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ABSTRACT: We report the fabrication of an ultrathin, lossless, all-dielectric ferromagnetic film via the sequential deposition of
TiO,/Y,05/MnO/ZnO (TYMZO) monolayers on silicon (100) substrates by using atomic layer deposition (ALD). The TYMZO
films, with controlled thicknesses of 30, 60, and 100 nm, exhibit tunable optical and structural properties. Their composition and
structural integrity were confirmed using spectroscopic ellipsometry, UV—vis spectrophotometry, X-ray photoelectron spectroscopy
(XPS), and transmission electron microscopy (TEM). The extinction coefficient of TYMZO approached zero across the optical
spectrum, attributed to the lossless optical properties of its constituent materials. Cross-sectional TEM analysis revealed amorphous
phases in films deposited at a substrate temperature of 250 °C, with a well-defined film—substrate interface. The amorphous nature
of the TYMZO film, coupled with atomic migration of Ti and Mn, facilitated the formation of ZnO, TiO, and Y,O; clusters as well
as the potential formation of Mn-ZnO and Ti-ZnO compounds, which are known for their anisotropic magnetic properties.
Magnetic measurements confirmed anisotropic ferromagnetic behavior, likely resulting from Mn-ZnO and Ti-ZnO clusters with
nonparallel easy axes. The TYMZO films on silicon exhibited exceptional absorption efficiency across a tunable range of wavelengths.
This enhanced absorption is attributed to the localization of optical fields within the lossless TYMZO layer due to Fabry—Perot
resonances, which are subsequently absorbed by the lossy silicon substrate. These findings demonstrate the potential of TYMZO
films for advanced photonic and magnetic applications, combining lossless optical properties with tunable ferromagnetic behavior.

KEYWORDS: High-efficient absorber, Ultrathin film, Dielectric materials, Optical properties, Atomic layer deposition, amorphous phases,
anisotropic ferromagnetic

1. INTRODUCTION roughness and require complex and expensive techniques to be
incorporated into chips through CMOS (complementary

Magnetophotonics and magnetoplasmonics”” have been
metal-oxide semiconductor) technology, thus hindering device

. L 1. 35 .
explored in such applications as in biosensing,” ~ information

storage/processing,6 telecommunications,” and ﬁltering.8 One miniaturization.”* This is, in part, due to the mismatch of
special difficulty for these applications is related to large optical lattice parameters.

losses due to Joule heating in the metals normally employed in

the nanostructures. Attempts to overcome this drawback Received: November 19, 2024 14
include the use of transparent conductive oxide nanocrystals’ Revised:  February 12, 2025

and metamaterials,'®~"® but the losses—though lower than in Accepted: February 12, 2025

metallic ferromagnetic materials—remain relatively high in Published: February 22, 2025

these dielectric garnet-based ferromagnetic materials."* Also,
garnet-based dielectric materials tend to be bulky with high
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Efforts to integrate ferromagnetic semiconductors into
CMOS technology have also explored diluted magnetic
semiconductors (DMS), i.e., transition-metal (TM)-doped
semiconducting oxides, such as In,O; and ZnO,'*™*" which
have shown promise for room-temperature spintronic
applications.”’ However, these approaches face considerable
challenges. For instance, increasing the TM doping concen-
tration often results in higher conductivity,"” which leads to
increased losses. Additionally, producing cobalt-doped, ultra-
thin two-dimensional van der Waals ZnO films involves
complex processes, such as dispersion in aqueous solutions,
drying, and annealing.”” Studies show that the physical
properties of these materials are highly sensitive to annealing
temperatures,”’ which can compromise reproducibility and
stability. Consequently, the search for dielectric materials with
inherent ferromagnetic properties and minimal losses remains
an open research challenge.

In this work, we developed a new lossless all-dielectric
optical material comprising atomically thin monolayers of
TiO,, Y,05, MnO, and ZnO, referred to as TYMZO. Each of
these dielectric materials has been recognized for their low
toxicity, high stability, cost-effectiveness, optical and electrical
properties, and seamless integration with CMOS technol-

gy.”*7*° The samples were fabricated using the atomic layer
deposition (ALD) technique, with layers of each material
deposited sequentially. Samples with nominal thicknesses of
30, 60, and 100 nm were produced. The fabricated TYMZO
film demonstrated ferromagnetic properties comparable to
those achieved through more complex recent methods.””
However, a key advantage of our approach is its near-zero loss
performance. Additionally, considering the magneto-optical
Kerr effect (MOKE) measurements reported in ref 22, we
anticipate that our idea could enable higher MOKE amplitudes
due to the absence of losses—a goal pursued by many research
groups in recent years. All samples exhibited high-refractive-
index characteristics, leading to Fabry—Perot-like resonances
(thoroughly discussed in the Supporting Information) that
confine the optical field within the film. The latter is interesting
since ultrathin optical absorbers are essential for compact
optoelectronic and photonic devices, utilized in light harvest-
ing,27’28 photodetection,zg’30 modulation,*! sensing,32 and
thermal light sources.” Several strategies have been applied
to fabricate ultrathin, highly absorbing structures,”* ™ but they
normally employ expensive techniques such as electron-beam
(e-beam) lithography and focused ion beam (FIB) milling,
limiting their adoption, particularly when nanostructures with
complex geometries are required.””*’ Two-dimensional
materials like graphene and transition metal dichalcogenides
(e.g., WS,) are promising to overcome such limitations, owin§
to their small thickness and absorbing properties.**”
However, their application has been hampered by the difficulty
in tuning their operating frequency bands. An alternative to
obtain tuning of the absorption band is to employ all-dielectric
ultrathin films functioning as Fabry—Perot resonators with
optical fields concentrated on the highly absorbing materials.
This approach permits tuning the absorption band through
precise engineering of the ultrathin film using cost-effective,
lithography-free techniques.”” Here, we exploit a similar
mechanism by controlling the thickness of the TYMZO
ultrathin film on an absorbing silicon substrate. This allows
tuning of the spectral position of the reflectance dip. The
optical absorption capabilities of the structures were validated
through numerical simulations. Significantly, the TYMZO films
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produced here are not only compatible with CMOS
technology but also represent a new route for manufacturing
lossless magneto-optical materials.

2. EXPERIMENTAL SECTION

2.1. Ultrathin Film Fabrication. Ultrathin films were grown at
250 °C substrate temperature on Si(100) wafers using thermal ALD
with a Beneq model TFS-200 ALD viscous-flow reactor. The
precursors used to fabricate TYMZO structures were tetrakis-
(dimethylamino)titanium(IV) (TDMAT) at 60 °C, tris-
(methylcyclopentadienyl)yttrium ((MeCp,);Y) at 140 °C, bis-
(ethylcyclopentadienyl)manganese [(C,H;)CsH,],Mn at 60 °C, and
diethylzinc at room temperature; all precursors were purchased from
Strem Chemicals. Deionized water served as a reactant agent, and
ultrahigh purity (UHP) N, purified to <1078 ppm of O, was the
carrier/purging gas. TiO,, Y,0;, and MnO precursors in the hot
source containers were gradually heated and stabilized to prevent
condensation. Since ALD enables precise control over materials
properties,”® in our experimental setup we fabricated ultrathin film
structures of 70, 134, and 232 supercycles with the four distinct
materials. The average total thicknesses were 28.9 nm (nominally 30
nm), 55.0 nm (nominally 60 nm), and 94.6 nm (nominally 100 nm),
as illustrated in Figure la,b. The ALD pulse sequence to fabricate the

4 Layers = 1 supercycle

Supercycle
Repeat N times

0.408 nm thickness.
Until reaching thicknesses

around 30, 60 and 100 nm.

for IOz

1 cycle
SilSioz

(a)
Supercycle

Dose time [s]
(b)

Figure 1. Schematic illustration of TYMZO samples produced by
thermal ALD using a supercycle with four distinct materials, with total
thicknesses of approximately 30, 60, and 100 nm. (b) ALD sequence
scheme to produce thin films from TiO,, Y,03; MnO, and ZnO
organometallic precursor.

samples is given in Table 1, specifying the dose and purge times for
the ALD cycle (precursor, purge, reactant agent, purge) in preparing
an ultrathin film with Ti, Y, Mn, and Zn single oxides. According to
their nominal thickness, samples are named TYMZO — 30 nm,
TYMZO — 60 nm, and TYMZO — 100 nm.

2.2. Ultrathin Film Characterization. The TYMZO ALD films
were characterized using spectroscopic ellipsometry (SE) with a
spectroscopic ellipsometer (VASE) from Woollam Co, with which
their thickness and optical properties were determined. SE measure-
ments were conducted across a spectral range of 240—1000 nm at
four incidence angles: 45°, 55°, 65°, and 75°. UV—vis spectra of the
TYMZO films were recorded in reflectance mode at room

https://doi.org/10.1021/acsanm.4c06418
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Table 1. Pulse Precursor Sequences Used in ALD to Obtain Monolayers

Precursor Dose [ms] | Purge [s] | Layer *GPC [Alc] Nominal layer thickness [nm]
T[:{l\:l(;)&T 17(;) ; TiO: 0.40 0.04
‘M"Ii'(’j""y 1 (')0 i Y:0; 1.13 0.113
“C‘"";_E"(:"]‘M“ f:g i MnO 0.75 0.075
[l)-ll_::g 15(():) : Zn0O 1.80 0.18
Total Thickness for 1 layer 0.408 nm

GPC: Grown per cycle
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Figure 2. Spectroscopic ellipsometry (VASE) and model data for a 30 nm thick TYMZO ultrathin film. (a) A and (b) ¥ ellipsometry angles

obtained from EMA layer model.

temperature using an R/T AvaSpec-2048 Fiber Optic Spectrometer,
equipped with both halogen and deuterium light sources, covering a
scanning range from 200 to 1100 nm in the reflectance diffuse mode.
X-ray photoelectron spectra (XPS) were taken with a SPECS GmbH
custom-made system using a PHOIBOS 150 WAL hemispherical
analyzer and a u-FOCUS 500 X-ray source. All data was acquired
using monochromated Al Ka X-rays (1486.6 eV, 110 W), a pass
energy of 20 eV, and high-intensity lens mode. The diameter of the
area analyzed was 0.88 mm. The vacuum chamber had a pressure
below 2 X 107 mTorr. Charge referencing was done against
adventitious carbon by setting the C 1s peak maximum at 284.8 eV.
Spectra are presented with intensity in counts-per-second (CPS). The
magnetic moment of all samples was measured as a function of the
external magnetic field by using a Quantum Design vibrating sample
magnetometer (VSM). Magnetization loops were recorded over a
temperature range from S0 to 390 K, with an applied field ranging
from —30 to 30 kOe. Film morphology was studied by scanning
transmission electron microscopy (STEM) using a Hitachi HT 7700
microscope equipped with an EDS detector for elemental analysis. To
observe the sample in the STEM mode, it was necessary to thin the
ultrathin film through a sample preparation process in a JEM-9320FIB
focused ion beam system (FIB) with a liquid gallium ion source.
Before FIB preparation, the sample was coated with Au and carbon
layers to avoid damage during the process. Also, STEM micrographs
in the cross-sectional mode were used to validate the total ultrathin

film thickness.

3. RESULTS AND DISCUSSION

3.1. Optical Studies. The ability to produce controlled
ultrathin film using ALD was demonstrated with TYMZO
ultrathin film of different thicknesses, which were determined
using spectroscopic ellipsometry (SE). The total thickness and
the n(1) and k(1) values corresponding to the optical
parameters” " were determined using a theoretical dis-
persion model that fits the SE results. Each TYMZO film was
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taken as a monolithic block made with one cycle of single
oxide monolayers (TiO,, Y,0; MnO, and ZnO) in repeated
sequence until a total thickness of around 30, 60, and 100 nm
was reached (as nominal thickness). The single oxides were
placed over a native SiO, layer that was 1.83 nm thick on a
thicker Si(100) substrate; this native oxide growth is due to the
exposure of the silicon wafer substrate to the ambient
atmosphere. We used the effective medium approximation
(EMA) model to calculate the optical constants for a mixed
material, with the optical constants of two or more constituent
materials being mixed. This model is useful for modeling
surface and interfacial roughness, in addition to representing
polycrystalline materials where optical constants of amorphous
and crystalline materials are mixed. In our case, the optical
model fits the experimental data with a small mean square
error (MSE) for all samples. Thus, the total film thickness and
the calculated optical constants are considered reliable. MSE
was used to quantify the difference between experimental and
theoretical data obtained with modeling ellipsometry results.
The fitting model returns an MSE < 6. Figure 2a,b shows the
measured and EMA model data to obtain the ellipsometry
angles ¥ and A for the 30 nm thick sample (TYMZO — 30
nm). A similar behavior was observed for 60 and 100 nm
samples as shown in Figure S1. In addition, the ultrathin film
thicknesses obtained via spectroscopic ellipsometry measure-
ments from the EMA optical model were 30, 5SS, and 95 nm,
which are given in Table 2. These values demonstrate precise
control over the layer growth, which is a characteristic feature
of highly controlled deposition techniques such as ALD.

The optical parameters, specifically the refractive index n(4)
and the extinction coefficient k(4), within the spectral range of
240—1100 nm, were determined using the effective medium
approximation (EMA) model applied to spectroscopic

https://doi.org/10.1021/acsanm.4c06418
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Table 2. Total Thickness of the TYMZO Ultrathin Film
Evaluated by SE and TEM Measurements

Total Thickness

Sample Nominal thickness [nm] By SE [nm] By TEM [nm]
TYMZO - 30 nm 30 30 32
TYMZO — 60 nm 60 55 58
TYMZO — 100 nm 100 95 92

ellipsometry data. Figure 3a,b shows the refractive index and
extinction coefficient of TYMZO films deposited at 250 °C.
The analysis of the ellipsometry data using the EMA model
revealed a systematic decrease in the refractive index as the film
thickness was reduced from 95 to 55 nm and further to 30 nm.
Specifically, for the 30 nm thick film, the refractive index
monotonically decreased from 2.40 to 1.75 over the 300—900
nm wavelength range. A similar trend was observed for the 55
nm (2.42 to 1.97) and 95 nm (2.40 to 2.00) thick films within
the same spectral range. A comparable thickness-dependent
behavior was observed in extinction coefficient k(4). For the
32 nm film, k(4) decreased from 0.18 to 0.003, while for the 58
and 92 nm films, it reduced from 0.17 to 0.007 and from 0.17
to 0.01, respectively. These findings indicate that both the
refractive index and the extinction coeflicient systematically
decrease with decreasing film thickness, highlighting the
significant influence of thickness on the optical properties of
TYMZO thin films.

These results demonstrate that the optical properties of the
ultrathin film can be tuned and tailored for specific
applications. For example, the UV—vis spectra in Figure 4
show that it is possible to tune the reflection peaks by varying
the ultrathin film thickness. Indeed, reflection peaks appear at
240, 300, and 410 nm for 30, 60, and 100 nm thick TYMZO
films. The peak for the 30 nm ultrathin film is small, while the
others are intense and broad. The reflection peak shifts toward
shorter wavelengths as the total ultrathin film thickness
decreases. The decrease in reflection as film thickness
decreases from 100 to 30 nm may be explained by the
electromagnetic field localization inside the ultrathin film due
to multiple reflections at the top and bottom boundaries. This
will be demonstrated numerically below using exact calcu-
lations with the scattering matrix method (SMM).* As the
layer thickness varies, the phase of the optical fields changes,
causing constructive or destructive interference between the
internally reflected fields. This interference alters the wave-
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Figure 4. UV-Vis spectra for an ultrathin film with different
thicknesses.

length at which reflectance peaks and dips occur, depending on
the distance traversed by reflected light at the layer interfaces.

For a consistent explanation of the reflectance dips observed
experimentally, we performed simulations using the SMM.*
Numerical data of reflectance (R), transmittance (T), and
absorbance (A) were obtained for the ultrathin films in the
wavelength range from 200 to 1000 nm, as shown in Figure
Sa—c. Rather than using the experimental values for the
fabricated films, these simulations utilize experimental
refractive index data (as a function of the incident wavelength)
for each individual film. We used the refractive indices of TiO,,
Y,0;, MnO, and ZnO to model the elementary unit cell of the
ultrathin film. The thickness of the individual building layers,
taken from Table 1, was used to construct a single cycle of each
material. As represented in Figure 1, this elementary cell was
repeated to achieve the total thicknesses of 100, 60, and 30 nm.
Reflectance measurements were conducted under normal
incidence, and calculations were performed for an incident
angle 6 0° for comparative purposes. The excellent
qualitative agreement between experimental and numerical
results for reflectance indicates that the minima in R is
associated with high absorbance favored by Fabry—Perot
resonance in the ultrathin film, as explained in the Supporting
Information. Differences in the simulated and measured
reflectance spectra can be explained by the lossy models for
the TiO,, Y,03; MnO, and ZnO building materials in the
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Figure 3. Optical parameters for TYMZO ultrathin film. (a) Refractive index profile n(1) and (b) extinction coefficient k(1) as functions of the

incident wavelength for different thicknesses.
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Figure S. Optical response simulation and electrical field distribution for TYMZO ultrathin film whose thickness is (a) 30 nm, (b) 60 nm, and (c)

100 nm.

simulations, while ellipsometry results indicate a lossless
behavior for the fabricated sample (corroborated by higher
reflectance amplitudes far from the Fabry—Perot resonances).

The absorption of electromagnetic energy is further supported
by the electric field profiles shown on the right-hand side panel
in Figure Sa—c. The evanescent behavior indicates that the

4445

https://doi.org/10.1021/acsanm.4c06418
ACS Appl. Nano Mater. 2025, 8, 4441—4452



ACS Applied Nano Materials

www.acsanm.org

SISIO,/TI0 /Y ,0,/Mn0/Zn0O ~30 nm

2_01_nmu

(b)

! 40nm ' MnKal

T
40nm

Zn Kal

()

- daarm 3

40nm 0 Kal

Figure 6. Cross-sectional measurements. TEM images for (a) 30 and (b) 100 nm nominal thickness for TYMZO ultrathin film. (c) Chem-map
from STEM with energy dispersive X-ray spectroscopy (EDX) for TYMZO to visualize each element distribution in the film (Ti in red color, Y in

green, Mn in blue, Zn in green, and O in violet).

physical principle behind the absorbing features of TYMZO
lies in the light confinement within the high-refractive-index
film, which is subsequently absorbed by the Si substrate.
Although analogous approaches can be found in the literature,
the extraordinary feature of our concept lies in the
ferromagnetic behavior of the fabricated ultrathin film, as
demonstrated in the next section.

3.2. Morphological Studies. The precision of ALD in
producing films with controlled thickness at the nanoscale was
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confirmed with TEM images, which also proves the ultrathin
film uniformity. Figure 6a,b shows a TEM image for ~30 and
~100 nm TYMZO ultrathin films. The TEM transversal
section allows for distinguishing the interface between the
substrate and deposited layers. The cross-sectional structure
for both samples deposited at a 250 °C substrate temperature
shows amorphous phases. Since the temperature in the ALD
reactor was relatively low, there is no crystallization in TiO,,
Y,0;, MnO, and ZnO" under these conditions (pressure,

https://doi.org/10.1021/acsanm.4c06418
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Figure 8. Magnetic response measured for TYMZO films deposited on Si(100) substrates, at temperatures ranging from 50 to 350 K for the 30 nm

film (a) and from S0 to 300 K for the 100 nm film (b).

deposition temperature, precursor temperature, and inert gas
flux). In addition, a well-defined interface is seen in the TEM
images between the layers and the boundary with the silicon
substrate. The thicknesses estimated from TEM images are
consistent with expected values from SE measurements, ~ 32,
58, and 92 nm. Figure 6¢ shows a chemmap from STEM
measurements with energy dispersive X-ray spectroscopy
(EDX) for a TYMZO film prepared at 250 °C by ALD for
studying the possible segregation of different elements. The
presence and distribution of chemical elements are shown in
false-color X-ray emission associated with Ti (in red), Y (in

4447

green), Mn (in blue), Zn (in green), and O (in violet). A larger
amount of Zn is observed because the deposition rate for the
zinc precursor (DEZ) in a single ALD cycle (Table 1) is much
higher than for the chemical precursors for Ti, Mn, and Y
oxides.

3.3. Physicochemical Studies. The high-resolution
spectra of the five constituent elements, viz. Ti 2p, Y 3d, Mn
2p, and Zn 2p of the 100 nm TYMZO film shown in Figure 7
indicate the presence of the four metals in the film. Similar
intensities and peak shapes were observed in all three samples
(30, 60, and 100 nm). This is because the XPS signal originates

https://doi.org/10.1021/acsanm.4c06418
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Figure 9. Magnetic behavior for the 100 nm thick TiO,/Y,0;/MnO/ZnO film, in-plane and out-of-plane, for different temperatures: (a) S0 K, (b)
200 K, (c) 300 K; (d) comparison of the magnetic behavior at different temperatures for in-plane configuration.

from the surface and is approximately 2 nm deep. Since each
single layer in a supercycle of the four oxides is about 0.408 nm
thick, XPS provides information from multiple layers, similarly
across all samples. A broad signal within the binding energy
region between 644 and 648 eV of Mn 2p indicates the
characteristic satellite peak associated with Mn*'. Although
manganese can exist in up to six stable oxidation states, only
Mn?*" is accompanied by a satellite signal in this energy range.
Therefore, in all three TYMZO samples, manganese
predominantly exists in the Mn>" oxidation state. For Zn 2p,
the energy difference between 2p,,, and 2p;,, is 23.11 €V,
indicative of the Zn** oxidation state. The spectral shapes for Y
3d and Ti 2p are closely associated with their most stable
oxidation states, Y°* and Ti*". The energy difference between Y
3d;/, — Y 3ds,, and Ti 2p,, — Ti 2p;/, were determined to be
2.05 and 4.72 €V, respectively.**™°

3.4. Magnetic Properties of TYMZO Ultrathin Film.
The magnetic response between +30 kOe for 30 and 100 nm
TYMZO films deposited on Si(100) substrates exhibits a
distinct ferromagnetic component at low magnetic fields.
However, at higher fields, this behavior is dominated by the
diamagnetic nature of the Si substrate, as illustrated in Figure
8a,b. The ultrathin films display a notable anisotropic magnetic
response, characterized by a preferential in-plane magnet-
ization direction. The amorphous phases of these TYMZO
ultrathin films suggest the possible formation of nanoclusters
composed of TiO,, Y,0; MnO, and ZnO oxides, which
feature interacting surfaces and quasi-bidimensional struc-
tures.>”® These surfaces, associated with the dangling bonds
of the amorphous matrix, may promote the migration of TM
atoms, facilitating the formation of TM-doped oxides.
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Specifically, Mn-doped ZnO, Ti-doped ZnO, and TiO or
TiO, DMSs exhibit semiconducting properties with remark-
able anisotropic ferromagnetic features.”” ' A fundamental
characteristic of DMSs is the sp—d coupling between free
carriers and the localized d-electrons of TM dopants, which
underpins the magnetic behavior of these materials.”®* In this
context, p—d coupling, determined by p—d hybridization,
varies with the TM d-electrons, while s—d coupling remains
constant. The d-orbital of a substitutional TM ion in a zinc
blende crystal structure splits into an e, doublet and a ¢, triplet,
with both energy states possibly residing within the oxide
bandgap. Contrary to conventional ferromagnets, the magnet-
ization anisotropy in diluted magnetic oxides, both doped and
undoped, remains only partially understood.””*>~%*

The magnetic hysteresis loops reported in this study reveal
possible magnetization contributions from TiO, TiO,, Mn-
doped ZnO, and Ti-doped ZnO films. Literature sources
corroborate the in-plane and out-of-plane magnetization for
TiO% and the in-plane magnetization for Mn-doped ZnO®**®
and Ti-doped ZnO®' materials. In our experiments, hysteresis
loops were measured in both in-plane and out-of-plane
geometries at 50, 200, and 300 K. After subtracting the
diamagnetic contribution of the substrate, ferromagnetic
M(H) loops were observed. Figure 9a—d displays the
ferromagnetic loops of the ~92 nm (100 nm nominal
thickness) thick film in the range from —2000 to +2000 Oe.
The in-plane hysteresis loops were significantly larger than the
out-of-plane loops across the 50—300 K temperature range,
confirming the pronounced anisotropic behavior and prefer-
ential in-plane magnetization. Key parameters of the in-plane
measurements, such as the squareness ratio (M,/M,),
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saturation magnetization (M;), and coercive field (H,), show a
strong temperature dependence, decreasing sharply with
increasing temperature. This trend suggests a superparamag-
netic behavior. Conversely, the out-of-plane parameters
remained nearly constant with the temperature. The XPS
high-resolution spectra of Ti 2p. Y 3d, Mn 2p, and Zn 2p
values for the 100 nm TYMZO film can be proof of the
formation of some Mn-doped ZnO clusters into the film.
However, other experiments, such as spin paramagnetic
resonance (SPR), are necessary to substantiate these
assertions.

4. CONCLUSIONS

Using the lithography-free ALD technique, we demonstrated a
new approach to fabricating ultrathin lossless dielectric
ferromagnetic films. Our approach consists of using atomically
thin transparent semiconductor-oxide layers of CMOS-
compatible materials. We also show that varying the film
thickness allows one to tune the optical properties. By
depositing the ultrathin film on a lossy silicon substrate, we
observed an exceptional absorption of light. The wavelength
associated with the maximum absorption peak can be tuned by
changing the layer thickness, as proven both experimentally
and theoretically. This mechanism was attributed to Fabry—
Perot-like resonances in the high-refractive-index dielectric
layers. From the optical response of the ultrathin film, we
noticed that the refractive index decreased from 2.40 to 1.75
between 300 and 900 nm for the 30 nm thick sample. A similar
behavior was observed for the 60 nm (from 2.42 to 1.97) and
100 nm thick (from 2.4 to 2.0) samples. With the possible
control of ultrathin film optical properties, tailored applications
can now be sought in various domains, such as sensing and
magnetometry. An anisotropic ferromagnetic behavior was
observed for the TYMZO films, probably caused by Mn-ZnO
and Ti-ZnO clusters with nonparallel easy axes.
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