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Abstract: Transparent conductive oxides (TCOs) have emerged as alternative plasmonic
materials in recent years to replace noble metals. The advantages of TCOs include CMOS
compatibility, tunability of optical and structural properties, and reduced losses. In this work,
we demonstrate how post-deposition annealing of indium tin oxide (ITO) films in oxygen
atmosphere allows for tuning their optical dispersion properties to the mid-infrared spectral
range while simultaneously reducing their absorption losses. In particular, we show a
materials strategy that extends the epsilon-near-zero (ENZ) point of ITO from the near-
infrared to the mid-infrared range. This is demonstrated by fabricating periodic arrays of ITO
discs of varying diameters and characterizing their plasmonic resonances in the mid-infrared
range from A = 5 to 10 pm. The developed ITO plasmonic structures pave the way to the
development of novel infrared active devices for sensing and spectroscopy on a silicon-
compatible platform.
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1. Introduction

Conventional plasmonic materials such as noble metals have been widely used for plasmonic
and metamaterial devices. However, metals feature high extinction losses in the visible and
near-infrared (NIR) due to interband optical transitions and free carrier absorption. Moreover,
they are not CMOS compatible and their optical permittivities show limited tunability. These
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facts severely limit practical device implementations on a Si platform. In recent years,
Transparent Conductive Oxides (TCOs), including Indium Tin Oxide (ITO) and Al-doped
ZnO (AZO), have gathered significant attention as a viable alternative to conventional noble
metals for a variety of plasmonic device applications [1-7]. In particular, our group has
recently demonstrated that post-deposition annealing in Ar and N, atmosphere results in a
significant tailoring of the TCOs’ optical and structural properties and also reduces their
optical losses compared to Au and Ag in the NIR [8-10]. In addition, TCOs have a high
melting points compared to noble metals and are chemically stable [11]. Currently, ITO and
AZO are utilized as transparent electrical contacts in display technologies [12,13]. Moreover,
the permittivity of TCOs can be flexibly engineered resulting in the Epsilon-Near-Zero (ENZ)
behavior in a tunable spectral range that significantly enhances nonlinear optical generation
processes [14-16]. Plasmonic TCOs have also recently been utilized to achieve enhanced
electro-optical modulation [17—19], switching [20], enhanced light-matter interaction [21,22],
and negative refraction [23].

In the mid-infrared spectral range, plasmonics technology offers an attractive approach to
realize chemical sensing devices, quantum-well infrared detectors, and mid-infrared light
sources [24]. However, the lack of compatibility with Si processing hampers the development
of highly-integrated infrared-active devices based on Au and Ag. In addition, their materials
dispersion properties can’t be engineered. Heavily doped semiconductors can support
plasmonic resonances in the terahertz [25] and long-wavelength mid-infrared [26] but the
doping level needed to convert them into plasmonic materials in the technologically relevant
3-7 um range is often prohibitively large. Materials such as dysprosium-doped cadmium
oxide grown by molecular beam epitaxy (MBE) have been recently developed to exhibit
tunable mid-infrared optical properties with a defect engineering approach [27].

In the present work, we show an alternative, Si-compatible and largely scalable approach
based on ITO thin films post-processing by thermal annealing treatments in oxygen (O,)
atmosphere. We characterize the synthesized materials using Fourier transform infrared
(FTIR) spectroscopy and demonstrate that tunability of their optical properties and
significantly reduced optical losses can be extended to the mid-infrared. In addition, we
fabricate two-dimensional (2D) periodic arrays of ITO discs by electron-beam lithography
(EBL) and experimentally demonstrate that their size-dependent plasmonic scattering
resonances can be tuned from A = 5 to 10 pm by varying the diameters of the disks. Our
findings pave the way to the development of scalable and cost-effective mid-infrared devices
for active plasmonic sensing and spectroscopy on a silicon platform.

2. Sample deposition and characterization
The permittivity (o) of ITO materials can be described by the Drude-Sommerfeld model
[28]:

2

£(@) = &, () + ity () = 6. ~— M)
o +ilTw

where ¢.. is the high frequency limit of £(w), o, is the plasma frequency and I' is the charge
carrier collision rate. The plasma frequency can be expressed as:

o = @

where e is elementary charge, n is the carrier concentration, m* is the effective mass of
electron and g is the permittivity of free space.
In order to achieve negative permittivity, a free career concentration of the order of 10%'-

10 cm™ is needed. The wavelength at which the real part of the permittivity, &, , is
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approximately zero is known as the epsilon-near-zero (ENZ) wavelength, Agnz. Typically the
intrinsic doping of ITO is large so that the ENZ point occurs in the near-infrared region
[3,10], which enables applications such as nonlinear optics [14,15,29], optical cloaking [30—
32], and controlling the radiation patterns of dipolar emitters embedded in the material
[33,34]. The challenge is to reduce the doping level so that the ENZ point can shift to the mid-
infrared.

In this paper we demonstrate a convenient strategy to achieve this goal. In particular, by
systematically studying the optical dispersion of a large number of ITO thin films deposited
by magnetron sputtering, we show that post-deposition annealing in oxygen atmosphere
allows for tuning the Agyz well into the mid-IR spectral range. We notice that despite the large
skin depth of ITO in the mid-IR range compared to noble metals, the plasmonic quality factor
Q =Re{e}/Im{e} (i.c., the ratio of the real and imaginary parts of the complex permittivity) of
our synthesized ITO materials is comparable to that of noble metals (at 10 um, the quality
factor for Au, Al and our synthesized ITO are all around 2.0), but within a fully Si-compatible
materials approach. We fabricate ITO micro-disk devices and observe size-dependent
plasmonic responses in the mid-IR.

2.1 Optical properties of ITO

ITO thin films were deposited using RF magnetron sputtering using a Denton Discovery 18
confocal-target system, with an ITO (99.99% purity) target in Ar atmosphere at room
temperature. The sputtering power was varied from 40 to 200 W. The base pressure was 1.0 x
1077 Torr and the Ar gas flow was kept at 12 sccm. The thickness of all the fabricated ITO
samples was kept constant at ~209 nm, irrespective of the deposition conditions.

We conducted post-deposition annealing using a Mellen thermal furnace, which resulted
in a large tunability of the measured optical dispersion of ITO in the NIR and mid-IR spectra.
After annealing, the film thickness remains unchanged (thickness error: = 5 nm), as
independently verified by spectroscopic ellipsometry and surface profilometry. Annealing
processes were performed in Ar or O, gas atmosphere under atmospheric pressure at
temperatures between 350 and 750 °C for 1 hour. Table 1 summarizes the sputtering power
and annealing conditions for all the ITO samples.

Table 1. Sputtering and annealing parameters of ITO thin films on Si substrates

. . Annealing Annealing
Sputtering Power (W) Thickness (nm) Aenz (nm) & @ Aenz Temp. (°C) gas
200 209 1830 0.85 As Deposited
200 209 1150 0.33 750 Ar
200 209 3001 1.47 750 0
100 209 1866 0.61 As Deposited
100 209 2505 41 350 0.
100 209 2742 4 330 0
100 209 3230 118 750 0.
80 209 3430 2.05 750 [0)3
60 209 3700 2.94 750 0,
40 209 4270 2.96 750 [0)3

The infrared optical properties of the ITO films were measured using a Fourier Transform
Infrared (FTIR) spectrometer (Bruker Scientific Vertex 70v), which is equipped with a TE-
cooled InGaAs detector (covering A = 1 to 2.5 um) and a liquid-nitrogen-cooled mercury-
cadmium-telluride detector (covering A = 2.5 to 16 um). The reflectance spectra of the thin
films were measured using a silver mirror as a reference. The measured data were fit by
considering thin film interference and the materials dispersion of ITO characterized by the
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Drude-Sommerfeld model (Eq. (1)) [35]. The film thickness was taken from spectroscopic
ellipsometry measurements as 209 nm, leaving the fitting parameters to be (1) the background

permittivity, €., (2) the plasma frequency, @, , and (3) the scattering rate, I" . Figure 1

shows the results of fitting a few FTIR reflection spectra.

Reflectance measurements and fits

As dep.
e 350°C

550°C
=— 750°C

o
()
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0 2000 4000 6000 8000 10000
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Fig. 1. Examples of FTIR reflectance spectra (solid) and Drude model fit (dashed), for the as
deposited sample (grey), sample annealed at 350 °C for 1h (red), sample annealed at 550 °C for
1h (green) and sample annealed at 750 °C for 1h (blue).

2.1.1 Effect of sputtering power

In order to investigate the tunability of the dispersion properties of ITO thin films in the mid-
IR, we first measured the permittivity of ITO samples deposited with different sputtering
powers. Upon deposition, all ITO samples were annealed at 750 °C in O, for 1 hour. The
sputtering conditions are listed in Table 2.

Table 2. Effects of sputtering power on optical dispersion of ITO thin films deposited on
Si substrates

Sputtering Power (W) Thickness(nm) Aenz (nm) & @ Aenz
200 209 3001 1.47
100 209 3230 1.18
80 209 3430 2.05
60 209 3700 2.94
40 209 4270 2.96

Figure 2 shows the experimentally measured optical permittivity data for ITO samples
annealed in O,, which illustrate the effect of the sputtering power on the real (g;) and
imaginary (&) parts of the complex permittivity. Consistent with our previous publications
[8], oxygen annealing of ITO leads to a reduction in the density of oxygen vacancies
(corresponding to reduced free carriers in ITO materials) that shifts the Agyz from the near-IR
(when annealed in Ar/N,) into the mid-IR range. Our data demonstrates that the Agyz of the
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ITO samples can be largely tuned in the 3000-4300 nm range by varying the sputtering
power. As the sputtering power is decreased, the Agnz is increased, which provides a
convenient strategy to engineer the dispersion properties of ITO in mid-IR when annealing in
0,.

a b
— ()]
() W

0

PN TS PR BN BPR AU BT (PR TR BT PR PR
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

Wavelength(pum)

Fig. 2. Real (a) and imaginary (b) part of permittivity of ITO samples on Si substrate sputtered
at different power: 200W (green), 100W (blue), 80W (cyan), 60W (magenta), 40W (dark
yellow). All samples are annealed at 750 °C in O, for 1h.

Figure 3 summarizes the Agnz and €, data as a function of sputtering power for our ITO
samples. The significant effect of the sputtering power on the optical properties of ITO thin
films is clearly displayed. In particular, we notice that as the sputtering power is increased,
both the Agnz and &, decrease. This is due to the decreased oxygen contents in the fabricated
ITO as sputtering power increases. It is well understood in other literature that as the
sputtering power increases, the preferred orientation of the ITO film changes from (222) to
(400). Therefore, the lattice constant of the ITO film increases initially as sputtering power
increases and then decreases with further increase of sputtering power [36,37]. We note that
the imaginary part of the permittivity &, at the Agyz varies in the range 1.18-4.11 for ITO (see
Table 1), which is larger than the &, obtained for ITO samples annealed in Ar. We ascribe this
difference to the decreased density of grain boundaries of the ITO samples annealed in Ar
compared to those annealed in O,. The ITO samples annealed in Argon has smaller resistivity
than those annealed in oxygen, thus they have smaller optical loss €, [38—41].
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Fig. 3. Aenz (black curves on left axis with error bar) and &, (blue curves on right axis with error
bar) as a function of the sputtering power. All samples are annealed at 750 ‘C in O, for 1h. The
error bar is estimated based on ITO samples sputtered and annealed at same condition. For
each sputtering power, 5 ITO samples are characterized to estimate the error bar.

2.1.2 Tunability of the ENZ condition of ITO from the near-IR to mid-IR spectral range

In order to demonstrate the tunability of the Agyz of ITO thin films from the near-IR to the
mid-IR spectrum, the measured permittivity data of samples deposited and annealed at
different sputtering powers and ambient gases are reported in Fig. 4. These samples feature
Agnz in the range between 1150 nm to 4270 nm, demonstrating that the ENZ condition can be
largely tailored by post-deposition thermal annealing processes. Notice that the as-deposited
samples and the samples annealed at 750 °C for 1h in Ar show the ENZ condition in the near-
IR range (1150-2000 nm). On the contrary, samples annealed in oxygen at 750 “C for 1h and
at different sputtering powers demonstrate a tunable ENZ condition in the mid-IR range
(3000-4300 nm). All the sputtering and annealing conditions of ITO samples in Fig. 4 are
summarized in Table 1.
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Fig. 4. Real (a) and imaginary (b) parts of permittivity of ITO thin films deposited on Si
substrates with annealing conditions and sputtering powers: As-dep_200W (black), 750 'C Ar
1h_200W (red), 750 °C O, 1h_200W (green), 750 ‘C O, 1h_100W (blue), 750 ‘C O, 1h_80W
(cyan), 750 ‘C O, 1h_60W (magenta), and 750 ‘C O, 1h_40W (dark yellow).

2.1.3. Effect of annealing temperature

The effect of growth temperature on the optical properties of ITO has been previously
reported [11,28]. Here we focus on understanding the role of the annealing temperature on the
dispersion properties of ITO by performing post-deposition annealing in O, atmosphere
between 350 and 750 °C for 1 hour, as summarized in Table 3.

Table 3. Effect of annealing temperatures on optical dispersion of ITO

. . Annealing Annealing
Sputtering Power (W) Thickness(nm) Aenz (nm) & @ Aenz Temp. (°C) Gas
100 209 1866 0.61 As Deposited
100 209 2505 4.11 350 0,
100 209 2742 4 330 0
100 209 3230 118 730 0:

Figure 5 shows the permittivity of ITO samples annealed at different temperature. As the
annealing temperature increases, the optical losses decrease and the Agyz increases from 2500
to 3200 nm, as also shown in Fig. 6. This behavior is very different from what previously
reported in [8] when ITO was annealed in Ar/N,, which resulted in a decrease of both Agnz
and & when the annealing temperature was increased. Our results suggest that oxygen
vacancies play a key role in reducing the density of free carriers in ITO, thus shifting the Agnz

from the near-IR (when annealed in Ar) into the mid-IR spectrum.
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Fig. 5. Real (a) and imaginary (b) parts of permittivity of ITO samples deposited on Si
substrates and annealed at different temperatures: As deposited (black), 350 °C (red), 550 °C
(green), 750 °C (blue). The annealing was performed in O, atmosphere for 1h for all samples.
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Fig. 6. Agnz (black curves on left axis with error bar) and ¢, (blue curves on right axis with error
bar) as a function of the annealing temperature. All samples are annealed in O, for 1h. The
error bar is estimated based on ITO samples sputtered and annealed at same condition. For
each annealing temperature, 5 ITO samples are characterized to estimate the error bar.
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3. Tunable plasmonic resonances of ITO micro-disks

ITO annealed in O, can be used as a tunable plasmonic material in the mid-IR. We fabricated
2D ITO disk arrays with diameters in the range of 1-5 um on CaF, substrates (Fig. 7 (a)). We
demonstrate that the position of the plasmon resonance of the micro-disks can be shifted in

the mid-IR by changing the diameter of the discs, in good agreement with our electromagnetic
simulation results.

(a) Spin Coat Double Layer
Sputter ITO Ebeam Resist and Bake

qg

Ebeam Evaporate 30nm

i Ebeam Exposure of
Chromium

Disc Pattern and Development

S S <
- S
—_— > O
‘ ' CaF2
N o

Lift-Off Chromium S —. PMMA 495 A4
in PG Remover = B p\iMA 950 A6
— e cr
.
S =]

Wet Etch Chromium Mask

fd’l’/

Fig. 7. (a) Schematic showing the process of fabricating arrays of ITO discs. (b) Representative
SEM images of fabricated ITO disk arrays with diameters of 1 pm (left) and 2 um (right).
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Specifically, the micro-discs were fabricated by first depositing 280-nm ITO thin films
using RF magnetron sputtering on CaF, substrates at room temperature. The CaF, substrates
were chosen because of their transparency in the mid-IR spectrum. A double layer resist
(PMMA 495 A4 and 950 A2) was spun on the wafers and disc array patterns were written
with electron beam lithography (JEOL JBX-6300FS) with a dose of 800 # C/cm’ at a current

of 200 pA. The sample was developed in IPA:DI (3:1) for 2 minutes followed by the
deposition of a 70-nm chromium mask using electron beam evaporation. After lifting off the
mask in Remover 1165, the disc array patterns were transferred to ITO by plasma etching
(RIE, Plasma-Therm, model 790) in a mixture of CH, and H,. Finally, the chromium mask
was removed by wet etching in Transene 1020. After that, the ITO disk arrays were annealed
at 750 °C in O, for 1 hour. Figure 7(b) shows Scanning Electron Microscopy (SEM) images of
fabricated ITO arrays with diameters of 1 um and 2 pm.

A commercial simulator (Lumerical) based on the finite-difference time-domain (FDTD)
method is used to calculate reflectance spectra of micro-disc arrays. The intensity of the
reflected infrared light is computed under normal incidence condition. In Fig. 8(a), we present
calculated reflectance spectra for ITO disks with diameters ranging from 1 pm up to 5 pm. In
Fig. 8(b), measured FTIR spectra are shown. The results clearly indicate the excitation of a
size-dependent plasmon resonance in the ITO disks, with a shift of the plasmonic resonance
peak that follows the theoretical predictions. In particular, as the diameter of the ITO disks
increases, the reflectance spectral peak shifts to longer wavelengths. However, the simulation
results for ITO disks with diameters of 4 um and 5 um feature a larger peak shift and a
broader spectrum compared to the experimental results. These differences are attributed to
fabrication imperfections (residual ITO that covers the CaF, substrates, over-etching in the
regions that are between adjacent four micro-discs). Furthermore, we notice that the small
dips in the calculated reflectance spectra (Fig. 8(a)) of disks with diameters of 4 pm and 5 um
correspond to the excitation of grating resonances in a perfectly periodic structure (FDTD
simulations were conducted using periodic boundary conditions), and cannot be expected in
the fabricated finite-size samples.

In Fig. 8(c) and (d) we show two representative electric-field distributions across the
middle height of the disks at the peak of the simulated reflectance spectra (Fig. 8(a)): A = 6.1
pum for ITO disks with 1 um diameter and A = 12.0 um for ITO discs with 5 pm diameter. At
A = 6.1 um, the field distribution is predominantly due to a dipolar response induced at a
wavelength significantly larger than the disk size. Compared to the distribution in Fig. 8(d),
there is more field inside the disks in Fig. 8 (¢) due to the smaller value of the imaginary part
of ITO permittivity, which makes ITO at this wavelength behave as a non-ideal metal. In
contrast, as shown in Fig. 8(d), a dipolar field distribution is induced at the edges of the 5-um
disk at the peak wavelength of reflectance (A = 12.0 pm) where a much larger imaginary part
of the ITO permittivity makes the ITO material more metallic in nature. These findings
demonstrate that ITO thin films with engineered dispersion support strongly confined
plasmonic modes and are ideally suited for the fabrication of plasmonic structures with
largely tunable spectral resonances across the mid-IR range.
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Fig. 8. (a) FDTD simulations of the reflectance spectra of ITO disk arrays as a function of disk
diameter: 1 pm (black), 2 pm (red), 3 pm (green), 4 pm (blue), 5 um (cyan). All ITO discs
have a height of 280 nm. (b) Measured reflectance spectra of ITO disk arrays patterned on
CaF, substrates with different disk diameters: 1 um (black), 2 um (red), 3 um (green), 4 pm
(blue), 5 um (cyan). (c) and (d) are field distributions inside and around the 1 pm and 5 pm
ITO disks at L = 6.1 um and 12.0 pm, respectively (peaks of reflectance spectra).

4. Conclusion

We establish the critical roles of sputtering power, annealing in O, atmosphere, and annealing
temperature in tuning the dispersion properties in ITO thin films in the mid-infrared spectrum.
We experimentally demonstrate wide tuning of the plasmonic resonance of ITO micro-disks
from A = 5 to 10 pm. The engineered ITO platform shows the critical importance of the
fabrication conditions in achieving the wide tunability of optical properties that is needed for
the development of scalable and cost-effective mid-infrared devices for active metamaterials
and plasmonic devices on the widespread silicon platform.
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