, M. Ali Ehsan, R. Yahya, M. Sohail, H. Khaledi,

M. Mazhar. Fabrication of pristine MnaOg and Ag—-MnsO3
composite thin films by AACVD for photoelectrochemical
water splitting. Dalton Trans. 45, 14928 (2016).

. H.D. Awad, A.K. Elttayef, A.L. Ressen, K.A. Ali. The ef-

fect of annealing on the structural and optical properties
of Mn2Oj3 thin film prepared by chemical spray pyrolysis.
Int. J. Sci. Res. 6, 291 (2017).

. A.L. Fahrenbruch, R.H. Bube. Fundamentals of Solar Cells

(Academic Press, 1983) [ISBN: 9780323145381].

A. Ginsburg, D.A. Keller, H.-N. Barad, K. Rietwyk,
Y. Bouhadana, A. Anderson, A. Zaban. One-step synthesis
of crystalline Mn2O3 thin film by ultrasonic spray pyroly-
sis. Thin Solid Films 615, 261 (2016).

Q. Javed, W. Feng-Ping, M.Y. Rafique, A.M. Toufiq,
M.Z. Igbal. Canted antiferromagnetic and optical proper-
ties of nanostructures of Mng O3 prepared by hydrothermal
synthesis. Chin. Phys. B 21, 117311 (2012).

M. Chandra, S. Yadav, S. Rayaprol, K. Singh. Structural
and impedance spectroscopy of a-MngOs. AIP Conf. Proc.
1942, 110023 (2018).

A. Ramirez, P. Hillebrand, D. Stellmach, M.M. May,
P. Bogdanoff, S. Fiechter. Evaluation of MnO,, Mn2Og3,
and Mn3zOy4 electrodeposited films for the oxygen evolution
reaction of water. J. Phys. Chem. C 118, 14073 (2014).
S. Pishdadian, A.M. Shariati Ghaleno. Influences of an-
nealing temperature on the optical and structural proper-
ties of manganese oxide thin film by Zn doping from sol-gel
technique. Acta Phys. Pol. A 123, 471 (2013).

I.P. Koziarskyi, E.V. Maistruk, I.G. Orletsky, M.I. ITla-
shchuk, D.P. Koziarskyi, P.D. Marianchuk, M.M. Solo-
van, K.S. Ulyanytsky. Influence of properties of hematite
films on electrical characteristics of isotype heterojunc-
tions FeaO3/n-CdTe. Semicond. Sci. Technol. 35, 025018
(2020).

V.V. Khomyak, V.V. Brus, M.I. Ilashchuk, I.G. Orletsky,
I.I. Shtepliuk, G.V. Lashkarev. Fabrication and proper-

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 9

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ties of the photosensitive anisotype n-CdzZni_,O/p-CdTe
heterojunctions. Acta Phys. Pol. A 126, 1163 (2014.

I.G. Orletskyi, M.I. Ilashchuk, M.M. Solovan, P.D. Ma-
ryanchuk, E.V. Maistruk, G.O. Andrushchak. Effect of fab-
rication conditions on charge transport and photo-response
of n-ITO/p-Cd1—_,Znz Te heterojunctions. Mater. Res. Ez-
press 6, 086219 (2019).

E.V. Maistruk, I.G. Orletsky, M.I. Ilashchuk, I.P. Ko-
ziarskyi, D.P. Koziarskyi, P.D. Marianchuk, O.A. Par-
fenyuk. Influence of heat treatment of the base material
on the electrical properties of anisotyped heterojunctions
n-ZnO : Al/p-CdZnTe. Semicond. Sci. Technol. 34, 045016
(2019).

J.J. Kennedy, P.M. Amirtharaj, P.R. Boyd, S.B. Qadri,
R.C. Dobbyn, G.G. Long. Growth and characterization of
Cd1_4Zn;Te and Hgy_yZnyTe. J. Cryst. Growth 86, 93
(1988).

K. Guergouri, R. Triboulet, A. Tromson-Carli, Y. Mar-
faing. Solution hardening and dislocation density reduction
in CdTe crystals by Zn addition. J. Cryst. Growth 86, 61
(1988).

A. Ramirez, D. Friedrich, M. Kunst, S. Fiechter. Charge
carrier kinetics in MnOg, MnsOs and Mn3zO4 films
for water oxidation. Chem. Phys. Lett. 568—569, 157
(2013).

L. Jayaselvan, C.G. Sambandam, C. Ravidhas, A.M.E. Raj.
Effect of preparative parameters on structural, optical
and electrical properties of Mn2O3 nanoparticles prepared
via microwave assisted technique. Int. J. Sci. Res. Sci.
Technol. 3, 106 (2017).

I.G. Orletskii, P.D. Mar’yanchuk, E.V. Maistruk, M.N. So-
lovan, V.V. Brus. Low-temperature spray pyrolysis of FeSa
films and their electrical and optical properties. Phys. Solid
State 58, 37 (2016).

I.G. Orletskyi, M.I. Ilashchuk, E.V. Maistruk, M.M. Solo-
van, P.D. Maryanchuk, S.V. Nichyi. Electrical properties
of SIS heterostructures n-SnSs/CdTeOgs/p-CdZnTe. Ukr.
J. Phys. 64, 164 (2019).

I.G. Orletskyi, M.I. Ilashchuk, M.N. Solovan, P.D. Ma-
ryanchuk, O.A. Parfenyuk, E.V. Maistruk, S.V. Nichyi.
Electrical properties and energy parameters of n-FeSa/p-
Cd1_g4ZngTe heterojunctions. Semiconductors 52, 1171
(2018).

Y. Xi, T. Gessmann, J. Xi, J.K. Kim, J.M. Shah,
E.F. Schubert, A.J. Fischer, M.H. Crawford, K.H. Bog-
art, A.A. Allerman. Junction temperature in ultraviolet
light-emitting diodes. Jpn. J. Appl. Phys 44, 7260 (2005).
J.P. Ponpon. A review of ohmic and rectifying contacts on
cadmium telluride. Solid-State Electron. 28, 689 (1985).
A. Luque, S. Hegedus.Handbook of Photovoltaic Science
and Engineering (Wiley, 2011) [ISBN: 978-0-470-72169-8].
J.J. Prias-Barragan, L. Tirado-Mejia, H. Ariza-Calderon,
L. Banos, J.J. Perez-Bueno, M.E. Rodriguez. Band gap
energy determination by photoacoustic absorption and op-
tical analysis of Cdj_,Zn,Te for low zinc concentrations.
J. Cryst. Growth 286, 179 (2006).

801



I.G. Orlets’kyt, M.I. Ilashchuk, E.V. Maistruk et al.

30. J. Franc, P. Hlidek, P. Moravec, E. Belas, P. Hoschl,
L. Turjanska, R. Varghova. Determination of energy gap
in Cdj—zZngTe (x = 0-0.06). Semicond. Sci. Technol. 15,
561 (2000).

31. S.M. Sze, K.N. Kwok. Physics of Semiconductor Devices
(Wiley, 2006) [ISBN: 9780471143239).

32. S. Lany. Semiconducting transition metal oxides. J. Phys.:
Condens. Matter. 27, 283203 (2015).

33. B.L. Sharma, R.K. Purohit. Semiconductor Heterojunc-
tions (Pergamon Press, 1974) [ISBN: 9781483280868].

34. M. Chandra, S. Yadav, R.J. Choudhary, R. Rawat,
A.K. Sinha, M.-B. Lepetit, K. Singh. Multiferroicity and
magnetoelastic coupling in @-Mn2O3: A binary perovskite.
Phys. Rev. B 98, 104427 (2018).

35. E. Maistruk, M. Ilashchuk, I. Orletskyi, I. Koziarskyi,
D. Koziarskyi, P. Maryanchuk, O. Parfenyuk, K. Ulyanyt-
sky. Influence of the base material on the interface prop-
erties of ZnO:Al/n-CdS/p-Cd;_;Zn,;Te heterojunctions.
Eng. Res. Express 2, 035037 (2020).

36. A.G. Milnes, D.L. Feucht. Heterojunctions and Metal-
Semiconductor Junctions (Academic Press, 1972) [ISBN:
0124980503].

37. S.-H. Wei, S.B. Zhang. Chemical trends of defect forma-
tion and doping limit in II-VI semiconductors: The case of
CdTe. Phys. Rev. B 66, 155211 (2002).

38. A.V. Savitsky, M.I. Ilashchuk, O.A. Parfenyuk, K.S. Ulya-
nytsky, V.R. Burachek, R. Ciach, Z. Swiatek, Z. Kuznicki.
Thermostability of physical properties of cadmium tel-
luride crystals. Thin Solid Films 361—362, 203 (2000).

802

39. K. Yokota, S. Katayama, T. Yoshikawa. Termally-stimu-
lated current in p-type CdTe annealed in various atmo-
spheres. Jpn. J. Appl. Phys. 21, 456) (1982).

40. F.T.J. Smith. Electrically active point defects in cadmium
telluride. J. Metallurg. Trans. 1, 617 (1970).

Received 20.10.20.
Translated from Ukrainian by O.I. Voitenko

I.T. Opaeyvruti, M.I. Inawyx,
E.B. Matcmpyx, [.11. [lapromenxo, I11./7]. Map’anwyx

EJIEKTPWYHI BJIACTBOCTI
I EHEPTETUYHI TAPAMETPU ®OTOYYTJIMBUX
TFETEPOCTPYKTVYP n-MnsO3z/n-CdZnTe

Hocni/izkeHo yMOBH BUTOTOBJIEHHST (DOTOJIIOAHUX I30TUITHUX Te-
TepocTpyKTyp n-MnoOs3/n-CdZnTe meromom copeit-miipomisy
TOHKHMX IUIBOK O6ikcHiTy a-MngOs ma Kpucraudivai migkia-
muaku n-CdZnTe. 3a TemneparypHumMu 3ajiexxkHocramu [-V -
XapaKTEePUCTUK IIPOAHAIIZ30BAHO MEXaHI3MU TYHEJIIOBAHHS eJIe-
KTPOHIB KPi3b €HEepreTUYHuil 6ap’ep rereporepexo/ly IpH Mpsi-
MOMY Ta 3BOPOTHOMY CTpyMaX. 3’siCOBaHa POJIb €HEPreTUIHUX
crauiB Ha Mexi n-MnaO3/n-CdZnTe y dopmysanni mapame-
TpiB 6ap’epa. Ha ocuoBi C-V -xapaKTepuCTUK BCTAHOBJIEHO U~
HaMiKy 3MiHU 1 B3a€MO3B’SI30K E€MHICHUX IapaMeTpiB TOHKOL
mwriBku n-Mn2Os Ta imBepciitnoro mapy n-CdZnTe. Ilpen-
CTaBJICHO MOJEJIb €HEPreTUIHOl JiarpaMu IreTepoepexomy N-
Mn2O3z/n-CdZnTe. IIpoanasizoBano dboToeseKTpudHi BiacTu-
BOCTI F€TE€POCTPYKTYPH.

Ka10408614 ¢.06a: TOHKA IUIBKA, CIIPER-IipoJIi3, reTepocTpy-
KTypa, eHepreTuvHa Jiarpama, poTomgion.
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