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OVERVIEW
A relatively new electrical mode, scanning microwave 

impedance microscopy (sMIM), measures a material’s 
change in permittivity and conductivity at the scale of 
tens of nanometers.[1] The use of atomic force micros-
copy (AFM) electrical measurement modes is a critical 
tool for the study of semiconductor devices and process 
development. More specifically, the application of AFM 
electrical modes is an important tool for characterizing 
semiconductor devices during process development and 
failure analysis. The AFM-based electrical measurement 
techniques, such as scanning capacitance microscopy 
(SCM) and scanning spreading-resistance microscopy,[2,3] 
have shown value for dopant profiling in semiconductor 
samples with sub-50 nm spatial resolution. However, there 
has been no single scanning probe technique capable of 
quantifying at submicron dimensions the local electrical 
properties of materials (dielectric constant and conduc-
tivity) with the sensitivity and dynamic range required by 
the semiconductor industry and research communities. 

Scanning microwave impedance microscopy provides 
the capability to directly probe a sample’s permittiv-
ity and conductivity at submicron geometries. Scanning 
microwave impedance microscopy provides the real and 
imaginary impedance (Re(Z) and Im(Z), respectively) of 
the probe-sample interface impedance. By measuring 
the reflected microwave signal as a sample of inter-
est imaged with an AFM, one can capture in parallel 
the variations in permittivity and conductivity and, for 
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doped semiconductors, the variations in depletion-layer 
geometry.[4,5] Scanning capacitance microscopy, an exist-
ing technique for characterizing doped semiconductors, 
modulates the tip-sample bias and detects the tip-sample 
capacitance with a lock-in amplifier. A previous study 
compared sMIM to SCM and highlighted the additional 
capabilities of sMIM,[6,7] including examples of nanoscale 
capacitance-voltage curves.

The initial implementation of sMIM focused on the rela-
tive measurement of local permittivity and conductivity 
at a sample surface. The capability to directly image the 
local variation of a sample’s electrical properties at tens 
of nanometers has stimulated new areas of research. For 
technologically and scientifically interesting materials, 
such as graphene,[8] carbon nanotubes,[9] ferroelectric 
domains,[10,11] and doped semiconductors,[12-14] researchers 
are actively using this technique to gain new understand-
ing of materials systems behavior.

“SCANNING MICROWAVE IMPEDANCE 
MICROSCOPY PROVIDES THE 

CAPABILITY TO DIRECTLY PROBE 
A SAMPLE’S PERMITTIVITY AND 
CONDUCTIVITY AT SUBMICRON 

GEOMETRIES.”
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The natural progression and general interest in the 
user community is to extend the sMIM capabilities to 
quantitative measurements. This article presents recent 
analytical and finite-element modeling developments 
of tip-bias-dependent depletion-layer geometry and 
impedance. These are compared to experimental results 
on reference samples for both silicon- and GaN-doped 
staircases to systematically validate the response of the 
sMIM-C channel to the doping concentration.

INTRODUCTION
In a standard sMIM experiment, microwaves are 

coupled through a custom AFM cantilever to the probe tip, 
where they interact as evanescent waves with the portion 
of the sample immediately under the tip. A fraction of the 
microwaves is reflected, and the amplitude and phase (or 
equivalently, the real and imaginary parts) of the reflection 
are determined by the local electrical properties of the 
sample. For a linear sample (e.g., a dielectric or metallic 
material), the permittivity and conductivity determine 
the reflection, while for a nonlinear sample (e.g., a doped 
semiconductor), the tip-bias-dependent depletion-layer 
structure contributes significantly. As a result, sMIM mea-
surements can provide valuable nanoscale information 
about semiconductor devices, processes, and defects. 

A custom AFM probe is mounted in a specialized holder 
so that there is a coaxial connection from the microwave 
source to the AFM probe tip. The specialized probe module 
with matching circuit is then fitted to a standard AFM. 
The AFM typically operates in contact mode for imaging 
but can also be used in intermittent and tapping modes. 
The sMIM probes contain a multilayer cantilever with 
a shielded signal line connecting a contact pad on the 
carrier chip to the metallic tip at the end of the cantilever. 
The holder connects to the contact pad and couples 3 
GHz microwaves from the sMIM measurement electron-
ics to the AFM probe carrier chip, where they propagate 
along the signal line in the cantilever to the conductive 
tip.[15] The reflected signal retraces the same path. This 
configuration is illustrated schematically in Fig. 1. The 

probes, probe interface module, and electronics are part of 
a commercial ScanWave sMIM module (PrimeNano, Inc.). 
The sMIM is adapted to the most common commercial 
AFM platforms.[4,5]

The sMIM-C measured on various bulk dielectrics 
shows a clear linear relationship between sMIM-C and 
the log of the permittivity.[4,5,16] The red squares shown 
in Fig. 2 are from a model that originates with a finite-
element calculation of the tip-sample admittance for the 
conical geometry of the sMIM probe. The origins of the 
log(ε) dependence can be seen in analytical models for 
spherically terminated conical tips above and in contact 
with linear materials, documenting the origin of the log 
dependence published by other researchers.[17] 

 For sMIM measurements on nonlinear materials, such 
as a doped semiconductor, the tip-sample bias influences 
the tip-sample impedance, or, more conveniently, the 
reciprocal of the tip-sample impedance, the tip-sample 
admittance, YT-S. As with linear samples, the sMIM signals 
are still proportional to the imaginary and real parts of YT-S, 
the capacitance and conductance below the tip-sample 
interface, but the capacitance and conductance now 
depend not only on the local permittivity and conductivity 
of the sample under the tip but also on the geometry of 

Fig. 1  Schematic of the PrimeNano ScanWave electronics, matching circuit with shielded coaxial line to the probe-sample 
interface

Fig. 2  Graph of the numerically modeled admittance versus 
the dielectric value (in red) with the experimentally 
measured sMIM versus the dielectric value (in blue) 
from a group of bulk crystal dielectric samples 
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the depletion layer. The depletion-layer geometry, in turn, 
depends on the tip-sample direct current or low-frequency 
voltage and on the doping level of the semiconductor. 
Analytical solutions exist for one-dimensional geom-
etries, and these can be used to model the results from 
macroscopic parallel-plate metal oxide semiconductor 
(MOS) structures. Figure 3 shows the classic parallel-plate 
model for describing a MOS device. A lumped-element 

approximation for an sMIM tip on an oxide-coated semi-
conductor and expressions from the delta depletion model 
for depletion-layer thickness[17] are shown in Fig. 3.

Because depletion-layer geometry has a strong impact 
on sMIM signals and because the depletion-layer geometry 
varies with tip-sample voltage and with doping, varying 
the tip-sample voltage is a way to characterize semi-
conductor materials and devices, particularly the local 

Fig. 3  (a) Schematic of the classical MOS device configuration with the sMIM probe contacting a sample surface modeled as 
two series capacitors. The equations describe the relationship of the capacitance (and therefore the sMIM) measurement 
on the depletion-layer thickness and doping concentration. (b) Numerically generated capacitance-voltage curves from 
the parallel-plate model illustrate sMIM’s sensitivity to semiconductor doping level.

Fig. 4  (a-d) Finite-element model (FEM) predictions of the majority carrier hole density in the presence of marked biases on 
an sMIM probe for the marked p-type doping densities in silicon. Many more such simulations led to (e) FEM predictions 
of C-V curves, with the dopings specified by the legend. (f) Calibration of the probe tip’s capacitance over the various 
doped samples as a function of their doping density

(a) (b)

(a) (b)

(c) (d)

(e) (f)



edfas.org

1 5
ELECTRONIC DEVICE FAILURE ANALYSIS | VOLUM

E 19 NO. 4

doping level under the tip (or electrode, in the case of 
patterned samples with electrodes present). This is similar 
to capacitance-versus-voltage curves from macroscopic 
samples commonly used to characterize semiconductor 
materials and test structures. Figure 3(b) presents the 
classical solution to the parallel-plate model, numerically 
generated here for a range of doping concentration levels. 
This model is incomplete for describing the geometries for 
AFM probe-sample interactions.

Similar to what was observed in the measurements of 
linear dielectrics shown in Fig. 2, where the sMIM signal 
is proportional to log(ε), experimental data from doped 
semiconductors show sMIM signals varying linearly with 
log([doping concentration]). To confirm the origins of the 
log([doping concentration]) behavior, finite-element mod-
eling was used to assess the depletion-layer geometry for 
a conical tip and how this geometry varies for both doping 
and applied gate (i.e., tip) voltage. Figure 4(a) shows the 
results for one doping level.

The finite-element models also allow calculation of 
the tip-sample capacitance for each doping level and 
gate voltage, resulting in capacitance-voltage (C-V) curves 
for the geometry of an sMIM probe on an oxide-coated 
semiconductor (Fig. 4e). Experimental data presented 
subsequently in this article resemble the model results, 
indicating that most critical physics are accounted for by 
the models. Figure 4(f) shows that the capacitance seen 
and measured by sMIM is linear in log doping over several 
orders of magnitude for dopings of practical importance, 
enabling the possibility of calibrating sMIM results to invert 
for doping density.

EXAMPLES OF sMIM AND C-V ON 
SILICON SAMPLES

It has been shown in previous work[4,5] that sMIM-C is 
linear with the log NA. Results presented in this section 
show application of sMIM-C’s linear relationship to log 
NA for quantification of sMIM-C doping concentration in 
log units. An IMEC n-type doped staircase was used as a 
calibration sample. The IMEC staircase is measured using 
ScanWave sMIM to determine a calibration curve that can 
then be applied to an unknown sample to convert sMIM-C 
to units of doping concentration. Figure 5(a) shows the 
sMIM-C image of the IMEC staircase doping standard. The 
sample was measured using a two-pass method with no 
applied bias. The data are collected line by line; the first 
line is in contact mode, and the second pass is at a height 
100 nm above the sample surface. The difference image is 
shown in Fig. 5(a). An average profile is shown in Fig. 5(b). 
The resulting profile shows excellent correlation to the 

IMEC published doping concentration data. The average 
profile graph (Fig. 5b) highlights where the average sMIM-C 
value was calculated for the graph in Fig. 5(c), plotting the 
measured sMIM-C versus known doping concentration. 

Due to the very linear response of the sMIM-C versus 
log doping concentration, one can use the corresponding 

Fig. 5  (a) Processed sMIM-C image of an n-type IMEC 
staircase. (b) Average profile with “calibration 
samples” highlighted in green. (c) Plot of sMIM-C 
calibration values versus published values of log 
doping. The linear fit is a calibration that can be 
applied to subsequent unknown doped samples.

(a)

(b)

(c)
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curve (Fig. 5c) as the calibration to convert sMIM-C mea-
sured on a device sample to log doping.[10] 

Figure 6(a) presents the results of nano-C-V curves from 
the IMEC staircase, verifying that the nanoscale response 
matches the theory discussed in the introduction of this 
article. This “image” is from multiple sMIM scans over the 
same 8-µm-length line on the sample, collected as the 
bias voltage scans from 0 to 2.5 V. The demarcations of 
the doped regions are marked with vertical white lines, 
separated by exactly the widths of the regions published 
by IMEC for this sample. The data for the six C-V curves in 
Fig. 6(b) were taken from the vertical dashed black lines, 
which are placed exactly midway between the white lines. 
The C-V curves were shifted so they all have the same sMIM 
value at the most positive voltage, quite deep into accu-
mulation. These empirical C-V curves for n-type silicon 
closely resemble the mirror images of the theoretical C-V 
curves for a p-type silicon, as they should. (The sMIM-C is 
proportional to the admittance at the tip/sample interface 
and therefore to the capacitance.) Figure 6(c) shows the 
sMIM-C values from the C-V curves in Fig. 6(b) at the tip-
sample voltage with the highest doping sensitivity (0.96 
V), and they vary linearly with log doping density over 
approximately 4 orders of magnitude. The derived linear 
calibration has the formula log(ND) = 1.83 × sMIM-C + 19.9, 
with a correlation coefficient of 0.972. 

sMIM REFERENCE APPLIED 
TO A GaN DEVICE

This section extends the methods discussed previously 
on doped silicon systems to III-V semiconductor materials. 
An n-type GaN staircase reference sample was prepared 
using an n-type GaN subtrate and growing four epitaxial 
layers with varying doping levels. Two of the steps, 2 and 
5, have the same doping concentration, as shown in Fig. 
7(b). The sample was independently measured using sec-
ondary ion mass spectrometry (SIMS) to verify the doped 
step values, and these values were used for calibration. 
Figure 7(a) shows the sMIM-C image, with roughly verti-
cal regions representing the individual steps. Using the 
technique described previously, an average profile of 
the steps is used to extract the sMIM step value (Fig. 7b), 
which is then plotted versus log doping to establish the 
calibration curve (Fig. 7c).

After calculating the calibration curve on the calibra-
tion sample, it can now be applied on an “unknown” GaN 
device to convert the sMIM to units of log doping concen-
tration. The test device is a multilayer structure with both 
n- and p-type doped regions. This article concentrates 
on the n-type regions, because the calibration staircase 

is n-type only.

Figure 8(a) shows a cross-sectional schematic of the 
“unknown” device. The schematic identifies three regions 
of interest on the sample that are n-type doped regions: 
the reference region, L1, and L2. Figure 8(b) shows an 

Fig. 6  (a) Image of an 8 µm line scanned repeatedly while 
the bias voltage swept from 0 to 2.5 V. The vertical 
white lines demarcate the doped regions in this 
cross-sectional sample. The vertical dotted black 
lines indicate where values were extracted to give C-V 
curves. (b) C-V curves extracted from (a). The curves 
have been shifted vertically so they meet at bias = 
2.5 V, deep into accumulation. (c) Calibration from 
sMIM-C to log(ND) at bias = 0.96 V, where sMIM-C has 
the most doping contrast

(a)

(b)

(c)
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sMIM-C image of the “unknown” device. The same three 
regions of interest are marked with dotted lines and 
labeled. The image is converted to units of log doping 
concentration after applying the calibration curve from 
Fig. 7(c). 

Figure 8(c) is the average profile extracted from the 
sMIM-C image in Fig. 8(b). The “reference region” of the 
“unknown” device has the same doping concentration 
as step 3 of the calibration sample. The common value 
allows compensation for the potential offsets that may 
occur due to system drift or systematic errors during the 
measurements. The calibration curve doping concentra-
tion value is shifted to pass through the reference value on 
the device sample and then applied to the whole profile 
to calculate doping concentrations. 

The comparison of the nominal values with the cali-
brated sMIM values shows that the ratio of L1 to L2 is 2.0 
for the SIMS and 1.3 for the sMIM, respectively. The result 
shows that sMIM is sensitive to the doping concentration 
difference in the two regions, differing by a factor of 2. The 
measured values are lower than the SIMS reference values. 
The authors speculate that the variation can be caused by 

Fig. 7  Measurement of a GaN epilayer n-type doped 
staircase. (a) sMIM-C image. (b) Average profile of 
the aligned image, with the highlights showing 
calibration values. (c) sMIM-C in millivolts versus 
doping concentration in log units. The graph 
shows good linearity over the range of doping and 
demonstrates the linear relationship of sMIM-C versus 
log(ND) for a nonsilicon semiconductor material.

Fig. 8  (a) Cross-sectional schematic of a GaN device. 
The sample is labeled with nominal doping values 
independently obtained by SIMS measurement 
to verify the nominal doping levels before cross 
sectioning and measuring with sMIM. (b) sMIM image 
of the “unknown” sample with color scale converted 
to n-type doping concentration using the calibration 
data from Fig. 7. (c) Average profile of the sMIM data, 
where the Ref line is highlighted. The 1 × 1016 region 
has the same doping concentration as step 3 of the 
reference sample.

(a)

(b)

(c)

(a)

(b)

(c)
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the difference in measured doping concentration, because 
SIMS measures the implanted doping density, and sMIM-C 
measures the activated doping concentration, as well as 
possible systematic variation during the measurements 
that could account for the discrepancy. It is expected for 
GaN that the activated doping concentration would be 
lower than the implanted density. 

 The application of sMIM to a cleaved cross-sectional 
GaN device sample demonstrates the robustness of the 
method and the flexibility to measure doping levels on an 
unknown device sample using a known staircase for cali-
bration of III-V materials. Further refinements are ongoing.

SUMMARY
Scanning microwave impedance microscopy as a new 

mode for electrical measurements integrated to an AFM 
can address the needs of the semiconductor and failure 
analysis communities by providing increased sensitivity 
to investigate semiconductor devices for current and next-
generation technologies. Adoption of sMIM will enhance 
the available toolkit, especially in addressing quantifica-
tion of doped semiconductors and dielectric materials. 

This article presents examples of some of the benefits 
of the sMIM technology: linear correlation to the log of 
dielectric coefficient; linear response to the log of doping 
concentration; visualization of metal, doped materials, 
and dielectrics in the same image; nanoscale C-V curves; 
and quantification of doping concentration on different 
classes of semiconductor materials.

The AFM probes present specific challenges due to 
their shape and wear during measurements. This article 
presented the results validating the authors’ models with 
comparison of the classic one-dimensional MOS model 
with a three-dimensional finite-element analysis cone-
shaped model, confirming that using an AFM probe as an 
electrode for nanoscale C-V curves is different from those 
acquired with parallel-plate geometry but has similar 
potential for yielding quantitative characterizations. The 
article also showed that C-V curves can be measured 
from doped semiconductors and that they are consistent 
with what is predicted by theory for this type of three-
dimensional geometry. 

The article showed that single-bias images and single-
point C-V measurements on an IMEC n- and p-type doped 
staircase sample are consistent and therefore can be 
used together to give an enhanced, quantitative view of 
a sample’s doping state. In addition, it has been shown 
that sMIM measurements on III-V semiconductor materials 
and silicon behave very similarly, so methods developed 
for the latter can be applied to the former; namely, a 

calibration from a known staircase sample can be applied 
to the sMIM image of an “unknown” device sample to 
estimate doping concentrations. 
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