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The  integration  of  a microchannel  with  an ion-selective  nanochannel  exhibits  nonlinear  current–voltage
characteristics  owing  to  the  concentration  polarization  effects.  In  this  paper,  an efficient  computational
impedance  spectroscopic  technique  (CIS)  is  developed  using  an  area  averaged  multi-ion  transport  model
(AAM).  Using  this  technique,  we investigate  the ion  transport  dynamics  in  the  Ohmic  and  non-Ohmic
regions.  Under  no  external  DC  bias  and  in  the  Ohmic  regime,  we  observe  two  distinct  arcs.  The  low  fre-
quency  diffusional  arc characterizes  the  diffusion-transport  and  the  electrical  double  layer  (EDL)  charging
effects  at  the  interface  of  the  micro–nanochannel,  while  the  high  frequency  geometric  arc  characterizes
mpedance spectroscopy
rea-averaged model
oncentration polarization
verlimiting current

the  electric  migration  and  displacement  current  effects  inside  the  nanochannel  and  in  the  microchan-
nel.  Further,  we  observe  an anomalous  inductive  arc at  low  frequencies  (fL2

m/D  ≤ 1),  in  the overlimiting
regime.  This  arc  is  primarily  attributed  to  the  phase  effects  between  the  first  harmonic  contribution  of the
total  ionic  concentration  and  the electric  field  in  the induced  space  charge  region.  The microscopic  diffu-
sion  boundary  layer  (DBL)  lengths  observed  in the  microchannel  are also  efficiently  characterized  from

.  Equi
the  impedance  spectrum

. Introduction

Nanofluidic devices are being fabricated at a rapid rate in recent
ears [1], as they are attracting tremendous interest from diverse
elds including chemistry, physics, engineering and biological life
ciences [2–5]. This stems from the fact that a nanopore can be
sed for a variety of applications, including single molecule/particle
ensing [6,7], DNA sequencing [8–11], preconcentration of ana-
ytes using electric field focusing [12] and water desalination [13].
n all these applications, the nanochannel is typically integrated

ith a microchannel on either side and a potential difference is
pplied between the ends of the microchannel [12,14–16]. The
icrochannel influences the transport inside the ion-selective

anochannel under higher electric fields due to concentration
olarization effects [17–20]. The micro–nanochannel integrated
lectrochemical system (MNECS) displays current rectification
ehavior, resulting in three different regimes, namely, Ohmic,

nite differential limiting resistance and overlimiting regimes
21–23].

∗ Corresponding author. Tel.: +1 217 333 1180; fax: +1 217 244 4333.
E-mail addresses: aluru@illinois.edu, aluru@uiuc.edu (N.R. Aluru).
URL: http://www.illinois.edu/∼aluru (N.R. Aluru).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
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valent  circuit  models  are  designed  to interpret  the  impedance  response.
© 2013 Elsevier Ltd. All rights reserved.

Conductivity measurements obtained using DC voltammetry
are useful in providing evidence for the interfacial double layer
effects near the micro–nanochannel, and the electrostatic inter-
actions near the nanochannel surface. However, fundamental
knowledge regarding the phase sensitive capacitive and inductive
effects in these systems is inaccessible through DC measure-
ments. Impedance spectroscopy technique, which measures the
complex impedance response of the system as a function of
frequency [24] is currently being used to understand the dynam-
ics in ion-selective systems [4,25–30]. As different frequency
ranges can be selected, the phase sensitive information can
be experimentally measured. Though there has been some
recent experimental progress to understand the electrochemical
transport in nanopore geometry, there is inadequate theoret-
ical/computational development to understand the impedance
response of micro–nanochannel integrated systems. This is due
to the computational challenges encountered in modeling the
multi-domain and multi-phenomenon system. Hence an equiva-
lent circuit modeling approach is preferred to fit the experimental
observations. However, it is important to note that the same data
can be modeled using different equivalent circuits which may  not

depict the exact physical nature of the problem.

In this paper, we  develop an area-averaged multi-ion trans-
port model (AAM), considering the entire micro–nanochannel
system. A computational impedance spectroscopic technique (CIS)
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s developed to characterize the electrochemical properties of the
ystem. In this method, we apply a small amplitude periodic electric
otential disturbance (AC) over a wide range of frequency spectrum
long with a constant electric potential (DC). The technique is used
o study the ion-transport dynamics in the Ohmic and non-Ohmic
egimes. The model considers the effect of displacement current
long with the conduction current contribution due to diffusion
nd electric migration processes.

In the Ohmic region, we observe multiple arcs in the impedance
pectrum, which is attributed to the diffusion-transport near the
icro–nanochannel interface, and the transport effects inside the

anochannel. In the limiting resistance region (LRR), an additional
esistance–capacitance (RC) arc is observed. This is primarily due to
he space charges induced near the micro–nanochannel depletion
nterface. Further, an anomalous inductive arc is observed in the

verlimiting regime. The origin of this arc is discussed. Using the
mpedance spectra, we also highlight the important time scales at

hich negative and positive AC rectification effects are observed in
he system.

ig. 1. (a) A canonical hybrid micro–nanochannel integrated electrochemical system (MNE
ent  and depletion electroneutral diffusion boundary layer (DBL) under Ohmic regime. A

nterface is also shown. c0 refers to the bulk ionic concentration at the ends of the microc
imica Acta 105 (2013) 514– 523 515

2. Theory

2.1. Area-averaged multi-ion transport model (AAM)

In equilibrium and under the Ohmic regime, a typical
micro–nanochannel integrated system (see Fig. 1(a)) can be divided
into 5 different regions including the ion-selective nanochannel.
At both the interfaces of the micro–nanochannel, we observe a
thin electrical double layer (EDL) region. An electroneutral enrich-
ment and depletion diffusion boundary layers (DBL) are observed
adjacent to the EDL region. The DBL region extends until the ends
of the microchannel, where the concentration of the ionic solution
is the bulk ionic concentration (c0). The EDL and DBL regions
are formed outside the nanochannel owing to the concentration
polarization effects [18]. A schematic representation of all these

regions is shown in Fig. 1(a). Under the application of high electric
fields, the integrated system experiences nonlinear current char-
acteristics. Using a 2-D continuum based nonlinear ion-transport
model, the transition from the limiting resistance region to a

CS). The bold line displays the ionic concentration distribution indicating the enrich-
 thin quasi-equilibrium EDL developed on both sides near the micro–nanochannel
hannel. (b) Flow chart to characterize the electrochemical properties of MNECS.
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onstant conductivity overlimiting behavior was attributed to
he redistribution of the charges near the micro–nanochannel
epletion interface [17]. The fluidic nonlinearity was found to play

 minimal role during this transition. However, the 2-D model
ffers computational challenges to study the impedance response
f MNECS over a wide range of frequency spectrum. Hence, we
ropose a computationally efficient area averaged multi-ion trans-
ort model, considering the entire micro–nanochannel system. We
eglect the fluidic effects in the model due to the aforementioned
easons. A systematic reduction of the 2-D nonlinear model into a
imensionless area-averaged model and the necessary boundary
onditions are discussed in the supporting information.

From the governing equations, we obtain an important non-
imensional number,  ̌ = �D/Lm. It characterizes the effect of the
lectrolyte concentration in the system as the Debye length (�D =

�0�rRT/2F2z2c0) determines the thickness of the EDL. Lm is
ength of the microchannel. �0 is the permittivity of free space and
r is the relative permittivity of the medium. The constants F, R,
nd T represent Faraday’s constant, ideal gas constant and absolute
hermodynamic temperature, respectively. In this work, a symmet-
ic monovalent electrolyte (z+ = − z− = z) like KCl is considered and
e normalize the diffusion coefficient of each ionic species with the

haracteristic diffusion coefficient, D = 2 ×10−9 m2/s. New solvers
or the area-averaged transport model are developed and imple-

ented using the finite volume method in OpenFOAM (Open Field
peration and Manipulation) version 1.6 [31]. The model is vali-
ated with the 2-D model developed in our earlier work. The details
re presented in the supporting information.

.2. Computational impedance spectroscopy (CIS)

In order to study the ion transport dynamics in MNECS, the
pplied electric potential (�(t)) and the output current per unit
idth (I(t)) are expressed in complex form as;

(t) = �DC + �ACsin(ωt) = �DC + Re(�ACej(ωt+�V )) (1)

(t) = IDC + Re(IACej(ωt+�I )) (2)

here �DC and IDC are the DC component of the electric potential
nd current per unit width, respectively. �AC and IAC repre-
ent the amplitude of the perturbed AC electric potential and
urrent per unit width, respectively. ω is the applied angular
requency (ω = 2� f, f is the applied frequency) and Re is the
perator “real part of′′. �V(= 3�/2) is the fixed phase angle of
he applied harmonic electric potential, �I represents the phase
ngle of the perturbing electric current. We  would like to point
ut that the output current per unit width is calculated at the
nd of the source reservoir. It is then converted into frequency
omain using the fast Fourier transform (FFT) algorithm in Mat-

ab [32] to obtain the amplitude and phase information. The
etails of the algorithm are presented in the supporting infor-
ation. The complex electrochemical impedance is given by

(ω) = |Z0|ej�z = Re(Z) + jIm(Z). |Z0| = |�∗
AC |/|I∗AC | is the magnitude of

he normalized electrochemical impedance, considering the nor-
alized perturbed potential, �∗

AC = �ACFz/RT , and the normalized
erturbed current per unit width, I∗AC = IAC/FzDc0. �z = �V − �I is the

elative phase difference between the applied harmonic electric
otential and the perturbing current, and j = √−1 is the imagi-
ary unit. Knowing the magnitude and phase of the impedance,
e calculate the normalized real

(
Re(Z) = |Z0|cos�z

)
and the imag-

nary (Im(Z) = |Z0|sin�z) part of the impedance, respectively. A flow
hart to calculate the impedance response of MNECS is shown
n Fig. 1(b).
imica Acta 105 (2013) 514– 523

3. Simulation details

The simulated domain consists of a rectangular nanochannel
of length Ln = 5 �m and half height Hn = 15 nm connected to two
microchannels of length Lm = 6 �m and half height Hm = 500 nm,
on either side of the nanochannel (see Fig. 1(a)). The operat-
ing temperature is T = 300 K. The diffusivities of K+ and Cl− are
1.96 × 10−9 m2/s and 2.03 × 10−9 m2/s, respectively. We  assume
the dielectric constant of the aqueous solution to be, �r = 80 [33].
We neglect the changes in the surface chemistry at the walls of the
microchannel due to the ionic solution concentration. Hence, we
consider zero surface charge density on the microchannel walls,
�m = 0. This assumption is justified as the microchannel wall sur-
face has typically little/no influence on the ion-transport, near the
micro/nanochannel interface and within the nanochannel. This is
due to the fact that the height of the microchannel considered
is atleast two  orders of magnitude greater than the nanochannel
height. In this study, we primarily focus our attention on under-
standing the EDL effects at the interface, and hence, assume a
constant and a homogeneous surface charge density on the walls
of the nanochannel, �n = −1 mC/m2.

4. Results and discussion

4.1. Impedance characteristics under no DC bias

Fig. 2(a) shows the normalized impedance spectrum in the
form of a Nyquist plot (-Imaginary(Z) vs Real(Z)) under no
external DC bias. The applied frequency, f, increases from the
right to the left of the plot. In this case, we  consider a low
bulk ionic concentration, c0 = 0.1 mM (corresponding to a thick
EDL regime,  ̌ = 5.1334 × 10−3) and apply a small AC amplitude,
�ACFz/RT = 3.8683. A frequency range from 5 Hz to 5 MHz  is applied
to understand the phase sensitive electrochemical properties. The
spectrum reveals two distinct arcs. We  define the arc in the low
frequency regime as the diffusional arc. This is because this arc char-
acterizes the diffusion-transport outside the nanochannel. In the
diffusional arc, the Nyquist plot shows a linear behavior at its high
frequency edge near the point of coincidence of the two arcs. This
linear behavior is in accordance with the classical Warburg type
impedance for semi-infinite oscillating diffusion [24]. However, the
diffusional arc closes back on the real axis in an arc as the frequency
approaches zero. The finite diffusion lengths are attributed to the
breakdown of the Warburg impedance [34,35]. The characteristic
diffusional arc can be represented by the diffusion (–O–) circuit ele-
ment or also referred to as the open finite length diffusion circuit
element (ZD(ω)) [36],

ZD(ω) = RD
tanh[

√
(jω	D)]√

(jω	D)
, (3)

where RD depicts the interfacial resistance contributed by both
the EDLs and the resistance in the enrichment and depletion DBL
due to the concentration gradients. 	D = (L2

DBL)/D,  is the diffusional
relaxation time relating the length of the diffusion boundary layer
(LDBL) and the diffusion coefficient of the ions in this layer. It is
well known that the imaginary part of the impedance (with the
negative sign) for the diffusion O element reaches a maximum
when ω	D = 2.54 [37], i.e., at the characteristic frequency given
by fD = (2.54 D)/(2� L2

DBL). From our simulations, Fig. 2(a) shows
that this frequency (fD) is around 20 Hz. Substituting in the afore-
mentioned relation results in the estimation of the length of the

electroneutral diffusion boundary layer which is approximately
equal to the length of the microchannel. The result is consistent
as the system is almost electroneutral through out the microchan-
nel, when there is no external DC bias. We  also note that in the
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Fig. 2. (a) Impedance spectra (Nyquist plot) for a bulk ionic concentration
c0 = 0.1 mM,  corresponding to  ̌ = 5.1334 × 10−3, under no external DC bias. The
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ymbols) and without (open squares) the displacement current effects, near the
haracteristic frequency, fI . (b) Analytical impedance response of a microchannel
dashed line), nanochannel (solid line) and their combined response (dash dot-line).

iffusional arc, when the applied frequency is less than fD, we do
ot observe any contribution from the displacement current (as the
ate of change of electric displacement field is negligible at such
ow applied frequencies). Hence, there is no charging of the EDL at
hese frequencies and it can be assumed to be in equilibrium. How-
ver, for f > fD, the inset of Fig. 2(a) shows a higher −Im(Z) when
he displacement current is considered compared to the case with-
ut considering them. The higher −Im(Z) indicates the charging of
he EDL at frequencies beyond fD. Thus, the impedance response in
he EDL and DBL regions due to the combined diffusional and dis-
lacement current outside the nanochannel can be represented by
onsidering a diffusion O element in parallel with an EDL capacitor.

In Fig. 2(a) we define the second arc in the high frequency regime
s a geometric arc. We  observe a distorted hemicircle in this arc.
n order to understand this we consider the electromigration pro-
esses in both the microchannels and inside the nanochannel. Also,
nder no external DC bias, the system symmetry is still restored.
he solution resistance (Rm) (owing to the migration process)
nd the corresponding capacitance (Cm) (due to the displacement
urrent) in both the microchannels are the same. Hence, the char-
cteristic frequency can be estimated by considering the resistance

nd capacitance of a single microchannel. Here, we consider the
epletion microchannel for the analysis. Further, Rm and Cm are
oth parallel to each other as they are contributed by two different
urrents which are additive. Assuming a symmetric monovalent
imica Acta 105 (2013) 514– 523 517

electrolyte, with equal diffusivities (D+ = D− = D) and neglecting the
diffusional and displacement current, we obtain the current per
unit width (I) in the x−direction inside the microchannel

I = −2F2z2DHm

RT

d�̂

dx
(ĉ+ + ĉ−) (4)

Here  ̂ denotes the area averaged quantity considering the width of
the system to be unity. Under no external DC bias, neglecting the
EDL effects, local electroneutrality is maintained throughout the
microchannel, and is equal to the bulk ionic concentration (ĉ+ =
ĉ− = c0). Upon integrating Eq. (4) along the length of the source
microchannel and substituting the above condition, the solution
resistance of the microchannel is Rm = (RTLm)/(4F2z2DHmc0). The
corresponding capacitance of the microchannel is Cm = 2�0�rHm/Lm.
Using Rm and Cm, the characteristic frequency of the source
microchannel is fm = 1/(2�Rm Cm) = D/(2��2

D). Following the
above procedure, the current per unit width inside the nanochan-
nel is I = −[(2F2z2DHn)/(RT)](d�/dx)(ĉn+ + ĉn−). Here ĉn+ and ĉn−
are the counter-ion and co-ion concentrations inside the nanochan-
nel (averaged over the height of the nanochannel). The individual
ionic concentrations inside the nanochannel can be approxi-
mately calculated using the Donnan equilibrium theory [5] as
ĉn± = ±c̄/2 +

√
(c̄/22 + c2

0 · c̄ = ĉn+ − ĉn− = −�n/FzHn, is obtained
from the electroneutrality condition inside the nanochannel,
considering the nanochannel wall surface charge density effects.
Substituting the above expressions and integrating the current
per unit width along the length of the nanochannel, the resis-
tance of the nanochannel is given by Rn = (RTLn)/(2F2z2DHn(ĉn+ +
ĉn−)). Knowing the nanochannel capacitance Cn = 2�0�rHn/Ln, the
characteristic frequency of the nanochannel is fn = 1/2�Rn Cn =
(F2z2D(ĉn+ + ĉn−))/(2�RT�0�r). Rn and Cn are parallel to each other
owing to the similar arguments discussed for the microchanne

The impedance Z(ω) for a simple resistor (R) and capacitor (C)

in parallel is Z(ω) =
(

1/R + jωC
)−1

. Substituting the aforemen-
tioned expressions for Rm, Cm, Rn, Cn, we calculate the individual
impedance of the source microchannel (Zm) and nanochannel (Zn).
Fig. 2(b) shows the impedance response of the source microchan-
nel, nanochannel and the total response (Zm + Zn) in the form of a
normalized Nyquist plot. The total impedance response is obtained
by considering Zm and Zn in series with each other. We  observe that
the imaginary part of the nanochannel impedance (− Im(Z)|n) is
greater than the source microchannel (− Im(Z)|m). Also, fm, related
to the source microchannel, is smaller compared to the character-
istic frequency of the nanochannel (fn). As the frequency increases
beyond fm, −Im(Z)|m reduces, and when the applied frequency
approaches fn, the imaginary part of the microchannel impedance
is small. Hence, the sum −(Im(Z)|m + Im(Z)|n) is approximately
equal to −Im(Z)|n. Thus, the frequency related to the maximum
of imaginary part of nanochannel + microchannel impedance is
approximately closer to fn. While at low frequencies, close to fm, the
contribution of −Im(Z)|m in the sum is considerable that results in
a deviation from a perfect hemicircle. From the above analysis, we
also understand that when fn � fm, there would be two semicircles
related separately to the nanochannel and the microchannel. We
also observe another characteristic frequency “f

′′
I where the diffu-

sional and the geometric arc meet (see Fig. 2(a)). This frequency
approximately corresponds to the geometric mean of fD(∝ D/L2

DBL)
and fm(∝ D/�2

D), which reveals that fI is proportional to D/(�D LDBL).
When the applied frequency is between fD and fI, the charging of the
EDL is observed resulting in a higher −Im(Z) compared to the case
without considering the displacement current as shown in the inset

of Fig. 2(a). This reveals that the EDL capacitance is dominant at
frequencies of the order of fI. Further at frequencies greater than fI,
the capacitance of the nanochannel (Cn) and the microchannel (Cm)
dominate compared to the EDL capacitance. From the preceding
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Table 1
Effect of bulk ionic concentration on the impedance spectra corresponding to diffu-

sion  and nanochannel characteristic frequencies, 
 = ( Im(Z)
∣∣

fD
)/( Im(Z)

∣∣
fn

)

c0 (mM)  ̌ (×10−3) 

ig. 3. Impedance spectra (Nyquist plot) for different dimensionless electrolyte con-
entration (ˇ), under no external DC bias. The inset of part figure (b) shows the small
iffusional arc in the low frequency regime.

xpressions for fn, fm and fI, we observe that these three character-
stic frequencies are dependent on the bulk ionic concentration. In
rder to establish consistency in our hypothesis, we  perform com-
utations at different bulk electrolyte concentration, c0 = 0.01 mM
see Fig. 3(a)), and 1 mM (see Fig. 3(b)). This corresponds to

 = 16.235 × 10−3 and  ̌ = 1.6235 × 10−3, respectively.
Fig. 3(a) reveals both the characteristic frequencies fm and fn in

he geometric arc. When the bulk ionic concentration is reduced
y an order of magnitude, the resistance of the microchannel (Rm)

ncreases by one order and Cm is independent of the concentration
ariation. The increase in the microchannel resistance decreases

m by one order. The approximate analytical values of fm (= 33.546
Hz) and fn (= 1.159 MHz) are in close agreement with the numeri-
al simulations. From the earlier discussion, as fn � fm it is possible
o distinguish the two arcs corresponding to the migration pro-
esses inside the microchannel and the nanochannel. Further for
he bulk concentration considered, the resistance of the microchan-

el is found to be greater than the nanochannel resistance. This
esults in a higher impedance of the microchannel arc compared
o the nanochannel. Fig. 3(a) shows that the diffusional arc in this
ase becomes predominant due to the thick electrical double layer
0.01 16.235 2.3787
0.1  5.1334 0.2408
1  1.6235 0.0623

formed at the interface of the micro–nanochannel. However, the
frequency fD is found to be independent of the electrolyte concen-
tration (consistent with the expression obtained for fD), while fm, fn
and fI were found to vary with the concentration. Similar character-
istics are also observed at  ̌ = 1.6235 × 10−3 as shown in Fig. 3(b).
However, we notice that, it is difficult to observe the diffusion arc
at this concentration (see inset of Fig. 3(b)). This can be understood
from the fact that, at high concentration limit, the electrical dou-
ble layer at the interface diminishes resulting in a decrease in the
resistance RD.

In order to understand the contribution of diffusion-transport
at the micro–nanochannel interface compared to the migration
effects inside the nanochannel, for different bulk concentrations,
we calculate the ratio of the imaginary part of the impedance
corresponding to the diffusional and nanochannel characteristic
frequencies (
 = (Im(Z)|fD )/(Im(Z)|fn )). Table 1 shows that at a
very low bulk ionic concentration,  ̌ = 16.235 × 10−3, the diffusion-
transport near the interface is nearly 2.4 times dominant compared
to the migration effects inside the nanochannel. However, with
increase in the ionic concentration, we  observe a power law type
decrease in 
. The contribution of the diffusion-transport near
the interface reduces to 6% compared to the transport effects
inside the nanochannel for a high bulk electrolyte concentration,

 ̌ = 1.6235 × 10−3. Fig. 3(b) also shows that the geometric arc is
close to a perfect hemicircle. This can be attributed to two reasons.
First, the surface charge density on the walls of the nanochannel
play a minimal role as the electrostatic interactions near the sur-
face is screened by the excess ions. Second, the resistance and hence
the impedance response of the microchannel is minimal due to the
large bulk electrolyte concentration.

Additional simulations are performed by varying the
microchannel geometry to ensure that the DBL length (obtained
from fD) is characterized efficiently. The results are presented in
the supporting information (see Fig. (S2)).

4.2. Effect of DC potential bias

In the above studies, we  assumed that the system is not sub-
jected to an external DC bias. However, it is equally important to
characterize the system under different DC bias owing to the non-
linear current characteristics beyond a critical voltage. Fig. 4(a)
compares the spectra in the Ohmic-regime (�DCFz/RT = 3.8684),
with that of the no bias case. We note that under a DC bias, the
diffusion boundary layer is polarized [18]. The ionic concentration
decreases from the bulk to the interface in the depletion microchan-
nel and increases near the enrichment microchannel interface. The
enrichment effects do not significantly contribute to the DBL resis-
tance [23]. However, the decrease in the concentration near the
depletion interface increases the diffusional DBL resistance. Hence,
we observe a slight increase in the impedance of the diffusional arc.
Also for the applied DC bias, we observe negligible change in the
electric migration process inside the microchannel and nanochan-
nel, compared to the no bias case. Hence, the distorted geometric

arc overlaps with the previous no bias case. The resistance due to
the electromigration process in both the microchannels and the
nanochannel can be estimated from the width of the geometric
arc. The total width of the impedance spectrum gives the total
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Fig. 4. (a) Comparison of impedance spectra between no external DC bias (line with symbol) and DC bias (�DCFz/RT = 3.8684), corresponding to Ohmic regime (circles). The
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nset  of the figure shows Bode phase plot under Ohmic regime. (b) Impedance spect
gure  show the Bode phase plot and the high frequency arc corresponding to the n
verlimiting regime. The inset of figure shows Bode plot to illustrate phase effects. 

esistance of the system, under DC bias. In spite of the presence of
epletion and enrichment DBL regions, electroneutrality is main-
ained in the microchannel (beyond the EDL interface). Hence, the
ength of the DBL region is unaffected in the Ohmic regime, result-
ng in the same characteristic diffusion frequency (fD). The inset of
he figure displays the Bode plot indicating the relative phase differ-
nce (� = − tan −1(Im(Z)/Re(Z))) with respect to different normalized
requency. We  observe a phase shift maximum corresponding to
he characteristic diffusional frequency, fD. A monotonic increase
n the phase at frequencies greater than fI is attributed to the capac-
tive effects of the microchannel and nanochannel rather than that
f the EDL.

A  further increase in the DC bias, �DCFz/RT = 77.3677 cor-
esponding to the limiting resistance regime, results in the
reakdown of the classical diffusional arc and the merging of
he two characteristic arcs as shown in Fig. 4(b). The merging
s accompanied by an additional resistance–capacitance (RC)
rc with a new characteristic frequency, fm. We  also observe an
ncrease in the frequency, fD. We  attribute these effects to the
pace charges induced due to the strong electromigration effects

ear the micro–nanochannel depletion junction. To confirm
his physics, we numerically calculate the total charge (QSCR)
er unit width in the induced space charge region (SCR), by

ntegrating the space charge density ( �̂e = Fz(ĉ+ − ĉ−)), along
t �DCFz/RT = 77.3677, corresponding to limiting resistance regime. The insets of the
hannel transport. (c) Impedance spectrum at �DCFz/RT = 773.677, corresponding to
hese cases,  ̌ = 5.1334 × 10−3.

the length of SCR. We  also assume that the charges predomi-
nantly propagate toward the microchannel in the LRR regime.
The charge propagation reduces the length of the electroneu-
tral depletion DBL. Substituting the new diffusional frequency
(fD) in the expression for fD, we  obtain the reduced DBL length
(Lnew

DBL ) and the corresponding length of the SCR, LSCR = Lm − Lnew
DBL .

The total charge per unit width is QSCR = 2Hm

∫ LSCR

xe
�̂e dx. xe

is the coordinate where the nanochannel ends. We determine
the capacitance inside the SCR (CSCR) by calculating the cor-
responding voltage drop (VSCR = �̂|LSCR

− �̂|xe ); CSCR = QSCR/VSCR.
Knowing the total current per unit width (I), the new charac-
teristic frequency in the SCR is calculated as fm = 1/2�RSCR CSCR.
Here RSCR = VSCR/I. Substituting all the numerical values [Lnew

DBL =
4.925 �m,  LSCR = 1.0705 �m,  QSCR = 0.2656 nC/m, VSCR = 0.3163 V,
I = 8.6332 �A/m, CSCR = 0.8396 nF/m, RSCR = 36.643 k�m],  the
approximate characteristic frequency is 5.1735 kHz which is
in good agreement with the numerical simulation, and hence,
confirming our hypothesis. The above analysis also helps us to
understand that the impedance spectra can be used to measure
the reduced microscopic DBL and new SCR lengths in the LRR

regime without probing inside the microchannel. This is unlike
the earlier probing techniques [23,38], in which the thickness of
the vortex array, developed due to the instabilities in the space
charge region is measured to characterize the same. The inset of
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he figure displays the Bode phase plot where we observe a second
hase-shift maximum at a characteristic frequency, fL2

m/D = 360,
nlike the previous case. Similar characteristics are also observed
or a higher DC bias (�DCFz/RT = 154.735), corresponding to the
RR regime. This feature is observed even without considering the
isplacement current (see Fig. (S3) in the supporting information)
hich illustrates that it is due to the strong electrophoretic inter-

ction resulting in the induced space charges near the depletion
nterface. Finally, the third arc with characteristic frequency fn,
long with an increase in the phase (�) at f ≥ fn (as shown in
he Bode phase plot in the inset of Fig. 4(b)) reveal the electric

igration and capacitance effects of the nanochannel.
We now repeat the analysis, in the third regime at a DC bias

�DCFz/RT = 773.677), corresponding to the overlimiting behav-
or, which results in a higher current in the I–V characteristics
see Fig. (S1)). The overlimiting regime in a negatively charged
anochannel was  characterized owing to the redistribution of the
harges near the micro–nanochannel depletion interface [17]. This
edistribution is accompanied by an enhanced conductivity of the
hloride ions near this interface, resulting in an enhanced cur-
ent. Fig. 4(c) shows the impedance spectrum in this regime. We
bserve an anomalous inductive arc at low frequencies, fL2

m/D ≤ 1,
hich is revealed by the change in the sign of the imaginary
art of the impedance. In other words, at these frequencies, the
pplied electric potential leads the output current (�I − �V < 0) as
hown by the Bode phase plot in the inset of Fig. 4(c). As the
armonic electric potential disturbance is applied at a constant
hase angle (�V = 3�/2), the changes in the phase of the output
urrent should result in the inductive behavior. In order to under-
tand these changes, we calculate the electric migration current
er unit width in the induced space charge region using Eq. (4).
nder the application of combined AC and DC electric poten-

ial, we assume, (ĉ+ + ĉ−) = C0 + C1 cos(ωt + �1) and d�̂
dx = �x0 +

x1 cos(ωt + �1), neglecting the contribution of other higher har-
onic components. C0, �x0 are the DC component of the total

onic concentration and the field, respectively. C1, �x1 are the
espective first harmonic contributions of the ionic concentra-
ion and field. �1 and �1 are the corresponding phase angles of
he former and latter terms, respectively. Substituting the afore-

entioned expressions into Eq. (4) and multiplying the resulting
urrent by −1 to be consistent with the output current obtained
rom the numerical simulations (see supporting information), the
urrent per unit width due to the combined AC and DC bias is cal-
ulated as,

(t) = 2F2z2DHm

RT
[C0�x0 + (C0�x1 cos�1 + C1�x0 cos�1)cosωt

− (C0�x1 sin�1 + C1�x0 sin�1)sinωt] (5)

ere we also assume C1�x1 
 C0�x0 . Comparing Eq. (5) and Eq. (2),
e obtain the phase angle of the output current, �I = tan −1(b1/a1),
here a1 = [(2F2z2DHm)/(RT)][(C0�x1 cos�1 + C1�x0 cos�1)] is the

eal part and b1 = [(2F2z2DHm)/(RT)][(C0�x1 sin�1 + C1�x0 sin�1)] is
he imaginary part of the harmonic output current per unit width.

All the above variables are numerically calculated in the induced
pace charge region at x/Lm = 1.9167, for a given DC bias of
DCFz/RT = 773.677 and �DCFz/RT = 77.3677. The values correspond-

ng to overlimiting regime are tabulated in Table S1 (see supporting
nformation) while that corresponding to the LRR is shown in Table
2 (see supporting information). From Table S1, we observe that
n the overlimiting regime, the total ionic concentration and field

end to be in-phase with each other (i.e., (|�1 − �1| < �/2). Also, at
ow frequencies, fL2

m/D ≤ 1, the phase of the ionic concentration
s less than 3�/2, while that of the field is greater than 3�/2. As
he perturbed concentration marginally lags behind the field, we
imica Acta 105 (2013) 514– 523

observe that the real part of the harmonic current becomes less
than zero (a1 < 0), along with the imaginary component, b1 < 0. As
both the real and imaginary part of the current are negative the
phase angle of the output current is in the third quadrant, i.e.,
� ≤ �I ≤ 3�/2. This implies that the output current is lagging behind
the applied perturbed voltage (as �V = 3�/2), resulting in the induc-
tive behavior. Further, we observe a maximum lag between the
output current and applied voltage when there is a maximum lag
between the perturbed concentration and the electric field. This
occurs at fL2

m/D = 0.36, corresponding to a dimensional frequency
of f0 = 20 Hz. At higher frequencies, fL2

m/D > 1, the perturbed con-
centration leads the field (�1 > �1 > 3�/2) which results in a positive
contribution in a1, while b1 is still negative. Hence, the phase angle
of the current is in the fourth quadrant, implying that the current
leads the applied voltage. Thus, at high frequencies we  observe
capacitive arc in the impedance spectrum. These arguments also
help us to conclude that the origin of the inductive arc is due to
the migration of the charges near the induced space charge region,
as we  have neglected the diffusive and displacement currents in
the analysis. Additional computations were performed for another
DC voltage (�DCFz/RT = 580.258) corresponding to the overlimiting
regime to ensure consistency in the observation.

We repeated our analysis in the LRR regime under similar range
of harmonic excitations. Table S2 (see supporting information)
shows that even though the harmonic concentration lags behind
the field, they are always out of phase with each other by more
than �. Under these conditions, a1 and b1 was always found to be in
the fourth quadrant. These effects result in the current leading the
applied voltage at all the frequencies, and hence, we observe only
capacitive type behavior. Fig. 4(c) also shows that the inductive arc
is accompanied by three deformed hemicircle arcs. The width of the
impedance spectrum in the second arc (above the inductive arc) is
lower compared to the limiting resistance regime. The increased
chloride ion conductivity near the micro–nanochannel depletion
junction is attributed to this lower impedance. We  also observe an
increase in the width of the third arc compared to the LRR regime
with a new characteristic frequency, f3 = 10 kHz. We  attribute these
results to the fact that with increase in the DC bias, the length of the
space charge region near the depletion interface increases result-
ing in a higher voltage drop and charge density. We  would like
to point out that in the entire impedance analysis, the amplitude
of the harmonic disturbance is ensured to be small so that they do
not interfere with the impedance spectra. This was checked by per-
forming additional simulations with different small AC amplitude.
The results are included in the supporting information, in Fig. S4.
We also extend our study and probe the limiting resistance regime,
with the magnitude of AC perturbation comparable to the DC bias.
The results are discussed in the supporting information. We  high-
light that the small amplitude CIS technique can be used to predict
the important time scales at which different AC current rectification
characteristics are observed.

4.3. Equivalent circuit model design

Under no external DC bias, considering all the five regions
inside the integrated micro–nanochannel independently, we can
understand the transport in each region using the following circuit
elements. A finite length diffusion element (Zs

D) in parallel with an
EDL capacitor (Cs

EDL) is used to represent the diffusion-transport in
the DBL, and the EDL charging effects. The superscript “s′′ indicates
the source microchannel. To understand the electric migration pro-
cess and the capacitance effects in the source microchannel, a

resistor, Rs

m in parallel with a capacitor, Cs
m is considered. The afore-

mentioned circuit elements are also used to model the transport in
the drain microchannel, which are distinguished from the former
elements with a superscript “D′′. Finally, the migration process and
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normalized with (RT/F z Dc0). A comparison between the compu-
tational results (shown as circles) and the equivalent circuit model
(shown as solid line) give fairly good agreement with each other as
shown by the Nyquist plot (see Fig. 5(c)) and the Bode phase plot

Table 2
Fitting parameters for the circuit model under no external DC bias and under limiting
resistance regime.

Parameters No DC �DCFz/RT = 77.3677

R1 (k�m)  32.429 27
R2 (k�m)  3.8 175
R3 (k�m)  NA 120
CPE1 4.482e−12 5.8086e−12
CPE2 2.3611e−10 1.6e−10
CPE3 NA 14e−9
n 1 1
ig. 5. (a) A physically consistent equivalent circuit model. (b) Modified circuit mod
esults,  (circles) with the equivalent circuit model (solid line) under no external DC

he displacement effects inside the nanochannel can be character-
zed using a resistor, Rn in parallel with a capacitor, Cn. Fig. 5(a)
hows a series representation of the discussed circuit elements
o represent the AC impedance response of MNECS. Owing to the
resence of multiple EDLs at the micro–nanochannel interface, it

s almost impossible to determine the individual capacitance and
lso the impedance ZD analytically. Also, it is difficult to fit them as
here are many unknown parameters. Hence, we propose a mod-
fied equivalent circuit in which the migration and displacement
ffects in the nanochannel and microchannel are characterized
sing a resistor in parallel with a constant phase element (CPE) [24].

 CPE is used instead of an ideal capacitor, with an arbitrary factor
 owing to the non-ideal behavior arising due to the EDL effects.
e  note that n can vary from −1 to 1, where the end values illus-

rate an ideal inductor and a capacitor, respectively. Further, we
haracterize the migration effects in both the microchannels using

 single R||CPE element. A single finite length diffusion element,
hose functional form is given by Eq. (3) is used to characterize

he diffusion-transport in both the DBLs. Fig. 5(b) shows the mod-
fied equivalent circuit. Considering these elements in series, the
unctional form to characterize the impedance spectra under no
xternal DC bias is represented as,

(ω) =
(

1
R1

+ (jω)n1 CPE1

)−1
+

(
1
R2

+ (jω)n2 CPE2

)−1

+ RD
tanh[

√
(jω	D)]√ (6)
(jω	D)

here R1, CPE1 represent the resistance, constant phase element
f the nanochannel, respectively. R2, CPE2 represent the resistance,
onstant phase element of both the microchannels, respectively.
mparison of (c) computational impedance spectra, (circles) and (d) Bode phase plot
t  ̌ = 5.1334 × 10−3, and Lm = 3 �m.

n1, n2 are the arbitrary factors. To determine R1, CPE1, and n1, we
neglect the microchannel and perform the simulations considering
only a nanochannel of length Ln = 5 �m and Hn = 15 nm at a constant

 ̌ = 5.1334 × 10−3. A perfect hemicircle with a single characteris-
tic frequency is observed in the impedance spectrum. The data is
fitted to Eq. (6) (considering only the first term) using non-linear
least squares method. The obtained values are tabulated in Table 2.
Using these values, we characterize the impedance response for the
entire micro–nanochannel integrated system, with the microchan-
nel length Lm = 3 �m and Hm = 500 nm.  RD is obtained by measuring
the width of the diffusional arc, while, R2, CPE2 and n2 are obtained
by fitting the overall impedance spectrum. All the values are tab-
ulated in Table 2. The values are substituted in Eq. (6) and is

2 2
1

n2 0.97 1
n3 NA 1
RD (k�m)  3.8 940
	D (ms) 4.5 12.1
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Fig. 6. (a) An equivalent circuit model. Comparison of (b) computational impedance spectra, (circles) and (c) Bode phase plot results, (circles) with the equivalent circuit
model  (solid line) under limiting resistance regime (�DCFz/RT = 77.3677) at  ̌ = 5.1334 × 10−3, and Lm = 6 �m.
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see Fig. 5(d)). Also, the same functional form provides reasonably
ood match in the Ohmic regime.

In the limiting resistance regime, owing to the presence of
nduced space charges the model fails to predict an additional
esistance–capacitance arc. To overcome this, we  considered an
dditional (R‖CPE) circuit element in series with the previous
odel as shown in Fig. 6(a) for a DC bias, �DCFz/RT = 77.3677. The

ew circuit model provides a reasonable agreement with the com-
utational simulations as shown in Fig. 6(b). Furthermore, the
ultiple phase shift maximum at different frequencies is quali-
atively captured as shown in Fig. 6(c). The relevant parameters
sed in the model are tabulated in Table 2. An accurate agreement
ith the computational results can be obtained by a systematic
arameterization of the circuit elements. Using the same model,
we observed a good agreement with the computational results for
a higher DC voltage, �DCFz/RT = 154.735, corresponding to the LRR
regime. An equivalent circuit to characterize the complex overlim-
iting behavior is beyond the scope of the present work. We  would
also like to mention that, though the AAM model is developed to
understand the ion transport dynamics for a nanochannel of uni-
form geometry and with homogeneous charge distribution, it could
potentially be extended to investigate asymmetric channels like
conical nanopores. Owing to the inherent loss of symmetry, one can
achieve rectification effects and control the ionic transport under

AC bias even in the absence of DC field. This provides a promising
step toward slowing down DNA translocation across nanopores and
also helps us to characterize them effectively, which is currently the
need of the hour for DNA sequencing.
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. Conclusions

To summarize, a computational impedance spectroscopic
echnique (CIS) is developed to characterize the fundamental elec-
rochemical properties of a micro–nanochannel integrated system
sing an area-averaged multi-ion transport model. The technique

s used to investigate the ion transport dynamics with and with-
ut the influence of external DC bias. Under no external DC bias
nd in the Ohmic regime, we observed two distinct arcs with four
ifferent characteristic frequencies. The low frequency diffusional
rc characterizes the diffusion-transport and the EDL charging
ffects at the interface of the micro–nanochannel, while the high
requency geometric arc characterizes the electric migration and
isplacement current effects inside the microchannel and in the
anochannel. An additional resistance–capacitance (RC) arc with a
ew characteristic frequency fm is observed in the LRR regime. The
resence of induced space charges in the depletion microchannel
as attributed to these effects. Further, an anomalous inductive

rc at low frequencies (fL2
m/D ≤ 1) was observed in the overlim-

ting regime. The origin of this arc was attributed to the phase
ffects between the harmonic disturbance of the total ionic con-
entration and the electric field in the induced space charge region.
he presence of an anomalous inductive arc provides an opportu-
ity to distinguish the LRR and overlimiting region. Furthermore,

n the Ohmic and in the LRR regimes, the impedance spectra helps
s to characterize the microscopic length of the diffusion boundary

ayer (DBL) and the space charge region (SCR). Using the impedance
pectra, we also highlight the important time scales at which nega-
ive and positive AC rectification effects are observed in the system.
inally, equivalent circuit models are designed to interpret the
mpedance response.
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