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Bilayer membranes on solid supports are being developed as electrically addressable, robust,
surface-supported membrane mimetics. These platforms are being explored for basic ion channel
research as well as for detection and analyte sensing. The formation of bilayer membranes on
semiconductor surfaces is an important step in device integration for transistor and sensor arrays.
Here, the authors review the contributions to the impedance response of bilayer membranes on
semiconductors, and highlight the important issues for experimental measurements. The authors also
present experimental results for diphytanoyl phosphocholine bilayers formed on moderately doped
and highly doped n-type silicon using Langmuir-Blodgett-based deposition techniques. The authors
demonstrate that a detailed understanding of the contributions to the impedance response is
important in developing silicon-based membrane platforms. The authors further report on the bias
dependence of the impedance, and show that on highly doped n-type silicon, the membrane
impedance can be measured over a 2 V range. © 2008 American Vacuum Society.
�DOI: 10.1116/1.2896117�

I. INTRODUCTION

Surface-supported bilayer membranes are being devel-
oped as platforms for fundamental biophysical studies of lip-
ids and membrane proteins, as well as for high throughput
sensing.1 Various approaches have been adopted to produce
surface supported bilayers. In one approach some or all of
the lipids composing the lower leaflet are tethered to the
solid support, usually exploiting gold/thiol chemistry.2–6 An
alkane chain or polyethylene glycol chain attached to the
head group of the lipid is conjugated with a terminal sulfhy-
dryl group to tether the lipid to the gold support. In this case
the lower leaflet is formed by self-assembly from a solution
containing a mixture of lipids with and without a tether. The
upper leaflet is usually formed by vesicle fusion, in which
vesicles break and fuse with the lower leaflet to complete the
bilayer.

An alternative approach is to use Langmuir-Blodgett �LB�
deposition to transfer the lower leaflet from a compressed
monolayer at the air/water interface onto the solid support.7,8

The monolayer usually includes a fraction of lipids that have
a polyethylene glycol �PEG� chain attached to the head
group, which prevents direct contact between the bilayer and
the solid support. In some cases, the PEG may also have a
terminal group that can chemisorb to the solid support. The
upper leaflet may be formed by vesicle fusion or Langmuir-
Schaefer �LS�. An advantage of this approach is that peptides
with controlled orientation and directionality can be incorpo-
rated into the membrane in the first step.

A key feature of these methods is that the bilayer is not in
direct contact with the solid support. The tether or polymer
cushion provides a spacer layer or water reservoir that allows
for incorporation of membrane proteins. In addition, if the
fraction of lipid tethers or PEG lipids is sufficiently low, then

the mobility of the lipids in the lower leaflet can mimic
physiological conditions.7 Without the polymer spacer layer,
direct contact between the lipids in the lower leaflet and the
support results in very low or no lipid mobility. This may
increase the membrane resistance, but is not useful in creat-
ing biomimetic membranes.

In fabricating robust membrane platforms for biosensing
applications, the goal is to measure a signal associated with
the transport of charged species through ion channels. Two
methods are commonly used for signal transduction: imped-
ance spectroscopy and current measurements. In the absence
of faradaic reactions that can occur at the support electrode,
the transport of ionic species through a channel is usually
detected by measuring the impedance response.9,10 If the spe-
cies transported through the channel is electroactive, then a
dc current flow can be measured at the support electrode as
long as there is a thermodynamic driving force for the reac-
tion to occur.

In this paper we report on the impedance response of
bilayers on single crystal silicon. The formation of bilayer
membranes on silicon is the first step toward developing
membrane transistor and sensor arrays for electrical or
electro-optical detection.11–14

II. IMPEDANCE SPECTROSCOPY OF SUPPORTED
BILAYER MEMBRANES

In this section we provide an overview of the impedance
response of supported bilayer membranes and identify the
conditions that allow measurement of ion channel conduc-
tance on semiconductors. Figure 1 shows the equivalent cir-
cuit for a supported bilayer membrane with a polymer cush-
ion on a solid support. The series resistance Rs represents the
uncompensated resistances in the circuit and includes the so-
lution resistance and the resistances associated with the leads
and contacts. For a uniform bilayer membrane without ion
channels, the impedance of the bilayer can be represented by
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a parallel resistance and capacitance, Rbilayer and Cm, respec-
tively. The capacitance can usually be considered as a paral-
lel plate capacitor with C=��0 /d, where � is the relative
permittivity, �0 is the permittivity of free space, and d is the
membrane thickness. Both capacitance and resistance are
normalized to the area of the support, so that C has units of
F cm−2 and R has units of � cm2. The membrane resistance,
Rm, contains the resistance of the lipid bilayer, Rbilayer, in
parallel with the resistance associated with any channels in
the membrane, Rch. These resistances are related by

1

Rm
=

1

Rbilayer
+

1

Rch
, �1�

and hence

Rm =
RbilayerRch

Rbilayer + Rch
. �2�

From Eq. �2� we can see that if Rch�Rbilayer, then Rm�Rch.
Thus, the resistance associated with the channels can be ex-
tracted from the measured impedance as long as Rch is less
than Rbilayer. Also note that the membrane admittance Ym
=nchgch, where nch is the channel density �cm−2� and gch is
the channel conductance �S�. Thus, in the absence of chan-
nels Rm=Rbilayer and should be as large as possible to maxi-
mize the dynamic range.

In series with the impedance associated with the mem-
brane is the impedance associated with the electrochemical
interface. This impedance includes a charge transfer resis-
tance, Rct, associated with electron transfer across the inter-
face. This resistance is in parallel with a capacitance Cp that
includes the double layer capacitance Cdl and the capacitance
associated with the semiconductor space charge layer Csc.

The total parallel capacitance Cp associated with the elec-
trochemical interface is given by

Cp =
CdlCsc

Cdl + Csc
. �3�

Hence, Cp�Csc if Csc�Cdl; otherwise Cp�Cdl if Cdl�Csc.
The total impedance of the equivalent circuit shown in

Fig. 1 is given by

Z��� = �Rs +
Rm

1 + �2Cm
2Rm

2 +
Rct

1 + �2Cp
2Rct

2 �
− i� �CmRm

2

1 + �2Cm
2Rm

2 +
�CpRct

2

1 + �2Cp
2Rct

2 � , �4�

where the first term in parentheses is the real part of the
impedance Zreal, and the second term in parentheses is the
imaginary part of the impedance, Zimag.

The magnitude of the impedance is given by

	Z	 = 
Zreal
2 + Zimag

2 . �5�

The phase angle, �, is given by

� = tan−1�Zimag/Zreal� . �6�

For an artificial bilayer to be a good model system, it should
have values of resistance and capacitance that are seen in cell
membranes. The capacitance of a lipid bilayer can be esti-
mated from the parallel plate capacitor model �C=��0 /d�.
Taking a typical hydrophobic thickness of about 4 nm and a
relative permittivity of 2–4, the membrane capacitance is
expected to be 0.5−1 �F cm−2. Values in this range have
been reported experimentally.10,12–14

Typical values of transmembrane resistance are in the
range 104−107 � cm2. The normalized impedance can be
compared to black lipid membrane or patch clamp experi-
ments by considering the area of the orifice over which the
membrane is suspended. A 100 G� seal over an orifice with
a radius of 5 �m would be about 8�104 � cm2. The time
constant �in seconds� associated with relaxations at a bilayer
membrane is given by 	=RmCm. Note that the time constant
corresponds to a characteristic frequency �in hertz�, f*
= �2
RmCm�−1.

As described above, the presence of ion channels in a
membrane provides a parallel low impedance conduction
pathway. If the resistance associated with all the channels in
the membrane Rch�Rbilayer, then Rm�Rch. Thus, the pres-
ence of a sufficient number of conducting channels in the
membrane will result in a decrease in the membrane resis-
tance and hence an increase in the time constant.

The resolution of such measurements can be determined
in the following way. Recalling that 1 /Rch=nchgch, we obtain
nch=1 /gchRbilayer at the point where Rch=Rbilayer. Thus, for a
membrane with Rbilayer=1�105 � cm2 and gch=20 pS, we
obtain a resolution for impedance measurements of 5
�105 cm−2. This is equivalent to one channel per 2
�10−6 cm2�200 �m2�.

A. Simulations

Figures 2 and 3 show simulations of the impedance re-
sponse for the equivalent circuit shown in Fig. 1, according
to Eq. �4�. The impedance response is presented as the fre-
quency dependence of the magnitude �often referred to as the
Bode plot� and phase angle determined from Eqs. �5� and
�6�, respectively. Figure 2 shows the magnitude and fre-
quency for Rs=10 �, Rct=1 M �, Cp=10 �F, Cm=1 �F,
and Rm from 102−107 �. The simulations demonstrate that

FIG. 1. Equivalent circuit for bilayer membranes on a semiconductor sup-
port. Rs: series resistance; Rm: membrane resistance �1 /Rm=1 /Rbilayer

+1 /Rch, where Rbilayer is the resistance of the lipid bilayer and Rch is the
resistance of any ion channels�; Cm: membrane capacitance; Rct: charge
transfer resistance at the semiconductor/solution interface; Cp: parallel ca-
pacitance �space charge layer capacitance Csc or electrochemical double
layer capacitance Cdl�.
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the impedance response has two contributions separated by a
frequency-dependent inflection point. The higher frequency
response is due to the membrane, whereas the lower fre-
quency response is due to the silicon support. The two peaks
in the phase angle plot correspond to the inverse of the time
constant for the two RC networks. The transition between the
two regimes on the ordinate corresponds to the sum of the
series resistance Rs and the membrane resistance Rm. Thus,
as long as Rs�Rm, then the y-axis intercept can be used to
determine the membrane resistance.

The characteristic response of an ideal capacitor in a Bode
plot is a straight line with a slope of −1. In this linear region
the capacitance can be obtained from Zimag= �i2
fC�−1, and
is constant at all frequencies. Since f*= �2
RmCm�−1 and re-
calling that Cm=1 �F, the characteristic frequency shifts
from 0.02 Hz for Rm=107 � to 2�103 Hz for Rm=102 �.

To observe an inflection point at the transition between
the two regimes, Cm must be less than Cp. Figure 3 shows the
impedance response for Rs=10 �, Rct=1 M �, Cm=1 �F,
Rm=104 �, and Cp=2, 5, and 10 �F. As Cp decreases, the
capacitive relaxations between the two regimes become

closer and the transition region becomes smaller. However,
the transition between the two regimes can be distinguished
even with Cp=2 �F, i.e., for Cp /Cm=2.

From the simulations we can see an important require-
ment to allow measurement of the impedance due to ion
channels. Cm should be less than Cp so that the impedance of
the membrane will be greater than that of the silicon, thus
allowing the Cm contribution to be distinguished. This con-
straint is discussed in more detail below.

B. The parallel capacitance

As described above, the parallel capacitance Cp consists
of the space charge layer capacitance Csc of the semiconduc-
tor in series with the double layer capacitance Cdl associated
with the silicon/solution interface. The parallel capacitance
Cp�=CdlCsc / �Cdl+Csc�� is equal to the smaller of the two
contributions. Analysis of the parallel capacitance is compli-
cated by the fact that both terms are dependent on potential.

The space charge layer capacitance for an n-type semi-
conductor is potential dependent and is given by15

FIG. 2. Simulations of the impedance response of supported bilayers. �Top�
Bode plot and �bottom� phase angle for the equivalent circuit shown in Fig.
1. Simulation parameters: Rs=10 �, Rct=1 M�, Csc=10 �F, Cm=1 �F,
and Rm=102−107 �. The high frequency response is due to the membrane
�Rm and Cm�, whereas the lower frequency response is due to the silicon
support �Rct and Cp�. The two peaks in the phase angle plot correspond to
the inverse of the time constant for the two RC networks �RctCp and RmCm�.
The inflection point in the Bode plot corresponds to the transition between
the two regimes.

FIG. 3. Simulations of the impedance response of supported bilayers illus-
trating the influence of Cp. �Top� Bode plot and �bottom� phase angle for the
equivalent circuit shown in Fig. 1. Simulation parameters: Rs=10 �, Rct

=1 M�, Cm=1 �F, Rm=104 �, and Cp=2, 5, and 10 �F. These results
show that the membrane impedance can be detected as long as the minimum
space charge layer of the silicon is greater than about 2 �F cm−2.
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Csc = ���0e
2ND

2kT
�1/2��exp�−

e�U − Ufb�
kT

� − 1��
��exp − � e�U − Ufb�

kT
� +

e�U − Ufb�
kT

− 1
−1/2

, �7�

where U is the applied potential, Ufb is the flatband potential,
� is the relative permittivity, �0 is the permittivity of free
space, ND is the ionized donor concentration, e is the charge
on the electron, k is the Boltzmann constant, and T is tem-
perature.

In the depletion regime where U−Ufb�3 kT /e, Eq. �7�
reduces to

1

Csc
2 = � 2

eND��0
��U − Ufb −

kT

e
� . �8�

This is the Mott-Schottky relation where U−Ufb�Csc
−2. Note

that U=Ufb when 1 /Csc
2 +kT /e=0. For moderately doped

semiconductors �ND up to about 1018 cm−3� in the depletion
regime, the capacitance of the space charge layer is in the
range from 10 to 100 nF cm−2. However, for high dopant
densities �ND�1018 cm−3�Csc may be larger than 1 μF cm
2.

In the accumulation regime at sufficiently large band
bending �U−Ufb�−3 kT /e�, Eq. �7� reduces to

Csc = ���0e
2ND

2kT
�1/2

exp�−
e�U − Ufb�

2kT
� . �9�

Thus, for U−Ufb�0, the space charge layer capacitance in-
creases exponentially, and can reach values in excess of
1 �F cm−2 at relatively small values of U−Ufb. Since the
flatband potential for silicon is typically in the range from 0
to −0.5 V �Ag/AgCl�,16 large values of the space charge
layer capacitance can be achieved at potentials negative to
the flatband potential, independent of the dopant density. The
impedance of the semiconductor/solution interface may be
further complicated by the presence of surface states or an
oxide layer.17,18

In summary, to satisfy the condition for measuring the
membrane capacitance, i.e., Cm�Cp, we can see that both
Csc and Cdl must be greater than the membrane capacitance,
which is typically 0.5−1 �F cm−2. The double layer capaci-
tance at a semiconductor/solution interface is typically 1
−10 �F cm−2; hence, we must ensure that space charge ca-
pacitance Csc�1 �F cm−2. This can be achieved by using
highly doped silicon �large ND� or by performing measure-
ments at potentials where U�Ufb.

III. MATERIALS AND EXPERIMENTAL METHODS

All experiments were performed on highly doped silicon,
n+-Si�111� �Montco Silicon Technologies, Inc., Spring City,
PA� with ND=2�1019 cm−3 or moderately doped silicon,
n-Si�111� �Montco Silicon Technologies, Inc., Spring City,
PA� with ND=1�1017 cm−3. Clean hydrophilic surfaces are
required for LB deposition of uniform monolayers, and the
wafers were therefore cleaned in piranha solution prior to
monolayer deposition. Briefly, the wafers were immersed se-
quentially in 2-propanol �Fisher Scientific, Assay 99.9%�, ac-

etone �J.T. Baker, assay 99.8%�, and 2-propanol, and soni-
cated for 15 min with each solvent. Finally, the wafers were
immersed in piranha etch solution: 30% hydrogen peroxide
�Fisher Scientific, Assay 95.4� and 70% sulfuric acid �Fisher
Scientific, Assay 31.4%�. The wafers were etched for 20 min
and then rinsed several times in deionized water prior to
deposition of the bilayer.

DPhPC lipid bilayers were formed by LB deposition
and vesicle fusion. In the first step, Langmuir-Blodgett
�LB� deposition was used to form the lower leaflet on the
silicon support. The lipid, 1,2-diphytanoyl-sn-glycero-3-
phosphocholine �DPhPC� and polyethylene glycol–modified
lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
�methoxy�polyethylene glycol�-2000� �PEG-2k� were pur-
chased from Avanti Polar Lipids �Alabaster, AL� and used
without further purification. Lipids were premixed in chloro-
form to achieve a total concentration of 1 mg mL−1. The
concentration of PEG-2k was 5.9 mol % based on the total
lipid concentration. This concentration is the estimated cross-
over concentration for the PEG polymer chain �i.e., the tran-
sition from the “mushroom” to the “brush” regime� and cor-
responds to the concentration where the random PEG coils
begin to come into contact with each other. A lipid mono-
layer was deposited on a silicon substrate from a Langmuir
trough �model 611D, Nima Technology Ltd., Coventry, En-
gland�. A clean silicon wafer was attached to the motor
driven stage and submerged in the subphase, 18 M� cm wa-
ter �Milli-Q, Millipore, Bedford, MA�. Next, 25 �L of the
lipid solution was spread dropwise at the air-water interface
of the open trough �600 cm2�. After spreading, the chloro-
form was allowed to evaporate for 15 min and then the
monolayer was compressed at a barrier speed of 100 cm2

min−1 to a pressure of 32 mN m−1. The silicon substrates
were withdrawn from the trough at 15 mm min−1 while
maintaining the pressure constant at 32 mN m−1. This rate
was sufficiently slow to ensure that the meniscus formed at
the silicon surface remained uniform during withdrawal.

After LB deposition of the monolayer, the silicon wafer
was assembled into a three-electrode electrochemical cell.
An ohmic contact was formed on the wafer using InGa eu-
tectic after surface oxide removal by a careful application of
25% HF for 1 min. The bilayer was then completed by
vesicle fusion �VF� of large unilamellar vesicles �LUVs�.
Large LUVs were prepared using standard techniques; the
details have been reported elsewhere.14 A solution of 0.5 mL
of the vesicles was slowly introduced into the electrochemi-
cal cell using a pipette. The bilayers were completed by in-
cubation of the vesicles in the dark for 1 hour. Prior to elec-
trochemical measurements, additional PBS was added to a
total volume of about 8 mL. All experiments were performed
in 100 mM potassium phosphate buffer �sodium phosphate
dibasic Na2HPO4.7H2O, 98−100%, J. T. Baker, NJ, and so-
dium phosphate monobasic NaH2PO4, 100%, J. T. Baker,
NJ� with 100 mM KCl �99.4%, J. T. Baker, NJ�, pH 6.9–7.1.
The cell included a Ag/AgCl �3 M NaCl� reference electrode
and a platinum mesh counter electrode. All potentials are
reported with respect to the Ag/AgCl reference �Ueq
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=0.200 V vs SHE�. Impedance measurements were per-
formed with a 20 mV rms ac perturbation over the frequency
range from 0.1 Hz to 100 kHz. All experiments were con-
ducted in the dark, to avoid photoeffects in the silicon, and at
room temperature.

IV. RESULTS AND DISCUSSION

A. n-Si

The magnitude and phase angle of the impedance for n-Si
in PBS at three different potentials is shown in Fig. 4. The
dotted lines correspond to nonlinear least-squares fits using a
resistance �Rs� in series with a single parallel RC network
�Rct and Cp� from which we can extract the values of Rs, Rct,
and Cp. At +0.5 and −0.5 V a single capacitive relaxation is
seen, corresponding to the parallel capacitance Cp in the
equivalent circuit. The magnitude of the impedance at
+0.5 V is almost two orders of magnitude larger than the
impedance at −0.5 V, implying that the capacitance at
+0.5 V is about two orders of magnitude smaller. The slope
in the linear region is very close to −1.0, characteristic of a
near-ideal capacitor. This can also been seen in the phase
angle where the maximum is close to 90°. However, over a
range of potentials from 0.4 to −0.2 V, two capacitive relax-
ations are observed �see the spectrum at 0 V in Fig. 4�. In this
potential range the equivalent circuit is more complicated
than the circuit shown in Fig. 1.

Figure 5 shows the capacitance for n-Si in PBS. At posi-
tive potentials, in the depletion regime, the capacitance is
40−80 nF cm−2, characteristic of the silicon space charge
layer capacitance. At more negative potentials a second con-
tribution due to the silicon/solution interface is seen that

dominates at potentials more negative than −0.2 V. Both
capacitive contributions are observed in the potential range
from 0.4 to −0.2 V, as can be seen from the impedance
spectrum at 0 V in Fig. 4. The capacitance in this regime is
about 2 �F cm−2, slightly larger than a typical membrane
capacitance. Thus, the parallel capacitance Cp is only slightly
larger than the typical bilayer membrane capacitance over a
range of potentials from −0.3 to −1.0 V.

For an n-type semiconductor in a solution, the depletion
of majority carriers occurs at potentials positive to the flat-
band potential. In the depletion regime the space charge layer
capacitance is very small, typically less than 100 nF cm−2.
Note that the capacitance due to the silicon �Fig. 5� does not
show good agreement with the Mott-Schottky relation �Eq.
�9�� due to the presence of the thin oxide layer in the buffer
solution. At more negative potentials, the space charge layer
capacitance increases and, at −0.3 V, only the double layer
capacitance is observed. Thus, the potential range that satis-
fies the condition Cm�Cp, assuming a membrane capaci-
tance of about 1 �F cm−2, is from −0.3 to −1.0 V.

B. n-Si/DPhPC

Figure 6 shows the magnitude and phase angle for n-Si
with a DPhPC bilayer at +0.5 and −0.5 V. The bilayer was
formed by LB deposition of DPhPC and 5.9 mol % PEG2k
at 32 mN m−1, followed by fusion of DPhPC vesicles, as
described in Sec. III. The lower leaflet includes a fraction of
lipids with a polyethylene glycol group attached to the head
group, providing a polymer cushion, or spacer layer, isolat-
ing the bilayer from the solid support. The dotted lines cor-
respond to nonlinear least-squares fits using the equivalent
circuit shown in Fig. 1 from which we can extract the values
of Rs, Rm, Cm, Rct, and Cp.

At +0.5 V the impedance is large due to the small capaci-
tance of the silicon space charge layer. At −0.5 V the paral-
lel capacitance is dominated by the double layer and hence
the impedance of the membrane can be resolved over the
frequency range from about 10 Hz to 10 kHz. Comparison to
the impedance of n-Si in PBS at the same potential �Fig. 4�,
clearly reveals the additional contribution to the impedance.
The transition between the relaxations is evident by the in-

FIG. 4. �Top� Magnitude and �bottom� phase angle of the impedance for
n-Si�111� in PBS at −0.5, 0, and 0.5 V �Ag/AgCl�. The dotted lines show the
nonlinear least-squares fits to the spectra.

FIG. 5. Measured parallel capacitance �Cp� vs potential for n-Si�111� in
PBS. �o� capacitive relaxation due to the silicon/solution interface, and ���
capacitive relaxation due to the silicon space charge layer. Both capacitive
contributions coexist in the potential range from 0.4 to −0.2 V �see Fig. 4�.
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flection point at about 2 Hz �104 � cm2�. The contribution
of the membrane can also be seen from the frequency depen-
dence of the phase angle at −0.5 V, where the two peaks
correspond to the two time constants at about 2 and 200 Hz.
Comparison to Fig. 4 shows that the phase angle for n-Si in
PBS at −0.5 V shows a single time constant. Also note that
the least-squares fit for the spectrum at +0.5 V, where the
impedance is dominated by the silicon space charge layer, is
not as good as at −0.5 V, where the membrane impedance is
measured.

The capacitance of a DPhPC membrane on n-Si is shown
in Fig. 7. As expected,the membrane capacitance of about
1 �F cm−2 is only measured over the potential range from
−0.3 to −1.0 V where Cm�Cp. At potentials positive to
−0.3 V, the measured capacitance decreases dramatically as
the parallel capacitance is dominated by the space charge
layer capacitance since Cp�Cm. The corresponding values
of the membrane resistance, also shown in Fig. 7, increase
from 3�103 � cm2 at −1.0 V to about 1�104 � cm2 at
−0.3 V. These results demonstrate that membrane measure-
ments can be made on low or moderately doped silicon over
a narrow potential range. This is the potential range where
the silicon is in weak depletion or accumulation such that
Cm�Cp. The dependence on applied potential suggests that
the membrane resistance is dependent on the magnitude and
sign of the electric field across the membrane. A similar ef-
fect is seen over a much wider potential range for bilayers
formed on n+-Si �see below�.

The condition that Cm�Cp is essential for measuring the
impedance of bilayer membranes. In the simplest case, as

discussed here, Cp has two components, the space charge
layer capacitance of the semiconductor and the double layer
capacitance at the interface. The space charge layer capaci-
tance is strongly dependent on potential, as described above.
In most cases where the ionic strength of the solution is
sufficiently large, the double layer capacitance can be mod-
eled as a parallel plate capacitor, according to the Helmholtz
model. The double layer capacitance for most semiconduc-
tors is 1−10 �F cm−2 and only weakly dependent on poten-
tial, consistent with the Helmholtz model.15 Since Cp is de-
pendent on applied bias, it is crucial to understand this
potential dependence in making measurements on bilayer
membranes.14,19

C. n+-Si

Figure 8 shows the magnitude and phase angle for n+-Si
in PBS. Over the potential range of interest from −1 to
+1 V, the impedance response exhibits a single capacitive
relaxation. The phase angle reaches a maximum value close
to 90° characteristic of an ideal capacitor. The dotted lines
show the least-squares fit to the spectrum using a resistance
�Rs� in series with a single parallel RC network �Rct and Cp�.
Figure 9 shows that the parallel capacitance Cp increases
from about 2 �F cm−2 at +1.0 V to about 3 �F cm−2 at
−1.0 V. These values are relatively large across the whole
potential range due to the high donor density of the silicon.
Thus, the parallel capacitance Cp is larger than the typical
bilayer membrane capacitance of about 1 �F cm−2 over a
wide potential range, satisfying the condition that Cm�Cp.

FIG. 6. �Top� Magnitude and �bottom� phase angle of the impedance for a
DPhPC bilayer on n-Si�111� in PBS at −0.5 and +0.5 V �Ag/AgCl�. The
Bode plot shows two relaxations: the higher frequency response is due to the
bilayer �Cm� and the lower frequency response is due to the silicon/solution
interface �Cp�. The dotted lines show the nonlinear least-squares fits to the
spectra.

FIG. 7. �Top� Capacitance vs potential for a DPhPC bilayer on n-Si�111� in
PBS. At potentials from −0.3 to −1.0 V, the membrane capacitance is mea-
sured since Cm�Cp. At more positive potentials, Cp�Cm and the silicon
space charge layer capacitance is measured. �Bottom� Bilayer resistance vs
potential obtained from nonlinear least-squares fits of the impedance spectra
at each potential.
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D. n+-Si/DPhPC

The magnitude and phase angle of the impedance of a
DPhPC bilayer on n+-Si at two potentials is shown in Fig.
10. The Bode plots at −0.5 and +0.5 V both show the char-
acteristic features of a series combination of two parallel RC
networks. The higher frequency relaxation is associated with
the bilayer and the lower frequency relaxation is associated
with the parallel capacitance. The dotted lines correspond to
the nonlinear least-squares fits to the spectra using the
equivalent circuit shown in Fig. 1, from which we can obtain
the values of the circuit elements.

Figure 11 shows the bilayer capacitance obtained from
analysis of the high frequency part of the impedance spectra.
The capacitance is about 1 �F cm−2 over the measured po-

tential range from +1 to −1 V. This result indicates that the
bilayer is stable over a wide potential range. The membrane
resistance, also shown in Fig. 11, increases from about 7
�103 � cm2 at −1 V to about 4�104 � cm2 at +1 V. The
values for the bilayer resistance are very similar to the values

FIG. 8. �Top� Magnitude and �bottom� phase angle of the impedance for
n+-Si�111� in PBS at −1.0, −0.5, and 0 V �Ag/AgCl�. The Bode plot shows
a single capacitive relaxation �Cp� with a phase angle very close to −90°,
corresponding to an ideal parallel plate capacitor. The dotted line shows the
nonlinear least-squares fit for the spectrum at −0.5 V.

FIG. 9. Parallel capacitance �Cp� vs potential for n+-Si�111� in PBS. The
capacitance was obtained from nonlinear least-squares fits to the spectra
using an equivalent circuit consisting of a resistance Rs in series with a
single parallel RC loop �Rct and Cp�.

FIG. 10. �Top� Magnitude and �bottom� phase angle of the impedance for
DPhPC bilayers on n+-Si�111� in PBS at −0.5 and +0.5 V �Ag/AgCl�. The
Bode plot shows two relaxations: the higher frequency response is due to the
bilayer �Cm� and the lower frequency response is due to the silicon/solution
interface �Cp�.

FIG. 11. �Top� Bilayer capacitance, �middle� bilayer resistance, and �bottom�
bilayer admittance vs potential for a DPhPC bilayer on n+-Si�111� in PBS.
Both Cm and Rm were obtained from nonlinear least-squares fits to the spec-
tra using an equivalent circuit shown in Fig. 1.
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measured on n-Si in the potential range from −0.3 to
−1.0 V, where Rm could be measured. The increase in mem-
brane resistance with increasing potential is unexpected and
suggests that the resistance is dependent on the magnitude
and sign of the electric field across the membrane.

V. SUMMARY

The integration of bilayer membranes with semiconduc-
tors provides the potential for hybrid bioelectronic devices
and structures. In integrating bilayers with semiconductor
supports, a detailed understanding of the electrical properties
of the semiconductor/solution interface is critical in deter-
mining appropriate regimes for measuring the electrical
properties of the bilayer and for further studies in detecting
signal transduction through a bilayer by means of transmem-
brane proteins. Here, we demonstrate that highly doped n-Si
provides a wide potential range for electrical measurements
of bilayer membranes.
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