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ABSTRACT

High precision placement of rare-earth ions in scalable silicon-based nanostructured materials exhibiting high photoluminescence (PL)
emission, photostable and polarized emission, and near-radiative-limited excited state lifetimes can serve as critical building blocks
towards the practical implementation of devices in the emerging fields of nanophotonics and quantum photonics. Introduced herein are
optical nanostructures composed of arrays of ultrathin silicon carbide (SiC) nanowires (NW) that constitute scalable one-dimensional
nanowire-based photonic crystal (NW-PC) structures. The latter are based on a novel, fab-friendly, nanofabrication process. The NW
arrays are grown in a self-aligned manner through chemical-vapor-deposition. They exhibit a reduction in defect density as determined
by low temperature time-resolved PL measurements. Additionally, the NW-PC structures enable the positioning of erbium (Er*) ions with
an accuracy of 10 nm, an improvement on the current state-of-the-art ion implantation processes, and allow strong coupling of Er®* ions
in NW-PC. The NW-PC structure is pivotal in engineering the Er3*-induced 1540 nm emission, which is the telecommunication wavelength
used in optical fibers. An approximately 60-fold increase of the room-temperature Er®* PL emission is observed in the NW-PC compared
to its thin-film analog in the linear pumping regime. Furthermore, 22 times increase of the Er®* PL intensity per number of exited Er ions
in NW-PC was observed at saturation, while using 20 times lower pumping power. The NW-PC structures demonstrate broadband and
efficient excitation characteristics for Er3*, with an absorption cross-section (~2x107'® ¢cm?) two-order larger than typical benchmark
values for direct absorption in rare-earth-doped quantum materials. Experimental and simulation results show that the Er®* PL is
photostable at high pumping power and polarized in NW-PC and is modulated with NW-PC Iattice periodicity. The observed
characteristics from these technologically friendly nanophotonic structures provide a promising route to the development of scalable
nanophotonics and formation of single-photon emitters in the telecom optical wavelength band.
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1. Introduction promising candidates for quantum storage of single photons and
signal processing [10, 11, 12]. The realization of scalable on-
chip optical quantum memory and quantum optical signal
processing devices requires novel nanostructured materials that
must be highly integrable and compatible with existing
electronic circuits, waveguide architectures, and current chip-
scale and silicon (Si) process technology [2, 13]. The controlled
placement of rare-earth ions into Si-based wide bandgap
nanostructured materials with high integration functionality,
such as silicon carbide (SiC) NWs [9, 14, 15, 16], can serve as
critical building-blocks towards the implementation of such
quantum devices. Silicon carbide is a silicon-based wide band-
gap material with excellent thermal, mechanical and physical
properties. SiC is chemically inert and exhibits almost negligible
magnetic moment (a necessary requirement for hosting
quantum emitters)[17], making it a promising host material for
single-photon emitters and qubits with several applications in
quantum technologies [9]. Rare-earth erbium (Er3+) ions have an
emission at the technologically important wavelength of ~1540
nm, as it falls in the lowest loss wavelength range (telecom C-
band) of fiber optics networks [18]. As such, Er-doped materials,
are the only materials that can potentially meet the current
requirements to realize a quantum memory/repeater at telecom
C-band wavelengths [11, 12].

For optical quantum storage and signal processing

In recent years there has been a tremendous interest in the
synthesis, properties, and applications of semiconductor
nanowires (NWs). This interest has been complemented by the
industry’s enthusiasm towards faster nanodevices exhibiting
high functionality with reduced energy consumption. The
synthesis and simultaneous on-demand-positioning of NWs
coupled with the ability to control their orientation and spatial
assembly are critical factors towards the production of
nanosystems and nanodevices [ 1 ]. The primary limiting
challenge commonly faced, especially for feature sizes below
100 nm and bottom-up approaches, is the required
deterministic and scalable integration, which involves control
over the density, orientation, and spacing of the synthesized
nanowires. It has been a consensus that semiconductor NWs can
help cultivate the next generation of electronics and photonics
[2, 3], biological and medical technologies [4,5], as well as
energy technologies [6, 7]. Following this trend, a significant
effort has been focused on the development of nanostructured
materials that can be employed ubiquitously in several exciting
emerging quantum technologies, spanning quantum sensing,
quantum photonics, and quantum communication and storage
[8, 9].

Macroscopic rare-earth-doped materials are one of the most



applications, optically active rare-earth ions in solid-state hosts
must exhibit high optical pumping and photoluminescence (PL)
emission to enable efficient storage and high-fidelity optical
readout of the ion’s quantum state. Furthermore, long near-
radiative-limited excited state lifetimes of the ions are important
to achieve long storage and coherence times [10, 11]. To this end,
photonic crystal (PC) nanostructures, and PC cavities have
attracted attention for their ability to suppress or enhance
spontaneous emission rate, respectively, and control light
directionality of emitters [19,20]. By properly engineering such
nanophotonic structures, it is possible to suppress (photonic
bandgap structures) or enhance (photonic cavities) the local
density of photon states (LDOS) compared to the free-space
value, thus respectively, decreasing or increasing the emission
rate. This has been recently demonstrated for rare-earth
neodymium- and erbium-based quantum sources and memories
[13,21]. Such nanostructures are typically fabricated via top
down approaches, such as electron beam lithography (as is the
case in [21]) or focused ion beam [9], or bottom-up approaches,
such as the vapor-liquid-solid [22]. However, these approaches
suffer from drawbacks; top-down fabrication of features below
30 nm features becomes difficult and costly, while bottom-up
approaches must facilitate the required control over density,
geometry, orientation, spacing, and alignment of individual
structures [23]. Realization of PC nanostructures requires the
development of advanced synthesis methods and novel
nanofabrication schemes [9].

In this paper, we report on a new class of CMOS-compatible
nanophotonic structures based on scalable SiC nanowire-based
photonic crystals (NW-PC) doped with and without oxygen, and
Er ions. The ultrathin NWs were fabricated in a self-aligned
manner through a novel catalyst-free chemical-vapor-
deposition (CVD) synthesis route, without the use of a
lithographic-pattern-transfer technique. This nanofabrication
scheme reduces defect density and enables precise control over
the geometry of the NWs. The surface roughness and
crystallinity of the NWs enables the growth of ultrathin <20 nm
structures and enables the controlled placement of Er3+ ions
down to a nanoscale resolution. Another major advantage is the
engineering of the Er3+induced 1540 nm emission through
efficient coupling with the NW-PC. We demonstrate that these
one-dimensional (1D) photonic crystal (PC) structures provide
an extremely efficient excitation route for Er3*, exhibiting a
photostable and polarized Er3* emission for potential
applications in nanophotonics, and long-distance telecom
optical quantum networks.

2. NANOFABRICATION

2.1 Fabrication of self-aligned ultrathin NW arrays

Self-aligned 1D NW arrays grown at predetermined positions
were fabricated on silicon substrates via thermal CVD. An
abridged fabrication process of the NW-PC is schematically
depicted in Figure 1. First a hydrogen silsesquioxane (HSQ)
negative-tone resist layer was spin-coated onto Si. We used
electron beam lithography to expose line patterns, and the
resulting wafer piece was developed in a chemical solution bath
yilelding an HSQ ribbon array (Figure 1a-i) [24]. After the
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Figure 1. SiC nanostructured materials through on-demand
placement of NW and Er3+. (a) Fabrication process steps for realizing
self-aligned 20 nm-width NW-PC structures and representative cross-
section scanning electron microscopy (SEM) images. i. Spin-coating and
electron beam lithography of HSQ (blue) to create a ribbon template on a
substrate (gray); ii. Self-aligned deposition of conformal SiC or SiC:0
ultrathin layer (green). Geometry control using a conformal oxide (purple)
and SiC layer; iii. Anisotropic RIE; iv. Wet-etch removal of HSQ. (b) On-
demand integration of Er ions in the NW-PC. i. Deposition of sacrificial
oxide layer (orange) and CMP; ii. Combination of RIE and wet-etch to
expose the top of NWs; iii. Deposition of thin oxide layer (yellow) based on
targeted ion implantation depth. The corresponding top-down SEM
images of step ii & iii are shown; iv. Er ions (red circles) implantation and
wet-etch to remove oxide layers. (c) Schematic cross-section diagram of
the resulting Er-doped 1D NW-PC structures with lattice periodicity P1. P2:
Sub-lattice periodicity; H: Height of the NWs; and W: width of the NWs. (d)
Low magnification top-down and (e) High magnification cross-section
SEM images of the resulting Er-doped NW-PC structures (W= 20 nm, P1=
400 nm, P2= 100 nm, H= 130 nm).

development process, we conformally deposited <20 nm-thick
SiC (with an index of refraction, n = 2.7) or SiC doped with
oxygen, SiC:0 (SiCos00s, n = 2.2), onto the HSQ template using
CVD processing (Figure 1a-ii), described elsewhere [25, 26].

Post-deposition thermal treatment was carried out in forming
gas ambient (95% argon (Ar) and 5% hydrogen (Hz)) at 1100°C
for 1 hour. Following the annealing of the ultrathin chemically
grown layer, we performed anisotropic reactive ion etching (RIE)
to remove the top SiC or SiC:0 layer, leaving the sidewall self-
aligned layer (NWs) intact and exposing the HSQ template
(Figure 1a-iii). For control over the geometry of the NWs, the SiC
sidewalls are encapsulated with a conformal oxide and SiC layer.
This helps protect the self-aligned sidewalls during the ensuing
RIE and enables control over shape and height of the resulting
NWs. A wet etch, buffered hydrofluoric acid (BHF), was used to
remove the HSQ, yielding ultrathin NW arrays synthesized in a
self-aligned manner (Figure 1a-iv).



This synthesis route utilizes new precursor chemistry, TSCH
(1,3,5-trisilacyclohexane) from Gelest Inc. (see Methods),
resulting in highly crystalline matrix with good surface
roughness, enabling the fabrication of NWs with width (W) of
10nm (examples of more structures are shown in Figure S1).
The critical dimension, width, of the NWs solely depends on the
thickness of the conformal sidewall layer. The height (H), lattice
periodicity (P1), and sub-lattice periodicity (P2) of the NW array
are also shown in Figure 1c.

2.2 On-demand placement and integration of Er3+
into NW-PC

Panel b of Figure 1 presents the major process steps employed
to engineer the position of Er3* ions in the NW-PC. First, we
deposited a sacrificial thick oxide layer onto the NW array using
CVD [24] followed by chemical mechanical planarization (CMP)
to flatten and thin the oxide layer. We then performed controlled
RIE and wet-etch steps to recess the oxide layer and to expose
the top of the NWs. A thin (15 nm) conformal CVD-grown oxide
layer was then deposited to encapsulate the NWs. We can
modulate the thickness of the oxide layer based on the targeted
ion-implantation depth in the NWs. Accordingly, the remaining
thicker oxide layer between the NWs prevents ion implantation
into the substrate.

Samples were then subjected to a 150 keV beam of erbium ions
targeting ions to be embedded into 30 nm depth from the top of
the NW arrays, as determined by Transport of Ions in Matter
(TRIM) simulations. Various doses of Er ions - 1x10'3 cm-2 (low),
5x1013 cm? (medium) and 1x10' cm (high) were implanted
into the NW-PC structures and (thin film) samples by ion
implantation. We then carried out a wet-etch to remove the oxide
layers yielding the controlled-Er-doped NW-PC structures
(Figure 1d-e). This process was followed by a post-implantation
Ar annealing (1 hour, 900°C) and a forming gas (95% nitrogen
(N2) and 5% H2) thermal treatment (1 hour, 850°C) to activate
the Er ions optically and for surface passivation [27]. The
integration scheme dictates the final positions of the implanted
ions to be within the 10 nm width of the NWs, which is an
improvement to the accuracy of a state-of-the-art deterministic
ion implantation process for single atom devices in [28] and the
single ion implantation process in [29].

3. RESULTS AND DISCUSSION

3.1 Modeling of a dipole emission in NW-PC
structures

The extraction efficiency of the spontaneous emission from a
dipole in 1D NW-PC and a uniform slab without a PC structure
was explored using finite-difference time-domain (FDTD)
calculations (Figure 2). We used a monitor parallel to the xy-
plane to calculate the extraction efficiency of the emitted
radiation power from the dipole (see Methods and Figure 2a).
The extraction efficiency, n,,;, is defined as the fraction of the
radiation power transmitted through the monitor to the total
emitted power from the dipole [19, 30].

FDTD calculations revealed that the emission extraction
efficiency from the SiC slab was ~3.6% at most wavelengths
across the simulated range (Figure 2b). The observed behavior

is consistent with findings from other studies indicating a high
density of guided optical modes within the high-refractive-index
SiC over a broad wavelength range [19, 30]. Similarly, we
performed FDTD calculations in SiC NW-PC structures with
three different P1 values that revealed two major differences.
First, the extraction efficiency was enhanced throughout the
whole investigated wavelength range with values up to ~40%
(Figure 2b). Specifically, in the 600-nm-P; NW-PC sample, the
Er3*-induced 1540-nm emission extraction efficiency was 39%,
an order of magnitude higher than that in the slab with ~3.6%.
Second, a modulation of the extraction efficiency was observed
with NW periodicity P1 as shown in Figure 2b. For example, at
1000 nm, Mgy from the 200-nm and 600-nm-P1 SiC NW-PC
structures are 24% and 37%, respectively. Similar trends were
also observed in SiC:0 systems (Figure 2b, grey data points).
The extraction efficiency enhancement of the dipole’s
spontaneous emission in NW-PC structures is expected because
of the suppression of in-plane emission modes (guided modes).
By eliminating guided modes at transition frequencies,
spontaneous emission can be coupled efficiently to free space
vertical modes, resulting in substantially enhanced extraction
efficiency [19, 30]. Therefore, radiation originating from NW-PC
structures results in enhanced light emission in the vertical
direction. This behavior is supported by our spatial distribution
calculation of the extracted power radiation (~|E|%) at 1540 nm
(Figure 2c). In the case of the thin-film slab, a significant portion
of the radiation is confined within the slab (x-direction in this
simulation) (Figure 2c-i). Conversely in NW-PC, guided modes
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Figure 2. FDTD modeling of the spontaneous emission extraction
efficiency for the NW-PC and reference (Ref.) thin-film slabs. (a) i.
Schematic diagram of the geometry used in the FDTD computation with
the relative position of the monitor used for extraction efficiency
calculation. ii. Top-down schematic of the geometry showing the
orientation of y-polarized dipole. (b) The emission extraction
efficiencies, nex, from the NW-PC structures and reference as a function of
wavelength. Grey data points refer to SiC:0 structure with n = 2.2. (c)
Calculated spatial distribution of the electric field, |E|% at 1540 nm in the
zx plane (y-polarized dipole, n = 2.7) for i. the reference and ii. the 600-nm-
P1 NW-PC. The dashed lines in each map represent the outline of the
structure. iii. Dispersion relation of the 600-nm-P; NW-PC structure
(periodicity, a = P1 = 600 nm), showing an incomplete photonic bandgap
extending from 190 THz (1577 nm) to 229.2 THz (1308 nm).
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Figure 3. Structural and PL properties. (a) i. FTIR absorption spectra of the Si-C stretching mode for the as-deposited (AD) and 1100°C-annealed 20 nm

thin-films showing the transformation from amorphous to polycrystalline phase. ii. Representative HR-TEM image of annealed NW-PC showing average

grain size of ~5 nm with 3C-SiC crystalline phase. (b) Visible PL spectra from NW-PC structures under 476 nm laser excitation. PL of the same wavelength

range from outside of the nanowires is shown in orange. (c) Characteristic room-temperature Er3* emissions at ~1540 nm and ~1555 nm in NW-PC

structures under 488 nm (solid lines) and 476 nm (dotted line) excitations. (d) Photoluminescence excitation (PLE) spectra at 1540 nm emission from NW-

PC (square) and SiO2 (circle symbols) under a range of laser excitation wavelengths from 458 nm to 514 nm. Error bars are not depicted as the errors are

smaller than the symbol size.

are eliminated as it is presented in Figure 2c-ii and Figure S2
(Supplementary Material). For the 600-nm-P1 structures, 1540
nm emission is inhibited along the x-direction more prominently
than other NW-PC structures, as the 1540 nm wavelength falls
within the computed incomplete photonic bandgap of the
structure (Figure 2c-iii). Only the 600-nm-P1 structures among
our fabricated arrays exhibited a photonic bandgap containing
1540 nm. Nevertheless, due to the ultrathin geometry of
nanostructures the extraction efficiency is enhanced due to lack
of total internal reflection even if there is no bandgap present
containing the frequency of interest [19].

3.2 Morphological and structural properties of
materials

Fourier transform infrared (FTIR) spectroscopy measurements
showed complete crystallization of the as-deposited amorphous
SiC materials at temperatures 21000°C, in accordance with our
previously reported results (Figure 3a-i) [31]. In this respect, the
line shape of the Si-C stretching mode (~800 cm-!) of the as-
deposited material transformed from Gaussian to Lorentzian
after annealing at 1100°C, which was accompanied by a
substantial narrowing of the full width at half maximum (FWHM)
(~30 cm1), comparable to values for high-quality crystal SiC
[32]. The surface roughness of as-deposited and annealed
materials were analyzed by atomic force microscopy. Both
materials have extremely flat surfaces with a mean surface
roughness of 1-2 A (measured from several 1 pm? areas). X-ray
diffraction (XRD), and high-resolution transmission electron
microscope (HR-TEM) analyses agreed with the FTIR results,
revealing the formation of cubic 3C-SiC. The NWs were
polycrystalline with average nanocrystal grain size of ~5 nm as

presented in Figure 3a-ii.

3.3 Er3+ PL properties in SiC NW-PC structures

We investigated the room-temperature (RT) visible and Er3*
emission properties of undoped and Er-doped NW-PC
structures, respectively, by PL spectroscopy using a micro-PL
(uPL) system (Figure S3 in Supplementary Material) at different
laser visible excitation wavelengths (e.g. 458 nm, 476 nm, 488
nm, 514.5 nm). Figure 3b shows the matrix-related PL emission
spectra of undoped NW-PC structures, with a peak PL emission
at ~550 nm in concurrence with our previous studies [24,25].
Pertaining to Er3* emission, the 476 nm excitation is non-
resonant excitation while the 488 nm excitation corresponds to
resonant transitions from the ground state *Iis/2 to the *F7,2
excited state in Er3+. The characteristic Er3* emission, due to
intra-4f transitions #l13/2 = *l1s/2, [18] at ~1540 nm and ~1555
nm were observed in both SiC and SiC:0 NW-PC as shown in
Figure 3¢ (Er dose: 10 cm2). Er3+-1540 nm PL emission was
observed using various visible pumping wavelengths in NW-PCs,
demonstrating the structures’ broadband excitation
characteristics (Figure 3d). Conversely, for the SiO2:Er system,
only resonant transitions [33] to the excited states of Er3*
occurred around the excitation wavelengths of 458 nm, 488 nm
and 514.5 nm in agreement with other reports [34, 35].

NW-PC structures with larger P: periodicity, resulting in a
lower density of NWs, would be expected to have lower visible
PL due to their volumetric difference and also lower Er3+-1540
nm PL due to the corresponding decreased number of total Er3*
ions in the NW-PC. This volumetric effect was observed in the
visible PL emission at 550 nm, where PL decreased for
increasing P1 periodicity (Figure 4a). However, the opposite
trend was observed for the Er3* PL. The structures with the
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in SiC NW-PC and SiC:0 NW-PC as a function of P1 ; the difference of implanted Er ions was accounted for among the NW-PC. Three different NW-PC structures

were measured for each P1. The grey data points represent the Er3+PL in SiC:0 NW-PC without the volumetric normalization.

smallest periodicity, P1 = 200 nm, exhibited the lowest Er3* PL
among the studied NW-PC structures (Figure 4b). After
accounting for the decrease in the number of Er3* ions in the air
region of the different NW-PC structures (Section S4 and S5 for
more details), the Er3* PL increases in a monotonic fashion by a
factor of about five as P1 increases from 200 to 600 nm (Figure
4c). Furthermore, the modulation of the Er3* PL with P:
periodicity presented a direct correlation with the FDTD-
computed extraction efficiency in NW-PC (Figure 4b). This
correlation was observed for equivalent SiC and SiC:0 NW-PC
structures, and we observed the highest Er3* PL intensity in the
600-nm-P1 SiC:0 structures.

To further our understanding of the NW-PC effect on Er3*
emission, we studied a representative 600-nm-P1 SiC:0 NW-PC
devices (Er dose: 1013 cm-2). It is worth highlighting that, with
the experimental pPL setup used in this study, the Er3+ PL
emission was not detected from the thin film without a PC
structure (Ref.) at pumping power densities below 40 kW /cm?2.
This power value can be defined as the threshold power for
detecting Er3+ PL from the thin film. In contrast, Er3* PL from the
600-nm-P1 NW-PC was measurable with a pumping power as
low as 0.9 kW/cm?. This behavior suggests that collectively the
pumping and emission-extraction efficiencies of Er3+ in NW-PC
are higher compared to their thin-film analog. At the threshold
power, and accounting for the same number of Er ions
(Supplementary Material), the Er3* PL collected from the 600-
nm-P1 NW-PC was found to be approximately 60 times higher
than thin-film (Figure 5a). Moreover, the PL intensity ratio
between the NW-PC and thin-film samples increases
monotonically with decreasing Er dose. For example, the PL
ratio was approximately 17 and 35 for, respectively, the 1014 cm-
2 and 5x10'3 cm2 doses (inset in Figure 5a). Time-resolved
photoluminescence (TRPL) of the 1540 nm emission revealed a
luminescence lifetime, 7, of ~2.7 ms in 600-nm-P1 NW-PC
structures.

To obtain more insight into these compelling Er3* PL behaviors
in the NW-PC we measured the Er3* PL emission as a function of
excitation power (Figure 5b and Figure S6). After subtracting the
linear background and the detector dark counts, we fitted the
1540 nm-emission data to the following equation [15, 35],

Isat

Poge
1+T

I(P) =

(1)

where I(P) is the Er3* PL intensity at a given excitation power P,
s is the saturation intensity and Psa is the excitation power
required to yield half of st Figure 5b-i presents the results from
a representative 600-nm-P1 NW-PC nanostructure, revealing Isq
= 4244 +114 cps and Psat = ~8.3 KW/cm?. [sae and Psar were also
extracted for a representative thin-film sample, giving Isar = 192
* 10 cps and Psar = ~150 kW /cm? (Figure 5b-ii). These values
indicate an approximate 20-fold increase in both pumping
efficiency and Er3*+ emission output flux (Isa) in NW-PC.
Furthermore, equation (1) can be expressed as a function of the
photon flux of incoming photons, ¢, by [18, 36],

1+ oo

(2)

where o is the effective excitation cross-section and t is the
luminescence lifetime that was experimentally determined in
TRPL. Isa is given by Iy = N*/TT , where 7 and N* are,
respectively, the radiative lifetime and the concentration of the
optically active erbium ions. We then fitted the experimental
power-dependence data to Eq. (2) using the observed Er PL
lifetime, which yielded an effective cross-section value of
2.2x10-18 cm-2 for the NW-PC. This value is one order larger than
that of the thin-film sample (2.8x10-1° cm2), and two orders of
magnitude higher than the typical range of ~10-2°-10-21 cm? for
Er-doped materials [37, 38].

The matrix-related PL spectrum of the NW-PC devices is
characterized by a broadband luminescence feature in the
spectral range of 500 - 750 nm, with the dominant PL occurring
around 550 nm wavelength. To this end, some of the Er3*
transitions, such as *lis/2 = 2H11/2 (514 - 520 nm), *l1s/2 = 4S3,2
(550 nm), and *I15/2 = *F9/2 (660 nm), are in resonance with the
broadband PL of the NW-PC devices [33]. The PL and PLE data,
thus, demonstrate an efficient energy transfer mechanism
between the nanostructured matrix and Er3* ions, as the Er
emission can be sensitized by the nanostructured matrix.
Effective light-trapping by multiple scattering events can also
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density: 40 kW/cm?; Er dose: 1x1013 cm'2; the difference of implanted Er ions was accounted for between the NW-PC and thin-film). The Er3* PL intensity
in thin-film was multiplied by 20 for presentation purposes. Inset: Ratio of Er3* PL intensity between NW-PC and thin-film as a function of Er dose measured

at their respective threshold pumping powers. (b) Er3* PL emission peak intensity as a function of pumping power density from i. 600-nm-P1 NW-PC; and
ii. thin-film. (Er dose: 1013 cm2). The dashed lines indicate fits to the data using Eq. 1. (c) i. Peak position and ii. FWHM of Er3+ PL spectra as a function of
pumping power. iii. Er3* PL time traces with sampling bins of At = 10 ms and At = 100 ms (excitation power density: 250 kW/cm?, Er: 1x10!4 cm2). (d) Polar

plots of the integrated Er3* PL peak area as a function of the emission polarization from i. 600-nm-P; NW-PC; and ii. thin-film. The polarization angle of the

excitation source was kept parallel along to the NWs’ length.

increase absorption probability of the incident light in the NW-
PC devices [7].

Photostability under high pumping is important for photonic
applications. The peak position and lineshape (FWHM) of the
observed Er3* PL emission in NW-PC remained unchanged with
pumping power (Figure 5c-i,ii), showing good photostability of
the Er-doped nanophotonic structures. Furthermore, we
examined the photostability of Er3* PL under high pumping
power as a function of time. The Er3+ PL time-traces on two
different timescales are shown in Figure 5c-iii. The Er3* PL
count-rate remained constant over several minutes with no
indication of photobleaching. Furthermore, the large geometric
anisotropy of the ultrathin NW also results into anisotropy of the
emission and absorption properties of the emitters [39, 40]. As
presented in Figure 5d-i, the Er3*-emission from NW-PC was
found to be predominantly polarized along the length of the NWs,
with emission polarization degree, p., of ~0.4. Even if the
dipoles in a nanowire are randomly oriented, the emitted light
from the nanowire will be preferentially oriented along the
nanowire axis and p,,, isexpressed as [41]:

Iy—=1,
I||+IJ_

Pem = ‘
(3)

where [ or [, is the intensity of respectively the most
(polarizer parallel to NWs) or least (polarizer perpendicular to
NWs) intense PL respectively. In contrast, Er3* PL emission from
the thin-film appears completely isotropic (independent from
emission polarization direction) (Figure 5d-ii).

3.4 Optically active Er3+ concentration calculation

and defect density

To estimate the concentration of the optically active Er3* ions in
the NW-PC and thin-film, we used the following approach
described in more details in Section S7. In the linear pumping
regime (low pumping power), where the excitation rate
constant, o¢p is much smaller than the de-excitation rate
constant, 1/t (6@t << 1), Equation (2) can be approximated by,

= Nyt OPTN™
TT‘
(4)
At saturation (high pumping power), where o@t >> 1, the PL
intensity is equal to,

(5)
As discussed, at saturation the Is: ratio between the NW-PC
and thin-film was ~22. We calculated the radiative lifetime
(trnw = Iy nw), reciprocal of the radiative PL decay rate I}, of
the NW-PC structure relative to the lifetime in the reference thin-
film (7, ,er = I}}lef) using FDTD simulation [30, 42]. In this
respect, the total power radiated by the dipole within the NW-
PC (Pnw) is proportional to the radiative spontaneous emission
rate I vy, and equivalently for the reference thin-film. Thus, in
the case of the 600-nm-P1 NW-PC and thin-film, we calculated
the emission rates ratio as

P _ Erawy -y Pow g 59

I;”,ref Tr,ref Pref
Using Equation (5) and the extraction efficiency ratio between
the NW-PC and thin-film, as determined by FDTD computations,
we estimated [43] the optically active Er3* concentration in NW-
PC to be ~12.4 times higher than that in the thin-film.
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Figure 6. Effect of NW-PC structure on Er3+ PL emission dynamics. (a) Er3* PL (~1540 nm) decay in the 600-nm-P1 NW-PC structure under 488 nm
pulsed excitation at 77 K and 300 K (red points: 300 K (RT); green points: 77 K). The Er3+ PL lifetime in NW-PC, as obtained from single exponential fitting,
was calculated to be ~2.7 ms for both 77 K and 300 K. The solid lines indicate fits to the data. (b) PL decay of 550 nm emission from the NW-PC structures
(legend: P1) with instrument response function (IRF) in gray. (c) Room-temperature Er3* PL decay at 1540 nm from different NW-PC structures (legend:
P1). Solid lines represent single exponential fits. (d) Er3+ PL lifetimes for the different NW-PC structures and for a single NW (orange). (e) Computed relative
radiative lifetime from NW-PC with different P1 and a single NW. Data points corresponding to the NW-PC with periodicity values beyond our fabricated

structures are shown under the shaded region.

Considering the decrease in the number of Er3+* ions in the air
region for the NW-PC structures (~0.083x decrease), the total
number of Er3* was found to be approximately ~3% more in
NW-PC. Nevertheless, we observed that the Er3* PL was
saturated at much lower power in the NW-PC structures,
indicating a more efficient mechanism of pumping
Er3*compared to the thin-film. As mentioned in the introduction,
an enhanced pumping efficiency is important for solid-state
photonics, and quantum communications applications [9, 11].

The integration of rare-earth ions in wide-bandgap ultrathin
NWs can offer supplemental benefits. It can be argued that
Auger and energy back-transfer effects are appreciably reduced
in wide-bandgap SiC and SiC:0 due to low concentration of free
carriers and the large mismatch between their bandgap and the
first excited state of Er3* respectively [24, 36]. Confinement
effects on electron-phonon interaction may be expected
primarily due to absence of low-energy acoustic phonon modes
in ultrathin NWs, resulting in different luminescence dynamics
of Er3+ at low temperatures [44]. Moreover, in ultrathin NWs a
decreased bulk defect-density [ 45 ], and a strain-relaxed
environment in the material is expected [46, 47], and hence a
smaller probability of nonradiative sites within the ion’s
recombination volume. Thus, in ultrathin NW-PC having well-
passivated surfaces, excited Er3+ is expected to be exposed to a
smaller number of bulk non-radiative recombination sites
compared to its bulk analog, which can lead to an increased PL
lifetime [45]. From deconvolution of the PL spectra at room-
temperature, we observed that spectral linewidth is narrower in
NW-PC structures (~10 nm) compared to the thin-film sample
(~18 nm), which can be due to reduction in defect density
and/or reduction in the number of optically active ions.

To access the influence of non-radiative quenching processes
in the NW-PC structures, we performed TRPL of the 1540 nm

emission at 77 K. As can be seen in Figure 6a, the observed Er3*
luminescence lifetime did not change (2.7 + 0.1 ms) with respect
to its 300 K value. The Er3* PL dynamics of the NW-PC implies a
good quality material, with significantly low defect density and
a well-passivated surface. [t may be thus inferred that the higher
concentration of optically active Er3+ in NW-PC can be the result
of reduction of bulk defect-density, as compared to the Er3+ PL
dynamics of the thin-film (Figure S8), and more effective
thermal annealing process in forming optically active Er ions
due to the NW geometry. Additionally, with decreasing Er dose
the number of Er3+ ions in NW-PC also decreases, which results
in an even lower probability of a defect center being within the
ions recombination volume. This may explain the trend of
increased PL intensity ratio with decreasing Er dose between
the NW-PC and thin-film mentioned in section 3.3 (inset of
Figure 5a).

The much shorter Er3* PL lifetime in thin films (Figure S8) can
be attributed to an increase of nonradiative de-excitation paths
for Er ions in the thin-film matrix in agreement with other
reports [ 48, 49 ]. Furthermore, reduction in the effective
refractive index in NW-PC and confinement of the Er ions within
the NW may reduce the photon density of states for emission
and thereby reduce the transition rate and correspondingly
increase the Er luminescence lifetime [36]. The effective
refractive index in NW-PC is expected to be between that of air
(n=1) and thin-film (n = 2.2).

As discussed, we observed that the Er3* PL from NW-PC was
modulated with P1 periodicity and was correlated with the
computed extraction efficiency trend at 1540 nm (Figure 4b). In
conjunction to the different behavior between the steady-state
PL at 550 nm and 1540 nm emissions from NW-PC structures,
we also observed different trends in the luminescence dynamics
at these wavelengths. Average lifetime at 550 nm was found to
be the same, ~680 * 40 ps, for all the NW-PC structures (Figure



6b). However, luminescence lifetime of Er-PL at 1540 nm was
found to be approximately the same, 2.3+ 0.1 ms, only for NW-
PCs with 300-, 400-, and 500-nm-P1 periodicity (Figure 6c,d).
For the 600-nm-P1 NW-PC structures, in agreement with the
computed radiative lifetimes (Figure 6€), we observed a longer
lifetime (2.7 * 0.1 ms), which suggests that an additional
physical mechanism is contributing to the modulation besides
nanostructuring and reduced defect density effects. The
spontaneous emission rate of PC structures is predicted to
decrease when the emission spectrum lies within the photonic
bandgap [20, 30], as in the case of 600-nm-P; NW-PC structures,
yielding longer luminescence lifetime. We observed a ~15% and
~30% relative difference in lifetimes from experimental (Figure
6d) and computational (Figure 6e) results, respectively,
between 600-nm-P1 and the three other NW-PC that do not have
a photonic bandgap containing 1540 nm. As expected for our
one-dimensional 600-nm-P1 NW-PC structures, the increase in
PL lifetime was less pronounced compared to the increase

observed in two-dimensional photonic bandgap materials (~80%

in Ref. 30).

The increase of the Er3* PL lifetime in NW-PC, decrease of its
PLemissionrateas Iy = Ty ' = I yw + Inryw, is coupled to
the above mechanisms (I;,,- is the nonradiative decay rate). I'nw
is influenced by the complex interplay of the radiating Er3+
(I nw = Tryw ) and its interactions with the nanophotonic
structure (e.g. NW geometry, nanostructuring effect, photonic
bandgap), as well as the surrounding defectivity (e.g. ion’s
energy transfer to competing nonradiative decay channels,

_ -1
Lo nw = an,NW)-

4. Conclusions

In summary, we present a new nanofabrication scheme for the
integration of rare-earth Er ions into solid-state scalable SiC
nanostructures. These nanostructures encompass a new class of
tailorable ultrathin photonic crystal structures, thus enabling
the engineering of the spontaneous emission characteristics of
Er3+. Both FDTD calculations and PL measurements revealed
that the Er-induced emission efficiency can be enhanced by
tailoring the geometry the NW-PC structure. We experimentally
observed substantial enhancements for both the room-
temperature 1540-nm-emission and absorption cross-section in
NW-PC. This holistic approach can cultivate an alternative
pathway towards the development of scalable nanophotonics
(e.g. integration into photonic circuity and cavity) at telecom
wavelengths that could be benefited by the controlled placement
of rare-earth Er3* ions and the modification of the ion’s emission
in scalable SiC nanophotonic structures.

5. Methods

5.1 Synthesis of NW array structures

Silicon (100) wafers were spin-coated with HSQ negative-tone
resist at 1000 rpm followed by a soft-bake, yielding an
approximately 130 nm thick HSQ layer. We exposed the HSQ
layer using a Vistec VB300 and a Voyager Raith electron-beam
lithography tool using line patterns created in the Layout Editor.
Following the exposure, development was performed in
tetramethylammonium hydroxide (TMAH) yielding HSQ ribbon
arrays. We conformally deposited 20 nm of SiC/ SiC:0 onto the

HSQ ribbon arrays using a home-built thermal CVD system at
800°C. CVD-742 (1,1,3,3-tetramethyl-1,3-disilacyclobutane)
from Starfire Systems or TSCH (1,3,5-trisilacyclohexane) from
Gelest Inc. were used as the silicon and carbon source. After the
SiC or SiC:0 growth, anisotropic fluorine-based (combination of
CHF3 and CF4 gases) reactive ion etch was performed using a
Plasma-Therm Versalock 700 to remove the top SiC or SiC:0 layer,
leaving the sidewall layers intact and exposing the HSQ ribbon
template. A wet-etch using BHF acid was then carried out to
remove the HSQ, yielding ultrathin NWs synthesized in a self-
aligned manner.

5.2 Device modeling

The calculations of the extraction efficiency and the spatial
distribution of the dipole radiation were carried out using 3D
finite-difference time-domain (FDTD) simulations (Lumerical
Inc.). A y-polarized single dipole source was positioned at the
center of a uniform slab (thin-film) and of a NW-PC structure
(Figure 2a). The spatial dimension of the simulation window
was varied to keep the total number of NWs (21 pairs) the same
for all structures. We used a fixed grid size of 1 nm, and a
perfectly matched layer as the boundary condition in all
directions [30]. We used a monitor (parallel to the xy-plane) to
calculate the transmitted flux through the top surface of the slab.
It consisted of one 2 pm x 2 pm xy plane at z = 500 nm from the
surface of the material (Figure 2a).

The position and dimensions of the monitor were kept the
same for all simulations to ensure equivalent solid angle
detection. We then calculated the total power injected by the
dipole (Pin) by integrating the time averaged Poynting flux over
the six surfaces of a cube enclosing the radiating dipole. The
extracted power (Pou) was calculated from the power
transmitted through the monitor plane. The extraction
efficiency e« is defined as the ratio of Pout / Pin [19,30]. The
index of refraction n, thickness, and geometry values for the
thin-film and NW-PC structures, used in the simulations, were
experimentally determined by SEM and spectroscopic
ultraviolet-visible ellipsometry measurements (J.A. Woollam
RC2 dual rotating compensator ellipsometer).

5.3 PL characterization

A home-built micro-PL (uPL) system -composed of an argon
laser (Beamlock 2065-7S) coupled to an FLSP920 spectrometer
from Edinburgh Instruments, a Triax-550 spectrometer from
Horiba Jobin Yvon and liquid nitrogen cooled Ge/ InGaAs
detectors - was utilized for PL and power-dependence PL (PDPL)
measurements. We performed the PL and PDPL measurements
at room-temperature using 476 and 488 nm excitations, to
optically excite the Er3* ions, through a Zeiss 50x (NA = 0.85)
objective lens. Time-resolved photoluminescence (TRPL)
studies were conducted in the FLSP920 spectrometer utilizing a
multi-channel scaling technique. An acousto-optic modulator
(AOM) was used to create laser pulses with a ~500 us FWHM,
and 50 Hz repetition-rate for the NW-PC structures and 100 Hz
for the thin-film. For PL measurements at 77K, a close-system
cold-finger cryostat with Mitutoyo NIR 50x objective lens (NA =
0.55) was used in the same spectrometer. For the emission-
polarization anisotropy measurements, PL spectra were
collected at different angle of a polarizer placed in front of the



tube lens.
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Figure S1: (left) High magnification cross-section SEM images of the resulting NW-PC structures with W= 10 nm. (right) Top-down
SEM of arrays of nanotubes, fabricated with similar integration steps as figure 1. Scale bars at both images are 100 nm.
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Figure S2: Calculated spatial distribution of |E|? at 1540 nm in the zx plane (y-polarized dipole, n = 2.7) for the reference thin-film
(dashed lines represent the outline of the film), the 200-nm-P1, 400-nm-P1 and the 600-nm-P1 NW-PC.
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Figure S3: Schematic diagram of the micro-photoluminescence spectrometer used to study the emission properties of erbium
ions in NW-PC and thin-film samples. [AOM: acousto-optic modulator, CCD: Charge-Coupled Device]

$4: Visible emission (~550 nm) in NW-PC

As expected, due to their volumetric difference, visible PL of NW-PC from multiple different structures showed a steady decrease in
PL intensity with larger periodicity P1 (Figure 3b). PL intensity at 550 nm is plotted in Figure 4a as a function of P1 in NW-PC. After
normalizing the PL intensities with the corresponding volume differences (Section S5), the PL intensity of each structure became
close in value within 10% variation, as shown in Figure S4-a. This behavior suggests that the PL intensity difference is mainly
dominated by the difference in the excited volume of the material. Average lifetime at 550 nm was found to be ~680 * 40 ps from all
four structures (Figure S4-b).
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Figure S4: (a) Visible PL from NWs after the volumetric adjustment. (b) Average lifetime of each structure.
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$5: Volumetric difference between nanostructures

Under the same excitation laser beam-diameter, the actual volume of excited material varies for different nanowire array structures.
For example, nanowire arrays with larger periodicity P1 result in the excitation beam-diameter falling on a lesser number of
nanowires, and therefore less volume. The relative volumetric difference for the studied nanowire-based photonic crystal structures
(NW-PC) are shown in Figure S5.

To this end, the difference of implanted Er ions was accounted for among the different NW-PC structures and also between the NW-
PC and thin-film (decrease in the number of Er3* ions in the air region with increasing P1) when plotting the Er3* PL intensity.!
Considering the effective area-difference between the thin-film and NW-PC we have: x-direction, 1000 nm (film) / 80 nm (corresponds
to 4 NWs in the 600-nm-P; structure) = 12; and y-direction, no difference. Therefore, to compare the Er3* PL spectra between the 600-
nm-P; NW-PC and thin-film, we divided the PL intensity in thin-film with 12.
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Figure S5: Relative difference in the volume of excited material for the studied NW-PC structures with periodicity from 300 nm to
600 nm (P1) under the same excitation beam-diameter.
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Figure S6: Room-temperature Er3* emission spectra of the 600-nm-P; NW-PC under different pumping powers of 488 nm
excitation.



S$7: Estimation of the optically active Er ion concentration

The estimation of the optically active Er3+ concentration ratio, N*, between the NW-PC and reference thin-film was carried out by using
equation (5). First, we calculated the ratio of the radiative lifetimes between the NW-PC structure (7, 5y = I;y) and reference
(Trref = 1}}%) using 3D FDTD simulation. The total power P radiated by a dipole is determined by the photon density of states (DOS)
in the emitter-environment system and is proportional to the radiative spontaneous emission rate.23 As described in the device
modeling section, the total radiated power in the NW-PC structure with n = 2.2 (SiC:0) was calculated from the power transmitted
through a cube enclosing the radiating dipole. An average radiated power, Pnw of all three directional dipoles was used for this
calculation. Similarly, Prer was calculated for the same dipole orientations in the slab (n = 2.2). The ratio of the radiative spontaneous
Pnw _ I'rNw

ref - rr,ref

~ 0.22), we then calculated N* of the NW-PC relative to reference from Eq. (5) as

emission rates between the NW-PC and reference was then calculated as . Considering the ratio of their FDTD-simulated

. . . . n .
extraction efficiencies (==L
Next. NW

Ny n I T
NW _ Text ref  SALNW . TTNW 022 X 22 X 2.56 ~ 12.4

— =
ref Next. Nw Isut,ref Tr,‘ref

We also accessed the ratio of emission rates by employing the analytical expression for the emission transition rate of a dipole
inside high-index nanoparticle emitting in air#5 In this case, I'+, which is considered independent of the position of the dipole and

the polarization in the nanoparticle, is smaller compared to the rate in bulk and can be approximated by ;rﬂ =9/n(n? + 2)%
rref

However, this relation considers dipoles inside a spherical dielectric nanoparticle. In this respect, this result can be only considered

as an approximate upper limit for the change in the spontaneous emission rate of a dipole in SiC:0 NWs, and thus was not used in

determining N".

$8: Er3+ PL dynamics of the thin-films

Normalized PL

Figure S8: The average Er3* PL lifetime was 110 + 10 ps (RT: 300 K) and 280 * 20 ps (77 K) as calculated from the integrated
luminescence decays [25]. The solid lines indicate fits to the data.
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