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ABSTRACT

Monoclinic HfO, nanoparticles (9 - 45 nm) are synthesized using a sol-gel method and optically characterized using
transmission- and angle-dependent reflection spectroscopy in the mid- to far-infrared. A detailed HfO, identification of
the infrared-active phonon modes is presented; consistent with previously reported thin film values, and in excellent
agreement with density functional perturbation theory calculations. An anomaly is observed in both reflection and
transmission measurements, at 556 cm™ that is not attributed to the optical phonon modes. Numerical models indicate
that this measured anomaly is in the spectral region of a localized surface phonon polariton mode. The results of this
work suggest that HfO, nanoparticles could enable new mid- and far-infrared materials and devices with engineered
optical properties.
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1. INTRODUCTION

Controlling light and engineering light-matter interactions on the nanoscale has revolutionized optics. The field of
plasmonics, the study of the interaction between light and free-charge in materials, was born from these efforts.
Plasmonics leverage sub-diffraction confinement of light and strong field enhancement to achieve extraordinary optical
behavior. Noble metal nanoparticles (NPs) are one of the pillars of the field of plasmonics', and the excitation and
control of highly-confined surface modes on NPs has enabled exquisite control of light at the nanoscale. Engineering the
light-matter interactions via NP morphology, composition, organization, etc. has enabled new optical materials®* and
devices® and driven the development of applications in sensing and imaging®’ across the visible and near-infrared (near-
IR). Unfortunately, NPs for mid- and far-infrared (mid-IR and far-IR, respectively) have lagged in development.

Localized modes, called localized surface plasmon polaritons (LSPPs) in plasmonics, are supported when the optical
permittivity, &, is negative and || is comparable to the surrounding dielectric’. For a material with free-charges, the
permittivity depends on the free-charge density, n, and for noble metal NPs,  is very large, e.g., 5.9 x 10* cm™ for Au®.
This large free-charge density results in € < 0 in the mid- and far-infrared. Figure 1 shows the permittivity of Au” '’
across the visible to far-IR. The red shaded region indicates where —10 < € < 0. In the mid- and far-IR, the large,
negative permittivity for noble metal NPs prevents the excitation of LSPPs. One strategy for engineering LSPPs at
longer wavelengths is to reduce the free-charge density using doped semiconductors''. However, the preparation of
doped semiconductor nanostructures—requiring high-temperature processes and nanolithography— is expensive and
challenging compared with noble metal NPs. Furthermore, the permittivity of most semiconductor materials will
ultimately be dominated by coupling to vibrations of the crystal lattice (phonons) in the mid- and far-infrared.

At wavelengths where the frequency of the incident light is similar to the frequency of optical phonons, light can couple
to vibrations of the crystal lattice. For polar crystals, this coupling to the lattice is due to an electric dipole resulting from
the charge separation between basis atoms in the primitive cell of the Bravais lattice®. In the long-wavelength IR, both
free carriers and phonons can contribute significantly to the material’s optical permittivity'> *. The Reststrahlen band is
the spectral region between the longitudinal optical and transverse optical phonons (LO and TO, respectively), where
€ < 0 even for an intrinsic material. Ultimately, Maxwell’s Equations are indifferent to the source of the negative
permittivity, and thus the negative permittivity resulting from phonon resonances in polar materials will support surface
modes similar to LSPhPs. For polar materials, nanostructures and NPs made from these materials can support localized
modes'*", called localized surface phonon polaritons (LSPhPs)'® in the Reststrahlen band of the material.
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Figure 1. Real part of Au permittivity from Olmon’ and Ordal'®. Red shaded area indicates the permittivity range: —10 <
& < 0. Gold has a very large negative permittivity (€ < 0) in the mid- to far-IR regions, also shaded blue and green,
respectively.

Hafnium dioxide (HfO,) is a polar crystal with a Reststrahlen band in the mid- and far-infrared. HfO, is already used in
many photonic and electronic applications including optical coatings'” '®, interference filters and dielectric mirrors'*?',
thermal barrier coatingszz‘ 2 and field-effect transistors®* ». The Reststrahlen band of monoclinic HfO, (m-HfO,) spans
~130-800 cm™. 15 infrared and 18 Raman active modes are predicted for m-HfO, using density functional perturbation
theory (DFPT), and characterization of thin films shows good agreement between the predicted and measured optical

phonon energies”®**. However, optical characterization of HfO, has thus far been limited to thin films®® %% 2°32,

In this manuscript, we characterize monoclinic HfO, (m-HfO,) NPs with nominal diameters of 9, 30 and 45 nm in the
mid- to far-IR portion of the electromagnetic spectrum (250-1200 cm™). In the Reststrahlen band of m-HfO, we observe
strong absorption from the IR active optical phonon modes. The frequencies of these modes agree well with the phonon
energies predicted in the literature and previous measurements on thin films. Additionally, we observe an anomaly in the
reflection and transmission measurements that is not explained by coupling to an optical phonon. We attribute this
anomaly to coupling to a LSPhP on the HfO, NPs and present a model that supports this claim.

2. METHODS

HfO, NPs are synthesized by a sol-gel process, calcining a polymerized complex™. Aqueous reaction solutions are
prepared by adding 0.208 M hafnium (IV) chloride, HfCl,, to 24 mL of 2.08 M citric acid; the solutions are stirred
overnight to ensure complete dissolution. Ethylene glycol (0.2 M) is then added to the solution under continuous stirring
for 3 h at 90°C to boil off excess water. The resulting gel is calcined in a pre-heated furnace to pyrolize the remaining
organics and crystallize HfO, NPs. The temperature and time of the calcination process determines the size of the NPs.
Table 1 summarizes the nominal NP size, furnace temperature, and calcination time. The resulting HfO, powders are
ground using a mortar and pestle prior to further preparations and characterization.

Table 1. HfO, NP synthesis parameters

Nominal diameter (nm) Calcination Temperature (°C) Calcination Time (h)

9 650 2
30 950 2
45 950 8

Thin films containing HfO, NPs are prepared on gold and KBr substrates for optical characterization. To create the thin
films, HfO, NPs are surface functionalized with 1.5 — 2 wt% PVP and a suspension with 50 g/L. of HfO, NPs in ethanol
is prepared. For films on KBr substrates, which are appropriate for transmission measurements, suspension drops are
placed over a 13 mm diameter KBr window using a pipette and spread using a wire-wound rod*’. Samples for reflection
measurements are prepared similarly using 2 x 2 cm” glass coverslips coated with a thin layer of Au. For both substrates,
the NPs form films—as verified using scanning electron microscopy—with less than a monolayer of complete coverage.
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In addition to the films containing NPs, KBr/HfO, pellets were also prepared with a total mass of 200 mg comprising of
HfO, nanoparticles and KBr in a mass ratio of 1:200, respectively. The final thickness was measured as approximately
0.47-0.55 mm.

Angle-, wavelength-, and polarization-dependent transmission and reflection measurements are conducted from 250-
7000 cm™ using a Bruker Vertex 80 vacuum Fourier transform infrared spectrometer (FTIR). The measurements are
performed in the internal sample compartment under vacuum to minimize atmospheric absorption. A standard globar and
room-temperature DLaTGS detector are used for all of the measurements. KBr and Mylar beamsplitters are used for the
mid- and far-infrared measurements, respectively, and a KRS-5 linear polarizer is used to select the transverse magnetic
(TM) or transverse electric (TE) polarization of light. Spectra are collected using a resolution of 3 cm ™' and averaged
over 200 scans. For angle-dependent reflection spectra, the VeeMAX III (PIKE Technologies) is used in the internal
sample compartment.

3. RESULTS
3.1 Material Characterization

The size distributions of as-prepared HfO, NPs are obtained using transmission electron microscopy (TEM). Figure 2
shows the NP size distribution measured from 100 NPs for each synthesis (Table 1). The coefficient of variance (CV) is
given by CV=0/u,, where o and p, are the standard deviation and mean diameter, respectively, and are obtained using a
Gaussian fit to the distribution (95% confidence interval: 9.05 £ 0.46 nm, 31.01 + 1.66 nm, 43.80 + 3.30 nm). HfO, NPs
with a nominal diameter of 9, 30, and 45 nm exhibited a CV of 3.9, 3.7, and 2.6%, respectively. Additionally,
agglomerates are present for all sizes but most noticeable in the 9 and 45 nm NPs. Therefore, in order to mitigate
agglomeration, the NPs are coated with polyvinylpyrrolidone (PVP), vortexed, and sonicated several times to ensure
dispersion.
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Figure 2. Measured NP size distribution for HfO, NPs with a nominal diameter of (a) 9 nm, (b) 30 nm, and (c) 45 nm, and
corresponding representative TEM micrographs.
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Coverage on the Au and KBr substrates is evaluated qualitatively using scanning electron microscopy (SEM). Panels (a),
(b) and (c) in Figure 3 show coverage for the 9, 30 and 45 nm NPs on an Au-coated glass slide, respectively. In Figure
3a) several large agglomerations of 9 nm NPs are visible. The diagonal lines are grooves in the gold from the wire
wound rod. Figure 3 (b) is a higher magnification image taken in between parallel grooves for a sample comprising 30
nm NPs. The spatial coverage is low and agglomeration of the NPs is still evident. The degree of spatial coverage is
controlled using the concentration of NPs in the suspension and the type of wire wound rod. Figure 3 (c) is a higher
magnification image of a 45 nm NPs agglomeration.

Figure 3. SEM images showing for samples comprising 9, 30 and 45 nm NPs on an Au-coated glass slide, respectively. (a)
several large agglomerations of 9 nm NPs are visible. The diagonal lines are grooves in the gold from the wire wound rod.
(b) image taken in between parallel grooves for a sample with 30 nm NPs. ¢) image of a 45 nm NPs agglomeration.

The crystalline structure of the synthesized NPs is determined using Raman spectroscopy and X-ray diffraction (XRD).
The Raman active modes are measured using micro-Raman on NPs deposited on a glass substrate. Figure 4 (a) shows the
measured Stokes component of the scattered light. Sixteen peaks are visible in the measured spectrum while eighteen
modes are predicted from DFPT calculations (9 A, and 9 B,) for m-Hf0,?*%*, We account for the difference by noting
that at 139 cm™ the A, and B, modes are degenerate and the small frequency difference for the modes at 326 and 336 cm’
" results in a single, broadened peak. Figure 4 (b) shows the results of XRD measurements. All measured XRD peaks
correspond to m-HfO,* Combined, the Raman and XRD measurements indicate that the synthesized NPs are m-HfO,.
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Figure 4. (a) Stokes Raman shift spectrum and (b) powder XRD pattern for HfO, NPs with a nominal diameter of 9 nm.

3.2 Optical Characterization

Angle-dependent reflectance spectra for TM polarized light are depicted in Figure 5 (a) for NPs with nominal diameters
of 30 nm. All of the spectra exhibit dips at frequencies below 850 cm™ and a monotonic decrease in reflectance beyond
850 cm™. At low frequencies, the dips are primarily due to optical phonon modes in the NP, and we attribute the high-
frequency behavior to Rayleigh scattering effects. While the decrease with increasing frequency does not follow the
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expected 1* dependence, similar effects have been reported in the mid-infrared region with Si NPs of comparable size™,
and the deviation from the expected behavior is attributed to the complex NP-NP and NP-substrate interactions, coating
effects of the PVP, and KBr window.

Figure 5 (b) shows the transmission spectra of 60 nm NPs using KBr pellets. Although, there was little difference of the
transmission measurements between the KBr pellets and KBr surface coated with NPs, the latter is chosen for the
subsequent analysis, because of the ability to control NPs dispersion and thickness of the layer of nanoparticles on the

substrate.
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Figure 5. (a) Reflection measurement of 30 nm HfO, NPs at various angles of incidence under TM light illumination. The
reflected surface is composed of HfO, NPs dispersed on top of a gold mirror surface. (b) Transmission measurement using
KB1/HfO, NP pellets for 60 nm NPs.

The majority of the dips in the reflection and transmission spectra can be understood by considering the optical phonon
modes. In general, dips in the transmission correspond to absorption by a phonon mode at the center frequency of the
dip. 15 IR-active phonon modes are expected for m-HfO, and their resonance frequency, oscillator strength, and
damping constant can be estimated using DFPT. In our transmission measurements, there is a low-energy cutoff due to
strong absorption in the KBr substrate. Therefore, we do not expect to see the lowest energy phonon mode predicted in'®;
however, all other modes are visible. For the measured transmission shown in Figure 6 (a). The vertical dashed lines
indicate optical phonon frequencies as predicted using DFPT from Ref. 26. The shaded red regions centered about each
vertical line indicate error bars of £5%.

To identify the various spectral features, we fit the measured transmission data with a simulated curve that is calculated
using transfer matrix code with a multiple-oscillator model for the permittivity of the thin film*. The transfer matrix
model treats the NPs as a thin film and is appropriate for determining the frequency, oscillator strength, and damping
constant. The effective permittivity in the mid- to far-IR is described using the following equation:

w2
E(w)=goo+2jwjz__w2—piim (D

where ¢, is the high frequency limit dielectric constant; the sum is over all IR-active optical phonon modes; w;, w,;, and
y; are the resonance frequency, plasma frequency, and damping constant of the j-th oscillator, respectively. We use &,
w;, w,;, and y; as fitting parameters and limit the range of w, to +5% of the predicted phonon energies in Ref. 26 in the
fitting algorithm. Table 2 summarizes the identified HfO, IR phonon modes from literature®, and the recovered fitting
parameters obtained using a least squares method with the measured transmission and the simulated transmission
obtained using the transfer matrix code.
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Figure 6. (a) Identified phonon modes of HfO, NPs (dashed lines) showing 5% error bars (shaded). Most absorption dips
can be aligned with a phonon mode. (b) Experimental transmission from 30 nm HfO, NPs (black line), fitting using transfer
matrix method and a multiple-oscillator model of a 30 nm effective thin film (red line), and fitting using a single-oscillator
model (blue line). (c) Real and imaginary parts of the permittivity recovered using a least squared regression method, for
single-oscillator models. (d) Transmission comparison of 30 nm HfO, NPs coated with 5% PVP versus PVP alone.

Figure 6 (b) shows the calculated transmission using the recovered effective permittivity (Eq. 1) superimposed on the
experimental transmission. A single-oscillator model that uses a single LO and TO phonon is also shown. There is
excellent agreement between the measurement and multiple-oscillator model over the majority of the spectral region;
however, there is some deviation around 556 cm™. As seen in Fig. 6 (a) and Table 1, no optical phonons are predicted in
this portion of the spectrum. Furthermore, the phonons that are energetically close to the anomalous region describe
observed dips in the transmission. Attributing this anomaly to a phonon is not consistent with the already strong
agreements between our measurements and previously published results—both experiment and theory.

We attribute this anomaly in transmission at around 556 cm™ to LSPhPs coupling on the NPs. This localized mode is the
so-called Fréhlich mode®”, which is a homogeneous vibrational surface mode in spherical NPs. The Frohlich mode
makes itself evident in NPs at € = —2. In order to support our claim regarding HfO, NPs coupling to LSPhPs, we
regressively calculate the NPs effective permittivity. We assume that the nanoparticles from an isotropic medium (thin
film) and use a single-oscillator model fit to the transmission data. Figure 6 (c) shows the recovered permittivity using
the single-oscillator model that was fit to the experiment transmission (Fig. 6 (b)).
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Table 2. Modified parameters for multiple-oscillator model of HfO,

Phonon frequency from  Resonance frequency from fit, w; Plasma frequency, oy, Damping constant, v;
Ref. [25] (cm™) (em™) (ecm™) (cm™)

251 238 50 170
258 272 60 8

316 323 273 32
338 340 340 345
355 369 424 50
396 412 380 36
410 430 481 71

498 463 196 36
512 517 566 58
600 570 535 90
665 658 543 95

730 763 410 48

In addition, we analytically calculate the LSPhP frequency. For this calculation, however, we use reported HfO, thin film
values®. The TO and LO optical phonon frequencies are estimated as wro = 336.7 cm™ and m; o = 662 cm™, respectively.
Then, the frequency of the LSPhP for an isotropic NP surrounded by a dielectric is given by”’:

_ 2 &otem(2)
Wrsphp = W70 o tem(2) 2

where €, = 3.74 and & = 17 - 25 are the high frequency limit dielectric constant and the static dielectric constant of
HfO,, respectively, and e, = 2.33 is the KBr dielectric constant’. Using the values above, the frequency of the LSPhP is
varies between 541 - 632 cm’! for different values of €). When &y = 18, @ sprp = 553 cm’’, which is close to the value of
the anomaly observed on the 30 nm NPs. We also perform finite element calculations using COMSOL Multiphysics.
Using the same single-oscillator effective permittivity, the models predict LSPhPs at frequencies similar to Eq. (2). The
inset of Figure 6 (c) shows the charge density on the HfO, NPs at 553 cm™ and for &, = 18. The blue and red regions
indicate negative and positive charge, respectively. The charge density has the characteristic dipolar nature expected for
the Frohlich mode®. The numerical models predict a stronger deviation in reflection and transmission on the spectrum.
We attribute the weaker anomaly observed in experiment to non-ideal dispersion of the NPs. Finally, we only observe
this anomaly for the 30 nm NPs prepared as thin films. We believe that coupling to the LSPhP is not observed for the 9
and 45 nm NPs due to poor dispersion of the NPs during the preparation of thin films, which was confirmed by SEM.
Similarly, the anomaly is not observed in the HfO,/KBr pellets due to the increased density of NPs and the resulting
spectral shifts and broadenings associated with coupling between closely packed NPs.

Finally, to verify that the spectral anomaly is not due to the PVP coating, we measure transmission through a thin layer
of PVP on a KBr window. The transmission spectrum, Figure 6 (d), exhibits absorption bands in between 200 and 2000
cm’'; however, none of these features are present in the transmission measurements of the NPs and none of the spectral
features occur at the same frequency as the anomaly.

4. CONCLUSIONS

HfO, NPs are synthesized using a sol-gel method with nominal diameters of 9, 30 and 45 nm and are optically
characterized across the mid- and far-infrared. The crystal structure of the NPs is identified as monoclinic using Raman
spectroscopy and XRD. Angle-dependent reflection and transmission measurements of the NPs exhibit dips that
correspond to the optical phonon modes of m-HfO,. An anomaly that cannot be attributed to an optical phonon is
observed at 556 cm™'. We argue that the observed anomaly is present as a result of the NPs coupling to a LSPhP mode.
To support this claim, we introduce a simple numerical model that predicts LSPhP modes around this frequency, 553 cm’
'. This work demonstrates the potential for using polar crystals NPs in the mid- and far-IR as an analog of noble metal
NPs in the visible. These polar NPs could lead to improved sensing and materials for this important part of the spectrum.
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