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Abstract

We present a new open-loop implementation of Kelvin probe force microscopy (KPFM) that provides access to the Fourier spec-
trum of the time-periodic surface electrostatic potential generated under optical (or electrical) pumping with an atomic force micro-
scope. The modulus and phase coefficients are probed by exploiting a double heterodyne frequency mixing effect between the me-
chanical oscillation of the cantilever, modulated components of the time-periodic electrostatic potential at harmonic frequencies of
the pump, and an ac bias modulation signal. Each harmonic can be selectively transferred to the second cantilever eigenmode. We
show how phase coherent sideband generation and signal demodulation at the second eigenmode can be achieved by using two nu-
merical lock-in amplifiers configured in cascade. Dual-heterodyne KPFM (DHe-KPFM) can be used to map any harmonic (ampli-
tude/phase) of the time-periodic surface potential at a standard scanning speed. The Fourier spectrum (series of harmonics) can also
be recorded in spectroscopic mode (DHe-KPFM spectroscopy), and 2D dynamic images can be acquired in data cube mode. The
capabilities of DHe-KPFM in terms of time-resolved measurements, surface photovoltage (SPV) imaging, and detection of weak
SPV signals are demonstrated through a series of experiments on difference surfaces: a reference substrate, a bulk organic photo-
voltaic heterojunction thin film, and an optoelectronic interface obtained by depositing caesium lead bromide perovskite nano-
sheets on a graphite surface. The conclusion provides perspectives for future improvements and applications.

Introduction

Kelvin probe force microscopy (KPFM) is a well-known variant ~ the CPD originates from the tip—sample work function differ-
of AFM that allows probing at the nanoscale the electrostatic ~ ence. More generally, the CPD stems from the existence of
landscape on the surface of a sample by measuring the so-called electric charges and/or dipoles in the system under considera-
contact potential difference (CPD). If one considers a simple tion. As a result, the applications of KPFM are extremely broad.

junction formed by a metallic AFM tip and a metallic sample, It is now used by physicists, chemists, and biologists to charac-

1068


https://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:benjamin.grevin@cnrs.fr
https://doi.org/10.3762/bjnano.14.88

terize the nanoscale electronic/electrostatic properties of an
ever-expanding range of materials, interfaces, and devices,
in ambient conditions, under ultrahigh vacuum, or at the

liquid—substrate interface.

Since the early 90’s, a variety of approaches have been imple-
mented to improve KPFM performances in terms of spatial,
potentiometric, and temporal resolution. Several research teams
continue to work in this direction and KPFM is still an evolving
technique in many aspects. In particular, the development of
KPFM-based approaches specifically designed to investigate
photogeneration mechanisms and charge dynamics at the nano-
scale in photovoltaic and optoelectronic materials is an active
research area.

In photoassisted KPFM, the idea is to probe the surface photo-
voltage (SPV), which is the illumination-induced change in the
surface electrostatic potential (i.e., the opposite of the CPD shift
under illumination). To map the SPV, the most basic approach
consists in performing a dual-pass experiment. Two CPD maps
are recorded, the first in the “dark state” and the second under
continuous wave (cw) illumination. An SPV image can eventu-
ally be recalculated as the difference between both sets of data
[1]. The inherent drawback of this dual-pass method is that the
source images used for the SPV calculation may feature
misalignments, which is especially unavoidable at room temper-
ature (RT) due to thermal drift [2,3]. Another issue is that some
of the SPV components — related to dynamical processes — can
remain hidden to this “conventional” SPV imaging [4].

To mitigate the effects of thermal drift, a first alternative
consists in performing a data cube acquisition of CPD curves
synchronously recorded with the application of a light pulse
(i.e., a curve is recorded at each point of the surface along a 2D
grid). Again, a differential SPV image can be reconstructed
from the matrix of spectroscopic curves [5]. However, this ap-
proach is not free from artefacts, in particular the cantilever
photothermal bending can significantly modify (depending on
the optical power) the tip—surface distance during the spectros-

copic measurement (which has to be performed in open z-loop).

Whenever possible, it is preferable to investigate the photore-
sponse of the sample under modulated or pulsed illumination.
Provided that the modulation frequency of the light source is set
high enough, it becomes possible to “stabilize” the static
bending in a steady state, and photothermal cantilever excita-
tion can be avoided (by setting the optical modulation at a fre-
quency that differs from the cantilever resonance eigenmodes).

Working under modulated illumination also allows direct SPV

measurements using special modulation/demodulation schemes,
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such as the one recently proposed by Miyazaki and co-workers
for ac-bias KPFM [6]. In addition, most time-resolved KPFM
modes developed so far rely on the use of a pulsed/modulated
illumination chain. This is for instance the case of intensity-
modulated KPFM [7-9], pump-probe KPFM [4,10,11], or
G-mode KPFM [12], to name a few (we refer the readers to
review articles for a more comprehensive introduction to AFM-
based time-resolved potentiometric and electrostatic modes
[13,14]).

Each of these approaches have advantages and disadvantages.
Intensity-modulated KPFM implementation is straightforward,
since it simply consists in analysing the frequency response of
the time-average CPD under modulated illumination. Neverthe-
less, it is prone to capacitive artefacts [15]. Accurate quantita-
tive measurements can be performed by pump-probe KPFM
(pp-KPFM), with a time-resolution down to the sub-nanosecond
scale [10]. However, pp-KPFM features a severely limited
bandwidth. In the case of our last implementation of pp-KPFM
[4], several tens of seconds (to minutes) are needed to record a
single spectroscopic curve, and tens of hours to several days are
needed to map a 2D matrix of data. Last, G-mode KPFM
requires analysis of large datasets acquired with high-speed data
capture [12].

A few years ago, Borgani and Haviland presented an interest-
ing alternative for time-resolved SPV measurements [16],
which consists in analysing the intermodulation products be-
tween the mechanical oscillation of the cantilever and the
photogenerated surface potential. In short, intermodulation
spectroscopy allows working in the frequency domain (instead
of the time domain) by extracting, during a single measurement,
quantities that are directly proportional to the Fourier coeffi-
cients of the time-periodic surface photovoltage. Unfortunately,
the translation of this promising technique from ambient condi-
tions — where it has proven its worth — to ultra-high vacuum
poses significant challenges. This is mainly due to the en-
hanced quality factors under vacuum, which severely limits the
frequency window available to increase the amplitude of the
intermodulation products (for a more detailed discussion, see

[14]).

In this work, we propose to approach the measurement of inter-
modulation products with non-contact AFM under ultra-high
vacuum in a slightly different way. We demonstrate that the
Fourier spectrum (modulus and phase coefficients) of the time-
periodic electrostatic surface potential generated under optical
(or electrical) pumping can be probed, by exploiting a double
heterodyne frequency mixing effect between the cantilever me-
chanical oscillation, the surface photovoltage harmonics, and an

ac bias modulation signal. The frequency of the modulated bias
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can be set so that any given spectral component of the surface
potential (or intermodulation product) can be “transferred” to
the second cantilever eigenmode. This transfer or rejection (i.e.,
a measurement of a Fourier harmonic at the pump frequency
through a demodulation at the second eigenmode frequency) is
achieved by using two numerical lock-in amplifiers in cascade,
which allows the generation of proper phase-coherent combina-

tion of reference signals.

Dual-heterodyne KPFM (DHe-KPFM) dramatically enhances
the sensitivity to “weak” (i.e., a few mV) surface photovoltage
signals, thanks to the amplification by the second resonance
mode. Time-resolved measurements can be performed in data-
cube mode, by recording spectra of the SPV Fourier compo-
nents (modulus and phase) onto a 2D grid. The validity of DHe-
KPFM implementation is first demonstrated by carrying out
measurements on a conducting reference substrate under elec-
trical pumping. The results confirm that — thanks to the con-
stant transfer function over the entire spectrum provided by the
signal demodulation at the second cantilever eigenmode — a
quantitative measurement of the Fourier spectrum can be per-
formed. In the case of the amplitude spectrum, that measure-
ment is done within a scalar factor related to the capacitance
gradient. Furthermore, 2D images of time constant that charac-
terize the surface photovoltage dynamics are acquired on a
photovoltaic organic bulk-heterojunction (BHJ) thin film. The
time-constant values are shown to be fully consistent with the
results of pump-probe KPFM. Last, the ability of DHe-KPFM
to detect weak SPV signals is illustrated by investigating
optoelectronic interfaces formed between caesium lead bro-
mide perovskite nanosheets and highly oriented pyrolytic
graphite.

Kelvin Probe Force Microscopy
Background, Amplitude-Modulated
Heterodyne KPFM

Many KPFM modes rely on the detection of a modulated com-
ponent of the electrostatic force proportional to the CPD, using
a lock-in amplifier. The attractive electrostatic force between
the tip and the surface can be expressed as:

1, 2
Fy :ECZ (Vbias T VepD ) - (1)

In the above equation, C', stands for the tip—sample capacitive
gradient. Vy;,s represents the external bias voltage applied to the
system (including both a dc and an ac component, see
hereafter). The plus or minus sign applies if Vy, is applied to

the tip (+ sign) or to the sample (- sign), respectively.
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The lock-in output provides a modulated ac bias voltage (V,
amplitude U,., and angular frequency w,.) that is added to the
static dc voltage applied to the tip (or sample), Viizs = Vae + Vgc.
The electrostatic force displays modulated components, and
some are directly proportional to the dc electrostatic potential
term (i.e., V4. * Vepp)- The idea is to demodulate such a com-
ponent, and feed it into a loop which controls the dc bias. The
KPFM controller (with a zero set point), will eventually adjusts
the dc bias to minimize its input, yielding a measurement of the
CPD (Vg4 = £Vepp depending on the setup geometry). In the
following, the dc compensation bias provided to the tip by the
KPFM controller (in our setup V4. = —CPD) will be referred to
as either V. or KPFM potential. To avoid repetition, this quan-
tity is sometimes also referred to as "surface potential". This is
obviously a misuse of language, as KPFM gives a relative mea-
surement of the surface electrostatic potential with respect to
that of the tip. However, it is partly justified because in our
setup the compensation bias is applied to the tip. Then, provi-
ded that the effective work function of the tip remains constant
during the measurement, any change in the KPFM compensa-
tion potential will strictly follow the change in the surface elec-
trostatic potential without sign inversion (a local positive sur-
face charging corresponds to a positive Vg, change).

Actually, there are many ways to perform the signal demodula-
tion. Amplitude heterodyne KPFM, introduced in 2012 by
Sugawara et al. [17], is a very elegant approach. It combines the
advantages of frequency-modulated KPFM (FM-KPFM) and
amplitude-modulated KPFM (in terms of lateral resolution and
sensitivity, respectively). This mode takes advantage of hetero-
dyning effects (frequency mixing) between the electrical bias
modulation and the cantilever mechanical oscillation (usually
performed at the first eigenmode, angular frequency ). These
effects result in the existence of additional modulated compo-
nent of the electrostatic force (or sidebands) at frequencies
W * wye. They stem from higher harmonic components in the
capacitance term [16,18]:

+o0
C, =Ko+ Y. K, cos(nwyt) = Ko+ Kj cos(mg) +... (2)

n=l1

If we restrict ourselves to the first harmonic (n = 1), electro-
static force components emerge (we just describe the first set of

sidebands, other exist at wg = 2w,.) which are:

COS(((DO — Wy )t)

F
+cos((w0 + 0y )t)

) EW,e

=1/2K\Uqc (Vae £Verp ) -3
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It can be shown [18], that the Fourier coefficient at n = 1 is
proportional to the second z-derivative of the capacitance
(K1 = C",). Consequently, demodulating the amplitude of the
sidebands gives access at a term that is proportional to the dc
potential difference, and one works (like in frequency-modula-
tion KPFM) on a signal that is proportional to the electrostatic
force gradient (through C",). For that reason, this “side-band”
KPFM is often referred to as a variant of FM-KPFM.

Amplitude-modulated heterodyne KPFM [17] further improves
this approach. The idea is to set the modulated bias angular fre-
quency so that the first right sideband (wq + w,¢) is “rejected” at
the second mechanical resonance eigenmode (frequency w;) of
the cantilever. Implementing this modulation/demodulation
scheme is nowadays greatly facilitated by the flexibility offered
by last-generation digital lock-in amplifiers, which allow gener-
ating (and demodulating) phase-coherent combinations of
multiple oscillators (i.e., an excitation at w,;, = w; — wg and a
demodulation at wq).

Here, it is mandatory to stress a very important point. In
all strictness, in the above, we should have written that
Wye = w1 — (Wp + Awg), where Aw stands for the cantilever fre-
quency shift due to the tip—surface interaction. In heterodyne
KPFM, the reference sideband that drives the modulated bias is
indeed generated as follows. The frequency of the first source
signal (or lock-in internal oscillator) is set to wy, ultimately it
will be used for signal demodulation. The second source signal
is obtained by tracking the cantilever resonance frequency at its
first eigenmode (wg + Awg) with a second oscillator configured
as a phase-locked loop (PLL). This tracking is necessary
because the first mode is used by the main AFM controller for
topographic control (in frequency modulation mode in the case
of non-contact AFM under UHV). In other words, it is the AFM
controller which generates the source signal at wy + Awg which
“excites” the mechanical oscillation of the cantilever. The fre-
quency mixing effect will effectively generate a modulated
electrostatic component at w| — phase-coherent with the demod-
ulation chain — only and if only the frequency shift that the can-
tilever (at its first resonance mode) experiences in the tip—sur-
face interaction is taken into account. In FM-AFM, it is impos-
sible to perform a heterodyne-KPFM measurement by setting a
“fixed” value for wy.

Dual-Heterodyne Kelvin Probe Force

Microscopy: Principle

To understand how dual-heterodyne KPFM works, consider the
case of a sample subjected to a time-periodic pump that gener-
ates a (time-)periodic electrostatic potential. Within the frame-
work of investigations on photoactive materials, of course, the
pump will consist of light pulses (in which case one generates a

Beilstein J. Nanotechnol. 2023, 14, 1068—1084.

periodic SPV), but DHe KPFM experiments (as shown below)
can also be performed under electrical pumping (by applying
bias pulses directly to the sample with an arbitrary waveform

generator).

The time-periodic electrostatic potential Vy,oq (or photopoten-
tial) generated at the sample under modulated illumination can

be described by a Fourier series:

o0
Vinod =Vo + z V, cos(nopegt +0,,) (4)
n=l

As in other KPFM modes, a combination of dc (Vy4.) and ac
(V) bias is applied to the AFM tip. The total electrostatic force
between the tip and the sample is now:

1, 2
ECZ [(Vdc + VCPD ) + Vac - Vmod]

with V. = U, cos(@,!)

Fy=
)]

Note that in the above, we assumed that the dc potential is
applied to the tip (this actually corresponds to the configuration
of our setup). Vcpp encompasses the "in-dark" electrostatic
potential difference between the tip and the sample. The addi-
tional time-averaged shift due to the SPV is accounted for by
the first term in the Fourier series (V). The harmonic terms
(n 2 1 in Equation 4) contain all the information about the time
dependence of the SPV. To prevent misunderstanding, it is im-
portant to stress that the amplitude spectrum (i.e., the V,, terms)
should not be confused with the amplitude of the time-periodic
SPV. Strictly speaking, the V), terms correspond to the modulus
of complex Fourier coefficients (see Supporting Information
File 1). The reader is asked to keep this fact in mind when the
Va series will be referred to as the amplitude (modulus) spec-
trum in the following. Obviously, by linearity of the Fourier
transform, each component of the “amplitude spectrum” (in-
cluding the static term) is proportional to the amplitude (or
magnitude) of the SPV. We will see later on how static (SPV
magnitude) and dynamic (SPV decay time constant) images can
be mapped by appropriately fitting the amplitude spectrum.

As with AM-heterodyne KPFM, there is a frequency mixing
effect due to the capacitance term, and we restrict ourselves to
the first harmonic to describe the time response of the capaci-
tance gradient (K|, Equation 2). Moreover, under periodic
pumping, an additional frequency mixing process occurs due to
the simultaneous existence of modulated potentials at w = w,¢
and w = nwyeq- In our case, the terms of interest are those re-

sulting from the multiplication of V. by V};,oq in Equation 5 (in
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the following we will omit the other terms, bearing in mind that
they exist):

+o0
2U 5 08 (gt )% DV, cos(nopoqt + 9, ). 6)

n=l
This can be rewritten as:

>V, -cos((ncomod + Wy )t + (I)n)

U, .
=+, ~cos((ncomod -y, )t+¢n)

ac

Finally, the other frequency mixing process (multiplication by
the capacitive term, first harmonic) results in the appearance of
additional spectral components in the oscillating electrostatic
force, but this time there are 4 X n of them (instead of two side-
bands for conventional AM-heterodyne KPFM):

V,, -cos((@g +n0meq + 0y )t +0,)
lKlU +© +Vn -cos((mo —N®p0d —(Dac)f—d)n )
n=1V, 'COS(((DO T 1Omod ~ Dgc )t + ¢n)

4 ac (®)
+V,, -cos (@9 = 1004 + e )1 =0, )

To avoid any confusion, in the following, the sidebands will be
labelled as follow:

Side bandn_l:%KanCVn cos((w0+nwmod+wac)l+¢n), )
Side band n_2: iKanCVn cos((coo— ncomod—ooac)t—d)n), (10)
Side band n_3: %KancVn cos((mo+ nmmod—mac)t-t- (I),,), (11)
Side band n_4: %KanCVn cos(((oo—n(omod+ mac)t—d),,). (12)

As with conventional AM-heterodyne KPFM, the idea is to
use the second mechanical resonance eigenmode of the cantile-
ver to "boost" a selected sideband. For example, the ac value
can be adjusted so that the n_4 sideband frequency is rejected at
the second eigenmode (i.e., wye = W] — Wy + PWpEq). Note
that depending on the frequency range of the harmonics, other
bands can be used for rejection (such as the n_1 one, with

Wye = W] — W — ROmod)-

Beilstein J. Nanotechnol. 2023, 14, 1068—1084.

Before going further, we would like to note that the same result
(i.e., Equation 8 and Equations 9-12) would have been ob-
tained by first considering a frequency mixing effect between
the mechanical oscillation at wq and the modulated components
at nwped, and then a second heterodyning process with the ac
bias modulation. This may sound trivial, but considering things
in this order may provide a useful way to visualise how
harmonics can be “transferred” by properly setting the ac bias
modulation frequency at the second eigenmode, as shown in

Supporting Information File 1, Figure S4.

Demodulating the amplitude of the second eigenmode (at w)
gives thus a direct access to the Fourier coefficients character-
izing the n-th harmonic component of the time-periodic electro-
static potential of interest. It is important to understand that, in
practice, such demodulation can only be carried out if phase
(time) coherence is maintained between all the signals throug-
hout the modulation/demodulation chain. This requires the use
of two numerical lock-in amplifiers in cascade, as shown in
Figure 1.

As with AM-heterodyne KPFM, the first lock-in unit performs a
combination of two signals to generate a reference at the fre-
quency Weef = W1 — (wg + Awg). The frequency of the first
source signal (or internal oscillator) is set to wy, ultimately it
will be used for signal demodulation. The second source signal
is obtained by tracking the cantilever resonance frequency at its
first eigenmode (wg + Awg) with a second oscillator configured
in a PLL configuration.

In conventional AM-heterodyne KPFM, the reference signal at
wy — (wg + Awg) is used to perform the electrical excitation. In
dual-heterodyne KPFM, it is instead used as an "intermediate"”
reference signal. It is subsequently fed to the external input
of a second digital lock-in, which tracks it with a dedicated
PLL. A second internal PLL is used to track a second reference
signal generated by an arbitrary waveform generator at 7wy oq-
Actually, this AWG unit generates two in-phase coherent
signals. The first channel generates a square-waved modulation
(period 2m/ w04, duty ratio fixed at the user convenience),
which is used to pump the sample (via a digital modulated
laser source, or a direct electrical connection to the sample for
tests under electrical pumping). The second channel generates a
sinusoidal reference signal at nwy,oq. The modulated bias
voltage V,. can then be generated by the second digital lock-in
by performing a phase-coherent combination of the two refer-
ence signals at w; — (wy + Awg) and nwyeq. Finally, the ampli-
tude and phase of the second eigenmode are demodulated
at w; by the first lock-in unit. The schematic diagram in

Figure 1 shows how the modulation/demodulation chain is set

up.
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Figure 1: The implementation of DHe-KPFM. The real geometry of the sample stage (backside or front side illumination depending on the nature of
the substrate) and the external optics differ from that of the simplified scheme. The cantilever is mechanically excited by the AFM control unit at its
first eigenmode resonance frequency wo, shifted by Awg in the tip-surface interaction. The first lock-in unit performs a combination (or sideband gener-

ation) to generate a reference sine at w4

- (wo + Awg). The "intermediate" reference signal at w¢

- (wp + Awp) is subsequently fed to the external input

of a second digital lock-in. The second lock-in combines it with another reference sine signal generated by the arbitrary waveform generator (AWG,

channel 2) at nwmeg- Then, a modulated bias V¢ with an angular frequency wae = w4

— (wo + Awp) + NWmMeg is generated at the lock-in output and

applied to the AFM cantilever. NB: the configuration can be switched (software-controlled toggle of the modulation unit) between DHe-KPFM (DHe)
and standard AM-heterodyne-KPFM (He). The AWG also generates the pump source signal (channel 1, i.e.; a square-waved modulation with period
2n/wmeg, duty ratio fixed at the user convenience). The time-periodic SPV displays multispectral components at the frequencies nwmeg Which stem
from the dynamics of photoexcited states. Demodulating the normal force at w1 yields access to the SPV n-th Fourier coefficients (amplitude and
phase). Curves of the SPV Fourier spectrum are acquired by sequentially sweeping the output signal from the second channel of the AWG (i.e.,
nwmedg Withn =1,n =2, n =3, etc.). This is achieved by playing a pre-programmed list of waveforms, triggered by TTL pulses generated by the AFM

controller.

To sum up, DHe-KPFM allows a selective demodulation of the
Fourier coefficients (V,,,®,,) of the periodic electrostatic poten-

tial generated at the sample surface under a modulated pump.

The first and most straightforward application consists in
mapping a selected component (such as the first harmonic
n = 1) to obtain a set of images (amplitude/phase) directly
related to the SPV generated under modulated/pulsed illumina-
tion. Series of images can be acquired for different pump pa-
rameters (period and duty ratio), providing a first approach to
check the nature of the SPV dynamics. Compared to previous
“modulated” SPV imaging techniques, dual-heterodyne KPFM
provides an enhanced sensitivity (as demonstrated in the
following), thanks to the amplification of the intermodulation

products by the second resonance eigenmode.

In addition, alike intermodulation spectroscopy [16], time-
resolved measurements can be performed by DHe-KPFM by
recording several harmonics of the SPV signal. To that end, we
implemented (as detailed hereafter in the “DHe-KPFM imple-
mentation” section) a spectroscopic variant which allows
recording onto 2D grid curves of the Fourier coefficients

(V,,®,) as a function of the harmonic number.

As far as the phase is concerned, two points should be stressed.
The first is trivial: depending on the sideband used for rejection,
a + or — sign must be applied after demodulating the signal
(intermodulation products have a phase of +®,,, see Equation 8).
More importantly, the phase measurement is relative, since the
demodulation chain introduces an arbitrary phase shift with

respect to the "zero" phase of the average component of the
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modulated SPV (V) in Equation 4). To solve that issue, we
added a refinement which consists in “switching” (during a
selected time window of the spectroscopic sequence) the side-
band generation to the standard AM-heterodyne KPFM scheme
(i.e., wye = W] — (W + Awp) instead of w,e = Wy — (Wo + Awg) +
nwmod When working with the 4n-th sidebands). In this configu-
ration, the demodulated component yield access to the “dc”

Fourier coefficient V and to the reference phase shift @.

Compared to intermodulation spectroscopy [16], our approach
has the disadvantage of being "sequential” in the sense that the
Fourier components are measured one after the other and not
during the same acquisition time window. However, it offers
interesting advantages. First, the sideband rejection at the
second eigenmode ensures that the transfer function remains
exactly the same regardless of the measured harmonic. This
allows a quantitative measurement of the Fourier components
without the need for cantilever transfer function calibration.
More importantly, there is virtually no limit to the number of
harmonics that can be probed and the time resolution, other than
that imposed by the maximum modulation/demodulation
frequencies allowed by the lock-in units and the AWG. Last but
not least, DHe-KPFM can be implemented on a non-contact
AFM operating under ultra-high vacuum, where the high reso-
nance quality factors should now become an advantage and
provide greater sensitivity. In the next section, we will provide
some details on the technical implementation of DHe-KPFM on
an nc-AFM. We will then demonstrate its ability to detect weak
SPV signals and perform time-resolved measurements.

Before ending this section, two final remarks should be made.
DHe-KPFM is an "open loop" variant of KPFM. It does not rely
on the application of an "active" compensation bias to probe the
electrostatic potential of the sample. It yields a measurement of
the Fourier spectrum of the time-periodic surface potential,
which may be in principle used to reconstruct the signal in the
time domain. However, in the current version of our implemen-
tation, this retro-conversion process from the frequency domain
will only provide data that are proportional to the surface poten-
tial (or photopotential). This stems from the fact that the
tip—sample capacitance second derivative C", (K| term in Equa-
tion 8 and Equations 9-12) remains unknown. In principle,
alike in the case of dual-harmonic KPFM [19], it should be
possible to perform a quantitative measurement of C"", by em-
ploying a complementary demodulation scheme. For that
purpose, one would need to reject at the second eigenmode
another set of sidebands (wy = 2w,.). This point — beyond the
scope of the current study — will be the subject of a forth-
coming work. In the remainder of this article, for the sake of
brevity, we will omit to systematically recall that the measure-

ment of the amplitude coefficients is performed within a multi-
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plication by the factor K. We will write V,, instead of K| X V,.
The amplitude spectrum data will be given in mV (instead of
arbitrary units), as they correspond to the demodulated ampli-
tudes at the output of the locking device. However, once again,
a confusion should not be made between these amplitudes
(modulus) values and the SPV amplitude itself.

The second comment is also related to the fact that DHe-KPFM
is an open variant of KPFM. It cannot be used for an active
electrostatic compensation. However, as in the case of pump-
probe KPFM [4,10], it is possible to use a second additional
FM-KPFM loop which cancels the "time-averaged" dc part of
the potential. This feature will not be used in this work, but its
implementation has been validated. In the schematic (Figure 1),
the dc bias applied to the tip represents the compensation bias
of this second loop (it also has its own modulated bias, which is
not shown in the schematic). As with pump-probe KPFM, there
is no crosstalk between the two modulation/demodulation units
because their operating frequency ranges are far apart. In
FM-KPFM, the bias is modulated at a few kHz, while in the
double-heterodyne scheme, much higher frequencies are used
for electrical excitation. This spectral range difference also
holds true for signal demodulation, which is performed at a few
kHz for the FM-KPFM loop and hundreds of kHz (demodula-
tion at the second eigenmode) for its heterodyne counterpart.

Dual-Heterodyne Kelvin Probe Force

Microscopy: Implementation

Non-contact AFM (nc-AFM) and KPFM experiments are per-
formed with a VT-beam AFM system (Scienta-Omicron) at
room temperature (RT) under ultra-high vacuum (UHV), driven
by a Mimea scanning probe microscope (SPM) controller
(SPECS-Nanonis). Topographic imaging is performed in FM
mode (FM-AFM) in the attractive regime, with negative fre-
quency shifts of a few Hz and vibration amplitudes of a few
tens of nm. All experiments were performed with Pt/Ir coated
silicon cantilevers (PPP-EFM, Nanosensors, resonance frequen-
cy in the range 45-115 kHz), annealed in situ to remove atmos-
pheric contaminants.

The dual-heterodyne KPFM mode was implemented by com-
bining the SPM unit with two digital lock-ins from Zurich
Instruments (lock-in 1: MFLI, lock-in 2: HF2LI). Both are
equipped with multiple oscillators, control loops, PLLs, and
modulation modules (2 for the HF2LI). The MFLI modulation
module is used to generate the intermediate reference signal
with an angular frequency of w; — (wg + Awg). The reference
sidebands for the electrical excitation (V,., w,.) are generated
by the HF2LI modulation module. As aforementioned, differ-
ent series of sidebands can be used to probe the signal Fourier

spectrum. In this regard, it should be noted that a 180 phase
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shift is added by the HF2LI to its output (V,.) if one uses the
left sideband (with respect to the carrier, as defined in the
HF2LI modulation module) instead of the right one. In our case,
this additional 180 phase shift is taken into account when the
n_1 sidebands are used instead of the n_4 ones.

The pump (modulated square wave with an adjustable duty ratio
and period 27/wy,0q) and the harmonic reference (sine, angular
freq. n X wp,0q) are generated by a Keysight 33600 A arbitrary
waveform generator. The maximum frequency for the sine
signal is 120 MHz, 50 MHz for a square wave with a duty ratio
of 25%. On its part, the HF2LI unit can handle signals up to
50 MHz. In principle, these combined features allow up to
approximately 10 harmonics to be sampled with a base pump
period as small as 200 ns (10 X wpeg/2m ~ 50 MHz). It should
be noted, however, that other factors may limit measurements at
high frequencies (e.g., attenuation of the ac signals transmitted
to the cantilever).

Time-resolved measurements are performed by recording
curves of the demodulated Fourier components of the time-peri-
odic surface potential (V,,®,) as a function of the harmonic
number (n). This is done by sequentially sweeping the output
signal from the second channel of the AWG (i.e., nwp,oq With
n=1,n=2,n =3, etc.). To that end, a pre-programmed list of
waveforms is played, and the triggering is done by TTL pulses
generated by the AFM controller. The AWG waveform playlist
is programmed by using the Keysight benchlink pro software,
and the TTL pulses are generated during the course of the spec-
troscopic ramp by using a user-available high speed digital
output of the Mimea unit.

To measure the “dc” components of the Fourier spectrum (V
and the reference phase ®), the sideband generation is
switched during a dedicated time window within the spectros-
copic ramps (i.e., from DHe-KPFM to standard AM-hetero-
dyne KPFM configuration). To do so, a Python routine is used
to toggle the output configuration of the HF2LI modulation
module (see Supporting Information File 1), as a function of a
trigger signal sent by the Mimea unit. The full phase spectrum
(®,,) is eventually reconstructed by shifting the data set from @
(n_4 sidebands) or @ + 180° (n_1 sidebands).

An external fibre-coupled laser source (Omicron Laserage,
PhoxX+ at 515 nm) was used for sample illumination through
an optical viewport of the UHV AFM chamber. Samples can be
illuminated either from the front or from the back using sample
holders with on-board mirrors [3]. The latter configuration is
used in the case of organic BHJ thin films (processed on trans-
parent substrates, i.e., glass coated with indium thin oxide). The

light intensity is adjusted using the laser power control and
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optical density filters. In the following, for each measurement,
the optical power P, (maximum pulse intensity in the case of
experiments under modulated illumination) is given in the cor-
responding figure caption. The P value is roughly defined per
unit area, taking into account the diameter of the laser beam
(approximately 1 mm) and the angle of the optical beam with
respect to the plane of the substrate.

Results and Discussion
Dual-heterodyne Kelvin probe force
microscopy under electrical pumping:

benchmarking

Similar to the case of pp-KPFM [11], we tested this new imple-
mentation by performing DHe-KPFM measurements under
electrical pumping on a highly oriented pyrolytic graphite sub-
strate (HOPG). For these tests, the sample was electrically
connected to the AWG (channel 1 in Figure 1) by mounting the
HOPG substrate onto a sample holder designed with in situ
electrical contacts [11]. The results of four measurements with
different pump signals are shown in Figure 2. In all cases the
pump period was fixed at 100 ps, and the pump shape illus-
trates a textbook case in the field of Fourier transforms (the
Fourier coefficients for all waveforms are derived in Support-
ing Information File 1).

The results of the first two measurements alone would be suffi-
cient to demonstrate the ability of DHe-KPFM to probe the
Fourier spectrum of the time-periodic electrostatic surface
potential. The pumps consisted of a square wave with a 50%
duty ratio (Figure 2a) and a saw-tooth (Figure 2b). In either
case, the amplitude and phase spectra almost perfectly match

those expected from a simple Fourier transform of the pump.

In short, the square-wave spectrum has only odd harmonics,
while the saw-tooth has all of them. In both cases, the ampli-
tude is inversely proportional to the harmonic number, and the
phase shows almost perfect quadrature with respect to the dc
reference. This last point already demonstrates the validity of
the proposed procedure for an absolute determination of the
phase signal.

This conclusion is reinforced by the second test results
(Figure 2c and Figure 2d), which have been both carried out
with a square wave pump, for which the duty ratio was reduced
to 10%. The only difference here is that the second measure-
ment (Figure 2d) has been performed by rejecting the n_1 side-
bands at the second eigenmode, instead of the n_4 ones
(Figure 2c). Both spectra are identical, but — as expected (Equa-
tions 9—12) — the phases are inverted (i.e., —®, instead of +®,,)

with respect to the pump Fourier transform in the case of a
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Figure 2: Benchmarking of DHe-KPFM under electrical pumping. Plots of the demodulated amplitude and phase (lock-in outputs) at the second canti-
lever eigenmode as a function of time, recorded on an HOPG sample under electrical pumping (pump period T = 100 ps and peak-to-peak amplitude
of 1 V for all spectra). wg/2m = 83.3 kHz, w4/2m =~ 519.3 kHz, Awg/2mm = -25 Hz, wmeg/2m = 10 kHz, Usc = 0.5 V. The first 20 harmonics have been re-
corded (n = 1t0 20, 1 s per harmonic). a) Square-wave pump with a 50% duty ratio. b) Saw-tooth ramp. c,d) Square-wave pump with a 10% duty
ratio. a,b,c) Rejection at w¢ of the n_4 sidebands, w,c = w1 — (Wg + Awg) + NWmeg- d) Rejection at w4 of the n_1 sidebands, (wac = w1 — (W + Awg) —
Nwmeg)- The controller configuration is switched in standard AM-heterodyne KPFM (wg¢ = w1 — (0o + Awg)) during the 20 s < t < 21 s time window
(highlighted by a semi-transparent pink area). This allows setting a reference phase level (zero or 180° depending on the set of sidebands used to

probe the intermodulation products, see main text).

signal demodulation based on the n_4 sidebands. At the excep-
tion of the harmonics directly neighbouring the null component
(n = 10 in the case of a 10% duty ratio pump waveform), the
measured phase values match fairly well the ones expected
from the pump Fourier transform. For their part, the amplitude
spectra are identical, they display the typical cardinal sine (sinc)
shape (see Supporting Information File 1) and perfectly match
the calculated ones. A figure where all set of data (experimen-
tal and calculated) are gathered is provided in Supporting Infor-

mation File 1 (Supporting Information File 1, Figure S5).

Dual-heterodyne Kelvin probe force
microscopy under optical pumping on an
organic solar cell

To further validate the DHe-KPFM implementation, a second
set of measurements was performed under optical pumping on
an organic photovoltaic donor—acceptor blend. As in our
previous works, we used the PTB7:PC7BM tandem. We refer
the reader to our former reports [4,11] and review articles for a
detailed introduction to KPFM on organic heterojunctions [20],
and to the specificities of the PTB7:PC7BM blend.

We limit ourselves here to recall that in these organic blends,
charge photogeneration can be understood, in a first approach,
as the result of exciton dissociation into Coulomb bound charge
transfer (CT) states at the donor—acceptor interfaces. This event
is finally followed by the dissociation of the CT states into delo-
calized carriers of opposite sign on both sides of the D—A inter-
face.

In the context of this work, it is also worth recalling that KPFM
investigations are carried out in an "open circuit voltage" con-
figuration. In such a geometry, the surface photovoltage probed
under continuous-wave illumination results from a balance be-
tween the processes of photogeneration and carrier annihilation
(by electron—hole recombination). In addition, from the venture
of time-resolved KPFM under pulsed illumination, the SPV dy-
namics are mainly governed by the effective carrier mobility
and trapping mechanisms. The main factor limiting the
photocharging dynamics is indeed the effective mobility of
holes and electrons (under the effect of drift diffusion) in the
donor and acceptor networks. After the application of a light

pulse — and during the duration of the pulse — the charge
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mobility limits the rate at which an electrostatic equilibrium can
be reached in the sample. Clearly, this parameter also has an
impact on the SPV decay dynamics. However, in the latter case,
the slower trap release processes are actually the limiting factor.
In particular, in the case of the PTB7:PC71BM system, it is now
well-established that isolated PC7{BM clusters act as electron
trapping centres. The blend morphology, phase composition and
concentration gradients of the donor and acceptor species
(through the film thickness) can therefore have a dramatic
impact on the SPV decay dynamics probed by KPFM.

The sample investigated in this work has been specifically
processed to display finely intermixed networks of the donor
and acceptor species at the scale of a few tens of nanometres.
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This was achieved by using diiodooctane as a solvent additive
[21], following an identical processing protocol than the one de-
scribed in our former report [11]. The topographic nc-AFM
images (Figure 3a, and numeric zoom in Supporting Informa-
tion File 1, Figure S6) indicate that the thin-film processing was
performed as expected. They display a uniform contrast at the
hundred-nanometre scale, indicating that a fine intermixing of
donor and acceptor species has been obtained. On a smaller
scale (see Supporting Information File 1, Figure S6), nanoscale

features appear in the form of small topographic elevations.

The contrasts obtained by imaging the first harmonic compo-
nents of the time-periodic SPV under modulated/pulsed illumi-
nation (amplitude in Figure 3b and phase in Figure 3c) clearly

d)
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Number of events

-60 -55

Phase (deg.)

-50 -45

Figure 3: The SPV imaging of an organic solar cell by DHe-KPFM. Topographic (a) and DHe-KPFM (b,c) images (500 x 500 nm, 256 x 256 pixels) of
a PTB7:PC71BM blend acquired under pulsed illumination (A = 515 nm, Pqp = 300 mW-cm~2, illumination in backside geometry). wo/2m =~ 83.3 kHz,
w4/21m = 519.3 kHz, Awg/21m = =30 Hz, Uac = 1 V. wae = 01 — (0o + Awg) + Nwmeg With n = 1. The optical pump consists in a square-shaped signal with
a base period of 5 ms (wmeg/21T = 200 Hz) and a duty ratio of 20 percent (optical pulse duration: 1 ms). The DHe-KPFM data have been acquired by
demodulating (n_4 sideband) the amplitude V¢ (b) and the phase ®1 (c) of the first (n = 1) harmonic of the time-periodic SPV. The scan rate was set

to 5 s/line. d) Histogram of the phase values.
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confirm that the phases are segregated at the 10 nm scale. In ad-
dition, it is clear that the local topographic protrusions correlate
with local minima in the amplitude channel (compare Support-

ing Information File 1, Figures S6a and S6b).

In all likelihood, the observed contrasts originate from the nano-
scale phase segregated donor-acceptor networks. However, it is
not possible to perform a phase identification on the sole basis
of the harmonic amplitude signal (Figure 3b). Taken alone, that
channel gives indeed no information about the polarity of the
SPV signal.

In principle, one could use the phase signal for that purpose.
Unfortunately, contrary to the case of measurements performed
in data-cube spectroscopy (shown hereafter), it is here not
possible to determine the phase reference level (®). It is still
possible, however, to draw a partial conclusion from the exami-
nation of the phase data. Their values are indeed distributed in a
relatively narrow band, as shown by the histogram in Figure 3d.
This indicates that regardless of the area of the sample being
scanned, the SPV — or more specifically, its first harmonic com-
ponent — keeps a constant polarity (otherwise, 180 phase rever-
sals should be observed). As shown hereafter, this assumption is
confirmed by spectroscopic DHe-KPFM measurements. It is
moreover consistent with the results of complementary
AM-heterodyne KPFM measurements of the “static”” SPV per-
formed by using a differential spectroscopic protocol. These ad-
ditional data, presented in Supporting Information File 1
(Figure S7), reveal that the SPV is positive over the entire sur-
face, with values ranging from ca. 40 mV to ca. 170 mV (for
95% of the data according to the SPV histogram, see Support-
ing Information File 1, Figure S7).

Consequently, the local minima in the DHe-KPFM amplitude
image (appearing as dark spots in Figure 3b and Supporting
Information File 1, Figure S6b) correspond to areas of the sam-
ple where the SPV is "less positive". Thus, from an electro-
static point of view, the most reasonable hypothesis is that these
contrasts (and the correlated topographic protrusions) reveal the

location of the electron-acceptor (PC71BM) sub-network.

These first series of DHe-KPFM measurements has been
performed under an optical pump signal featuring a relatively
long time-period (5 ms), and 1 ms wide light pulses. This
choice of parameters was made according to the results of our
previous pp-KPFM measurements on PTB7:PC7;BM blends
[4,11], which showed that the SPV decay time constant can
vary from tens of us to several hundreds of us, depending on
the morphology and phase composition. Doing so, we
maximized our chances to generate a time-dependent
SPV (which first harmonic could be mapped by DHe-KPFM)
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by choosing a pump time-period higher than a few ms (i.e.,
the order of magnitude of the longest decay time constants that
we observed so far in this system [4]). Naturally, at this stage,
the contrasts observed do not allow us to conclude as to the
nature of the SPV dynamics (i.e., decay time-constant). In
turn, this experiment confirms that DHe-KPFM allows an
ac-demodulated imaging of the SPV (to within the K| scalar
constant) with a very high spatial resolution (a lateral resolu-
tion of a few nanometres has been achieved according to image
cross-sections, not shown), and at a standard scanning speed
(here 5 s/line).

It is now time to test the ability of DHe-KPFM to probe the
SPV dynamics. Therefore, the 10 first harmonic components
(amplitude/phase) were recorded in a data cube spectroscopy
experiment under an optical pump, this time operated at a
tenfold smaller time scale (100 ps light pulses repeated over a
500 ps period). Figure 4a presents one set of spectra (demodu-
lated amplitude and phase at the second eigenmode as a func-
tion of the harmonic number) acquired during this 2D data-cube
acquisition. Both the phase and amplitude spectra can be
adjusted using fit functions, which are obtained from an analyti-
cal calculation of the Fourier components for a time-periodic
SPV, whose decay dynamics between light pulses follows an
exponential time dependence (with a time constant 74). An
initial approach to the problem consists in neglecting the
photocharging dynamics (i.e., making the approximation of an
instantaneous sample photocharging as soon as a light pulse is
applied). The calculation of these functions and of the Fourier
coefficients is given in a dedicated section of Supporting Infor-
mation File 1.

The results of this data-cube DHe-KPFM experiment and of the
post-data acquisition data treatment (automated adjustment of
the matrix of spectroscopic curves by batch processing with
OriginPro software) are presented in Figure 4, along with the
topographic image recorded simultaneously pixel by pixel with
the spectroscopic curves. Note that the spectroscopic images
displayed in this figure have been treated by applying a
Gaussian smooth filter. The raw data are shown in Supporting
Information File 1, Figure S8, they display the same features,
but with a higher noise level. Remember also that the reference
phase (®g) is now measured for each pixel. Accordingly, a post-
acquisition correction is applied to the phase data, resulting in
absolute values that can be adjusted with the above-mentioned
mathematical function (derived from Equation S18 in Support-
ing Information File 1).

A first sight, both the amplitude and phase data agree reason-

ably with the calculated Fourier coefficients. The spectroscopic

curves (Figure 4b) can be fairly well adjusted, yielding similar
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Figure 4: Data-cube DHe-KPFM spectroscopy. Topographic (a) and spectroscopic (b,c,d,e) data acquired onto a 2D grid (102 x 102 pixels) during a
data-cube DHe-KPFM measurement on the PTB7:PC71BM blend. wg/2m = 83.3 kHz, w4/21m =~ 519.3 kHz, Awg/2m = -30 Hz, wae = w1 — (wo + Awg) +
NWmod, Uac = 1 V. The optical pump consists in a square-shaped signal with a base period of 500 ps (wmeg/21 = 2 kHz) and a duty ratio of 20 percent
(optical pulse duration: 100 ps). A = 515 nm, Pqpt = 300 mW-cm~2, illumination in backside geometry. a) Sample topography (500 x 500 nm) acquired
simultaneously with the spectroscopic data. b) Couple of Fourier spectra (top: demodulated amplitude, bottom: demodulated phase, shifted with
respect to the reference @, see text) acquired during the data-cube measurement. The curves show the result of adjustments performed by using
mathematical functions that are described in the supplementary information (Supporting Information File 1, Equations S18). 14 is a time constant that
characterizes the SPV decay dynamics between the light pulses. ¢,d) Images of the SPV magnitude c) and decay time constant 14 d) recalculated by
performing an automated adjustment of the 2D matrix of Fourier amplitude spectra. e) “14 image” recalculated from the adjustment of the phase data.

SPV time-constant decay values, ranging from a few us to a
few tens of us (depending on the sample area). In addition to
the SPV decay time constant, a second variable parameter — the
SPV magnitude (or amplitude in absolute value) — is required to
adjust the amplitude (or modulus) coefficients. Following what
precedes, the output of that adjustment is given in arbitrary
units (since the amplitude coefficients are all probed to within a
multiplication by the same unknown factor, K1).

The calculated SPV magnitude image (Figure 4c) displays
contrasts, which definitely confirm our former assumptions.
It displays indeed local minima that are correlated with
the topographic protrusions. At the same time, the full set of
phase data confirms that the SPV polarity remains constant

over the entire sample area. Whatever the harmonic, the
phase values are indeed distributed in ranges that are incompat-
ible with local polarity inversion (phase images for each
harmonic are presented in Supporting Information File 1, Figure
S9).

On average, higher decay time constants are observed over the
areas associated with the PC7;BM subnetwork. There are clear
correlations between the magnitude minima (Figure 4¢) and the
decay time constant maxima (Figure 4d and Figure 4e) in
several parts of the surface. One of these areas is highlighted by
dashed contours in Figure 4c and Figure 4d. This observation is
consistent with a well-known fact for fullerene derivative-based
heterojunctions: PC71BM aggregates act as charge trapping
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centres. The trap release processes become the limiting factor
determining the SPV decay dynamics.

It is also important to note that although both sets of data
(amplitude/phase) show good agreement, a better data fit was
obtained in the case of the amplitude. In fact, although the rela-
tive error (Aty/1q) is on average slightly smaller for the con-
stants fitted from the phase data (17% instead of 25% for the
constants calculated from the amplitude), the fit failed (phase
only) for a small fraction of the data (see the images of relative
errors and time constant histograms in Supporting Information
File 1, Figure S8).

At this stage of our investigations, we have not been able to
definitively establish the origin of these differences. A hint can
be found by considering the fact that the phase signal obviously
shows a higher noise level for the harmonics with the smallest
magnitude (e.g., n = 5, see the phase image in Supporting Infor-
mation File 1, Figure S9). The question also arises as to whether
a better adjustment could be achieved, by taking into account
the photocharging dynamics in the mathematical model used to

describe the SPV dynamics.

A first approach consists in checking what the dynamics of the
SPV are from the perspective of another technique. To that end,
we performed a series of complementary spectroscopic mea-
surements (single data points at selected locations on the sur-
face) by switching the configuration of the setup to perform
pump-probe KPFM measurements. We will merely remind that
now, the SPV time-measurement proceeds by recording the
KPFM compensation potential as a function of a time-delay be-
tween the optical pump and the probe. The probe is obtained by
restricting the application of the modulation bias to a restricted
time window. We refer the reader to our former report [4] for
more details; the measurements discussed herein have been
realized using exactly the same setup configuration. The
pp-KPFM spectra (Figure S10 in Supporting Information File 1)
reveal that the SPV decay can be relatively well accounted by a
single exponential law, with time-constant values fully consis-
tent with the ones calculated from DHe-KPFM spectra. In addi-
tion, the pp-KPFM data show that only a few hundreds of
nanoseconds are needed to reach an electrostatic equilibrium
once a light pulse has been applied to the sample. This supports
the idea that, even if we cannot rule out the possibility of a
better fit, neglecting in a first step the photocharging dynamics
remains (in the current case) a reasonable approximation. Last,
we also note that the pp-KPFM data once again confirm the
(positive) SPV polarity.

To conclude this part of the work, it is important to check
whether the data obtained for this PTB7:PC7BM sample are
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consistent with the results of our previous investigations on
BHJ thin films based on the same donor—acceptor tandem.
Considering only the SPV decay dynamics, the current result
seems to contradict those of previous investigations on other
PTB7:PC71BM nanophase-segregated blends. Indeed, previous
pp-KPFM studies yielded decay time constant values in
the order of hundreds of ps to ms for similar PTB7:PC7BM
blends processed with diiodooctane additive [4,11]. However, it
is important to note that, in contrast to the present case, these
earlier series of samples exhibited an overall negative SPV.
This shows that although all of these samples are “nanophase
segregated”, the morphology of the donor and acceptor subnet-
works can show significant variation from batch to batch.
In fact, the decay time constant dynamics we observed here are
reminiscent of the SPV dynamics we previously observed
in PTB7-enriched regions of blends processed without solvent
additive [4]. The comparison seems even more pertinent when
one considers that these PTB7-enriched areas also showed
a positive SPV [4]. Although the following model remains
tentative, the picture that seems to emerge is that the BHJs in-
vestigated in this work feature nanophase-segregated networks
with a higher concentration of the electron-donor polymer
(accounting for the positive SPV), and/or a lower density of
non-percolating PC7BM clusters (delaying the SPV decay
less).

Imaging weak surface photovoltage signals:
CsPbBr3z nanosheets on HOPG

We have just seen that images of SPV magnitude and dynamics
can be obtained with high spatial resolution. In this final
section, we will show that DHe-KPFM, thanks to the signal en-
hancement provided by the second eigenmode, can image weak

SPV signals that would otherwise be barely detectable.

To illustrate the capabilities of DHe-KPFM in terms of high
sensitivity, we have chosen as a model system an optoelec-
tronic interface that can be obtained by depositing caesium lead
halide perovskite nanosheets (NSs) on a highly oriented
pyrolytic graphite (HOPG) substrate. Lead halide perovskites
have emerged recently as materials with unique optical and
electronic properties, such as high absorption coefficients, high
defect tolerance, and charge mobility. Due to this, they are very
promising for the use in many applications, such as LEDs, solar
cells, and photodetectors. Reducing their size down to the nano-
scale by synthesizing colloidal nanocrystals in solution can
allow high control over the perovskite crystallinity and access
to various morphologies. Thus, cubic lead halide perovskite
nanocrystals have been widely studied and used for various
optoelectronic applications [22,23]. More recently, ultra-thin
nanoplatelets or nanosheets (several nm thick and hundreds nm

large) with very appealing properties were reported [24]. Due to
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the 2D quantum confinement in the vertical direction and their
smooth surfaces with atomic thickness control, very precise
control over the optical gap and exciton energy of NSs can be
achieved through chemical synthesis, making them very inter-
esting objects for various studies.

As in previous works [25], the CsPbBr3 nanosheets (NSs)
synthesized for our investigations display an orthorhombic
phase (confirmed by X-ray diffraction characterizations, not
shown), a thickness of a few unit cells, and lateral dimensions
of a few hundreds of nanometres (the synthesis protocol
is described in the Supporting Information File 1). Complemen-
tary characterizations were carried out by photoluminescence
spectroscopy (Supporting Information File 1, Figure S11), scan-
ning electron microscopy (SEM, Supporting Information File 1,
Figure S12), and AFM in ambient conditions (Supporting Infor-
mation File 1, Figure S13), on a series of samples obtained by
depositing the NSs (by spin coating the hexane solution where
they are dispersed) on silicon and HOPG substrates (for SEM
and AFM). Note that prior to SEM and AFM investigations, the
excess of ligands was removed by immersing the substrates in

an anhydrous ethyl acetate solution.

Sometimes we observe by AFM sample areas where a non-
negligible fraction of the surface is covered by NSs monolayers
(about 4.5 nm according to the topographic cross section
profiles, see Supporting Information File 1, Figure S13). In
most cases, however, the NSs form stacks on the surface that
are tens to hundreds of nanometres high. This is due to the fact
that these objects have a natural tendency to aggregate in solu-
tion over time. It is on one of these areas of a HOPG substrate
that the DHe-KPFM experiments were performed, the results of
which are shown in Figure 5, along with preliminary measure-
ments performed by “differential” SPV imaging (panels a,b,c,
and f in Figure 5).

This differential imaging proceeds by recording a 2D matrix of
curves of the KPFM potential as a function of time (setup
configured in standard AM-heterodyne KPFM, and spectros-
copic acquisition performed with an open z-loop). During the
spectroscopic ramp, the illumination (continuous wave) is
turned on during a pre-determined time window. The differ-
ence between the KPFM compensation potential values at the
end of the light pulse and just before the light is turned on can

be calculated for each pixel.

These differential images (Figure 5b) reveal that a negative
SPV develops in the NSs stacks under illumination, with an
amplitude exceeding several tens of mV in many places. In a
first approach, this negative photocharging may be explained by
the existence of a built-in electric field at the interface between
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the graphite substrate and the CsPbBrj3 stacks. The KPFM
images taken in the "dark state" (Supporting Information File 1,
Figure S14) show that the surface potential is in average more
positive by ca. 720 mV over the NSs, compared to the bare sub-
strate. A reasonable hypothesis, although not yet definitely con-
firmed, is that this built-in electric field results from a negative
charge transfer mechanism from the CsPbBrj3 stacks to the sub-
strate. Consequently, the extra charge carriers generated under
illumination undergo a drift process, resulting in a spatial sepa-
ration of electron and hole populations across the space charge
region. In other words, the negative SPV that we observe is
consistent with a downward band bending at the graphite/
CsPbBrj interface. This situation is shown in Supporting Infor-
mation File 1, Figure S14, together with the "in-dark" KPFM
image. While this model seems most plausible, we note that
other mechanisms could be invoked to explain the observed
SPV (such as illumination-induced band flattening at the
top of the stacks, as a result of Fermi level pinning by surface
states).

Trapping processes are also clearly involved, as shown by the
time course of the KPFM potential (Figure 5c). After each illu-
mination, it takes several seconds for the KPFM potential to
return to its initial state (note that an additional 500 ms delay
was added between each spectroscopic acquisition, which
accounts for the observed difference between the signals at# =0
and ¢t = 5 s). Compared to the case of the organic BHJ, the trap
release processes now take place on time scales that are several
orders of magnitude higher.

A closer examination of the entire set of spectroscopic curves
reveals that, in some areas of the sample, a certain fraction of
the negative charges may be released more rapidly than in other
areas. In fact, some curves exhibit a sharp rise just after the light
pulse stops, while others show only a smooth slope increase.
Two curves showing this different behaviour, labelled 1 and 2
(corresponding to the locations where they were recorded, as in-
dicated by the markers in Figure 5a and Figure 5b), are shown

in Figure 5c.

It turns out that when using DHe-KPFM to map the sample
photoresponse under modulated illumination, these specific
sample areas become clearly visible. The results of that second
data acquisition in DHe-KPFM are presented in Figure Se
(along with the topography in Figure 5d), which displays the
amplitude of the first Fourier harmonic (V) recorded under a
10 ms periodic square-wave modulated illumination (i.e., a 50%
duty ratio). The demodulated signal peaks at exactly the same
location (highlighted by an arrow in Figure 5e) where the spec-
troscopic KPFM(#) curves indicate that part of the photopoten-

tial is decaying at a faster rate. Again, it is not possible to
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Figure 5: Imaging the photoresponse of a CsPbBrg:HOPG interface. (a,b,c,f) Data acquired by differential SPV imaging with the setup configured for
AM-heterodyne KPFM (wgc = 01 — (0o + Awpg)). (d,e) DHe-KPFM measurements (wae = w1 — (W + Awg) + Nwmeg With n = 1). For all measurements,
A=515nm, Popt = 1.5 mW-cm=2. o/2m =~ 63.6 kHz. w1/2m =~ 401.7 kHz. a,b) Topography a) and SPV b) images (2.1 um x 2.1 um). For this measure-
ment, Awg/21 = -4 Hz, w4 = 01 — (wg + Awg), Usc = 0.5 V. The SPV map is reconstructed from the 2D matrix (96 x 96 pixels) of KPFM(t) curves
(see text). c) Two curves of the KPFM compensation potential as a function of time (200 pixels), recorded on the locations indicated by markers
(labelled 1 and 2) in the topographic and SPV images. For each spectroscopic acquisition, a single 500 ms long light pulse (equivalent to a continu-
ous wave illumination) is applied during the 2.25 s <t < 2.75 s time window. Note that an extra 500 ms delay is set between each spectroscopic mea-
surement (i.e., from one image pixel to the next). d,e) Images of the topography d) and amplitude of the first Fourier harmonic e) mapped by DHe-
KPFM (256 x 256 pixels, 4 pm x 4 um). For this measurement, Awg/2m = —12 Hz, Wac = W1 — (0g + Awp) + NWmeg With n =1, Ugc = 1 V. The optical
pump consists in a square-shaped signal with a base period of 10 ms (wmeg/21T = 100 Hz) and a duty ratio of 50 percent (optical pulse duration: 5 ms).
The dotted contours in d) delimit approximately the area investigated by differential SPV imaging. The arrow in e) pinpoints the location correspond-
ing to the KPFM(t) curve labelled 1 in c). f) Zooms on the KPFM(t) curve labelled 1. The aim is to highlight what happens immediately after the light
pulse is applied, and after its extinction. Extrapolating the photoresponse to the DHe-KPFM case (modulated illumination with a 10 ms time-period)
shows that the modulated SPV magnitude (i.e., V4, panel e) cannot exceed a few mV.

provide a truly quantitative measurement of the harmonic
amplitude V| (since the measurement is performed within the
multiplicative factor K|). However, since both series of images
were acquired at the same location, a direct comparison can be
made between the DHe-KPFM data and the KPFM curves re-
corded in the time domain.

For that purpose, let us zoom in on the parts of the KPFM(r)
curves that correspond to the start and end of the “long” light
pulses applied for the differential SPV imaging (Figure 5f).
These zooms show that, depending on whether one is interested
in the SPV growth or decay regime, the electrostatic potential
cannot be changed by more than 10 mV or 4-5 mV in a 10 ms

time-lapse. Thus, under modulated illumination, the “modu-

lated SPV” magnitude is limited by the slower decay dynamics,
and cannot exceed a few mV. The 4-5 mV value appears really
as a maximum, since instead of a 10 ms timescale, it would be
more rigorous to consider only the 5 ms periods corresponding
to the interval between the light pulses used for the DHe-KPFM
experiment.

The very high sensitivity of DHe-KPFM is fully demonstrated
by the simple fact that clear contrasts are also observed even on
sample areas where the magnitude of the modulated SPV is
smaller. According to the comparison with the time domain
spectroscopic data corresponding to the sample location
labelled 2, a resolution at the mV limit may have been achieved.

Further investigations would be needed to precisely quantify the
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magnitude of the modulated SPV component. At the very least,
complementary measurements performed under electrical
pumping (see Supporting Information File 1, Figure S15)
confirm that modulated components as small as a few mV can
be detected.

Conclusion

We have introduced DHe-KPFM as a new approach to measure
the Fourier spectrum (or intermodulation products) of a time-
periodic surface potential with an atomic force microscope. It
has been specially designed for experiments with an nc-AFM
under UHV conditions, where the high resonance quality
factors of the cantilever are an obstacle to the application of a
direct intermodulation scheme [16]. Through a series of experi-
ments on model systems, we have demonstrated the ability of
DHe-KPFM not only to probe the Fourier harmonics under
optical or electrical pumping, but also to detect modulated com-
ponents within the resolution limit of other reported KPFM
methods. This was made possible by exploiting the amplifica-
tion of the signal by the second eigenmode of the cantilever. In
this sense, DHe-KPFM is the first step towards an open-loop
generalization of the AM-heterodyne KPFM method. The only
drawback — at this stage — is that the measurement of the ampli-
tude spectrum is achieved within a multiplication by a scalar
constant. We have good reason to believe that this issue will
soon be solved. Preliminary tests have indeed shown that it is
also possible to demodulate other series of sidebands through
the second eigenmode, which yields access to the capacitance
gradient harmonics. In the short term, it will thus be possible to
apply a fully automated retro-conversion process to reconstruct
truly quantitative (photo)-potential data in the time domain.
This will also provide a simple path for dual-harmonic open-
loop KPFM measurements [19], without the need to calibrate
the transfer function of the system (keeping in mind that what-
ever the sideband is, the signal is detected at the fixed second
eigenmode frequency).

To conclude this work, we would like to emphasize that beyond
time-resolved measurements, perhaps the greatest contributions
of DHe-KPFM will come from its ability to detect very weak
photomodulated signals. In some cases, this may make it
possible to reveal phenomena that would otherwise remain inac-
cessible to other KPFM-based SPV imaging modes. This
applies to any type of system where the net density of spatially
separated photogenerated charges is insufficient to generate an
electrostatic potential difference greater than a few mV. This
situation may for instance occur in some cases in hybrid
perovskite thin films when the internal electric fields at the
interfaces (with the substrate or the vacuum) are too weak. This
could also be the case for molecular heterojunctions in the

single layer limit.
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Supporting Information

Fourier coefficient calculation and derivation of the
formulas used to fit the spectroscopic DHe-KPFM data
acquired under optical pumping on the organic BHJ solar
cell (text and Figures S1, S2 and S3). Schematic illustration
of the dual frequency mixing effect (Figure S4). Python
routine for switching the demodulation configuration.
Comparison between the data acquired under electrical
pumping with n_4 sidebands, n_1 sidebands, and calculated
Fourier coefficients (Figure S5). Numeric zooms from the
images acquired by DHe-KPFM on the PTB7:PC7BM
blend (Figure S6). Complementary measurements on the
PTB7:PC7;BM blend by differential SPV spectroscopy
(Figure S7). DHe-KPFM data-cube spectroscopy on the
PTB7:PC7;BM blend: unfiltered (raw-data) images and
error images (Figure S8). Images of the first ten harmonic
phase signals recorded on the PTB7:PC7BM blend (Figure
S9). Complementary measurements on the PTB7:PC7{BM
blend by pump-probe KPFM (Figure S10). CsPbBr;
nanosheets: synthesis protocol (text); CsPbBrs nanosheets:
photoluminescence spectroscopy (Figure S11). CsPbBr3
nanosheets: complementary characterization by SEM
imaging (Figure S12). CsPbBr3 nanosheets: complementary
characterization, by “tapping-mode” AFM imaging (Figure
S13). CsPbBrj3 nanosheets on HOPG: in dark KPFM data
and built-in interface electric field model (Figure S14);
detecting weak modulated components: complementary
DHe-KPFM measurements under electrical pump (Figure
S15).

Supporting Information File 1

Supporting information.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-88-S1.pdf]
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