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We report recent advances in material characterization on the nanometer scale using scanning microwave
microscopy. This combines atomic force microscopy and a vector network analyzer using microwave tip sample
interaction to characterize dielectric and electronic material properties on the nanometer scale. We present the
methods for calibration as well as applications. Scanning microwave microscopy features calibrated measurements
of: (1) capacitance with attofarad sensitivity. For calibration a well characterized array of capacitors (0.1 fF
to 10 fF) is used. The method is applied to determine the dielectric properties of thin organic �lms, (2) Semicon-
ductor dopant density. Calibration is performed by imaging the cross-section of a standard sample with di�erently
doped layers (dopant stair case) from 1016 atoms/cm3 to 1020 atoms/cm3.

PACS: 77.55.−g, 07.79.−v, 68.37.Ps, 68.37.Uv, 07.57.Pt

1. Introduction

Since the introduction of atomic force microscopy
(AFM) by Binnig et al. [1] it has been widely accepted
as a powerful tool for high resolution imaging of surfaces
on the nanometer scale and nanometer sized objects at-
tached to surfaces. Beyond high resolution imaging the
AFM has been used to measure material properties with
highest resolutions. An overview can be found e.g. in
[2, 3]. Electrical and electronic properties have been stud-
ied with a variety of techniques. These include � among
others � scanning microwave microscopy (SMM).
SMM combines AFM with microwave signal analysis to

measure a variety of sample properties including complex
dielectric constant [4�9], sheet resistance [1, 10] and tip�
sample capacitance [11�13]. SMM has also been shown
to be sensitive to magnetic domain structure [14] and
photovoltaic response [15, 16]. Near �eld microscopy at
microwave frequencies has also been applied via tapping
mode technique [17].

2. Scanning microwave microscopy
2.1. Implementation

The SMM presented here connects a standard beam
de�ection AFM (Agilent 5420 or Agilent 5600) to a mi-
crowave vector network analyzer (e.g. Agilent PNA) via
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a microwave (MW) coaxial cable. The PNA sends a
continuous MW signal to the conducting AFM tip and
detects the re�ected MW signal. The PNA acts as
a re�ectometer and the normalized re�ection signal is
called S11. The amount of re�ected signal depends on
the load impedance. For a standard AFM tip sample
junction it is mainly capacitive in the fF range present-
ing several kΩ of impedance.

Fig. 1. Schematic setup of SMM: 1 � microwave
source, 2 � directional coupler for power reference,
3 � directional coupler for re�ected signal power, 4 �
data acquisition for power reference, 5 � data acquisi-
tion for re�ected signal power, 6 � AFM scanner and
tip, 7 � 50 Ω load in resonator setup with AFM tip,
8 � sample.

Figure 1 shows a simpli�ed block diagram of a PNA re-
�ectometer setup. The modern PNAs are based on a 50 Ω
characteristic impedance, thus measurement accuracy
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and resolution su�er markedly when load impedances
substantially deviate from 50 Ω. The use of a 50 Ω shunt
in conjunction with a half-wavelength coaxial resonator
can solve this measurement problem. The implementa-
tion of a resonator implies that the SMM must be oper-
ated at a set of frequencies at which the MW half wave-
length matches the resonator length. In the setup pre-
sented here frequencies from 1 to 18 GHz can be used.
When the AFM tip is scanned across the sample surface
the re�ected signal varies according to the varying tip
sample capacitance.

Fig. 2. SMM data of an array of gold islands of di�er-
ent sizes resulting in di�erent capacitances. (a) AFM
contact mode topography and (b) the corresponding
map of the re�ected MW signal. PNA parameters were
set to measure the signal relative to the central gold pad,
thus larger gold pads exhibit higher S11 values, and vice
versa.

The re�ected signal is recorded simultaneously to the
topography as illustrated in Fig. 2. An array of gold
pads of di�erent capacitances and the corresponding map
of the re�ected signal is imaged. In this case the PNA
parameters were set to measure the signal relative to the
central gold pad, thus larger gold pads exhibit higher S11

values, and vice versa.

2.2. Calibration

Modern PNAs return a calibrated impedance value for
standard experimental con�gurations but the use of a
resonator setup requires additional calibration. This is

Fig. 3. SMM data of a capacitance calibration stan-
dard sample. (a) AFM contact mode topography show-
ing increasing step height from left to right, (b) the
corresponding map of the re�ected MW signal S11,
(c) cross-section through the S11 signal along the set of
capacitors with 2 µm diameter, (d) plot of 1/S11 versus
dielectric thickness. The linear �t converts to a conver-
sion factor 0.27 fF/dB.

performed by scanning the tip over a well characterized
array of capacitors. The resulting map of re�ected signal
can then be used to generate a transfer function relating
the re�ected signal to the tip�sample capacitance.
Figure 3 shows topography and re�ected signal of a cal-

ibration standard provided by NIST [18]. The capacitors
top electrodes are gold islands grown on a staircase of
silicon oxide dielectric and the highly doped silicon wafer
acts as a back electrode. The diameters range from 1 to
4 µm and thicknesses from 50 to 200 nm e�ectively form-
ing plane plate capacitors. It has been shown that a stray
capacitance in the dielectric to semiconductor interface
can be eliminated by plotting the inverse signal (S11)

−1

versus the dielectric thickness and �tting the slope [18].
The resultant transfer function is a simple coe�cient, see
Fig. 3.

2.3. Application to thin �lms

SMM has been used to characterize a mixed self as-
sembled monolayer (SAM) of octadecanethiol and de-
canethiol (referred to as C18 and C10, respectively) on
gold, Fig. 4. A 2 µm × 2 µm square of C18 was fabri-
cated into the extended C10 SAM by nanografting [19].
The molecular conformation and packing structures of n-
-alkanethiol molecules within a SAM have been well char-
acterized [20, 21]. The layer thickness of the C10 SAM
is 1.32 nm while that of the C18 SAM is about 2.2 nm,
leading to a variation of 0.88 nm in height between the
two di�erent assemblies. This cannot be distinguished
on the much rougher gold substrate with a corrugation
of several tens of nanometers, Fig. 5.

Fig. 4. SMM imaging of a C18/C10 SAM structure on
Au(111) surface: (a) topography, (b) friction, (c) S11
amplitude, (d) S11 phase, and (e) S11 amplitude pro�le
across the C10 and C18 SAM layers measured along
the horizontal dashed line drawn in (c). Reprinted with
permission from S. Wu, J.-J. Yu, Appl. Phys. Lett. 97,
202902 (2010), Copyright 2010, American Institute of
Physics.
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Fig. 5. Schematic setup of SMM for dopant density
measurements: 1 � MW mixer for demodulation, 2 �
low frequency mixer for demodulating the modulated
signal, 3 � low frequency oscillator, 4 � dC/dV data
acquisition.

Nevertheless the di�erent molecules in the two regions
lead to di�erent friction behavior of the AFM tip which
is readily detected. Furthermore, the SAMs act as a thin
dielectric between tip and gold substrate. The change
in dielectric thickness results in a change of capacitance
and is detected as a contrast in the re�ected MW signal.
The di�erence in the S11 signal can be converted to a
capacitance of 24 aF, Fig. 4 [22]. This value is consistent
with a dielectric constant of 2 for the SAMs and an ef-
fective tip diameter of 60 nm which has been veri�ed by
electron micrograph investigation of the tip.

2.4. Application to semiconductors

The tip�sample impedance can also be a�ected by ex-
ternal parameters e.g. an electric �eld. The latter is
well known behavior in semiconductors and especially in
metal�insulator�semiconductor junctions (MIS). Many
semiconductors like silicon or GaAs form an insulating
oxide layer when exposed to oxygen or air. A metal-
lic SMM tip touching a semiconductor surface in am-
bient conditions forms an MIS junction. When biasing
the SMM tip at Vt the charge carriers in the semicon-
ductor are depleted or attracted at the surface and a
space charge region is formed. The thickness of the space
charge region varies with Vt which a�ects the capacitance
of the MIS junction [23]. The width of the space charge
region is also a function of the charge carrier density in
the semiconductor (which in many cases is equal to the
concentration of impurity donor or acceptor atoms i.e.
the dopant density).
Acquiring capacitance versus voltage curves (C�V )

would be too time consuming for mapping dopant densi-
ties over entire semiconductor topographies.
A bias modulation technique and subsequent signal re-

covery with lock-in ampli�er techniques can be employed
to measure the slope dC/dV of the C�V curve, Fig. 5.
The dC/dV signal can then be calibrated on suitable
calibration standards with known dopant density distri-
butions.
Figure 6 shows a topography and dopant density map

of a calibration standard sample [24]. A detailed de-
scription of the methods and results for dopant density

Fig. 6. SMM data of dopant density calibration stan-
dard sample. (a) AFM contact mode topography show-
ing a few adsorbates, (b) the corresponding map of
dC/dV signal varying on the di�erently doped regions
and (c) the corresponding transfer function of dC/dV
signal versus dopant density.

calibration in the range from 1014 atoms/cm3 to 1020

atoms/cm3 will be published elsewhere [25]. The dopant
density measurement has empirically been shown to have
a resolution of about 15 nm or better [26].

3. Conclusion

A scanning microwave microscope setup has been in-
troduced which combines the high spatial resolution of an
AFM with the impedance sensitivity of a modern vector
network analyzer. Existing network analyzers are not
sensitive for impedances that signi�cantly deviate from
50 Ω � as in the case of an AFM tip to sample contact.
A resonator setup including the tip sample junction is im-
plemented which e�ectively presents a 50 Ω load to the
PNA and brings it into the most sensitive range. The
SMM has been used to map impedances in the attofarad
range, dopant densities in the range from 1014 atoms/cm3

to 1020 atoms/cm3, and spatial resolutions of 15 nm.
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