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Abstract: We study theoretically the dielectrophoresis and electrorotation of a semiconducting
microsphere immersed in an aqueous electrolyte. To this end, the particle polarizability is calculated
from first principles for arbitrary thickness of the Debye layers in liquid and semiconductor. We show
that the polarizability dispersion arises from the combination of two relaxation interfacial phenomena:
charging of the electrical double layer and the Maxwell–Wagner relaxation. We also calculate the
particle polarizability in the limit of thin electrical double layers, which greatly simplifies the analytical
calculations. Finally, we show the model predictions for two relevant materials (ZnO and doped
silicon) and discuss the limits of validity of the thin double layer approximation.
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1. Introduction

Manipulation of micro- and nano-particles with electric fields is a topic of research with
applications in diverse fields such as biotechnology and microelectronics [1,2]. Recent experimental
work has focused on conducting particles, and for example, semiconductor nanowires can be rotated
and transported within microchannels with embedded electrodes [3–5]. The rotation speed of
metal microspheres [6–8] and metal nanowires [9–11] is controlled by tuning the frequency and
amplitude of the externally-applied rotating field. Likewise, the orientation of metal nanowires
is achieved upon application of AC signals [12–15]. Moreover, the electrorotation amplitude of
semiconducting nanowires can be modulated by laser illumination [16]. Furthermore, electrical
properties of semiconducting microparticles can be characterized on chip [17,18]. Other examples
include self-assembly of metal particles induced upon application of AC electric fields [19,20] and
electric field-induced motion and assembly of Janus metallodielectric spheres [21–25].

With respect to the theoretical work, much effort has been recently put into the study of the
electrokinetic behavior of metal particles in electrolytes [26–29]. These works show that, in the case of
metallic particles, the electrokinetic response is determined by the formation of an induced electrical
double layer (EDL) at the interface between the particle and the electrolyte [30,31]. In a few words, the
applied electric fields induce the EDL and interact with its charges, generating electrical forces on the
particles and electrosmotic flows around them. Despite the increasing number of experimental papers
on electrical manipulation of semiconducting microparticles, not much theoretical work has been
devoted to them. Recently, we studied the electrorotation and electroorientation of semiconducting
nanowires, and numerical results were compared with published experimental data [32]. These
numerical results reveal that, for the case of semiconducting particles, two relaxation mechanisms play
a role in the polarization of the particle: the charging of the EDL, as described for metallic particles,
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and the Maxwell–Wagner relaxation, which arises from the contrast in electrical properties between
the liquid and the particle.

The goal of the present work is to obtain analytical solutions for the electrokinetic behavior of a
spherical semiconducting particle immersed in an electrolyte. We address the general problem for a
spherical particle with an arbitrary size with respect to the thickness of the EDL. We also show the
solution to the simpler problem in which the particle diameter is much greater, i.e., the thin double
layer approximation. We evaluate the analytical expressions for the case of two semiconducting
materials commonly used in applications: ZnO and n-type silicon. In experiments, the electrokinetic
manipulation of microparticles is usually carried out with microelectrode structures fabricated on
glass substrates. Since particles are heavier than water, they rest on the glass substrate when moving
under the action of the electric fields. For this reason, and for future comparison with experimental
data, we include the Appendix A where we study the wall influence on the electrokinetic motion of
the microspheres.

2. Theory

Let us consider a spherical particle of semiconducting material with radius a and immersed in an
aqueous electrolyte (see Figure 1). The particle-electrolyte system is subjected to an AC electric field
with angular frequency ω, and as a consequence of the applied field, electric charges are induced at
the interface between the particle and the electrolyte. We are interested in the effects of the applied
field interacting with these induced electrical charges. In particular, our goal is to calculate the
dielectrophoretic (DEP) and electrorotation (ROT) responses.
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Figure 1. Semiconducting sphere of radius a subjected to an AC electric field. Electrical charges are
induced at the particle-electrolyte interface giving rise to an electrical double layer (EDL).

For the study of the dielectrophoresis, we will assume that the particle-electrolyte system is
subjected to a nonuniform electric field of the form E(r, t) = Re[E0(r) exp(iωt)], i.e., the direction
of the AC field is constant at each point. Here, Re[· · · ] stands for real part of [· · · ] and i is the
imaginary unit. As usual, the point dipole approximation is valid as long as the spherical particles
are smaller than the typical length for variation of the electric field. Within this approximation, the
time-averaged dielectrophoretic force is obtained as F(DEP) = (1/2)Re[p · ∇E∗], where ∗ indicates
the complex conjugate and p is the induced dipole in the system. On the other hand, in electrorotation
experiments, the applied field is of the form E(r, t) = Re[E0(ux − iuy) exp(iωt)], corresponding to a
homogeneous electric field within the XY plane with constant magnitude and rotating counterclockwise
with angular frequency ω. For this applied field, the time-averaged electrical torque on the system is
τ(ROT) = (1/2)Re[p× E∗].

The instantaneous induced dipole on the particle can be written as p = Re[p̃ exp(iωt)], where
p̃ is the dipole phasor and is usually written as a function of the particle polarizability (α̃) as p̃ =



Micromachines 2019, 10, 100 3 of 16

α̃E = 4πε1a3K̃(ω)E, where ε1 is the permittivity of the liquid (electrolyte), and we have introduced the
Clausius–Mossotti factor K̃(ω). Thus, the DEP force and ROT torque can be written as follows:

F(DEP) = πε1a3Re[K̃(ω)]∇E2
0 (1)

τ(ROT) = −4πε1a3Im[K̃(ω)]E2
0uz (2)

In the steady state, the electrical force and torque will be balanced, respectively, by the fluid
viscous drag and viscous torque on the particle:

Fdrag = −6πηav (3)

τviscous = −8πηa3Ω (4)

where η is the fluid viscosity and v and Ω are, respectively, the velocity and angular velocity of the
sphere. The DEP velocity and ROT angular velocity can be written as:

v(DEP) =
ε1a2

6η
Re[K̃(ω)]∇E2

0 (5)

Ω(ROT) = − ε1

2η
Im[K̃(ω)]E2

0uz (6)

Thus, knowledge of the real and imaginary parts of the Clausius–Mossotti factor predicts the
electrokinetic behavior of the particle. For the rest of the paper, we focus on calculating this factor for a
semiconducting sphere in the electrolyte. Notice that we do not take into account any induced charge
electroosmotic (ICEO) flow, which might affect the dielectrophoretic behavior at low frequencies of
the applied field. However, experiments with metal spheres show that the influence of ICEO flow is
small [7], and thus, the DEP motion is mainly driven by the forces on the induced particle dipole.

2.1. Particle Polarizability

We look for the polarizability of the system described above, and therefore, we will find the
solution of the electric potential in our particle-electrolyte system and extract the polarizability from
the dipolar term. We assume that the particle-electrolyte system is subjected to a homogeneous AC
electric field along the Z-axes with magnitude E0. Thus, the potential far from the particle can be
written in spherical coordinates as φ(r → ∞) = −Re[E0r cos θ exp(iωt)]. The electric potential in the
liquid (φ1) and the concentrations of positive (c+) and negative (c−) ions are governed by the PNP
(Poisson–Nernst–Planck) equations [33]:

−ε1∇2φ1 = e(c+ − c−) (7)
∂c+

∂t
= −∇ · F+; with F+ = −µ+c+∇φ1 − D+∇c+ + c+v (8)

∂c−

∂t
= −∇ · F−; with F− = µ−c−∇φ1 − D−∇c− + c−v (9)

where ε1 is the dielectric constant of the liquid medium and e is the proton charge. D+, µ+ and D−,
µ− are the diffusivities and mobilities of, respectively, positive and negative ions. v is the velocity field
in the liquid. For simplicity, we assume an aqueous symmetric 1:1 electrolyte such as, for example,
KCl. In this case, µ+ = µ− = µ1 and D+ = D− = D1. The diffusivity and mobility of the ions are
related by the Einstein–Smoluchowski relation D/µ = kBT/e.
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Charge carriers in the semiconducting particle are electrons and holes. Following [34], the electric
potential in the particle (φ2) and the concentrations of holes (p) and electrons (n) satisfy the following
transport equations:

−ε2∇2φ2 = e(p− n) (10)
∂p
∂t

+∇ · Fp = rp; with Fp = −µp p∇φ2 − Dp∇p (11)

∂n
∂t

+∇ · Fn = rn; with Fn = µnn∇φ2 − Dn∇n (12)

where ε2 is the dielectric constant of the semiconducting particle. Dp, µp and Dn, µn are the diffusivities
and mobilities of, respectively, holes and electrons. rp and rn are source terms that account for both the
generation and recombination of charge carriers: rp = rn = k1nc − k2 pn, where k1 and k2 are constants
and nc is the concentration of neutral centers. nc is homogeneous before any dissociation occurs, and
for weak dissociation, it will remain nearly constant. Thus, no equation for nc is included. As we
have assumed for ions in the electrolyte, we will consider that holes and electrons have the same
mobilities and, according to Einstein–Smoluchowski relation, the same diffusivities: µp = µn = µ2

and Dp = Dn = D2.
Since we are interested in the linear response (polarizability) of the particle–electrolyte system,

we will assume that the applied signals are small and Equations (7) and (10) can be linearized.
Under this assumption, and considering that the charge density in the electrolyte (medium j = 1)
is ρ1 = e(c+ − c−), while in the particle (medium j = 2) is ρ2 = e(p− n), the following equations
apply [26,29]:

∇2φj = −
ρj

ε j
(13)

Dj∇2ρj =

(
∂

∂t
+

σj

ε j

)
ρj (14)

where j = 1, 2. σj is the electrical conductivity in medium j: σ1 = eµ1(c+0 + c−0 ) and σ2 = eµ2(p0 + n0),
with c+0 and c−0 indicating the bulk concentrations of positive and negative ions, while p0 and n0 are
the bulk concentrations of holes and electrons.

Boundary conditions at the particle–electrolyte interface (r = a) are obtained by imposing that
charge carriers do not penetrate into the other medium, i.e., electron-holes do not migrate into the
liquid and ions do not migrate into the particle:[

σj
∂φj

∂r
+ Dj

∂ρj

∂r

]
r=a

= 0 (15)

Furthermore, the continuity of the electric potential and the conservation of the total electric
current holds at the particle surface:

φ1(r = a) = φ2(r = a); (16)

ε1
∂φ1

∂r

∣∣∣∣
r=a

= ε2
∂φ2

∂r

∣∣∣∣
r=a

(17)

note that the conservation of the total current reduces to the conservation of the displacement current
since no charge carriers are allowed through the interface.
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Taking into account the symmetry in our problem, it is convenient to define the following phasors
for the electric potential φ̃j(r) and charge density ρ̃j(r):

φ(r, θ) = Re[φ̃(r) cos θ exp(iωt)] (18)

ρ(r, θ) = Re[ρ̃(r) cos θ exp(iωt)] (19)

After applying Equations (13) and (14), the phasors satisfy the following equations:

D2
r φ̃j(r) = −

ρ̃j

ε j
(20)

D2
r ρ̃j(r) =

(
iω +

σj

ε j

)
ρ̃j

Dj
(21)

where the following linear differential operator is used D2
r = d2

dr2 + 2
r

d
dr −

2
r2 . We make use of

non-dimensional quantities by introducing the following physical scales: the thermal voltage for
the electric potential, kBT/e; 2ec0j for the charge density; and distances are scaled with the sphere
radius a. The nondimensional potentials φ̄j = φ̃je/kBT and charge densities ρ̄j = ρ̃j/2ecj0 satisfy:

D2
r̄ φ̄j(r̄) = −

ρ̄j

λ̄2
Dj

(22)

D2
r̄ ρ̄j(r̄) = κ2

j ρ̄j (23)

where we have introduced the nondimensional Debye length in medium j as λ̄Dj = λDj/a, with

λDj =
√
(ε jkBT)/(2e2c0

j ). The frequency-dependent factor κj is given by κ2
j = (1 + iωε j/σj)(λ̄

2
Dj).

Taking into account the boundary conditions far from the particle, the solutions for Equations (22)
and (23) on the liquid side can be expressed as follows:

ρ̄1(r̄) =
A
r̄2 (1 + κ1r̄) exp(−κ1r̄) (24)

φ̄1(r̄) = − ρ̄1

κ2
1λ̄2

D1
+ ψ̄1 (25)

where ψ̄1 must satisfy D2
r̄ ψ̄1 = 0 and ψ̄1(r̄ → ∞) = −r̄Ē0. Taking Ē0 = 1, ψ̄1 = −r̄ + B/r̄2.

On the particle side, and considering that the charge density vanishes at r̄ = 0, the solutions of
Equations (22) and (23) are written as:

ρ̄2(r̄) =
C
r̄2 [exp(−κ2r̄)(1 + κ2r̄)− exp(κ2r̄)(1− κ2r̄)] (26)

φ̄2(r̄) = − ρ̄2

κ2
2λ̄2

D2
+ ψ̄2 (27)

where ψ̄2 must satisfy D2
r̄ ψ̄2 = 0 and remain finite for r̄ = 0. Thus, ψ̄2 = Fr̄.

Integration constants A, B, C, and F can be determined from the boundary conditions at the
particle surface r̄ = 1. Since we are interested in the dipolar term of the electric potential in the liquid,
we solved for B, which coincides with the Clausius–Mossotti factor K̃(ω). After a long algebraic
manipulation, we obtained the following expression:

K̃(ω) = B =
1−κ2

1 λ̄2
D1−(ε1/ε2)(1−κ2

2 λ̄2
D2−G(κ2))(κ

2
1 λ̄2

D1/κ2
2 λ̄2

D2)+(1+κ1)/(κ2
1+2κ1+2)

1−κ2
1 λ̄2

D1+2(ε1/ε2)(1−κ2
2 λ̄2

D2−G(κ2))(κ
2
1 λ̄2

D1/κ2
2 λ̄2

D2)−2(1+κ1)/(κ2
1+2κ1+2)

(28)
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where we have used the following function:

G(κ2) =
exp(−κ2)(1 + κ2)− exp(κ2)(1− κ2)

exp(κ2)(κ
2
2 + 2− 2κ2)− exp(−κ2)(κ

2
2 + 2 + 2κ2)

(29)

In the Results Section, we will use Expression (28) to evaluate the dielectrophoresis and
electrorotation of semiconducting spheres.

2.2. Limit of Thin Electrical Double Layers

The system polarizability as given by Equation (28) is valid for any values of the two length scales
in our physical problem: the sphere radius and the thickness of the electrical double layer (EDL) that
is induced at the particle–electrolyte interface. For a semiconductor–electrolyte interface, the EDL
can be described as the combination of two diffuse layers: one in the liquid side and the other in the
solid particle. The thickness of the diffuse layers is given by the Debye length (λDj), which decreases
with the reciprocal of the square root of the charge carrier concentration, as shown above [35]. Typical
values for the Debye length are 30 nm for an aqueous solution of KCl with a concentration 10−4 M;
and 40 nm for silicon with a doping density of 1016 cm−3 [36]. Thus, in many experimental situations
where the sphere radius is larger than a few microns, the EDL thickness will be much smaller than the
particle size (λ̄Dj � 1).

The mathematical problem can be greatly simplified if the EDL is much smaller than the particle
dimensions; this is known as the thin EDL limit. The bulk of the conductive medium (electrolyte or
semiconductor) remains electroneutral, and the solution to the electric potential satisfies the Laplace
equation (∇2φj = 0) with specific boundary conditions that account for the formation of the EDL at
the electrolyte–particle interface [37]:

(σ2 + iωε2)
∂φ2

∂r
= (σ1 + iωε1)

∂φ1

∂r
(30)

φ2 − φ1 = σ2
∂φ2

∂r
Z̃2 + σ1

∂φ1

∂r
Z̃1 (31)

Equation (30) corresponds to the conservation of the total current, and it is valid as long as
tangential currents at the interface are negligible. Equation (31) accounts for the voltage drop due to
the charge accumulation at the EDL, where Z̃j stands for an effective surface impedance due to the
thin diffuse layer of medium j:

Z̃j =
λDj

iωε j

√
1 + iωε j/σj

(32)

These boundary conditions for an electrolyte–semiconductor interface were found in [38] for the
study of AC electrosmotic flows that might appear at these interfaces.

In order to obtain the system polarizability, we assume, as before, that the electric potential far
from the particle is given by φ(r → ∞) = Re[rE0 cos θ exp(iωt)], and the solutions to the Laplace
equation in the liquid and the solid are, respectively:

φ1 = −E0r cos θ +
A
r2 cos θ (33)

φ2 = Br cos θ (34)

where A and B are integration constants to be determined after applying boundary Conditions (30)
and (31). Taking into account that A and the Clausius–Mossotti factor are related by K̃ = A/(E0a3),
we obtain:

K̃(ω) =
1− H(ω)

1 + 2H(ω)
(35)
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where we introduce the function H(ω) as:

H(ω) =
σ1 + iωε1

σ2 + iωε2

(
1 +

κ−1
2

iωε2/σ2

)
+

(
κ−1

1
iωε1/σ1

)
(36)

Note that, for high signal frequencies, H(ω) corresponds to the liquid to solid permittivity ratio, and
thus, Equation (35) becomes the well-known Clausius–Mossotti factor for a dielectric sphere. In the
next section, we will show that the values of Equation (28) coincide with those of Equation (35) for
small values of λ̄D1 and λ̄D2.

3. Results

According to Equations (5) and (6), the dielectrophoretic (DEP) and electrorotation (ROT)
velocities are determined by the real and imaginary parts of the Clausius–Mossotti factor, respectively.
In this section, we evaluate the expressions for this factor for spheres of two relevant semiconductor
materials commonly used in applications: zinc-oxide and doped silicon. Physical properties at 300 K
for these two semiconductor materials are shown, respectively, in Tables 1 and 2. The Debye length for
doped silicon was obtained as λD2 =

√
(ε2kBT)/(e2ND), where ND is the net density of dopants. The

conductivity of doped silicon with ND = 1013 cm−3 was taken from the literature, and for other dopant
densities, the conductivity scaled linearly with ND. We also include the properties of the KCl aqueous
solution, which we assumed to have a conductivity of 1.5 mS/m. This conductivity corresponds to
an ionic strength of 10−4 M, a typical value in electrokinetic experiments. The Debye length for this
electrolyte is around 30 nm, the same value as that for ZnO. Thus, the thin EDL approximation must
be valid in experiments with microspheres with diameters around 10 µm and larger. However, the
Debye length for n-type silicon with a doping concentration as low as ND = 1013 cm−3 is 1.28 µm, and
the thin EDL approximation cannot be rigorously applied to microspheres.

Table 1. Values for the physical properties of the liquid and the semiconductor (ZnO) sphere in Figure 2.
Values for ZnO are within the range reported in [39].

— λD σ ε/ε0

Semiconductor (ZnO) 30 nm 480 mS/m 3.9
Electrolyte (KCl in water) 30 nm 1.5 mS/m 80

Table 2. Values for the physical properties of the liquid and the semiconductor (n-type silicon) sphere
in Figure 3 (ND = 1013 cm−3). Data obtained from [36].

— λD σ ε/ε0

Semiconductor (n-type silicon) 1.28 µm 226 mS/m 11.9
Electrolyte (KCl in water) 30 nm 1.5 mS/m 80

Figure 2 shows the real and imaginary parts of the Clausius–Mossotti factor versus
nondimensional frequency for a ZnO microsphere immersed in a KCl solution. Values of the
material properties are taken from Table 1, and the microsphere was 10 µm in diameter. Thus, the
nondimensional Debye length was λ̄D1 = λ̄D2 = 0.006. Interestingly, the real part of K was negative
for low and high frequencies, predicting negative DEP for these two limits, while positive DEP was
expected for intermediate frequencies. According to the Kramers–König relations, an increasing value
for the real part of K implies a positive peak for the imaginary part, while a decreasing value in Re[K]
is accompanied by a negative peak in Im[K]. This is the result shown in Figure 2 for the imaginary
part of the Clausius–Mossotti factor, predicting counterfield rotation at low frequencies and cofield
for higher frequencies. As mentioned above, numerical values for the DEP velocity can be calculated
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from Expression (5). Using a typical experimental value for |∇E2
0 | ≈ 3× 1012 V2/m3 as in [7], we

obtained DEP velocities ranging from −4.0 to 5.6µm/s for the 10 µm ZnO microspheres. Likewise,
using Expression (6) and a typical value of E0 ≈ 4 kV/m, the counterfield peak angular velocity for
these spheres was around 3.4 rad/s and slightly lower for the cofield peak velocity.

��������
�����

Figure 2. Real and imaginary parts of the Clausius–Mossotti factor versus nondimensional frequency
for a ZnO microsphere immersed in a KCl solution. Values of the material properties are taken from
Table 1. The microsphere is 10 microns in diameter, and the nondimensional Debye length is 0.006.

Figure 3 shows the real and imaginary parts of the Clausius–Mossotti factor versus
nondimensional frequency for an n-type silicon microsphere immersed in a KCl solution. Values of the
material properties are taken from Table 2, and the microsphere was 10 µm in diameter. The doping
density was ND = 1013 cm−3; the nondimensional Debye length for the solid side was λ̄D2 = 0.26. The
real part did not change much with frequency, and it was always negative, though the two relaxations
were still present. Consequently, the peaks in the imaginary part were smaller than in the case of ZnO
(Figure 2). Thus, negative DEP of these microspheres was expected for all frequencies, with values
between 4 and 1.6 µm/s for |∇E2

0 | ≈ 3× 1012 V2/m3. ROT velocities were relatively small in this case:
using E0 ≈ 4 kV/m, the peak of the counterfield angular velocity was 0.8 rad/s, while the cofield peak
velocity was as low as 0.5 rad/s.

Figure 4 shows the Clausius–Mossotti factor versus nondimensional frequency for an n-type
silicon microsphere with a higher doping concentration (ND = 1015 cm−3). In this case, the
semiconductor conductivity was a hundred times larger than in Table 2, while the Debye length
was ten times smaller than for ND = 1013 cm−3. The nondimensional Debye length for a microsphere
of 10 µm in diameter was λ̄D2 = 0.026. In this situation, both positive and negative DEP were predicted
again as in Figure 2. The only difference is that positive DEP was slightly smaller than that for a ZnO
sphere because the Debye length was not as small as in that case. Correspondingly, the peaks of the
Im[K] were also somewhat smaller than for ZnO.
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ω(ε1/σ1)

Figure 3. Real and imaginary parts of the Clausius–Mossotti factor versus nondimensional frequency
for an n-type silicon microsphere immersed in a KCl solution. Values of the material properties are
taken from Table 2. The microsphere is 10 µm in diameter. Thus, the nondimensional Debye length is
λ̄D2 = 0.26.

ω(ε1/σ1)

Figure 4. Real and imaginary parts of the Clausius–Mossotti factor versus nondimensional frequency
for an n-type silicon microsphere immersed in a KCl solution. Particle conductivity is 22.6 S/m, and
the Debye length is λD2 = 0.331 µm. The microsphere is 10 µm in diameter. Thus, the nondimensional
Debye length is λ̄D2 = 0.026.
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Comparisons with the Results for a Thin Electrical Double Layer

In this section, we compare the predictions of the thin double layer limit (Equation (35)) with the
general expression of the Clausius–Mossotti factor (Equation (28)). As expected, the differences are
only noticeable if the Debye length is not much smaller than the particle size. To explore this further,
we will consider a semiconductor with properties as given in Table 2. The Debye length in this case
was somewhat larger than 1 µm. We show in Figure 5 the Clausius–Mossotti factor obtained from
Expressions (35) and (28) and for a microsphere of 10 µm in diameter, thus λ̄D2 = 0.26. We found
that the relative difference between the maximum values of the real part was around 30%. The low
frequency peaks of the imaginary part were relatively close (16% difference), while the high frequency
peaks were off by 25%.

Figure 6 shows the same comparison, but for a microsphere of 100 µm in diameter. In this case,
λ̄D2 = 0.026, and the thin EDL approximation looks very good. The relative difference between the
maxima of the real parts was 1.2%, while the difference for the low and high frequency peaks of the
imaginary parts were 0.7%. Finally, Figure 7 shows the results for a microsphere of 1 µm in diameter
(λ̄D2 = 2.6). As expected, the predictions of the thin EDL approximation were far from the exact theory.

13 -3

ω(ε1/σ1)

Figure 5. Real and imaginary parts of the Clausius–Mossotti factor versus nondimensional frequency
for an n-type silicon (ND = 1013 cm−3) microsphere (10 µm) immersed in a KCl solution. The
nondimensional Debye length in the particle is λ̄D2 = 0.26. The results of the thin EDL approximation
(Equation (35)) are compared with the exact solution, Equation (28).
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13 -3

ω(ε1/σ1)
1000

Figure 6. Real and imaginary parts of the Clausius–Mossotti factor versus nondimensional frequency
for an n-type silicon (ND = 1013 cm−3) microsphere (100 µm) immersed in a KCl solution. The
nondimensional Debye length in the particle is λ̄D2 = 0.026. The results of the thin EDL approximation
(Equation (35)) are compared with the exact solution, Equation (28).

��������

����a���
����a�	�
a���

�� �3a

Figure 7. Real and imaginary parts of the Clausius–Mossotti factor versus nondimensional frequency
for an n-type silicon (ND = 1013 cm−3) microsphere (1 µm) immersed in a KCl solution. The
nondimensional Debye length in the particle is λ̄D2 = 2.6. The results of the thin EDL approximation
(Equation (35)) are compared with the exact solution, Equation (28).
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4. Conclusions

We have shown the simplest analytical model that describes the electrokinetic behavior of a
semiconducting sphere immersed in an aqueous electrolyte. The general behavior that we found is
as follows:

• The model predicts negative dielectrophoresis at very low frequencies: the Clausius–Mossotti
factor with real part equal to−0.5. This is the minimum value attainable for the Clausius–Mossotti
factor of a sphere, and it arises when the electric field in the liquid surrounds the particle, as if the
sphere were a perfectly insulating material; see Figure 8a. The reason for this is that the electrical
double layer (EDL) is fully charged.

• As the signal frequency increases, there is not sufficient time for complete charging of the EDL
by the electrical currents coming from the liquid bulk. The real part of the Clausius–Mossotti
factor increases, leading to a weaker negative DEP and, eventually, to positive DEP behavior if
the sphere conductivity is high enough; see Figure 8b.

• The Clausius–Mossotti factor shows a new relaxation for higher frequencies of the AC field; and
the value of its real part decreases until a negative value that depends on the ratio of solid to
liquid dielectric constants. This is the well-known Maxwell–Wagner relaxation, and negative
dielectrophoresis occurs since the permittivity for the liquid is higher than for the solid; see
Figure 8c.

• The imaginary part of the Clausius–Mossotti factor mirrors the behavior of the real part. As
mentioned above, the EDL relaxation leads to an increase in the value of Re[K] with frequency,
and consequently, a positive peak for the imaginary part appears. This peak corresponds to a
prediction of counterfield electrorotation in experiments. Likewise, the decrease of the real part at
higher frequencies predicts a cofield electrorotation.

Figure 8. Electric field lines for a semiconducting particle immersed in an electrolyte: (a) Signal
frequencies much smaller than the reciprocal of the double layer charging time (1/τEDL);
(b) intermediate frequencies; (c) frequencies much higher than the reciprocal of the Maxwell–Wagner
characteristic time (1/τMW ).

We have also calculated the sphere polarizability assuming that the thickness of the EDL is much
smaller than the particle size. This calculation is simpler than the full problem, and so is the expression
for the Clausius–Mossotti factor obtained in this way. Evaluation of the theoretical expressions shows
that the approximation yields acceptable results even if the particle is not much larger than the EDL
thickness. Obviously, the thin double layer approximation cannot be used for particles of the same size
or larger than the thickness of the EDL.

The values of the permittivities for the electrolyte and the semiconductor are taken as real
numbers. This is a very good approximation for frequencies below the microwave region, i.e., below
GHz. Interestingly, the maximum angular frequency in Figures 2–7 is 10,000-times the reciprocal of the
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charge relaxation time in the electrolyte, σ1/ε1, i.e., around 2.1 MHz for an aqueous electrolyte with
1.5 mS/m. This means that our theoretical model is evaluated for a maximum dimensional frequency
of around 3.4 GHz, already in the microwave region. Thus, the imaginary part of the permittivity
could have some influence within the high-frequency range of the Clausius–Mossotti factor, but we do
not expect any qualitative difference with the present results.

One important assumption of our theoretical modeling is that, for each media, we consider that
positive and negative charge carriers have the same mobility. This could be a good approximation
for intrinsic semiconductors, while differences may appear in doped semiconductors where the
electrical conductivity is dominated by only one type of charge carrier, i.e., impurities remain immobile.
Future work will be focused on the effect of the mobility asymmetry in the electrokinetic behavior of
semiconductor spheres.

Finally, we did not consider the influence of induced charge electroosmosis (ICEO) [30] in the
dielectrophoresis and electrorotation of the semiconductor spheres. It is well known that the ROT
velocity is not affected by the ICEO flow if the Debye length in the electrolyte is small [29], as
we assumed in our calculations. On the other hand, the ICEO flow might influence the particle
displacement originated by a nonuniform field. The particle motion that arises as a combination of
DEP and ICEO is known as dipolophoresis [26,27,40], and theoretically, the two mechanisms play an
important role. However, experiments show that ICEO is much smaller than in theory due to several
effects such as counterion crowding [41], surface roughness [42], and electrochemical reactions [43,44].
Thus, the main mechanism behind the displacement of microspheres is the action of the electric field
on the induced dipole [7], i.e., DEP.
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Appendix A. Wall Effects in the Electrorotation of a Semiconducting Sphere

Electrokinetics experiments with microparticles are usually carried out with microelectrode
structures fabricated on a glass substrate. The microparticles are heavier than water and rest on the
substrate after sedimentation. For future comparison with experimental data, we show in this section
how to account for the influence of this wall on the electrorotation of semiconducting microspheres. In
this analysis, we assume that the wall does not bear any electrical charge. The presence of an intrinsic
surface charge could give rise to a more complicated wall-particle interaction and new phenomena
beyond the scope of this work. We obtain that the viscous torque increases when the spheres are in
contact with the glass substrate, while electrical torques are reduced.

In creeping flow conditions, the following expression corresponds to the viscous torque on a
sphere near a wall that rotates around an axis perpendicular to the wall with angular velocity Ω [45]:

τviscous = −8πηa3ζ(3)Ω (A1)

where ζ(x) is the Riemann zeta-function and ζ(3) = 1.20206. By direct comparison with Equation (4),
we find that the viscous torque is around 20% higher than for the same sphere in the liquid bulk.

The electrical torque on a body can be computed by integrating the Maxwell stress tensor (
↔
Te =

εEE− (1/2)εE2
↔
I) over the body surface S, τe = (1/2)

∫
S(r×

↔
Te)×ndS, where r is the position vector of

a point on surface S and n is a unit vector normal to that surface. We are interested in the torque exerted
on the particle by an electric field rotating in the horizontal plane. In this case, the electric potential
far from the particle is written in cylindrical coordinates as φ(ρ → ∞) = Re[−E0ρ exp(i(ωt− ϕ))].
We assume that the thin EDL approximation is valid, and as in Section 2.2, the electric potential is
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the solution of the Laplace equation with boundary conditions on the particle surface given by (30)
and (31). The solution of the electric potential can be written as φ(ρ, z, φ) = Re[Φ(ρ, z) exp(i(ωt− ϕ))],
where we introduced the phasor Φ(ρ, z), which is the solution of the following equation:

∇2Φ(ρ, z)−Φ(ρ, z)/ρ2 = 0 (A2)

We used COMSOL to find the solution of (A2) in the 2D axisymmetric domain shown in Figure A1.
The time-averaged electrical torque is computed from the solution of Φ as:

τ(ROT) =
ε1

2
Im
[∫

S
Φ

∂Φ∗

∂n
dS
]

uz (A3)

where S is the particle surface in Figure A1. Figure A2 shows the electrical torque in units of ε1a3E2
0 as

a function of frequency for a ZnO microsphere of 10 µm in diameter in two situations: the sphere in
the liquid bulk and resting on the wall. The torque for the sphere in the bulk coincides with the torque
predicted from Im[K] in Figure 1. The maximum electrical torque near the wall is 3.6% smaller than
the maximum torque in the bulk.

2a

Axial symmetry

B.C. (28) and (29)

Figure A1. 2D axisymmetric domain for computing the electrical torque on a sphere resting on a plane.
The domain dimensions are much larger than the sphere radius L� a (not to scale in the figure).

Figure A2. Time-averaged electrical torque (in units of ε1a3E2
0) as a function of frequency exerted by a

rotating electric field on a ZnO microsphere (λ̄D1 = λ̄D2 = 0.006). The maximum torque for a sphere
on the wall is 3.6% smaller than the maximum torque for the sphere in the liquid bulk.



Micromachines 2019, 10, 100 15 of 16

References

1. Jones, T.B. Electromechanics of Particles; Cambridge University Press: Cambridge, UK, 1995.
2. Morgan, H.; Green, N.G. AC Electrokinetics: Colloids and Nanoparticles; Research Studies Press Ltd.: Oxford,

UK, 2003.
3. Yu, K.; Yi, J.; Shan, J.W. Automated characterization and assembly of individual nanowires for device

fabrication. Lab Chip 2018, 18, 1494–1503. [CrossRef] [PubMed]
4. Fan, D.; Cammarata, R.; Chien, C. Precision transport and assembling of nanowires in suspension by electric

fields. Appl. Phys. Lett. 2008, 92, 093115. [CrossRef]
5. Fan, D.; Zhu, F.Q.; Xu, X.; Cammarata, R.C.; Chien, C. Electronic properties of nanoentities revealed by

electrically driven rotation. Proc. Natl. Acad. Sci. USA 2012, 109, 9309–9313. [CrossRef]
6. Ren, Y.; Morganti, D.; Jiang, H.Y.; Ramos, A.; Morgan, H. Electrorotation of Metallic Microspheres. Langmuir

2011, 27, 2128–2131. [CrossRef] [PubMed]
7. García-Sánchez, P.; Ren, Y.; Arcenegui, J.J.; Morgan, H.; Ramos, A. Alternating Current Electrokinetic

Properties of Gold-Coated Microspheres. Langmuir 2012, 28, 13861–13870. [CrossRef] [PubMed]
8. Arcenegui, J.J.; García-Sánchez, P.; Morgan, H.; Ramos, A. Electrorotation of titanium microspheres.

Electrophoresis 2013, 34, 979–986. [CrossRef]
9. Fan, D.L.; Zhu, F.Q.; Cammarata, R.C.; Chien, C.L. Controllable High-Speed Rotation of Nanowires.

Phys. Rev. Lett. 2005, 94, 247208. [CrossRef]
10. Arcenegui, J.J.; García-Sánchez, P.; Morgan, H.; Ramos, A. Electric-field-induced rotation of Brownian metal

nanowires. Phys. Rev. E 2013, 88, 033025. [CrossRef]
11. Arcenegui, J.J.; García-Sánchez, P.; Morgan, H.; Ramos, A. Electro-orientation and electrorotation of metal

nanowires. Phys. Rev. E 2013, 88, 063018. [CrossRef]
12. Smith, P.A.; Nordquist, C.D.; Jackson, T.N.; Mayer, T.S.; Martin, B.R.; Mbindyo, J.; Mallouk, T.E. Electric-field

assisted assembly and alignment of metallic nanowires. Appl. Phys. Lett. 2000, 77, 1399–1401. [CrossRef]
13. Saintillan, D.; Darvel, E.; Shaqfeh, E. Hydrodynamic interactions in the induced-charge electrophoresis of

colloidal rod dispersionss. J. Fluid Mech. 2006, 563, 223–259. [CrossRef]
14. Rose, K.A.; Meier, J.A.; Dougherty, G.M.; Santiago, J.G. Rotational electrophoresis of striped metallic

microrods. Phys. Rev. E 2007, 75, 011503. [CrossRef] [PubMed]
15. Arcenegui, J.J.; García-Sánchez, P.; Morgan, H.; Ramos, A. Electro-orientation of a metal nanowire

counterbalanced by thermal torques. Phys. Rev. E 2014, 89, 062306. [CrossRef] [PubMed]
16. Liang, Z.; Fan, D. Visible light–gated reconfigurable rotary actuation of electric nanomotors. Sci. Adv. 2018,

4, 0981. [CrossRef] [PubMed]
17. Akin, C.; Feldman, L.C.; Durand, C.; Hus, S.M.; Li, A.P.; Hui, H.Y.; Filler, M.A.; Yi, J.; Shan, J.W.

High-throughput electrical measurement and microfluidic sorting of semiconductor nanowires. Lab Chip
2016, 16, 2126–2134. [CrossRef] [PubMed]

18. Akin, C.; Yi, J.; Feldman, L.C.; Durand, C.; Hus, S.M.; Li, A.P.; Filler, M.A.; Shan, J.W.
Contactless Determination of Electrical Conductivity of One-Dimensional Nanomaterials by Solution-Based
Electro-orientation Spectroscopy. ACS Nano 2015, 9, 5405–5412. [CrossRef] [PubMed]

19. Hermanson, K.D.; Lumsdon, S.O.; Williams, J.P.; Kaler, E.W.; Velev, O.D. Dielectrophoretic assembly of
electrically functional microwires from nanoparticle suspensions. Science 2001, 294, 1082–1086. [CrossRef]

20. García-Sánchez, P.; Arcenegui, J.J.; Morgan, H.; Ramos, A. Self-assembly of metal nanowires induced by
alternating current electric fields. Appl. Phys. Lett. 2015, 106, 023110. [CrossRef]

21. Gangwal, S.; Cayre, O.J.; Bazant, M.Z.; Velev, O.D. Induced-charge electrophoresis of metallodielectric
particles. Phys. Rev. Lett. 2008, 100, 058302. [CrossRef]

22. Gangwal, S.; Cayre, O.J.; Velev, O.D. Dielectrophoretic assembly of metallodielectric Janus particles in AC
electric fields. Langmuir 2008, 24, 13312–13320. [CrossRef]

23. Boymelgreen, A.; Yossifon, G.; Park, S.; Miloh, T. Spinning Janus doublets driven in uniform AC electric
fields. Phys. Rev. E 2014, 89, 011003. [CrossRef] [PubMed]

24. Boymelgreen, A.; Yossifon, G.; Miloh, T. Propulsion of active colloids by self-induced field gradients.
Langmuir 2016, 32, 9540–9547. [CrossRef] [PubMed]

25. Boymelgreen, A.M.; Balli, T.; Miloh, T.; Yossifon, G. Active colloids as mobile microelectrodes for unified
label-free selective cargo transport. Nat. Commun. 2018, 9, 760. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C8LC00051D
http://www.ncbi.nlm.nih.gov/pubmed/29707725
http://dx.doi.org/10.1063/1.2891091
http://dx.doi.org/10.1073/pnas.1200342109
http://dx.doi.org/10.1021/la104784m
http://www.ncbi.nlm.nih.gov/pubmed/21302938
http://dx.doi.org/10.1021/la302402v
http://www.ncbi.nlm.nih.gov/pubmed/22931290
http://dx.doi.org/10.1002/elps.201200403
http://dx.doi.org/10.1103/PhysRevLett.94.247208
http://dx.doi.org/10.1103/PhysRevE.88.033025
http://dx.doi.org/10.1103/PhysRevE.88.063018
http://dx.doi.org/10.1063/1.1290272
http://dx.doi.org/10.1017/S0022112006001376
http://dx.doi.org/10.1103/PhysRevE.75.011503
http://www.ncbi.nlm.nih.gov/pubmed/17358156
http://dx.doi.org/10.1103/PhysRevE.89.062306
http://www.ncbi.nlm.nih.gov/pubmed/25019775
http://dx.doi.org/10.1126/sciadv.aau0981
http://www.ncbi.nlm.nih.gov/pubmed/30225371
http://dx.doi.org/10.1039/C6LC00217J
http://www.ncbi.nlm.nih.gov/pubmed/27171977
http://dx.doi.org/10.1021/acsnano.5b01170
http://www.ncbi.nlm.nih.gov/pubmed/25941841
http://dx.doi.org/10.1126/science.1063821
http://dx.doi.org/10.1063/1.4905924
http://dx.doi.org/10.1103/PhysRevLett.100.058302
http://dx.doi.org/10.1021/la8015222
http://dx.doi.org/10.1103/PhysRevE.89.011003
http://www.ncbi.nlm.nih.gov/pubmed/24580163
http://dx.doi.org/10.1021/acs.langmuir.6b01758
http://www.ncbi.nlm.nih.gov/pubmed/27611819
http://dx.doi.org/10.1038/s41467-018-03086-2
http://www.ncbi.nlm.nih.gov/pubmed/29472542


Micromachines 2019, 10, 100 16 of 16

26. Miloh, T. A unified theory of dipolophoresis for nanoparticles. Phys. Fluids 2008, 20, 107105. [CrossRef]
27. Miloh, T. Dipolophoresis of nanoparticles. Phys. Fluids 2008, 20, 063303. [CrossRef]
28. Ramos, A.; García-Sánchez, P.; Morgan, H. AC electrokinetics of conducting microparticles: A review.

Curr. Opin. Colloid Interface Sci. 2016, 24, 79–90. [CrossRef]
29. García-Sánchez, P.; Ramos, A. Electrorotation of a metal sphere immersed in an electrolyte of finite Debye

length. Phys. Rev. E 2015, 92, 052313. [CrossRef]
30. Bazant, M.Z.; Squires, T.M. Induced-charge electrokinetic phenomena: theory and microfluidic applications.

Phys. Rev. Lett. 2004, 92, 066101. [CrossRef]
31. Bazant, M.Z.; Thornton, K.; Ajdari, A. Diffuse-charge dynamics in electrochemical systems. Phys. Rev. E

2004, 70, 021506. [CrossRef]
32. García-Sánchez, P.; Ramos, A. Electrorotation and Electroorientation of semiconductor nanowires. Langmuir

2017, 33, 8553–8561. [CrossRef]
33. Lyklema, J. Fundamentals of Interface and Colloid Science; Academic Press Limited: New York, NY, USA, 1995.
34. Macdonald, J.R. Theory of AC space-charge polarization effects in photoconductors, semiconductors, and

electrolytes. Phys. Rev. 1953, 92, 4. [CrossRef]
35. Hunter, R. Introduction to Modern Colloid Science; Oxford University Press: Oxford, UK, 1993.
36. Sze, S.M.; Ng, K.K. Physics of Semiconductor Devices; John Wiley & Sons: Hoboken, NJ, USA, 2006.
37. González, A.; Ramos, A.; Green, N.; Castellanos, A.; Morgan, H. Fluid Flow Induced By Nonuniform AC

Electric Fields in Electrolytes on Microelectrodes. II. A Linear Double-Layer Analysis. Phys. Rev. E 2000,
61, 4019–4028. [CrossRef]

38. Zhao, C.; Yang, C. AC electrokinetic phenomena over semiconductive surfaces: Effective electric boundary
conditions and their applications. Phys. Rev. E 2011, 83, 066304. [CrossRef]

39. Goldberger, J.; Sirbuly, D.J.; Law, M.; Yang, P. ZnO nanowire transistors. J. Phys. Chem. B 2005, 109, 9–14.
[CrossRef] [PubMed]

40. Shilov, V.; Simonova, T. Polarization of electric double-layer of disperse particles and dipolophoresis in a
steady (DC) field. Colloid J. USSR 1981, 43, 90–96.

41. Bazant, M.Z.; Kilic, M.S.; Storey, B.D.; Ajdari, A. Towards an understanding of induced-charge electrokinetics
at large applied voltages in concentrated solutions. Adv. Colloid Interface Sci. 2009, 152, 48–88. [CrossRef]

42. Messinger, R.; Squires, T. Suppression of Electro-Osmotic Flow by Surface Roughness. Phys. Rev. Lett. 2010,
105, 144503. [CrossRef] [PubMed]

43. Ramos, A.; González, A.; García-Sánchez, P.; Castellanos, A. A linear analysis of the effect of Faradaic
currents on traveling-wave electroosmosis. J. Colloid Interface Sci. 2007, 309, 323–331. [CrossRef]

44. García-Sánchez, P.; Ramos, A.; González, A. Effects of Faradaic currents on AC electroosmotic flows with
coplanar symmetric electrodes. Colloids Surf. A Physicochem. Eng. Asp. 2011, 376, 47–52. [CrossRef]

45. Jeffery, G. On the Steady Rotation of a Solid of Revolution in a Viscous Fluid. Proc. Lond. Math. Soc. 1915,
14, 327–338. [CrossRef]

c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1063/1.2997344
http://dx.doi.org/10.1063/1.2931080
http://dx.doi.org/10.1016/j.cocis.2016.06.018
http://dx.doi.org/10.1103/PhysRevE.92.052313
http://dx.doi.org/10.1103/PhysRevLett.92.066101
http://dx.doi.org/10.1103/PhysRevE.70.021506
http://dx.doi.org/10.1021/acs.langmuir.7b01916
http://dx.doi.org/10.1103/PhysRev.92.4
http://dx.doi.org/10.1103/PhysRevE.61.4019
http://dx.doi.org/10.1103/PhysRevE.83.066304
http://dx.doi.org/10.1021/jp0452599
http://www.ncbi.nlm.nih.gov/pubmed/16850973
http://dx.doi.org/10.1016/j.cis.2009.10.001
http://dx.doi.org/10.1103/PhysRevLett.105.144503
http://www.ncbi.nlm.nih.gov/pubmed/21230835
http://dx.doi.org/10.1016/j.jcis.2007.01.076
http://dx.doi.org/10.1016/j.colsurfa.2010.11.006
http://dx.doi.org/10.1112/plms/s2_14.1.327
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Theory
	Particle Polarizability
	Limit of Thin Electrical Double Layers

	Results
	Conclusions
	Wall Effects in the Electrorotation of a Semiconducting Sphere 
	References

