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We demonstrate for the first-time fabrication of a sub-micron pore which spans the entirety of
asingle crystal diamond membrane and investigate the impact of this new pore material on
particle translocation.
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1. Introduction

Detecting events at the single particle (and ultelyamolecule) level on very short time
scales is a fundamental challenge in the sciergdimmunity. One approach to the problem
is the use of solid-state micropores, which spameanbrane, i.e. thru-holes, as employed in
traditional Coulter counters (sub-micron to milli@e sized pores).[1, 2] More recently,
nanopores have been utilised.[3]

Pore based sensors operate in real-time and relth@mmeasurement of changes in
conduction current as the analyte (particle or wdk) passes through the pore. The
amplitude, shape, duration and frequency of eashslocation event can provide unique
information about an individual analyte such a®sepeed and relative population.[4] The
dimension of the smallest constriction of the parentrols the maximum size of
molecules/particles that can pass through for tietecHighly sensitive electronics allows
detection of very small changes in the conductioment, facilitating high-resolution size
discrimination. The simplicity of the concept linkevith the versatility of the method has led
to the use of solid-state pores for a wide rangapgflications involving micro- and nano-
sized particles,[5-9] polymer chains[10] and pnagdil1-14]

The capability of the technology to facilitate rpmnd direct evaluation of individual
DNA bases has made it particularly attractive fextrgeneration DNA sequencing.[15-18]
However, a high noise level during high frequerow current measurements, continues to
be a general limitation of nanopore technology #dtdk requires addressing. One potential
approach, recently pioneered by Long and co-workerso simultaneously collect optical
measurements, which do not suffer from flicker apisvith electrical measurements as
analytes pass through a nanopore.[19-418 choice of substrate material in which the pore
is placed is critical for the stability and senstapability of the device, including the noise

level. In order to facilitate low noise and fastalacquisition experiments over the widest



range of analytes the material should ideally hgyea high electrical resistivity and low
dielectric constant; (ii) chemical stability in aide range of solvents and; (iii) must be
amenable to processing such that pores of a kn@emetry can be reproducibly fabricated
at the single pore level.

To-date various materials have been employed talyme® micro- and nano- pores,
including silicon nitride,[22, 23] glass,[24] alumim oxide,[25] graphene, [26-28] and track
etched polymer foils,[29, 30] using a range of fediron methodologies, typically involving
electron beam or focused ion beam (FIB) milling][3he length of the pore is often an
important consideration, for example for sequenahtpng chain molecules such as DNA,
single-base discrimination requires high spatiabhation that can be provided by low aspect
ratio pores,[3] such as atomically thin grapher&.[27] In contrast, investigation of pore-
particle translocation dynamics is suited to pavlere the length is greater than that of the
analyte to facilitate enhanced time resolution lmger event signals.[32, 33] Consideration
of the platform material and fabrication methodglagtherefore crucial to fabricate pores of
appropriate dimensions for analyte detection.

One material that has received little attentiordéte but has properties which make it
ideal for micro- and nano- pore particle translamameasurements is diamond. Diamond is
chemically stable and durable offering extremebhhiesistance to chemical attack in strong
acid and alkali solutions,[34] allowing treatmemésbe applied to clean the pore without
changing the geometry or degrading the structunes i highly advantageous because as the
pores get smaller in size devices often fail duanalytes irreversibly blocking the pore.[35]

Moreover, diamond surfaces are not prone to hyahrdswelling” phenomenon, as found
with silicate-based structures, e.g. glass and tgl@6] which change the geometrical
properties of the pore. Diamond is also robust,reahke to microfabrication techniques, and

can be easily modified between hydrophilic (O-teratéd) and hydrophobic (H-terminated)



surface functionalization for enhanced chemicag¢deality.[37, 38] Furthermore, the optical
transparency of diamond offers the potential faldiptical-conductance sensing.[39]

In single crystal form, diamond has a very highstésty in the insulating state (19—
10* Qcm), a very low dielectric constant (5.7) and a ielectric loss tangent (< 1 x Pt
30 — 150 GHz),[40, 41] making it near ideal fortfdew noise current-time measurements
compared to other materials. This means diamondildhaot require further surface
modification to reduce overall dielectric noiselike materials such as silicon nitride, which
often require coating with materials such as pahgthylsiloxane.[42]

There are no reports in the literature for the fation of individual micro- or nano- pores
which span a single crystal diamond membrane. Pbaa® been made in diamond by
annealing nickel (or carbon soluble metal) nanaglag on the surface to locally remove
carbon and produce etch pits. However, the poresaispan the entirety of the diamond
film and the pore density is often very high.[43-M&asuda and coworkers reported a method
for the fabrication of sub-micron thru-hole porespolycrystalline diamond using oxygen
plasma etching.[47] However, the dense array predluendered the material microporous
making it unsuitable for particle translocationdsés. Furthermore, polycrystalline diamond
is far from ideal, compared to single crystal diahodue to its inferior electrical properties,
reduced physical properties as a result of graiantlaries and impaired performance of
optical defects.[48] Moreover, contamination framorphous and $marbon, often inherent
in polycrystalline diamond unless growth conditi@me carefully controlled, will increase the
capacitance of the diamond causing increased thielesoise in particle transduction
measurements.[49]

In this paper, we demonstrate a new methodologytHerfabrication of a single sub-
micron thru-hole pore in a freestanding single talydiamond membrane, and show how this

structure can be employed to investigate polympsadicle translocation. Moreover, the



resulting current-time traces can also be used rtvige information on the internal

properties of the pore.

2. Experimental

2.1 Solutions

All solutions were prepared using Milli-Q water (Mpore Corp., UK) with a
resistivity of 18.2 M2 at 25 °C that was filtered through a 0,22 syringe filter (Millex®
filter units, Millipore Corp). 0.1 M KCI (Sigma-Alich, USA) solutions were prepared for
electrochemical characterization of the diamondegporFor the particle translocation
experiments, polystyrene (PS) particles of mean @@0diameter (Sigma-Aldrich, USA)
were dispersed in filtered 0.01 M KCI solution (§8) containing 0.1 % Triton X-100 to
prevent particle self-aggregation (Sigma-Aldrict§)t a concentration of 107 particles ml
The diamond was cleaned prior to use in boilingceotrated sulfuric acid (98% ,80;
Sigma Aldrich, US) supersaturated with KjEischer Scientific, UK).[50] Individual pores
were cleaned in situ by cycling a potential acribss pore between -2 and +2 V in 0.5 M

HCIO, (Sigma-Aldrich, MO, USA).

2.2 Diamond Pore Fabrication

The starting substrate was a single crystal (1@@&ndnd plate (Element Six, Harwell,
UK), 4.38 mm x 4.48 mm and 5@m % 3 um thick, grown using high pressure, high
temperature conditions and polished to < 5 nm roagh on both sides (Element Six,
Harwell, UK).Using a laser micromachiner (E-355H-3-ATHI-O, Oxfdrasers, UK, 532 nm
laser wavelength, beam size +113), the diamond was thinned down t&5um thickness in
sixteen evenly spaced ~ 186 diameter circular regions. Due to the high transpcy of

the insulating diamond surface, black glass pen apmsied evenly to the upper diamond



surface to ensure the laser pulse energy was mbxiatsorbed. This enabled the diamond
to be ablated evenly rather than fracturing or ¢peastherwise uncontrollably damaged. A
higher laser power (15 % attenuation) was requoedhe initial cut of the diamond surface,
while a lower power (5 % attenuation) was suffitiBmcut a surface that had already been
partially ablated. Hence, the laser power was reduafter the first pass and for all
subsequent passes to maximizeziesolution of the thinning technique.

To maximize the regularity of ablation, the pitaktween pulses and lines of pulses were
the same (3 um or %2 of the laser spot size) andttdge speed was kept slow enough (0.3
mm s%) so that no significant acceleration/deceleratistefacts were observed. A laser
frequency of 100 Hz was employed to ensure thatpttolh between pulses was 3 um. To
keep the laser spot in focus, for ideal laser ablathe focal position was moved downwards
in line with the depth of material removed with legass. This depth was monitored by white
light interferometry (WLI) profiling of the ablatestructures after several passes (Contour
GT, Bruker, UK). The final diamond membrane was geth using a polarized optical
microscope (Olympus BH2-HLSH).

Pores were fabricated using electron beam indutddng (EBIE) and the entrance side
imaged using an FEI Nova NanoSEM variable presSijefield emission - scanning
electron microscope (FE-SEM) equipped with a magrfetld-assisted gaseous secondary
electron detector (GSED).[52] The FE-SEM chambes fiteed with water (Milli-Q) vapour
to a pressure of 13 Pa to mediate EBIE and suppleaging of the electrically insulating
diamond surface. Prior to EBIE, the diamond substveas coate@x situ with a ~ 30 nm
graphitic carbon coating to further suppress serfatarging during electron irradiation. This
minimized diffusion of the e-beam and enabled patt®ntrol during the time scale of the
irradiation. The pores investigated in this studyrevfabricated using a stationary 15 keV, 24

nA electron beam. The pore diameter could be vdmnedhanging the focal distance of the



electron beam relative to the surface, thus cdmigplthe electron irradiation area on the

diamond.

2.3 Diamond Pore Characterization

Pore cross-sectioning was achieved using focusedoeam (FIB) milling (JEOL
4500 FIB/SEM, JEOL). The pore was slowly exposegingressive vertical slicing using a
5 kV, 10 nCum 2 focused beam of positively charged*Gans, and monitoreth situ by
backscattered electron (BSE) imaging using a 20 &e¥tron beam positioned at an angle of
53° relative to the FIB beam. High-resolution imagé the EBIE exit side and diamond pore
cross-section were acquired using FE-SEM (Zeiss&bp VP, Zeiss). For both systems, an
in-lens detector was used at electron beam eneztyyelen 10 and 20 keV with a working
distance of 4 mm. The average depth of each trefashdetermined using WLI (Contour GT,
Bruker, UK) and the pore entrance-exit areas weeasured using pixel thresholding with

ImageJ software (US National Institutes of Health).

2.4 Solution Conductance M easur ements

The custom-built holder was designed in SolidWofRassault Systémes, FR) and
fabricated by micro-stereolithography (MSL) by phatross-linking commercial R11 resin
using a Perfactory Mini Multi-Lens system (Envigiery DE). The holder was designed with
three essential features; (i) a central hole falbeit to the exact dimensions of the diamond
substrate with a thin 10@m deep recess for the substrate to slot intoa(@jrcular reservoir
with inlet/outlet channels to allow back-filling thi solution and removal of any air bubbles
beneath the substrate; and (iii) a side channelirfsertion of a AgCl-coated Ag wire
(Ag/AgCl), serving as a quasi-reference countectedele (QRCE), into the reservoir solution.

The base of the MSL cell was sealed with opticaldar quartz to allow visual monitoring of



air bubble formation within the reservoir. All coonments were sealed in place using epoxy
adhesive to ensure a leak-free device. The resemas filled with solution so that all sixteen
pores in the diamond single crystal substrate wetted from the pore exit side.
Current-voltagej-V responses were measured using a potentiostat 80OM)7CH
Instruments Inc., US) connected to a desktop coenmp@urrent — timei-t responses were
recorded at a sampling frequency of 100 kHz usirgp@e-built current collector with a
virtual bandwidth of 10 kHz connected to the conepwia a data acquisition (DAQ) card (NI
PCle-6259, National Instruments, UK). Data wereorded using custom-built LabVIEW
code (LabVIEW 2014, National Instruments, UK). Pditls are defined with the outside of
the pore as ground. It was not necessary to fitterdata, which we attribute to both the use
of a grounded Faraday cage which isolated the yBt@n external sources of noise and the
low high-frequency capacitance that is intrinsi¢lte diamond substrate[53]. The low noise -
a standard deviation of just 0.2 nA in the baseboerent was observed - highlights the

potential that diamond has as a substrate for @mcel recordings.

2.5 Particle Characterization
The hydrodynamic diameters of the PS particles vdetermined by dynamic light
scattering (DLS) using a Malvern Zetasizer Nanof, @aptured by FE-SEM (Zeiss Supra 55

VP) using a 2 keV electron beam and a type |l séapnelectron (SE2) detector.

2.6 Signal Processing and Simulations

Thei-t traces were analyzed using the freeware packagé QR.0023). The start and
end points of each event were identified as thst nflection points either side of the peak,
and the local baselinéy{) was defined around each event by averaging +dz@8 points

either side of the start and end. This method aktes long-time drift which we attribute to



solution evaporation and can be reduced using adityncell in future experiments. The
peak currentAi, was defined as the difference between the maximsument blockade
during the particle translocation event and the @diate baseline. Events were filtered so
that only those with a prominent height greatentBanA (i.e., 10x the standard deviation of
the baseline) and having a characteristic asymeneturrent signature (indicative of
translocation through a conical pore [54]) werelgsed. A high threshold was used in our
analysis due to particle-pore interactions that bt result in complete translocation of the
particle. These non-translocation events weretgh@0 ms) and/or witli less than 2 nA in
magnitude Vide infra). Finite element method (FEM) simulations weref@ened using

COMSOL Multiphysics 4.4 (COMSOL AB, SE).

2. Results & Discussion

3.1 Diamond M embrane Formation

Prior to thru-pore formation, it was necessaryaboricate a thin (< 5 um thick) diamond
membrane in the starting single crystal diamondtsate (5Qum thick), as outlined in Figure
la. The starting material was thus laser micronmezhand depth control during thinning was
achieved by modulating the frequency, stage spattdnuator percentage and the pitch
between the lines and laser pulses, as describmdra detail in the experimental section. In
total sixteen isolated circular trenches of diamet&80 um were fabricated on the substrate,
as shown in Figure 1b. The average membrane théskwas 1.9 — 4.4 um with a roughness
1 -2 um, (inner face) and < 5 nm (polished owkee¥, as measured by WLI. A typical FE-
SEM image of a lasered circular trench is showRigure 1c. Here, the rastered cross-hatch

pattern formed by several laser passes can bdyclaaserved. Figure 1d displays a WLI



cross-section of an ablated trench, the undulaiwonghe inner surface produced by the laser

path are clearly evident.
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Figure 1. Fabrication of an array of thin, circular membmsapported in a single crystal
(100) diamond substrate using laser micromachinif@: lllustration of the laser
micromachining procedure. (b) Optical image ofragke crystal diamond membrane after
creation of sixteen trenches for subsequent paertion (center) and one for sample
alignment (top right). (c) Characterization of angle lasered trench by FE-SEM
displaying the rastered cross-hatch laser pati@nd/LI cross-sectioning of latera vs.

depthz- dimensions to assess surface roughness.

3.2 Diamond Pore Formation

A single pore was inserted into each trench usiagrrgediated EBIE [55, 56] as
illustrated in Figure 2a. EBIE is a nanoscale, ddiwgrite technique. The main advantage
of EBIE over conventional electron-beam or FIB mdlis the elimination of sputtering,

material graphitization and ion implantation durpr@cessing, as well as greater material



selectivity.[57] The method proceeds through a argmical process where gaseous
precursor molecules (herep®) decompose on the diamond surface leading to evxyg
termination. Simultaneously, the surface is irrggtiaby an electron beam which breaks
C—C bonds resulting in desorption of a surface @adnd oxygen atom as CO, leaving a
void in the substrate.[58, 59] This procedure mper than current methodologies that
typically involve several preparatory stages anst{f@brication modifications.[60]

The diamond membrane was mounted on a silicon ubstPore formation was
monitored usingn situ endpoint detection[61] by measuring the GSED dutmltage
during etching, as shown in Figure 2b. The GSEDagd initially drops as etch pit
formation initiates, and electrons are containedliyhwithin the diamond membrane
(Figure 2bi). As the electron beam penetrates th# underlying silicon, the GSED
output voltage increases (Fig. 2bii), until diamandterial is completely etched in the

region irradiated by the electron beam, and the B8&put voltage saturates (Fig. 2biii).
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Fig. 2 Single crystal diamond pore fabrication using watediated electron beam
induced etching (EBIE): (a) lllustration of the fadation procedure. (bn situ endpoint



monitoring of pore formation during EBIE. (c) ED®estra acquired using a 3 keV
electron beam. When the electron beam irradiafgsre-free diamond membrane (-) no
signal from the underlying silicon is detected, leser when the pore (-) is irradiated,
silicon X-rays are detected. Inset: Intensity of@ys generated in the underlying silicon
as a function of diamond layer thickness simuldteda 3 keV electron beam using the
Monte Carlo package CASINO.

After etching, the pores were characterizedsitu in the FE-SEM by energy-
dispersive X-ray spectroscopy (EDS) to also confiormation (Figure 2c). At low
electron beam energies, the depth at which X-ragsganerated in the material is very
shallow. For diamond placed flat on a silicon stdist when the thickness of diamond is
less than the electron penetration range and #etreh beam energy is greater than the
critical ionization energy (Si K 1s = 1.84 keV),J6X-rays will be generated in the
underlying silicon.

The intensity of the generated X-rays was deterchias a function of diamond
thickness at an electron beam energy of 3 keV gusiea Monte Carlo simulation package
CASINO.[63] The simulations show X-rays are geregah the underlying silicon when
the diamond thickness is less than ~ 50 nm (Fignget). Hence, X-ray spectra measured
using a 3 keV electron beam can be used to shoWw eahfidence that etch pits in
diamond have been milled down to at least 50 nmn fiwe underlying silicon. When the
fabricated pores were examined by EDS using a 3etestron beam, all pores exhibited
a detectable silicon X-ray signal. EDS examinatdrboth a non-lasered region of the
diamond substrate and a pore-free membrane didemetl any detectable silicon X-ray
signal.

Further confirmation was made using conventionalSHM to image both surfaces of
the pore containing membrane. Figure 3ai and iwshgical FE-SEM images of the

EBIE formed entrance (inner lasered surface of miand) and exit (pristine single



crystal outer surface of membrane) apertures, otispl/. Further images are presented
in Electronic Supporting information, ESI 1. The entrance-exit FE-SEM images (of 42
pores in total) were all in the range of 0.5 —in® diameter. This data highlights that the
EBIE method can produce individual sub-micron sizbdu-pores in single crystal
diamond membranes with fairly reproducible entraexi¢ size characteristics.

The dimensions of three representative EBIE poresdatailed in Table 1. Pore 1
corresponds to Figure 3a, and pore E®8 1, Fig. Sla. Typically, the EBIE entrance
aperture (diameter) is only very slightly largearithe exit aperture (diameter), measured
using pixel thresholding (Table 1). To elucidate sub-surface pore geometry, a cross-
section of an EBIE diamond pore (of thickness 1&g within an isolated trench was
created using FIB milling, as shown in Figure 3bhe cross-section in Figure 3bii
displays a slight conical geometry. This shape,bekeve is as a consequence of the
EBIE etching mechanism. Pore geometry is governethé electron beam profile at the
vacuum-membrane surface interface. The focal pafithe electron beam during EBIE
irradiation was fixed 50 pum below the pristine daard membrane surface. Therefore, as
diamond material is removed the receding surfacghef etch pit gets closer to the
electron beam focal point, resulting in a smallucttbn in the electron beam diameter at
the vacuum-surface interface. Very slight broadgman also occur at the EBIE exit due
to the scattered electrons penetrating throughethie giving rise to material removal
outside the primary irradiation area. The coni¢epe of the pore allows us to term the

entrance the “base” and the exit the “tip”, in limgh conical pore nomenclature.

Table 1 Comparison of the predicted size of foanwnd pores calculated from solution conductance
and microscopy data.

Pore Membrane Inner membrane Diameter Diameter Experimental  Theoretical
Thickness () surface roughne of pore entrance of pore Current @ Current @

[um]? (rms) [um]? Ebase exit (tip) +1V +1V

nm]° [nm] [WA]® [nA]®




3.0+0.5 0.50 789.7 £15.5 777.6£10.0 0.17 0.17 £0.05

35+0.6 0.64 729.6 £17.9 7145+ 19.7 0.15 0.13+0.04

20+0.8 0.82 450.5+9.1 440.2+16.4 0.09 0.08 +0.04

a) Measured by interferometry with rms roughness; Babured from FE-SEM images; ¢) Obtained from

i-V response in Figure 4d; d) Calculated using FEM.

Figure 3. (a) FE-SEM images of EBIE of diamond membrane-tfote 1 (in Table 1); (i)
entrance and (ii) exit apertures; (b) FE-SEM imagfe@) the lasered trench from which
an individual pore was accessed by FIB milling gngda magnified version of the
resulting pore cross-section obtained displayimg l@spect ratio characteristics.

3.3 Conductance measurements using diamond por es

Individual pore solution conductance was measusgagua microcapillary setup,[64]
(Figure 4) and the substrate was mounted in a cubtalt cell fabricated by MSL, as
described in the experimental section.[65] In ortterelectrochemically interrogate an
individual pore the microcapillary electrochemioathod,[64] as illustrated in Figure 4b,
was used to deliver solution to an individual diahdrench (and hence single pore) and
electrically connect the circuit by providing a eed QRCE. Briefly, a glass borosilicate
capillary was pulled and polished to an inner di@mef 200um. The microcapillary and

holder reservoir were filled initially with a 0.1 MCI solution and an Ag/AgCl QRCE



was inserted into the microcapillary channel. Theratapillary was positioned using
y-z micropositioners and a high magnification camer,that the meniscus wetted an
entire circular trench, as shown in Figure 4c. Wkasurements were made in a two-
electrode setup where a voltage was applied betweeAg/AgCl QRCEs placed either
side of the diamond substrate to facilitate iormaductance current through the pore. By
simply repositioning the microcapillary over indival trenches it was possible to make

ion conductance measurements on a pore-by-pore. basi
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Figure 4. (a) Schematic of the microelectrochemical set-gp Hiamond pore

experiments. The diamond membrane was mountedspeaialized holder and a ~200
um outer diameter glass microcapillary, filled witte solution of interest, was positioned
so that the meniscus wetted an individual trenaftaining a single diamond pore. (b)
lllustration of the large-scale microcapillary methfor single pore investigation. A
potential is applied between two Ag/AgCI electrogesitioned to drive a conductance

current through the pore. (c) Optical image of Humution meniscus from the large



microcapillary in contact with the diamond membraft i-V curves from three single
crystal diamond pores of varying size (see Tabl@licated by EBIE.

The current-voltagei«{V) characteristics in the +1 V range for three iretegent
diamond pores (labelled 1 — 3 in Table 1), fabadaty EBIE are shown in Figure 4d. All
pores displayed linearV responses with no evidence of ionic current reetiion[66, 67]
or electrostatic gating[68], as expected for pooésthis larger (~um) size. FEM
simulations were employed to match the observabie geometry to the theoretiagaV/
response. Details of the model are discussdelSn2. In brief, each pore was modelled
simply as a cylinder with a very small conical ajgbased on the measured average
entrance-exit diameters (assuming circular geoméry both apertures) and trench
thickness, as detailed in Table 1. The expectedwtiance current at an applied potential
of +1 V was determined and compared to the corredipg experimentalV response at
that potential (Table 1). Close agreement was eobsebetween the predicted and
experimental current through the different sizeahbnd pores, which shows the model

employed adequately describes the internal pormgty.

3.4 Polystyrene Particle Tranglocation

To assess the detection capability of the diamowdesy PS particles were
electrophoretically driven through an individualr@dpore 1, Table 1), using an applied
voltage of +200 mV. Note for the applied voltageaoity the PS particles move from the
tip (EBIE exit) to the base (EBIE entrance). Thgaterely charged PS particles of zeta
potential ~ -30 mV at the electrolyte pH 6.9[6%mlayed a size distribution of 800 £ 470
nm as measured by DLESI 3).

Individual peaks were observed in theé responses that were not observed in the

conductance trace in the absence of particles, showrigure 5a. Figure 5b shows the



resultingi-t trace of PS particles as they interact with thendind pore. In both the
presence and absence of particles, a drift in teasored current base line (increasing ~
0.5 nA min?) is observed. This is most probably a consequehewaporation from the
high surface area to volume droplet, positionedantact with the solution-filled pore.
Future implementation of a controlled humidity ce#uld likely mitigate against this
drift.[64] The high aspect ratio of the pore (ldmgf ~ 3um and diameter of ~780 nm i.e.
thickness-to-diameter aspect ratio of ~ 3.9) fat#is enhanced time resolution and
longer event signals, allowing the observation mdater detail within events that can
elucidate different particle dynamics. Figure 5hii-display zoom-ins of typical particle

event types.
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Figure 5: Event analysis of PS particles interacting witthi@mond porei-t traces (a) in
the absence of patrticles, displaying no blockadentsy and (b) on addition of PS
particles with three frequently occurring partitieckade events displayed in (i) — (iii).
Drift in the open-pore baseline was observed dusdlation evaporation and can be

reduced using a humidity cell in future experimerisr the purpose of this work, the

drift was inconsequential for the PS translocatitudies.

All events display a characteristic pulse, ofteltofwed by a tail which relates to the
pore-particle interactions. The difference in teedth and shape of events in therace

indicates different particle dynamics within thergg@nd different particle sizes in the



solution. For all translocation events, the magietwf the current pealAl) relates to
particle size. The different pore-particle evemey possible in our system (translocation,

trapping, rebound and blockage) are shown scheatigtio Figure 6.
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Figure 6: Different particle-pore events a — d where (ipthy the representative trace
and (ii) is an illustration of the correspondingg@qarticle interaction. Four main event
categories exist: (a) Direct translocation of atipks; (b) Translocation of a particle
which becomes transiently trapped within the chldoeing travel; (c) Rebound pore-
particle interaction. The decrease in current ghlyidependent on the angle at which the
particle impacts with the pore and is of lower magte than translocation-type events;
(d) Complete pore blockage by a particle of comiplaraize to the pore. Events consist of
(1) baseline pore current prior to an event, (Zyelase in current due to particle blocking
the pore opening, (3) increase in pore currenhasparticle moves away from the pore

opening, and (4) pore current returning back telxas post-event. Not to scale.

Four main categories of blockade event were obdefag Direct translocation, where
the particle travels through the diamond pore withimteracting with the walls. The
current rapidly drops in magnitude (by between 8 rA) due to the particle displacing

electrolyte solution; the largest volume of solatis displaced at the smallest constriction



in the pore. Upon exiting the pore the current metuo the baseline value (this is the
largest current value measured, the current syfrkes baseline refer to a decrease in the
current signal); (b) Hindered translocation, whitre particle interacts with the walls of
the diamond pore during translocation causing lidoome transiently trapped within the
channel. This produces current fluctuations beyihedpeak current that relate to binding
and detachment of the particle[32] within the diasha@hannel. The shape relates to the
internal structure of the pore, especially with Bemagparticles that can achieve higher
spatial resolution resulting in more distinctivd fauctuations; (c) Pore-particle rebound
where the particle interacts with or near to theepaperture but rebounds back into the
bulk solution instead of entering. The magnitudehaf current block is small, typically
0.2-1 nA from the baseline and of short (< 20 mgjaton; (d) Complete blockage,
where the particle becomes permanently stuck inpthre causing the current to drop
indefinitely. This event type was not observed wnlgiithe course of our experiments. The
above categorizations enable qualitative and semngfative interpretation of the
different event types.

We analysed events only with direct translocatiget signatures (Figure 6ai) to
determine the peak curremtif and particle translocation time (Figure 7). Evenmlsch
show aAiof 2 nA or greater, i.e., a minimum of 10x gredbam the standard deviation in
the baseline current, are attributed to translooatiAnalyses were performed for
migration of the negatively charged polystyrenetipl®s in both directions through the
pore, i.e. tip (EBIE exit) to base (entrance) (+navid base to tip (-mV). Translocation
times were found to be 57 + 4 ms at -200 mV and 86ms at +200 mV, indicating the
translocation timet] is independent of travel direction through thegpd he peak current
(41), however, was found to be dependent on the dwecaf travel. An average peak

height of 7.7 = 0.1 nA was observed when the pgadimigrated from base to tip , while



an average of 5.3 + 0.1 nA was observed when pestimigrated in the opposite
direction (tip to base).

A previous study of particle transport through cahi charged polyethylene
terephthalate pores of a similar size to thoseleyed here, attributed a directional
dependence on the peak current, to voltage-reguliateic concentrations within the
pore.[70] In particular, for a negatively chargearep and negatively charge particle, a
greater blocking peak current is observed whenptrécle travels from the tip to base.
With the diamond pore, the opposite effect is olesgyr for a negatively charged particle
the greater peak blocking current is observed &otigle travel from base to tip (Figure 7).
Given that the asymmetry is driven by ion accumaiteitiepletion effects as a result of
the charge on the pore walls, we tentatively s@geuthat the internal walls of the
diamond pore are positively, not negatively, chdrgéis could be as a result of possible
graphitization during the EBIE fabrication proce&saphitization of diamond particles
has been previously shown to result in positivéaser charges at neutral pH.[71, 72]

Thei-t traces recorded for tip (EBIE exit) to base (ERlfrance) translocation and
vice-versa are not perfect mirror images of onettaro This could indicate the pore is
not symmetrical about its through-pore axis (Fig8yeand/or may contain variations in

internal wall charges as a result of the fabricapoocess.
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Fig 7. Analysis of translocation-type events (Fig 6aiyler either a +200 mV or -200 mV
applied potential. The distribution of peak currént) and transient timest)(for an

ensemble of individually measured particles werstbto be Gaussian-like (Fig. S4).



3. Conclusions

We have shown, for the first time, the fabricat@ma single sub-micron sized thru-
pore in a single crystal diamond membrane and sgb@aéy monitored particle
translocation through the pore using PS partiahessmlution conductance measurements.
The pores were fabricated using a two-step proedssh involved laser thinning to
produce a ~ 1.9 — 44m thin membrane and then EBIE to expose a single, pehich
spans the entirety of the membrane. The pores waeacterized using both FE-SEM
and conductance measurements and shown to exhpbducible characteristics that
match well to theory.

The translocation capabilities of the diamond pworere investigated using PS
particles. Low noiseé-t traces were achievable without the requiremennéose filtering
or surface modification, which can in part be htited to the low high-frequency
capacitance intrinsic to the diamond substrate.[53jthermore, the high aspect ratio
(~3.9) of the pores allowed sufficient time reswmnt to observe detailed particle
dynamics based on the interactions of the PS pestigith the diamond pore. Analysis of
asymmetric resistive pulses, of a type similarhose previously reported for conical
glass pores, and indicative of translocating plegicreported translocation times (in the
range 56 — 57 ms) independent of the directiomasfel through the pore. In contrast, the
peak currents showed a strong dependence on gwidir of particle travel.

While further work is required before the inherestability and other benefits of
diamond can be realized in a pore device this woakks the first step towards reliably
fabricating a sub-micron thru-pore from diamondr Erample, it should be possible to
eliminate drift in the base line (due to evapomatedfects) and fluctuations in the base
line response (potentially due to inadequate simg)dby improving the experimental
setup.[73-75] From a fabrication standpointisienvisaged using refinements to the

EBIE process or alternative etching techniqueslsmsized (~10’s of nms) pores would



be possible in the single crystal diamond membr&tehing techniques could also be
used to form the starting membrane.[76] Furthermart layered diamond growth, it is
possible to produce single crystal devices whicleh@onducting diamond grown on top
of insulating diamond.[77] This makes it then pbksito build in electric-field

enhancement [78, 79] capabilities that could feat#i analyte detection into the single-

nucleotide base resolution.
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