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Abstract
We propose hybrid phase modulation (PM)/frequency modulation (FM) atomic force microscopy (AFM) to increase the imaging speed of AFM 
in high-Q environments. We derive the relationship between the phase shift, the frequency shift and the tip–sample interaction force from 
the equation of motion for the cantilever in high-Q environments. The tip–sample conservative force is approximately given by the sum of the 
conservative force with respect to the phase shift in the PM mode and that with respect to the frequency shift in the FM mode. We preliminarily 
demonstrate that the hybrid PM/FM-AFM is a new and very promising AFM operation mode that can increase imaging speed.
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Introduction
Various dynamic processes occur on surfaces, such as sur-
face diffusion, phase transitions, self-organization phenom-
ena, chemical reactions and etching [1]. These dynamic 
processes are of great fundamental and technological inter-
est. The ability to study these processes with high spatial and 
high temporal resolutions is expected to provide access to 
non-equilibrium dynamics at the atomic level. Atomic force 
microscopy (AFM) enables not only the imaging of atoms 
and molecules on surfaces with ultimate spatial resolution 
[2–5] but also manipulation [6,7] and characterization of sub-
stances [8,9]. Thus, AFM is now an indispensable nanoscale 
tool in the study of surfaces. However, the time resolution of 
AFM systems operating in a vacuum is one of their most severe 
limitations because the typical image acquisition time is on the 
order of 10 s or longer. High-speed AFM systems operating in 
low-Q-factor (Q) environments have been developed [10,11], 
but not those operating in high-Q environments. Therefore, 
developing an AFM system capable of high-speed imaging in 
high-Q environments is one of the most important technical 
challenges.

AFM systems have three operating modes, namely, ampli-
tude modulation (AM) [10,12,13], frequency modulation 
(FM) [14–16] and phase modulation (PM) [17–23]. In 
AM-AFM, a cantilever is always driven at or near the 
resonance frequency (f 0) with an external oscillator. The 
tip–sample interaction is measured by the change (ΔA) in 
oscillating amplitude. In AM-AFM, in which the cantilever 
is externally driven in the constant-excitation-amplitude (CE) 
mode, two stable vibration states coexist depending on the 
driving force and tip–sample distance [24], resulting in com-
plex dynamic behaviors such as hysteresis and bistability 
[25] due to nonlinearities in the tip–sample interaction force.

In addition, in AM-AFM, the time constant 𝜏AM of the tran-
sient response of ΔA to a change in force is given by 𝜏AM =
2𝑄/𝑓0, and it becomes longer as Q increases [10]. This makes 
it impossible to use AM-AFM in a vacuum and also limits the 
imaging speed in air.

In FM-AFM, a cantilever is always driven at the reso-
nance frequency on the basis of a self-driven oscillator. The 
tip–sample interaction is measured by the frequency shift 
(Δf ) of the oscillating cantilever. In FM-AFM, the vibra-
tion amplitude of the cantilever is mostly kept constant using 
an automatic gain control circuit. This constant-amplitude 
(CA) mode can not only prevent the complicated dynamical 
behaviors, such as hysteresis and bistability, but also enable 
the measurement of conservative and dissipative interaction 
forces independently. In FM-AFM, the time constant 𝜏FM of 
the transient response of Δf  to a change in force is given by 
𝜏FM = 1/𝑓0 and is not affected by the quality factor (Q-factor) 
of the cantilever. Therefore, an FM-AFM system can be oper-
ated in a high-Q environment, such as a vacuum, and can 
achieve extremely high force sensitivity and spatial resolution. 
However, 𝜏FM is often substantially longer than this predicted 
value (1/f 0) owing to the delay caused by the self-excitation 
circuit (i.e. phase feedback loop). This delay is particularly 
noticeable when the self-excitation circuit includes a phase-
locked loop (PLL) circuit with a bandwidth of 1 kHz or less 
[15]. Thus, the imaging speed is much lower than expected
from 𝜏FM.

In PM-AFM, a cantilever is driven at a fixed resonance 
frequency with an external oscillator. The tip–sample inter-
action is measured from the phase shift (Δ𝜙) of the oscillating 
cantilever. In PM-AFM operating in the CE mode, complex 
dynamic behaviors, such as hysteresis and bistability, remain 
a problem [25]. In PM-AFM operating in the CA mode, in 
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contrast, such instabilities in non-linear cantilever dynamics 
can be eliminated and quantitative spectroscopic curves can be 
obtained for the tip–sample distance [19]. In addition, in PM-
AFM, the time constant 𝜏PM of the transient response of Δ𝜙 to 
force changes is given by 𝜏PM = 1/𝑓0, which is not influenced 
by the Q-factor of the cantilever. These features suggest that 
the application of PM-AFM in the CA mode is advantageous 
for realizing high-speed imaging in high-Q environments, such 
as a vacuum, as well as in low-Q environments, such as a 
liquid. So far, the performance of PM-AFM in the CA mode 
in low-Q environments has been investigated [17–23], but 
that in the CA mode in high-Q environments has hardly been 
studied.

In this paper, to increase the imaging speed of AFM sys-
tems operating in high-Q environments, we propose a hybrid 
mode AFM that utilizes the advantages of PM-AFM, i.e. fast 
transient response, and FM-AFM, i.e. the cantilever is always 
excited near its resonant frequency. First, we discuss the limi-
tations of PM-AFM operation in high-Q environments. Then, 
we propose the utilization of the hybrid technique of PM 
and FM mode operation in high-Q environments to over-
come the limitations. We derive the relationship between the 
phase shift, the frequency shift and the tip–sample interaction 
force from the equation of motion for the cantilever. We show 
that the conservative tip–sample interaction force is approxi-
mately given by the sum of the conservative interaction force 
with respect to the phase shift in the PM mode and that with 
respect to the frequency shift in the FM mode. We prelim-
inarily demonstrate that the hybrid PM/FM-AFM is a new 
and very promising AFM operation mode that can increase 
imaging speed.

Hybrid PM/FM mode that overcomes the 
limitations of PM mode in high-Q 
environments
We discuss the limitations of the PM mode in high-Q environ-
ments and propose the hybrid PM/FM mode for overcoming 
the limitations. Fig. 1 shows the phases (𝜙) of the oscillating 
cantilever as a function of driving frequency (f ). The reso-
nance frequency at which the phase ϕ is −π/2 is shifted by 
the tip–sample interaction. f 0 is the resonance frequency of 
the cantilever when there is no tip–sample interaction (black 
line), while f 1 and f 2 are the resonance frequencies of the 
cantilever when there is tip–sample interaction (red and blue 
lines, respectively). In PM-AFM, the driving frequency is fixed 
at or near the resonance frequency f 0 at which the phase 
is ϕ = –π/2. When the tip–sample interaction force becomes 
strong, the resonance frequency of the cantilever at which the 
phase is ϕ = –π/2 changes to f 1 = f 0 + Δf 01, where Δf 01 is the 
frequency shift of the cantilever. The tip–sample interaction 
force is measured from the phase shift (Δ𝜙01) of the cantilever 
at f 0.

The minimum detectable force density of PM-AFM in high-
Q environments is given by 

where k and Q are the spring constant and the natural Q-
factor of the cantilever, respectively. kB and T are the Boltz-
mann constant and the absolute temperature, respectively. 

Fig. 1. Phase of the oscillating cantilever as a function of driving 
frequency. In hybrid PM/FM-AFM, the limitation of the available 
frequency shift can be solved by changing the driving frequency f 0 to f 1
using the FM mode, and the tip–sample interaction force can be 
determined from the frequency shift (f 1 − f 0) and the phase shift (Δ𝜙12) 
at f 1 using the PM mode.

Here, noise arising from the cantilever deflection sensor is 
assumed to be much lower than that from the thermal Brow-
nian motion of the cantilever. This equation means that high 
force sensitivity can be obtained by increasing Q-factor. How-
ever, increasing Q-factor has the disadvantage of limiting 
the available frequency shift Δf 01 of the cantilever, which is 
induced by the tip–sample interaction. That is, in PM-AFM, 
a cantilever is driven at a fixed resonance frequency f 0, and 
the available frequency shift Δf 01 must be less than the half 
width of the resonance peaks of the cantilever, 

This condition is easily satisfied in low-Q environments 
such as in solutions but difficult to satisfy in high-Q envi-
ronments such as a vacuum. For example, under the typical 
imaging conditions in a vacuum, for a typical cantilever 
with Q = 20 000 and f 0 = 300 kHz in a vacuum, the maxi-
mum available frequency shift |Δf 01| is only 7.5 Hz, which is 
unusable for most high-resolution imaging.

One possible way to satisfy the condition of the PM mode 
in Eq. (2) in high-Q environments is to use hybrid PM/FM-
AFM. That is, as shown in Fig. 1, first, the limitation of the 
available frequency shift is resolved by changing the driving 
frequency f 0 to f 1 in the FM mode under weak feedback 
conditions. Second, by measuring the phase shift (Δ𝜙12) 
at f 1 in the PM mode, the interaction force between the 
tip and sample can be determined from the frequency shift 
(Δf 01 = f 1 − f 0) and the phase shift (Δ𝜙12). Hence, the dis-
tance between the tip and the sample is controlled by the 
sum of the feedback signal for the phase shift (Δ𝜙12) and the 
feedback signal for the frequency shift (Δf 01). This hybrid 
PM/FM-AFM has the advantage of increasing the imaging 
speed because there is no need to wait for the transient 
response of the frequency shift in PLL as in the case of the
FM mode.
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Fig. 2. Block diagram of the hybrid PM/FM-AFM.

Hybrid PM/FM-AFM system
Here, we consider the configuration for realizing a hybrid 
PM/FM-AFM. Fig. 2 shows a block diagram of the proposed 
hybrid PM/FM-AFM. Its configuration is very similar to that 
of FM-AFM that uses a PLL circuit in the self-excitation loop. 
The cantilever is driven with a voltage-controlled oscillator 
at a frequency (f ). Cantilever deflection is detected with a 
deflection sensor such as an optical beam deflection sensor. 
The amplitude A and phase 𝜙 of the oscillating cantilever 
are measured with a lock-in amplifier. A phase signal is fed 
into a proportional–integral–differential controller to con-
trol the input voltage of voltage-controlled oscillator, and the 
frequency shift Δf  of the cantilever is measured. The oscil-
lation amplitude A is maintained at a constant value with 
the automatic gain control circuit using a multiplier and a 
proportional–integral–differential controller in the CA mode. 
The frequency shift Δf  and the phase shift Δ𝜙 are separately 
connected to feedback circuits, and AFM images are obtained 
from the sum of these two feedback outputs. If there is no 
feedback on Δ𝜙 or Δf, the AFM system functions in the FM- 
or PM-AFM, respectively.

Theory of phase shift and frequency shift of 
hybrid PM/FM-AFM
Here, we theoretically consider the relationship between the 
tip–sample interaction force and the phase and frequency 
shifts of the cantilever, and we show that the operation by 
the hybrid PM/FM mode is possible. Following the procedure 
we previously demonstrated for the PM mode [20], we derive 
the relationship between the tip–sample interaction force and 
the phase and frequency shift of the cantilever. The motion 
of the oscillating cantilever can be expressed by the following 
equation: 

Here, m, f 0 and f  are the effective mass, the reso-
nance frequency and the driving frequency of the cantilever, 
respectively. F and Fts are the driving force of the cantilever 
and the tip–sample interaction force, respectively. The can-
tilever deflection signal z(t) in the steady state is given by

where A0 and 𝜙 are the amplitude of the oscillating cantilever 
and the phase difference between the driving and the deflec-
tion signals, respectively. By inserting Eq. (4) into Eq. (3), mul-
tiplying both sides of the resulting equation by cos(2𝜋ft + 𝜙) 
and sin(2𝜋ft + 𝜙) and then integrating over an oscillation 
period, one can obtain two general analytical relations for the 
phase shift as follows: 

where Fc and Fd are the f  components of the Fourier series for 
the conservative and dissipative tip–sample interaction forces, 
respectively, expressed as follows: 

The phase shift Δ𝜙 of the cantilever is defined as the phase 
shift from the −π/2 phase delay of the cantilever oscillator 
signal as follows. 
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On the basis of Eqs. (5), (6) and (9), Δ𝜙 is given by 

This equation indicates that the phase shift Δ𝜙 depends 
on both conservative force Fc and dissipative force Fd. From 
Eq. (10) and f = f 0 + Δf, the conservative force Fc is expressed 
as 

0 0

In the PM mode, the cantilever is driven at a fixed resonant 
frequency f 0 (Δf  =0). In this case, the second term in Eq. (11) 
is zero, and assuming that the dissipative force is very small 
(Fd ≈ 0), we find that the conservative force FcPM is given only 
by the phase shift Δ𝜙 as follows: 

In the FM mode, on the other hand, the cantilever is always 
driven at the resonance frequency (𝜙 =–π/2, Δ𝜙 =0). In this 
case, the first term in Eq. (11) is zero and the conserva-
tive force FcFM is given only by the frequency shift Δf  as
follows: 

0

By comparing Eq. (11) with Eqs. (12) and (13), we can 
obtain the following relationship 

where the approximation Δf/f 0≪1 is used. Equation (14) 
shows that the conservative force Fc is given by the two phys-
ical quantities of the oscillating cantilever: the phase shift 
Δ𝜙 and the frequency shift Δf. In other words, this equation 
means that it is possible to operate in the hybrid mode, which 
is a combination of PM and FM modes. Note that in the 
hybrid PM/FM mode, the set value of the phase shift feedback 
can be set to zero.

Next, let us consider how much faster the tip–sample inter-
action force can be measured by changing the FM mode to 
hybrid PM/FM mode. In the following, we will discuss high-
speed AFM in FM mode using an algorithm based on the 
Fourier method in the PLL [16], instead of AFM in the FM 
mode using a lock-in amplifier in the PLL [15]. The Fourier 
method enables fast detection of the amplitude and phase of 
the cantilever displacement signal in a single period [16]. The 
demodulation of the frequency shift of the cantilever can be 
performed in a settling time of about 20 periods of the can-
tilever at minimum, assuming that the resonance frequency 
of the cantilever is 270 kHz [16]. Using an algorithm based 
on the Fourier method, the time constant 𝜏PM of the transient 
response of Δ𝜙 to the force changes is given by 𝜏PM = 1/f 0 in 
the PM mode, while the time constant 𝜏FM of the transient 
response of Δf  to the force changes is approximately given 
by 𝜏FM ≈ 20/f 0 in the FM mode. Thus, the time constant 𝜏PM
is 1/20 of the time constant 𝜏FM. In Fig. 3, we show the quali-
tative transient responses of the feedback signals in the FM 

Fig. 3. Qualitative transient responses of the feedback signals to the step.

mode, the PM mode, and the hybrid-PM/FM-mode to the 
step. As in the FM mode, the feedback response of the tip-
to-sample distance is slower, but in the hybrid-PM/FM-mode 
with a zero phase shift set point, the feedback response of the 
tip-to-sample distance is faster because the feedback response 
in the PM mode is added. By changing the FM mode to 
hybrid PM/FM mode, the transient response to force changes 
is expected to be reduced to about 1/20.

The minimum detectable force is a very important physical 
quantity that determines the spatial resolution of the AFM. 
The minimum detectable force is proportional to BPM

0.5 in 
the PM mode [17,18], while it is proportional to BFM

1.5 in the 
FM mode [26], where BPM and BFM are the bandwidths of the 
deflection sensor in PM and FM modes, respectively. When a 
wide bandwidth BPM is used for high-speed scanning in the 
PM mode, the minimum detectable force increases rapidly. 
On the other hand, when a wide bandwidth BPM is used for 
high-speed scanning in the PM mode, the minimum detectable 
force does not increase significantly. In hybrid PM/FM mode, 
the distance between the tip and the sample is controlled by 
the sum of the fast feedback signal with wide bandwidth BPM
for the phase shift and the slow feedback signal with nar-
row bandwidth BFM for the frequency shift. By changing the 
FM mode to hybrid PM/FM mode, the minimum detectable 
force is mainly dominated by the wider bandwidth BPM of 
the PM mode, allowing imaging with higher spatial resolution 
without increasing the minimum detectable force. Compared 
to the FM mode, the hybrid PM/FM mode has no spatial 
resolution limit and allows observation at atomic resolution.

These results suggest that the hybrid PM/FM mode is a 
new and very promising AFM operating mode that can sig-
nificantly improve the PLL delay, which is a drawback in the 
FM mode, and increase the imaging speed of AFM systems 
operating in high-Q environments.

Experimental
Experiments were performed using a custom-built AFM sys-
tem operating under ultrahigh-vacuum condition at room 
temperature. Deflection of the cantilevers was measured using 
the optical beam deflection method. The frequency and phase 
shifts of the oscillating cantilevers were measured by keep-
ing the vibration amplitude (A) constant with the oscillation 
controller (OC4 oscillation controller, SPECS). The hybrid 
PM/FM-AFM image was obtained by adding the output sig-
nals of the two feedbacks (the feedback controller and the 
generic proportional and integral controller, SPECS). The per-
centages of signals added were 50% from one feedback loop 
and 50% from the other. The time constant for both feedbacks
was 1.6 ms.
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As sample surfaces, Si(111)-7 × 7 surface and diamond-
(111) surfaces were used. The Si(111) surface was prepared 
by thermal treatment of a B-doped Si(111) sample. As the 
force sensors, we used Si cantilevers with a spring constant 
of k = 26 N/m, resonance frequency f 0 = 242–300 kHz and 
Q-factor of Q = 3600–8000. The vibration amplitude of the 
cantilever was A = 10 nm. Bias voltage between the tip and the 
surface was applied to compensate for the contact potential 
difference between the tip and the surface.

Results and discussion
By adding the feedback output from the PM mode to the 
feedback output from the FM mode, we experimentally inves-
tigated whether the hybrid PM/FM mode works stably and 
whether the hybrid PM/FM mode works more effectively than 
the FM mode.

Figure 4a and b shows AFM topographic and fre-
quency shift error images of the Si(111) surface, respectively, 
measured in the FM mode. The AFM image in Fig. 4a was 
obtained from the feedback output that controls the tip-to-
sample distance so that the frequency shift of the cantilever Δf
is nearly constant. Here, the feedback conditions for this dis-
tance control were set such that the distance was slightly less 
controllable, resulting in a frequency shift error in the feed-
back as shown in Fig. 4b. In the AFM image in Fig. 4a, atom-
ically flat terraces and steps on the Si surface are observed, 
but not clearly. In particular, the steps are blurry. The fre-
quency shift error image in Fig. 4b shows that the frequency 
shift decreases sharply near the steps on the Si surface. It can 
also be seen that the frequency shift changes near the adsor-
bates on the terrace. In contrast, Fig. 4c shows an AFM image 
of the Si(111) surface measured in the hybrid PM/FM mode. 
The AFM image in Fig. 4c was obtained from the sum of 
two feedback outputs, one for the same feedback conditions 
for the frequency shift and the other for the strong feedback 

condition for the phase shift. In the AFM image in Fig. 4c, 
terraces and steps on the Si surface are clearly observed. In 
particular, adsorbates (bright spots) on the terraces and steps 
are very clearly observed. Comparing the cross-sectional pro-
files in Fig. 4d, e and f, it can be seen that the atomic level 
steps and their vicinities on the Si surface are clearly imaged in 
the hybrid PM/FM mode compared with the FM mode. Thus, 
we experimentally verified that the hybrid PM/FM mode, in 
which the feedback output of the PM mode is added to the 
feedback output of the FM mode, operates stably and enables 
the observation of atomic level features on the sample surface 
with high resolution.

Then, we compared the AFM topographic image obtained 
in the hybrid PM/FM mode with that obtained in the FM 
mode by increasing the scanning speed as much as possible 
(0.2 s/line) on the our AFM system. Figure 5a and b shows 
AFM images near the step on the diamond(111) surface mea-
sured in the FM and in the hybrid PM/FM modes, respectively. 
The AFM image in Fig. 5a was obtained from the feedback 
output that controls the tip-to-sample distance so that the 
frequency shift Δf  is constant under strong feedback condi-
tion. The AFM image in Fig. 5b was obtained from the sum 
of feedback outputs that control the distance between the 
tip and the sample so that the phase shift Δϕ is zero under 
strong feedback condition and feedback outputs that control 
the distance so that the time-averaged frequency shift <Δf > 
is constant under weak feedback condition. Surface steps and 
terraces are clearly observed in both AFM images in Fig. 5a 
and b. Figure 5c and d shows the cross-sectional profiles along 
the white lines in Fig. 5a and b, respectively. In both FM 
and hybrid PM/FM modes, the cross-sectional profiles of the 
forward and backward scans are almost identical, indicat-
ing that the control of the tip–sample distance works well 
enough. Interestingly, the noise in the cross-sectional profiles 
in the hybrid PM/FM mode is much smaller than in the FM 
mode, about 1/5. By changing the FM mode to hybrid PM/FM 

Fig. 4. (a) AFM topographic and (b) frequency shift error images of Si(111) surface obtained in the FM mode, (c) AFM topographic image of Si(111) 
surface obtained in the hybrid PM/FM mode. Cross-sectional profiles (d), (e) and (f) along the solid lines in images (a), (b) and (c), respectively. The spring 
constant, resonance frequency, Q-factor and vibration amplitude of the cantilever were k= 26 N/m, f 0 = 242 kHz, Q= 3600 and A= 10 nm, respectively. 
The averaged frequency shift of the cantilever was Δf= −2.26 Hz in (a) and (b), and the phase shift was Δ𝜙 =0 Hz in (c). The scanning
area was 100 nm × 100 nm. The scanning speed was 1.5 s/line.
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Fig. 5. (a) AFM topographic images of diamond surface obtained (a) in the FM and (b) the hybrid PM/FM modes, respectively. Cross-sectional profiles (c) 
and (d) along the solid lines in images (a) and (b), respectively. k= 26 N/m, f 0 = 300 kHz, Q= 8000 and A= 10 nm, respectively. The frequency shift of the 
cantilever was Δf= −18 Hz in (a), and the phase shift was Δ𝜙 =0 Hz in (b). The scanning area was 200 nm × 200 nm. The scanning speed was 0.2 s/line.

mode, the minimum detectable force is proportional to BPM
0.5

instead of BFM
1.5, which is in good agreement with the above 

prediction that the noise in AFM images will decrease. These 
results indicate that the hybrid PM/FM mode is a very promis-
ing mode of operation that can increase imaging speed and 
reduce noise compared to the FM mode.

To increase the imaging speed of hybrid PM/FM-AFM 
operating in a high-Q environment, it is necessary to increase 
the speed of various technological elements that make up 
an AFM system, for example, higher-frequency cantilevers, 
higher-bandwidth displacement sensors, faster frequency, 
amplitude and phase detection of cantilevers, wider band-
width feedback circuits and faster scanners. In particular, 
AFM systems operating in a vacuum require the use of large, 
heavy specimen holders that enable heating and sputtering 
treatment of the specimen, making it difficult to increase scan-
ner speed. In the future, the imaging speed of AFM systems 
operating in a high-Q environment could be further improved 
by replacing the scanner with a more rigid one with a higher 
resonant frequency.

Conclusion
We proposed the utilization of a hybrid technique of PM 
and FM modes to increase the imaging speed of AFM oper-
ating in high-Q environments. We theoretically investigated 
the performance of the hybrid PM/FM-AFM. We found the 
relationship between the phase shift, the frequency shift and 
the tip–sample interaction force from the equation of motion 
for the cantilever in high-Q environments. We found that the 
tip–sample conservative force is approximately given by the 
sum of the conservative force with respect to the phase shift 

in the PM mode and that with respect to the frequency shift 
in the FM mode. Preliminary experiments demonstrated that 
adding the feedback output of the phase shift from the PM 
mode to the feedback output of the frequency shift from the 
FM mode enables clearer imaging of atomic scale features on 
the Si surface.

Replacing the sample scanner with a more rigid one with 
a higher resonance frequency could further improve imaging 
speed, even for AFM systems operating in a high-Q envi-
ronment. Hybrid PM/FM-AFM could also further improve 
imaging speed for FM-AFM systems, operating in low-Q 
environments, such as in gaseous or liquid environments.
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