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1. Introduction

Inspired by the study of biochannelgoresent in livingorganisms, nandéluidics, the study of

ions and water transpoiits nanascalestructureshave been an active research field in the last
two decade$l], [2]. In the case of nanopores or nanochannels, the ionic transport is mainly
driven by the interactions of the ions with the surface and therefore significantly differs from
the tranport behaviour irthe bulk. This influence of the interface between the electrolyte and
the nanostructureanleadto interesting notlinear responses of the ionic fluxes external
stimuli such as pressure, potential or concentrations gradign{s], [4]. From these non
linear responses, emerge various phen@maad applications such as iselective membranes

[5], ionic dioded6], [7], ionic transistor$8] or ion-pumps[9], [10].

Among these phemaena, thaonic current rectification(ICR) is one of the most studied. The
ICR is characterized by a ndinear response of the ionic current through a nanochannel or
poreto an applied external potential across the pore. The cuegmbnse can kediodelike
response and therefomxhibitsa low and a high conductance state depending on the polarity
of the potential appliedA particular application of the ICR is théub or osmotic energy, in
which the Gibbs free energy of mixing dissipated during thixing of fresh water with the
(saltysea water is used for power generation. Theoretically, up to 0.8 K\douid be
harvested which is equivalent to the energy releases by water falling 220]m12].
Therefore, the mixing of the fresh water released in the seadrg represents a tremendous
energyof 2 TW, from which 980 GW could be produddd], [12], [14]. For comparison, 800
GW are estimated to be produced worldwide by hydropower such aarghrmnof-the-river
power plantg13].

The main obstacldor the harvesting othis large and unusedmour of energy, is the
conversion efficiency of the processes used. Presstamled osmosis (PRO) and reverse
electrodialysis (RED) are seen to be the two most promising technologies among these
processesHowever, these two technologies do not show a aafftly high conversion

efficiency to be viable ydtl1], [13]. Both of them ar e-nandmmeiric ed by
scales used within their membranes that lead to an high resiftiVjtyAlternatively, the ICR

can be used in desalination processes using similarp@oos membrand8]. The efficiency

of such membranes is therefore linked to two major challenges for society in the context of the
climate change.

Siwy andFulinski[10] have been among the firstsusean ionic diodeat nanometric scakend

ICR to fabricate an ionymp. They use conical poretchedinto al2 em thick polyethylene
terephthalatéPET) film. The conical pore reported ha500 nm large opening diameter aand

2 nm small opening diamet@rhe pumping effect is reported coming from the combination of

the ICR and the AC potential applied across the pore. They identified two main parameters
related to pore itself influencing the rectifying properties, and consequently the pumping
properties of the device. First, the inner pore walls have to be chargedcand,she small

opening needs to remain small enoughl6 nm).The rectifying phenomena is seen as a
consequence of the Debyebs | ayer overlap at
understood to be a prerequisite for ICR.

Several researchdmve been conducted on the influence of the nanochasne s ur f ace ¢
density on the ICRLin et al. demonstrated the tunability of the rectification and the selectivity
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of the nanopore with a kinetic functionalization of the inner surface of the eldah The
functionalization is done partially witpoly-L-lysine on a 10 nm nanopore etched in PET
membrane. This leads &n anion selectivity of the pore. In the order of the nA, the current
behaviour of such channel showed a maximum rectification, refnich is defined as the
current ratio at opposite polarities of applied potentiare at 1 VSO pw O pw 9 of 60.

The asymmetrical modification of the surface charge density within the channel has been used
to achieve rectification at the micromescale. Chang et al. usedlyethyleneimine (PE))a

positively charge polyelectrolyte, and anionic surfactant to modify the surface of one side of

a micro biconical porenade of PET16]. This leads to a positively charged surface on one side

and a nedavely charged one on the other side. He et al. also achieved rectification at
micrometre sda by modifying micrepipette inner surface witholyimidazolium brusas[17].

A maximum rectification ratio between 50 and I68s been achieved. The achievement of
rectification at micrometrecsa |l e, | ar ger t han hashheen &ttebotgdeto 6 s |
the increased relative owibution of the surface conductance to the channel conductance.

The surface charge density having been identify as a key parameter for the ICR occurrence, its
dynamic control could therefore lesmlinteresting applicatiamin iontronics such as the iani
transistorsKalman et al. demonstrated a single gated nanopore ionic [di8d& he gating of

the device has been achieved by depositing an insulatedagelr within the pore. A potential
applied on this gold layer therefore modify the surfacegehdensity of the pore and allows

the tuning of the ICR occurrence. Other gate systems exist sugtafed polymer brushes
whose swelling or expansion canteenperaturecontrolled or pHcontrolled[19].

Two researches have recently demonstrated analytically that the ICR can be achieved at
micrometres scale without chemical modifications ofghdace charge densiff], [6]. They
confirmed theole of the relative contribution of the surface charge as suggested in the reference
[17] and they identify an asymmetric ion seleity within the pore as a prerequisite for ICR.

Recent results within the group already paexperimentally this theory that ionic current
rectification can be achieved with micrometre scale asymmetric channels without any chemical
modifications To the best of our knowledg this is the first time such results are presented.
This thesis aims tfirst confirm and complete these results and second to explore a potential
dynamic modulation of the ionic current rectification phenomena. We investigate the
conductance and the ICR behaviour of coraral straightnicrochannels fabricated by focakse

ion beam in a 2m thick silicon membrane with KC¢lectrolyte. The theoretical background
used within the frame of this work is developed in the Chapter 2 where the electrical double
layer model, the ionic current rectification and the conductance models for microchareel
explained. The Chapter gresentsthe experimental methods used to fabricate the micro
channels and to measure the conductafoe results are then presented in the Chapter 4 where
the experimental conductances of the channels are compared tedtetital model and where

the roleof the surface charge density on the current rectification is explained.
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2. Theory

2.1. Solid-liquid interface model

The interaction at the interface between a solid charged surface and an ionic electrolyte has
beenfirst described byHelmholtz (1879)asa double layecomposed of oppositely charged
layers. The charge on the solid substrate is balancexh laccumulatiorof ions forming a
monolayerclose to the surfacnd form a simple capacitf#0]. The ganepassing through the

centre of the ions isow known as the Outer Helmholtz Plane (OHP) andldlyer bound by

the solid surface and this plane has been known as the Electrical Double Layer (EDL). However,
this model does not account for the conceiatnadlependency of the EDL capacity, fiaential
adsorption of ions on the surface and does naosider the ion diffusion away from the
interface

Gouy and Chapman latemproved the model by seeing the EDL adiffuse layer in which

both counterionsral caionsarepresent; the former being attracted by the oppositely charged
surface and the latterepelled vyielding a dynamic equilibrium of electrostatic
attraction/repulsion and diffusion towards/away from the surfadeerefore, the charge
distribution can be described by tHeoissorBoltzmann equations anffor low applied
potentials below the hermal voltage (KB ~ 25mV)) leads to a exponentially decreasing
chargedistributionaway from the surface.

The EDL commonly used nowadays has been stgddy Stern and is a combinationtbé
Helmholtz and GowChapman modeld:or this model, he EDL thereforeconstitutesa layer

of mainly counterionsclose to the surfaceyhere the potential decays linearly from the
electrode surface to the plane of closest appr@acha diffuse layer away from the surface, in
which the potentiatlecaysexponentidly with the distanci20][21]. Grahamdurther improves

the model by proposing that specifatsarption oboth counter,andco-ions could occur at the
surface, leadig to a linear potentialecreas@icrease close to the surface before the decreasing
potentialregimes proposed by Stdi20].

The ion concentratigrg , in the aforementioned diffuse layaan be described by:

a'Q %o
¢ ¢ RA@b
QY P
Where the concentration the bulk of ion ig , is scaled by thBoltzmann distribution of the
local electrostatic potentiddoaway from the surfac&is the elementary charge,the charge
of ion i, "Qthe Boltzmann constant aritfthe temperatureThe Poisson equatiarlates the
spatial charge distributiofto the electrostatic potential along the channel length:

1
N %00 rlT C

—n
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Combi ni ng Poi s s o(aqgaasion® and the total khargendengitip of all ionic
species leads to the Poiss@&oltzmann equatioand leadso:

T %o QQ\:/) : AQ)E)GQ%O s
T o 7T oy P

In the case of dilute symmetricl:1 electrolyte such as KClI, the latter equation can be written
as:

T %o gy B T(a(:Q %o ]
T T R
Which can be written as:
Q% O
> W Qw )

oET-%A’o T

The integration of equatio®) further leads to

OAIE%—/OO!

¢
oAT R,
Wherep/ll is defined ashe characteristic distance , knownaste Debyeds | engt h:
fiQy P i QY 0

= & aQ cay & 'Q

Where®is the concentratignd t h e A v ongrabdrramdof s is the permittivity of the
solution The overlap of the EDL within nanoscale channetas been thought to be a
prerequisite to achievenic current rectification CR) due the selective properties of the
interface region[5]. Thereforethe Debye lengtthas been the characteristic length that would
limit the channel size and geonyetr

It has been showrecentlythat ICR can be achieved in larger systems in the micrgscale
therefore larger than the EDL thiakrs s by increasing the charge
surface[17][22]. It suggests that the surface charge density plays a key role in the ICR
occurrence rather than thelative thickness of the Debye layer to the pore raéloggioli et

al[2] demonstrated that thECR occurrence in asymmetric microscale channels can be
predictedby the relative magnitudes of the surface and bulk conductasagescribed bthe

so-called Dukhin lengthix  [1][6]:
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S S

R e 1

¢

Where, is the surface charge densiithe elementary charge aad  the bulk concentration.

o describes the length at which the surface conductivity is comparable to the bulk conductivity
and ca be rewritten as a dimensionless number, theatled Dukhin numbeiO 6 when
normalized by the channel radits

06 a S S
Y Q% o X
Therefore, from equation (7), a khin 0 . . "

number larger than lindicates a = = =Dukhin Length

Debye Length

dominantsurface conductivity over that {25
of the bulk.Figurel shows thesvolution

of the Debye length for KCI as function
of its concentration. The thickness of the
EDL therefore range from tens of
nanometres ab.1 nmM to less than one
nananetres ab.1 M. The Dukhin length
for a radius of 4m and surface charge of
100 mC/nt is also shown. It ranges from - - - 9
10em at 10*M to 10 nm at 0.1 M " " Concentration (M) 0

Figure 1. Debye length as function of the }
concentration at 300 K wij = 67 using the equatic
(5). The Dukhin length is calculated for a radius of 1
and a surface charge of 100 mC/using the equatic

(6).

L
]
[=]

L
—
o

Dukhin length [um]
o
Debye length [nm]

2.2.Transport phenomenon near interfaces

In small confined fluidics systems such as
nanochannels, the ionictransport is strongly
influenced by the imtrfaces between the substrate and
the electrolyte. As siwn in section2.1, the ion
distribution in the EDL close to the surfatenot
homogeneous and leads to nweutral charge within
the layer as he surface charge denspyesent on the
substrate attracts the countens and repels the €0
ions. This exclusion of cmns close to ta surface
therefore makeshe ionic transport selectivier the
polarity of ionic chargeavithin the double layef5].

_ _ _ _ Figure 2. Schematic ofa taperel
As mentioned in the previous section, a Duklchannel (dark blue). The EDL is depic

number above 1 indicates a dominant surfdn red. The electrolyte concentratior
conductace over that of the bulk. Consequently,the same on both sides of the chann
also indicates at which dimensiortbe charge
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selective transport atts to dominateFigure2 depicts the case of a geometrically asymmetric
tapered channel. The varying channel widérdéifiore leads to a varying local Dukhin number
along the channel length.

Letdbs assume that t he -hamasideefthe phanmel ia dhargctbriaesie ) o
by O 6L p and that the small opening (tip) &6 p. Furthermore, the electrolyte is assumed

to be symmetrical 1:1, with all ions hag the same mobility. Under an applied electric field

across the chanhdrom base to tipthe ionic transport on the baside is mainly controlled by

the bulk response. Therefore, the coumes and the c@ons have an equal relative
contribution to the total ionic curreat the baseOn the tip side, due to tll®minantselective

transport, the counteéons have a largeelative contribution to total currems the total current

has to be constant a ¢ ayymietryt ih ien seldéct@vityrieads dosa | e n g
depletion of the ions within the channel, lowering its overall conductdoaeconductance

state) In the case of an electric field applied from tip to base,aBymmetric selectivity leads

to an accumulation of ienwithin the channels, increasing the overall conductghig
conductance statgg]. This asymmetry in selectivity results from the geometric asymmetry of

the channel but can also result fram asymmetry in the surface charge den&ty[16] or

from an asymmetry in the concentrationsaAmstn both sides of the chanriél.

Dal Cengio et al[6] have shown that the ion selectivity of a certain ionic spgsig along
the channel can be expressed as the ratio of it tmmcentration over the sum of the local
concentration of all ionic species present. This selecfivibere below for the countén, can

be further expressed as function of a reference Duklmmber defined as the Dukhin number
halfway through thehannel6]:

05 __ ! ' "
N Y Y
Qdb OY 0y - -
0o 0o
. Y Y P
r @ T
5 o — P
(0)e)
¢ v p
06 (0]
. Y Y P
w
r — po PP
w 06
C v Y

AMOLF 8 March 2021



Micro-confined ion transport in asymmetric@iannels Blaise Cuénod

Therefore, fothe symmetricl:1 electrolyte, the selectivity ranges from 0.5 (+s@hective) to
1 (perfectly selectie). Figure3 shows the selectivity as function of the bulk concentration. It

is apparenthat the transition from the neselectivetothe '~ ~°. "~ = :;.ap:es.e;:c;xvy“y

perfectly selective regimes on the tip side does not ap| os ) \ E=oset ||
within the same concentratioangeasthe base side. The_ MGG
difference between the two selectivities, depicted by z°° ¥ \
blue area, thereforgeachesa maximum at certaing .- \ \
concentration, or alternatively at certa@fierencéO o(the p )
Dukhin number halfway throughhe channel) This > s k!
maximum can be seen as the point where the condit s —=" ot R mmae

within the tapered channel lead to the highest asymm Concentration [M]

between the low and high conductance statestioned Figure 3: Example of the selectiv
above model of Dal Cengio. In blue, t

selectvity atthe tip, in red at the bas
This asymmetry in theonic conductance between The blue shaded area deicthe

negative and a positive potential is known as the icdifference  between  the t
current rectificatio(ICR)[1], [2], [6]. selectivities.

The ICRis definedin the iteratureas the ratio ofite absolute currerdf the two opposite
polarities[2], [6]:

e, SO WS
Oo YS'O oS

PG

In this work,assuming thathe high and low conductance states gtagte polarities are both
ohmic,we defined the ICR as the ratio of the averafythe differentialconductance between

(+/) 0.25 V and ¢/-) 0.5 V. This choice of using an averagéthe differentialconductance

allows us to limit the influence of paras noises appearing during the measurements. The
potential range chosen is justified by the presence of leakage current which is further explained
in sectior4.2

In summary, the setéivity is governed by the relative contribution of the surface conductance

to the bulk conductancBhe Dukhindéds | ength and number ar
relative contribution and therefore lead to selectivity at larger scale within the mamga.

The ionic current rectification phenomena derived from an asymmetry of this selectivity along

the channel lengtiThis asymmetry in selectivity can be the resfilh geometrical asymmetry
asexplainedabove or alternatively of an asymmetry in theface charge density within the
channels (charge diode |2]) or between the concentrations e two sides of the channel
(concentration diode if2]).
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2.3. Conductance model for tapered channle

The conductance measurementsehlaeen compared to the conductance model for straight
channels given by Smeets et[@B]. Here forthe case with a negatively charge surface:

0y

0 ——  tQr T

(o)
v [ P

Where"Ois the conductance in Siemens (or A/V)is the channel radiug) is the channel

length,’ ¢ are the ions mobilitieg, the concentrationf a 1:1 electrolytg, the surface chige

density andQthe elementary charge. The terh ‘€& ‘Q corresponds to the bulk
conductivity and the second tefm — to the surface conductivityrhelatter does not depend

on the electrolyte concentration and consequently ti@rel conductance will saturate
towards the surface conductance at low concentrations. At high concentrations, the second term
becomes negligible compared to the first one and the channel conductance will follow the bulk
regime.To estimate the conductamaf a tapered channel, equation (13) has been modified by
using a varying radius alonggeeFigure2), the distance along the channel from the base side:

i i

() —5 o 1 D amQ 1o P T
. i ‘
Qi —— Nw puL
0
ay Qw
u‘l é 'Q . p(p
. 0 P ..
Y ‘—Ql
“ra i n P X
. 0 P P
Y S v v P F—
Hl 8 Q 3 Ol l qu
, P ...
aQy —Qw P W
s G
0
Y - E’Q‘l ¢ Tt
b gt l l
0 1
Y - aJ E CpP
. QU [ |
" p p
© 2% Y <G

Where'Y isthe bulk resistivitandY  is the surface resistivity. In this work, we assumed

that K* and Cl ions have the same mobility within the solution with= 1.9 -10° m?/Vs
[24][25].
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3. Experimental Method
3.1. Membrane Fabrication

The samples used are the membreB&200Nfrom Norcada.These are (+ 0.5) um thick
silicon membranes supported on 308 thick siliconframes. The channels amailled through

the membrane by using a focused ion beam (HHE) Helios Nanolab 600 The beam is
driven by acoordinate list §treamfilg, created with MATLABSscript containing the different
parameters (coordinates, dwell time, number of pas$hks)currenused is 0.46A and the
acceleration voltage is set to B@. To create the asymmetry, i.e. the tapered geometry, the FIB
mills concentricdisks with a linearly decreasing radius, with the largest disk having the base
radius and the smallest the tip nasljseeFigure4 (a)). This operabn is repeated o number
passesdetermined bydosetests on the frame supported side of the membtemi the
membrane is puncture@he channels dimensions can be disecthtaired with the scanning
electon microscope imagm Atomic force microscopYAFM) imaging has been done the dose
tests to characterize tlpeofile of the tapered channel (degure4 (b)).

o C

300 -

200 -

101

-10
200

-300 1

-400 -

-500
-500

0.0 pm
X:11.6 pm 24 um

Figure 4: (a) Example of th@attern followed by the FIB to cre:
the tapered geometry with ten concentric circlBse outer circls
corresponds to the base radius and the inner one. correspao
the tip radius(b) Sideview of an AFM image of a dose test doi
the frame supporteside of the membrane

3.2. Measurement Setup

During a previous attempt to measure the ICR, the membranes were glued on the bottom of a
drilled laboratory beaker, which was then immersed in a larger second Bédekero beakers
being 2 reservoirs connected through the
configuration of the setuwas often found to result ibreaking of themembrane de to the
pressuref the water columrFurthermore, gluinghe membranerothe beakedoesnot allow
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to remove it for further investigations such&sanning Electron Microscop8EM) imaging
after the measurements. The development of a newdestnuctivemeasurement setup was
therefore necessary ardbne in this work To avod membrane breakage, the setwugs
designedo be in a horizontal configuration aatlow easy membrane mountinfp facilitate
sweeping the concentration, treservoirsdhaveto allow rapid solutiorexchange and avoid air

trapping.

The design is shown &ligures a). and is made of four main parts: two reservoirs and two
PDMS gaskets. The reservoirs have been 3D printed in a transparentrcahpodymer called
VeroClear The reservoirs have a tapdrepening leading towards the membrane, to facilitate
filling of the channel without trapping aifhe PDMS gaskets have bemstedn analuminium
mould asshownin SUPPLFIGURE, and have angproximate thickness of 1 mmhe central
pillar in the mouldresults in a channel, and anprint of the membrane frame around base

of the pillar yielding an opening in the gasket to pldlieemembraneThe membrane is placed
in between the two gastsaand the whole setup is tightly squeezed held togetherby using

a laboratory clampseeFigure5 (b).

Figure 5: (a) 3D model of the setup showing the
reservoirs (R1 & R2) and the two gaskets (G1 & @)
Picture of the mounted setup and schematic of th
wires Ag/AgCI electrodes. The black clamp holding
setup is visible on both sides.
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3.3.Electrodes Fabrication

The protocol used to fabricateetAg/AgCl wire electrodes is derived from theference[26].

These electrodes have been chosen to have a minimal potential drop with the KCI solution.
Therefore, the applied potential will fall only across the microchare. wres used are
99.99% pure Agwith a diameter of 0.35m. The wires are first immersed in 0.1M NEO
solution to remove the native oxide layer and other contaminéinéyarerinsed withMiliQ
waterand connected to the working electrode of a potentiostplatum wire 99.99% pure

with 0.2 mm diameters connected to the reference and counter electrode. Both wires are
immersed in a 3M KCI solution and a 2 V potential is applied to the workintyete for 10
minutes.

The Ag/AgCl wires electrodes are thstored in the 3M solution and can be reset by following
the same proto¢oTheir stability over time has been controlled by measuring the evolution of
the open circuit potential (OCP) betweea thire electrodes and a leakless reference electrode
during12 hours.

3.4.Gold Coating

The gold coating of the membrane has been done by sputtéergg (EM ACE6G0D To
improve the Au coating adhesion, a 4.8 nm thick Cr layer is deposited before the/AD nm
layer.

3.5.Conductance measurements

WE CE & Ref
The conductance msurements are done through the ( )
membraneby using 2 Ag/AgCl wire electrodes
described in sectioB.3 in a 2electrode setupThe
membrane separatethe two reservoirs of equal
concentration. The reservoirs are slowly filled pg/aqc Ag/AGCI
alternatively to equal liquid heights to avoid pressur@/ire Wire
differential between the two siddmportantly for the
sign convention in the next chapter, tharking
electrodesreplaced on the largest opening side of the
channel and the counter electrqdanich is connected

with the referenceelectrode)is placedon the other
side. Membrane

The staircase \Jmmmetry technique (SCV), Figure 6. Schematic description of t
schematically shown in thégure7, is used to measureSetup for the conductance measuremer
the current response to the potential sw&épph this

techniquethe potential iscycledfrom an initial potential{L V), to a final potential (1 /)by
incrementing the potential in 0.05 V stepach potential is kept for a period of 10 s, where the
measured current is the average of the firalsf each step.
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This technique allovs to avoid noises that could appear during classical cyclic voltammetry
measurementdy averaging the current over the sample widtid to reduce the overall
measurement time

Final E

—I—

]
f 1k 4 k L
InitE Sample Width Step Period

Potential(V)

| Segment 1 | Segment 2 |

Time (s)

Figure 7: Staircase voltammetry technique of the CH Instruments potentiostat. Taken from
manualof the softwar@iChi760.

AMOLF 14 March 2021



Micro-confined ion transport in asymmetric@iannels Blaise Cuénod
4. Results and Discussion

4.1.Effect of concentration dependentsurface charge on ICR

This section aims to present the effect
of the surface charge on the curre ™" .
rectification. As shown in sectio®.2,

Selectivity

the Dkhin number takes into accour o

the surfacecharge densityand reflects  swairass om 0 os e % f—zos,
the relative contribution of the surfac wserewcim [ 20| = If
conductivity to the total conductivity, “=™ %2 2 i
Therefore, for a fixed geometry, th ™" S 0
surface  charge determines  th s cnoe e RS
concentration range at which th @fesmcm 50| | os= e e =

Not Fixed

rectification can occur. Or alternatively
for a known surfacecharge, one car
determine the pore geometry needed
possibly achieve rectification at -
desired concentration range.

: 1
Concentration [M]

Figure 8 MATLAB app developed to explore
To rapidly visualise the effect of surfacbhehaviar of the selectivity model for different parame
charge variation on the selectivitsuch as the channel's geometry and the surface c
within the channel, a usérendly den_sity.;SeIis the selectivity difference shifted by +0.£
MATLA B applet has ten createdn SNty
this thesis The app allows to quickly
change the parameters of the selectivity model, i.e. the base and tip radii and the surface charge
of the channel.

Figure9 illustrates the selectivity model for an increasswgface charge density for a fixed
channel 0s geometry with 1500 nm a base radiu
an increas in the surface charge leads to a shift of the ICR peak towagtusrconcentration;

almost two orders of magnde in

. ~ TR T T
concentration between 5 mC/and 50 SO\ NN e Riip =500 m
v AN A \‘\ Y kY = = =Rbase = 1500 nm
mC/n?. 0ok ot kY LA §Sel @ = 5 mC/m?
LA Vol §Sel o = 50 mCim?
Up to this point, the charge density ¢ v VoY AL sseo-2s0momt
the SiQ surface was assumed to tz"° A P AYIE
. = \‘ v i
constant indepedently of the £ R SRR
. Nas 3 ¥ Aoy Iy
electrolyte concentration. However, £ 4 “\.\ .
. . * AY
is notnecessarilghe case as shown b .| "\\ N\ y &l \
Taghipoor et al[27] and Smeets et al N C AN
. - b \"'-. N Sl
[23]. The surface charge detysdof SIG; 5 : e t=siraci
10°® 108 10 10°® 102 107! 100

in KCI solution is shown to be pt Concentration [M]

dependent as well as dependentthe Figure 9: Selectivity model for a channelitv a bas;

concentration of KCl itself radius of 1500 nm and a tip radius of 500 with a charg
density of 5, 50, and 250 mc?lmSeI is the seleciity
difference and shifted by +0.5 for figure clarity.
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Figure 10: Selectivitydifference fSel)for a 3 mC/ni constant surface charge density (yellow) a
concentration dependant surface charge density (purple). The dependasiclgeen taken frc
Taghipoor et al. for pH = 6 and is shown in the ingéte tip and base radii are respectively 50C
and 1500 nm. Ae selectivity differencgSel has been shift by +0.5 for figure clarity.

This concentration dependency of the surface charge density is depidtapiie 10. The
corcentration dependency of the surface charge is interpolatedéfenencq27] for a pH =

6 (which is the expected pH of our solutionsmbient conditionswhich ranges from 3 mC/m

at 10* M to 30 mC/nf at 0.1 M. This dependency leads to broader ICR range for the same
channel geometrgs shown by the purple line

4.2.Leakage current

To identify themagnitude ofhoisein our
measurementSCV measurements havi 5
been conducted on f&esh membrane |
without any channelt four different
solution concentrations1(¢®, 10% 102 3|
and 10" M). The average IV curvef _ ,|
these measurements presented ins
Figurelland the measured IV otes are
given in appendi (Figure23). The figure
shows that there is a background curre
which we understando be the leakage '
current through the membraneNe .
observe that the leakage current isnc
linear, and of negligild magnitudeat '3_'1
low potentials (~< |0.5] V)it should be

noted that whilethe leakage current
Figure 11: AveragelV curve for the membrane M

appears to be independent dhe "
reservoir concentration. the measur'WIthOUt any channel. Thmeasurements were done at-
’ concentrations10*, 10°, 102 and 10" M.

ionic current through the channel dot

M20 - No Channel

1 L

Current

0r

-0.5 0 0.5 1
Potential [V]
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depend on the bulk concentration, so that the sigmaloise ratio becomes worse as the
concentration decreases

The presence of such leakage currenssdeerc onf i r med by t heandtkembr ane
current levels correspond to ones in the literaf28g

To ensure sufficient ionic ctent to be measured with the background leakage cuthent
channels hAve been designed to have an expected ICR peak atdmglentrations, i.en the
102 M range. However, asill be shownin the next sectiorthe measuremésdonein the 10
4 M rangefor the membrane with a channel, still show a-tinear behaviour.

For further investigationspne shoul d <consider psurfaseibyat i ng
depositing a dielectric layetee et al[28] showed that leakage current intisised nanoporous
structures could be reded from tens of nA to tens of pA by depositing a 30nm thick layer of

either AkOz or SiQp.

4.3.Conductanceof single micro channels

Table 1 presersg the geometricalparameters of the membranesed for the conductance
measurementas measured byhe SEM right after the fabricatiomhe membranes M17 and

M22 are the taperedhicrochannelsand the membranes M19 and M24 are thealed
reference channelsy straight channsiwhere the dimensions are made to be the smbe
large/small opening of the tapered channels, respectiVbly membrane M20 has been used

to measure the leakage currshbwn in sectiod.2. On the membrane M23, an array of 5x 5
channels has been neitl. Thisarraymembrane is further described in the sectidn Figure

12 shows two SEM images of the single channels M22 and M24. Supplementary images of
other membraneare provided in appelix (Figure26 to Figure30). The membrane M18 has
beencoated witha gold layeffor a surface charge modulation attertggtesection4.6).

Tablel: Membranes' geometries. * Parameters of the central cébof the 5x5 channels array.

Membrane Tip radius Base Railis Base/Tip Ratio Thickness
[nm] [nm] [-] [nm]
M17 Tapered 520 1450 2.79 2000t500 nm
M18 Tap. Gold 430 1475 3.43 200Gt500 nm
M19 Ref. 590 590 1 2000t500 nm
M20 w/o chan. - - - 2000500 nm
M22 Tapered 410 1480 3.61 2000t500 nm
M23 Array 335* 1420* 4.24 2000+500 nm
M24 Ref. 1500 1500 1 2000t500 nm
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Figure 122 SEM images of the tapered channel M22 (left) and the refe
channelM24 (right) doneright after the fabrication.

The conductanceneasurements werdone as describedn section3.5 for concentrations
between 10 and 10 M. This specific range has been choarseveral reasonkirst, froma
practical point of view, solutions with concentratidngher than 0.1 miare easier to obtain,
to control and show a higher current magnitude. dureentvoltage behaviour is expected to
beinfluencedby the leakage currefior the lowest concentratig, where channel conductance
is too small Second, this is the rangeere ICR has been skwved during the previous
measuremestwithin the group osimilar chanel geometas The channels wergpecifically
chosen to be larger than the EldeeFigurel), especially for the tip radius, and to remain
easily fabrical# with the FIB.

The currerdpotential curves (1V) for the four singles channels are shoviiginre 13. As the
magnitude of the current spans several orders of magnitude over the concentration range, the
IV curves are normalizedf clarity. The leakage current at V = 0, 0.07 nA is taken asfsetof

of the measurement and has been subtracted from the measured IVs. The IVs are then
normalized by the current value-at5 V. This latter potential has been chosen in regard of the
nortlinear behaviour due to the greater effect of the leakage catrpotential above (below)

0.5V (-0.5V), as shown in sectigh2, which is especially relevant for the lowest concentrations
where the measured current is ie thArange.

For the straight channels M19 and M24, the current response is expected to be linear with the
potential. Up to 1.0 M, it is however not the case, with the IVs presentingsha&pe. This

has been understood to be the effect of the contibatithe leakage current on the measured

one. Indeed, at the lowest concentrations, the current measured is close to the leakage current
depicted inFigurell. The nonnormdized IV curves are given in appendix. For the membrane
M19 above 10° M, where the current magnitude is significantly larger than the leakage
current, the curves show a linear behaviour as expected for the bulk conductance of a straight
channel. M24 dagnot show the same strong linearity with a slight dexnadf the current in

the positive potential range. This deviation appears for the concentrations betizevi Gnd

4-10° M where the normalized current reaches values between 1 and 1.5. Therefore, this can
be seen as a current rectification (|I(+V)I®V)|) in the inverse direction of the rectification
expected in our configuration for the tapered channels (JI(+VH\B|). This behaviour is not
expected, especially when compared to M19. From the larger dimension of M24, the bulk
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conductance shubdd be dominant at lower concentrations compared to a smaller channel. This
noninearity cannot be immediately explained mauld go towards a possible clogging,
previously mentioned in sectioh3, that would have chandéhe effective geometry in the
channel.

5 M19 - Ref. R = 590 nm 5 M24 - Ref. R = 1500 nm
1.5 1.5
1 Concentration 1 / Concentration
E] Te-d 263 / o4 403
5 05 —led 3e3) S o551 ¢ ——3e4 463
£ —1e-4 6e-3| E —3e-4 6e-3
S 9 —3e-4 &2 & _ ——6e-4 1e-2
z ——3e4 2e-2| £ 7 ——6e-4 2e-2
= —3e-4 4e-2| € 7~ —1e-3 4e-2
5] L 5] L
£ 08 ——3e4 ge2 £ 05 / ——1e3 6e-2
(&} ——Be-4 1e-1| O = —1e-3 1e-1
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Figure 13: Normalized currenpotential curves for the two references straight membranes
and M22) and the two tapered membranes (M17 and M22). The leakage current at 0V,
has ben subtractd to the IVs and it has been normalized by.%V).

The current rectification is clearly visible in the normalized IV of both tapered channels. It can
be seen gqualitatively on the positive potential side where the curve starts linear at the lowest
concentrations (in red) ariden bends down, indicating aNer conductance state. The curve

first bends with the increasing concentration and reaches a maximum (in orange). With the
concentration keeping increasing, the curve bends up again towards a linear response (in
yellow). These results clearly match withetbehaviour predicted by the selectivity model (see
section2.2) and confirm that the ionic current rectification is possible at the micro scale as
predicted in theaference$2], [6].
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Figurel4 presents thdifferentialconductancatO V derived from the curresgotential curve

for the two reference membran®119 and M24.The measurements are compared to the
conductance expected for these geometries, calcllgteduation (13and shown by the two
continuous blue and green are@ke surface chard®s been set to zero, therefore ¢thannel
conductance isrdy determined by the bulk solution contributidhh e ar eas 6 bound:z:
defined byuncertaintyfor the membranes thickness, i.e.@®5 um.

Within this concentration rangeorf both
channels, the conductance shows a lini 107
behaviour on the logarithmiscale with a
slope matching the model. THatter is 1001 oo
determined by the bulk condacice of the > O o
solution. Therefore, the conductanc; o7} o

appears to be maintjetermined by its bulk £ o
contribution for these straight channels.

Conductance at 0 V

10 o
Concerning the magnitude of tho &
conductance, which is defined by th 109}
geometry of channels, the small referen
channel M19 seems to match with th ;410
theory. However, the larger one, M2« 107 107 107 10"
shows a lower conductance than it Concentration [M]
prediction A variation in its geometry O M24-Ref. R = 1500 nm

. . . i M19 - Ref. R = 590 nm
could explain this differenceA thicker ~ = M20 - Leak. Cond. at OV

membrane leads @ lower conductance arigure 14 Conductance of the two reference char
shown in theequation (13)Considering the around 0 V. The twshaded areasre the respecti
sameradius of 1500nm, a thickness of Sbulk conductance for a membrane thickness bet

um would bring thepredictedconductance 1.5um and 2.5um withzerosurfacecharge.

towards the measured one. This

hypothetical thickness is twice larger than tipper tolerance limit given by the supplier and
therefore seems unlikely. However, the thickness hasasrimeasured. The second possibility

is a variatbn in the radius of thehannel. By keeping the thickness range between 1.5 and 2.5

pum, aradiusof9OnN€m, i . e. a reduction of 74% of the <ch
theoretical conductance towards the experimental data. Such a reductiobecexjdained by

an unfortunate clogging of the channel. Although unlikely, this clogging is not sip@snd

has been observed on other channels as shown in ségtion

onduct

Figure 15 presents the conductanéar the two tapered membranes M17 and M22. Three
conductancesextracted from thecurrentpotential curves are shown: Thdifferential
conductance around 0 V and theerage differential conductanbetween {) 0.25 V and <)

0.5 V. The measured conductance is compared to the theoosiefar a tapered channel, as

well as for straipt channels corresponding to the respective base and tip radii at a surface
charge derity 0 = 30 mC/n3. The latter has beegiven froma visual fitwherethe theoretical
model saturateat low concentratioato the surfaceonductance.
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Figure 15 Membrane M17 and M2Zonductance extracted from the IV curvessuoead. The shad
areas depicted the conductance modelifer30 mC/m for the corresponding radii of M22 and NV
and a membrane thickness between 1.5 ande5The red and black markers are the ave
conductance for respectively V>0 and V<0. Tihee markers are the conductance around 0V.

At the highest encentrations, above £M, the two membranes follow the expected bulk
regime, expressed lg linearslopein the log scaleHowever, both of them do not have the
expected conductance for gpésed channel (grey shaded area) but rather match with the
conductance model for a straight channath the radius equal to that of the {igreen shaded
area) For both membranes, it appears that the cotaghiee at low concentrations, approx. < 10

3 M, is mainly determined by the surface conductaasexpected byhe model This can be
seen by the slapvariation towards a saturationhe membrane M22 seems to follow the
surface conductance of the tip radaisaight channel for a surface charge denisityne order

of 30 mC/n?. The second membrane M17 saturatea htgher conductance in the surface
regime and thereforeould indicate a higher surface charge density present within the
membranesQOverall, the conductance of the tapered channels appeéass ltmited by the
smallest geometryi.e. the tip opening, agmst the expect conductance of a tapered channel
lying in between the respective conductance of the tip and base radii straight channels.

For both membraneghe conductance at negative bias (in red) is sirdl#ivat found at OV for
concentrations beiv 0.6 mM and abov@5 -10° M, while at positive bias the conductance
deviates from that at OV and negative bias for concentration below D023V. Thedeviation
betveen the conductance for the negative bias anglabidve bias is more pronounced between
1-10° M and 4103 M where the transition from surface to bulk conductance octitissthe
first indication of different conductivities at positive and negative biasiGCR
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4.4.lonic Current Rectification in single asymmetric channels

The ICRIis quantitatively depited inFigurel6 where each tapered channel is compared to the

two reference channe(geft y-axes) and the selectivity moddlight y-axe3. As previously

mentioned, the two straight channels M17 and M24 are expected to present only a pure ohmic
behaviour ad theefore are expected to show an ICR = 1, independently of the electrolyte
concentration. Above -60% M, the membrane M19, depicted in green, show ICR values
slightly above 1 with a maximum around 1.2 &t08 M. At the lowest concentrations, the ICR
values below 1 are explained by the dimear behaviour due to the leakage current influence.
The second straight membrane M22 shows ICR values below 1, which indeed illustrates the
slightly rectifying behaviouforementioned.However, for both straighthannels, these ICR
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Figure 16: lonic Current Rectification for M17 (left) and M22 (right) versus concentration. Thi

measured for the references channels is depictdduim and green. Theelectivity differencé G ¢

<

from the model is depicted by the black dash line for the correspondemmeties of M17 and Mz
with & = 30 mCh¥ onthe right y axis.

The first pered channel M1Figurel6, left) shows ICR values followinthe bell shape trend
expected from the selectivity modelespitea few outlying pointsThe ICR is clos to one at
the lowest concentration and rises with increasing concentration. It reaches its maxingym valu

ICR = 2.9, at 2.80°M and decreases again with the concentration to ICR = 1LA@&t M.

The experimental values are compared to the selectivitgelnérom reference[6] and
introduced in sectioB.2 where it is important to note theglectivitymodel gives the difference

in selectivity between the tip abadse ( U S &nt theefore can only be compared qualitatively

a n =39 mG&/n.rThisa c e
value has been extracted from the conductance versus concentrations plot as explained in the
previous section. The concenteat at which the ICR reaches itsaximum is higher than the
expected onérom the selectivity model, 1.503 M and~0.510° M respectively. It suggests

a higher surface charge density than 30 nfQfside the pore. Considering the same channel
geometry, a surta charge density of 150 mC/mould be necessary for the model to match

the maximum ICR concentration. This valdoes not mah the conductance at which the
channel saturates #te lowest concentrations (s€gure 15). Furthermore, the selectivity

to the meaured ICRfo r
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model has been calculated for a constant surface charge density, which is not necessary the case
as was showm sectiord.1

The secondapered channel M22 also shows ICR ratio values followibell shapdrend At
the lowest concentration #0v, the ratio is~ land already rises to 2 at the ne&hcentration
3.10* M, against around DM for M17 to reach the same valu€he ICR ratio keeps rising
with the concentration up to 1:%50* M, where it reaches its maximum of 2Jhe ratio then
decreases with the concentrataom reaches dgainat the highest concentrati at 10* M. The
membrane is also compared to the selectivity model for the correspartdingelgeometry
with a surface charge density of 30 m&/mlere again theconcentratios at which the
selectivity model and the measur€zR ratioreach their respectivmaximumdo not match
with respectively~0.610°M and 1.510° mM. A theoreticalsurface charge density of Q0
mC/n¥ in the selectivitywould be necessary to match withe measured ICR bell. Agaithis
valuedoes not matcthe conductance behaviour of the channel K&2Figurel5).

Considering such differencei$ shouldbe noted thathe surface conductance dominates over

that of the bulk at low concentratiomsthe conductance models explainedhe sectiord.1,

the surface charge densisyexpected to increasvith theconcentration anatherethe surface

charge density extracted frometttonductancenodel can aly be deterrmed at the low
concentrations where the saturation oc¢gis103 M). Even with an increasg surface charge

densty at higherconcentrationsthe values that the selectivity modabuld require to match

its maxi mumés concentration wi thbh sutfabeechatg€E R b el
density within the pore has not been measateall concentratiohandeffects of the focused

ion beamon the Si surface chargethrough . roughening or the use of Ga atoms, are
unknown. Furthermore, the selectivity model has been developed on the assungsiowlyf
varying geometry, 1 .e. a high aspéeechannelat i o L
diameter. In our casghis assumption could not befilled as the thickness dimension is close

to that of the channel openings.

4.5.Conductance in asymmetric micrechannels array

Figure17: Membrane 23. 5 by 5 tapered channels array with a pitdiam.
The base radius is approximatively20 nm and the tip radius 335 nm.
array has been made on two separated runsstRhe central channel a
secondly the 24 other channels.

AMOLF 23 March 2021













































