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Abstract
We abricated ultrathin metal–oxide–semiconductor (MOS) nanocapacitors using atomic layer
deposition. The capacitors consist o a bilayer o Al2O3 and Y2O3 with a total thickness o
∼10 nm, deposited on silicon substrate. The presence o the two materials, each slab being
∼5 nm thick and uniorm over a large area, was conrmed with transmission electron
microscopy and x-ray photoelectron spectroscopy. The capacitance in accumulation varied rom
1.6 nF (at 1 MHz) to ∼2.8 nF (at 10 kHz), which is one to two orders o magnitude higher than
other nanocapacitors. This high capacitance is attributed to the synergy between the dielectric
properties o ultrathin Al2O3 and Y2O3 layers. The electrical properties o the nanocapacitor are
stable within a wide range o temperatures, rom 25 ◦C to 150 ◦C, as indicated by
capacitance–voltage (C–V). Since the thickness-to-area ratio is negligible, the nanocapacitor
could be simulated as a single parallel plate capacitor in COMSOL Multiphysics, with good
agreement between experimental and simulation data. As a proo-o-concept we simulated a
MOS eld eect transistor device with the nanocapacitor gate dielectric, whose drain current is
suciently high or micro and nanoelectronics integrated circuits, including or applications in
sensing.
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1. Introduction

Device integration in small areas is crucial or the micro-
electronics and optoelectronics industry, which requires mini-
aturization or packing a large number o components [1,
2]. Small-scale components have been developed using new
materials and innovative manuacturing processes [3, 4].
Metal–oxide–semiconductor (MOS) structures made rom
thin lms [5, 6] are the basis or digital circuits within com-
plementary MOS (CMOS) technology and eld eect tran-
sistor (MOSFET) devices [7], with huge economic impact
in integrated circuits when produced at the nanoscale [8].
However, MOS structures normally made with silicon oxide
(SiO2) as dielectric material have reached their limit o
miniaturization. There is now a search or high κ dielec-
tric materials to replace SiO2 [9, 10], which will in turn
allow or higher miniaturization levels. Small nanocapacit-
ors are essential or highly-integrated printed circuit boards
and high-density dynamic random-access memories [11–14]
used in ultrahigh-speed fash-like memories. Large capacit-
ances in small areas/volumes have been obtained through
approaches such as layer-by-layer assembly [15, 16], MoS2–
HO2–SrTiO3 trilayer nanostructures [17], and using erro-
electric copolymer ultrathin lms [18]. These accomplish-
ments were made with relatively large thicknesses, typically
⩾20 nm. Approaches to produce integrated sub-20 nm nano-
structures with large capacitances are necessary, since present
technologies or CMOS [19, 20] and MOSFET devices [21]
only employ thick insulating layers.

There is a need or precise control o layer thickness
and uniormity as device dimensions shrink with the use o
ultrathin lms. Furthermore, such devices are expected to
be integrated into CMOS-compatible platorms, which has
motivated the growing use o atomic layer deposition (ALD)
technique or ultrathin lm abrication. In ALD lm thickness
is controlled at the atomic level, thus enabling homogeneous
and reproducible lm growth. This minimizes the number o
deects in the lms, which is essential or microelectronics
and nanophotonics. Furthermore, with ALD one may produce
uniorm, conormable layers on a variety o substrates and at
low temperature. As an example, relevant to our study, ALD
has been used to abricate dielectric bilayers or MOS struc-
tures by alternating short pulses o precursor A (organometal-
lic precursor) and precursor B (reactant precursor) in an AB
sequence until the desired bilayer thickness is achieved on a
silicon substrate.

To obtain thin insulating layers, we propose the combina-
tion o Al2O3 and Y2O3 in an ultra-thin lm. The advantage
o using these materials comes rom the excellent dielectric
properties o Y2O3, which has a high optical dielectric con-
stant (between 12 and 20) and high bandgap energy (5.6 eV)
[22], while Al2O3 has an optical dielectric constant between 8
and 10 and bandgap energy around 8 eV [23]. Although MOS
structures have been obtained with either Y2O3 or Al2O3,
which can be abricated with radio-requency magnetron sput-
tering using ceramic targets o Al2O3 or Y2O3, their combined

properties have not been exploited. In this paper, we report on
a nanostructured MOS capacitor with a solid-state dielectric
made o an ultrathin bilayer o Al2O3–Y2O3. The main reason
or developing this MOS structure is in its possible use or a
new generation o micro and nano devices, especially as it can
be extended to dierent applications. The MOS capacitor to
be reported here has a total thickness o ca. 10 nm grown on a
conventional Si/SiO2 substrate [24], with the layers being pro-
duced via ALD [25] rom organometallic precursors or Al2O3

and Y2O3 in gas phase. TMA and (MeCp)3Y were chosen
as precursors or Al and Y, respectively, or several reasons.
With its high vapor pressure, TMA is an inexpensive and
viable option or experimental applications. Its rapid reaction
with water acilitates the ecient deposition o aluminum-
containing lms at low temperatures. Moreover, TMA is a
well-established aluminum source in semiconductor abrica-
tion, e.g. or growing thermally stable, insulating Al2O3 thin
lms [26]. (MeCp)3Y has the highest vapor pressure among
organometallic precursors used to obtain Y2O3 lms through
CVD, MOCVD, and ALD methods [27]. This high vapor pres-
sure is crucial or achieving reasonable growth rates during
ALD. Additionally, when combined with H2O as an oxygen
source, (MeCp)3Y can produce lms with lower carbon and
hydrogen impurity levels, resulting in better electrical char-
acteristics in ultrathin lms. Both precursors are particularly
suitable or abricating MOS nanocapacitors, as they minimize
carbon traces at the end o each lm deposition. These carbon
traces could otherwise negatively aect the electrical behavior
and overall perormance o devices. The chemical stability and
compatibility o TMA and (MeCp)3Y enable the production
o high-quality Al2O3 and yttrium-based bilayer lms. The
experimental results obtained with the MOS structure are also
explained through numerical simulations using the commer-
cial sotware COMSOL Multiphysics. O great signicance is
the capacitance o the order o nF, considerably higher than
the values in the literature using other materials.

2. Methods

2.1. Materials

Prior to deposition, to eliminate traces o contamination rom
the Si surace, a chemical cleaning process was employed.
This involved sonicating the surace in a 1:1 mixture o acet-
one, isopropanol, ethanol, and methanol or 15 min at 50 ◦C,
ollowed by rinsing with reagent-grade isopropanol, and
nally drying with UHP N2 (99.999%), according to the pro-
cess carried out in previous works [28, 29]. The organometal-
lic sources tris(cyclopentadienyl)yttrium ((MeCp)3Y, 99.9%)
and trimethylaluminum (TMA, 98%) were used as chemical
precursors, while deionized (DI) water at room temperature
served as the oxidizing agent. Both chemical precursors were
supplied by Strem Chemicals, with catalog numbers 93–1360
and 39–5050, respectively. To eliminate oxygen traces ultra-
high purity N2 was used as a carrier and purging gas during
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Figure 1. Atomic layer deposition scheme or Al2O3–Y2O3 bilayer abrication.

the ALD process. This N2 gas was puried to <10−6 ppm O2

with an inert gas purier and an oxygen monitor.

2.2. Ultrathin nanocapacitor fabrication

Nanocapacitors were ormed by depositing an ultrathin
Al2O3–Y2O3 bilayer on Si (100) p-type SSP (single side pol-
ished) using a viscous-fow ALD reactor rom Beneq (Espoo,
Finland), model TFS 200, at 250 ◦C deposition temperature in
the reactor. The temperature in the canister o (MeCp)3Y pre-
cursor was maintained at 140 ◦C while the canister or TMA
was kept at room temperature to achieve the necessary vapor
pressure. Al2O3–Y2O3 ultrathin dielectric bilayer lms were
prepared in two main steps (see gure 1). First, the 5 nm thick
Al2O3 layer was deposited on the Si/native SiO2 surace using
42 cycles o TMA-H2O (growing rate 1.2 Å/cycle), where each
cycle consists o 30 ms TMA dose/750 ms N2 purge/100 ms
DI water dose/750 ms N2 purge. Then, a 5 nm thick Y2O3 layer
was deposited on Al2O3 using 44 cycles o (MeCp3)3Y-H2O,
with a growing rate o 1.13 Å/cycle, each cycle consisting o
1 s (MeCp)3Y dose/4 s N2 purge/100 ms DI water dose/5 s N2

purge. The top and bottom Au electrodes were deposited by
thermal evaporation at room temperature using a JEOL JEE-
400 Vacuum Thermal Evaporator. In this process, a gold wire
with a diameter o 0.20 mm was heated on a tungsten la-
ment under an electrical current o 13 A or 10 min, with a
base pressure o 1 × 10−3 Pa. A stainless-steel template with
holes approximately 0.4 mm in radius was used to abricate the
gold electrodes, resulting in a top electrode area o approxim-
ately 4.53 × 10−7 m2, while or the bottom electrode, a gold
lm was evaporated on the rear surace o the silicon substrate
[30–33].

The reaction mechanism or the Al2O3 and Y2O3 lms
ormation rom organometallic precursors and water has been
reported by dierent authors. The chemical reaction or TMA
and water can be expressed as ollows:

2Al(CH3)3 + 3H2O → Al2O3 + 6CH4

In this reaction, TMA reacts with water to produce Al2O3

and CH4 as subproducts. In this case, two molecules o TMA
react with three molecules o water to produce aluminum
oxide as the solid lm, and six methane (CH4) molecules are

released as a gas phase. In this same sense, the general reaction
or the Y2O3 lm ormation rom (MeCp)3Y and water can be
expressed as ollows:

2(MeCp)3Y + 3H2O → Y2O3 + 6MeCpH

In this case, two molecules o (MeCp)3Y react with three
molecules o water, resulting in the yttrium oxide Y2O3 lm
and six molecules o methylcyclopentadiene (MeCpH) are
released as gas phase subproducts.

2.3. MOS nanocapacitor characterization

Nanocapacitors obtained with the ALD technique have uni-
orm thickness across the whole substrate, as conrmed
with scanning transmission electron microscopy (STEM),
spectroscopic ellipsometry (SE), atomic orce microscopy
measurements and x-ray photoelectron spectroscopy (XPS).
Capacitance values ranging rom 1.6 nF to 2.8 nF, or requen-
cies between 1 MHz and 10 kHz, were measured on the nano-
capacitors in accumulation. The high-temperature stability o
capacitance values was corroborated by measurements at di-
erent working temperatures, rom 25 ◦C to 150 ◦C, and radio
requencies rom 10 kHz to 1 MHz. The thickness and optical
properties o bilayer lms were studied through SE at room
temperature using a variable angle spectroscopic ellipsometry
(VASE), by J.A. Woollam Co. Measurements were obtained at
45◦, 55◦, 65◦ and 75◦ incidence angle in a spectral range rom
240 nm to 1100 nm.

Transmission electron microscopy (TEM) was used to
obtain the bilayer thickness. The sample or TEM analysis
was prepared using a JEOL JIB-4500 scanning electron micro-
scope/ocused ion beam (FIB) system. To avoid lm damage
during sample preparation, gold and carbon layers were evap-
orated on top o the lm beore FIB processing. The sample
thickness was reduced to a ew nm or allowing electrons to
pass through the sample. TEM micrographs, in cross-sectional
mode, were obtained in a JEOL JEM-2100F (STEM). A JEOL
JEE-400 Vacuum Thermal Evaporator was utilized or depos-
iting gold electrical contacts on both sides o the samples
(top and bottom). The presence o the composing materi-
als was conrmed through XPS, which probes suraces to a
depth o 10 nm. The XPS measurements were taken with a
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Table 1. Experimentally measured dielectric constant at radio wave
requencies o 10 kHz and 1 MHz or dierent temperatures.

Dielectric constant

Temperature (◦C) 10 kHz 1 MHz

25 8.4 4.7
90 7.7 4.7
150 7.6 4.8

system rom SPECS, equipped with a hemispherical electron
analyzer, PHOIBOS 150 WAL, and monochromatic x-ray
source, XRC-1000, with Al Kα at 200 W.

The electrical characterization o the MOS capacitor was
perormed using capacitance/conductance–voltage (C/G–V)
and current–voltage (I–V) measurements at dierent temper-
atures with a Keithley 4200A-SCS Parameter Analyzer, sup-
plied by Keithley Instruments (Cleveland, Ohio, USA). The
sample was positioned on a SemiProbe Lab station, provided
by SemiProbe (Winooski, Vermont, USA). This station ea-
tures a magnetic stage base allowing ne displacements along
the x, y, and z axes with micrometer screws. It has our micro-
manipulators, and a completed optical system or sample visu-
alization, including an optical microscope with a CCD camera
connected to a laptop. To minimize electrical noise rom the
surroundings, the SemiProbe Lab station was enclosed within
a Faraday cage. The C/G–V loops were measured using a
25 mV a.c. signal with radio requencies o 10 kHz and 1 MHz.
The C/G–V dependences were measured by applying a d.c
voltage bias (back and orth) between +2.5 V and −2.5 V at a
sweep rate o 0.025 V s−1. I–V measurements were obtained
via voltage scanning rom +3.5 V to −3.5 V to avoid dielec-
tric breakdown (Vbr > 4 V). To heat the samples, we used
a custom-made setup consisting o a hotplate connected to a
power supply and a temperature controller with a Nichrome
thermocouple. This arrangement enables us to study the eects
o temperature on the MOS nanocapacitors.

2.4. Numerical simulations

The semiconductor module within the COMSOL
Multiphysics sotware was used to apply a nite element
methodology to simulate MOSCAP and MOSFET structures.
These simulations could theoretically investigate the beha-
vior o the proposed platorms. Specically, the entire system
comprising the SiO2 and Al2O3–Y2O3 bilayers was modeled
as an eective medium with a height o 12 nm. Dielectric
constants crucial to the simulations were obtained rom the
COMSOL library or Si and SiO2 layers, and rom table 1 or
the Al2O3–Y2O3 bilayer. The electrical responses o the sys-
tems were computed using the small-signal analysis approach.
To capture the intricate dynamics o trap charges and carrier
processes, models or uniorm doping and Shockley–Read–
Hall recombination were integrated. These models simulated
the trapping and releasing o carriers by the traps. To ensure
accuracy near the critical interaces, a user-controlled mesh
renement strategy was implemented, particularly under the
oxide-Al2O3–Y2O3/silicon interace. This ensured that

the mesh resolution was optimized or obtaining precise
simulations.

3. Results and discussion

Figure 2(a) shows a schematic representation o the device
comprising an Al2O3–Y2O3 bilayer grown on a Si/native SiO2

substrate, with Au layers deposited as top and back electrodes.
The equivalent circuit model to explain the total capacitance o
this MOS structure at high requencies (at and above 1 MHz)
is shown in gure 2(b). The high-requency capacitance (CHF)
is related to the oxide capacitance (Cox) and the capacitance o
the Si depletion region (CDep) is dened through equation (1)
[34, 35]. Figures 2(c) and (d) show optical images o a nano-
capacitor abricated via thermal ALD method,

1
CHF

=
1

COX
+

1
CDep

. (1)

The bilayer thickness was determined through SE by tting
the results using the Cauchy dispersion relation, which mod-
els the dispersion in transparent materials [36–38]. The bilayer
thickness was 11.5 nm with a mean squared error (MSE) o
6.26, indicating high reliability or the model [38]. Figures 3
(a) and (b) illustrate the VASE data juxtaposed with model data
or an Al2O3–Y2O3 bilayer abricated via ALD. Employing
the Cauchy model or tting, the Al2O3–Y2O3 bilayer was
treated as a consolidated entity comprising two distinct mater-
ials atop a silicon substrate, serving both as a semiconductor
and mechanical support. The ellipsometric model was con-
gured as ollows: a bilayer setup comprising an innite Si
(100) substrate (∼300 µm), a native SiO2 layer (2.7 nm thick),
and alternating layers o Al2O3 and Y2O3, as depicted in
gure 2. Beore the tting process, physical parameters such as
thicknesses and optical constants or the silicon substrate and
native SiO2 were incorporated into the model without adjust-
ment. Subsequently, the Cauchy model was tted using the
complete EASE® sotware to obtain the thickness and disper-
sion proles or n(λ). During this tting procedure, Cauchy
parameters were adjusted accordingly. The outcomes o the
tting process in gures 3(a) and (b) conrm the agreement
between the experimental data and the model-generated data
or the ellipsometric anglesΨ and∆. The MSE= 6.26 derived
rom this tting process validates the eectiveness o the pro-
cedure or the sample.

The bilayer thickness was conrmed by cross-sectional
TEM images such as the one in gure 4(a). The interace
between substrate and deposited dielectric layers can be eas-
ily distinguished, as the light tone ringe corresponds to Al2O3

(5.3 nm thick) and the darker ringe is associated with Y2O3

layer (5.8 nm thick). The bilayer thickness is 11.1 nm rom this
TEM image, in good agreement with the SE measurements.
The high uniormity o the layers across the entire lm and the
well-dened interaces indicates the high accuracy obtained
with ALD. Indeed, the low temperature o deposition in the
ALD reactor avoided nucleation, grain growth in the system,
and crystallization o Al2O3 and Y2O3 layers. The latter is well
established in the literature or the growth o oxide materials
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Figure 2. (a) Cross-section o Al2O3–Y2O3 ultrathin MOS nanocapacitors on Si/SiO2. (b) Schematic view o the dielectric eective
nanocapacitance. (c) and (d) Optical images o the nanocapacitor structure abricated with the ALD method.

Figure 3. Variable angle spectroscopic ellipsometry (VASE) and model data or a bilayer o Al2O3–Y2O3 (a) Ψ and (b) ∆ ellipsometry
angles.

[39–41]; there is also supporting evidence rom TEM images
in gure 4. The lattice parameter o the cubic crystalline Y2O3

structure is around 1.1 nm [42], while Al2O3 material may
crystallize in the alpha, beta, or gamma phases with lattice
parameters varying rom 0.5 nm to 1.3 nm or each side [43].
Hence, considering that each individual homogeneous layer
has an average thickness as small as 5 nm, the system cannot
be considered crystalline.

Figure 4(b) shows TEM images at 5 and 10 nm scale,
providing detailed insights into the microstructure o the
bilayer. The Al2O3 layer remains amorphous, which is consist-
ent with its inability to crystallize at the relatively low depos-
ition temperature during the synthesis process. This lack o
crystallization is typical or Al2O3 under such conditions, res-
ulting in a disordered atomic structure. In contrast, the Y2O3

layer exhibits crystalline regions, indicating the ormation o
a crystalline phase within the bilayer. The presence o these
crystals indicates that Y2O3 undergoes partial crystallization
during deposition, even at the same temperature where Al2O3

remains amorphous. This crystalline phase is likely associated
with a ace-centered cubic structure, which is known to orm at
growth temperatures around 250 ◦C. This observation is con-
sistent with previous studies o Y2O3 lms grown by ALD at
similar temperatures. The TEM images illustrate the distinct
amorphous and crystalline phase behaviors o the two materi-
als within the bilayer.

XPS measurements were taken to obtain inormation about
the chemical elements Y, Al, and O present in the ultrathin
Al2O3–Y2O3 bilayer with 10 nm thickness along with the
inormation about chemical bonds. High resolution-spectra
were analyzed or Y3d, Al2p, and O1s; the dierent spectra
were deconvolved and tted using CasaXPS sotware, consid-
ering the C 1s peak at 284.5 eV as binding-energy calibra-
tion. The high-resolution XPS spectra or bilayer are shown
in gures 5(a)–(c). The main components ound at dierent
BE positions in the bilayer were Y3d, Al2p, and O1s. For the
Y3d component spectra in gure 5(a), two intense peaks with
a binding energy appear at 156.25 and 158.11 eV or Y3d5/2
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Figure 4. (a) Cross-sectional TEM image o the Al2O3–Y2O3 bilayer on Si/SiO2 substrate. (b) and (c) TEM images at 10 and 5 nm scale to
visualize the amorphous and crystalline phase present in the bilayer.

Figure 5. High resolution XPS spectra o (a) Y3d; (b) Al2p (c) O 1s or Al2O3–Y2O3 bilayer lm.

and 3d3/2 that corresponds to pure Y–O bonding in the Y2O3

layer, which is consistent with reports or Y2O3 lms prepared
by ALD method. Besides, two low-intensity peaks at 157.97
and 159.88 eV appear and are associated with Y–OH bond-
ing; this Y–OH species could be related to the reactions in the
thermal ALD synthesis water-assisted as a reactant precursor
with organometallic precursor used or yttrium. Figure 5(b)
with the Al2p spectra shows an intense peak with binding
energy at 73.81 eV assigned to Al–O bonding in the Al2O3

layer. Finally, in the O1s spectra in gure 5(c), there are two
peaks at dierent intensities; the more intense peak appears
at 531.61 eV associated with the Al–O bonds, the lower peak
at 528.68 eV related to Y–O bonds. There is also one peak at
532.50 eV (indicating the Y–OH bonds presence) associated
with the water species due to the ALD process in abricating
the Al2O3–Y2O3 ultrathin nanocapacitor [30–33].

Figure 6 shows a comparison o the experimental and sim-
ulated capacitance vs voltage (C–V) curves at three temperat-
ures T = 25 ◦C, T = 90 ◦C, and T = 150 ◦C, and two radio
wave requencies, 10 kHz and 1 MHz. At both requencies the
slope o the experimental C–V curves in the region between
accumulation and inversion is smaller than that o the sim-
ulated dependencies. The observed stretch out o the experi-
mental curves is due to interace states, which aect the total
measured capacitance in two ways: rst, by the capacitance o
the Si depletion layer (CDep) and second, by the interace state
capacitance (Cit). At 1 MHz the interace states change their
charge state only with the slowly varying bias, modiying the
depletion region thickness and thus the depletion capacitance
CDep and the total capacitance. However, at low requency the
interace deects can respond to the a.c. test signal contribut-
ing to the total capacitance by Cit, which is in parallel with
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Figure 6. Experimental (open-star symbols) and numerical (open circles) results o capacitance vs voltage (C–V) in the studied
Al2O3–Y2O3 bilayer or T = 25 ◦C, T = 90 ◦C, and T = 150 ◦C or requencies o (a) 10 kHz and (b) 1 MHz.

CDep [35]. An additional stretch out o the dependencies at
10 kHz was observed at higher temperatures, which may be
due to a higher generation rate o electron–hole pairs, resulting
in higher values o the interace state capacitance. The experi-
mental curves in gures 6(a) and (b) are shited towards more
positive voltages compared to the simulated ones owing to a
negative charge in the dielectric layer. This kind o behavior
has been reported or Al2O3 layers used or surace passivation
in solar cells [44].

The total capacitance o a MOS capacitor is determined
by the Al2O3–Y2O3 bilayer thickness, electrode area and the
dielectric constant o the insulating materials. Since the ratio
between the electrode area (ϕ = 4.53 × 10−7 m2) and the
dielectric Al2O3–Y2O3 bilayer thickness (l = 10 nm) is very
large ϕ/l = 0.45 × 102 m, the system can be approximated
by a parallel plate capacitor, lled with the bilayer dielectric
material Al2O3–Y2O3. This approximation is urther validated
by the strong correlation between the simulated results (rep-
resented by solid lines with open circles) and the experimental
results (represented by solid lines with open stars) at operating
requencies o 10 kHz and 1 MHz, as illustrated in gures 6(a)
and (b), respectively. In addition, rom capacitance-voltage
results or the Al2O3–Y2O3 bilayer, we determined the eect-
ive dielectric constant ε or two dierent requencies (see
table 1). The dielectric constant at 10 kHz ranges rom 8.4 at
room temperature to 7.6 at 150 ◦C. In contrast, at a higher re-
quency o 1 MHz, the dielectric constant remains relatively
stable (4.7–4.8) across the range o temperatures studied. The
reduced capacitance at 1 MHz in accumulation are attributed
to the impact o series resistance, primarily stemming rom the
quasi-neutral bulk silicon’s resistance between the back con-
tact and the depletion layer edge beneath the gate [34].

The primary error in capacitance due to series resistance
maniests in accumulation, thereby infuencing the ε value
derived rom high-requency C–V measurements. To mitig-
ate the eect o series resistance, low-requency measure-
ments are recommended, as they reduce its impact [34].
Consequently, one may assume that the permittivity determ-
ined at 10 kHz is more accurate. It is worth mentioning that

the dielectric constant o the bilayer is lower than or a single-
layer capacitor with Al2O3 and Y2O3. One possible explana-
tion or this observation is the presence o transition regions
within the Al2O3 and Y2O3 layers, near the Si/Al2O3 and
Al2O3/Y2O3 interaces, respectively. These transition regions
possess dielectric properties distinct rom the bulk Al2O3

and Y2O3 materials. Given the thinness o both layers in the
bilayer, the infuence o these transition regions cannot be
ignored, which would explain the decreased eective dielec-
tric constant.

The leakage current in the bias voltage range o interest
was determined with current–voltage (I–V) measurements
in gure 7. This leakage current is one o the most
important parameters in determining the perormance o a
MOS capacitor. It depends on such characteristics as stoi-
chiometry o the dielectric [45], microstructural properties
[46], thickness [47], types o contacts [48], and quality o
the interaces [49]. At low electric elds, with bias voltage in
the range o (−1.5, 1.5 V), the current was close to 10−8 A
(10−10/4.53 × 10−3 = 2.2 × 10−8 A cm−2, current density
∼2 × 10−8 A cm−2). At higher electric eld (E) the current
increased more than one order o magnitude to ∼3 × 10−9 A
(current density o 6.6 × 10−7 A cm−2) at E = 3.1 MV cm−1

(±3.5 V). These small values or the leakage current indicate
good insulating properties o the Al2O3–Y2O3 bilayer depos-
ited by ALD.

To demonstrate the applicability o our concept or integ-
rated nanoelectronic circuits, we simulated a MOSFET device,
depicted in gure 8(a), which uses a nanopacacitor as obtained
experimentally here as the gate dielectric lm. The meas-
ured parameters or the bilayer dielectric were used in the
simulation. The corresponding electronic parameters, shown
in gures 8(b)–(d), were ound competitive with recent res-
ults or ultrathin nanocapacitors with MoS2/CaF2 [50] and
h-BN (hexagonal boron nitride) [51] abricated using more
complex techniques. Moreover, the temperature stability o
the MOSFET was proven by calculations or temperatures o
25 ◦C, 90 ◦C, and 125 ◦C at both 10 kHz and 1 MHz working
requencies.
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Figure 7. I–V characteristic o the MOS structure, consisting o an Al2O3–Y2O3 bilayer with a total thickness o 10 nm.

Figure 8. (a) Schematic representation o the simulated device. Numerical results or (b) output conductance, (c) transconductance, and (d)
drain current o a simulated eld-eect transistor. Simulations were carried out or dierent temperatures at 10 kHz and 1 MHz to illustrate
the temperature stability o the proposed device.

4. Conclusions

Using the ALD method, we abricated an ultrathin MOS nano-
capacitor with capacitances rom 1.6 nF to 2.8 nF with a thick-
ness as low as 10 nm. Our concept comprises a high qual-
ity and uniorm ultrathin Al2O3–Y2O3 bilayer, as corrobor-
ated with spectroscopy, physicochemical and morphological

studies. In particular, each building dielectric layer in the sys-
tem has a thickness o ∼5 nm. Comparative measurements
o the capacitance, carried out at 25 ◦C, 90 ◦C and 150 ◦C,
indicate high temperature stability. Numerical simulation res-
ults using COMSOL Multiphysics were ound to be in good
agreement with experimental data. The high integrability and
electrical parameters o these nanocapacitors can be used in
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dierent applications such as point-o-care biosensing devices
[52]. Furthermore, the applicability in high drain current
MOSFET devices was demonstrated numerically.
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[33] Mai L, Boysen N, Subaşı E, De Los Arcos T, Rogalla D,
Grundmeier G, Bock C, Lu H L and Devi A 2018 Water
assisted atomic layer deposition o yttrium oxide using
tris(N,N0-diisopropyl-2-dimethylamido-guanidinato)
yttrium(III): process development, lm characterization and
unctional properties† RSC Adv. 8 4987–94

[34] Nicollian E H and B J R 1982 MOS (Metal Oxide
Semiconductor) Physics and Technology vol 74 (A
Wiley—Interscience publication) pp 1–644

[35] Sze S M and N K K 2006 Physics of Semiconductor Devices
Ed John Wiley and Sons (Wiley-Interscience)
p 431–510

[36] Woollam J A 2011 CompleteEASE TM Data Analysis Manual
1st edn ed J A Woollam Co pp 1–186

[37] Irene H G T and A E 2005 JEMS: a journal o emergency
medical services Handbook of Ellipsometry (William
Andrew, Inc.) vol 30 pp 3–298

[38] Fujiwara H 2007 Spectroscopic Ellipsometry: Principles and
Applications (Wiley) pp 1–11

[39] Niinistö J, Putkonen M and Niinistö L 2004 Processing o
Y2O3 thin lms by atomic layer deposition rom
cyclopentadienyl-type compounds and water as precursors
Chem. Mater. 16 2953–8

[40] Niinistö J, Putkonen M, Niinistö L, Stoll S L, Kukli K,
Sajavaara T, Ritala M and Leskela M 2005 Controlled
growth o HO2 thin lms by atomic layer deposition rom
cyclopentadienyl-type precursor and water J. Mater. Chem.
15 2271–5

[41] Niinistö J, Rahtu A, Putkonen M, Ritala M, Leskelä M and
Niinistö L 2005 In situ quadrupole mass spectrometry study
o atomic-layer deposition o ZrO2 using Cp2Zr(CH3)2 and
water Langmuir 21 7321–5

[42] Gaboriaud R J, Paumier F and Lacroix B 2016 Disorder-order
phase transormation in a fuorite-related oxide thin lm:
in-situ x-ray diraction and modelling o the residual stress
eects Thin Solid Films 601 84–88

[43] Novita M, Wibowo S, Nada N Q and Ogasawara K 2019
Comparative study on r-line and u-band energies o ruby
estimated rom one-electron and many-electron
rst-principles approaches J. Phys.: Conf. Ser.
1179 2–5

[44] Getz M N, Povoli M and Monakhov E 2022 Improving
ALD-Al2O3 surace passivation o Si utilizing pre-existing
SiOx IEEE J. Photovolt. 12 929–36

[45] Freeze C R, Stemmer S, Freeze C R and Stemmer S 2016 Role
o lm stoichiometry and interace quality in the
perormance o (Ba, Sr) TiO3 tunable capacitors with high
gures o merit Appl. Phys. Lett. 109 192904

[46] Yang W S, Yeom S J, Kim N K, Kweon S Y and Roh J S 2000
Eects o crystallization annealing sequence or
SrBi2Ta2O9 (SBT) lm on Pt/SBT interace morphology

10



Nanotechnology 35 (2024) 505711 J A Lopez Medina et al

and electrical properties o erroelectric capacitor Jpn. J.
Appl. Phys. 39 5465–8

[47] Wenger C et al 2006 High-quality Al2O3/Pr2O3/Al2O3 MIM
capacitors or RF applications IEEE Trans. Electron
Devices 53 1937–9

[48] Kotru S, Batra V and Harshan V N 2018 Electrical behavior o
Pb0.95La0.05Zr0.54Ti0.46O3 thin lm based capacitors:
infuence o space charge region J. Appl. Phys. 124 1–9

[49] Mahat A M, Mastuli M S, Badar N and Kamarulzaman N 2021
Novel Al1.997H0.003O3 high-k gate dielectric thin lms

grown by pulsed laser deposition using pre-synthesized
target material J. Mater. Sci.: Mater. Electron. 32 10927–42

[50] Illarionov Y Y et al 2019 Ultrathin calcium fuoride insulators
or two-dimensional eld-eect transistors Nat. Electron.
2 230–5

[51] He Y et al 2021 Robust nanocapacitors based on waer-scale
single-crystal hexagonal boron nitride monolayer lms ACS
Appl. Nano Mater. 4 5685–95

[52] Kaisti M 2017 Detection principles o biological and chemical
FET sensors Biosens. Bioelectron. 98 437–48

11




