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Abstract

We present the fabrication of tunable plasmonic hafnium nitride (HfN) nanoparticles. HfN is a
metallic refractory material with the potential of supporting plasmon resonances in the visible
range, similar to silver and gold, but with the additional benefits of high melting point, chemical
stability, and mechanical hardness. However, the preparation of HfN nanoparticles and the
experimental demonstration of their plasmonic potential are still in their infancy. Here, high quality
HfN thin films were fabricated, for which ellipsometry shows their plasmonic potential. From these
thin films, nanorods and nanotriangles were milled using a focused ion beam and the plasmon
resonances were identified using cathodoluminescence mapping. As an alternative fabrication
strategy, an optimized electron-beam lithography procedure was used to prepare arrays of HfN
nanoparticles, which also exhibited clear surface plasmon resonances. These results pave the way to
further explore HfN nanoparticles in plasmonically-powered applications where materials
robustness is essential.
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Introduction

Noble metal plasmonic nanostructures feature extraordinary visible light absorption cross sections,
highly tunable optical responses, and capability of enhancing the local energy density of light in
subwavelength volumes. Unconventional plasmonic materials such as the group-4 metal nitrides
(TiN, ZrN, and HfN) have recently attracted strong research interest!-3 for complementing the use of
Au/Ag in plasmonic applications at high temperature and high photon flux, because of two main
reasons: (i) their optical behavior is similar to Ag and Au but is more tunable by varying the material
stoichiometry, and (ii) their refractory material properties bless them with extremely high melting
points [Tn(HfN) = 3583 K],* excellent chemical stability, and mechanical hardness. Thus, metal
nitride nanoparticles are expected to have more stable and reliable optical properties at demanding
operating conditions than their noble metal counterparts. Plasmonic nanostructures are also well
studied for their ability to generate highly energetic, “hot” electrons upon optical excitation, which
can be extracted for driving a wide variety of chemical reactions.>-7 In this context, especially HfN is
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a promising material because the large phonon bandgap leads to a significantly slower hot electron-
phonon relaxation pathway (7 % 1 - 3 ns)8° compared to the noble metals (z < 3 ps).19 This in turn
may lead to higher extraction efficiencies and the ability to drive kinetically slower chemical
reactions before charge-recombination occurs.5

Although there are various reports on plasmonic TiN and ZrN nanoparticles,11.122113-20 detailed
reports on the fabrication of plasmonic HfN nanoparticles are currently very scarce,22 with no
method reported for controlling particle shape or size. Furthermore, the evidence of their plasmonic
properties so far consists of ensemble measurements of the localized surface plasmon resonance
(LSPR) using absorption spectroscopy. However, since many plasmonic applications rely on shape
and size control to tune the resonance frequency and spatial distribution of LSPRs, it is crucial to
characterize this spatial variation in both individual nanoparticles and in uniform arrays. This
motivated us to explore and develop lithographic preparations for obtaining plasmonic HfN
nanostructures and spatially mapping their LSPRs using cathodoluminescence (CL) spectroscopy.

We realized that such a task is non-trivial, because although the refractory material properties are a
blessing in the eventual plasmonic applications, they are an inconvenience for the preparation of
nanoparticles with lithography.123 On the one hand, due to the high melting point and binary atomic
nature, it is challenging to deposit stoichiometric HfN using thermal or e-beam evaporation and
without loss of nitrogen. The usual deposition technique for obtaining high-quality HfN thin films is
therefore reactive sputter coating,2* which uses a Hf target and a nitrogen-containing plasma
(Figure S1). However, this technique is incompatible with standard positive-tone resist lithography
due to the hostile presence of the reactive plasma and the often required high temperatures during
deposition. Another cumbersome disadvantage is the poor directionality of the sputter source,
which leads to challenges in the achievable particle resolution and height. On the other hand,
negative-tone resist strategies are severely limited by the high chemical inertness, which prevents
effectiveness of chemical and reactive ion etching techniques.

In short, before the beneficial material properties of HfN can be fully exploited in plasmonic
applications, it is crucial to develop fabrication techniques and experimentally examine the
achievable properties of LSPRs in such fabricated particles. In this work, we prepare high quality
HfN films with tunable properties using reactive sputtering. We then show that both focused ion
beam milling and electron beam lithography can be used to make individual nanoparticles and
uniform arrays with controlled shape and size. Finally, we use CL spectroscopy to map the LSPRs in
particles with different shapes and sizes.

Results and discussion

In order to obtain high-quality plasmonic HfN nanoparticles we first optimized the deposition of
HfN by reactive sputter coating. By varying the nitrogen partial pressure in the sputter plasma, a full
range of silver-colored to golden to brown HfN thin layers was obtained on both Si(100) and c-plane
sapphire substrates (Figure 1a) without active substrate heating. Extraction of the optical constants
(permittivity £ and &£”) by spectroscopic ellipsometry allowed us to select growth conditions for
optimal plasmonic performance in the visible-NIR region, i.e. for which the plasmonic quality factor
Quspr = -€’/ €” was maximized (Figure S2, optimized result in Figure 1c). In such conditions, a
lustrous silver-golden material was obtained (Figure 1a, indicated with “HfN"), for which the optical
constants could be well described by the classical free-electron (Drude) model with unscreened
plasma frequency hwp = 8.19 eV, damping constant Ay = 0.48 eV, and high-frequency limit €, = 4.62
eV (Figure S3), very similar to literature values on metal-like HfN.12526 A screened bulk plasmon
resonance at A ~ 370 nm (= 3.35 eV) was observed (for £’ = 0), while the bulk plasma frequency is
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expected at much higher energy, which has been attributed before to the presence of interband
transitions with a threshold at near-UV frequencies.2s The UV-Vis absorption spectrum indeed
showed typical noble metal behavior with an increase in reflection towards infrared wavelengths,
while the absorption increased towards the UV as the result of the interband transitions (Figure S4).
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Figure 1. Characterization of an optimized HfN thin film grown by reactive sputter coating. a) Photograph of
200 nm HfN, (0<y=<1.33) layers deposited by reactive sputter coating on 12x12 mm Si substrates. b) SEM
cross section of a 200 nm HfN thin film on crystalline Si(100). c) Real (solid blue curve, left) and imaginary
(solid red curve, right axis) parts of the dielectric constant obtained from spectroscopic ellipsometry
measurements of a 200-nm-thin HfN film. Dashed curves indicate the data compiled by Ribbing and Roos.2¢ d)
RBS spectrum of HfN thin film on Si. Fit to the data (red) made using SIMNRA software, revealing a Hf:N
stoichiometry of 1:0.96. Surface channels are indicated per element. e) XPS spectrum after 500 eV Ar ion
erosion to about 35 nm depth (see also Figure S9). f) XRD spectrum of HfN on Si(100). The (200) index
corresponds to the reported diffraction pattern of cubic HfN with a lattice constant of 4.53 A.27 Inset: pseudo-
Voigt-function fit (red, R? = 0.996) to the HfN(200) diffraction peak, from which a crystallite size of 40 nm was
calculated after correction for instrumental broadening. g) Raman spectrum of HfN on Al;0s. thin film. Phonon
bands are annotated as previously assigned by Stoehr et al.28 A = acoustic, LA = longitudinal acoustic, TA =
transverse acoustic, O = optical. The TA peak at 120 cm-! is not visible due to the filter cutoff at ~150 cm-1.

The Hf:N stoichiometry was determined to be 1:0.96 using 2 MeV He Rutherford Backscattering
Spectrometry (RBS, Figure 1d), with uniformity throughout the entire film and less than 2 atom%
oxygen in the material bulk (see measurements on carbon substrate in Figure S6). Cross-correlating
the RBS-derived stoichiometry and the extracted optical constants for HfN deposited at elevated
nitrogen partial pressures revealed that the plasmonic performance greatly diminished upon
deviating from 1:1 stoichiometry (Figure S2 and Figure S5). X-ray Photoemission Spectroscopy
(XPS, Figure 1e) and depth profiling (Figure S9) confirmed (i) Hf and N binding energies matching
literature spectra of HfN,2930 (ii) 1:1 stoichiometry with excellent uniformity, and (iii) excellent
purity with negligible amount of incorporated oxygen and carbon in the material bulk.

The material was further characterized by X-ray diffraction (XRD), Atomic Force Microscopy (AFM),
and Raman spectroscopy. XRD showed that HfN was deposited single-phased with preferred (100)
crystal orientation on both Si(100) and c-plane sapphire with an average crystallite size of 40-47 nm
and a cubic lattice constant of 4.53 A (Figure 1f, Figure $8).27 A cross-cut of the film was visualized
using Scanning Electron Microscopy (SEM), revealing that the crystallites grow in a columnar
fashion (Figure 1b), similar to reports on other transition metal nitrides.13132 Despite
polycrystallinity, AFM revealed that the surface was very smooth (0.3 nm root-mean square
roughness, Figure S7). The Raman spectrum (Figure 1g) consisted of a first-order acoustic band (<
200 cm-1), first-order optical band (520 cm-!) and several second-order combinations,28 which
confirmed the wide phonon bandgap reported for this material due to the large atomic mass
difference (mur: my = 178 : 14). Finally, 4-point probe electrical resistance measurements identified
a low sheet resistance of 2.7 Q/sg. (66 uf.cm bulk resistance), in line with literature values.?.24
Overall these data demonstrate that high-quality metallic HfN was obtained with suitable physical-
optical properties for making plasmonic nanoparticles.

We fabricated HfN nanoparticles with various sizes and shapes using FIB milling of a 70 nm HfN thin
film and mapped the plasmon resonances using a focused 30 keV electron beam as an optical
excitation in a CL-SEM setup (Figure 2). In total 10 differently-sized nanorods and nanotriangles
were prepared (SEM in Figure S11) and Energy Dispersive X-ray Spectroscopy (EDS) mapping
confirmed that the particles consisted of HfN (Figure 2b, Figure S10). The nanostructure dimensions
were chosen to roughly match the attainable size of structures fabricated by e-beam lithography,
discussed later in this work. Finite Difference Time Domain (FDTD) simulations predicted that such
relatively large structures mainly resonate at near-infrared wavelengths with broad tailing towards
the visible light region, partially due to relatively high losses in the material (Figure S12). For both
295 x 95 nm and 485 x 75 nm nanorods, at resonance conditions the extinction is expected to be
dominated by absorption (absorption =~ 60% of total extinction cross section, Figure S12b/c), while
for a 415 nm equilateral nanotriangle it is dominated by scatter (absorption = 35% of total
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extinction cross section, Figure S12d). As expected, for nanorods the simulations exhibit a rather
weak plasmon resonance for source polarization along the short axis (around 500 nm) and a much
stronger plasmon resonance along the long axis at near infrared wavelengths (>1000 nm). CL was
used in the coherent mode in which the time-varying electric field of an electron polarizes the
nanoparticle that then radiates to the far field creating CL over a broad spectral range.33-35 Raster-
scanning the electron beam over the nanostructure allows for excitation mapping of LSPR modal
distributions. Because CL spectroscopy beyond 1000 nm was challenging due to severe background
CL originating from the Si substrate, we instead focused on the 380 - 720 nm domain, in which we
expected to observe higher order plasmonic resonances as previously observed for Ag and Au

nanostructures.36-39
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Figure 2. CL of HfN nanostructures prepared by FIB-milling. a) SEM micrograph of a 420 nm equilateral HfN
nanotriangle. b) EDX emission map of Hf (top, red) and N (bottom, green) under 5 kV electron impact. c) AFM
3D reconstruction of the HfN nanotriangle (blue-green-red color scheme added for height discrimination).
Note that only the top 70 nm consists of HfN, see Figure S11. CL spectra (d) and normalized spectral maps at 4
=500 = 50 nm (e) for HfN triangles and short and long nanorods. The scale bar is 200 nm for all three images.
Spectra in panel d correspond to locations arrow-marked in panel e. Transition radiation (T.R.) spectrum of
thin film HfN given in yellow. f) CL intensity at A = 500 + 50 nm along the long axis of the long nanorod of
which the CL map is shown in panel e.

The CL maps at 4 =500 * 50 nm for an equilateral 420 nm nanotriangle and two nanorods (295x75
and 485x75 nm) are presented in Figure 2e and spectra at selected points are shown in panel d
(data for all structures shown in Figure S13/Figure S14). For all 10 structures the emission intensity
is highest at the tips throughout the entire spectrum. The spectral maps for the nanorods are similar
to those found earlier for Au and Ag nanorods and are explained by standing plasmon waves along
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the rod.36-39 For both nanorods the high-frequency tail of the first-harmonic resonances are
observed at the tips, increasing in intensity towards the near-infrared (Figure 2d, spectra #3 and
#4). Because the first-harmonic plasmon mode peaks at shorter wavelength for the smaller
nanorod, we observe a higher CL-intensity in the visible range for this structure. For the 485 nm rod
an antinode is observed in the center (Figure 2e) corresponding to the second-harmonic resonance
which peaks at 4 = 550 nm (Figure 2d, spectrum #5). The fact that this second-harmonic standing
wave is observed at a wavelength very close to the rod length (L) is in agreement with a surface
plasmon polariton (SPP) mode index close to 1 (nmese = A / L = 1.1 for the second-harmonic)38 that
follows from the optical constants in Figure 1c, and indicates there is only a small phase shift upon
SPP reflection off the nanorod ends.*® Furthermore, second- and third-harmonics were also
observed in larger HfN structures and were consistent with our interpretation of standing wave
plasmon-modes (see Figure S13, Figure S14, and accompanying discussion). Note that all of the
emission spectra are much stronger than the transition radiation of thin-film HfN under the same
excitation conditions (T.R,, Figure 2d).

The CL map for the triangular structure shows similar features to that observed for Au triangles in
both CL and Electron Energy-Loss Spectroscopy (EELS) using a scanning transmission electron
microscope.3941-43 Multiple mode profiles can be observed, due to the spectral overlap of modes. In
the CL map at A =500 = 50 nm we observe a tip-centered mode with intensity increase towards NIR
wavelengths and no observable peaks in the visible range (Figure 2d, spectrum #1). Notably, for
smaller nanotriangles the tip-centered mode shifts to 4 = 650 nm and A = 500 nm for 300 nm and
190 nm width, respectively (Figure S14: spectra #20 and #22). Furthermore, a central mode is
observed which peaks at 4 = 500 nm for 420 nm width (Figure 2d, spectrum #2), blue-shifts to 1 =
400 nm for 300 nm width, and further blue-shifts to UV wavelengths for 190 nm width (Figure S14:
spectra #21 and #23). This is consistent with the blue-shifting of plasmon modes upon decreasing
structural dimensions, as has previously been observed in Au.

Because FIB preparation of HfN nanoparticles that was used above is incompatible with many
applications and upscaling, we also explored larger-scale preparation of nanorods and
nanotriangles using e-beam lithography on Si and sapphire substrates. A negative-tone resist
strategy using hydrogen silsesquioxane (HSQ) and plasma etching of excess HfN with Ar/SFs was
able to yield nanoparticle arrays (Figure S15). However, the nanoparticle edges were rounded and
slanted, the z-dimension was limited to <40 nm by the much higher etch-rate of developed HSQ in
the plasma etching conditions, and according to EDX the nanoparticle material was implanted with
fluorine during etching. We then used a CSAR-62 positive-tone resist in combination with lift-off
(Figure S16). However, HfN was inevitably only deposited on the resist walls due to the non-
directionality of HfN sputter coating and the 35° angle between target and substrate, which is
default in our sputter coater, thereby producing thin cylindrical structures that did not feature the
Raman spectral fingerprint of HfN (Figure S17). We attribute this to the reaction of HfN sputtered
particles with the oxygen and carbon-rich resist, leading to an undesired material combination.

We addressed these challenges by (1) adjusting the sample to face the sputter target
perpendicularly, and (2) replacing the single-layer resist by a triple-layer stack of CSAR-62,
germanium, and PMMA to engineer a plasma-etched undercut in the bottom layer (see SI and Figure
S18). Since the substrates were not heated during HfN deposition, the use of polymer resists posed
no restrictions, which avoided the requirement for using hard-masks, e.g. Cr.1? The final step
consisted of tape-stripping of persistently adhered HfN walls (Figure S19), leading to clean arrays
with a diversity of nanodisks, rods, and triangles (Figure 3a/e and Figure S20). Features down to
100 nm were successfully patterned with reasonable fidelity (Figure 3f). The maximum height of the
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particle gradually decreased when approaching smaller structure dimensions (Figure S$21),
presumably because the patterned resist gap closes at the top during HfN deposition, thereby
limiting further deposition on the substrate. EDX confirmed that these nanoparticles consisted of
hafnium and nitrogen (Figure 3g and Figure S22), and the Raman spectrum of the nanoparticles was
identical to that of the thin film (Figure 1g and Figure 3d), together indicating that the nanoparticles
consisted of high quality HfN. Thus, here it is demonstrated that relatively simple positive-tone
resists and the sputter deposition of a refractory material are not fundamentally incompatible. We
believe that our patterning methodology can be readily applied for other materials that rely on
reactive sputter coating to reach high quality, e.g. the other metal nitrides (ZrN/TaN/MoN/WN etc.).
Further upscaling could be achieved by combining the triple-layer sputter-coating strategy with, for
instance, Substrate Conformal Nanoimprint Lithography (SCIL)#4 or Nanosphere Lithography
(NSL).#s
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Figure 3. Characterization of HfN nanoparticle arrays prepared by electron-beam lithography. a) SEM image of
a field of 25 x 25 HfN nanotriangles (600 nm equilateral size, 1.2 pm array pitch), including two HfN markers
on two corners. b) Normalized Raman spectroscopy map of the integrated spectral signal. c) Bright field image
of the same region, imaged through a 532 nm long-pass filter. d) Raman spectra of the HfN nanoparticle array
(red, #1), HfN marker (blue, #2), and the sapphire background (green, #3), locations indicated with arrows on
panel (b). The transverse-acoustic phonon peak at 120 cm~! is not visible due to the filter cutoff at ~150 cm-1.
e) SEM images of a 300 nm disk, 600 nm equilateral triangle, and 800 x 150 nm ellipse. See also AFM in Figure
S20. f) SEM image at 45° tilt of a 60 nm disk. The experimental diameter is 100 nm, indicating partial filling of
the resist undercut with nitride material during sputter coating. g) EDX map of Hf (red, left) and N (green,
right) under 5 kV electron impact of a 600 nm equilateral triangle. h) Normalized cathodoluminescence map
at A =550 + 50 nm of a 600 nm HfN nanotriangle. Asterisks indicate incidental lithography artifacts, see SEM
in Figure S23.



The plasmonic resonances of the lithographically fabricated HfN structures were mapped using
cathodoluminescence under 30 keV electron excitation (Figure 3h and Figure S23). Since the
deposited HfN material was confirmed to be of the same high quality as the thin films, we expected
the existence of plasmon modes in these nanoparticles. Indeed, for 450 and 600 nm equilateral
triangles the CL maximized near the three triangle tips throughout the visible spectrum, in a similar
way as for the FIB-milled equivalents, which points towards observation of the same plasmon
resonance. For a 700 x 150 nm ellipse the first-harmonic plasmon mode was observed with CL-
maxima near the tips (Figure S23). For a 900 x 300 nm rectangle, this first-harmonic mode was
better distinguishable on the longitudinal edges and a higher-harmonic mode was observed in the
middle of the structure (Figure S23). Finally, for a 300 nm nanodisk the emission was more intense
in the outer ring than in the center at short wavelengths (Figure S23), which reversed towards NIR
wavelengths. We interpret the outer ring mode as a higher order mode, similar to higher order
modes observed for Au nanodisks,*¢ while the center mode may correspond to the dipolar mode in
the NIR.

For all these plasmon modes the CL-spectrum does not exhibit any distinguishable peaks in the
observed region. Instead, in each case we observe the rise of emission intensity towards longer
wavelengths, indicating that the main resonance is in the near-infrared. This mirrors our
experimental data for the FIB-milled structures. We attribute the poor contrast of the CL map
compared to that of the FIB-milled structures to the unequal height of the lithographically fabricated
structures (Figure S20). Nonetheless, the similarity between CL modal maps for FIB-milled and EBL-
prepared structures strongly suggests that the same plasmon modes are observed for both types of
nanoparticles. Taken altogether our data identifies for the first time the existence of LSPR modes in
lithographically fabricated HfN nanoparticles, which creates many opportunities to apply this
advantageous material in a diversity of plasmonic applications.

Conclusions

In conclusion, crystalline HfN thin films were produced by reactive sputter coating for which XPS
depth-profiling and RBS measurements confirmed 1:1 stoichiometry and high purity. The optical
constants showed Drude-like metallic behavior above a screened bulk plasmon resonance of 1 =370
nm, while optical losses strongly increased above A = 700 nm. A diverse set of nanorod and
nanotriangles was produced either by FIB-milling from a thin film, or through positive-tone
electron-beam lithography in combination with lift-off. For both fabrication methods, CL maps in the
visible range show standing-wave plasmon resonances on the nanorods and localized resonances on
the nanotriangles. First-harmonic resonances were located at NIR wavelengths, while higher-
harmonics were observed in the visible range. Importantly, plasmon resonances in lithographically
fabricated HfN nanoparticles were found to be very similar to those in FIB-milled particles, which
represents an advance towards preparation of large-area devices for thermoplasmonics and
photocatalysis. Overall, this work conceives many opportunities for further exploring HfN
nanoparticles, which offer structural advantages over the classical noble metal nanostructures
because of their high temperature stability and mechanical robustness.

Experimental section

General techniques

Samples were prepared in a cleanroom environment. Layer thicknesses were measured using a
KLA-Tencor alpha-step 500 surface profiler. Atomic Force Microscopy (AFM) was performed on a
Veeco Dimension 3100 AFM or Park NX10. E-beam lithography (EBL) was performed on a Raith e-
LINE system, operating at 50 kV electron acceleration. Reactive lon Etching (RIE) was performed on
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an Oxford Plasmalab 80+ etcher. Scanning electron microscopy (SEM) was performed on a FEI
Verios 460 with a typical acceleration beam voltage of 5 kV and 100 pA beam current, using the
secondary electron mode, unless otherwise specified. Energy dispersive X-ray spectrometry (EDS)
was performed with an Oxford Instruments device with a beam acceleration voltage of 5 kV and
current of 1.2 nA. X-ray diffraction (XRD) was done with a Bruker D2 Phaser with Cu K, radiation (4
= 1.5406 A). Instrumental broadening (0.09° FWHM) was determined using a corundum standard
(Bruker AXS Korundprobe A26-b26-S). Ka2 peaks were stripped using Bruker DIFFRAC.SUITE
software. Ellipsometry was performed on a Woollam variable angle spectrometric ellipsometer
(VASE) and optical constants were retrieved using CompleteEASE software. Raman spectral maps
were acquired using a WITec alpha300 S R confocal Raman microscope, operating with 50 mW 532
nm excitation and using a 532 nm long pass filter to collect Raman scattering. Rutherford
backscattering spectroscopy (RBS) was performed at the lon Beam Facility (IBF) at DIFFER
(Eindhoven, The Netherlands), using a 2.0 MeV “He ion beam at a scatter angle of 163°. Data was
analyzed using SIMNRA 7.01 software. X -ray photoelectron spectroscopy (XPS) was performed
using a Kalpha setup from Thermo Fisher Scientific that is equipped with a detector at normal
incidence. The composition of the top surface was studied in a vacuum environment of 1x10-8 mbar
where monochromatic Al-K, radiation has been used to investigate the surface. For quantification
XPS sensitivity factors from the Scofield library were used.4” Erosion depth profiles were performed
using 500 eV Ar ion bombardment at 45° angle of incidence. All data was processed using Origin
2017 software and images were processed using Image] 2.0 software.

Reactive sputter coating of HfN

HfN was deposited using a Flextura reactive sputter coating system (Polyteknik AS, Denmark) with
a base pressure of 3x10-8 mbar. A pure Hf target was used, which was sputter cleaned for at least 2
minutes prior to deposition. The substrate holder was mounted at approximately 25 cm distance
from the target under a 35° angle, and the substrate was rotated at 4 rpm during deposition unless
otherwise specified. HfN was deposited using radio frequency (RF) magnetron sputtering at 150 W
power at a pressure of 2 x 10-3 mbar in a mixture of 34.5 sccm Ar and 1.5 sccm N3, unless otherwise
specified The coating rate was typically 8 nm/min. No active heating was used, because preliminary
data indicated negligible influence of heating up to 500 °C on the optical properties of HfN thin film.

Focused Ion Beam milling

12 x 12 mm silicon (100) slides containing a 70 nm layer of HfN were loaded in a FEI Helios Nanolab
600 scanning electron microscope. A box of 4 x 4 x 0.3 pm (length x width x height) of HfN and Si
material was milled away around a central nanoparticle using a Ga liquid metal ion source that
operated at 30 kV acceleration voltage and a typical ion current of 28 pA.

E-beam lithography

12 x 12 mm silicon (100) or sapphire (c-plane 0001) slides were spin coated at 4000 RPM for 45
seconds (1000 RPM/s acceleration, closed bowl) with 100 uL. PMMA A8 495 (MicroChem Corp.,
Westborough, MA, USA), and baked for 30 min at 180 °C to yield a hard-baked 500 - 550 nm resist
layer. A home-built evaporator was used to deposit 20 nm germanium at a deposition pressure of 6
x 106 mbar and with a rate of 1 A/s. Then the slides were spin coated at 2000 RPM for 45 s (1000
RPM/s acceleration, closed bowl) with 60 pl 1:1 anisole:CSAR 62 (Allresist GmbH, AR-P 6200.09)
and baked at 150°C for 2 min to yield a 64 nm top resist layer. The resist was nanopatterned using
EBL with an electron dose of 320 puC/cm? and a writing speed of 15 mm/s. The exposed
nanostructures in the CSAR top-layer were developed through a sequential treatment with pentyl
acetate (2.5 min), ortho-xylene (6 sec), 9:1 v/v methylisobutylketone:isopropanol (15 sec), and
isopropanol (15 seconds), and were finally dried with nitrogen. The Ge layer was then etched for 1
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min using RIE at 30 W forward power, 8 mTorr plasma pressure, and 12.5:2.5 sccm SFs:N» gas flow.
The PMMA bottom-layer was etched and undercut using RIE at 50 W forward power, 30 mTorr
plasma pressure, and 25 sccm O gas flow for 9 min. A 110 nm HfN layer was deposited by reactive
sputter coating at room temperature at ~0 - 10° angle offset with respect to the sputter target and
without sample rotation. The resist layers were lifted off by dipping the slides in acetone at 45 °C for
2 min followed by 10 min of sonication. Finally, the remaining resist fragments were stripped off by
applying standard office tape, gently peeling it off, and rinsing the sample with acetone and
isopropanol.

Cathodoluminescence

Cathodoluminescence experiments were performed inside a Thermo Fisher 650 Quanta field-
emission gun scanning electron microscope. The applied acceleration potential is 30 kV and the
current is 4.5 nA. The CL signal is collected and measured using a Delmic SPARC system equipped
with a 2048x512 pixel back-illuminated CCD array (Andor Newton DU940P-BU) mounted on a
Czerny-Turner spectrograph. The light is collected with an aluminium paraboloid mirror (1.47x sr
acceptance angle). The spectrograph contains a motorized entrance slit, a filter wheel with band-
pass color filters, and a turret with a 300 lines/mm ruled grating, blazed for a free space wavelength
A =500 nm and a flat Al mirror. We performed two kind of CL experiments. For CL spectroscopy, we
closed the entrance slit to 200 um and used the blazed grating in the spectrograph. The spectral data
was corrected for the system response to give an output of emission probability (photons / nm /
incident electron). The system response was obtained by measuring the transition radiation of an Al
single-crystalline surface and comparing the spectrum with theory.*8 Background spectra, i.e.,
without electron beam current, were subtracted from the data.
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