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Abstract

Low-temperature, spatially-selective fabrication of semiconductor nanostructures
is essential for next-generation microelectronics, where back-end-of-line (BEOL) ther-
mal budgets limit conventional high-temperature processing. Here, we demonstrate
a plasmon-driven, solution-phase route to site-controlled growth of both crystalline
and amorphous germanium nanostructures using lithographically defined Au nanoan-
tennas and a diphenylgermane precursor. Resonant excitation at 785 nm of localized
surface plasmon resonances (LSPRs) in Au nanogap antenna arrays can generate in-
tense near-field photothermal heating, driving precursor decomposition and Ge nanos-
tructure growth while avoiding global heating of the growth substrate. In this work,
we demonstrate plasmon-driven growth of crystalline Ge nanowires at locations deter-

mined by lithographically-defined Au nanoantennas. Nanowire growth is demonstrated



on both bulk ITO/glass substrates and ultrathin 10-nm-thick SiN, membranes to sup-
port characterization by transmission electron microscopy. The thermal conductivity
of the substrates was found to dictate the optical power threshold required for cat-
alytic nanowire growth. High-resolution TEM confirms the growth of single-crystalline
Ge nanowires, while Raman spectroscopy also confirms the growth of Ge nanostruc-
tures. This approach may provide a low-thermal budget pathway for production of
Ge photodetectors or other nanoelectronic devices directly onto BEOL metallization

layers.

Introduction

The ability to fabricate semiconductor nanostructures and other quantum-confined mate-
rials at low temperatures with nanometre-scale positional control is critical for integrating
functional components into advanced systems. Such methods enable applications across logic
and memory devices, on-chip light sources and photodetectors for next-generation photonics,
photocatalysis, and quantum technologies such as single-photon emitters.''? Furthermore,
alignment of low-dimensional semiconductors, 0-d, 1-d and 2-d materials, within the hotspots
of plasmonic nanocavities has been exploited to enhance light—matter interactions, thereby
improving the efficiency and performance of nanoscale optoelectronic devices. 1213716

Plasmonic hotspots offer intense local electromagnetic fields that amplify optical transi-

1,17,18

tion rates, a key enabler for novel nanophotonic device architectures. Precise alignment

of semiconductor nanostructures within these hotspots is therefore essential to fully lever-

age plasmon-enhanced responses in photodetectors and light-emitting devices.! Beyond field

19,20

enhancement, plasmonic nanostructures can act as localized photothermal heaters or

hot-carrier sources to drive the site-specific growth of nanomaterials on their surfaces. The
use of plasmonic nanostructures to drive the local growth or modification of nanomaterials

18,21-29

has been explored extensively for polymeric materials, while plasmon-driven growth of

inorganic semiconductors is less widely reported.3°3? This plasmon-enabled growth approach



opens pathways to construct heterostructured nanomaterials with engineered composition
and placement for applications in photonics, photocatalysis, and nanoelectronics. 14
Importantly, resonant excitation of plasmonic nanoantennas provides a route to locally

heat materials on the nanoscale,?®4!1743

which can support the growth of semiconductor
nanostructures in controlled spatial configurations. This is particularly appealing for back-
end-of-line (BEOL) semiconductor manufacturing, where global thermal budgets are re-
stricted to avoid damage to front-end devices and interconnects. ¥4

Germanium has emerged as a promising material for BEOL-compatible photonics, thanks
to its high carrier mobility and strong absorption at ~1550 nm making it well-suited for on-
chip photodetectors in optical communications.*6 However, conventional growth of crystalline
germanium nanostructures typically exceeds 400 °C, rendering these approaches incompatible
with BEOL processing.” In this context, plasmon-induced growth, where localized surface
plasmon resonances (LSPRs) in nanoantennas are used to drive chemical reactions locally
under optical excitation, offers a compelling solution for localized heating and position-
controlled synthesis.

Although the concept of plasmon-driven growth dates back to the 2006 demonstra-
tion of plasmon-assisted CVD of PbO and TiO,,?° subsequent developments have extended
the method to other semiconductor nanostructures including CeOs, ZnO, ZnS, TiO,, Ge
nanowires, Si nanowires, and In(OH)3.313436:37 The prior reports on plasmon-driven growth
of Ge nanowires have relied on pyrophoric toxic gas-phase precursors such as germane or

3337 used a green laser excitation wavelength and utilized randomly dispersed Au

digermane,
nanoparticles prepared on substrates via dewetting of Au thin films or dispersion of colloidal
nanoparticles. We propose therefore a refined approach: using lithographically-defined gold
nanogap antennas, resonantly excited by a near-infrared 785-nm wavelength laser, to locally
decompose a solution-phase diphenylgermane precursor, enabling spatially-controlled growth

of germanium nanostructures. This solution-phase route with lithographically defined plas-

monic nanoantennas avoids hazardous gaseous precursors, thus greatly simplifying the pre-



cursor delivery apparatus and enables precise antenna geometry and positioning. Moreover,
we fabricate antennas on both bulk substrates and ultrathin SiN, membranes that allow
inspection of grown material via (scanning) transmission electron microscopy ((S)TEM).
Our strategy provides the foundation for a scalable platform to embed germanium pho-
todetectors directly on BEOL metallization layers, as it demonstrates the ability to grow Ge
nanostructures on lithographically-defined metal nanostructures in a metal-insulator-metal
(MIM) type geometry. A similar MIM geometry with amorphous Ge and Au has previously
been used to produce high-speed and high-bandwidth NIR photodetectors.*® Modification of
our plasmonic nanogap antennas to incorporate metal contact wiring to the antenna array
similar to that reported by Yang et al.#® could bring this process closer to resembling a real
BEOL layout, thereby advancing integration of high-performance optical functionality into

next-generation microelectronics.

Experimental Methods

Plasmonic nanoantenna arrays were prepared on 100-nm-thick tin-doped indium oxide (ITO)
films on bulk glass substrates purchased from Ossila Ltd. and were cleaned using the fol-
lowing steps. First, the ITO/glass was cleaned by ultrasonication in 1% Hellmanex I1I sur-
factant solution for 5 min at 25 °C to remove particulate contaminants, followed by rinsing
with deionised water and isopropyl alcohol (IPA). The substrates were then plasma-cleaned
with an oxygen plasma using a Diener PIC'O low-pressure oxygen plasma cleaner for 5 min
at 0.3 mbar Os pressure with a plasma power of 100 W to remove organic residues and
aid wetting of PMMA resist. PMMA (2% 950k PMMA in anisole purchased from Allresist
GmbH) was spin coated onto each substrate (2 krpm with an acceleration rate of 2 krpm/s
for 60 s) to give a resist thickness of approximately 70 nm. After spin-coating, the substrates
were baked at 180 °C for 2 min on a hot plate to remove any excess casing solvent and reduce

stress in the resist film. Electron-beam lithography was performed using a Zeiss SUPRA



40 scanning electron microscope modified with a Raith Elphy Quantum pattern generator.
The resist was exposed using an electron landing energy of 15 keV and an area dose of
1300 nC/cm?. Following electron-beam exposure, the resist was developed in a solution of
1:3 methyl isobutyl ketone (MIBK):IPA solution at 0 °C for 30 s using a thermoelectric cold
plate. Low temperature development was used for positive-tone lithographic processes as it
improves both contrast and resolution. The developed sample was coated with metal using
a Temescal FC-2000 electron-beam evaporation system. A 1-nm-thick layer of Ti was first
deposited at a rate of 0.2 A /s as an adhesion layer, followed by a 20-nm-thick layer of Au de-
posited at a rate of 0.5 A/s. This rate was used for Au as McPeak et al. found that Au films
deposited at 0.5 A /s had better optical properties in the NIR region than films deposited at
higher deposition rates.”® The EBL pattern was transferred to the substrates via a lift-off
process by immersing the sample in n-methylpyrrolidone (NMP) at 60 °C for 45 min. The
sample was then rinsed with acetone and IPA before being oxygen plasma-cleaned as above.
Nanoantenna arrays were also prepared on 10-nm-thick SiN, membranes purchased from
SitMPore Inc. on 3 mm diameter Si frames. The substrates were first plasma-cleaned with
an oxygen plasma as above. PMMA was spin coated onto each substrate at a rate of 5 krpm
with an acceleration rate of 8 krpm/s for 60 s to give a resist thickness of approximately
70 nm. Higher spin speeds and acceleration rates are required for the small (3 mm diameter)
chips in order to reduce edge-beading of the resist, and to yield a uniform resist film at the
centre of the chip. The subsequent electron-beam exposure and metallization steps were the
same as outlined for I'TO/glass substrates above.

Ge nanostructure growth was achieved using diphenylgermane (DPG) purchased from
Fluorochem Ireland Ltd. as the Ge precursor compound. Growth cells for laser exposure
shown in figure 1a were prepared using a silicone isolator gasket (aperture diameter = 7 mm)
that was placed directly onto the ITO glass substrate such that the nanoantenna arrays were
located in the centre of the gasket aperture. The well formed by the gasket bound to the

substrate by adhesive was filled with DPG and sealed with a glass cover slip, ensuring that



no air bubbles were present in the sealed cell. Care was taken to use a freshly opened bottle
of DPG to minimize oxidation of the precursor prior to closure of the cell. Moreover, the
time between cell preparation and laser exposure was kept as short as possible to minimize
oxidation of DPG. DPG was observed to exhibit negligible absorbance at 785 nm indicating
that direct decomposition of DPG in the laser path was unlikely. The measured spectrum
of DPG, after subtraction of the spectrum of an empty cell, is shown in figure S6. Laser
excitation for growth of Ge was provided by a 785 nm wavelength laser (Stingray, Coherent
Inc. or 785 nm MatchBozx, Integrated Optics, UAB) focused via a 50x objective lens with
a NA of 0.53 giving a spot with a diameter (FWHM) of approximately 5 um and 2 pm for
each laser on the I'TO surface, respectively. The laser spot diameter was observed to broaden
by approximately 20% on passing through the DPG layer and SiN, membrane in each case.
Results shown in figures 2 and 3 were produced using the Stingray laser, while the results
shown in figure 4 were produced using the Matchboz laser. Laser power was varied from 30-
60 mW. Exposure times ranged from 1 s to 5 min. A photograph of the setup used for laser
exposures and acquisition of optical spectra is shown in figure S7. Following laser exposure,
the glass cover slip and silicone isolator were removed from the sample, and the sample
was subsequently rinsed with acetone followed by IPA. For growth on SiN, membranes, the
silicone gasket was placed on a blank ITO/glass substrate and the 3 mm diameter chip
containing the membrane was placed inside the 7 mm aperture of the gasket before filling
the well with DPG and sealing with a cover slip as above.

Optical extinction spectra were obtained using a CRAIC QDI1000 microspectrophotome-
ter using a 15X reflecting objective and a cooled CCD spectrometer (Ocean Optics Inc.) to
collect spectra from 10 um x 10 um regions of the nanoantenna arrays. Raman spectra
were obtained using a Renishaw QQontor Raman microscope employing a 785 nm laser for
excitation and a 100x objective lens using 50 acquisitions of 1 s duration. A FEI Titan
TEM operating with an accelerating voltage of 300 kV was used to obtain high resolution

TEM images of Ge grown on Au nanoantennas, and to probe the structure and elemental



composition of the grown Ge by energy-dispersive X-ray (EDX) analysis using a Bruker
6-30 SDD. Scanning electron microscopy was performed on a Zeiss Ultra Plus typically us-
ing a 5 keV electron landing energy and an in-lens secondary electron detector with EDX
performed using an Ozford Instruments INCA EDX with 20 mm? detector.
Electromagnetic simulations were performed with the commercially available Lumerical
FDTD solver from ANSYS Inc.. Values for the refractive index of Au were taken from
Johnson and Christy.®! Values for the refractive index of Ti and SiO were taken from Palik. 2
Values for the refractive index of SiN, and ITO were taken from Philipp et al.?® and Konig
et al., respectively.®® The FDTD simulation unit cell is designed to match with the period of
the nanoantennas fabricated using EBL i.e., 400 nm in the y-direction for both bow-tie and
nanodiamond structures, 400 nm in the z-direction for bow-tie nanoantennas, and 230 nm in
the z-direction for a pair of nanodiamonds. To simulate individual nanoantennas, perfectly
matched layers (PML) are used as boundary conditions. Symmetric and anti-symmetric
boundary conditions were used in the FDTD simulations to account for the periodicity of
the arrays while exploiting the symmetry of the nanoantennas to reduce the overall simulation
time by a factor of 4. A total-field scattered-field (TFSF) source polarized in the z-direction
was used as the light source. The source was specified to have a wavelength of 600-900 nm
in all simulations for Au nanoantennas A mesh size of 0.5 nm x 0.5 nm x 0.5 nm was used

in the simulations.

Results and Discussion

In this work, we focus on the use of lithographically-defined plasmonic Au nanogap antennas
to achieve plasmon-driven growth of Ge nanostructures. We select Au for the antenna
material, as it is well established as a seed particle material for the growth of Ge nanowires
via the vapour-liquid-solid (VLS) and solution-liquid solid (SLS) mechanisms. 57 Given that

Au is known to exhibit superior plasmonic performance in the near-infrared region of the



spectrum relative to the visible, we elected to use a 785 nm wavelength laser to stimulate
growth. %2859 The selection of 785 nm, would also potentially aid characterization of the
grown materials by surface-enhanced Raman spectroscopy where 785 nm is a commonly
used excitation wavelength. Notably, prior reports of plasmon-driven Ge nanowire growth
with gas-phase precursors utilized a 532 nm laser source rather than the 785 nm source
used here. In this work, we decided to target the design of Au nanogap antennas resonant
near 785 nm. Nanogap antennas, e.g. bow-tie nanoantennas, can offer increased quality
factors for LSPRs relative to isolated particles, which we would expect to enhance light-
matter interactions in our system. Moreover, nanogap antennas open up the opportunity
to grow material in the nanogap thus generating a MIM-type geometry for optoelectronic
device fabrication. We consider two nanogap antenna geometries, bow-tie nanoantenna
arrays and nanodiamond chains as shown in Figure 1. As nanodiamond chains resemble
back-to-back arrays of bow-tie antennas, this combination of nanogap antenna geometries
allowed us to consider two significantly different array densities that would lead to differences
in collective heating under resonant excitation. To allow illumination in a transmission
configuration, we elected to use indium tin oxide (ITO) coated glass substrates, which would
also provide an electrically conductive substrate that would minimize charge accumulation
during fabrication of the antenna arrays by electron-beam lithography (EBL) as well as
during inspection by scanning electron microscopy (SEM). Figure la shows a schematic
of the experimental setup used to illuminate arrays of nanoantennas within a growth cell
comprised of the ITO/glass substrate and a glass coverslip separated by a silicone gasket
and loaded with the diphenylgermane precursor. Nanogap antennas were designed to exhibit
LSPRs near 785 nm using a commercial FDTD solver (Lumerical Inc.). Simulation results
indicated that bow-tie antennas based on equilateral triangles having side lengths of 85 nm
and a central gap of 15 nm would return a resonance close to 785 nm, while nanodiamond
chains composed of squares having a side length of 71 nm and a gap of 15 nm would similarly

return a LSPR overlapping with the 785 nm laser wavelength. Figures 1b and 1lc show
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Figure 1: (a) Schematic of experimental setup used for plasmon-driven growth of Ge nanos-
tructures. A linearly polarized (polarization controlled via half-wave plate (A/2)) 785-nm
wavelength laser illuminates the Au nanoantenna arrays via a dichroic mirror (DM) and a
50x objective. The nanoantenna arrays are formed on I'TO/glass or SiN, membrane held in
a growth cell filled with diphenylgermane precursor. (b) SEM image of plasmonic Au bow-tie
antenna array on ITO/glass. Antenna dimensions designed for LSPR near 785 nm for polar-
ization ( E') shown. (c) SEM image of Au nanodiamond array on ITO/glass. Nanodiamond
dimensions and placement designed for LSPR near 785 nm and polarization shown. (d)
Experimentally measured and simulated extinction spectra for an array of bow-tie antennas
like those in (b). (e) Experimentally measured and simulated extinction spectra for an array
of nanodiamond antennas like those in (c).

SEM images of bow-tie antennas and nanodiamond chains having dimensions close to the
target dimensions. Measured side lengths for the bow-tie antennas were 86 + 4 nm with
a gap length of 16 + 2 nm. Measured side lengths for the nanodiamond antennas were
70 £ 2 nm with a gap length of 20 + 2 nm. Figures 1b and 1c also show the orientation
of the linear polarization of the laser with respect to the antenna geometries, which was
used for all experiments in this work. Figures 1d and le show the measured and simulated

extinction spectra in air for the arrays shown in figures 1c and 1d, respectively. Comparison



of the measured spectra shows that the nanodiamond chains exhibit a significantly larger
extinction, which is consistent with the higher density of antennas per unit area (6.25 bow-

2 and 21.74 nanodiamonds um~2). Notably, the peak in the measured spectrum

ties pm™
for bow-tie arrays is at approximately 770 nm, while that for nanodiamond arrays is near
745 nm. These peak positions can be expected to red-shift by approximately 45 nm to
near 815 nm and 790 nm, respectively, based on measured shifts for LSPR peaks in growth
cells relative to air (see figure S2). After fabrication of the antenna arrays and confirmation
of their extinction spectra, the arrays of antennas were used in experiments to optically
stimulate the growth of Ge nanostructures.

Figure 2 shows examples of plasmon-driven growth of Ge nanomaterials on plasmonic
Au nanodiamond arrays. While bow-tie antennas were also tested, growth was found to be
limited to amorphous coatings on bow-ties for the range of exposure conditions used and
as such, nanodiamond arrays were the primary focus for this work (examples of material
grown on bow-tie antennas can be seen in figure S1). Figures 2a-2e show SEM images
illustrating the progression in Ge-based material deposition with increasing laser exposure
power. In figure 2a, deposited material is seen to completely coat the nanodiamond arrays
within the elliptical laser spot for a laser power of 36 mW and an exposure time of 10 s.
Figure 2b shows that with increased exposure time at a laser power of 36 mW, the deposited
material at the very centre of the laser spot appears to diffuse radially outward leaving a
void at the centre of the laser spot. Exposure with a higher laser power of 48 mW for
10 s leads to further deposition at the periphery of the laser spot resulting in the dark
ring of material seen in figure 2c. Closer inspection of the central region enclosed by this
ring reveals sub-100-nm diameter particles of material adhering to the plasmonic antennas
(figure 2d), which may be the precursor to first stages of nanowire growth as observed in
figure 2e. At a laser power of 60 mW and an exposure time of 10 s, extensive material
growth is observed on the nanoantenna arrays as seen in the SEM image in figure 2e. Here,

an area of approximately 10 pm x 15 pm covered by Ge nanowires, microparticles and

10
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Figure 2: (a,b,c,e) SEM images of Ge-based material grown on Au nanodiamond arrays
for a series of different laser powers and exposure times from 36 mW for 10 s in (a) to
60 mW for 10 s in (e). (d) High-magnification SEM image of region at the centre of image
in (c) showing sub-100-nm particles that may represent seeds of nanowire growth. (f) EDX
spectrum acquired from the material grown in (b) showing Ge peaks associated with the
grown material and In, Si, Sn and O peaks associated with the ITO/glass substrate. (g)
Raman spectrum of material formed in the centre of (e) showing the Ge transverse optical
(TO) phonon mode close to 300 cm™! consistent with the presence of crystalline Ge.

nanoparticles can be seen. It should be noted that exposures of bare regions of the substrate
containing no antennas did not yield Ge deposition for the exposure conditions used here.
Energy-dispersive X-ray (EDX) analysis and Raman spectroscopy were used to confirm the
presence of Ge in the grown material. Figure 2f shows an example EDX spectrum acquired
from the material grown in figure 2b and confirms the presence of Ge. Raman spectroscopy
of the mass of grown material shown in figure 2g also confirms the presence of Ge and
indicates the presence of crystalline Ge given the relative intensity and position of the Ge
TO phonon peak in the Raman spectrum.% The large mass and distribution of morphologies
of material grown at 60 mW relative to the other lower power exposures indicates that
there is a mix of catalyzed nanowire growth and homogeneous pyrolytic growth taking place

under these exposure conditions. This is consistent with previous reports of Au-catalyzed
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solution-phase growth of Ge nanowires where homogeneous growth of amorphous material

6162 T allow further microstructural characterization

is notable at elevated temperatures.
of the grown material, we decided to fabricate Au nanodiamond arrays on ultrathin (10-nm
thick) freestanding SiN, membranes to allow plasmon-driven growth of Ge nanostructures on
a substrate compatible with characterization by (S)TEM. Moreover, given the rapid growth
of material with mixed morphologies seen in figure 2e, we sought to establish conditions
required for the initiation of catalyzed Ge nanowire growth. Control of nanowire growth
from nanogap antennas may open up opportunities to fabricate metal-semiconductor-metal
structures that are attractive for future optoelectronic device production.

Figure 3 shows a summary of plasmon-driven Ge nanowire growth on Au nanodiamond
arrays fabricated on 10-nm-thick SiN, membranes. Electromagnetic simulations predicted
that nanodiamond arrays with the dimensions shown in figure 3a would give an LSPR
centred near 785 nm (dashed red trace figure 3b) in air. The larger diamond sizes relative
to those on ITO/glass substrates shown in figure 1 are consistent with a lower effective
refractive index expected for the near field of nanodiamonds on the 10-nm-thick membrane
relative to the bulk substrate. Since the SiN, membrane is so thin at 10 nm thickness,
the effective refractive index of the medium surrounding the nanodiamonds on the SiN,
membranes is closer to that of air than for those prepared on ITO/glass. Consequently, larger
diamonds are required to obtain an LSPR near 785 nm relative to those on an ITO/glass
substrate. The solid black trace in figure 3b shows the measured extinction spectrum for the
nanodiamond array in figure 3a. The measured spectrum shows a peak for the nanodiamond
LSPR at approximately 720 nm, which could be expected to shift to near 770 nm in the
growth cell based on measured shifts for LSPR peaks in growth cells relative to air (see
figure S2). Additionally, smaller gap sizes were achievable by electron-beam lithography
for nanodiamond arrays fabricated on SiN, membranes compared to ITO/glass substrates,
likely due to the reduced proximity effects generated by a freestanding membrane substrate.

Figures 3c-3e show the change in plasmon-driven growth of material produced as a func-
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Figure 3: (a) SEM image of Au nanodiamond arrays fabricated on a 10-nm-thick SiN,
membrane. Arrays are composed of squares having an 80-nm-side length and gap width of
10 nm. (b) Experimentally measured (solid black trace) and simulated (dashed red trace)
extinction spectra for a nanodiamond array on a 10-nm-thick SiN, membrane in air. (¢c) SEM
image of short nanowires grown during an exposure with laser power of 42 mW for 60 s.
(d) SEM image of mesh of Ge nanowires and nanoparticles grown during a laser exposure
at 48 mW for 10 s. Inset, a lower magnification SEM image of the mesh of nanowires (scale
bar 10 pm). (e) SEM image of amorphous Ge grown on nanoantenna array during laser
exposure at 54 mW for 30 s showing no nanowire growth.

tion of laser power used for excitation. It can be seen from figures 3¢ and 3d that nanowire
growth is stimulated at lower incident laser powers for nanodiamond arrays on the SiN,
substrates (as low as 42 mW) than for those on ITO/glass substrates (60 mW). The lower

laser power required for plasmon-driven growth on SiN, relative to ITO/glass may be ex-

plained by the difference in thermal conductivity of the two substrates. Here, we assume
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that the process of Ge nanowire growth follows a SLS mechanism as has been reported
previously for metal-catalyzed solution-phase growth of Ge nanowires.5365 SIS growth
of Ge nanowires from Au seed particles requires the dissociation of the Ge precursor com-
pound in solution or at the Au surface followed by diffusion of Ge into the Au seed yielding
a liquid droplet at the eutectic composition and temperature (28 at. % Ge and approxi-
mately 360 °C from the bulk binary phase diagram of Au/Ge).%% Further saturation of
the Au nanoparticle with Ge then leads to nucleation of solid Ge and subsequent nanowire
growth from the liquid seed. The eutectic temperature for the binary system is also known
to be size-dependent, with lower eutectic temperatures expected for nanoscale particles.®”
As such, a threshold temperature >300 °C may support nanowire growth. Photothermal
heating of the plasmonic nanodiamond arrays and their surroundings is likely to be more
pronounced for substrates having lower thermal conductivities. Given the thickness of the
ITO layer (100 nm) in the I'TO/glass substrate, the thermal conductivity of the substrate in
that case is likely to be dominated by the properties of the bulk glass (thermal conductivity
Kglass = 1.38 W m™' K™1). The thermal conductivity of ultrathin 10-nm-thick SiN, mem-
branes has been reported to be <1 W m~! K=1.%6% Furthermore, we may assume that the
thermal conductivity of the liquid diphenylgermane is likely to be similar to other organic
liquids ¢.e. Kiiquia = 0.2 W m~! K=, Consequently, the thermal conductivities of the systems
presented here are expected to be dominated by the substrate properties. Given the expected
difference in thermal conductivities of the ITO/glass and SiN, membrane substrates listed
above, one could expect a higher threshold laser power will be required to achieve an equiv-
alent temperature rise on the ITO/glass substrate when compared to the SiN, membrane.
Given the details of the Au/Ge eutectic point listed above, a local temperature increase of
~ 340 °C may be required to drive nanowire growth 7.e. the temperature change required
to heat from room temperature to the eutectic temperature of 360 °C. If we compare the
laser power required to generated large-scale growth of nanowires, we find a laser power for

ITO/glass substrates of 0.06 W (figure 2e), while that for the SiN, membranes is 0.048 W
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(figure 3d). The observed change in the required laser power increasing from 48 mW to
60 mW on changing from an ITO/glass substrate to a SiN, membrane substrate is con-
sistent with the plasmon-driven photothermal heating model described by Noel et al. (see
supporting information for more details). 3¢

In figures 3c-3e, an apparent anomaly is observed in that nanowire growth is observed for
42 mW laser exposure and more extensive nanowire growth is observed at 48 mW, however,
no nanowire growth is observed at a laser power of 54 mW. At higher laser powers, the growth
of amorphous Ge appears to dominate. Additional TEM images and EDX characterization
of amorphous material is included in figure S3. This observation may be rationalised by
the fact that during the laser exposure, the formation of bubbles in the growth cell was
observed (see figure S4). Bubble formation may arise due to diphenylgermane evaporation
or decomposition as well as outgassing of air from solution,”™ and was more likely at high
laser powers. The formation of bubbles would lead to local depletion of diphenylgermane
concentrations on antennas as well as increased heating due to the creation of a void with
lower thermal conductivity. Bubbles were only observed to form when the nanoantenna
arrays were brought into the path of the laser beam, indicating that the temperatures needed
for bubble formation were only achieved when antennas were illuminated. The increased
heating (higher laser power, lower thermal conductivity within bubble) is likely to drive

61,62 while the lower

homogeneous nucleation of amorphous material as reported previously,
precursor concentration in the bubble may prevent supersaturation of the Au nanostructures,
which is required for SLS nanowire growth. Consequently, care must be taken to limit laser
exposure to levels sufficient for nanowire growth, but below thresholds for bubble formation.
Accordingly, in the remaining experiments we restricted laser exposure powers and times to
initiate nanowire growth and form short nanowires at the locations of nanodiamond antennas.

As stated above, we sought to establish conditions required for the initiation of catalyzed

Ge nanowire growth. By reducing the laser power and exposure time from that shown in

figure 3c, we were able to achieve exposures where nanowire growth was just initiated as
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Figure 4: (a) SEM image of short Ge nanowires formed when growth is terminated after
20 s at a laser power of 40 mW. (b) Bright-field TEM image of similar nanowires to those
presented in (a) (12 s growth at 40 mW). (¢) High-resolution TEM image of Au-Ge interface
for one of the nanowires in (b) showing the Ge lattice. Inset, Fourier transform of the
HRTEM image of the Ge lattice showing the spatial frequencies consistent with the 111
lattice spacing. (d) Optical extinction spectra of the Au nanodiamond arrays before and
after Ge growth for the sample shown in figure 3c. The LSPR peak is observed to decrease
in amplitude and red-shift. (e) Raman spectrum of the short Ge nanowires shown in (a),

solid black trace, and the reference spectrum of a 40-nm-thick single-crystal Ge thin film on
SiO,, dashed red trace.

shown in figures 4a and 4b. A high-resolution TEM image of a Ge nanowire is shown in
figure 4c¢ confirming the crystallinity of the grown nanowires. The Fourier transform shown
in the inset of figure 4c was generated from the Ge nanowire region of the TEM image and
confirms the single-crystal nature of the region imaged and the relative orientation of the

crystal. Figure 4d shows the optical extinction spectra measured for an array of nanodiamond
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antennas before and after Ge nanowire growth. The black trace shows the measured spectrum
of the nanodiamond array in air before nanowire growth showing the LSPR peak near 715 nm.
Following nanowire growth, the LSPR peak decreases in amplitude and shifts to 800 nm.
The observed shift is consistent with the formation of a higher index material (Ge) on the
antennas. However, the nanodiamond geometry also changes significantly during the growth
process as the nanoparticles undergo a solid-to-liquid-to-solid phase change during nanowire
growth. The observed reshaping of gold nanoantennas and the presence of Au and Ge in
particles at the tips of nanowires seen in figures 4a and 4b (confirmed by EDX, figure S5)
are again consistent with photothermal heating of nanoantennas to temperatures near the
bulk Au-Ge eutectic temperature of 360 °C. Figure 4e shows a Raman spectrum (solid black
trace) of the short Ge nanowires shown in figure 4a. The Raman spectrum of a 40-nm-thick
crystalline Ge thin film (Ge on insulator wafer, 40 nm Ge on 145 nm SiO, on Si from IQFE
Ltd.) is also presented (dashed red trace). The TO phonon band for the single-crystalline Ge
thin film has a peak at 302 cm™!, while the TO phonon band of the short nanowires shown

1

in figure 4a peaks at 298 cm™ and shows increased broadening consistent with previous

reports for Raman spectroscopy of Ge nanocrystals. "'~

In summary, we have demonstrated that lithographically defined plasmonic nanoanten-
nas may be used for plasmon-driven, solution-phase growth of crystalline Ge nanostructures
at lithographically-defined locations. Nanodiamond antenna arrays were observed to sup-
port catalytic growth of Ge nanowires while bow-tie nanoantenna arrays generated confor-
mal amorphous coatings for the range of exposure conditions employed. Substrate thermal
conductivity was identified as a key parameter controlling the nanowire nucleation thresh-
old, with SiN, membranes enabling plasmon-driven growth at lower incident laser powers.
Inspection of grown material by TEM confirmed the production of single-crystalline Ge
nanowires, while optical spectroscopy, EDX and Raman spectroscopy confirmed the changes

in LSPR during the growth process and the production of Ge nanostructures, respectively. A

photothermal growth mechanism based on the SLS mechanism was proposed based on exper-
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imental observations. The transition from amorphous Ge deposition to crystalline nanowire
growth at higher laser powers is consistent with prior reports of thermally-driven Ge nanowire
growth. The observation of bubble formation on antenna arrays during laser exposure again
supported the achievement of temperature levels needed to support SLS growth as did the
observed reshaping of Au nanostructures during laser illumination and the presence of Au-Ge
alloys in seed particles of nanowires observed by EDX. Hot-carrier effects cannot be ignored
and may contribute in a plasmon-driven growth process. Further polarization-dependent
and wavelength-dependent studies could help to elucidate any hot-carrier contribution to
present system.

The scalable approach presented here opens a direct path to integrating Ge-based opto-
electronic devices into BEOL architectures. Plasmon-driven growth of semiconductor nanos-
tructures enables the generation of local temperatures that support the growth of crystalline
semiconductor nanomaterials, while minimizing global heating of the entire substrate. In the
present work, we have utilized a continuous-wave 785 nm wavelength laser to drive plasmon
excitation and nanomaterial growth. Extension of this work to use low-duty-cycle pulsed
laser sources having longer wavelengths would further support minimization of substrate
heating. A low-duty-cycle pulsed illumination would allow the substrate to cool between
pulses, while a longer wavelength e.g. >1.1 wm, would minimize absorption in a Si substrate
for example. Consequently, plasmon-driven photothermal heating presents opportunities for
localized heating, which is beneficial for the growth of materials in BEOL processes where
high temperatures further down the device stack at transistor and via level can be detri-
mental to device performance. The nanomaterial growth demonstrated here may be further
extended to growth on electrically contacted nanoantennas to enable direct fabrication of

contacted semiconductor devices.
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