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Abstract

Reliable operation of frequency modulation mode atomic force microscopy (FM-AFM)

depends on a clean resonance of an AFM cantilever. It is recognized that the spurious

mechanical resonances which originate from various mechanical components in the

microscope body are excited by a piezoelectric elemen that is intended for exciting the

AFM cantilever oscillation and these spurious resonance modes cause the serious

undesirable signal artifacts in both frequency shift and dissipation signals. We present

an experimental setup to excite only the oscillation of the AFM cantilever in a fiber-optic

interferometer system using optical excitation force. While the optical excitation force

is provided by a separate laser light source with a different wavelength (excitation laser

: λ = 1310 nm), the excitation laser light is still guided through the same single-mode

optical fiber that guides the laser light (detection laser : λ = 1550 nm) used for the

interferometric detection of the cantilever deflection. We present the details of the

instrumentation and its performance. This setup allows us to eliminate the problems

associated with the spurious mechanical resonances such as the apparent dissipation

signal and the inaccuracy in the resonance frequency measurement.

Keywords: Atomic force microscopy, Frequecy modulation mode atomic force

microscopy, Fiber optic interferometer, Optomechanical coupling

Introduction

Reliable operation of frequency modulation mode atomic force microscopy (FM-AFM)

depends on a clean resonance of an AFM cantilever. It is recognized that the spuri-

ous mechanical resonances originating from the various mechanical components of the

microscope body are excited inadvertently by a piezoelectric element [1] that is intended

for exciting the AFM cantilever oscillation and these spurious resonances cause the

serious undesirable signal artifacts in both frequency shift and dissipation signals [2, 3].

The additional frequency-dependent amplitude response causes a crosstalk between

the dissipation and frequency shift signals, resulting in artifact signal in dissipation chan-

nel which misleads the interpretation of the tip-sample interaction physics. Although

such dissipation artifacts could be corrected for by off-line signal processing [3], the addi-

tional frequency-dependent phase responses near the cantilever’s resonance frequency
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can cause the deviation of the oscillation frequency from the cantilever’s resonance fre-

quency for the cantilevers with low quality (Q) factor [2] which makes quantitative

measurement of tip-sample interaction challenging. Even in the case of the high-Q can-

tilever, excessive amount of phase changes due to spurious resonances can cause an

interruption of the self oscillation by breaking the phase matching condition, resulting

in the loss of distance feedback signal. For this reason, it is important to develop a can-

tilever excitation scheme which can eliminate the excitation of the spurious mechanical

resonances. While the optical excitation of AFM cantilever oscillation has been adopted

mainly for the operation in liquid in which case the quality factor is strongly damped [4],

it is also widely recognized that the effects of spurious resonances are important at low

temperature in high vacuum environment [3] where the Q-factors of spurious resonances

are enhanced substantially. Here we report an experimental setup for optical AFM can-

tilever excitation based on an all fiber optic interferometer which is commonly used for

low-temperature AFM systems [5]. As this setup requires only one optical fiber which is

used for both sensing and actuation, it can be easily adopted to the existing AFMs which

employ fiber-optic interferometers.

Methods/Experimental

Figure 1 shows a diagram of the optical setup. In this setup, two separate laser lights

with different wavelengths are used for the detection (Laser diode 1, 1550 nm DFB laser

with an optical isolater, NECSEL) and excitation (Laser diode 2, 1310 nm, LPS-1310-

FC, Thorlabs) of the AFM cantilever oscillation. The excitation and detection laser lights

are combined with a filter wavelength division multiplexer (FWDM, FWDM-1513, AFW

Technology) and launched into a single-mode optical fiber (SMF-28e) [6]. The reflected

light from the fiber end and cantilever interfere each other and go back the same FWDM.

Only the detection laser light can pass the FWDM and reach a photodiode via an optical

circulator (CIR-3-15, AFWTechnology) [7]. The intensity of the excitation laser is modu-

lated bymodulating the drive current with a power combiner (PRSC-2050,Mini Circuits).

The drive current for the detection laser is modulated by a radio frequency signal (several

hundred MHz) to suppress stray interferences [8].

We coated the cleaved optical fiber end to increase the back reflection to improve the

detection sensitivity of the interferometer [9]. The TiO2 solution used for fiber coating

was prepared using a solution of titanium-(IV)-2-ethylhexoxide (Sigma-Aldrich) diluted

with xylene. The cleaved fiber end was dipped 1 cm into the solution, then passed through

a propane torch for less than one second for flash annealing. Optimal flash parameters,

such as placement of fiber in the flame and time in flame were determined via trial and

error. The reflectivity of the fiber was monitored in real time with a photodiode back

reflection set up. Successfully annealed fibers would typically have reflectivity between 20

and 30%, with the best fibers having up to 35%. Examples of successfully coated fibers are

shown in Fig. 2.

The coated fiber was positioned at the tip end of the cantilever so that the deflection

detection sensitivity is maximized. Although this position is not optimal for bolometric

actuation [10], it is not critical for the AFM operation in vacuum where the cantilever’s

Q-factor is high. As will be dicussed later, the magnitude of the excitation force required

for achieving several nm oscillation amplitude is several pN for the cantilevers with high

Q-factor (> 10000) and the optical force of such magnitude can be produced by relatively
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Fig. 1 Schematic diagram of the experimental setup. Two laser lights from Laser diode 1 (1550 nm) and Laser

diode 2 (1310 nm) are combined with a filter Wavelength Division Multiplexer (FWDM). The combined light is

launched into a single-mode optical fiber. While a fraction of the light is reflected at the fiber-vacuum

interface, the rest of the light which comes out of the fiber is reflected on the back side of the cantilever and

goes back into the fiber. Only the 1550 nm laser can pass through the filter WDM and reach the photo diode

small optical power (up to 100 μW) which has negligible effect on the frequency shift

noise. The simiplicity of using only a single fiber outweighs the reduced bolotmetric

actuation efficiency, particularly, in vacuum/cryogenic temperature environment.

Characterizing optical cavity

The home built low temperature AFM uses a Fabry-Perot interferometer (FPI) in reflec-

tive mode to precisely and accurately measure the distance between the end of the optical

fiber and the reflective aluminum coating of the AFM cantilever. An FPI is an optical

cavity which is made with two parallel semi-reflective mirrors (mirror 1 and 2) with

reflectances R1 and R2, separated by a cavity length d. In our case, the coated fiber and

cantilever are the mirror 1 and 2, respectively, and the cavity medium is vacuum. The

coated fiber is aligned to the tip end of the cantilever to maximize the deflection mea-

surement sensitivity. Incident light from the detection laser travels down the fiber, where

some of the light is internally reflected off of the fiber end, and the rest is injected into the

Fig. 2 Three example fibers showing the reflective titanium dioxide coating with varying back reflectance.

The fiber has a core diameter of 8 μmwith a fiber cladding of 125 μm radius



Miyahara et al. EPJ Techniques and Instrumentation             (2020) 7:2 Page 4 of 11

FPI. This light is reflected off of the cantilever where it is then reflected multiple times

between the two mirrors of the cavity. Each time the light beam encounters the coated

fiber end, it is partially reflected back into the cavity while the rest enters back into the

fiber. All the transmitted beams into the fiber together with the initially reflected beam

contribute to the interference inside the fiber. The reentered light is guided through the

fiber, WDM, and circulator and its intensity, Ir , is measured by the photodiode (Fig. 1).

The FPI lends itself to being more sensitive than other interferometers because of the

multiple reflections between the mirror 1 and 2 when the separation between the mirrors

is small enough [11–13]. It is important to notice that the multiple reflection also plays

an important role for the excitation laser light as it enhances the optical force. We use the

FPI model reported in Ref. [14] for the following analysis.

The ratio of the intracavity intensity, Icirc, to the intensity incident upon mirror 1 , Iinc,

(enhancement factor, A′
circ) is given by Airy distribution,

A′
circ =

Icirc

Iinc
=

1 − R1

(1 −
√
R1R2)2 + 4

√
R1R2 sin

2 φ
. (1)

where φ is the single-pass phase shift between the mirrors and can be expressed as

φ =
2πd

λ
(2)

where d is the distance between twomirrors (cavity length) and λ is wavelength. Similarly,

the enhancement factor for the total back reflected light with respect to Iinc is given by

Irefl

Iinc
=

(
√
R1 −

√
R2)

2 + 4
√
R1R2 sin

2 φ

(1 −
√
R1R2)2 + 4

√
R1R2 sin

2 φ
. (3)

Figure 3a shows the experimentally measured interference fringe and theoretical one

given by Eq. 3 assuming R1 = 0.33 and R2 = 0.96. These values are in good agreement

with the value obtained from the measured back reflection of the coated fiber (R1 = 0.30)

and the reflectance of the Al coated cantilever R2 = 0.96 assuming 100% collection of the

reflected beam from the cantilever. The good agreement between the theory and experi-

ment confirms the validity of the model. For R1 = 0.33 and R2 = 0.96, the enhancement

factor, A′
circ is found to be 3.5.

Results and discussion

Figure 4 shows the frequency responses of an AFM cantilever (NCLR Nanosensors, Al

backside coated and Pt tip-side coated) excited by piezo excitation (blue line) and optical

excitation (red line). The response by piezo excitation shows spurious resonance modes

over the entire 5 kHz frequency range around the cantilever’s fundamental resonance fre-

quency. These additional frequency-dependent amplitude and phase responses are not

present when the cantilever is optically driven. The optical force does not excite the var-

ious mechanical resonances of the microscope body, thus giving us cleaner signals in the

frequency shift and dissipation channels. Through removing the artifacts, we can better

study the tip-sample interaction physics.

Quantifying optical excitation force

In order to determine the magnitude of the optical force quantitatively, we use the follow-

ing relation between the oscillation amplitude and the amplitude of the excitation optical

force when the cantilever is excited by harmonic excitation force, F(t) = Fopt sin(2π f0t),
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Fig. 3 Theoretical and experimental transfer function of the reflective mode of the Fabry-Perot

interferometer. Top shows the measured and theoretical interference response of the cavity as a function of

increasing phase delay (i.e. increasing fiber-cantilever separation). This fiber end has a 30% back reflection.

Bottom shows the first full interference peak that occurs as peak intensity as a function of phase delay. The

experimental data is plotted with the theoretical fit

Fig. 4 Amplitude and phase frequency responses of the AFM cantilever excited by optical excitation (red)

and piezo excitation (blue) measured at 4.5 K. Note the spurious mechanical resonances in the piezo

excitation which arise from vibrations in the microscope body
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Fig. 5 Interference fringes of detection (1550 nm) (cyan) and excitation (1310 nm) (orange) lasers as a

function of fiber-cantilever separation measured at 77 K in vacuum of 10−5 mbar

at the resonance frequency, f0:

A =
Q

k
Fopt. (4)

Here A is the amplitude of the oscillation, Q the quality factor, k the spring constant of

the cantilever and Fopt the amplitude of the oscillating optical force, We used the Sader

method to calibrate the effective spring constant of the fundamental flexural mode of

cantilevers [15] and obtained a spring constant k = 19 N/m for the cantilever used.

In our interferometer setup, the fiber-cantilever distance can be adjusted by a piezo-

electric stick-slip motor with the step size as small as 20 nm. The step size is confirmed

to be very uniform over several fringes. As we change the fiber-cantilever distance by

stepping the fiber position, we record the signal at the photodiode VPD. The resulting

interference fringes show nearly periodic peaks and the peak separation, known to be λ/2

from Eq. 3. This well-defined separation allows us to calibrate the horizontal axis that

determine the sensitivity of the interferometer.

The interferometer sensitivity S is calculated as the derivative of the measured interfer-

ometer output voltage VPD with respect to the fiber fiber-cantilever distance z [16]: Since

the distance between successive peaks is known, we can convert the walker steps �z into

a distance by identifying successive peak positions and counting the steps between them.

Nowwe can simply take the derivative of the photodiode signal versus the fiber-cantilever

distance, then divide by the walker step �z to obtain the sensitivity S. An example of such

measurement is shown in Fig. 6.

With the known sensitivity in units of V/nm, it is straightforward to determine the

oscillation amplitude of the cantilever. We measure the ac component of the photodiode

signal VPD, and convert its amplitude in Volt to the amplitude in nm by dividing VPD

by the sensitivity S. The typical sensitivity during the experiments is 30 mV/nm. This

sensitivity can also be used to calculate the detection noise of the interferometer. By tak-

ing a power spectral density of VPD around the cantilever resonance, we can convert the

measured interferometer noise in V/
√
Hz into the detection noise in fm/

√
Hz. A typical
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Fig. 6 Top shows the photodiode signal as a function of the number of fiber walker steps as it is retracted

from the cantilever. Peaks are indicated via circles, which are then used to determine the number of steps

between adjacent fringes. Bottom shows sensitivity S which is calculated by taking the derivative of the

photodiode signal and dividing by the average step size between fringes

detection noise at 77 K is ≈ 50 fm/
√
Hz and at 4 K is ≈ 15 fm/

√
Hz. The best detection

noise we have observed at 4 K is 7 fm/
√
Hz.

From the measured A,Q and k, we are able to obtain the optical excitation force, Fopt as

a function of the amplitude of the modulated optical power by using Eq. 4, as shown on

the right hand side axis of Fig. 7. We measured the optical power of the 1310 nm driving

laser with a separate photodiode placed at the 10% branch of a 90/10 coupler (not shown

in Fig. 1) and its modulated amplitude, P, with the lock-in amplifier. Figure 7 shows the

measured A-P relations with four different dc offset current settings. We can see that the

oscillation amplitude is just dependent on the amplitude of modulated optical power and

does not depend on the dc power. The average slope of the four data sets is 68.4 pN/mW.

Fig. 7 Cantilever oscillation amplitude as a function of modulation power at varying laser diode currents

(solid lines). The right vertical axis indicates the corresponding optical force. The red dashed line shows the

theoretical optical scattering force
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Now let us compare the measured driving force with the theoretical optical forces. The

theoretical optical scattering force (radiation pressure force), Fscat, acting on the AFM

cantilever with reflectance R2 in a FPI system is given by

Fscat =
2PcircR2

c
=

2A′
circPincR2

c
(5)

where Pcirc is the optical power in the FPI cavity, Pinc the incident optical power and c

the speed of light. While the enhancement factor A′
circ is in general dependent on the

wavelength due to the wavelength-dependence of R2, we confirmed A′
circ = 3.5 for the

excitation laser (λ = 1330 nm) bymeasuring the interferometer fringes as shown in Fig. 8.

The theoretical slope of Fscat-Pinc is therefore Fscat/Pinc = 22.4 pN/mW for A′
circ = 3.5

and R2 = 0.96. The fact that the experimental optical force Fopt is much larger than the

expected optical scattering force Fscat indicates that the photothermal (bolometric) effect

plays an important role [11].

Effect of optical driving force on frequency shift noise

In FM-AFM, the interaction forces between the sample and cantilever are detected as a

frequency shift. Since the tip-sample distance is regulated by the frequency shift, a reduc-

tion in frequency shift noise will lead to high-resolution FM-AFM images. Additionally,

in electrostatic force microscopy with single-electron sensitivity (e-EFM) measurements,

achieving a detectable signal is only possible with a reduced frequency shift noise [16, 17].

In the following we will investigate if optically driving the cantilever introduces additional

frequency noise. The frequency shift noise measurements were performed at 77 K with

the AFM cantilevers that have spring constants of k = 20 N/m and quality factors at 77 K

varying between 15,000 and 50,000. In these experiments, the cantilever is self-excited

Fig. 8 Top shows the theoretical A′
circ and the sensitivity S for a set of interference fringes. Bottom shows

the theoretical and experimentally measured oscillation amplitude of the cantilever as a function of phase

delay (cavity length). The theoretical amplitude was calculated by multiplying circulating enhancement

factor A′
circ by sensitivity S
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at its resonant frequency by feeding the deflection signal into the optical excitation sys-

tem through an oscillation control electronics (easyPLLplus controller, Nanosurf ) which

consists of a phase shifter and amplitude controller [18].

To see if the average power of the excitation source affected the frequency shift noise

of the microscope, we measured the frequency shift noise at various oscillation ampli-

tudes from 0.5 to 10 nm, and increased the average optical power of the excitation laser.

The amplitude was kept constant at different average optical powers. The frequency shift

measurement was made using a phase-locked loop (PLL) frequency detector (HF2LI with

PLL option, Zurich Instruments) with a detection bandwidth of 100 Hz. The frequency

shift noise was measured using the root mean square value of the frequency shift and is

shown in Fig. 9. As expected from the theory [18], the frequency shift noise increases with

decreasing oscillation amplitude, but there is no significant variation in the frequency

shift noise at the same oscillation amplitude for varying average optical excitation power.

Since we can precisely adjust our fiber-cantilever separation distance, we are able

to choose an operating position on an interference fringe arbitrarily. Typically, we

choose a fringe position that maximizes the sensitivity. On a single fringe, we could

choose the operating position either on the negative or positive slope side of the

fringe. It has been reported that the effective Q-factor is decreased or increased

depending on the slope of the interferometer signal due to the optomechanical cou-

pling [11, 19, 20]. For example, by adjusting the fiber-cantilever cavity position to

be on either side of a single fringe at the same deflection DC value, we observe

the effective Q-factors at the negative and positive slope side to vary as much

as 3000.

To determine if the different effective Q-factor at the negative and positive slope affect

the frequency shift noise, we measured the frequency shift noise at various oscillation

amplitudes on both the negative and positive slope side of the fringe at the same DC

deflection values, as shown in Fig. 10. The results shows negligible difference in frequency

shift noise between the negative slope and positive slope side of the fringe.

Fig. 9 Frequency shift noise as a function of average optical power of the excitation laser at varying

oscillation amplitudes. The frequency shift noise was measured as the root mean square (RMS) of the

frequency shift from the lock-in amplifier. The lines are a guide to the eyes
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Fig. 10 Frequency shift noise (�f ) as a function of oscillation amplitude of cantilever being driven via optical

excitation at 77 K. �f is measured on the negative slope (orange circle) and positive slope (purple triangle) of

the interference fringe. The lines are a guide to the eyes

Conclusion

In conclusion, we have integrated an optical drive cantilever excitation system into our

low temperature AFM in a non-invasive way. By using the optical circuit as shown in

Fig. 1, we are able to have a two laser detection and excitation system deployed through a

single optical fiber. The optical drive reduces spurious mechanical resonances making the

AFM suitable to study sensitive tip-sample physics without artifacts from crosstalk in the

frequency shift and dissipation channels. The setup can easily be adopted for the existing

AFMs which use fiber-optic interferometer.
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