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Sketch and Peel Focused lon Beam Patterning of Black
Phosphorus for Mid-Infrared Photonics

Huan Liu, Anders Barlow, Alexander Corletto, Christopher R. Hall, James Bullock,
Shi Tang, Sivacarendran Balendhran, Seyed Saleh Mousavi Khaleghi, Sergey Rubanov,
Trevor A. Smith, Yaping Dan, and Kenneth Crozier*

Black phosphorus (BP) is an important mid-infrared semiconductor, having a
direct bandgap from monolayer (~1.7 eV) to bulk (~0.31 eV) thicknesses. The
ability to nanopattern BP could enable new optoelectronic devices. However,
existing nanopatterning techniques are either limited to thin flakes or produce
BP with poor optical properties. Here, focused neon ion beam lithography is
used to produce functional BP nanostructures. We demonstrate a “sketch and
peel” method. The “sketch” step removes BP in a narrow line that outlines
the desired structure. In the “peel” step, a hardened polymer droplet is used
as a handle to pull off the surrounding flake. The “sketch and peel” method
minimizes the damage to BP. We show that thermal treatment allows the small
amount of damage that still occurs to be mitigated, as confirmed by Raman
spectroscopy and mid-infrared photoluminescence. For the first time, this
work demonstrates a method to nanopattern BP with very high resolution and
to repair damage by producing high quality BP nanostructures. It thus could
be an important enabling technology for future BP nanophotonic devices.

1. Introduction

The mid-wave infrared (MWIR, 3-5um) spectral band is impor-
tant for sensing because many molecular fingerprints are found
within this region. Free-space optical communication also relies

on this band due to its overlap with the
window of atmospheric transparency. Inter-
band cascadel'*] and quantum cascadel**°]
lasers (ICLs, QCLs) are high perfor-
mance MWIR sources. Typically, these
are based on heterogeneous structures,
e.g. III-V semiconductors such as InAs,
GaSb, and AlSb. This necessitates the
use of sophisticated and costly growth
methods such as molecular beam epi-
taxy. Furthermore, while integration with
complementary metal oxide semiconduc-
tor (CMOS) technologies would benefit
many applications, it is non-trivial, requir-
ing complex epitaxial growth or bonding
techniques.

Black phosphorus (BP) is a direct
bandgap semiconductor in all thicknesses,
with a bandgap tunable from =~1.7 eV
(monolayer) to ~0.31 eV (bulk).”1% The
high photoluminescence quantum yield
(PLQY) of its band-to-band emission in the bulk state (PLQY
~1%)1% makes it suitable as a platform for MWIR light
generation.[''"1* Unlike the complex epitaxy growth techniques
for III-V material in ICLs and QCLs, BP flakes can be eas-
ily exfoliated in a wide range of thickness (monolayer to um)
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and integrated into heterostructures. Furthermore, its self-
terminating crystal structure and van der Waals interactions
with other materials make BP compatible with CMOS plat-
forms without lattice mismatch problems.[">"'7] In addition, its
in-plane anisotropy,!’®! tunable optoelectronic properties,!**-2*]
and epsilon-near-zero property!?*l present interesting opportu-
nities for various optoelectronic devices.[?=*%] The bio-medical
potential of BP also attracts much attention recently due to its
antimicrobial properties, which can enhance the wound healing
process.[31734]

Traditional lithography followed by reactive ion etching has
been used to nanopattern 2D materials such as WSe,, WS,,
hexagonal boron nitride (hBN), etc. without adverse effects due
to their chemical stability. However, BP is known to be highly re-
active with oxygen and water under light stimulation.*>] Thus, a
multi-step fabrication process with constant exposure to the envi-
ronment is unlikely to produce high-quality BP nanostructures.
Furthermore, for many MWIR photonic integrated circuit com-
ponents like waveguides and resonators, thick layers (100’s nm or
um) are needed for optical mode confinement. Reactive ion etch-
ing would thus require long etching times, as the etching rate
of BP is typically slow (e.g. O, plasma: 0.12 nm/s, Ar plasma:
0.5 nm/s 3%)). A thick mask would thus be required to withstand
the long etching time, which usually leads to poor lateral resolu-
tion. Scanning probel*’) and e-beam exposure!**! have been used
to pattern BP monolayers and thin BP layers (10 to 40 nm thick),
respectively. However, these techniques are hard to implement
on thicker BP flakes (100’s nm range).

Here, we use focused ion beam (FIB) with neon ions to
nanopattern BP with very high resolution, i.e. down to ~10 nm,
for the first time to our knowledge. We demonstrate etching
depths from tens of nm to more than one micron (1.1 pm), while
retaining the optical properties of BP with minimal process dam-
age. This is based on the “sketch and peel” method,[***3] which
has been previously used for evaporated gold films or gold flakes.
In traditional FIB nanopatterning, the realization of an isolated
structure involves removal of all surrounding material, which is
slow and induces more material damage. We instead remove only
the BP in a narrow cut that outlines the structure. This is re-
ferred to as the “sketch” step. We then attach a handle to the sur-
rounding BP flake, i.e. outside the desired BP nanostructures.
This comprises a droplet of polyvinyl acetate (PVA), which is dis-
pensed onto the BP and allowed to dry. By pulling the handle
away, we remove the surrounding BP flake and leave behind the
desired isolated structure. This is referred to as the “peel” step.
The “sketch and peel” method minimizes damage to BP and cre-
ates structure more efficiently because only the outline of the
structure, rather than the entire surrounding material, is milled.
We show that the FIB can create cuts as narrow as ~10 nm. Us-
ing the “sketch and peel” technique, an isolated structure in the
shape of an Australian koala is fabricated from a BP flake (~700
nm thick). Tilted-angled helium ion microscopy (HIM) reveals
that the structure has near-vertical sidewalls. We find that the BP
near the cut (within a few microns) has modified properties. The
Raman spectrum measured from this area has an elevated base-
line in the region from ~320 to ~480 cm™'. Nano-beam diffrac-
tion (NBD) in transmission electron microscopy (TEM) shows
the amorphization of BP near the milling edge (~ 500 nm wide).
Electron energy loss spectra (EELS) measured in the same re-

Adv. Optical Mater. 2025, 13, e00460 €00460 (2 of 11)

www.advopticalmat.de

gion show that there is more P than O, confirming that the mod-
ification corresponds to structural damage (i.e. amorphization)
rather than chemical oxidization. Due to the structural damage,
the mid-infrared photoluminescence (mid-IR PL) emission (peak
wavelength ~3.8 um) is also decreased in strength. We demon-
strate that a simple thermal treatment allows this to be restored,
as revealed by the Raman spectrum having a flat baseline and
sharp BP Raman modes, and by a near-doubling of the mid-IR
PL emission. We believe that the “sketch and peel” method fol-
lowed by thermal treatment is a useful contribution to a possible
new field of BP nanophotonics.

2. Results and Discussion

Our gas-field ion source (GFIS) -based FIB system (Zeiss Orion)
uses a well collimated neon ion beam emitted from one atom of
the “trimer” (three atoms at the apex of a tungsten tip) under an
acceleration voltage of 30 kV, schematically shown in Figure 1a.
We first investigate the relationship between milling depth and
dosage by milling a series of rectangles (size 1 pm X 5 um) with
dosages from 0.3 to 2.0 nC/um? on a thick BP flake (~1.1 pym), as
shown in Figure 1b. We use atomic force microscopy (AFM) to
map the topography of the milled rectangles. Figure 1c,d shows
an AFM image of two rectangles (bottom: dosage 0.3 nC/um?,
top: dosage 0.5 nC/um?) and their corresponding cross section
profiles along the white dashed cutlines. AFM images of the
other rectangles are provided in Supporting Information Figure
S1 (Supporting Information). The milling depth (determined
from AFM cross section profiles) versus dosage curve is shown
as Figure le. The near linear relation confirms that the neon
beam can mill BP to depths greater than 1 um, which should suf-
fice for most infrared optoelectronic devices. However, for high
dosages, a racetrack-shaped blurred area is observed surround-
ing the milled rectangles, indicating damage to the BP. Rede-
position and amorphization are commonly observed in the FIB
patterning of materials like gold.[***] These add roughness and
make the patterned shape depart from its target. For BP, there
is another problematic side effect not seen in chemically inert
materials such as gold. After being redeposited or amorphized,
BP has dangling bonds, increasing the likelihood of interaction
with oxygen or water vapor, the two key components involved in
the degradation of BP.1*>##7] This is consistent with the observa-
tion from laser scanning experiments on FIB-processed BP. The
BP damage extending from the milling edge is accompanied by
lower PLQY, caused by defects that are generated in the milling
process (e.g. adding non-radiative recombination centers), which
will be detailed in the following section.

As discussed earlier, material damage is minimized when uti-
lizing the “sketch and peel” process because the area of the milled
region is reduced as much as possible, i.e. only the edge of the
desired nanostructures. Investigations into the resolution of this
method consist of milling an array of patterns into a freshly ex-
foliated BP flake (~100 nm thick). This comprises the logo of
a research center with which some of the authors are affiliated
(“TMOS”, the ARC Centre of Excellence for Transformative Meta-
Optical Systems), at three different sizes and linewidths (i.e.
scaled versions at 100%, 50% and 25%). To avoid pre-exposure of
the logo array region, neon beam alignment and focusing steps
are done at the edge of the flake. The region into which the logo
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Figure 1. Topology of FIB-patterned BP flake. a) Schematic view of gas-field ion source (GFIS)-based focused ion beam (FIB) patterning of BP flake.
b) Optical microscope images of BP flake (~1.1 um thick) on SiO, substrate with FIB-milled rectangles (1 um x 5 um size, dosage 0.3, 0.5, 0.8, 1.0, 1.3,
1.5, 1.8, 2.0 nC/um? from right to left) before (top) and after (bottom) thermal treatment (240 °C for 20 minutes). Scale bar 10 um. c) Atomic force
microscopy (AFM) image of rectangles with dosages of 0.3 and 0.5 nC/um? with cross section profiles (white dashed lines) plotted in (d). Cross section
profile for 0.5 nC/um? dose (orange line) is shifted downwards by 100 nm and leftwards by 500 nm for visualization purposes. €) Milling depth versus

dosage for neon beam patterning of BP (30 kV acceleration voltage).

array is to be patterned (~20 um away from the flake edge) is
then moved to the center of field of view by the motorized sample
stage. Neon beam patterning is then performed. Helium ion mi-
croscope (HIM) images of the nanopatterned region containing
three “TMOS” logos are shown in Figure 2a. In the top logo, the
vertical and horizontal sections of the letter “I” have widths of
200 nm (scale bar 1 um). The middle and bottom logos are iden-
tical to the top logo, but scaled by 50% and 25%, respectively.
Zoomed-in views of the 50% scaled and 25% scaled logos are
shown as the upper and lower panels of Figure 2b, where the
scale bars are 500 nm and 250 nm, respectively. The vertical and
horizontal sections of the “T” in the smallestlogo are 50 nm wide.
The milled cuts are ~10 nm wide, much narrower than these sec-
tions (50 nm), which can be clearly seen from Figure 2c (scale
bar 50 nm). It is also evident that neon-FIB achieves sharp cor-
ners. We study this by overlaying the edge-enhanced letter “T”
outline with an arc of radius ~17 nm and two straight dashed
lines in Figure 2d. It can be seen the two corners can be fitted.
Thus, the radius of curvature of letter “I” is estimated to be ~17
nm, indicating the potential of Ne-FIB to achieve sharp features
in the ~10 nm range. The edge-enhanced processing is done by
applying a threshold function to the grayscale HIM image of the
letter “T”. The threshold function converts the grayscale image
to a binary one, i.e. values larger or smaller than the threshold
are set to be 0 (white in Figure 2d) or 1 (black in Figure 2d),
respectively. This allows the location of the edge to be found.
Our results show that a resolution of ~10 nm is achieved in the
“sketch” step on BP. More HIM images of the repeat experiments
(“TMOS” logo array) can be found in Figure S2 (Supporting
Information).
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We next discuss the “peel” step, where the goal is to remove
the surrounding material. Here we use polyvinyl acetate (PVA)
as the adhesive to stick to the surrounding material. A solution
of PVA in water will form an adhesive thin film when it is dried.
It has been used in “sketch and peel” on gold flakes to fabricate
optical nanostructures.[**#*43] Here, we apply it to BP. Using the
“sketch” step described above, a structure with a koala shape is
outlined into a BP flake. A PVA-based peel off process is then
performed on a 2d material dry transfer system to remove the
surrounding part. As illustrated in Figure 3a, the BP flake (con-
taining the outlined koala-shaped structure) on a SiO,/Si wafer
with navigation markers is mounted on the transfer stage. Next,
a droplet (~2 pL) of PVA/water solution is dispensed on a glass
slide using a micropipette (I). The glass slide is then flipped
over and fixed by a clamp mount, with the PVA droplet side to-
wards the sample surface (II). The edge of the BP flake and the
PVA droplet are brought into alignment by adjusting the me-
chanical translation stages holding the slide clamp and sample
mount, while observing the process with an optical microscope.
The sample stage is then lifted toward the PVA droplet until con-
tact is made, followed by a further lifting to maximize the area of
the flake covered by the droplet. Empirically, a contact ratio (de-
fined as contact size/full flake size) greater than 0.5 tends to give
a good success rate for the peeling step. During this process, we
monitor the position of the edge of the PVA droplet (which we
term the “flood line”) in the optical microscope, to ensure that
the PVA does not encroach onto the patterned area (III). After the
PVA dries, which is indicated by it turning light yellow, the sam-
ple stage is slowly moved away from the glass slide. The part of
the BP flake that surrounds the koala-shaped structure adheres to

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Helium ion microscope images of Ne-FIB patterned TMOS logo array. a) Scale bar Tum. b) Zoomed in view of the second (upper) and third
(bottom) logo in (a). Scale bar 500 nm (upper), 250 nm (bottom). c) Zoomed in view of the bottom logo of (b). Scale bar 50 nm. d) Edge enhanced plot

of letter “T” in (c) with curvature fitting process. Scale bar 50 nm.

the PVA film and thus peels off from the SiO,/Si substrate (IV).
This results in the isolated structure remaining on the SiO,/Si
wafer. This structure comprises the BP within the Ne beam
outline, i. e. the koala-shaped pattern in Figure 3b. The bottom
inset of Figure 3b shows the flake right after the “sketch” step.
Considering that BP is less ductile than gold, which was used
in previous reports of “sketch and peel”, our use of the sample
stage and glass slide provides better control over the sample and
PVA droplet. Specifically, it allows slower and milder peeling of
the PVA film with better reproducibility than just using tweezers
by hand, as was done in previous work.?*#*43] The AFM image
of Figure 3c and the top inset of (b) show the 3D morphology of
the koala-shaped structure (thickness ~700 nm) and the zoomed-
in view near the edge. An HIM image (tilt angle ~85 °) of the
koala-shaped structure is presented as Figure 3d. It is seen that
the sidewalls are nearly vertical, which is a consequence of the
low divergence of the Ne beam. However, some sign of material
damage can be observed near the edge, namely that the BP within
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~500 nm of the edge is different in thickness. This is discussed
below.

Next, we study changes in the edge regions after neon milling
by performing Raman spectroscopy on a BP sample with a
“sketched” letter “T”-shaped structure (strip width 2 um). The col-
lected Raman signal is from a diffraction-limited region whose
lateral extent is hundreds of nanometers or more. In Figure 4a,
normalized Raman spectra are plotted when the laser spot is
centered at the milling edge (x = —1 pm, magenta), near the
milling edge (x = —2 um, purple) of the letter “I”, and at the
center of the “T” strip (x = 0 pm, orange). The normalization
of the Raman spectra is performed as follows. The raw spec-
tra measured at the aforementioned three locations (at and near
the milling edge, and at the center of the “T” strip) are divided
by the peak value of the A? mode from the raw spectrum mea-
sured at ~3 pm from the milling edge, a location that is ex-
pected to be unaffected by the milling. In other words, if the nor-
malized spectrum gives unity A; peak intensity, the BP at that

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Sample mount

Isolated Koala PVA dry out

Figure 3. Workflow for “peel” step and results for the koala-shaped BP structure. a) Peel-off workflow. I. PVA drop casting on glass slide. II. Flip over glass
slide towards sample. IIl. PVA & sample contact. Zoom in illustrations show top view of PVA and BP after contact is made (left) and after PVA has dried
out (right). IV. PVA & sample de-attach. Zoom in: “isolated koala” (left), peeled off PVA film (right). b) Optical microscope image of the koala-shaped BP
structure resulting from “sketch and peel” process. Bottom inset: BP flake after “sketch” step. Top inset: zoomed-in AFM image near the edge marked
by dashed red rectangle in (c). c) AFM image of koala-shaped structure after “sketch and peel” (d) Tilted-view (85°) helium ion microscope images of
koala-shaped structure produced by “sketch-and-peel” after thermal treatment.

position has the same intensity as that of BP that should be
fairly pristine. The sharp mode profiles (FWHM ~4 cm™! for
three modes) and near-unity Az mode peak value near the milling
edge (purple) and center of the “T” strip (orange) indicate that
the quality of BP in these regions is similar to those of pristine
BP.

On the other hand, at the milling edge (magenta), the mode
profiles are broadened (FWHM, A;: ~5cm™, By ~7 cm™, A;:
~4.5cm™!) and an elevated baseline emerges in the spectral
range 320-480 cm™!. This elevated baseline only appears in the

Adv. Optical Mater. 2025, 13, e00460 €00460 (5 of 11)

spectral range containing the BP modes, suggesting a connec-
tion with a distortion of the BP lattice. This elevated baseline
has a shape similar to a previous report concerning the amor-
phous red phosphorus (ARP) system.[*8] ARP usually has three
fundamental modes (B, A;, E) that correspond to different vibra-
tions of those subunits. When under pressure, the subunits can
be broken, can re-unite and can form larger chains, leading to
an evolution of the Raman spectrum. At certain pressures, the
three fundamental modes are broadened and merge to one wide
peak that spans from 320 to 480 cm™1.1*8] The elevated baseline

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Confocal Raman characterization of fresh and FIB-sketched BP flakes (laser wavelength 532 nm, Renishaw inVia Qontor). Unless specified,
the spectra are collected by a 100 x objective with laser power is ~30 uW with an exposure time of 2 s. a) Normalized Raman spectra of FIB-sketched
BP at an unaffected region (purple, bottom), milling edge (magenta, middle) and center of strip (orange, top). Spectra are normalized to peak intensity
ofAé BP mode, measured at ~3 um from milling edge. b) Raman modes evolution over the course of four days, with sample stored in ambient dark

conditions. c¢) Normalized Raman spectra of positions defined in (a) after thermal treatment (240 °C for 20 minutes). d) Spatial Raman peak intensity
maps of BP’s A;, By, Aé modes and Si-Si bond within the purple dashed region indicated in (c)’s inset.

found in our FIB-sketched sample occupies a spectral region that
matches that seen in ARP. This suggests that the baseline ob-
served in our sample might have a similar origin to that seen
inl*®] for ARP, i.e. amorphization of the BP. This could be due to
damage to the BP lattice by the Ne ions scattering. Another pos-
sible amorphization mechanism is material redeposition during
FIB, which has been discussed before for other materials.[*>]
Naturally oxidized BP not patterned by FIB does not have these
features, i.e. it has neither broadened Raman modes nor elevated
baseline. We record Raman spectra from a fresh BP flake every
day for four days, as shown in Figure 4b. Between measurements,
the sample is stored in dark ambient conditions in the lab. The
spectra are normalized to the Si-Si vibration mode (520.5 cm™)
to correct for differences in laser power and detector responsiv-
ity that might occur between measurements. Optical microscope
images in the inset of Figure 4b reveal the formation of bubbles
on the surface starting from “Day 1”, which is considered to be
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a sign that the BP is oxidizing.[’*3] Since the penetration depth
(probe depth) of the green laser (wavelength: 532 nm) is ~150
nm on BP, the Raman spectra measured is a combined contribu-
tion from oxidized BP layer and crystalline BP layer. If BP oxida-
tion plays a role in the emergence of elevated baseline, then the
resultant Raman spectra should be the mixture of the baseline
and three BP modes. However, no mode broadening or elevated
baseline appears during the course of the experiment (four days),
which means oxidation doesn’t account for this effect. Full size
images of the flake from Day 0 to Day 3 are included in Figure
S3 (Supporting Information).

Next, TEM and EELS are performed to explicitly reveal the
structural and chemical properties of BP near the milling edge.
A thin BP flake is transferred to a TEM carbon foil grid (1 pm
diameter holes) and milled under the neon-FIB with a resultant
1 pm*5 pm rectangle, corresponding to the dark area in the inset
of Figure 5a. The bright wavy shape surrounding the rectangle
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Figure 5. TEM characterizations. a) Dark-field TEM image of the BP flake near the FIB-milled rectangular region (Tum x 5um) and the corresponding
NBD patterns (labelled 1-6) taken along the white guideline. Upper left inset: zoomed-out view of the milled area, highlighting the white cut line and two
ROIs in (d). b) Deconvolved core-loss EELS spectra of P acquired at positions of 5, 4, 2 indicated in (a). Five types of transitions, previously reported in ref.
[54] are labelled in the top panel, with characteristic transition energies at approximately 130 (2p>/2 — 3s), 131 (2p'/2 — 3d), 136 and 140 (2p — 3s/3d
hybrid states), 157 (2p — 3d), and 187 eV (2s — 3s/3d), from left to right. The peaks at 130, 131 eV correspond to the well-known P — L, ; edges and
the 187 eV feature corresponds to the P — L, edge. c) Deconvolved core-loss EELS spectra of O at the same position (5, 4, and 2), with the O-K edge
indicated by a dashed line at ~ 532 eV. d) Elemental composition maps showing the atomic percentages of P (purple) and O (white) in the two ROls
marked in (a). The white dashed lines indicate the outline of milled rectangle. The composition at each pixel is quantified based on the corresponding
EELS core-loss spectra of P and O. Details of data analysis procedures can be found in Experimental section.

is the diffraction contour showing the strain-modified electron
diffraction, which indicates the FIB-induced structural change
to the material. NBD patterns along the white cut line are ob-
tained, with representative ones labelled as 1, 2, 3, 4, 6 and
shown in Figure 5a. For the NBD patterns measured close to
the cut line (1, 2), only diffuse rings appear, indicating the full-
amorphization of BP. Starting from spot 3 (~500 nm perpen-
dicular distance from milling edge), some bright dots emerge,
co-existing with the diffuse ring, implying a decreased level of
amorphization. Going farther away to spot 4—6 (beyond 1 pm nor-
mal to milling edge), the diffuse ring region shrinks, with more
and clearer diffraction spots, which shows that the crystallinity of
BP is preserved well. This spatial extent of amorphization is con-
sistent with our AFM and HIM observations. The deconvolved
core-loss EELS spectra at positions 5, 4, 2 for P and O are plot-
ted in Figure 5b and Figure 5c, respectively. At position 5, the
main electronic transitions including P-L, ;, P-L, and O-K lines
are clearly resolved, which is consistent with previously reported
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results.** Going closer to the milling region, i.e. position 4, the
distinction between individual peaks is less pronounced, indicat-
ing the linewidth broadening after amorphization. In the fully
amorphized region, e.g. position 2, only the P-L,; and L, edges
are clearly seen, with the rest of the peaks merging into a broad
one. Interestingly, the peak intensity of the P (O) lines increases
(decreases) upon entering the amorphized region, directly indi-
cating that P (O) is more (less) prominent in the amorphized re-
gion compared to the unaffected area. This is more clearly visual-
ized in the elemental composition color-mixing maps Figure 5d
of two regions of interest (ROIs) marked in the inset of (a). The
white dashed lines indicate the boundary of the milled rectan-
gle (milling edge). The dark purple region near the milling edge
(~500 nm wide) represents the aggregation of P and is consis-
tent with the amorphized region. In this region, the O atomic
percentage is mostly below 10%, while P remains around 35%.
Beyond this region, O (white) becomes comparable to P (purple),
or even exceeds it in some areas, indicating naturally oxidized
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yet crystalline BP. Therefore, we conclude that the FIB-induced
damage is a localized structural amorphization confined to the
milling edge vicinity. FIB-induced chemical oxidation is negligi-
ble, as evident from the low O atomic percentage in this region.

We next describe a thermal treatment method that enables the
damage to be repaired. This involves annealing the BP flake (af-
ter FIB milling) on a hot plate (240 °C) in ambient conditions
for 20 minutes. From Figure 4c, it is seen that this results in the
elevated baseline disappearing and the Raman mode linewidths
becoming narrower (FWHM, Al: ~3 cm™, B,: ~4.5cm™, AZ:
~3.5 cm™!). Based on the findings of Refs,[*#55] we believe that
two possible mechanisms are involved, either acting indepen-
dently or coexisting. First, the amorphized BP reacts with oxy-
gen and water, with the resulting products sublimating. In ref.
[55], thermal annealing of BP was investigated and shown to
be a useful way to thin down a BP flake. During the thermal
annealing process, BP first becomes P,0;, P,O; or H;PO,, in
reaction with oxygen and water in the ambient. The P,O0; and
H,;PO, then sublimate because the temperature exceeds their
boiling points, leading to the continuous thinning of the BP. The
P, Os, however, is quite stable, and can serve as a natural protec-
tive layer for BP. Ref.[55] reports that, at 240 °, the thinning rate
is ~10 nm h~"! for crystalline BP. For our FIB-processed BP flake,
we find that the regions near the milling edge are more sensitive
to the ambient environment and to stimulation (e.g. laser scan-
ning). We believe that it is reasonable to assume that the region
near the milling edge will sublimate more rapidly during ther-
mal treatment due to the large chance of dangling bonds experi-
encing exposure to the environment, meaning that the thickness
change caused by thermal treatment will be greater for this re-
gion than the other parts of the BP flake. This could contribute to
the thickness difference seen near the milling edge in Figure 3d.
The thermal treatment method enables the removal of the amor-
phized BP in a gentle manner without causing damage to other
parts of the BP flake. The other mechanism is that thermal treat-
ment may also recrystallize part of the BP. However, further in-
vestigation is needed to verify this. To assess the quality of the
BP after thermal treatment, we perform Raman mapping. The
results are provided as Figure 4d. We map the peak intensities
of the three Raman modes of BP (A;, By, A;) and the Si-Si bond
within the dashed rectangle region of Figure 4c. It can be seen
from Figure 4d that the Raman mode intensities are quite uni-
form, which suggests that the BP is highly crystalline.

We next investigate the mid-infrared PL emission from BP
and its enhancement by the thermal treatment. This is donein a
home-built confocal mid-infrared photoluminescence scanning
microscope, whose details are provided in Experimental Section.
We present PL mapping results obtained after the FIB milling
step as Figure 6a. It is seen that the PL signal (voltage reading
from the amplified detector) within the patterned region (koala)
is smaller (~7 pV) than that measured from the upper right cor-
ner (~14 uV). The latter is far (more than 20 pm away) from
the FIB milling cut and should be unaffected by it. After the
peel-off step, the resultant isolated BP pattern (koala) is clearly
discernible in the PL map, though is blurry due to the pump
laser spot size (diameter 5 um). PL spectra measured before
and after the thermal treatment are shown as Figure 6b. As de-
scribed below, these spectra are corrected for detector response
and are normalized. The spectra peak is at a wavelength of 3.8um,
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which is consistent with previous reports for bulk BP.[101113] The
spectra have pronounced dips at ~4.25 um due to CO, absorp-
tion, a consequence of the fact that the system is not purged.
Spectral correction is done by dividing the raw data by the re-
sponsivity of the InSb detector at each wavelength. The spectral
response of the InSb detector is included as Figure S4 (Support-
ing Information). The spectra are then normalized to the peak
intensity of the PL spectrum of the koala-shaped structure before
the peel off step. From Figure 6D, it is seen that the PL intensity
from the koala-shaped structure doubles after the thermal treat-
ment. We also perform PL versus pump power measurements
before and after thermal treatment, with the results shown as
Figure 6¢. The PL emission follows a linear trend with increas-
ing pump power, indicating that the emitting system is still in
the low-injection regime. As expected, the slope of linear fitting
after thermal treatment is nearly double the value before (before:
1.84 uV/mW, after: 3.24 nV/mW). The enhancement can be at-
tributed to the removal of non-radiative surface defects on the BP
flake induced by the FIB milling. We also note that the PL from
the koala-shaped structure after thermal treatment (~17 pV) is
slightly stronger than that measured from the region well away
(top right corner) from the milled area (~14 pV). This suggests
that the thermal treatment allows the FIB-milled BP to recover
its PL emission. Therefore, with proper thermal treatment, non-
degraded PLQY from FIB-patterned BP is achieved.

3. Conclusion

In conclusion, a neon-FIB is used to nanopattern BP for the first
time. We demonstrate milling depths exceeding 1 um and cuts
as narrow as ~10 nm with near-vertical sidewalls. We believe
that material damage mainly consists of the amorphization of
BP. Our use of the “sketch” step minimizes the material dam-
age and beam time because we minimize the area of the region
that needs to be milled by only milling the outline of the struc-
ture. The “sketch and peel” technique implemented is useful and
efficient to fabricate isolated BP nanostructures. We show that
BP damage near the milling edge can be mitigated by thermal
treatment. This is shown by Raman spectroscopy and mid-IR PL
measurements. The Raman spectra measured after thermal treat-
ment have sharp Raman modes and no elevated baseline. The
PL emission intensity is nearly doubled after thermal treatment.
This work shows a method to nanopattern BP without causing
deterioration of its properties, thereby presenting the opportunity
for the realization of high-performance BP nanophotonic devices
or circuits.[6-8]

4. Experimental Section

Sample Preparation: Thermal release tape is applied to the BP source
crystal. This allows exfoliation of BP flakes onto the SiO, (280 nm)/Si sub-
strate, which has pre-patterned Ti (10nm)/Au (45nm) markers for naviga-
tion. A flake with thickness ~1.3 um is used for the depth-dosage investiga-
tion. A flake with thickness ~100 nm is selected for sculpting the “TMOS”
logo array. A flake with thickness 700 nm is used for the “sketch and peel”
nanopatterning of the koala-shaped structure. A flake with thickness ~130
nm is selected for FIB sketch of the “T” shape and for performing Raman
measurements before and after thermal treatment. A flake of thickness
~300 nm is used for checking the evolution of the Raman spectra with
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Figure 6. Confocal MIR PL characterization of BP flake patterned into a koala-shaped structure. a) Mid-infrared photoluminescence mapping of the
koala-shaped BP structure after FIB “sketch” step (left), after “peel” step (middle) and after thermal treatment (240 °C, 30 minutes) (right). Pump laser
has a wavelength of 660 nm, a power of ~5 mW and a spot size of ~5 pum in diameter at the focal point. Long-pass filter (cut-on wavelength: 2400 nm)
is used to filter out pump light. Color bar gives voltage from InSb detector unit. b) Photoluminescence spectra measured from koala-shaped structure
before and after thermal treatment. Measurements are made at center of emission hotspots of the PL maps and performed at same pump power (~5
mW). c) Power-dependent photoluminescence from the koala-shaped BP structure before and after thermal treatment. Measurement position is the
same as that used for panel (b). The straight semi-transparent lines are linear fits of the data.

natural oxidation. All flake thicknesses are determined using a profilome-
ter (Dektak 150, Veeco).

Focused-lon Beam Patterning: ~ All patterning work is done in a dual-
beam GFIS FIB nanofabrication system using a neon beam with a beam
aperture size of 20 um and beam current of ~4 pA. For sculpting the
“TMOS” logo array, the field of view (FOV) is 10 um. For the koala-shaped
structure (which is thicker than the logo array), the FOV is 30 um.

Confocal Mid-Infrared Photoluminescence Mapping/Spectrum System:
A schematic diagram of the home-built confocal MIR PL system is shown
in Figure S5 (Supporting Information). It consists of a microscope imag-
ing section, an optical pumping section (laser with wavelength 660 nm,
S1FC660, Thorlabs) and a PL emission section. During PL mapping, the
FIB-patterned BP samples are mounted onto a two-channel motorized
stage (MXY30, Thorlabs, min. step size 1um) to enable them to be
scanned. During the measurements, a sinusoidally modulated (5 kHz)
pump laser beam (wavelength: 660 nm) is incident on the BP flake. The
as-modulated PL emission from BP is collected and collimated by a re-
flective objective (N.A. 0.3), then is focused by an off-axis parabolic mirror
onto an InSb detector. A long-pass filter (cut-on wavelength 2400 nm) is
used to block the scattered pump light. The InSb detector unit (KISDP-
1-)1/DC, Kolmar) has an integrated transimpedance preamplifier, which
produces an output voltage proportional to the photocurrent generated by
the PL emission. This is input to a lock-in amplifier (Stanford Research Sys-
tems, SR865), with the reference signal comprising the modulation signal
(5 kHz) provided to the pump laser. For spectrum acquisition, the signal is
redirected by a flipped mirror into the FTIR (Frontier IR, Perkin Elmer) and
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recorded with an InSb detector (INSB-1.0, InfraRed Associate). The sig-
nal is converted into a voltage by a transimpedance amplifier (INSB-1000,
InfraRed Associate) and sent into the same lock-in amplifier. The FTIR is
operated with an optical velocity of 0.1 cm/s and the time constant of the
lock-in amplifier is set to 300 ps.

Polyvinyl Acetate (PVA) Solution Preparation: The PVA solution is pre-
pared by dissolving PVA (molecular weight: 30 K, concentration: 100
mg mL~", Sigma Aldrich) in deionized water at 100 °C for 30 min, with
vortex mixing at 600 rpm every 10 minutes.

Transmission Electron Microscopy and Electron Energy Loss Spectroscopy:
The sample was examined using FEI Tecnai TF20 and TF30 transmission
electron microscopes operated at 200 kV in TEM, STEM, and NBD modes.
NBD data were collected with a parallel illumination (< 0.3 mrad) over a
beam diameter of 5 nm across the cut line in Figure 5a in STEM mode
with a step size of 45 nm. EELS measurements and spectrum imaging
were conducted in STEM mode, with 1 nm probe beam diameter, con-
vergence semi-angle of 2.2 mrad and collection semi-angle of 16 mrad
at 200 kV (FEI Tecnai TF30) using Gatan GIF QuantumTM 965 energy
filter with dual EELS capability. All TEM and EELS analyses were carried
out using Gatan Digital Micrograph (DM) software. Raw EELS spectra are
first aligned by their zero-loss peak to correct for spectral drift. Then, the
Fourier-Log method is applied to remove the plural scattering, resulting
in the deconvolved spectra shown as Figure 5b,c, which are used for fur-
ther elemental quantification. Next, the core-loss regions, including the
near-edge fine structures of P, O, C are fitted separately using reference
standards in Gatan DM library, which incorporate empirical cross sections
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derived from known compounds and real measurement conditions (beam
energy: 200 keV, convergence semi-angle: 2.2 mrad, collection semi-angle:
16 mrad). The integrated signals of the three elements are then scaled by
their respective cross sections to yield the atomic density or atomic per-
centage at each probed position. Finally, the atomic percentage maps of
the two ROls are obtained as Figure 5d.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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