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Nanoscale multipoint structure-function analysis is essential for deciphering the 

complexity of multiscale biological and physical systems. Atomic force microscopy (AFM) allows 

nanoscale structure-function imaging in various operating environments and can be integrated 

seamlessly with disparate probe-based sensing and manipulation technologies. Conventional 

AFMs only permit sequential single-point analysis; widespread adoption of array AFMs for 
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simultaneous multi-point study is challenging owing to the intrinsic limitations of existing 

technological approaches.  

In this dissertation, a prototype dispersive optics-based array AFM platform capable of 

simultaneously monitoring multiple probe-sample interactions was described. A single 

supercontinuum laser beam is utilized to spatially and spectrally map multiple cantilevers, in order 

to isolate and record beam deflection from individual cantilevers using distinct wavelength 

selection. This new design provides a remarkably simplified yet effective solution to overcome the 

optical crosstalk, while maintaining sub-nm sensitivity and compatibility with probe-based 

sensors. The versatility and robustness of our system was demonstrated on parallel multi-

parametric imaging at multi-scale levels: ranging from surface morphology to hydrophobicity 

mapping in both air and liquid; mechanical wave propagation in polymeric films and the dynamics 

of living cells. Meanwhile, I also explored batch microfabrication of independent conductive AFM 

cantilever array compatible with the SEA-AFM system to further expand the platform’s 

application of studying the intercellular mechanical/electrical signal propagation.  

This multi-parametric, multi-scale approach provides new opportunities for studying the 

emergent properties of atomic-scale mechanical and physicochemical interactions in a wide range 

of physical and biological networks. 

 

Keywords: Atomic force microscopy, Bio-nano-imaging, Biosensor, Dispersive Optics, 

Nano/microfabrication 
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Chapter 1  

Introduction 

Dynamic multiscale systems ranging from nano-heterostructured materials [1], surface and 

inter-surface sciences [2], intricate biological networks [3] to sensors and devices [4] have unique 

emergent properties owing to the complex coordination of structure and function among their 

constituent units. Our understanding of these multiscale interactions has been limited by the 

paucity of appropriate tools allowing real-time and simultaneous nanoscale structure-function 

investigation of multiple subcomponents in complex systems. Although common approaches, 

including multi-electrode arrays [5], fluorescent indicators [6], ultrasound imaging [7] and 

magnetic resonance imaging [8], enable recording and tracking activities in situ, they have limited 

spatial resolution. High resolution systems, for example, electron microscopy (EM), suffer from 

inability to study living material due to environmental constraints [9].  

Atomic force microscopy (AFM), without severe environmental constraints, uses 

interactions between a nanoscale probe and the sample allowing resolution that extends from micro 

to nano- and even subnano-scales, permitting examination of objects such as nanoparticles, 

proteins, DNA, and even single molecules under physiological conditions [10] [11] [12] [13]. 

Additionally, functionalized AFM probes have been developed for quantitatively measuring 

various physicochemical properties including thermal energy [14], chemical force [15], 

conductance [16] and magnetism [17]. Nevertheless, current AFM technology limits these 

multiparametric studies to single point probing one-time  [18] [19]. To overcome such limitations, 

array AFM platforms that can achieve high-resolution multi-point simultaneous imaging and 
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physico-chemical properties mapping, are expected to have wide applicability in investigating the 

cooperative and coordinated activities of various biological and physical systems. 

This thesis describes the development, characterization and application of an advanced 

optical beam deflection (OBD) readout method-based array AFM platform, called Spectral-

spatially Encoded Array AFM (SEA-AFM). The SEA-AFM achieves simultaneous multi-point 

and multi-parametric nanoscale analyses, and due to few environmental constraints, retains good 

biological compatibility.  

Chapter 1 provides a background on AFM, especially OBD method, an overview of 

previous array AFM readout technologies, and the fundamental knowledge of dispersive optics 

and supercontinuum laser. Chapter 2 describes the designing principle, instrumentation, crosstalk 

and noise analysis of SEA-AFM system. Chapter 3 describes two implementations of SEA-AFM 

for multi-parametric analysis: hydrophobicity mapping and detection of mechanical wave 

propagation on soft polymer film. In chapter 4, SEA-AFM was used to detect intercellular signal 

in response to environmental stimulation. Chapter 5 describes the design and fabrication of 

independent conduction array AFM for simultaneous mechanical/electrical sensing and imaging.  

Lastly, chapter 6 discusses potential directions for future research. 

1.1 Atomic force microscopy 

1.1.1 Fundamentals of AFM 

With its ability to image, manipulate and explore the functional properties of materials at 

subnanometer resolution, AFM has been the most versatile instrument in nanotechnology and 

stimulated numerous discoveries in nanoscience. As a major type of scanning probe microscopy 

(SPM), AFM is invented by Gerd Binning as a derivation of scanning tunneling microscopy 
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(STM), which was awarded the Nobel Prize in Physics in 1986. At the same year, AFM was first 

experimentally demonstrated to contour non-conducting surfaces at sub nano/nano resolution by 

Binnig, Quate and Gerber [20]. Instead of relying on the tunneling current, which is measured 

quantitatively in STM, AFM is based on mechanical forces between the surface being investigated 

and the sharp tip which can be as small as 1 nm, similar to the act of chewing and touching. The 

forces have long- and short-range contribution and can be either positive or negative, such as 

chemical force, van der Waals forces, capillary forces, electrostatic forces and friction forces, et 

al. A frequently used model is the Lennard-Jones potential to describe the tip-sample interactions.  

AFM works by measuring the sample-probe interaction force while the probe moves 

normally or laterally across the sample surface as shown in Figure 1.1. An XYZ piezoelectric 

actuator moves the tip relative to the sample surface (it moves either the tip or the substrate) and a 

feedback loop maintains a constant force between the tip and the sample [21].  

 

Figure 1.1: Description of the STM and AFM principles [20] 
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The force can be simply measured by monitoring the deflection of the soft cantilevers on 

which the probe is mounted. The cantilever acting as a spring and, within a limited range, the 

deflection is proportional to the tip-sample force, which is governed by the Hooke’s law, F=-kz, 

where F is the force, z is the cantilever deflection and k is the spring constant of the cantilever. 

1.1.2 Resolution of AFM 

Real-time atomic-resolution imaging in air, liquid and ultrahigh vacuum is one of the most 

appealing advantages of AFM. Figure 1.2 compared the imaging range of AFM with other types 

of microscopy.  

 

Figure 1.2: Imaging ranges for different microscopy techniques [22] 
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As a mechanical force-based imaging technique, AFM is not limited by the diffraction limit which 

is suffered by optical microscopy. Meanwhile, AFM can reach identical resolutions of electron 

microscopy, but is more friendly to nonconducting materials and biosamples. In addition to 2D 

imaging, AFM can also provide 3D information of the surface morphology. In practice, the AFM 

resolution depends on the tip radius, the measurement condition, the instrumentation and the 

sample conditions. Typically, the AFM can provide lateral and vertical resolution of  < 1 nm and 

< 0.1 nm, respectively.  

1.1.3 AFM as a multifunctional toolbox 

In addition to high resolution surface imaging, the capability of mechanically controlling 

the probe-sample interaction enables the development of AFM being as a nanotool to manipulate 

individual atoms and molecules. One interesting application is called dip-pen nanolithography 

(DPN) [23]. Briefly, by depositing or modifying materials on the sample through the 

functionalized scanning probe, AFM probe can directly create pattern on the substrate on the scales 

of under 100 nanometers.  

Meanwhile, taking advantage of the temporal characteristics of dynamic tip-sample 

interactions to characterize material properties with high spatial resolution, AFM can be used for 

multiparametric analysis, including chemical force microscopy(force-distance curve-based atomic 

force microscopy)  (CFM) [15], scanning electrochemical microscope (SECM) [24], pump-probe 

infrared spectroscopy [25], scanning thermal microscopy (SThM) [26], and conducting probe 

atomic force microscopy (CP-AFM), et al. For instance, Lal et al. reported using conductive AFM 

to correlate the structure and the conductivity of conjugated polymer film [16].  
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1.2 Optical beam deflection (OBD) method 

 

Figure 1.3: Schematic of AFM operation principle with OBD readout and the approximated laser 

spot on QPD 

 

For most of AFMs, the bending of the cantilever is detected by optical beam deflection 

method (OBD) due to its high sensitivity, simplicity and good biocompatibility [27] [28]. The 

OBD method was first applied in AFM system by Meyer and Amer in 1988 [29]. The basic setup 

of OBD is shown in Figure 1.3. The deflection is monitored on a quadrant photodetector (QPD) 

by following the movement of the laser beam after it has bounced off the backside of cantilever 

tip. The difference in the optical signal of the upper and lower parts of the quadrant photodetector 

is proportional to the angular deflection of the laser beam, and thus proportional to the cantilever 

deflection.  

1.2.1 Sensitivity of OBD  

The sensitivity of OBD describes the relationship between the deflection of the cantilever 

∆z and the output signal of the QPD. Typically, the output of photodiode is current, and is then 
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processed in the downstream electronic circuits including I-V converters, a differential amplifier 

and a band pass filter [30].  

The cantilever deflection angle 𝜃 is proportional to the cantilever displacement, which is 

defined by 

𝜃 =
3

2

∆𝑧

𝜄
,                                                               [1.1]  

where 𝜄 is the cantilever length. The displacement of the laser spot ∆z on the photodetector is given 

by 

∆𝑥 = 3
𝐿

𝜄
 ∆𝑧,                                                             [1.2] 

where 𝐿 it the distance between the tip and the QPD.  

Here the reflected laser spot on the QPD is simplified as a square with a dimension of a × a as 

shown in Figure 1.3. The output current at the photodiode can be described as a function of ∆z as 

𝐼 =
6𝑅𝑆𝑂𝑑

𝜆𝜄
 ∆𝑧,                                                             [1.3] 

Where R, So, 𝜆, d are respectively the sensitivity (response) of the photodiode, the total optical 

laser intensity, the wavelength of the laser beam, and the size of the focused laser beam on the 

probe. The ratio of I and ∆z is the deflection sensitivity. As can be seen here, the OBD deflection 

sensitivity is independent to the distance between the cantilever and the photodiode. Meanwhile, 

higher laser intensity, bigger laser spot focused on the cantilever and shorter cantilever will 

contribute to a high detection sensitivity to some extent.  
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1.2.2 Noise analysis in OBD based AFM 

The noise performance is critical in determining the resolution and sensitivity of the AFM 

sensing and imaging. Previous systematic studies on the development of low-noise OBD-based 

AFM [31]  [32]show that, aside from the environmental mechanical vibrations, the major noise 

sources in conventional AFM system include the photodiode shot noise, detection electronic noise 

and thermal noise.  

Thermal noise of the cantilever is regarded as the fundamental limit of noise. The cantilever 

is acting as a harmonic oscillator which is thermally excited and induces a certain noise amplitude. 

The thermal noise of the AFM cantilever can be estimated from the equipartition theory based on 

that each degree of freedom carries an average energy of  
1

2
kBT in thermal equilibrium. For example, 

in static AFM mode, because the relevant frequency range usually are far below the resonance 

frequency, the mean square vibrational amplitude due to thermal noise within a bandwidth can be 

described as 

〈∆𝑧𝑡ℎ,𝑠𝑡𝑎𝑡
2〉 =

2𝑘𝐵𝑇𝐵

𝜋𝑘𝑄𝑓𝑜
                                                           [1.4] 

where k is the cantilever spring constant, kB is the Boltzman constant, T is the temperature, Q is 

the mechanical quality factor which defines the efficiency of an oscillator, fo is the resonant 

frequency of the cantilever, B is the detection bandwidth. 

However, in practical implementations of AFM, detector related noises, such as short 

noise and Johnson noise, usually turn into the dominant noise sources. 
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Shot noise originates from the discrete arrival of the photons at the photodiode, which 

generate a discrete number of electrons with a probability given by the quantum efficiency. 

Correspondingly, the noise of the photocurrent is induced.  The shot noise current is given by 

∆𝐼𝑠ℎ𝑜𝑡 = √2𝑒𝐼𝐵                                                                              [1.5] 

where e, I and B are the elementary charge, the averaged signal current of the photodiode, and 

the detection band-width. 

Another major detector noise is the Johnson noise which is the electrical noise originating 

from the resistors (RIV) in the current to voltage converter circuit [31]. The voltage fluctuation 

from Johnson noise is given by 

∆𝑉𝐽 = √4𝑘𝐵𝑇𝑁𝑃𝐷𝑅𝐼𝑉𝐵                                                                  [1.5] 

where NPD is the number of photodiodes in the QPD.  

In addition to the thermal noise, detector noise and environment noise, the noise from 

laser intensity fluctuation should also be considered, which will be discussed in Chapter 2.   
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1.3 Array AFM  

In addition to broadly used single cantilever AFM system, cantilever array has emerged as 

a topic of growing interest especially in the fields of label-free biomolecular sensors [28] [33] [34], 

nanolithography [23] and high speed imaging [35]. In addition to overcome the limitation of low 

output of single cantilever detecting, array AFM platforms that can achieve high-resolution multi-

point simultaneous imaging and mapping physico-chemical properties, are expected to have wide 

applicability in investigating the cooperative and coordinated activities of various biological and 

physical systems.  Unfortunately, current array AFM techniques still have intrinsic limitations for 

the widespread applications on simultaneous structure-function multi-parametric studies.  

 One of the biggest challenges in array AFM designing is the independent probe-sample 

interaction force detection. Among all the available readout systems, optical beam deflection 

(OBD) is the most simple and robust method, and can be easily adapted to variety of probe-based 

sensors. However, the main limitation of OBD is its difficulty to scale down to densely compacted 

cantilever arrays owing to optical crosstalk [36] [37], which is particularly important for short-

range investigations as demonstrated in single cell studies [38].  

One of the previous solutions to overcome the optical crosstalk is called time sequential 

position readout (Figure 1.5 a). The laser beam sequentially illuminates the free end of each 

cantilever; the reflected signals is collected by a signal PSD and demultiplexed based on the time 

difference. However, time sequential based readout has limited detection bandwidth and is not real 

simultaneous multi-cantilever detection.   

The second solution is combining expanded illumination laser beam with multi-frequency 

cantilever actuation thereby reducing optical cross-talk by driving each cantilever at different 

frequencies as shown in Figure 1.4 b. This does however restrict the cantilever to work only in 
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dynamic mode, and cannot be used simultaneously with other AFM modalities, i.e., those requiring 

a firm tip-sample contact, such as the measurement of chemical forces and mechanical properties 

[39].  

 

Figure 1.4: Two of the pioneering solutions to overcome the optical crosstalk in OBD based array 

cantilever readout: a, Time sequential position readout [40] and b, Multi-frequency cantilever 

actuation  [39] 
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Another optical method, interferometric readout (Figure 1.5) measuring the phase of 

deflected beam instead of angle, provides an alternative approach to overcome crosstalk, but it is 

complicated in setup, limited to small displacement of the cantilever thus limiting its scalability, 

and is also highly sensitive to environmental noise [41].  

 

Figure 1.5: Schematic of the phase shifting interferometry based micromechanical cantilever 

bending sensor [42] 

 

Other than optical readouts, electronic readouts involving capacitance [43], piezoresistivity 

[44] [45], piezoelectricity [46] and metal-oxide semiconductor field-effect [47] have also been 

used for cantilever array detection.  In piezoresistive cantilever, the piezo-material film, such as 

doped silicon and thin metal film, as a strain sensing element is incorporated in the cantilever. The 

mechanical bending of cantilever will result in a resistance change of the strain-sensing resistor 

and is usually measured through Wheatstone bridge circuit (Figure 1.6). Compared with external 

readout techniques, self-sensing cantilevers allow compact measurement setup and is compatible 

with imaging environments with low or varying optical transparency.  However, these electronical 

readouts are limited by microfabrication complexity, comparatively low signal-to-noise ratio and 

detection speed, and lack bio-compatibility.  
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Figure 1.6: Piezoresistive AFM cantilever a, schematic of the measurement setup and b, SEM 

image of piezoresistive cantilever [21] 

 

1.4 Dispersive optics  

Dispersion is the behavior that the phase velocity of a wave is dependent on its frequency. 

Due to the dispersion, the angles of refraction change for different colors of light, which can split 

a compound beam into its components. Dispersion sometimes is undesirable, for example, in 

lenses, dispersion results in chromatic aberrations in which the lens cannot focus all colors of light 

at the same point, thus degrading the image quality in camera and microscope. More often, the 

dispersion of light is utilized in spectrometers to separate, measure and decipher spectral 

information (intensity vs. wavelength) of light. The optical elements separating the radiation into 

the spectral components are usually prisms and diffractions gratings [48, 49].  

Prisms actually serve many different roles in optics, such as polarizers and beam-splitters, 

besides that, they can change the orientation of images and the propagation direction of light (like 

penta-prism and corner-prism) [50]. Here I will mainly talk about its functionality of separating 

the polychromatic light beam into the constituent frequency components. As shown below (Figure 

1.7), ΔABC is the principle cross section of a prism, and the incident beam striking on AB 



14 

 

undergoes the 1st refraction at E. The refraction angle i2 is smaller than i1, since the prism has larger 

refractive index than the ambient air, so the beam will be deflected towards the bottom edge of 

BC. Then it will undergo the 2nd refraction at F of the AC surface, and the refraction angle i1’ is 

larger than i2’ at F, making the light beam further deflect downwards.  

 

Figure 1.7: Deviation angle and color dispersion of prisms 

 

Compared to its original direction, the final beam has been deflected by an angle of δ 

known as the deviation angle.  

δ = (𝑖1 − 𝑖2) + (𝑖1
, − 𝑖2

, )                                                         [1.6] 

α = 𝑖2 + 𝑖2
,                                                                            [1.7] 

δ = 𝑖1 + 𝑖1
, − α                                                                         [1.8] 

δ changes with the original incident angle i1, and when i1= i1’, the deviation angle is the minimum, 

and the refractive index of the prism can be calculated as  

n =
𝑠𝑖𝑛

𝛼 + 𝛿𝑚𝑖𝑛

2

𝑠𝑖𝑛
𝛼
2

                                                                          [1.9] 
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with the apex angle α known, and the minimum deviation angle measured, the refractive index of 

the prism can be derived. When a beam of white light incident on the prism, since different 

wavelengths have different refractive indices, they will have different deviation angles. Usually 

with the decrease of wavelength, the refractive index of the prism as well as the deviation angle 

increase. 

The other important optical component for color dispersion is diffraction grating, which 

are usually made of periodic structures, such as slits, grooves and ridges [51]. The directions of 

the emergent beams depend on the spacing of the grating and the wavelengths. Diffraction gratings 

can be transmissive or reflective, and constructive interference makes it possible to pick out 

preferred light component (Figure 1.8 and 1.9). As shown below (Figure 1.8), α is the angle 

between the incident light and the direction perpendicular to the grating, and β is the angle between 

the diffracted beam and the normal direction.  

For transmission grating with constructive interference, 

𝑑𝑠𝑖𝑛𝛼 − 𝑑𝑠𝑖𝑛𝛽 = 𝑚𝜆                                                                [1.10] 

𝑠𝑖𝑛𝛼 − 𝑠𝑖𝑛𝛽 = 𝑁𝑚𝜆                                                                 [1.11] 

While in terms of a reflection grating, 

𝑑𝑠𝑖𝑛𝛼 + 𝑑𝑠𝑖𝑛𝛽 = 𝑚𝜆                                                               [1.12] 

𝑠𝑖𝑛𝛼 + 𝑠𝑖𝑛𝛽 = 𝑁𝑚𝜆                                                                [1.13] 

d is the spacing between the slits, 𝜆 is the incident wavelength, N is the groove density that 

is the number of slits per mm, and m is the order of diffraction, which is an integer. 
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Figure 1.8: Diffraction and optical path illustration in transmission and reflection grating 

 

 

Figure 1.9: Schematic of transmission and reflection grating with etched ridges on the surface 
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When the incident angle is a set to be a constant, differentiating both sides with respect to 

𝜆, the angular dispersion 
𝑑𝛽

𝑑𝜆
 can be acquired, which shows the change of diffraction angle to the 

wavelength change.   

𝑑𝛽

𝑑𝛼
=

𝑁𝑚

𝑐𝑜𝑠𝛽
                                                                     [1.14] 

For two spectrum lines with neighboring wavelength 𝜆 and 𝜆 + 𝛥𝜆, the extent to which 𝛥𝜆 

can be reduced while the two lines can still be distinguished is the resolution. The resolution 
𝛥𝜆

𝜆
 

for a grating with total width of L is given as, 

∆𝜆

𝜆
= 𝑚𝑁𝐿                                                                    [1.15] 

Compared to prisms, gratings tend to have more uniform dispersion and higher resolution 

[52]. Besides spectrometers, they have been widely used in monochromators, wavelength 

multiplexing devices and many other optical instruments. The widely used material in reflection 

gratings is aluminum coating, since it shows strong reflection within a broad range from 

ultraviolet, visible to near-infrared and it is soft to be fabricated. The groove density etched on the 

Al coating is usually 600, 1200 or 1800 per mm, with larger density, the spectral resolution will 

be higher. 

1.5 Supercontinuum laser  

A laser is a device emitting a beam of coherent (both spatially and temporally) through 

optical amplification process. The three essential components for lasers are reflection mirrors, 

optical gain and cavity, and stimulated emission. Lasers can be classified as continuous wave and 

pulsed, dependent on whether the output power is continuous over time or the output has the form 
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of pulses. As a very unique source, supercontinuum light can be described as “broad as a lamp, 

bright as a laser”, covering a wide range from visible to infrared [53].  

The inherent features of the nonlinear optics are the spectra broadening and the generation 

of new frequency components. As one of the representative processes in this field, supercontinuum 

generation was first reported by Alfano and Shapiro in 1970 [54] [55]. Supercontinuum laser is a 

continuous broadband spectrum (“white light”) generated through the propagation of ultrashort 

high-power pulses in nonlinear media [56]. Usually, the spatial coherence remains high especially 

in a single mode fiber, however, the broad bandwidth implies a low temporal coherence. The 

nonlinear media could be a piece of glass, an optical fiber or photonic crystal fibers of particular 

interests. Figure 1.10 shows the structure of the photonic crystal fiber used in supercontinuum 

generation. The physical mechanisms lying behind supercontinuum involves many nonlinear 

processes, such as soliton fission, four-wave mixing and self-phase modulation.  

 

Figure 1.10: Structure of photonic crystal (PCF) fiber. a) SEM image of the PCF used for the 

supercontinuum generation, b) Detail of the microstructure in the central area [57] [58] 

 

The processes generating supercontinuum can be very different depending on the pulse 

during, the peak power and the dimensions of the nonlinear media etc [53] [57]. Figure 1.11 shows 
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the simulation result of the spectra and temporal characteristics of the supercontinuum 

corresponding to different input pulse duration. With picosecond or nanosecond pulses pumping, 

Raman scattering and four-wave mixing play a dominant role, while for femtosecond pulses 

pumping, it is the self-phase modulation dominated the spectra broadening. The combination of 

anomalous dispersion and self-phase modulation results in complex soliton dynamics, like soliton 

fission, in which higher order solitons split into multiple fundamental solitons.  

 

Figure1.11: Simulation results for spectral and temporal characteristics for supercontinuum 

generated in 2 m of photonic crystal fiber with pump pulse durations in the range of 10-50 ps. The 

pulse is at 800 nm with peak power of 500 W [57] 
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Due to its broadband, intensive power and excellent spatial coherence, supercontinuum 

radiation has been widely used in chemical sensing, spectroscopy, flow cytometry, optical 

coherence tomography, telecommunications and integrated photonics circuits et al [57] [59]. 
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Chapter 2 

Design, Implementation and Noise Analysis of SEA-AFM 

AFM is an outstanding measurement technique bridging the gap between nano-scale high 

resolution morphology imaging and localized physical/chemical properties detection based on the 

probe sample interaction. However, current AFM technique is limited to sequential single-point 

detection and the slow scanning speed, which is especially critical in dynamic systems. Thus, we 

think Array AFM with multi-cantilever scanning sample surface simultaneously, has great 

potential to achieve high resolution structure-function imaging in multiscale dynamic systems.  

One of the biggest challenges in array AFM design is the independent probe-sample 

interaction force detection. Compared to the existing sensing methods, such as electrical and 

magnetic sensing, optical beam deflection method (OBD) has been recognized as the “gold 

standard” due to its excellent sensitivity, biocompability and adaptability to variety of probe-based 

sensors. Nonetheless, when applying OBD to array AFM detection, especially cantilevers being 

closely compacted, the optical crosstalk becomes a critical issue. Very complicated detection will 

be needed to differentiate the deflection from each cantilever.  

To address the challenges creatively, we have developed an advanced OBD readout 

method-based array AFM platform, called Spectral-spatially Encoded Array AFM (SEA-AFM). 

This achieves simultaneous multi-point and multi-parametric nanoscale analyses, and due to few 

environmental constraints, retains good biological compatibility. Instead of using single 

wavelength red laser which has been widely adopted in commercial AFM, a single supercontinuum 

laser beam and dispersive optical elements are utilized to spectrally and spatially map an array of 

cantilevers such that each cantilever has a unique wavelength channel associated with it. The 
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deflected beams from multiple cantilevers can therefore be addressed both simultaneously and 

independently via wavelength selection. In this way, the detection system is significantly 

simplified, the crosstalk problem is overcome, all the while maintaining high sensitivity and 

scalability. To demonstrate the SEA-AFM platform’s versatility and robustness, we have applied 

our newly designed array for parallel morphology imaging of a variety of bio&non-bio samples in 

liquid and air. To form a better understanding of the spectral-spatially encoded design, we will 

need to discuss some background. 

2.1 SEA-AFM Design 

The general design and working principle of the SEA-AFM is shown in Figure 2.1. The 

system consists of a supercontinuum laser with associated optics, a customized Multimode AFM 

equipped with a Nanoscope controller III (Bruker) and quadrant photodetectors (QPDs). 

Broadband light beam from a supercontinuum laser is reflected by a dispersive grating and the 

stretched beam is projected onto an array of reflective cantilevers. An image of the projected 

spectrally gradient laser beam on a cantilever-array is shown in Figure. 2.4. Reflected beams of 

different wavelengths from multiple cantilevers are separated by an optical demultiplexing device, 

such like a series of dichroic beam splitters, and detected by an array of QPDs. Although in 

principle the SEA-AFM system can be adapted to different AFM modalities, AFM imaging in this 

study is done in constant height mode.   
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Figure 2.1: SEA-AFM system. A supercontinuum laser, reflected by a grating (groove 300 mm-1), 

transmits through a focusing lens and projects a spectral gradient onto a cantilever array. Each 

cantilever is illuminated by light with distinct wavelength. The beams deflected by the array of 

cantilevers are monitored by a QPD array following an optical frequency demultiplexing 

component, such as a series of dichroic beam-splitters and filters 

 

2.1.1 Principles of SEA-AFM and Illumination optics  

The SEA-AFM system, with custom-made illumination and detection optical systems, 

measures multiple cantilevers simultaneously based on the optical beam deflection (OBD) method. 

Its illumination path, mainly consisting of a supercontinuum laser (Extreme, NKT Photonics), a 

reflective grating (Edmund Optics Inc.) and an objective lens (Mitutoyo, 10X), delivers a 

‘rainbow’ like beam to the cantilever array. Each cantilever is illuminated by a distinct wavelength, 

and hence, measuring beam deflection at certain wavelengths can isolate the information from 

each cantilever.  

To predict the performance of the SEA-AFM system, we use a simplified optical model 

(Figure 2.2) to estimate the achievable minimum separation of two cantilevers, and the total size 

of illumination based on the given operating spectrum. Afterwards, the number of cantilevers that 

could be packed in a limited space is estimated.  
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Figure 2.2: The schematic of SEA-AFM optical Setup.  BP: Bandpass filter from 630nm to 660nm; 

Lens L1 and L2 forms a 2X beam expansion system; M1, M2, M3: Silver mirrors; BS1,BS2: 50:50 

Beam splitter; L3: 200 mm tube lens; L4: 50 mm plano-convex lens; OBJ: 10X long working 

distance objective lens (Mitutoyo, 10X); QPD: quadruple photo detector (skyhunt, SKY-QD100); 

DBS: Dichroic Beamsplitter (Semrock, FF624-Di01 ); AMP: Programmable amplifier (Alligator 

Technologies, USBPIA-S1) 

 

For a given wavelength 𝜆, it has a beam diameter D and is reflected by the diffraction 

grating shown in Figure 2.2. After the beam passing through the objective lens, its beam waist can 

be estimated by a Gaussian beam model, 

2𝑤0 = (
4𝜆

𝜋
)(

𝑓

𝐷
),                                                                  [1] 

where 𝑤0 is the Gaussian beam waist, 𝐷 is the diameter of the laser beam, and 𝑓 is the 

focal length of objective lens (20 mm). In our system, the central operation wavelength is ~ 645 

nm, and beam diameter is 1 mm. The diameter of the focal spot will be: 

  2𝑤0 = 16.4 𝜇𝑚,                                                                [2] 
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From the Gaussian beam model, this is 1/e2 beam width, which means the beam intensity 

drop to 1/e2 when it is w0 distance away from the beam center. The fraction of received energy 

from adjacent laser beam results in the optical cross-talk of the SEA-AFM system (Left, Figure 

2.3). Obviously, a larger separation will have smaller optical crosstalk (Right Figure 2.3). In SEA-

AFM system, 2w0 is defined as a critical point beyond which two adjacent cantilevers will have 

optical crosstalk.  

The spatial position of a focal spot is controlled by its wavelength and grating period: 

𝜃 ≈ 𝜆/𝑑                                                                          [3] 

Where 𝜃 is the first order diffraction angle from the blazed grating, 𝑎𝑛𝑑 𝑑 is the grating 

period (1/300 mm).  

The lateral separation of two focal spots (at two distinct wavelengths) is 

𝑆 ≈ 𝑓 ∗ (𝜃1 − 𝜃2) = 𝑓 ∗ ∆𝜆/𝑑                                                        [4]   

Where 𝜃1 and 𝜃2 are the diffraction angles from two wavelengths, respectively. ∆𝜆 is the 

difference of the two wavelengths. The beam separation 𝑆 needs to be larger than the spot size of 

illumination at a single wavelength in order to minimize the cross-talk between cantilevers. 

For a minimum spacing of 16.4 𝜇𝑚 (Middle, Figure 2.3),  

∆𝜆 = 2.73 𝑛𝑚 

For a spectrum from 500 to700 nm, the illumination laser spot can be as large as 1.2 mm.  

Hence, the two closely packed cantilevers will have their deflection beams differing ~3 nm 

in spectra, and the SEA-AFM can pack up to ~70 cantilevers. In principle, the minimum space 
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between two neighbor cantilevers could be reduced further, to a theoretical boundary of ~𝜆/2 𝑁𝐴, 

and the number of the detectable cantilevers could be even larger. In practice, the geometry of the 

cantilever and the operational condition will also affect the number of cantilevers that can be 

packed in the system. 

 

Figure 2.3: Simplified optical model to illustrate the crosstalk. Left: Obvious crosstalk happens 

when cantilever separation is smaller than focal spot size (2w0). Middle: threshold. Right: 

cantilever separation is larger than the focal spot size and no obvious optical crosstalk 

 

2.1.2 Experimental Set-Up 

The array AFM system is adapted from a Multimode AFM (Bruker, Santa Barbara, USA) 

with Nanoscope III controller by customizing both the illumination and deflection beam paths. 

The experimental setup is shown in Figure 2.4. A supercontinuum laser (Extreme, NKT Photonics. 

Inc, Portland, USA) is used to illuminate cantilever arrays through a dispersive grating and an 

objective lens. The AFM head is customized to have top opening for illumination and side opening 

for deflection beam detection. Two QPDs (quadrant photo detectors), (Skyhunt, Toronto, Canada) 

are used to monitor the deflected beams from two cantilevers, respectively. The two deflected 

beams are separated by a dichroic mirror (Semrock, Rochester, USA). Two programmable 

amplifiers (Alligator Technologies)/locking-in amplifiers (Stanford instrument, SR830 DSP) 

amplify the signal from QPDs and send it to AFM through Signal Access Module (SAM). The 
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system is operated with passive cantilever array, and all the AFM images are taken in constant 

height mode. In our current complementation, the supercontinuum laser was operated with around 

300 ps at 78 MHz repetition frequency. The peak power was around 40 times of the average power. 

Considering the comparatively high peak energy and large laser spot size, special attention has to 

be paid when imaging photosensitive specimens; and the laser power, pulse duration and 

wavelength range should be adjusted accordingly (50)(51). 

 

Figure 2.4: Experimental setup: Top left: system overview; Top right: illumination optics. Bottom 

left: illumination beam on three cantilevers; Bottom right: detection optics and detector 

 

2.1.3 Proof of Concept 

The dispersive optics-based readout method minimizes the crosstalk by assigning each 

cantilever an independent wavelength channel. A proof-of-concept test shows that two adjacent 
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cantilevers can be individually illuminated and recorded by wavelength selection with the SEA-

AFM approach (Figure 2.5). 

 

Figure 2.5: SEA-AFM detection in dynamic mode. a, The cantilever array was vibrated under auto 

tuning mode using external inertial excitation in the vibrating frequency range from 0-100 kHz. 

By adjusting the laser wavelength range using the band pass filter, we obtained two resonant peaks 

at 23 kHz and 65 kHz with the 630-670 nm wavelength (top), single resonant peak at 23 kHz with 

the 635-645nm wavelength range (middle) and at 65 kHz with 655-665 nm wavelength range 

(bottom). The drive amplitude was automatically adjusted during the frequency swiping, 

accounting for the different amplitudes for the same cantilevers at different frequency sweep 

ranges. b, SEM image of the two-cantilever array. The long cantilever A has smaller resonant 

frequent in the range of 14-26 kHz compared with the shorter cantilever B which resonant 

frequency in the range of 40-75 kHz 

We vibrated the paired cantilever array using an external inertial drive, performed a 

frequency sweep from 0 to 100 kHz and used a QPD to monitor beam reflections from the two 

cantilevers with different resonant frequencies (Figure 2.6b). For incident laser beams with 
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wavelengths from 630 nm to 670 nm, we measured two characteristic peaks corresponding to the 

resonance frequencies of the cantilevers; for 640 nm (10 nm Bandwidth) laser beam, only a 23 

kHz peak is observed; for 660 nm wavelength (10 nm Bandwidth), only a 65 kHz peak is observed 

(Figure 2.6a).  

2.2 Crosstalk discussion 

Crosstalk between two cantilevers was minimized as determined by cantilevers separation 

and the focal spot size at each wavelength channel. For the system shown in Figure 2.4, a ~16 µm 

illumination spot size at a single wavelength channel determined the minimum separation of two 

cantilevers without obvious crosstalk. The ‘rainbow’ beam that is projected on the cantilever array 

has a length of 1.2 mm, making it potentially suitable to illuminate up to ~70 cantilevers (16 µm 

separation) without significant crosstalk while not further complicating the illumination system 

(Section 2.2.1). By further optimizing the system (e.g. smaller illumination spot size and larger 

grating dispersion), the minimum space between two neighboring cantilevers could be reduced 

more. In practice, the geometry of the cantilever and the operational condition will also affect the 

number of cantilevers that can be packed in the system.  

In principle, the SEA-AFM shares the same theoretical limit for the spacing between two 

cantilevers as other previously reported optical readouts for array AFM, namely the diffraction 

limit λ/2NA, similar to optical microscopy resolution limitation. The intrinsic advantage of our 

spatially and spectrally encoded method is that it allows a much easier and practical 

implementation to achieve simultaneous high-resolution differentiation of the laser deflections 

from multiple closely packed cantilevers. Table 1 summarizes previously reported methods to 

overcome the optical crosstalk in array AFM OBD, and compares with our SEA-AFM.  
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Table 2.1: Summary of studies on cantilever array OBD readouts to overcome optical crosstalk 

 

 

Our strategy does not sacrifice the adaptability to other probe-based sensing functionalities, 

and the system is straightforward and robust enough to be scaled up and used by researchers in 

other areas. In general, optical readouts eliminate most of the electronic and thermal crosstalk that 

hinders the high-density array packing  [60] [61] [62]. However, as we mentioned earlier, single 

frequency optical readouts are typically challenging for large scale closely packed array AFM due 

to the severe crosstalk [39]. In the case of SEA-AFM, the spectral information represents an 

additional degree of freedom, enabling the cantilever packing density close to the optical 

diffraction limit without substantial crosstalk. 
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In practice, the physical size of the cantilever, the reflection intensities, the mechanical 

vibration interference from the neighboring cantilever and the targeted sample surface roughness 

will limit the number of cantilevers that can be packed in the system.  

2.3 From 1D to 2D spectral-spatially encoded Illumination  

 

Figure 2.6: Schematic of 2D disperser which including a VIPA and a diffraction grating  [63] 

 

Notably, our spectral-spatially encoded detection strategy can be adapted to illuminate a 

2D AFM array with a larger number of tips via slight modification of the optics. This can be 

achieved by combining a virtually-imaged phase array (VIPA) and a diffraction grating at an 

orthogonal angle to each other, creating a so-called ‘spectral shower’, as shown in Figure  [63]. 

Our preliminary optical design and the image of 2D illumination spot coupled on three 

cantilevers arranged along diffraction direction are shown in Figure.  
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Figure 2.7: a, Photography of the optical system for 2D illumination, b, 2D illumination spot 

impinging on three cantilevers 

 

2.4 Noise power spectra measurement and analysis 

In general, optical readouts eliminate most of the electronic and thermal crosstalk that 

hinders the high-density array [60] [61] [62]. As we mentioned earlier, single frequency optical 

readouts are typically challenging for large scale closely packed array AFM [39]. In the case of 

SEA-AFM, the spectral information represents an additional degree of freedom, leading to the 

cantilever packing density close to the optical diffraction limit without substantial crosstalk.  

The typical noise spectra of our setup are measured using a silicon cantilever (Bruker: 

MPP-21100, nominal spring constant k = 3 N/m and length = 225 µm); the reflected laser 

wavelength is ~635 nm (Figure 2.10-2.13). We specifically investigated the influence of laser 

beam shape, the laser power and stability, and the free air path on our system noise level. 

 (a) Beam shaping: the numerical aperture (NA) of the illumination light on the cantilever 

is important for improving sensitivity. A smaller NA of the incident light will usually lead to a 

larger focal spot on the cantilever. This translates into a smaller laser spot on the detector, resulting 

in a greater light energy shift from one side of the QPD to the other for a given cantilever 
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deflection. Thus, better deflection sensitivity and signal to noise ratio can be achieved  [32] [64] 

[65] [66]. 

 

Figure 2.8: Beam shaping strategy to decrease the noise floor in SEA-AFM. Optical setup 

adjustment from V_1.0 to V_2.0. A cylindrical lens (CL) with focal length of 150 mm was placed 

in front of the objective lens (OBJ) with a distance of ~125 mm. Cantilever was maintained at the 

focal plane of OBJ. To maintain the collimation in XZ plane, the position of L4 was adjusted 

 

To get better deflection sensitivity, we modified our platform: a cylindrical lens was added 

in front of the objective lens (Figure 2.8), so that the NA of the incident light is decreased and the 

laser spot on the cantilever is stretched along its length, which result in an elliptical laser spot upon 

the detector, with the short axis is oriented along the laser spot displacement direction. In this way, 

the effective laser spot size on the detector is reduced from ~2.5 to ~0.9 mm, without sacrificing 

the spatial resolution on the plane of the cantilever array.  
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Through this improvement, the system deflection noise floor was decreased from ~2000 to 

500 fm/√tHz (Figure 2.9). To point it out, the current optical adjustment is limited by the space in 

our current prototype, further optical optimization can be achieved in a future design. 

 

Figure 2.9:  Deflection noise spectrum of V_1.0 and V_2.0. A Si cantilever with spring constant 

of 3 N/m and length of 225 um (Bruker: MPP-21100) was used. The deflection powers on detector 

are adjust to close value: 85 µW (V1.0) and 110 µW (V 2.0). National Instruments USB-6361 was 

used for signal acquisition with sampling rate of 1MHz 

 

(b) Supercontinuum laser stability: In addition to the shot noise and the Johnson noise, 

the supercontinuum laser’s intensity fluctuation is another major noise source in SEA-AFM due 

to the non-linear nature of the visible spectrum generation [67].  

We quantitatively evaluated our laser’s noise under different output power with central 

wavelength of 635nm and bandwidth of 6nm (Figure 5.10). By increasing the laser output power 

from 50% to 100%, the laser relative intensity noise (RIN) floors were gradually improved from -
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88 to -92 dBc/Hz.  

Thus, we increased the laser output from 50% to its maximum to get a more stable laser 

source. Correspondingly, the laser power on the detector is increased from 110 to 239 µW. An 

increasing laser power will also enhance the detection sensitivity and suppress the shot noise. 

 

Figure 2.10:  The relative intensity noise PSD of supercontinuum laser at two different output 

powers: 50% and 100% (central wavelength of 635 nm and band width of 6 nm) 

 

       Through stabilizing the laser intensity by increasing the laser power output, our system’s noise 

was further reduced from 500 to 350 fm/√Hz (Figure 2.11). The measured noise level for our 

system falls within the practical range for typical value of OBD detector (20-1000 fm/√Hz). As a 

comparison, the noise floor of commercial AFM (Multimode Nanoscope V) was measured through 

thermal tuning using the same cantilever; and the result is 230 fm/√Hz (Figure 5.11). This level 

can be further improved by using probe with metal coating on the backside (the cantilever Bruker: 
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MPP-21100 we are using has no metal coating, which could decrease the deflection laser power 

about 2.5 times) and implementing better environmental noise isolation. 

       It is worthwhile to mention here, besides increasing the laser power output, using a broader 

wavelength window impinging on cantilever by adjusting the dispersive optics could be another 

practical strategy to further improve the laser stability. Meanwhile, optimizing electronic circuit 

can also help to reduce this noise, such as sufficient common mode rejection ratio (CMRR) of 

differential amplifier (39), and ratiometic technique [69].  

 

Figure 2.11: Laser intensity stabilizing to decrease the noise floor of SEA-AFM. The deflection 

noise spectrum of SEA-AFM with two different laser powers and commercial Multimode AFM 

(Bruker: Nanoscope V) 

 

(c) Free air path and other low frequency noises: We also investigated the free air path’s 

influence on the 1/f noise (Figure 2.12). After the free air path decreased from 550 to 155mm, the 
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1/f noise power density is 20-fold decreased. Unfortunately, our current alignment space is limited 

by the sizes of the optical components, making it difficult to condense the configuration. Besides, 

the low frequency noise could also be further relieved by environmental noise cancellation and 

improvement in the mechanical stability of each component. 

 

Figure 2.12: Free air path influences on position detection. The laser (central wavelength of 641nm 

with bandwidth of 75nm) spot was aligned at the center of the QPD, and the free air path from 

laser source to detector was varied. Noise power spectral density analysis when free air path was 

155 mm and 550mm 

  

In conclusion, since SEA-AFM has the same detection principle as conventional OBD [27], 

the theoretical limit of the detection sensitivity obtained by SEA-AFM should be almost identical 

to conventional OBD. We tested the noise power spectrum of our SEA-AFM using a silicon 

cantilever (Bruker: MPP-21100, spring constant k= 3 N/m). Through adjusting the laser power and 

optimizing the beam shape, the deflection noise density floor of our current setup reaches around 

350 fm/√Hz. Importantly, most of the conventionally reported techniques which have been applied 
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to improve the signal-to-noise ratio of OBD method are equally well suited to SEA-AFM [66] [70] 

[71] [32] [72] [64]. Thus, we speculate that by further optimizing the system, the noise level of 

SEA-AFM will be close to that of commercially available AFMs. 

2.5 Experimental Demonstration of Parallel Topography Imaging 

We evaluated the feasibility of the array AFM system for parallel topography imaging. 

Two different areas on the calibration grating (Figure 2.14a) were imaged simultaneously in 

constant height mode with our customized silicon nitride cantilever array (Figure 2.13, the two 

probes have similar cantilever length of ~200µm with ~388 µm apart).  

 

Figure 2.13: SEM image of the parallel cantilevers used for imaging and detecting in Chapter 2-4. 

The distance between the two cantilevers is 388 µm. The cantilever array was purchased from 

Bruker Nano Inc.(Model MLCT) and custom-modified by FIB milling 

 

Crosstalk between the two cantilevers is not observed. To further demonstrate the imaging 

capabilities and resolution of the array AFM under different environmental conditions, multiple 

samples were used: fixed and live human differentiated neural progenitor cells, filtered seawater 

samples and sputtered gold nanoparticles (Figure 14b, c, d and e). These imaging measurements 

validated the applicability of the SEA-AFM system for the demanding parallel AFM topography 

imaging in both air and liquid. A promising solution for further improvement is to adapt reported 

active probe array  [35] [62] in our SEA-AFM to achieve independent force control of each 
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cantilever. 

 

Figure 2.14: Parallel SEA-AFM morphology imaging of various samples using double cantilevers 

(top images are from cantilever 1, and bottom images are from cantilever 2. a, Standard calibration 

grid (pitch size: 3 µm). Insets with relative same locations: 1 µm x 1µm. b, Fixed human 

differentiated neural progenitor cells (NPCs) derived from induced pluripotent stem cells (iPSCs) 

in air. c, Live NPCs in fluid. d, Filtered seawater samples on 0.22 µm track-etched polycarbonate 

membranes with different types of captured particulate matter. Insets with relative same locations: 

4 µm x 4µm. e, Sputtered gold nanoparticles. Top inset: ~200 nm x 200 nm; bottom inset: 150 nm 

x 150 nm. Though great care was taken to engage both cantilevers at the same time, cantilevers 2 

in this example still has larger scanning force than cantilever 1, so the images taken by cantilever 

2 show more streaky artifacts 

 

2.6 Potential photodamage  

The supercontinuum laser in our setup was operated with a much longer pulse duration, 

~300 ps at 78 MHz repetition frequency. The peak power is around 40 times of the average power. 

Thus, the supercontinuum laser has a relatively lower peak power compared with the femtosecond 

laser with the same average power. Also, according to our experience, when imaging in an aqueous 

environment, most of the heat generated by the laser will be absorbed by the water, so that the 

laser heating is usually not sufficient to damage the sample. However, we still think it is necessary 

to optimize the laser power, pulse duration and wavelength range when using photosensitive 

specimen [73] [74] [75]. 



40 

 

Meanwhile, since we are using wide range of colors to get spatial discrimination, some 

may raise the concern that the short wavelength light, like blue color, will bring more energy and 

be harmful to biosamples or induce photodamage. However, it is not always necessary to use the 

whole visible wavelengths in SEA-AFM. As an advantage of the supercontinuum laser source, it 

provides a broadband wavelength range, by adjusting the dispersive optics, even a short bandwidth 

can provide sufficient spatial resolution for the cantilever array. 

One of the drawbacks of the current design is that the larger laser spot leads to increased 

exposure of sample surface to the illumination, though it makes the cantilever array alignment 

much easier. The potential solution in the future is: instead of dispersive grating, we can use Fabry-

Perot cavity demultiplexer, which can work as multi-bandpass filter while separating each 

wavelength channel spatially. In this way, the large laser spot will be divided into a discrete laser 

spot array with tunable spot size and different wavelengths. Through adjusting the optical 

alignment, we can couple the laser spot array with various wavelength channels to the probe array 

avoiding unnecessary irradiation on the sample.   

2.7 Conclusion  

In this section, we have explored theoretically and experimentally the SEA-AFM system. 

Spectral-spatially encoded strategy is a simple yet effective solution to overcome the crosstalk 

issue in Array-AFM designing. The feasibility of the SEA-AFM is proved by imaging variety of 

bio and non-bio samples in air and in liquid. 

Chapter 2 is reprint of materials as it appears in the following publication: Qingqing Yang*, 

Qian Ma*, Kate M. Herum, Chonghe Wang, Nirav Patel, Joon Lee, Shanshan Wang, Tony M. 

Yen, Jun Wang, Hanmei Tang, Yu-Hwa Lo, Brian P. Head, Farooq Azam, Sheng Xu, Gert 
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Cauwenbergh, Andrew D. McCulloch, Scott John, Zhaowei Liu*, Ratnesh Lal*. Array atomic 

force microscopy for real-time multi-parametric analysis. PNAS, 2019, 116, 5872. The dissertation 

author was the primary investigator and the first author of the paper. 
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Chapter 3 

Multiparametric Analysis  

In addition to high resolution imaging, a major advantage of the SEA-AFM is its 

compatibility to varied probe-based sensors for multifunctional imaging thanks to the simplicity 

and sensitivity of the optical lever readout mode. In this chapter, three applications of SEA-AFM 

are described and discussed, including hydrophobicity mapping, electric potential mapping and 

detection of mechanical wave propagation in thin polymeric film. The experiments are aimed to 

demonstrate the broad potential applications of SEA-AFM on multiparametric analysis in both air 

and liquid, which provide new insight on deciphering the complex emergent properties in physical 

and biological networks.  

3.1 High Resolution Surface Hydrophobicity mapping  

 “Hydrophobic” originates from Ancient Greek, meaning “water-fearing”. It describes the 

tendency of nonpolar molecules, such as alkanes, hydrocarbons and fluorocarbons, to self-

assembly in aqueous solution and exclude water molecules.  It is interesting to point out that the 

hydrophobic interaction, the attractive force between hydrophobic molecules and surfaces, is often 

stronger in water than that in free space. The hydrophobic effect can be explained as an entropy 

driven process, in which the disruption of highly dynamic hydrogen bonds between liquid water 

molecules by the nonpolar solute decreases entropy. By aggregating together, the surface area of 

nonpolar molecules exposed to water is reduced and their disruptive effect is minimized. 

As a long-range attractive force, hydrophobic effect can explain a broad range of 

interfacial, colloidal and biophysical phenomena, including self-assembling amphiphilic 

molecules into micelles and bilayers, folding of proteins, hydrophobic aggregation, the fusion of 

https://en.m.wikipedia.org/wiki/Hydrogen_bond
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bilayers and biological membranes and cell adhesion [76]. However, these interactions have been 

difficult to quantify and map, especially at the subcellular level, owing to the paucity of appropriate 

methods. 

Various surface studies, such as surface tension and contact angle measurements, can 

reveal information about liquid-liquid and solid-liquid adhesion energies, but have very limited 

spatial resolution. Chemical mapping techniques, for example, Raman spectral mapping has been 

widely used in identifying different chemical domains on the sample surface, however, the spatial 

resolution is determined by diffraction limit, which ranges within hundreds of nanometers. , 

Meanwhile, complementary techniques are highly required to measure quantities directly related 

to the hydrophobic properties [77]. As previously discussed in Chapter 1, AFM tip functionalized 

with well-defined chemical groups can work as a useful tool to quantitatively map the 

hydrophobicity based on the force-distance (FD) curve, with angstrom precision and piconewton 

sensitivity [78] [79]. The attraction between AFM tip and substrate is reflected on the force 

distance curve, as the pull-off force when the tip withdrawn from the substrate. Force-curve based 

AFM hydrophobicity mapping offers two major advantages over other exiting techniques: i. the 

hydrophobic interactions are measured directly and quantitatively; ii. Nanoscale resolution of the 

hydrophobicity on the sample surface could enable mapping on live cells. In pioneering work 

reported by Dague et al., FD-based AFM with hydrophobic, methyl-terminated tips was adopted 

to probe the hydrophobic surface properties of mycobacteria surface in response to 

antimycobacterial drugs [80].   

However, conventional AFM is limited to sequential single-point detection, which 

hindered its application in studying highly dynamic cellular events. For example, the cell plasma 

membrane is highly dynamic, characterized by constituents of different fluidity that arise from 
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lipid and protein organization. The organization is sensitive to environmental stimulations that 

plays a critical role in cell processes, such as signaling and proliferation [81] [82]. SEA-AFM with 

the capability of simultaneously multi-point structure-hydrophobic mapping could be an effective 

tool to better understand the highly dynamic biological processes. Here we presented the 

chemically functionalized SEA-AFM for differentiating the hydrophobicity of patterned 

Cytop/SiO2 substrate.  

3.1.1 Materials and Methods 

Chemical modification of AFM probes. To coat hydrophobic layer on SiNx cantilevers, 

the cantilevers were first rinsed in piranha solution for 15 min, and then treated in a UV/ozone 

cleaner for ∼20 min. Afterwards, the cantilevers were immersed into a ∼10-3 mol/L 

octadecyltrichlorosilane (OTS) solution in toluene. Immediately after the immersion, the 

cantilevers were washed three times in chloroform, acetone, and again in chloroform [77]. 

Hydrophobic Cytop coating and patterning. Cytop is a kind of amorphous 

fluoropolymers. As a standard nonpolar molecule, Cytop owns the strong hydrophobic property. 

In contrast, SiO2 usually shows surface hydrophilic characterization due to the silanol Si-OH 

formed on the surface, which can form hydrogen bond with water molecules.  Here, we defined 

Cytop patterns on SiO2 substrate to verify the capability of functionalized SEA-AFM for parallel 

hydrophobicity mapping.  

Cytop sample was patterned with Cytop polymer (Asahi Glass Co., Japan) on glass slides 

(Thermo Fisher Scientific, USA) following the modified protocol published previously (55). 

Before Cytop coating, the glass slide was solvent-cleaned. Cytop polymer type A, containing 

carboxyl end functional group, was used for coating. 0.05% of (3-aminopropyl)triethoxysilane 

(Sigma Aldrich, USA) in ethanol/water (95/5) mixture were spin-coated on glass to promote Cytop 
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adhesion. A 200 nm thick Cytop polymer layer was formed on glass by spin-coating 3% Cytop 

type A solution at 1000 rpm for 30 s and cured at standard Cytop curing condition. To promote 

photoresist adhesion, Cytop surface was oxygen plasma treated in a microwave plasma system 

(PS100, PVA Tepla) at 2.45 GHz frequency, gas flow rate of 120 sccm, and power of 200W for 

45 s. Using conventional photolithography method, a 2.1 μm thick film of negative photoresist 

NR-9 1500PY (Futurrex, USA) was spin-coated onto the Cytop-coated glass and then patterned 

with photolithography. The patterns on photoresist were transferred onto the Cytop coating by 

oxygen plasma etching (Plasmalab 80 plus system, Oxford Instruments) of exposed Cytop surface. 

After complete etching of Cytop surface, the remaining photoresist was removed by immersion in 

resist remover (RR41, Futurrex).  

Array AFM hydrophobicity mapping and morphology imaging. The parallel AFM 

force measurements from two cantilevers were carried out simultaneously in deionized water by 

using a fluid cell (Bruker). The force-displacement curves were performed at a scan rate of 1 Hz 

and a z-velocity of 8 µm/s, recorded over an array of points (20 x 10 pixels in step size of 4 μm). 

The magnitude of the pull-off peaks occurring upon retraction of the probes was analyzed. The 

force curve data were post-processed with Python. The parallel morphology imaging was 

performed in constant height mode.  

3.1.2 Result and Discussion 

We chemically functionalized parallel SiNx AFM tips (Figure. 3.1a) with CH3-terminated 

monolayer of octadecyltrichlorosilane (OTS) yielding a hydrophobic surface that can discern 

hydrophilic and hydrophobic areas by adhesion force measurements. Figure. 3.1b shows the 

schematics and optical image of the sample: hydrophobic fluoropolymer Cytop was patterned onto 

a hydrophilic SiO2 glass slide. 
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Figure 3.1: The functionalized probe and the patterned Cyto-SiO2 sample. a, Schematic of OTS-

functionalized hydrophobic AFM tip. b, Schematic and optical images of the Cytop-SiO2 sample. 

Insets (C1, C2) demonstrate areas imaged in c and d, respectively 

 

Morphology and hydrophobicity maps were imaged in deionized water (DI) [77]. We took 

simultaneous AFM images in constant height mode on two sample areas (Figure. 3.2a, b), which 

are outlined in Figure. 3.1b. The strikes in the images are due to the low frequency electronic noise 

from the detector circuit.  

 

Figure 3.2:  Parallel SEA-AFM morphology images in water 

 

The areas were investigated by force mapping to measure the adhesion forces with the 

functionalized tips. The simultaneous force mapping of the two areas are shown in Figure. 3.3a 

and fb. Each pixel of the adhesion maps gives the absolute value of the peak height (attractive 

forces are negative). In the two resulting adhesion maps, larger adhesion forces were detected on 
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the Cytop patterns, the hydrophobic areas terminated with CF2 groups; smaller adhesion forces 

were found on the hydrophilic silicon dioxide areas with silanol Si-OH groups on the surface. Six 

groups of typical retraction force-distance curves are plotted in Figure. 3.3c, d, with corresponding 

pixels marked on the adhesion maps with the same colors as the force curves. Quantitatively, the 

attraction force on the hydrophobic area is ~9 times larger than the force recorded from the 

hydrophilic area.  

Simultaneous multi-point structure-hydrophobic mapping can also be potentially useful 

tool to better understand biological processes. Moreover, the applicability of the functionalized 

probe is not limited to structure-hydrophobic mapping, but could be extended to other probe 

sensors, such as electrical potential, thermal, chemical and pH et al. 

 

Figure 3.3: Parallel structure-hydrophobicity mapping in water. a, b, Parallel adhesion maps of the 

areas in Figure 3.2. c, d, Typical force-distance curves measured at the indicated locations in Figure 

a, b. 
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3.2 Parallel Structure-Electric Potential Mapping 

We further explored the potential application of using conductive SEA-AFM for multipoint 

simultaneous structure and surface electric potential mapping. Two conductive diamond 

cantilevers (Bruker, Santa Barbara, CA) were mounted in parallel on custom printed circuit board 

(designed with Altium, La Jolla, CA) for integration with a custom AFM cantilever holder to be 

utilized with a Multimode III system (Bruker, Santa Barbara, CA). Thin platinum film with a 

thickness around 100 nm was sputtered and patterned on SiO2 glass slide. Around ~70 mV bias 

was applied on the Pt region, while SiO2 substrate was grounded. The schematic of the setup is 

shown in Figure 3.4a.  

 

Figure 3.4: Surface electric potential imaging. a, Schematic of using the conductive SEA-AFM to 

detect the surface electric potential. The sample is SiO2 substrate partially coated with Pt. b, d, 

Simultaneously recorded constant height mode topographic (b.i and d.i) and respectively electric 

potential ((b.ii and d.ii) images obtained with conductive doped diamond-coated probes. c, A 3D 

overlay of electric potential (b.ii) and topology (b.i). The color scale represents voltage (-30 

mV~90 mV) and is projected onto the 3D representation of the height data from (b.i). Small non-

conductive particles on Pt with relatively large data and close to zero voltage are marked by a 

square on b i) ii) and c 
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Figure 3.4b i) and d i) are the AFM morphology images using cantilever 1 and cantilever 

2 in constant height mode. The simultaneous electric voltage mapping of the two areas are shown 

in Figure 3.4b ii) and d ii). In Figure 5c the electric potential data (Figure 3.4b ii) has been projected 

onto the 3D reconstruction of the topography (Figure 3.4b i).  As can be seen from the area marked 

with a red square in Figure 5c, the small nonconductive particles on the Pt film have comparatively 

large height but electric potentials close to zero. 

The electrical potential mapping experiment test here is limited to the large space between 

two commercial cantilever probes, which hinders its potential applications, such as the intercellular 

signal propagation in short distance and the ion propagation in neighboring particles of functional 

materials. In Chapter 5, we will discuss about the microfabrication of independent conductive 

probe array. 

3.3 Mechanical Wave Propagation on Soft Polymer Film 

In addition to mapping chemical forces and electric potential of static samples, we 

examined the applicability of the AFM array in a dynamic system: an ultrasensitive detection of 

mechanical wave propagation in a soft polymer film. 

3.3.1 Materials and Methods 

Array AFM setup for the measurement of mechanical wave propagation on soft 

polymer film. 1-3 piezo composite material (Smart Material) with the lateral size of 1.8 mm x 1.8 

mm and the thickness of 200 μm was encapsulated in a soft eco-flex (Smooth-On, eco-flex-00,30) 

polymer film. The actuator is sinusoidally excited by a function generator (Agilent Technologies. 

DSO1012A) (10V amplitude, 0.5-7.0 kHz). The vertical fluctuations of the film surface at two 

different points with a distance of ~388 µm were simultaneously monitored by the parallel 

cantilever array system. To further improve the signal-noise-ratio, the output of the QPD was 
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processed by two lock-in amplifiers (Stanford instrument, SR830 DSP) using the driving signal of 

the piezo-actuator as a reference. 

Soft encapsulation for piezoelectric actuator. Polymethylmethacrylate (PMMA) was 

spin coated at 3000 RPM on the glass slide followed by the spin coating of eco-flex 00-30 at 4000 

RPM on the cured PMMA. The thickness of eco-flex under 4000 RPM is ~15 μm. Then Cu 

electrode was transferred to the top of eco-flex polymer in three steps. i. Use UV Ozone for surface 

activation of eco-flex to increase the bonding strength. ii. Transfer Cu electrode with water soluble 

tape onto the eco-flex then bake for 10 min under 80 oC. iii. Use DI water to remove the water-

soluble tape. Soldering was then conducted using tin paste to cover the electrode then align 

electrode with the 1-3 piezo composite (size 1.8 mm x 1.8 mm, thickness 200 μm and resonance 

frequency 7.5 MHz. Smart Material Corp.). After alignment, the sample was baked at 150 oC for 

5 min. After the following welding, the electrode was fully soldered with piezoelectric material. 

For soft encapsulation, eco-flex 00 30 was used by mixing A and B with the ratio of 1:1, then the 

remaining air bubbles were removed under vacuum. Afterward the sample was fully encapsulated 

by gravity. When the soft material was fully cured after 2 hours under room temperature, the glass 

slides were peeled off and the sample was released and ready for testing. 

3.3.2 Result and discussion 

A composite piezo actuator encapsulated in soft eco-flex polymer film was employed to 

generate the mechanical wave in a 0.5-7.0 kHz frequency range. The shear wave was propagating 

along the film. The surface vertical fluctuations at two different points, ~388 µm apart, were 

simultaneously monitored by two cantilevers engaged on the film surface. To minimize the 

influence on the viscoelastic properties of polymer induced by cantilevers, soft cantilevers with 

spring constants from 0.02 to 0.03 N/m were used [83]. The schematic of the are shown in Figure. 
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3.5. 

 

Figurer 3.5: Schematic of the two-cantilever array AFM to detect the wave propagation in a 

piezoelectric actuator encapsulated polymer film. The piezo-actuator is driven by frequencies from 

0.5 to 7.0 kHz. The array cantilevers detect the motion at the two points on the film surface 

simultaneously 

 

The measured vibration amplitude spectra are shown in Figure 3.6a, respectively. The 

amplitude of the propagating mechanical wave is ~0.5-3.5 nm, with a resonance peak of the radial 

mode located at ~3 kHz [84]. The amplitude measured from cantilever 2 is smaller than that from 

cantilever 1, because cantilever 1 is located closer to the actuator and the wave energy is dampened 

during propagation [85]. This is validated by monitoring the amplitude change placing single 

cantilever at location with different distances the source (Figure 3.7). The further the cantilever is 

from the vibration source, the more the amplitude decreases, which is expected. We also resolved 

the frequency dependent phase delay between the two probes (Figure 6b, blue line), which is 

related to the wave propagation speed in the polymer.  
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Figure 3.6: Mechanical wave propagation sensing. a, The frequency dependent amplitude and b, 

phases of cantilever 1 (black) and cantilever 2 (red). The blue curve in (b) represents the phase 

delay between the two probes 
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Figure 3.7: Mechanical wave amplitude measurement on the polymer film at different distances to 

the piezo vibration source. a,Optical images of the cantilever at different positions. b, Amplitudes 

of the cantilever corresponding to the locations shown in a 

 

These results indicate that the parallel AFM could lead to reliable and flexible applications 

for detecting mechanical wave propagation along soft polymer films. With sub-nanometer 

resolution, mechanical signatures from many systems, such as mechanical wave propagation 

during tissue expansions [86], and wave attenuation and retardation in materials characterization 

for defects inspection [87], could be conveniently accessed by the array AFM, and will benefit 

more investigations in future studies. 

3.4 Conclusion 

In this chapter, we demonstrated the SEA-AFM’s capability for multiparametric analysis: 

parallel hydrophobicity mapping and mechanic wave propagation detection. The simplicity of 

optical beam defection (OBD) force-sensing strategy renders SEA-AFM excellent adaptability to 
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cantilever based sensing methods. Except hydrophobicity mapping, a lot of other localized 

physical/chemical properties can be identified, such as thermal grading, electric potential 

distribution, and biomolecules differentiation. In the future, using more precisely cantilever 

modification techniques, such as inject printing or multi microcapillaries, we can also functionalize 

each probe in the AFM cantilever array with different sensor layer to achieve malfunctional 

detection [88]. SEA-AFM with the ability of multipoint simultaneous structure-function detection 

shed new light on deciphering the complex dynamics of many biological and physical systems, 

including the functional modulation of membrane receptors and channels, dynamics of 

cytoskeletal fibrils and motor proteins; assembly, functional modulation and signaling of cell 

membrane receptors [79]. 

Chapter 3 is reprint of materials as it appears in the following publication: Qingqing Yang*, 

Qian Ma*, Kate M. Herum, Chonghe Wang, Nirav Patel, Joon Lee, Shanshan Wang, Tony M. 

Yen, Jun Wang, Hanmei Tang, Yu-Hwa Lo, Brian P. Head, Farooq Azam, Sheng Xu, Gert 

Cauwenbergh, Andrew D. McCulloch, Scott John, Zhaowei Liu*, Ratnesh Lal*. Array atomic 

force microscopy for real-time multi-parametric analysis. PNAS, 2019, 116, 5872. The dissertation 

author was the primary investigator and the first author of the paper. 
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Chapter 4 Intercellular Activities 

Living biological systems are constantly receiving, generating and transmitting signals. 

Among all the biophysical signals, the mechanical signatures are fundamental to biology, which 

govern the cell morphology, migration, growth and degeneration. Understanding the intimate 

relationship between biomechanics and cell function at the molecular level is critical for 

breakthroughs in medicine and biology. For example, it is reported that the change of cell stiffness 

can be the indicator of cells, and the mechanical analysis can distinguish cancerous cells from 

normal ones even when they show similar shapes [89]. A variety of experimental techniques have 

been developed to measure the mechanical forces, including micropillar array [90], traction force 

microscopy [91], atomic force microscopy (AFM) and optical tweezer et al.  [92]. Among these, 

AFM stands out as an excellent nanoscale biophysical tool to study nanoscale biomechanics due 

to the excellent force sensitivity (piconewton to nanonewton) and spatial resolution (angstrom to 

nanometer) [93, 94], providing an effective approach to direct and quantitative force measurement 

[38] [95] [96]. For example, Dr. Pelling et al. used AFM to monitor the local nonaomechanical 

motion of the cell wall of saccharomyces cerevisiae, and the periodic motions in the range of 0.8 

to 1.6 kHz with amplitudes of ~3 nm was observed in the live cells [95]. The development of SEA-

AFM expands our detection capability for probing the multiple biomechanical events 

simultaneously in small area (<500 μm2), which has great potential to reveal the complex 

mechanical force transduction in intercellular and subcellular processes, such as organism shape 

development and wound healing.  
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In this chapter, we present the application of SEA-AFM for simultaneously measuring 

localized mechanical contraction activity of two cardiomyocyte cells in response to different 

biophysical conditions.  

4.1 Materials and Experimental Part 

Array AFM setup for the detection of cardiomyocytes coordinated activities. The cell 

samples on the glass slides were mounted on AFM sample holder and loaded into the liquid cell. 

A similar illumination and detection setup to the wave propagation experiment was used to detect 

the cardiomyocytes contractile activities. The output of the QPDs was recorded using a National 

Instruments DAQ with a custom LabView 8.0 program. Sample rate was 1000.0 Hz, and the filter 

cutoff is 100 Hz. To minimize the damage to the cells, we used soft AFM cantilevers with a spring 

constant in the range of 0.02 to 0.03 N/m. In the pacing experiments, the monolayered 

cardiomyocytes were paced with a pair of platinum electrodes with a 12 ms 85 V pulse using an 

SD9 stimulator (Grass Technologies) at two pacing rates, 1.8 Hz and 4Hz respectively. The 

electrode wires were applied to the system via two channels of the AFM liquid cell. 

Cardiomyocytes preparation. All the use of experimental animals was performed 

according to animal use protocol (#S01013M) approved by the University of California, San Diego 

Institutional Animal Care and Use Committee. Primary cardiomyocytes from neonatal CD1 mice 

(day 1, Charles River Labs) were isolated using a protocol adapted from previously published work 

[97]. Briefly, hearts were excised and predigested with 0.5 mg/ml Trypsin (1:300 Cat.#22715, 

USB at 4oC over night with constant stirring. The hearts were further digested with 0.8mg/ml 

collagenase (335 U/mg, Cat. #S004176, Worthington) for 7 min at 37oC. 1h Pre-plating was 

performed to allow cardiac fibroblasts to attach to the culture flask, enabling separation from 

cardiomyocytes in the solution. Glass slides in thickness of 1.0 mm were coated with laminin 
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(1:200 dilution, Cat.#L2020, Sigma) and cardiomyocytes were plated at a density of 200,000 

cells/cm2. On day 2 after isolation, cardiomyocyte cultures were treated with 10 µM Ara C 

(Cat.#C6645, Sigma) for 24h to limit growth of any contaminating cardiac fibroblasts. Cell 

cultures were used for AFM on day 3 and 4 after isolation. 1-Heptanol 1 mM, (Cat.#H2805, Sigma-

Aldrich) was used to block gap junctions. 4% paraformaldehyde was used to fix the cells [98]. 

4.2 Detection of Dynamic Biomechanical System 

Initially, we placed two probes onto a monolayer of neonatal mouse cardiomyocytes 

(Figure 4.1a shows optical images). The two morphology images of the fixed cells obtained by the 

two cantilevers in constant height mode are shown in Figure 4.1b. Live cardiomyocyte monolayer 

enabled us to record cardiomyocyte contractions when the uncoupled and coupled shown in Figure 

4.2a and b respectively. With the two AFM cantilevers positioned on two separate cells, 

simultaneous localized contractile activities and dynamic morphological changes were examined 

by measuring transverse displacements.  

 

Figure 4.1: Images of neonatal mouse cardiomyocytes. a, Optical image of live neonatal mouse 

cardiomyocytes acquired using the optical microscope equipped on the SEA-AFM system. b, 

Morphology images from dual SEA-AFM tips of fixed cardiomyocytes in liquid. 
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Spontaneous activity from two separate cardiomyocytes (C1, red line, and C2, black line) 

suggests that the two cells were uncoupled: compare the peak to peak distances and overlap 

between C1 and C2 in Figurer 4.2i (dotted lines). In the pacing experiments of 1.8 Hz and 4 Hz, 

the localized contractile activities of the two cells (i.e., changes in cell height with active 

contraction) are illustrated in Figurer 4.2cii and iii.  Cell C1 was successfully paced at 4 Hz but C2 

could not be paced.  These experiments confirm that array AFM can be used to study changes in 

the contraction of multiple cells simultaneously.  

 

Figurer 4.2: Cardiomyocyte coordinated activities detection with SEA-AFM in response to 

electrical pacing. Simultaneous detection of localized contractile activity of two beating 

cardiomyocytes (C1, red line and C2, black line) during spontaneous beating and pacing at rates 

of 1.8 Hz and 4 Hz. Scale bar denotes 250 ms 

 

We further utilized array AFM to detect changes in electrical coupling between coupled 

cardiomyocytes, as an example of multicellular integrated biological systems. For modulating the 

coupling between cells, we used heptanol, a gap junction blocker (Figurer 4.3d). Note the similar 

frequency and overlap of contraction suggesting the coupling between C1 and C2 (dotted lines, 

Figurer. 4.3i). Before adding heptanol, the spontaneous contraction frequency of the two cells was 

synchronous with a measured frequency of ~1.8 Hz. After 15 minutes incubation with 1 mM 

heptanol, both cells stopped contracting due to the reported effect of gap junction blockers [99]. 

After washing away the blocker, the two cells resumed spontaneous contraction but with reduced 

contractile response (amplitude reduced) and they became asynchronous.  Although the pace of 
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contraction was similar for the two cells, C2 displayed delayed contraction (Figurer 4.3iii), the 

lack of synchronization suggests gap junction function had not yet returned to initial conditions. 

 

Figure 4.3: Cardiomyocyte coordinated activities detection with SEA-AFM in response to gap 

junction uncoupler. Gap junction uncoupler heptanol (1mM) prevents cell-to-cell electrotonic 

conduction. Output of the photodetector of cantilever 1 (red) and cantilever 2 (black) before, 15 

minutes after the blocker was applied and 5 minutes after the blocker being washed away. Scale 

bar denotes 1 s. 

   

4.3 Summarization  

We explored the potential of the array SEA-AFM platform in detecting the coordinated 

activities of a dynamic biomechanical system and demonstrated the biological applicability of the 

SEA-AFM system. This approach has several advantages over other methods currently in use of 

its ability to simultaneously measure micromechanical properties of two single cells with high 

spatial (submicron) and temporal (µs) resolution [38]. Future experiments combining the detection 

of electrical signals with force propagation using multiprobe AFM would decipher essential novel 

mechanisms with respect to arrhythmogenic pathophysiology. 

Chapter 4 is reprint of materials as it appears in the following publication: Qingqing Yang*, 

Qian Ma*, Kate M. Herum, Chonghe Wang, Nirav Patel, Joon Lee, Shanshan Wang, Tony M. 

Yen, Jun Wang, Hanmei Tang, Yu-Hwa Lo, Brian P. Head, Farooq Azam, Sheng Xu, Gert 

Cauwenbergh, Andrew D. McCulloch, Scott John, Zhaowei Liu*, Ratnesh Lal*. Array atomic 
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force microscopy for real-time multi-parametric analysis. PNAS, 2019, 116, 5872. The dissertation 

author was the primary investigator and the first author of the paper. 
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Chapter 5 Independent Conductive Array AFM for Intercellular 

Mechanical and Electrical Signals Detection 

In addition to mechanical force, the electrical field is another important signature in 

biological systems. For example, action potential, a rapid membrane potential change related to 

voltage-gated ion channels on cell plasma membrane, can be widely found in neurons and muscle 

cells [100–102]. In neurons, action potential plays a vital role in cell-to-cell communications; in 

cardiac system, the action potential takes the responsibility of activating the intracellular process 

and triggering the contractile activities [103, 104]. High spatial resolution and reliable 

electrophysiological recording is critical and essential in deciphering the electrical signal 

propagation in systems like nervous and cardiac ones. The widely used methodologies so far 

include patch clamp [105], electrode array [5] [106], genetically encoded molecular probes [105] 

et al. However, the existing methods can barely approach nanoscale biophysical details in neuronal 

and synaptic activities. This is primarily due to the resolution limit of the currently used methods 

for simultaneously imaging the nanoscale structures and recording the underlying physico-

chemical functions.  

Moreover, in biological systems, mechanical forces and electrical fields are often 

intertwined [107]. For example, compression, tension, and torsion, these mechanical stimuli at the 

plasma membrane can activate a broad range of mechanosensitive channels in neurons [108], and 

the vice versa. Using AFM indentation method, Zhang et al. proved that the transmembrane 

voltage change can modulate the membrane tension and cause membrane movement [109]. In 

some diseases, coupling of forces and fields can be also observed, for instance, in Alzheimer 

disease, the decrease of brain stiffness could be due to the deposition of normal cytoarchitectural 

integrity, which would lead to the neuron cells dysfunction [110]. However, the extent to which 
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mechanical-electrical interactions influence the biosystem functions remains unclear. 

To bridge the gap between nanoscale electrical and mechanical detection in dynamic 

biophysical system, independent conductive array AFM platform can not only enable multi-sites 

simultaneous visualization and detection of both force and fields transportations with high spatial 

resolution, but also provide a promising approach to reveal their mutual interaction and deepen 

our understanding of the structure-function relationship in cellular and molecular scale.  

            Here, we report the design and fabrication of independent conductive cantilever array for 

detecting the intercellular mechanical/electrical signal propagation. The cantilever array is made 

of SiNx with patterned platinum (Pt) as the conductive coating. The conductive part was insulted 

with a second layer of SiNx film and the tip area was exposed by FIB drilling.  

5.1 Microfabrication of Insulated Conductive Probe Array 

 

Figure 5.1: 3D schematic of the insulated conductive array AFM probe 
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Here are three main important specifications for the insulated conductive probe: 1. The 

spring constant of the cantilever should be less than 0.1 N/m to make it suitable for imaging soft 

biosamples; 2. A sharp tip is required to offer high spatial resolution; 3. The device can be used in 

liquid. 

 

Figurer 5.2: Photomask design of the array cantilevers 

 

Figure 5.1 shows a schematic of the insulated conductive AFM probe array. The dimension 

of the cantilever structure is 600 nm in thickness, 210 μm in length and 20 μm in width (Figure 

5.2). The tip-to-tip distances between the two parallel-probes in one chip are designed to be 30, 50, 

70, 100 μm respectively. Optical bench alignment of the SEA-AFM needs to be adjusted 

accordingly. The SiNx probe has a pyramidal tip at the end of the cantilever covered with Platinum 

(Pt), which is widely used in electrochemical experiments. A thin layer of PECVD SiNx is 
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deposited for covering the conductive layer; the electrode apex was exposed by FIB. Our probe 

fabrication is adjusted based on the so-called molding technique, which is used to fabricate 

standard commercial SiNx probes, and we have also added extra steps for coating conductive lines 

[111] [112].  

The spring constant (k) of the rectangular shaped cantilever can be estimated from Euler-

Bernoulli beam theory [113], 

𝑘 =
𝐸𝑤𝑡3

4𝐿3
                                                                   (5.1) 

where E, w, t, L are the Young’s modulus of the cantilever material, the width, thickness and length 

of the cantilever respectively. Here, we use the reference elastic modulus E of low stress PECVD 

SiNx is ~88 GPa [114]. Hence, the estimated spring constant of the cantilever is ~0.07 N/m, which 

is appropriate for imaging soft biosamples. 

The primary full-wafer batch process for making insulated conductive AFM probe array is 

outlined in Figurer 5.3. In the next sections, we will give detailed discussion of the critical 

fabrication steps in fabrication of the device wafer (Figure 5.4) and the handle wafer (Figure 5.5), 

the wafer bonding and device releasing (Figure 5.6).  

 

Figurer 5.3: Summarization of the fabrication flow of the conductive probe array 
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Figurer 5.4: Microfabrication process of the device wafer 
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5.1.1 Tip Mold Fabrication 

Figure 5.4 demonstrates the fabrication flow of the device wafer. The starting point of the 

process is a double-side polished Si wafer in thickness of ~280 μm (n-type, <100>, University 

Wafer.Inc). After standard RCA wafer cleaning [115], the wafer was coated with 1µm of SiO2  via 

wet thermal oxidation. Then the front side of the wafer was spin-coated with a 5 μm of AZ12XT-

20PL-10 photoresist (2000 rmp, 45 seconds) followed by soft-bake at 110 °C for 180 s. The round 

patterns in diameter of 8 μm were exposed using Heidelberg MLA150 Laser Writer, post baked at 

90 °C for 60 s and developed in AZ 300 MIF for 4~5 minutes. 

 

Figure 5.5: The pit mold made from KOH etching a, with round mask, b, after etching mask being 

removed 

 

Compared with a square pattern which is also commonly used in anisotropic Si wet etching, 

the round pattern has the advantage of overcoming the restriction that the pattern edge on the (100) 

Si wafer has to be aligned to the <100> to form the four slope {111} walls which could meet in 

the apex to form the pyramidal pit [116] [117] (Figure 5.5). In Figure 5.6, we showed an example 

of the failure pit etching using square etching mask pattern, which ended up with a line instead of 

a sharp apex. 
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Figure 5.6: SEM images of the “line” ended pit in anisotropic (100) Si etching due to the 

misalignment of square mask 

 

The front of the wafer was exposed to a reactive-ion etch (RIE) (75 sccm CHF3, 75 sccm 

Ar, 200 W RF power) in Oxford Plasmalab 100 until the exposed SiO2 had been completely 

removed to form the KOH etching mask in the next step.  

The wafer was then immersed in 30 wt% KOH and 10 wt% Isopropyl alcohol (IPA) at 65 

°C for ~70 minutes (etch rate ~0.26μm) until the sharp apex was formed at the center of the 

pyramidal pit. The addition of IPA can help to improve the smoothness of the sidewall [117]. 

Figure 5.8 shows the morphology of the etching pit before etching, after 80 min, and at the end of 

the etching.  

The wafer was then rinsed with 10 vol% HCl and DI water, and the etching mask was 

stripped using 1:6 buffered oxide etch (BOE (NH4F:HF)). Afterwards, the pit was further 

sharpened by growing another thin layer of SiO2 through wet thermal oxidation at 950 °C with a 

thickness of around 200 nm. The thickness of oxide grown at the convex and concave corners 

would be thinner than that at flat surface of Si due to the compressive stress at the corner structure 
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[118] [119]. Meanwhile, this thin layer of SiO2 also acts as a sacrifice layer in the final KOH 

etching to release the device from the wafer.  

5.1.2 Lift-off of Conductive Metal Coating 

The front wafer was coated with 3 μm of NR9-3000 resist. The resist was soft-baked, 

exposed, post-baked and developed, leaving a rectangle pattern in the center of the cantilever, 

while all the other area was covered by the photoresist. Pt film in thickness of ~80 nm was 

deposited on the front of wafer via direct current (DC) plasma sputtering at 2.5 mTorr Ar, 200 W 

power in Denton Discovery 18 Sputter System. To enhance the adhesion between Pt and SiNx 

(deposited in the following step), a 10 nm thick Cr was sputtered on the top of the Pt layer. The 

wafer was then immersed in acetone overnight to strip the photoresist, and was thoroughly rinsed 

in IPA and DI water. The Pt/Cr layer serves as conductive electrode coating and was delineated 

by this lift-off technique. Figure 5.7 shows the conductive pattern on the device wafer after lift-

off.  

 

Figure 5.7: Optical images of the pattern on device wafer after the lift-off 

 

5.1.3 PECVD SiNx and Dry Etch Patterning 

Next, a 600 nm thick PECVD SiNx was deposited on the frontside of the wafer via plasma-

enhanced chemical vapor deposition (PECVD) (NH3, 24 sccm, N2, 600 sccm, 1100 mTorr 

Chamber pressure, 20 W RF power) and then patterned with RIE dry etching (O2, 5 sccm, CHF3, 
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50 sccm, 55 mTorr Chamber pressure, 150 W RF power) in Oxford Plasmalab 80 Plus to shape 

the main body of the cantilever array. Figure 5.8 shows the pattern of the conductive cantilevers 

on the device wafer.  

 In PECVD, the collisions of neutral gas molecules with non-equilibrium energetic 

electrons produced by RF plasma instead of by purely thermal energy which is used in Low-

Pressure CVD (LPCVD). Meanwhile, the ion bombardment can create more dangling bonds and 

supply instantaneous energy at the surface for the reaction to take place. So compared to LPCVD, 

the required deposition temperature of PECVD is lower and thus the film, for example, SiNx, 

usually has lower strain [120]. However, PECVD film tends to have more chemical and particulate 

contamination, which can easily be targeted by wet etching. Therefore, in our final step to release 

the device, we applied both dry etching and wet etching to avoid the film being intensively attacked 

in long period KOH soaking.  

 

Figure 5.8: Optical images of the pattern on device wafer after PECVD SiNx deposition and dry 

etching 

 

5.1.4 Handle Wafer  

The Figure 5.9 shows the fabrication of the handle wafer. Particularly, the front side of 

handle wafer, which will be bonded to the device wafer, was coated with PECVD SiNx with 
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thickness of 450 nm and patterned by photolithography and RIE dry etching for 200 μm. The other 

side of the wafer is also coated with SiNx film, and patterned to compensate for the tensile stress 

from the front side and decrease the exposed area, thus increasing the etching speed in the final 

device releasing steps. 

 

Figurer 5.9: Microfabrication process of the handle wafer 

 

5.1.5 Stress compensation  

According to our experience, the overly large stress in the wafers will cause mismatch and 

slipping in the wafer bonding step. To solve this problem, the other sides of both device and handle 

wafers are also coated with SiNx film and patterned to compensate the tensile stress from the front 

sides. The patterned SiNx will also act as etching mask for decreasing the exposure area to increase 

the etching speed in the final device releasing steps. 
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Figure 5.10: Wafer bonding and the post-process  
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5.1.6 Wafer bonding 

The wafer bonding process is shown in Figure 5.10. Considering the excellent chemical 

resistivity and void-free property of BCB, and the non-uniformities of our wafers, we choose BCB 

adhesive wafer bonding method in our experiment. The front side of the handle wafer, which will 

be bonded to the device wafer, is spin-coated with AP 300 adhesion promoter (2.5 krpm, 30 s) and 

BCB-3022-46 (2.3 krp, 20s), followed by baking at 105 °C for 2 min and air cooling for 1 min to 

harden the intermediate layer. After the alignment of device wafer to handle wafer in Karl Suss 

MA-6 Bond Aligner, the paired wafers were transferred to Karl-Suss SB 6 Bonders and bonded 

under 250 °C, 1500 mBarr in N2 for 1 hour and cooled down to 100 °C before being taken out 

from the chamber. 

5.1.7 Cantilever release 

As we mentioned in 5.1.3, due to the existing defects, PECVD SiNx tends to be attacked 

by KOH in long time soaking. Thus, we conducted Bosch Si Etching first at the front and bottom 

surfaces using patterned photoresist AZ 12xt-20-10 as etching mask. The etching depths of both 

sides are 200 µm. Afterwards, the wafer was immersed in 40 wt% KOH at 80 °C for device 

releasing. To remove the thin sacrificing SiO2 layer deposited in step 5.1.1, the cantilevers needs 

to be dipped in 1:6 BOE for 5 mins and rinsed in DI water completely.  

The morphology of the conductive probe array after releasing from the wafer is shown in 

Figure 5.11.  
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Figure 5.11: Conductive parallel AFM probe array. a, the bounded wafers before device releasing. b, optical 

image of the parallel cantilevers. c, SEM image of the front cantilever and the tip (inset). d, SEM image of the 

back side of the cantilever  

 

5.1.8 SiNx insulation and Conductive tip exposure with FIB 

The released cantilevers were coated with 100 nm PECVD silicon nitride for insulation. 

FIB (FEI Scios Dual Beam FIB/SEM) was used to open the small “window” in the tip area based 

on two steps drilling as shown in Figure 5.12: i) Ion beam was first used to drill the tip along nearly 

horizontal direction to chop down the SiNx avoiding the heat aggregation which will melt the tip; 

ii) when the thickness of SiNx become thinner, using the beam drilling the tip directly from the 

top to expose the Pt apex. The diameter of the tip window is measured to be around 60 nm. 
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Figure 5.12: FIB milling process and the SEM morphology of the probe  

 

5.2 Integration the conductive probe array with SEA-AFM 

 

Figure 5.13: Rigid-Flex Printed Circuit Board (PCB) 
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The fabricated probe array is mounted to a custom-designed Rigid-Flex Printed Circuit 

Board (PCB) via epoxy glue and wire bonding for probe-sample electrical signal acquiring and 

inputting (Figure 5.13). A custom-designed AFM cantilever holder ((Figure 5.14) is utilized to 

hold the PCB board and adapt the conductive cantilever array to SEA-AFM system. 

 

Figure 5.14: Custom designed cantilever holder 

5.3 AFM morphology imaging 

We tested the performance of the fabricated probe for AFM morphology imaging. The 

standard calibration grid with pitch size of 10 × 10 µm was imaged with one of the fabricated 

probes under contact mode (Figure 5.15). Besides, we can also tell the particles with feature size 

of ~50-100 nm on the grid clearly. The streaky artifacts on the images are due to the measurement 

noise, which can be minimized by either increasing the signal intensity or enhancing the 

environmental noise insulation.  
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Figure 5.15: AFM morphology imaging with the fabricated probe: standard calibration grid (pitch 

size: 10 µm, depth: 180 nm) under contact mode 

 

5.4 Discussion  

The design of the independent insulated conductive probe array allows for high-resolution 

simultaneous multipoint imaging and electrical/mechanical signal detection. The microfabrication 

has been described in details in this chapter. Using the “modeling method”, we obtained sharp 

conductive probe within ~50 nm tip radius. The dry etching and wet etching combination 

effectively avoids the over-etching of the probe when compared to long-time soaking in KOH 

solution. 

Future testing will fully characterize the cantilever probes along with their spring constant, 

conductivity and insulation in water. It is worthwhile to mention that the fabrication process could 

be further optimized: 1) using the degassing function of the wafer bonder to avoid the air bubbles 

trapped between two wafers; 2) further optimizing the geometry of the cantilever design to 

maintain low stiffness while minimizing the mechanical vibration induced from neighboring 

cantilevers.  The success of this system will allow high resolution structure-function imaging of 

intercellular activities, especially deciphering the electrical/mechanical signal propagation with 
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high spatial and temporal resolution. Meanwhile, the independent conductive probe array also has 

great potential to be used as thermal sensor for studying the thermal transportation in thin film.  

Chapter 5 is in part of a publication in preparation with Yang Q, Leong S, Zhao L and Lal 

R. The dissertation author was the primary contributor.    
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Chapter 6 Conclusion 

             In this thesis I have discussed the working principle underlying the SEA-AFM system, 

described in detail how to build up the platform, characterized system noise, explored the 

microfabrication of independent conductive AFM probe array compatible with SEA-AFM, and 

demonstrated potential applications of SEA-AFM for multiparametric structure-function analysis. 

6.1 Future work 

6.1.1 Better apparatus 

Over the last four years, I have been keeping to improve the SEA-AFM platform to make 

it more user friendly and lower noise. Nonetheless, there are still many potential improvements to 

the system. Here are a few: 

1. Better data readout system. In our experiment, we mainly focused on the output of the 

quadrant photodetector along the vertical direction (X direction). It would be more useful if we 

have a more advanced data acquisition system to read the X, Y and SUM value simultaneously. In 

that case, we can simplify the laser alignment step, adjusting the laser to the center of the quadrant 

photodetector, via just reading the SUM value to make sure that it is maximized. Meanwhile, Y 

direction readout will give us more information of the lateral force related to the surface adhesion 

and materials viscoelasticity when the probe scanning the sample surface.  

2. Further suppressing the system noise. The noise level is critical to determine the 

sensitivity of AFM detection. The noise analysis in Chapter 2 has explained that there are a few 

improvements we can achieve to further decrease the system noise. First, the optical system could 

be compressed more to decrease the free air space. Second, the insulation cage should be adopted 

for blocking environmental noises, such as air floor, electromagnetic noise, and mechanical 
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vibration. Third, the electronic circuit could be further optimized to reduce the system noise, such 

as using lock-in amplifier, sufficient common mode rejection ratio (CMRR) of differential 

amplifier, and ratiometic technique. Last but not least, supercontinuum laser’s intensity fluctuation 

would be another major noise source in SEA-AFM due to the non-linear nature of the visible 

spectrum generation, so stabilizing the noise from the laser source is also an important approach 

to suppress the system noise. More detailed strategies have been discussed in Chapter 2. 

3. Quantifying the engagement force. In commercial AFM system, while the probe 

engaging to the substrate, the laser detector will be lowered down accordingly. In this way, the 

readout of the photodetector will keep constant until the probe engages on the substrate, and the 

difference value is directly related to the engagement force.  However, in current SEA-AFM setup, 

the optical readout is comparatively independent to the actuator. Therefore, while the probe is 

moving downwards to the substrate, the optical illumination and detection part stay at the original 

position, so the readout of the photodetector will also keep changing, which will make it difficult 

to directly get the engagement force value. When considering any future system upgrades, the 

addition of actuators to the optical setup could compensate the readout value changing during the 

cantilever engagement process.  

3. Better conductive cantilever holder. It would be more convenient to design a clipping 

PCB cantilever holder instead of using glue mounting. So that the PCB could be recycling used, 

when we need to change the damaged probes.   

4.Adjustable space between neighboring probes. Though the spectral-spatially encoded 

design renders the system with close probe spacing, the actual space is limited by the geometry of 

the cantilever array. Through probe microfabrication ourselves, we can design the probe distance 
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based on our requirement. The independent probe position piezo controller stage allows for more 

flexibility by adjusting the distance between neighboring probes.  

6.1.2 AFM Probe array with independent actuator 

The broad application of current SEA-AFM system has been hindered by the lack of the 

independent scanning force control of each probe, which is especially important for soft biological 

samples. Meanwhile, more accurate force curve measurement also requires that the indentation 

force of each force-curve cycle should be constant. Our group has been working on independent 

actuators design to achieve better force control. 

6.1.3 2D illumination of SEA-AFM 2.0 

Current spectral-spatially encoded illumination design is targeted for parallel probe array 

along one direction. To further extend the SEA-AFM application in biological network study, a 

2D illumination pattern is needed to map the cantilever array in the objected area. This can be 

achieved by combining a virtually-imaged phase array and a diffraction grating at an orthogonal 

angle to each other, creating a so-called ‘spectral shower’. More details explanation and 

preliminary data can be found in Chapter 2.  

6.2 Summary and outlook 

In summary, a novel spatial-spectral encoded array AFM (SEA-AFM) platform was 

developed to achieve simultaneous multipoint, multi-scale structure-function analysis both in air 

and in liquid. The main advantage of the SEA-AFM over other existing array AFM is its ability to 

optically address closely-packed probe-sample interaction signals without crosstalk or further 

complicating the system. We have demonstrated the versatility and robustness of the SEA-AFM 

system for multipoint morphology imaging, surface hydrophobicity, and electric potential 

mapping. In addition, taking advantage of its high sensitivity and biological compatibility, we 
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recorded dynamic mechanical wave propagation in polymer film and intercellular activities of 

cardiomyocytes in real-time. To further extend the SEA-AFM’s application on deciphering the 

intercellular electrical/mechanical signal propagation, we discussed in detail the design and 

microfabrication of independent conductive AFM probe array compatible with SEA-AFM 

platform. A number of innovative implementations can be envisioned from this new array AFM 

platform, providing new perspectives in a wide-range of fields, including multipoint 

manipulations/fabrications, multifunctional sensing and robotic cantilever arrays. 

 The long-term goal of the SEA-AFM is to design ‘Nano-robotic Hand’, which enables 

imaging, sensing and even manipulation in nano-scale with multiple ‘cantilever fingers’, just like 

our human hand. In my five years of PhD research, we’ve designed the neurons (optical sensing) 

and the bones (array cantilevers). Our lab members will continue to add the muscles (actuators) to 

achieve the more flexible ‘nano-robotic hand’ :) 
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