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ABSTRACT: ZnO doped with transition metals (Co, Fe, or Ni) that have non-compensated electron spins attracts particular
interest as it can induce various magnetic phenomena and behaviors. The advanced atomic layer deposition (ALD) technique makes
it possible to obtain very thin layers of doped ZnO with controllable thicknesses and compositions that are compatible with the main
microelectronic technologies, which further boosts the interest. The present study provides an extended analysis of the magneto-
optical MO Kerr effect and the dielectric properties of (Co, Fe, or Ni)-doped ZnO films prepared by ALD. The structural, magneto-
optical, and dielectric properties were considered in relation to the technological details of the ALD process and the corresponding
dopant effects. All doped samples show a strong MO Kerr behavior with a substantial magnetization response and very high values of
the Kerr polarization angle, especially in the case of ZnO/Fe. In addition, the results give evidence that Fe-doped ZnO also
demonstrates a ferroelectric behavior. In this context, the observed rich and versatile physical nature and functionality open up new
prospects for the application of these nanostructured materials in advanced electronic, spintronic, and optical devices.

1. INTRODUCTION ZnO matrix should be carefully chosen and optimized in order
to achieve the desired behavior. All this makes ZnO a very
versatile material whose properties can be properly tuned
according to the specific requirements of the application.
Moreover, it is possible to increase the functionality of ZnO by
simultaneous control over more than one parameter, which
opens up a wide range of exciting applications.

From this point of view, doping with transition metals
(TMs) Co, Ni, Mn, or Fe is of particular interest as they have
partially filled d-states, and hence, they contain non-
compensated spin of electrons, which can induce magnetic
behavior/phenomena (ferromagnetism and magnetoresist-

ZnO and ZnO-based materials are one of the most extensively
studied materials because of the numerous advantages and
possible applications in a broad range of opto-, micro-, nano-,
and acoustoelectronic devices.'* ZnO is a wide band-gap n-
type semiconductor with a large excitonic binding energy. It is
chemically stable; it has a good electrochemical activity and is
biocompatible and environmentally friendly. ZnO films can be
easily and successfully prepared by almost all deposition
techniques—magnetron sputtering, pulsed laser deposition,
sol—gel spin coating, spray pyrolysis, chemical vapor
deposition, atomic layer deposition (ALD), and so forth,
resulting in a broad range of 1D, 2D, and 3D morphologies/

microstructures. Consequently, mechanical, chemical, electri- Received: September 27, 2022
cal, and optical properties of ZnO could be modified and Accepted: November 3, 2022
improved by the growth process and related process Published: November 14, 2022

parameters, including annealing steps. Another efficient way
to tailor and enhance the ZnO properties is by doping with
different elements. The dopant and its concentration in the
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ance). Diluted magnetic semiconductors (DMSs) (i.e., semi-
conductors with net spin polarization—e.g, ZnO in which
magnetic TM ions substitute cations of the host semi-
conductor material) are especially attractive for spintronics
and micro(nano)electronics as they allow realization of
simultaneous control over the electronic state and carrier
dynamics in the semiconductor and the robustness and
coherence of the magnetic spin of the TM. Room-temperature
(RT) ferromagnetism (FM) in Mn-doped p-type ZnO has
been predicted by Dietl et al.’ First-principles calculations®”
based on density functional theory (DFT) also predicted FM
in the most of the 3d TM-doped ZnO materials. Soon after,
RT FM in doped ZnO was also experimentally observed,
which consequently triggered intensive investigations.®” "’
Several mechanisms explaining the RT FM in TM-doped
ZnO films have been proposed.'’ The most widely accepted
are as follows: (i) the Ruderman—Kittel—Kasuya—Yoshida
(RKKY), which results from the coupling mechanism related
to the d shell electron spins mediated by conduction electrons
interactions and (ii) the mechanism of bound magnetic
polarons (BMPs) formed by the s—d exchange interactions
between the electron spin of the nanoscale defect (e.g,
vacancy, secondary phase, etc.) and the electron spins of
substitutional 3d TM ions.'”"’

The magneto-optical (MO) properties of ZnO-based DMSs
are also of particular interest as they allow us to combine the
good optical transparency of ZnO together with magnetism.
MO phenomena [magnetic circular dichroism,'*'* the MO
Faraday effect,'® and the MO Kerr effect'”'® (MOKE)] are
interesting both from the fundamental point of view and for
the application in various devices such as information storage
systems, magnetic field sensors, optical isolators, and so forth.
In the MOKE technique, the change in the linear polarization
of the light reflected from the magnetic surface in a direct
relation to the microscale magnetic hysteresis is studied. The
MOKE is a powerful tool to studgr the local electronic and
magnetic properties of materials.'"” > Enhancement of the
MOKE can be obtained by a careful design of materials
(including their thickness) and structures, for example, a large
Kerr rotation angle reaching several degrees was reported for
structures consisting of stacked magnetic and dielectric thin
films; Fabry—Perot cavities; 1D photonic crystals; and so
forth.”>~**

ZnO has a hexagonal wurtzite structure (non-centrosym-
metric P6;mc space group) and possesses intrinsic polarization
along the c-axis due to cation and anion tetrahedral alignment
in that direction. However, a large coercive field (>7 MV/cm)
is needed for switching;” hence, ferroelectricity in pure defect-
free ZnO is difficult to observe. Incorporating optimized
dopants in ZnO can induce switchable polarization more
effectively and easily. Ferroelectricity in doped ZnO is usually
explained with the difference in the ionic radii of dopant and
Zn*" ions. Because of this difference, the dopant occupies an
off-centered position, which results in the formation of a
permanent electrical dipole.”*”** Therefore, ferroelectricity in
doped ZnO is most often reported for dopants with a relatively
smaller/larger ionic radius [e.g., V** (0.93 A) and Cr’* (0.63
A)] with respect to Zn** (0.74 A). The coexistence of FM and
ferroelectricity in doped ZnO has also been reported in several
studies.”” ™"

Among the deposition methods, ALD of ZnO layers as well
as its doped counterparts has attracted increased attention
recently as it enables the deposition of very thin (several

nanometers) homogeneous films with superior quality, which
could be implemented in a wide variety of devices.”> Moreover,
ALD is CMOS-compatible, which allows integration of ZnO
layers in micro- (nano-)electronic devices, including semi-
conductor spintronic devices. However, there are only a few
reports that study TM (Ni, Co, and Fe) -doped ZnO films
prepared by ALD, and these are confined to Co-doped ZnO
films.*

In this work, MO and dielectric properties of Ni-, Co-, or
Fe-doped ZnO layers deposited by ALD have been
investigated. To the best of our knowledge, this is the first
study that reports the MO and dielectric behavior of ZnO
layers deposited by ALD and doped with various TMs (Fe, Nj,
and Co) and compares their properties in dependence on the
dopant.

2. EXPERIMENTAL PROCEDURE

2.1. Deposition of Films. A standard thermal ALD
process using a Beneq TFS-200 reactor system has been used
to deposit TM (Ni, Fe, or Co)—doped ZnO films. To obtain a
ZnO matrix, diethylzinc (DEZ) as a Zn precursor and
deionized (DI) water as an oxidant have been used, whereas
for TM doping, a metallocene (MCp, = NiCp,; CoCp,; and
FeCp,) precursor and ozone O; have been used. The ALD
system is equipped with HS-300 hot source containers to
supply the solid metallocene precursors. The ZnO/TM
supercycle consists of 16 cycles of DEZ/DI H,O followed by
five cycles of MCp,/O;, and it is repeated 24 times. The
deposition is performed at 180 °C. Each precursor and oxidant
pulse has been followed by a pure nitrogen purging at 300
sccm flow. The pulse duration and purging times (p) for both
subcycles have been as follows: DEZ/p/DI H,O/p = 0.2/2/
0.2/2 s and MCp,/p/O;/p = 2/4/1/S s, respectively. The
metallocene precursor has been heated up to 80 °C in order to
enhance the sublimation process, hence its vapor pressure. The
ALD process sequence is presented schematically in Figure S1.
The films were deposited on p-type (100) Si substrates
covered with a native SiO, layer. The thickness of the
deposited TM-doped ZnO layers has been measured ellipso-
metrically and is about 75 nm.

Metal-doped ZnO—metal (MOM) structures with a
bottom electrode of TiN and a top electrode of Pt have
been prepared for electrical measurements. The top Pt
electrodes (circles with an area of A = 1.96 X 107 cm™)
were deposited through a shadow mask.

2.2. Material Characterization. The X-ray diffraction
(XRD) patterns were collected within the 20 range from 10 to
80° with a constant step of 0.02° on a Bruker D8 ADVANCE
diffractometer with Cu Ka radiation and a LynxEye detector at
RT. The phase identification was performed using the
DiffracPlus EVA program using the ICDD-PDF2 Database.
The unit cell volume and parameters were determined by the
whole powder pattern fitting procedure (Pawley fit) using the
Bruker TOPAS v.4.2 program.””* The crystallographic
structure visualization was performed using VESTA software.”

The MO Kerr parameters were acquired using a magneto
optical Kerr magnetometer NanoMOKE® under a longitudinal
field experimental setup based on a scanning laser microscope
probe operating at A = 660 nm, with an integrated optical
system with a pair of galvanometric mirrors. The maximal
magnetic field range is 4000 Oe with a varying frequency of 2.1
Hz. The MOKE experiment is based on the measurement of
the polarization change of the reflected light defined by the
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Figure 1. XRD pattern comparisons of undoped ZnO and Fe, Co, and Ni doped ZnO layers with corresponding crystallographic (hkl) peak

designations.

magnetization nature of the material surface in relation with
the spin and domain wall dynamics. The MO response is
described theoretically’® by the elements of the general
dielectric tensor (within the frame of the Jones matrix
formalism) since the measured (at selected points and regions)
hysteresis dependencies of the Kerr rotation versus field are
also proportional to the localized magnetization, which allows
indirect estimation of the coercivity H.. The mapping of the
material’s Kerr magnetization properties—the Kerr angle
(Okerr) and the related coercivity H.—has been obtained
over different sectors with magnetic pixel resolutions of ~5 and
10 pm.

Dielectric properties of doped ZnO films have been assessed
by measuring capacitance—frequency (C—f) and capacitance—
voltage (C—V) curves via an LCR meter (Agilent E4980A) at
RT in a frequency range of 10° to 10° Hz. The ferroelectric
properties were evaluated on the Sawyer—Tower circuit using a
Keysight DSOX1204G digital oscilloscope. Triangular AC
voltage was used with an amplitude of 2.5 V and f = 1.5 and 3
kHz provided by the DSOX1204G built-in signal generator.

3. RESULTS AND DISCUSSION

3.1. X-Ray Diffraction Analysis. The diffraction patterns
of pure and TM-doped ZnO are presented in Figure 1. A
textured polycrystalline layer of nanosized ZnO with a
predominant intensity of (100) and (002) index reflections,
which confirms the formation of ZnO with a hexagonal
wurtzite structure, is observed for all films. While the intensity
of reflections with index (100) remains almost the same for all
samples, the intensity of (002) reflections varies depending on
the doping element. A similar dependence between the
intensities of (100) and (002) reflections is also observed for
thin films with a low degree of TM doping (with less TM
deposition cycles).””** Our previous studies revealed that the
intensities of the measured ZnO reflections changed
significantly depending also on both the deposition temper-
ature’” and the degree of Al doping.*” The present results
demonstrate that in pure ZnO thin films, the orientation along
the c-axis direction is significantly better expressed, which is
proved by the high intensity of reflections with index (002). In
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contrast, only reflections with index (100) were observed in
the Co-doped samples, indicating a change in the orientation
of the ZnO crystallites with an ab-plane perpendicular to the
substrate. In Ni- and Fe-doped thin films both orientations
(100) and (002) (ab- and c- oriented respectively) are present.
For Fe-doped sample, the intensity of the (100) peak is
substantially larger, that is, it is the preferred orientation. It is
also seen that in addition to (100) and (002), a low intensity
diagonal reflex (102), which is not observed in pure ZnO, also
appears (Figure 1). Therefore, it could be concluded that in
TM-doped ZnO films, disorientation increases. It should be
mentioned that no diffraction peaks different from those
related to ZnO and the Si substrate have been observed. The
amorphous halo at about 26 = 41.5° is observed in all samples
(including the bare Si substrate before ZnO deposition) and is
due to the thin SiO, layer on the surface. During the
deposition of ZnO, the Si substrate is additionally oxidized,
and this oxidation is stronger in the case of doped ZnO layers
as the ozone used in TM deposition cycles is a stronger
oxidizing agent than the DI water used in ZnO deposition
cycles. As a result, the intensity of the amorphous halo at 26 =
41.5° increases for doped ZnO.

The ZnO unit cell parameters and crystallite size (CS) for all
samples (Table 1) were calculated using the Pawley fit whole
profile fitting procedure as implemented in Bruker Topas v.4.2
software.”””* The instrumental broadening correction was
calculated using the fundamental parameters approach.*' The
unit cell parameters of investigated TM-doped ZnO thin films
are equal (within the systematic error) to the reference values

Table 1. Cell Parameters and CS of Undoped ZnO and TM-
Doped ZnO

ZnO on p-Si (100)

sample a (A) c(A) CS (nm)
ZnO (oxygen deficient) 3.242(2) 5.204(3) 38(2)
ZnO 3.244(1) 5.208(1) 34.6(8)
ZnO/Ni 3238(1) 5202(2) 28.4(12)
Zn0O/Co 3.240(1) 5.204(3) 20.5(12)
ZnO/Fe 3.240(1) 5202(2) 232(12)
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Figure 2. Maps of the coercivity variations for (a) ZnO (oxygen deficient) and (b) ZnO/Fe ALD layers.
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Figure 3. Maps of the Kerr angle variations for (a) ZnO (oxygen deficient) and (b) ZnO/Fe ALD layers.

for ZnO (ICDD PDF-2 card no. 00-036-1451, SG:186, a =
3242 A; ¢ = 5207 A). Having in mind that the difference of
the ionic radii of Zn?*, Co*', Fe**, and Ni** is less than 10%,
together with the relatively low level of doping, it is expected
that the doping should not affect the crystal metrics of the
ZnO matrix. A small difference is observed for the a-parameter
of Ni-doped ZnO, most likely due to defects in the oxygen
sublattice. The mean CSs of pure and doped ZnO films were
also calculated (Table 1). The mean CS of pure ZnO is
obtained in the range 35—38 nm, while those of all doped
counterparts are in the range 20—30 nm, that is, the doping
results in a reduction of the CS. In comparison to the more
lightly TM-doped ZnO (with the CS in the range 35—60
nm),”® the present more heavily doped ZnO samples have a
smaller CS. Among the various doped layers, Ni-doped ZnO
has the largest CS—a result observed in both lightly and
heavily doped films.

3.2. Magnetic Coercivity and MO Kerr Rotation Angle
of the Polarization. The magnetic properties of Co-, Fe-, and
Ni-doped ZnO and reference ZnO ALD Ilayers were
investigated within the frames of the MOKE. To evaluate
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the possible impact of oxygen vacancies, V,, on the magnetic
response of ZnO layers, two ZnO layers with different amounts
of V, (as assessed by X-ray photoelectron spectroscopy,
Supporting Information Figure S2) have been investigated.
Color gradient maps of the coercivity H. and of the Kerr
polarization rotation angle ., at the magnetization saturation
have been constructed by measuring multiple Kerr hysteresis
loops for each selected point. The behavior of the primary
MOKE characteristics was analyzed over several sectors on the
film surface. For the purpose of clarity, selected H, and 6.,
gradient maps only of undoped (oxygen deficient) ZnO and
Fe-doped ZnO layers are shown in Figures 2 and 3. The H,
and g, maps of Ni- and Co-doped ZnO are similar to those
of the ZnO/Fe layer. The corresponding coercivity map of the
undoped ZnO (oxygen deficient) is uniform (Figure 2a); the
observed locations with very high H_. are stochastically
distributed and can be assigned to the measurement artefacts.
The H,. magnitude, the level of inhomogeneity and the overall
magnetization is significantly stronger for the Fe-doped sample
(Figure 2b). For undoped ZnO, only clockwise Kerr rotation
(i.e., positive +0.,, values) is observed (Figure 3a). Generally,
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Figure 4. Selected .., vs field hysteresis loops for (a) ZnO; (b) oxygen-deficient ZnO; and (c) Ni-, (d) Co-, and (e) Fe-doped ZnO layers. The
insets show example curves with large hysteresis and Kerr angle values.

both undoped ZnO layers are homogeneous, and the values of
Oxerr are very small—most of the data are in the range [0—20]
mdeg. There are isolated locations where Oy, reaches values as
high as 100 mdeg. Similarly to H, maps, the Kerr angle map of
Fe-doped ZnO (Figure 3b) differs substantially from that of
the undoped film. The ZnO/Fe layer demonstrates inhomoge-
neous distribution of O, whose values are significantly (2
orders of magnitude) larger than those of the undoped layer.
Another interesting feature is that both clockwise (positive
Oker:) and counterclockwise (negative Oy.,,) Kerr polarization
rotations are observed, indicative of complex MO process
activity.

The inhomogeneity is also demonstrated in Figure 4a—e
where example O.,—H curves for undoped and TM-doped
ZnO layers are presented. The observed complex micro
MOKE (diffracted and asymmetrical) hysteresis loops,
particularly for the TM-doped samples, reveal the variations
and non-uniformity of the MO response. As is seen, these
variations are significant in the case of TM-doped layers and
for a certain fraction of the measurements with broad
hysteresis contours, and ., can reach significant values at
the maximum applied field. To account for these large
variations and to get more information on their origin, the
statistical distributions of the coercivity and Kerr angle are
considered below.
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The descriptive statistical dispersion and variability of the
acquired data are systematized in an comparative overview for
all investigated layers and presented in Figures S and 6. For the
sake of simplicity, the statistical distributions are divided in
three intervals of small H. < 500 Oe, medium 500 Oe < H, <
1000 Oe, and large H. > 1000 Oe coercivities and are
presented in the form of a pie chart diagram in the right hand
side of the figure. Similarly, for the Kerr rotation angle, the
regions are defined as follows: small |6, | < 100mdeg,
medium 100 mdeg < |6, | < 1000 mdeg, and large
| Ok, > 1000 mdeg.

The undoped ZnO films show a weak magnetic behavior
with the highest frequency (78%) of small coercivity values.
The magnetic behavior of ZnO is very often assigned to the

12,42 .
"% To account for this

existence of oxygen vacancies V..
possibility, two ZnO layers with different amounts of V, have
been studied. As is seen from the statistic comparisons, the
layer with the increased amount of V, indeed reveals increased
relative frequencies of the medium (500 Oe < H_ < 1000 Oe)
range. However, the magnetic behavior of all doped counter-
parts differs substantially from that of pure ZnO (including the
ZnO sample with increased V,), which excludes the vacancies
as the main reason for the induced magnetic properties.
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For all doped layers, the H, statistical dispersions presented
in Figure Sa—e are relatively broad; nevertheless, several
tendencies are clearly observed:

- Magnetization for all TM-doped ZnO layers increases

substantially—the regions with small magnetization
decrease to about 33—41% (in dependence on the
dopant) compared to more than 70% for the undoped
layers. Respectively, the frequencies of medium and large
magnetization values increase.
The major percentage fraction with H, > 500 Oe, that is,
medium and large coercivity values, depends on the
dopant and increases with the doping element in the
following order—Ni, Co, and Fe. In the same order does
the fraction of high magnetization values increase also:
H_ > 1000 Oe—ZnO/Ni —19%, ZnO/Co—26% and
ZnO/Fe—31%. It should be noticed that this order
follows precisely the order of the corresponding free
(unpaired) 3d spins: Ni(1)—one, Co(11)—two, and
Fe(111)—three unpaired spins.

It is known that the MOKE is proportional to spin—orbit
interaction and net spin polarization; hence, it preferentially
senses magnetic electrons (i.e., in our case 3d electrons).”
Therefore, these results unambiguously demonstrate that the
observed magnetic behavior of TM-doped ZnO layers stems
from the magnetic properties of the dopant; hence, they give
evidence that the applied ALD scheme resulted in the
formation of a (diluted) magnetic semiconductor.* A possible
formation of TM clusters and/or TM oxides could also add to
the increased magnetic response of the layers. However, having
in mind the similar behavior of all TM-doped layers and
dissimilar magnetic properties of their respective TM oxides
(e.g, NiO is antiferromagnetic and Fe oxides are ferromag-
netic), we can exclude TM oxides as a dominant reason for the

observed strong MO response of the layers. In addition, XRD
spectra do not show any peaks that may be related to TM
phases.

The statistical distribution of O, values (Figure 6a—e)
demonstrates in a more straight forward way the substantial
qualitative and quantitative difference between the pure and
TM-doped ZnO films. The undoped ZnO layers reveal very
weak MO activity with the majority of 6., values less than 20
mdeg (Figure 6a,b). All TM-doped layers (Figure 6c—e)
exhibit very large 0., values, which are symmetrically
distributed with respect to 0. Depending on the dopant,
similar trends to those observed for the coercivity appeared
from the 6., distributions. The fraction with
1Ok...! > 100 mdeg increases with the dopant in the order Ni,
Co, and Fe. The fraction of very large 16y, > 1000 mdeg
increases in the same order, that is, 12% for ZnO/Ni; 20% for
Zn0O/Co, and 33% for ZnO/Fe. It should be noted that for
ZnO/Fe, by, values as high as 5° have been observed, while
for the other two dopants, the maximal ., reaches ~2°. The
fact that the identified giant MO Kerr rotation is characteristic
for all TM-doped layers and symmetric around the zero
suggests a common underlying MO mechanism. It is also seen
that the strength of the Kerr effect is correlated with the
magnetization, that is, the maximal Kerr rotation is observed
for ZnO/Fe, which reveals the largest H. and vice versa—the
weakest MOKE is demonstrated by ZnO/Ni, which has the
smallest observed magnetization. This is consistent with the
expected trend for ferromagnetic materials that the Kerr angle
increases with magnetization.”* The broadly varied MO Kerr
parameters are dependent on localized Fe, Co, and Ni
concentration variations, implying randomized inhomogeneous
distribution of the dopants in the crystal structure."” On the
other hand, considering the alternating layer by layer (ZnO
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Figure 6. Statistical distributions of Kerr angle variations for (a) ZnO; (b) oxygen-deficient ZnO; and (c) Ni-, (d) Co-, and (e) Fe-doped ZnO

layers.

and TMO) deposition process of the ALD technique, we have
to point out the significant MOKEs detected in ZnO-based
MO cavity/dielectric (with low optical losses) nano-laminates
(Fabry—Perot type).””*****> The optical enhancement
(several orders of magnitude) of MO Kerr polarization
rotation in such structures is related to internal interference
effects and the addition of multiple reflections in the
nanolayered architecture—dependent on the layer arrange-
ment, thickness, and the reflective properties of the substrate
material. We suppose that the observed extreme variations in
the MO Kerr response are related to the complex synergetic
influence of all noted factors. Various types of materials
demonstrate such enhanced MOKE polarization rotation,
some of which share the similar universal mutliferroic nature
to that for the investigated TMO/ZnO layers—nanostructured
plasmonic dielectrics,* artificially nano-engineered metamate-
rials,”’ 2D TM dichalcogenides, and topological insulators.*®
3.3. Dielectric and Ferroelectric Properties. Variations
of the dielectric constant, &, and the dielectric loss (tan &) of
the samples in the frequency range 1 kHz to 1 MHz are shown
in Figure 7a,b. A strong frequency dependence of the dielectric
constant is observed, especially for Fe- and Ni-doped ZnO.
Various polarization mechanisms (ionic, orientation, and space
charge) can exist in the layers and give rise to an increased
polarization (hence ¢,) at a certain frequency. For ZnO/Fe, ¢,
changes only slightly in the range f = 10°~10° Hz, and for f >
10° Hz, a steep decrease is observed. For the ZnO/Ni film, it is
seen that there is another polarization mechanism, which is
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Figure 7. Frequency dependence of (a) dielectric constant ¢, and (b)
dielectric loss tan 6 and (c) capacitance—voltage characteristics of
TM-doped ZnO films.

involved at f = 10°~10* Hz and significantly increases &, in this
frequency range. The most likely polarization mechanism,
which adds to the net polarizability in the range 10°—10° Hz, is
the orientation (dipolar) polarization.”” We suggest that the
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Figure 8. P—V hysteresis loops for (a) Fe-; (b) Co-; and (c) Ni-doped ZnO films.

substitution of dopant ions at Zn sites results in Fe—O (Ni—
O) bond formation. These bonds are non-collinear and rotate
more easily, thus enhancing the dielectric response of the
layer.”” The present results suggest that dipolar polarization is
stronger in Fe-doped ZnO. Another mechanism that can
substantially increase polarization is the charge build-up and
polarization at grain boundaries and/or heterointerfaces (also
known as Maxwell-Wagner polarization). From this point of
view, the formation of NiO clusters in the ZnO matrix, which
was suggested to occur in similar layers with lower Ni
doping,”" is a possible explanation for the increased €, at f =
10°~10* Hz. It should be noted that the calculated static
dielectric constant &, of Fe- and Ni-doped ZnO layers is
significantly larger than that of the host ZnO, which is usually
reported to be £, = 8—9.°' Recently, Vegesna et al.’" attributed
the increase of the static dielectric constant in magnetic n-type
Co- and Mn-doped ZnO layers to the contribution of BMPs to
the electrical polarization. These polarons are formed by s—d
exchange interaction between electron spins of the positively
charged oxygen vacancy V," in the BMP center and the
electron spins of substitutional dopant ions. Having in mind
the ferromagnetic behavior of the Fe- and Ni-doped ZnO, as
observed in the previous section, it can be concluded that the
increased static dielectric constant may be indeed partly due to
BMPs. The dielectric response of the ZnO/Co film is
significantly weaker than that of the other two films—e, is
substantially smaller than that of ZnO/Ni and ZnO/Fe films; it
is also smaller than that of pure ZnO layers. However, it should
be noticed that the measurement of C—f curves is performed at
a small voltage (0.3—0.5 V) where the capacitance of the ZnO/
Co film has the minimum in the C—V curves, while that of the
other two films reaches its maximum, as shown in Figure 7c.

In Figure 8, the ferroelectric P—V hysteresis loops for TM-
doped ZnO films measured on a Sawyer—Tower circuit are
shown. The Fe-doped layers (Figure 8a) reveal a ferroelectric-
like behavior with a well-resolved P—V loop and the
polarization increasing with the decreasing frequency. The
results for Ni- and Co-doped layers, though showing some P—
V hysteresis, are not that convincing for the existence of
ferroelectricity. It should be mentioned that all layers have a
relatively high dielectric loss (Figure 7b), which is due to the
increased conductivity of the layers. This could compromise
the shape of the P—V loop as well as the values of P, which are
much higher than usually reported for ZnO-based materials.
The observed stronger ferroelectric behavior of Fe-doped ZnO
is in a very good agreement with the observed higher &, of
ZnO/Fe layers in the range f = 10°—10° Hz as compared to the
other films (Figure 7a) and the suggested domination of
dipolar polarization in this frequency range for the ZnO/Fe
film. It should be mentioned also that among the three TMs
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used, Fe>* has the smallest radius (Fe**—0.63 A; Ni**—0.69
A; and Co**—0.72 A) with respect to Zn** (0.74 A), which
can explain its strongest ferroelectric response.

4. CONCLUSIONS

Thin TM (Fe, Co, or Ni)-doped ZnO films are successfully
deposited by ALD. The study of their MO properties reveals
that all TM-doped layers have qualitatively and quantitatively
different behaviors compared to that of pure ZnO. All doped
films demonstrate a very strong MOKE—Dboth the magnetic
coercivity and Kerr polarization angle are substantially larger
than that of undoped ZnO. It is shown that the magnetic
nature of the dopants is responsible for the observed enhanced
MO response, which increases with the increasing number of
free 3d electron spins, that is, in the order Ni(1), Co(11), and
Fe (111). The dielectric response of the investigated TM-
doped ZnO films also depends very strongly on the dopant.
The obtained results imply that several polarization mecha-
nisms could be involved to explain the observed behavior. Fe-
doped ZnO reveals the strongest dipolar polarization, which
may explain the observed ferroelectric-like behavior in this
layer.

The obtained results open up a wide perspective for further
research. Especially, they give some hints that DMSs may be
formed by the used ALD scheme. Moreover, Fe-doped ZnO
holds particular promise as it demonstrates the strongest MO
response accompanied by a ferroelectric-like behavior; hence,
it may possess a true multiferroic nature provided the two
properties (ferroelectric and ferromagnetic) are coupled.
However, more investigations are needed to get in-depth
view and to clarify the phenomena taking place and their
dependence on the dopant as well as to outline rational
strategy to control them. This also includes the optimization of
the ALD scheme to obtain more homogeneous and control-

lable doping of ZnO.
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