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Abstract 

Atomic force microscope (AFM)-based nanomanufacturing offers an affordable and easily deployable method for fabricating high-resolution 
nanopatterns. This study employs a comprehensive design of experiment (DOE) approach to investigate the effects of various parameters, such 
as voltage, speed, and vibration axis, on the width and depth of lithography patterns using electrical field and vibration-assisted lithography on 
PEDOT: PSS films. The DOE explores the effect of voltage and speed on the process of electrical field and vibration-assisted AFM-based 
nanopatterning in two vibration trajectories: a circular trajectory employing X and Y axis vibration and a reciprocating trajectory employing Y 
axis vibration. The results indicate that using circular XY-vibration with a low stiffness contact probe and optimized speed and voltage factors 
results in higher depth and width of the lithography patterns compared to Y-vibration alone at the same parameters as expected. In both cases, 
pattern width was dominantly controlled by the voltage. Regarding depth, in XY-vibration, the speed of the tip is the most significant factor, 
while for Y-vibration, voltage plays the most significant role. It is noteworthy that there is a minimum threshold of speed that can produce a 
pattern; for example, the high-speed level that produced patterns in the circular trajectory (XY-vibration) did not produce patterns in reciprocating 
motion (Y-vibration). In conclusion, the study demonstrates the significant impact of voltage, speed, and axis on the width and depth of the 
lithography patterns. These findings can be instrumental in developing and understanding AFM-based high-resolution nanofabrication techniques. 
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1. Introduction 

Nanotechnologies have significantly advanced various 
research fields, including fundamental science, 
microelectronics, optics, and plastics, providing diverse 
applications [1]. Achieving consistent and swift fabrication of 
high-resolution nanofeatures is critical for the development of 
nanoelectronics, such as microelectromechanical systems and 
nanoelectromechanical systems (MEMS and NEMS), photonic 
and bio-nanotechnological devices [2]. One of the promising 
and rapidly emerging fields is organic electronics. It has drawn 
much interest as a technological platform by using the special 
qualities of organic materials to make mechanically flexible, 
lightweight, and affordable devices. Organic thin-film 
transistors (OTFTs) [3,4], organic solar cells [5,6], organic 
light-emitting diodes (OLEDs) [7], and sensors [3-9] are 

examples of such devices, where material such as PEDOT: PSS 
could be considered as an organic semiconductor, combines 
cationic poly (3,4-ethylene dioxythiophene) with poly(4-
styrene sulfonate) anion which offer excellent conductivity, 
oxidation resistance, and transparency, making it an ideal 
candidate for electromagnetic shielding, noise suppression, and 
optical applications [10]. Nanolithography encompasses the 
creation of nanoscale patterns on materials or substrates 
through various nanofabrication or nanopatterning techniques. 
This field is dedicated to fabricating and utilizing these patterns 
for various applications [11]. Masked lithography enables 
efficient pattern fabrication on substrate materials, but these 
methods require masks fabricated using maskless lithography 
approaches. [12]. There are a variety of maskless surface 
patterning and nanolithography techniques [13], such as 
nanoimprint lithography (NIL) [14], scanning probe 
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lithography (SPL) [15], atomic force microscope (AFM) 
nanolithography [16], extreme ultraviolet lithography (EUVL) 
[17], and X-ray Lithography [18]. 

In AFM-based nanopatterning techniques, vibration-
assisted nanomachining is a prominent nanopatterning 
technique [19,20]. The utilization of vibrations facilitates the 
creation of complex 2D and 3D intricate patterns [21,22], eases 
the patterning process, and reduces tip wear. This technique 
also provides the flexibility of adjustable nanomachining 
procedures [23-26]. SEM analysis revealed a pronounced 
reduction of tip wear in ultrasonic vibration-assisted 
nanomachining relative to its non-vibrational counterpart, as 
evidenced by diminished post-machining tip radius 
enlargement. This underscores the efficacy of ultrasonic 
vibrations in the reduction of frictional forces during 
nanomachining, thereby prolonging tool longevity and 
enhancing operational efficacy additionally. It plays a pivotal 
role in enhancing the overall performance of nanomachining 
processes, resulting in accelerated patterning. This is explained 
by [27] as the periodic separation between the tool rake face 
and uncut material in vibration-assisted machining, which 
leads to reduced machining forces and chip thickness; 
furthermore, it helps mitigate thermo-chemical wear 
mechanisms. This multifaceted approach to nanopatterning 
broadens the scope of achievable geometries and optimizes the 
efficiency of nanomachining procedures. A study [28] 
confirmed the effectiveness of vibration-assisted 
nanomachining in generating 3D master nano-templates for 
soft lithography. Another innovative approach [29] utilized 
vibration-assisted sample heating with a standard AFM probe 
for thermal AFM nanolithography, which eliminates the 
requirement for specialized thermal probes. AFM can be used 
as a direct scratching tool on conductive polymers, which 
achieved high-resolution patterns of PEDOT: PSS on both rigid 
and flexible substrates  [30]. 

Moreover, integrating an electric field with AFM enables 
the rapid creation of features on polymer films. This method 
involves localized softening of tiny polymer volumes through 
Joule heating and manipulation using non-uniform electric 
field gradients, allowing for quick feature generation. The 
single-step process with conventional AFM equipment 
eliminates the need for external heating or AFM tip-film 
contact [31,32]. The AFM probe and the sample surface are 
kept as the electrochemical anodic reaction's cathode and anode 
during the electric field-induced process. Water molecules bind 
to sample surfaces to act as the electrolyte in oxidation 
reactions whenever hydroxyl ions are required [33], which 
creates a liquid meniscus bridge between the probe and the 
intended surface [34]. Our previous study [35], a contact mode 
electric field-assisted AFM lithography method, employs a soft 
probe to make patterns on polymer substrates. By applying a 
setpoint force of 0.5-1 nN to the AFM tip, nanoholes and 
nanopatterns with adjustable feature dimensions were 
achieved. In another study [36], we provided a comparison of 
adjustable vibration parameters for the lithography of PMMA 
film in terms of the axis of the vibration relative to the feed 
speed and the vibration amplitude of the piezo actuator used.  

This study focuses on nanomachining parameters of 
electrical field and mechanical vibration-assisted AFM-based 

nanopatterning process on a conductive polymer PEDOT: PSS, 
utilizing design of experiment (DOE) analysis and analysis of 
variance (ANOVA) to identify factors affecting lithography 
pattern dimensions. ANOVA is chosen for its ability to analyze 
multiple factors simultaneously, making it suitable for DOE 
approaches in experimental design studies. 

 
Nomenclature 

AFM       atomic force microscopy  
E-AFM   electrical atomic force microscopy  
DOE        design of experiment  
ANOVA  analysis of variance  
C-AFM  conductive atomic force microscopy  

2. Experimental setup and process model 

The experimental configuration comprised a Park Systems 
AFM (XE7, Park Systems Corporation, Suwon, South Korea) 
for nanoscale scanning and lithography. The AFM was 
enclosed in an acoustic chamber with an ambient temperature 
of 24°C and a 15% relative humidity. Specifically, we 
investigated the application of a low-stiffness conductive 
contact probe (tip) CSG10-pt, with a nominal radius of 35 nm, 
featuring a spring constant of 0.11 N/m connected to a voltage 
power supply to establish the electric field potential within the 
setup configuration required for the tip bias lithography. 
Additionally, a custom-manufactured nanolithography stage 
was utilized, featuring two piezoelectric actuators positioned 
along the X and Y axes. These actuators were affixed between 
the extruded piler and side sections of the aluminum stage, as 
illustrated in Fig. 1. To drive the piezoelectric actuators and 
cause vibration in the designated axis, a signal generator (USB-
6259, National Instruments, Austin, TX, USA) and two signal 
amplifiers (PX200, PiezoDrive, Shortland, NSW, Australia) 
with a gain of 20 each were employed.  
  

Fig. 1. Schematic diagram of the experimental setup for electrical field and 
vibration-assisted AFM-based nanopatterning. 
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The XY-piezoelectric actuators are subjected to sinusoidal 
signals produced by National Instruments (USB-6259). 
Employing uniform driving signal amplitudes and a 90-degree 
phase differential, the pillar undergoes circular trajectory 
vibrations. This setup offers control over the amplitude of the 
vibration, the axis of the vibration, and the frequency of that 
amplitude, as illustrated in Fig. 2.  

Fig. 2. The circular trajectory introduced by XY-vibration. 

The experiment utilized fixed vibration parameters for the 
piezoelectric actuators of 2 kHz frequency and 0.2 Vpp 
amplitude for both the X and Y axes. A PEDOT: PSS film, 
spin-coated on a highly doped silicon substrate, was prepared 
from a PEDOT: PSS aqueous solution (Clevios PH 1000) with 
a 1:2.5 ratio, forming a 65 nm thick film with a typical 
conductivity of 850 S/cm. The process model, shown in Fig. 3, 
incorporates electric field and vibration assistance. Investigated 
inputs (Xs) include probe speed (the speed parallel to the 
sample feed shown in Fig. 2) and the voltage for the electrical 
field. Tunable factors like vibration’s amplitude and frequency, 
setpoint, temperature, and humidity were held constant. Non-
tunable factors, like surface roughness, system stability, and the 
tip used, may introduce variability in the output of the 
lithography. Outputs (Ys) include trench width and depth on 
PEDOT films. Experiments were conducted with two vibration 
choices: XY-vibration and Y-vibration—both were evaluated 
in the DOE study, as indicated by the dotted line in Fig. 3. 

Fig. 3. Electrical field and vibration-assisted AFM-based nanopatterning 
process model. 

 

3. Design of experiments   

Multiple DOE studies were conducted to investigate a wide 
range of parameters and their effects. For these studies, the 
applied normal force was fixed to be 2 nN. The first DOE 
included 2 levels of sample feed speed factor by 3 levels of 
voltage factor, the vibration drive was circular as mentioned 
with XY-vibration in the amplitude of 0.2 Vpp and 2 kHz. Each 
set had 3 replications as shown in Table. 1. 

Table 1. DOE number 1 with 2 levels of sample speeds 3 levels of voltages 
and XY-vibration. 

Factor Levels 

Speed 0.25 µm/s 

1.25 µm/s 

Voltage 0.5 V 

1.0 V 

1.5 V 

 
Secondly, the second DOE introduced 3 levels of speed and 

3 levels of voltage, while the vibration drive was only in the Y 
axis with an amplitude of 0.2 Vpp at the frequency of 2000 Hz, 
as presented in Table 2. The intermediate speed level was 
introduced because the high-level speed (1.25 µm/s) did not 
produce patterns at lower voltages and resulted in zero values 
data sets due to the exclusion of the X-vibration. Each pair of 
the parameters had 3 replicates, resulting in 18 runs in the first 
DOE design and 27 runs for the second DOE design. The DOE 
analysis will consider the voltage and speed as the dominant 
controlling factors in the first and second DOEs. Then, a 
combination of the two DOE studies will be introduced with 
the controlling factor of the number of axes for the vibration to 
investigate the differences between the XY-vibration and Y-
vibration alone. This is due to understanding the potential of 
minimizing the width of the trenches by excluding the X-
vibration; however, another tuning with parameters will be 
required to compensate for the exclusion of X-vibration as it is 
not able to create patterns at lower voltages and high speeds. 

Table 2. DOE number 1 with 2 levels of speeds and 3 levels of voltages and 
Y-vibration. 

Factor Levels 

Speed 0.25 µm/s 

0.5 µm/s 

1.25 µm/s 

Voltage 0.5 V 

1.0 V 

1.5 V 

 
For the DOE study, we incorporate the previous DOE data 

sets and consider the vibration as a factor, as presented in Table 
3. Note that the intermediate speed was introduced in the Y-
vibration only. 
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Table 3. Nested DOE includes the axis factors in addition to the speed and 
voltage. 

Factor Levels 

Speed 0.25 µm/s 

0.5 µm/s* 

1.25 µm/s 

Voltage 0.5 V 

1.0 V 

1.5 V 

Axis 1 axis (Y) 

2 axis (XY) 

*Indicates intermediate level introduced in Y vibration only 

 
A sample of the PEDOT: PSS film topology is presented in 

Fig. 4. The surface topology and the average profile of the film 
surface show variability in height (roughness), and it measured 
(0.439 nm) average root mean square roughness across a 
sample before lithography. This roughness is anticipated at this 
level of thickness. 

Fig. 4. The topology of PEDOT: PSS film and the average height profile. 

4. Results and discussion 

4.1 The analysis of the XY-vibration DOE 

The initial design of the DOE involves presenting data sets 
representing X-vibration and Y-vibration used in the circular 
trajectory drive. These sets were measured from lithography 
patterns and are detailed in Table 4. We have tested the 
normality of the surface geometry measurements (widths and 
depths) via the Ryan-Joiner normality tests. 

Table 4. First DOE data set for XY-vibration. 

Pattern Voltage (V) Speed 
(μm/s) 

Avg Depth 
(nm) 

Avg width 

(nm) 

1 0.5 0.25 4.1 99.3 

2 0.5 1.25 5 119.3 

3 1 0.25 7.2 145.0 

4 1 1.25 5.7 116.7 

5 1.5 0.25 8 152.0 

6 1.5 1.25 5 127.7 

7 0.5 0.25 4.2 114.3 

8 0.5 1.25 3.6 98.3 

9 1 0.25 5.7 150.7 

10 1 1.25 4.2 151.0 

11 1.5 0.25 6.3 172.7 

12 1.5 1.25 4.3 133.0 

13 0.5 0.25 5.2 90.7 

14 0.5 1.25 5.6 130.3 

15 1 0.25 5.8 108.0 

16 1 1.25 4.3 95.0 

17 1.5 0.25 6.9 154.7 

18 1.5 1.25 5 142.0 

 
Additionally, the topology of the patterns is depicted in Fig. 

5. In total, 18 runs have been conducted, revealing resolutions 
with depths ranging from 3.5 nm to 8 nm and widths varying 
from 90 nm to 172 nm. 

Fig. 5. The topology of XY-vibration DOE patterns. 

A Pareto chart illustrating the standardized effect for each 
parameter with α level of 0.05 is presented in Fig. 6. 

Fig. 6. Pareto chart of the standardized effect for the depth in the XY-
vibration DOE. 

It implied that the speed had the highest standardized effect 
on depth, followed by the voltage and then the interaction of 
the voltage and speed. The results show that all the voltage, 
speed, and interaction are statistically significant at the given α 
level of 0.05. The ANOVA results show that p-values are lower 
than 0.05 for the voltage, the speed, and the interaction, as 
shown in Table 5. These results could be explained by the time 
dependency of the electrical field. 

550 nm 550 nm 550 nm 

  1    2     3          4    5   6          7     8     9    10   11  12        13  14   15   16    17    18 
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Table 5. Depth ANOVA table for the first DOE with the XY vibration. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 5 16.649 3.3299 5.35 0.008 

  Linear 3 11.618 3.8728 6.22 0.009 

    Voltage (V) 2 5.258 2.6289 4.22 0.041 

    Speed (μm/s) 1 6.361 6.3606 10.21 0.008 

  2-Way Interactions 2 5.031 2.5156 4.04 0.046 

    Voltage (V)*Speed (μm/s) 2 5.031 2.5156 4.04 0.046 

Error 12 7.473 0.6228       

Total 17 24.123          

 
The main effect plot in Fig. 7a illustrates the relationship 

between the input parameters and the output parameters for the 
depth, specifically a positive correlation for voltage and a 
negative correlation with speed. Similarly, in Fig. 7b, the 
interaction plot shows the effect of the interaction between the 
speed and voltage, and there is an interaction between the first 
two levels of voltages (0.5 V and 1.0 V) at 0.25 μm/s speed. 
The voltage shows slight to no variations across the high speed 
(1.25 μm/s).  

Fig. 7. (a) Main effect plot of average depth in XY-vibration DOE. (b) 
Interaction plot of average depth in XY-vibration DOE. 

As for the width, the Pareto chart in Fig. 8 presents the 
standardized effect for each parameter at a significance level α 
of 0.05. It concludes that voltage exhibits the only highest 

standardized significant effect on width while the other effects 
weren't significant at the α level of 0.05. 

Fig. 8. Pareto chart of the standardized effect for the width in XY-vibration 
DOE. 

Parallelly, the voltage had the only p-value less than 0.05 in 
the ANOVA table, as shown in Table 6.  

ANOVA is employed in the study to identify significant 
factors affecting lithography pattern dimensions, assess 
interactions among parameters, and optimize experimental 
conditions. By quantifying variability and conducting 
statistical tests, ANOVA aids in understanding and improving 
the AFM-based nanopatterning process. Its use enables data-
driven decisions for enhancing pattern quality and process 
efficiency. 

Table 6. Width ANOVA table for the first DOE with the XY-vibration. 

Source DF Adj SS Adj MS  F-Value P-Value 

Model 5 5974.1 1194.8  3.73 0.029 

  Linear 3 4700.8 1566.9  4.89 0.019 

    Voltage (V) 2 4396.5 2198.3  6.87 0.010 

    Speed (μm/s) 1 304.3 304.3  0.95 0.349 

  2-Way Interactions 2 1273.3 636.6  1.99 0.180 

    Voltage (V)*Speed (μm/s) 2 1273.3 636.6  1.99 0.180 

Error 12 3841.6 320.1        

Total 17 9815.8           

 
Regarding the relationship between voltage, speed, and 

width, the main effect plot in Fig. 9a emphasizes the main 
effect plot of voltage and speed with width. Specifically, a 
positive correlation is evident for voltage, and a negative 
correlation is observed for speed; similarly to the depth, an 
interaction is noted in the first two voltage levels (0.5 V and 1.0 
V) at a speed of 0.25 μm/s. However, it is noteworthy that 
voltage exhibits significant variation in width at high speeds 
(1.25 μm/s) compared to the depth. This could be explained by 
the nature of the material removal process using the electrical 
bias. The experimental results imply that the voltage has a 
dominant effect on depth at low speeds due to the full 
establishment of the bias between the tip and the substrate. 
 
 

(a) 

(b) 
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Fig. 9. (a) Main effect plot of average width in XY-vibration DOE. (b) 
Interaction plot of average width in XY-vibration DOE. 

4.2 The analysis of Y-vibration DOE 

In the second DOE, data sets utilize only the Y axis to drive 
a reciprocating trajectory. A total of 27 runs have been 
conducted, revealing resolutions with depths ranging from 3.3 
nm to 5.3 nm and widths varying from 55 nm to 160 nm. 
Remarkably, these values are lower than those obtained with 
the XY-vibration circular trajectory, as presented in the data 
sets in Table 7.  

Table 7. Second DOE data set for Y-vibration only.  

Pattern 
Voltage (V) 

Speed 
(μm/s) 

Avg Depth 
(nm) 

Avg width 

(nm) 

1 0.5 0.25 3.9 61.7 

2 0.5 0.25 4.0 62.3 

3 0.5 0.25 3.8 60.0 

4 1 0.25 4.6 82.3 

5 1 0.25 4.4 97.7 

6 1 0.25 4.2 91.0 

7 1.5 0.25 4.8 123.0 

8 1.5 0.25 4.4 149.0 

9 1.5 0.25 4.8 159.7 

10 0.5 0.5 3.8 67.3 

11 0.5 0.5 3.3 55.7 

12 0.5 0.5 * * 

13 1 0.5 3.8 99.0 

14 1 0.5 3.9 82.0 

15 1 0.5 3.8 87.0 

16 1.5 0.5 4.9 120.0 

17 1.5 0.5 5.0 124.3 

18 1.5 0.5 5.3 118.7 

19 0.5 1.25 * * 

20 0.5 1.25 * * 

21 0.5 1.25 * * 

22 1 1.25 * * 

23 1 1.25 * * 

24 1 1.25 3.8 61.0 

25 1.5 1.25 5.2 88.7 

26 1.5 1.25 4.8 72.0 

27 1.5 1.25 4.1 81.7 

 
These datasets were acquired from lithography patterns. 

Topology is portrayed in Fig. 10 where a) is the 0.25 μm/s 
Speed patterns, b) is the 0.5 μm/s speed, and c) is 1.25 μm/s. 

Analogous to the first DOE, a Pareto chart is presented in 
Fig. 11. illustrating the standardized effect for each parameter 
at an α level of 0.05. The implication is that voltage had the 
highest significant standardized effect on depth while the speed 
and the interaction between speed and voltage effect weren't 
significant. 

 

Fig. 10. The topology of the patterns with lithography speed of (a) 0.25 μm/s, 
(b) 0.5 μm/s, and (c) 1.25 μm/s. 

(a) 

(b) 

1      2       3      4        5       6       7      8       9  

600 nm 
 10    11     12     13     14      15    16      17     18 

600 nm 

600 nm 

19   20    21      22       23    24     25     26     27       

(a) 

(b) 

(c) 
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However, it should be noted that a high level of speed in Y- 
vibration must be controlled more delicately since a higher 
voltage would need to be applied, as results show in Fig. 10c. 
High speed didn't produce patterns at low and medium 
voltages.  

Fig. 11. Pareto chart of the standardized effect for the depth in Y-vibration 
DOE. 

The ANOVA results for the new dataset for Y-vibration 
only vibration indicate p-values < 0.05 for voltage only, while 
the p-values for speed and the interaction were greater than 
0.05, as detailed in Table 8 and Fig. 11. 

Table 8. Second DOE data set for Y-vibration only. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 4.4163 1.10409 9.22 0.000 

  Linear 4 4.4163 1.10409 9.22 0.000 

    Voltage (V) 2 4.2599 2.12993 17.78 0.000 

    Speed (μm/s) 2 0.2687 0.13435 1.12 0.350 

Error 16 1.9169 0.11980       

  Lack-of-Fit 3 0.8012 0.26706 3.11 0.063 

  Pure Error 13 1.1157 0.08582       

Total 20 6.3332          

 
The main effect plot presented in Fig. 12a highlights a 

positive correlation with voltage and a negative correlation 
with speed versus depth. Fig. 12b depicts the interaction plot, 
showcasing the influence of the interaction between speed and 
voltage. Notably, there is a discernible interaction between the 
last two voltage levels (1.0 V and 1.5 V) at a speed of 0.25 μm/s 
and 0.5 μm/s.  

We observed missing data in the dataset, attributed to the 
inability of material removal at low and high voltage levels, 
particularly evident in lines 12, 19, 20, 21, 22, and 23 as shown 
in Fig. 10. This highlights a limitation of single axis vibration 
at high speed. Notably, a circular trajectory facilitates the 
distribution of the electrical field along the tip trajectory, which 
could enhance the process of high-speed machining. 

 
 

Fig. 12. (a) Main effect plot of average depth in Y vibration DOE. (b) 
Interaction plot of average depth in Y vibration DOE. 

For the width and based on the data from Y-vibration, the 
Pareto chart in Fig. 13 illustrates the standardized effect for 
each parameter at a significance level (α) of 0.05. 

Fig. 13. Pareto chart of the standardized effect for the width in Y-vibration 
DOE. 

It can be inferred that voltage exhibits the highest 
standardized and significant effect on width, followed by 
speed, having a standardized significant effect. It is evident 
that, unlike XY-vibration, where the speed significantly 
affected the width, Y-vibration results can only be explained 
by the nature of the reciprocating motion of the tip rather than 
a circular motion. 

(a) 

(b) 
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The main effect plot illustrated in Fig. 14a reveals the 
emphasis on a positive correlation with voltage and a negative 
correlation with speed concerning width. 

Similarly, in Fig. 14b, the interaction plot displays the 
impact of the interaction between speed and voltage. It is 
evident that at the first two levels of voltages, the width didn't 
change significantly at 0.25 μm/s and 0.5 μm/s, while at the 
highest voltage level, the width increased notably at the low 
speed of 0.25 μm/s. 

  Fig. 14. (a) Main effect plot of average width in Y-vibration DOE. (b) 
Interaction plot of average depth in Y-vibration DOE. 

4.3 Combination of the two datasets and introducing the axis 
of vibration as an input factor 

The final DOE is conducted based on the previously 
presented datasets. However, the analysis features the vibration 
axis as a factor, as the X-vibrations in the lithography process 
are expected to increase the width due to the introduction of a 
circular trajectory motion. However, these circular trajectory 
motion enables patterning the materials at lower voltages and 
higher speeds, as evident in the second DOE study where 
similar low levels of voltages and high speeds didn't produce 
any patterns when only the Yvibration was driving the sample 
reciprocating. However, high-resolution patterns can be 
obtained when only Y-vibration is used. 

The data analysis for the combined dataset, the Pareto chart 
in Fig. 15, presents the standardized effect for each parameter 
at a significance level (α) of 0.05.  

Fig. 15. Pareto chart of the standardized effect for the depth in combined 
DOE datasets. 

It is inferred that the driving axis exhibits the highest 
standardized effect on depth followed by the voltage, the speed-
axis interaction, and speed, and similarly, in the ANOVA table, 
the p-value for the factors is < 0.05, provided in Table 9. 

Table 9. Depth ANOVA table for Combined DOE study.   

Source 
D
F 

Seq 
SS 

Contribu
tion 

Adj 
SS 

Adj 
MS 

F-
Valu
e 

P-
Valu
e 

Model 1
1 

27.6
3 

68% 27.6
3 

2.51 5.21 0.00 

  Linear 5 24.6
3 

61% 19.3
0 

3.86 8.01 0.00 

    Voltage (V) 2 6.76 17% 8.67 4.34 9.00 0.00 

    Speed (μm/s) 2 6.03 15% 3.47 1.74 3.60 0.04 

    Axis 1 11.8
4 

29% 7.81 7.81 16.21 0.00 

  2-Way Interactions 6 3.00 7% 3.00 0.50 1.04 0.42 

    Voltage 
(V)*Speed (μm/s) 

4 2.19 5% 2.62 0.66 1.36 0.27 

    Voltage (V)*Axis 2 0.81 2% 0.81 0.40 0.84 0.44 

Error 2
7 

13.0
1 

32% 13.0
1 

0.48       

  Lack-of-Fit 2 4.42 11% 4.42 2.21 6.44 0.01 

  Pure Error 2
5 

8.59 21% 8.59 0.34       

Total 3
8 

40.6
4 

100%             

 
The main effect plot for the combined dataset is illustrated 

in Fig. 16.a, And it shows a positive correlation for the voltage, 
a negative correlation for speed, and a positive correlation for 
the axis. Notably, a single axis here implies Y-vibration only, 
and the results would vary significantly if only the X-vibration 
were used where a zig-zag trajectory would be achieved that 
way which contributes more to more width. 

 
 
 

(a) 

(b) 
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  Fig. 16. (a) Main effect plot of average depth in combined DOE dataset. (b) 
Interaction plot of average depth in combined DOE dataset. 

The interaction plot implies an interaction in the first two 
levels of voltage at high speed. We notice that the depths have 
a high average across both the voltages and speed, similarly for 
the width Fig. 17. The highest standardized effect was for the 
axis, followed by voltage and voltage-speed interaction, 
emphasizing the effect of trajectory on the width of the pattern. 
Similarly, the Width ANOVA is presented in Table 10 to 
showcase the model and p-values of the significant factors. 

Fig. 17. Pareto chart of the standardized effect for the width in combined 
DOE datasets. 

 
 

Table 10. Width ANOVA table for Combined DOE study. 

Source DF Seq SS Contribution Adj SS Adj MS 
F-
Value 

P-
Value 

Model 11 33476.4 84.30% 33476.4 3043.3 13.18 0.000 

  Linear 5 29100.4 73.28% 22585.3 4517.1 19.57 0.000 

    Voltage (V) 2 10796.2 27.19% 11278.9 5639.4 24.43 0.000 

    Speed (μm/s) 2 3185.5 8.02% 1642.7 821.4 3.56 0.043 

    Axis 1 15118.6 38.07% 10683.4 10683.4 46.28 0.000 

  2-Way 
Interactions 

6 4376.0 11.02% 4376.0 729.3 3.16 0.018 

    Voltage 
(V)*Speed 
(μm/s) 

4 4094.3 10.31% 3530.2 882.6 3.82 0.014 

    Voltage 
(V)*Axis 

2 281.7 0.71% 281.7 140.8 0.61 0.551 

Error 27 6233.0 15.70% 6233.0 230.9     

  Lack-of-Fit 2 1180.5 2.97% 1180.5 590.2 2.92 0.072 

  Pure Error 25 5052.5 12.72% 5052.5 202.1     

Total 38 39709.4 100.00%         

 
Then, the speed had a significant effect on width, as shown 

in the interaction plot in Fig. 18a; it illustrates the same trends 
previously shown while the interaction plots have shown the 
same pattern with the low voltage and high speed, while a slight 
interaction happened between 0.25 μm/s and 0.5 μm/s, and 
similarly with the axis of two having the highest averages 
across speed and voltage. The speed was not used in the 
interaction model since it was missing the intermediate level 
introduced in Y-vibration. 

Fig. 18. (a) Main effect plot of average width in combined DOE dataset. (b) 
Interaction plot of average width in combined DOE dataset. 

 (a) 

(b) 

 (a) 

(b) 
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Predictions from the combined DOE datasets of the depth and 
width of the trenches are illustrated in Fig. 19a and Fig. 19b 
respectively.  

Fig. 19. (a) Contour plot of the depth versus the voltage and speed. (b) 
Contour plot of the width versus the voltage and speed. 

In our previous study [36], we conducted experiments on 
PMMA film to examine vibration and electrical field-assisted 
nanolithography parameters. We used a similar setup and probe 
with the same spring constant as in this work but with 
variations in the design of the vibration stage. Table 11 presents 
a comparison of the results between our previous studies and 
the current work. Similar depth values are observed across a 
range of low to intermediate speeds and various vibration 
amplitudes. However, notable differences in width values 
could be attributed to variations in setpoint values, sample 
stage setup, and the conductivity of the thin film. 

Table 11. Comparison of experiments of XY-vibration-assisted E-AFM at 
different parameters. 

Film 
material 

Voltage 

(V) 

Vibration 
amplitude 

(Vpp) 

Setpoint 

(nN) 

Speed 

(µm) 

Average 
Depth 

(nm) 

Average 
Width 

(nm) 

PEDOT 

0.5 

0.2 2 0.25 

4.5 101 

1 6.2 134 

1.5 7.1 159 

PMMA 

0.5 

0.6 0.1 0.5 

4.2 38  

1 5.8  56  

1.2 7 68  

5. Conclusion 

In conclusion, this study demonstrated the possibility of 
nanopatterning on PEDOT: PSS using an electric field and 
vibration-assisted AFM-based nanopatterning method. We 
systematically investigated the effects of various experimental 
parameters on the nanolithography process. The results showed 
that using circular trajectory XY-vibration, optimized speed, 
and voltage factors could significantly improve the resolution 
and quality of the lithography patterns based on the resolution 
of patterns needed regarding width and depth. On the other 
hand, for lower depth and width applications, the Y-vibration 
with a reciprocating motion could be considered for better 
trench width. The Pareto chart analysis also revealed the 
relative importance of each parameter in the process. The 
results revealed that voltage, speed, and number of axes of 
vibration significantly influenced the width and depth of the 
lithography patterns. 

Under XY-vibration, voltage primarily controls the pattern 
width, while speed has a more significant effect on pattern 
depth. In contrast, under Y-vibration, voltage plays the most 
significant role in both width and depth control. The study also 
finds that there is a minimum threshold of speed required to 
produce patterns, and the choice of vibration trajectory affects 
the achievable resolution and pattern formation due not only to 
the dynamic force introduced by the vibration but also to the 
distribution of the electrical field along the trajectory as well. 
Overall, this investigation provides valuable insights into the 
optimization of AFM-based nanofabrication techniques, 
particularly for applications in organic electronics and 
nanoelectromechanical systems. The findings can guide the 
development of high-resolution nanomanufacturing processes 
and contribute to the advancement of nanotechnology-enabled 
devices and systems. 
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