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ABSTRACT

Focused beam induced processing holds great promise for advanced nanoscale device
design and prototyping but often has severe limitations in material quality, purity and
compatibility. In particular focused electron beam induced deposition (FEBID) can create 3D
nanostructures of extremely complex geometries, but the deposited material purity is often very
low (< 10% metal). Ex situ functionalization processes, such as sputter coating, do not conformally
coat the nanostructures but instead apply pure material from the top down. Here, a laser based
photothermal coating method leveraging the geometry-dependent thermal transport properties is
used to apply high-quality pure material conformally coat the exposed nanostructures and is not
limited to a specific nanostructure or substrate material. Additionally, focused electron beam
induced etching (FEBIE) is used to investigate a low damage, chemical etching process of the
transition metal dichalcogenide MoS. [Molybdenum disulfide] in contrast to more common, but
much more damaging physical methods like focused ion beam (FIB) patterning. Experimental
techniques such as scanning electron microscopy (SEM), scanning transmission electron
microscopy (STEM), atomic force microscopy (AFM), energy dispersive spectroscopy
(EDS/EDX), Raman and photoluminescence spectroscopy are used to fully characterize the
investigated processes and materials. Additionally, finite element modeling (FEM) and automated

SEM video analysis are employed to investigate the time dependent dynamics of the processes.
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Introduction

Motivation

The primary motivations of this research are to advance the prototyping capabilities of
electron microscopes by: (1) developing a direct-write chemical vapor deposition technique for
the functionalization of nanostructures primarily created through focused electron beam induced
deposition, (2) refine that photothermal process for functional device usage and (3) characterize

the electron-beam induced etching of transition metal dichalcogenides for next-generation devices.

Literature Review

Direct-Write Nanofabrication

After the integrated circuit revolutionized device fabrication and vacuum-tubes were
replaced with transistors, industry created millimeter-scale devices before turning toward the
microscale and found massive improvements year-over-year. Devices were usually made using an
indirect-write process called photolithography, roughly translating to “light writing on stone”. To
create a device lithographically, a liquid with a dissolved organic polymer is placed on a surface,
spun at high speeds and then baked to form a thin film. This film is then exposed to high-energy
light through a stencil, which, similar to painting, shows the pattern by the gaps of the stencils.
Metaphorically in the same way a poster can be created by using the right stencils complex devices

utilize lithographic stencils (masks).

There are different kinds of polymer resists to expose. For a positive resist, where there are
gaps in the mask and the light is allowed to shine through, the polymer is modified by the exposure

1



and breaks down leaving the surface exposed only in those areas, but the rest is still coated by a
thin film of unexposed and stable polymer. Negative resists do the opposite, the exposure
strengthens the polymer and makes it resistant to dissolution; the two are schematically compared

in Figure 1.

After a resist pattern has been defined, subtractive or additive process are used to create
useful devices. Other materials can be placed on the device and the pattern realized by removal of
the thin polymer layer by a solvent like isopropyl alcohol or acetone, or the substrate itself can be
etched away for functionality. Then a solvent is chosen that does not dissolve deposits or the
substrate, the material in the exposed areas are stuck to the surface, and the rest of it washes off as
the polymer dissolves. These processes are overviewed in Figure 2. The process is ‘indirect’ as we
must make a pattern and do some extra processing to realize the final device — what we write, or
pattern with traditional lithography methods is not directly our desired result, simply a

steppingstone to it.

Unfortunately, these indirect processes become much more expensive and challenging at
the nanoscale which has led to incremental progress in industry and deviation from Moore’s law.
Direct-write processes, in contrast, can also create flat pseudo-2D devices but require fewer
processing steps to realize the result leading to more complex devices with a fast-prototyping
cycle. More importantly, complex 3D structures are comparatively trivial to create via direct write
methods. Several direct-write nanostructure fabrication methods are overviewed, but electron/ion

beam based fabrication methods are arguably the most flexible and accessible available.
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Figure 1. A comparison of negative and positive photoresists, and the exposure process using a traditional
photomask mask. In electron-beam lithography, no photomask is used; the exposure is a single focused point
exposure instead of a wide flood exposure.



Negative Resist

Additive Deposition Subtractive Etching

‘ Stripping

Positive Resist

Additive Deposition Subtractive Etching

4

Stripping

l' Liftoff

Figure 2. A schematic representation of negative and positive photoresist comparing their use in substrate
modification using additive and subtractive processes.



One common direct-write nanofabrication process is through the use of ‘inks’, which is
material dissolved in a solvent. Many modern printers utilize the concept, termed ‘inkjet’, but the
results are far too large for nanoscale usage — patterned features are usually greater than 100
micrometers.' Dip-pen nanolithography utilizes an atomic force microscope (AFM) tip, which is
simply a tiny pyramid on an oscillating lever that moves over the surface with the pyramid tip, the
process was described in a review by Zhang, et.al. and is schematically shown in Figure 3. Surface

information and images can be derived from how the lever is affected by the surface-tip contact.

In order to utilize the AFM technique as a fabrication method material is purposefully fed
to the tip as it is moved along the surface, which leaves behind a trace forming solid structures. In
thermal dip-pen heat can be used to melt metals placed on the tip, which allows the direct
production of structures composed of otherwise difficult to manipulate metals, and deposition can
be toggled on and off by heat control and cooling the material below its freezing point to stop the
material flow. The ultimate spatial limit to the dip-pen process is debated, but reports show features
around 10 nanometers are achievable.! 3D structures are generated in an additive fashion, by
stacking 2D layers on top of each other rapidly. The same can technically be done with traditional
lithography methods, but the lengthy and involved number of processing steps to create multiple

layers in indirect-write methods is a magnet for defects and errors.

Another direct-write technique is electrohydrodynamic printing, where an electric field is
used to guide the fluid material onto the surface, and with a scannable stage complex patterns can
be directly written on the surface, which is shown in Figure 4.> The best reported resolution

available with this technique is on the order of 10’s of nanometers; more recently, 30 nanometer
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Figure 3. The Dip-Pen nanolithography method, which relies on the liquid molecular transport to the substrate
delivered by a scanned atomic-force microscope tip. Figure reproduced from the review by Zhang, et. al.'. © 2009
IEEE.



features have been demonstrated.® Imprinting is an old technology, but recent nanoimprint
lithography (NIL) achieves impressively small structures with high throughput, with the caveat
ofmask fabrication. A resist layer is placed onto a surface, and the mask with the imprinting pattern
mechanically deforms the resist, which can then be cured thermally or via UV. 6 nm dots and 10
nm holes have recently been reported.* Figure 5 outlines the mask-based process, the residual layer
can directly be used as a nanostructure, or as a mask usable in traditional lithography processes for

deposition or etching.

Another modern nanoscale method is two-photon lithography. A resist is coated on the
surface, and electrons freed by the first photon are further energized at the laser focal point to
induce crosslinking. After development, only the crosslinked regions remain. In 2022, 26 nm
features were achieved with a 730 nm fs laser.’ Figure 6 shows a schematic of the two-photon

Process.

Focused Electron Beam Induced Deposition and Etching

However, while there are many other interesting and functional 3D manufacturing methods
electron/ion beam induced deposition (FEBID/FIBID) is perhaps the most developed, accessible,
and flexible direct-write method available for nanoscale 3D structures. Figure 7 showcases some

of the extreme complexity FEBID is capable of.

Features as small as 10 nm have been reported, and much progress has been made in

6,9-13

accurately creating complex nanostructures via FEBID by detailed modeling, simulations and

3D computer aided design infrastructure!* !, As shown in Figure 8, the nanostructures are created
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Figure 4. The electrohydrodynamic printing process, where a scanning stage with a bias applied between it and the
printing nozzle guides the material onto the surface by electrostatic forces. Figure reproduced from Zhang, et. al.%.
Used with permission of the Royal Society of Chemistry, from Micro/nanoscale electrohydrodynamic printing: from
2D to 3D, Zhang, Bing; He, Jiankang; Li, Xiao; Xu, Fangyuan; Li, Dichen, Volume 8, 2016; permission conveyed
through Copyright Clearance Center, Inc.
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Figure 5. The nanoimprint lithography process, reproduced from Traub, et. al.* As shown, mechanical deformation
of the resist is the key in this process, allowing nanometer structures that can be cured under the diffraction limit, or
thermally. Used with permission of Annual Reviews, Inc., from Advances in Nanoimprint Lithography, Traub,
Matthew C.; Longsine, Whitney; Truskett, Van N., Volume 7, 2010; permission conveyed through Copyright

Clearance Center, Inc.
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Figure 6. A schematic of two-photon lithography, where synchronized lasers with different A’s work in sync to
crosslink-resist, while unexposed areas are washed away with development. Figure reproduced from Jin, et. al.®
under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), with

no changes made.
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Figure 7. A collection of complex FEBID structures, images reproduced from literature and unpublished images®S.
Reprinted from Winkler, R.; Fowlkes, J. D.; Rack, P. D.; Plank, H. 3D Nanoprinting via Focused Electron Beams. J.
Appl. Phys. 2019, 125 (21), 210901, https://doi.org/10.1063/1.5092372, with the permission of AIP Publishing ’.
Reprinted (adapted) with permission from Winkler, R.; Schmidt, F.-P.; Haselmann, U.; Fowlkes, J. D.; Lewis, B. B.;
Kothleitner, G.; Rack, P. D.; Plank, H. Direct-Write 3D Nanoprinting of Plasmonic Structures. ACS Appl. Mater.
Interfaces 2017, 9 (9), 8233—8240. Copyright 2017 American Chemical Society.

10



by flowing a precursor gas into the chamber where the gas is decomposed into solid structures by

the incident beam.

There are several factors that influence beam-induced deposition. The beam energy,
interaction volume, secondary electron (SE) escape volume and gas environment all have major
impacts on the as-deposited structure. The deposition process is guided by primary electrons from
the beam, but scattered secondary electrons produced through elastic and inelastic losses can
decompose the precursor as well in the area around the deposited structure outside of the design.
Higher beam energies lead to a tighter, higher-resolution beam which enables the deposition of
narrow narrower structures while a lower energy beam leads to a higher electron concentration at
the surface and larger, quick depositions. High energy beams efficiently pass through the structure
as it forms, enabling accurate creation of standing 3D structures (Figure 7), but low energy beams
induce unwanted deposition on lower levels as it passes through the structure which makes
complex standing structures difficult to fabricate with low-energy FEBID due to the SE yield and
distribution of low energy beams. The SE yield is influenced heavily by both the substrate and
beam energy, but the SE energy distribution mainly depends on the nature of the substrate (work
function, Fermi energy, and atomic number), but is less impacted by primary beam energy above
100 eV.!” The SE yield has the largest impact on FEBID depositions, which in turn is driven by
the penetration depth and interaction volume of the beam — thus, higher energy beams with high
penetration depths have a lower SE yield at the surface which leads to the highly controlled
depositions previously mentioned. There are similar arguments with FIBID, but due to ions having
significant mass sputtering effects quickly become relevant. In FIBID with large ions, like gallium,
the primary beam path sputters the deposited precursor away while the secondary electrons

11
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Figure 8. The FEBID/FIBID process showing how adsorbed gas species on the substrate are decomposed
by the beam to deposit nanostructures. Reprinted from Winkler, R.; Fowlkes, J. D.; Rack, P. D.; Plank, H. 3D
Nanoprinting via Focused Electron Beams. J. Appl. Phys. 2019, 125 (21), 210901,
https://doi.org/10.1063/1.5092372, with the permission of AIP Publishing ’.

12




continue to drive deposition in the immediate area and can lead to hollow pipe-like structures when
depositing a nanorod. Due to sputtering efficiency lowering with increasing material atomic
number and hardness, FIBID deposition with specific precursors, like W(CO)s shows more
resistance to these sputtering effects. Additionally, atoms like Ga can also change the electronic

properties of the substrate and deposition.

FEBID/FIBID comes with a few drawbacks. For starters, beam-induced deposition is
difficult to parallelize, so large patterns take a long time on expensive microscopes. More
importantly however is the material quality of the deposition — the organometallic precursors can
create structures with as low as single digit percent of the desired metals, and over 90% amorphous
carbon. There has been progress developing precursors with higher-purity deposits and various
metal carbonyls have been explored with differing optimum metal content: Cr(CO)s — 20-40'8
at.%, Mo(CO)s — 8-20'%% at.%, W(CO)s — 37-5821"2 at.%, Fe(CO)s — 80-952+26 at.%, Fex(CO)o —
80-932728 at.%, Coa(CO)s — 73-100?>2"231 at.% and Ni(CO)4 — 952 at.%. Additionally, several

groups have explored subsequent coating processes*?, post-electron beam induced curing®*=?, co-

42-46

deposition with purification gases***!, beam-induced post-purification with oxidizing and

34434850 and  synchronized pulsed laser

reducing?’ precursors, post-deposition annealing
FEBID*'*2, Interestingly, FIBID enhances atomic rearrangement during the deposition due to
elastic collisions, which can lead to higher-purity structures without extra purification efforts. In
fact, the notoriously hard to metalize (CH3):Pt(CpCH3) FEBID-FIBID comparison reports that
FIBID depositions can see metal purity increases greater than 10% simply by choosing FIBID over
FEBID.>* Additionally, FIBID depositions can report improved resistivity values at room

temperature over FEBID, but cryogenic conditions show the opposite effect.>*
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FEBID/FIBID is most commonly used in lithographic mask repair and transmission
electron microscopy (TEM) sample preparation, but functionalized devices have also been

55,56

demonstrated, for example as nanomechanical resonating sensors>>°, advanced scanning probe

tips>’, chiral plasmonics>®, plasmonic split ring resonators®*, and magnetic architectures>’.

Much progress has been made in creating high purity nanostructures, where gold, silver,
and other metals at a nanoscale size show strong plasmonic interactions between the free
electrons in the metal and the incident light. Plasmonic behavior can be described accurately
from a classical viewpoint, and the size, shape and dielectric environments of plasmonic
nanoparticles are the dominating factors in the plasmonic response®. Plasmon behavior has two
major varieties, bulk surface plasmon polaritons (SPP) and localized surface plasmon resonances
(LSPR) in nanomaterials; Figure 9 schematically illustrates the difference between these

behaviors, showing the larger-scale bulk phenomena vs the localized nanostructure response.

Both of these plasmonic responses have been used for hundreds of years without
understanding the physical phenomena, for example gold nanoparticles are suspended in stained
glass windows to realize different colors, but the modern world has seen great strides in targeted
plasmonic functionalization in nano-optic sensing and waveguides®!, chemical and biological

t%, meta-atoms®*, single-molecule coupling®®,

sensing®, raman scattering enhancemen
photosynthetic devices®®, and optical photodetection®’. Currently, plasmonic circuits and
photonic interfaces are rapidly progressing fields®® with innovative ideas emerging as candidates

for next-generation computer chips®® 7",
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Figure 9. (a) A surface plasmon polariton (SPP), (b) a localized surface plasmon resonance (LSPR). Reprinted
(adapted) with permission from Mayer, K. M.; Hafner, J. H. Localized Surface Plasmon Resonance Sensors. Chem.
Rev. 2011, 111 (6), 3828-3857. https://doi.org/10.1021/cr100313v.%° Copyright 2011 American Chemical Society.
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Dimethyl gold aceytlacetate is a well-known FEBID precursor for the deposition of gold
containing nanostructures, but as-deposited FEBID has a weak plasmonic signal due to the high
(60-90%+) carbon content’?. With sufficiently high purity gold deposits, a wealth of plasmonic
research can be enabled by new directed nanoscale deposition techniques. Currently, purification
techniques of FEBID Au structures successfully raise the Au purity above 50% but can lead to
deformation as shown in Figure 10. Split-ring resonators have been synthesized using multi-step

fabrication methods, where FEBID deposits are functionalized by sputtered gold.

FEBID/FIBID structures have also been functionalized magnetically, and nanomagnetics
is a subject of intense research with implications for high-density storage and sensing.
FEBID/FIBID is uniquely tailored for the creation of 3D magnetic nanodevices’®, and magnetic
scanning probe microscopy tips from the Co2(CO)s precursor were shown to be able to achieve
an imaging resolution of 40nm’ by Utke et. al. in 2002, and 10nm resolution was achieved by
Belova et. al. in 20127°. Belova indicated that their spatial resolution was limited by their
material purity and tip sharpness, and their best imaging tip was reported as 60% Co with a 20
nm tip diameter. As a result of the highly-customizable magnetism complex FEBID structures
offer, many magnetic precursors have been investigated for a variety of applications — Ni(PF3)4"®,
Ni(CsH4CH3),"%"7, HFeCo3(CO)12’8, Fex(C0O)o?% 778!, Fe(CsHs):*2 %4, Fe3(CO)12%, Fe(CO)s**
268286112/ Co(CO)NO?>!13-119 "and the highly-used Cox(CO)s*>*"-#3. Figure 11 shows FEBID

enhanced tips on commercial MFM tips.

While there are different fabrication methods for the creation of 3D nanostructures,
FEBID/FIBID stands out from the others due to accessibility, flexibility, and broad community

utilizing functional direct-write 3D devices for research and industry. This nanofabrication
16
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Figure 10. (a,b) As deposited FEBID structures from Au(acac) and (c,d) purified structures with different structural
morphologies. Figure from Hoflich, K.; Yang, R. B.; Berger, A.; Leuchs, G.; Christiansen, S. The Direct Writing of
Plasmonic Gold Nanostructures by Electron-Beam-Induced Deposition. Adv. Mater. 2011, 23 (22-23), 2657-2661.
https://doi.org/10.1002/adma.2010041147>. © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 11. (a-c) Commercial MFM tips, (d,f) Fe and (e) Co FEBID supertips placed on top of the commercial tips.
Figure reproduced from Navarro, et. al.'?°. Reprinted under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/), with no changes made.
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method is therefore a priority for new investigations of functional material coatings to enable

further functionalization and new device technologies.
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Abstract

We report that selected area deposition of 3D nanostructures is induced via a pyrolytic laser
chemical vapor deposition (CVD) process where the selected area heating results from the unique
photothermal transport regime that is intrinsic to 3D nanostructure. PtCx composite nanostructures

were deposited by focused electron beam induced deposition (FEBID) and used as the 3D
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templates. Subsequent simultaneous localized delivery of an organometallic PtCx precursor and
pulsed 915 nm laser irradiation to the pre-defined nanostructures results in selected area deposition
on the FEBID features. Results indicate the ability to initiate the process on sub-diffraction-limit
nanoscale features. To elucidate the mechanisms that are operative in the selected area deposition,
we analyze the effects of laser repetition rate, power, and pulse duration. Thermal simulations
corroborate that the pseudo-1D thermal transport of the nanostructure geometry coupled with the
optical and thermal properties of the nanostructure govern the CVD reaction. The results
demonstrated here suggest that controlling the thermal transport in nanomaterial architectures
could be a useful means to spatially control localized photothermally stimulated chemical reactions

and induce selected area reaction.

Introduction

Additive manufacturing and direct write processes have experienced significant growth in
the past decade where new materials, techniques, and applications have all emerged. Various size

scales have been explored historically but recent pushes have extended three dimensional additive

122,123

manufacturing towards the micro and nanoscale . While several techniques like direct-ink

writing!*#125 | multi-photon  lithography!?®!?’,  electrohydrodynamic printing'?®, dip-pen

134

lithography'?, laser induced**'** and other methods'** in principle work in the sub-micron

regime, focused electron and ion beam induced deposition (FEBID/FIBID) is likely the most
developed technique for synthesizing complex architectures in three dimensions. Several

3336 advanced

applications have been demonstrated including nanomechanical resonating sensors
scanning probe tips’’, chiral plasmonics®®, plasmonic split ring resonators®, and magnetic

architectures™’.
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In FEBID a focused electron beam is used to decompose precursor molecules that adsorb
onto the substrate resulting in the condensation of by-products and the formation of a nanoscale

deposit. While accurate control through detailed modeling, simulations®®~'3

and 3D computer
aided design infrastructure!* !¢ have all been realized for FEBID, challenges remain in this
technique. Likely the biggest obstacle for wider scale adoption is the resultant, material quality
due to residual carbon incorporation from organometallic precursor fragments®*. Various
precursors have been explored which result in different functionality and purity (see Barth et al.'®
for a review of precursors). Trimethyl(methylcyclopentadienyl)platinum (MeCpPtMes) is the
most common precursor and depending on the dose, beam energy, and residual water in the
chamber the resultant PtCx deposit varies from ~5<x<8!%. Various metal carbonyls have been
explored and the optimum metal content varies: Cr(CO)s — 20-40 at.% '®, Mo(CO)s — 8-20 at.%
1920 W(CO)6 — 37-58at.% 21723, Fe(CO)s — 80-95 at.% 2426, Fe2(CO)o — 80-93at.% 27136, Cox(CO)s
— 73-100at.% 2%*%3! and Ni(CO)s — 95at.%>2. Additionally, several groups have explored

34-39

subsequent coating processes’’, post-electron beam induced curing®*>°, co-deposition with

40,41 42-46

purification gases™ "', beam-induced post-purification with oxidizing and reducing®’

344348-50 "and synchronized pulsed laser FEBID>!-? all aimed

precursors, post-deposition annealing
at improving material properties without sacrificing the nanoscale 3D direct-write attributes that

make the process attractive.

Thus, while FEBID/FIBID are excellent for nanoscale dimensional control, the poor
materials quality makes subsequent deposition techniques an important area to study. It is well
known the spatial confinement in FEBID nanostructures can result in pseudo 1D heat transport,
which results in nanostructure heating that alters the precursor adsorption and decomposition
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kinetics/thermodynamics'?’4’. PtCy nanostructures grown via FEBID are used as templates for
subsequent selected area laser deposition. For convenience we use the same precursor (trimethyl
(methylcyclopentadienyl) platinum (MeCpPtMes)) as both the FEBID precursor as well as the
precursor for the subsequent selected area laser deposition. As we will show, while the ~ 100 um
diameter focused laser spot irradiates both the underlying substrate and the FEBID nanostructures,
the combined optical and thermal properties of the nanoscale FEBID architectures induce selected
area photothermal nanostructure heating that may exceed the thermal decomposition threshold of
precursor molecules while the underlying substrate is well below the threshold. While we employ
FEBID-synthesized architectures for the selected area photothermal chemical vapor deposition
(CVD), the strong geometric contribution to thermal transport at the nanoscale implies
applicability to other 3D nanofabrication techniques described above. Generally, the phenomenon
should be compatible with any nanostructure of proper optical, thermal, and geometric
characteristics. Because FEBID deposits using most organometallic precursors result in high
carbon content, they have limited as-deposited functionality; thus, the laser CVD process can be
used to subsequently selectively coat the 3d architectures with materials containing the desired
functionality. Future plans include magnetic coatings with Co2(CO)s) precursor, and plasmonic

coatings derived from dimethyl gold acetylacetonate.

Results and Discussion

Our initial experiments were designed to assess the feasibility of photothermally driving a
CVD process that selectively deposits on FEBID 3D nanostructures. Figure 12a illustrates
schematically the process where initially a series of nanopillars were grown to various heights via

the standard FEBID process using the MeCpPtMe; precursor, which nominally produces deposits
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of PtCx where 5 < x < 10. Figure 12b illustrates that when the pseudo 1D nanopillars are
subsequently exposed to focused, pulsed laser irradiation simultaneously with MeCpPt'VMe;
precursor — the pulsed laser photothermally heats the FEBID nanopillars and induces thermal
decomposition of the precursor. Since the photothermal CVD is driven largely by the characteristic
photothermal response of the nanostructure, the deposition can be accomplished on a variety of
substrates with only small changes in the growth (see Supporting information S1). Thermal
modeling shows significant shifts in the substrate thermal conductivity only modestly shifts the

peak temperature.

While other coating approaches are useful in “blanket” covering the 3D structures and
substrates simultaneously, the laser induced photothermal CVD enables area selectivity and a
unique regime where deposition occurs only on the FEBID nanostructures as dictated by their
thermal transport and material properties. It should be noted that we utilized MeCpPtMes in-situ
both for FEBID and CVD as a matter of convenience to demonstrate the more generalized
phenomenon. Again, it is anticipated that nanostructures grown via other techniques can also be
selectively deposited and the laser CVD process should be ubiquitous to other precursors that do
not photolytically decompose, so different materials/functionalities can be achieved with judicious
choice of the 3D template and CVD precursors. To test our hypothesis that the selected area
deposition is governed by the thermal resistance of the nanostructure a series of FEBID nanopillars
with various heights and similar diameters were deposited. The photothermal CVD process was
documented via sequential SEM secondary electron (SE) imaging resulting in videos (Supporting

video V1) that were analyzed frame-by-frame with a semi-automated, computer vision algorithm
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Figure 12. Schematic images of localized photothermal deposition of nanostructures. a) As-deposited PtCy
nanostructures formed by focused electron beam induced deposition from MeCpPtMes (green spheres) forming
CyH, by-products (yellow spheres) and a condensed nanopillar deposit (grey). In a general sense, FEBID follows
the scheme CsH4CH3Pt(CH3)s (g) + e- — PtCy(s) + CyH, (g). Subsequent pulsed laser selected area deposition
illustrating various times during the growth during the b) and d) laser-on and the c) and e) laser-off time. During the
laser-on, the pulsed laser selectively heats the deposited nanostructure and raises the nanostructure above the
decomposition threshold of the precursor molecules and thus decomposes the molecules into a condensed deposit
and CyH, by-products. This reaction can be approximated by the scheme CsH4CH3Pt(CHs)s (g) + hn —  PtCi(s)
+ CyH, (g) where laser-induce PtC, deposits selectively on the FEBID. During the laser-off time, the pillars are
below the decomposition temperature and thus precursors adsorb and desorb on the deposit until the next laser pulse.
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(Supporting information S2). To confirm the nanostructure evolution is not dominated by the
electron beam exposure that occurs during imaging, exposures with and without video capture
were taken and minimal difference was observed in these experiments. Additionally, deposition
was attempted with and without the precursor gas flow to confirm the adventitious adsorbed carbon

was not the precursor source and minimal changes were observed without platinum precursor flow.

To correlate the selected area deposition to nanostructure temperature, the measurements
from the computer vision analysis of the evolving features were used as input to a COMSOL heat
flow model derived from the absorbed laser energy and the nanostructure properties. The power

input to the nanostructure for the simulation is estimated from fractional laser energy absorbed in

the nanopillar Quss=P, X (1 — R) X (1 — e™42") x n2+1) where P, is the total laser power, R is

laser

the reflectance [(I-npicx)’+kpe’J/[(1+ npx)’+ kpiei’], A is the linear absorption or attenuation
coefficient (4 kPtC\/A), [ is the nanopillar length, 7 is the nanopillar radius, s 1s the laser spot
radius and A is the laser wavelength. The optical constants np.«cx and kpicx are the refractive index
and extinction coefficient of the nanopillar template and were taken from previous literature to be
1.87 and 0.31, respectively, which was approximated by the Maxwell-Garnett effective medium

approximation for PtCs'!

and the heat capacity, and density were previously reported to be, 1250
kg/m?, and 700 J/(kg-K), respectively'*’. The geometry of the nanopillar was simplified and
assumed to be a cylindrical shape using an effective radius. To determine the effective radius, we
used our computer vision algorithm to measure the pillar radius every pixel, which for our typical
image is on the order of 4 nm along the nanopillar length. We subsequently average the measured

radii but exclude the top and bottom 20% of the as-growing structure. The thermal conductivity of

the nanopillar was estimated to be 8.0 W/(m-K). It is important to note that the thermal
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conductivity was used as a tuning parameter to calibrate our simulations to the experimental
observations. By simulating the pillar geometry and laser conditions at which the onset of laser
CVD is observed we varied the thermal conductivity of the pillar material until our simulated peak
nanopillar temperatures were approximately equal to the reported thermal decomposition

temperature of the precursor (~ 600 K)'*

. The underlying assumption here is that the onset of
laser CVD in our experiments occurs when the peak nanopillar temperature reaches this
decomposition temperature, which ignores any potential catalytic effects of the nanostructure.
Conveniently, the thermal conductivity of the nanopillar indicated by our tuning simulations is

144

consistent with previous literature reports See Supporting information S3 for full sensitivity

analysis of the thermal simulations.

The calculated absorbed power is then evenly distributed in the nanopillar volume which
acts as the source term for the thermal model. COMSOL then discretizes or meshes the nanopillar

and substrate and solves the heat transfer in the solid via finite element using the following
. 8T . . .
equation, pC, 5T Vqcona = Qaps Where geond 1s the heat flux by conduction (note we ignore

radiation). The substrate is chosen to be deliberately large enough that we can set radial and lower
z-dimensional constant temperature boundary conditions of 293 K without impacting peak
temperatures at the nanopillar tip (see Supporting information S4). This results in temporal and
spatial temperature information in the nanopillars. As will be shown the peak temperature is
located at the top of the nanopillar. Furthermore, the laser heating occurs rapidly on the order of
1-2 us and then saturates. While the specific time of this saturation depends on the nanopillar
geometry and properties, when we report the peak temperature, it is the temperature at the end of

the pulse width and the top of the nanopillar.
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In the plots that follow, the following procedure is used to generate the color-coded data
which represents the modeled temperature. Scanning electron “videos” are collected in situ during
the growth and at specific time increments the nanopillar length and effective radius are measured.
Using the cylindrical approximation and the experimental laser parameters, the absorbed power is
determined, and the cylinder is automatically constructed in COMSOL. The time dependent
absorbed laser energy (integrated for power) is applied evenly to the cylinder and the full temporal
and spatial temperature dependence of the nanopillar and substrate is determined. The peak
temperature is determined for each time stamp and plotted as the heat map of the data. It is
important to note that the modeling is semiquantitative and is intended to be illustrative. We
interrogate several geometries (pillar height/diameters), and laser parameters such as power, pulse
width, and frequencies. While some of the experiments show growth and modeled temperatures
slightly below the threshold values and some exhibit growth initiation above the threshold values,
we believe the preponderance of the data all point to a thermally driven CVD process as described

in detail below.

During the experiment, the incident laser power was incrementally increased as indicated
in Figure 13a until selected area deposition was evident on all nanopillars. The laser pulse duration
(10 ps) and repetition rate (1000 Hz) were held constant for these experiments to probe the how

power and geometry affected the growth.

Figure 13b-e are SEM image captures at various times (see Supporting video V1 for the
full experiment). To visualize the impact of the thermal resistance, the data points are colored
coded with the simulated temperature where the evolving simulated temperature is based on the

geometric data extracted via the computer vision algorithm, subsampling every 5 frames (see
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Supporting information S2 for details). The overarching trends illustrate that consistent with the
higher thermal resistance (I/Kmr?), where K is the thermal conductivity, the taller nanopillars
initiate photothermal CVD at lower laser power, whereas shorter nanopillars require higher power.
Notably, all the nanopillars turn-on at similar simulated temperatures. The dark blue data points

are zero laser power time intervals where the laser power was manually changed.

For long deposition durations, the experimental structures develop complex geometries.
For instance, the large thermal mass of the substrate results in a low temperature boundary
condition, which inhibits photothermal CVD near the base of the nanopillars. As a result, the
nanostructures evolve from a cylinder to a more inverted conical shape as opposed to a
conformal and isotropic cylinder. While we model the temperature during growth using a
simplified cylindrical geometry, we acknowledge this deviation as a source of underestimating of

the nanopillar temperature.

Specifically, the low to zero growth at the pillar base will add a high series thermal resistance.
Our initial expectations were that as the nanopillars widened, the thermal resistance would
decrease, the thermal mass would increase, and thus the nanopillar temperature would fall and
yield lower photothermal CVD rates. However, simulations predict that some final structures are
hotter than the initial as absorbance and the thermal series resistance at the base is operative. The
expanding nanopillar suggests again that we are underestimating the nanostructure temperature
due to the persistence of the thermal restriction at the base. Indeed, we observe experimentally
that the long-exposure structures see phase-separation and what appears to be a flowing, molten

phase (See Supporting video V2). Figure 13f) shows 3D rendered heat maps of our cylindrical
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Figure 13. a) SEM images of as-deposited FEBID nanopillars of similar width grown to different heights and b)-d)
selected area laser growth at various time stamps (the scale bar in d) applies to all SEM images). The laser growth
conditions are 10 us, 1000 Hz (0.01 duty cycle) where the laser power varies with time and can be inferred from the
radius diameter versus time plot of the experiments shown in i). e-h) Corresponding maps of the modeled
temperature of the 4 nanopillars at the end of a 10 us laser pulse at the laser power listed in each panel. The
modeled pillar geometry is constructed using cylindrical geometry approximations made from the neighboring SEM
image. (note that the scale bar in e) applies to all of the modeled pillars in e-h)). i) Plot of nanopillar diameter as a
function of total time (bottom axis) and laser pulse number (top axis). The laser power was systematically increased
during the experiment where the highlighted regions list the applied laser power listed. The corresponding data
point is color-coded with temperature based on a COMSOL simulation of the geometry approximated from the
captured SEM image at that time stamp.
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approximation of the experimental geometries as extracted from the SEM image datasets in
Figure 13d at the experimental optical power of 4.9 W. These simulations offer further insights
into nanostructure evolution. Note the shortest nanopillar has the lowest temperature and is
below the decomposition temperature and thus is not growing consistent with Figure 13a. The
third nanopillar has experienced growth and the simulated temperature is comparable to the
decomposition temperature. The second and fourth nanopillars are the hottest and have similar
temperatures and have the steepest slopes consistent with higher growth rates. The top is hotter
due to the quasi-1D heat transport confinement that occurs on the nanoscale. The tip stays above
the decomposition temperature longer, thus deposition is preferred there. Inset next to each 3D
nanopillar are time-temperature plots of the tip of the nanopillars. As demonstrated, the rise and
fall time are on the order of 1 us so the temperatures all saturate at the peak temperatures during
each 10 us pulses. More discussion on the validity of the thermal model and the time constant

will be discussed below in the pulse width study.

To further explore the effect of geometry on the thermal resistance and initiation of the
selected area deposition, several nanopillars of similar height were deposited with variable
diameters. Figure 14a illustrates the pillar diameter versus time (and number of pulses delivered)
for the various nanopillar widths and Figure 14b-c are the as-FEBID grown and post laser exposure
SEM images, respectively. The laser power was again incrementally increased over time to note
the onset of photothermal CVD. As is observed, the various diameters all initiate at the same laser
power however, the nanopillars have slightly different simulated temperatures, where the smaller
diameters are slightly higher than the larger diameters. Consistent with the higher temperatures,
the diameter growth rates are higher for the narrower nanopillars. The fact that the growths all
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turn-on at the same power, does emphasize the point that while the thermal resistance increases
with smaller diameter, the absorbed power below the absorption depth also decreases so the optical
properties are also critical to the characteristic growth. From the narrowest pillar in Figure 14, we
estimate a per laser pulse diameter growth rate of ~ 8 pm/per pulse. See Table 1 for summary of
conditions and growth rates for experiments in Figure 14 and Figure 15. Two possibilities for the
selected area deposition mechanism are decomposition of precursor gas that is adsorbed during the
laser-off time or decomposition of precursor gas molecules that arrive while the nanostructure is
above a threshold decomposition temperature. To rationalize the deposition rate and test the
proposed mechanisms, a series of photothermal CVD depositions were performed with constant
laser pulse width (10 us), on fixed geometry nanopillars and variable pulse repetition rate (250-
5000 Hz). In this case, the lower repetition rate data has a longer inter-pulse delay time (ranging
from 4000 to 250 us, respectively). Figure 15 is the nanopillar diameter versus a) real time, b)
number of pulses, and c) total laser on time (duty cycle x processing time). As illustrated, the rates
(slopes) of the diameter versus pulse number is constant, which suggests that the deposition rate
is constant. While at high repetition rate, the FEBID contribution during imaging is minimal, at
lower frequency the laser duty cycle is sufficiently small that FEBID during imaging is non-
negligible and affects the growth. Thus, there is some nanopillar broadening, which interestingly
shortens the incubation number of pulses to initiate the growth. This again could be indicative of
an absorption dominated initiation where the increasing nanopillar cross-sectional area increases
the optical power absorption faster than the decrease in thermal resistance. Regardless of the
incubation time, the near constant growth rate over the 20x change in frequency suggests the

growth is dominated by the flux of MeCpPtMes; molecules that arrive at the nanostructure above
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Figure 14. Plot of the a) nanopillar diameter as a function of time and number of laser pulses for nanopillars of
similar initial height but variable initial diameter. SEM images of b) the as FEBID deposited and c) after selected
area deposition.
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Table 1. Summary of diameter growth rates at various experimental parameters.

Figure Label Laser Pulse Laser Deposition Deposition
Rate Width Power Rate Rate
(Hz) (us) (W) (nm/s) (pm/pulse)
Figure 14 | p3 1000 10 2.7 5.08 5.08
Figure 14 | p2 1000 10 2.7 5.38 5.38
Figure 14 | p4 1000 10 2.7 7.41 7.41
Figure 14 | p1 1000 10 2.7 7.97 7.97
Figure 15 | 250 250 10 4.9 0.73 2.92
(a-c) Hz
Figure 15 | 500 500 10 4.9 1.77 3.54
(a-c) Hz
Figure 15 | 1000 1000 10 4.9 4.65 4.65
(a-c) Hz
Figure 15 | 5000 5000 10 4.9 9.10 1.82
(a-c) Hz
Figure 15 | 3 us 1000 3 4.9 0.47 0.47
(d-f)
Figure 15 | 5us 1000 5 4.9 0.87 0.87
(d-f)
Figure 15 | 20 us 1000 20 4.9 2.09 2.09
(d-f)
Figure 15 | 50 us 1000 50 4.9 2.16 2.16
(d-f)
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a critical decomposition temperature. Based on our previous estimate of the MeCpPt'VMe; flux
in our system (1.8x10° molecules/(nm?>-s)), we calculate a diameter per pulse (10 us) growth rate
of ~6 pm/pulse, which is in good agreement with the measured values. Deviations in the gas
flux, and the thermal rise/decay time could both contribute to the differences in our model and

experimentally observed per-pulse growth rates.

Finally, we investigate the effect that pulse width (3-50 us) has on the growth rate, where
we keep frequency (1000 Hz) and fixed nanopillar geometry constant. Figure 15 is the nanopillar
diameter versus d) processing time, e¢) number of pulses, and f) total laser on-time (duty cycle x
processing time). As shown in Supporting information S5, is important to note that at 10 us pulse
duration we are well within a steady-state thermal regime. Because the rise and fall time of the

laser heating is on the order of 2 us, thus the temperatures all saturate in this time scale.

We expect the nanostructure does not reach the precursor decomposition temperature with
a pulse duration below ~2 ps, which has been confirmed experimentally (see 1 ps data in
Supporting information S6). Thus, the laser exposure time is proportional to the pulse width and
thus as illustrated in Figure 15e the per pulse growth rate is roughly proportional to the pulse width,
except that the 20 and 50 pus data are similar. Figure 15f normalizes the data to total laser on-time.
Interestingly, the initial incubation laser on-time to start growth is proportional to the effective
initial diameter which scales with the pulse width. This diameter-dependence may again be
indicating the importance of the optical absorption term in this length scale as larger initial cross-
sectional areas decrease this incubation time. We speculate one cause could be a reordering of the
nanostructure that is governed by the initial stages of laser irradiation where the as-FEBID

deposited nanopillars densify proportional to the laser pulse width, and thus have slower initial
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growth. In future work, we will study in more detail the effects that the initial densification has
on the growth process, including the density, optical, and thermal properties. Suffice it to say that
there are subtle feedback processes involved in the early stages of the laser irradiation that affects

the subsequent growth.

Summarily, the selected area laser CVD process is controlled by several variables. First of
all, we show that the growth is consistent with a photothermal CVD process in which the high
temperatures are selectively achieved on the nanostructures relative to the substrate because of the
combined optical and thermal properties of the nanoscale geometries. Because the growth only
occurs when the structures exceed the threshold for the precursor dissociation, and because we are
implementing a pulsed laser source, the laser power and duty cycle of the laser (pulse width and
frequency) affects the growth rate normalized by the processing time. Finally, consistent with
most thermal CVD processes, the growth rate is also dependent on the precursor flux. In our
experiments constant precursor flux is maintained by: 1) consistent positioning of the processing
region relative to the gas injection system; 2) constant precursor temperature; and 3) monitoring a

constant chamber pressure.

To elucidate the elemental distribution of the laser deposited structures, high-resolution
EDS is presented in Figure 16b. It can be seen by the EDS map that the bright crystallites in the
SEM are platinum-rich and point spectra in these regions confirm the higher platinum
concentration. However as seen in the cross-section of Figure 16d, the platinum nanoparticles seem
to migrate towards the surface, so the carbon-rich interior makes it difficult to determine the exact
purity, due to the extended penetration of the electron beam. The phase separation and larger

crystallites are not unexpected. Because of the limited solubility of Pt and C, the typical FEBID-
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grown material is a nanogranular composite of Pt grains in an amorphous carbon matrix. As
several have observed, annealing or higher temperature growth of PtCx deposits, results in
coarsening of the Pt grains. Similar observations have been made in FeCO deposits'*® from the
Fex(CO)9 precursor, where initially homogeneous amorphous FeCO nanowire deposits were
grown, in situ STEM characterization revealed phase separation and coarsening of Fe grains along
the nanopillar axis. As discussed above, the Co2(CO)g precursor results in much higher purity as-
deposited FEBID Co nanowires up to ~ 70%!*. They also showed that annealing these structures
in vacuum up to 600°C result in a purity on the order of 95% with a concomitant narrowing of the

nanowire. The improved crystallinity and purity results in superior magnetic properties.

In Figure 17a, we demonstrate the ability to uniformly and selectively deposit on an array
of simple FEBID structures in parallel with reasonable fidelity despite somewhat inhomogeneous
laser irradiance in the field of view of the image (~ 20x20 pm). Additionally, Figure 17c¢
demonstrates a functionalized head-to-head 3D split ring resonator®*; while Pt is not plasmonically
active, selectively functionalizing these structures with gold using for instance the common FEBID
gold acetylacetonate precursor could lead to plasmonically active 3D structures®. Future work
will explore new precursors to realize magnetic (Co2(CO)s)'*’, and plasmonic (Au precursors), as
well as co-reactants such as oxygen and water to reduce the carbon content in the functional
coatings.

Experimental/Methods

All experiments were conducted in a dual beam FIB/SEM (FEI Nova 600) equipped with

gas injection system (GIS) hardware for deposition of platinum and an in-situ pulsed laser
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Figure 16. a) SEM image and b) EDS map of a nanopillar after selected area laser processing. EDS maps of the
pillar showing platinum-rich regions embedded in a C matrix indicating phase separation and Pt grain growth during
the laser processing. ¢) SEM image of an as laser grown pillar and the associated backscatter SEM image of a FIB
cross-section showing the phase separation where Pt are the bright regions. The light, top amorphous material is a
focused ion beam induced deposition protective layer for cross-sectioning, and the darker amorphous layer under
that is initial FEBID protective deposition. The EBID as-deposited nanostructures were grown using a single pixel
dwell at 5kV, 98 pA. 75nm beam diameter by defocusing, for 40s (a,b) and 30s (c,d) Laser CVD was accomplished
using 4.8W, 10 us 915 nm pulses at 1kHz for 60 s.
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system (Waviks Vesta) focused coincident to the electron beam at the eucentric position of the

system.

The laser source consists of 3 fiber-coupled laser diodes with wavelengths (915 nm, 785 nm, and
405 nm) delivering focused, unpolarized light with variable pulse duration (10 ns to continuous
wave) with repetition rates ranging up to several MHz. Note the 20 W 915 nm laser is coupled
to a multimode fiber with a ~ 100 um diameter and the several hundred mW 785 nm and 405 nm
laser diodes are coupled to a 5 um diameter single mode fiber. All the experiments here used the
915 nm multimode fiber system. Positioning of GIS and the laser source on opposing sides of
the chamber allows for simultaneous insertion of the laser source and GIS needle with both
directed coincidentally to the eucentric position. This configuration is well suited for the
required experiments due to the ability to tilt the stage between FEBID and laser CVD positions

without losing focus/positioning of the SEM, laser, or GIS.

While we have demonstrated that this process is nearly substrate-independent, all
systematic data presented here was performed on a silicon substrate. All work presented here was
carried out using a 5 keV and 98 pA for FEBID growth and in situ imaging. The nanopillar height
is controlled by adjusting the beam current density and exposure time. The nanopillar diameter
can be intentionally increased by applying a defocus to increase the beam diameter (which also
reduces the current density) for a single pixel dwell or by patterning multiple pixels in an area
scan. The GIS is inserted while the stage is at 0° tilt at the eucentric height, the GIS valve is opened
and allowed to stabilize for a several minutes, and the patterning of single or arrays of FEBID

nanopillars is initiated such that nanopillars grow normal to the plane of the sample. In the case
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Figure 17. a) A 3x3 array of FEBID nanorods grown by FEBID depositions and coated in parallel via the selected
area laser processing. Head-to-head comparison of a 3D coupled split ring resonator as FEBID grown b) and
subsequently deposited with the selected area CVD ¢).
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of 5kV, 98pA growth conditions, in-focus depositions result in nanopillar diameters on the order

of 50 nm.

Following FEBID nanostructure growth, the GIS is closed, retracted, and the stage is tilted
to 52°. At this point, the GIS is reinserted, gas flow re-established, and laser irradiation is initiated
with the desired wavelength, power, pulse duration, and repetition rate for the specified duration
of the laser CVD process. We have demonstrated little variation in the laser CVD process as a
function of incidence angle, so 52° is chosen as a matter of convenience as it allows for SEM
imaging of the growing nanostructure during laser irradiation. This enables us to collect time-
series data and monitor the growth kinetics of the process. It is important to note that while we
are imaging with the SEM during laser CVD, we are continually decomposing the precursor over
the field of view via FEBID. At sufficiently high laser duty cycles (product of the pulse width and
pulse frequency), where the laser induced growth rates are high, the FEBID contributions are
minimal, but as shown in Supporting Information S6, lower laser duty cycle (slower laser growth)

can lead to discernible FEBID contributions.

Measurement of the evolving nanostructures through the hundreds of time-series images is
accomplished via an automated computer vision and image processing algorithm. Details of this

method are discussed in Supporting information S2.

Conclusions

We have demonstrated an in-situ selected area photothermal CVD process that can be used
to controllably deposit onto complex 3D nanoarchitectures in parallel due to their unique thermal

transport properties. The 3D nanostructures were grown via FEBID and subsequently
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photothermally deposited using the MeCpPt'VMe; precursor. Again, it is anticipated that
nanostructures grown via other techniques can also be selectively deposited and the laser CVD
process should be ubiquitous to other precursors that do not photolytically decompose, thus, by
judicious choice of precursor, the laser CVD process can be used to selectively coat the 3D
nanostructures and thus functionalize them with a targeted property. Various initial nanopillar
geometries were grown and simulations reveal that the unique thermal transport properties of the
nanostructures enable the selected area growth. By tuning the thermal conductivity simulations
were initially tuned with a fixed geometry to the known precursor decomposition temperature.
Subsequent experiments of various nanopillar geometries, laser frequency and pulse widths reveal
excellent agreement in the simulated growth temperatures. The experiments suggest the growth
mechanism is due to the decomposition of the flux of precursor gas molecules that strike the
nanostructure when the nanostructure exceeds the decomposition temperature. Thus, the diameter
growth rate is proportional to the cumulative laser on-time, thus higher laser frequency and higher

pulse widths lead to faster growth.

Supporting Information

Additional information showing deposition on a variety of substrates, computer-vision details,
geometry and parameter effects on thermal modeling, steady-state heating pulse width effects then
corresponding 1us experimental data. SEM videos of Figure 13 deposition; liquid, molten material

flow.
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APPENDIX

Supporting Information

S1. Substrate Dependence

The primary driving force for laser-induced growth is the thermal resistance of the
nanostructure and thus the substrate properties only weakly affect the growth. We have been able
to grow on a variety of substrates with different optical absorption and thermal transport properties.
We verified growth on metals, insulators, semiconductors, thin dielectric membranes,
nanocrystalline diamond films and observed very little variation in the growth at similar laser
conditions. Figure 18 is a illustrates SEM images of various nanopillars that were grown on
different substrates. Table 2 provides a summary of original pillar geometry and the laser
conditions for the observed growth in Figure 18.

To demonstrate the effects of substrate thermal properties on the peak nanopillar tip
temperature, we have performed a series of simulations with common nanopillar geometries, laser
conditions, and various substrates on which we have observed the ability to initiate selective
deposition. Two nanopillar geometries (diameter = 75 and 300 nm, height = 1300 nm) were
simulated on twelve substrate combinations while monitoring the nanopillar tip (hottest point)
temperature at steady-state. In all cases, the simulated laser power is 2.7 W and 10 ps pulse, the
base substrate is silicon, and the isothermal boundary conditions are placed 10 pm from the
nanopillar, which is far enough so that the boundary condition does not alter the solution. For each
substrate coating of gold, ultrananocrystalline diamond (UNCD), and silicon dioxide four film
thicknesses (10, 100, 500, 1000 nm) were simulated with the PtCx nanopillar placed on top of these

film/silicon wafer stacks. While the substrate thermal properties impact the peak temperature at
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the nanopillar tip (Figure 19), their effect is substantially reduced on smaller nanopillar geometries,
consistent with our experimental observations that for nearly similar laser conditions we could

initiate localized CVD on all of these substrates.

While we have not experimentally verified the larger pillar diameter experiments on multiple
substrates, we anticipate that that higher power would be required on higher thermal conductivity
substrates. The combination of our experimental results and the various substrate simulations
support the conclusion that nanopillar geometry and limitations of thermal transport in confined
nanostructures dominate the ability to selectively deposit on the nanostructures. As nanostructure
height decreases and diameter increases, a bulk transport regime is approached resulting in a higher
degree of substrate dependence. It should be noted that the model ignores laser energy deposited
into the substrate, which will slightly alter the thermal profile and substrate dependence. However,
we experimentally do not observe delocalized deposition, which indicates the substrate
temperature is less than the thermal decomposition temperature. In reality, the absorbed laser
energy in the surrounding substrate should result in higher tip temperatures as the thermal gradient
would be lower and subsequently reduce heat flux from the nanopillar. In this regard, we are likely
underestimating the absolute value of peak nanopillar temperatures, yet the modeled results
support our experimental observation. Table 3 contains the physical constants used in these

simulations.
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Figure 18. Imaging of selected area deposition at 52° stage tilt on (a) ultrananocrystalline diamond on silicon, (b)
100 nm thermal oxide on silicon, (¢) 15 nm thermal nitride membrane and (d) molybdenum TEM half-grids.

Table 2. A summary of laser parameters from Figure 18.

Label EBID Laser Power Laser Duty Cycle Laser Exposure
a 5kV, 98 pA 30s 27TW 1 kHz, 10 us (1%) 30s
b 5kV, 98 pA 60s 2.7TW 1 kHz, 10 us (1%) 60s
c 5kV, 98 pA 60s 27TW 1 kHz, 10 us (1%) 20s
d 5kV, 98 pA45s 2.7TW 1 kHz, 10 us (1%) 30s
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Figure 19. COMSOL modeling results of two nanopillar geometries on four different films on a silicon substrate to
illustrate the effect that substrate has on the photothermally induced heating of the nanostructures. Plot of the
modeled peak temperature versus film thickness (SiO., ultrananocrystalline diamond (UNCD), and Au) for a 75 nm
diameter and 300 nm diameter and 1300 nm tall PtC, nanopillar.
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S2. Computer-vision data extraction

The data extraction code is python, using OpenCV as the object recognition backend'*®,.
Optical character recognition (OCR) on the scale is performed by Google/Hewlett-Packards
C/C++ based Tesseract OCR engine.'* First, in Figure 20 the frame is segmented into 3 parts; the
scale, the bar, and the image. The scale undergoes OCR as shown in Figure 21, with most of the
processing going towards resolution upscaling and pixelation reduction as Tesseract focuses on
natural text recognition and expects a high dpi picture, which is problematic for the course
pixelation of the blue extracted region in Figure 20. A small amount of hardcoded error checking
is done, such as replacing “S” with “5”. The OCR process is shown in Figure 21. In the edge
padding step, black pixels are simply added as a border but in subsequent steps the image is
magnified to the text region for schematic purposes. Next, the pixels per micrometer is determined

by the pixel length of the scalebar and the micrometer measure from OCR. As shown in Figure 21

(Right) the bars of the scalebar are identified by area similarity and the identified shapes measured

. . . . . . ixels 364 ixels
in pixels, and pixels per micrometer is then simply scafebTum === 121.33pu—m

. Finally,
object identification in the SEM image is performed in Figure 22. The ‘grayscale’ step is RGB
color conversion to a value in [0, 1]. Multiple blurring steps are performed to reduce both natural
SEM point noise and induced systematic noise from coincident laser processing. Edges are
detected, dilation and erosion are performed to close gaps, and then objects are identified.
Diagnostic videos are created by overlaying the original SEM frames with annotations and the

filled objects that were identified. Annotation data is generated from the pixel-per-micrometer

measure previously determined, and height is measured as the vertical measure of the objects
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Table 3. Material properties for substrate dependence simulations

Substrate Thermal Conductivity Cp Density
W/(m-K) JI(kg-K) kg/m?
SiO» 1.4 730 2200
UNCD 10 690 2900
Au 317 129 19300
Si 131 700 2329
PtCx 8.6 700 1250
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Figure 20. An initial video frame highlighted with the segmented parts — yellow is the image, red the scalebar and
blue the scale.
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Figure 21. (Left) The scale extraction process, (Right) scalebar pixel distance determination.

53



1. Grayscale 2. Median Blur 3 Gausslan Blur 4 Denolsed

5. Canny Edged 6. Dilated 7. Eroded

8. Identify

10. Object Labeling 9. Objects

11. Result

Figure 22. The video labeling process, where identified object dimensions are overlaid on the original video.
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bounding box and the diameter is measured as the average diameter of the central 60% of the

identified pillar object, excluding the top and bottom 20%.
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S3. Thermal Simulation Parameter Sensitivity Analysis
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Figure 23. The rise and maximum temperatures reached as estimated using the heat flow finite-element modeling
COMSOL approach as described in the main text, at a variety of pillar thermal conductivity values. The modeling
domain was a 1.5 pum tall by 200 nm diameter PtCy pillar on a 4-inch, 500 um Si wafer with 293 K boundary
conditions at the bottom and outer radius of the wafer. The incident laser was 5 W (77450 = 50 um), 191 uJ was

_ Dypittar*Hpitlar
- 2

input as a heat source to the pillar by the ratio Q;, p—-
*Taser

as schematically shown in Figure 27. Constant

rate heat flow from the laser was provided to the pillar for the duration of the 10 ps pulse, and the model was ran for
twice the pulse width. The other PtCy material parameters were: density — 1250 kg/m?, heat capacity at constant

pressure -700 J/(kg*K), n - 1.87 and k — 0.31.
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Figure 24. The rise and maximum temperatures reached as estimated using the heat flow finite-element modeling

COMSOL approach as described in the main text, at many different combinations of density and heat capacity at a

common pressure. The modeling domain was a 1.5 pum tall by 200 nm diameter PtCy pillar on a 4-inch, 500 um Si

wafer with 293 K boundary conditions at the bottom and outer radius of the wafer. The incident laser was 5 W

(T1aser = 50 pm), 191 pJ was input as a heat source to the pillar by the ratio Q;, = W as schematically
*Tlaser

shown in Figure 27. Constant rate heat flow from the laser was provided to the pillar for the duration of the 10 ps

pulse, and the model was ran for twice the pulse width. The other PtC material parameters were: thermal
conductivity — 8 W/(m*K), n - 1.87 and k — 0.31.
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Figure 25. The rise and maximum temperatures reached as estimated using the heat flow finite-element modeling
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COMSOL approach as described in the main text, with many different combinations of optical parameters ranging
from amorphous carbon to pure platinum. The modeling domain was a 1.5 um tall by 200 nm diameter PtCy pillar

on a 4-inch, 500 um Si wafer with 293 K boundary conditions at the bottom and outer radius of the wafer. The

incident laser was 5 W (73450 = 50 um), 191 uJ was input as a heat source to the pillar by the ratio Q;,, =
Dpitlar*Hpillar

2
T*Taser

for the duration of the 10 ps pulse, and the model was ran for twice the pulse width. The other PtC material
parameters were: thermal conductivity - 8 W/(m*K), density — 1250 kg/m?, heat capacity at constant pressure -700

(kg*K).

as schematically shown in Figure 27. Constant rate heat flow from the laser was provided to the pillar
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Figure 26. The rise and maximum temperatures reached as estimated using the heat flow finite-element modeling
COMSOL approach as described in the main text, at a variety of incident laser powers. The modeling domain was a
1.5 pum tall by 200 nm diameter PtCy pillar on a 4-inch, 500 um Si wafer with 293 K boundary conditions at the

bottom and outer radius of the wafer. The radius of the laser was 77,45, = 50 um, and the wattage was input as a

heat source to the pillar by the ratio Q;;, = W as schematically shown in Figure 27. Constant rate heat
*Tlaser

flow from the laser was provided to the pillar for the duration of the 10 ps pulse, and the model was ran for twice

the pulse width. The other PtC material parameters were: thermal conductivity - 8 W/(m*K), density — 1250 kg/m>,

heat capacity at constant pressure -700 J/(kg*K), n - 1.87 and k — 0.31.
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S4. Geometry of Thermal Modeling

Figure 27 is a visual illustration of the general model implementation showing boundary
conditions, pillar geometry, and fractional heat source term applied to the nanopillar. The laser
radiation absorbed by the substrate is ignored in this case and only the fraction of laser light
incident on the nanopillar is included in the heat source term. The lower plane and outer cylindrical
wall of the substrate are isothermal boundary conditions while all other surfaces are considered

insulating boundaries (V7=0).
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Figure 27. A visualization of the geometry of the simulations and the fraction of laser power absorbed by the
nanopillar.
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S5. Pulse Width Length Dependence
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Figure 28. The rise and maximum temperatures reached as estimated using the heat flow finite-element modeling
COMSOL approach as described in the main text, at a variety of pulse widths. The modeling domain was a 1.5 pm
tall by 200 nm diameter PtCy pillar on a 4-inch, 500 um Si wafer with 293 K boundary conditions at the bottom and
outer radius of the wafer. The incident laser was 5 W (13450 = 50 um), 191 pJ was input as a heat source to the
pillar by the ratio Q;,, = 71)7‘”?‘;?””’”

*Tlaser
was provided to the pillar for the duration of the pulse, and the model was ran for twice the pulse width. The other
PtCy material parameters were: thermal conductivity - 8 W/(m*K), density — 1250 kg/m?, heat capacity at constant
pressure -700 J/(kg*K), n - 1.87 and k — 0.31.

as schematically shown in Figure 27. Constant rate heat flow from the laser
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S6. 1us Laser Pulse Width Data
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Figure 29. 1 ps pulse width tests show EBID contributions at long scanning times and supports the idea that the
nanopillar does not reach precursor decomposition temperature within a 1 ps pulse.
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Abstract

Selected area deposition of high purity gold films onto nanoscale 3D architectures is
highly desirable as gold is conductive, inert, plasmonically active, and can be functionalized
with thiol chemistries which are useful in many biological applications. Here we show that
high purity gold coatings can be selectively grown with the Me2Au(acac) precursor onto

nanoscale 3D architectures via a pulsed laser pyrolytic chemical vapor deposition process. The
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selected area deposition is achieved due to the high thermal resistance of the nanoscale
geometries. Focused electron beam induced deposits (FEBID) and carbon nanofibers are
functionalized with gold coatings and we demonstrate the effects that laser irradiance, pulse
width, and precursor pressure have on the growth rate. Furthermore, we demonstrate selected
area deposition with a feature targeting resolution of ~ 100 and 5 um, using diode lasers coupled
to a multimode (915 nm) and single mode (785 nm) fiber optic, respectively. The experimental
results are rationalized via finite element thermal modeling.

Keywords: selected area deposition, chemical vapor deposition, laser heating, 3-dimensional

nanostructures
Introduction

Three-dimensional printing of functional nanoscale materials and architectures is very
challenging. To date, focused electron and ion beam induced deposition is capable of high-
fidelity and complex geometries, but the deposited material is typically contaminated by
residual precursor by-products. While a significant amount of research has been invested in
developing new precursors'®1®1-1% and purification strategies*®153, functional and pure 3D
deposits remain a significant challenge. While research and applications of 3D printing of
mesoscale and macroscale objects have surged in recent years, pushing sub-mm 3D printing
has been more limited. As recently reviewed by Hirt et al*®* only several techniques have been
developed such as direct ink writing, electrohydrodynamic printing or laser-assisted
electrophoretic  deposition, meniscus-confined electroplating, and laser induced
photoreduction. While each technique has relative strengths and weaknesses, most only

approach the mm scale. Scanning electron and ion beam induced deposition techniques
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however have recently been shown to be capable of 10s of nm scale resolution with high-fidelity
3D printing (see Winkler, et. al. 7) for recent review. Two photon lithography is capable of three
dimensional nanoprinting below the optical diffraction limit!®® but limited photoresist
availability limits the materials that can be accessed.

We recently demonstrated selected area deposition of PtCx coatings on FEBID PtCy
deposits via a pulsed laser chemical vapor deposition (CVD) process.'?! The selected area
deposition is a result of the constrained thermal transport that occurs in the pseudo 1-
dimensional nanoscale architectures and thus deposits specifically on the FEBID structures with
negligible growth on the substrate. The process was shown to be consistent with a pyrolytic
CVD process where the precursor decomposition temperature is reached by controlling the laser
power density and pulse width as well as the dimensions and thermophysical properties of the
3D FEBID template. The total growth is a function of the time that the nanostructure exceeds
the dissociation temperature and the precursor flux on the nanostructure surface during the
exceeded temperature. While the concept was demonstrated using the well-known
MeCpPt"VMes precursor, consistent with thermal CVD results'*®, residual carbon remains in
the selected area coatings.

Given the limited functionality of the PtCx material presented in our previous work, here
we explored the dimethyl(acetylacetonate)gold(l1l) (MezAu(acac)) precursor as gold is
conductive, resistant to oxidation, exhibits low plasmonic losses, is biocompatible, and its
surfaces can be chemically modified through processes such as thiolation. While nanoscale 3D
applications are a bit limited due to the FEBID purity described above, several example

applications have emerged. For instance, magnetic 3D structures'®®-18 vibrating sensors'®®,

67



chiral*®17" and split ring resonator'’®1"® and other®!8° plasmonic devices, scanning probe
tips'®:183 and some nanomechanical applications!®*18® have all been demonstrated.

Selected area pyrolytic laser CVD of gold has been thoroughly studied by Baum et al for
circuit repair applications in the 1980s.18 They showed pure pyrolytic CVD could be achieved
with the Me2Au(acac) precursor when the laser induced temperature rise from a focused laser
exceeded the ~ 450 K decomposition temperature.’®” CVD studies with the Me;Au(acac)
precursor are in good agreement with this decomposition temperature® however, with Oz and
ozone co-reactants have demonstrated precursor decomposition as low as 363 K Here we
show selected area deposition can be achieved using the Me2Au(acac) precursor and be
extended to three dimensions with sub-diffraction limit resolution (pillar diameter << laser
wavelength), while yielding high purity functional gold coatings of a variety of nanostructures.

For instance, we demonstrate selected area growth on 3D FEBID structures and carbon
nanofibers via localized pyrolytic decomposition of the Me2Au(acac) precursor. In this work,
various experimental geometries and materials, laser conditions (power density, pulse width,
duty cycle, and laser wavelength) as well as precursor pressure are explored to rationalize the
selected area deposition process. We also demonstrate the use of both multimode fiber optic
delivery (A=915 nm and 100 um beam diameter) and single mode fiber optic delivery (A=785
nm, ~ 5 um beam diameter). COMSOL finite element thermal modeling is also performed to
validate some of the experimental findings. We investigate deposition rate is proportional to
the temperature and flux of precursor gas molecules that impinges on the nanostructures when
the laser heated nanostructure exceeds the decomposition threshold. Because we employ a

pulsed laser system, the deposition rate can also be controlled by the laser duty cycle (product
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of the pulse width and the frequency). Chemical analysis confirms that high purity functional
coatings (>95 at.%) can be achieved that far exceeds what FEBID alone can accomplish. We
show that not only can we selectively control the growth on the 3D geometry, but also tune the

growth in the z-dimension through control of the deposited laser energy.

Methods

FEBID nanopillars are grown in an FEI Nova 600 dual beam microscope using the typical
Scanning Electron Microscopy (SEM) conditions of 5 keV, 98 pA using a stationary beam to
grow the vertical pillars. Dimethyl(acetylacetonate)gold(lll), also known as
(CHz3)2Au(CsH702), was purchased from STREM (CAS 14951-50-9). Table 4 overviews the
growth times and precursors pertinent for each figure. Carbon nanofibers were grown via a
plasma enhanced CVD process using either a patterned nickel catalyst or dewetted nickel film
[see Melechko, et. al.*® for overview]. To selectively coat the FEBID and carbon nanofibers,
we used a WAVIKS Inc. optical delivery system mounted onto the FEI Nova 600 for in situ
selected area growth directly onto the FEBID nanostructures. Two laser sources are used: 1) a
16 W (externally measured optical power) 915 nm wavelength laser diode that is coupled to a
multimode fiber optic and a 100 um diameter spot size and thus a maximum irradiance of ~ 2.1
GW/m2; 2) a 220 mW (externally measured optical power) 785 nm wavelength laser diode
coupled to a single mode fiber with approximately 10 um diameter spot size and thus a
maximum irradiance of ~ 2.8 GW/m2. The lasers are modulated with a pulse width generator
capable of ~ 10 ns-CW pulse widths and up to 2.5 MHz frequency. In-situ scanning electron

microscopy (SEM) was performed during the selected area growth. Energy Dispersive X-ray
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Table 4. Deposition Parameters

Figur Precursor Templa Template Laser Laser Las
e Temperatu te Precursor Irradian Waveleng er
re (°C) Materia ce (A;_V;/) th (nm) On-
I Tim
e (s)
Figur 30 PtCx MeCpPt" 140 915 0.2
e 30 Mes
Figur 30 AuCy MezAu(aca 13.4- 915 4.3
e31 c) 58.5
Figur 30 PtCx MeCpPt" 140- 915 5.5
e32 Mes 1164
Figur 30 PtCx MeCpPt" 127 915 0.2-
e 33 Me; 10
Figur 25, 30, 35 AuCy Me,Au(aca 140 915 0.3
e 34 c)
Figur 30 VACN | CzHa+NHs 598, 785,915 | 0.3
e 35 F 140-548 1.2




Spectroscopy (EDS, EDX) measurements were performed in a Zeiss Merlin scanning electron
microscope. EDS Measurements were taken at 5kV, 205 pA with P/B-ZAF corrections. Point
spectra were 60 second collections with 3% dead time, the map was a 5 minute collection with
drift correction and 6.6 nm pixel spacing. In our EDS quantification, we observe measurable Ga
from the focused ion beam milling and Si from the scattered electron interacting with the
substrate; thus we ignore these contributions in the Au/C quantification. Table 5 presents a range
of physical parameters used in this study.

As illustrated in Figure 30, the CVD process is a pulsed process due to the pulsed laser
source that selectively heats the nanostructures. Pyrolytic CVD occurs for the duration in which
the nanostructure temperature exceeds the dissociation temperature of the precursor. For
sufficiently long pulse widths relative to the heating rise time, the growth rate is proportional
to the laser on-time (product of the laser duty cycle and processing time) and the flux of the
precursor molecules. We focus here on low duty cycle pulsed growth as, for instance, high
irradiance continuous wave laser exposures can lead to overheating and failure in our optical
delivery system. The low duty cycle ensures adequate cooling of the system during operation,
and allows us to perform the in situ imaging to discern the growth kinetics. Furthermore, we
are able to control the growth at sub-monolayer per pulse growth rates for superior control.
While some nanostructure/substrate systems would in theory permit for continuous wave
growth, some combinations could lead to substrate heating at longer time constants and thus

eliminate the selected area affect.
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Table 5. System Physical Parameters

Parameter

Value

Laser

785 nm (single mode, r =
5 um), 915 nm (multi mode,

r =50 um)

Laser Intensity

13.4-1164 (’:’n—”;)

Laser Pulse Width 500 ns — 50 us
Laser Repetition Rate 200 Hz — 1 MHz
FEBID SEM Voltage 5kV
FEBID SEM Current 98 pA

Typical SEM Base Pressure 5uTorr
SEM Room Temperature 25 °C
Typical Precursor 30 °C

Temperature

72



10 us
1 kHz

Seconds l Minutes '

Precursor

+95% Au

b)

o
wn

Laser Intensity

©
o

10°° 1074 10~° 100 102
Time (Seconds)

Figure 30. Schematic illustrating the temporal evolution during the selected area deposition process. a) SEM images
of an as-deposited FEBID nanopillar and subsequent images during the deposition process, where one is artificially
colored to visualize the thermal effect of the laser. b) A log time versus irradiance plot illustrating the various time
scales that are operative where for instance the pulse width 10 us, the repetition rate is a ms and the total processing

time 200s (with a 0.1% duty cycle and thus total laser on time of 0.2 s).
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Finite-element modeling through the commercial COMSOL package was used to investigate

the onset temperatures. The radiative beam is governed by the Beer-Lambert law equation:

€;

[e;] )

VIi = _'CIi

where I is the radiative intensity, e; is the orientation of the i*® beam, and  is the absorption
coefficient. This model has three key assumptions: 1) the radiative beam in the absorbing
medium is collimated and each beam propagates always in the same direction, 2) the light
experiences no refraction, reflection, or scattering within the material itself and 3) There is no
significant emission of the material in the wavelength range of the incident light. The radiative

heat source @, corresponding to the energy deposited by the radiative beam is:

Q, = Z'Cli

i
The heat transfer in solids is modeled by the heat balance equation:
aT
pCp(E)+ Vi(g+aq,)=Q

where p is the density, C,, is the specific heat capacity at constant stress, T is the absolute

temperature, q is the heat flux by conduction, g, is the heat flux by radiation, and @ contains

additional heat sources.

COMSOL default silicon parameters were used; a specific heat (Cp) of 700 kg]—*K, a

density (p) of 2329 %, and a thermal conductivity (k) of 131 % An absorption coefficient

of 25600 m™ at 915 nm was used for silicon9?,
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Previous literature values for PtCs FEBID deposits'?! were used as starting points,
and the nanostructure thermal conductivity was tuned until the pillar temperature reached the
thermal CVD temperature of the Me>Au(acac), ~450 K. The optical parameters used at 915
nm for the nanopillars were index of refraction of n=1.87, and an extinction coefficient of

0.419
k=0.31'41. The laser was modeled as a flat top beam with a direction vector of [0. 0588] to
—-0.906

mimic the laser angle during deposition. The nanopillar thermal parameters were: a specific

heat (Cp) of 700 k;—*Kl“Z, a density (p) of 1250 %142, and a thermal conductivity (k) tuned to

1.05 2
mx*K

Carbon nanofibers were modeled as cones with experimentally determined height,
base and tip widths using COMSOL’s radiative beam in absorbing materials and heat transfer
in solids as previously described. A single tip was used for modeling, but experimental
geometries often have complex multi-tips. Graphite optical parameters used at 915 nm were

an index of refraction of n=2.2, and an extinction coefficient of k=1.3°2. The nanopillar

thermal parameters were a specific heat (Cp) of 1000 k;—*Klg\'*, a density (p) of 2200 %194, and

a thermal conductivity (k) tuned to 190 % A tetrahedral mesh with a minimum element size

of 10nm was used on the nanopillars, and the nanofiber tetrahedral mesh minimum element
size was 40nm. Higher-resolution meshes were tested, but the same peak temperatures were

reached and smoother gradients were the only effect.
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Results and Discussion

Figure 31 a) is a scanning electron micrograph of the four as-deposited AuCy (where x=9)
FEBID nanopillars grown from the Me>Au(acac) precursor that have comparable original
diameters and various height [see SEM movie capture in the supplemental information SI-1].
Figure 31 d) is a plot of the nanopillar diameter versus the laser on-time (product of the
processing time and duty cycle) and total processing time, where the laser power is
incrementally increased over time from 105 to 459 mW (or 13.4-58.5 MW/m?). The laser is
pulsed at constant 1 kHz frequency with 10 us pulse width and an image processing routine
described in*?! is used to measure the average diameter of the top 67% of each nanopillar. Figure
31 b) is a scanning electron micrograph of the resultant gold coated nanopillars after the
experiment. To rationalize the onset temperature, we performed COMSOL finite element
modeling of the peak temperature of the various nanopillar geometries and laser power for
growth onset [see SI-2 for details] where the relevant properties used in the finite element model
are listed. As illustrated in Figure 31 c), all the onset temperatures exceed the thermal
decomposition temperature of the Me>Au(acac) of ~ 450 K. The inset in Figure 31 d) is a table
listing the pillar diameter and height at the onset of growth, the modeled onset temperature and
gold growth rate (normalized to the laser on-time) for each pillar (note short black line on each
plot denoting where the growth rate was taken). As expected, the laser power/irradiance that
initiates growth is proportional to the FEBID nanopillar height; the taller pillars have higher
thermal resistance and thus the pillars exceed the Me2Au(acac) dissociation temperature at
lower laser power. As illustrated in Figure 31 c) the substrate heating is negligible whereas
significant heating is realized in the nanopillars thus the realization of the selected area growth.
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Figure 31. SEM images of the a) as-deposited AuCx nanopillars and b) after the cumulative gold deposition realized
during the laser power study. ¢) Results from finite element modeling of the temperature profile at the end of the
laser pulse width for the various nanopillars at the associated laser onset powers. d) Plot of nanopillar diameter
versus laser on-time (bottom x-axis) and processing time (top x-axis) with increasing laser power noted; the
highlighted red regions correspond to the labeled laser powers. Inset table of nanopillar diameter, height, modeled
onset temperature, and onset growth rate.
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As expected, the tips are the hottest and the scanning electron micrographs after growth reveal
a slightly tapered growth consistent with the thermal profile. Note that the high growth rate
changes in the final three power intervals are due to larger increases in power. The slight
increase in the pillar diameter with time before the photothermal decomposition is attributed to
electron beam induced deposition caused by the in situ secondary electron imaging.

Interestingly, once the gold layer is initiated, the optical and thermal properties change to
a composite structure where the growing gold layer is optically in series with the AuCx core
material relative to the laser flux and is thermally in parallel relative to the substrate heat sink.
While a concentric bi-layer model using gold surrounding an AuCx core was explored, the
optical absorption below ~ 50 nm is very sensitive to the surface roughness®®, which
significantly enhances the optical absorption. Using standard gold properties has the effect of
significantly reducing the structure temperature below the decomposition temperature primarily
due to significant reflectance, but also due to the enhanced thermal conduction (see SI-3 for
example and model details). Because we observe continued growth, we expect the observed
surface roughness enhances the optical absorption and thus growth is sustained at lower-than-
expected optical powers. As shown in Figure 31 d), the growth rates during a constant power
interval can vary, which suggests temperature changes attributed to the evolving optical and
thermal properties of the composite structure.

While EDS on individually grown nanopillars were attempted, inevitable scattering into
the original PtCx or AuCx nanopillars made it difficult to distinguish the Au and C atomic
composition of the laser grown gold coatings. Figure 32 a), illustrates a series of 4 PtCs

nanopillars that were grown in close proximity and subsequently exposed to a pulsed laser at
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10 us pulse width, 1k Hz frequency where the laser power was progressively ramped from 1.1
to 9.14 W (140-1164 MW/m?) over 10 minutes for the selected area growth (b) and c)) until all
pillars had merged into a continuous wall. The nanopillar was Ga+ focused ion beam milled
into a thin lamella as illustrated in Figure 32 d) to measure the composition via energy
dispersive x-ray spectroscopy (EDS). Several point spectra are shown in Figure 32 €) and inset
is the associated Au EDS map of the entire lamella. By subtracting out the substrate Si and O
peaks, points 1 and 2 reveal gold compositions of > 95 at. %. Some variation in the carbon
content as revealed in position 3 is evident (see C and Si maps in supplemental information Sl-
4); penetration of the electron beam and possible interaction with the FEBID core is suspected.
Overall, the selected area pulsed laser chemical vapor deposition from the Me,Au(acac)
produces high purity Au nanostructure coatings.

To interrogate the MexAu(acac) growth process in more detail we performed a selected
area growth study wusing PtCs nanopillars grown via FEBID wusing the
trimethyl(methylcyclopentadienyl)platinum(1V) precursor and varied the laser pulse duration
and frequency at a constant irradiance (127 MW/m?). Pillars 1-5 are all grown at a constant
duty cycle of 1%, pillar 5 is 10% and pillar 6 is 50%. Figure 33 a) illustrates the average
nanopillar diameter versus cumulative laser on-time for various laser pulse widths/frequencies
and b) is a plot of the modeled temperature versus time plot for each laser pulse width. Figure
33 ¢)-i) are SEM images of the gold-coated nanopillars after selected area growth. At pulse
widths 5 us and above, the growth rate is fairly consistent except for the 20 us, 500 Hz growth,
which has comparable early growth rates, but tapers off at ~ 6x10-2 seconds. Pillars 1-4 all

have fairly uniform coatings that extend to the base of the nanopillars. The 2 us pulse width

79



1.0

= H
— D 1 45 955
0.8 - 2 27 973
135 86.5
T
(7]
N
© 0.6 1
E
o
= Au
42 0.4 1 Si
a Ga
o
0.2 1
0.0 T T T T i
0.5 1.0 15 2.0 25

Energy (keV)

Figure 32. a) A 52° tilted SEM image of the as-deposited PtC5 nanopillars. b) A 52° tilted SEM of image of the
nanopillars after gold selected area deposition. c) Top-down SEM image of b). d) The Ga+ FIB thinned lamella and
EDS measurement locations; the black dashed boxes estimate the positions of the original FEBID nanopillars. e)
The corresponding EDS spectra, taken at 5 keV 205 pA. The inset in ¢) is the Au EDS map of the image in d).
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gold thickness (~50 nm) is noticeably lower and the coating only extends ~2/3 from the tip of
the nanopillar. Finally, the 1 and 0.5 us growths are indiscernible at 2x10-1 s, but do exhibit
growth at 1 and 2 orders of magnitude longer laser on-times, respectively. As shown, these

nanopillars exhibit a rise and decay time of ~2 us. Of course, this time constant is related to
the product of the thermal resistance and capacitance and is given by %where p is the density,

Cp is the heat capacity at constant pressure, V is the volume, k is the thermal conductivity and
A is the surface area. As the pulse width is decreased, the rise time becomes a significant
fraction of the pulse width, thus the time above the dissociation temperature (for illustration see
line drawn at 450 K) is a smaller fraction of the total laser on-time. At pulse widths lower than
the rise time, the integrated time above the dissociation temperature diminishes and thus, much
longer laser on-times are required for observable growth. Furthermore, the temperature
evolution at short pulse widths limits the heating at the base of the nanopillars. Figure 33 j-p)
illustrate the temperature profile of the nanopillars at the end of each pulse width, where the
peak temperature is listed above the image. Interestingly, at the optimized 1 W/m-K thermal
conductivity, the 5-50 us pulse widths all have similar temperature profiles where a majority of
the nanopillar exceeds the dissociation temperature. However, the 2, 1, and 0.5 us pulse widths
exhibit a progressively shorter region of the nanopillar tip region that exceeds the
decomposition temperature. Thus, the growth rates and position sensitive deposition as a
function of pulse width, self-consistently suggest the tuned thermal conductivity value is
correct. One interesting feature that is also observed is that the grain structure in general

becomes coarser with increasing pulse width.
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Figure 33. a) A plot of the nanopillar diameters as a function of laser on-time at different pulse widths. b) The
simulated time versus temperature focused on 0.5, 1, 2, 5 and 10 us pulse widths, as longer pulse widths have
similar profiles to 10 us. c-i) SEM images of the nanopillar after processing at different pulse widths. j-p) Modeled
temperature profiles of the nanopillars at the end of the specified laser pulse width and peak temperature listed
above the nanopillar.
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Next we explored the effect of precursor pressure on the growth rate by comparing the
growth on similar geometry AuCx FEBID nanopillars and varying the precursor crucible
temperature (25, 30 and 35 °C) to raise the MezAu(acac) vapor pressure/precursor flux during
selected area deposition. For each crucible temperature the same laser conditions of 10 us, 1
kHz and 140 MW/m? irradiance was used. Figure 34 a) compares a plot of the average
nanopillar diameter as a function of laser on-time for the various crucible temperatures, which
clearly shows that the higher crucible temperature yields higher growth rates. Figure 34 b)-d)
are SEM images of the gold-coated AuCx FEBID nanopillars grown at 25, 30 and 35 °C crucible
temperatures, respectively; note that coarsening of the gold grains occurs at higher crucible
temperatures. The average growth rates over the 0.3 s laser on-time are 92, 125 and 210 nm/s
for the 25, 30 and 35 °C crucible temperatures, respectively. This agrees with our previous
hypothesis'? that the growth rate is controlled by the precursor flux and the time that the
object’s temperature is greater than the precursor dissociation temperature.

Finally, to test that the selected area deposition is a more generalized phenomenon that is
compatible with structures other than FEBID grown materials, we investigated functionalizing
carbon nanofibers (CNF).1% The CNFs were grown via a plasma enhanced chemical vapor
deposition process using lithographically patterned nickel catalyst.’*"1% Figure 35 shows an
array of CNFs a) prior to laser irradiation and b) subsequent to a 20 second selected area gold
deposition (343 MW/m?, 1kHz, 10 us) and c) is a lower magnification image illustrating the
approximate 100 um laser spot size. To demonstrate z-axis selected area deposition control,
Figure 35 d) shows an individual as-grown CNF, and post-growth images after a series of 30 s

(300 ms laser on-time) selected area growths with 10 us pulse width and 1 kHz frequency and
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Figure 34. a) A plot of the nanopillar diameters as a function of laser on-time at different crucible temperatures. b-d)
SEM images of the nanopillar after processing at b) 25 °C, ¢) 30 °C, and d) 35 °C.
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e) 140, f) 242, g) 343 and h) 548 MW/m? irradiance. Note in Figure 35 d-h, that the nanofiber
has a secondary branch associated with the initial CNF. This is due to a stochastic splitting in
the catalyst nanoparticle during the CNF plasma enhanced chemical vapor deposition process
and not associated with the selected area deposition process which conformally coats the entire
exposed fiber. Figure 35 i), illustrates that the length from the tip that is functionalized increases
as a function of increasing power and as expected the gold thickness increases on the previously
grown areas. We modeled this CNF geometry using optical and thermal parameters of graphite
as described in the methods section and note that the inset temperature maps of the nanofibers
at each power show that the location along the CNF where the temperature exceeds the 450 K
dissociation agrees well with the region of the selected area growth (for illustrative purposes
the temperature color is set to a maximum of 450 K -- see supplemental information SI-5 for
results where color scale is set to the maximum temperature located at the CNF tip).

While we did not perform continuous wave exposures to protect the optical delivery
system, we performed a continuous wave simulation on the CNF system under the same 915
nm wavelength, 548 MW/m? laser conditions. At these conditions the substrate heating exceeds
the precursor dissociation temperature, thus we lose the desired site selectivity. See
supplemental information SI-5 for modeling results of the temperature profile at the 0.3 s
continuous wave total laser-on time.

To illustrate higher resolution selected area growth, we also tested a 785 nm wavelength
laser diode coupled to a single mode optical fiber, which can yield comparable irradiance values
at a spot size on the order of 5 um.*®® The pulse width and frequency were 10 us and 1kHz,

respectively, and the average laser irradiance was 598 MW/m?. Figure 35 j) illustrates that we

85



200 300 400 500
Laser Intensity (*27)
m

Figure 35. a) SEM image of a VACNF array before processing. b) SEM image of array after laser processing. c) The
laser processed array at lower magnification, showing the area selectivity. d-h) SEM images of a different CNF on
the same sample, showing the spatial selectivity of the process as a function of laser power by exposing one fiber
repeatedly while stepping the laser power at 915 nm 10 us, 1kHz; d) as grown e) 140, f) 242, g) 343 and h) 548
MW/m?2 irradiance . Inset next to d)-h are temperature profiles of the carbon nanofiber exposed to the specific laser
power illustrating the isothermal position extends farther down the CNF at higher laser power. 1) A plot of the laser
power vs measured vertical deposition length and modeled isothermal 450 K position. j) SEM image demonstrating
higher resolution selected area deposition using a laser coupled single mode laser diode with a spot size of ~ 5 um
diameter.
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are able to selectively target and functionalize a single CNF in this array with a more localization

at the CNF tip.

Conclusion

Selected-area deposition of high-purity gold coatings on 3D nanostructures are
demonstrated using the Me>Au(acac) precursor via a pulsed laser pyrolytic CVD process, which
occurs due to the unique thermal properties of the nanoscale geometries. Good optical coupling
and constrained thermal conduction allows selective heating of the nanostructures and
negligible heating of the underlying substrates. Because the nanopillar geometry controls the
thermal conduction, the irradiance required to induce growth is proportional to the aspect ratio
of the nanostructure. Above the irradiance onset value, if the laser pulse width is sufficiently
longer than the thermal rise time, then the growth rate is proportional to the laser on-time (i.e.
the product of the duty cycle and processing time) and the flux of precursor gas that impinges
on the surface during this time. For pulse widths shorter than the thermal rise time, the growth
rate is decreased because the effective time that the nanostructure is greater than the precursor
dissociation temperature is decreased. As the growth rate is proportional to the precursor flux
and the time above the dissociation temperature, at constant laser parameters, we show that the
growth rate is proportional to the localized precursor pressure. We additionally validated
selected area deposition as a more generalized nanostructural phenomenon by demonstrating
the process on carbon nanofibers, where z-dimension of gold functionalization is shown to be
controllable via its proportionality to laser irradiance. In addition to the 915 nm wavelength
laser diode coupled to a multimode fiber optic capable of 100 um spatial resolution, we

demonstrate 5 um feature targeting resolution using a 785 nm wavelength laser diode coupled
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to a single mode fiber optic. Finite element thermal simulations corroborate each of the
experimental studies. Chemical analysis of the gold coatings indicate purity in excess of 95 at.
% indicating the process is promising for producing functional gold coatings of nanostructured

architectures.
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APPENDIX

Supporting Information

SI-1 Figure 31 SEM Video of Me,Au(acac) CVD on Me,Au(acac) FEBID

Nanopillars

See attached files. A SEM video of selected area deposition on FEBID nanopillars via the
laser-induced deposition process is shown (8x speed). This experiment is investigating the effect
of laser irradiance, where all nanopillars are simultaneously exposed to the large 100 um 915 nm
laser spot. The irradiance starts at 13.4 MW/m? and is stepped up to 58.5 MW/m? over time. The
video shows the selectivity of the deposition process, as irradiance increases different geometries

are pushed to the pyrolytic CVD temperature and begin deposition.

SI-2 Figure 31 Finite-Element Modeling of Me;Au(acac) FEBID Nanopillars

Deposition Onset

121

Previous literature values for PtCs FEBID deposits*“* were used as starting points, and

the nanostructure thermal conductivity was tuned until the pillar temperature reached the thermal
CVD temperature of the Me;Au(acac), ~450 K, shown in Figure 36. The optical parameters used

at 915 nm for the nanopillars were index of refraction of n=1.87, and an extinction coefficient of

0.419
k=0.31. The laser was modeled as a flat top beam with a direction vector of [0.0588] to mimic
—0.906

the laser angle during deposition. The nanopillar thermal parameters were: a specific heat (C,) of

700 kg]—*K, a density (p) of 1250 %, and a thermal conductivity (k) tuned to 1.05 2

mx*K
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Figure 36. Plot of temperature versus time for finite-element modeling of different thermal conductivities for

parameter tuning. The modeled pillar is pillar 4 from main text Figure 31, 106 nm wide and 2.24 um tall with a 106

mW (13.5 MW/m? irradiance) incident laser.
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SI-3 Figure 31 Finite-Element Modeling of Me;Au(acac) FEBID Nanopillars with

a Bilayer Au-FEBID Model

Given that EDX results indicate a high-purity gold coating, we attempted to model the
FEBID as deposited pillar and the conformal gold coating as a bi-layer thermal model. The
laser radiation model described above is not compatible with a material bi-layer, thus, we used
COMSOL’s heat transfer in solids and developed a bi-layer model based on power a modified
heat source that we previously described!?!. In this model we use a simple series optical
absorption model in which we have a vacuum/gold interface and a gold/PtCy interface and
reflection and absorption is determined at each interface and layer, respectively. For thin films
below or close to the electron mean free path of 41 nm, the thermal conductivity is thickness
dependent. The thickness dependent thermal conductivity equation was derived by fitting
reference data?® to a power function: 58.656 = D2:2272 where Dy, is the gold thickness and is
plotted in Figure 37. Furthermore, reflectivity is also thickness dependent if the layer is below
the absorption depth. The thickness dependent Au reflectivity equation was 0.44 * (1 —
e~155*Dau) A 915 nm 10 us laser pulse for 0 nm of gold is modeled in Figure 38, and 2, 5, 10,
30, 50 nm gold thicknesses are modeled in Figure 39. Material parameters are shown in the Table
6 below. The finite element model predicts that the pillar temperature quickly drops below
deposition temperature due to high gold reflectivity, but experimentally the deposition process

proceeds, indicating that the gold properties differ from bulk values.
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Table 6. Simulation parameters used for finite element modeling methods comparison

PtCx Optical n 1.87
PtCx Optical k 0.31
PtCx Density 1250 <4
m
PtCx Thermal k W
mxK
- J
PtCx Specific Heat 700 p—
Au Optical n?! 0.22
Au Optical k! 6.17
Au Density 19300 %4
m
. J
Au Specific Heat 128 P
40
35
— 30
v
I 25
§ 20
-~ 15
10
0 : ;
0 100 200
D_Au (nm)

Figure 37. The fitted thickness dependent thermal conductivity for thin Au films, from 1-250 nm.
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Figure 38. A time-temperature plot using the bilayer model with a gold thickness of 0 nm. Note that the maximum

temperature here is slightly lower than is reported in maintext Figure 31, which is attributed to the usage of the
simpler heat-dump model for the bilayer here vs. the radiative beam model used in maintext Figure 31 due to the
heat module’s better compatibility with multiple layers.
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Figure 39. A time-temperature plot using the bilayer model with 2, 5, 10, 30, 50 nm gold. A large drop in
temperature is predicted which suggests the deposition would be halted soon after the gold incubation.
Experimentally we do not observe this, thus we attribute the enhanced absorption to the film roughness.
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SI-4 Figure 3 Full EDX Maps

The full EDX maps of relevant species of the prepared sample in Figure 32. EDX maps

of C (Figure 40) and Si (Figure 41).
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Figure 40. An EDX map showing carbon concentration, with the cross-sectioned core FEBID pillar clearly visible in
the bottom right.

Figure 41. An EDX map showing silicon concentration, with the substrate showing high concentration and trace
amounts on the pillar wall, likely from FIB cross-section re-deposition and beam scattering and interacting with the
substrate.
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SI-5 CNF Finite-Element Modeling Parameters

Carbon nanofibers were modeled as cones with experimentally determined height, base
and tip widths using COMSOL’s radiative beam in absorbing materials and heat transfer in solids
as previously described. A single tip was used for modeling, but experimental geometries often
have complex multi-tips. Graphite optical parameters used at 915 nm were an index of refraction

of n=2.2, and an extinction coefficient of k=1.3. The nanopillar thermal parameters were a

specific heat (C,) of 1000 kg+K’ a density (p) of 2200 %, and a thermal conductivity (k) tuned to

190 % Figure 42 shows a tuning plot of the temperature versus time for various CNF thermal

conductivity values at the initial deposition power of 1.1 W (140 MW/m?), where the lowest
power onset depth is tracked (11um). Figure 43 shows the nanofiber temperature distributions
without highlighting of the deposition temperature. Figure 44 is a continuous wave modeled heat
profile of the 548 MW/m? 0.3 s on-time exposure in maintext Figure 35, where the substrate

itself can reach deposition temperature from CW exposures.
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Figure 42. CNF thermal conductivity tuning, showing the temperature evolution over time at a given thermal
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Figure 43. Carbon nanofiber temperature profiles for various experimental powers of (a) 1.1 W, (b) 1.8 W, (¢) 2.7 W,
(d) 4.3 W, where the color scale bar is based on the peak temperature at the end of the laser pulse width.
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Figure 44. Modeled carbon nanofiber temperature profile of a 300 ms continuous-wave exposure, instead of the

pulsed experiment and model in the maintext.
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Abstract

We demonstrate direct-write patterning of single and multi-layer MoS, via a focused
electron-beam induced etching (FEBIE) process mediated with the XeF, precursor. MoS; etching
is performed at various currents, areal doses, and on different substrates and characterized using
scanning electron and atomic force microscopies, as well as Raman and Photoluminescence
spectroscopy. Scanning transmission electron microscopy reveals a sub 40 nm etching resolution
and the progression of point defects and lateral etching of the consequent unsaturated bonds. The
results confirm that the electron beam induced etching process is minimally invasive to the
underlying material in comparison to ion beam techniques, which damages the sub-surface
material. Single layer MoS: field effect transistors are fabricated and device characteristics are
compared for channels that are edited-via the selected area etching process. The source-drain
current at constant gate and source-drain voltage scale linearly with the edited channel width.
Moreover, the mobility of the narrowest channel width decreases, suggestive that backscattered
and secondary electrons collaterally affect the periphery of the removed area. Focused electron
beam doses on single layer transistors below the etching threshold were also explored as a means
to modify/thin the channel layer. The FEBIE exposures showed demonstrative effects via the
transistor transfer characteristics, photoluminescence and Raman spectroscopy. While strategies

to minimize backscattered and secondary electron interactions outside of the scanned regions

101



require further investigation, here we show that FEBIE is a viable approach for selective nanoscale

editing of MoS» devices.

Keywords: Nanofabrication, Two dimensional materials, Direct write, Electron beam-induced

etching, patterning

Introduction

Two-dimensional transition metal dichalcogenides (TMDs) have intriguing optoelectronic

properties and thus are actively researched for their potential in next-generation devices?®2%". To

advance the state of the art in layered TMD materials, advanced synthesis and fabrication methods

D 7S208,209

are being developed to controllably grow high quality and large area TM , stack single

210,211

layers to make hybrid 3D devices , and etch with high selectivity and atomic layer

control?'?213, Recently resist-less fabrication has been explored to improve device performance,

t214 t215

including direct™'* and indirect”> patterning of MoS; with ice assisted electron-beam lithography,

pum-resolution wafer-scale scratching lithography on MoS> 2!, and scanning probe
electrochemical etching methods?®!”. Furthermore, many advanced functionalization methods have

been developed: covalent patterning of 2D MoS,?'®, light-modulated charge density control of

MoS; superlattices*'?, and MoS: biosensors®* to highlight a few.

While wafer-scale processes with nanometer resolution are ultimately needed for chip
manufacturing, selected area nanoscale processing methods are convenient to rapidly prototype
different device architectures and selectively tune device structure. To this end, various photon??!,
. 220223

ion and electron beam?!! induced processes have been developed to edit devices at the micro-

and nanoscale. Both additive and subtractive techniques exist. These processes typically involve
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a vapor or gas phase precursor assist. For selective deposition, a precursor is injected that
undergoes a photon, electron or ion beam induced reaction resulting in decomposition on the
substrate. In selective etching processes, the photon, electron or ion beam induces a reaction
whereby the byproducts react with the substrate and form a new volatile byproduct, which

subsequently desorbs from the surface.

Focused ion beam (FIB) processing is probably the most ubiquitous direct-write technique
for selected area nanoscale material removal including gas-assisted processes to accelerate

etching?-228

, and, more commonly, physical sputter removal. While this method is efficient in
removing material in the micro- to nano-scale, the energetic ions can damage the sub-surface
material. In the past decade, the He" gas field ion microscope (HIM) was commercialized as a
higher resolution variant to the more common Ga" liquid metal ion source based FIB. Helium has
a much lower mass and thus lower nuclear stopping power, so gas-assisted processes are critical

229,230 Focused

to balance sufficient material removal and sub-surface damage accumulation
helium ion beam modification of multilayer and single layer WSe: revealed the ability to
selectively tune the transport properties via preferential chalcogen sputtering.?”> A comparison of
direct helium sputtering and XeF> chemically assisted etching of WSe> revealed enhanced etching

and less damage associated with the chemical assist, but a damage region extending laterally 120

nm was still observed.

Focused electron beam induced etching (FEBIE) in a scanning electron microscope (SEM)

224231-234 " The electron mass at tens of

is at the other end of the spectrum relative to Ga* beams
keV energy is insufficient for knock-on sputtering, thus requiring gas mediation to induce

reasonable etching beyond electron stimulated desorption processes. Consequently, electron beam
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induced etching is typically characterized by lower etching rates (compared to FIB), but a key
advantage is reduced sub-surface and peripheral damage that primary and recoiled ions may
produce. The prominent commercial application that has emerged for focused electron beam

induced processing is lithography mask repair*>-23>-236

, as ion beam damage during the nanoscale
editing deleteriously affects the very stringent optical properties. To accelerate the electron beam
etching rate (and purify electron beam induced deposits!*!) a pulsed photon beam assisted process
has been developed where an intermittent photon beam locally heats the substrate to facilitate the
electron stimulated reaction and stimulates byproduct desorption which can rate limit the
process®*’. Regarding transition metal dichalcogenide materials, recently Granados et al®*®,
demonstrated direct electron beam induced nanopatterning of MoS: utilizing an XeF, precursor.
While the specific etch rate is not reported, device editing was demonstrated and a peculiar shift

in the n-type conduction was observed. Figure 45 Provides a representative schematic of the gas-

assisted electron-beam induced etching process.

Spontaneous XeF vapor etching of 2D TMD’s has also been explored for layer thinning®*

and device fabrication when combined with nanolithography?4%-24!

. Conveniently, graphene is not
spontaneously etched in XeF2, so it is an adequate etch stop for MoS». Interestingly, fluorination
of graphene causes sp’ type defects as evidenced in the Raman D peak increase, which reduces the

conductivity, whereas fully fluorine-passivated graphene is insulating®*!->4,

Here we systematically explore FEBIE of MoS, mediated by an XeF» precursor. As our
local pressures are much lower than previous spontaneous etching studies, negligible spontaneous
etching is observed in what is presented and we attribute the etching to synergistic electron-XeF»

precursor interactions with the MoS,. Initial studies are performed on exfoliated multilayer MoS»
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Figure 45. Schematic illustrating the focused electron beam induced etching process, where the electron beam forms
volatile and reactive fluorine species from the XeF, precursor gas that cause the etching of the exposed material.
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to establish the etching rate. Both gold and SiO; substrates are examined, and we subsequently
investigate chemical vapor deposition (CVD) grown monolayer etching on gold and correlate the
results with atomic force microscopy (AFM), Raman and photoluminescence (PL) spectroscopy.
Additionally, we investigate the etching evolution via atomic resolution scanning transmission
electron microscopy (STEM). Single layer MoS; field effect transistors are edited with the process
to demonstrate the efficacy of controllably tuning the channel layer dimensions “on-demand” and
to correlate the electrical properties to the measured optical and vibrational characteristics. Finally,
single layer MoS: devices are exposed to electron beam induced etching areal doses well below
the dose required to fully etch through the flake and the subsequent electrical, vibrational and

optical characteristics are explored to help elucidate the FEBIE evolution.

Results and Discussion

Figure 46 illustrates a) optical and b) electron micrograph of an ~12 nm thick (~ 18 layers)
exfoliated flake on a gold substrate that was etched via FEBIE with 1x1 mm boxes at various areal
doses using a beam current of 0.4 nA. Figure 46 c) is a plot of the etch depth versus areal dose as
determined via AFM (see SI-1 For 1.6 nA data). Initial tests were performed on SiO; substrates,
however SiO; also etches via FEBIE in XeF» >, which can make data interpretation difficult.
Evidence suggested that the FEBIE generates a porous structure, which enables XeF, permeation
and etching of the underlying SiO: (see SI-2). Gold, on the other hand, is not susceptible to the
XeF2 FEBIE, and thus a robust etch stop layer for the MoS,. The results show that the etch
efficiency is almost 2x higher at the higher current. This is inconsistent with many electron and
ion beam induced deposition and etching processes, which decrease efficiency with increasing

current due to precursor depletion which effectively leads to a more mass transport limited regime.
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Figure 46. a) Optical and b) secondary electron images of an exfoliated flake, on a gold thin film etched with a 0.4
nA beam current; labels in b) are area doses in ﬁn—cz ¢) Plot of the etch depth versus areal dose of the etched boxes of

the 4 highest doses shown in a) and b). d) A plot of the Raman spectra of the A1, and E'2, peaks measured for
various FEBIE areal doses. See SI-3 for a corresponding plot of the LA(M) mode.
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Synergistic effects could be operable at higher current such as low volatility byproducts that are
facilitated by an electron stimulated desorption process. While we attempt to position our gas
injection system nozzle at the same position, we cannot rule out that this effect is due to variations
in the gas injector positioning, which can easily increase the gas flux due to the sensitive nature of

the GIS nozzle position on the etch rate?**-244,

To estimate the approximate regime, Table 7 lists the estimated XeF» flux*?°, which results
in a monolayer coverage time of ~8.4 ms (assuming a sticking coefficient of 1). This is much
longer than the pixel dwell time, thus little gas is adsorbed during each 5 ms pixel exposure. Table
7 also illustrates the calculated areal electron dose per pixel dwell, the areal density of MoS,, the
ratio of the electron areal dose per pixel and the MoS; areal density, and the estimated experimental
MoS: etch efficiency. The line and frame loop times are 250 ms and 12.5 ms, respectively, thus
the MoS: is likely fully covered with XeF, after each full frame, but partial depletion could occur
from the previous neighboring line scan. The data suggests that at 0.4 nA ~ 0.009-0.013 of a
monolayer is etched per pass and at 1.6 nA ~ 0.08-0.09 of a mono layer is etched per pass. For

comparison, at 0.4 nA this equates to a volumetric etch efficiency for MoS, between 1.9-2.6 x10
nm3 4 nm3 . n . .
— and 4.2-4.6 x10 —— at 1.6 nA. For comparison the WSe> He" etch efficiency mediated by

3
0-3 nm- 225

XeF, was estimated 8.3x1
Het

While the specific etching by-products are not discernible via mass spectrometry due to the
extremely small etch volumes, the simplest electron stimulated dissociation and subsequent
reactions with Mo and S can be given by:

XeF,+e 2 Xe+2F +¢
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Table 7. Summary of the calculated etching parameters and etch efficiency.

XeF; Flux Areal dose per | Areal density Electron areal MoS; etch
(:;’:zs ) dwell (nen'l ) | of MoS, (’1"1’;’71522) dose/MoS; areal | efficiency
density (%;2) ("6_"_13)
MoS; on Au 1.6x10° 31 14.8 2.1 1.9-2.6 x10*
0.4 nA
MoS; on Au 1.6x103 125 14.8 8.4 4.2-4.6 x10*
1.6 nA
CVD single 1.6x10° 125 14.8 8.4 4.5-5.8 x10°
layer MoS2 *ignoring
on Au, 1.6 anamolously
nA low peak
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xF +S - SFx
xF + Mo = MoFx

While x<6 products are possible, particularly if accompanied by an electron stimulated
desorption mechanism, MoF¢ and SF¢ are both stable gases with high room temperature vapor
pressures and MoF has the highest vapor pressure of the MoFx variants?®. Patrito et al.?*® recently
performed ab-initio molecular dynamics simulations on spontaneous reactions between MoS: and
F> and reported a multi-step process beginning with adsorptive fluorination and volatilization of
SF3. Electron beam exposure of MoS; for instance has been shown to facilitate defect formation,

which when annealed leads to oxidation and pore formation®*’. Previous work by Drndic et al**®,

also showed that 200 keV electron beam with a dose range of 1.6 — 8x10? (:%) leads to sulfur

monovacancy formation in MoS,. Figure 46 d) is a plot of the averaged Raman spectrum taken
from each exposure dose in Figure 46 a) and b). Interestingly, the Raman spectra does not change
dramatically except that the absolute intensity of the Ezlg and A, 4 peaks decrease for the highest
areal doses, consistent with the images illustrating nearly complete etching of the material. The

LA(M) peak (see SI-3) remains in the noise, which is substantially different from He" exposures

of WSe>. He" doses as low as 1.6x107 ;n—czshowed a dramatic increase in the LAM peak due to

significant defect generation from the ion beam?*. This suggests that the electron beam etching
process is a “soft” process that minimally damages the underlying material during the etching
process.

After the multilayer etching test, we also investigated etching of single layer CVD grown
MoS;. As described in the methods section, the CVD process utilizes a salt precursor and the

110



transfer process to the gold-coated substrate utilizes a polycarbonate layer. Thus, while the
expected MoS» thickness should be 0.65 nm, the approximate single layer thickness was measured
by AFM is ~2 nm due to the surface roughness of the underlying sputtered gold film (~root mean
square roughness of 1.2 nm), residual salt precursor from the CVD growth, and/or polycarbonate
transfer contamination. Figure 47 a) is a SEM image of the single layer with 2x2 mm etch boxes

etched to various FEBIE doses, and as the image contrasts suggests, the etch appears to be

nc
um?

completely through the flake at an areal dose of ~3.5 (see supporting information SI-4 for

complementary AFM data). The complementary Raman spectra and A1, intensity map in Figure

nc .
> dose, which
um

47 b), c), respectively, confirms that A, and E';, peaks basically vanish at the 3.5

is more than an order of magnitude larger than the extrapolated 1.6 nA multilayer dose for a single

nc
um?

layer etch depth (0.23 ). We attribute the difference to the transfer contamination and residual

salt from the CVD process; namely the salt and polycarbonate contamination have much lower
FEBIE rates with the XeF> chemistry. The Raman results show a systematic decrease in the
intensity, consistent with the etching process resulting in less material being probed due to

decreasing thickness through material loss. A slight increase in the LA(M) mode (see SI-3) is

nc

observed in the single layer etching at ~ 2 which we attribute to the growing pores and

um?2’
increased number of defects at pore perimeters as discussed below. In Figure 47 d), the

photoluminescence is more sensitive to the electron beam induced etching process where the PL

“:fz. The decrease in PL is attributed to mid-

is shown to be quenched at the lowest areal dose of 1

gap states generated in the MoS; that lead to competitive non-radiative decay pathways.
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Figure 47. a) Secondary electron image of a monolayer flake etched with the 10 different doses specified by the
labels (all dose units are %). b) Raman spectra and c) A, intensity map at different FEBIE doses. d)

Photoluminescence spectra of the etched monolayer flake at different FEBIE doses, showing the sensitivity of
photoluminescence to the etching process.
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To better understand the progression of the single layer etching, MoS; single layers were
transferred onto holey membranes and exposed to a series of lineal and areal exposure doses then

imaged using an aberration corrected STEM. Figure 48 shows medium angle annular dark field

(MAADF) STEM images for a series of line doses (0.32-0.8 :—; ) that were exposed and illustrates

~40 nm linewidth is obtained as the dose approaches the dose required to through-etch.

Figure 49 is a collage of areal exposures and it is important to note that the etch rate for the
suspended single layers appears to be slower than on the gold (and SiO») substrate. We attribute
the significantly lower etch rate to the reduced electron interaction volume of the suspended single
layer MoS», which reduces the secondary electron yield, which has been shown to be important to
the deposition yield in focused electron beam induced deposition'!. The larger field of view

images reveal the progression of the of the porous network, where small few-nm holes emerge at

4 un?cz and larger ~10 nm holes are evident at 8 un—nfz The high-resolution image series in Figure 49

i-1) confirms the soft, chemical nature of the electron beam induced etching process as the un-
etched material quality remains high. Analysis of a series of 8x8 nm field of view images reveal
the evolution of the defect density in the MoS,. In Figure 50, we quantify the degree of defects
induced by the radiation to the MoS; by an inverse Fourier method, first described by Lin, et. al.?*°.
The workflow is shown in Figure 50 a). A 2D fast Fourier Transform (FFT) is applied (inset) to an
unexposed MoS; image, and the peaks corresponding to the atomic lattice are masked for retention;
the rest of the FFT image is nullified. The inverse Fourier transform recovers a ‘clean’ image, i.e.

one where the lattice is reconstructed on the basis of the chosen peaks. With this Fourier filtered
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Figure 48. MAADF-STEM images of etched lines at various electron-beam line doses, where each row has a lower
magnification view of the line and a higher magnification to estimate the linewidth; the high magnification image
position noted by the red dot. Note the beam park position patterning artifact to the right of the line pattern. The line

doses are a-b) 0.32, c-d) 0.4, e-f) 0.6 and g-h) 0.8 :—;
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Figure 49. MAADF-STEM Images of etched regions at progressing electron-beam doses. Note the beam park
position patterning artifact at the bottom right of exposed 500x500 nm regions. The field of views for each row is a-
d) 512x512, e-h) 64x64, and i-1) 8x8 nm. The red dots in the images correspond to the location of the image in the
subsequently smaller field of view e) and 1), respectively, for each dose.
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image, we then calculate the difference map between this image and the original STEM images
taken for various FEBIE exposure doses. For a perfect lattice with no defects, the difference image
should be close to zero. For defects that break the periodicity, these will appear as characteristic
spots within the difference image. Note that contamination can also appear in the difference image.
We then used a segmentation method, specifically using the Ilastik software®!, to train a
segmentation model based on manual labeling of the defects in the difference image. The result of
the segmentation model is shown in the last image, and for each of the STEM images in Figure 50
b). Note that we only consider the central portion of the image (about 60%) and neglect the
edges/border as we found that the difference images can also show slight variations based on scan
distortions and other artifacts that make segmentation more challenging. Full images are provided
in the supporting information (SI-5). The areal fraction of the defects is shown in ¢) and clearly
indicates the growing defect percentage with the increased irradiation. Thus, we hypothesize that
atomic scale defects form and preferentially grow/coarsen as these defect sites have unsaturated
bonds and are thus more reactive to fluorine radicals.  This mechanism is consistent with
spontaneous XeF> etching of MoS2, where lateral growth at defect regions patterned by dry etching

produced periodic arrays of MoS, hexagons®*’.

Note that the spontaneous etching in XeF: is
performed at much higher pressures and longer times than in our experiments and that we do not
observe spontaneous etching during the several to tens of minute exposures experienced in our

FEBIE experiments. Thus, we again note that the etching here is realized via synergetic e-

beam/XeF> interactions consistent with FEBIE.
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a) MoS, Image

Difference Image Defect Segmentation

Original 200 pC

Defect fraction

b)

Segmented Images
Fraction (%)

Figure 50. Defect quantification workflow. a) The STEM image is first Fourier Filtered (2D FFT is inset), and the
filtered image is subtracted from the original image to yield the difference image. This difference image clearly
highlights regions where the periodicity is broken by the presence of point defects. A segmentation model is used to
semantically segment the defects. To avoid artifacts such as scan distortions which are more prevalent towards the
edges, only the central portion of the image (blue square in the difference image) is used for this task. b)
Semantically segmented difference images. ¢) The defect fractions from b) as a function of the radiation dose.

117



To test the efficacy of editing functional devices, we fabricated and tested a series of MoS»
single layer field effect transistors. Figure 51 shows optical and scanning electron images a,b)
before and c,d) after the channel layers were etched to narrow the channel. Figure 51 e) shows the
transfer characteristics at 1 Vsp for each device with the as-fabricated and FEBIE etched channels
shown. Figure 51 also shows device f) mobility, g) threshold voltage, h) subthreshold swing, and
1) the on-current at 1 Vsp versus etched channel widths (note the before channel widths are listed
in Figure 51e)). Not surprisingly, the device characteristics for the wider channels are not
significantly affected except that the threshold voltage for the widest etched channel had the largest
shift in the threshold voltage to a more negative value. The 0.5 and 1 mm channel layers show a
decrease in mobility and the 0.5 mm device had an increase in the subthreshold swing and the only
positive shift in the threshold voltage. This is likely due to backscattered electrons and their
associated secondary electrons (type II -- SE) that contribute at these lateral dimensions. Future
studies will explore the effect of beam energy on the peripheral damage as interesting and
competing effects will occur at lower and higher beam energy: namely at lower beam energy the
lateral extent of the backscattered and SEn will decrease, however their areal intensity will
increase, while the lateral extent of the backscattered and SE;; will increase at higher energy though
their areal intensity will decrease. As illustrated in the insets in Figure 51 c),d) the Raman and
photoluminescence spectroscopy maps of the channel layers are minimally affected by the FEBIE
process and interestingly the PL intensity of the 500 nm and 1 mm channels nearly doubles relative
to the original and other channel regions. This cause of the increased PL will be studied in the
future, but is likely correlated to the backscattered/SEn beam effects alluded to above (See SI-6

for Raman and PL spectra).
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Figure 51. a,b) Before and c,d) after optical and SEM images of the etched nanoribbon devices with 5 um channel
length and variable width. The inset of ¢) shows the relative intensity of the Az Raman spectroscopy maps (at 405
cm) of the channels, and the inset of d) shows the relative photoluminescence intensity of the A1 exiton mode (at
675 nm) of the edited channels. e) Is the transfer characteristics at 1 Vgp, before and after etching with the channel
dimensions noted in the legend. f) Shows the electron mobility, g) the threshold voltage, h) the subthreshold swing
and 1) the drain current at Vg = 60 V all versus the channel width. Note that the before etch curves in f-i) have
channel widths noted in ¢).
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Finally, we also explored the effect that sub-monolayer MoS, etching has on single layer FET

channels. In this case, a set of FET devices were fabricated, measured, and subsequently the full

MoS: channel areas were exposed to areal doses ranging from 2x1072-5x10"! % Figure 52 shows

a) optical and b) SEM images of the device after the FEBIE exposures and c) and d) show the
resultant PL and Raman spectra, respectively. Figure 52 e) is a comparison of the as-fabricated
and FEBIE exposed transfer characteristics (taken at 1 V V), and f-h) show the summary of the
before and after f) subthreshold swing, g) field effect mobility, and h) threshold voltage versus

FEBIE dose. Note that one channel (3) was exposed twice; the initial channel exposure was 2x10°

2 nc
m2’

The electronic properties were measured, and the channel was then exposed to an additional

nc
um?

nc
um?

dose of 8x1072

(for a cumulative dose of 1x10!

) and measured again. Though trapped

charge can be injected during the initial measurement, the second measurement was ~3 days after
the initial measurement, thus we believe sufficient time transpired to minimize any trapped charge

that could affect the second measurement. Raman and photoluminescence spectroscopy were then

nc
m2’

taken on the channels at doses of 1x107!, 2x107!, and 5x10"!

At 2x107? % the channel becomes more n-type, which is consistent with
generating sulfur vacancies. Additionally, a higher subthreshold swing and mobility and a more
negative threshold voltage are observed. At higher doses, 1x10! % -5x10°! un—nfz, the Isq decreases,

which is consistent with the etch propagating and effectively reducing the area of the MoS: channel
layer. There is a modest increase in the subthreshold swing, and progressively lower electron field

effect mobility and positive shift in the threshold voltage. Figure 52 shows the progression of the
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Figure 52. a) Optical and b) SEM images of the exposed 2 um channels (areal doses are labeled and units are un?cz c)

Photoluminescence and d) Raman spectra of the channel layers after the various FEBIE doses. €) Shows the transfer
characteristics at 1 Vsp, before and after FEBIE exposures with the channel exposures noted in the legend. f) Shows
the subthreshold swing g) the electron mobility, and h) the threshold voltage as a function of the FEBIE exposure
dose. Note the before dose curves correspond to the channels that were exposed but were measured prior to the
FEBIE so each has no exposure.
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¢) PL and d) Raman spectra of the exposed channels at 1x10°! the PL peak initially red-shifts

and at 5x107! nCZ
um

the peak narrows and slightly blue shifts relative to the un-exposed regions (See

SI-7 for maps).

The blue shift at higher dose is consistent with previous experiments by Chen et al. who
studied the effects of heavy ion irradiation on MoS,*?. They reported a blue shift in the MoS> PL

and suggested that subsequent oxygen adsorption at the generated defects was responsible.

Similarly, 15 keV electron exposures at an areal dose of 2.8x107 un—nfz was accompanied by a PL

253

blue-shift attributed to a compressive strain of ~ 0.4%°, consistent with sulfur vacancy

generation. The Raman spectroscopy results reveal that the peak ratio of the Ao/E's; peaks <=

2x107! H%Cz stays relatively constant, while there is a slight blue-shift in the A1, peak with increasing

areal dose. At the 5x107! :% areal dose, the A14/E'2, peak ratio increases and the LA(M) mode,

indicative of defect generation, raises slightly above the noise. Data from heavy ion exposures of
single layer MoS:; also revealed a significant blue shift in the Az peak with increasing fluence.
The E'5; peak initially slightly blue shifted and then red shifted at higher fluence. They attributed
the blue shift to the creation of sulfur vacancies, which can induce compressive strain®>*>>4, The
increase in the A1/E'», peak ratio is also consistent with the dissociation of the Mo-S bond, which
can decrease the amplitude of the in-plane mode and enhance the restoring force (blue shift) and
enhance the Mo vibration and increase the restoring force out-of-plane mode®*®. Additionally,

oxygen adsorption to defect sites can p-dope transition metal chalcogenides, which can
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preferentially blue-shift the Aj; peak of Mo0S;*>>2*’. Similarly, previous 15 keV electron

exposures revealed a systematic blue shift in both the Az and Ez, peak.

Conclusions

We demonstrate that focused electron beam induced etching is a versatile direct write
chemical patterning process for MoS,. The etch rates are determined and rationalized by the
estimated precursor and electron fluxes. The results suggest the process is much “softer” than
comparable focused ion beam approaches as sub-surface material damage is mitigated by the very
low mass of the electrons. Photoluminescence and Raman spectroscopy suggest the creation of
sulfur vacancies, which successively etch laterally due to the high reactivity of the unsaturated
bonds. STEM of line scans reveal an etching linewidth < 40 nm, and atomic resolution STEM
shows that the etching process proceeds by the preferential formation of point and extended
defects, with larger pores forming as the etch progresses. Focused electron beam induced editing
of a series of field effect transistor channels was performed and confirmed the utility of the process
to edit “on-demand” the MoS; active channel regions. Sub-monolayer etching of channel regions
is also explored and at very low doses, enhanced n-type behavior is realized consistent with
generating sulfur vacancies. Higher areal doses of the channel regions produced a systematic
decrease in the Isp, consistent with progressive etching of the channel region. Photoluminescence
and Raman spectroscopy of the exposed channel regions suggest that the point and extended
defects generated by the process can generate strain due to the sulfur vacancies or alternatively can

be compensated by adsorbed O2 molecules which leads to slight shifts in the spectra.
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Materials and Methods

MoS, monolayers were grown by CVD using a liquid precursor: the liquid precursor was
prepared by mixing three types of aqueous solutions (denoted as A, B, and C) into 2:6:1 where A,
B, and C are (A) 0.1 g of ammonium molybdate tetrahydrate (Sigma-Aldrich, 431346] in 10 ml of
deionized (DI) water, (B) 0.1 g of sodium hydroxide (Sigma-Aldrich, 306576) in 50 ml of DI
water, and (C) 60% (w/v) solution of iodixanol in water (Sigma-Aldrich, D1556) (see Kim, et. al.
for details)?*®. The liquid precursor was dropped onto the SiO (300 nm)/Si substrate, followed by
spin-coating at 3,000 rpm for 30 s. The monolayer MoS: flakes were synthesized by two-zone
furnace CVD with a 2-inch chamber size. In each zone, 0.3 g of sulfur (Sigma-Aldrich, 344621)
and the liquid precursor-coated SiO> (300 nm)/Si substrate were placed independently. The sulfur
was heated to 210 °C for 8 min while the substrate zone was elevated to 720 °C for 8 min and the
temperature is maintained for 10 min for the growth of MoS». During the growth process, 600

sccm of N> was flowing as a carrier gas.

MoS> monolayers were transferred onto gold quantifoil TEM grids by spin coating and
drying a polycarbonate film on the as-grown substrate. The film was then removed from the as-
grown substrate and washed with water and IPA before being transferred to the grid and heated at
100 °C again to improve adhesion. The film was finally dissolved in chloroform, leaving the flakes

on the TEM grid.

Focused electron beam induced etching experiments were conducted in an FEI Nova
Nanolab 600 with a XeF> gas injection system positioned ~150 mm above the substrate and out of

the field of view of the electron beam. The crucible was heated to 32 °C. The system was typically
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pumped to a base pressure of 5x10” Torr and when the XeF» GIS is opened the chamber pressure
rises to 2x10° Torr. The localized pressure is significantly larger than the chamber pressure due
to the localized flow through the nozzle, but still below the pressure of most XeF» spontaneous
etching experiments (~1 Torr). The electron beam patterning conditions were 5 ms dwell time and
20 nm pixel spacing, a SkeV beam energy and the beam current was either 0.4 or 1.6 nA. The total
areal electron dose was determined by the number of raster scanned passes, beam current and dwell

time averaged over the patterned area.

Device fabrication was carried out by standard e-beam lithography processes. First, PMMA
(495-A4) was spin coated on the MoS2/Si02/Si substrate at a spin speed of 3000 RPM to achieve
a thickness of ~200 nm. Electrode patterns with 5 or 2 um channel lengths and 2 um wide
electrodes were written with 40 nA current (JEOL-8100FS). The exposed patterns were then
developed in MIBK/IPA (1:3) for ~1 min along with post IPA clean. Finally, Ct/Au (10nm/50nm)
metal electrodes were deposited onto the exposed patterns via e-beam evaporation under high
vacuum (107 Torr).

Three terminal FET measurements were carried out under high vacuum (~10 Torr) and at
ambient temperature conditions using Kiethley 4200-SCS parameter analyzer. The Ip-Vq
characteristics were measured by sweeping the back gate voltages (V) from -80 V to +80 V with

constant drain bias Vq = 1 V. The field effect electron mobilities were calculated by using the

equation Urg = é % .%.:;ITI;, where Co =1.2x10® F/cm? is the gate capacitance of ~ 280 nm of SiO».

L and W are the respective channel lengths and widths, Vp =1 V is the constant drain voltage and

:;ITD is the slope extracted from the linear region of the Ip-V curves. The threshold voltages Vi
)
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were extracted by linear extrapolation (LE) method by estimating the V, axis intercept (i.e., Ip =

0) of the linear extrapolation of the Ip—V, curve where the slopes are maximum.

AFM scans were performed on an Asylum MFP-3D Infinity atomic force microscope in
air using tapping mode. Raman and Photoluminescence spectroscopy were performed by a
Renishaw inVia Raman microscope using 1800 1/m and 300 1/m diffraction gratings, respectively.
Spectral acquisitions with a 532 nm laser used 100% laser power and 1 ms exposure times for 1
accumulation per spot. Map spectra were acquired with the previous parameters with motorized

stage movements of a 0.5 um step size.

Scanning transmission electron microscopy imaging was performed using an aberration-
corrected Nion UltraSTEM 100, operating at 60 keV. A nominal probe current of ~30 pA,
convergence angle of 31mrad, and nominal collection angle between ~50 and 200 mrad for
medium-angle annular dark-field STEM imaging. Prior to STEM experiments, the sample was

baked at 160°C under vacuum to reduce surface contamination.
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SI-1. Exfoliated Multilayer MoS; Etching on SiO; Substrates
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Figure 53. a) Optical and b) secondary electron images of an exfoliated 200nm thick flake, on a gold thin film
etched with a 1.6 nA beam current; labels in b) are area doses in unTCz ¢) Plot of the etch depth versus areal dose of

the etched boxes of the 4 highest doses shown in a) and b). d) A plot of the Raman spectra of the A1, and E'5, peaks
measured for various FEEBIE areal doses.
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SI-2. Exfoliated Multilayer MoS, Etching on SiO, Substrates

Figure 54. a) 0° and b) 52° tilt SEM Images showing the pore development and underlying SiO; EBIE, with

nc
exposure doses from 4-12 o
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SI-3. LA(M) Raman Mode of Etched Exfoliated Multilayer MoS; and Transferred

Monolayer MoS;
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Figure 55. a) Raman spectroscopy of the LA(M) mode of exfoliated multilayer MoS, on gold, showing that no
associated disorder emerges for during the FEBIE boxes etched with different doses in H%Cz
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Figure 56. a) Raman spectroscopy of the LA(M) mode of monolayer MoS; on gold, showing boxes etched with
different doses in :;n_cz A small LA(M) peak is observable at 2 unTCZ, which we attribute to a high density of line
defects associated with the pores, before the flake etching completes around 3.5 un?cz
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SI-4. AFM of Monolayer Etched MoS, Flakes

Figure 57. a) Height b) amplitude and c) phase AFM maps of the monolayer MoS; flakes, transferred on gold. The
FEBIE dose in shown in a) in ;Zn_cz The roughness of the gold film is 1.8 nm and the roughness of the monolayer

flake is 1.4 nm.
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Figure 58. AFM line profile maps of the six FEBIE regions with noticeable etching. Etched boxes with exposures of
3-6 L:n—cz are shown where a pixel average of 38 pixels was used for each profile. Etch profiles are not shown for

boxes 1 - 2.5 unTCz as AFM did not measure a clear change in film profile.
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SI-5. Uncropped STEM Segmentation Difference Images

200 2%
um

Figure 59. a-f) Uncropped FFT difference images of a series of MAADF-STEM images at progressively increasing
electron-beam doses. All images are 8x8 nm FOV.
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SI-6. Raman and Photoluminescence Spectroscopy of Nanoribbon Devices
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Figure 60. a) Photoluminescence and b) Raman spectra of the nanoribbon device etched to different channel widths.
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SI-7. Raman and Photoluminescence Maps of Subthreshold Etching Devices
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Figure 61. Photoluminescence maps of the subthreshold dose devices showing a) the A1l exiton mode relative
intensity, b) the A1 peak position and c) the Al FWHM. Raman maps of the A peak showing d) the A, peak

relative intensity, €) the A g peak position and f) the A;; FWHM.
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