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Abstract—Tapping atomic force microscope (TM-AFM) can 

measure soft samples, which has the advantages of low loss and 

high resolution, and has been widely used in the 

characterization of soft micro-nano materials by atomic force 

microscope (AFM). The phase image in TM-AFM contains 

sample properties, and it is an important method to 

characterize the sample by TM-AFM. At present, researchers 

usually select the frequency near the first resonance peak of the 

probe to drive its vibration to carry out scanning imaging. 

However, the phase sensitivity near the first-order resonance of 

the probe is not high. Therefore, the phase image of TM-AFM 

is also less sensitive to characterize micro-nano materials. In 

order to improve the phase sensitivity of the probe, the probe 

working at the phase resonance peak was selected in this paper 

to improve the phase sensitivity of the probe vibration and the 

imaging quality of TM-AFM phase image. The experimental 

results show that the phase image of phase resonance-atomic 

force microscope (PR-AFM) can provide not only the surface 

information but also the structure information of the sample 

subsurface. PR-AFM can be applied for better characterization 

of micro and nano materials. 
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I．INTRODUCTION 

AFM is important for the study of topography, mechanics, 

subsurface structure and other properties of micro and nano 

materials [1-5]. Therefore, AFM has aroused strong interest 

of researchers since its invention in 1986 [6-7]. After decades 

of development, many types of AFM have evolved. AFM can 

be basically divided into three types: contact-AFM, non-

contact-AFM and TM-AFM [8]. TM-AFM not only has the 

same high resolution as contact-AFM, but also has less 

damage to the measured sample [9-10], so TM-AFM is 

particularly suitable for soft micro-nano materials, especially 

for the scientific research of microscopic biological samples 

[11]. As shown in Fig.1, the basic principle of TM-AFM is 

to make the AFM probe vibrate in the vertical direction of the 

sample surface with a certain amplitude and frequency of 

𝐴𝐷𝑠𝑖𝑛(𝜔𝑡)[12]. By changing the distance  𝑍(𝑥, 𝑡) between 

the AFM probe and the sample, the real-time amplitude of 

probe 𝐴(𝑥, 𝑡) is constant as 𝐴𝑠𝑡 (the setpoint amplitude of the 

probe) [13-15]. The topography image, phase image and 

amplitude image can be obtained according to the changes of 

the amplitude (𝐴(𝑥, 𝑡) −  𝐴𝑠𝑡) and the changes in phase (𝜑) 

of the probe vibration [16-17]. 
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Fig. 1. TM-AFM working principle. The AFM probe vibrate in the vertical 
direction of the sample surface with a certain amplitude and frequency of 
𝐴𝐷𝑠𝑖𝑛(𝜔𝑡). By changing the distance  𝑍(𝑥, 𝑡) between the AFM probe and 
the sample, the real-time amplitude of probe 𝐴(𝑥, 𝑡) is constant as 𝐴𝑠𝑡. The 
topography image, phase image and amplitude image can be obtained 
according to the changes of the amplitude (𝐴(𝑥, 𝑡) −  𝐴𝑠𝑡) and the changes 
in phase (𝜑) of the probe vibration. 

The phase image in TM-AFM contains the properties of 
the measured sample. Therefore, TM-AFM phase imaging is 
an important method for micro-nano material 
characterization [18]. The accuracy of the phase image is 
determined by the phase sensitivity of the probe [19]. TM-
AFM usually selects the frequency near the resonance peak 
of the probe amplitude to drive the probe vibration for 
scanning imaging. The amplitude sensitivity of the probe 
near the resonance peak of the probe amplitude is high, but 
the phase sensitivity of the probe is relatively low. In order 
to improve the imaging accuracy of the phase image [20], the 
frequency of the phase resonance peak of the probe vibration 
is selected to drive the probe vibration and carry out scanning 
imaging. 

II．METHOD AND EXPERIMENT 

A. Phase resonance 

The TM-AFM probe vibration system consists of a probe, 
a probe frame and a piezoelectric displacement device to 
drive the probe vibration. In addition to the main resonance 
of the probe vibration system, there are some non-main 
resonances in the probe vibration system [21-22]. In the 
experiment, it was found that there was a phase resonance 
near the non-main resonance, and the sensitivity of phase 



change at some phase resonances was higher than that near 
the main resonance [23].  

Fig. 2 shows the phase spectrum and amplitude spectrum 
of the TM-AFM probe near the phase resonance to the left of 
the first-order main resonance. 

 

Fig. 2. Phase spectrum and amplitude spectrum of TM-AFM probe working 
near the phase resonance peak. The frequency at the phase resonance peak 
of the probe is 251802 Hz, the phase value is 157.7°, and the amplitude is 
1.41 V. 

B. Spin-coated photoresist sample preparation 

The parameters of spin coater (KW-4, manufactured by 
Institute of Electronics, Chinese Academy of Sciences) were 
set as follows: when the rotating speed was set to 500 r/min, 
the spinning time was 10 s, and when the rotating speed was 

3000 r/min, the spinning time was 30 s. As shown in Fig.3，
in the darkroom, the spin coated photoresist SU-8-2000.5 
(negative epoxy photoresist, manufactured by Micro Resist 
Technology GmbH, Germany) on the surface of the wafer 
using the spin coater. After the coating, the wafer was placed 
on the 95° hot plate (DB-XAB, manufactured by Shanghai 
Licheng BangXi Instrument Technology, China) and baked 
it for one minute. Through the above methods, SU8-2000.5 
with the thickness of 500 nm was spin-coated on the silicon 

wafer with the size of 20 mm×20 mm.  
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The wafer was placed on the hot 

plate and baked it for one minute

 

Fig. 3. Spin-coated photoresist sample preparation process. the spin coated 
photoresist SU-8-2000.5 on the surface of the wafer using the spin coater. 
After the coating, the wafer was placed on the 95° hot plate and baked it for 
one minute. 

C. Preparation of solidified cells 

Lung cancer cells (SMC-7721) were cultured in a cell 

incubator with 5% carbon dioxide at 37℃. As shown in Fig.4， 

cell platting was performed when the SMC-7721 filled the 
bottom of 80% the cell culture dish. The cells were placed on 
the cell substrates and the cells were placed in the incubator 

for 12 hours so that the cells were completely attached to the 
slide. The cell substrates were washed with phosphate buffer                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
solution (PBS) for 2 times, and the glutaraldehyde cell curing 
solution with the concentration of 8% was added. The cells                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

were placed in a refrigerator at 4℃ for 12 hours, and the 

excess glutaraldehyde around the cells was removed with a 
pipettor gun, so that the solidified cell samples were prepared. 
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Fig. 4. Preparation of solidified cells process. The cells were placed on the 
cell substrates, when the cells filled the bottom of 80% the cell culture dish. 
The cells were placed in the incubator for 12 hours so that the cells were 
completely attached to the slide. The glutaraldehyde cell curing solution with 
the concentration of 8% was added. The cells were placed in a refrigerator 

at 4℃ for 12 hours, and the excess glutaraldehyde around the cells was 

removed with a pipettor gun, so that the solidified cell samples were 
prepared. 

III．RESULTS AND DISCUSSIONS 

A. Analysis of the influence of 𝑨𝒔𝒕 on PR-AFM imaging 

According to the analysis of TM-AFM working principle, 
the magnitude of 𝐴𝑠𝑡 value is the main factor that determines 
the change of probe vibration amplitude and phase [24]. 
Therefore, it is necessary to analyze the influence of 𝐴𝑠𝑡 on 
PR-AFM imaging.  

 

Fig. 5. Influence of the change of 𝐴𝑠𝑡/𝐴0 percentage value on PR-AFM 

imaging. The blue line is the curve of the roughness 𝑇_𝑆𝑎 of the topography 

with the change of the percentage of 𝐴𝑠𝑡/𝐴0. The dark yellow line is the 

curve of the roughness 𝑃_𝑆𝑎  of the phase image with the change of the 

percentage of 𝐴𝑠𝑡/𝐴0. 

The TM-AFM working mode was used with the atomic 
force microscope of the CSPM5500 AFM (manufactured by 



Benyuan Company, China). The frequency at the phase 
resonance peak was 251802 Hz as the driving frequency of 
the probe vibration, as shown in Fig. 2. The initial amplitude 
(𝐴0) of the probe was 1.41V and the initial phase was 157.7°. 
The scanning speed was set to 1.0 lines per second, and the 

image pixel size was set to 256 pixels  256 pixels. The PR-
AFM scanning imaging was performed on the spin coated 
SU-8-2000.5 sample by changing the 𝐴𝑠𝑡/𝐴0  percentage 
value. The roughness of the image was used to measure the 
influence of different 𝐴𝑠𝑡/𝐴0 percentage values on the PR-
AFM image. The topography image roughness (𝑇_𝑆𝑎) and 
phase image roughness (𝑃_𝑆𝑎 ) were used to measure the 
influence of different 𝐴𝑠𝑡/𝐴0 percentage values on PR-AFM 
images (as shown in Fig. 5). When the percentage of 𝐴𝑠𝑡/𝐴0 
varied from 54% - 80%, the range of 𝑇_𝑆𝑎 was about 0.8 nm-
1.1 nm, and the range of 𝑃_𝑆𝑎 was about 0.8° - 25°. Therefore, 
when the percentage of 𝐴𝑠𝑡/𝐴0 changed within the range of 
52% - 86%, it had little influence on the topography in PR-
AFM, but had a significant influence on the phase in PR-
AFM. This indicates that PR-AFM has almost no damage to 
the test samples and can be applied to the measurement of 
soft samples. Fig. 5 shows the topography and phase images 
of the sample scanned by PR-AFM at different 𝐴𝑠𝑡/𝐴0 

percentage values, respectively. As shown in Fig. 5, the 
percentage of 𝑃_𝑆𝑎  along with 𝐴𝑠𝑡/𝐴0  can be roughly 
divided into the flat region and variation region. The areas of 

variations in Fig. 5 are AB, CD, EF, GH，and BC, DE, FG, 

HI are flat regions. This shows that the influence of some 
𝐴𝑠𝑡/𝐴0 percentage values on the phase image is segmented. 
𝑃_𝑆𝑎 changes with the change of  𝐴𝑠𝑡/𝐴0 percentage values 
in the variation region, while 𝑃_𝑆𝑎 almost does not change 
with the change of 𝐴𝑠𝑡/𝐴0  percentage values in the flat 
region. 

B. Cell scanning imaging 

The 𝐴𝑠𝑡/𝐴0 percent value has a significant influence on 
the phase image in PR-AFM, so the experiment on the 
scanning imaging of SMC7721 cells is carried out by 
changing different 𝐴𝑠𝑡/𝐴0  percent values. The TM-AFM 
working mode was used with the atomic force microscope of 
the CSPM5500 AFM. The frequency at the phase resonance 
peak was 251802 Hz as the driving frequency of the probe 
vibration, as shown in Fig. 2. The initial amplitude (𝐴0) of 
the probe was 1.41V and the initial phase was 157.7°. The 
scanning speed was set to 1.0 lines per second, and the image 

pixel size was set to 256 pixels  256 pixels.
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Fig. 6. PR-AFM scanning images of SMC7721 cells with different 𝐴𝑠𝑡/𝐴0 percentage values. (a) and (b) are the topography and phase images of SMC7721 
cells with the  𝐴𝑠𝑡/𝐴0 percentage value of 72%. (c) and (d) are the topography and phase images of SMC7721 cells with the  𝐴𝑠𝑡/𝐴0 percentage value of 54%. 
The structure at the bottom of the cell can be seen in the left red area of the phase image (d). 

In the experiment, the AFM was used for the PR-AFM 
imaging of SMC7221 with the 𝐴𝑠𝑡/𝐴0 percentages of 72% 

and 54% set as the above scanning parameters. As shown in 
Fig. 6, (a) and (b) are the topography and phase images of 



SMC7721 cells with the 𝐴𝑠𝑡/𝐴0 percentage value of 54%. (c) 
and (d) are the topography and phase images of SMC7721 
cells with the  𝐴𝑠𝑡/𝐴0  percentage value of 54%. The 
topography images (a) and (c) have little change, while the 
phase images (b) and (d) have significant changes, which are 
consistent with the theory in Section 3.1 that the percentage 
of 𝐴𝑠𝑡/𝐴0  has little influence on the topography image of 
PR-AFM, but have significant influences on the phase image. 
The structure at the bottom of the cell can be seen in the left 
red area of the phase image (d), indicating that PR-AFM can 
be used for the study of subsurface imaging of the sample. 

IV．CONCLUSION 

In summary, PR-AFM is an AFM imaging method which 
uses TM-AFM to select the frequency working at the phase 
resonance peak of the probe vibration to drive the probe to 
scan and image the test sample. By setting different 
percentage values of 𝐴𝑠𝑡/𝐴0, the PR-AFM scanning imaging 
was carried out on the SU8-2000.5 samples with the spin-
coated thickness of 500 nm. It was found that when the 
percentage value of 𝐴𝑠𝑡/𝐴0 was 52% - 86%, the percentage 
value had little influence on the topography of PR-AFM, and 
the phase image of PR-AFM was significantly affected. This 
indicates that PR-AFM has almost no damage to the test 
samples and can be applied to the measurement of soft 
samples.  

The PR-AFM scanning imaging of SMC7721 cells was 
carried out with the percentage values ( 𝐴𝑠𝑡/𝐴0) of 54% and 
72%, respectively. It was found that the topographies of the 
two cells changed little, but the phase pattern changed 
significantly. The bottom structure of SMC7721 cells was 
observed in the phase image with the percentage of 54%. This 
indicates that PR-AFM can perform subsurface imaging of 
the sample. The experimental results show that the phase 
image of PR-AFM can provide not only the surface 
information but also the structure information of the sample 
subsurface. Thus, PR-AFM is a useful tool for the scanning 
imaging of micro and nano materials with high phase 
sensitivity and can carry out the subsurface measurement. 
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