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Abstract 

 

 This paper presents a probe-based force-controlled nanoindentation method to 

fabricate ordered micro/nanostructures. Both the experimental and finite element 

simulation approaches are employed to investigate the influence of the interval 

between the adjacent indentations and the rotation angle of the probe on the formed 

micro/nanostructures. The non-contacting part between indenter and the sample 

material and the height of the material pile-up are two competing factors to determine 
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the depth relationship between the adjacent indentations. For the one array 

indentations, nanostructures with good depth consistency and periodicity can be 

formed after the depth of the indentation becoming stable, and the variation of the 

rotation angle results in the large difference between the morphology of the formed 

nanostructures at the bottom of the one array indentation. In addition, for the 

indentation arrays, the nanostructures with good consistency and periodicity of the 

shape and depth can be generated with the spacing greater than 1 μm. Finally, Raman 

tests are also carried out based on the obtained ordered micro/nanostructures with 

Rhodamine probe molecule. The indentations arrays with a smaller spacing lead to 

better the enhancement effect of the substrate, which has the potential applications in 

the fields of biological or chemical molecular detection.  

Keywords: ordered micro/nanostructure, probe-based, force-controlled, indentation 

array 

 

1. Introduction 

Nowadays, the ordered micro/nanostructure has been widely used in various 

applications, including preparation for surface enhanced Raman spectra (SERS) 

substrate [1], superhydrophobic surface [2] and biosensor [3]. How to fabricate the 

ordered micro/nanostructure in an efficient and low-cost way is an urgent problem to 

be solved. Up to now, there are many ordered micro/nanostructure technologies, such 

as photolithography [4], laser processing [5], e-beam lithography [6] and focused ion 

beam lithography [7]. However, the complex operations, vacuum environment 
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requirement, or expensive equipment and maintenance cost of these mentioned 

approaches impede their applications. Since its invention, nano-indentation 

technology has made great progress as a testing technology to measure the properties 

of materials at the micro and nano scale [8-10], and has been widely used in many 

fields such as material science, chemistry and biology. In the process of 

nanoindentation test, the specimen surface will be deformed when the indenter is 

pressed into the specimen surface. After the indenter is removed, the specimen surface 

will be left with indentation caused by the plastic deformation. Therefore, 

nanoindentation test is not a nondestructive test, and the indentation changes the 

surface morphology of the specimen. The change of surface morphology can be 

considered as a fabrication process, thus, the nanoindentation technology can also be 

regarded as a kind of processing technology [12-14]. 

Chang et al. utilized the nanoindentation technology to fabricate 

nanoindentations arrays on the Au film [12]. A Berkovich diamond indenter is 

employed to machine inverted triangular pyramid nanopits arrays structures, and the 

indentation depth and spacing value were used as main parameters to control the 

morphology of the nanopits arrays. The fabricated nanostructures are then employed 

as a SERS substrate to detect 2-Nitro-5-thiobenzoic acid (NTB) solution. Yao et al. 

also used the nanoindentation technology to fabricate nanostructures on the Au 

thin-film, while, the spacing value chosen for the nanoindentation process was much 

smaller [14]. Due to the reduced spacing, the superposition between the nanopits was 

larger, forming more cavities with SERS enhanced effect, which can be used for the 
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SERS detection of low concentration hepatitis virus core antigen. Due to owing the 

limitations of low efficiency, small range and small normal load of the commercial 

nanoindentor, some scholars have developed a variety of set-ups for the processing 

characteristics of nanoindentation [15]. Yan et al. proposed a structured surface 

fabrication method combining micro-indentation and ultra-precision cutting process 

[16]. The obtained structured surface can be used to improve the service life and wear 

resistance of molds in glass or injection molding. Jeon et al. developed a large-scale 

indentation system with an indentation frequency of 10 Hz and a processing range of 

250 mm × 250 mm, which could be used to produce lens arrays with a depth in the 

range from 1 μm to 6 mm. In our pervious study, a probe-based force-controlled 

nanoindentation system with a four-beam spring was proposed [17]. The orientation 

of the probe can be controlled by a rotating ring, and 20 × 20 nanoindentations arrays 

were fabricated with the probe rotation angle of 0° and 45° successfully. However, no 

previous works focusing on the formation mechanism of the ordered indentations 

arrays are found up to now. 

Therefore, in the present study, both experimental and finite element (FE) 

simulation approaches are used to study the formation process of the ordered 

indentations arrays. One array and arrays indentations processes are studies. The 

influences of the internal value and the rotation angle of the probe on the machining 

outcomes are investigated in details. The surface enhanced Raman scattering (SERS) 

measurement is also conducted with the machined ordered micro/nanostructures. 
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2. Methodology 

2.1 Experimental details 

In this study, a home-made probe-based force-controlled micromachining system 

is employed to conduct all the indentation tests. As shown in Fig. 1 (a), the probe is 

fixed onto a four-beam spring, and the interaction force between the probe and the 

sample is controlled by monitoring the deformation of the four-beam spring. The 

rotating ring is used to determine the orientation of the probe, and the locking screw is 

used to fix the probe. The detail information of this probe-based force-controlled 

micromachining system can be found in our previous study [17]. A Vickers indenter 

(Synton-MDP LTD, Switzerland) is selected to carry out the indentation process, and 

the SEM image of the Vickers indenter used in this study is shown in Fig. 1 (b). As 

shown in Fig. 1 (c), the included angle between the surface and the axis of the 

indenter is 68°, and the radius of the indenter is about 200 nm, which is provided by 

the manufacturer. A pure aluminum block (Hefei Ke Jing Materials Technology Co., 

Hefei, China) is selected as the sample. The thickness of the pure aluminum block is 1 

mm, and the sample surface is polished to achieve the surface roughness (Ra) less than 

10 nm. The roughness is measured in the range of 50 μm × 50 μm using tapping mode 

with a new silicon AFM tip (RTESPA-300, Bruker Company, Germany). Due to the 

hardness of the diamond material much larger than that of the pure aluminum, the 

wear of the Vickers indenter can be neglected.  
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Fig. 1 Schematic of a home-made probe-based force-controlled micromachining 

system (a), SEM image of the Vickers indenter (b), and geometric schematic of the 

Vickers indenter 

 

2.2 FE modelling 

In the present study, finite element (FE) simulation method was employed to 

simulate the nanoindentation process with the Vickers indenter by ABAQUS software. 

Compared with the experimental conditions, the material of the probe was selected as 

diamond, and the substrate was chosen as a pure aluminum block. The probe was 

assumed as a rigid body due to the large hardness of the diamond, and the 

Johnson-Cook constitutive model was used for the material of the aluminum substrate. 

The detail selection of the parameters of the pure aluminum block substrate for the 

Johnson-Cook constitutive model was described in our previous work [17]. The probe 

was set as a rectangular pyramid referring to the geometry of the Vickers indenter, and 

the substrate is set as a cuboids with dimensional sizes of 30 × 30 × 20 μm, as shown 

in Fig. 2 (a). As shown in Fig. 2(b), after the first indentation, the probe is lift and is 

controlled to move an offset value. Then, the probe is pressed into the specimen again 

to conduct the second indentation. When the normal load is selected as 5 mN, the 
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residual stress and morphology of single-indentation simulated by FEA method are 

shown in Figs. 2 (c) and (d), respectively. The diameter of the influence region of the 

residual stress is about 12 μm, which is observed in Fig. 2 (c). In addition, the depth 

of the indentation is 742 nm, the diameter of the material pile-up is about 12 μm and 

the diameter of the penetration is about 6 μm, as shown in Fig. 2 (d).  

 

 

Fig. 2 FE model of the nanoindentation (a), Schematic of the indentation process 

(b), the influence region of the residual stress obtained by the nanoindentation with 5 

mN (c), and the corresponding topography of the indentation (d). 

 

3. Results and discussion 

3.1 Penetrating structures with two patterns 

 In our previous study [17], we have mentioned that the rotatable probe is one of 

the advantages of the developed machining system. In this study, two position status 

of the probe is selected for the indentation process. The probe position corresponding 
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to the indentation shown Fig. 2 is defined as the initial position, that is, the rotation 

angle of 0°. Two position status of the probe selected for the indentation process are 

selected as indentation with the rotation angles of 0° and 45°. Fig. 3 shows the 

simulation results for two patterns with normal load of 5 mN, three different intervals 

and rotation angles of 0°. The three typical intervals between the two patterns are 

chosen as 12 μm, 4μm and 2 μm, respectively. When the interval is selected as 12 μm, 

the ranges of the material pile-ups for the two patterns are just tangential without 

superposition, and both the depths of the two patterns are 743 nm, which is the same 

with the case of the singe indentation, as shown in Figs. 3 (a) and (d). It indicates that 

there is no influence between the two penetrating processes. When the interval is 4 

μm, the second indentation is conducted on the material pile-up of the first pattern, as 

shown in Figs. 3 (b) and (e). Both the stacking and subsidence areas of the two 

indentations are overlapped, and the depths of the first and second patterns are 709 

nm and 679 nm, respectively, which is smaller than that obtained in the single 

indentation process. It can be found that the depth of the second pattern is also smaller 

than that of first pattern, and the height of the material pile-up around the second is 

larger than that obtained in the singe indentation process. When the interval is 

selected as 2 μm, the second indentation is conducted in the subsidence area of the 

first pattern, as shown in Figs. 3 (c) and (f). It can be observed that the stacking and 

subsidence areas of the two indentations are also overlapped, and the depths of the 

first and second patterns are 680 nm and 698 nm, respectively. The depth of first 

pattern is slightly smaller than that of second pattern. In addition, it can be found from 
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Fig. 3 (f) that the slope of right side of the first pattern is reduced due to the material 

extrusion during the second indentation process. 

 

 

Fig. 3 Top views of the simulated results for the two adjacent indentations with the 

rotation angle of 0° and the spacing of 12 μm (a), 4 μm (b) and 2 μm (c); side views 

of the simulated results for the two adjacent indentations with the rotation angle of 0° 

and the spacing of 12 μm (d), 4 μm (e) and 2 μm (f). 

  

In order to further investigate the reason of the depth variation of the two patterns 

after the second penetration with different intervals, three simulations are performed 

with the intervals of 1 μm, 2 μm and 4 μm, respectively. The normal load and the 

rotation angle of the indenter are also selected as 5 mN and 0°, respectively. The 

corresponding projection areas of the two indentations are shown in Fig. 4, and the 

blue areas represent the projection of the contact area between the indenter and the 

sample materials. The area enclosed by the dotted line is denoted as the projection 

area of the first penetration. When the interval between the two indentations is less 

than 6 μm, the subsidence areas of the two indentations will be overlapped, which 
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leads to the left part of the indenter not contacting with the sample material, as shown 

in Fig. 4. This indenter-sample non-contacting area is increased with the interval 

between the two indentations decreasing. While, the material pile-up is larger around 

the second pattern as mentioned above, which can partly make up the projected area 

of the non-contacting part. When the interval is 1 μm, the non-contacting area is 

relatively larger, and the increase of the indenter-sample contact area caused by the 

enlarged material pile-up can not fully make up the non-contacting part, as shown in 

Fig. 4 (a). Thus, the indenter should be pressed into the sample surface to increase the 

contact area between the indenter and the sample materials for the second indentation. 

When the interval is enlarged to 2 μm, the non-contacting part between the indenter 

and the sample material can mainly be balanced by the increase of the contact area 

caused by the pile-up, as shown in Fig. 4 (b). Therefore, in this case, the depth of the 

second pattern is slightly larger than that of the first pattern. For the condition of the 

interval of 4 μm, as shown in Fig. 4 (c), the non-contacting part is relatively small, 

and the height of the material pile-up is close to that generated in the case of the 

interval with 2 μm, which can lead to the depth of the second pattern smaller 

compared with the first pattern. Based on the analysis above, it indicates that the 

non-contacting part between indenter and the sample material and the height of the 

material pile-up are two competing factors, which can determine the depth 

relationship between the first and second patterns. 
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Fig. 4 Schematic of projected area of the contact area between the two adjacent 

indentations with spacing of 1 μm (a), 2 μm (b) and 4 μm (c).  

 

 When the rotation angle of the indenter is changed to 45°, FE simulations are 

conducted with the normal force of 5 mN and three intervals of 12 μm, 4 μm and 2 

μm. As shown in Fig. 5 (a), when the interval is 12 μm, the ranges of the materials 

pile-up of the two patterns are also tangential. Thus, the depths of the patterns are the 

same of 743 nm, as shown in Fig. 5 (d). When the interval is chosen as 4 μm, it can be 

found from Fig. 5 (b) that the subsidence areas of the two patterns are just overlapped, 

and the second penetration is conducted on the material pile-up of the first pattern. 

The depths of the first and second patterns are 732 nm and 675 nm, respectively, as 

shown in Fig. 5 (e). The reduce of the depth of the second pattern results from the 

increasing of the contact area between the indenter and the material pile-up. The 

influence of the second penetration on the decreasing of the depth of the first pattern 

for the case with the rotation angle of 0° is less than that with the rotation angle of 45°. 
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The possible reason is that the overlapped subsidence areas of the two patterns 

obtained with the rotation angle of 0° is smaller, and less materials are pushed back 

into the first pattern. When the interval is selected as 2 μm, as shown in Fig. 5 (c), the 

subsidence areas of the two patterns are overlapped. The depths of the first and 

second patterns are 682 nm and 715 nm, respectively, as shown in Fig. 5 (f). The 

depth of the second pattern obtained with the rotation angle of 45° is larger than that 

penetrated with the rotation angle of 0°. The possible reason is that the projected area 

of the non-contacting part between the indenter and the sample material for the 

second indentation for the case of the rotation angle of 45° is larger than that of the 

rotation angle of 0°, and the indenter needs to penetrate deeper to enlarge the contact 

area between the indenter and the sample material to balance applied normal force. In 

addition, further simulations have been conducted to investigate the relationship 

between the interval, the depths of the patterns and the height of the materials pile-up. 

Seven intervals have been selected in the range from 1 μm and 12 μm, and the 

simulation results are shown in Fig. 6. It can be found that the depth of the first 

penetration is decreased with the interval between the two patterns decreasing for both 

conditions with the rotation angles of 0° and 45°. While, the depth of the second 

pattern is decreased first and then going up with the interval value decreased. When 

the interval is larger than 6 μm, the depths of the first and second are close to each 

other. Moreover, the reducing of the interval value will lead to the increasing of the 

height of the materials pile-up. It indicates that the effect between two indentations 

occurs when the subsidence areas are also overlapped, and the competition between 



 

13 

 

the two factors is the main reason for the depth changing of the second pattern, which 

are the increase of the probe-sample contact area caused by the enlarged materials 

pile-up and the non-contacting part resulted from the overlapping. 

 

 

Fig. 5 Top views of the simulated results for the two adjacent indentations with the 

rotation angle of 45° and the spacing of 12 μm (a), 4 μm (b) and 2 μm (c); side views 

of the simulated results for the two adjacent indentations with the rotation angle of 

45° and the spacing of 12 μm (d), 4 μm (e) and 2 μm (f). 

 

 

Fig. 6 Indentation depth and pile-up height of the two adjacent indentations with the 

rotation angle of 0° (a) and 45° (b).  

3.2 Penetration structures with one array of indentations 
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 Further simulations and experiments are conducted to investigate the depth 

evolution of the patterns during the one array indentations process. First, for the 

rotation angle of 0°, the normal load is selected as 5 mN, and the intervals are chosen 

as 1 μm, 2 μm and 3 μm, respectively. Five indentations are carried out from left to 

right, and the simulation results are shown in Fig. 7. Tables 1, 2 and 3 show the 

changing of the depth for each pattern during the penetration process with different 

intervals. It can be obtained from these tables that the depth reductions of the first 

patterns after the second penetration are 114 nm, 62 nm and 35 nm for the intervals of 

1 μm, 2 μm and 3 μm, respectively. While, the depth reductions of the first patterns 

after the third penetration are 14 nm, 9 nm and 1 nm for the intervals of 1 μm, 2 μm 

and 3 μm, respectively. It indicates that compared with the second penetration, the 

influence of the third penetration on the depth reduction of the first pattern is less, and 

the greater the indentation spacing, the smaller the impact. In addition, when the 

interval is 1 μm, it can be found from Test 5 in Table 1 that the depth of the first 

pattern is smaller than that of the second pattern, the depths of the second, third and 

fourth indentation decreases in turn, and the depth of the fifth pattern is the largest. 

When the intervals are selected as 2 μm and 3 μm, as shown in Test 5 in Tables 2 and 

3, the depths of the first three patterns decrease in turn, and the depths of the third and 

the fourth patterns are almost the same. If the processing continues, the depth of the 

fifth pattern may also be reduced to the depth of the third and fourth patterns due to 

the subsequent indentation. Therefore, for one array indentations, the depth of the 

pattern is almost stable after processing three indentations. In addition, the first and 
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last indentations are at the edge positions of the whole process, which are only 

influenced by the following and previous indentations, respectively. Thus, the depth 

variation trend of the middle indentation is more representative. 

 The peak-to-trough values of the structures in the middle cross-sections of the 

patterns are also measured based on the simulation results. Because of the specificity 

of the first and last indentations, the first and last patterns are not considered. When 

the interval is 3 μm, the peak-to-trough values of the second, third and fourth 

structures are 420 nm, 430 nm and 431 nm, respectively. For the case of the interval 

of 2 μm, the peak-to-trough values of the second, third and fourth structures are 

reduced to 255 nm, 277 nm and 278 nm, respectively. Moreover, the peak-to-trough 

values of the second, third and fourth structures are 79 nm, 69 nm and 76 nm, 

respectively, when conducting indentations with the interval of 1 μm. It can be 

obtained that the peak-to-trough values of the middle structures are almost the same. 

In addition, the peak-to-trough values of the middle structures go up with the 

increasing of the interval between the adjacent patterns, which is contrary to the 

variation tendency of the machined depth of the patterns. This results from the 

variation of the overlapping region for different intervals.  
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Fig. 7 Top views and the corresponding cross-sections of the simulated results for the 

one array indentations with the rotation angle of 0° and the spacing of 1 μm (a), 2 μm 

(b) and 3 μm (c).  

 

Table 1 Depth variation of each indentation during the one array indentations with the rotation 

angle of 0° and the spacing of 1 μm.  

Test First (nm) Second (nm) Third (nm) Fourth (nm) Fifth (nm) 

1 742 - - - - 

2 628 773 - - - 

3 614 687 697 - - 

4 614 672 598 632 - 

5 614 671 596 556 642 

 

Table 2 Depth variation of each indentation during the one array indentations with the rotation 
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angle of 0° and the spacing of 2 μm. 

Test First (nm) Second (nm) Third (nm) Fourth (nm) Fifth (nm) 

1 742 - - - - 

2 680 698 - - - 

3 671 639 591 - - 

4 670 634 542 616 - 

5 670 634 542 542 601 

 

Table 3 Depth variation of each indentation during the one array indentations with the rotation 

angle of 0° and the spacing of 3 μm. 

Test First (nm) Second (nm) Third (nm) Fourth (nm) Fifth (nm) 

1 742 - - - - 

2 707 697 - - - 

3 706 659 634 - - 

4 706 654 580 642 - 

5 705 651 580 582 626 

 

 For the case of the rotation angle of 45°, the normal force is also chosen as 5 mN, 

and the intervals are selected as 1 μm, 2 μm, and 3 μm, respectively. The simulation 

results are shown in Fig. 8. When the interval is selected as 3 μm, the peak-to-trough 

values of the second, third and fourth structures are 669 nm, 673 nm and 687 nm, 
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respectively. The peak-to-trough values of the second, third and fourth structures are 

472 nm, 472 nm and 460 nm, respectively, when conducting nanoindentation with the 

interval of 2 μm. While, for the case of the interval of 1 μm, the peak-to-trough values 

of the second, third and fourth structures decrease to 104 nm, 70 nm and 113 nm, 

respectively. It can be observed that the peak-to-trough values of the middle 

cross-sections of the patterns obtained with the rotation angle of 45° is much larger 

than those machined with the rotation angle of 0°. The possible reason is the 

overlapped subsidence areas of the patterns obtained with the rotation angle of 0° are 

smaller, and the right contour of the previous pattern removed by the subsequent 

indentation is less for the case of the rotation angle of 45°.  

 

 

Fig. 8 Top views and the corresponding cross-sections of the simulated results for the 

one array indentations with the rotation angle of 45° and the spacing of 1 μm (a), 2 

μm (b) and 3 μm (c). 
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 Fig. 9 shows the AFM images and the corresponding cross-sections of the 

fabricated nanoindentation arrays using Vickers indenter. The normal load is set as 5 

mN, the rotation angle is chosen as 0°, and the interval between the adjacent 

indentations is selected in the range from 1 μm to 5 μm. Five indentation processes 

for each array are conducted. When the interval is 1 μm, the depth of the second 

indentation is larger than that obtained by the first indentation, and the depths of the 

following four indentations decrease in turn. In this case, due to the superposition and 

extrusion between the adjacent indentations, the subsidence area of the indentations 

deforms greatly. When the interval is selected as 2 μm, the depths of the first four 

indentations decrease in turn, and the depth of the last indentation is close to that of 

the fourth indentation. When the interval value is enlarged to 3μm, the depths of the 

first three indentations decrease in turn, and the depth of the last two indentations are 

close to that of the third indentation. Thus, it can be found that the indentation depth 

tended to be stable starting from the fourth and third indentation, respectively, with 

the interval values of 2 μm and 3 μm. Moreover, it can be seen from Figs. 9 (d) and (e) 

that the indentation depth is almost stable when the spacing values are chosen as 4 μm 

and 5 μm. It can also be observed from Fig. 9 that there are nanostructures on the 

middle cross-sections of the patterns, similar to the simulation results, and the 

peak-to-trough values of the obtained nanostructures are about 100 nm, 200 nm, 350 

nm, 450 nm and 600 nm for different interval values, respectively. In addition, an 

obvious accumulation is formed at the end of the indentation column, and the smaller 
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the interval, the higher the accumulation.  

 

 

Fig. 9 AFM images and the corresponding cross-sections of the experimental results 

for the one array indentations with the rotation angle of 0° and the spacing of 1 μm (a), 

2 μm (b), 3 μm (c), 4 μm (d) and 5 μm (e). 

 

 Fig. 10 shows the AFM images and the corresponding cross-sections of the 

fabricated nanoindentation arrays using Vickers indenter with the rotation angle of 

45°. The normal load is also selected as 5 mN, and the internal values in the range 

from 1 μm to 5 μm are used in the indentation process. When the internals are chosen 

as 1 μm and 2 μm, the indentation depth increases first and then decreases. When 

indenting with the internal of 3 μm, the indentation depth gradually decreases. When 

the internal value is enlarged to 4 μm, the indentation depth decreases first and then 

tends to be stable. When the internal value reaching to 5 μm, the indentation depth 

changes little, basically stable. In the case of the internal value of 1 μm, the 

deformation of the micro pits at the bottom of the indentation array is serious, and the 
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depth consistency is poor. When the internal values are selected as 2 μm, 3 μm, 4 μm 

and 5μm, nanostructures with good consistency of shape and depth are formed at the 

bottom of the indentations array, and the peak-to-trough values of the nanostructures 

are 220 nm, 400 nm, 530 nm and 600 nm, respectively. At the end of the indentation 

array, a more obvious accumulation is also formed, and the smaller the spacing, the 

higher the accumulation.  

Compared with the FE simulation results, the overall trend of the indentation 

depth is similar. The larger the spacing, the more similar the shape of the micropits 

formed in the indentation process to the shape of the probe, the better the shape, depth 

consistency and periodicity are. Moreover, the single row of indentation morphology 

shows a great difference when conducting indentation with different rotation angles of 

the probe. However, the peak-to-trough values of the nanostructures obtained by the 

experimental tests are smaller than those obtained by simulation method. The possible 

reason can be given as follows. The indenter used in the experimental tests has a 

radius of about 200 nm, while, in the simulation model, the indenter is assumed as a 

triangular pyramid without considering the tip radius. Thus, the depth of the 

nanostructures obtained by experimental tests are smaller than those of simulation 

results. Meanwhile, due to the larger non-contacting part between the indenter and the 

sample material for the case of rotation angle of 45°, the influence of the assumption 

of the probe for the simulation is greater. Therefore, the difference between the 

experimental and simulation resulted is larger when indenting with rotation angle of 

45°. 
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Fig. 10 AFM images and the corresponding cross-sections of the experimental results 

for the one array indentations with the rotation angle of 45° and the spacing of 1 μm 

(a), 2 μm (b), 3 μm (c), 4 μm (d) and 5 μm (e). 

 

As shown in Fig. 11, the Vickers indenter with the normal load of 5 mN and the 

rotation angle of 0° is employed to proceed long-array indentations with different 

internal values. The internal values are selected as 1 μm, 2 μm, and 3 μm, and the 

indentation numbers are 60, 30 and 20 for each internal value. The process order is 

from top to bottom. When the internal value is selected as 1 μm, the second 

indentation is deeper than the first indentation, the second to the tenth indentation 

depth gradually decreases, and the depths of the subsequent indentations are basically 

stable at about 350 nm, forming periodic nanostructure with a peak-to-trough value of 

about 100 nm. When the internal value is chosen as 2 μm, the depths of the first six 

indentations gradually decrease, and the depths of the later indentations are basically 

stable at about 400 nm, forming a periodic nanostructure with a peak-to-trough value 
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of about 200 nm. In the case of the internal value of 3 μm, the depth of the first four 

indentations gradually decrease, and the depth of the later indentation was basically 

stable at about 450 nm, forming a periodic nanostructure with a peak-to-trough value 

of about 350 nm. Therefore, it indicates that nanostructures with good depth 

consistency and periodicity can be formed after the depth of the indentation becoming 

stable, and the period of the nanostructure is the same with the internal value between 

the adjacent indentations.  

 

 

Fig. 11 AFM image (a) and the corresponding cross-sections of the experimental 

results for the one array indentations with the rotation angle of 0° and the spacing of 1 

μm (b), 2 μm (c) and 3 μm (d). 

 

 

When the rotation angle of probe is selected as 45° and other parameters remain 
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unchanged. The AFM images and the corresponding cross-sections are shown in Fig. 

12. Compared with the results obtained with the rotation angle of 0°, the variation 

trend of indentation depth is similar, while, the morphology of the formed 

nanostructures at the bottom the indentation array is great difference. Moreover, when 

the internal between the adjacent indentations is chosen as the same value, more 

indentation is needed to achieve stability for the machining process with the rotation 

angle of 45°. When the internal values are selected as 1 μm, 2 μm and 3 μm, the 

peak-to-trough values of the machined nanostructures are 20 nm, 150 nm and 370 nm, 

respectively. The reason for the difference between the experimental and simulation 

results is mentioned above, that is, the assumption of the indenter without considering 

the radius of probe apex is the main factor. In addition, the period of the nanostructure 

is also the same with the spacing value between the adjacent indentations in this case.  

 

 

Fig. 12 AFM image (a) and the corresponding cross-sections of the experimental 
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results for the one array indentations with the rotation angle of 45° and the spacing of 

1 μm (b), 2 μm (c) and 3 μm (d). 

 

 

3.3 Penetration structures with arrays of indentations 

  

 The process of the arrays of indentations to fabricate two-dimensional penetration 

structures is also investigated by experimental and simulation approaches in this study.  

In the machining process of the indentations arrays, the indentation in the middle of 

the array is affected by all the adjacent indentations around it. Thus, 3×3 arrays of 

indentations are simulated by FE method by Vickers indenter, and the central 

indentation can be affected by the surrounding eight indentations. Fig. 13 shows the 

machining procedure of the arrays of indentations, which is processed in columns. Fig. 

14 shows the simulation results of 3×3 arrays of indentations conducted with the 

normal load of 5 mN, the rotation angle of 0° and different internal values. When the 

spacing is selected as 1 μm, the superposition area of the indentations is large, the 

serious deformation can be formed in the subsidence area, and the shape quality and 

depth consistency of the nanostructure formed at the bottom of the indentations arrays 

is poor. When the internal values are chosen as 2 μm and 3 μm, the indentation 

overlapping area is smaller, and the shape quality and depth consistency of the 

nanostructure formed at the bottom of the indentations arrays is better. The 

accumulation height increases with the indentation processing, and the accumulation 
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on the right side of the indentations arrays is the most obvious.  

 

 

Fig. 13 Schematic of machining procedure of the arrays of indentations 

 

 

Fig. 14 Top views and the corresponding cross-sections of the simulated results for 

the 3 × 3 indentations arrays with the rotation angle of 0° and the spacing of 1 μm (a), 

2 μm (b) and 3 μm (c). 
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Fig. 15 shows the change of the deformation for the fifth indentation center point 

of the indentations arrays in Z direction with the time. The upward direction is 

defined as the positive direction of coordinate axis in Fig. 15. When the internal value 

is chosen as 1 μm, the first, second, and fourth indentations all deform the center point 

of the fifth indentation downward, as shown in Fig. 15 (a), because the center point of 

the fifth indentation is in their subsidence area. After finishing the first four 

indentations, the fifth indentation center point was deformed by -450 nm. The actual 

pressing depth of the fifth indentation is about 370 nm. When processing the sixth 

indentation, the deformation of the center point of the fifth indentation shows upward, 

and the indentation depth decreases, because the fifth indentation is extruded by the 

sixth penetration. When the seventh, eighth and ninth indentation is processed, the 

center point of the fifth indentation produces a small upward deformation, and the 

indentation depth is further reduced. The final depth of the fifth indentation is 577nm. 

When the internal value between the adjacent indentations is selected as 2 μm, 

the first indentation deforms the center point of the fifth indentation upwards, and the 

second indentation deforms the center point of the fifth indentation downwards, as 

shown in Fig. 15 (b). The possible reason can be given as follows. The fifth 

indentation is farther from the center of the first indentation, located in its 

accumulation area, and closer to the second indentation, located in its subsidence area. 

The third indentation has little effect on the center point of the fifth indentation. The 

fourth indentation deforms the center point of the fifth indentation downward. After 
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finishing the first four indentations, the fifth indentation center point was deformed by 

-78 nm, and the actual pressing depth of the fifth indentation at this time is about 570 

nm. For the last four indentations, the eighth indentation causes the fifth indentation 

to produce a small upward deformation at the center point, while, the other three 

indentations have little influence. The final depth of the fifth indentation is 401 nm. 

When the internal value is chosen as 3 μm, the first four indentations cause the 

fifth indentation center to deform upward at 140 nm, and the second indentation has 

the greatest impact. The actual insertion depth of the fifth indentation is about 700 nm 

after the first four indentations. The sixth and eighth indentations deform the center of 

the fifth indentation upward, while, the seventh and ninth indentations have little 

effect due to large distance to the fifth indentation. The final depth of the fifth 

indentation is 410 nm.  
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Fig. 15 The change of the deformation for the fifth indentation center point of the 3 × 

3 indentations arrays obtained by the rotation angle of 0° in Z direction with the time 

for the spacing of 1 μm (a), 2 μm (b) and 3 μm (c). 

 

Fig. 16 shows the simulation results of 3 × 3 indentations arrays conducted with 

the normal load of 5 mN, the rotation angle of 45° and different internal values. At the 

interval of 1 μm, as shown in Fig. 16 (a), a square pit with a flat bottom is formed, 

which has a larger depth and width. When the spacing are 2 μm and 3 μm, as shown 

in Figs. 16 (b) and (c), regular inverted quadrilateral nanostructures are formed, with 

better consistency in shape and depth. With the same internal value, the height of the 

materials accumulated on the sides of the indentations arrays is less than that obtained 

by the rotation angle of 0°. Moreover, at the intervals of 1 μm and 2 μm, the material 
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accumulation is concentrated on the right and bottom of the indentations arrays. When 

the interval value is selected as 3 μm, the accumulation around the indentation array is 

more average. Thus, the rotation angle has a great influence on the morphology of the 

indentations arrays.  

 

 

Fig. 16 Top views and the corresponding cross-sections of the simulated results for 

the 3 × 3 indentations arrays with the rotation angle of 45° and the spacing of 1 μm (a), 

2 μm (b) and 3 μm (c). 

The variation curve of z-direction deformation at the fifth indentation center 

point of 3 × 3 indentations arrays with time is also extracted for the case of the 

rotation angle of 45°, as shown in Fig. 17. When the spacing is 1 μm, as shown in Fig. 

17 (a), the center of the fifth indentation is deformed by -320 nm after processing the 

first four indentations. The actual pressing depth of the fifth indentation at this time is 
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about 430 nm. The processing of the last four indentations resulted in the upward 

deformation of the center point of the fifth indentation, and the indentation depth was 

further reduced, with the final depth of 551 nm. When the internal value is selected as 

2 μm, as shown in Fig. 17 (b), the center point of the fifth indentation was deformed 

for 145 nm after processing the first four indentations. The actual depth of the fifth 

indentation is about 718nm at this time. The last four indentations deform the center 

of the fifth indentation upwards, and the final depth of the fifth indentation is 420 nm. 

In the case of the spacing of 3 μm, the first four indentations deformed the center of 

the fifth indentation by 108 nm. The actual depth of the fifth indentation is about 650 

nm at this time. The last four indentations deform the center of the fifth indentation 

upwards, and the final depth of the fifth indentation is 450 nm.  

In summary, before the fifth indentation, the position of the indentation center 

has been deformed, which has an impact on the actual depth of the fifth indentation. 

As a result of extrusion, the subsequent indentation processing will reduce the depth 

of the fifth indentation. The final depth of the fifth indentation is different from the 

single point indentation or single row indentation. Therefore, in the process of 

indentations arrays, the indentation depth is not only affected by the load and material, 

but also affected by the adjacent indentations. The internal value and rotation angle 

are the most important parameters affecting the topography of the indentations arrays, 

and the internal value plays a key role in the formation of ordered 

micro/nanostructures. When the spacing was 1 μm, an ordered micro/nanostructure is 
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difficult to be formed at the bottom of the indentations arrays. While, when the 

spacing increases to 2 μm and 3 μm, an ordered micro/nanostructure can be formed. 

 

 

Fig. 17 The change of the deformation for the fifth indentation center point of the 3 × 

3 indentations arrays obtained by the rotation angle of 45° in Z direction with the time 

for the spacing of 1 μm (a), 2 μm (b) and 3 μm (c). 

 

 In addition to the FE simulation analysis, the experimental 5 × 5 indentations 

arrays are also performed on the pure aluminum block surface using the Vickers 

indenter with the rotation angles of 0° and 45°. The normal load is selected as 5 mN, 

and the internal values are chosen as 1 μm, 2 μm, 3 μm, 4 μm and 5 μm, respectively. 



 

33 

 

The indentations arrays are processed from top to bottom by columns. The AFM 

images and the corresponding cross-sections of the nanostructures obtained by the 

rotation angle of 0° are shown in Fig. 18. When the internal value is selected as 1 μm, 

due to the large superposition, the subsidence area is seriously deformed and the 

inverted quadrilateral pyramid structures are no longer generated. The depth of the 

indentations arrays in this case can reach to 1.2 μm. When the spacing values are 

chosen as 2 μm and 3 μm, it can be found from the section of the fourth column that 

the depths of the first four indentations gradually decrease, and the variation trend of 

the indentation depths in each column or each row is the same. Thus, the pit with a 

inclined bottom can be formed by indentations arrays, which is lower in left corner 

and higher in right corner. In addition, the depth of the last indentation is slightly 

larger than the previous indentation, indicating that the previous indentations will be 

extruded by the latter indentation and the depth is reduced, which agrees well with the 

FE simulation results. In the middle of the indentation array, the inverted quadrilateral 

pyramid arrays structures with good periodicity are formed. Due to the superposition 

of the subsidence area, the depths of the formed structures are much smaller than the 

indentation depths, which are about 200 nm and 350 nm, respectively. When the 

spacing values are 4 μm and 5 μm, the protruding structures in the middle of the 

indentations arrays are similar to the quadrigonal table shape, which are separated by 

micropits. It can be found from the cross-section of the third column that the first 

indentation is relatively larger and the depths of the latter four indentations are similar. 

The depths of the formed structures are 500 nm and 650 nm, respectively, and the 
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indentations arrays have good periodicity and consistency of shape and depth. 

Moreover, the obvious material accumulation can be formed on the lateral of the last 

row and last column of the indentations arrays.  

 

 

Fig. 18 AFM images and the corresponding cross-sections of the experimental results 

for the 5 × 5 indentations arrays with the rotation angle of 0° and the spacing of 1 μm 

(a), 2 μm (b), 3 μm (c), 4 μm (d) and 5 μm (e). 

 

When the rotation angle is selected as 45°, the grid-shaped structures can be 

formed in the middle of the indentations arrays, as shown in Fig. 19. Compared with 

the case of the rotation angle of 0°, with the same internal value, the indentation depth 

obtained with the rotation angle of 45° is smaller, the material accumulation height of 

the indentations arrays is larger, while, the change rule of the indentation depth is 

similar. When the spacing is selected as 1 μm, the shape and depth consistency of the 

structure of the indentations arrays are better than those obtained by the rotation angle 

of 0°.  
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In conclusion, for both selected rotation angles, nanostructures with good 

consistency and periodicity of the shape and depth can be obtained at the bottom of 

the indentations arrays, when the spacing is greater than 1 μm. The larger the internal 

value is, the more regular shape of the indentation subsidence area is, the greater the 

indentation depth is, and the better shape and depth consistency of the structure at the 

bottom of the indentations arrays. Furthermore, the period of the structure is equal to 

the spacing between the adjacent indentations.  

 

 

Fig. 19 AFM images and the corresponding cross-sections of the experimental results 

for the 5 × 5 indentations arrays with the rotation angle of 45° and the spacing of 1 

μm (a), 2 μm (b), 3 μm (c), 4 μm (d) and 5 μm (e). 

 

The 20×20 indentations arrays are also conducted by the Vickers indenter with 

the rotation angles of 0° and 45°. The internal values are selected as 1 μm, 2 μm and 3 

μm, respectively. The AFM images and the correspond cross-sections are shown in 
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Figs. 20 and 21 for the rotation angles of 0° and 45°, respectively. When the spacing 

value is chosen as 1 μm, the indentation subsidence area obtained with rotation angles 

of 0° or 45° is seriously deformed, and the depth of the structure in the middle of the 

indentations arrays is about 100 nm, which has poor consistency in shape and depth. 

When the spacing values are selected as 2 μm and 3 μm, most of the indentations are 

similar in depth, forming structures in the middle of the indentation arrays with good 

consistency and periodicity in depth and shape. When the rotation angle of 0°, the 

depths of the obtained structures are about 250 nm and 350 nm for the spacing of 2 

μm and 3 μm, respectively. While, for the case of the rotation angle of 45°, the depths 

of the structures are 300 nm and 450 nm, respectively. In addition, the period of the 

structure is equal to the spacing value. At the bottom and right side of the indentations 

arrays, obvious accumulation is formed. The smaller the spacing is, the higher the 

accumulation height is. 
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Fig. 20 AFM images and the corresponding cross-sections of the experimental results 

for the 20 × 20 indentations arrays with the rotation angle of 0° and the spacing of 1 

μm (a), 2 μm (b) and 3 μm (c). 
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Fig. 21 AFM images and the corresponding cross-sections of the experimental results 

for the 20 × 20 indentations arrays with the rotation angle of 45° and the spacing of 1 

μm (a), 2 μm (b) and 3 μm (c). 

 

3.4 SERS measurement for R6G using the machined structures 
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Previous studies have shown that under visible light or near infrared excitation 

light, the SERS performance of rough aluminum surface is poor, while, rough gold, 

silver or copper surface has a strong surface enhancement effect [18-20]. Therefore, a 

gold film was coated on the machined aluminum-based ordered micro/nanostructure 

to prepare Au-Al surface-enhanced Raman substrate in this study, and the Schematic 

diagram of Raman detection principle is shown in Fig. 22. The interaction of Au 

surface plasma, measured molecules and laser at the bottom of the machined 

indentations arrays is easy to generate local electromagnetic field enhancement effect, 

forming Raman scattering enhancement [21]. The detail procedures for preparing 

SERS substrate are given as follows. First, ordered micro/nanostructure is machined 

by indentation process on the pure aluminum block surface. Second, the electron 

beam deposition approach is utilized to prepare an Au film with a thickness of 20 nm. 

Take Vickers indentations arrays with the rotation angle of 0°, the normal load of 

5mN and spacing of 3 μm as an example. The AFM images and corresponding 

cross-sections of the indentations arrays before and after Au film deposition are 

shown in Fig. 23. It can be found that the morphologies of the indentations arrays 

before and after Au film deposition have almost no change, indicating that the 

thickness of Au film is very uniform. 
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Fig. 22 Schematic of Raman detection principle for Au-Al ordered 

micro/nanostructure substrate obtained based on nanoindentation process 

 

 

Fig. 23 AFM images and the corresponding cross-sections of the nanostructures 

obtained with the rotation angle of 0° and the spacing of 3 μm before (a) and after (b) 

Au film deposition. 

 

A commercial Raman microscopic spectrometer (Renishaw, inVia, UK) is 

employed to conduct Raman detection tests. The laser wavelength is 532 nm, the laser 

power is 1 mW, and the objective lens is 50 times. Rhodamine (R6G) was selected as 
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the probe molecule, which is commonly used to test the SERS performance of the 

rough surface substrate. The concentration of R6G solution is chosen as 10-6 mol/L. 

The 20 × 20 indentations arrays machined with the rotation angle of 0°, the normal 

load of 5 mN are selected as the Raman detection substrate. The spacing values are 1 

μm, 2 μm and 3 μm, respectively. The number of spectral peaks of R6G Raman 

spectrum of Au-Al ordered micro/nanostructure-based indentations arrays with 

different spacing values is the same, the horizontal axis position of each spectral peak 

is the same, and the relative height of each spectral peak is also similar. Among them, 

the wave number of the maximum spectral peak is 1361 cm-1. When the internal 

values are 2 μm and 3 μm, the peak value of the corresponding Raman spectrum is 

close to each other. While, the peak value of the corresponding Raman spectra at the 

spacing value of 1 μm is twice as large as those obtained with the internal values of 2 

μm and 3 μm. The smaller the spacing of the indentations arrays is, the higher the 

peak height of the Raman spectrum is, that is, the better the enhancement effect of the 

substrate is. Because the smaller the spacing of Vickers indentation array is, the 

smaller the period and size of the corresponding Au-Al ordered micro/nanostructure 

are. 
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Fig. 24 R6G Raman spectra of Au-Al ordered micro/nanostructure substrate obtained 

by indentations arrays with different spacing values. 

 

4. Conclusions 

 In summary, nanoindentation conducted using a home-made probe-based 

force-controlled micromachining system is used to fabricate ordered 

micro/nanostructure on a pure aluminum block. Both experimental and FE simulation 

approaches are employed to investigate the indentation process. The following 

conclusions are made: 

⚫ For the two indentations process, the non-contacting part between indenter and 

the sample material and the height of the material pile-up are two competing 

factors, which can determine the depth relationship between the first and second 

patterns. In addition, the depth of the first penetration is decreased with the 

interval between the two patterns decreasing, and the depth of the second pattern 

is decreased first and then going up with the interval value decreasing. 

⚫ For the one array indentations, nanostructures with good depth consistency and 



 

43 

 

periodicity can be formed after the depth of the indentation becoming stable. The 

peak-to-trough values of the middle structures are going up with the increasing of 

the interval between the adjacent patterns. In addition, the peak-to-trough values 

of the middle cross-sections of the patterns obtained with the rotation angle of 

45° is much larger than those machined with the rotation angle of 0°, and the 

morphology of the formed nanostructures at the bottom the indentation array 

shows great difference for different rotation angles. 

⚫ For the indentations arrays, the internal value plays a key role in the formation of 

ordered micro/nanostructures. Nanostructures with good consistency and 

periodicity of the shape and depth can be obtained at the bottom of the 

indentations arrays, when the spacing is greater than 1 μm. The larger the internal 

value is, the better shape and depth consistency of the structure at the bottom of 

the indentations arrays are.  

⚫ The Raman tests are also conducted based on the obtained ordered 

micro/nanostructures with the rotation angle of 0° by the R6G probe molecule. 

Results shows that the smaller the spacing of the indentations arrays is, the better 

the enhancement effect of the substrate is. 
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Figures

Figure 1

Schematic of a home-made probe-based force-controlled micromachining system (a), SEM image of the
Vickers indenter (b), and geometric schematic of the Vickers indenter

Figure 2

FE model of the nanoindentation (a), Schematic of the indentation process (b), the in�uence region of the
residual stress obtained by the nanoindentation with 5 mN (c), and the corresponding topography of the



indentation (d).

Figure 3

Top views of the simulated results for the two adjacent indentations with the rotation angle of 0° and the
spacing of 12 μm (a), 4 μm (b) and 2 μm (c); side views of the simulated results for the two adjacent
indentations with the rotation angle of 0° and the spacing of 12 μm (d), 4 μm (e) and 2 μm (f).



Figure 4

Schematic of projected area of the contact area between the two adjacent indentations with spacing of 1
μm (a), 2 μm (b) and 4 μm (c).

Figure 5

Top views of the simulated results for the two adjacent indentations with the rotation angle of 45° and
the spacing of 12 μm (a), 4 μm (b) and 2 μm (c); side views of the simulated results for the two adjacent
indentations with the rotation angle of 45° and the spacing of 12 μm (d), 4 μm (e) and 2 μm (f).

Figure 6

Indentation depth and pile-up height of the two adjacent indentations with the rotation angle of 0° (a) and
45° (b).



Figure 7

Top views and the corresponding cross-sections of the simulated results for the one array indentations
with the rotation angle of 0° and the spacing of 1 μm (a), 2 μm (b) and 3 μm (c).



Figure 8

Top views and the corresponding cross-sections of the simulated results for the one array indentations
with the rotation angle of 45° and the spacing of 1 μm (a), 2 μm (b) and 3 μm (c).



Figure 9

AFM images and the corresponding cross-sections of the experimental results for the one array
indentations with the rotation angle of 0° and the spacing of 1 μm (a), 2 μm (b), 3 μm (c), 4 μm (d) and 5
μm (e).



Figure 10

AFM images and the corresponding cross-sections of the experimental results for the one array
indentations with the rotation angle of 45° and the spacing of 1 μm (a), 2 μm (b), 3 μm (c), 4 μm (d) and 5
μm (e).



Figure 11

AFM image (a) and the corresponding cross-sections of the experimental results for the one array
indentations with the rotation angle of 0° and the spacing of 1 μm (b), 2 μm (c) and 3 μm (d).



Figure 12

AFM image (a) and the corresponding cross-sections of the experimental results for the one array
indentations with the rotation angle of 45° and the spacing of 1 μm (b), 2 μm (c) and 3 μm (d).



Figure 13

Schematic of machining procedure of the arrays of indentations



Figure 14

Top views and the corresponding cross-sections of the simulated results for the 3 × 3 indentations arrays
with the rotation angle of 0° and the spacing of 1 μm (a), 2 μm (b) and 3 μm (c).



Figure 15

The change of the deformation for the �fth indentation center point of the 3 × 3 indentations arrays
obtained by the rotation angle of 0° in Z direction with the time for the spacing of 1 μm (a), 2 μm (b) and
3 μm (c).



Figure 16

Top views and the corresponding cross-sections of the simulated results for the 3 × 3 indentations arrays
with the rotation angle of 45° and the spacing of 1 μm (a), 2 μm (b) and 3 μm (c).



Figure 17

The change of the deformation for the �fth indentation center point of the 3 × 3 indentations arrays
obtained by the rotation angle of 45° in Z direction with the time for the spacing of 1 μm (a), 2 μm (b) and
3 μm (c).



Figure 18

AFM images and the corresponding cross-sections of the experimental results for the 5 × 5 indentations
arrays with the rotation angle of 0° and the spacing of 1 μm (a), 2 μm (b), 3 μm (c), 4 μm (d) and 5 μm (e).



Figure 19

AFM images and the corresponding cross-sections of the experimental results for the 5 × 5 indentations
arrays with the rotation angle of 45° and the spacing of 1 μm (a), 2 μm (b), 3 μm (c), 4 μm (d) and 5 μm
(e).

Figure 20



AFM images and the corresponding cross-sections of the experimental results for the 20 × 20
indentations arrays with the rotation angle of 0° and the spacing of 1 μm (a), 2 μm (b) and 3 μm (c).

Figure 21

AFM images and the corresponding cross-sections of the experimental results for the 20 × 20
indentations arrays with the rotation angle of 45° and the spacing of 1 μm (a), 2 μm (b) and 3 μm (c).



Figure 22

Schematic of Raman detection principle for Au-Al ordered micro/nanostructure substrate obtained based
on nanoindentation process



Figure 23

AFM images and the corresponding cross-sections of the nanostructures obtained with the rotation angle
of 0° and the spacing of 3 μm before (a) and after (b) Au �lm deposition.

Figure 24

R6G Raman spectra of Au-Al ordered micro/nanostructure substrate obtained by indentations arrays with
different spacing values.


