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Optical characterization of polar HfO, nanoparticles

in the mid- and far-infrared
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Monoclinic HfO, nanoparticles with nominal diameters of 9, 30, and 45 nm are characterized
using transmission and reflection spectroscopy from the mid- to far-infrared. Phonon modes are
identified in the measured spectra and agree with previously reported values in HfO, thin films
and density functional perturbation theory calculations. An anomaly in both reflection and trans-
mission is observed at 556.cm ™' that is not attributed to the optical phonon modes. Numerical
models predict a localized surface phonon polariton mode near this frequency, and we attribute
the anomaly to coupling to this surface mode. The results of this work suggest that HfO, nano-
particles could enable engineered optical properties in new mid- and far-infrared materials and
devices. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991544]

Noble metal nanoparticles (NPs) have been the subject
of intense research across myriad fields because of applica-
tions enabled in plasmonic sensing,' optical coatings, > cir-
cuits and optical metamaterials,*® surface enhanced infrared
absorption,” and surface enhanced Raman scattering.® These
applications have enormous impacts on photonics and optics
in the visible and near-infrared. Much of this progress is
enabled by the tailored interaction of light with the NPs,
which can be engineered by the controlling intrinsic and
extrinsic properties of the NPs. A similar infrastructure for
longer wavelengths could lead to new applications and
improvements in sensing, imaging, and more. However,
noble metal NPs are limited at longer wavelengths due to the
large, negative permittivity, e, of the metals.’

In the mid- and far-IR, away from interband transitions,
coupling to collective oscillations of free-carriers, called
plasmons, and vibrations of the crystal lattice in polar
materials can significantly affect the permittivity of a mate-
rial.'®!"" For commonly used noble metals, the large free-
carrier density (5.9 x 10**cm ™ for Au'?) results in a plasma
frequency in the visible or near-infrared and Re(e) < 0 in
the mid-IR.” One strategy to engineer Re(e) in the long-
wavelength IR is to use doped semiconductors to control
the free-carrier density and thus the permittivity.'> While
reducing the free-carrier density is a viable strategy for a
portion of the mid-IR, vibrations of the crystal lattice (pho-
nons) eventually dominate the optical characteristics of most
polar crystals at longer waveleng:{ths.m’11 In the so-called
Reststrahlen band, the spectral region between the longitudi-
nal optical (LO) and transverse optical (TO) phonons, € < 0,
and nanostructures and NPs made from these materials can
support localized modes similar to localized surface plas-
mons in the field of plasmonics.'®!!!%13

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
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including optical coatings,'®'” interference filters and dielec-

tric mirrors,lg*20 thermal barrier coatings,zl’22 and field-
effect transistors.”>** HfO, has many polymorphs (cubic,
orthorhombic, and monoclinic) at atmospheric pressure;
however, at temperatures below 2000K, the most stable
form is monoclinic HfO, (m-HfO,).*® m-HfO, exhibits
optical phonon modes in the mid- and far-IR spectral
regions (~130-800cm ). The optical characterization
of HfO, polymorphs has thus far been limited to thin
films'6:17:1921:2326-29 where the optical spectra exhibit a few
dominant phonon modes and are highly dependent on the
crystallographic direction and the experimental setup.’*=>

In this manuscript, we characterize m-HfO, NPs with
nominal diameters of 9, 30, and 45 nm in the mid- to far-IR
portion of the electromagnetic spectrum (250—1200cm ™).
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 ener-
gies predicted in the literature. Additionally, we observe an
anomaly in the reflection and transmission measurements,
which is not explained by coupling to an optical phonon. We
attribute this anomaly to coupling to a localized surface pho-
non polariton (LSPhP) in HfO, NPs and provide a simple
model that supports this claim.

HfO, NPs with nominal diameters of 9, 30, and 45 nm
are prepared by a sol-gel process.”> Aqueous reaction solu-
tions are prepared by adding 0.208 M hafnium chloride to
24ml of 2.08 M citric acid and stirred overnight to ensure
complete dissolution. Ethylene glycol (0.2 M) is 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 preheated fur-
nace at 650°C for 2h, 950°C for 2h, or 950°C for 8h to
pyrolize the remaining organics and crystallize HfO, NPs
with nominal diameters of ~9, ~30, or ~45 nm, respectively.
The resulting HfO, powders are ground using a mortar and
pestle prior to further preparations and characterization. The
crystallographic phase of the as-synthesized NPs is mono-
clinic as determined using powder X-ray diffraction,” and
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the measured Raman spectra agree well with the spectra pre-
dicted from density function perturbation theory (DFPT) for
m-HfO,.*%32

The morphology and size distribution of the synthesized
HfO, NPs are characterized using transmission electron micros-
copy (TEM). Figure 1 shows the distribution of major and
minor axes measured from approximately 100 NPs sampled for
each nominal NP diameter reveals that as-prepared HfO, NPs
were slightly ellipsoidal with mean (* standard deviation)
major axis diameters of 9 (2), 31 (8), and 43 (17) nm.

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 by adding 1.5-2 wt.
% polyvinylpyrrolidone (PVP) to a suspension of 50g/l of
HfO, NPs in ethanol and dispersed by ultrasonication. For
films on KBr substrates that are appropriate for transmission
measurements, suspension drops are pipetted on a 13mm
diameter KBr window and spread using a wire-wound rod.**
Samples for reflection measurements are prepared in a similar
fashion on 2 x 2 cm? gold mirrors. For both substrates, the NPs
form films—as verified using scanning electron microscopy—
with less than a monolayer of complete coverage.

Angle-, wavelength-, and polarization-dependent trans-
mission and reflection measurements are conducted from
250 to 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 room-
temperature DLaTGS detector and a globar are used for all
of the measurements. KBr and Mylar beamsplitters are used
for the mid- and far-infrared measurements, respectively,
and a linear polarizer is used to select the transverse mag-
netic (TM) or transverse electric (TE) polarization of light.
Spectra are collected using a resolution of 3cm ™' and aver-
aged over 200 scans. We estimate that we measure
500 x 10° and 2 x 10°NPs for reflection and transmission
measurements, respectively (Fig. 1).

Figure 2(a) depicts the measured transmission of 30 nm
HfO, NPs on a KBr window (red) with the calculated
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transmission of a 30nm HfO, thin film, obtained using
previously published data for the permittivity?® and a transfer
matrix method (blue). More absorption features are observed
in the NP spectrum compared with the thin film due to the
anisotropy of the HfO, permittivity and the distribution of
NP crystal orientations with respect to the incident light.

Angle-dependent reflectance spectra for TM polarized
light are depicted in Figs. 2(b)-2(d) for NPs with nominal
diameters of 9, 30, and 45 nm. All of the spectra exhibit dips
at frequencies below 850 cm ™' and a monotonic decrease in
reflectance beyond 850cm ', The absorption dips, at low
frequencies, are primarily due to optical phonon modes in
the NP, while at high frequencies, the transmission behavior
is attributed to Rayleigh scattering effects. The decrease in
transmission with increasing frequency does not follow the
expected A~* dependence, but similar effects have been
reported in the mid-infrared region with Si NPs of compara-
ble size.>> This deviation from the expected behavior is
attributed to empty space between NPs and complex interac-
tions between the NPs and the substrate.

The reflection and transmission spectra of m-HfO, NPs
are understood by considering the IR-active optical pho-
nons. Fifteen IR phonon modes are expected, and their reso-
nance frequency, oscillator strength, and damping constant
can be estimated using DFPT.*® The lowest frequency
mode'” is not observed in our measurements due to spectral
cutoff dictated by the KBr substrate, but all other modes are
visible. Figure 3(a) shows the average and standard devia-
tion of the measured transmission for normally incident
light obtained by characterizing six samples comprising
30nm NPs that were separately prepared and measured.
Moreover, the 30nm NPs were also sampled from two
separate syntheses. The measured spectra for all six sam-
ples exhibit similar peaks and dips in transmission. There is
some difference in the values of the extrema and the overall
transmission due to differences in sample preparation, pri-
marily NP density and film thickness.

In general, dips in the transmission correspond to
absorption by a phonon mode, allowing the phonon energies
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FIG. 1. Representative TEM micrographs and the measured distribution of major and minor axes of HfO, NPs exhibiting nominal diameters of (a) 9 nm, (b)

30nm, and (c) 45 nm.
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to be determined by fitting the spectral measurements. To
identify various spectral features, we fit the measured trans-
mission data with a simulated curve that is calculated using a
transfer matrix code for a thin film with a multiple-oscillator
model for the permittivity of the film.*® We note that due to
anisotropy that arises from the monoclinic crystal structure,
the permittivity should be described using a tensor; however,
because of the random orientation of the NPs in the thin
films, anisotropy in the permittivity primarily broadens
transmission dips. The permittivity in the mid- to far-IR is
described using the following equation:

2
Dpj

&(w) :8“+Zw2—w2—im’ (1)
et J

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, oscillator strength, and damp-
ing constant of the jth oscillator, respectively. We use &, )},
), 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. We fit the measured data from 400 to 800 cm ™' for
three different samples comprising 9, 30, or 45 nm NPs using
a least squares method with the measured transmission and
the simulated transmission calculated using a transfer matrix
code. Table I summarizes the HfO, IR phonon modes from
the literature,’® and the mean and standard deviation of the
recovered phonon resonance frequencies for the samples fit
using this procedure. There is good agreement between the
recovered phonon frequencies across the samples comprising
9, 30, and 45 NPs as evidenced by the small standard

800 1000 1200

Wavenumber (cm)

deviations and with the values reported in Ref. 26 and also
between ¢, = 3.74 and the value reported in Ref. 29.

The measured transmission and the calculated fit from
400 to 800cm ™' are shown in Fig. 3(b) for a sample com-
prising 30nm NPs. The vertical dashed lines and shaded
regions indicate the mean and standard deviation of the
recovered phonon resonance frequencies from Table I,
respectively. There is good agreement between the measure-
ment and model over the majority of the spectral region;
however, there is some deviation around 556 cm ™' where an
anomalous dip in the transmission is observed in the mea-
surement that is not predicted by the model. This anomalous
dip in transmission is consistently observed in samples com-
prising 30nm NPs (Fig. 3(a)). As shown in Table I, no opti-
cal 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 transmis-
sion. Therefore, attributing this anomaly to a phonon is not
consistent with the already strong agreements between our
measurements and previously published results—both the
experiment and theory. Control measurements using PVP
on a KBr window verify that the anomaly is not due to
absorption by the PVP coating on the NPs. In addition to the
anomaly at 556 cm ™!, there is also disagreement around
720cm~'. We believe that the disagreement is a result of
increased Rayleigh scattering and the limitations of our sim-
plified permittivity. However, we note that the measured
phonon modes at 667 and 760 cm ' do agree well with pre-
vious calculations and measurements.

We therefore attribute the dip in transmission around
556.cm™" to coupling to localized surface phonon polaritons
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FIG. 3. (a) Mean (black line) and standard deviation (red shading), o, of the
measured transmittance for 6 samples comprising 30nm HfO, NPs. The
black arrow indicates the observed anomaly. (b) Measured transmission
(black line) for 30 nm HfO, NPs with the calculated fit (dashed red line).
The mean and standard deviation of the recovered phonon frequencies are
indicated by vertical dotted lines and red shaded regions, respectively. The
black arrow indicates the observed anomaly. The type of phonon is indicated
with a label to the right of each dashed line using data from Ref. 31.

(LSPhP) on the NPs, which would not be predicted by our
thin film model used to recover phonon energies. To support
our claim, we calculate the expected frequency for the
LSPhP using an electron-phonon microscopic model for
polar optical phonons that describes localized modes in
spherical particles using a lumped oscillator model for the
permittivity.29 The frequency of the LSPhP, wjsppp, for
spherical NPs within a surrounding medium, the so-called
Frélich mode, is given as®’

& + 2¢
WLSPhP = \/w%o Hizgm’ ()
o0 m

TABLE I. Recovered parameters for the multiple-oscillator model of HfO,.

Phonon frequency Mean measured resonance Standard deviation,

from Ref. 26 (cmfl) frequency, ; (em™) a; (cmfl)
410 412

498 462 3
512 517 3
600 589 17
665 667

730 760 3

Appl. Phys. Lett. 111, 011101 (2017)

where &, =3.74 and & = 18% are the high frequency limit
dielectric constant and the static dielectric constant of HfO,,
respectively; ¢, =2.33 is the dielectric constant of KBr;>°
and wyo=2336.5cm ' is the effective TO phonon mode in
a lumped oscillator model. We obtain wyo by fitting the
experimental reflection data with a single-oscillator, as in in
Ref. 29. Using the values mentioned above, the calculated
frequency of the LSPhP is 553cm ™', which is close to the
value of the anomaly observed on the 30 nm NPs.

The anomaly attributed to coupling to the LSPhP is con-
sistently observed for the 30nm NPs (Fig. 3(a)); however,
for samples prepared using 9 and 45 nm NPs, the anomaly is
only observed for some samples, and when it is observed,
the dip is small compared to the 30nm NP samples. We
believe that this difference between samples is due to vari-
ability in the uniformity of deposited NP thin films as con-
firmed using scanning electron microscopy. To verify that
better NP dispersion results in a strong dip in transmission,
we prepare several samples of 45nm NPs in a KBr matrix
using a mortar and pestle to reduce NP agglomeration
and measure the transmission through the sample, and for
these samples, the anomaly at 556cm ™' is visible as shown
in Fig. 4. While NP size influences the frequency of the
localized mode, the predicted shift in frequency for 30 and
45 nm diameter NPs is less than 0.01%. Additionally, a shift
due to differences in the aspect ratio of the 30 and 45 nm
NPs is also estimated using the Mie scattering theory to be
small.*®

In conclusion, monoclinic HfO, NPs with nominal
diameters of 9, 30, and 45 nm are synthesized using a sol-gel
method, and optical properties are characterized across the
mid- and far-IR. Reflection and transmission measurements
exhibit optical features that can be associated with coupling
to optical phonon modes. The identified optical phonon
modes are in good agreement with phonon modes predicted
by DFPT. However, an anomaly in reflection and transmis-
sion is observed around 556cm ™! that is not explained by
coupling to an optical phonon. We present a simple model
that predicts LSPhP modes around this frequency and argue
that the anomaly is due to coupling to these modes. Further
work is needed to improve the uniformity of deposited films
in order to improve coupling to LSPhP modes on single NPs.
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FIG. 4. Measured transmission for 45nm HfO, NPs prepared in a KBr
matrix.
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Therefore, this work demonstrates the potential for using
polar crystal 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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