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ABSTRACT

Scattering-type scanning near-field optical microscopy enables the measurement of optical constants of a surface beyond the diffraction limit.
Its compatibility with pulsed sources is hampered by the requirement of a high-repetition rate imposed by lock-in detection. We describe a
sampling method, called quadrature-assisted discrete (quad) demodulation, which circumvents this constraint. Quad demodulation operates
by measuring the optical signal and the modulation phases for each individual light pulse. This method retrieves the near-field signal in the
pseudoheterodyne mode, as proven by retraction curves and near-field images. Measurement of the near-field using a pulsed femtosecond
amplifier and quad demodulation is in agreement with results obtained using a CW laser and the standard lock-in detection method.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087187

Scattering-type scanning near-field optical microscopy
(s-SNOM) exploits the near-field (NF) enhancement close to the apex
of a conductive AFM nanotip to probe the optical properties of a sur-
face with nanometer spatial resolution.1–3 In combination with femto-
second pulsed lasers, it is possible to resolve processes with �20nm
and <50 fs resolutions. Time-resolved SNOM has enabled unprece-
dented observation of spatiotemporal dynamics, such as resolution
and control of exciton–polariton propagation in WSe2 waveguides,

4,5

and the dynamics of the formation of a charge-depletion layer in InAs
nanowires.6

In s-SNOM, the NF signal is extracted from the total backscattered
light via the high-order demodulation technique.1,2,7 In the standard
implementation, the measurement employs lock-in detection, which
imposes constraints on the repetition rate of pulsed lasers. For high-
harmonic demodulation, the AFM is operated in the tapping mode
with frequency X, dictated by the mechanical resonance of the canti-
lever. The NF signal is detected at higher harmonics nX for sufficiently
large n. Imaging in the visible regime typically requires n>3. Artifact-
free imaging further requires the use of a local oscillator (LO) to carry
out a form of interferometric detection such as pseudoheterodyne

detection (pshet). In the pshet mode, the phase of the LO is modulated
sinusoidally at frequency M. The NF signal can be recovered from the
amplitudes of the sidebands8 at frequencies nXþmM. For imaging in
the visible range using standard cantilevers, this electronic signal is
located around 1.1MHz. The high frequency of detection imposes a
constraint on the repetition rate of the pulsed laser: measurement by
lock-in detection requires a repetition rate of at least twice the detec-
tion frequency.9 This constraint forces compromises between the AFM
parameters and laser amplifier. In most cases, it precludes the use of
kHz class laser amplifiers.9,10

Here, we demonstrate pshet SNOM imaging with a 200 kHz fem-
tosecond laser amplifier, a commercial optical unit for pshet SNOM
and a custom detection module. Wang et al. demonstrated that it is
possible to recover the self-homodyne NF signal even in the case of an
irregular repetition rate by measuring the signal as a function of the
phase of the tapping modulation.10 Phase-domain sampling methods
enable measurement of the near-field interaction even with stochastic
measurement times such as for single photon detection.11–13 We
improve on the phase-domain sampling approach of Wang et al. by
measuring the modulation phases using an in-phase component
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X and a quadrature component Y and by extending the method to
pshet SNOM. Employing an auxiliary quadrature channel enables the
efficient calculation of the modulation phases at arbitrary points in
time. Sampling is, therefore, performed at a rate given by the repetition
rate of the laser. The measurement of the optical signal as functions of
the phases of both modulations is readily Fourier-transformed to yield
a matrix of coefficients un;m, equivalent to the sideband amplitudes of
lock-in detection. This method, quadrature-assisted discrete (quad)
demodulation, enables the real time processing of the NF signal. The
validity of the method is confirmed by retraction curves and imaging
on a reference grating.

Quad demodulation uses the pshet optical detection module of a
commercial s-SNOM (neaSNOM, NeaSpec).8 Figure 1(a) shows a
scheme of the optical components. The input laser beam is supplied
by a Nb:KGW regenerative amplifier with a repetition rate of frep
¼ 200 kHz (Pharos, Light Conversion) and an optical parametric
amplifier (OPA, Orpheus-3H, Light Conversion). A flip mirror in the
beam path enables switching between the pulsed source and a CW
HeNe laser (HNL150L, Thorlabs). To enable comparison of results
obtained with the two sources, our OPA is tuned to a central wavelength
of k0 ¼ 633 nm. The FWHM spectral bandwidth is Dk ¼ 30 nm. The
power and polarization of the input beam are controlled using a variable
neutral density (ND) filter as well as a k=2 waveplate and polarizer
assembly (not shown). A spatial filter and 3:1 beam expander (not
shown) ensure a large, high-quality, and constant transverse mode. The
power at the input of the interferometer is 3–4 mW when using the
HeNe laser and 300lWwhen using the OPA. The interferometer splits
the input beam equally into the signal and reference arms. In the signal
arm, a parabolic mirror focuses the beam onto the apex of a PtIr-coated
AFM tip (Arrow NCPt, Nanoworld). The AFM is operated in the tap-
ping mode with a tip oscillation frequency X between 240 and 380kHz
and a contact tapping amplitude A � 80 nm. The backscattered light,
which contains contributions from the NF signal as well as from the
diffraction-limited background, is collected using the same parabolic

mirror. The reference arm is equipped with a piezo-driven end mirror,
which enables the modulation of the path length of the reference arm at
frequency M � 300Hz and modulation depth c ¼ 2:63 rad. An ND
filter inserted in the reference arm controls the intensity of the LO. The
two arms recombine at the beam splitter and are sent toward a Si photo-
receiver with adjustable gain (OE-300-SI-10, Femto Messtechnik). By
virtue of its compatibility with standard optical elements, it is possible to
switch between quad demodulation and lock-in detection by switching
the laser sources and detection modules.

In pshet SNOM, the NF signal is retrieved using the two modula-
tions: tip tapping and phase of the LO. We now summarize this detec-
tion scheme; a complete description is available in the literature.2,8,9

The intensity at the detector is S ¼ jEBG þ ENF þ ELOj2, where BG
denotes the diffraction limited background, NF is the desired near-
field signal, and LO is the local oscillator. By modulating both the NF
and the LO, it is possible to isolate the interference term ENFE�LO. The
motion of the tip quickly varies the height h of the tip above the
sample and, therefore, the magnitude of the NF signal. The nonlinear
dependency of the NF signal in h gives rise to components at higher
harmonics of the tapping frequency nX. Measurement of the higher
harmonics enables the separation of the BG and NF contributions.1

When done in the absence of a local oscillator, this signal is known as
the self-homodyne (shd) signal. Pshet improves on this method by
employing a phase modulated LO. The motion of the end mirror mod-
ulates the optical phase of the LO wLO sinusoidally with amplitude c
and frequency M. In the strong phase modulation regime (c� 0:2),
this modulation gives rise to multiple sidebands in the frequency
domain with frequency shifts mM. The amplitude of a given sideband
is jun;mj / JmðcÞ, where JmðcÞ is the Bessel function of the first kind.
Furthermore, sidebands with odd and even m can be combined to
gain phase information. By selecting c ¼ 2:63, it has been shown2,8

that the NF signal of order n can be calculated as sn / un;2 þ iun;1.
The phase un ¼ argðsnÞ is related to the phase of the NF signal. By
applying two modulations and combining the resulting sidebands,

FIG. 1. Scheme of the apparatus and raw signals. (a) Diagram of the optical components for SNOM in the pshet mode. (b) Diagram of the detection module for quad demodu-
lation. See the text for a detailed description. (c) Raw signals. A single measurement is performed on each channel for every pulse. The individual optical pulses are resolved.
The use of two components for each modulation enables the measurement of the phases at arbitrary time points.
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pshet improves signal quality, enables artifact-free imaging, and yields
phase information.8,9 Despite the increased spectral bandwidth of fem-
tosecond pulses, they can still be used in the pshet mode when the
spectral bandwidth is smaller than 10% of the central frequency,9 as is
the case for our OPA. In the standard implementation, the sidebands
are measured via lock-in detection. We employ the standard lock-in
technique and the CW HeNe laser to provide reference measurements
and compare them with the results of quad demodulation.

In quad demodulation, the NF is obtained by measuring the opti-
cal signal as a function of the phases of the modulations. In the phase
domain, the modulations are

h ¼ A 1� cos htap � hC
� �� �

; (1)

wLO ¼ c cos href � h0ð Þ þ wR; (2)

where htap is the phase of the tapping modulation, hC is the phase at
contact, href is the phase of the reference arm modulation, h0 is an off-
set for href , and wR is an offset for the optical phase. The other symbols
have been introduced above. The electronic detection module for quad
demodulation enables the measurement of the relationship
Sðhtap; href Þ from which the pshet signal can be retrieved.

The detection electronics for quad demodulation enables mea-
surement of the NF signal with kHz pulsed sources. Figure 1(b) shows
a scheme of the electronics device. The device consists of two home-
built analogue phase shifter units and a multifunction data acquisition
card (DAQ, USB-6356, National Instruments). The phase shifter units
enable the efficient measurement of the modulation phases. These
units take the modulation signal as their input and generate an in-
phase component X and a quadrature component Y. An independent
phase shifter is used for each modulation. For the tapping modulation,
the phase shifter unit uses the deflection signal from the AFM. A tun-
able active bandpass filter at the input stage removes residual noise
from the deflection photodiode electronics. The bandpass filter gener-
ates the in-phase component Xtap. The second channel employs an
adjustable all-pass filter and an output buffer with adjustable gain to
generate a quadrature component Ytap. The phase shifter for reference
arm modulation uses a similar design with a few modifications. The
input signal is obtained directly from the waveform generator driving
the pshet piezo. The input is AC-coupled and then separated into two
signals Xref and Yref as before. The phase shifters are calibrated to
achieve equal amplitudes and a p=2 phase shift between the X and Y
components. Following this calibration, the phases can be straightfor-
wardly calculated at arbitrary time points as h ¼ arctanðY=XÞ. As a
result of this design, the measured phase is robust against variations of
the modulation amplitudes or offsets, which occur during normal
operation of the device.

The signals are sampled by the DAQ once for each pulse.
Figure 1(c) shows, as an example, the signals available at the DAQ.
DAQ cards synchronized with the laser pulses are versatile and per-
formant acquisition systems for optical experiments.14 A trigger
derived from the optical pulse train ensures synchronization and is
used as a sampling clock for the DAQ. The optical signal consists of
the train of pulses from the interferometer. The sampling clock is
adjusted to sample the maximum of this signal. The modulation
signals are sampled simultaneously with the optical channel using
independent analog to digital converters. Tapping modulation is visi-
ble as a pair of sinusoids with a short period in Fig. 1(c). The reference

modulation signals have a low frequency of � 300Hz and only vary
slowly on this timescale. Using the synchronized DAQ and the phase
shifter units, the optical signal S and the modulation phases href and
htap are measured for each individual pulse.

In the following, the NF signal is obtained from the measure-
ments of individual pulses using Fourier analysis—in a process analo-
gous to standard lock-in detection. Figure 2 illustrates the processing
steps. The measurement process samples the signal as a function of
the two modulation phases Sðhtap; href Þ, sampled at arbitrary locations.
The Fourier transform (FT) on non-uniform grids is a common prob-
lem in fields such as astronomy.15 In order to perform the demodula-
tion, we extend the phase-binning approach of Wang et al.10 to two
dimensions. The data are first regularized by grouping the points into

FIG. 2. Quad demodulation of the pshet signal. (a) Signal as a function of the mod-
ulation phases after regularization. (b) Cut at a fixed value of href , indicated by the
dotted line in panel (a). The point of contact is visible as a dip around hC ¼ 2:6
rad. The curve for off-contact has been shifted and scaled to facilitate comparison.
(c) Demodulated pshet signal un;m as a function of tapping order n and pshet order
m in contact. The dashed box indicates the location of the NF signal. (d) Same as
in (c), off-contact.
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2D bins and performing the average for each bin. The per-bin average
is a split-apply-combine algorithm and can, therefore, be performed
easily and efficiently using common data analysis packages such as
pandas. An example of data after regularization is shown in Fig. 2(a)
using 128 bins along htap and 64 bins along href . The largest pattern
present in the data is due to reference arm modulation, which gives
rise to horizontal stripes. The pattern is symmetric around h0, which
can be determined by the FT along href and taking the phase of
the first harmonic (m¼ 1). The exact shape of the pattern is dictated
by c and wR.

The impact of tip tapping can be seen by selecting the data at a
single value of href , yielding a cut equivalent to a homodyne measure-
ment. The resulting data are shown in Fig. 2(b), both on and off con-
tact. The exact location of the cut is shown as a dotted line in Fig. 2(a).
In contact, the cut has the shape of a sinusoid with an extra contribu-
tion around the maximum, which is absent when the tip is off contact.
This observation enables the determination of the phase at contact hC.
As htap is derived from the output of the AFM deflection detector, the
method already corrects for drifts of the mechanical phase that occur
during scanning. Therefore, hC does not depend on the position of the
sample relative to the cantilever nor on tip-sample interaction. The
value of hC is a property of the instrument related to the different
detection delay in the optical and modulation electronics. We deter-
mine this value from the FT of the data along htap and taking the phase
of the first harmonic (n¼ 1). In our experience, this value is highly sta-
ble. The specific behavior of the optical signal at hC varies depending
on the relative phase of the NF and background electric fields, which is
difficult to control experimentally.8,10

In order to perform pshet demodulation, the data in the phase–
phase domain [Fig. 2(a)] are Fourier transformed along both dimen-
sions. This transformation directly yields a matrix of the coefficients
un;m, equivalent to the sideband amplitudes using standard lock-in
detection. Figure 2(c) shows an example of this matrix. For optimal
noise rejection, knowledge of hC and h0 are used to phase the FT. The
regularized data Sðhtap; href Þ [Fig. 2(a)] are first Fourier transformed
along htap using hC as a phase offset to yield Sðn; href Þ. As per Eq. (1),
the signal is contained in the real part of Sðn; href Þ for all orders n. A
second FT along href results in the matrix un;m with non-negative n
and m. Using h0 as a phase offset again enables noise rejection by
keeping the real part only [see Eq. (2)]. As previously described,2,8 the
complex NF signal is obtained from this matrix as sn ¼ un;2 þ iun;1.
The NF signal is, therefore, located in the region n>2 and 0 < m < 3.
This signal disappears when off contact, as shown in Fig. 2(d).

In summary, quad demodulation of the raw dataset containing the
measurements of individual pulses is performed in three steps: (i) calcu-
lation of the phases, (ii) binning, and (iii) phased FT. The phases are cal-
culated geometrically, binning is carried-out by a split-apply-combine
operation, and the Fourier transform uses standard FFT. The entire anal-
ysis is, therefore, remarkably quick. The signal analysis for 75000 points,
acquired in 375ms, is performed in 30ms on a standard personal com-
puter, using code available in standard libraries (numpy, pandas). Quad
demodulation satisfies the conditions of real-time processing and allows
continuous acquisition, processing, and display. This capability enables
quad demodulation to be used directly during initial alignment as well
as for monitoring during the acquisition of an image.

The measurement of the NF signal is confirmed by its disappear-
ance when the tip loses contact. Figure 3 shows retraction curves: the

optical signal as the distance Z between the cantilever and sample is
increased. The measurements were performed in ambient conditions
on the Si substrate of a calibration grating (TGQ1, Tips-Nano). The
vertical dashed line indicates the point where the contact is lost, as
determined from the AFM tapping amplitude A [gray curve in panel
(a)]. Figures 3(a) and 3(b) show the amplitude and phase of the NF
signal obtained using the pulsed laser and quad demodulation (blue)
to results obtained using a CW HeNe laser and the standard lock-in
demodulation (black). The amplitudes have been divided by their
average value in contact to facilitate comparison but to preserve con-
trast. The phases have been shifted by their average value in contact as
the absolute phase is arbitrary. Figure 3(a) shows the NF signal van-
ishes very quickly upon losing contact, thereby demonstrating that the
NF signal is uncontaminated by background contributions. The opti-
cal phase un, displayed in Fig. 3(b), shows similar trends for both mea-
surements with a well-defined optical phase when in contact. The
measurements were performed independently, on different days, with

FIG. 3. Retraction curves confirm the NF signal. (a) Comparison of the NF signal
amplitudes obtained with the pulsed laser and quad demodulation vs a standard
CW HeNe laser and lock-in detection. The AFM tapping amplitude is also shown.
(b) Comparison of the optical phases of the NF signal. The phase shift relative to
the average in contact is shown. (c) The measurement of isolated femtosecond
pulses enables the acquisition of high tapping orders n via quad demodulation and
the pulsed laser. The curves in panels (a) and (c) have been divided by their aver-
age value in contact to enable comparison.
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intervening tip changes and optical realignment. As the measurements
are obtained with different light sources and different measurement
modules, we consider the agreement is excellent, and it confirms the
equivalence between both methods. The behavior of the retraction
curve demonstrates the capacity of quad demodulation to measure the
NF signal and its equivalence to lock-in detection.

By exploiting the stroboscopic effect, quad demodulation enables
the practical measurement of the NF signal for higher orders than pos-
sible with standard methods. Figure 3(c) shows retraction curves con-
firming the measurement of the NF signal up to n¼ 7, equivalent to a
frequency of �2.2MHz, via quad demodulation. All curves show a
similar behavior indicative of the NF signal. The measurement of
demodulation orders for n>4 via standard methods requires a band-
width larger than 1.25MHz or sampling rates larger than 2.5MHz.
Quad demodulation isolates these signals despite the detection elec-
tronics being limited to 1MHz and a low sampling rate of 200 kHz.
The capacity of quad to detect high frequency signals is due to the very
short duration of the optical pulses. Each pulse, therefore, samples the
NF interaction at a very well-defined position of the tip. This measure-
ment method is analogous to flash photography, where the time reso-
lution is dictated by the duration of the flash instead of camera
exposure time.16 The largest order accessible to quad demodulation is
not dictated by the detector response but instead by signal to noise
considerations. Similar approaches that correlate an optical signal to
the modulation phase or vertical distance with high resolution enable
the observation of subtle spectral changes of the NF signal with tip-
sample distance.17 Due to its ability to resolve high demodulation
orders, quad demodulation is ideally suited for NF tomography.6,18

We now demonstrate NF imaging by quad sampling. Figure 4
shows images acquired on the reference grating TGQ1. This grating

consists of squares of SiO2 on a Si substrate with a period of 3lm and
a height of �20nm. SiO2 is a dielectric and has a low NF signal com-
pared to the Si base. Panels (a) and (b) of Fig. 4 show images acquired
using quad demodulation for orders n¼ 4 and 5. The images confirm
the capability of quad demodulation to perform NF imaging. Figure
4(c) shows horizontal profiles acquired using quad demodulation and
with the standard lock-in technique. For comparison, all profiles have
been scaled to the NF signal value on Si but not shifted in order to pre-
serve contrast information. For n¼ 4, the results obtained with quad
demodulation are in quantitative agreement with the results obtained
with the standard method, despite the use of different laser sources
and acquisition modules. These NF images confirm the capacity of
quad sampling to produce measurements equivalent to the standard
lock-in method.

In conclusion, we described a method to perform near-field
imaging in the pshet mode with a kHz class laser amplifier.
Quadrature-assisted discrete demodulation retrieves the near-field sig-
nal from the measurements of the backscattered light for individual
pulses. To assist in signal retrieval, the state of each modulation is
recorded using both an in-phase and a quadrature channel. The effi-
cient demodulation algorithm enables real time demodulation of the
near-field signal in the pshet mode. The retrieved signal is in agree-
ment with results obtained using the standard lock-in detection
method. By exploiting the stroboscopic effect, quad demodulation cir-
cumvents the bandwidth limits of traditional methods and enables the
measurement of the near-field signal for high demodulation orders.
This development extends the range of light sources compatible with
SNOM and unlocks access to the broad toolkit of nonlinear optics
available to kHz amplifiers such as femtosecond pump-probe mea-
surements, wavelength tunable sources, and white-light continuum
generation. Quad demodulation may also be useful to realize experi-
ments that were previously impossible due to a mismatch between the
modulation frequency and the optical repetition rate.
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