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acting with the sample surface [2], typically a cantilever, a
tuning fork, or a needle sensor [8].

The resolution of force measurements is limited by the noise in
the frequency shift signal [9,10], which strongly depends on the
noise floor of the detection system, the frequency response of
the frequency demodulator (mostly a phase-locked loop
detector, PLL), cantilever properties and ultimately thermal
noise [11]. The footing of our work are these precursor studies,
and the rigorous system analysis introduced by Polesel-Maris et
al. [12], showing that the frequency shift noise at close tip–sam-
ple distance is increased due to a coupling of the phase-locked
loop with the amplitude and the distance control loops.

While noise in the amplitude control loop itself is essentially in-
dependent of the frequency shift noise without tip–sample inter-
action, amplitude and topography feedback loop noise are
coupled into the frequency shift noise in the presence of
tip–sample forces [12]. Ultimately, the noise in the frequency
shift signal determines the base performance of all downstream
processing such as the topography signal or the Kelvin probe
force signal [13].

Here, we use the formalism derived by Polesel-Maris et al. [12],
introduce realistic transfer functions for the control electronics,
cantilever properties and tip–sample interaction, to quantitative-
ly determine the frequency shift noise in the presence of signifi-
cant tip–sample interaction, to derive predictions for noise spec-
tra and to correlate them with experimental data obtained under
realistic measurement conditions. We find excellent agreement
between simulated and experimental results for noise in a canti-
lever-based NC-AFM with optical beam-deflection and mea-
surements performed in an ultra-high vacuum environment,
where the cantilever Q-factor is close to the intrinsic value Q0
[14,15]. Our analysis can, however, be applied to any NC-AFM
detection scheme and sample environment, specifically also to
measurements in liquids where signal-to-noise-ratio considera-
tions play a paramount role [16-18]. From our findings, we
derive a general strategy for adjusting instrumental settings and
control loops for noise-optimised operation. A full glossary of
all of these settings and further quantities relevant in this
context are compiled in appendix A.

Our analysis is based on four fundamental steps: First, the canti-
lever oscillation amplitude is determined precisely by cali-
brating the voltage signal proportional to the cantilever dis-
placement with a method described in detail elsewhere [19].
This yields the detection sensitivity  (see also Supplemen-
tary Information section 1 of [11]). Second,  is used to
convert the displacement noise voltage signal into the displace-
ment noise quantities, namely the displacement noise power

spectral density  of the detection system (frequently re-
ferred to as the noise floor) and the thermal noise power spec-
tral density  [11]. Note that the latter cantilever ther-
mal excitation noise contribution can be predicted from the
oscillator properties and temperature [11]. Third, the frequency
response Hfilter of the PLL system is used for describing the
propagation of noise from the cantilever oscillation to the fre-
quency shift signal at the output of the frequency demodulator.
This frequency response function strongly depends on the PLL
filter settings [11] and will here be modelled for a typical exper-
imental setup described in section “Noise propagation model”
and appendix C. Fourth, we determine the explicit frequency
response functions HA and Hz of the amplitude and topography
control loops, respectively. This allows an adjustment of the
amplitude control loop and the frequency response of the PLL
prior to the measurement when tip–sample interaction is absent
(i.e., with the tip retracted). The frequency response of the dis-
tance control loop, however, inherently depends on the tip–sam-
ple interaction which is, in turn, preset by the z-position along
the force–distance curve [12]. Therefore, this control loop needs
adjustment under conditions of the envisaged measurement.

After describing experimental methods and procedures in
section “Experimental”, we introduce the NC-AFM model used
to simulate noise generation and propagation in section “Noise
propagation model”. In section “Tip–sample interaction”, we
then discuss the implications of the tip–sample interaction on
the coupling of control loops. After a check of validity and
consistency of the model by testing simulation results against
measurements for the case of absent tip–sample interaction in
section “Noise with negligible tip–sample interaction”, we
systematically explore cases with significant tip–sample interac-
tion in section “Noise with significant tip–sample interaction”.
The investigation comprises measurements and simulations for
scanning the surface at a constant tip–sample distance (con-
stant-height mode) as well as with the frequency shift kept at a
certain value by the z-control loop (topography mode). For the
simulations, the filter settings of the control loops are varied
over ranges of values typically present in experiments, and an
artificial but realistic model potential is used for the tip–sample
interaction. We validate the noise model including tip–sample
interaction and describe a rational procedure for choosing
system parameters for noise-optimised measurements in section
“Conclusions and system optimisation”. All equations within
this work are written using power spectral densities DX for the
quantity X, while simulated and experimental results are de-
scribed in terms of amplitude spectral densities .

Experimental
All experiments are performed using a commercial NC-AFM
system (UHV 750 variable temperature STM/AFM, RHK Tech-
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