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Abstract

The field of infrared surface plasmon resonance (IR-SPR) spectroscopy has the potential to
enable unique applications and technologies in chemical sensing, heat harvesting, and infrared

detectors. Finding an ideal material that can support a surface plasmon in the IR region has been

2
a challenge for more than a decade. High carrier mobility, u > 200%, and tunable carrier

concentration in the range 10" < n < 10?' cm™ are two necessary criteria for a spectrally narrow
tunable plasmon resonance band in the IR. The ideal material would also be easy to prepare and
robust in water and under ambient conditions. In this review, we highlight the development of
the field over the last decade. We also provide a guide to explain the extension of visible
plasmonics to the infrared region and the evolution of IR-SPR using conducting metal oxides
(CMOs). CMOs are free electron conductors and most of them have no interfering electronic or
vibrational transitions in the range of interest. Therefore, these materials also provide an
excellent test of the fundamental physics of SPR, including the effects of surface fields,
enhancement phenomena and the relationship between thin film epsilon near zero (ENZ) mode
and the localized surface plasmon resonance (LSPR) in nanocrystals. In summary, we discuss the

materials challenges and prospects for this field of research.
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1. Introduction

Since the emergence of the field of surface plasmon resonance (SPR) spectroscopy in the
1950’s, the SPR technique has been developed primarily employing the noble metals Au and Ag
because of the accessibility of resonances in the visible region of the electromagnetic spectrum in
these metals.' The idea of extending the SPR phenomenon to new materials and to the infrared
(IR) region in the wavelength range from 1 to 10 microns has only been explored during the past
decade.”* Fundamentally, the physics of SPR does not change in the IR compared to the visible
region, but the materials requirements are dramatically different. The optical resonances in Au
and Ag can be tuned by changing the size and shape of colloids and nanoscale surface structures,
but the charge carrier density and mobility are fixed material properties in metals. As radiation is
tuned further from resonance with the bulk plasmon of Ag and Au, the losses in these materials
increase dramatically. Consequently, IR applications require new materials. The concept of a
tunable surface plasmon in a free electron conductor was introduced with the suggestion that
semiconductors can serve as tunable materials in the infrared region for SPR applications.” °
Research efforts in the past decade have shown that there are numerous conducting metal oxides
(CMOs) that have an appropriate carrier density to support SPR in the mid-IR region.®®
However, the crucial property of a useful SPR material is a sufficiently large free carrier mobility

to permit a high quality factor, i.e. a narrow, sharp SPR band.’

For many years ITO has been the workhorse in the field of near-IR SPR spectroscopy. Using
indium tin oxide (ITO), it was possible to systematically determine the effect of material
parameters and thin film preparation on the SPR response.'” '' Although ITO is a versatile
material for demonstrating the range of possible effects in the near-IR (from 1-2 microns), it is
far from the ideal SPR material for IR applications because of its low mobility (< 30 cm*/Vs).
ITO has typically high defect concentrations since the doping level of Sn is relatively high (ca.
10%) in standard thin film preparations. In practice, the SPR in ITO is much broader than in Au
and there appears to be no feasible way to produce a thin film of ITO with sufficiently high free

carrier mobility to overcome this limitation.'® !

There are many CMOs to consider that may have a desirable combination of free carrier
density and mobility appropriate for mid-IR SPR applications. Doped ZnO has been investigated

because it is robust material, inexpensive and supports lower doping levels than ITO.> '*'* ZnO

3
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can be doped with Al, Ga or other ions at lower concentrations than tin in ITO to achieve
conducting thin films with free carrier densities appropriate for mid-IR applications. However,
the mobility of ZnO films is also low and the SPR is correspondingly broad. There have been a
few studies on other oxides, e.g. strontium ruthenate, which have similar limitations. The studies
of a variety of CMOs leads to the conclusion that the starting point for design of a new material
is to identify a CMO that has a high mobility. It has long been known that CdO has high
mobility, but the appropriate doped CMO films for mid-IR applications were not known until

recently.9

In 2015 dysprosium-doped cadmium oxide (CdO:Dy) was demonstrated as a gateway
material that can support narrow, high quality SPR in the mid-IR region.’ Based on this work, we
will address the interplay of theory and experiment involved in the extension of SPR from visible
to infrared region, theory of SPR technique, and the evolution of CMO materials that has been
developed for IR-SPR, and the future of IR-SPR using CMOs and their possible applications.
The development of SPR in thin film materials has been complemented by studies of localized
surface plasmon resonance (LSPR) in nanoparticles and nanostructures.””’ While the
geometries differ, both SPR and LSPR depends on the inherent transport properties of a material
to support a surface plasmon polariton (SPP), which is a consequence of the natural resonant
frequency in the material due to free charge carriers. Electromagnetic radiation can drive a
resonance in the material, but that effect is dependent upon the angle of incidence in a thin film
(SPR) or the geometry of a nanostructure (LSPR), both of which affect the conservation of
momentum of the absorbed photons. The development of mid-IR LSPR in parallel to thin film
SPR provides complementary information on the materials and their possible applications. We
will give the theoretical and experimental background that has motivated the focus on CMOs as
the most promising materials for mid-IR plasmonic applications. Finally, we will discuss
connection between the epsilon-near-zero (ENZ) mode and the LSPR in our brief review of the
theoretical background of the observed optical properties of thin films and nanostructures in the

mid-IR.
1.1.The Drude Model for optical properties of Conducting Metal Oxides

A plasmon resonance that can be described using the free electron (Drude) model can be

called a “pure plasmon”. The Drude model was constructed to explain the transport properties of

4
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conduction electrons in an ideal material. It has been applied to conductivity in metals,
conductive oxides and heavily doped semiconductors despite the fact that there is a significant
departure from ideal behavior in many of these materials. For example, the Drude model cannot
capture the optical effects of interband transitions of the noble metals, Au and Ag, in the visible
and near-IR. The model is applicable to most CMOs provided their bandgaps are sufficiently
high. The CMOs of interest are transparent in the visible region or colored reddish or orange
with band gaps range from 2-3 eV. The observed ENZ in these materials ranges from 0.2-1.0 eV.
The bandgap energy is significantly greater than the plasmon band energy in all of these
materials. Thus, the difference in energy between bandgap transitions and the optical resonances
due to plasmons is quite large. Provided there are no interband transitions, the Drude model
accurately describes the optical properties of a CMO based on the equation of motion of an
electron in a field of nuclei with three adjustable parameters. The dielectric function of a

conductor can be described using Drude model as follows:

2

Em =& — lg, =€ “p 1.1
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The real and imaginary dielectric function can be separated as:
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wy, plasma frequency
n carrier density
g electron charge
& the permittivity of vacuum
My effective electron mass

L/ mobility

The first parameter is the charge carrier density, n. CMO carrier densities in the range of interest
for IR applications (10" =10*' cm™) are two to four orders of magnitude lower than those of
noble metals (ca. 10 cm™). As given in equation (1.3), the plasma frequency is proportional to
the square root of the carrier density. The free electron model has proven very accurate for
describing the mid- and near infrared portion of the spectrum, which covers the optical properties
of these semiconductors in the range from 1,000 — 10,000 cm™. The longer wavelengths used to
drive SPR in CMOs have consequences for the spatial extent of plasmonic fields as well as the

thickness of metal oxide thin films required for the effect to be observed.

The second phenomenological parameter in the Drude model is the damping, y. The damping
in plasmonic spectroscopy plays a similar role to the dephasing rate in optical spectroscopy. An
increase in damping results in a spectrally broader plasmon. This parameter turns out to be of
crucial interest for applications since the spectral bandwidth of the plasmonic resonance
determines its utility for nearly every application of interest. In metals there is no practical way
to tune the damping, but it is sufficiently low for the noble metals that useful SPR effects can be
observed in the UV-VIS. CMOs present a pronounced variability in y owing to the two material
parameters that comprise the damping, the mobility (u) and the effective mass (m.fr), whose
relationships are given in equation (1.5). Equation 1.3 shows that the loss (&,) is roughly
proportional to y. The effective mass is a property governed by the band structure of the CMO
and can be considered a material constant. The high frequency dielectric constant (&) is a
parameter that depends on the degree of screening of the lattice by the electron distribution in the
solid. The distribution is a property of the material and it is difficult to imagine that there will be

opportunities to significantly engineer this parameter.
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The Drude model is a simple yet effective model that permits us to predict the dielectric
properties in the frequency band of interest for any CMO using only four material parameters:
carrier concentration, mobility, effective mass of the free carrier and high frequency dielectric
constant. Two of the material parameters simultaneously affect the phenomenological damping,
which reduces the number of parameters in the basic Drude theory to three. From the perspective
of material design, we will show that by far the most important two parameters are n and u. n
controls the wave number of the surface plasmon band and u is the material parameter that can
be engineered to enhance plasmonic performance by tuning the spectral bandwidth. One can
relate the mobility to the degree of scattering of electrons by the lattice and carrier screening.

Lattice defects, such as grain boundaries increase scattering and reduce performance.

A dielectric function of a generic Drude material with a given value for n, u, m, ff and &4
can be plotted as depicted in Figure 1. &; (solid) and €, (dashed) are the real and the imaginary
components of the dielectric function, respectively. &; decreases steadily as the energy decreases
while &, exhibits the opposite trend. As frequency is lowered the real part €;changes sign from
positive to negative at a frequency known as the epsilon-near-zero (ENZ) frequency, then falls
steeply below this value. The ENZ frequency is of interest in its own right because of the fact
that a thin film can absorb all of the energy in an incident electromagnetic wave at this
frequency.'®° The region just below the ENZ frequency comprises the range of interest for IR-
SPR since plasmonic oscillation can only be supported if ¢; < 0. The imaginary component &,
also called the loss tangent, approaches zero at high frequency (1.3). &, increases as the
frequency is lowered with a hyperbolic frequency dependence becoming significant for energies
where €; becomes negative. Recognition of the nature of the requirements for observation of
SPR in terms of &; and &, defines the challenge for development of a robust material that can
support SPR in the infrared region in terms of material properties that can be controlled by

experimental conditions.
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Figure 1. Example plot of Drude model dielectric: The real part (solid) and the imaginary part

(dash) plotted as a function of energy.21

1.2.The effects of material property variables in the Drude model

The effect of four parameters, n, i, mqsr and €, can be considered independently to fully
understand how the Drude model depends on material properties. We can further differentiate
between parameters that are dependent on the preparation conditions, which are » and u, and
those that are dependent on chemical composition, which are m.sr and &, . Keeping this

distinction in mind, we will discuss the general considerations of all four parameters.
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€1,€2 €1,62

€1,62 €1,62

Figure 2. The effect of varying the input parameters n, 4, msr and €,0n the calculated Drude
dielectric functions. The effect of increasing (a) carrier concentration n (b) mobility u (c)
effective electron mass msr (d) high frequency dielectric constant €., while keeping the

remaining properties constant.’’

Increasing the carrier concentration n results in shifting the ENZ frequency to a higher energy as
shown in Figure 2a. The ENZ is observed at the point where &; crosses zero, which is also called
the cross-over frequency. This is one of the advantages of using semiconductors since the ENZ
frequency can be tuned by varying the carrier concentration via doping. Increasing the mobility,
U, on the other hand does not affect the cross-over of frequency of &; but strongly reduces the
loss tangent €, (Figure 2b). The inverse correlation of mobility and loss tangent is largely
independent of the free carrier concentration. Figure 2c depicts the result of varying effective

electron mass. As given in equation 1.4, the plasma frequency is directly proportional to square
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root of the ratio of the carrier concentration to the effective electron mass m,rr = pm,, where
m, is the electron mass and p is a screening parameter. The effect of decreasing effective mass is
to increase the carrier concentration; both the ENZ mode and the SPP shift to higher frequency
(wave number). Although a reduction in the effective mass increases the damping constant, y,
and correspondingly the loss function &, this effect is not nearly as important as that of the

mobility. The range of m, ¢ values from 0.25m, < m,sr <0.75m, is roughly a factor of three,
while mobility has a much greater range of values in practice 10 < u < 500 cm?/Vs spanning
at least a factor of 50. Of course, it crucial that m,sf is an inherent parameter that changes little
with film preparation, while u can vary widely depending on sputtering and annealing
conditions. In general, we have shown that y decreases as the lattice imperfections increase. H
These imperfections may be caused by doping itself, which can disrupt the lattice or by
deposition conditions which affects the grain size and consequently the scattering length of
conduction electrons. Often there is an inverse relationship between n and u since increasing the
density of free carriers by doping often increases the concentration of lattice imperfections due to
the mismatch in the radius of the dopant in relation to the original ion that was replaced.
However, we have also shown that the defect equilibrium is fixed in some materials due to
entropic effects, which means that compensating structural changes may occur that actually
reduce lattice imperfections caused by doping. The net effect of this fortuitous cancellation is
that n and p can both increase over certain ranges.” Although this effect has only recently been
discovered based on the work on CdO:M (M = Dy, Y, F), there is reason to believe that it is a
general effect in some classes of materials and may be important for the engineering of new

materials.

Finally, increasing the high frequency dielectric constant &, shifts the ENZ frequency to a
higher energy without affecting the loss tangent &,. Increasing &,, increases the curvature of the
real part of the dielectric function, &, and consequently lowers the ENZ. Understanding the
effect of these input parameters for Drude model is essential in optimizing host materials for
plasmonic applications. Appropriate choice of host oxide materials permits one to obtain the
correct range for m,rr and &, . Selection of appropriate dopants, deposition and annealing
conditions permits control of n and u to fine tune the optical properties. Appropriate experience

and understanding of the theory permits prediction of material properties in advance of film

10
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preparation. The example of the correlation of n and u due to the defect equilibrium also focuses
our attention on the fact that the parameters are not always independent. At present, these
correlations are sufficiently well understood to permit the design of tailor-made thin film
materials with SPR resonances in the mid-IR from 800 — 5000 cm™ and sufficiently high

mobility for sensing and spectroscopic applications.
1.3. Experimental observation of the SPR phenomenon

In order to understand the various coupling schemes for surface plasmon resonance we
begin with the derivation from a model comprised of a thin metal film and a dielectric. In the
Drude model, it is assumed that motionless positive ions in the conductor are surrounded by a
non-interacting electron gas.”> As for the dielectric, a non-dispersive medium is assumed. This
section is based on a reduced form of the Drude model, which permits useful comparisons for

understanding the role of various parameters.”' In a lossless Drude metal given in eq 1.1, y = 0.

Assuming €,= 1 and Q = wﬂ , the lossless frequency dependent dielectric function (eq 1.1) can
p

be expressed as:

1
Eprudge = (1 — 02 (1.6)

The dispersion relation that allow SPP to propagate in any model is given by

_ @ | &
kspp = c ’—€0+£S (1.7)

w represents the angular frequency, c¢ is the speed of light. £, and &, represent the dielectric
functions of the insulating overlayer (&, ) and conducting substrate (&5 ), respectively.
Setting &y = 1, combining equations 1.6 and 1.7, and normalizing all energies to w, using

equations 1.8 and 1.9 give:

K=é (1.8)
k, =2 (1.9
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02-1
K = /292_1.0 (1.10)

Plotting equation 1.10 yields two distinct curves as shown in Figure 4a. The upper branch
describes the oscillation of the bulk plasmon in the metallic material and known as bulk plasmon
polariton (BPP). The lower branch is the dispersion curve of surface plasmon polaritons (SPP).
BPP are excited at frequencies higher than the plasma frequency (@ > w;,) while SPP are excited
at @ < wyy. SPPs are bound electromagnetic density waves that oscillate and propagate parallel to
conductor/dielectric interfaces. The upper limit of the energy gap between SPPs and BPPs found

to be equal to the plasma frequency w,.

The dispersion relation of light in an isotropic medium, commonly known as a light line, in

energy-wavevector space can be summarized for a medium with € = 1 as:

wii
klight = lcght (1.11)

The light line and SPP plotted together are shown in Figure 3b. Note that the light line does not
intersect with the dispersion curve of the SPP at any point of the curve for electromagnetic
radiation propagating in vacuum (or air). This implies that light propagating through a medium
with € = 1 cannot couple to SPPs and drive the SPR under these conditions since the in-plane
momentum of the wave vector of SPPs is always larger than the momentum of the incoming
light. For SPPs and the light to couple and drive SPR, the momentum of the light needs to be
increased. To solve this problem Kretschman and Raether proposed the Kretschman®* **-Reather
conﬁguration25 (Kretschman configuration for short). At the same time, Otto*® presented an
alternative approach to excite the plasmons in the metal surface shown in Figures 3a and 3b
respectively. The alternative method is called the Otto configuration. Both configurations use a

prism as a propagating medium to increase the in-plane momentum of the incident light.

By incorporating prism into light line equation, assuming a lossless dielectric medium &p, can

be written as:

Wiight-VED
C

kiight = (1.12)

12
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Plotting this equation, one can see that the light line now intersects with the dispersion curve of

the SPP (Fig. 3c¢).

w w

Bulk Plasmon Polariton (BPP)

P
Gy 2
e

SPP

w

b

Surface Plasmon Polariton (SPP)

(a) (b)

R Resonance

(c)

Figure 3. The dispersion curves as calculated using the Drude model and coupling of EM waves
with SPP. (a) the dispersive curve of BPP and SPP describe by Drude model in a metallic thin

film. (b) SPP dispersive curve with in a medium with epsilon = 1. (c) SPP dispersive curve
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coupling to light by increasing the momentum of the incoming photons by using an optically

dense (¢ > 1) prism.2 !

WiightVEp-sin(6;)
c

kotigne = (1.13)

The total internal reflection method is used in both Kretschman and Otto configurations. The
incoming light ky propagates through the prism and an evanescent field is created by total
internal reflection. The coupling occurs when the momentum of this incoming light matches the
SPP dispersion. This phenomenon is known as surface plasmon resonance (SPR). In this
experiment, the in-plane wavevector of the incoming light can be varied by changing the angle of
the incoming light. If we include this angle variation of incident light, the modified equation is
given in eq 1.13. Plotting this equation for various angles with a SPPs dispersion indicates how

different angles give different resonance points (thus combinations of ks and energy) on the SPP

dispersion curve.

substrate substrate

thin film  |d N air Id
k. “Spp SPP metal
(a) (b)

Figure 4. Schematic representation of how electromagnetic wave can couple with metallic thin

film via (a) Kretschman-Reather configuration. (b) Otto conﬁguration.21

In both Kretschman and Otto configurations shown in Figure 4a and 4b the coupling
condition for SPR is met only by p-polarized light, since the angle of p-polarized light controls
the projection of the interfacial wavevector ky. At the proper angle the optically driven kg

matches the intrinsic ky of the SPP in the thin film. S-polarized light cannot couple to ki of the

14
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SPP in the thin film conductor. Under the coupling condition the incoming light energy of p-
polarized light is absorbed by the SPP. Experimentally, this can be observed as a drop in the
externally reflected light intensity, which is the essence of the SPR signal. The Kretschmann
configuration is usually used to excite surface plasmons while the Otto configuration is typically

used to excite bulk plasmons.

2. Materials for mid-infrared applications

Historically, SPPs have been investigated in noble metals: gold (Au) and silver (Ag). These
noble metals have played the dominant role in SPR development because their plasma
frequencies are in the visible region”’ . Despite the fact that the plasma frequencies of most

metals are located in the deep ultraviolet™*

, visible plasmons in Au and Ag are observed due to
the d-orbital contraction in the late transition metals, which leads to relativistic effects that lower
the energy of the d-band. ** The net effect is that the Au and Ag plasmon resonance frequency
becomes coincident with the onset of band-to-band transitions with energies in the visible range.
However, this interband mixing also causes the plasmon bands of Au and Ag to have significant
losses due to absorption in the visible and near-UV.*>**3* Although Au is known to be the more
lossy material compared to Ag in the visible region of the spectrum, it has been more widely
used because it is more inert and the plasma frequency is further to the red (8.89 eV>?), which is
more convenient for many experiments. It is evident from a study of the dielectric functions that
Au and Ag both have significant mixing of band-to-band transitions into the SPP. By contrast,
ITO does not have any such mixing.*> As mentioned previously, the ITO band gap is ca. 3.2 eV,
which is far higher in energy than the bulk plasma frequency, which corresponds to an energy of
1 eV. Consequently, the Drude free electron model is quite accurate as a description of ITO and
indeed other CMOs that have been studied. These facts are well known, but it is less appreciated
that because of the losses due to interband mixing neither Au nor Ag has a pure plasmon

polariton, defined as the SPP of a free electron conductor.

Although it is theoretically possible to induce the SPP of Au and Ag in the IR frequency
range, there are practical limitations.** >’ While SPR has been observed in Au thin films in the

near-IR region, the Au loss function increases strongly as the frequency is lowered and there has
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been no similar demonstration of SPR in the mid-IR.*® The intraband loss is an inherent aspect of
any conductor, which arises from the imaginary part of the Drude model. Any conductor is
predicted by the theory to have an increase in loss below the plasma frequency.*® Therefore, it is
important to match the plasma frequency as closely as possible to the wavelength region of
interest. Other metals have even higher plasma frequencies and are even less suited for SPR in
the visible/IR than Au and Ag. These limitations led to a search for new materials supporting
SPPs in the mid-IR. These are mainly semi-conductors, doped Si, GaAs, InP, GaN, as well as
metal nitrides and oxides. Si and other (III-V) or (II-VI) semi-conductors have SPPs below the
mid-IR while the metal nitrides have SPPs above the mid-IR.*® Graphene is also an interesting
candidate, but like traditional semi-conductors it has a sufficiently small concentration of free
carriers to render it impractical for mid-IR applications. CMOs (ITO, Al:ZnO, Ga:ZnO, CdO:Dy,
F:SnO,, SrRuO; and many others) have shown superior properties when compared to metal
nitrides.**! Thus, CMOs have dominated the field of mid-and near-IR plasmonics. Of these,
ITO has been the workhorse in most studies because of its wide availability due to its many
commercial applications. A key point in this review is that the successes of ITO as a breadboard
for laboratory study are overshadowed by limitations that make ITO a poor material for practical
applications. The field has focused on the fact that CMOs consist of a range of different doped
metal oxide materials that present possibilities for engineering of materials that have the desired

wavelength range and quality factor for practical applications.
2.1 Engineering CMO optical properties in the infrared region

The infrared region of the electromagnetic spectrum carries vibrational information about
chemical bonding and is widely used for detection of thermal contrast. There has been great
interest in investigating the optical properties of CMOs for their potential applications in
optoelectronic applications in the mid- and near-IR. Although there are only a handful of metal
oxides that are good candidates for the applications, the number of possible new materials is
nearly limitless when one considers the possible dopants, which are always an essential
ingredient in the design of CMOs. Thus, a substantial research effort has been devoted to finding
a robust material that can support SPP with low optical loss and tunability across the infrared
region. Beyond SPR there has been a great deal of interest in CMOs as metamaterials based on

the tuning of the ENZ in both thin films and nanostructures. Typical values of the ENZ mode are

16
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shown in Figure 5 for a number of CMOs. The observed spectral location and bandwidth of the
SPR and ENZ are correlated, which means that Figure 5 also permits the prediction of SPR to be
observed at slightly lower energy than the ENZ energies shown. Therefore, our discussion of the
material parameters applicable to the design of SPR spectra has obvious implications for the
ENZ mode as well. We will focus on the material properties, doping and preparation of thin
films of CMOs used for these applications and relate those to the free electron model in order to
develop an understanding of the design aspects that have been used to push the optical properties
into the mid-IR. CMOs are bracketed by metals to higher ENZ mode energies and traditional Si
or GaAs semi-conductors to lower ENZ mode energies, each of which has a long history of
plasma resonance phenomena. In the next two sections we discuss how these two different

materials give us insight into the versatility of CMOs.

0.9} .
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QLos8t 203 -
o
§ " g’o s
Q_ 4
g 0.7} IS 5
S 0.1+ =
b
< 0.6} -
| 0.0
o s 0 3 6 9 12 1
Qos5k Dopant conc. Wt%,
w
‘8 I —&— |TO
S 0.4} “
QA 0. —@— AZO
I —9—GZ0 |
03 1 " 1 " 1 A 1 2 L
0 3 6 9 12 15

Dopant concentration /wt%

Figure 5. ENZ mode frequency of indium-tin-oxide (ITO), Ga:ZnO (GZO) and Al:ZnO (AZO)
as a function of dopant concentration. Insert: Drude damping as a function of dopant
concentration. Reprinted with permission from Ref (*). Copyright 2011 Optical Society of

America.
2.2 Optical losses as a limitation to plasmonic applications in metals

Since the plasmons in CMO degenerate semi-conductor materials are much lower in energy

than the band gap or any other band-to-band transitions, we have called these “pure plasmons”.”
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Figure 6 shows the contrast between the optical response of ITO and those of Au and Ag. Au has
absorption in the visible and UV above the plasma frequency, which is clearly observable as the
peaked feature in the red, imaginary part of the wave vector that is also associated with the loss
in the material. Au has significant increase in absorption or loss above the plasma frequency due
to interband transitions. Figure 6 also shows that Ag has a much smaller contribution from
interband transitions, which explains why Ag has been the choice for high quality plasmonic
material, despite its known disadvantage as a thin film material due to its high surface reactivity.
ITO was the first material investigated for its potential as a near-IR or mid-IR SPR material.’
The path to discovery of an infrared plasmonic material that possesses a high quality factor that
rivals Au or Ag in the visible involved consideration of a series of CMOs starting with ITO and

leading finally to the current highest quality factor observed in doped CdO.

The comparison of the dispersion curves in Figure 6 reveals a striking similarity between
ITO and Ag.* The real response (blue) represents dispersion and plotted as w vs. k to show the
dispersion of the material. The imaginary wave vector response (red) represents absorption of
light due to the ENZ. The peak of the absorption is coincident with the plasmon band gap. In
theory this is the mid-point between the top of the SPP and the starting point of the BPP (see
Figure 3). The dielectric curve of ITO was obtained from the Drude model based on the
measured values of n and &, , while Au and Ag were obtained from measured dielectric
functions. As shown in the Figure 6, the dispersion curve of ITO has a relative width and shape
that resembles the dispersion of Ag, although the wavenumber range for ITO is a factor of 4
lower than that of Ag. Ag has extinction to higher energy than the bulk plasma frequency, but
ITO has essentially no extinction on the high energy side of the bulk plasma frequency below the
bandgap (Figure 6A). Although Ag is considered the most suitable metal for plasmonic
applications based on its spectral features, ITO has a “purer” plasmon than Ag. Unlike Ag or
ITO, Au has a significant contribution from a d-to-p interband transition, which can be observed
in nanoparticle absorption spectra. This additional absorption at or above plasma frequency

shown in Figure 6B is not present in ITO and to a much smaller extent in Ag (Figure 6C).
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Figure 6. The real (blue) and imaginary (red) response of wave vectors for (A) indium tin oxide
(ITO) (B) gold (Au) and (C) silver (Ag). Reprinted (adapted) with permission from ).
Copyright (2008) American Chemical Society

Although the noble metals are not tunable (i.e. in terms of their material properties), they can be
prepared as arrays or nanoparticles (nanostructures) that provide a seemingly limitless tunability
due to their shape.*” The LSPR of Au and Ag depends on the aspect ratio and aggregation state

-4 The creation of ordered arrays of gold on patterned surfaces

of nanorods and nanoparticles.
has led to new ways to tune the LSPR of materials.” These aspects of the noble metals are

currently being used as the pattern for similar experiments using CMOs.*®
2.3 Far-IR SPR in indirect bandgap semi-conductors and graphene

The optical properties of doped silicon, which include its bulk plasma frequency, have been
known for decades.*”™ In addition, silicide materials have been studied more recently for

plasmonic optical properties.’* !

The solid solubility, the upper limit of impurity concentration
that can be absorbed by the material, does not permit a sufficiently high dopant concentration to
reach the levels observed in many CMOs. Phosphorous has the highest solid solubility for
silicon at 10*' cm®. However, as the doping concentration approaches the solubility limit, the
doping efficiency decreases, which presents an intrinsic limitation to applications based on these
materials.”® In the final analysis, the free carrier concentrations in doped Si are so low that none

of silicon-based materials are suitable for mid-IR applications.
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Germanium is more promising for SPR applications because it has a higher electron mobility
than silicon™>. Germanium has a smaller optical bandgap than silicon and is typically doped
with gallium, aluminum and arsenic. Much like silicon, the solid solubility limit for dopants in
Ge do not permit high doping levels. Arsenides® *°, Phosphides®’ and Nitrides*™ > have also been
studied for infrared plasmonic applications. Although some of these materials have applications
in the far-IR, none of these materials are ideal materials for optical application in the mid-IR
region. The free carrier density of both doped Si and Ge limit the optical tuning range for the

plasmons of both Si and Ge semi-conductor materials to the far IR.

Graphene has attracted attention as a 2-D material that can support SPR and also may
have applications as a metamaterial.””** Graphene can support surface plasmons in the mid-IR
region, but only at low temperature (4.2K) because of high losses at room temperature. It is
worth noting that the limited data available indicate that CMOs have a modest temperature
dependence of both their band gaps and carrier densities.” Similarly heavily doped Ge, which
has carrier densities in the same range as graphene shows a modest temperature dependence on
carrier density.”* Thus, the temperature dependence of SPR in graphene is an anomaly. As a
practical matter graphene has SPR resonance at wavelengths > 6.5 pm under ambient conditions,
which makes it most useful in the far-IR, the same region accessible to the plasmons of

traditional doped semi-conductors.**
2.4 Transparent Conducting Oxides as mid-IR and near-IR SPR Materials

In 2002, Franzen and Brewer hypothesized that pure plasmons can be observed in CMOs
based on the correlation of surface resistance a decrease of reflectivity in ITO in the near-IR
region.* ® Based on the understanding of the semi-conductor SPP, which was known at the time,
it was predicted that ITO would have the potential for SPR applications in sensing in the mid-
and near-IR analogous to Au in the visible. The prediction based on the reflectivity correlation
was observed in the detection of SPR in ITO in 2006 using a 8 — 26 stage attached to a Fourier
transform infrared (FTIR) spectrometer.’® %’ The optical response of ITO films was studied as a
function of thickness from 30 nm to 300 nm."' Subsequently, the effect of thin film preparation
on the optical properties was quantified based on the Drude model.®® The use of hybrid Au:ITO
plasmonic thin films permitted a separation of the SPP and ENZ based on polarization.'® The

SPP can be excited by electromagnetic (EM) radiation aligned parallel to the interface of the thin
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film and the ENZ can be excited only by EM radiation polarized perpendicular to the film
surface.'® While these studies demonstrated the utility of ITO as a material for theoretical study
of SPR in the near-IR the understanding derived from these studies led to the conclusion that the
quality factor of the SPR signal was approximately 5 times lower than that of Au because of the
low mobility of ITO (ca. 30 cm?/Vs). Further experimental studies failed to find a feasible
preparation of a thin film of ITO with significantly higher mobility. Thus, these initial studies

revealed the need to investigate other CMOs focusing on maximizing the carrier mobility.

Attention was then focused on zinc oxides (ZnO). These metal oxides are also transparent to
visible light because of their large bandgap. Like ITO, doped-ZnOs are referred to as transparent
conducting oxides (TCOs). ZnO be doped degenerately to achieve conducting thin films that
possess metal like properties in the mid-IR and near-IR range. Conducting films, aluminum-
doped ZnO (AZO) '* ®7' gallium-doped ZnO (GZ0)'* ** * were thoroughly investigated as
potential candidates for NIR applications. AZO thin films have lower losses with high doping,

but GZO and ITO have higher carrier concentrations.” "

Figure 3 depicts the carrier
concentration of the three materials as a function of doping concentration. While these materials
are tunable, easy to prepare and cheaper than ITO, they have the same disadvantage in that the
mobilities are quite low. None of the doped ZnO films studied to date has a quality factor that is
an improvement over ITO. The systematic study of ITO using the Drude model as a guide for
design led to an understanding of the role played by the mobility in the SPR of CMOs.
Ultimately, this process of measuring the optical response of various thin films pointed towards

to a new class of doped CdOs, which are the most promising materials to date for mid-IR SPR

applications.

2.5 Indium tin oxide as a testbed material for near-infrared plasmonic applications

375 and electrochemical

ITO thin films are widely used in heat shielding materials
sensors'® " due to its optical properties being sensitive to small variations in their preparation
and annealing procedures. Hence, ITO is widely used as an infrared reflector and as transparent

7881 The observation that the ITO reflectance decreases in the

electrode in the visible region.
near-IR region proportional to the conductance of the respective thin film lead to the hypothesis
that ITO has potential as a plasmonic material in mid-IR region.* ** Using the Drude model, the

plasma frequency of ITO was predicted to occur in the near-IR region. Due to its band structure,
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ITO is an excellent material for direct observation of the optical properties within the
conducting, resonance and insulating regimes. The effects of the free electron theory have been
tested in ITO without interference from band-to-band transitions. The extinction in Ag and even
more so, those in Au (Figure 6B and 6C) arise from strong interband transitions, which deviate
significantly from the free electron model. While the Drude model has great predictive power for

ITO and other CMOs it has little utility in studies of the noble metals.

In the conducting regime, the electrons follow the incident electric field leading to
complete reflection in the absence of absorption losses (® < @p/v/€x = Obp). Oy is the frequency
of the bulk plasmon and &, is the high frequency dielectric constant. In the resonant regime, ® =
Opp, one can excite the ENZ mode. When this was initially observed in very thin films of ITO,
we called this observation a capacitive plasmon resonance (CPR) to indicate that the field
excitation is perpendicular to the surface'’. This perpendicularly polarized resonance, which is
most commonly known today as the ENZ, has been known both from Abeles early work on
conducting films * and the analogous effect in insulating films, known as the Berreman mode.**
% The ENZ mode is only observed in thin films that are thinner than the skin depth of the
conductor. The ENZ mode has never been observed in Au or Ag because their skin depths are so
shallow (< 5 nm) and surface free energy is so high that it is essentially impossible to deposit a
film that is thinner than the skin depth. However, ITO has a skin depth of ~120 nm for films that
have ENZ modes in the near-IR. Mid-IR SPR materials such as CdO have skin depths > 200 nm
due to their lower carrier density. The ENZ mode is related the localized surface plasmon
resonance (LSPR) in a nanoparticle, although there will be a geometrical effect that shifts the
location of the resonance. Since the LSPR depends on particle size and shape the thin film value
of the analogous resonance is not precisely in the same region as the LSPR. One might think of
the thin film as a nanoparticle stretched out so that it forms a film. For example, in ITO the ENZ
mode (CPR) is observed at ~9,000 cm™ '* in a 30 nm thick film. The ENZ mode in a hexagonal
geometric array of ITO triangular patterns with a thickness of 20 nm is observed at 6,200 cm™.*°
The LSPR of ITO observed in nanoparticles at the same doping of 10% Sn is 6,200 cm™.*® While
it is difficult to know the exact carrier density in the nanoparticle the comparison underscores a
basic similarity between the wave number range of the ENZ and LSPR. Numerous experiments
on a variety of different CMOs show that the frequency of the ENZ mode and SPP are

correlated, and both are controlled by altering the charge carrier density.
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Below the bulk plasma frequency ® < @y, light can couple into the material if it
propagates through an optically dense medium that permits total internal reflection at the
boundary. SPR can be observed by coupling light into a conducting layer such that there is a
propagating wave along the insulator-conductor interfaces on both sides of a conducting thin
film and an evanescent wave that penetrates into the conductor as shown in Figure 4. When light
propagates through vacuum or air, it is reflected for ® < wp,. When © > wyp, ITO behaves
optically as an insulator and it is transparent in this regime. This observation underlines how
different the material interacts with EM waves dependent on their energy relative to the plasma
frequency. While these statements are true for any plasmonic material, they are much easier to
visualize in the CMOs. Despite its limitations for practical applications, ITO is still a useful
material for demonstrating the predictive utility of the free electron theory for engineering CMOs

as plasmonic materials.
2.6 Experimental considerations behind the first observation of SPR in ITO

The detection of SPR in a conducting metal oxide was first achieved using a FT-SPR
attachment for a FTIR spectrometer constructed by GWC Inc. (Madison, WI) in 2006.°%7 1TO
has one of the highest charge carrier densities of any CMO, thus, it is well suited for
measurements in the near-IR range (5000 — 9000 cm™). The dependence of the SPR signal on the
thickness of the conducting film can be explained by referring to three thickness regimes.11
First, very thin ITO films of less than ~120 nm cannot support SPPs when used in Kretschmann
configuration because the phase shift in the evanescent field propagating through the cannot

match that of the incident radiation at any angle.

In order for incident light to couple into the SPP (see Figure 4) the conduction electrons
must oscillate in the vicinity of the conducting-insulator interface and result in an evanescent
field that decays exponentially, perpendicular to the interface, into the metal as well as the
dielectric. This decay has a limited penetration depth and known as skin depth. The skin depth is
related to the decay of the magnitude of the electric vector (E) % in ITO by

E=Epexp (-1/6) 2.1)

(o}

6= W (2.2)
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where ¢ is the thickness of ITO, Ej is the original magnitude of the electric vector, c is the speed

of light and o is the conductivity.

A film that is thinner than the skin depth of the conductor does not permit an electric
field oscillation along the conductor-insulator interface. This condition is present in panel 7A and
7B where the thicknesses are 30 nm and 55nm, respectively. There is no SPR signal and the
observed extinction is the ENZ mode in those panels. There is a transition between two regimes
shown in Figure 7C and 7D where multiple optical features are present. The optimal thickness
for ITO films is observed to be between 120-200 nm, which is shown in Figure 7E, 7F and 7G.
In this thickness range the phase shift induced by the loss tangent of the metal can match incident
radiation in the near-IR frequency range. In this thickness regime, ITO film can support SPP and
an angle-dependent SPR signal can be observed. The optimal thickness for the most common
ITO thin film preparation (10% Sn annealed in forming gas) is approximately 160 nm. In the
third regime when the film thickness increases beyond the optimal value the SPR signal
decreases in magnitude as shown in Figure 7H. As the thickness surpasses 200 nm the loss
tangent increases to the point where it is no longer possible to achieve a matching condition.
Viewed from another point of view the SPP is reduced proportional to the reduction in the
evanescent field at the second conductor-insulator interface. The SPR signal eventually vanishes

as is evidence in Figure 71.

Differential Reflectance (a.u.)

200 nm 250 nm 318 nm
5 6 7 8 9 10 5§ 6 7 8 9 10 5§ 6 7 8 9 10
Wavenumber (x 10° cm”)  Wavenumber (x 10° cm™) Wavenumber (x 10° cm™)
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Figure 7. SPR spectra R,/R; obtained for ITO film thicknesses d from 30 (panel A) to 318 (panel

I). Each line represents an angle increment of 0.83’ Used with permission from Ref (*').

The SPP band is tunable with carrier concentration as depicted in Figure 8. The plasma
frequency shifted to lower energy as n decreases as depicted in eq (1.4). Although ITO was a
testbed material for infrared SPR, it has one major drawback. ITO has a low carrier mobility (30
cm?’/Vs), which leads to a broad SPR response.'' The width of the SPP band increases as the
mobility decreases as shown in Figure 9. This realization provides a systematic approach to
search for high mobility conducting metal oxides that can overcome this problem in the near and
mid-infrared region. The push to the mid-IR region is a pragmatic consideration since most
conducting metal oxides have charge carrier densities lower than ITO, which naturally places

them in the mid-IR region, which is also the region where molecular vibrations are observed by

FTIR spectroscopy.
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Figure 8. The experimental and theoretical data for the carrier concentration series. The

corresponding charge carrier densities are given in each panel. Used with permission from Ref

(87).
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5000 6000 7000 8000 9000 10000
Wavenumber (cm™)

Figure 9. The experimental data of mobility series, where the sputtering pressure of the target
gas is 9 mTorr for (a), 12 mTorr for (b), and 15 mTorr for (¢). The corresponding mobilities are

given in each panel. Used with permission from Ref (*").

ITO has been widely used in a variety of mid-IR plasmonic applications. The tuning of
plasmons in ITO is possible using carrier accumulation to modify the carrier density, which in
turn affects w, and the observed SPR reflectance minimum. % A large non-linear optical signal
was observed near the ENZ mode of ITO using ultrafast spectroscopy. *' Switching of the ENZ
using ITO in a waveguide sandwiched between two Au electrodes has also been demonstrated.
Each of these applications shows how externally applied electric and optical field fields can be
used for photonic switching in CMO-based plasmonic materials. ITO is still the most useful
CMO for general demonstration of the possible photonic applications. But, materials in the mid-
IR with higher quality factors may ultimately provide the most interesting for end user
applications that involve heat measurement and capture, IR detectors, molecular sensing,

nanoscale spectroscopy, and optical circuits.
2.7 The Search for Appropriate Conducting Metal Oxides for mid-IR Applications

Once SPR in the near-IR region was established by the experimental observations in
ITO, the quest for new CMO materials with high mobility began in earnest. Most CMOs have

carrier densities lower than those of ITO so that the majority will have SPR in the mid-IR.
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Perovskite oxides®” *° such as SrTiOs, SrSnNO3, Cd;TeOg and SrGeO; were studied as potential
candidates for infrared SPR. Though some of these materials are found to be useful in other areas

such as solar cells and superlenses’ **

, it was realized that none of these materials can match the
maximum supported free carrier density of doped ZnO and ITO. Heteroepitaxial thin films of
ZnO were also explored as a potential host for infrared plasmonics.'* Spectroscopic detection of
SPR was demonstrated for ZnO in the mid-IR region between 2000 and 3000 cm™. Though ZnO
can support mid-IR plasmonics, the observed SPR was broad and lossy as shown in Figure 10.
Figure 10 shows experimental data in the 2-D map format (angle vs. cm™). Figure 10b shows a
doped ZnO film with optical thickness for observation of SPR. The black region, which

corresponds to the extinction due to the SPR, is very broad. This is a consequence of the low

quality factor, which in turn is due to the low charge carrier mobility at the carrier concentration

4 x 10 - 8 x 10 cm®) needed to sustain mid-IR  SPR.
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Figure 10. Simulation and experimental reflectivity data comparison for Zinc oxide (ZnO) with
different film thicknesses. (a,b) 400 nm (c,d) 600 nm (e,f) 800 nm. (a,c, and e) are simulated

data. Reprinted from ['*], with the permission of AIP Publishing.

A rational materials search based on the collective experience of the preceding IR plasmonic
materials permitted Sachet et al, to propose and demonstrate cadmium oxide doped with
dysprosium (CdO:Dy) as a gateway material for development of high-quality-factor tunable SPR

in the mid-IR region in 2015.” Subsequently, the materials set was expanded and a family of
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doped CdO:M (M = Dy, Y, F etc.) exhibits sufficiently high mobility to support SPR at mid-IR

energies with low optical losses.

2.8 CdO:Dy: A Gateway Material for Mid-IR SPR

In 1969, the material properties of an intrinsic single crystalline CdO were reported by
Koffeyberg.93 According to the data in Ref. 89, single crystal CdO exhibits both mobilities and
carrier densities needed to support high quality mid-IR SPR. Simulations of the predicted optical
response for CdO in the mid-IR were conducted using the Fresnel equations combined with the
free electron model to approximate the CMO dielectric function. Subsequently, a thin film
growth method was developed using dysprosium (Dy) as a dopant. CdO doped with Dy
(CdO:Dy) thin film was observed to have low loss in the mid-IR due to its unusually high
mobility’ at carrier concentrations >10"" ¢cm™. The observed electron mobility was achieved
through defect equilibrium engineering of the CdO native and extrinsic crystallographic defects.
Although there are numerous candidate dopants that one can consider for CdO, Dy was the first

dopant used to successfully demonstrate this effect.

CdO is an intrinsic n-type semiconductor where free electrons originate from doubly
ionized O-vacancies (equation 3.12). By doping CdO with Dy, Dy populates the Cd sublattice
with 3" charge and acts as extrinsic donor (equation 3.13). The defect equilibrium system of

intrinsic and extrinsic defect reactions is given as:

Cdly + 0% © Cdq + V" +2e +20, (2.3)
Dy, 0, Cio 2Dygq + 205 + 2e +30, 2.4)

Although dysprosium on a Cd-site and an oxygen vacancy are both electron donors, Dy
substitution gives rise to a smaller lattice perturbation than an oxygen vacancy. The lattice
disruption of Dy doping is small because Cd and Dy have similar ionic radii (r&j =
0.95 nm, r%;“, = 0.92 nm). ** The singly charged n-type donor, Dy¢q in eqn. 2.4, increases at the
expense of the doubly charged n-type vacancy, V5* in eqn. 2.3 and the net effect of this
replacement is a decrease in lattice strain and a concomitant increase in mobility in parallel with
the increase in charge carrier density over a range of dopant concentration. Because impurity

scattering scales with Z7, there is less net scattering for 2n donors of charge e than n donors of

28

Page 28 of 41



Page 29 of 41

Journal of Materials Chemistry C

charge 2e at the same carrier density. These phenomena lead to the observed increase in mobility
up to a threshold charge carrier density above which the defect equilibrium is weighted towards
Dy¢q and the scattering from Dy begins to dominate. These competing effects define the useful
range of free carrier concentration within CdO that gives rise to a tunable, narrow bandwidth
plasma resonance in the mid-IR region. The transport properties of CdO:Dy at room temperature
are presented in Figure 11. The conductivity and carrier concentration are both observed to
increase as Dy doping concentration increases spanning the range of 5 x10" — 1 x10*' cm™.
Mobility follows the same trend until it reaches its maximum mobility value of 500 cm®V™'s™ at
5x 10" cm™. Beyond this Dy concentration, carrier mobility decreases until the limit of 5 x 10*'
cm”. This unique combination of high carrier density and mobility of CdO:Dy makes it an ideal

plasmonic host at mid-IR frequencies.
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Figure 11. Transport properties of CdO:Dy carrier concentration (n), carrier mobility () and
conductivity (o) as a function of Dy concentration. Reprinted by permission from Macmillan

Publishers Ltd: Ref [’], copyright (2015)

To demonstrate the optical properties of CdO experimentally, a series of samples was
investigated spectroscopically. In Figure 12, experimental and simulated data are presented for

two CdO:Dy films with two sets of mobility es and carrier concentrations. Simulations are set up
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to optimize the ideal condition for the substrate by incorporating all optical components of the
experiment. The SPR data were recorded in the Kretschmann configuration using a Woollam®
IR-Variable Angle Spectroscopic Ellipsometer (VASE). As mentioned for ITO in section 2.4, the
phase shift has to be accounted for experimentally by varying the thickness of the CdO thin
films. Extremely smooth CdO:Dy substrates presented in Figure 12 were grown using an oxide
molecular beam epitaxy (MBE) environment. Figure 12b shows the experimentally determined
SPR dispersion curve as the black curve. The black color indicates extinction due to plasmonic
resonances. The relatively narrow feature of this curve is an indication of a high quality factor,
which is attributable to the high mobility of 478 ¢m®/Vs. The reader should compare this 2-D
plot to that of Al:ZnO in Figure 10b. The SPR dispersion feature in the 2-D of Al:ZnO should be
curved in the same way as the one is in Figure 12b. However, the feature is so broad in Figure
10b that is not possible to discern its shape. Figure 12d shows a thin film that has a significantly
high free carrier density (3.3 x 10*” cm” in Figure 12d compared to 1.3 x 10*° cm’ in Figure 12b).
As a consequence, the ENZ is shifted 3,500 cm™ in Figure 12b to a value greater than 3,800 cm™

(i.e. it is no longer visible on the plot of Figure 12d because it is shifted to an energy to the right

of the plot limit).
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Figure 12. Simulated reflectivity data and experimental data of CdO:Dy with thickness of 520 and 280
nm by varying mobility and carrier density. Reprinted by permission from Macmillan Publishers
Ltd: Ref[’], copyright (2015)

2.9 Further advances in CdO:M doping (M = Dy, Y, F) and in thin film preparation
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Highly accurate doping using MBE was the key to investigate the structure property
relations in CdO:Dy. However, the limited throughput and high cost of MBE present a barrier to
larger scale application of this material. Recently, thin films have been prepared using several
other dopants by RF-assisted reactive High-Power Impulse Magnetron Sputtering (or HiPIMS).
9%:96 These dopants include yttrium and fluorine, among several others. Notably, CdO:Y grown
via HiPIMS demonstrates mobility in excess of 400 cm”V's™ with a carrier density of ~10*° cm™
3. For films grown on sapphire, these results are superior to those achieved using MBE.
Furthermore, it has been demonstrated that the carrier density can be reproducibly tuned between
low 10" and mid 10* carrier concentrations by controlling the magnetron power and the cathode
to substrate distance for the dopant source. With dopants such as dysprosium, yttrium and
fluorine in conjunction with multiple deposition methods, one can engineer doped CdO with
tailored properties suitable for a variety of applications, permitting doped CdO to become a

model material for high quality mid-IR plasmonic applications. **

3. IR Localized Surface Plasmon Resonance (LSPR) in doped CMO nanocrystals

The localized surface plasmon resonance (LSPR) of nanocrystals in the mid-and near-IR
region is another phenomenon that has recently received great interest. While SPR is related to
the fields generated at the conductor-insulator interface of a thin film, in LSPR, the dimensions
of the nanostructure are small relative to both the skin depth of a conducting film and to the
wavelength of the incident radiation, A. For spherical particles the radius, R << A. The scattering
of light from spherical Au and Ag particles that meet this condition are well described in terms
of the spherical harmonics as described in Mie theory.”” We can think of the extinction by
particles as related to the absorption by the ENZ mode. This can be seen in ITO where both

10, 11,46,86
» % However, the frequency and

LSPR and the ENZ have been measured experimentally.
line shape of LSPR is dependent on particle shape as well, so the correspondence between the
ENZ and LSPR is not expected to be exact. The ENZ is polarized perpendicularly to a thin film
surface. This experimentally demonstrable fact led to the alternate designation CPR for this
extinction.!' The name ENZ focuses attention of the remarkable fact that all of the absorption
occurs between the two interfaces of the conducting thin film. There is an amplification of the
electric field due to the trapping of energy in the small space of a thin film that is less than a few

hundred nanometers in thickness. On the other hand, the CPR designation focuses attention on
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the fact that the polarization of this trapped field is perpendicular to the surface of the film. The
ENZ/CPR is a “bulk” effect rather than a surface effect. The meaning of the word bulk must be
adapted to conditions where the film is so thin that it has properties relevant to both surface and
bulk. The thin film observations are connected to what is called LSPR because by increasing
aspect ratio, one can observe two extinctions, parallel and perpendicular to the axis of an
ellipsoid. A thin film is an extreme limit in which there is an ENZ (CPR) extinction
perpendicular to the film of defined thickness and SPR parallel to the film surface, which is

essentially infinite on the length scale of the incident radiation.

The experience with Au and Ag leads to an understanding of aspect ratio and particle size as
two factors that can modulate the extinction of particles over a wide range. Using geometric
design, LSPR bands of Ag nanoplates and nanorods have been extended into the mid-IR

. 102,103
region.

However, while Ag and Au nanoparticles show geometric tuning, CMOs can also
be tuned using doping. i.e. a material property. Thus far, the growth of CMO particles has been
confined to more nearly spherical shapes so the experimental possibilities to test these
relationships are still a rich area for investigation. Metal oxides are readily structured into
nanocrystals. New syntheses’® %’

use of LSPR in CMOs.'"!

are emerging and there are clearly many possibilities for the

The tendency of Ag and Au to aggregate is much larger than for CMOs. Therefore, the
colloidal instability of Ag and Au is much larger because the Hamaker constant of Ag and Au is
about 5 times later than for typical oxides. Moreover, since the bulk plasma frequencies of
CMOs are much lower than metals such as Au and Ag, the frequencies of doped CMO
nanocrystals can be easily tuned to the mid-IR, which is difficult to achieve for the noble metals
even with the most ambitious geometric tuning. It should be born in mind that although the
concept of SPR and LSPR are similar, it is actually the ENZ that has the greatest similarity to the
LSPR. Like the ENZ, the LSPR is an extinction that does not involve angle-dependent coupling
of the incident light. One could envision a very thin film as the limit of a high-aspect ratio
nanostructure stretched to the limit of infinity in two dimensions. It is important to note that this
hypothesis is substantiated by the fact that the ENZ observed in ITO™ ®'° observed in very thin

films predicted the frequency of ITO nanoparticles with similar Sn doping.*®
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As in the field of thin films discussed above, ITO has been the testbed material used to push
LSPR into the IR region in nanoparticles or nanocrystals.'>"” The plasma frequency of ITO can
be tuned across near-infrared (NIR) region by controlling the doping concentration of Sn. * It
was also demonstrated that by using solution-phase chemical synthesis, LSPR of colloidal ITO
NCs can be tuned from 1618 nm to >2200nm.*® The structure of ITO nanoparticles also affects
the strength of the IR absorption. Wang et al reported that bbc-ITO has a strong NIR absorption
at 2000 nm whereas rh-ITO nanoparticles exhibits no IR absorption'®*. It was also observed that
when In,O3 is co-doped with F and Sn, the cubic nanocrystals exhibit plasmon absorption in
mid-IR range and it is observed to be coupled to C-H bond of surface-bound oleate ligands as

shown in Figure 13.'%°

o
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Figure 13: Extinction spectrum of 20 nm oleate ligands capped cubic nanocrystals, inset shows
Fano resonance coupling signature. Reprinted by permission from ACS: Ref [97]
http:/pubs.acs.org/doi/abs/10.1021/acs.nanolett.7b00404, further permissions related to the material
excerpted should be directed to the ACS.

ZnO nanoparticles have also been investigated for LSPR in the IR region. ZnO is
inexpensive and provides the potential to explore size-dependent properties. Al, Ga and In are
the most common dopants used in doped-ZnO films or particles. Indium doped ZnO (In:ZnO)
gives high transparency in visible region and high IR absorption while having the highest dopant

33



Journal of Materials Chemistry C

efficiency over Ga and Al'® However, Bounsanti et al'®® demonstrated that it is possible to tune
plasmonic absorption across mid-IR region by varying the dopant concentration of colloidal
aluminum in ZnO nanocrystals. When Al concentration is varied from 1.4 - 7.3% in AZO

nanocrystals, plasmon absorption can be tuned across mid-IR region.'*

CdO has also been explored as a potential LSPR material in IR region. It was reported that
CdO could be used to prepare the highest conductivities and carrier mobilities out of any TCOs
when doping it with Sn. ' CdO doped with Indium (ICO) NCs has been successfully
synthesized with different shapes and shape-dependent optical responses have been

demonstrated. '*®

It is also reported that by using discrete dipole approximation (DDA), the
dependence of field enhancement on size, shape and doping level concentration can be
calculated. '” The field of the LSPR has the potential to enable surface chemistry and can be
probed using surface-enhanced Raman Spectroscopy (SERS), plasma enhanced fluorescence and
other surface sensitive spectroscopies. The field of LSPR has progressed towards the near-IR and
mid-IR in parallel with the SPR of thin films. The understanding of the relationship of the ENZ
to the LSPR in these materials provides a predictive tool for the development of tunable mid-IR

plasmonic particles.
4. Substrate Stability for Mid-IR Applications

Most applications of CMOs involve exposure to both air and water at moderate temperatures.
Any layer that is water soluble will thus have limited applications. The water solubility of the
various CMOs can be estimated using the Pourbaix diagram for the respective material.''* !
ITO is stable for pH > 3, but in solutions of pH < 3 ITO thin films rapidly dissolve.
Consequently, under moderately strong acidic conditions ITO can be removed from a surface in
minutes. ZnO films are more sensitive to water than ITO and begin to dissolve at pH 5. Finally,
CdO is quite soluble in water even at pH 7, which limits the applications of CdO in aqueous
media. To overcome this intrinsic disadvantage, CdO layers can be protected using atomic layer
deposition (ALD) of SiO, or Al,Os. Recognizing this disadvantage points towards potential
directions for future materials research where the stability in aqueous media needs to be

optimized as well as the optical properties.

5. Conclusion: The future of SPR in the mid-infrared region
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Due to its high carrier density and high mobility doped CdO:M (M =Dy, Y, F etc.) has a
sharp plasmonic band in the mid-IR that competes favorably with the SPP band observed for Au
and Ag in UV-Vis SPR. Though CdO:M proved to be an ideal plasmonic material for the mid-IR
from an optical perspective, there are disadvantages to CdO as a thin film material. First, Cd and
CdO are toxic adding constraints to processing and handling. Second, CdO dissolves readily in
water and dilute acids, thus presents challenges for applications in aqueous environments. The
future of the science and technology of mid-IR infrared plasmonic resonance lies in continuing
the search for other CMOs with high mobility and carrier density that can replace CdO:M. It is
possible that the mobilities of these new plasmonic materials may not quite match those of the
CdO:M family, but there is a real prospect that a material can be found with a mobility in a
useful range that is less toxic than CdO and stable in aqueous solution. The theory and ideas used
in developing CdO:M can be implemented, and the process can serve as a road map to finding
new plasmonic materials when exploring promising candidate materials such as GaN, ScN,

BaSNQO; and In,0s.

Applications of mid-IR SPR have already begun to emerge as doped CdO serves as a
prototype for development of related materials that can solve specific technological problems. It
has been reported that strong light-matter coupling of molecular transitions to plasmons is
possible and has been observed in the visible region.'' "> This strong coupling is also possible
in IR SPR and it is one of the research areas that the authors are currently exploring using doped
CdO. Ideas of incorporating SPP as light capturing devices in various solar cells were also
published in several papers,'® "'* ' but many CMOs explored were not as useful since the
materials used in the experiments can only absorb light in wavelengths shorter than mid infrared
regions, which is far from the peak of the solar spectrum. However, absorption for other

applications such as filters and detection of IR light have been contemplated.

In addition to the CMOs discussed in this review, IR SPR propagation has also been
observed in hybrid structures such as metal-insulator-metal (MIM) or insulator-metal-insulator

116 plasmonic

(IMI) waveguides, where light is confined in the insulator between the metals.
waveguide has been an important application in on-chip optical data transfer in computer
processing since it can confine light in dimensions smaller than its wavelength. Several new

methods in confining light using plasmonic waveguides in telecommunication wavelength at
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near infrared region have been reported using hybrid structures.''” ''® Plasmonic waveguides
also have application in the development of metal oxide semiconductor field effect transistors
(MOSFETs) in the IR region.”g’ 120 These transistors are widely used in switching electronic
devices and amplifying signals. Plasmonic structures offer the possibility of miniaturization due
to confinement of light to subwavelength dimensions. Therefore, the new materials reported in

the mid-IR region may be used to improve the performance of plasmonic waveguide devices.

The field of infrared plasmonic applications has grown from a theoretical prediction to an
established field in about a decade. The validity of predictions based on the Fresnel equations
combined the effect of experimental material properties on the free electron model indicates a
promising future as we search for new materials that can support tunable infrared SPP and ENZ
modes with interesting applications. Initially the field was advanced by using ITO as a testbed
for infrared plasmonics. Vital information was obtained that defined the characteristics of an
ideal plasmonic thin film material. This understanding resulted in a rational search to discover a
novel material. Starting from previously reported properties of CdO it has been possible to refine
a growth method for doped cadmium oxides (CdO:M) that gave rise to a low-loss thin film

conductor with high mobility and high carrier concentration.
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