
Vol.:(0123456789)1 3

Microfluidics and Nanofluidics (2021) 25:51 
https://doi.org/10.1007/s10404-021-02450-x

RESEARCH PAPER

Focused ion beam milling based formation of nanochannels 
in silicon‑glass microfluidic chips for the study of ion transport

Denis Lebedev1,2,3  · Grigory Malyshev4 · Ilya Ryzhkov5 · Alexey Mozharov1 · Konstantin Shugurov1 · 
Vladislav Sharov1,6 · Maxim Panov2 · Ilya Tumkin2 · Polina Afonicheva3 · Anatoly Evstrapov3 · Anton Bukatin1,3 · 
Ivan Mukhin1,4

Received: 24 March 2021 / Accepted: 8 May 2021 / Published online: 31 May 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Nowadays nanofluidic devices have a great potential in biosensing and DNA sequencing applications. This work is aimed at 
development of the technique for fabrication of arrays of nanochannels in silicon-glass chips by focused ion beam milling. 
The use of lithography with charged particles (electrons and ions) paves the way for the fabrication of micro- and nanochan-
nels and pores as well as functional nanostructures of a more complex shape in nanofluidic devices. In this study, a technique 
for fabrication of microfluidic chips with a system of nanochannels connecting two independent volumes (2 half cells) was 
developed. It was shown experimentally that the focused ion beam etching time has an influence on both the width of the 
created nanochannels and their depth. We suggested using anodic bonding of a silicon wafer with the net of micro- and 
nanochannels with a glass plate for encapsulation of such devices that provide their long lifetime of microfluidic devices. To 
determine the functionality of the produced devices we studied the ionic conductivity of the produced nanochannels experi-
mentally and using a theoretical approach. Analyzing the results, we determined the effective diameter of the nanochannels 
and the surface charge density inside the channel which were 20 nm and 1.5 mC/m2 , respectively. The proposed technique 
allows to create ensembles of channels with a predefined width and depth. Such systems can find wide application in studies 
of the transport phenomena of both ions and various molecules in nanofluidic devices.

Keywords Nanochannels · Nanopores · Focused ion beam · Lithography · Ion transport · Microfluidic device · Nanofluidic 
device

1 Introduction

Recently, researchers have had the opportunity to study vari-
ous processes at the micro- and nanoscale due to the techno-
logical development of micro- and nanodevice fabrication 
techniques (Ramsden 2016). The rapid development of these 
technologies gives the opportunity to integrate nano-sized 
elements such as nanopores, nanochannels or nanoslits into 
microfluidic devices and turn them into nanofluidic devices 
(Evstrapov et al. 2012; Mukhin et al. 2015). This incorpora-
tion allows to study biophysical and biochemical processes 
at a qualitatively new level and have various applications, 
including DNA analysis and sequencing (Wang et al. yyy; 
Kurita and Niwa 2016), amplification and concentration 
techniques (Zhang et al. 2019; Ouyang and Han 2019), 
protein studies (Medina-Sánchez et al. 2016), electropho-
resis (Ou et al. 2020), development of chemical and bio-
chemical sensors (Le et al. 2020; Hou et al. 2013; de la 
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Escosura-Muñiz and Merkoçi 2012) and etc. One of the key 
points of using nanopores and nanochannels as an analytical 
tool is the understanding of molecular and ionic transport 
in the nanostructures. These studies are important from the 
fundamental point of view, as well as for specific practi-
cal applications in the field of biomedicine (Ouyang and 
Han 2019; Shi et al. 2018) and genetic engineering (Noakes 
et al. 2019). Moreover, such microfluidic systems containing 
nanopores and nanochannels are of great interest (Zhu et al. 
2019) for selective transport and separation of ions and mol-
ecules (Wang et al. 2018; Xu et al. 2018) and electrochemi-
cal energy conversion (Hao et al. 2020). It is very promising 
to create nanofluidic devices, which principle is based on the 
effect of ionic concentration polarization. Such systems find 
many applications both in the field of biomedicine and and 
component separation (Han and Chen 2019, 2020a, b, c).

Bioengineering technologies are one of the most prom-
ising applications of microfluidic devices, particularly in 
terms of fabrication of artificial (biomimetic) analogs of liv-
ing nanofluidic systems (Kowalczyk et al. 2011). In living 
systems all electrical signals are carried by ions (anions and 
cations), compared to microelectronics, where electrons and 
holes are charge carriers. Biological nanochannels, such as 
ion channels, water channels and glucose transporters, can 
efficiently regulate the transport of ions/molecules across 
the cell membrane due to their geometric shape and pro-
tein composition of the surface (Payandeh et al. 2012; Favre 
et al. 1996). Thus, the fabrication of the artificial analogs of 
biological micro- and nanochannels and molecular pumps 
in cell membranes allows to effectively study the transport 
mechanisms in such systems, which is confirmed by the 
recent papers (Tagliazucchi and Szleifer 2015; Guan and 
Reed 2012). Moreover, the influence of the electromagnetic 
field and electric charges on the selectivity of such mem-
branes and nanochannels separating electrolyte solutions 
with different concentrations is actively studied (Sparre-
boom et al. 2009; Picallo et al. 2013; Siria et al. 2013).

Various approaches can be implemented for the fabrica-
tion of artificial nanochannels in microfluidic devices (Xia 
et al. 2012; Chen and Zhang 2018). Among them, there 
are optical methods such as conventional photolithogra-
phy (Mokkapati et al. 2011) and interference lithography 
(O’Brien et al. 2003) are very widespread. However, due 
to the optical nature of the fabrication processes, it is quite 
difficult to obtain nanochannels with sizes less than 50 nm, 
which is mainly limited by the wavelength of the UV source 
used. Other methods for nanochannel fabrication are based 
on nanotechnological processes, e.x. nanoimprinting (Guo 
2007; Wu et al. 2012) or thin film deposition (Nam et al. 
2010; Zhou 2011). Despite the complexity of the experi-
mental procedures and high requirements for materials 
and qualification of the researches, these methods give the 
possibility to create nanochannels from different materials 

with a given geometry. There are also bottom-up methods 
that allow to use the physical properties of bulk materials to 
grow nanochannels. Usually these methods suggest creating 
nanochannels in polymer (Mills et al. 2010). Another class 
of nanochannels is track etched nanochannels in polymer 
films, they have been used intensively to study ion, molecule 
and nanoparticle transport (Ma et al. 2020), and have been 
used in various applications including biosensors (Ma et al. 
2019a) and energy conversion (Ma et al. 2019b).

One of the most promising techniques for obtaining single 
nanochannels is the use of high-energy beams of charged 
particles (electrons or ions) (Chen 2015; Xu and Matsumoto 
2015). Using this approach (especially focused ion beam 
(FIB) milling) it is possible to obtain channels of various 
geometries with a resolution of up to several nanometers 
(Menard and Ramsey 2011). However, for all of the dis-
cussed methods there is a problem of encapsulating the 
nanochannels after their fabrication. Conventionally, the 
encapsulation is performed by coating a pre-treated surface 
with a polymer (e.g., polydimethylsiloxane, PDMS) or by 
welding a solid substrate to a cover plate at high tempera-
tures (McDonald and Whitesides 2002; Peng and Li 2016). 
However, these methods have disadvantages such as the 
short lifetime of the nanofluidic device in case of polymers 
or deformation of the channels during welding. The most 
detailed analysis of modern methods for fabricating nano-
channels can be found in (Chen and Zhang 2018).

In this work, we demonstrate a comprehensive study of 
microfluidic chips with nanochannels, fabricated with the 
use of both photolithography and FIB milling, as well as 
the anodic bonding. Additionally, we investigated the ionic 
conductivity of the fabricated devices, which was supported 
by a one-dimensional theoretical model. Our results show 
that a combination of FIB milling and anodic bonding tech-
niques allows to fabricate microfluidic chips with a service 
life extending several months. Such microfluidic devices 
provide reproducible ionic conductivity measurements that 
fit to the developed theoretical model.

The use of FIB milling opens up the wide opportuni-
ties for the creation of micro- and nanochannels and pores 
as well as functional nanostructures with a more complex 
shape. This approach paves the way to produce channels, 
where the electrical conductivity properties can be con-
trolled. This is important for lab-on-a-chip systems with 
extended functionality and fields of application.

2  Result

2.1  Device fabrication

The fabrication of a microfluidic chip with a system of 
nanochannels requires a multi-stage complex approach. 



Microfluidics and Nanofluidics (2021) 25:51 

1 3

Page 3 of 10 51

At the first stage, it is necessary to determine the geomet-
ric parameters and shape of the device. To eliminate the 
effects of the concentration polarization of the working 
solution, its flows near the inlet and the outlet of the nano-
channels should be provided. To meet this requirement, the 
X-shaped geometry of the channels was proposed. Two 
microchannels representing the two halves of the conven-
tional letter X (the left and the right parts) were separated 
by a bridge of 10–15 � m width, where an array of nano-
channels was subsequently formed. Each microchannel 
had an inlet and an outlet providing a two-way working 
solution flow in the system.

The fabrication steps of the developed microfluidic 
device are shown in Fig. 1. At the first step, the surface of 
a silicon wafer was oxidized to a depth of about 250 nm 
to have chemically and biologically inert material with 
the well-studied surface properties in different aqueous 
solutions. The oxidation process was performed at a tem-
perature of 1100 ◦ C alternately in a flow of dry oxygen 
and a mixture of oxygen and water vapor. After that opti-
cal lithography and plasma etching were used to fabricate 
X-shaped microchannels. The depth of these channels was 
10 � m. In the bridge between the microchannels the set of 
about 20 nanochannels was made by FIB milling using a 

CrossBeam Neon40 (Carl Zeiss) crossed electron and ion 
beam system.

The obtained micro- and nanochannels were visualized 
and characterized by means of scanning electron microscopy 
(SEM) (Fig. 2). The SEM images show that the edge of the 
bridge between two microchannels didn’t have a sharp step, 
but rather had a relatively gentle slope (showed Fig. 2b). 
Figure 2c, d show typical SEM images of the nanochannels 
that were formed in the bridge to connect the microchan-
nels. Note, that due to the features of the plasma etching 
regime the angle of the sidewalls of the microchannels was 
not 90 degree. Therefore, the SEM images can provide the 
information only about the width of the nanochannels. Due 
to non verticality of the sidewalls of the bridge it’s hard to 
determine their depth due to the relatively low resolution in 
the direction of the out of plane of scanning. Thus, we used 
atomic force microscopy (AFM) with a sharp silicon probe 
(HA-FM, NT-MDT SI Ltd.) for correct estimation of the 
depth of the nanochannels.

The FIB etching of the nanochannels was carried out 
across a single line with 1 pixel width and 15 � m length, 
exceeding the width of the bridge. To investigate how the 
FIB etching time influences the channels dimensions, this 
time varied from 2 to 60 s. If the etching time was less than 2 
s, the channels’ depth was nonuniform and not reproducible. 

Fig. 1  The fabrication steps of a microfluidic device with nanochannels



 Microfluidics and Nanofluidics (2021) 25:51

1 3

51 Page 4 of 10

In each device, we made at least 10 channels and the error 
in their dimensions was no more than 20% Fig. 3 shows the 
dependence of the nanochannels width on the FIB milling 
time. The cross-sections of the channels, demonstrated on 
the inserts on Fig. 3, obtained with the FIB milling time of 6 
s and 30 s indicated that the nanochannels are wedge-shaped. 
For the etching times less than 10 s the width of the chan-
nels did not change significantly, when the channel width 
increased with close to the linear dependence. Additionally, 
Fig. 3 represents the dependence of the nanochannel depth, 
obtained by AFM, on the FIB milling time. One can see 
that it is close to linear for the times less than 20 s and then 

saturates. This can be associated with the phenomenon of 
material redeposition during the FIB etching. According to 
this data to make the arrays of the nanochannels in micro-
fluidic devices the etching time was chosen to 10 s. This 
time provided the minimal width and sufficient depth of the 
nanochannels for further ion transport properties studies.

After the characterization of the obtained system of 
micro- and nanochannels the silicon substrate should be 
sealed with a glass or polymer film to form a microfluidic 
device. This is a very important technological step deter-
mining the quality of the following ion transport measure-
ments and the lifetime of the device. One of the simplest 
encapsulation methods is based on the use of a polymer film 
(PDMS, SU-8 etc.) as a cover layer (Yazda et al. 2017; van 
Kan et al. 2012). At the first stage, we also tried to seal the 
chips using PDMS (Evstrapov et al. 2012). For this purpose, 
the surface of the chip and a PDMS film were pretreated in 
oxygen plasma and brought into contact with each other to 
form covalent bonding. However, such types of microfluidic 
chips have a number of fundamental disadvantages. Firstly, 
this encapsulation method is very pressure sensitive, which 
leads to necessity to work with very low flow rates of work-
ing solutions. And secondly, due to the porous nature of 
polymers, the lifetime of these chips is limited due to the 
presence of leakage currents (Yazda et al. 2017).

To overcome these limitations, in this work we used 
anodic bonding for sealing the microfluidic devices with 
a glass plate. It is a well-established approach for creating 
reliable electrostatic sealing between the surface of silicon 
(silicon oxide) and a cover glass plate (Kanda et al. 1990; Li 
and Wang 2004). We used a 450 � m thick borosilicate glass 
as a cover plate, which roughness was about 5 nm. The six 

Fig. 2  a Microfluidic chip circuit, b–d images of the microfluidic channels obtained with a scanning electron microscope (SEM, isometric 
views), e photo of a general view of a microfluidic chip

Fig. 3  AFM study of the nanochannel geometry from the FIB etching 
time. The width of the channels was measured at half of the depth. 
The bars show the standard error. The lines are guided by eyes. The 
insets show AFM profiles of a single nanochannel obtained at 6 s and 
30 s milling time



Microfluidics and Nanofluidics (2021) 25:51 

1 3

Page 5 of 10 51

round holes with a diameter of 2 mm were made in the plate 
by the electrochemical discharge machining (Arab et al. 
2019) to form the inlets and the outlets for the working solu-
tion, as well as for electrodes insertion into the working area 
(see Fig. 1). Before the anodic bonding, the glass surface 
was consistently cleaned in toluene, acetone and chromium 
anhydride and then dried in an oven. The surface of a silicon 
chip was treated in toluene and acetone to remove organic 
contamination. A homemade machine was used for bonding 
with the following parameters: the current—(140–190) � A, 
the applied voltage—(800–950) V, the system temperature—
(390–410) ◦ C, the welding time—30 min. Finally, massive 
PDMS fittings were used to connect flexible tubings with 
working solution and external electrodes to the inlets and 
outlets of the chip (see Fig. 2e). The fittings were covalently 
bonded to the glass surface after pretreatment with oxygen 
plasma.

The obtained chips were monolithic microfluidic devices 
with embedded micro- and nanochannels. The main benefit 
of the described fabrication approach is the possibility to 
apply high pressures (up to several atmospheres) without 
device damage. The critical pressure for each specific chip 
was individual. However, we can assert that all devices were 
able to operate at pressure up to 2 atmospheres. Moreover, 
the devices can be reused after subsequent washing. One of 
our devices has been in operation for more than a year.

2.2  Investigation of the transport phenomena

To study the possibility of using the created nanochannel 
systems in various applications (for example, as biomimetic 
devices) we investigated their transport properties by meas-
uring ionic conductivity (Esfandiar et al. 2017). Comparison 
of the results with the theoretical model allowed us to evalu-
ate the final nanochannel dimensions after the bonding step. 
Using a two-channel syringe pump, an aqueous solution of 
potassium chloride of a given concentration was pumped 
into both microchannels of the device. After the solution 
injection into the chip, it was left to be impregnated with the 

solution for 10 h. During this time the channels had enough 
time to be soaked at both low and high concentrations of the 
solution. Then, freshly chlorinated silver-chloride electrodes 
were mounted into the chip and it was placed into a metal 
Faraday cage.

The ionic conductivity of the nanochannels was deter-
mined by measuring the voltammetric (I–V) dependencies 
in the potentiostatic mode. Figure 4a shows typical I–V 
curves acquired at 0.01 M concentration of KCl solution. 
It should be mentioned that at low electrolyte concentra-
tions (less than 0.01 M) a hysteresis on I–V curves can be 
obtained (see Fig. 4a). This phenomenon is associated with 
the capacitive component in the resistance of the nanochan-
nels, caused by the accumulation of the counter ions at their 
entrances during the rapid sweep of the applied potential 
(BardandL and Faulkner yyy). To eliminate this effect, it 
is necessary to increase the time of the measurements (see 
Fig. 4a). For all the measurements at different concentra-
tions of the solution, we set the time corresponding to the 
linear I–V curve. It should be noted that its linear character 
was preserved even at high bias voltages (–1 ... + 1V). To 
measure the whole range of concentrations it usually took 
us about a week. Between the measurements, the chip was 
kept filled with DI water in a sealed box at a humidity close 
to 99%. The studied microfluidic chips demonstrated good 
reproducibility of electrometric measurements. For example, 
we re-measured one of the chips after 3 months storage and 
the results changed only by 10% (see Fig. 4b).

2.3  Numerical simulations

To analyze obtained experimental results and calculate 
effective dimensions of the nanochannels we developed the 
theoretical model of ion transport through the nanochannels 
based on the Uniform potential model, which is derived from 
the Navier-Stokes, Nernst-Planck, and Poisson equations 
(Ryzhkov et al. 2018, 2019, 2020).

We consider a cylindrical nanochannel of radius Rp and 
length Lp , which separates two reservoirs L (left) and R 

Fig. 4  a Current–voltage curves 
obtained in a microfluidic 
device at different recording 
times. b current–voltage curves 
obtained on the same chip under 
the same conditions with a dif-
ference of 3 months
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(right) with aqueous solution of the same monovalent and 
symmetric (1:1) electrolyte of concentration C0 (Fig. 5). 
Consideration of the cylindrical geometry of the nanochan-
nel was used because this geometry significantly simplifies 
the process of modeling and calculations, while the model 
does not lose its physical meaning. The motion of ions is 
induced by the electric field, which is imposed by specify-
ing different potentials ΦL and ΦR in the reservoirs. It can 
be assumed without loss of generality that the potential in 
the left reservoir is zero. The reservoirs are maintained at 
equal constant pressures (PL = PR) , which are taken zero 
for simplicity. The nanochannel surface is charged, and the 
surface charge density is denoted by � . Further, it is assumed 
that the electric potential Φ , ion concentrations C± , and pres-
sure P are uniform in each cross-section of the pore, so they 
are functions of coordinate z directed along the pore. This 
assumption is valid when the pore radius is comparable or 
less than the Debye length (Mirkin and Amemiya 2015) 
determined by

where �0 is the dielectric constant, � is the relative dielectric 
permittivity, Rg is the universal gas constant, T  is the tem-
perature, and F is the Faraday constant.

The ionic conductivity G is the ratio of ionic current I to 
the applied potential difference U

Here U = ΦL − ΦR , so a positive voltage drop between left 
and right reservoirs induces positive current, i.e. positive 
charge is transported in the direction of electric field. The 
specific conductivity � (S/m) of a cylindrical nanochannel 
is defined by

Let us define the solvent volume flux (velocity) ua , the ion 
fluxes J± , the total ion flux J = J+ + J− , and the ionic charge 
flux I� = J+ − J− . The last is related to the ionic current by 

(1)� =

√

��0RgT

2C0F
2

G =
I

U

(2)� = G
Lp

�R2
p

the formula I = �R2
p
FI�. The dimensionless variables are 

introduced as follows

Here, D+ and D− are the diffusion coefficients of cation and 
anion, respectively. Let us express the specific conductivity 
via the dimensionless charge flux and potential difference 
using (2) and (3):

The dimensionless volume charge density equivalent to the 
surface charge density � is defined by

The latter is equal in magnitude and opposite in sign to the 
ionic volume charge density c = c+ − c− due to the electro-
neutrality condition

The equations of the Uniform potential model relate the vol-
ume flux, total ion flux, and ionic charge flux to the pressure, 
concentration, and potential gradients. For a nanochannel 
with the constant surface charge, they have the form Ref. 
Ryzhkov et al. (2019)

Here, c = c+ + c− is the total concentration of cations 
and anions; D = D−∕D+ is the ratio of ion diffusion coef-
ficients, and � = �D+(C0RgTRp

2)
−1 is the dimensionless 

parameter determined by the viscosity of the solution. Equa-
tions (7)–(9) can be solved with respect to the derivatives 
dp∕dz , dc∕dz , d�∕dz to obtain a system of three differential 
equations.

The conditions inside the nanochannel at the inlet from 
the left reservoir (at z = 0 ) and at the outlet to the right 
reservoir (at z = 1 ) are given by

(3)
Z = Lz, Φ =

RgT

F
�, C± = C0c±, P = C0RgTp,

ua =
D+

L
u, J =

D+C0

L
j, I� =

D+C0

L
i

(4)� =
D+C0F

2

RgT

i

�L − �R

(5)X =
2�

C0FR

(6)X = c− − c+

(7)u =
1

8�

[

−
dp

dz
+ X

d�

dz

]

(8)

j = cu +
1

2

[

−(D + 1)
dc

dz
+ (X(D + 1) + c(D − 1))

d�

dz

]

(9)

i = −Xu +
1

2

[

(D − 1)
dc

dz
− (c(D + 1) + X(D − 1))

d�

dz

]

Fig. 5  The model of a cylindrical nanochannel separating two reser-
voirs
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Here, �0 − �L and �1 − �R are the Donnan potential jumps 
at the nanochannel inlet and outlet, respectively. The corre-
sponding pressure and concentrations jumps are described 
by the first and second conditions in (10) and (11). Sub-
stituting the relations c±(0) = c0 exp(∓(�0 − �L)) and 
c±(1) = c0 exp(∓(�1 − �R)) into (6), we obtain the equations 
to determine the potentials �0 and �1

The problem is solved numerically as follows. First, the ini-
tial approximations for fluxes u, j, i are set. Then the poten-
tials �0 and �1 are determined from the equations (12) and 
boundary conditions (10) are set at z = 0 . Then differential 
equations (7)–(9) are integrated numerically using Runge-
Kutta-Merson method of 5th order from z = 0 to z = 1 . 
The values of fluxes u, j, i are corrected in order to satisfy 
boundary conditions (12), and used for integration of equa-
tions at the next iteration. The iterations are performed until 
the values of fluxes converge to some constant values with 
required accuracy. Finally, the specific conductivity is cal-
culated from (4).

It should be noted that if the pore radius is larger than 
the Debye length (1), the assumption of uniform potential 
and ion concentrations in the pore cross-section is no longer 
valid. However, the increase of pore radius decreases the 
effective volume charge (6), thus the pore size effects can 
still be described by the presented Uniform potential (UP) 
model.

The fitting of the measured experimental data to the 
theoretical model is performed by minimizing the sum of 
squared errors between theoretical and experimental data. 
For a one parameter fitting, the golden section method is 
used, while for multi-parameter fitting the Nelder–Mead 
method is employed (Nelder and Mead 1965).

3  Discussion

Figure  6 shows a typical experimental and theoretical 
dependencies of the ionic conductivity of the nanochannels 
on the concentration of KCl aqueous solution. The experi-
mental points are measured using a chip with 15 parallel 
channels. At low concentrations of the working solution, 
the electrical double layers overlap inside the channels, thus, 
with concentration increasing the conductivity changes only 
slightly. However, at high concentrations the size of the 
double layers decreases, and the overlap disappears thus the 

(10)p(0) = c(0) − 2c0, c(0) =

√

X2 + 4c2
0
, �(0) = �0

(11)p(1) = c(1) − 2c0, c(1) =

√

X2 + 4c2
0
, �(1) = �1

(12)X = 2c0 sinh
(

�0 − �L

)

, X = 2c0 sinh
(

�1 − �R

)

conductivity increases accordingly. Simulations of based on 
the experimental data showed that the conductivity values 
correspond to the channels with effective diameters of 20 
nm and the surface charge density of 1.5 mC/m2 . It should 
be noted that the calculated curve describes well the results 
at low concentrations; perhaps at high concentrations, it 
is necessary to take into account diffuse boundary layers. 
Moreover, we attribute the observed experimental effect 
of low conductivity at high concentration to the possible 
softening of the cover glass during anodic bonding and its 
subsequent flow into the nanochannels, which should reduce 
their effective dimensions. Additionally, during the bonding 
process electric charges could be introduced onto the surface 
of the channels, which can have strong influence on the ion 
currents.

4  Conclusions

We developed a technique for fabrication of silicon-glass 
microfluidic chips with a system of nanochannels connecting 
two independent volumes (2 half cells) using conventional 
optical lithography, plasma etching and FIB milling. To 
determine the regularities of FIB etching of nanochannels 
in silicon they were examined with SEM and AFM. It was 
experimentally revealed that the dependence of the FIB etch-
ing time on the width and the depth of the channels had com-
plex behavior, which could be explained by the processes 
of material redeposition. However, the developed approach 
allows to reproducibly make the nanochannels with defined 
parameters. The obtained microchips were encapsulated 
with glass plates using the anodic bonding technique. Such 
approach provided the possibility to expand the lifetime of 

Fig. 6  The dependence of ionic conductivity of the nanochannels on 
the concentration of the working solution, as well as the result of the 
mathematical modeling. The measurement accuracy was 10–15%
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the chips up to a year without significant changes of their 
characteristics. The ionic conductivity of the nanochannels 
was studied experimentally and using of the developed theo-
retical approach. Comparing the results we determined the 
effective diameter of the fabricated nanochannels and the 
surface charge density inside the channels to be 20 nm and 
1.5 mC/m2 , respectively.

The proposed technique provides the tool to fabricate 
ensembles of nanochannels with a variable width and depth 
via varying the FIB milling time. Such microfluidic devices 
can find wide application in studies of the transport of both 
ions and various molecules through nanochannels. Further 
research in the field of application of the microfluidic chips 
developed in this study can be associated with the produc-
tion of nanoporous DNA sequinators based on artificial 
pores, as well as with research in the field of controlled ion 
transport through the fabricated nanochannel. Additionally, 
metal contacts can be fabricated to the channel in order to 
implement an

ionic field-effect transistor, which is an advantage of the 
methodology proposed in the article.

5  Methods

In our work, we used a combination of optical and ion 
lithography methods to make microfluidic chips with 
nanochannels.

At the first stage of the technological process, thick inlet 
and outlet microchannels were made using conventional 
photolithography and plasma etching process. In brief, using 
direct laser writing lithography setup DWL 66 FS (Heidel-
berg instruments, Germany) the channels pattern was formed 
in an AZ MIR 701 photoresist layer applied by the spin coat-
ing to the surface of a silicon substrate with a low doping 
level. Exposed and developed photoresist was used as a mask 
for subsequent etching in CF4 plasma. The etching param-
eters were chosen as follows: flux 60 sccm, power 200 W. 
The time of the etching process was selected in such a way 
that the depth of the formed channels in a silicon was ∼ 10 
� m, which was monitored ex situ using an AmBios XP-1 
solid-state profilometer. After the etching process, the pho-
toresist layer was removed in a boiling ammonia-peroxide 
solution (1 NH4OH:1 H 2O2:3H2O).

To form a network of nanochannels and control the FIB 
milling processes, a CrossBeam Neon40 (Carl Zeiss) crossed 
electron and an ion beam system was used. We used gal-
lium ions at an accelerating voltage of 30 kV. An ion beam 
current of 10 pA was used for etching the network of nano-
channels. The etching was carried out along a segment with 
a length of more than 10 � and a width of 1 pixel. After the 
etching process the channels were visualized using an elec-
tron beam in the same system.

To study the transport of ions through the nanochan-
nels, we used the setup shown schematically in Fig. 7. A 
solution of potassium chloride in deionized MilliQ water 
was used as a working solution, the pH level in the solu-
tion in all experiments remained neutral ( ≈ 7). The solu-
tion was pumped into the microchannels of the chip using 
a two-channel syringe pump (Harvard Apparatus PHD 
2000). Silver wires coated with a layer of silver chloride 
were used as measuring electrodes. The electrodes were 
mounted to the microfluidic system using custom PDMS 
adapters. The electrodes were connected to a source-meter 
(Keithley 2636B), with which all the electrical measure-
ments were taken.

The chips were washed for reuse. The procedure for 
washing a microfluidic chip consists of several steps. 
In the first stage, the PDMS fittings are mechanically 
removed using a blade. Then the chip is immersed in a 
solution of chromic anhydride for a day to remove resi-
dues of PDMS and organic contaminants. Then the chip 
is washed repeatedly with isopropanol alcohol and deion-
ized water. After this procedure the chip is dried at T = 
110 ◦ C. We do believe that this treatment ensures that 
chips are completely flushed and ready for use, which is 
also confirmed by reproducibility of measuring the ionic 
conductivity of the channels.
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