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ABSTRACT 

The fabrication of periodic nanostructures with a fine control of their dimensions is performed on 

poly(methyl methacrylate) (PMMA) thin films using an atomic force microscope technique called 

dynamic plowing lithography (DPL). Different scratching directions are investigated first when 

generating single grooves with DPL. In particular, the depth, the width and the periodicity of the 

machined grooves as well the height of the pile-up, formed on the side of the grooves, are assessed. 

It was found that these features are not significantly affected by the scratching direction, except 

when processing took place in a direction away from the cantilever probe and parallel to its main 

axis. For a given scratching direction, arrays of regular grooves are then obtained by controlling the 

feed, i.e. the distance between two machining lines. A scan-scratch tip trace is also used to reduce 

processing time and tip wear. However, irregular patterns are created when combining two layers 

oriented at different angles and where each layer defines an array of grooves. Thus, a “combination 

writing” method was implemented to fabricate arrays of grooves with a well-defined wavelength of 

30 nm, which was twice the feed value utilized. Checkerboard, diamond-shaped, and hexagonal 

nanodots were also fabricated. These were obtained by using the combination writing method and 
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by varying the orientation and the number of layers. The density of the nanodots achieved could be 

as high as 1.9×109 nanodots per mm2. 
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1. Introduction 

Nanostructures play an important role in nanophotonic and nanoelectronic devices, especially 

periodic arrays of nanoscale grooves and three-dimensional (3D) nanodots. For example, Raman 

signal amplification occurs in shell-coated nanoparticles for surface-enhanced Raman scattering 

(SERS) [1]. In [2], a 500 nm period grating is used to guide 632.8 nm light on a polycarbonate 

substrate. In addition, a grating with varying sub-micrometre periods could be used as a photonic 

crystal filter with narrowband reflectivity [3]. Complex patterned nanoparticle arrays and 

hexagonal nanopore arrays have been shown to act as highly enhanced SERS substrates [4], and 

SERS is affected by nanostructure feature sizes [5]. Much effort is thus devoted to nanostructure 

fabrication methods. In particular, UV lithography has the advantages of cost effectiveness and 

mass production. However, its main limitation is in the fabrication of complex three-dimensional 

nanostructures such as wrinkles. Schweikart et al. reviewed fabrication methods for wrinkle 

patterns on surfaces [6]. When an ethanol droplet was placed on an oxidized PDMS surface, 

wrinkles formed in [7]. Wrinkles could be used in a microfluidic device in a liquid environment. 

Thin stiff films have been coated on compliant elastic substrates to produce wrinkle patterns caused 

by compressive stress. Various patterns have been fabricated by controlling biaxial stress, including 

checkerboard, hexagonal, and herringbone [8]. The wrinkle periods are determined by experimental 

conditions [9], and controllable-wavelength wrinkles are obtained with various forms. However, 

feature sizes in the sub-100 nm range, including wavelength and depth, are still difficult to obtain 

with this method. In contrast, focused ion beam direct writing can be used to fabricate elliptic 

nanostructures with 15 nm spacing on Si substrates as shown in [10]. However, when cost and 
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production efficiency are taken into account, atomic force microscopy (AFM) tip-based 

nanolithography represents a better alternative. In particular, mechanical machining techniques via 

AFM are relatively low-cost, simple, highly accurate and provide flexible control [11]. Moreover, 

AFM can fabricate features on most materials. 

AFM nanolithography has two modes, namely static and dynamic plowing lithography (DPL), 

which are derived from contact [12-17] and tapping scanning modes [18-21], respectively. In static 

plowing lithography, which is also known as AFM scratching, the probe tip applies a constant 

normal force on the surface of the sample to be processed. Lateral forces at the apex of the probe 

due to friction and material resistance to deformation occur during scratching. Thus, bending and 

torsion motions of the cantilever result from the action of such lateral forces, which is turn 

influence the machined depth depending on the scratching direction. In addition, the shape of the 

pile-up material that is accumulated on the side along each groove can be different for asymmetric 

tips. Wrinkle nanostructures can be fabricated by scratching grooves, which are parallel and close 

enough to each other. These are referred to as proximity grooves [22]. In this case, the shape of the 

pile-up material is combined with the shape of the grooves to define the wrinkle geometry. 

However, the shape, period, and depth of such nanostructures that are produced using this approach 

are dependent on the scratching direction, which make the process difficult to control. Nanoscale 

wrinkles could also be made on some polymer materials such as polycarbonate along the scratching 

direction defined by the tip [16]. These were referred to as nano-bundles and previous work sought 

solutions to control their shape and periodicity [17]. However, different parameters should be 

employed in each scratching direction to achieve identical depths, which makes the process more 

complex. Furthermore, the apex of the tip can be considerably worn after significant scratching, 

which can lead to a radius of about 100 nm [17]. Thus, the desired nanostructures can not be 

obtained.  

In contrast to the above techniques, in the DPL method, the cantilever is driven vertically by a 

piezoelectric actuator like a hammer [18], and the polymer surface can be “plowed” with an 
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arbitrary orientation [19]. This results in a relatively uniform groove shape and depth and thus, 

DPL represents a promising and reliable approach for the fabrication of complex nanostructures. 

More importantly, feature size can be reduced with the DPL method in comparison with static 

plowing lithography. The machined depth achieved with DPL is generally several nanometers, and 

the ridge-to-ridge width is approximately 40 nm [20]. A groove with a 17 nm mouth width [21], 

where the depth is measured, was obtained with optimized DPL parameters. In addition, the pile-up 

generated by DPL was shown to be nearly equal to the removed material in [23]. This effect can be 

beneficial when producing wrinkles from proximity grooves. Indeed, DPL leads to a large pile-up 

volume when small-depth grooves are formed by low cantilever amplitudes. Periodic 

nanostructures can thus be obtained via the formation of proximity grooves with the combination of 

the machined groove shape and the corresponding material pile-up geometry. The amplitude and 

periodicity of these nanostructures should be influenced by the tip trace, which includes the feed 

and the scratching direction. The feed corresponds to the distance between two proximity grooves. 

Thus, the effect of the tip trace on the resulting dimensions of an array of such grooves should be 

investigated further. This is the focus of the study presented here. 

In this work, grooves are fabricated on a poly(methyl methacrylate) (PMMA) thin film along 

different predefined scratching directions for preset drive amplitudes and scratching speeds. The 

mouth width, period, depth, and the pile-up height are measured and analyzed for each processing 

direction. Arrays of grooves are fabricated with different types of tip raster scan traces. In addition, 

a two-step DPL method is used to fabricate checkerboard- and diamond-shaped nanodots; and 

hexagonal nanodots are made with a three-step method.   

 

2. Methods 

PMMA (molecular weight of 120000) was dissolved in chlorobenzene at a concentration of 

1.25 wt%. The solution was spun on a square single-crystal silicon substrate, which had been 

ultrasonically cleaned in acetone and then in alcohol for 10 min. The spinning speed and time were 
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6000 rpm and 30 s, respectively, to obtain film thicknesses of several tens of nanometers. The 

PMMA thin film was subsequently baked at 125C for 30 min to remove the solvent. DPL and 

measurement experiments were performed with a commercial AFM system (Dimension Icon; 

Bruker Corporation, USA). A silicon tip in tapping mode was used as the small DPL tool 

(MPP-11120; Bruker Corporation, USA). The scan rate was 1 Hz and each scan line was 256 pixels. 

Images were first-order flattened with the Nanoscope Analysis software provided by Bruker 

Company. The fabrication process was performed by the Nanoman module in the AFM system, and 

the Polyline command was utilized to design the tip trace for the desired grooves with arbitrary 

orientation. 

To scratch the sample surface, the drive amplitude of the fixed cantilever end was increased to 

Vw (writing voltage) as shown in Fig. 1(a). To scan to generated grooves and obtained an AFM 

image of their topography, the drive amplitude was reduced to Vr (reading voltage) without 

changing the probe which improves the efficiency of the overall process. This was considered to be 

an acceptable approach because, compared with static plowing lithography, the tip wear is usually 

negligible for DPL. When Vw/Vr=5, the tip interaction with the PMMA surface was reduced, which 

extended the tip life. Good quality grooves with a stable machined depth were obtained with a 

scratching speed of 0.5 μm/s. All experiments were performed at room temperature.  
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Fig1. (a) Schematic of grooves with pile-up fabrication on a PMMA thin film using DPL; (b) edge- 

and face-writing directions; (c) geometry of a silicon tip; (d) AFM images of grooves 

obtained from different scanning directions.  

 

3. Results and discussion 

3.1. Effect of scratching direction 

The geometry of the silicon tip used to scratch the PMMA film is shown using a scanning 

electron microscopy (SEM) image in Fig. 1(c). The apex of the tip was not quite symmetrical; thus, 

seven scratching directions were selected in the range 0–180° to simplify the experiment. The 

orientation angle was controlled by the PZT of the AFM system, which was preset before 

machining with the Nanoman module. Fig. 1(d) shows AFM images of grooves obtained at the 

different angles considered. At 0° and 180°, the pile-up accumulated mainly along both sides of the 

grooves. For these two orientations, because of the force applied to the sample surface along the 

scratching direction is symmetrical due to the geometry of the tip, the material was extruded on 
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both sides. However, for the other scratching directions, the pile-up accumulated along only one 

side.  

 

 

Fig. 2 Morphology and cross-sections (red lines) of grooves fabricated with (a) pile-up accumulated 

along one side for the 90° direction, and (b) pile-up accumulated along both sides for the 0° 

direction. 

 

Typical groove features are shown in Fig. 2. The residual depths and the mouth width (the 

width at which the depth is assessed from) [24] were measured as shown in Fig. 2(a). The pile-up 

height was measured as well. The combined groove and pile-up widths define the period, as shown 

in Figs. 2(a,b). Four different types of groove dimensions are plotted in Fig. 3 as a function of the 

scratching angle. For all orientations, the mouth width was approximately 15 nm (see Fig. 3(a)), 

which was mainly determined by the geometry of the tip apex, which had a radius less than 10 nm. 

The groove period was around 30–40 nm as shown in Fig. 3(b). The pile-up widths were nearly 

equal to the mouth widths. The groove depths were in the range of 1.5–2.0 nm, as shown in Fig. 

3(c). However, for the angle of 180°, the depth was lower, i.e. 1.1 nm. The pile-up height was in 
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the range 2.0–3.0 nm (see Fig. 3(d)), except, again, for the angle of 180°, where the height obtained 

was 1.0 nm. Thus, for 180°, which is the face-edge scratching direction (see Fig. 1(b)), the 

machined depth and the pile-up height were significantly smaller than those for the grooves 

generated in other directions. This is likely due to the asymmetry imposed by the cantilever tilt [22]. 

Thus, the 180° direction was avoided in the following experiments. By comparing the values of the 

groove depths and the pile-up heights, it can be noticed that the pile-up volume appears to be larger 

than the volume of removal material. When the oscillating tip penetrates the PMMA film, polymer 

chains are broken by the high frequency interaction [23]. This results in volume expansion, and 

thus the volume ratio of pile-up to the removed material is larger than one. 

 

 

Fig. 3 Groove feature sizes: (a) width, (b) period, (c) depth, and (d) pile-up height for different 

scratching directions. 

 

In the case of static plowing lithography, it is known that tip asymmetry and the deformation 

of the cantilever could contribute to variations in machined depth along different scratching 

directions [14]. Thus, it is interesting to note that grooves with a relatively uniform feature size 
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were generated along all scratching directions here using the DPL approach, except for the 180° 

angle. As an example, circles with radii of 1, 2, 3, 4, and 5 μm were generated with DPL by 

defining tip traces with the Polyline command of the Nanoman software module. The AFM 

morphology of the obtained pattern is shown in Fig. 4(a). The depths and the mouth widths were 

independent on the scratching directions. In particular, the 1 μm circle shown in Fig. 4(b) is 

composed of continuous line patterns. The tip trace could be optimized to achieve a better 

fabrication result in the future. Furthermore, owing to the feature size (including depth, width, 

period and height), which are independent on the scratching direction with DPL, the circle pattern 

on a resist layer could be transferred to semiconductor materials as demonstrated in [19]. 

 

 

Fig. 4 (a) Schematic of tip trace, (b) morphology of circles with 1, 2, 3, 4, and 5 μm radii and the 

inner most circle with a radius of 1 μm. 

 

3.2. Fabrication of arrays of grooves with an optimal tip trace 

Groove periods ranging from 30–40 nm are shown in Fig. 5 for feeds of 30 nm and 40 nm, 

along with schematics of the tip traces. The scratching direction was 90°. At the end of each groove, 

Vw was switched to Vr to move the tip to the start of the next groove without modifying the PMMA 

surface. The drive amplitude was then switched back to Vw to scratch the PMMA film. In this way, 

proximity grooves were fabricated with the DPL method. Fig. 5(a) shows arrays of grooves with a 
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30 nm feed. The wavelength was controlled by the feed, whereas, the amplitude was determined by 

the depth and the pile-up height, which was nearly 5 nm (see cross-section of Fig. 5(a)). Arrays of 

grooves with a feed of 40 nm are shown in Fig. 5(b). The wavelength and amplitude are 40 nm and 

5 nm, respectively. As reported in the previous section, the maximum period of a groove generated 

with the DPL technique here was 40 nm. Consequently, the maximum feed which should be 

selected must be 40 nm. Else, grooves may be isolated from each other and thus, the benefit of 

having proximity grooves would be lost. For this reason, the maximum feed utilised in this study 

was 40 nm to obtain good quality arrays of proximity grooves. The fabrication results when 

producing such arrays were similar for other scratching directions. The specific amplitude of the 

grooves was controlled by the machined depth and the pile-up height, which depended on the drive 

amplitude and the scratching speed. The achieved wavelength was determined by the combined 

width of the groove and the pile-up. The relationship between the scratching parameters and the 

machined depth shall be the focus of future investigations.  

 

 

Fig. 5 Schematic of tip traces and AFM images of arrays of grooves obtained in the direction of 90° 

for a feed of (a) 30 nm and (b) 40 nm. 
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Switching the drive amplitude between Vw and Vr during the arrays of grooves fabrication was 

a time-consuming process. In addition, the dynamic interaction between the tip and the PMMA 

surface was more complex as not constant throughout the process. A higher drive amplitude created 

a higher oscillation amplitude of the cantilever free end, which may cause more rapid tip wear 

during drive amplitude switching. Because a array of regular grooves could be obtained in any 

direction, a wide range of nanostructures could be generated by alternating two anti-parallel 

directions. Fig. 6(a) provides a schematic of such “scan-scratch” tip trace. At the starting point, the 

drive amplitude is Vw to modify the PMMA surface. In this implementation, it is only when the 

entire tip trace is completed that the drive amplitude is switched to Vr. In this way, the probe 

mechanically scratches the PMMA film continuously, instead of adjusting the drive amplitude for 

every groove. The vertical tip trace marked in blue in Fig. 6 is oriented along the 120° and 300° 

scratching directions. From Fig. 3, it should be expected that the 300° results may be similar to 

those of 60° because of the symmetrical tip shape. Thus, this tip trace was defined as the 120° 

scratching direction to simplify the description. For a feed of 30 nm, the arrays of grooves in the 30° 

and 120° directions are shown in Figs. 6(b,c), respectively. A qualitative observation of the 

periodicity of the grooves shown in this Figure in comparison with the displayed scale bar indicates 

that the grooves are isolated from each other for both scratching directions. In addition, although 

the feature size is almost the same for each direction, the quality of the arrays of grooves was far 

below that obtained for scratching in just one direction. The result of a two-step scratching process 

is shown in Fig. 6(d). This pattern was a combination of arrays of grooves in the two scratching 

directions mentioned above. The feature size is independent on the scratching direction as 

discussed earlier. Nevertheless, non-uniform arrays of grooves were obtained with this 

“scan-scratch” tip trace approach. Because of the unpredicted shape of the obtained arrays (whether 

with proximity grooves or with isolated grooves) with the “scan-scratch” tip trace, various forms of 

uncontrolled patterns could be generated.  
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Fig. 6 Schematic of tip trace and corresponding machined results: (a) and (e) a “scan-scratch” tip 

trace in two pairs of anti-parallel directions. Arrays of grooves obtained with a 30 nm feed with a 

direction of (b) 30° (c) 120° (f) 60°and (g) 150°. (d) and (h) Irregular patterns from the combination 

of arrays of grooves following a two-step DPL process. 

 

 “Combination writing” [22] was proposed to solve the problem of dissimilar pile-up in each 

scratching direction. This technique relies on setting-up a feed value which is lower than the 

combined width of the groove and pile-up. The tip trace in this case is illustrated in Fig. 7(a) and it 

uses a 15 nm feed, which is approximately half of the groove period measured in the previous 

section. The machined arrays of grooves are shown in Fig. 7(b). It can be seen from this figure that 

the resulting topography of the array is similar to that of Fig. 5(a) because a 30 nm wavelength was 

also obtained. Thus, it can be said that one visible groove consists of two “designed” proximity 

grooves. A possible hypothesis for explaining this somewhat unexpected result is that the small 

feed used here may lead to the tip sliding down the face of the pile-up when hitting it. This 

phenomenon may happen repeatedly during the entire length of the linear motion of the probe in 

the anti-parallel direction of the previously formed groove. The fact that the average depth of the 

grooves in the array produced in this way is larger than that achieved with the 30 nm feed reported 
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earlier would tend to support this hypothesis. Indeed, the amplitude of arrays of grooves was 

approximately 10 nm with the feed of 15 nm (see Fig. 7(b). It is also observed that the array of 

grooves cross-section was a quasi-sinusoid pattern that could be fitted very well with a sinusoidal 

function of period 30 nm (see “Fitting curve” in the plot of Fig 7(b)). In addition, it should be 

mentioned that the ratio of wavelength to amplitude was three, whereas it was six for the array of 

grooves shown earlier in Fig. 5(a) with a feed of 30 nm. As a result, a ratio of larger feature sizes 

could be generated by this “combination writing” method. Thus, a decreased feed allows the 

formation of an array of grooves with a larger amplitude. This also suggests that the feed could be 

used to control the amplitude/wavelength ratio.  

 

 

Fig. 7 (a) Schematic of the tip trace with a 15 nm feed in the 120° direction and (b) resulting 30 nm 

wavelength array of grooves. 

 

3.3. Controlled nanodot fabrication with arbitrary orientation 

As discussed above, the “combination writing” method is used to obtain arrays of regular 

grooves on a PMMA thin film. Thus, by processing two or more layers oriented at different angles 

using this approach, it may be possible to generate an array of nanodots. Fig. 8 shows such results, 

where layers of 30 nm wavelength arrays of grooves oriented at different angles are used to 

fabricate nanodots. The scratching parameters are identical for each scratching direction. The drive 

amplitude ratio (Vw/Vr) was five and the scratching speed was 0.5 μm/s. Checkerboard nanodots are 
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obtained with a two-step scratching method in the 30° and 120° directions (see Fig. 8(a)). The 

nanodot length is equal to the 30 nm wavelength of the array of grooves, and the corresponding 

density could be as high as 1.3×109 dots/mm2. A fast Fourier transform (FFT) of the nanodot array 

indicates high periodicity in both horizontal and vertical directions. Diamond-shaped nanodots are 

generated in the 90° and 150° directions, as shown in Fig. 8(b). A three-step scratching method in 

the 30°, 90°, and 150° directions is utilized to fabricate hexagonal nanodots, as shown in Fig. 8(c). 

The densities are 9.6×108 dots/mm2 and 1.9×109 dots/mm2, respectively. The height of the nanodots 

was less than 10 nm in all of the 3 arrays shown in Fig. 8. Thus, the orientation of nanodots can be 

controlled by a combination of different scratching directions, and various forms of nanodots can 

be fabricated with controlled height and length. It is also worth stating that the method presented 

here avoids adjusting the scratching parameters between the different layers to achieve specific 

feature sizes, as was done in [16]. In addition, the method does not require the sample orientation to 

be changed for producing such arrays of nanodots as was implemented in [25]. Besides, the density 

of the nanodots achieved here was larger than that of the results reported in [16] and [25]. 
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Fig. 8 Nanodot fabrication. FFT images (far right) of the AFM morphologies. (a) Checkerboard 

nanodots fabricated by cross scratching in the 30° and 120° directions. (b) Diamond-shaped 

nanodots fabricated in the 90° and 150° directions. (c) Hexagonal nanodots fabricated in the 30°, 

90°, and 150° directions. 

 

4. Conclusions 

In this study, utilizing the DPL technique, an asymmetric tip was used to fabricate grooves on 

a PMMA thin film. The machined results were investigated with regard to effects of scratching 

directions on feature sizes. In addition, obtained periodic nanostructures were derived from 

machining arrays of grooves. The tip trace was optimized to promote the quality of the periodic 

nanostructures. The following conclusions could be obtained. 
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(1) The geometry of the tip contributed to the shape of the pile-up. However, groove features, such 

as depth, mouth width, period, and pile-up height, are almost independent from the scratching 

direction, except for the direction parallel to and away from the long axis of the cantilever.  

(2) For identical scratching directions, the wavelength of parallel grooves is dependent on the feed, 

or the groove period. For achieving proximity grooves, the feed had to be less than 40 nm. The 

ratio of wavelength to amplitude was six. The so-called “scan-scratch” tip trace strategy can be 

used to limit processing time and tip wear. In this case, adjacent grooves follow anti-parallel 

directions. The machined results reveal that a combination of two arrays of grooves yields 

irregular patterns. Unpredicted shapes in arrays of grooves were caused by the pile-up shape 

generated in different directions. Thus, “combination writing” method was proposed to 

fabricate arrays of grooves. In this case, the wavelength of the array of grooves produced was 

30 nm, which was twice the feed value, and the wavelength/amplitude ratio was three.  

(3) Finally, with the “combination writing” method in the 30° and 120° directions, nanodot 

checkerboards were obtained with density as high as 1.3×109 dots/mm2. Diamond-shaped and 

hexagonal nanodots arrays were obtained with densities of 9.6×108 dots/mm2 and 1.9×109 

dots/mm2, respectively. 
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Figure captions 

Fig1. (a) Schematic of grooves with pile-up fabrication on a PMMA thin film using DPL; (b) edge- 

and face-writing directions; (c) geometry of a silicon tip; (d) AFM images of grooves obtained 

from different scanning directions. 

Fig. 2 Morphology and cross-sections (red lines) of grooves fabricated with (a) pile-up accumulated 

at 90° along one side, and (b) pile-up accumulated at 0° along both sides. 

Fig. 3 Groove feature sizes: (a) width, (b) period, (c) depth, and (d) height for different scratching 

directions. 

Fig. 4 (a) Schematic of tip trace, (b) morphology of circles with 1, 2, 3, 4, and 5-μm radii and the 

circle with the radius of 1 μm. 

Fig. 5 Schematic of tip traces and AFM images of arrays of grooves obtained in the direction of 90° 

for a feed of (a) 30 nm and (b) 40 nm. 

Fig. 6 Schematic of tip trace and corresponding machined results. (a) and (e) a “scan-scratch” tip 

trace in two directions. Arrays of grooves obtained with a 30-nm feed with a direction of (b) 30° (c) 

120° (f) 60°and (g) 150°. (d) and (h) Irregular patterns from the combination of arrays of grooves 

with two-step scratching process. 

Fig. 7 (a) Schematic of the tip trace with a 15-nm feed in the 120° direction.(b) 30-nm wavelength 

array of grooves. 

Fig. 8 Nanodot fabrication. FFT images (far right) of the AFM morphologies. (a) Checkerboard 

nanodots fabricated by cross scratching in the 30° and 120° directions. (b) Diamond-shaped 

nanodots fabricated in the 90° and 150° directions. (c) Hexagonal nanodots fabricated in the 30°, 

90°, and 150° directions. 

 


