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Thin polymeric films and surfaces pro-
vide novel electrochemical, thermal, 
mechanical, and/or biocompatible 

features at the nanoscale level in the devel-
opment of adhesives, protective coatings, 
lubricants, and suspension stabilizers, as 
well as in semiconductor devices such as 
biosensors used in medicine.

The interface between the film and substrate 
principally determines the structural and 
thermodynamic stability of multiphase poly-
mer systems, and the interface between the 
film and external environment determines 
the specialized functionality of the film. A 
comprehensive understanding of the ther-
modynamics at the nanoscale level is crucial 
to the development of better manufactur-
ing practices that strengthen film–substrate 
interfaces and accentuate the functionality 
of film–environment interfaces.

High-resolution electrical impedance 
spectral studies on silicon
Silicon wafers provide surfaces that are suit-
ably flat at the atomic level for dielectric 
spectral (DS) characterizations of the struc-
tural and topographical features of nano-
structures. Figure 1 illustrates the dielectric 
spectrometer and details the characterization 
chamber (Inphaze Pty. Ltd., Sydney, Aus-
tralia), into which functionalized surfaces 
are mounted. The system’s design3 ensures 
a uniform density of the alternating cur-
rent stimulus, i, that enables full utilization 
of the 24-bit acquisition of the response, v, 
and yields better than one-thousandth of a 
degree resolution in phase at frequencies as 
low as one-thousandth of a Hertz.4 Angstrom 
resolutions have been achieved with the 
Inphaze technology on silicon2 and gold.1

Theoretical background 
Dielectric characterization is broadly based 
on the degree to which the electrical prop-
erties of a nanostructure of dielectric con-
stant, εr, and thickness, d, depart from those 

of an ideal parallel plate capacitor, the 
capacitance (per area) of which is given by:

	 (1)

where εo is the dielectric permittivity of 
free space (= 8.85 10–2 Fm–1). Real capaci-
tors leak electric charge with a characteris-
tic time constant given by:

	 (2)

where g denotes the leak conductance, 
which is 0 for an ideal capacitor. The recip-
rocal time constant yields a characteristic 
frequency given by:

or

	 (3)

below which the electrical properties are 
dominated by the leak conductance.

Dielectric characterization of a 
monolayer and bilayer
Figure 2a shows the measured capacitance of an 
octadecane monolayer on a highly conducting 
atomically flat silicon substrate in contact with 
a 100 mM KCl electrolyte. The fitted curve 
was generated using the shown values for the 
parallel plate capacitor, c2, the leak conduc-
tance, g2, and the series conductance, g1, repre-
senting the electrolyte. The value for c2 is given 
by those measurements below 200 Hz that are 
characterized by the frequency independence 
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Figure 1	 Inphaze dielectric spectrometer and 
characterization chamber illustrating a) the three-
terminal configuration for characterizing b) functional-
ized nanostructures on substrates such as c) gold,1 d) 
silicon,2 and e and f) silicon dioxide. c, d, e, and f) A 
spectrum of measurements is modeled by a series of 
electrical circuit elements, each comprising a conduc-
tive (g) and capacitive (c) component. a) Gallium-
indium eutectic was applied to the underside of silicon 
samples to form a low-ohmic contact with the working 
electrode with functionalized surfaces facing upward. 
A gearing mechanism regulated by springs (not shown) 
was used to lower a gasket of rectilinear cross-section 
onto functionalized surfaces and delicately seal a pre-
cisely defined “active” area while minimizing distortion 
of the surface at the gasket perimeter. Electrolyte was 
perfused into the inner space of the chamber, wetting 
the active surface as well as the counter and refer-
ence electrodes. The working and counter electrodes 
injected a sinusoidal current of amplitude, i, and angu-
lar frequency, ω, through the surface. The recessed 
reference electrode monitored the voltage response of 
amplitude, v, and phase, ø (referenced to that of i). 
The capacitance and conductance of the system are 
given by isin(–ø)/ω/v and icos(–ø)/v, respectively.
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predicted by Eq. (1). Equations (1) and (3) 
yield estimates of the thickness d2 (assuming εr 
= 2.05) and the frequency constant that were 
consistent with those expected for the mono-
layer,2 and are represented in the structural 
line-spectrum shown in Figure 2c as a step in 
thickness at this frequency constant value.

Figure 2b reveals the manifestation of a sec-
ond constant capacitive regime in the fre-
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Figure 2	 Dielectric characterizations of a mono-
layer and bilayer (adapted from Ref. 2). a) The capaci-
tance dispersion with frequency (•) of an octadecane 
monolayer on highly doped silicon in contact with a 100 
mM KCl solution. Hydrosilylation chemistry in octa-
decene under UV light in a deoxygenated environment 
linked the octadecane monolayer via Si–C bonds to a 
hydride-terminated surface of a p-type Si(100) wafer 
of resistivity 0.005 Ωcm after the removal of silicon 
dioxide using hydrofluoric acid. b) Comparison of the 
capacitance dispersion in (a) with that obtained after the 
formation of a phosphatidylcholine:cholesterol leaflet on 
the octadecane surface (■) using the vesicle adsorption 
technique. c) Structural line-spectra for the monolayer 
(_____) and bilayer (_ _ _), which feature a step for each 
monolayer characterized by the Inphaze analysis of the 
spectra in (a) and (b) (see Refs. 5 and 6). The height 
of the step corresponds to the thickness of the monolayer 
(assuming er = 2.05), and its location corresponds to 
the frequency constant. An additional step correspond-
ing to electrolyte is not shown.

quency range of 10–103 Hz after vesicles of 
phosphatidylcholine:cholesterol (2:1 mol/
mol) were placed onto the monolayer. This 
manifestation is accommodated in the model 
for the monolayer alone by the series addition 
of an ideal capacitor, c3, and its leak conduc-
tance, g3, which is consistent with the vesicles 
adsorbing to the octadecane surface to form a 
second monolayer. Figure 2c shows that the 
structural line-spectrum for the bilayer (_ _ _) 
contains two steps. The step characterized by 
the lowest frequency constant is very similar 
in height and location to the step obtained 
for the octadecane monolayer alone (_____), 
indicating that it characterizes the thick-
ness (assuming εr = 2.05) and frequency 
constant for the base leaflet of the bilayer 
comprising octadecane. Thus, the second 
step characterized by a frequency constant 
value that is two orders of magnitude greater 
than that of the monolayer characterizes the 
phosphatidylcholine:cholesterol upper leaflet.

Dielectric characterization of native 
silicon oxide surfaces
Figure 3a shows that capacitance measure-
ments for a silicon dioxide “layer” (◊) disperse 
continuously with frequency over the fre-
quency range at which distinctive plateaus in 
capacitance dispersions shown in Figure 2 pre-
viously identified the presence of two electri-
cally specific layers. The continuous dispersion 
is that expected for several electrically distinct 
sublayers. This is consistent with extensive 
studies reviewed by Grunthaner and Gruntha-
ner7 involving a variety of techniques includ-
ing X-ray photoelectron spectroscopy (XPS), 
nuclear magnetic resonance (NMR), contact 
angle measurements, ellipsometry, and sur-
face extended X-ray absorption fine structure 
(SEXAFS). These studies show that the sili-
con dioxide layer indeed comprises five to six 
sublayers in which SiO4 tetrahedrons bridged 
by the oxygen atoms form regular ringed cages 
comprising four tetrahedrons approx. 4.3 Å in 
size next to the Si(111)/SiO2 interface, transi-
tioning to eight tetrahedrons approx. 7.8 Å in 
size at the SiO2 surface. The dielectric charac-
terization identified these sublayers, as illus-
trated in the structural line-spectrum (_____) 
shown in Figure 4, in which the steps have 
been reordered such that thickness values of 
layers (assuming εr = 4.4) increase toward the 
surface in concert with cage size.

The dielectric characterization further reveals 
that the frequency constant values taper away 
from the value attributed to the Si(111)/SiO2 
interface, consistent with the density of sites 
where silicon interacts with dopant to pro-

mote electrical conduction, decreasing with 
increasing cage size. The sharp increase in the 
value for the sublayer at the surface is consis-
tent with the permeation of highly conduct-
ing electrolyte into the voids of the SiO2 cages 
increasing with increasing cage size.

Dielectric characterization of 
polystyrene on silicon dioxide
Figure 3 further shows an order of magnitude 
decrease in the measured capacitance and 
conductance after a polystyrene film was spun-
coated onto the SiO2 surface. It additionally 
illustrates an increase in the extensiveness of 
the capacitance dispersion expected from the 
addition of further layers. These differences 
are more precisely reflected in Figure 4, which 
reveals a structural line-spectrum for polysty-
rene (_ _ _) that features more steps than that 

Figure 3	 Measured capacitance (a) and conduc-
tance (b) dispersions with frequency of a native silicon 
dioxide layer on highly doped silicon (◊) and polysty-
rene on that silicon dioxide layer (♦) while in contact 
with a 100 mM KCl electrolyte. The theoretical plot 
for the polystyrene layer alone (_____) differs marginally 
from that fitted to measurements of the polystyrene 
layer on the silicon dioxide layer (_ _ _). Highly doped 
silicon wafers were cleaned in piranha solution for 25 
min at 90 oC, rinsed with Milli-Q ultrapure water 
(Millipore Australia Pty. Ltd., North Ryde, 
Australia), and air-dried. Polystyrene was dissolved in 
toluene at concentrations between 0.25 and 1.0 wt % 
and spun-coated onto the silicon wafers using a G3P-8 
Spincoater (Specialty Coating Systems, Indianapo-
lis, IN) at 2500 rpm for 70 sec. The toluene was 
allowed to evaporate in ambient conditions for at least 
24 hr, after which the sample was annealed at 130 oC 
in a vacuum for at least 12 hr.
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and topographical detail provided by a variety 
of highly sophisticated techniques commonly 
used to characterize nanostructures and sur-
faces of multiphase polymer systems.13 Fur-
ther, characterization of the interface with an 
external aqueous environment was facilitated, 
illustrating that dielectric characterizations 
can additionally monitor in situ interactions 
of surfaces with environments that multiphase 
polymer systems are designed to enhance.
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for silicon dioxide (_____), which in turn fea-
tures more steps than those spectra shown in 
Figure 2c for the bilayer (_ _ _), which features 
two steps, and the monolayer (_____), which 
features only one step.

The structural line-spectra thus provide a 
basis for distinguishing between the compo-
sitional and structural features of these nano-
structures. But the detail also reveals compo-
sitional and structural similarities, such as the 
similar contributions of octadecane to the 
spectra as a monolayer and as a leaflet in a 
bilayer. Further, the conductivity (= gd) and 
frequency constant values for octadecane 
are similar to those values for the sublayer 
of thickness denoted by d11 for polystyrene 
in Figure 4, which is consistent with octa-
decane and this polystyrene sublayer sharing 
an unsaturated hydrocarbon backbone, as 
illustrated in Figure 1d and f. Furthermore, 
the conductivity values are characteristic of 

the known insulating properties of hydrocar-
bon structures and hydrophobic interactions 
of these structures with an electrolyte that 
exclude water molecules, including those 
molecules that hydrate the ions.

The frequency constant value for the poly-
styrene sublayer of thickness denoted by d2 
is at least an order of magnitude larger than 
values for any of the other polystyrene sub-
layers and more characteristic of the hydro-
philic properties of the electrolyte than the 
hydrophobic properties of polystyrene. Fur-
ther, the value for d2 even when assuming εr 
= 2 is much larger than the measurement of 
290 Å for the bulk thickness of the film using 
ellipsometry, consistent with this sublayer 
reflecting properties of a region external to 
the film, i.e., the film–electrolyte interface.

The frequency constant values for the remain-
ing polystyrene sublayers span the value char-
acterizing the hydrophobic properties of the 
film and the value characterizing the hydro-
philic properties of the interface. This is con-
sistent with these sublayers also reflecting the 
absorbance of highly conducting electrolyte 
that would be expected to increase as the 
density of polystyrene tapers toward the film 
surface.8–10 Indeed, the sum of the thickness 
values for d10,. . .,d3 (assuming εr = 2) is of com-
parable magnitude to estimates from the lit-
erature of the extent to which this transition 
in density occurs (i.e., 80–130 Å; see Refs. 11 
and 12), and is consistent with reported topo-
graphical studies of metal surfaces that cor-
relate the degree of roughness as characterized 
by atomic force microscopy (AFM) with the 
extensiveness and steepness of capacitance 
dispersions with frequency.1

Most importantly, the sum of the thickness 
values for d11,. . .,d3 yields a total thickness for 
the polystyrene film that is shown in Figure 
4 to be of comparable magnitude to the esti-
mate provided by ellipsometry.

Conclusion
The high-resolution Inphaze impedance 
characterization identified a hydrophobic sub-
layer in the polystyrene film and a series of 
sublayers with electrochemical and geometri-
cal properties consistent with that expected 
for a transition region in which the density of 
polystyrene tapered toward the film surface. 
The sum of the thicknesses for these sublayers 
was comparable with the measurement of the 
bulk thickness of the same film using ellipsom-
etry. Significantly, the dielectric characteriza-
tion encompassed compositional, structural, 

Figure 4	 Structural line-spectrum for silicon 
dioxide (_____) correlated with caged networks of 
SiO4 tetrahedrons, which increase in number from 
four at the Si(111)/SiO2 interface to eight at the 
surface (see Ref. 7). The spectrum for polystyrene 
(_ _ _) reveals a substantial hydrophobic layer at 
the SiO2/polystyrene interface, terminating in a 
substantial hydrophilic layer at the surface. An 
additional step corresponding to electrolyte is not 
shown. Also, dellipsometry is the measurement of 
the bulk thickness of the polystyrene film using 
an M-2000V spectroscopic ellipsometer (J.A. 
Woollam Co., Inc., Lincoln, NE).


