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ABSTRACT: We report perfect light absorption due to the

excitation of bound and radiative p-polarized optical modes in
epsilon-near-zero (ENZ) conducting oxide nanolayers with thick-
nesses as thin as Agy;/100. Perfect absorption in the wavelength
range of 600 nm to 2 ym may be achieved for unpatterned indium tin
oxide (ITO) nanolayers with an electron density of 5 X 10% to 2 X
10*' cm™>. Multilayer stacks of ITO nanolayers with a gradient of
electron densities and optimized thicknesses enable broadband
perfect absorption. The postfabrication tuning, of the perfect
absorption wavelength, of 32 nm is achieved in a metal-oxide-
semiconductor (MOS) geometry with applied voltage of S V. Such
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ultrathin and tunable broadband perfect absorbers have many
potential applications in nonlinear flat ENZ optics, thermophotovoltaics, hot-electron generation in the ENZ regime, and

other fields.
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Light harvesting and high-resolution optical technologies
require optical coatings with strong light absorption.
Perfect absorption (>99.9%), usually requires high optical
losses and large thicknesses. Most optical dielectric materials,
such as glasses, are transparent in the visible and infrared
regions. Contrastingly, metals reflect light due to high optical
losses. Because neither class of materials provides a satisfactory
solution for strong optical absorption, there is significant
interest in the development of new optical materials. Current
materials include transparent conducting oxides, nano- and
meta-materials, and 2D materials.'~’ Interest in the develop-
ment of new materials is spurred by technological demands for
photonic integration, cost-efficient fabrication, and postfabrica-
tion tunability.*”"*

Recent studies suggest that zero refractive index or epsilon-
near-zero (ENZ) materials can be used to make perfect
ultrathin film absorbers.'®™"" Ultrathin ENZ layers support
radiative Berreman (above light line) and bound ENZ (below
light line) modes.”” ** Excitation of these modes leads to
resonant light absorption. Degenerate transparent conducting
oxides, for example, indium tin oxide (ITO), usually have high
electron densities, N, ranging from 10* to 10*! em™3, resulting
from the control of the deposition conditions. Specific electron
densities allow an ENZ regime in the near-IR range. Therefore,
conducting oxides are suitable ENZ materials for a multilayer
broadband perfect absorber in the near-IR spectrum. In
addition, by combining layers of a conducting oxide, a dielectric
insulator, and a metal, a metal-oxide-semiconductor (MOS)
field-effect structure can be formed to gate the conducting
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oxide ENZ materials. With field-effect modulation, plasmonic
waveguide modulators with high modulation depth® and
tunable conducting oxide metasurfaces or metamaterials”®~>*
have been designed and demonstrated.

In this work, we present three aspects of ENZ perfect
absorbers. First, we discuss the perfect absorption (PA)
thickness dependence on ITO electron density and ENZ
frequency. We calculate ITO nanolayer thicknesses required for
achieving critical coupling to the Berreman and ENZ modes
leading to PA, that is, >99.9%, and compare PA thicknesses for
the two modes. Next, we present an ultrathin broadband
perfect absorber for both modes composed of multilayer ITO
stacks with gradient electron densities. Finally, we evaluate an
optimal ITO thickness for PA field-effect tuning by
investigating the relationships between ITO thickness, electron
density, and incidence angle. We calculate postfabrication
tunable PA through the formation of an electron accumulation/
depletion layer at the oxide-ITO interface in a MOS field-effect
device with an ITO thickness <10 nm (Figure 1a).

B RESULTS AND DISCUSSION

Perfect Absorption in ENZ Nanolayers. We consider p-
polarized (TM) light of wavelength A incident at an angle 6, in
gadolinium gallium garnet (GGG) coupling prism, on an
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Figure 1. (a) Schematic of the field-effect tunable metal-oxide-semiconductor (MOS) ENZ perfect absorber. Schematic of the excitation of (b) the
radiative Berreman mode and (c) the bound ENZ mode in the ultrathin ITO layers in the Kretschmann-Raether configuration; (d, e) broadband
Berreman and ENZ modes in multilayered ITO configurations and (f) Berreman mode in the MOS configuration. The incidence medium is
gadolinium gallium garnet (GGG). (g) Absorptance as a function of wavelength for an ITO layer with a thickness of 8.6 nm (Berreman mode) and
15.6 nm (ENZ mode) at an angle of incidence of 60°. The ITO thicknesses, incidence angle, and wavelength satisfy the perfect absorption condition
of eq 1. Vertical dotted line shows an ENZ wavelength of 1067 nm. (h) Electric field intensity normalized to the incident intensity as a function of
the depth normalized by the thickness of the ITO layer for both modes.

ultrathin ITO layer of thickness t. The incident light can excite
the Berreman mode'”~>"** if the external medium is metal, for
example, gold (Figure 1b), or the ENZ mode™* if the external
medium is a dielectric with the refractive index smaller than the
refractive index of the GGG prism, for example, BK7 glass
(Figure 1c). The ENZ mode is excited in the Kretschmann-
Raether conﬁguration29 with an incidence angle above the
critical angle. The excitation of the TM modes in both
structures leads to an enhanced electric field confined within
the ITO layer and optical local density of states, resulting in
strong light absorption. PA occurs when the wavelength,
thickness, and angle values satisfy the condition for the critical

coupling:****

- ( (1)

Here tp, is the ITO thickness, resulting in PA, satisfying eq 1,

ngg is the refractive index of the GGG prism (see Figure S1 in

the Supporting Information for the refractive index dispersions

of GGG, BK7, and gold’'). The frequency dependent

complex electric permittivity of ITO, &1q, is described by the
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= mi*ﬂ Here e is the elementary charge, m* is the electron

effective mass, y is the electron mobility, &, is the permittivity
of free space, £, is the permittivity at infinite frequency, w, is
the plasma frequency, I' is the electron collision rate. In our
absorptance calculations, we assume constant values for the
electron effective mass (m* = 0.28 my), electron mobility (u =
31 cm?/(V's)), and high frequency permittivity (e
3.6).>7** The ENZ frequency is defined as Re(grro) = 0,

2
Opng = (:Ti — I'%. Figure 1g shows an example of PA at a

wavelength of 1022 nm for the Berreman mode at an incidence
angle of 60° on an ITO layer (blue curve). An electric field
intensity enhancement of SO (Figure 1h) is observed at the PA
wavelength in the ITO layer with a thickness of 8.6 nm.
Similarly, the ENZ mode (red curve) exhibits PA at a
wavelength of 1137 nm and electric field intensity enhancement
of 25 in a 15.6 nm thick ITO layer. For the absorptance and
electric field intensity calculations see Methods. In the previous
examples, the electron density of the ITO nanolayer is N = 1 X
10*' cm™, corresponding to an ENZ wavelength of Apy, =
1067 nm. The PA wavelength of the ITO nanolayer may be
varied within the near-IR range through the manipulation of the
ITO electron density (see Figure S2 for electron densities of N
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=5 X 10 cm™ and N = 2 X 10*' cm™). The absorptance
peak has the Lorentzian shape:17

47/2

(0 — wpy)* + 47

Alw) =
@ @)

Here wp, is the PA frequency and 2y = €I is the full width at
half-maximum (fwhm) of the absorptance peak. The fwhm
does not depend on the electron density in the frequency/
energy domain. Rather fwhm decreases when the electron
density increases in the wavelength domain, that is, fwhm o 1/
N (see Figure S2).

Equation 1 does not include explicit information about the
optical properties of the external medium. Therefore, the PA
condition implied by eq 1 are the same for both Berreman and
ENZ modes. In order to determine the minimum ITO
thickness required to achieve PA and to elucidate the obscured
angular and wavelength dependence of the PA thickness in eq
1, we numerically calculate the PA thicknesses for both the
Berreman and ENZ modes. Our numerical results show good
agreement with eq 1 (Figure S3).

Despite the simplicity implied by eq 1, the PA conditions for
two modes are distinctly different. Excitation of the Berreman
mode in the ITO layer of a fixed thickness leads to PA at two
different angles (wavelengths): one at small incident angles (PA
wavelength is only slightly shorter than the ENZ wavelength)
and another at incident angles >80° (shorter wavelengths).
This observation is in agreement with prior work.”> At small
incident angles, the PA wavelength shows minor dependence
on the ITO layer thickness (Figure 2a). In contrast to the
Berreman mode, the ENZ mode exhibits a PA wavelength
longer than the ENZ wavelength (Apy/Agnz > 1) and shows a
strong dependence on ITO layer thickness (Figure 2a).
Excitation of the ENZ mode results in resonant light absorption
above the critical angle (Figure 2b). Our numerical results show
a minimum ITO layer thickness below which PA is not
obtainable for either mode. PA is achievable in deep
subwavelength ITO nanolayers (<10 nm) for both Berreman
and ENZ modes, for all numerically considered electron
densities, as shown in Figure 2. It should be noted that high
conductivity ultrasmooth ITO nanolayers with thicknesses of
<10 nm might be difficult to fabricate by conventional
techniques, requiring special fabrication processes and post-
fabrication treatments. However, our study is not limited to
ITO and conducting oxides. Other ENZ materials, such as TiN,
which have been shown experimentally in subten nanometer
scale (<10 nm) with high film quality,”® may be utilized.

An increase in the electron densities of the ITO layers results
in thinner PA thicknesses. The PA thickness, ~Agy,/100, may
be as thin as 5 nm for an electron density of 2 X 10*' cm™ (cf.
Apa & Apnz = 752 nm). The PA thicknesses are similar for the
ENZ mode at the critical angle of &51° and the Berreman
mode. In a range of incident angles (51° < 6 < 80°), PA
thickness for the Berreman mode is smaller than that of the
ENZ mode (Figure 2b). For all electron densities under our
study, the Berreman mode requires thinner layers than those of
the ENZ mode. The PA thickness difference for the two modes
is more pronounced at lower electron densities (Figure 2c). As
the electron density increases, PA thickness decrease more

rapidly than the ENZ wavelength. The ENZ wavelength scales
1

Nu}

as Apny X %, while the PA thickness scales as tp,

where the exponent o & 1 for the ENZ mode. The exponent a
~ 1 may be inferred from eq 1 by using Re(eiro) = 0 and
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Figure 2. Relationships between (a) perfect absorption (PA)
wavelength and PA thickness and (b) PA angle and PA thickness
for the ENZ and Berreman modes. The relationships are computed for
three ITO films with electron densities of 5 X 10 cm™, 1 X 10!
cm™3, and 2 X 10*' cm™ with corresponding ENZ wavelengths of
1519, 1067, and 752 nm, respectively. The PA wavelength is
normalized to the corresponding ENZ wavelengths. Vertical lines
show (a) the ENZ wavelength and (b) the critical angle at the ENZ
wavelength 6, 51° (ENZ mode only; the critical angle is
approximately the same for the three films). The relationships for
both modes described by eq 1 exhibit good agreement with the
numerical results (Figure S3). (c) Electron density dependence of the
ITO thickness satisfying the PA condition of eq 1 for both Berreman
and bound ENZ modes at three angles of incidence. The dots are the
numerical results and the lines are linear regressions of t;ro x 1/N%
where a = 1.

~
~

r . .
Im(gro) = % in eq 1 and assuming Apy & Agyz. For the

Berreman mode, a decreases from 0.83 + 0.02 to 0.69 + 0.03
as the incident angle increases from 55° to 65° (Figure 2c). The
numerical relationships between ITO thickness, electron
density, and incident angle of the single ultrathin ITO layer
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enable development of perfect absorbers with nanoscale
thicknesses.

Broadband Perfect Absorption in ENZ Multilayers. As
shown previously, a single ITO layer at any incidence angle
exhibits PA at a single wavelength despite the large fwhm of the
absorption peak at low electron densities (fwhm o 1/N). It is
possible to create an absorber with a larger PA band by stacking
ITO nanolayers with different electron densities'”*® (Figure
1d,e). The PA bandwidth depends on the PA wavelengths of
individual ITO layers, the number of ITO layers, and
corresponding ITO layer thicknesses. An example of the
broadband perfect absorber composed of three ITO nanolayers,
all of the same thickness, is shown in Figure 3a for both the
Berreman and the ENZ configurations. We consider a 3-layer
ITO stack (Figure 1d, e) with electron densities N, = 1.4 X
10*' cm™ (bottom layer), N, = 1.2 X 10*' cm™ (middle layer),
and Ny = 1.0 X 10*' cm™ (top layer). Each ITO layer’s
thickness is t, = 4 nm (Berreman mode) or . = 6 nm (ENZ
mode), where i is the ITO nanolayer index (i = 1, 2, and 3).
The thicknesses are chosen to optimize the absorptance band at
an incidence angle of 60°. Although the three-layer absorbers
exhibit absorptance bands with large fwhm'’s, the bandwidth of
PA (>99.9%) is negligible, that is, <4 nm (Figure 3a). A
significant increase in the PA bandwidth for the ENZ mode is
obtained by decreasing the incidence angle from 60° to 53°,
that is, closer to the critical angle of S1° (Figures 3a and S4). As
we show in Figure 3a, the ENZ mode has a PA bandwidth of 40
nm at the incidence angle of 53° (cf. the bandwidth of <4 nm
for the Berreman configuration at the incidence angle of 60°).
Contrastingly, the PA bandwidth of the three-layer absorber for
the Berreman mode does not increase when changing the
incidence angle (Figure S4). Therefore, the ITO layer
thicknesses must be optimized. We illustrate a thickness
optimized broadband perfect absorber designed for the
Berreman configuration in Figure 3b,c. In contrast to a single
ITO layer, there are certain PA thickness domains for each ITO
nanolayer in the three-layer stack (Figure SS). The boundaries
of the domains are determined by the thickness—wavelength
relationships of one pair of ITO nanolayers forming the three-
layer stack, that is, with the third ITO nanolayer thickness set to
zero (Figure SS). If the thickness of one ITO layer (e.g, N; =
1.0 X 10*' ecm™) is fixed at a constant nonzero value, for
example, f; = 14 nm, then the two other layers of the three-
layer perfect absorber will have the thickness—wavelength
relationships shown in Figure 3b (solid circles). The domain’s
wide range of thicknesses leading to PA allow for the
optimization of the PA bandwidth. The PA wavelength
bandwidth of the three-layer absorber appears as a common
wavelength range (ca. 900—945 nm) shared by the thicknesses
t; = t, = 2.5 nm and t; = 14 nm from the thickness domains
(Figure 3b). The PA bandwidth of 45 nm and total optimized
multilayer thickness of 19 nm for the Berreman configuration
are similar to the PA bandwidth of 40 nm and total thickness of
18 nm for the ENZ configuration (Figure 3a). Absorbers with
more than 90% of absorption and a bandwidth of 170 nm
(Berreman mode) and 190 nm (ENZ mode) are also achieved.
Furthermore, formation of the absorptance band may be clearly
observed over broad incidence angle and wavelength ranges.
The absorptance of the optimized three-layer absorber as a
function of the incident angle and wavelength is shown in
Figure 3c. The broadband absorption (>90%) is obtained in a
wavelength range of about 870—1050 nm and an incidence
angle range of about 50—70° (Figure 3c). In principle, a
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Figure 3. Broadband perfect absorption of three-layer ITO stacks
(Figure 1d,e) for the Berreman and ENZ modes. The ITO layers of
thicknesses ¢, t,, and t; have electron densities N, = 1.4 X 10*' cm™,
N, = 12 X 10 cm™, and N; = 1.0 X 10*' cm™, respectively. (a)
Absorptance of the three-layer stacks composed of ITO nanolayers of
the same thickness, t; = t, = t; (shaded areas). The total stack
thickness is 12 nm for the Berreman mode and 18 nm for the ENZ
mode. The solid blue line shows the absorptance of the optimized 3-
layer stack for the Berreman mode with the total thickness of 19 nm.
The incidence angles are 60° (Berreman modes) and $3° (ENZ
mode). (b) Thickness optimization of the broadband perfect absorber
for the Berreman mode at the incidence angle of 60°. The dots show
the PA thicknesses and PA wavelengths of a three-layer perfect
absorber with a fixed thickness of t; = 14 nm. The three-layer perfect
absorber with #; = 14 nm and ¢, = ¢, = 2.5 nm has a PA bandwidth of
50 nm (a thickness plateau in the wavelength range of 900—950 nm).
(c) Absorptance of the optimized three-layer ITO stack for the
Berreman mode. ITO thicknesses are t; = 14 nm and t; = £, = 2.5 nm.
The red dotted lines in (b, c) show the PA wavelengths of 865, 934,
and 1023 nm in single ITO layers with the thicknesses ¢, = 6.7 nm, t, =
7.5 nm, and t; = 8.6 nm, respectively.

significant increase in the PA bandwidth is achievable through
an increase in the number of ITO layers, varying the thickness
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Figure 4. (a) Electron density at the HfO,—ITO interface at applied bias of 0—5 V. Inset shows a schematic of the simulated MOS field-effect perfect
absorber. The HfO, thickness is 5 nm and the bulk electron density of the ITO is N = 2 X 10*' cm™>; (b) Characteristic lengths of the MOS field-
effect perfect absorber: PA (ENZ) wavelength, ITO PA thickness at an incidence angle of 60°, and the electron accumulation depth (the Debye
length) at S V bias. The dots are the numerical results and the lower two lines are linear regressions of x1/N” (a & 1 for the PA thickness and a =~
1/4 for the Debye length). The ENZ wavelength (red line), calculated from the electron density Apy; o 1/ N2 lies slightly above the PA wavelength
data (dots). The PA thickness is ~ Ap,/100 and decreases faster than either the PA wavelength or the Debye length when electron density increases.
(¢, d) Perfect absorption tuning: absorptance of the unbiased and S V-biased MOS field-effect perfect absorber at the incidence angle of 60°. The
ITO bulk electron density is 2 X 10*' cm™ and mobility is 31 cm?/(V s). The vertical dotted lines show an ENZ wavelength of 752 nm. The insets
show the absorptance difference in percent. (c) Incidence medium is GGG and the ITO thickness is 5.5 nm; (d) incidence medium is TiO, (rutile)
and the ITO thickness is 4 nm. The PA wavelength shifts of 12% and 20% of fwhm and absorptance changes of around 100% are observed under the

S V bias.

domains of the layers and PA wavelength selection through the
manipulation of the carrier densities. Our initial experimental
results (Figures S6—S9) show the experimental feasibility of
ultrathin single layer and multilayer ENZ selective and
broadband perfect absorbers.

In the following section, we discuss a tunable perfect
absorber in Berreman configuration with an ITO thickness
comparable to the electron accumulation region of the MOS
device, utilizing the principles of the multilayer broadband
absorber.

Field-Effect Tunable Perfect Absorption. We employ
the field-effect tuning of the ENZ frequency of an ITO
nanolayer in a MOS-type structure (Figure 1f).""'>'* This gate
structure allows efficient PA control of the optical confinement
based on the accumulated electron distribution and tunable
ENZ. This tunable structure is similar to the perfect absorber of
Figure 1b, with the addition of 5§ nm thick hafnium dioxide
(HfO,) insulator between metal and the ITO nanolayer. This
MOS structure supports the Berreman mode.

The electron density at the interface of the HfO, and ITO
layers of the MOS absorber is calculated at different bias
voltages and various bulk electron densities of the ITO layer
(see Methods and Figure S10). An example of the electron
density dependence at the HfO,—ITO interface on the applied
electrical bias between gold and ITO layers is shown in the
Figure 4a for the bulk electron density of N = 2 X 10*' cm™.
There is a depletion layer at the interface without bias with a
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depth of ~1 nm. As the ITO bulk density increases, the
electron density linearly increases at the interface (Figures S10
and S11). As the bias increases, the electron accumulation layer
forms and the electron density increases at the interface. The
electron density at the interface reaches the value of N; & 2.5 X
10*' cm™ at a bias of 5V, that is, the applied electric field of 10
MV/cm. The applied field is below the maximum breakdown
field of ultrathin HfO, films of 12—16 MV/cm.”” ™%’

The depth of the accumulation layer is described by the

Debye length I, ﬁ, where N; is the electron density at the

HfO,—ITO interface. The dependences of the Debye length,
the PA wavelength, and PA thickness of the ITO nanolayer on
the bulk electron density are shown in Figure 4b. Because the
electron density at the interface may be approximated as N; o
N in the bulk electron density range of (5—20) X 10 cm™,
where @ = 0.48 + 0.02 (see Figure S11 for more details), the

Debye length I, ﬁ The PA thickness is ~Agy;/100 and

decreases more rapidly, tp, %, than both the PA wavelength

and the Debye length as the electron density increases (Figure
4b). As a result, the PA thickness becomes comparable to the
Debye length at high electron densities. This allows the direct
tuning of PA in ultrathin ITO films through the application of
external electrical bias.

The absorptance and electric field intensity of the MOS
perfect absorber are calculated at zero bias and an applied
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voltage of S V for four different ITO nanolayers (Figures S12—
S16) with the bulk electron densities of 5.0 X 10%° cm™, 6.1 X
10 cm™3, 1.0 X 10*! em™3, and 2.0 X 10*' cm™3. The ITO
thicknesses are 152, 13.2, 8.6, and 5.5 nm, respectively,
corresponding to the PA condition at an angle of incidence of
60° (Figure 4b). The complex refractive index profiles of the
ITO nanolayers in the MOS devices are calculated using the
simulated electron density profiles at the HfO,—ITO interface
(Figure S10) together with the Drude model. The tunable
absorption of the field-effect device is shown in Figure 4c for an
ITO nanolayer with a thickness of 5.5 nm and electron density
of 2 X 10*' cm™. The shift of the absorptance peak maximum
of 16 nm (12% of fwhm) and an absorptance change of around
100% are observed under the applied bias of 5 V. The 98%
absorption peaks may be attributed to the depletion/
accumulation layer at the HfO,—ITO interface. To compensate
for the depletion/accumulation layer, a thicker ITO layer (6.3
nm) is required to reach PA (Figure S17c). Larger PA shifts
could be achieved by increasing the refractive index of the
incident medium and increasing electron mobility (decreasing
Im(éyro), see eq 1). Enhanced PA wavelength shifts of ~20% of
fwhm and absorptance changes of about 200% are shown in
Figures 4d and S17. Increase of the refractive index of the
incidence medium (e.g, TiO, glass, refractive index of 2.5 at
900 nm) and electron mobility (e.g,, 4 = 60 cm®/(V-s)) lead to
ITO layers thinner than 5.5 nm (4.0 and 3.7 nm, respectively).
Therefore, the PA thickness nears the Debye length (Figure
4b) and stronger impact from the ultrathin accumulation/
depletion layer is expected. It should be noted that the
accumulation/depletion layer depends strongly on the material
properties such as the Fermi level, energy bandgap, electron
affinity, and the dielectric constant of an insulator. Proper
selection and optimization of the metal/insulator/semiconduc-
tor structures will increase the electron density at the interface
and the Debye length (see examples in Figure S18), enhancing
the PA tunability. The designed field-effect ENZ structure may
be used as an ultrathin (<10 nm) light modulator with the
absorption change of ~300% (Figure S19). However, it is
beyond the scope of this paper.

B CONCLUSIONS

We show that PA is achievable in ultrathin ENZ layers of
~Agnz/100 and discuss the PA thickness dependence on the
electron density/ENZ frequency of ITO nanolayers. We
present a broadband perfect absorber using multilayered stacks
of ultrathin ITO layers with varying electron density. The
bandwidth of the perfect absorption is controlled by ENZ
wavelengths of individual layers, the number of ENZ layers, and
properly designed PA thicknesses. In addition, we illustrate the
postfabrication tuning of perfect absorption in ultrathin ITO
layers via the field-effect. We show that the PA thickness of the
ITO layers is comparable to the Debye length of the electron
accumulation layer of the MOS device, leading to an efficient
tuning of the perfect absorption by applying electrical bias. The
electrical tuning of perfect absorption peak wavelength of about
20% with respect to the fwhm and absorptance changes of
more than 200% are demonstrated.

B METHODS

The absorptance of multilayer films and electric-field intensities
as a function of depth in a multilayer stack are calculated by
using the IMD software with an algorithm based on recursive

2636

application of the Fresnel equations”’ and by using a MATLAB
code developed by G. Figliozzi and F. Michelotti at the
University of Rome “La Sapienza” (Italy)*' based on the
transfer matrix method.*”

A commercial device simulator by Lumerical Solutions, Inc.**
is used to calculate electron distribution in the MOS device
under applied biases. The device simulator uses the finite
element method to self-consistently solve the Poisson and drift-
diffusion equations. The ohmic contacts at the metal and ITO
outer interfaces are set as the boundary conditions. A self-
adaptive mesh generation algorithm is used. The maximum
refinement steps of 20000 and the minimum mesh size of 5 X
107* nm are used in our simulations. The ITO band structure
parameters used in the simulations are energy bandgap of 2.5
eV and electron affinity of 3.5 eV.*** The work function value
for gold of 5.1 eV and DC permittivity value of 9.3 for ITO and
25 for HfO, are used.'**

B ASSOCIATED CONTENT
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