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Abstract. Undoped and Mn-doped ZnO ceramics were theoretically and experimentally
investigated using specular infrared reflection method. It was shown that infrared reflection
spectra can be modeled using the parameters explored for ZnO single crystals. For ceramic
samples, it was shown that ZnO grains with orientation of the C-axis along the normal to

the electric field ( E  C ) give the main contribution to IR reflection spectra. It has been
ascertained that the surface roughness is manifested in these spectra mainly within the
range 450…550 cm–1 giving negligible effect for the frequencies above longitudinal
phonon frequency. This allowed the electrophysical parameters of ZnO crystallites to be
evaluated. In the case of undoped ceramics, the obtained results were found to be consistent
with the values of direct current measurements. This finding supports the utility of infrared
spectroscopy for determination of the electrophysical parameters of polycrystalline ceramic
materials. For Mn-doped ceramic samples, the conductivity value measured using the direct
current method was found to be essentially lower than those determined from simulation of
infrared reflection spectra. This phenomenon was explained by barrier formation at the
grain boundaries in Mn-doped ZnO ceramics.
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Infrared reflection (IRR) spectroscopy is one of the
non-destructive methods allowed establishing electrophysical parameters [14, 15]. However, this method was
not often addressed. At the same time, it allows the
conductivity, free carrier concentration and mobility of
undoped and doped ZnO single crystals to be determined
[12–15]. In particular, it was found that ZnO is
characterized by strong anisotropy of phonon properties
and slight anisotropy of the plasmon subsystem [12, 14].
In [15, 16], the specular reflection spectra from the ZnO
crystals with an electron concentration varied from
1016 to 5·1019 cm–3 were experimentally investigated and
self-consisted parameters for those single crystals were
obtained. In [17], for the first time, the oscillations of
three pair-linked subsystems were taken into account,
namely: electromagnetic waves, optical lattice oscillations and free carriers plasma oscillations for perpendi
cular and parallel orientations of electric field vector E to


the С-axis ( E  C and E С orientations, respectively).

1. Introduction
Materials based on zinc oxide (ZnO) attract significant
attention due to unique physicochemical properties,
which allow wide applications. However, production of
perfect single crystals requires specific equipment
operating at high-temperature and high-pressure regimes
[1, 2]. Due to complexity of single crystal growth, the
interest of researchers to ZnO-based ceramics and thin
films increased in recent decades. These ZnO-based
materials found their application as transparent
conductive electrodes [3, 4], in microelectronics [5], for
light-emitting devices [6, 7], in varistors [8, 9], for
photocatalysis [10, 11], etc.
It is worth to point out that, contrary to the ZnO
single crystals [1, 12], the investigation of electrophysical properties of ZnO films and ceramics is usually
faced with some difficulties due to their polycrystalline
nature [7, 13].

© 2021, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

390

SPQEO, 2021. V. 24, No 4. P. 390-398.

Recently, we have demonstrated that the IRR
method can be applied for studying the optical and
electrophysical properties of undoped and doped ZnO
thin films grown on both dielectric and semiconductor
substrates by means of magnetron sputtering [18, 19] and
atomic layer deposition [20]. It was shown that in these
films, the C-axis of ZnO crystallites was mainly oriented
along the normal to the film/substrate interface. This
allowed theoretical modeling of IRR spectra within the

range 50…1500 cm–1 for the E  C orientation to be
performed. The optical and electrical parameters of ZnObased films, as well as the oscillator strengths and the
values of their damping coefficients for the films and the
substrates were determined using a multi-oscillator model. In this case, the influence of phonon and plasmonphonon subsystems of the substrates on the shape of the
IRR spectra of ZnO film/dielectric (semiconductor)
substrate structure was taken into account.
Despite significant interest to ZnO-based materials,
application of the IRR method for the characterization of
ZnO ceramics was not well addressed. At the same time,
this method is able to provide important information on
polycrystalline samples, for instance, textured films and
ceramics. Indeed, for these samples there is a difficulty to
determine the free carrier concentration (n0) and mobility
() by using the conventional methods (measurement of
direct current conductivity or the Hall effect study). The
main reason is the presence of barriers at the grain
boundaries, as it was reported for ZnO films obtained
using magnetron sputtering [19, 21] and for ZnO
ceramics doped with various impurities [22 and
references therein]. In this case, information on the n0
and  values was extracted from the IRR spectra.
It is worth to note that in comparison to single
crystals and textured films, ceramics have significant
differences. Firstly, it is the presence of crystallites with
different optical axis orientations in relation to the
direction of light incidence, and secondly, a certain
surface roughness, which can complicate obtaining
information about the electrical parameters of the
crystallites. Indeed, the light wave reflected by the
surface of the ZnO single crystal is formed in the nearsurface layer [12, 14, 15]. Optically polished ZnO
crystals have higher surface roughness than those with
cleavage surface and, consequently, the magnitude of
corresponding IRR signal in the “residual rays” range
(“reststrahlen band”) decreases regardless to the optical
axis orientation [23]. Similar results were reported for
CdTe crystals in Ref. [24]. Therefore, the study of the
influence of the above mentioned factors on the IRR
spectra is required to determine the ceramic
characteristics.
The aim of this work is to elucidate the peculiarities
of specular IRR spectra of ZnO ceramic samples as well
as the possibility of applying this contactless method for
determination the optical and electrophysical parameters
of ZnO crystallites in ceramic materials.

2.

Experimental details and methods

Undoped and manganese-doped ZnO ceramics were
prepared from a mixture of ZnO powder (99.99% purity)
with distilled water or aqueous MnSO4 solution,
respectively. After drying at room temperature for
24 hours, the mixtures were pressed into the pellets with
the dimensions in the length, width and thickness of
20×8×3 mm. The used pressure was 20 MPa. These
pellets were subsequently annealed in muffle furnace at
1000 °C for 3 hours in air being naturally cooled with the
furnace to room temperature. The pellets were cleft
transversally in several parts with average sizes of
2×5×1 mm. They were additionally polished to reduce
the roughness of the ceramic surface. The concentration
of manganese in the doped samples was about 10 20 cm–3.
ZnO single crystals with different free carrier
concentrations were also studied. These crystals were
grown using the hydrothermal method [14, 15] and then
were cut as parallelepipeds with the dimensions of
10×8×8 mm. All their sides were optically polished. In
this work, ZnO single crystals were used as a model
object allowed to determine the effect of the C-axis
orientation and the n0 value on the IRR spectra.
Experimental IRR spectra (called hereafter as RE(ν))


were measured for E  C and E С orientations, and
these results were further used for the analysis of the IRR
spectra of ceramic samples.
Specular IRR spectra of the ceramics were
measured using a Bruker Vertex 70 V FTIR spectrometer
at the angle of excitation light incidence 13°. A gold
mirror was used as a reference. The spectra were
recorded with a resolution of 1 cm–1. The error of
reflection coefficient measurements was about 1%. More
details can be found in [19, 22]. The structure of samples
was investigated by means of the X-ray diffraction
(XRD) method. XRD patterns were recorded in BraggBrentano geometry using a Philips X’Pert-MRD
diffractometer with CuKα1 radiation. In addition,
measurements of the direct current (DC) conductivity
were performed. To do this, indium Ohmic contacts were
deposited on cleavage surfaces of opposite sides.
3. Results and discussion
3.1.
Structural properties of ceramic samples
(XRD data)
Fig. 1 shows the XRD patterns of undoped and Mndoped ZnO ceramics. All XRD peaks correspond to
hexagonal ZnO and the ratio of their intensities does not
show any predominant orientation of ZnO crystallites
(according to the ICDD card #010-70-8072), which
indicates a random orientation of crystallite C-axis. The
XRD pattern of Mn-doped ZnO sample is similar to that
of undoped one. Any other phases including Mn-related
ones were not detected in all the samples.
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Table 2. Optical parameters of ZnO single crystal.

3.2. Specular IRR spectra
3.2.1. IRR spectra of ZnO single crystals
The group theory predicts the existence of nine optical
and three acoustic branches in ZnO [15]. Two optical
modes (E1 and A1) are doubly degenerated and active in
the IR spectral range.
Since a mixed ion-covalent bond is formed between
atoms in ZnO, the long-range Coulomb field leads to the
splitting of E1- and A1-type oscillations into longitudinal
and transverse components. The corresponding
frequencies of transverse optical oscillations E1 and A1
were called as T and T and longitudinal one A1 – as
νL and νL. The symbols || and  mean the polarization of
the phonon parallel and perpendicular to the C-axis,
respectively. It should be noted that the modes associated
with the combination of phonons can be also observed. In
particular, this can be the result of doping [25].
Table 1 shows ZnO crystal structure and the types
of phonons for different polarizations and directions of
propagation. As one can see, there are three possible
modes of oscillations in the Z-direction: T mode
polarized in the X-direction, similar T mode polarized in
the Y-direction and L|| mode polarized in the Z-direction.

Z(A1)

Ox

L

T

T||

Oy

T

L

T||

Oz

T

T

L||

T, cm–1

L, cm–1

EC
E || C

8.1
9.0

3.95
4.05

412
380

591
570

(1)

where ε is high-frequency dielectric constant, εf is the
contribution of active optical phonons with the
frequencies νТ and νL, εр – contribution of free carriers
(the plasmon frequency is denoted as νp).
If the values of νТ, νL and νp as well as corresponding
damping coefficients of phonons (f) and plasmons (p)
are known, then Eq. (1) can be considered versus IR light
frequency  as

     





   2p
   2L  T2
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(2)

Being based on the interrelation of dielectric constant
() with the refractive index (n()) and extinction
coefficient (k()) [14], the reflection coefficient can be
found as

Phonon polarization
Y(E1)

ε

    1  i 2      f   p ,

Table 1. Schematic illustration of ZnO crystal structure and
types of phonons for different polarizations and propagation
directions.

X(E1)

ε0

If phonon propagates along the X- and Y-axes
(Z-axis coincides with the direction of the optical
C-axis), then only pure LO phonons are observed, which
corresponds to the IRR spectra measured for the case

E  C (Fig. 2, triangle symbols (▲)). When phonon
propagates along the Z-axis, only TO phonons appear in

the IRR spectrum corresponding to the case E С
(Fig. 2, dot symbols (●)). As follows from Table 1, only
in the case of A1-mode excitation in the Z-direction that
coincides with the direction of the C-axis, it is possible to

observe the IRR spectrum for E С . In all other cases,

the IRR spectrum with E  C orientation will be
registered.
Dispersion analysis of the IRR spectra of ZnO
crystals in the “residual rays” range allowed obtaining
the optical parameters of ZnO single crystal (Table 2).
These parameters were found to be similar to those
reported earlier [14, 16] and they were further used for
fitting the IRR spectra of ZnO-based ceramic samples.
Theoretical IRR spectra (called hereafter as RT(ν))
were also simulated as based on the approach described
in [14, 18, 20–22]. Frequency dependence of dielectric
constant () within the spectral range corresponding to
the plasmon-phonon interaction was presented using the
Helmholtz–Kettler formula:

Fig. 1. XRD patterns of undoped (1) and Mn-doped (2) ZnO
ceramics.

Direction of
phonon
propagation

ZnO

R  

n   12  k 2 ,
n   12  k 2

(3)

taking into account the contribution of bulk phonons and
plasmons. The results obtained for EC and E || C
are shown in Fig. 2 by the curves 1 and 2, respectively.
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To determine the effect of the free carrier
concentration on the IRR spectra, their theoretical
calculation was performed at different νp and γp values
(Fig. 4). The spectra were calculated for the orientation
Е  С at γf = 11 cm–1, whereas νp and γp were taken to
be equally changed from 1 to 1000 cm–1 (curves 1 to 5).
It is seen that the most significant changes in the IRR
spectra are observed at νp = γp = 500…1000 cm–1, which
corresponds to the concentrations n0 = 1018…1020 cm–3.
Thus, as can be seen from Figs 2 to 4, the analysis
of IRR spectra allows obtaining information on the
optical and electrophysical parameters of ZnO, in
particular, the conductivity, concentration and mobility
of free carriers can be estimated along with the
orientation of the optical axis of crystals and their surface
quality.


Fig. 2. IRR spectra of ZnO single crystal (RE(ν)) for E  C

(▲) and E С (●) and corresponding fitting (RT()) with the
parameters: 1 – νР = 90 cm–1, γР = 150 cm–1, γf = 11 cm–1,
δ = 0.29·10–2; 2 – νР = 100 cm–1, γР = 170 cm–1, γf = 11 cm–1,
δ = 0.29·10–2.

This simulation was performed for the 200…1000-cm–1
spectral range varying the value of damping coefficient
for TO phonon (γf). It turned out that the best fitting
corresponds to the modeling with γf = 11 cm–1. The
standard deviation δ was 0.29·10–2 (~ 0.3%).
As one can see from Fig. 2, there is a difference
between RE(ν) and RT(ν) within the range 400…480 cm–1.
This difference is caused by the surface roughness and
surface defects. Apart from this, the RE(ν) data show a
minimum at  = 504 cm–1 that can be a result of the
presence of lithium impurities observed usually in
hydrothermally grown ZnO crystals [14]. Besides, this
minimum can be a sign of surface optical phonon
vibrations occurred in disordered surface of ZnO crystal
or grain boundaries [1, 5].
Fig. 2 demonstrates anisotropy of the optical
properties of ZnO in the “residual rays” range. The
spectrum for E || C is shifted towards the lower
frequencies as compared to the spectrum for Е  С, and
the largest difference in the spectra is observed in the
range of TO phonon (200…400 cm–1). At the same time,
the values of the reflection coefficients at the reflection
maxima coincide.
In ceramic samples, ZnO crystallites with different
orientation of their optical axis are present. Taking this
fact into account, a theoretical calculation of the IRR
spectra for different orientation of C-axis from E || C to
Е  С and γf = 11 cm–1 was performed (Fig. 3). The
angles between the C-axis and the vector E were chosen
to be φ = 90° (curve 1), 60° (curve 2), 45° (curve 3), 30°
(curve 4), 0° (curve 5).
As it can be seen from Fig. 3, the significant
changes in the IRR spectra are observed for φ = 30, 45,
and 60°, and they are manifested in the appearance of a
minimum reflection coefficient within the range of LO
phonon (570…590 cm–1), which allows us to offer the
optical method for determining the orientation of optical
axis in ZnO materials. Simultaneously, a gradual shift of
the RT() curve towards the lower frequencies in the
range of TO phonon is observed, when the orientation
changes from Е  С to E || С.

Fig. 3. Simulated RТ(ν) spectra of ZnO single crystal for
different orientation of C-axis, from E || С (1) to Е  С (5) –
φ = 90° (1), 60° (2), 45° (3), 30° (4), 0 (5). Other fitting
parameters are: γf,|| = 11 cm–1, νp = 90 cm–1, γp= 150 cm–1;
νp|| = 100 cm–1, γР|| = 170 cm–1. Inset demonstrates in details the
RT() curves within the range 550…630 cm–1.

Fig. 4. RТ(ν) of ZnO single crystal at Е  С, γf = 11 cm–1,
νp = γp = 1 (1), 250 (2), 500 (3), 750 (4), and 1000 cm–1 (5).
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It is worth to point out that XRD data showed
random orientation of the ZnO grains in ceramic sample,
whereas the shape of corresponding IRR spectrum is
close to that simulated for orientation Е  С. The
contribution of E || C polarization is negligible. It could
manifest only in the range 390…400 cm–1 (Fig. 3), where
a slight deviation of the RE() curve from the RT() one
for Е  С is observed. This result can be explained by the
fact that the contribution of the polarization Е  С to the
IRR spectrum can be given by all crystallites, whatever
their orientation in the regard of direction of light
incidence, while for polarization E || C only crystallites
with a certain direction of the C-axis with respect to the
direction of light incidence give the contribution to
reflection spectrum. Indeed, as it was mentioned above,
only in the case of excitation of A1 vibration in the
Z-direction, which coincides with the direction of the
C-axis, it is possible to observe the IRR spectrum for the
case E || C. Otherwise, the IRR spectrum for Е  С
orientation will be registered.
Thus, the IRR spectra of ZnO ceramics can be
simulated taking into account only the Е  С orientation.
This modeling allows estimating the concentration of
free carriers and their mobility in ZnO crystallites. In this
case, to prevent the effect of surface roughness,
simulation has to be performed in the frequency range
above the LO phonon frequency. Indeed, as shown in
Table 3, the surface roughness has a little effect on the
evaluation of free carrier concentration when this
simulation is used. Thus, despite the possible
contribution of the surface roughness to the IRR
spectrum, the conductivity, concentration and mobility of
free carriers can be obtained even for an unpolished
sample.
As Fig. 5b shows, the IR reflection spectrum of
manganese-doped ZnO ceramics is very close to that of
undoped sample. The crystallite parameters obtained by
fitting the IRR spectra of undoped sample are close to the
parameters evaluated from the IRR spectra of doped
ceramics (Table 3).

3.2.2. IRR spectra of ZnO ceramic samples
Fig. 5a shows experimental IRR spectra of unpolished
(curve 1) and polished (curve 2) undoped ZnO ceramic
samples as well as simulated RT() spectra for polished
sample for both C-axis orientations – Е  С (curve 3) and
Е || С (curve 4). Simulation was performed, like to that in
the case of ZnO single crystal, by using the Kramers–
Kronig analysis [14, 15], equations (1)–(3) and the
parameters given in Table 2.
As can be seen from Fig. 5a, after polishing the IRR
intensity increases within the spectral range
400…600 cm–1 without any spectrum changing in other
ranges. Contrary to this, variation of the free carrier
concentration affects significantly the IRR intensity in
the frequency range 600…1000 cm–1, too. This allows
distinguishing the effect of surface roughness from the
effect of carrier concentration.
Comparison of the IRR spectra of ZnO single
crystals and ZnO ceramics (see Figs 2 and 5) suggests
that they are similar. It means that the parameters given
in Table 2 along with Eqs (1) to (3) permitted to simulate
the IRR spectra of both single crystals and ZnO ceramics
with proper accuracy.

3.2.3. Direct current conductivity
To get insight on the reliability of the IRR method for
studying the ceramics and to demonstrate its importance
in the case of doped samples, DC conductivity
measurements were performed for the samples described
above. For the undoped samples (their IRR spectrum is
shown in Fig. 5), the DC conductivity value was
σ = 10 Ω–1·cm–1, which is close to the value obtained
from the IR reflection spectrum. It indicates reliability of
the IR spectroscopy data. At the same time, for Mndoped ceramics the DC electrical conductivity was
several orders of magnitude lower (σ = 7·10–3 Ω–1·cm–1).
In addition, in this sample, unlike to the undoped one,
nonlinear current-voltage characteristic was observed
(Fig. 6) contrary to linear current-voltage characteristic
detected for undoped ZnO.

Fig. 5. (a) experimental RE(ν) of undoped unpolished (curve 1)
and polished (curve 2) samples and simulated RT(ν) for
polished sample: 3 – simulation for Е  С at νР = 450 cm–1,
γР = 2400 cm–1; γf = 13 cm–1; 4 – simulation for Е || С
at νР = 420 cm–1, γР = 2200 cm–1; γf = 13 cm–1 (δ = 0.35·10–2),
(b) – experimental RE(ν) spectra of polished undoped (1) and
Mn-doped (2) ceramics, Е  С.
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Table 3. Parameters of ZnO crystallites in unpolished and polished undoped and polished Mn-doped ceramic samples.

Sample
polished
undoped sample
unpolished
undoped sample
polished Mndoped sample

νp, cm–1

Concentration n0,
cm–3

Conductivity σ,
–1 cm–1

Mobility
µ, cm2/(V·s)

13

8.4·1017

15.03

11.18

2000

15

9.02·1017

16.17

11.19

2100

18

1.0·1018

17.6

1.65

γp, cm-1

γf, cm–1

270

2000

280
300

modeling of the reflection spectra were compared with
the electrical characteristics obtained by direct current
measurements. To determine the effect of the crystallite
orientation and the concentration of free carriers on the
IR reflection spectra, the modeling of ZnO single crystal
spectra and their comparison with experimental ones
were performed. Based on the analysis of experimental
and theoretical spectra of single crystals and ceramics, it
has been shown that the IR reflection spectra of ceramics
can be modeled using the parameters found for single
crystals.
It has been shown that the predominant contribution
to the reflection spectra of ceramics is given by the
crystallites with the orientation Е  С, which allows
modeling the spectra, with account of only this
orientation.
It has been found that the surface roughness affects
the IR reflection spectra mainly in the frequency range
450…550 cm–1, while the range above LO phonon
frequency, relevant for estimating of the electrophysical
parameters of the crystallites, remains unchanged. It has
been shown that the electrophysical parameters of
unpolished ceramics (obtained by modeling of IR spectra
in the range above LO phonon frequency) and polished
one coincide, which allows estimation of these
parameters regardless of the surface roughness.
Comparison of the electrophysical parameters
obtained by modeling of the experimental spectra with
the data obtained from DC measurements shows that for
undoped ceramics they agree well, which confirms the
applicability of the IR spectroscopy method to determine
the electrophysical parameters of ceramics. In the case of
Mn-doped ceramics, the DC conductivity is much less
than that determined by simulation of the reflection
spectra. This is explained by the presence of barriers at
the boundaries of the crystallites related with oxygen
adsorption.

Fig. 6. Current-voltage characteristic of the Mn-doped ZnO
ceramic sample.

The difference between the data obtained from IR
spectra and DC measurements, which is observed for the
doped sample, indicates the presence of low- and highresistance regions, which is confirmed by the
nonlinearity of the current-voltage characteristic. As
follows from the modeling of IR reflection spectra, lowresistance regions are ZnO crystallites, while highresistance ones are associated with barriers at their
boundaries or with intergranular spaces, which may
include impurity-related phases.
As it is known, doping the ZnO ceramics with Mn
is used to produce varistors [8, 26]. Such doping leads to
the appearance of Schottky barriers at the grain
boundaries due to the adsorption of oxygen on the
crystallite surface [27, 28]. The oxygen adsorption
becomes possible due to the presence of a Mn-contained
interlayer between ZnO grains [22] that can be
distinguished by Raman scattering method. This process
does not occur in undoped ceramics or ceramics with the
uniform impurity distribution, which explains the
proximity of the data obtained by IR reflection and DC
measurements for undoped sample. The conclusion about
the absence of barriers in undoped ceramics is also
consistent with the experimental data given in [26].
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Особливості спектрів дзеркального інфрачервоного відбивання кераміки на основі оксиду цинку
О.В. Мельничук, Н.О. Корсунська, І.В. Маркевич, В.В. Бойко, Ю.О. Поліщук, З.Ф. Цибрій,
Л.Ю. Мельничук, Є.Ф. Венгер, В.П. Кладько, Л.Ю. Хоменкова
Анотація. Виготовлено нелеговану та леговану манганом кераміку оксиду цинку та досліджено її структурні,
оптичні та електричні властивості. Показано, що метод інфрачервоної спектроскопії може бути застосований
для визначення електрофізичних параметрів керамічних зразків. При цьому для моделювання спектрів
інфрачервоного відбивання таких зразків можна використовувати параметри, одержані для монокристалів ZnO.
Виявлено, що основний внесок у спектри інфрачервоного відбивання керамічних зразків надають зерна ZnO з

орієнтацією осі С, перпендикулярної до напрямку вектора електричного поля ( E  C ). Установлено, що
шорсткість поверхні проявляється в цих спектрах переважно в діапазоні 450…550 см–1, що дає незначний ефект
у діапазоні частот вищих за частоту LO-фононa. Проведено оцінку електрофізичних параметрів нелегованих та
легованих манганом зразків. Установлено, що у разі нелегованої кераміки отримані результати збігаються з
результатами прямих вимірювань електропровідності зразків. Для керамічних зразків, легованих манганом,
пряме вимірювання їх провідності дає значення, яке значно менше за величину, одержану при моделюванні
спектрів інфрачервоного відбивання. Така відмінність пояснюється утворенням бар’єрів на границях зерен
ZnO, легованих манганом.
Ключові слова: ZnO, кераміка, інфрачервона спектроскопія, легування, провідність.
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