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Electric field control and analyte transport in Si/SiO; fluidic nanochannels
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This article presents an analysis of the electric field distribution and current transport in fluidic
nanochannels fabricated by etching of a silicon chip. The channels were overcoated by a SiO,
layer. The analysis accounts for the current leaks across the SiO, layer into the channel walls.
Suitable voltage biasing of the Si substrate allows eliminating of the leaks or using them to modify
the potential distribution of the fluid. Shaping the potential in the fluid can be utilized for solute

focusing and separations in fluidic nanochannels.

Introduction

The transport of fluid, current and solutes in fluidic nanochan-
nels presents a significant fundamental and practical interest.'”
As the dimensions of the channels reach the range between
a few nanometres and a few hundreds of nanometres, they
become comparable to the size of the electric double layer that
usually forms at channel walls.'®! The double layer thickness
is a measure of the typical range of the electrostatic potential
that propagates from the wall into the liquid and depends on the
electrolyte concentration and valence.’* Thus for an aqueous
solution of symmetric 1 : 1 electrolyte, such as KCIl, with
concentrations varying between 0.01 and 10 M, the double
layer thickness would change from 3 to 300 nm. For asymmetric
2 : 1 electrolyte, such as MgCl,, and the same concentrations the
respective double layer thicknesses vary between 1.8 and 18 nm
while for symmetric 2 : 2, such as MgSQO,, the corresponding
range is 1.5 to 15 nm. Channels that are less than a few
nanometres in size require a description of the molecular
structure of the fluid.'**

The ionic and molecular transport in channels that are
comparable to the double layer thickness is strongly affected
by the electrostatic potential.’®!?* For example, electroosmotic
fluid flow distribution v,,(x) in such channels follows the shape
of the potential in the electric double layer P(x), i.e.
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& 1s the dielectric constant of free space, ¢ is the relative
dielectric permittivity of the solution, 7 is its viscosity, { is the
electrokinetic zeta potential and x is the transversal coordinate
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across the channel.® The quantity E denotes the externally
applied electric field. At the same time all dissolved ionic
species are distributed according to their charge: counterions
accumulate in the immediate vicinity of the charged channel
wall while the co-ions are repelled toward the center according
to the Boltzmann distribution’

z ey (x)
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¢(x) is the local concentration, ¢, is the concentration in the
reservoirs in fluidic contact with the channel, z, is the charge
number of the analyte and e is the electron charge. The
electrophoretic transport of the analyte is given by v,,c(x) where
{a is the electrokinetic zeta potential of the analyte'®!
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The strong double layer effects present in small channels
imply that manipulating the electrokinetic {-potential at the
channel wall is a convenient tool for transport control. The -
potential modulation can be achieved by applying a voltage bias
at the wall by means of an additional electrode. In this way
the device operates as a fluidic field effect transistor. This idea
was originally suggested by Ghowsi and Gale** and applied
for electroosmosis in micron-sized channels. It has only been
recently used to execute transport control and manipulation
in fluidic nanochannels.>* Alternatively, if one can manipulate
the electric field E along the channel it will also be possible to
manipulate the transport of the charged analytes (see eqn (1)
and (3)).

Nanochannels are often fabricated on silicon wafers utilizing
techniques developed in the microelectronic industry such as
high resolution lithography and anisotropic etching.”***! The
channels are then covered with SiO, to insulate the solution from
the silicon substrate. However, SiO, is not a perfect insulator®>*
and current may leak across into the underlying substrate (see
Fig. 1a). As the channel width approaches the nanometre range,
its resistance increases and may become comparable or even
exceed that of the oxide layer. Hence, for a wide range of
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Fig. 1 A sketch of a fluidic nanochannel in Si/SiO, substrate. Only half of the channel is depicted since the boundary is a line of symmetry
corresponding to the center of the channel. (a) Nonbiased Si substrate. (b) The Si substrate is biased by applying a collinear field to that in the
electrolyte. (c) The Si substrate is biased with an oppositely directed field. The dimensions are typical but may be controllably varied depending on the
fabrication protocol. (d) SEM micrograph of nanochannel cross-section. The nanochannels were approximately 450 nm tall and having an average
width of approximately 70 nm. This end of the channel array is in fluidic contact with the solution reservoir.

channel dimensions and oxide layer thicknesses, the current will
be predominantly transported across the SiO, layer into the Si
substrate. This fact leads to a nonlinear potential distribution,
or equivalently, a variable electric field along the fluidic channel.
The transport phenomena that occur in such a system will be
very different than those in a regular electrokinetic cell where
such current leaks are not present or are insignificant and the
field driving the transport is constant.

In this paper, we present numerical analysis of the transport
of current in a 2-dimensional fluidic slit fabricated in a Si/SiO,
substrate. We identify the parameters that govern the current
leaks across the SiO, layer and quantify their impact. It is also
demonstrated that the SiO, conductivity can be exploited to
controllably shape the electric field inside the fluidic nanochan-
nel thus providing an additional methodology for transport
control. Hence, our study is focused on manipulating the applied
electric field E through the current that leaks across the SiO,
into the Si substrate. This is a different approach from the one
that manipulates the channel wall potential.>***2¢ We have also
performed experiments to validate the theoretical model.

Theory

The system that we model is shown in Fig. 1. The electrolyte
solution, SiO, and Si are conductive. The SiO, layer is also
characterized by capacitance. The contribution of the electroos-
motic current is assumed to be negligible in comparison with
that due to ionic migration and leakage across the oxide layer.
This assumption is reasonable for channels that are much smaller
than the electric double layer where the ionic migration is more
significant.®* Then the whole system can be analyzed in the
framework of the Maxwell electrodynamics equations, which
account for both conductivity and transient capacitance effects®

V-(eg,E)=p,,E=-VV
4
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Eis theelectricfield, V is the electric potential distribution due
to the externally applied voltage, ¢ and ¢, are the relative dielectric
constant and the permittivity of free space respectively, p, is the
local charge density, J is the current, and o is the conductivity
that corresponds to each region. Then eqn (4) can be reduced to

d
V~$(££OVV)+V~(0'VV)—O )

V-(cVV)=0 (forstationary current)

Eqn (5) is numerically solved using the COMSOL 3.3
package (COMSOL, Inc.) An important consideration is that
the conductivity for SiO, is not a constant, but depends on
the local voltage.’>** We measured the conductivity of Si/SiO,
in contact with electrolyte solution as a function of the direct
current voltage applied to the silicon substrate as shown in
Fig. 2. The shape of the curve supports the notion that the
conductivity is a function of the applied voltage.**** These data
are interpolated and the result then introduced as the voltage
dependent conductivity o(¥V) in eqn (5). The latter is numerically
solved for all the domains depicted in Fig. 1 with the respective
boundary conditions shown therein. The boundary conditions
at the electrolyte/SiO, and SiO,/Si interfaces correspond to cur-
rent conservation. All the rest of the boundaries are considered
to be insulated except for the those that have the electrodes that
supply the external field. These boundaries are set at the voltage
and ground as shown in Fig. 1. The model does not account
for the fluid motion due to electroosmosis' as well as for the
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Fig. 2 Experimental current vs. voltage curve for electrolyte/SiO,/Si
system. The SiO, layer thickness is 100 nm. The voltages on the
horizontal axis refer to the electrode that is connected to the Si substrate.
The electrode in the fluid is ground.

electromigration and diffusion of charged species. An essential
feature of this system is that the external field £ may not be
constant along the channels due to the current leaks across the
Si0, layer. Therefore, field gradients might form which allows
the focus of analytes at specific locations.

We first analyze the current flow distribution as a function
of the channel length. This is important because it defines
the experimental limitations of these systems. Fig. 3 shows the
relative current transported along the electrolyte solution layer

and across the SiO, into the silicon. The electrodes are connected
only to the fluidic channel as shown in Fig. 1a. Short channels do
not exhibit any effects of current leaks across the SiO, layer (see
Fig. 3a). Increasing the channel length leads to greater resistance
of the fluid while the conductivity of the oxide layer does not
change. This is because the current across the oxide layer depends
on its thickness and morphology, which clearly does not change
with the channel length. For very long channels most of the
current leaks across the SiO, (see Fig. 3b). Hence for a 100 nm
thick SiO, layer with the conductivity depicted in Fig. 2, all of the
current is transported through the fluid if the channels are 20 um
or shorter (see Fig. 3a). Compared to the fluidic channel width
(100 nm), the length is still very significant and the aspect ratio
(Iength/width) is very large. On the other hand, if the channel
length is about 1 cm or more, there is no current carried along by
the fluid except very close to the channel inlet and outlet where
the current flows from or to the electrodes into the liquid (see
Fig. 3b). The dependence of the current leak on the total channel
length is shown in more detail in Fig. 3c. The current transported
by the fluid in the presence of leaks across the SiO, is normalized
by the current in a perfectly insulated channel. The ratio is then
plotted against the channel length. Fig. 3c suggests that the
current leaks become dominant for channel lengths ~1 mm.
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Fig. 3 Current density in nanofluidic channels in Si/SiO, substrate. The applied potential difference is 20 V. The lines correspond to the current
density in the midplanes of the fluidic channel and the Si substrate. The fluidic channel width is 100 nm, the SiO, thickness is also 100 nm and the Si
substrate is 500 um thick. (a) The channel length is 20 um; (b) the channel length is 1 cm; (c) plot of the ratio of the current in a leaky nanochannel
I, over the current in a non-leaky nanochannel 7y, versus the total length of the nanochannel.
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This critical length will vary with the relative conductivities of
the fluid and the SiO, layer. The critical channel lengths will
increase with the solution conductivity and will decrease with
the oxide layer conductivity. Hence, for channels longer than
1 mm the electric field within most of the channel interior will
be essentially zero (the rest of the dimensions are given in Fig. 1).
For longer channels the electric field within most of the channel
interior will be essentially zero. However, there will be very large
fields at the channel entrance and the exit. Therefore, there will
be no electrophoretic and electroosmotic effects in the channel
center. At the same time, the electroosmotic driving forces at the
channel ends, where the fields are substantial can result in fluid
pumping. This is because the overall electroosmotic flow along
a channel does not depend on the local potential distribution
(or electric field) but only on the potential difference between
the electrodes at the two ends.*® The fluid flow profile far from
the electrodes will have the typical pressure driven parabolic
shape. This fact can be exploited for separation of species based
on their charge. Charged molecules with the same polarity as
the wall will be repelled toward the center where they will move
faster, while uncharged ones will be uniformly distributed across
the channel and on the average will lag behind.® We have ignored
the contribution of the electroosmotic convection in comparison
with the ionic electromigration and leaks through the SiO, layer
since it is much smaller for very narrow channels.** This means
that it does not have a substantial effect on the field E in the
channel. However, we have to take into account the convection
of dissolved analytes. This is because it may be the only mode
of analyte transport, particularly in the regions where the field
E is low. Hence, the convective current does not have a strong
effect on the field distribution, since the latter is dominated by
current transport and leaks into the oxide. The convective fluxes
are dominant in cases where the field is very low (because of
current leaks—see Fig. 3b).

The current leak across the SiO, layer can be entirely
eliminated if the silicon substrate is subjected to the same
voltage drop as the electrolyte solution along the fluidic channel
(see Fig. 1b). In this case there is no voltage drop across the
SiO, layer and hence no driving force for current. Then the
potential drop in the liquid will be unperturbed and strictly
linear, which corresponds to a constant and uniform electric
field (see Fig. 4a). This situation will be analogous to that found
in capillary electrophoresis separations that are conducted at a
larger scale. In nanochannels, however, the strong electric double
layer overlap may lead to different possibilities for molecular
manipulation and separation.’

A very interesting case is when the liquid channel and the
Si substrate layer are subjected to voltage drops with opposite
polarity. Such a voltage arrangement leads to a complex shape
of the voltage distribution along the channel. This gives rise to
a range of opportunities for charged analyte manipulation like
focusing or displacement from certain regions of the channel.
In general, nonlinear electric fields can present very suitable
conditions for solute separations or focusing.***® An example
for such a non-uniform field is depicted in Fig. 4b where the
fluidic channel and the underlying Si substrate are subjected to
voltages as shown in Fig. lc. In this case the voltage distribution
in the solution is a function of that in the Si substrate across the
SiO, layer. More complex potential distributions in the substrate
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Fig. 4 Potential distribution in a fluidic channel. (a) Parallel Si
substrate biasing (see Fig. 1b). (b) Antiparallel Si substrate biasing (see
Fig. Ic) GND = ground.

(e.g., obtained by using multiple electrodes in contact with the
Si substrate) would allow for even more complicated shapes of
the potential distribution in the solution layer.

Experiment: focusing of a charged analyte

We have tested our theoretical model by performing an ex-
periment in a model nanochannel system. The measurements
were conducted in an array of 1000 identical channels that
run in parallel. This makes the observation of the dye in the
nanochannels easier and more reliable.® The nanochannel was
initially filled with 0.5 mg ml™ Alexa 488 dye (Invitrogen) in
Tris-Glycine buffer at pH 8.3. Alexa 488 has a —2 charge at this
pH. The voltages in the liquid are +5 V (left) and ground (right).
The Si substrate has the opposite voltage setting: ground (left)
and +5 V (right)—see Fig. 1c. At these settings the potential
in the fluidic channel would acquire a shape similar to the one
in Fig. 4b. The experimental results are presented in Fig. 5.
The charged molecules experience convective electroosmotic
transport from left to right as shown in the picture. Due to
conservation, the electroosmotic flow does not depend on the
local potential distribution but only on the voltages on both
ends of the channel (see ref. 9). The electrophoretic migration
of the charged species, on the other hand, is sensitive to the
local field. The negatively charged molecules will be subjected to
electrophoresis that depends on the local field strength (potential
slope). In the region with positive potential slope (in the middle
of the channel) the negative species will electrophoretically
migrate in the same direction as the electroosmotic flow. The
potential slope at the two ends of the channel, however, is
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Fig. 5 Increase of the concentration of charged dye Alexa 488 due
to a balance between the electroosmotic (EO) convective flux and the
electrophoretic (EP) migration.

negative and the molecules will migrate in the direction that
is opposite to the electroosmotic flow (i.e. right to left). There,
the two fluxes will balance leading to molecular focusing. Such
focusing is shown in Fig. 5. It represents the region in the vicinity
of the left reservoir in fluidic contact with the nanochannel.
The total length that is presented is ~1.8 mm. Note that the
electroosmotic flow is not necessary for the focusing of the
charged molecules. In absence of fluid motion (e.g. when the
channel walls have no charge) the molecules will focus exactly
at the extremum of the potential driven by electrophoresis.
The effect of electroosmosis is a slight displacement of the
concentration maximum from the electric potential extremum.

Conclusions

Electrokinetic effects dominate the transport in fluidic
nanochannels.”® Hence, the overall magnitude and shape de-
tails of the electrostatic potential distribution are extremely
important for the performance of a nanofluidic device. We
have demonstrated that nanochannels fabricated in Si and then
covered with SiO, are prone to current leaks from the fluid into
the Si substrate. The relative magnitude of the leaks depends
on the channels dimensions (length and cross-section), the SiO,
properties (thickness and morphology) and the magnitude of
the applied voltages. The current leaks could be undesired in
many cases because they deform the electric field along the
fluidic channel. An approach to completely eliminate this field
distortion by an appropriate (parallel) voltage bias applied to
the underlying Si substrate is suggested. We also demonstrate
that the current leakage effect and the SiO, capacitance can
be used to shape the potential distribution and electric field
along the channels in specific ways and then utilized for
solute manipulation such as preconcentration, focusing and
separations.
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