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Ultrathin tunable conducting
oxide nanofilms create broadband,
near-perfect absorbers

ALEKSEI ANOPCHENKO and HO WAI HOWARD LEE

Ultrathin, tunable conducting oxide
nanofilms have many potential
applications in flat nonlinear and
magneto-optical devices, tunahle
metamaterial devices, and quantum

zero-index optics.

Ulerathin optical films with strong ab-
sorption are required for a number of
oprical applicaions, inchiding light-har-
vesting technologies and high-resolution
aptical space techmologies. However,
perfect absorption (=99.9%) usval-
ly requires multiple optical film layers
with '||1'!'_|'| losses and large thickness-
5. (.‘m'lr.e't'll.q,'nﬂ}', there is iigl1ifiL‘:I1\l
interest in the development of new ul-
wrathin oprical films with advanced
funcrionalities. Our team ar Baylor
University studies conducting oxide ep-
silon-near-zero (EMNZ) materials that
can be used to make wltrathin pertect
absorbers with broadband and electron-
ically tunable responses.
Transparent conducting oxides
(TCOs) are semiconductors with high
transmittance at visible and near-infra-
red (near-1R) frequencies, and they can
b beeavi |}' |,|c|pud with |}.'|_'rbs,':!|.1|:|..‘ni-:lg‘|.l-
teal-region charge carrier concentrations
berween 10/ and 100 em®, thus exhibin-
ing metallic characteristics (such as nega-
tive permittivity) in the visble or near-1R
regrimie depending on the carrier concen-
tration of the materials (see Fig, 1).°

While the TCOs exhib-
it metallic properties, their
material loss is significant-
ly bower than roble metals
such as gold and silver, giv-
ing them significant poren-
tial as alternative plasmon-
icimetasurface materials,”
Importantly, the carrier concentration
of TCOs can be varied by different fab-
rication methods, :ir|‘|u.~.iriu:|l parame-
ters, and post-processing techniques.,

The ellipsometry measured com-
plex permittivity (£) of indium tin ox-

wde (ITO) ultrathin films varnes with

different SPUTIETingG temperatures, for
example, and marerials wirh different
ENZ (-1 = Refg) = 1) frequencices and
low material loss (Im (g), < 0.5) are rou-
tinely fabricated in our lab. The ENZ
wavelength could further be adjusted o
visible wavelength by higher sputter-
ing temperaturefannealing process-
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accurately describes the complex per-
mittivity around the ENZ wavelength.

Interestingly, ENZ properties can be
observed in these TCOs rypically in the
near-1R range. Unique propertics ob-
served in the ENZ regime include en-
hanced absorption in TCO films, ad-
vanced resonant coupling properties with
optical antennae, and strongly enhanced
nonlinear response and light generation
ina TCO slab.* " In addition, eectrical
tuning of conducting oxide materials to
the ENZ regime resules in efficient light
manipulation and medulation,® We use

this special ENZ optical region of the
TCOs 0 |,|.<'\1'|up ulrearhin, tunable, and
hroadband perfect-absorber coatings,

ENZ-modes in TCO nanolayers
Our team has grown smooth, ultrathin
(<100 nm) TCO films and muleilayers
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such as aluminum (Al)-doped zinc oxide
(Zn0) or AZO and ITO by aromic lay-
er deposition (ALD) and radio-frequency
(RF}) sputtering at elevated semperatures,
respectively. The ENZ frequency of the
TCO nanclayers in the near-IR region
is controlled by the growth remperarure,
chemical precursor ratios, the number of
ALD monolayers, and others.

Ultrathin ENZ layers support radiative
Berreman (above light line) and bound
ENZ {below light ling) polariton modes.”
Similar to the surface plasmon-polariton
mode in metal films, the ENZ maode in
TCO nanolayers may be excited in the
attenuated total internal reflection or
Kretschmann-Racther configuration with
an incidence angle above the critical an-
gle (see Fig. 2),

The excitation of the polariton modes
leads o an enhanced electric field con-
fired weithin the TCO nanolayer of the
thickness approximately 1, /100 and en-
hanced optical local density of states and
strong light absorption. The perfect ab-
sorption (or gero reflectivity and transmis-
svity) occurs when the wavelength, thick-
ness, and angle values satisfy the condition
for crivical mode coupling.

ALD-grown AZO

broadband absorber

Growth of AZO nanolayers using ALD
enables fine control of their thickness and
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FIGURE 2. Maasured absormption of 99.5%
i posgible DECHUSE Of excitation of the
Bermprian and ENZ modes in subwavelingth
AF-sputtared TO nanolayers. Tha Bemaman
maode i maasured in a 15 nm thin ITO layer at
an angla of incidence of 47.6% the EMZ mode
ig measured ina 80 nm thin ITO layer at 43,7,
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FIGURE 3. Shown are simulated [2im ) and measured [Exp.) ratios

ofeach AZO nano-  of TM and TE reflectivity in the Krelschmann-Raether configuration

layer are controlled
by wvarying the
number of deposi-
tion cycles and the
deposition ratio of
diethylzine-H, O to
trimethylaluminium-H, 0,

Three AZO nanolayers, AZO1, AZD2,
and AZO3, with the deposition ratio of
20:1, 35:1, and 30:1, respectively, consti-
tute the prototypical broadband absorb-
er. The complex permittivity of the AZO
nanolayers is measured by spectroscopic
ellipsometry en control samples, Zero per-
mirtivity is located ar wavelengths of 1497,
1571, and 1700 nm for AZ03, AZO2 and
AZO, respectively. The absorpion band-
width of the desired broadband absorb-
er depends on a choice of the ENZ wave-
lengths, thicknesses, and the number of
AFO nanolayers constituting the device,

To achieve broadband absorprion, we
used a parametric sweep to optimize the
thicknesses of the three AZO layers. Aran
angle of incidence of 43°, the absorption
bandwidth of 214 nm for Berreman maode
and 294 nm for ENZ mode are achievable
for a multilayer stack with the AZO thick-
nesses of 80, 60, and 50 nm (for the bot-
tom, central, and top layers, respectively).

Measurements of TE and TM reflectiv-
ity spectra from the designed AZO stack
in the Kretschmann:-Raether configuration

for the broadband AZD absorber with Barreman (B} and ENZ moada,
Tha AZ0 layer thicknesses are B2, 57, and 57 nm for AZ01, AZO2,
and AZCHE, respectively. The critical angle of total infernal reflection of
41.8" Is visible in the ENZ configuration. Insets show schematics of tha
Bereman and EMZ mode configurations and the figure shows a good
AGOrHent Ditwisen Simulited and meisuned resulls,

over a range of incidence angles from 41°
1o 52° show a minimuom in TM reflecriv-
ity because of resonant light absorprion by
the ENZ modes. The measured TMITE re-
fhecnvity ratios can be compared with the
ratios of simulated reflectivities (see Fig. 3),

The simulation takes into account the
real thicknesses and optical properties of
the constituent AZO layers of the muleilay-
er stack measured by the ellipsomerry on
control samples. The comparison shows
a good agreement between the measured
and simulared results, which confirms a
successful fabrication of the AZO broad-
band absorber.

Field-effect tunable

perfect absorber

Perfect optical absarption—or absorption
299,9% —is achievable in TCO nanolayers
with a thickness that approaches the Debye
Temgeh of the accumulation layer in field-ef-
fect devices such as a meral-oxide-semi-
conductor (MOS) capacitor. Based on this
abservation, we demonstrated post-fabri-
cation electrical tuning of the perfect ab-
sorption in a MOS-like absorber!
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FIGURE 4. Optical images show an ALD-
tabncated AZD thin Him on Si sulbstrate (3,
A sputtering-fabacated ITO thin film on Si
substrate (). and an AZOHIO, A fiskd-
affact heterostructure (). The schamatic
showa the field-affect tunable EMZ perfect

absorber and the Kretachmann-Raather
configuration wsed for excitation of radiatie
Barreman and bound ENZ modes in utrathin
TCO nanclayess,

Our tunable perfect absorber struc-
ture consists of a thick (opaque) gold lay-
er, S-nm-thick hafnium dioxide (Hf()_,:l,
and the ITO nanolayer with a thickness
<10 nm {see Fig. 4). The ficld-cffect tun-
able absorber supports the Berreman mode
and the direct perfect absorption tuning is
achieved through the formation efan elec-
teon accumulation layer at the HEO,-ITO
interface upan the applicarion of external
elecrrical bias to the field-effecr device.

We calculated the shifit of the absorption
peak wavelength for a range of ITO elec-
tron densities and mobilities observed in
our ITO nanolayers deposited by RF sput-
rering (see Fig. 5). The absorption peak
wavelength shifts around 15-20% with
respect to the peak wideh and absorprion
changes of more than 200% are predice-
ed. Larger shifts can be achieved by in-
creasing the refractive index of the inci-
dent medivm andior increasing electron
density and mobility of the ENZ material,

The srudy of broadband and field-effect
tunable TCO ENZ thin-film absorbers
is expected to advance the field of ultra-
thin optical films with new functional-
ities, enabling active manipulation of light
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FIGURE 5. Tha shift of the absorption
paeak maxmum is shown as a percantaga
of the peak full-widih at hail-maximum as a
Tunetion of the elecion densily and mobiity
af MO nanolayers; the ncident medium s a
high-index gadolinium galium gamat prism.

properties with unprecedented extension 1o
the visiblefmear-1R spectrum with large-dy-
namic-range, encrgy-efficient, and ulira-
fast tunable processes. These tunable and
broadband ENZ perfect absorbers have
many potential applications in nonlinear
and quantum ENZ optics, thermophao-
valtaics, hot-electron generation in the
ENZ regime, and other fields, <
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