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Introduction
During the last twenty-five years of scanning tunneling 

microscopy (STM), atomic resolution has become routine in 
studies of a wide range of materials. While less routine, atomic 
force microscopy (AFM)  also can achieve atomic resolution, 
even on insulating surfaces. These two microscopy approaches 
have significantly advanced our understanding of the surface 
physics and chemistry of many important phenomena. A 
significant contribution of scanning probe  microscopy is 
that it can characterize local properties as well as structure. 
Surprising levels of spatial resolution have been achieved in 
scanning probes that can access continuum properties such as 
resistance, capacitance, etc. [1, 2].

Recently there has been a focus on extending AFM to 
examine more complex properties, such as dielectric function 
and electromechanical coupling, while pushing the limits 
of spatial resolution of properties ever further. In this paper 
we describe a new scanning probe microscopy method that 
accesses local impedance, leading to information about 
dielectric function and polarization that can be applied to 
both hard and soft materials. Combining this with local laser 
excitation yields quantitative information about excited states 
and photo conduction.
Scanning Probes and Impedance

Most force-based scanning microscopes that probe 
electronic properties employ a conducting tip and the 
application of an electrical signal to the tip-surface junction. 
In some cases this is done with the probe tip in contact with 
the surface, yielding, for example,  resistance, capacitance, and 
piezo-force microscopies. In other cases, the tip is above the 
surface leading to potentiometry and Kelvin probe microscopy. 
Introducing frequency variation into these local electrical 
measurements allows the access of increased information about 
the sample, in the present case dielectric function. Scanning 
Impedance Microscopy (SIM) can be done in non-contact 
mode, where the voltage modulation is across the sample of 
interest [3]. Alternatively, it can be done in contact or near 
contact mode, which is analogous to macroscopic impedance 
spectroscopy and is referred to as nano impedance microscopy/
spectroscopy (NIM/NIS) [4, 5]. 

Impedance spectroscopy has long been recognized as 
one of the major techniques for the characterization of AC 
transport in materials. Impedance is defined as the ratio 
of the AC voltage excitation to a current response: Z(ω) = 
V(ω)/I(ω). Impedance, Z, is usually expressed in complex 
form in terms of its modulus, |Z|, and phase, θ, as Z = |Z| eiθ. 
Capacitance, resistance, and associated frequency dependence 
of the impedance depend on the material properties. Typical 

applications of impedance spectroscopy are to differentiate 
grain boundary, grain interior, and electrode impedances by 
fitting the data to corresponding equivalent circuit models [6]. 
However, the general limitation of all macroscopic techniques 
is that only average transport properties are determined. The 
first SPM techniques for accessing AC transport behavior 
were SIM [3, 4, 6–11] and NIM [4, 7]. Strategies to enhance 
the sensitivity of these measurements have been suggested  
[4, 12–19]. 

These approaches are facilitating examinations of a range 
of material systems and devices. A limitation, however, is 
that they cannot be applied to soft surfaces, such as organic 
or biomolecular monolayers. The challenges are to control the 
tip-surface force so as not to damage the surface, to detect very 
small signals, and to eliminate the contributions from stray 
capacitances. This is accomplished in torsionally stabilized 
nano impedance microscopy (TR-NIM), where we introduce 
sample-tip laser excitation to increase the property information 
content. 
Torsionally Stabilized Nano Impedance 
Microscopy

Torsional resonance is employed to control the sample-tip 
force interaction and topographic imaging, enabling near-field 
contact with the lowest possible force (10 nN). In torsional 
mode, the probe is oscillated along the cantilever’s long axis, 
creating a rotational oscillation. An impedance measurement 
system is designed to: operate at very low currents typical for 
SAMs (<1 pA), operate over a significant frequency range (kHz 
to 100 kHz) to increase signal-to-noise ratios, and compensate 
for system stray capacitances. 

Figure 1 illustrates a schematic diagram of the TR-NIM 
configuration. The tip is maintained in proximity of the sample 
surface by the microscope controller. The electrical impedance 
of tip-surface junction is measured using external circuitry 
consisting of a current amplifier, signal generator, and lock-in 
amplifier. Tunneling currents across biological molecules are 
quite small; to measure this current, a high-speed, high-gain 
current amplifier is required. The signal generator and current 
amplifier have a common ground. A reference signal is fed into 
the lock-in amplifier for synchronization of signal generator 
and lock-in amplifier. The signal from the amplifier is summed 
with the compensating signal to account for the capacitance 
of the entire system. This then enters the lock-in amplifier. 
The output of the lock-in amplifier is fed into the microscope 
controller for analysis. The spatial resolution can be estimated 
to be about 20 nm. The resolution of capacitance is 2 aF.

The total impedance can be modeled as the impedance 
due to capacitive coupling, which is the impedance due to 
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in impedance is then entirely 
attributed to the molecule. 
Materials and Methods

For TR-NIM experiments, 
a platinum-iridium coated tip 
was used; fo = 146–236 kHz  
and k = 21–98 N/m (Nano- 
sensors). The AFM instrumen-
tation was performed on a 
Veeco Dimension 3100 with 
a IVa controller. Two current 
amplifiers were used, which 
together provide a gain range  
of 1 × 102 – 1 × 1011 V/A (Femto  
DLPCA-200, DHPCA-100) Two  
lock-in amplifiers provided  
a frequency range from  
1 mHz–200 MHz (SRS830,  

SRS844). The AC signal can be applied in a range 
from 1 µHz to 30 MHz (SRS DS345). The sum box has  
a range from 0.002–60 MHz (Mini-Circuits ZSC-2-2).
TR-NIM on Hard Materials

To demonstrate the effectiveness of TR-NIM for probing 
dielectric behavior, Figure 2 shows a typical TR-NIM image 
of CdTe.  Figure 2 shows the topography, amplitude, and 
phase of impedance (left to right). At 70 kHz, the resistance 
is 8035 kΩ, and the capacitance is 21.3 fF. A dielectric con- 
stant of 10.1 was determined from these images, assuming  
1 mm thick CdTe and a 8.7 nm tip size. In comparison, the 
literature value of the dielectric constant of CdTe is 10.9 [21]. 
This agreement provides confirmation of the effectiveness of 
TR-NIM for determining the dielectric constant of materials.
TR-NIM on Soft Materials: Biomolecules Toward 
Protein-Based Circuits

Recently, the appreciation of the high energy yield and 
quantum efficiencies of a number of natural photo-activated 
proteins, in the context of a decade of research on molecular 
electronics, has raised the possibility of new nanoelectronic 

the system and the impedance of the sample. Given the film 
size and properties, a significant contribution to the signal is 
noise from the system’s capacitive coupling. There is capacitive 
coupling related to the cantilever, cantilever holder, and other 
structural components of the AFM. Therefore, the nulling 
signal is used to account for most of the effect of these other 
signals. It is assumed that the impedances of the graphite and 
sample are in parallel. 

Assuming the molecule can be represented as an RC 
circuit [20], 

	 R = 	 and 	C =	 (1, 2)

where R = resistance, C = capacitance, V = applied voltage,  
ω = frequency, s = sensitivity of lock-in amplifier, G = gain of 
current amplifier, and X and Y = output of lock-in amplifier. 
(2 is required because Vo is an RMS voltage; 10 is a conversion 
factor within the lock-in amplifier.) The values for X and Y are 
relative to that of the graphite. If the compensating signal is 
perfect, we measure zero impedance over graphite. The change 

Figure 1: Torsional resonance nanoimpedance microscopy (TR-NIM) schematic diagram (a). An AC bias is applied 
to the tip/sample, and the alteration in this signal due to the impedance of the sample is output to the amplifier. The 
signal from the amplifier is summed with the compensating signal to account for the capacitance of the entire system. 
This combined signal then enters the lock-in amplifier. The output of the lock-in is fed into the microscope controller for 
analysis. (b) Schematic illustration of the tip-surface junction allowing photo excitation of patterned protein layers. (b) is 
from Kathan-Galipeau et al., ACS Nano 4835, copyright 2011, with permission of ACS.
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Figure 2: TR-NIM image of CdTe 〈0001〉 topography, amplitude, and phase of impedance (left to right). Height z-range = 15 nm, amplitude range = 80 mV, phase 
range = 120 mV. Parameters: 70 kHz, 0.5 V applied signal, gain = 109, sensitivity = 5 mV. Platinum-iridium coated cantilevers were used with the following properties: 
resonant frequency = 146–236 kHz, spring constant = 21–98 N/m, and tip radius ~ 40 nm.
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Idealized protein-electrode junction devices can be  
fabricated by microcontact printing self-assembled layers 
of proteins in patterns on atomically smooth highly 
oriented pyrolytic graphite (HOPG) [22]. The first layer of 
these engineered amphiphilic proteins will orient on the 
hydrophobic graphite with the hydrophobic domain nearest 
the graphite due to hydrophobic interactions. Figure 3 presents 
a typical spatially resolved impedance measurement [19]. The 
topographic structure shown in Figures 3a and 3b are typical of 
a protein-patterned electrode, in this case with a pattern pitch of 
1 µm and protein lines varying in height from 6–20 nm. Many 
regions of the patterns exhibit heights very close to 6.6 nm, the 
length of a single 4-helix bundle. These regions, in which the 
orientation of the molecule with respect to the substrate can 
be assigned, are identified by height profiles in the range of  
6.6 ± 0.5 nm, and the impedance is analyzed. Figure 3c iden- 
tifies several such regions. The component of the impedance 
related to resistance is mapped in 3d, and the component 
related to capacitance is mapped in 3e. Measurements made 
during laser excitation with 425 nm light were similar to 
Figures 3d and 3e but differed in magnitude. 

Figure 4 compares several hundred values of the resistance 
(a) and capacitance (b) in a region of the ZnPP monolayer with 
and without laser excitation. This type of analysis enables 
conclusions to be drawn from small signals with statistical 
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device applications. Bio-based strategies for light-activated 
electron pumps, solar cells, chemical sensors, and opto- 
electronics have been suggested. An obvious challenge is 
to understand and control the properties of the proteins 
when attached to electrodes and configured in the ambient 
environments relevant to potential device architectures. 
Despite the challenges of characterizing biomolecule interfaces 
that are a consequence of the delicate nature of the structure, 
probing a complex property such as impedance would provide 
valuable insight.

The application of TR-NIM is illustrated here to determine 
the resistance, capacitance, and dielectric properties of novel 
optically active biomolecules [19]. These molecules consist of 
tetramers of alpha helix polypeptides and provide a convenient 
functional alternative to natural proteins. We recently studied 
the behavior of zinc protoporphyrin IX (ZnPP) [19]. To 
determine the behavior of these functional biomolecules on 
electrodes, microcontact printing was used to create stripes 
that alternate between ZnPP maquettes and bare graphite. 
Understanding the dielectric constant is of particular interest 
because it gives information about the polarizability of these 
molecules. With a view toward understanding the behavior of 
future devices, optoelectronic properties of the biomolecules 
should be probed. This can be accomplished by combining 
TR-NIM with in-situ laser excitation. 

Figure 3: Proteins patterned on an electrode. ZnPP maquettes, 20 μL, 30 μM, 15 s stamping time. (a) topography, (b) zoomed in area of box in (a), (c) profiles of 
various areas of ZnPP maquettes. The first line profile corresponds to the line in image (b). Red arrows indicate regions of ~6.6 nm, which are one monolayer in height. 
(d) x-component of impedance of area in (b), (e) y-component of impedance in (b). x and y z-range = 125 mV, height z-range = 90 nm in (a) and 40 nm in (b). 70 kHz, 
0.5 V applied signal. Kathan-Galipeau et al., ACS Nano 4835, copyright 2011, with permission of ACS.
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significance. In this case the reduction of resistance and increase 
in capacitance in the presence of the laser illumination is clear. 
For these proteins the electronic transport mechanisms are 
complex, but the capacitance differences can be understood in 
terms of the polarization in the porphyrin complexes within the 
protein. The dielectric constant determined from capacitance 
can be related to the polarization volume in the molecule. 
When the light is absorbed, the excited electron resides in a 
more delocalized orbital. The difference in the delocalization 
and the degree of coupling between the porphyrins can be 
compared from these measurements. 
Summary

The examples presented illustrate how TR-NIM can be 
used to determine properties of hard and soft materials. It is an 
advance over earlier probe-based impedance imaging in that it 
can characterize soft materials such as organic monolayers and 
engineered proteins. The approach opens a pathway to bringing 
frequency and time-dependent probes to bear on questions of 
the behavior of complex molecules, such as proteins. Accessing 
the real and imaginary components of properties adds a new 
dimension of information at the local scale that will be valuable 
in the development of hybrid devices.
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Figure 4: The effect of laser optical illumination on the resistance (a) and capacitance (b) of monolayer ZnPP maquettes illustrated as 2D and 3D histograms of 
the properties. The top 3D histograms in the insets are the properties with illumination, the bottom without illumination. Red curves in the 2D histograms are with 
illumination; black curves are without exposure. l = 425 nm. Kathan-Galipeau et al., ACS Nano 4835, copyright 2011, with permission of ACS.
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