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ABSTRACT

Atomic force microscope (AFM) is one of the important and versatile tools 

available in the field of nanotechnology. It is a type of probe-based microscopy wherein 

an atomically sharp tip, mounted on the free end of a microcantilever, probes the surface 

of interest to generate 3D topographical images with nanoscale resolution. An integral 

part of the AFM is the feedback controller that regulates the probe deflection in the 

presence of surface height changes, enabling the control action to be used for generating 

topographical image of the sample. Besides sensing, the probe can also be used as a 

mechanical actuator to manipulate nanoparticles and fabricate nanoscale structures. 

Despite its capabilities, AFM is not considered user-friendly because imaging is slow, 

and fabrication operations are laborious and often performed in open-loop, i.e. without 

any monitoring mechanism. This dissertation is composed of two journal articles which 

aim to address prominent AFM challenges using feedback control strategies. First article 

proposes a novel control design methodology based on repetitive control technique to 

accurately track AFM samples. Theoretical and experimental results demonstrate that 

incorporating a model of the general sample topography in the control design leads to 

superior tracking in AFM. Second article introduces a novel dual-probe AFM (DP-AFM) 

design that has two independent probes. Such a setup provides an opportunity to 

implement process control strategies where one probe can be used to perform one of the 

many AFM operations while the other probe can provide feedback by imaging the 

process. To demonstrate this capability, an application involving real-time plowing depth 

control where plow depth is controlled with nanometer-level accuracy is also presented.
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1. INTRODUCTION

The ability to visualize and manipulate matter at the nanoscale has always been of 

great interest to the scientific and engineering community. Such capabilities are enabled 

by precision systems like scanning electron microscope (SEM), scanning tunneling 

microscope (STM), scanning near-field optical microscope (SNOM), and atomic force 

microscope (AFM). However, the ever-increasing demand for precise, accurate, and 

complicated nanoscale operations warrants the need to push the boundaries of these 

systems. This dissertation focuses on atomic force microcopy and precision motion 

control techniques that improve and extend its capabilities.

1.1. ATOMIC FORCE MICROPSCOPY

The atomic force microscope (AFM) was invented by Binnig et al. [1] in 1986 to 

study non-conducting surfaces at the atomic level. The principle of operation is straight 

forward. A sharp, nano-sized tip, mounted on a microcantilever, is made to raster scan the 

sample of interest. Changes in the surface height induce a change in the probe deflection 

which is measured using an optical lever arrangement [2]. An optical lever involves 

measuring the probe deflection by focusing a laser beam on the top face of the inclined 

microcantilever and capturing the laser beam displacement using a position-sensitive 

photodetector (PSD). A feedback controller regulates the deflection to a constant set 

point by controlling the z-axis position of the 3-axis nanostage on which the sample is 

loaded. The resulting control action is used to generate a 3D digital image of the sample. 

Figure 1.1 shows the integral components of the AFM and Figure 1.2 shows a typical
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AFM microcantilever with a sharp tip on its end. The AFM tips are often etched out of 

silicon, however probes made of different materials like diamond and carbon nanotubes 

are also available for special applications.

Figure 1.1. Schematic of an AFM.

(a) (b)

Figure 1.2. SEM images of (a) Typical AFM microcantilever with a sharp tip at the 
end, (b) zoomed-in view of the AFM tip.
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A unique aspect of AFM is it can be used to image a variety of samples at 

different ambient conditions. It can be used to image conductors [3], insulators [4] and 

biological samples [5] in near vacuum [6], air [7] and liquid [8] environments. Another 

interesting capability of AFM is that, apart from surface height measurement, it can map 

a host of different surface properties including mechanical stiffness [9], magnetic flux

[10], electric charge distribution [11], and material composition [12]. This is achieved by 

operating the AFM in tapping mode [13], where the microcantilever is oscillated near its 

resonant frequency and the tip is made to gently tap the sample. The above mentioned 

properties are obtained by analyzing the different characteristics of probe deflection 

including higher harmonics and phase difference induced by tapping.

Besides the merits, there are some challenges associated with using the AFM. 

Unlike other microscopes, AFM takes several minutes to generate a single image, which 

would be especially disadvantageous if the sample phenomenon under study is dynamic. 

AFM imaging is also affected by tip wear [14], drift due to thermal expansion [15] of the 

AFM components, hysteresis and creep in the scanner [16]. These challenges are being 

addressed through better scanner design [17], improved tip-sample interaction modes

[18], and advanced control methodologies [19].

1.1.1 Feedback Control in AFM. The important component of the AFM is the 

feedback controller that maintains a constant tip deflection by controlling the z-axis 

distance between the tip and the sample (Figure 1.3). Controlling the tip deflection, 

instead of operating in open-loop, avoids the effects of sensor saturation, nonlinearities in 

the stages, and thermal drift along the z-axis. Depending on the AFM mode, the tip 

deflection (contact mode) or the RMS of the tip oscillation (tapping mode) is regulated to
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a constant set point value in the presence of sample height variations induced by raster 

scanning the sample. This method is called amplitude modulated AFM (AM-AFM). 

Other methods involving regulating the frequency (FM-AFM) [20] and phase (PM-AFM)

[21] are used for special applications.

Figure 1.3. Illustration of a typical AFM control loop.

Typically PID controller is used for AFM control. However, a host of model- 

based approaches including nonlinear [22], adaptive [23], and robust [24] AFM control 

have been presented in the literature. Ideally if  the controller completely rejects the 

sample height disturbance then the Z control signal becomes an accurate representation of 

the sample topography, and plotting it against the XY position of the probe would 

provide a 3D representation of the sample. However, the sample height disturbance 

acting on the loop is unknown, and this prevents asymptotic tracking of the sample.
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Better tracking performance can be obtained by scanning the sample at a slower scan 

rate, but this affects the image throughput of the system.

1.1.2 Nanofabrication Using AFM. AFM is often referred to as a ‘nano-robot’, 

as it can be used for a variety of nano- manipulation and manufacturing applications. The 

tip which acts as a sensor in imaging applications can be used as an actuator enabling 

some of the macro scale processes to be carried out at the nanoscale level. Figure 1.4 

shows some of the prominent processes that can be carried out using an AFM. One of the 

straightforward applications is nanomanipulation, where the tip is used to mechanically 

push or pull nanoparticles to obtain a certain arrangement. Alternatively, depending on 

the physical and chemical properties, certain particles can be picked-and-placed using 

chemical adhesion [25] or electric charge [26]. Apart from manipulation, the tip can also 

be used to add/remove materials to fabricate 2D structures. One of the prominent additive 

manufacturing processes is dip-pen nanolithography (DPN) [27], which involves 

immersing the AFM tip in solution of “ink” molecules and depositing on a substrate to 

print a desired pattern. DPN is a preferred manufacturing process because it is a ‘direct- 

write’ technique and does not require additional post processing. Moreover, a variety of 

materials including organic [28], inorganic [29], polymers [30] and biomolecules [31] 

can be printed with relative ease. Similarly, plowing is a material removal process which 

involves applying mechanical force to selectively remove material from the substrate to 

obtain a desired pattern.
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(a)

Substrate

(b)

(c)

Figure 1.4. Illustration of (a) nanomanipulation using AFM probe, (b) dip-pen 
nanolithography process and (c) Nano plowing process.

Unlike imaging, nanofabrication processes are often carried out in open-loop. 

This is due to the lack of real-time feedback of the process. The AFM probe can be used 

either for fabrication or imaging, one at a time. This requires the user to switch between 

modes and follow a cumbersome trial-and-error approach until a desired result is 

achieved. Such an approach is less accurate and requires considerable user effort and 

expertise. Moreover, process uncertainties like varying sample properties and tip wear
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affect the repeatability of the process. One way to overcome this challenge is to use 

AFMs which can actuate multiple probes. This would enable simultaneous fabrication 

and imaging, where one probe could carry out the fabrication process and other probes 

can follow the fabricating probe while imaging the process. The information from 

imaging can be used to correct the process in real-time.

1.1.3 Multi-Probe AFM Systems. Multi-probe systems have become an 

attractive proposition in recent times. While two probes [32-33] working in tandem 

provide unprecedented capabilities, AFMs with simultaneous actuation of up to four 

probes have been reported in the literature [34]. Some of these prominent multi-probe 

designs are shown in Figure 1.5. While some designs prefer conventional optical lever to 

accommodate standard cantilevers [32], other designs incorporate self-sensing probes 

[35] for compact packaging. The dual-probe configuration enables some unique 

applications including-

• Simultaneous imaging, where one probe can be used to image the topography 

while the other probe can be used to measure other physical properties [32] of 

the sample.

• Electrical measurements, where both the probes act as conductive ends to 

measure electrical properties like conductivity [33].

• Controlled manipulation, which involves using both the probes as gripper to 

pick-and-place nanoparticles to form 3D structures [36].

• Nanofabrication process control, where the imaging probe can provide real­

time measurement of the process variables, like plow depth or DPN print 

thickness, as the process is carried out with the other probe.
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photo­
detector

probes
and

sample

camera objective
front view lens

Z stage

to vac
pump

vacuum chamber scanners

(a) (b)

(c)

Figure 1.5. Multi-probe AFM systems presented in the literature. (a) A dual-probe AFM 
with two optical lever for each probe [33], (b) dual-probe design with a self-sensing AFM

probe [35] and (c) a quadruple-probe AFM.

Apart from the hardware, the DP-AFM requires suitable feedback control design 

to carry out the above mentioned applications. Paper II presented in this dissertation 

introduces a DP-AFM design and provides a feedback control methodology to regulate 

plowing, a specific AFM process.
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1.2 REPETITIVE CONTROL

Often in control applications, the reference or disturbance trajectories are periodic 

with a known period. Repetitive control (RC) [37-38] is a type of learning control 

capable of providing perfect tracking of periodic trajectories. It is based on internal- 

model principle [39], which implies that system can asymptotically track a reference if 

the model of the signal in included in the stable closed-loop system. A generalized 

periodic signal generator, composed of a FIFO buffer whose size equals a single period 

of the signal, serves this purpose. Repetitive controllers are widely used in disk drive 

systems [40-41] for track following, electric power systems [42] to reject harmonic noise 

effects, vibration isolation systems [43-44] to dampen periodic disturbances, and printers 

to remove repeating errors [45]. Though the basic principle remains the same, different 

variations of RC including robust [46] and adaptive [47-48] designs have been developed 

in recent years.

From the AFM perspective, raster scanning a typical sample induces a periodic- 

like disturbance in the feedback loop. Since these disturbances are not exactly periodic, a 

modified version of repetitive control that broadens the class of signals that can be 

tracked using RC framework is discussed in paper I. Apart from AFM, this controller can 

be used in applications where such periodic-like signals need to be tracked.
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PAPER

I. A QUASI-REPETITIVE CONTROLLER FOR ACCURATE IMAGING IN

ATOMIC FORCE MICROSCOPY

Muthukumaran Loganathan and Douglas A Bristow

ABSTRACT

While the classical Repetitive Controller provides a highly effective framework 

for asymptotic tracking of periodic signals, many signals of practical importance are 

quasiperiodic, i.e., are a function of periodic and aperiodic components. This paper 

focuses on modeling a class of quasiperiodic signals and deriving an internal-model 

based controller to asymptotically track/reject such signals. The quasiperiodic signals of 

interest are referred to as additive and multiplicative quasiperiodic. Additive 

(multiplicative) quasiperiodic signals are defined as signals that can be expressed as an 

algebraic sum (product) of periodic and polynomial signals. The resulting quasi-repetitive 

controller (QRC) is an extension of the classical repetitive controller, and asymptotic 

convergence is guaranteed by choosing an appropriate order of the controller based on 

the order of the quasiperiodic signal intended to be tracked. The QRC retains the plug-in 

structure of the repetitive controller, which enables it to be augmented with other 

feedback controllers. The motivation behind this work is the control of atomic force 

microscopy (AFM), where raster scanning non-planar and misaligned surfaces generates 

quasiperiodic disturbances in the feedback loop. Experimental AFM imaging results 

demonstrate that tracking performance can be increased by multiple-fold using the quasi­

repetitive controller.
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1. INTRODUCTION

Quasiperiodic signals, or signals expressed as a function of periodic and aperiodic 

components, are used to describe many phenomenon that may appear predominantly 

periodic, but with appreciable variation between different periods. Many of the 

physiological signals including heart beat [1], respiration [2], and speech [3] signals are 

often quasiperiodic. Another potential application of quasiperiodic signals, postulated 

here, is in Atomic Force Microscopy (AFM) [4]. In AFM, a sharp nano-sized tip raster 

scans a surface of interest to generate a nanoscale topographical image. Ideally, the 

sample is planar and aligned parallel to the scan plane, but in some instances parallel 

alignment is challenging and samples are non-planar [5]. Figure 1 shows a typical AFM 

sample and the temporal tracking signal resulting from raster scan. The raster profile 

induces a periodic triangular component, while the aperiodic components are from the 

orientation of the sample. Accurate AFM imaging necessitates accurate tracking of this 

signal.

Figure 1. Illustration of (a) Typical AFM sample topography, and (b) The time-history 
of the height signal when the sample is raster scanned.
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Methods for tracking quasiperiodic signals in the literature are based on adaptive 

control schemes using a first principles model to learn, and reject, the signal of interest. 

Applications including robotic assisted surgeries [6-7], vibration isolation [8] and noise 

cancellation [9] employ such methods for quasiperiodic signal tracking/rejection.

Alternatively, the repetitive control (RC) framework is widely utilized for high- 

performance tracking/rejection of periodic signals, such as in disk drive systems [10-11], 

power systems [12-13], motion control systems [14-15], and vibration control [16-17]. 

The RC framework is founded on the internal model principle (IMP) [18], which 

provides exceptionally accurate asymptotic tracking, provided the reference/disturbance 

signal is periodic with precisely known period. Extensions of the RC framework and 

design methods to uncertain periodic signal tracking have been developed [19-20], as 

well as adaptive methods for slowly-changing period [21]. More recently, in the related 

Iterative Learning Control field, new methods of embedding non-repeated trajectories in 

the control architecture have been developed [22-23], using an iteration-domain IMP.

This paper identifies a class of quasiperiodic signals that arise in AFM raster 

scanning of non-planar and misaligned samples. A quasi-repetitive controller (QRC) 

with “plug-in” [24] architecture is proposed that compactly captures the internal model of 

this class. Finally, experimental results in AFM imaging are evaluated on a misaligned 

sample and a glass fiber (non-planar) sample.

The remainder of the paper is organized as follows. The next section presents the 

formulation of generalized models for the class of quasiperiodic signals. Section 3 

presents the quasi-repetitive controller design and implementation. Section 4 provides
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experimental AFM imaging results comparing the performance of QRC against a PI 

controller. This is followed by conclusions in section 5.

2. QUASIPERIODIC SIGNAL MODELING

Modeling of additive and multiplicative quasiperiodic signals is described here. 

Figure 2 shows an example of these signal types. The analysis is carried out in discrete 

domain for ease of implementation. The additive quasiperiodic signals were introduced in 

[25], and are discussed here for completeness.

Figure 2. An illustrative example of (a) a periodic signal, (b) a polynomial signal, (c) an 
additive quasiperiodic (AQP) signal composed of (a) and (b), (d) a multiplicative 

quasiperiodic (MQP) signal composed of (a) and (b).

2.1. ADDITIVE QUASIPERIODIC SIGNALS

Consider an additive quasiperiodic signal ra(k) of the form

r A ( k )  =  r p  ( k )  +  Y 0  + Y 1 k  +  7 l k 2 +  . . .  +  7 n k "  ,(1)
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where k  is the discrete time step, rp(k) represents the periodic component with a sample 

period N, i.e. rp(k)= rp(k+N) for the smallest integer N  and all k>0, and Y0,Yl,...yn are

scalar coefficients of the polynomial component of order n. We refer to the order to the 

additive quasiperiodic signal as the polynomial order, n. The z-transform of (1) can be 

written as

R ,  (z ) = Rp  (z ) + Y0Z {1} + Y, Z {k} + ... + r .Z  {kn }, (2)

where Z  { • } represents the z-transform of the respective function. A generalized model 

[25] for a periodic signal of sample period N  can be written as

Rp (z )
R0 ( z )

(1 -  z -N ) '
(3)

where R0 (z) is described as

R0 (z ) = rp (0) + rp (1) z 1 +... + rp (N - 1) z (N 1). (4)

It can be noted that R0 (z ) exist as it is a finite series in z with first N  samples of rp(k) as

its coefficients. Furthermore, the z-transform of an nth order polynomial [25] can be 

represented as

Z {k n}
Fn ( z )

( z -  1)n+J
(5)

for some rational polynomial Fn (z ) such that 2 Fn (z = 1) ^  0 . Substituting (3) and (5) in

(2) yields
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Ra ( -  )
R  (Z) . Y yFXz)  . . r„F„(z)

(1 -  z~n ) z -1  (z - 1)2 (z - 1)”+1
(6)

It can also be observed that the denominator of the periodic component can be factorized 

as

N

(1- N - z -N) = ( z -  1)]T z

j =1

(7)

So (6) can be simplified as

R  (  z  ) (  z - 1 ) "  + Z  z  - j ' L y F  ( z ) ( z -  D"
R  ( Z ) = -------------------------------- rm=°------------------------

( 1 -  Z ) ( Z - 1)
(8)

Thus (8) is the generalized model of an nth order additive quasiperiodic signal with 

quasiperiod N (period of the periodic component)' Equation (8), though complicated, 

does not have pole-zero cancellation because for z = 1, the numerator simplifies 

to N y nFn (1) ^  0 . Moreover, the focus is on the characteristic equation of (8) since IMP 

requires the inclusion of it in the control design to guarantee asymptotic convergence'

2.2. MULTIPLICATIVE QUASIPERIODIC SIGNALS

The next set of signals of interest is the multiplicative quasiperiodic' A general 

mathematical description of multiplicative quasiperiodic signal, rm(k) can be written as

rM (k ) = rp (k ) [ Y + + Y k2 + -  + Ynkn ] , (9)
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where rp(k) is the periodic component with a sample period N  and Yc,Y1,...Yn are scalar

coefficients of the polynomial component of order n. The signal can be expressed in z- 

domain as

R m  (z ) = YcRp (z ) + T r jZ [ kJrp}.
j=1

The z-transform of k Jrp can be written as (proof in appendix)

Z [kjrp} = ( - l ) j X Q z
d R p

dz

(10)

(11)

Using this property (10) can be rewritten as

Rm  (z ) = YcRp  (z) + (-1) n i t  Yj ± \ j y R p ( z z
j=1 i=1 i I dz1

(12)

d iR p ( z )
In order to evaluate-----—— , (3) is differentiated using the Leibniz rule which states that

dz1

for differentiable functions f  and g,

( f g  )(k ) = t f  k ]  f {m ] g (k-m), (13)

where
(  k \

V m J
is the binomial coefficient and (0 represents the order of differentiation.

Hence,
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d lRp
dz

dn_ (  
~dzl

i

zm=0

R  (z ).
(1 -  z -N ) ,

”(m)
( i 1 " 1 "

V m , L a - z - n )J
R  (z ) (i-m )

(14)

Substituting (14) in (12) yields

R (z) =  Y oR(z) +

R  (z ̂ (TUP)
(-1)“  z r ,  z{j] z z

j =1 _=1 L ' J  m=0

( i 1" 1 "
V m , La - z -n )J

(m)
R, (z)(i-m)

(15)

From (4), it can be observed that R0 (z) takes the form

N

R0 (z) = z j -1, (16)
j =0

where r7- is the magnitude of the periodic signal rp(k) corresponding single period. In 

practice, N>>“ which implies that the higher derivatives of R0 (z ) in (15) exist.

Furthermore, since the focus is on the characteristic equation of the signal, (15) can be 

rewritten as

Rm (z ) = Y r R + ( - 1 ) “ z \ r ,
(1 -  z ) j"

z f } z_ ^  ( '
i=1 L i J m=0 V m ,

r ° R° (z ) + ( 1)» z
(1 -  z-N ) + (-1 ) z

( i 1

Fm ( z )

(1 -  z -N )
m+1 R  ( z )(i-m)

Y j zi .
1 L i (1 -  z - n y

z  F.  (z ) (1 -  z-N)i-mR, (z)
(i-m)

m=0 V m ,

(17)
X
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where Fm (z ) is a rational polynomial in z that results from differentiating the term 

(l _ z -N )-1. Equation (17) can be further simplified as

rm (z ) = Y R o (z) + ( - 1 )n z
Y

(1 - z-N) ' K 17 £ L(1 - z -N)J+1t ! l '

(1 -  z j - 1 t f  1  ]  Fm (  z ) (1 -  z ) ' " m R  (  z f - m)

z  [ y  (1 -  z- * y

m=0 Vm J

Y  R  ( z ) + (-1)"
(1 - z  -N) (1 -  z -* )

\ " ~  J

j =1

z  t i  I z  (1 -  z- j  x
^ i ^

Z  Fm (z ) ( 1 -  z-»  )' -m  R  (z)\('-m)
m=0 V m J

(18)

Equation (18) can be rewritten as

Y R  (z ) (1 -  z - * )"  + (-1)" t  [ Y (1 -  z - * )" -  j x
j =1

z  1yz  (1 -  z - * j

^ i \

Rm (z ) =

Z  Fm (z ) ( 1 -  z-*  T " R  (z)\ ( '- m )

m=0 V m J

(1 -  z - * )"
(19)

Thus, (19) provides the generalized model for an " th order multiplicative quasiperiodic 

signal with quasiperiod * . Similar to the additive quasiperiodic model in (8), the 

numerator of the multiplicative quasiperiodic model is complicated, but again the focus is 

on the characteristic equation of the model, i.e. the denominator of (19), for control
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design. The important characteristic to note is that for z=1, the numerator simplifies to 

( - 1)” ynFn (1)R0 (1 ) ^  0. This shows that there is no pole-zero cancellation.

2.3. AFM SAMPLE MODELING

The classes of signals described above are of significance in the control of atomic 

force microscopy (AFM). AFM renders high resolution nanoscale images by raster 

scanning a nano-sized tip across the surface of interest. Figure 3 illustrates the working 

principle of the AFM. The tip mounted on the free end of a microcantilever experiences 

change in deflection when there is a change in the surface height. Raster scan is enabled 

by loading the sample on a 3-axis nano positioner. The tip deflection is regulated to a 

constant value by controlling the z-axis position of the sample through a feedback 

controller. While scanning, the sample height acts as a disturbance on the feedback loop, 

and the control action applied to reject the disturbance is mapped against the position of 

the tip to generate a 3D topographical map of the sample.

While the objective is to image the 3D topography of the sample, the sample is 

often assumed to be grossly planar and aligned in the plane of the raster path. To the 

degree that the plane is misaligned, or potentially curved, it is common to fit a planar or 

higher order curve to the measured topography and subtract that curve from the image 

[26]. However, the dynamic errors created by tracking over the curve remain. Thus, 

accurate tracking of these large, gross geometries remains critically important in 

generating accurate images.
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Figure 3. Illustration of an AFM control loop for regulating tip deflection. The sample 
height acts as the disturbance on the control loop while the tip scans the sample.

In order to understand the effect of the gross sample geometry on the tracking 

error, consider the sample as a 3D polynomial surface,

h ( x, y  ) = d  + J
i=1

+ Z  biy  + Z  cix y
(  n xy

i=1 i=1

i) (20)

where h(x,y) is the surface height at a given spatial coordinate (x,y) with respect to the 

scanner frame, nx, ny, and nxy are the polynomial orders, and ai, bi, ci, and d are 

coefficients. The linear terms in h represent alignment of the raster plane to the sample 

plane, and higher order terms can represent more complex sample geometries such as 

glass rods [5] or cell surfaces [27].

Now consider a raster profile in X and Y represented by temporal signals rx(k) 

and ry(k). There are a variety of raster profiles used in AFM [28-29], such as the simple 

triangular profile shown in Figure 4. The following assumptions are made about the raster 

signals:
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rx (k ) e n F , where QN is a set of periodic signals with sample period N. 

ry (k ) is linear with respect to time.

Figure 4. Typical raster pattern involved in scanning an AFM sample in (a) spatial 
domain, and (b) the time domain signals corresponding to individual axes to generate

the raster pattern.

The temporal tracking signal can be obtained by substituting the raster profile functions 

into the sample topography (20) , resulting in,

h( k  ) = d  + J  airf 1
i =1 i=1 i=1

(21)

Periodic signals with the same sample period have closure under addition and 

multiplication, i.e. given a set of periodic signals (Qn ) with same sample period, and 

r1, r2 g Qn then r1 + r2 e Q N and r1 xr2 e Q N . This indicates that the first summation

term in (21) is periodic with the same period as r(k). Furthermore, it can be observed that 

the second summation term, being an algebraic sum of higher powers of the ramp signal, 

is a polynomial in k  with the order ny. So, the first three terms in (21) constitute an 

additive quasiperiodic signal with order ny. The last summation term is composed of
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p r o d u c t  o f  p e r i o d i c  a n d  p o l y n o m i a l  s i g n a l s ,  w h i c h  i n d i c a t e s  t h a t  i t  i s  a  m u l t i p l i c a t i v e  

q u a s i p e r i o d i c  s i g n a l  w i t h  o r d e r  n x y - 1 .  T h u s ,  t h e  h e i g h t  d i s t u r b a n c e  i n  ( 2 1 )  i s  a  

c o m b i n a t i o n  o f  a d d i t i v e  a n d  m u l t i p l i c a t i v e  q u a s i p e r i o d i c  s i g n a l s .  B y  d e s i g n i n g  a n  

a p p r o p r i a t e  c o n t r o l l e r  t h a t  c a n  a s y m p t o t i c a l l y  t r a c k  s u c h  s i g n a l s ,  t h e  A F M  c a n  b e  m a d e  

i m a g e  m o r e  a c c u r a t e l y .

3. QUASI-REPETITIVE CONTROL DESIGN

T h e  p r o p o s e d  q u a s i - r e p e t i t i v e  c o n t r o l l e r  i s  b a s e d  o n  t h e  i n t e r n a l  m o d e l  p r i n c i p l e .  

T h e  c h a r a c t e r i s t i c  e q u a t i o n s  o f  t h e  a d d i t i v e  a n d  m u l t i p l i c a t i v e  q u a s i p e r i o d i c  s i g n a l s  a r e

1 -  z —  ) ( z  _  1 ) n a n d  ( 1  -  z - N  )  r e s p e c t i v e l y .  B y  i n c l u d i n g  t h e s e  m o d e l s  i n  t h e  c o n t r o l

d e s i g n  t h e  s i g n a l s  c a n  b e  t r a c k e d  o r  r e j e c t e d  a s y m p t o t i c a l l y .  W h i l e  i n c l u d i n g  a l l  t h e  r o o t s  

o f  b o t h  t h e  c h a r a c t e r i s t i c  e q u a t i o n  a s  c o n t r o l l e r  p o l e s  w o u l d  e n s u r e  t r a c k i n g ,  c o n s i d e r

( _ n  \  n+1
1 _  z )  u s i n g  ( 7 ) ,  w h i c h  y i e l d s

( 1 _  z  - N  ) " + ' = ( 1 _  z  - N  ) ( 1 _  z  -  N  ) n

' ) ( z _ 1)"
C N X"

]
(22)

v j=1 y

T h i s  s h o w s  t h a t  t h e  c h a r a c t e r i s t i c  r o o t s  o f  t h e  M Q P  s i g n a l  c o m p r i s e  t h e  r o o t s  o f  t h e  A Q P

( _ n \"+1
1 _  z  ) a s  p o l e s  i n  t h e  c o n t r o l  d e s i g n  b o t h  a d d i t i v e

a n d  m u l t i p l i c a t i v e  q u a s i p e r i o d i c  s i g n a l s  c a n  b e  t r a c k e d .
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3.1. CONTROLLER IM PLEM ENTATION

Consider a generalized repetitive controller shown in Figure 5. G(z) and K(z) 

represent the plant and the baseline controller. L(z) is the learning filter, and is typically 

formulated as a zero-phase tracker [30] given by

Figure 5. A generalized repetitive controller frame work. The highlighted section of the 
controller, S(z), represents the internal model of a periodic signal.

L (z ) = krP ( z ), (23)

where kr is the learning gain. The transfer function P  (z ) is defined as

P ( z )
G ( z )

1 + K  ( z ) G ( z)
(24)

Q (z) is the Q-filter added to improve the robustness of the controller. It is generally a 

zero-phase, low pass filter. The block M  (z) is a FIFO buffer of size N  (M  (z) = z- N) for

a repetitive controller, which makes S(z) a periodic signal generator. To introduce higher
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powers of 1 -  z N, the block M  (z) is modified to have multiple FIFO buffers connected 

as shown in Figure 6. Such a structure can be mathematically represented as

M  (z ) = £  a„ z -■», (25)
m=1

where p  is the number of N-length FIFO buffers and represents the order of the quasi­

repetitive controller, and am are suitable gains with which the outputs of the buffers are 

scaled. To simplify the analysis consider Q(z)=1. The transfer function of the plug-in 

repetitive component from e(k) to uj(k) is

M z )  
E ( z )

L (z ) £  amz mN
m=1

1 - Z  a m z
m=1

mN

(26)

In order to choose appropriate values for am to obtain higher powers of (1 -  z N ) 

consider the binomial expansion of (1 -  z-N )^ which can be written as

(1 -  z - N ) P = 1 V  z (27)
m=1

where

am = ( -1 )m-1 ^  for m = 1,2,...P
p

V m J

So, setting am = am yields
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U  ( z ) 
E ( z )

L ( z ) £  a ,^  -
m=1

(1 - z  - * ) '
(28)

Figure 6. Multi-buffer internal model structure for a quasiperiodic signal.

By choosing p  > n +1, i.e. setting the order of the quasi-repetitive controller higher than 

the order of the quasi-periodic signal, asymptotic tracking can be guaranteed. As a special 

case, it can be noted QRC of order p=1 is a generic repetitive controller which can track 

periodic signals (n=0). Different gain values am for different order of quasi-repetitive

control (p) is tabulated Table 1.
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Table 1. Gain Values for QRC up to Order 4

RC
Order

(p)

/V

a 1 a 2 a 3 a 4

1 1 0 0 0

2 2 -1 0 0

3 3 -3 1 0

4 4 -6 4 -1

Remark: A control structure identical to quasi-repetitive control (QRC) has been 

previously presented in works by Steinbuch et al [31]. Though the control structure is 

similar, the goal of the design is different. While Steinbuch et al have applied this control 

structure to improve robustness to time-period variations, the same structure here is used 

to expand the type of signals that can be tracked using repetitive control architecture.

4. EXPERIMENTAL RESULTS & DISCUSSION

The quasi-repetitive controller was implemented on a custom AFM using 

Labview. The learning filter design involved identifying and inverting the plant 

dynamics. The learning gain kr was set to 0.8. The Q-filter was chosen to be a zero-phase, 

low pass FIR filter. A PI controller was chosen as the baseline controller to which the 

QRC was augmented. As described in section III, the criteria for a pth-order QRC to 

track an nth-order quasiperiodic signal (additive or multiplicative) is p  > n +1.
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Figure 7. Experimental results corresponding to imaging a Magnetite sample. (a) 3D 
image of the sample is inclined due to the misalignment between the sample and the 

raster plane, (b) Raster profile of the scanner, sample height, and the tracking error of PI 
and PI+QRC schemes corresponding to 6 raster cycles.

To track an AFM sample as described in (20), which is a combination of additive 

quasiperiodic signal of order ny and multiplicative quasiperiodic signal of order nxy-1, 

QRC with p  > max (ny, nxy - l) + 1 would provide asymptotic convergence. Two samples

of varying topography were imaged using PI controller and PI+QRC combination. First, 

a planar sample of Magnetite was imaged. Such a sample can be approximated as (21), 

with nx=ny=1 and nxy=0. So, the order of QRC was set to 2. The sample was scanned at 1 

Hz using both PI and PI+QRC schemes. Figure 7(a) shows the 3D topography of the
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Magnetite sample generated using the PI controller. Figure 7(b) shows the raster scan 

profile, temporal height signal and the tracking error of PI and PI+QRC for limited cycles 

of raster scans.

Figure 8. Magnetite sample imaged using a (a) PI controller and (b) PI+QRC controller. 
The tracking error of PI (PIRMS = 12.3 nm) and PI +QRC (QRCrms= 3.9 nm) schemes 

are plotted in spatial domain in (c) and (d).
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The misalignment between the sample and raster plane is evident in Figure 7(a) 

and it affects the tracking performance of the PI controller. It can be observed that the PI 

tracking error is in itself quasiperiodic in nature. As a standard practice the image in 

Figure 7(a) is flattened by subtracting the best plane fit from the image data. Figure 8 

shows the flattened AFM image and the tracking error obtained by scanning the same 

location on the sample using PI and PI+QRC schemes. The tracking errors were 

quantified by calculating their RMS across the entire scan range. The RMS of the QRC 

tracking error (QRCRMS = 3.9 nm) was approximately 3 times smaller when compared to 

the PI tracking error (PIRMS = 12.3 nm). The second sample considered for imaging was 

a glass rod with a cylindrical topography with 150 pm diameter. It was raster scanned 

along its longitudinal axis with 1 Hz scan rate. Assuming X-axis is the fast raster axis, 

such a cylindrical topography along with the sample plane misalignment would have 

circular profile along X-direction and linear profile along Y-direction. Thus when 

represented in the form given in (21), it can be approximated with ny=1 and nxy=0. Note 

that the order of the profile along the X-direction does affect the QRC order required for 

asymptotic tracking. Thus, QRC with order, p=2 was chosen. Figure 9 shows the images 

of the glass rod sample scanned along its longitudinal axis using both PI and PI+QRC 

controllers. Again, QRC (QRCRMS = 5.2) provides approximately 5 times better tracking 

performance compared to PI controller (PIRMS = 28.1). Apart from the error images, the 

improvement in tracking performance is also visually evident in the sample topography 

images. Image generated by PI controller has sharp discontinuities, which are caused by 

sensor saturation due to poor tracking. This does not occur in QRC owing to superior 

tracking.
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Figure 9. Image of a glass rod sample obtained using (a) PI controller and (b) PI+QRC 
combination. The tracking error of PI (PIRMS = 28.1 nm) and PI +QRC (QRCrms= 5.2 
nm) schemes are plotted in spatial domain in (c) and (d). Comparison of tracking error 

of PI and PI+QRC at the dotted line marked in (c) and (d) is shown in (e).
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5. CONCLUSIONS

Conventional repetitive controller framework, which enables perfect periodic 

signal tracking, was extended to track a broader set of quasiperiodic signals. A 

generalized model of signals that can be written as linear combinations of periodic and 

polynomial signals were derived in discrete domain and a quasi-repetitive controller was 

formulated based on internal model principle. One application that can benefit from QRC 

is atomic force microscopy. It was analytically shown how raster scanning a 3D 

polynomial surface induces quasiperiodic disturbances in the feedback loop and how, 

with minimal knowledge of the surface geometry, asymptotic tracking can be obtained. 

AFM imaging was performed with the developed controller and its performance was 

compared to a PI controller. Experimental results indicate superior tracking by QRC 

which translates into more accurate surface images.
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II. DESIGN AND CONTROL OF A DUAL-PROBE ATOMIC FORCE

MICROSCOPE

Muthukumaran Loganathan, Ayad Al-Ogaidi, and Douglas A. Bristow

ABSTRACT

Current atomic force microscopes (AFM) support single-probe operation, in 

which one nano-sized tip enables versatile operations, such as surface imaging, 

nanomanipulation, and nanomanufacturing, to be performed, although one at a time. 

Some AFM operations involve switching between imaging and the operational mode 

which is cumbersome, challenging and limiting, particularly when different probe 

geometries are preferred for each mode. This paper presents a new dual-probe atomic 

force microscope (DP-AFM) that has two independent probes operating in a common 

workspace. Such a setup enables two AFM operations to be carried out simultaneously. 

For instance, one probe can be used to image while the other probe performs one of the 

many tip based processes. The hardware and software design involved in developing the 

DP-AFM is discussed in detail. Furthermore, to demonstrate the capability of dual-probe 

arrangement, a controller is developed for real-time plowing depth control where one 

probe is used to plow the surface while the other is used to image the plow profile, thus 

enabling real-time feedback control of the AFM plow process. Experimental results 

show that the plow depth can be regulated with nanometer-level accuracy.
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1. INTRODUCTION

Since its invention in 1986 [1], the atomic force microscope (AFM) has evolved 

from being a basic surface imaging tool to a fundamental nanomanufacturing tool. The 

AFM is widely used for nanoscale imaging, as it can image a variety of samples ranging 

from conductors, insulators [2], and biological specimens [3], in different ambient 

conditions including air, liquid [4], and vacuum [5]. Apart from surface topography, 

elastic [6], electrostatic [7] and magnetic properties [8] can be measured with sub­

nanometer spatial resolution. This is made possible by a nano-sized tip, often mounted on 

a free end of a cantilever beam, which senses atomic forces with high resolution. Apart 

from sensing, the AFM tip can also act as an actuator to perform nanomanipulation and 

manufacturing tasks. In nanomanipulation, the tip is used to apply mechanical force to 

push, pull or pick-and-place individual nanoparticles in a controlled manner through 

force feedback [9-10]. Nanomanufacturing involves adding or removing material using 

the tip to fabricate 2D/3D structures. For example, dip-pen nanolithography [11-12] is 

one of the bottom-up manufacturing processes where the AFM tip is used to deposit ‘ink’ 

molecules of interest on a substrate to print a desired pattern. Similarly, plowing [13] is a 

subtractive process where the tip is used to selectively remove material off the substrate 

through mechanical means. Local oxidation [14] and nanomilling [15] are some of the 

other prevalent tip-based nanomanufacturing processes.

Despite the versatility of the single-probe configuration, there are significant 

limitations. First, single-probe AFM can either perform imaging or nano 

manipulation/manufacturing, one at a time. Since imaging cannot be performed during 

the fabrication process, real-time feedback of the process is challenging, whereas
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performing the process in open-loop without real-time feedback limits the accuracy. 

Second, current fabrication methods involve alternating between imaging mode and the 

fabrication mode until a certain goal is accomplished. This trial-and-error aspect is 

inefficient as it often requires a considerable amount of operator time, effort, and 

expertise. Alternatively, efforts have been made to automate processes like 

nanomanipulation [16-17]. However, automation is not much of help in cases where 

different modes require different probes. Third, there is a limitation to the complexity of 

the part that can be fabricated using single-probe AFM. Simple 2D nanoparticle 

manipulation and plowing of basic 2D geometrical shapes, using single-probe AFM, have 

been reported in the AFM literature. However, complex 3D pick-and-place manipulation 

or complicated plowing profiles are almost impossible to achieve using single-probe 

configuration

One approach to overcome the aforementioned limitations is to enable 

simultaneous actuation and sensing by having two probes working in tandem, in a 

common workspace. One of the probes can perform imaging while the other probe can 

engage in one of the many manipulation or manufacturing tasks. Dual-probe AFM setup 

with different configurations [18-19] has been of recent interest to the nanotechnology 

community. Some unique applications like simultaneous imaging of two physical 

properties [20], electrical characterization of nano-rods [21], and 3D pick-and-place [22] 

of microspheres that are impossible with single-probe AFM, have been successfully 

demonstrated using DP-AFM. This paper presents a new modular dual-probe AFM 

capable of independently actuating two probes simultaneously in a common workspace. 

Design and signal processing for this complex mechatronics system is presented. A real­
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time control algorithm for this system is developed and applied in the AFM plowing 

process.

The remainder of the paper is organized as follows. In the next section, a DP- 

AFM description including hardware and software design is presented. Section 3 

discusses calibration challenges pertaining to the DP-AFM and proposes procedures to 

address them. Section 4 presents a unique application of plowing process control which 

involves controlling the plow depth in real-time using the DP-AFM. Experimental results 

highlighting the challenges of open-loop plowing and the effectiveness of closed-loop 

plowing are presented in Section 5 followed by conclusion in Section 6.

2. SYSTEM DESIGN

An integral component of an AFM system is the nano-sized tip that acts as an 

end-effector to perform various operations. Having more than one tip operating 

simultaneously provides better control over the workspace. For example, micro or 

nanoparticles can be manipulated using two opposing tips by performing a more 

controlled pick-and-place action, compared to less efficient push or pull action using a 

single probe. The DP-AFM is designed to have two opposing probes, as illustrated in 

Figure 1, operate in a common workspace.
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Probe 1 Probe 2

Figure 1. Illustration of (a) opposing dual probe configuration with top visual probes 
and (b) manipulation application using the two opposing probes.

While conventional AFM probes, whose tips are not visible from the top, can be 

used in a dual probe arrangement, probes with protruding tip, as shown in Figure 1, 

provide a distinct advantage allowing multiple probes to approach one another with zero 

offset between their tips. Each probe can be operated individually and is capable of 

supporting standard AFM operations and cantilevers when applicable. Both the probes 

can be operated in tapping or contact mode depending on the application. The design also 

incorporates a standard optical lever for probe displacement detection so that commercial 

cantilevers made for single-probe AFM can be still be accommodated.

The DP-AFM setup consists of two independent 3-axis nano stages (PI PicoCube 

P-363) for actuating the probes, and a separate 3-axis nano stage (PI Hera P-621) for 

sample actuation. The probe stages have 5 pm range in all the three directions with a 

resolution of 0.1 nm and 1000 Hz bandwidth. This effectively provides 5x5x5 pm of 

workspace where both the probes can operate. The sample stage has 100 pm range along 

the sample plane (X & Y axes), and 50 pm range normal to the sample (Z axis). The XY
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stages have a resolution of 0.2 nm and 600 Hz bandwidth, while the Z stage has 0.1 nm 

resolution and 800 Hz bandwidth. Each probe has its own optical lever setup i.e. 

dedicated laser source (Schafer + Kirchoff 51nanoFCM) and position-sensitive 

photodetector (PSD) (MAYPA tech OPS-40) pair.

Probe stage 1
Probe stage 2jl

Micro Stages

Laser 2

Laser 1 iBeam
Detector 1splitters

Detector 2>
Camera

Mirrors

Detector 2 Detector 1
Sample stage

(c) (d)

Figure 2. Schematic of dual probe arrangement (a), image of the actual DP-AFM setup
(b), zoomed in image showing the probe holders with dither piezos (c), and the camera 

view (top view) of the two top visual probes aligned tip-to-tip (d).
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Figure 2(a) shows a schematic illustrating the optical lever arrangement for both 

probes. The laser sources are placed perpendicular to each other, and the beams are 

directed towards the cantilevers using a beam splitter. The beams reflected by the 

cantilevers are guided to the PSD through adjustable plane mirrors. The cantilever 

holders are designed such that the cantilevers have a 10° pitch to reflect laser at an angle 

toward the PSD. A second beam splitter in the laser path serves as a window for the 

camera (not shown in Figure 2(b)) to monitor the probes. Figure 2(b) shows the actual 

DP-AFM setup. For coarse alignment, the sample nano stage and one of the probe nano 

stages are mounted on 3-axis micro stages (PI M112.1DG) with 25 mm range and 0.1 pm 

resolution. Individual components are mounted on an optical breadboard which in turn is 

installed on an isolation table. Using a breadboard for assembly makes the setup fully 

adjustable and customizable for non-standard applications. As shown in Figure 2(c), the 

setup also has two dither piezos (PI PIC 155) located at each probe to enable tapping 

mode operation when required. Figure 2(d) shows the camera view of two top visual 

probes (NT-MDT) aligned tip-to-tip. Though DP-AFM is capable of handling all 

varieties of AFM probes, these top visual probes are preferred as they place their tip 

leading the cantilever, which enables two probes to be aligned tip-to-tip with very 

minimal offset.

2.1. OPTICAL LEVER DESIGN

The optical lever is a prominent method used for detecting nanometer level 

displacement of the AFM cantilevers. As shown in Figure 2(a) and 3(a) a converging 

laser beam is focused on the back of the inclined cantilever, which gets reflected back to
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a PSD. Any change in the vertical tip displacement induces a change in the slope (angular 

deflection, d) at the end of the cantilever. This change in slope affects the angle of 

reflection of the laser beam.

Figure 3. Schematic of a typical optical lever setup (a), laser spot displacement on the 
PSD which comprises of four photodetector quadrants A-D (b), schematic illustrating 

the cone angle of the diverging laser beam directed towards the PSD (c).
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The change in the angle of reflection is captured as spot displacement (ds) by the 

PSD. Consider VA-D as the corresponding voltage output of each quadrant A-D of the 

PSD. The normalized differential voltage output of the PSD is given as

, = (Va± V H V A Vd}
Va + Vb + Vc + Vd

(1)

Assuming the power of the laser spot on the detector is uniformly distributed across its 

radius, the voltage across each quadrant of the PSD can be considered proportional to the 

area of the segment of the spot on each quadrant. Thus, given a spot displacement ds, the 

voltage sum Va+Vb is proportional to the sum of half of the spot area and the incremental 

spot area due to displacement ds. Similarly, voltage sum Vc+Vd is proportional to the 

difference of half of the spot area and the incremental spot area. On approximating the 

incremental spot area as a rectangle, as shown in Figure 2(a), the voltage sums can be 

mathematically represented as

VA + VB ~ k (Ah + dds ) 
Vc  + Vd  » k  (A„ -  dd ,),

where, k  is a proportionality constant, Ah is half of the laser spot area, d  is the diameter of 

the laser spot. Substituting (1) in (2) and considering Ah = n d  2/8 yields

V.’sd
dds 8 ,
A s.

(3)
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One of the important design parameters in optical lever design is the optical lever 

sensitivity (OLS). OLS can be defined as the ratio of the change in photodetector voltage 

(Vpsd) to the change in cantilever displacement (dc),

OLS = . (4)
d c

Higher OLS implies a very small change in cantilever displacement can be detected by 

the PSD. Applying cantilever beam theory, the slope at the end of the cantilever can be 

expressed in terms of the tip displacement as

3
6 = Y l*c, (5)

where l is the length of the cantilever. By applying the law of reflection to the laser beam 

(Figure 2(a)) it can be seen that the angle of reflection of the laser beam changes by 26 

when the cantilever slope changes by 6. Moreover, from Figure 3(a) it can be observed 

that the spot displacement (ds) can be written as

d s = L tan 26
t s (6) 

~ 2 L6 (for small 6),

where L is the normal distance between the PSD and the cantilever. Substituting (5) in (6) 

yields

. 3L
ds * - J dc. (7)
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Figure 3(c) illustrates the diverging laser beam reflected off the cantilever. The cantilever 

is usually placed at the focal point of the laser beam. The laser spot size on the PSD 

depends on the cone angle, f  of the diverging beam and the distance between the 

cantilever and the PSD. Their relationship can be represented as

d  = 2 L tan ( f ) . (8)

Substituting (26) and (8) in (3) yields

V,psd
12dc

nl  tan ( f ) (9)

Thus, from (9), the optical lever sensitivity (OLS) can be written as

OLS V psd 12
nl  tan ( f )

(10)

While the cantilever length, l, is often fixed, the optical lever sensitivity can be increased 

by decreasing the cone angle of the laser beam. This is achieved by using a laser shutter 

at the source that radially cuts the laser beam. The cone angle in our setup is 0.65°. 

Hence, for a cantilever of length 450 gm, the OLS theoretically calculated using (10) is 

0.75 mV/nm. Experimentally, OLS was calculated by performing the approach-retract 

experiment [23-24]. The approach-retract experiment involves moving the probe towards 

and away from a hard sample, and monitoring the PSD voltage. The PSD voltage is 

plotted against the sample stage displacement, and the slope of the curve provides the 

experimental OLS. Figure 4 shows the results of the experimental approach-retract curve, 

and the slope of the curve is 0.80 mV/nm. Considering (10) being a theoretical
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approximation for OLS and ±20 pm (supplier specification) uncertainty in the 

cantilever’s length, the experimental OLS is in good agreement with the theoretical value.

Figure 4. Experimental PSD voltage vs. sample stage displacement (Approach-retract 
curve). The slope of the linear segment is 0.8 mV/nm, which is the experimental OLS.

2.2. CONTROLLER AND SOFTWARE DESIGN

The instrument control functionality is divided between two processors. A 

standard Windows PC provides high-level control including user interface, process 

planning, and image processing. A National Instruments PXI real-time system (NI PXIe- 

8135) provides low-level control such as individual feedback loops for stage control, 

scanning and trajectory generation, alignment routines etc. Figure 5 shows the control 

system layout of the DP-AFM. A loop rate of 10 kHz was chosen for the real-time system 

based on the trade-off between high bandwidth requirements and computation overhead.
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Analog I/O boards (NI PXI-6733 and NI PXIe-6368) handle signals to and from the 

stages.

Figure 5. Instrument control layout showing the interconnections of various components
of the DP-AFM.

High-speed signals, like tapping mode oscillation signals which are ~300 kHz, are 

handled using field-programmable gate array (NI PXIe-7965R). FPGA provides high 

speed (40 MHz loop rate) signal processing and computation capabilities. The real time 

and non-real time processes are programmed using Labview software. Figure 6 shows the 

software components involved in operating a single probe. The layout is identical for the
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other probe and hence is not shown in Figure 6. The cantilever can be operated in either 

tapping mode or contact mode. Regardless, the PSD signal is acquired by the FPGA at 40 

MHz sampling rate. In tapping mode, the PSD signal is often a sinusoidal signal 

corresponding to the tip amplitude.

In contact mode, this signal represents the deflection of the cantilever. Usually, in 

tapping mode, the RMS of the tip oscillation is regulated, while in contact mode the 

cantilever deflection is regulated, to generate an image of the surface topography. The 

FPGA calculates the RMS of the signal by low-pass filtering the square of the PSD signal 

and then performing square root operation on the filtered output. Figure 6(b) shows a 

block diagram illustrating different operations in the RMS filter. The cut-off frequency of 

the low-pass filter was chosen to be 5 kHz so that the filter will also act as an anti­

aliasing filter, thus preventing aliasing when the signal is transferred to the real-time loop 

running at 10 kHz. When operating in contact mode the PSD signal is directly filtered 

using an anti-aliasing filter and communicated to the real-time loop. Based on the mode, 

the corresponding FPGA signal is chosen in the real-time loop and is regulated by 

controlling the Z-axis of the probe stage. The XY axes perform raster scan to generate the 

sample topography. Alternatively, the sample stage can be used for imaging and raster 

scanning based on the range requirements.
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FPGA loop @ 40 MHzPSDLaser
Mirror

RMS
filter

probe
Anti-

Probe XYZ aliasing filter
XYZ feedback <-

stage XYZ sample
/ \ / \ / \ stage

XYZ servo
controller RastercontroXYZ commands

feedback XY  servo
X  control contro er
Y control Mode

Z contro controller
Mode

Real time loop @  10 kHz

RMS filter

LP filter RMSPSD >5 kHzsignal
cut-off

Figure 6. Schematic of (a) software components involved in operating a single probe 
for imaging. The other probe involves identical components for its operation, and 
hence is not shown. Block diagram representation of a RMS filter is shown in (b).

3. DP-AFM CALIBRATION PROCEDURES

Unlike single probe AFM which often has a stationary probe, DP-AFM has 

probes installed on precision nano stages. Movable probe setup poses two key challenges. 

First, with a stationary laser source aligned to focus the beam on the probe, any change in
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probe position would misalign the laser, which would affect the deflection measurement. 

Second, manually aligning both the probes tip-to-tip within certain microns offset, with 

limited visual feedback from the camera, is challenging, and requires an automated 

procedure. These issues and their proposed solutions are discussed in the following 

sections.

3.1. 3D PROBE POSITION ERROR COMPENSATION

The tip deflection in an AFM is measured by measuring the laser spot 

displacement on the PSD caused by the change in slope at the end of the probe. However, 

the change in probe position also displaces the spot on the PSD. This spot displacement 

changes the PSD output voltage, which could be misinterpreted as tip deflection. This 

phenomenon is illustrated in Figure 7. Hence, it is important to decouple the effect of 

probe position on the deflection measurement. This is achieved by constructing an error 

model that best captures the change in voltage as a function of the probe position and 

compensating for it. Mathematically, the compensated PSD voltage Vcomp, at any time t, 

can be represented as,

Vcomp = Vuncomp ~ e ( X ̂  Z) , (11)

where, Vuncomp is the uncompensated PSD voltage measurement affected by probe 

position changes, (x, y, z) is the position of the probe stage, and e(x,y,z) is the 3D error 

model of voltage change due to probe position. The error model, e(x,y,z), is constructed 

by calculating the voltage error at discrete coordinates (xi,yi,z1)  and fitting a 2nd order 3D 

polynomial using least square fit.
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Figure 7. Illustration of (a) laser spot displacement on the PSD due to tip deflection, 
and (b) spot displacement due to change in probe position which could be 

misinterpreted as tip deflection.

The measured voltage error ei(xi,yi,zi) is given by

( x , y , z  ) = V (x , y , z ) - ^ (12)

where, V(xi,yi,zl)  is the voltage measured at the coordinate (xl,yl,zl), i=1,2,...n and Vo is the 

voltage measured at the nominal position of the probe stage which corresponds to the true 

alignment of the laser. The general 2nd order 3D polynomial describing the error model 

can be represented as

e( x, y, z) = a1 x2 + a2 x + a3 y 2 + a4y  + a5 z 2 + a6 z 
+ a7 xy + a8 xz + a9 yz + a10.

(13)

Given the set of discrete voltage error measurements as described in (12), the best fit 

polynomial can be obtained by solving the set of equations that can be written in matrix

form as
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P A  =  E , ( 1 4 )

w h e r e ,

x12 X1 y 2 y  . . .  1 e 1(  X1, y l , z 1)

X22 X2 y 2 y 2 . . .  1 e2 (  X2 , y 2 , z2 )

P  = , e  =

_ X f X y 2 y  . . .  1_ _ e ( x , y , z )  _

a n d  A  =  [ a 1 a 2 . . .  a 10 ]  .

T h e  l e a s t  s q u a r e  s o l u t i o n  [ 2 5 ]  o f  ( 1 4 )  i s  g i v e n  a s

A  =  P + E , ( 1 5 )

w h e r e  P + =  ( P T P ) - 1 P T i s  t h e  p s e u d o  i n v e r s e  o f  t h e  m a t r i x  P .  T h e  v e c t o r  A ,  c a l c u l a t e d  

u s i n g  ( 1 5 ) ,  p r o v i d e s  t h e  c o e f f i c i e n t s  o f  t h e  p o l y n o m i a l  e r r o r  m o d e l  d e n o t e d  i n  ( 1 3 ) .  I n  

o r d e r  t o  v a l i d a t e  t h e  c o m p e n s a t i o n  a l g o r i t h m ,  a n  e x p e r i m e n t  w a s  c o n d u c t e d  i n  w h i c h  t h e  

p r o b e  s t a g e  w a s  m o v e d  t o  1 0 0 0  q u a s i - r a n d o m  c o o r d i n a t e s  ( F i g u r e  8 ( a ) )  o v e r  t h e i r  f u l l  

r a n g e  ( 0  t o  5  q m ) ,  w h i l e  t h e  p r o b e  w a s  i n  t h e  u n d e f l e c t e d  s t a t e ,  a n d  t h e  c o m p e n s a t e d  a n d  

u n c o m p e n s a t e d  P S D  v o l t a g e  w e r e  m e a s u r e d .  I d e a l l y ,  w i t h o u t  a n y  p r o b e  d e f l e c t i o n ,  t h e  

P S D  v o l t a g e  s h o u l d  b e  z e r o ,  b u t  d u e  t o  t h e  r a n d o m  p r o b e  s t a g e  m o t i o n  t h e  P S D  f a l s e l y  

d e t e c t s  d e f l e c t i o n  a r o u n d  2 5  n m  p e a k - t o - p e a k .  H o w e v e r ,  p o s t - c o m p e n s a t i o n  t h e  

d e f l e c t i o n  i s  a r o u n d  0 . 5 8  n m  p e a k - t o - p e a k ,  w h i c h  i s  a p p r o x i m a t e l y  t w o  o r d e r s  o f  

m a g n i t u d e  s m a l l e r  t h a n  t h e  u n c o m p e n s a t e d  d e f l e c t i o n  m e a s u r e m e n t .
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Figure 8. Plots showing (a) Quasi-random motion of the individual probe axes, and (b) 
Comparison between compensated and uncompensated deflection signal when the probe 

stages are traversed in a quasi-random trajectory.
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3.2. DUAL-PROBE ALIGNM ENT PROCEDURE

A s  m e n t i o n e d  i n  s e c t i o n  2 ,  t h e  p r o b e s  a r e  i n s t a l l e d  o n  t w o  3 - a x i s  n a n o  s t a g e s .  I n  

a d d i t i o n ,  p r o b e  2  i s  i n s t a l l e d  o n  a  3 - a x i s  m i c r o  s t a g e  t o  e n a b l e  c o a r s e  a l i g n m e n t  o f  t h e  

p r o b e s .  F o r  s o m e  d u a l - p r o b e  a p p l i c a t i o n s  t h e  t i p - t o - t i p  a l i g n m e n t ,  w i t h  c e r t a i n  k n o w n  

o f f s e t  b e t w e e n  t h e m  i s  n e c e s s a r y .  L o c a t i n g  t h e  p r o b e s  i s  a c h i e v e d  t h r o u g h  d i r e c t  p h y s i c a l  

c o n t a c t  w i t h  e a c h  o t h e r .  H o w e v e r ,  s e a r c h i n g  f o r  t h e  p r o b e  t i p ,  w i t h  a n o t h e r  p r o b e  t i p ,  i n  

3 D  s p a c e  i s  c h a l l e n g i n g .  T h o u g h  i t  i s  p o s s i b l e  t o  a l i g n  t h e m  w i t h i n  s u b - m i l l i m e t e r  

a c c u r a c y  w i t h  t h e  h e l p  o f  t h e  v i s u a l  f e e d b a c k  f r o m  t h e  c a m e r a ,  f i n e r  a l i g n m e n t  r e q u i r e s  a  

m o r e  s y s t e m a t i c  p r o c e d u r e .  A  t h r e e - s t e p  p r o c e s s  i s  u s e d  h e r e  a n d  i s  i l l u s t r a t e d  i n  F i g u r e

9 .  F i r s t ,  t h e  p r o b e s  a r e  c o a r s e l y  a l i g n e d  i n  a l l  t h e  t h r e e  d i r e c t i o n s  w i t h  h e l p  o f  t h e  c a m e r a .  

S e c o n d ,  t h e  p r o b e s  a r e  a l i g n e d  a l o n g  t h e  z - a x i s  b y  s e q u e n t i a l l y  e n g a g i n g  b o t h  t h e  p r o b e s  

t o  t h e  s a m p l e ,  f o l l o w e d  b y  w i t h d r a w i n g  t h e  s a m p l e .  E n g a g i n g  h e r e  r e f e r s  t o  a p p r o a c h i n g  

t h e  s a m p l e  w i t h  t h e  p r o b e  u n t i l  a  d e s i r e d  d e f l e c t i o n  ( c o n t a c t  m o d e )  o r  R M S  a m p l i t u d e  

( t a p p i n g  m o d e )  i s  a c h i e v e d .  I f  t h e  s a m p l e  i s  r e l a t i v e l y  f l a t  w i t h  s u b - m i c r o n  f e a t u r e s ,  t h e  

p r o b e s  w i l l  a l s o  b e  a l i g n e d  i n  t h e  z - a x i s  w i t h i n  s u b - m i c r o n  a c c u r a c y .  T h i s  r e s u l t s  i n  t h e  

t i p s  b e i n g  a p p r o x i m a t e l y  l o c a t e d  i n  t h e  s a m e  X Y  p l a n e .  T h i r d ,  p r o b e  2  i s  m a d e  t o  s e a r c h  

f o r  p r o b e  1 i n  a  r a s t e r  p a t t e r n  a l o n g  t h e  X Y  p l a n e .  T h e  s e a r c h  p a t t e r n  i n v o l v e s  a  f i n e  

r a s t e r  s e a r c h  b y  t h e  p r o b e  s t a g e  f o l l o w e d  b y  a  t r a n s l a t i o n  a l o n g  X  a n d  Y  a x i s  b y  t h e  

m i c r o  s t a g e  a s  s h o w n  i n  F i g u r e  9 ( d ) ,  t h u s  e x e c u t i n g  a  2 D  g r i d  s e a r c h .  T h e  m i c r o  s t a g e  b y  

i t s e l f  f o l l o w s  a  c r u d e  r a s t e r  p a t t e r n  b y  m o v i n g  t h e  p r o b e  t o  a d j a c e n t  g r i d s  a s  n u m b e r e d  i n  

F i g u r e  9 ( d ) .  T h i s  p r o c e d u r e  i s  c a r r i e d  o u t  u n t i l  p r o b e  c o n t a c t  i s  d e t e c t e d .  O n c e  t h e  c o n t a c t  

i s  m a d e ,  p r o b e  2  c a n  b e  m o v e d  w i t h  r e f e r e n c e  t o  p r o b e  1 t o  m a i n t a i n  a  k n o w n  t i p  o f f s e t .
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D e t e c t i n g  c o n t a c t  b e t w e e n  t h e  p r o b e s  i s  c r u c i a l  f o r  t h e i r  a l i g n m e n t .  I t  c a n  b e  

o b s e r v e d  f r o m  t h e  2 D  r a s t e r  s e a r c h  p a t t e r n  d e s c r i b e d  a b o v e ,  w h e n  t h e  p r o b e s  a r e  b r o u g h t  

c l o s e  t o  e a c h  o t h e r ,  t h e  f i r s t  c o n t a c t  o c c u r s  b e t w e e n  t h e  s i d e  f a c e s  o f  t h e  t i p .  S u c h  a n  

i n t e r a c t i o n  i n d u c e s  a  t o r s i o n a l  f o r c e  a l o n g  t h e  l o n g i t u d i n a l  a x i s  o f  b o t h  t h e  p r o b e s .  T h i s  

r e s u l t s  i n  t h e  p r o b e s  t w i s t i n g  a l o n g  t h e i r  r e s p e c t i v e  l o n g i t u d i n a l  a x e s .  S u c h  t w i s t i n g  c a n  

b e  m e a s u r e d  u s i n g  t h e  h o r i z o n t a l  c h a n n e l  o f  t h e  P S D ,  w h i c h  c a n  b e  u s e d  t o  d e t e c t  p r o b e  

c o n t a c t .

F i g u r e  9 .  S t e p s  i n v o l v e d  i n  a l i g n i n g  t h e  p r o b e s  i n  3 D  s p a c e .  ( a )  P r o b e  1 i s  e n g a g e d  t o  t h e  

s a m p l e .  ( b )  P r o b e  2  i s  e n g a g e d  t o  t h e  s a m p l e .  ( c )  S a m p l e  i s  w i t h d r a w n  l e a v i n g  t h e  p r o b e s  

a p p r o x i m a t e l y  i n  t h e  s a m e  X Y  p l a n e .  ( d )  2 D  r a s t e r  s e a r c h  p a t t e r n  t r a v e r s e d  b y  t h e  

m o v i n g  p r o b e .  ( e )  T w o  p r o b e s  i n  c o n t a c t  w i t h  e a c h  o t h e r .
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F i g u r e  1 0  s h o w s  t h e  h o r i z o n t a l  c h a n n e l  s i g n a l  o f  b o t h  t h e  P S D  w h e n  a  c o n t a c t  

m o d e  p r o b e  ( n o m i n a l  s t i f f n e s s  0 . 5 3  N / m )  w a s  m a d e  t o  s e a r c h  f o r  a  n o n - o s c i l l a t i n g  

t a p p i n g  m o d e  p r o b e  ( n o m i n a l  s t i f f n e s s  6 0  N / m ) .  A s  l o n g  a s  t h e r e  i s  n o  c o n t a c t  t h e  

c h a n n e l s  r e a d  z e r o  v o l t a g e .  W h e n  c o n t a c t  o c c u r s ,  t h e  p r o b e s  t w i s t  i n  o p p o s i t e  d i r e c t i o n s .  

T h i s  c a n  b e  o b s e r v e d  i n  t h e  F i g u r e  1 0  w h e r e  t h e  s i g n a l s  h a v e  o p p o s i t e  p h a s e  a f t e r  

c o n t a c t .  S i n c e  c o n t a c t  m o d e  p r o b e  i s  l e s s  s t i f f  t h a n  t a p p i n g  m o d e ,  i t s  h o r i z o n t a l  s i g n a l  i s  

l a r g e r  c o m p a r e d  t o  c o n t a c t  m o d e .  O n c e  t h e  c o n t a c t  p r o b e  m o v e s  p a s t  t h e  t a p p i n g  m o d e  

p r o b e  b o t h  t h e  p r o b e s  r e t u r n  t o  t h e i r  e q u i l i b r i u m  p o s i t i o n .

F i g u r e  1 0 .  T h e  h o r i z o n t a l  c h a n n e l  s i g n a l  o f  a  c o n t a c t  a n d  t a p p i n g - m o d e  p r o b e s  w h e n  

c o n t a c t  m o d e  p r o b e  w a s  u s e d  t o  r a s t e r  s e a r c h  t h e  t a p p i n g - m o d e  p r o b e .  T h e  i n s e t  s h o w s  

t h e  d i f f e r e n t  s t a g e s  o f  c o n t a c t  w h i l e  s e a r c h i n g  f o r  t h e  p r o b e .
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A  s i m i l a r  t r e n d  i s  o b s e r v e d  w h e n  t h e  c o n t a c t  p r o b e  a p p r o a c h e d  t h e  t a p p i n g  m o d e  

p r o b e  f r o m  t h e  o t h e r  d i r e c t i o n .  T h u s  p r o b e  c o n t a c t  c a n  b e  d e t e c t e d  b y  c h e c k i n g  w h e n  t h e  

h o r i z o n t a l  s i g n a l s  c r o s s  a  c e r t a i n  t h r e s h o l d .

4. CLOSED-LOOP PLOW ING

O n e  o f  t h e  f u n d a m e n t a l  n a n o s c a l e  m a t e r i a l  r e m o v a l  p r o c e s s e s  t h a t  c a n  b e  

p e r f o r m e d  u s i n g  a n  A F M  i s  p l o w i n g  [ 2 6 - 2 7 ] .  P l o w i n g  i s  p e r f o r m e d  b y  u s i n g  t h e  A F M  t i p  

t o  a p p l y  a  m e c h a n i c a l  f o r c e  n o r m a l  t o  t h e  s u r f a c e  w h i l e  t h e  t i p  i s  i n  m o t i o n  s u c h  t h a t  t h e  

s u b s t r a t e  u n d e r g o e s  p l a s t i c  d e f o r m a t i o n .  T y p i c a l l y ,  t h e  t i p  o r  t h e  s u b s t r a t e  i s  m o u n t e d  o n  

a  3 - a x i s  p o s i t i o n e r ,  a n d  t h e  r e q u i r e d  f o r c e  i s  a p p l i e d  b y  p r e s s i n g  t h e  t i p  a n d  t h e  s u b s t r a t e  

a g a i n s t  e a c h  o t h e r .  T h i s  i s  f o l l o w e d  b y  m o v i n g  t h e  p o s i t i o n e r  a l o n g  a  p r e s c r i b e d  p a t h  t o  

o b t a i n  a  d e s i r e d  p l o w  p r o f i l e .  B e c a u s e  a  s i n g l e - p r o b e  A F M  c a n n o t  s i m u l t a n e o u s l y  p l o w  

a n d  i m a g e ,  t h e  p l o w i n g  p r o c e s s  o c c u r s  f i r s t  i n  o p e n - l o o p  f o l l o w e d  b y  i m a g i n g  t h e  p r o f i l e  

t o  a s s e s s  t h e  p l o w  d e p t h .  B a s e d  o n  t h e  r e s u l t s ,  t h e  p r o c e s s  p a r a m e t e r s  a r e  c a l i b r a t e d  

i t e r a t i v e l y  t h r o u g h  t r i a l - a n d - e r r o r ,  u n t i l  t h e  p l o w  p r o f i l e  h a s  t h e  d e s i r e d  d e p t h .  T h i s  t r i a l -  

a n d - e r r o r  m e t h o d  i s  c u m b e r s o m e ,  a n d  o f t e n  t h e  p r e s e n c e  o f  p r o c e s s  u n c e r t a i n t i e s  ( p r o b e  

s t i f f n e s s ,  t i p  w e a r )  a f f e c t s  t h e  q u a l i t y  o f  t h e  p l o w e d  p r o f i l e .  T h e  p r o b l e m  o f  o b t a i n i n g  a  

d e s i r e d  p l o w  d e p t h ,  i r r e s p e c t i v e  o f  p r o c e s s  u n c e r t a i n t i e s ,  c a n  b e  e f f e c t i v e l y  a d d r e s s e d  b y  

m o n i t o r i n g  a n d  c o n t r o l l i n g  t h e  p l o w i n g  p r o c e s s  i n  r e a l  t i m e  u s i n g  t h e  D P - A F M .  I n  t h i s  

a p p l i c a t i o n ,  o n e  p r o b e  c a n  b e  m a d e  t o  p l o w  t h e  s u b s t r a t e  w h i l e  t h e  o t h e r  p r o b e  c a n  b e  

u s e d  t o  i m a g e  t h e  p l o w  p r o f i l e ,  a n d  i n  t h e  p r o c e s s  p r o v i d e  a  f e e d b a c k  o n  t h e  a c t u a l  p l o w  

d e p t h .  W i t h  t h e  d e p t h  f e e d b a c k  a v a i l a b l e ,  a  r e a l - t i m e  p r o c e s s  c o n t r o l  s c h e m e  c a n  b e
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designed to regulate the plow depth. The mathematical model of the plowing process and 

the process control design are discussed in the following sub-sections.

4.1. PLOW ING M ODEL DESCRIPTION

The dynamics of the plowing probe interaction with the substrate can be best 

captured by modeling it as a spring-mass-damper system [28],

mS (t) + cS (t) + (kpr + K ) S (t ) = cu (t) + kpru (t), (16)

where S is the displacement of the tip from its equilibrium position, u is the probe base 

position, ks is the substrate stiffness, and m, c, kpr are equivalent mass, damping 

coefficient, and stiffness of the probe respectively. Figure 11(a) shows a schematic of the 

plowing operation and Figure 11(b) shows the spring-mass-damper representation of the 

plowing probe interaction with the substrate.

The substrate is assumed to be fixed and the plowing probe is assumed to be 

mounted on a 3-axis positioner. Thus the plowing force can be exerted by applying the 

cantilever base motion, u in the downward direction. The plow depth, d  can be expressed 

as a function of tip displacement as

d  (t )
S ( t ) S > 0 

0 S<  0
(17)

In practice, the cantilever properties and the substrate stiffness are uncertain parameters, 

and from (16) it is clear they affect the plow depth. Thus it is challenging to obtain plow 

profile with a desired depth, and the often cumbersome trial-and-error procedure is
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f o l l o w e d  t o  g e t  t h e  r e q u i r e d  p l o w  p r o f i l e .  M o r e o v e r ,  a s  t h e  p l o w  p r o f i l e  b e c o m e s  m o r e  

c o m p l e x ,  t h e  t r i a l - a n d - e r r o r  p r o c e d u r e  b e c o m e s  t e d i o u s .  T h i s  h i g h l i g h t s  t h e  i m p o r t a n c e  

o f  f e e d b a c k  c o n t r o l  o f  p l o w i n g  p r o c e s s  w h e r e  t h e  p l o w  d e p t h  c a n  b e  m a d e  t o  r o b u s t  t o  

p r o c e s s  u n c e r t a i n t i e s  l i k e  t h e  c a n t i l e v e r  a n d  s u b s t r a t e  s t i f f n e s s .

Imaging
probe

Raster scan
pattern of

imaging probe

Plowing
probe

. z

Plowing direction Time delay due to tip 
offset

(c)

F i g u r e  1 1 .  S c h e m a t i c  o f  t h e  p l o w i n g  p r o c e s s  ( a ) ,  S p r i n g - m a s s - d a m p e r  r e p r e s e n t a t i o n  o f  

t h e  p r o b e - s u b s t r a t e  i n t e r a c t i o n  ( b ) ,  a n d  t i p - t o - t i p  p r o b e  s e t u p  i n  D P - A F M  f o r  p l o w i n g  

p r o c e s s  c o n t r o l  ( c ) .  T h e  i m a g i n g  p r o b e  t r a i l s  t h e  p l o w i n g  p r o b e  b y  a  s p a t i a l  o f f s e t  o f  A x ,  

w h i c h  i n d u c e s  a  t i m e  d e l a y  i n  t h e  p l o w  d e p t h  m e a s u r e d  b y  t h e  i m a g i n g  p r o b e .
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T h e  D P - A F M  p l o w i n g  p r o c e s s  c o n t r o l  i s  i l l u s t r a t e d  i n  F i g u r e  1 1 ( c ) .  A s  t h e  

p l o w i n g  p r o b e  p e r f o r m s  i t s  o p e r a t i o n ,  t h e  i m a g i n g  p r o b e  f o l l o w s  t h e  p l o w i n g  p r o b e  a l o n g  

t h e  p l o w i n g  d i r e c t i o n ,  w h i l e  r a s t e r  s c a n n i n g  t h e  p l o w e d  p r o f i l e .  T h o u g h  D P - A F M  i s  

c a p a b l e  o f  p r o v i d i n g  r e a l - t i m e  p l o w i n g  m e a s u r e m e n t s ,  t o  a v o i d  c o l l i s i o n s ,  a  s m a l l  o f f s e t ,  

A x  i s  m a i n t a i n e d  b e t w e e n  t h e  t i p s .  T h i s  i n t r o d u c e s  a  t i m e  d e l a y  i n  t h e  m e a s u r e m e n t  m a d e  

b y  t h e  i m a g i n g  p r o b e .  T h e  d e l a y e d  m e a s u r e m e n t  c a n  b e  r e p r e s e n t e d  a s

d d  ( t )  =  d  ( t  - t )  , w h e r e  x  =  ^ x /  , ( 1 8 )
/  v p

w h e r e  d d ( t )  i s  t h e  p l o w  d e p t h  m e a s u r e d  b y  t h e  i m a g i n g  p r o b e  a t  t i m e  t  a n d  v p  i s  t h e  p r o b e  

v e l o c i t y  a l o n g  t h e  p l o w  d i r e c t i o n .  T h e  t i m e  d e l a y  i n  t h e  m e a s u r e m e n t  p o s e s  a  c o n t r o l  

c h a l l e n g e ,  b u t  t h e  f a c t  t h a t  A x  i s  u s u a l l y  k n o w n ,  a n d  v p  i s  a  p r o c e s s  p a r a m e t e r  t h a t  c a n  b e  

s u i t a b l y  s e t  m a k e s  t a  k n o w n  p a r a m e t e r .  N e x t  s e c t i o n  d i s c u s s e s  t h e  c o n t r o l  d e s i g n  t h a t  

e n a b l e s  p l o w i n g  p r o c e s s  c o n t r o l  e v e n  i n  t h e  p r e s e n c e  o f  m e a s u r e m e n t  t i m e  d e l a y .

4.2. CONTROL FORM ULATION

T h e  r e a l  t i m e  m e a s u r e m e n t  o f  t h e  p l o w  d e p t h ,  a l b e i t  w i t h  a  c e r t a i n  t i m e  d e l a y ,  

e n a b l e s  t h e  i m p l e m e n t a t i o n  o f  a  f e e d b a c k  c o n t r o l l e r  t h a t  c a n  r e g u l a t e  i t  t o  a  d e s i r e d  v a l u e ,  

i r r e s p e c t i v e  o f  p r o c e s s  u n c e r t a i n t i e s .  P l o w  d e p t h  m e a s u r e m e n t  i s  c a r r i e d  o u t  b y  r a s t e r  

s c a n n i n g  a c r o s s  t h e  p l o w e d  p r o f i l e .  S i n c e  t h e  s c a n  s p e e d  o f  a  t y p i c a l  A F M  i s  1 - 1 0  H z ,  t h e  

s a m p l i n g  r a t e  o f  t h e  f e e d b a c k  s i g n a l  i s  l i m i t e d  b y  t h e  s c a n  s p e e d .  G i v e n  t h a t  t h e  f e e d b a c k  

s i g n a l  h a s  a  m a x i m u m  s a m p l i n g  r a t e  o f  1 0  H z ,  t h e  c o n t r o l l e r ’ s  s a m p l i n g  r a t e  i s  c h o s e n  t o  

b e  1 0 0  H z  w h i c h  i s  o r d e r s  o f  m a g n i t u d e  s l o w e r  c o m p a r e d  t o  t h e  A F M  c a n t i l e v e r
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dynamics (natural frequency >1 kHz). Thus the model presented in (16) is simplified to a 

static model by considering the steady-state solution of (16), which is

G = d l l )  = kpr
u (t ) (kpr + ks ) ,

d ( t )>  0. ( 1 9 )

Given a static process with time delay in the feedback, a proportional-integral (PI) 

controller augmented with a Smith predictor [29-30] is used to track the desired plow 

depth. While PI controller provides a straightforward solution for the tracking problem, 

the smith predictor makes the process robust to time delay of known magnitude. The PI 

controller is described as

u (t ) = kpe (t ) + kt J  t ( r ) dr, (20)

where kp and k  are the proportional and integral gains. The tracking error is defined as

e (t) = dr (t ) - d (t) , (21)

where dr(t) represents the desired plow depth to be tracked. The gain values are tuned 

based on the desired transient and steady state performance. The Smith predictor 

structure for the plowing control can be written as

C p  ( s ) =  f { S) =  - e~ " ) '  (2 2 )

where G is the model of the actual process gain G. Ej(s) and U(s) are the Laplace 

transform of signal ej(t) and tip base position u(t). The measurement time delay t can be
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h e l d  c o n s t a n t  b y  m a i n t a i n i n g  a  c o n s t a n t  t i p  o f f s e t  A x  a n d  p l o w  v e l o c i t y  v p , a s  i n d i c a t e d  i n  

( 1 8 ) .  A  b l o c k  d i a g r a m  i l l u s t r a t i n g  t h e  c l o s e d  l o o p  p l o w i n g  p r o c e s s  i s  s h o w n  i n  F i g u r e  1 2 .  

T h e  c o n t r o l l e r  a n d  S m i t h  p r e d i c t o r  p r e s e n t e d  i n  ( 2 0 )  a n d  ( 2 2 )  a r e  d i s c r e t i z e d  w i t h  t i m e  

s t e p  0 . 0 1  s e c o n d s  ( s a m p l i n g  r a t e  1 0 0  H z )  f o r  s o f t w a r e  i m p l e m e n t a t i o n .  T h e  i m a g i n g  

p r o b e  s c a n s  a c r o s s  t h e  p l o w  p r o f i l e  e v e r y  T im  s e c o n d s  w h i c h  i s  t h e  i n v e r s e  o f  t h e  r a s t e r  

s c a n  r a t e .  T h e  m e a s u r e d  s c a n  l i n e  i s  p r o c e s s e d  i n  r e a l  t i m e  t o  c a l c u l a t e  t h e  p l o w  d e p t h .  

T h i s  c a l c u l a t e d  v a l u e  s e r v e s  a s  a  f e e d b a c k  t o  t h e  c o n t r o l l e r .  I n  o r d e r  t o  m a t c h  t h e  

c o n t r o l l e r  s a m p l i n g  r a t e ,  t h e  p l o w  d e p t h  s i g n a l  i s  u p s c a l e d  u s i n g  z e r o - o r d e r  h o l d .

i i

d ( t - r ) Zero-O rder d ( * T * - * )  \
Scan line 
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i
i
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|

1
1

i
I 2-10 Hz

F i g u r e  1 2 .  B l o c k  d i a g r a m  r e p r e s e n t a t i o n  o f  t h e  p l o w i n g  p r o c e s s  c o n t r o l .  T h e  c o n t i n u o u s  

p l o w i n g  p r o c e s s  i s  m e a s u r e d  a t  d i s c r e t e  t i m e  i n t e r v a l s  o f  s i z e  T im  w h i c h  c o r r e s p o n d  t o  t h e  

s c a n  r a t e  o f  t h e  i m a g i n g  p r o b e .  T h e  s c a n  l i n e  d a t a  a r r i v e s  a t  r a t e  o f  1 - 1 0  H z  a n d  i s  

u p s c a l e d  u s i n g  z e r o - o r d e r  h o l d  m e t h o d  t o  m a t c h  t h e  c o n t r o l l e r  e x e c u t i o n  r a t e  o f  1 0 0  H z .

T h e  p l o w  d e p t h  c a l c u l a t i o n  i s  i t s e l f  c a r r i e d  o u t  i n  t w o  s t e p s .  F i r s t ,  t y p i c a l l y  A F M  

s c a n  l i n e  d a t a  h a s  a  s l o p e  a s s o c i a t e d  w i t h  i t ,  b e c a u s e  A F M  t i p s  a r e  o f t e n  n o t  l o a d e d
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n o r m a l  t o  t h e  s a m p l e  i t  i s  s c a n n i n g .  T h i s  s l o p e  i s  r e m o v e d  b y  s u b t r a c t i n g  t h e  b e s t  l i n e  f i t  

f r o m  t h e  d a t a .  F i g u r e  1 3 ( a )  s h o w s  a  t y p i c a l  s c a n  l i n e  d a t a  o f  t h e  p l o w e d  p r o f i l e  a n d  t h e  

b e s t  l i n e  f i t .  S e c o n d ,  t h e  p l o w  d e p t h  i s  c a l c u l a t e d  u s i n g  t h e  f l a t t e n e d  s c a n  l i n e  a s

d  =  A v g  (  A ,  B  ) -  m i n  (  S  ) ,  ( 2 3 )

w h e r e ,  A  a n d  B ,  a s  i l l u s t r a t e d  i n  F i g u r e  1 3 ( b ) ,  a r e  t h e  f i r s t  n  a n d  l a s t  n  d a t a  p o i n t s  o f  t h e  

f l a t t e n e d  s c a n  l i n e  d a t a  a r r a y  S .

F i g u r e  1 3 .  P l o t s  s h o w i n g  ( a )  r a w  s c a n  l i n e  d a t a  o f  t h e  p l o w  s e c t i o n  g e n e r a t e d  b y  t h e  

i m a g i n g  p r o b e  a n d  t h e  b e s t  l i n e  f i t  o f  t h e  d a t a ,  a n d  ( b )  f l a t t e n e d  s c a n  l i n e  o b t a i n e d  b y  

s u b t r a c t i n g  t h e  b e s t  l i n e  f i t  f r o m  t h e  r a w  d a t a .

T h e  a s s u m p t i o n  b e h i n d  c a l c u l a t i n g  p l o w  d e p t h  u s i n g  ( 2 3 )  i s  t h a t  t h e  s u b s t r a t e  i s  r e l a t i v e l y  

f l a t  a n d  t h e  p l o w e d  s e c t i o n  i s  a p p r o x i m a t e l y  a t  t h e  c e n t e r  o f  t h e  s c a n .  I n  F i g u r e  1 3 ( b ) ,  t h e
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s i z e  o f  t h e  w i n d o w s  A  a n d  B  a r e  c h o s e n  h e u r i s t i c a l l y  t o  b e  5 0 ,  b u t  i t  c a n  b e  v a r i e d  a s  l o n g  

a s  t h e  w i n d o w s  a v o i d  t h e  p l o w  s e c t i o n .

5. EXPERIM ENTAL RESULTS & DISCUSSION

T o  p r o v i d e  a  b a s e l i n e  p e r f o r m a n c e ,  f i r s t ,  a  s e r i e s  o f  l i n e s  w e r e  p l o w e d  w i t h  

c o n s t a n t  p r o c e s s  p a r a m e t e r s ,  i n  o p e n - l o o p  w i t h  a  v i s u a l  t o p  p r o b e  ( N T - M D T  V I T _ P  

s i l i c o n  p r o b e s ) .  A  2  p m  t h i n  p o l y m e r  f i l m  ( S U - 8  p h o t o r e s i s t  p o l y m e r )  w a s  c h o s e n  a s  t h e  

p l o w i n g  s u b s t r a t e .  T h e  e x p e r i m e n t  i n v o l v e d  p l o w i n g  f o u r  p a r a l l e l  l i n e s  a t  d i f f e r e n t  

l o c a t i o n s  o n  t h e  s u b s t r a t e .  F i g u r e  1 4  s h o w s  t h e  2 D  i m a g e s  o f  p l o w e d  l i n e s  a n d  t h e i r  p l o w  

s e c t i o n .

F i g u r e  1 4 .  2 D  i m a g e s  o f  t w o  s e t s  4  p a r a l l e l  l i n e s  p l o w e d  i n  d i f f e r e n t  l o c a t i o n s  o n  t h e  

s a m e  s u b s t r a t e .  T h e  s e c t i o n  i m a g e s  s h o w  t h e  v a r i a t i o n  i n  t h e  p l o w  d e p t h  d u e  t o  t h e

p r e s e n c e  o f  p r o c e s s  u n c e r t a i n t i e s .
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I t  c a n  b e  o b s e r v e d  t h a t  t h e  s a m e  p r o c e s s  s e t t i n g s  y i e l d  v a r y i n g  p l o w  d e p t h .  T h i s  i s  d u e  t o  

t h e  p r e s e n c e  o f  p r o c e s s  u n c e r t a i n t i e s  s u c h  a s  v a r y i n g  s u b s t r a t e  s t i f f n e s s  ( d i f f e r e n t  

l o c a t i o n s  t e n d  t o  h a v e  d i f f e r e n t  s t i f f n e s s )  a n d  t i p  w e a r .

T h e  c l o s e d - l o o p  e x p e r i m e n t  i n v o l v e d  p l o w i n g  a  s t r a i g h t  l i n e  o n  t h e  p o l y m e r  

s u b s t r a t e  w h i l e  h a v i n g  t h e  i m a g i n g  p r o b e  m e a s u r e  t h e  p l o w  p r o f i l e  i n  r e a l - t i m e .  T h e  

c o n t r o l l e r  s h o w n  i n  F i g u r e  1 2  w a s  i m p l e m e n t e d  u s i n g  L a b v i e w  s o f t w a r e .  T w o  v i s u a l  t o p  

t a p p i n g  m o d e  A F M  p r o b e s  w e r e  a l i g n e d  t i p - t o - t i p  w i t h  a  t i p  o f f s e t  ( A x )  o f  2  p m .  T h e  

p l o w i n g  v e l o c i t y ,  v p  w a s  s e t  t o  1 p m / s ,  t h u s  r e s u l t i n g  i n  a n  e f f e c t i v e  t i m e  d e l a y  ( T )  o f  2  

s e c o n d s .  T h e  p r o c e s s  g a i n  e s t i m a t e ,  G ,  w a s  s e t  t o  0 . 0 2 5 .  T h e  p r o c e s s  c o n t r o l  g a i n s  w e r e  

s e t  a s  f o l l o w s :  k p = 4 ,  a n d  k = 4 0 .  P l o w i n g  w a s  p e r f o r m e d  b y  m o v i n g  t h e  s a m p l e  s t a g e  

a l o n g  t h e  p l o w i n g  a x i s ,  s u c h  t h a t  t h e  i m a g i n g  p r o b e  m e a s u r e s  t h e  p a r t  t h a t  i s  a l r e a d y  

p l o w e d .  T h e  i m a g i n g  p r o b e  w a s  m a d e  t o  r a s t e r  s c a n  a c r o s s  t h e  p l o w e d  p r o f i l e  a t  a  

s c a n n i n g  r a t e  o f  4  H z .  F i g u r e  1 5 ( a )  s h o w s  t h e  2 D  i m a g e  o f  t h e  p l o w  p r o f i l e  w h e n  a  s t e p  

c h a n g e  f r o m  1 0  n m  t o  2 5  n m  w a s  s e t  a s  t h e  r e f e r e n c e  d e p t h .  I n i t i a l l y ,  t h e  p l o w i n g  t i p  i s  

n o t  i n  c o n t a c t  w i t h  t h e  s u r f a c e .  H o w e v e r ,  t h e  c o n t r o l l e r  a s y m p t o t i c a l l y  c o n v e r g e d  t h e  

a c t u a l  d e p t h  t o  t h e  d e s i r e d  v a l u e .  T h e  s t e p  c h a n g e  i n  t h e  p l o w  d e p t h  c a n  b e  c l e a r l y  

o b s e r v e d  f r o m  t h e  2 D  i m a g e .  F i g u r e  1 5 ( a )  a l s o  s h o w s  t h e  r e a l - t i m e  p l o w  d e p t h  m e a s u r e d  

b y  t h e  i m a g i n g  p r o b e  w i t h  r e s p e c t  t o  t h e  p l o w i n g  p r o b e  p o s i t i o n .  T h o u g h  t h e  p l o w e d  l i n e  

w a s  2 0  p m  l o n g ,  t h e  f e e d b a c k  f r o m  t h e  i m a g i n g  p r o b e  w a s  o n l y  a v a i l a b l e  u p  t o  1 8  p m ,  a s  

t h e r e  i s  a  2  p m  o f f s e t  b e t w e e n  t h e  p r o b e s .  F i g u r e  1 5 ( b )  s h o w s  t h e  s e c t i o n  o f  t h e  s t e a d y -  

s t a t e  p l o w  p r o f i l e  b e f o r e  a n d  a f t e r  t h e  s t e p  c h a n g e .  I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h i s  p r o c e s s  

d i d  n o t  i n v o l v e  a n y  e x t e n s i v e  c a l i b r a t i o n  o f  t h e  p r o b e  o r  e x p e r i m e n t s  t o  d e t e r m i n e  t h e  

s a m p l e  s t i f f n e s s .  I r r e s p e c t i v e  o f  t h e s e  u n c e r t a i n t i e s  t h e  c o n t r o l l e r  p r o v i d e d  a s y m p t o t i c
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c o n v e r g e n c e .  A d d i t i o n a l l y ,  t h o u g h  t h e r e  i s  a  d e l a y  i n  t h e  m e a s u r e m e n t ,  t h e  c o n t r o l l e r  w a s  

a b l e  t o  m i t i g a t e  i t s  e f f e c t  o n  t h e  t r a c k i n g  p e r f o r m a n c e .

F i g u r e  1 5 .  2 D  i m a g e  o f  t h e  p l o w e d  p r o f i l e  w i t h  a  s t e p  c h a n g e  i n  d e p t h  o f  c u t  f r o m  1 0  

t o  2 5  n m ,  a n d  t h e  p l o w  d e p t h  w i t h  r e s p e c t  t o  t h e  p l o w  p r o b e  p o s i t i o n  a r e  s h o w n  i n  ( a ) .  

T h e  s c a n  l i n e  d a t a  o f  t h e  p l o w e d  l i n e  a t  t h e  l o c a t i o n  m a r k e d  b y  t h e  g r e e n  a r r o w s  i n

F i g u r e  1 5 ( a )  i s  p l o t t e d  i n  ( b ) .
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6. CONCLUSIONS

A  m a j o r  l i m i t a t i o n  i n  s i n g l e - p r o b e  A F M  f o r  n a n o f a b r i c a t i o n  i s  t h a t  t h e  p r o c e s s  

c a n n o t  b e  m o n i t o r e d .  T h i s  i s  b e c a u s e  t h e  A F M  p r o b e  c a n n o t  s i m u l t a n e o u s l y  i m a g e  w h i l e  

i n  f a b r i c a t i o n  m o d e .  A l t e r n a t i n g  b e t w e e n  i m a g i n g  a n d  f a b r i c a t i o n  m o d e  i s  o f t e n  

c u m b e r s o m e  a n d  c h a l l e n g i n g .  T o w a r d  t h e  a u t o m a t i o n  o f  A F M  n a n o m a n u f a c t u r i n g ,  w e  

h a v e  d e v e l o p e d  a  d u a l - p r o b e  A F M  w h i c h  h a s  t w o  i n d e p e n d e n t  p r o b e s  o p e r a t i n g  i n  a  

c o m m o n  w o r k s p a c e .  W h i l e  o n e  p r o b e  c a n  b e  u s e d  t o  c a r r y  o u t  o n e  o f  t h e  m a n y  

n a n o f a b r i c a t i o n  t a s k s ,  t h e  o t h e r  p r o b e  c a n  m o n i t o r  t h e  t a s k .  T h i s  p r o v i d e s  r e a l - t i m e  

f e e d b a c k ,  w h i c h  i n  t u r n  p r o v i d e s  a  b a s i s  f o r  a u t o m a t i o n .  T h i s  f u n c t i o n a l i t y  o f  t h e  D P -  

A F M  w a s  d e m o n s t r a t e d  h e r e  i n  t h e  n a n o s c a l e  p l o w i n g  p r o c e s s .  T w o  i n d e p e n d e n t  p r o b e s  

i n  D P - A F M  a r e  u s e d  t o  p l o w  a n d  m e a s u r e  t h e  p l o w e d  d e p t h  s i m u l t a n e o u s l y .  T h i s  e n a b l e s  

t h e  f o r m u l a t i o n  o f  c l o s e d - l o o p  c o n t r o l  t o  r e g u l a t e  t h e  p l o w  d e p t h .  T h e  m e a s u r e m e n t  t i m e  

d e l a y  d u e  t o  t h e  s p a t i a l  g a p  b e t w e e n  t h e  p r o b e s  i s  e f f e c t i v e l y  a d d r e s s e d  b y  a u g m e n t i n g  

t h e  P I  c o n t r o l l e r  w i t h  a  s m i t h  p r e d i c t o r .  T h e  e f f e c t i v e n e s s  o f  t h e  c o n t r o l l e r  w a s  v e r i f i e d  

e x p e r i m e n t a l l y  b y  p l o w i n g  a  s t r a i g h t  l i n e  o n  a  p o l y m e r  s u b s t r a t e .  T h e  r e s u l t s  i n d i c a t e  t h a t  

t h e  d e s i r e d  p l o w  c a n  b e  v a r i e d  o n  t h e  f l y ,  e n a b l i n g  t h e  u s e r  t o  p l o w  c o m p l e x  c u t t i n g  

p r o f i l e s  w i t h  l i m i t e d  u s e r  i n t e r v e n t i o n ,  a l l  t h e  w h i l e  m a i n t a i n i n g  n a n o m e t e r - l e v e l

a c c u r a c y .
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SECTION

2. CONCLUSIONS

T h o u g h  t h e  a t o m i c  f o r c e  m i c r o s c o p e  h a s  t h e  p o t e n t i a l  t o  b e  a  p o w e r f u l  t o o l  f o r  

n a n o s c a l e  m e t r o l o g y ,  p r e s e n t  c h a l l e n g e s  l i m i t  i t s  u s e  t o  v e r y  b a s i c  i m a g i n g  a n d  

n a n o f a b r i c a t i o n  a p p l i c a t i o n s .  T h i s  w o r k  a d d r e s s e s  s o m e  o f  t h e  p r o m i n e n t  A F M  

c h a l l e n g e s  t h r o u g h  n o v e l  f e e d b a c k  c o n t r o l  m e t h o d o l o g i e s .  C u r r e n t  s t a t e - o f - t h e - a r t  A F M  

c o n t r o l  d e s i g n s  i n v o l v e  t h o r o u g h l y  m o d e l i n g  t h e  p l a n t  d y n a m i c s  a n d  i n c o r p o r a t i n g  i t  i n  

t h e  f r a m e w o r k .  H o w e v e r ,  t h e  m o s t  i m p o r t a n t  c o m p o n e n t ,  w h i c h  i s  t h e  d y n a m i c s  i n d u c e d  

b y  t h e  s a m p l e  i s  l a r g e l y  c o n s i d e r e d  u n k n o w n  a n d  l e f t  o u t  o f  t h e  e q u a t i o n .  T h e  n a t u r e  o f  

t h e  s i g n a l s  t h a t  a r i s e  f r o m  r a s t e r  s c a n n i n g  a  t y p i c a l  A F M  s a m p l e  w a s  a n a l y z e d  a n d  

c a t e g o r i z e d  i n t o  t w o  c l a s s e s  o f  q u a s i p e r i o d i c  s i g n a l s .  A  q u a s i - r e p e t i t i v e  c o n t r o l l e r  ( Q R C )  

w a s  d e r i v e d  t o  a s y m p t o t i c a l l y  t r a c k  t h e  q u a s i p e r i o d i c  s i g n a l  c l a s s e s .  E x p e r i m e n t a l  r e s u l t s  

d e m o n s t r a t e  t h a t  Q R C  c a n  p r o v i d e  g r e a t e r  t h a n  3 - f o l d  i n c r e a s e  i m a g i n g  a c c u r a c y  w h e n  

c o m p a r e d  t o  c o n v e n t i o n a l  P I  c o n t r o l l e r s .

A n o t h e r  o p e n  c h a l l e n g e  i n  A F M  i s  t h a t  m o s t  o f  t h e  n a n o f a b r i c a t i o n  p r o c e s s e s  a r e  

p e r f o r m e d  ‘b l i n d ’ , i . e .  i n  o p e n - l o o p ,  d u e  t o  t h e  f u n d a m e n t a l  l i m i t a t i o n s  o f  a  s i n g l e  p r o b e  

s e t u p .  I n  o r d e r  t o  o v e r c o m e  t h i s  p r o b l e m ,  a  d u a l - p r o b e  A F M  w a s  d e s i g n e d  a n d  

d e v e l o p e d .  H a v i n g  t w o  s i m u l t a n e o u s l y  o p e r a b l e  p r o b e s  p r o v i d e d  t h e  c a p a b i l i t y  t o  

m o n i t o r  A F M  p r o c e s s e s  i n  r e a l - t i m e .  A  f e e d b a c k  c o n t r o l  d e s i g n  w a s  d e v e l o p e d  t o  c o n t r o l  

p l o w i n g  d e p t h  b y  i m a g i n g  t h e  p l o w i n g  c a r r i e d  o u t  b y  o n e  p r o b e  u s i n g  t h e  o t h e r  p r o b e .  

E x p e r i m e n t a l  r e s u l t s  i n d i c a t e  p l o w  d e p t h  c a n  b e  c o n t r o l l e d  w i t h i n  ± 1  n m  a c c u r a c y .  S u c h  

a  f r a m e w o r k  c a n  a l s o  b e  e x t e n d e d  t o  c o n t r o l  o t h e r  t i p - b a s e d  A F M  p r o c e s s e s .
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LABVIEW  PROGRAM

T h i s  a p p e n d i x  p r e s e n t s  t h e  d e t a i l s  r e g a r d i n g  t h e  L a b v i e w  p r o g r a m  d e s i g n e d  t o  

o p e r a t e  t h e  D P - A F M .  T h e  L a b v i e w  p r o g r a m  c o n s i s t s  o f  t h r e e  p a r t s :  ( a )  a  r e a l - t i m e  

p r o g r a m  t h a t  h a n d l e s  a l l  t h e  t r a j e c t o r y  g e n e r a t i o n  a n d  m o t i o n  c o n t r o l ,  ( b )  a  F P G A  

p r o g r a m  t h a t  p r o c e s s e s  b o t h  t h e  P S D  s i g n a l s ,  a n d  ( c )  a  n o n  r e a l - t i m e  p r o g r a m  r u n n i n g  o n  

t h e  h o s t  w h i c h  d e a l s  w i t h  i m a g e  f i l e  h a n d l i n g  a n d  d i s p l a y .  F i g u r e  A . 1  s h o w s  t h e  

i n t e r c o n n e c t i o n s  b e t w e e n  d i f f e r e n t  L a b v i e w  p r o g r a m s .  A l l  p r o g r a m s  a r e  c o n t a i n e d  i n  t h e  

M A I N . l v p r o j  f i l e  l o c a t e d  i n  C : \  A F M _ M a s t e r \ M A I N  f o l d e r .

nano stages

F i g u r e  A . 1  B a s i c  d a t a  f l o w  r e p r e s e n t a t i o n  b e t w e e n  d i f f e r e n t  L a b v i e w  p r o g r a m s

(a) Labview FPGA program

T w o  i d e n t i c a l  F P G A  p r o g r a m s  w i t h  a  b a s i c  s t r u c t u r e  a s  s h o w n  i n  F i g u r e  A . 2  a r e  

c o m p i l e d  t o  r u n  i n  F P G A  t a r g e t s  1 a n d  2 .  E a c h  t a r g e t  i s  d e d i c a t e d  t o  a  P S D .  T h e  N I
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F l e x R I O  F P G A  a d a p t e r  m o d u l e s  ( N I  5 7 3 3  a n d  N I  5 7 3 4 )  i n s t a l l e d  o n  t h e  F P F A  t a r g e t s  

s a m p l e  s i g n a l s  a t  a  f i x e d  r a t e  o f  1 2 0  M H z .  I n  o r d e r  t o  c a r r y  o u t  t h e  f i l t e r  c a l c u l a t i o n s  

w i t h o u t  t h e  F P G A  t i m i n g  o u t  t h e  l o o p  r a t e  i s  r e d u c e d  t o  4 0  M H z  a n d  t h e  P S D  s i g n a l s  a r e  

d o w n  s a m p l e d .  T h e  s i g n a l s  a r e  t r a n s f e r r e d  f r o m  1 2 0  M H z  l o o p  t o  4 0  M H z  l o o p  u s i n g  a  

d i r e c t  m e m o r y  a c c e s s  ( D M A )  F I F O  f o r  r e l i a b l e  d a t a  t r a n s m i s s i o n .  T h e  s i g n a l s  a r e  f i l t e r e d  

u s i n g  a  1 st o r d e r  l o w  p a s s  f i l t e r  w i t h  a  c u t - o f f  o f  5  k H z .  T h i s  f i l t e r  a c t s  a s  a n  a n t i - a l i a s i n g  

f i l t e r  w h e n  t h e  s i g n a l s  a r e  t r a n s f e r r e d  t o  t h e  1 0  k H z  r e a l - t i m e  l o o p .  F o r  p u r p o s e s  o f  

t a p p i n g  m o d e  o p e r a t i o n ,  t h e  v e r t i c a l  P S D  s i g n a l  i s  f u r t h e r  p a s s e d  t h r o u g h  a  h i g h  p a s s  

f i l t e r  t o  r e m o v e  D C  o f f s e t  i n  t h e  o s c i l l a t i n g  s i g n a l  a n d  t h e n  i t s  R M S  i s  c a l c u l a t e d .  T h e  

R M S  s i g n a l  i s  f i n a l l y  p a s s e s  t h r o u g h  a n  a n t i - a l i a s i n g  f i l t e r  a n d  i s  r e a d  b y  t h e  r e a l - t i m e  

l o o p .

Horizontal 
deflection (AI0)

Vertical
deflection (AI1)

F i g u r e  A . 2  S t r u c t u r e  o f  t h e  L a b v i e w  F P G A  p r o g r a m  u s e d  t o  p r o c e s s  t h e  s i g n a l s  f r o m

t h e  P S D
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(b) Labview real-time program

T h e  r e a l - t i m e  p r o g r a m  c o n s i s t  o f  t h r e e  r e a l - t i m e  l o o p s  a n d  o n e  n o n - r e a l  t i m e  

w h i l e  l o o p .  T h e  r e a l - t i m e  l o o p s  r u n  a t  1 0  k H z  a n d  a r e  s y n c h e d  b y  c h o o s i n g  a  c o m m o n  

c l o c k  ( s a m p l e  c l o c k  o f  A O  c a r d  i n  s l o t  2  o f  t h e  P X I  t a r g e t ) .  G e n e r a l  s t r u c t u r e  o f  t h e  

p r o g r a m  i s  s h o w n  i n  F i g u r e  A . 3 .  R T  l o o p  1 i s  d e d i c a t e d  t o  r e a d i n g  t h e  o u t p u t  f r o m  b o t h  

t h e  F P G A  t a r g e t .  R T  l o o p  2  i s  f o r  t r a j e c t o r y  g e n e r a t i o n  a n d  c o n t r o l  o f  X  &  Y  a x e s  o f  a l l  

t h e  s t a g e s  ( H e r a  X Y ,  P i c o  1 X Y ,  P i c o  2  X Y ) .  T h e  X Y  a x e s  c o n t r o l  i s  i n  a  s e p a r a t e  l o o p  t o  

f a c i l i t a t e  i m p l e m e n t a t i o n  o f  G - c o d e  i n  t h e  f u t u r e ,  w h e n  n e c e s s a r y .  R T  l o o p  3  i s  t h e  m a i n  

l o o p  w h i c h  d e a l s  w i t h  d a t a  a c q u i s i t i o n  a n d  w r i t i n g ,  Z  a x i s  c o n t r o l  o f  a l l  s t a g e s ,  s c a n  l i n e  

d a t a  g e n e r a t i o n .  I t  c o n s i s t s  o f  a  s t a t e  m a c h i n e  a r c h i t e c t u r e  t h a t  a l l o w s  t h e  p r o g r a m  t o  

s m o o t h l y  j u m p  b e t w e e n  d i f f e r e n t  A F M  m o d e s  ( d i s e n g a g e ,  e n g a g e ,  i m a g i n g ,  H a p t i c ,  

p l o w i n g  e t c . ) .  T h e  n o n - r e a l  t i m e  w h i l e  l o o p  h a s  o p e r a t i o n s  t h a t  d o  n o t  d e m a n d  r e a l - t i m e  

i m p l e m e n t a t i o n ,  i n c l u d i n g  m i c r o  s t a g e  c o m m a n d  m o d u l e  a n d  d i t h e r  p i e z o  d r i v e  

p a r a m e t e r  s e t t i n g .  I n t e r  l o o p  d a t a  c o m m u n i c a t i o n  i s  h a n d l e d  b y  r e a l - t i m e  F I F O  v a r i a b l e s  

w i t h  a  b u f f e r  s i z e  o f  o n e .  T h e  r e a l - t i m e  p r o g r a m  c o m m u n i c a t e s  w i t h  t h e  h o s t  P C  t h r o u g h  

n e t w o r k  s h a r e d  v a r i a b l e s .  T h e  5 1 2  p i x e l  l i n e  d a t a  a n d  t h e  m i c r o  s t a g e  c o m m a n d s  a r e  s e n t  

f r o m  t h e  r e a l - t i m e  p r o g r a m  t o  t h e  L a b v i e w  p r o g r a m  r u n n i n g  i n  t h e  h o s t  P C ,  a n d  t h e  

c u r r e n t  m i c r o  s t a g e  p o s i t i o n s  a r e  s e n t  b a c k  f r o m  t h e  h o s t  p r o g r a m  t o  t h e  r e a l - t i m e

p r o g r a m .
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F i g u r e  A . 3  L a b v i e w  r e a l - t i m e  p r o g r a m  s t r u c t u r e

(c) Labview host program

T h e  L a b v i e w  p r o g r a m  r u n n i n g  o n  t h e  h o s t  P C  c o n s i s t s  o f  t w o  i n d e p e n d e n t  w h i l e  

l o o p s ,  e a c h  o n e  d e d i c a t e d  t o  m i c r o  s t a g e  o p e r a t i o n  a n d  i m a g e  s c a n  l i n e  d a t a  h a n d l i n g .  

T h e  m i c r o  s t a g e  l o o p  h a s  t h e  b u i l t - i n  V I s  p r o v i d e d  b y  P I  t o  r e a d  a n d  c o m m a n d  a l l  t h e
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s i z e  m i c r o  s t a g e s .  T h e  o t h e r  l o o p  r e a d s  t h e  i n d i v i d u a l  i m a g e  s c a n  l i n e  d a t a  c o r r e s p o n d i n g  

t o  b o t h  t h e  p r o b e s  a n d  w r i t e s  t h e m  i n  s e p a r a t e  t e x t  f i l e s  n a m e d  i m 1 _ t e m p #  a n d  

i m 2 _ t e m p # ,  w h e r e  #  i s  t h e  l i n e  n u m b e r .  T h e  f i l e s  a r e  s t o r e d  i n  C : \ I m a g e _ d a t a \ c o m m _ d a t a  

f o l d e r .

While loop

Micro stage 
commands

Micro stage 
driver VIs

Micro stage 
position

While loop 2

\
Image scan .txt file writing

line data module

Image display

F i g u r e  A . 4  B a s i c  s t r u c t u r e  o f  t h e  L a b v i e w  h o s t  p r o g r a m

FRONT PANEL DESCRIPTIONS

I. Auto tune program  -  T h i s  p r o g r a m  i s  a n  i n d e p e n d e n t  m o d u l e  u s e d  t o  f i n d  t h e  

r e s o n a n t  m o d e  o f  a  t a p p i n g  c a n t i l e v e r .  T h i s  i s  n o t  p a r t  o f  t h e  r e a l - t i m e  p r o g r a m  a n d  

s h o u l d  n o t  b e  r u n  s i m u l t a n e o u s l y  w i t h  a n y  o t h e r  r e a m - t i m e  p r o g r a m .  T h i s  p r o g r a m  r u n s  

a t  a  l o w e r  l o o p  r a t e  o f  2 0 0  H z  a s  t h e  f u n c t i o n  g e n e r a t o r  c a r d  c a n n o t  v a r y  f r e q u e n c i e s  a t  a  

f a s t e r  r a t e .  F i g u r e  A . 5  s h o w s  t h e  f r o n t  p a n e l  o f  t h i s  p r o g r a m
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. 5 Front panel of auto tune program
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Description:

1 .  T h e  f r e q u e n c y  r a n g e  t o  s e a r c h  f o r  t h e  r e s o n a n t  m o d e  o f  t h e  c a n t i l e v e r .

2 .  N o .  o f  d a t a  p o i n t s  r e q u i r e d  i n  t h e  f r e q u e n c y  s w e e p  ( f r e q u e n c y  r e s o l u t i o n )

3 .  N o .  o f  d e c i m a l  p l a c e s  t o  r o u n d  t h e  f r e q u e n c y  v a l u e s

4 .  T h e  d r i v e  v o l t a g e  f o r  t h e  f r e q u e n c y  s w e e p

5 .  T h e  p r o g r a m  w i l l  d r i v e  t h e  c a n t i l e v e r  a t  t h i s  f r e q u e n c y  w h e n  8  i s  s w i t c h e d  o f f

6 .  C h o o s e  b e t w e e n  p r o b e  1 a n d  2  t o  p e r f o r m  t h e  f r e q u e n c y  s w e e p .  I t  i s  

r e c o m m e n d e d  t o  r e s t a r t  t h e  p r o g r a m  w h e n  t h i s  o p t i o n  i s  c h a n g e d .

7 .  T r i g g e r  t o  s t a r t  t h e  f r e q u e n c y  s w e e p .

8 .  S w e e p  O N / O F F .  T h i s  h a s  t o  b e  O N  t o  s t a r t  t h e  s w e e p  u s i n g  7 .  W h e n  O F F  t h e  

p r o g r a m  w i l l  d r i v e  t h e  c a n t i l e v e r  a t  t h e  f r e q u e n c y  s p e c i f i e s  i n  5 .

9 .  W h e n  t h e  f r e q u e n c y  s w e e p  i s  c o m p l e t e d  t h e  f r e q u e n c y  o f  t h e  r e s o n a n t  m o d e  w i l l  

b e  d i s p l a y e d  h e r e .

1 0 .  T h e  F P G A  R M S  o f  t h e  c a n t i l e v e r  o s c i l l a t i o n .

1 1 .  A I 0  a n d  A I 1  ( h o r i z o n t a l  a n d  v e r t i c a l  d e f l e c t i o n )  c h a n n e l  o u t p u t .

1 2 .  C h a r t  d i s p l a y  o f  A I 0  a n d  A I 1  v a l u e s .

1 3 .  F r e q u e n c y  s w e e p  d i s p l a y

1 4 .  L E D  s w i t c h e s  o n  i f  t h e  R T  p r o g r a m  f a i l s .

1 5 .  S T O P  b u t t o n  t o  s t o p  t h e  p r o g r a m
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II. Real-time program  -

F i g u r e  A . 6  F r o n t  p a n e l  o f  t h e  m a i n  r e a l - t i m e  p r o g r a m
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Description:

1 .  T h e  p r o g r a m  h a s  d i f f e r e n t  m o d e s  -  ( a )  d i s e n g a g e d ,  ( b )  e n g a g i n g ,  ( c )  i m a g i n g ,  ( d )  

H a p t i c ,  ( e )  p l o w i n g .  B y  d e f a u l t  t h e  p r o g r a m  s t a r t s  i n  d i s e n g a g e d  m o d e .  E n g a g e  

b u t t o n  i n i t i a t e s  t h e  a u t o  e n g a g e  m o d u l e  t o  b r i n g  t h e  p r o b e  c l o s e r  t o  t h e  s a m p l e  

w i t h  a  s t e p  s i z e  o f  1 0 0  n m .

2 .  E n a b l e s  s e a r c h i n g  o n e  p r o b e  w i t h  t h e  o t h e r  p r o b e  i n  2 D .

3 .  D i s e n g a g e  b u t t o n  m o v e s  t h e  p r o b e  a w a y  f r o m  t h e  s a m p l e  b y  2  p m  w h e n  p r e s s e d  

i n  a n y  m o d e .  I t  i s  s t r o n g l y  r e c o m m e n d e d  t o  d i s e n g a g e  t h e  p r o b e  b e f o r e  s t o p p i n g  

t h e  p r o g r a m .

4 .  S w i t c h e s  o f f  t h e  r e l e v a n t  s u b  V I s  r e l a t e d  t o  P i c o  c u b e  2 .  W h e n  o p e r a t i n g  o n l y  t h e  

f i r s t  p r o b e  P i c o  c u b e  2  c a n  b e  s w i t c h e d  o f f  w i t h  t h i s  b u t t o n .

5 .  P r e s s i n g  t h i s  b u t t o n  w h e n  i m a g i n g  s w i t c h e s  t h e  p r o g r a m  t o  h a p t i c  m o d e .  N o t e :  

w o r k s  only w h e n  t h e  p r o b e  i s  i n  i m a g i n g  m o d e .

6 .  P r e s s i n g  t h i s  b u t t o n  w h i l e  i n  h a p t i c  m o d e  s w i t c h e s  t h e  p r o g r a m  b a c k  t o  i m a g i n g  

m o d e .

7 .  P r e s s i n g  t h i s  b u t t o n  w h e n  i m a g i n g  s w i t c h e s  t h e  p r o g r a m  t o  f o r c e  m o d e .  N o t e :  

w o r k s  only w h e n  t h e  p r o b e  i s  i n  i m a g i n g  m o d e .

8 .  C h o o s e  w h i c h  z  a x i s  ( p i c o 1  Z  o r  H e r a  Z )  s h o u l d  b e  u s e d  t o  i m a g i n g  w h e n  

o p e r a t i n g  a  s i n g l e .  Switch this to Pico Z during dual-probe operation.

9 .  C h o o s e  t h e  X Y  s t a g e  t h a t  s h o u l d  b e  u s e d  f o r  r a s t e r  s c a n n i n g .  D u r i n g  d u a l - p r o b e  

o p e r a t i o n  t h i s  c a n  b e  s e t  t o  H e r a  X Y  t o  g e t  p e r f o r m  s y n c h r o n i z e d  s c a n n i n g .

1 0 .  L E D s  t u r n  O N  i f  a n y  o n e  o f  t h e  i t e r a t i o n  o f  a n y  r e a l - t i m e  l o o p s  f a i l s .

1 1 .  S t a t u s  o f  t h e  p r o g r a m  i n d i c a t i n g  w h i c h  m o d e  i s  c u r r e n t l y  a c t i v e
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1 2 .  S e p a r a t e  m a n u a l  o v e r r i d e  s w i t c h e s  t o  s w i t c h  O F F  t h e  L E D s  ( 1 0 ) .  I f  t h e  L E D s  

t u r n  O N  r a r e l y  t h e y  c a n  b e  r e s e t  u s i n g  t h e s e  s w i t c h e s .  I f  t h e y  t u r n  O N  f r e q u e n t l y  

t h e n  t h e  p r o g r a m  n e e d s  t o  b e  s t o p p e d .

1 3 .  S t o p  b u t t o n  s t o p s  t h e  p r o g r a m  a l t o g e t h e r .  N o t e :  m a k e  s u r e  t h e  p r o g r a m  i s  i n  

d i s e n g a g e d  m o d e  b e f o r e  s t o p p i n g  t h e  p r o g r a m .

1 4 .  C o n t r o l  p a n e l  w h i c h  h a s  m u l t i p l e  m o d e - b a s e d  o p t i o n s .  C h o o s e  t h e  r e l e v a n t  t a b  t o  

a c c e s s  t h e s e  o p t i o n s .

1 5 .  H a p t i c  c o n t r o l  p a n e l .  A c t i v e  o n l y  w h e n  t h e  p r o g r a m  i s  i n  h a p t i c  m o d e .

1 6 .  M a i n  c o n t r o l  p a n e l .  I t  i n c l u d e s  o p t i o n  t o  c h o o s e  b e t w e e n  c o n t a c t  a n d  t a p p i n g  

m o d e  f o r  b o t h  t h e  p r o b e s ,  s w i t c h  O N / O F F  a u t o  e n g a g e  o f  e a c h  p r o b e .  T h e  

a p p r o a c h - r e t r a c t  b u t t o n s  e n a b l e  o n e  i t e r a t i o n  o f  t h e  a p p r o a c h - r e t r a c t  r o u t i n e .

1 7 .  M i c r o  s t a g e  c o n t r o l s  f o r  p r o b e  2  m i c r o  s t a g e .  N o t e :  T h i s  p a n e l  i s  a c t i v e  d u r i n g  a l l  

t h e  p r o g r a m  m o d e s .  C a r e  s h o u l d  b e  t a k e n  n o t  t o  p r e s s  t h e s e  b u t t o n s  a c c i d e n t l y  

d u r i n g  a n y  o f  t h e  A F M  o p e r a t i o n .  S a m e  a p p l i e s  t o  1 9 .

1 8 .  S c a n  c o n t r o l  f o r  p i c o  c u b e  2 .  D i s a b l i n g  t h e  s l o w  s c a n  a x i s  m a k e s  t h e  p r o b e  s c a n  

t h e  s a m e  s p o t  r e p e a t e d l y .  S c a n  s t a r t  m e n u  p r o v i d e s  a n  o p t i o n  t o  s t a r t  t h e  s c a n  a t  

t h e  c e n t e r  o r  a t  t h e  e d g e  o f  t h e  s c a n  r a n g e .  S c a n  d i r .  o p t i o n  c h a n g e s  t h e  d i r e c t i o n  

o f  t h e  s l o w  s c a n  a x i s .

1 9 .  M i c r o  s t a g e  c o n t r o l s  f o r  s a m p l e  m i c r o  s t a g e .

2 0 .  S c a n  c o n t r o l s  f o r  H e r a  X Y .

2 1 .  F e e d b a c k  c o n t r o l s  f o r  p r o b e  1 .  T h e  s e t  p o i n t  a n d  g a i n  v a l u e s  h a v e  t o  b e  c h a n g e d  

d e p e n d i n g  o n  t h e  A F M  m o d e  ( c o n t a c t  o r  t a p p i n g ) ,
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2 2 .  T h e  d r i v e  v o l t a g e  a n d  f r e q u e n c y  o f  t h e  p r o b e  1 d i t h e r  p i e z o .  A v a i l a b l e  o n l y  i n  

t a p p i n g  m o d e  ( w h e n  p r o b e  1 m o d e  i s  s e t  t o  t a p p i n g  i n  1 6 )

2 3 .  S c a n  c o n t r o l  f o r  P i c o  c u b e  1 .

2 4 .  F e e d b a c k  c o n t r o l s  f o r  p r o b e  2 .

2 5 .  D i t h e r  p i e z o  d r i v e  v o l t a g e  a n d  f r e q u e n c y  o f  t h e  p r o b e  2  d i t h e r  p i e z o .

III. Plowing module -  P l o w i n g  m o d u l e  c a n  b e  u s e d  t o  p l o w  s a m p l e s  a l o n g  t h e  

l o n g i t u d i n a l  a x i s  o f  t h e  c a n t i l e v e r .  P l o w i n g  c a n  o n l y  b e  d o n e  w i t h  p r o b e  1 .  I n  c l o s e d  l o o p  

p l o w i n g  p r o b e  1 i s  a s s u m e d  t o  b e  t h e  p l o w i n g  p r o b e  a n d  p r o b e  2  a s  t h e  i m a g i n g  p r o b e .  

F i g u r e  A .  7  s h o w s  t h e  p l o w i n g  m o d u l e  o p t i o n s .

Description:

1 .  T a b s  i n  t h e  p a n e l  c a n  b e  u s e d  t o  a c c e s s  o p t i o n s  b a s e d  o n  t h e  p r o g r a m  m o d e .  

C h o o s e  p l o w i n g  t o  a c c e s s  t h e  o p t i o n s  s h o w n  i n  F i g u r e  A . 6 .

2 .  T h e  n o m i n a l  p l o w i n g  p r o c e s s  g a i n ,  K .

3 .  R e f e r e n c e  p l o w  d e p t h  i n  n m .

4 .  T o  p l o w ,  t h i s  b u t t o n  h a s  t o  b e  O N  b e f o r e  t h e  p r o g r a m  r e a c h e s  t h e  ‘ e n g a g i n g ’ 

m o d e .  I f  t h i s  b u t t o n  i s  O N  t h e n  t h e  p r o g r a m  d i r e c t l y  g o e s  i n t o  p l o w i n g  m o d e  o n c e  

t h e  p r o b e  e n g a g e s .  I f  i t  i s  O F F  t h e n  t h e  p r o g r a m  g o e s  t o  i m a g i n g  m o d e  f r o m  

e n g a g i n g  m o d e .

5 .  C h a r t  d i s p l a y  u s e d  t o  p l o t  t h e  p r o c e s s  v a r i a b l e s .
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F i g u r e  A . 7  F r o n t  p a n e l  o f  t h e  p l o w i n g  m o d u l e

6 .  S w i t c h i n g  O N  t h i s  b u t t o n  a c t i v a t e s  t h e  c l o s e d  l o o p  p l o w i n g  p r o c e s s .  F o r  o p e n  

l o o p  p l o w i n g  t h i s  b u t t o n  s h o u l d  b e  s w i t c h e d  O F F .

7 .  O p t i o n s  u s e d  t o  s e t  t h e  p l o w  l e n g t h ,  m a g n i t u d e  o f  t h e  v e l o c i t y  a n d  a c c e l e r a t i o n  

a l o n g  t h e  X  d i r e c t i o n ,  w h i c h  i s  t h e  p l o w  d i r e c t i o n .  N o t e  t h a t  t h e  v e l o c i t y  a n d  

a c c e l e r a t i o n  a r e  m a g n i t u d e s .  T o  c h a n g e  t h e  p l o w  d i r e c t i o n  p r o v i d e  a  n e g a t i v e  

v a l u e  f o r  ‘ X  p l o w  l e n g t h ’ o p t i o n ,  b u t  m a i n t a i n  p o s i t i v e  v e l o c i t y  a n d  a c c e l e r a t i o n

v a l u e s .
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8 .  T h e  c o m m a n d e d  P i c o  1 Z  d i s p l a c e m e n t  w h i l e  p l o w i n g  i n  o p e n - l o o p .  T h e  f i r s t  

e l e m e n t  i s  t h e  i n i t i a l  p o s i t i o n  a n d  t h e  s e c o n d  e l e m e n t  i s  f i n a l  p o s i t i o n .

IV. Host PC program  - 

Description:

1 .  C l e a r s  t h e  i m a g e  a r r a y s  h o l d i n g  t h e  p i x e l  i n f o r m a t i o n  . T h i s  a l s o  c l e a r s  t h e  p l o t s  5  

a n d  6 .

2 .  E m e r g e n c y  b u t t o n  w h i c h  l o w e r s  t h e  Z  a x i s  o f  t h e  s a m p l e  m i c r o  s t a g e .  U s e  i t  w h e n  

t h e  c o m m u n i c a t i o n  b e t w e e n  t h e  r e a l - t i m e  a n d  t h e  h o s t  p r o g r a m  f a i l s  d u r i n g  A F M  

o p e r a t i o n .

3 .  B u t t o n  u s e d  t o  a c t i v a t e  t h e  c h a n g e s  m a d e  i n  7  a n d  8 .

4 .  2 D  p l o t  o f  t h e  d a t a  b e i n g  s e n t  f r o m  r e a l  t i m e .  T y p i c a l l y  i m a g e  g e n e r a t e d  b y  p r o b e

1 i s  d i s p l a y e d  h e r e .

5 .  2 D  p l o t  o f  t h e  d a t a  b e i n g  s e n t  f r o m  r e a l  t i m e .  T y p i c a l l y  i m a g e  g e n e r a t e d  b y  p r o b e

2  i s  d i s p l a y e d  h e r e .

6 .  I m a g e  d i s p l a y  c o n t r o l s  c o r r e s p o n d i n g  t o  6 . I t  c a n  b e  u s e d  t o  s e t  X  a n d  Y  a x e s  

s c a l e ,  r o t a t e  t h e  i m a g e  u p d a t e  d i r e c t i o n ,  a n d  f l i p  t h e  a x e s .  I t  c a n  a l s o  b e  u s e d  t o  

s w i t c h  t h e  d i s p l a y  b e t w e e n  r a w  a n d  f l a t t e n e d  i m a g e s .

7 .  S a m e  a s  7  b u t  f o r  t h e  2 D  p l o t  i n  5 .

8 .  R o w  n u m b e r s  a n d  f i l e  n u m b e r s  c o r r e s p o n d i n g  t o  e a c h  i m a g e  d a t e .

9 .  S T O P  b u t t o n  s t o p s  t h e  e n t i r e  p r o g r a m
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1 0 .  C o n t r o l s  u s e d  t o  v a r y  t h e  i m a g e s  s i z e  f r o m  c o n v e n t i o n a l  5 1 2 x 5 1 2  p i x e l  s i z e  t o  

c u s t o m  v a l u e s .  N o t e :  I n  o r d e r  f o r  t h i s  t o  w o r k  t h e  r e a l - t i m e  d a t a  s h o u l d  s e n d  t h e  

s a m e  a m o u n t  o f  p i x e l  d a t a .

1 1 .  C u r r e n t  p o s i t i o n  o f  t h e  a l l  m i c r o  s t a g e s .

1 2 .  T h e  f i l e  p a t h  w h e r e  t h e  i m a g e  s c a n  l i n e  d a t a  h a s  t o  b e  s t o r e d .  E a c h  s c a n  l i n e  d a t a  

i s  s t o r e d  a s  5 1 2  s i z e  v e c t o r .  D a t a  d i s p l a y e d  i n  5  a n d  6  a r e  s t o r e d  w i t h  t h e  f i l e  

n a m e s  I m 1 _ t e m p #  a n d  I m 2 _ t e m p # ,  w h e r e  #  i s  t h e  f i l e  n u m b e r  g e n e r a t e d  b y  t h e  

p r o g r a m .

F i g u r e  A . 8  F r o n t  p a n e l  o f  t h e  h o s t  P C  p r o g r a m
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Program  to read image files w ritten by Labview

T h e  p r o g r a m  p r o v i d e d  b e l o w  r e a d s  t h e  i n d i v i d u a l  s c a n  d a t a  f r o m  

C : \ I m a g e _ d a t a \ c o m m _ d a t a  f o l d e r  a n d  p r o v i d e s  5 1 2 x 5 1 2  m a t r i x  f o r  f u r t h e r  p o s t  

p r o c e s s i n g .

CODE:

clc;
clear all; 
close all; 
flag=2;
i=1;
imagearray=ones(512); % Scan lien data size (default = 512) 
imagearray 1=zeros(512);
% Enter the folder path where temp data is stored
folder path='C:\Image data\comm data\';
maxT=2;
minT=-2;
% Loop runs until file does not exist (flag!=2) 
while flag==2

I=num2str(i);
path=strcat(folder path,'Im1 temp',I);
% change file name to Im2 temp to read probe 2 data
flag=exist(path, 'file' );
if flag==2
mag=load(path);
count(i)=mag(1);
imagearray(count(i),:)= mag(2:end); 

colormap copper 
imagesc(imagearray); 
caxis([-10 10]); 

drawnow; 
end 
i=i+1;

end

Least square line fit to flatten AFM  images

P r o g r a m  f i t s  a  b e s t  l i n e ,  i n  l e a s t  s q u a r e  s e n s e ,  t o  i n d i v i d u a l  s c a n  l i n e s  a n d  

s u b t r a c t s  i t  f r o m  t h e  r a w  d a t a  t o  p r o v i d e  a  f l a t t e n e d  v e r s i o n  o f  t h e  o r i g i n a l  i m a g e .



89

CODE:

%% LINE FIT 
clc;
close all;
RAW=imagearray; % raw image data
n=size(RAW);
im line fit=zeros(n);
xs=n(1);ys=n(2);
fitt=zeros(ys,1);

for i=1:xs
P=polyfit(1:ys,RAW(i,:),1); % Linear polynomial fit to row data
fitt=polyval(P,1:ys);
im line fit(i,:)=RAW(i,:)-fitt;

end
surf(RAW,'edgecolor','none')
Figure
surf(im line fit,'edgecolor','none')

Lease square plane fit to flatten AFM  images

S a m e  a s  t h e  p r e v i o u s  p r o g r a m  e x c e p t  t h e  p r o g r a m  f i t s  a  p l a n e  t o  t h e  e n t i r e  i m a g e  

d a t a  a n d  s u b t r a c t s  i t  t o  p r o v i d e  b e t t e r  f l a t t e n i n g  e f f e c t  c o m p a r e d  t o  l i n e  f i t .  T h e  l e a s t  

s q u a r e  p l a n e  f i t  s o l u t i o n  f o r  a  2 D  m a t r i x  w i t h  m  e l e m e n t s ,  a n d  c o o r d i n a t e s  ( x , y , z ) ,  i s  o f  

t h e  f o r m  z  =  A x  +  B y  +  C , w h e r e

m

Z  (  x , -  x  f
i=1

m

Z ( x , -  x ) ( y , -  y )
i=1

-1 1

i
M

3

i 1

__
__

__
__

_
i

m

Z ( x -  x ) ( y  -  y )
_ i=1

m

Z (  y , -  y  ) 2
i=1 _

m

Z (  z , -  z ) ( y  -  y )
_ i=1 _

C  =  z  -  A x  -  B y

CODE:

%% PLANE FIT 
clc;
close all 
RAW=imagearray;
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n=size(RAW);
fitt=zeros(n);
xs=n(1);ys=n(2);
x=(1:xs)';
y=(1:ys)';
L=xs*ys;
X=zeros(L,1);Y=zeros(L,1);Z=zeros(L,1);
c=0;
% transforming X, Y, Z date into 1D arrays 
for i=1:xs

for j=1:ys 
c=c+1;
X(c)=x(i);
Y(c)=y(j);
Z(c)=RAW(i,j);

end
end
% Computing the individual mean 
C=mean(Z);
mm=[mean(X) mean(Y)]';
X=X-mean(X);Y=Y-mean(Y);Z=Z-mean(Z);
Xsq=sum(X.*X);
Ysq=sum(Y.*Y);
XY=sum(X.*Y);
XZ=sum(X.*Z);
YZ=sum(Y.*Z);
M=[Xsq XY;XY Ysq];

S= [M\[XZ YZ]']; 
ss=C-S(1:2)'*mm;
S=[S;ss]; 
for i=1:xs

for j=1:ys
fitt(i,j)=S'*[i j 1]';

end
end
im fit=RAW-(fitt);
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