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 “Multipoint Force Feedback” Leveling of Massively 
Parallel Tip Arrays in Scanning Probe Lithography 

   Hanaul    Noh     ,        Goo-Eun    Jung     ,        Sukhyun    Kim     ,        Seong-Hun    Yun     ,        Ahjin    Jo     ,        Se-Jong    Kahng     ,    
    Nam-Joon    Cho     ,   *       and        Sang-Joon    Cho   *   

  1.     Introduction 

 Scanning probe lithography (SPL) [ 1 ]  enables high resolution 

patterning with a sharp tip in close proximity to a sample 

surface. The atomic force microscope (AFM) [ 2 ]  is com-

monly employed in SPL due to the nanoscale patterning 

capabilities of diverse materials, [ 3 ]  e.g., dip-pen nanolithog-

raphy (DPN) [ 4 ]  which is widely used to precisely deposit 

molecular inks on a variety of sample substrates. For a large 

area duplication of patterns, DPN with 2D tip arrays [ 5 ]  and 

low-cost cantilever-free SPL methods using polymer pen 

lithography (PPL), [ 6 ]  beam pen lithography (BPL), [ 7 ]  and 

hard-tip soft-spring lithography (HSL) [ 8 ]  have been success-

fully demonstrated across centimeter scale areas. In par-

ticular, a recent report by Liao et al. shows that large area 

SPL can be adopted as a desktop nanofabrication platform 

for rapid prototyping of functional electronic devices. [ 9 ]  As 

patterning areas get wider in SPL, leveling, i.e., maintaining 

tip alignment with respect to a sample surface has remained 

a considerable challenge. In order to achieve leveling accu-

racy and ease of use, novel methods have been proposed, 

including force feedback of polymer pen arrays (PPA), [ 10 ]  

dual-elastomeric materials approach of PPA, [ 11 ]  self-leveling 

of dip pen arrays (DPA), [ 12 ]  and optical alignment of perfo-

rated cantilever arrays. [ 13 ]  DOI: 10.1002/smll.201403736

 Nanoscale patterning with massively parallel 2D array tips is of signifi cant 
interest in scanning probe lithography. A challenging task for tip-based large area 
nanolithography is maintaining parallel tip arrays at the same contact point with a 
sample substrate in order to pattern a uniform array. Here, polymer pen lithography 
is demonstrated with a novel leveling method to account for the magnitude and 
direction of the total applied force of tip arrays by a multipoint force sensing structure 
integrated into the tip holder. This high-precision approach results in a 0.001° slope 
of feature edge length variation over 1 cm wide tip arrays. The position sensitive 
leveling operates in a fully automated manner and is applicable to recently developed 
scanning probe lithography techniques of various kinds which can enable “desktop 
nanofabrication.” 
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 Herein, we describe a general leveling method which 

is independent of probe type, and hence applicable to a 

variety of SPL techniques for which tip arrays exert defi ned 

contact forces onto a sample surface. This leveling platform 

achieves both leveling accuracy and ease of use by means 

of “multipoint force feedback” and an automated leveling 

algorithm. As proof-of-principle, we demonstrate PPL pat-

terning in 1 cm 2  region with a 125 × 125 PPA. PPL is a 

molecular printing [ 14 ]  method which uses thousands of elas-

tomeric tips [ 15,16 ]  to fabricate molecular patterns of diverse 

materials over a centimeter scale area. [ 17–19 ]  In order to 

obtain inked patterns with consistent shape and dimen-

sion over a wide sample area, it is extremely important to 

control the two face angles between the PPA and sample 

substrate. The classical method of leveling utilized in PPL 

is to use an optical microscope vision [ 20 ]  in order to check 

whether deformations of the PPA at the four corners are 

equivalent. The optical leveling method has a poor accuracy 

angle range of 0.02° due to the limitations of estimating 

tip contact conditions by optical microscope. In order to 

address this issue, Liao et al. reported a novel method to 

achieve 0.004° leveling precision by implementing a sensi-

tive electric scale below the sample and by controlling the 

total force of PPA which is compressed with a fi xed depth 

on the sample. [ 10 ]  Xie et al. also reported another approach 

which is independent of the leveling instrument and works 

by implementing specialized “hard-apex, soft-base” tip 

arrays. [ 11 ]  We expand upon and enhance the achievements 

demonstrated by Liao et al. in order to attain precise, easy, 

and quick leveling for extensive SPL techniques. This new 

“multipoint force feedback” leveling method measures both 

the magnitude of total force and the direction of the effec-

tive total applied force of the contacted tip arrays. These 

simultaneous measurements enable quick leveling, typically 

within 2 min for arbitrary tilt angles. Experimentally, this 

method comprises multipoint force sensors embedded into 

the tip holder and analytic calculation of the effective force 

position from the sensor signals.  

  2.     Result and Discussion 

 In order to level various kinds of tip arrays exerting con-

tact forces, a sensor block containing three low-profi le force 

sensors (Honeywell, FSS1500NST) is integrated to a com-

mercial AFM system (Park Systems, NX20). As shown in 

 Figure    1  a, the sensors are arranged into a triangular shape 

in order to make a kinematic mount capable of sustaining 

a stainless steel tip carrier by means of embedded magnets 

in the sensor block (see Figure S1, Supporting Information, 

for additional details). The tip carrier can be placed in the 

same position repeatedly due to the mounting holes on the 

tip carrier and point contacts of the three-point force sen-

sors. In Figure  1 b, an additional leveling setup is depicted. A 

homemade 2-axis tilting stage is inserted between a piezo-

electric  x – y  scanner and a sample positioning stage in order 

to adjust face angles in the  x – y  direction. The step resolu-

tion of the tilting stage is 7.7 µrad (0.00044°) which corre-

sponds to <100 nm height difference across a 1 cm distance. 

The sensor block, i.e., force-sensor-integrated tip holder is 

placed under a piezoelectric z scanner and a tip positioning 

z stage, and the forces acting on tip arrays are measured at 

three-point force sensors with respect to the z scanner and z 

stage positions during leveling or patterning processes. Any 

type of tip arrays exerting a certain force to the sensors can 

be attached on the tip carrier using commonly used double 

sided tape or adhesives. The integration of force sensors into 

the tip holder is a signifi cant experimental improvement for 

a leveling platform since it enables simultaneous measure-

ments of multipoint forces. 

  We employ polydimethylsiloxane (PDMS) pyramidal 

tip arrays [ 21 ]  and conduct PPL patterning in order to dem-

onstrate proof-of-principle for the new leveling method. 

The PPA was fabricated by a well-established protocol [ 20 ]  

and consists of 125 × 125 (total 15 625) tips over 1 × 1 cm 2  

area. The shape of a tip is shown in Figure  1 b circle, having 

a 20 µm bottom width,  w b  , 0.3 µm fl attop width,  w t  , 14 µm 

height,  h , and 80 µm pitch,  d . All parameter values are based 

small 2015, 11, No. 35, 4526–4531

 Figure 1.    a) Position sensitive force sensing structures using a triangular kinematic mount of three-point force sensors. b) Experimental setup 
consisting of a 7.7 µrad resolution 2-axis tilting stage, piezoelectric transducers, and a sensor block with polymer pen arrays.
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on the original fabricated PPA design except  w t   which is a 

measured value obtained by scanning electron microscopy 

(Figure S2, Supporting Information). To evaluate multipoint 

force feedback leveling, we introduce the effective position 

of PPA forces which can be derived theoretically from simple 

force and torque equations. The applied force of each com-

pressed elastomeric tip is given by [ 22 ] 

     
( )=F w w

h
E Z Zij

b t
ij ij

  
(1) 

 where  Z  is the compression depth,  E  is the elastic modulus 

which has two values of 1.38 and 8.97 MPa according to 

the compression depth, [ 22 ]   i  and  j  are the indices of each tip 

ranging from 0 to  N  − 1 for  x  and  y  directions, respectively, 

and  N  is the number of tips in one direction, i.e., 125. Then, 

the total applied force is a summation of Equation  ( 1)   over 

all the tip arrays as expressed in the following equation
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   If we consider an effective force which exerts on the posi-

tion ( X ,  Y ) with total force  F , the torque equations of equilib-

rium are represented as
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 where  τ x   and  τ y   are torque elements of  x  and  y  coordinates, 

respectively. In Equation  ( 4)  , the effective position of the 

total force in the  x  direction is given by
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   The  y  position can be obtained in the same manner from 

Equation  ( 3)  . If tip arrays and the sample substrate are not 

parallel, then one corner of the tip arrays touches the sample 

surface prior to the other parts, and ( X ,  Y ) is calculated as 

the position of contacted corner side. If the two planes are 

completely parallel, then the forces of all tips are the same 

so the force ratio of a tip is a constant =/ 1 / 2F F Nij  which 

means that the effective force position becomes the center of 

the tip arrays
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   Therefore, leveling can be done by obtaining the effective 

force coordinates and adjusting the tilting stage angles to fi t 

( X ,  Y ) into the center position of tip arrays. 

 In order to quantitatively understand the leveling con-

cept, theoretical calculations on the 125 × 125 PDMS PPA 

are performed. When one edge of the PPA contacts the 

sample surface and the z scanner is extended by a certain 

length, a part of the PPA is pressed and applies forces 

on the sample surface. With a given set of conditions, the 

total force and effective position are obtained by Equa-

tions  ( 2)   and  ( 5)  , respectively. Simulation results are shown 

in  Figure    2   with various tilt angles. In the simulation, the 
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 Figure 2.    Theoretical simulations on the leveling concept of PDMS PPA. a) Force mapping images of partially pressed PPA with constant depth (left) 
and constant total force (right) according to the tilt angle. b) Position (upper) and magnitude (lower) variations of effective force with respect to 
the z scanner extension. c) Position (upper) of effective force and z scanner extension (lower) variations with respect to the total applied forces.
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 y  tilt angle is simultaneously changed as half of the  x  tilt 

angle so that the  x  angle is only represented in Figure  2 . In 

Figure  2 a, 2D force maps of partially compressed PPA are 

shown as 5 by 2 subplots at the same color scale with given 

tilt angle, z scanner extension (left column), and total force 

(right column). Once the extension length is kept constant, 

then the total force increases as the tilt angle decreases. 

Thus, the total force curve has a peak if the tilt angles are 

swept through leveling point. [ 10 ]  This is shown in Figure  2 b 

lower part with various extension lengths. When the total 

force is kept at constant, the z extension length curve has 

a dip as shown in Figure  2 c lower part. By observing the 

force maximum in the constant extension case or the exten-

sion minimum in the constant force case, leveling can be 

accomplished. However, these methods require quite many 

iterations in both the  x  and  y  directions in order to achieve 

high resolution leveling. Furthermore, the total force of the 

tip arrays must be larger than the experimentally measur-

able level. If the tip arrays exert an unmeasurable force on 

the sample surface, they are diffi cult to use. On the other 

hand, the effective force position theoretically calculated 

from Equation  ( 5)   make it possible to 

reduce iteration counts and use small 

force tip arrays. Simulated position ( X ) 

traces of the effective force are shown 

in the upper part of Figure  2 b,c for con-

stant extension and constant force cases, 

respectively. Since one corner of the PPA 

was set to the origin and the size of the 

PPA is 1 cm, the effective force position 

of leveling point is 5 mm. In Figure  2 b,c, 

 X  position curves approach to this center 

position when the tilt angle decrease. 

Because the shapes of tip arrays are typi-

cally rectangular, the center position of 

the PPA can be easily defi ned and meas-

ured in experiments. By measuring the 

difference between the current effective 

force position and center position of tip 

arrays, we can obtain the quantity and 

direction of tilt angles in both the  x  and  y  

directions simultaneously. If we measure 

the tilting amount and direction exactly, 

leveling can be done with just one adjust-

ment of the tilting stage. From an experi-

mental point of view, this is quite diffi cult 

because there are various shapes of the 

effective force position curves according 

to the sort and contact conditions of tip 

arrays. Therefore, we used only the direc-

tion information in order to adjust the 

tilt angles in the leveling experiment. 

Although the quantity information of the 

tilt angle is disregarded, it is possible to 

signifi cantly reduce iteration counts by 

employing a root fi nding algorithm such 

as the bisection method, because of the 

directional information and monotonic 

response of the effective force position. 

Additionally, if there exists guide structures around the tip 

arrays, [ 12 ]  then this method can be applied to level various 

kinds of tip arrays with experimentally unmeasurable small 

forces. 

  Implementation of multipoint force feedback leveling 

with direction information is achieved by three sensitive 

force sensors as shown in  Figure    3  a. Three force sensors 

( F  1 ,  F  2 ,  F  3 ) and the effective force  F  are depicted as blue dots 

and a red dot, respectively. From the theoretical equations, 

the force and torque equations are given as

     = + +1 2 3F F F F   (7) 

      
( )⋅ = ⋅ −3 2F X b F F

  
(8)

 

      
( )⋅ = ⋅ − ⋅ +1 2 3F Y a F c F F

  
(9)

 

 where  a ,  b , and  c  are dimension factors of the three force sen-

sors. Arranging the equations, the effective force position is 

given by
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 Figure 3.    Leveling experiment with PPA. a) Coordinates of a three-point force sensor and 
effective force. b) High resolution total force measurement with applied square wave voltage 
across the z piezo. Force noise in standard deviation is less than 20 µN at 100 Hz bandwidth. 
c,d) Force–distance curves for unleveled and leveled cases, respectively. e,f) Measured 
position of the effective force for unleveled and leveled cases, respectively.
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 where ( )= =/ 1, 2, 3f F F ii i  

  The effective force position is a function of the force ratios. 

If denominator  F  is too small to measure, then the positions 

have large errors. Thus, the force sensors must have high sen-

sitivity to enhance leveling accuracy. As shown in Figure  3 b, 

we achieved high sensitivity using piezoresistive sensors and 

implementing optimized signal conditioning circuits. The meas-

ured total force is suffi cient to resolve a 0.13 mN force differ-

ence applied by the square wave voltage across the z piezo, 

and the standard deviation of force noise is less than 20 µN at 

100 Hz bandwidth, and measurable up to 1 N. 

 By means of three-point force sensing structures and the 

direction feedback leveling with bisection method, we con-

ducted PPA leveling on a silicon substrate. When PPA is unlev-

eled with regards to the substrate, the total force is varied 

nonlinearly as shown in Figure  3 c according to the z scanner 

extension due to widening of the contact area. Furthermore, in 

Figure  3 d, the effective force position deviates away from the 

center, here defi ned as the origin of the PPA. The front part of 

the position curves in Figure  3 d shows large errors because the 

total force is too small to discriminate from the measurement 

noise, which leads to an error in the calculation of the position. 

In our experiment, a total force of more than 1 mN is required 

for measurement reliability. If we increase the z extension 

length, then the position gets closer to the origin, which can be 

inferred from the simulation in Figure  2 . Therefore, the total 

force should be maintained as a constant during the leveling 

process as in the constant force case in Figure  2 . Once leveling 

is completed, then total force curve shows a linear response to 

the z extension, and the effective force positions become zero 

as represented in Figure  3 e,f). 

 In order to verify leveling accuracy, we performed 

polymer pen lithography on a Au-coated silicon substrate 

using 16-mercaptohexadecanoic acid (MHA). As shown in 

 Figure    4  a, 7 × 7 patterns were fabricated per one tip with 

sequential operation of various conditions of dwell time 

and z extension length. The image is obtained by lateral 

force mode of AFM and the scan size is 95 µm. Since PPA 

consists of 125 × 125 tips, 15 625 sets were duplicated in a 

1 × 1 cm 2  area. 4 × 4 sets are displayed in the 310 µm scan 

size AFM image shown in Figure  4 b. The distance between 

pattern sets is 80 µm which is induced from the tip spacing. 

To evaluate leveling accuracy, we obtained scanning elec-

tron microscope images along the full distance of the PPA, 

and edge lengths of two selected patterns which have 

average sizes of 5.5 and 4 µm are shown in Figure  4 c. The 

slopes of linear fi tting of 5.5 and 4 µm patterns are 0.001° 

and 0.002°, respectively, demonstrating 

that the leveling is successful. Edge length 

variations are measured as 5.5 ± 0.3 and 

4.0 ± 0.4 µm and their standard devia-

tions are 0.15 and 0.2 µm for each 5.5 and 

4.0 µm pattern, respectively. This error 

scale is comparable to that of Xie et al. 

who employed a novel concept of tip 

arrays. [ 11 ]  Because our PPA has a fl attop 

width of 300 nm (Figure S2, Supporting 

Information), the edge length varia-

tion is larger than that of Liao et al. who 

obtained a value of 2.54 ± 0.05 µm. [ 10 ]  As 

proof-of-principle, it is possible to achieve 

better resolution if one combines this lev-

eling method with precisely fabricated 

tip arrays. Importantly, in our approach, 

the entire leveling process is completed 

within 2 min in an automated manner, as 

described in the Experimental Section. 

This speed and functionality can lead to 

signifi cant improvement toward realizing 

the concept of “desktop nanofabrication.” 

    3.     Conclusion 

 In conclusion, we have demonstrated a 

new leveling method based on multipoint 

force detection structures and a direction 

feedback leveling algorithm. This new 

platform is capable of conducting pre-

cise, easy, and quick leveling for extensive 
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 Figure 4.    PPL patterning with MHA. a) AFM lateral force image with 95 µm scan size. 7 × 7 
patterns are produced in sequential order with dwell time and z extension variation. b) 4 × 4 
repeated pattern sets with 310 µm scan size lateral force image. c) Edge length variation of 
two selected patterns along 1 cm distance. Leveling is achieved with 0.001° order.
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SPL techniques by means of the force-sensor-integrated 

tip holder and automated leveling algorithm. As proof-

of-principle, we demonstrated a PPL patterning scheme. 

Resulting fabricated features show 0.001° slope of edge 

length variation along 1 cm length tip arrays. In addition, 

this method reduces the leveling time down to 2 min. With 

a simple operating principle and wide expandability, this 

new leveling method is a promising technique for “desktop 

nanofabrication.”  

  4.     Experimental Section 

  Preparation and Characterization of Dot Arrays : Polymer pen 
arrays with 15625 pens and 80 µm separation between tips were 
prepared from PDMS (Sylgard 184, Dow Corning Corp.). Briefl y, a 10:1 
mixing ratio of elastomer base and curing agent was used to prepare 
the PDMS solution, which was poured into the microfabricated silicon 
mold. A glass support was subsequently placed on top of the PDMS 
mold, which was then cured for 2 h at 85 °C. 100 µL of EtOH solu-
tion containing 10 × 10 −3   M  MHA was poured onto the cured PDMS 
and dried for 10 min. The polymer pen arrays were mounted onto a 
commercial AFM system (Park Systems, NX20) which is housed in a 
homemade glovebox and exposed to 50% relative humidity. MHA 
was patterned on a Si〈100〉/SiO× wafer coated with ≈10 nm thick Au 
layer by ion sputtering (HOYEON Tech. Co., LTD) for 5 min with 20 mA 
current. Lithography was conducted by integrated software in AFM. 

  Automatic Direction Feedback Leveling with Bisection Method : 
Automatic leveling is achieved by integrated software XEP in the 
AFM. A probe attached to the sensor block is approached by 
moving the z stepping motor to the sample substrate until the 
total force reaches a defi ned threshold. Once the approach is 
fi nished, then the tilt direction between the probe and sample is 
directly obtained by calculating position signals  X  and  Y  from the 
force signals  F  1 ,  F  2 ,  F  3 , and  F . The probe is retracted to a certain 
height in order to prevent crash. A 2-axis tilting stage is moved in 
the opposite direction of the current tilt direction with predefi ned 
initial steps. Then approach, measure, retract, and tilt processes 
are iterated with a half of the previous tilting steps. After several 
iterations, once the tilting steps reach below a predefi ned stop 
step, then leveling is fi nally fi nished. The total force threshold, 
initial tilt steps, stop steps are tunable according to the probe 
types and leveling accuracy. A bisection algorithm converges to 
the acceptable tilt angles very quickly in both the  x  and  y  direc-
tions simultaneously. Thus, leveling time is much shorter than the 
method of determining the peak of the total force which requires 
equally spaced steps in iterations and sequential operation in  x  
and  y  direction sweep.  
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 Supporting Information is available from the Wiley Online Library 
or from the author.  
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