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Fast Multifrequency Measurement of Nonlinear Conductance
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We describe a phase-coherent multifrequency lock-in measurement technique that uses the inverse
Fourier transform to reconstruct the nonlinear current-voltage characteristic of a nanoscale junction. The
method provides separation of the galvanic and displacement currents in the junction and easy cancel-
lation of the parasitic displacement current from the measurement leads. These two features allow us to
overcome traditional limitations imposed by the low conductance of the junction and the high capaci-
tance of the leads, thus providing an increase in measurement speed of several orders of magnitude. We
demonstrate the method in the context of conductive atomic force microscopy, acquiring current-voltage
characteristics at every pixel while scanning at standard imaging speed.
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I. INTRODUCTION

The sensitive measurement of small currents in
nanometer-scale junctions is a central problem in mod-
ern experimental physics. Characterization of numerous
materials and devices, in applications ranging from topo-
logical quantum computers [1,2] to energy harvesting and
energy conversion [3–10], struggles with the same basic
limitations imposed by the small measurement current and
the large stray capacitance of the macroscopic leads. We
describe how to circumvent these limitations using phase-
coherent multifrequency lock-in measurement and inverse
Fourier transform to achieve a dramatic increase in the
speed of measurement, or alternatively, in the signal-to-
noise ratio (SNR) at the same measurement speed. In
addition, our frequency-domain approach allows active
cancellation of parasitic current due to the lead capaci-
tance and provides unambiguous separation of the gal-
vanic and displacement currents flowing in the nanoscale
junction.

One area where this improvement is particularly use-
ful is scanning probe microscopy (SPM), where a mea-
surement of the nonlinear current-voltage characteristic
(IVC) is desired at each tip location. In scanning tunnel-
ing microscopy, the IVC allows mapping of the energy
dependence of the local density of electronic states [11].
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In conductive atomic force microscopy (AFM) it can be
used to map energy-conversion efficiency in photoactive
nanocomposite materials [12]. Because of the aforemen-
tioned limitations, present-day SPM has two basic modes
of operation. In imaging mode the current is measured
while the surface is scanned with a constant tip-sample
voltage, quickly generating an image but with only limited
information. Multiple scans at different biases are required
to get the full IVC, greatly increasing the measurement
time and introducing problems due to instrument drift and
tip wear. In spectroscopic mode the IVC is recorded at
each tip position, but the voltage must be swept slowly so
as to minimize displacement current in the parallel capac-
itance of the measurement leads. This large background
current puts a limit on the achievable gain and sensitiv-
ity of current measurement, and the slow sweep greatly
limits the speed of the scan, or equivalently, spatial resolu-
tion in a given measurement time. We demonstrate how to
bridge the gap between these two modes of SPM, achiev-
ing complete electrical characterization at scanning speeds
characteristic of the imaging mode.

Such characterization is important because the macro-
scopic device functionalities are strongly influenced by the
nanometer-scale structure of heterojunctions (e.g., in solar
cells [13,14]). Pioneering work in this general direction
used high-speed acquisition to capture data while scanning
at imaging speeds [15]. The large data sets [16] (sev-
eral gigabytes per scan) were subsequently analyzed with
advanced filtering methods based on statistical inference,
separately reconstructing galvanic current and capacitance
at each image pixel. However, this “big-data” approach
is computationally expensive, requiring several hours of
analysis on the fastest computers.
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In contrast, we take a deterministic (physical) approach
that uses our knowledge of the periodicity and phase of
the applied bias. Because we know the period of the drive
waveform, a frequency-domain representation of the non-
linear response efficiently rejects noise and compresses
data to a manageable size for storage. The inverse-fast-
Fourier-transform (FFT) algorithm makes the analysis
computationally efficient and easily performed in real time
on a notebook computer. Apart from the physical model
of the measurement, our reconstruction does not require
assumptions about the functional form of the nonlinear
galvanic current or the bias dependence of the junction
capacitance.

Below we describe our method using conductive AFM
as an example, but the general idea has broad appli-
cability in many areas of experimental physics, where,
with the recent development of multifrequency digital
lock-in amplifiers, its implementation has been greatly
simplified.

II. THEORY

Figure 1 shows a schematic representation of an SPM
measurement and its equivalent circuit. When a time-
dependent bias voltage V(t) is applied between the SPM
tip and a conductive sample, the total current measured at
the amplifier is

I = G(V)V + C(V)V̇ + CPV̇ + CCV̇C

≡ IG + ID + IP + IC.
(1)

We call the terms IG, ID, IP, and IC the galvanic, displace-
ment, parasitic, and compensation currents, respectively.
The bias and its time derivative V̇ are known signals. The
conductance G and capacitance C between the tip and the

FIG. 1. Experimental setup and electrical connections. The
conductance G and the capacitance C model the tip-sample junc-
tion, CP is the parasitic capacitance, CC is the capacitance of the
coaxial cable, V is the tip-sample bias voltage, VC is the com-
pensation drive to the guard of the coaxial cable, and I is the
total current at the input of the transimpedance amplifier. The
compensation circuit is shown in red.

sample are the desired quantities in our physical model.
We emphasize that both the conductance G(V) and the
capacitance C(V) can be nonlinear functions of V. CP is a
distributed parasitic capacitance in parallel with the junc-
tion, modeling the capacitive contributions of the probe
body, cables, and measurement electronics. Good electrical
design with proper guarding can minimize CP. However,
when current is measured in the subpicoampere range,
the residual IP due to the unguarded CP can easily sat-
urate the transimpedance amplifier, limiting its gain and
thus sensitivity. We compensate for this parasitic current
as follows.

With the tip lifted away from the sample surface (tens
to hundreds of micrometers), the first two terms in Eq. (1)
are both zero. The measured current is then Ilift = CPV̇ +
CCV̇C, where VC is applied to the guard. We obtain the
value for CP by measuring Ilift when applying a known V̇
and keeping VC at zero, and similarly for CC:

CP = Ilift

V̇

∣
∣
∣
∣
VC=0

, CC = Ilift

V̇C

∣
∣
∣
∣
V=0

. (2)

Once CP is obtained from Eq. (2), the parasitic displace-
ment current IP can be passively compensated for by
subtracting it from the measured current. To not limit the
amplifier gain, however, it is far better to actively compen-
sate for the parasitic displacement current IP by nulling it
before it reaches the amplifier: with CC from Eq. (2), we
apply a VC that exactly cancels the contribution from the
parasitic capacitance, VC(t) = −(CC/CP)V(t). Because CP
is at the millimeter to meter scale (probe holder, cables,
and measurement electronics), its value does not change
significantly between the lifted and scanning positions of
the SPM tip. The compensation voltage VC is therefore
constant while scanning.

To measure the nonlinear galvanic and displacement
currents, we apply a time-dependent sample bias of the
form V(t) = Vac cos ω1t. Assuming the junction conduc-
tance and capacitance are analytic functions of the volt-
age, they both share the same time periodicity as V and
can therefore be written as a Fourier series: G[V(t)] =∑

m gm cos mω1t and C[V(t)] = ∑
m cm cos mω1t. The two

components of the current are

IG(t) = G(t)Vac cos ω1t =
+∞∑

k=0

IGk cos kω1t, (3)

ID(t) = −C(t)ω1Vac sin ω1t =
+∞∑

k=0

IDk sin kω1t, (4)

where the IGk and IDk are real constants. Equations (3)
and (4) show that the two current contributions are eas-
ily distinguishable: the galvanic current is in phase with V,

044062-2



FAST MULTIFREQUENCY MEASUREMENT... PHYS. REV. APPLIED 11, 044062 (2019)

and the displacement current is in phase with V̇. We can
therefore obtain the galvanic and displacement currents
from the real part and the imaginary part, respectively,
of the Fourier transform of the measured compensated
current:

ÎG(ω) = Re
[
Î(ω)

]
, ÎD(ω) = iIm

[
Î(ω)

]
. (5)

III. EXPERIMENTAL RESULTS

Figure 2 demonstrates the technique with conductive
AFM, measuring the IVC between a Pt-coated AFM
tip and an organic solar cell consisting of a TQ1-T10
polymer blend on a polyethylenimine-modified poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate transparent
electrode. The Fourier components of the current Î(ω) =
ÎG + iÎD are measured simultaneously at 31 harmonics
of ω1 [Fig. 2(a)] with a multifrequency lock-in ampli-
fier (MLA) [17]. Using the inverse Fourier transform,
we obtain the total current I (blue), galvanic current IG
(orange) and displacement current ID (green), as shown in
Fig. 2(b).

In Fig. 2(c) we plot IG(t) versus the applied V(t) to
obtain the IVC, free of any capacitive contribution (orange
curve). The organic photovoltaic material in Fig. 2 is mea-
sured under white-light illumination, where the galvanic
IVC shows the typical photodiode response, with an offset
current at zero applied voltage (short-circuit current ISC)
and a finite voltage required to obtain zero current (open-
circuit voltage VOC). For comparison, we also plot the IVC
that one would obtain from the total current (blue curve);

that is, without separation of the galvanic and displace-
ment contributions. The junction capacitance produces a
big hysteresis loop that completely masks these important
features of the galvanic IVC. In standard conductive AFM,
this hysteresis loop would be even larger as the parasitic
capacitance CP, eliminated by active cancellation, is orders
of magnitude larger than the junction capacitance C.

The ability to separate the junction’s displacement cur-
rent from its galvanic current allows us to plot the junction
capacitance C(V) = ID(t)/V̇(t) versus V(t), shown by the
green curve in Fig. 2(c). This capacitance is ideally that
of the junction itself as the large parallel capacitance
is removed when one is compensating for IP. However,
some residual parallel capacitance local to the tip may
be included, depending on the exact geometry of the tip
and surface when one is nulling IP. The ability to mea-
sure the voltage dependence of the tip-sample capacitance
in parallel with the galvanic IVC is an exciting feature
of this technique, which may be useful to investigate the
screening length in two-dimensional electron gases [18] or
quantum capacitance in low-dimensional devices [19].

Acquiring the full IVC at every pixel of an AFM scan
allows the rapid mapping of interesting electrical proper-
ties, such as ISC and VOC. Because of the computational
efficiency of the reconstruction, quantities such as the
maximum-power point or fill factor can be evaluated and
displayed in real time during the scan (see the maps in
Appendix D), and these quantities can be correlated with
the topography to investigate structure-property relation-
ships. As a demonstration of the resolution enabled by this
measurement method, we analyze another sample consist-
ing of a CuO2/ZnO thin-film p-n junction deposited on

(a) (b) (c)

FIG. 2. Current-voltage characteristics on a photoactive polymer blend. Measurement under white-light illumination. (a) Amplitude
of the measured current at 31 frequencies; the phase is also measured but is not shown. The dashed red line is the noise level at the
measurement bandwidth Δω/(2π) = 100 Hz. (b) Total, galvanic, and displacement currents as a function of time obtained from the
current spectrum by inverse Fourier transform of the expressions in Eq. (5). (c) Reconstructed currents and junction capacitance versus
voltage. The loop in the total current I(V) is due to the junction capacitance. The galvanic current IG(V) does not show such a loop.
The junction capacitance C is nearly constant, as expected.
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(a) (b) (c)

(d) (e) (f)

FIG. 3. Measurements on a thin-film all-oxide p-n junction. (a) Representative IVCs at different locations of the sample. Maps of
(b) current I+ at forward bias V+ = 0.75 V, (c) current I− at reverse bias V− = −0.75 V, (d) even-symmetry current ‖Ieven‖, (e)
odd-symmetry current ‖Iodd‖, and (f) symmetry parameter S = ‖Ieven‖/(‖Ieven‖ + ‖Iodd‖). The maps in (d)–(f) are on an enlarged area
marked by the dashed white boxes in (b),(c). The white scale bars are 200 nm in (b),(c) and 25 nm in (d)–(f). The crosses in (d)–(f)
mark the positions where the IVCs of corresponding colors are acquired.

a fluorine-doped tin oxide conducting glass. Such com-
posite oxide materials find application in sensing [20],
energy conversion [21,22], and lighting [23], and their
nanoscale characterization is needed to understand their
functionality.

Figure 3(a) shows that the junction of the two semi-
conductors presents a typical diodelike IVC, with current
flowing only for positive applied bias (orange curve).
However, some areas of the sample show a symmetric IVC
(blue curve), indicating damage in the CuO2 or a resis-
tive phase of the composite material. Other areas show
zero current in both bias directions (green curve), indicat-
ing a much smaller area of contact between the tip and
the sample, or perhaps an insulating phase of material. To
analyze the spatial distribution of these three classes of
IVC, we plot the current I+ at fixed forward bias V+ =
0.75 V and the current I− at fixed reversed bias V− =
−0.75 V. The I+ and I− maps can be obtained with stan-
dard conductive AFM by performing multiple scans with
different applied bias V+ or V−. Here, however, current
maps for any bias −Vac < V < Vac can be calculated from
the measured data as the whole IVC is acquired in a single
scan.

In the forward-bias image [Fig. 3(b)] both diodelike and
resistorlike areas have high current and appear as bright
spots, while areas with no current are dark. In the reverse-
bias image [Fig. 3(c)], the resistorlike areas stand out
as bright spots, while the diodelike and no-current areas
remain dark. To more precisely distinguish the diodelike
areas, we focus on a small region of these images (dashed
white lines) and we analyze the symmetry properties of
the acquired IVCs: resistorlike curves have a clear odd
symmetry around zero [Fig. 3(e)], and regions with diode-
like curves have a stronger even-symmetry component
[Fig. 3(d)]. The two images are combined in Fig. 3(f) with
use of the symmetry parameter S, which is 0 for a purely
odd curve and 1 for a purely even curve (for more details,
see Appendix B).

The fine detail in these images is possible due the
very high density of the measured IVCs, such as those
in Fig. 3(a), which are acquired at 1000 pixels/s, yielding
a trace-retrace image with 512 × 512 resolution (524,288
IVCs, file size 170 MB) in less than 9 min. With con-
ductive AFM in spectroscopic mode, one would typically
sweep the bias in 1–10 s, giving a total measurement time
of 6–60 days for the same spatial resolution. The analysis
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of the full image requires about 4 s on a laptop computer,
and it is therefore easily performed in real time (i.e., while
the AFM is scanning).

The pixel rate is set by the measurement bandwidth Δω,
which has a maximum value of ω1. The choice of ω1
in turn determines how many harmonics can be resolved
within the bandwidth of the transimpedance amplifier, and
thereby the sharpness of the features in the reconstructed
IVC (see the detailed discussion in Appendix C). The
measurement bandwidth also sets the signal-to-noise ratio
(noise proportional to

√
Δω). In Fig. 2(a) the noise level

is 0.04 pA (4 fA/
√

Hz), which allows n = 10 harmon-
ics within the amplifier bandwidth for ω1/2π = 100 Hz.
In Fig. 3 the noise level is 1.3 pA (40 fA/

√
Hz), with

ω1/2π = 1 kHz and n = 50.
For a given SNR, and therefore a given measurement

time TM = 2π/Δω, our frequency-multiplexed method
offers a clear speedup over traditional time-domain meth-
ods. A time-domain measurement of the IVC would apply
a certain dc bias, average the measured current for a time
TM , change the applied bias, and repeat this procedure
until n points of the IVC are acquired in a total time
nTM . In our method, a MLA acquires n ≈ 32 harmonics
of ω1 in the same time TM (in parallel), obtaining n data
points to describe the nonlinear IVC. We thus achieve a
factor-of-n increase in speed at the same SNR, or alter-
natively a factor-of-

√
n increase in the SNR for the same

total measurement time. This increase in speed comes in
addition to that enabled by cancellation and separation of
displacement currents.

An important consideration with the method described
here is that ω1, its harmonics, and the sampling frequency
used by the MLA must all be integer multiples of the mea-
surement bandwidth Δω. This “tuning” eliminates Fourier
leakage in the harmonic spectrum, ensuring that the ampli-
tude and phase of all the harmonics are measured coher-
ently. The information about the nonlinear character of the
IVC is then coded in the harmonics and revealed by simple
inverse Fourier transform.

IV. CONCLUSIONS

We describe and demonstrate a measurement paradigm
for capturing nonlinear current-voltage characteristics
from weak and noisy signals. Using one stable refer-
ence oscillation for phase-sensitive detection of many
harmonics, we achieve frequency-domain multiplexing of
the information contained in the nonlinear IVC. Another
important advantage of our frequency-domain approach
is that we can easily extract the separate contributions of
the galvanic and displacement currents in the measured
total current. The frequency-domain data are an optimally
compressed representation of the nonlinear response and
it is computationally efficient to reconstruct the IVC with
use of the inverse-FFT algorithm. The frequency-domain

approach also provides simple cancellation of the large
parasitic current due to the stray capacitance of the
leads, allowing larger gain without saturation of the cur-
rent amplifier. Together these advantages allow greatly
enhanced measurement speed, compact data storage, and
real-time feedback during measurement.

We use scanning probe microscopy to demonstrate the
power of the method, reconstructing the full IVC at every
pixel of a conductive-AFM image, without compromis-
ing the scanning speed. With the IVC at every pixel, we
construct a posteriori images that highlight the interest-
ing figures of merit for electric transport. With standard
conductive AFM, the set of bias voltages is decided a pri-
ori, before multiple scans are performed. During the long
measurement, instrument drift and tip wear inhibit reliable
correlation between the tip position and the measured elec-
trical properties. The multifrequency approach provides
a general solution to a very-general and very-common
problem in nanotechnology, and its easy implementation
has recently been made possible with the advent of tuned
multifrequency digital lock-in amplifiers.
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APPENDIX A: INSTRUMENTATION

The current flowing through the AFM tip I is converted
to voltage by a DLPCA-200 variable-gain, low-noise cur-
rent amplifier (FEMTO Messtechnik GmbH). The voltage
is then sampled by a multifrequency lock-in amplifier
(Intermodulation Products AB), and the real and imagi-
nary parts of 32 frequency components IGk and IDk are
read via an Ethernet connection by a computer for anal-
ysis. Two output ports on the MLA are used to apply
the sample bias V and the compensation voltage VC. The
measurement and analysis routines are implemented in the
scripting interface of the MLA control software. They are
written in PYTHON and make use of the inverse fast Fourier
transform [24] and other routines in the SciPy and NumPy
libraries [25].

The measurements on the organic-solar-cell sample are
performed with a NanoWizard ULTRA Speed AFM (JPK
Instruments AG) mounted on an inverted optical micro-
scope (Nikon Corporation). The microscope objective is
used to focus the light from a white-light-emitting diode
onto a small spot around the area scanned. The illumi-
nation by the light-emitting diode is alternately switched
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 4. IVC reconstruction with a limited number of harmonics. Simulation of IVCs with sharp features (dashed black lines) in
analogy to (a),(d) Josephson junctions, (b),(e) Coulomb-blockade junctions, and (c),(f) resonant-tunneling diodes. In the raw curves
(a)–(c) the spectrum is truncated at ω = nω1, mimicking a limited number of demodulators. In the filtered curves (d)–(f) the truncation
is smoothed in the frequency domain according to Eq. (C1), suppressing the ringing artifacts and simulating a limited available
bandwidth.

on and off during the scanning trace and retrace (approx-
imately 1 Hz) to compare the electrical response of the
material under light and dark conditions. The measure-
ments on the CuO2/ZnO sample are performed with a
Dimension Icon AFM (Bruker Corporation). In both cases,
the AFM is operated in contact mode with an RMN-
12PT400B cantilever (Bruker, nominal spring constant
0.3 N/m).

In principle, the current amplifier built into the AFM
can be used instead of the external DLPCA-200 ampli-
fier. However, the external amplifier used in this study
allows easier access to the input guard, and therefore
easier implementation of the compensation routine. Sim-
ilarly, one could perform the experiments described herein
without the MLA, by using a high-speed sampling card
synchronized with two signal generators. Care must be
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(a) (b) (c)

FIG. 5. Current-voltage characteristics of a photoactive polymer blend. Measurement in dark conditions. (a) Amplitude of the mea-
sured current at 31 frequencies; the phase is also measured but is not shown. The dashed red line is the calibrated noise level. (b)
Total, galvanic, and displacement currents as a function of time obtained from the current spectrum by inverse Fourier transform of
the expressions in Eq. (5). (c) Reconstructed currents and junction capacitance versus voltage. The loop in the total current I(V) is due
to the junction capacitance. The galvanic current IG(V) does not show such a loop. The junction capacitance C is nearly constant, as
expected.

taken that all the frequencies of interest are tuned to
minimize Fourier leakage, and the analysis would need
to be performed entirely on the computer (limiting the
real-time capabilities of the analysis).

APPENDIX B: SYMMETRY OF THE IVC

An arbitrary curve can be decomposed into an even-
symmetry and an odd-symmetry curve around zero. For

(a) (b) (c)

(d) (e) (f)

FIG. 6. Parameter maps for a photoactive polymer blend. Maps and histograms of (a) short-circuit current ISC, (b) open-circuit
voltage VOC, (c) reverse-bias current IRV, (d) current at maximum-power point IMP, (e) voltage at maximum-power point VMP, and (f)
fill factor (IMPVMP/ISCVOC). The white scale bars are 200 nm.
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our IVC

IG(V) = Ieven(V) + Iodd(V), (B1)

Ieven(V) = 1
2

[IG(V) + IG(−V)], (B2)

Iodd(V) = 1
2

[IG(V) − IG(−V)]. (B3)

We then quantify the magnitude of each contribution by
using the norm

‖I‖2 = 1
2Vac

∫ Vac

−Vac

|I(V)|2 dV (B4)

and the symmetry parameter defined as

S = ‖Ieven‖
‖Ieven‖ + ‖Iodd‖ . (B5)

S is 0 for a purely odd curve, 1 for a purely even curve, and
between 0 and 1 for any other curve.

APPENDIX C: RECONSTRUCTION OF SHARP
FEATURES

The IVCs shown in Figs. 2(c) and 3(a) are relatively
smooth (i.e., they do not present sharp features and are thus
easily reconstructed with a limited number of harmonics).
However, many experiments are characterized by sharp
features in the IVC (e.g., Josephson junctions, Coulomb-
blockade junctions, and resonant-tunneling diodes). The
simulations in Fig. 4 show that in such cases many fre-
quency components are needed to reconstruct the actual
IVC (dashed black line).

In the “raw” curves [Figs. 4(a)–4(c)] the frequency spec-
tra of the galvanic current are truncated at n frequency
components (ω = 0 included), simulating the effect of a
limited number of available demodulators in the MLA.
The reconstructed IVC approaches the actual curve as n
increases, but ringing artifacts persist due to the sharp trun-
cation of the frequency spectrum, in analogy to the Gibbs
phenomenon. These artifacts are strongly suppressed in the
“filtered” curves [Figs. 4(d)–4(f)], where the current spec-
tra are smoothly limited to n components with a window
inspired by the σ approximation:

Ŵ(k) =
(

sinc
k
n

)σ

, (C1)

where k = ω/ω1 and σ = 1 is a smoothing parameter. The
filtered curves more closely mimic the case where n is
limited by the bandwidth of the transimpedance amplifier.

(a) (b)

FIG. 7. Height images. (a) Organic photovoltaic material in
Figs. 2, 5, and 6. (b) Thin-film all-oxide p-n junction in Fig. 3.
The white scale bars are 200 nm.

APPENDIX D: MAPPING OF MATERIAL
PROPERTIES OF AN ORGANIC PHOTOVOLTAIC

MATERIAL

Figure 5 shows the current measured on the organic pho-
tovoltaic material in dark conditions, for comparison with
the measurement under illumination shown in Fig. 2. The
displacement current (green line) and thus the capacitance
are not affected by the change in illumination. The gal-
vanic current, on the other hand, significantly decreases
in dark conditions: the diodelike shape of the IVC disap-
pears together with ISC and VOC, and only a high residual
resistance is visible.

Figure 6 shows the reconstructed values of ISC, VOC, and
the current IRV measured at a reverse bias of 1 V. Because
of the computational efficiency of the inverse FFT, the
analysis of the entire scan takes less than 1 s on a note-
book computer and can therefore be performed in real time,
while one is scanning with the AFM. In all panels show-
ing current [Figs. 6(a), 6(c), and 6(d)], a vertical line and
a horizontal line are visible on the left and at the bottom,
respectively. These low-current features are an indication
of damage to the sample material caused by a previous scan
with a too-high contact-mode set point.

APPENDIX E: HEIGHT IMAGES

Figure 7 shows the AFM height images obtained from
the quasistatic mode (contact mode) feedback (i.e., at
constant cantilever deflection).

[1] R. M. Lutchyn, E. P. A. M. Bakkers, L. P. Kouwenhoven,
P. Krogstrup, C. M. Marcus, and Y. Oreg, Majorana zero
modes in superconductor–semiconductor heterostructures,
Nat. Rev. Mater. 3, 52 (2018).

[2] Önder Gül, Hao Zhang, Jouri D. S. Bommer, Michiel W.
A. de Moor, Diana Car, Sébastien R. Plissard, Erik P.
A. M. Bakkers, Attila Geresdi, Kenji Watanabe, Takashi
Taniguchi, and Leo P. Kouwenhoven, Ballistic Majorana
nanowire devices, Nat. Nanotechnol. 13, 192 (2018).

044062-8

https://doi.org/10.1038/s41578-018-0003-1
https://doi.org/10.1038/s41565-017-0032-8


FAST MULTIFREQUENCY MEASUREMENT... PHYS. REV. APPLIED 11, 044062 (2019)

[3] Mengwei Si, Chun-Jung Su, Chunsheng Jiang, Nathan J.
Conrad, Hong Zhou, Kerry D. Maize, Gang Qiu, Chien-
Ting Wu, Ali Shakouri, Muhammad A. Alam, and Peide D.
Ye, Steep-slope hysteresis-free negative capacitance MoS2
transistors, Nat. Nanotechnol. 13, 24 (2018).

[4] Pedram Ghamgosar, Federica Rigoni, Shujie You, Illia
Dobryden, Mojtaba Gilzad Kohan, Anna Lucia Pellegrino,
Isabella Concina, Nils Almqvist, Graziella Malandrino, and
Alberto Vomiero, ZnO-Cu2O core-shell nanowires as sta-
ble and fast response photodetectors, Nano Energy 51, 308
(2018).

[5] Anja Wedig, Michael Luebben, Deok-Yong Cho, Marco
Moors, Katharina Skaja, Vikas Rana, Tsuyoshi Hasegawa,
Kiran K. Adepalli, Bilge Yildiz, Rainer Waser, and Ilia
Valov, Nanoscale cation motion in TaOx, HfOx and TiOx
memristivesystems, Nat. Nanotechnol. 11, 67 (2015).

[6] Rüdiger Berger, Hans Jürgen Butt, Maria B. Retschke, and
Stefan A. L. Weber, Electrical modes in scanning probe
microscopy, Macromol. Rapid Commun. 30, 1167 (2009).

[7] Jun Liu, Ankur Goswami, Keren Jiang, Faheem Khan,
Seokbeom Kim, Ryan McGee, Zhi Li, Zhiyu Hu, Jungchul
Lee, and Thomas Thundat, Direct-current triboelectricity
generation by a sliding Schottky nanocontact on MoS2
multilayers, Nat. Nanotechnol. 13, 112 (2018).

[8] David C. Coffey, Obadiah G. Reid, Deanna B. Rodovsky,
Glenn P. Bartholomew, and David S. Ginger, Mapping local
photocurrents in polymer/fullerene solar cells with pho-
toconductive atomic force microscopy, Nano Lett. 7, 738
(2007).

[9] Fatemeh Barati, Max Grossnickle, Shanshan Su, Roger K.
Lake, Vivek Aji, and Nathaniel M. Gabor, Hot carrier-
enhanced interlayer electron–hole pair multiplication in 2D
semiconductor heterostructure photocells, Nat. Nanotech-
nol. 12, 1134 (2017).

[10] Gaute Otnes and Magnus T. Borgström, Towards high
efficiency nanowire solar cells, Nano Today 12, 31 (2017).

[11] J. A. Galvis, E. Herrera, C. Berthod, S. Vieira, I. Guillamón,
and H. Suderow, Tilted vortex cores and superconducting
gap anisotropy in 2H-NbSe2, Commun. Phys. 1, 30 (2018).

[12] Dmitry Mikulik, Maria Ricci, Gozde Tutuncuoglu, Fed-
erico Matteini, Jelena Vukajlovic, Natasa Vulic, Esther
Alarcon-Llado, and Anna Fontcuberta i Morral, Conductive-
probe atomic force microscopy as a characterization tool for
nanowire-based solar cells, Nano Energy 41, 566 (2017).

[13] Jiangyu Li, Boyuan Huang, Ehsan Nasr Esfahani, Linlin
Wei, Jianjun Yao, Jinjin Zhao, and Wei Chen, Touching
is believing: Interrogating halide perovskite solar cells at

the nanoscale via scanning probe microscopy, npj Quantum
Mater. 2, 56 (2017).

[14] Jeremy Hieulle, Collin Stecker, Robin Ohmann, Luis K.
Ono, and Yabing Qi, Scanning probe microscopy applied
to organic-inorganic halide perovskite materials and solar
cells, Small Methods 2, 1700295 (2018).

[15] S. Somnath, K. J. H. Law, A. N. Morozovska, P. Maksy-
movych, Y. Kim, X. Lu, M. Alexe, R. Archibald, S. V.
Kalinin, S. Jesse, and R. K. Vasudevan, Ultrafast cur-
rent imaging by Bayesian inversion, Nat. Commun. 9, 513
(2018).

[16] Alexei Belianinov, Sergei V. Kalinin, and Stephen
Jesse, Complete information acquisition in dynamic force
microscopy, Nat. Commun. 6, 6550 (2015).

[17] Intermodulation Products AB, https://intermodulation-prod
ucts.com/, [Accessed:03-December-2018].

[18] F. Giannazzo, S. Sonde, V. Raineri, and E. Rimini, Screen-
ing length and quantum capacitance in graphene by scan-
ning probe microscopy, Nano Lett. 9, 23 (2009).

[19] S. Ilani, L. A. K. Donev, M. Kindermann, and P. L.
McEuen, Measurement of the quantum capacitance of inter-
acting electrons in carbon nanotubes, Nat. Phys. 2, 687
(2006).

[20] Hyunah Kwon, Jun-Sik Yoon, Yuna Lee, Dong Yeong Kim,
Chang-Ki Baek, and Jong Kyu Kim, An array of metal
oxides nanoscale hetero p-n junctions toward designable
and highly-selective gas sensors, Sens. Actuators B: Chem.
255, 1663 (2018).

[21] Isabella Concina, Zafar Hussain Ibupoto, and Alberto Vom-
iero, Semiconducting metal oxide nanostructures for water
splitting and photovoltaics, Adv. Energy Mater. 7, 1700706
(2017).

[22] Sven Rühle, Assaf Y. Anderson, Hannah-Noa Barad, Ben-
jamin Kupfer, Yaniv Bouhadana, Eli Rosh-Hodesh, and
Arie Zaban, All-oxide photovoltaics, J. Phys. Chem. Lett.
3, 3755 (2012).

[23] Hyo-Min Kim, Jeonggi Kim, Sin-Young Cho, and Jin
Jang, Solution-processed metal-oxide p-n charge gener-
ation junction for high-performance inverted quantum-
dot light-emitting diodes, ACS Appl. Mater. Interfaces 9,
38678 (2017).

[24] James W. Cooley and John W. Tukey, An algorithm for
the machine calculation of complex Fourier series, Math.
Comput. 19, 297 (1965).

[25] Eric Jones, Travis Oliphant, Pearu Peterson et al., SciPy:
Open source scientific tools for Python, (2001), [online,
available at http://www.scipy.org/].

044062-9

https://doi.org/10.1038/s41565-017-0010-1
https://doi.org/10.1016/j.nanoen.2018.06.058
https://doi.org/10.1038/nnano.2015.221
https://doi.org/10.1002/marc.200900220
https://doi.org/10.1038/s41565-017-0019-5
https://doi.org/10.1021/nl062989e
https://doi.org/10.1038/nnano.2017.203
https://doi.org/10.1016/j.nantod.2016.10.007
https://doi.org/10.1038/s42005-018-0028-1
https://doi.org/10.1016/j.nanoen.2017.10.016
https://doi.org/10.1038/s41535-017-0061-4
https://doi.org/10.1002/smtd.201700295
https://doi.org/10.1038/s41467-017-02455-7
https://doi.org/10.1038/ncomms7550
https://intermodulation-products.com/
https://doi.org/10.1021/nl801823n
https://doi.org/10.1038/nphys412
https://doi.org/10.1016/j.snb.2017.08.173
https://doi.org/10.1002/aenm.201700706
https://doi.org/10.1021/jz3017039
https://doi.org/10.1021/acsami.7b14584
https://doi.org/10.1090/S0025-5718-1965-0178586-1
http://www.scipy.org/

	I. INTRODUCTION
	II. THEORY
	III. EXPERIMENTAL RESULTS
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX A: INSTRUMENTATION
	B. APPENDIX B: SYMMETRY OF THE IVC
	C. APPENDIX C: RECONSTRUCTION OF SHARP FEATURES
	D. APPENDIX D: MAPPING OF MATERIAL PROPERTIES OF AN ORGANIC PHOTOVOLTAIC MATERIAL
	E. APPENDIX E: HEIGHT IMAGES
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


