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Abstract
Reliabé and consistent prepation ofatom probe tomography (APT) specimens from

aqueous and hydrateditlogical specimengemainsa significant challengeOne

particularly difficultprocess stefis the use of #ocused ion beam (FIB)strumentfor
preparing the required needishaped specimertypically involving alift-out” proceduse of

a small sample of materiaHere, wo alternativesubstrate designareintroduced that
enable usindg-1Bonly forsharpeningalong withexample APT datasets. The first design is a
lasercut FIBstyle halfgrid close to those used for transmissiefectron microscopy, that

can be used in grid holder compatible with ARJucks The second desigrms a larger,
standalone selsupporting substrate a |l | e d avith“severab specimén positionisat
seltaligns in APPucks prepared byelectrical dischrge machining (EDM)Both designsare
madenanoporousto provide strength to the liquicsubstrate interfaceusingchemicaland

vacuum dealloyingWe selectlpha brasa simple, widely available, loweost alternative
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to previously proposegubstrates We presenthe resulting design APT dataand provide

suggestions to help drive wideommunity adoption.

1 Introduction
Analysis of materials in their native, hydrated form with cryogenic sample preparation has

revolutionized different aspects of surface science and materials characterization. The
advent of cryogenitransmissiorelectron microscopy (cryel EM), which receed the 2017
NobelChemistryPrize(Nannini, 2017, Dubochet al., 1988) advancedhe imaging of
proteins in their native state, as welkother biomolecules, macromolecular complexes,
and virusegWaltheret al,, 1992, Mahamictt al, 2016, Schaffeet al, 2017, Tonggu &
Wang, 2020)However, cryeTEM has historically been limited bgnsple preparation
techniques(Doerr, 2016, Chengt al,, 2015) New developments in crysample preparation
methods(Klumpeet al., 2022, Parmenter & Nizamudeen, 2021, Lenhgl., 2022, Hayles &
DAM, 2021, Let al, 2023)and the development of cryogenic shuttle transfer systems have
significantly expanded the capacity of cf§&aM(Wagneret al,, 2020, Huangt al., 2022,
Schafferet al., 2019)

Atom Probe Tomagphy (APT) has similarly benefited from the development of integrated
hardware for cryogenic sample preparati®tephensoret al., 2018, Gerstl & Wepf, 2015,
Stenderet al.,, 2022b, Pereat al,, 2017, Macaulegt al,, 2021) APT provides three
dimensional compositional apping with suknanometer resolution, and as such could
provide complementary insights to crykEM, yet its potential for studying
biomacromolecules has remained almost untapgkellyet al., 2012, Grandfield, 2022)
Several reasons have prevented widespread adoptmariuding (1) the lack ofintegrated
cryo-preparation and transfer infrastructure for both chAPT and cryd EM, (2different
substrate types, geometries, and holder incompatibilities, and (3) difficulty extrattteng

cryo-TEM specimegridsand transferringhem into APT (registration and marking).

Previously, biological APT samples have been successfully pregarearfianics in non
liquid form (Proseet al., 2010, Proudiaet al., 2019)(Rusitzkaet al., 2018, Pereat al.,

2016) However, the development of APT samples from frozen liquids still remains in its
infancy. In the past few yeamnethodsincluding trapping thin liquid layers on a sharpened

probe with graphene sheefQiuet al,, 2020a, Qiwet al., 2020b) dropping water onto a



substrate wirg(Schwarzt al,, 2020)or nanoporoussubstrateg EFZokaet al., 2020, Pereat
al., 2020)have been developedther groups havalso explored the possibility osing
TEM grids for making ice specimeamsenable toAPTanalysi§Zhanget al, 2021a, Zhangt
al., 2021b, Zhangt al., 2022)

Quccessfupreparation of frozeniquid samplesvas achieved througthe use ofa
nanoporoussubstrate such axchemically dealloyed nanoporodsi (EFZoka, 2018)
Secimenswere preparedoy plasma FIBEFZoka et al., 2020y making microplarsfrom a

bulk surfacewith subsequent sharpening into APT specimdaiowingont he “ moat ”
method (Miller et al., 2005)for gallium FIB antl ¢ r antetad (Halpn et al, 2019)for Xe
plasmaFIB(PFIB) n our gr o u misnsetha kas some peanticaélimitations.
Firsty, only areas on one edge of a bulk sample capdsmlyaccessedor laser pulsingor

APT specimen fabricatiatue to the positioning laser direction for measuremergc@ndy,

the volume of material removepracticallyrequires a plasma FIB systeamd itcan lead to
substantial redepositionproblems with subsequergnnular milling steps (e.g. differential
etching rates of redeposited material versus ice), and redeposited metal material residually
redepositing on the final sharpened APT specinTénirdly, the large volume of liquidn a

bulk substrate carriethto the atom probeeventually leadto extensive coramination of

the counterelectrodes which requires their removal from the APT for clean{dge
alternativeapproach has beentma k e “ mat chimaytallogskush’aoMn,and
chemically dealloy to form nanoporous supports, which have water trdppehe pores

(Tegeet al,, 2021)

In this paperwe expl ore the possibility of developi
effective and versatile in application. The material chosen wasanGubstrate, which is a

low-cost material that provides consistent nanoporous dealloying regktisoozan

Ebrahimy, 2021, Ibrahirt al., 2021) Versatility is achieved through designing a substrate

that it is compatible with a TEM holder for purposes of achieving correlative microscopy

between APT and TE(®elferet al,, 2012, Herbigt al., 2015) and through minimizing the

substrate bulk, eliminating issues of excess redeposition and coeleetrode

contamination.

We introduce two new substrate geometrieq) @ grid with dimensions suitable for possible

TEM/cryeTEM examination; and®) a sef-aligning grid on the end of a support, which we



term as thecrown. Jigs designed to simplify loading and handling of such grids and to
facilitate the seHalignmentof samples were also developed. Overall, the grid design was
chosen to be compatible wita liquid ethane plunge freezing setup and to facilitate transfer
between an atom probe, SEMB, and TEM. These new designs provide a pathway to
facilitate routine analyses of frozen liquids and biologieadlgvant molecules in their

native environmenin the future.

2 Materials& Methods

2.1 Materials
BrasqCu: 63%, Zn: 37¢atomic %)c o mmo n |l y k n o wn XRDgodilmedahat br as s ”

asreceivedCuZrsheetswere a-brass,see Supplementary Informatiqis) Error! Reference
source not found.. Hereafter, we willrefer to this materialas“CuZfi. It was selected for
similarity to previous workpw cost and commercial availabilityCuZn Beets of different
thicknesses were purchased from Metall Ehrnsberger GbR (Metall Ehrnsberger GbR,
Teublitz, Germanygnd 100 um thickfoils for TEM grid fabrication purchased from LLT
Applikations (LLT Applikationkpnénau, Germany).

Different annealing conditions were tried to remove the damadfected zone, with

optimized annealing conditions for CuzZn found to be 600°C for 1 hour with furnace cooling,
both under argonwith lower temperatures not fully removing the damage from the zone
affected by the fabricationAll reported APTdatasets were taken wit@uZnannealed for 1

hour at 600 °@inder argon with furnace coolingnless otherwise specifiethydrochloric
acid(HCI)(37%) phosphoric acidHPQ) (85%), sodium hydroxidgNaOH)40%),and

arginine hydrochloride powdewere obtained fromSigmaAldrich(SigmaAldrich Munich,
Germany. Type 1 ultrapure water was obtained either from SigAldrich orinternally

using an ultrgpure water system with resistivity greater thang dh@ All solutions were

prepared using Type | water, unless otherwspecified.

2.2 Equipment
TEMhalf grids(in disc form, for prototypingyvere punched using a vertical TEM grid punch

(CL 750 K, Méader Pressen GmbH, Neuhausen, Germaasgtcut TEM grids were
manufacturedvia femtosecond laser cutting by LLT Applikati@isl’ Applikationgimenau,

Germany. The crowns were prepared witheztrical discharge machining (EDM) / spark



erosionon a Mitsubishi EDM systemThecustom jigs for loading Felfer holdes®re

fabricated by the MPIE mechanical workshop.

Where necessaryplasmacleaning was performed with akEl Evactron f@mote plasna
cleaner at 10W forward power using air at a pressure offors. Contact angle
measurements were done with@ataphysic€ontact Angle System OGAd analysed with
the Dataphysics softwar®ptical imagesf the gridswere taken with a Zeis&xioscope Al

optical microscope (Carl Zeiss Microscopy, Jena, Germany).

EBSD data was taken usingEDAX Hikari EBSD camera (EDAX Instruments, Pleasanton, CA,
USA) on a Zeiss Sigma SEM (Carl Zeiss, Oberkochen, Germany) and processed using EDAX
OIM 8.0 EBD analysis software. XRD data was taken with a Bruker Diffractometer D8
Advance A25 system and analysed with DIFFRAC EVA phase analysis software, version
4.3.0.1. EDX data was taken using an EBAECT PLEBX detectoon a Helios PFIB

and/or Helios 600fdetector area30mn¥ areaand 10mnd respectively and processed with

TEAM software.

The workflows for the APExperimentsusethe infrastructure describeth Ref (Stephenson
et al., 2018) A nitrogeHfilled glovebox (Sylatech GmbH, Walzbachtal, Germamags used
for sample preparatioridew point-98°,oxygenlevel 20ppm with actively switchd catalyst
beds for resorptiohand loading into a vacuum transport suitcagel-El X@lasma FIB/SEM
(Helios PFIB, FEI, Hillsboro, OR, | &A)pped with a custormtermediate
chamberkryogenic sample loading syst€Microscopy Solutions LLC, Austrgdiad a
Gatan C1001 cryogenic stage (Gatan Inc. Pleasanton, CAwWaSA)ked fomost of the
cryogenic sample milling and sharpeniriguring the final part of experiments for this
manugript, the Gatan stage was removed and replaced with an Aquilos Zstage, but

the installation and sigioff was not completed before the completion of the manuscript.

Therefore, aHelios 5 CX gallium FIB (Therfisher) equipped with an Aquilos 2 ocgenic
stage (Thermd-isher) was utilized for some for sorfmeal cryogenicspecimernpreparation
and analysisDuring operationthe Gatan cryogenic stage wsst to an operating
temperature of-180C and the Aquilos 2 cryogenic stage was set®9°C The parameters
used for theGatan stagere provided inEtZoka et al., 2020and for theAquilos 2 crye
stage in(Woods, 2023a)Additionally, tvo FEI gdbm FIB (Helios 600 and 600i) were used



to make some crossectionalSEM and ioimages Note that below,SEM figuresire
outlined in red and ion beam / FIB images will be outlined in blue. All other images (optical

microscope images, CAD drawings, etc.) will be outlined in black.

Atom probe data wascquiredusing a straight flight path Cameca LEAP 5000XS atom probe
(Camea Instruments, Madison, WI, USAnless otherwise stated, all data was taken in

laser mode using the following parameters: temperature 50K, 200kHz, 0.5% detection rate,
laser power 40pJ, auto voltage mode (Rapg§mples were transferred using a Feaov
VCT10QJItrahigh-Vacuum Cryogenic Transfer Module (UHVCTM) vacuum syitcase

her eaf t er Alfspegiinensaaaysetl via APT were placed in CameaaygEnic

specimen holdersvith PEEK plastic thermal isolatphse r e acfyd-peurc .k*s

3 Methoddevelopment

3.1 Nanoporous Copper TEM Grid

3.1.1 Brass
The asreceived material did not consistently chemically dealloy, which probably was a

function ofgrain sizemechanical stresgom fabrication and surface contaminatiadere,
EBSD shasithe asreceved CuzZn hadraaverage grain size 6f7um, seekrror! Reference
source not found.. The relationship between the grain size and the dealloying process was

not investigated here in detail, but constitutes a possible future study.

- 3.05mm -

Figure 1 (a) Prototype grid after TEM Punch (b) Grid after PFIB etching

3.2 Initial prototype
TEMtype CuZrhalf-discs(3.05mm diameter) for grid prototypingere punched out from

100um thicknes€uZrfoil on the edgeusing a vertical TEM grid punch. Th&Zn was



initially etched for 2 hours in hydrochloric acabs suggested ifForoozan Ebrahimy, 202
After etching, they were immersed in Type | uifrare DI water rinsed twiceand left to
soak for 1 hourthenplaced in Felfer holders aneft in Type | water overnight with the
half-discimmersed.Since APT requires individual sharpened spensrwith a minimum
separation distancéypically of the order of 400 pumindividualgrid posts had teetchedinto
the flat top of thepunchedhalfdisc A sample halflisc is shown ikrror! Réerence source
not found(a). Prototype grids were created by etching individual posts with a flat top edge
by usinga plasma FIB whictequiredapproximately eight burstime (dependent on the
number of posts etched)as inError! Reference source not fourfb). While useful for
prototyping,this was not a scalable solution toutinely producethesegrids and water was
not well retained on the prototype, as shownHrror! Reference source not found..

3.2.1 Design

A more consistent design was develdp&hich resemble traditional FIB hajfids forTEM.
The finalCADgrid design is shown below Error! Reference source not fourfal) . Half-
grids with precut spikeswvere produced by femtosecoridser cuttingfrom a100um

thickness foiln Error! Reference source not fourfbl).

-t =0,15 = 0.6 =~ |=— 0,45 —=j=ii=— 0,03

Figure 2 (a) FIB halgrid CAD drawing, units in mm (b) Fabricated grid

As expected, théaser machining producedleeat-affected damagezoneand high surface
roughness, which was quite visible in the SEM after FIB-saxg®onal cutillustrated in
Error! Reference source not fourfal), and the grain structure is not well definedfter
annealingat 6 0 0 | i grhimsize sighificantly increastsl12.6um, as shown in

Error! Reference source not found.. As shown iferror! Reference sourceohfound(b), no



damage zones present below the surface roughness after FIB esestion and he grains
below the surface are continuouéfter annealing, there is still surface roughening, which

has no effect on subsequent dealloying.

Cracked,

damage- _

effected | ol . Intact
zone | | Wi gl grains

Figure 3 (a) Crossection, cracked damaggffected zone, as received after laser cutting (b)
after heat treatment, no damage zone, large, visible grains

Previous work(Ibrahim et al., 2021indicated that NaOH or HCI would both be potentially
effectiveto dealloyCuzn alloysbut afterexperimentswith a wide range o€oncentrations
of NaOH and HQ0.01M to 7M)for variousdealloyingtimes (1—96 hours)an optimal
parameter set was found, in terms of surface roughening (via SEM), visual water retention
after rinsing, etc.CuZzn grids were dealloyed for 4 hours in 37% hydrochloriqld€tand
rinsedseveral times in Tyl deionized waterOverall, the zinconcentration in a crown,
where only the teeth are dipped into a stirred beaker of HCI for 4 hours, sees no
composition change in crosection(seecomposition irkrror! Reference source not found.
andsurface imagen Error! Reference source not found.), anda small change on the tip
surface(seecomposition inError! Reference source not found. and composition irError!
Reference source not found.). A SEMsecondary electrommageof the surfaceafter CuzZn
dealloying is shown i&rror! Reference source not foural), illustrating increased porosity.
A higher magnification image krror! Reference source not fourb) shows the
nanoporous structure more clearlflustrating that the presece of voids and that the
contrast shown irError! Reference source not found.(a) actually shows topographic

changes versus shadowing or other SEM artifacts



Figure 4 (a) CuZn SEM secondary electron image after dealloying (b) Higher resolution
secondary electron image

3.2.2 Grid mounting / sample preparation
Fabricated gds were mounted in Felfer holders using a custdesignedig, shown in

Error! Reference source not fouifal), for ease of mounting.This holder was inserted into a
cryo-puck(Camecgeither in air, or under liquid nitrogeim the nitrogen-filled glovebox
usingthe custom jig seshown in Error! Reference source not fourfbl). The CAD files for
these holders are availabpblicly(Woods,2023b) Theloadedcryo-puck assembly was
typicallyplaced upside down in a hole through a Paraftlovered beake(or suspended
upside down in a custom holder with the teeth immersed into a bowl) containing the
agueoussolutionof interestto providetime for the material togetinto the nanoporous
structure, such that the end of the Felfer holder and the tips of the @l later crown)
were immersed into the solutionlf excess liquid was present (very rigdeit was blotted
such that a large dwould not blockaccess tdhe tips. Oncethe grid had been wetted (or
let soak) the Felfer holder(or crown)and cryo-puckwere plunged into liquid nitrogen and
transferred into thepre-cooled Ferrovac suitcas&he samples were theransferredto the

PFIBunder vacuum in the suitcasand mountedonto the pre-cooledGatancryo-stage



Figure 5 (a) Felfer holder (TEM grid) loading jig (b) assembled +yliolder for aligning
and transferring Felfer holders into atom probe specimen holders ("pucks")

Once loadednto the PFIBthe tips of the grids were examined to determine the amount of
ice pesent. The most promising tips were selected and sharpened using progressively
lower annular milling currents untihey reached afinal tip radiuse.g. less than or equal to
100nm with ion beam currents as described(EtZoka et al., 2020)n addition,different
strategies, such as cutting slots into the tip to increase water, such as discuggbdmg et
al., 2022, Zhang, 2022s well as arrays of holes, have been &@br increasing the
amount of retained waternwith mixed success (seectionControllingHydrophilicity). After
sharpening, the samplen the cryepuckwas transported to the.EAP 5000 X$om probe

through the suitcase

3.3 Brass CrowDesign

3.3.1 Design
Handling and mounting dealloyed haifids into the holder without damaging theproved

to be difficult, becaus¢hey are brittle and prone to bendingAdditional difficulties arose

from misalignment in thd-elferholder,as mounting the grid in the glovebox wastremely
challengingTherefore, a unitary sampkupportmade ofCuZrwas designechereafter
called“crown,“ whichwas functionally equivalent ta halfgrid held in a&elfer holderThe

designs goals were to provide multiple tips (preferably at leasiebeaftercalled t eet h” ) ,
which would hold liquid, anthe crownneeded to be selupporting and seléligning in the
cryo-puck. No manual adjustments to the crown should be necessary, e.g. it could be

mounted into the cryogenic puck first and no other actions would be necesBaeydesign



initially had 1mnteeth length along with a hole in the bottom to secure it in plasgh the
attachment set screvin the front of the APTcryogenicouck holder. Experiments showed
that 1mm long tips wre unevenly consumed by electropolishifggeElectropolishing
section), so they were lengthened in the current version to 2mntefinal CAD desigis
shown inError! Reference source not fourfal) and an optical view of a polished crown in
Error! Reference source not fourfbl) respectively.The asreceived material wasonfirmed
to be identical to previous batches, afide polished using 0.@6n colloidal silicaCrown
thicknesswas an important factor thinner CuZn metal crown®.4mm) faced issues with
mechanical stabilityincluding during APdata acquisitioly and 0.7mnthick CuZn
sometimes had mechanicaibrationswith the helium compressor cooling the atom probe

sample stage, whereas 0.9ntinick CuZn crowndid not

2,45 —

Figure 6. (a) Crown CAD design (b) Fabricated and polished crown with slight thickness
variation from CAD design. Scalebar from optical microscope software. The slight difference
in the size arises from fabricatidalerances, etc.

3.3.2 Crown Mechanical Polishiagd Annealing
After EDM fabrication, polishing was performed using 200 and 500grit paper on a polishing

wheel at80rpm, whichoptimallyyielded an end thickness afound100um. However,



much more reliable results can be achieved using tripod polishing, where three crowns can
be attached via cyanoacrylate glue to the angled rod. After polishing with the same
parameters, the metal rod was left overnight to soak. As a note, hawtgmal a tip area
couldprove detrimental laterif the crowns are not handled carefullgnd can be easily
bent, even taking off the polishing wheel (S&eor! Reference source not found.).
Consistencgreatly depended on operator proficiency and experieraned such thin tips
are easily bentThe optical image shows the resultant polished areside view Error!
Reference source not found.(a) shows an optical vievError! Reference source not
found.(b) shows an SEM overvigvA holder boxwasmodifiedto safely storehe crowns
uprightand avoid contact that could lead to bending of the individiiedrpened tips or

“ t e eRolshingesulted ina mechanicdy damagel zone, so the crowns were annealed
(60C°C for 1 hour under argon with furnace cooling also under argon), which shawed
similar change in grain size as observed after annealing to remove the damage zone.
Subsequentrosssections demonstrated elimination of the mechanigalamagel zone as

previously described for the Zahalf-grids

4 Resultst discussion

4.1 APT specimen preparation
Oncecrowns have been fabricated, dealloyed, dipped into water or solutiolisiged into

liquid nitrogen, and inserted into the PFitBe individual watetbearingtis or taheet h”
be sharpenednto APTsuitable specimenasing a similar approach to whatdsscribed in
Ref.(EFZoka et al., 2020A seconday electron imagef a PFIRtchedvacuumdealloyed
crownspecimenis displayedn Error! Reference source not found.(a), with electron

charging arifacts at the top of the imagdue to the presence afater. InError! Reference

source not found.(b), athinlayerof wat er o n isreadily asiblevdaththet o ot h”



water appearing darker as it emits less backscatter electrons

Figure 7 (a) Secondary electron image of the top of a crown obtained at cryogenic
temperature (b) partially etched "tooth" with thin residual ice

4.2 APT analyses
Error! Reference source not found.(a) plotsthe mass spectrunfrom the analysisf a

0.1M arginine hydrochloride solutiateposited orbrasswithout dealloying(taken at 60pJ

laser power) with the specimenshown inError! Reference source not found.(b), and he
correspondingdDreconstruction displayeth Error! Reference source not fourge).

Initially, onlyshort datasets could be obtained, and the layer of retained solution was
typically very thinas illustrated irError! Reference source not found.(b), highlighting the
importance of controlling the hydrophilicity of the surface as suggesté8tenderet al,,

2022a) In comparison to the nanoporous galeported previoudy, a multitude of peaks
appearcreated by the use of the CuZzn alloy, with numerous peaks corresponding to Cu and
Znoxides anchydroxides along with mixed molecular ions containing both cati¢eg.

ZnQ, Cuzn@ etc.).Acloseup on themass spectrunn the range oB5-145Dg illustrates

how thesemass peaks at every Da intervas, shown irError! Reference source not found.,



would strongly interferawith the detection of organic fragments
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Figure 8 (a) Mass Spectrum for Water on CuZn support (b) SEM image of Ice tip on brass (c)
3D APT tip view
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Figure 9 Mass spectrum of amino acid on dealloyed brass substrate, with less than 2%
copper by atomic percent, with minimal zinc

APT analyses obtained froahemicallydealloyedsubstratesproduced longer datasets with

relatively fewer but still numerous spurious peaks pertaining to Zn and Cu dsieie&ror!



Reference source not found., data taken at 70pJYhebrass crowrhad beenimmersed for
4h inHClIfor dealloyingAs an alternative, whave explored vacuum dealloying 6uZn e.g.
annealing brass pieces in a hold@ea to high vacuum (e.g. 2@nBar) at 800°C for one hour,
with vacuum coolingWe finally opted forthis approach, as produces surfaces witmuch
lessZn below 1 at% from EDS measurement, in comparison to chemical deallsgeggyror!
Reference source not found. for composition ancrror! Reference source not found. for Cu
and Zn spatial distribution mapsjvhen residualZnremains near the samplesurface and
the chemically or vacuum dealloyed CuZn is left in water for some time, it can become
potentiallymuch more concentrated and thusly problematichich will be discussead more
details below An exampleof a high qualitymass spectrunof an frozen aqueous solution,
namely 0.1M arginine HCI acquired at 70pJ, is shovErrar! Reference source not found.,
and the composition byascalculated by APT bulk composition in AP Stotgains less than
2 at% Cu and only traces of @eeError! Reference source not found.).

4.3 Dealloying

4.3.1 Chemical Dealloying
It is critical to ensure thaas much othe Znas possible isemoved from the surface region

of the teeth of the grid orcrown. It appears that iZnis present in more than-2% atomic
percent,a wide array of surfackydroxides and oxidesre detected Thesecreateseries of
peaks at 1Da intervalver a large range of mass-charge ratiosThese mass interferences
render the mass spectrum amsPTmeasuremens effectively uselessas Figure 7 illustrates,
because peaks cannot be reliably assigneshtdecularions fromorganicfragment.
Thoroughzn removalcan be difficult to achieve using chemical dealloying meBrenwith
optimized dealloying conditions using HCI, pocket&rotan be preseni the substrate
material,which caneffect the solutiornto be analyzed With respect to the dealloying times,
if thin CuZnTEM grids are left iRIClfor too long(although roughness does increases as
shown inError! Reference source not found.(a)(d) for a 3x7x0.1mm CuZn piect)ey crack
and become too brittle to mechanically handbes shown irError! Reference source not

found.), or simplyuncontrollably dissolve

AsError! Referene source not found.shows, the @ peak at mass 3Ra possible residual
Zre* at masses 3®aand 34Da miscellaneous organic masses, angQ(EH* cluster with
mass 3Daalong with inherent thermal tails would mask any residuab€Chmake it

exceptionally difficult to definitively identify any mass peak ato8 37 DaThe chemical



dealloying effects do enhance the grain structure optically, &srior! Reference source

not found., but the overall roughening induced is not visilitas critical to note that larger
samples (e.g. 87 x0.5mm for example) left iB7% HCI for 4 hours (no matter tvelume)

will only be slightly Zdepleted at the surface (e.g. composition will shift from 63%3Zo

Zn to 70% Cu, 30% Zn when measured via EDX). This ratio is consistent whether measured

over square or rectangular area sizes ranging from 20um to oven fher side.

4.3.2 Vacuum Dealloying
Vacuum deallging consistently yieldd roughened copper surfaces witbss thanl%

atomic percenZnas perEDX maping, as illustrated by composition measurements in
Error! Reference source not found. and spatial distribution ifrror! Reference source not
found.. These measurements were taken acrsegeral sampleand quantifiel as1-1.5%
atomic percent via APT. Although thevere small pockets with somewhat higher
composition (56% atomic percent via AR based on series of atom probe analyses from
closeby regions, a rough estimate of their sizepproximately £3um. The® pockets are
alsorare—a rough estimate from our EDS mappugsbelow 1% by areaThe vacuum
dealloying technique drastically increased the grain size to an average of 80um (including
edge grainsError! Reference source not found.) or larger (including edge grairg&ror!
Reference source not found.). The surfaceafter removal from the annealing furnace,
exhibited increased roughnegs SEM imageand natural hydrophilicityThis method
provides a promising alternate to chemical meanand leaves very littl@nin APT analysis
at least to the extent that angeaks associated toydroxides and oxides aret discernible
above backgrounth APT ResidualZnseem to be concentrated in pores that are between

10-20um, which appear to concentrate then

4.4 ControllingHydrophilicity
One of themost significanproblems is that the water tends to form a large dropéebund

t he bases onfboth theerowstaedehe griland thesharpenedips retain only
a small amount of wateat thetop. Therefore, finding the righiboth diameter is important
as is ensuring thatheir top remainsrelatively flatto hold a sufficient volume of water
However, FIB cutting the tips flaafter dealloying-makes thenbad at retaining water, with
results as shown iBrror! Reference source not fourfd). The flat cutting must be done prior

to dealloying whichevendoes not yield consistent results



Surfaceenergy asestimated from thecontact angleis an important factor in wettingWhen
a flat brass or copper sample is stored in a plastic container, after some time it adsorbs
organicson its surface which creates a hydrophobic surfacgith an as measured110°
contact angle Fiveminutes of plasmacleaning using a remote plasnfe.g. air conditions

specified in Methodprestores the measuredcontact angle to 5Qtestoring hydrophilicity

Some grid designs with arrays of slots or holes were initially prototyfadidwing previous
reports by(Zhang, 2022) An exampe with slots isshownin Error! Reference source not
found.(a). Though water did localize in the slots, as showaBrior! Reference source not
found.(b), these slotglid not produce any significant benefidr water retention with similar
results for holes inError! Reference source not found.(c) and lack of water irError!
Reference source not found.(d). Ultimately, even if one could successfully use this approach
to control the hydrophilicity of the surface, a key issue will arise when shaping APT specimens,
because ofthe differential ion milling rate of brass versus wateWhen tried with the
chemically dealloyed gridshismade retention of the water difficujtwith visible differences
between Ga and Xe FlBsaking controlling this process extremely challenging for routine
preparaton. Although with this work mostly used large diameteeth as prototypes, most
largerteeth diameters (e.g. 3®0um) are only practical with the use oKaplasma FIB, which

can etch large amounts of material.

4.5 Electropolishing

Electropolishingvith phosphoricacidwasalsoattemptedin order to reduce the initial size

of the teeth, so as to reduce the beam time necessary on the FIB. Howevegrthe

symmetri@l designs like the crownsand the grids- made the control of the

electropolishing process more challenging, and ledda-optimal andinconsistentresults

Tips farther from the edges etched more than those in the middle, even after the crown
design was changed to have 2mm .IPeasgeeh “teeth
Supplementalnformation8 . 1Errdr! Réference source not found. for methods

discussionsand results.

4.6 Future Work
Smaller tipdiameters which arecompatible with usage in gallium FIBs, need to be

optimized. First, there is an observed practical limit to tip diametevhen the diameter

becomes too small, water does not stay on the tip, and thisne#ld tobe quantified in the



future. Secondly,fom a practical perspective, manufacturing tips with flat tops but small
diametersaretechnically demanding The shorterm feasible solution seems to be to use a
90° holder and using the FIB to tilt the ends of the crowns perpendicular to the ion.beam
After that, annealing the crowns at 800°C under vacuum as described previously to dealloy
them should remove mechanical damage and make them hydrophilic, which currently
produces inconsisterresults (e.g. poor wetting likError! Reference source not fourfbl)).

The final procedure, including cutting or polishing the tips to make them flat, or
subsequently roughening themmust be optimized to produce consistent resulsiother

option is to ug laser micremachining to create conical tijgg varyingdiameters, which is

being investigated

Newcrown versiog with different sizeflat-topped tipsare envisionedo be tested, which

shouldretain water more stronglyandbe easier to handlegprobably fabricated with laser

cutting Addi ti onal | y, ¢ han g0i7mngwide b.@making¢he width'of s paci r
the wedge symmetric with the crown thicknessayimprove the electropolishing results.

Improved electropolishing techniques are umdkevelopment, which will involve further

optimizing acid concentration and voltage, as well as optimizing dipping time into the

solution.

The effect of surface treatments (argon and oxygen plasma cleaning) to control surface
hydrophilicitywill be further investigated, sinceven thin surface oxides can strongly
influence the contact angleas can adsorbed amorphous carbonaceous material if stored in
plastic containers Sample storage in glass containers will be uggdliminary results show
that this is a promising way to ensure consistency and repeatability in tip wetting, providing

it is done quickly before the use of the tips

5 Conclusion
Two designs of carrier substrates for the preparation of agueous solutions for APT using

plasma FIB systenmave been presented here, along with workflows showing how they can
be used to produce atom probe tips. Both avoid the need to perform cryogeroutitbr

the use of a cryogenic micromanipulator in the FIB system. The use of a cheap, widely
commercial available substrate material has been demonstrated, and a design which can

be easily fabricated in dozens or hundreds of pieces via EDM has been shown, as well as



successful mechanical polishing of such samples, several at a time. These results show tha

successful sample preparation is possible for both configurations.
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