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Egy nanofluidikai tranzisztor modellezése: az ionaram vezérlése a
nanoporus falan 1évo toltésmintazat valtoztatasaval

Modeling of a nanofluidic transistor: controling the ionic current with the charge pattern
on the nanopore«s wall
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Osszefoglalo

A nanofluidikai és a mikrofluidikai eszkdzok kozotti alapvetd eltérés az, hogy a nanofluidikai eszk6zok esetében
az elektrolitra jellemz6 Debye-féle arnyékolasi hossz 6sszemérhetd a porus sugardval. Ezért ezek a nanofluidikai
eszkodzok jol alkalmazhatdak szenzorokként, diédakként, tranzisztorokként vagy éppen kapcsolékként, amelyek
mar nanofluidikai &ramkd&rékbe is integralhatéak. Egy ilyen tranzisztornal a nanop6ruson atfolyé aramot a pérus
falara felvitt toltések altal létrehozott elektromos térrel lehet szabalyozni. Ezt az elektromos teret tobbféleképpen
hozhatjuk létre, példaul rogzitett toltésekkel a pdrus falan, amelyeket késébb a pH valtoztatasaval
kontrollalhatunk, vagy éppen elektrodokon létrehozott polarizalt toltésekkel. igy tobbféle nanofluidikai
tranzisztort killdnbdztethetiink meg aszerint, hogy milyen toltésekkel hoztuk létre az elektromos teret.

Munkénk soran két killénbozé elméleti modszerrel vizsgaltuk a nanoporusboél 1étrehozhaté tranziszort: egy
szamitogepes szimulacidval (a Lokalis Egyensulyi Monte Carlo (LEMC) modszerrel) és egy atlagtér elmélettel
(a Poisson-Nernst-Planck elmélettel). A két médszer a koncentracioprofil és az elektrokémiai potencialprofil
kozotti kapcesolatot kiilonbdzden teremti meg, viszont a nanoporuson atfolyd ionaramot mar mindkét modszer a
Nernst-Planck egyenlettel szaimolja. igy az NP+LEMC modszer lehetévé teszi az ionkorrelaciok szamitasat, mig
a PNP gyorsasaga miatt nagyobb méretii rendszerek vizsgalatat is lehetové teszi. A két modszer egylittes
alkalmazasa lehet6vé teszi azok elonyeinek szinergikus kihasznalasat.

Summary

The basic difference between naofluidic and microfluidic devices is that in the case of nanofluidic devices the
Debye-screening lenght is in the same range as the radius of the pore. Therefore, these devices can be used as
sensors, diodes, transistors and switches which can be integrated in nanofluidic circuits. By transistor we mean
that the current flowing through the nanopore can be regulated by controlling the electric field inside the pore.
This electric field is produced by fixed surface charges on the wall of the nanopore and can be regulated by
different chemical methods (pH, for example) or it can be polarization charges such as those induced on
electrodes. Thus, nanofluidic transistors can be distinguished on the basis of the nature of charges by the kind of
the electric field inside the pore is adjusted.

In this work, we present a modeling study of a nanopore-based transistor using a computer simulation method
(Local Equilibrium Monte Carlo (LEMC) method) and a continuum theory (Poisson-Nernst-Planck (PNP)
theory). Both methods give a solution to obtain a relation between the concetration profile and the
electrochemical potential profile. After this, the current is calculated by the Nernst-Planck (NP) equation in both
cases. With the NP+LEMC method it is possible to study the ionic correlations, while the PNP theory can be
used for systems with larger sizes because of its fastness. Using both methods together in a multiscale modelling
technique makes it possible to harvest their advantages in a synergistic way.

56



Modeling of a nanofluidic transistor:
controling the ionic current with the charge pattern on the nanopore’s wall

Eszter Madai', Barttomiej Matejczyk?, Ménika Valiské!, Andrés Dallos!, Dezsé Boda'»?

I Department of Physical Chemistry, University of Pannonia, P. O. Box 158, H-8201 Veszprém, Hungary
2Department of Mathematics, University of Warwick, CV4 7AL Coventry, United Kingdom
3Institute of Advanced Studies K8szeg (IASK), Chernel u. 14, H-9730 Készeg, Hungary

Introduction

In nanofluidic transistors the current flowing through
the nanopore is regulated by controling the electric
field inside the pore. This electric field is produced by
fixed charges on the nanopore’s wall. There are three
regions inside the nanopore due to its charge: two re-
gions on the sides of the nanopore determine the main
charge carrier ion while the task of the central region
is to regulate the flow of ions with its adjustable sur-
face charge. We present a modeling study to analyze
the device behaviour to the various model parameters:
surface charge density, lenght of the central region, di-
mensions of the nanopore and the concentration of the
electrolyte.

In this work we present two different methods with different
resolutions but the common part is the Nernst-Planck
equation.

lonic flux is computed:

—kTji(r) = Di(r)ci(r)Vui(r)
Jji is the flux density of ionic species, k is the Boltzmann's
constant, T is temperature, ¢;(r) is the concetration profile,
wi(r) is the electrochemical potential profile.

NP + LEMC method

The relation between c¢;(r) and p;(r) is established with
Local Equilibrium Monte Carlo (LEMC) simulation.

LEMC
piln] —— ¢i[n] = piln + 1]

The whole system is solved in an iterative way until the
conservation of mass is satisfied.

Poisson-Nernst-Planck theory
The correlation between c;(r) and p;(r) is established thro-
ugh solving the Poisson equation presuming a Boltzmann-
distribution.
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Schematics of the cylindrical nanopore that has three
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1. Experimentally the surface charges are provided by
protonated and deprotonated chemical groups,
thus pH is a tool to tune the electric field. In
this work, effect of the surface charge can cor-
respond to the effect of the pH and potential.
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2. In our case, small dimensions and large surface
charge allow local effects in addition to long-
range effects of applied field, which is an advan-
tage of nanodevices over microdevices.

Conclusion
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o Value of o, defines the main charge carrier
ion and the value of o, tunes the depletion

zones for it

e The current is controlled by the depth of the
depletion zone of the charge-carrying ion in
the region whose charge densitry is controlled

e The device function (Iopen/Iclosed) shows the

usefulness of the transistor as a switch
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e Both currents in open and
closed state increase with the
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