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a  b  s  t  r  a  c  t

The  atomic  force  microscopy  (AFM)-based  repeatable  nanomachining  for  nanochannels  on  bare  silicon
surfaces  is investigated  experimentally  for automated  nano  manufacturing  applications.  The  relation-
ship  between  the normal  force  applied  on  the  AFM  cantilever  and  the  channel  depth  is established  and
analyzed  using  both  linear  and logarithmic  fits.  Thus,  current  results  can  be regarded  as  the  calibration
vailable online 29 May 2012
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reference  in  order  to accurately  predict  the  nanochannel  depth  for additional  nanotechnology  related
applications.  An  accurate  prediction  of the  depth  is  not  only  for accuracy  and  efficiency,  but  also  to  pre-
vent  a  costly  diamond  tip from  unnecessary  wear  and  tear.  Furthermore,  the  experimental  results  also
reveal that  the fabrication  procedure  is  repeatable.

© 2012 Elsevier B.V. All rights reserved.

inear and logarithmic fit

. Introduction

Among current nanotechnology applications, the design and
abrication of nanochannels are one of the major challenges. To
ate, the methods for fabricating nanochannels have included bulk
anomachining and wafer-bonding [1,2], surface nanomachining
3], buried channel technology [4] and nanoimprint lithography
5–7]. Nanochannels that are 50 nm deep and 5 �m wide [1,2],
0–100 nm deep and 0.5–20 �m wide [3],  and 10 nm deep and
0 nm wide [5] have been demonstrated. Although nanoimprint

ithography can fabricate 2-dimensional nanochannels [6,7], these
hannels are all fabricated by complex processing methods that
equire sophisticated masking and etching. Thus, a means by which
anochannels are able to be fabricated without complex processing
nd reach to nano level in 3-dimension becomes necessary.

Since atomic force microscopy (AFM) was invented in 1986 [8],  it
as been widely used in fields of material science, biomedicine, and
anofabrication. AFM-based nanolithography [9] offers a simple
nd reliable technique for mechanically machining nanochannels
n substrates such as polymer [10–12],  metal [13], semiconduc-
or [14–16],  and insulator [17]. However, nanochannels on a bare

ilicon substrate produced by AFM-based nanolithography with a
iamond tip have not been reported yet. In this paper, a study of
he nanochannels on bare silicon surfaces fabricated by AFM-based
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169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.05.076
nanoscratching is reported and experimental results show that this
technique can be applied in the fabrication of carbon nanotube
(CNT)-ion sensitive field effect transistor (ISFET) based structure,
where relatively large nanochannels on the silicon substrate are
needed for the deposition and alignment of bundles of CNTs [18].

2. Experimental setup

The experiment is performed using an Agilent 5500 AFM
(Agilent Technologies Inc., Santa Clara, CA, USA) with the Head
Electronics Box that provides an oscillating voltage for AC (tap-
ping) mode imaging as shown in Fig. 1. A hand-crafted high force
cantilever with a diamond tip for nanoindentation/nanoscratching
is used to produce the nanochannels (DNISP, Bruker Corporation).
The cantilever is pre-calibrated with a normal spring constant (KC)
of 244 N/m. The radius of the diamond tip is 40 nm.  The diamond
tip apex is similar to the corner of cube so that three right angle
planes form an “A”-shape apex. This is used for all nanolithography-
related operations. The cantilever is made of stainless steel with a
normal elastic modulus (E) of 193 GPa and a shear modulus (G) of
80 GPa. The sensitivity (SZ) of position-sensitive-detector (PSD) is
255 nm/V.

Fig. 2 illustrates the schematic of the experimental setup for

creating nanochannels on a polished silicon layer (625 �m thick).
The topographies are scanned under AC mode, while scratching
is completed under Contact mode where the vertical deflection of
the cantilever is kept constant and controlled by the setpoint (ST in

dx.doi.org/10.1016/j.apsusc.2012.05.076
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:dzhuxin@uark.edu
dx.doi.org/10.1016/j.apsusc.2012.05.076
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Fig. 1. Experimental setup for AFM-based nanolithography: (a) the micro

). Therefore, once the setpoint is specified, the scratching normal
orce (FN) can be computed as follows Eq. (1) [19]:

N = KC × SZ × ST (1)

. Experimental results

.1. Scratching velocity effect
Before scratching on samples, three user-controllable parame-
ers that may  affect the dimensions of the nanochannels need to
e determined. These parameters are the scratching velocity, the

ig. 2. Schematics of nanoscratching: (1) piezo scanner for XYZ movement; (2) can-
ilever; (3) diamond tip; (4) silicon; (5) nanochannel; (6) laser; and (7) four-quadrant
SD.
; (b) head electronics box; (c) AFM controller; and (d) PSD bottom-view.

scratching normal force (the setpoint) and the number of times
that the tip scratches. Through the single nanomachining exper-
iment, it was observed that the variation of scratching velocity
is negligible for predicting the dimensions. Fig. 3 presents 25, 5-
�m-long nanochannels that are fabricated by single-scratch, but
with different FN from (a) to (e), at different scratching velocities
from I to V. Take Fig. 3(a) for example: it has five channels, all of
which are fabricated under FN = 31.11 �N, but the scratching veloc-
ity varies from 0.1 �m/s, 0.25 �m/s, 0.5 �m/s, 0.75 �m/s and 1 �m/s
for nanochannel I, II, III, IV, and V, respectively. No trends about sig-
nificant dimensional changes were observed either from the vision
of figure or the measurement of nanochannel depth and width as
the scratching velocity increases.

In Fig. 3, nanochannels in part (a), (b), (c), (d), and (e) were fab-
ricated in different locations. However, every five nanochannels (I,
II, III, IV, and V) in each part were fabricated continuously. Take part
(a) for instance as shown in Fig. 4, the AFM tip started scratching
at Point 1 with a normal force of 31.11 �N until it reached Point
2. After this process, the normal force should return to an original
value when it moved from Point 2 to 3. This normal force was caused
by the setpoint used when switched from AC mode to Contact mode
during imaging, and it has to be positive in order to maintain the
contact between the tip and the sample. During scratching from
Point 3 to 4, a normal force of 62.22 �N was  applied. After repeating
the scratching procedure, i.e., 1–2, 3–4, 5–6, 7–8, 9–10 and mov-
ing from 2–3, 4–5, 6–7,8–9, 10–1, the tip moved back to the origin
position of Point 1 by system default. Due to the setpoint in Con-

tact mode, there were diagonals left when the tip moved from an
end point to a start point. We  also measured and analyzed these
diagonals and found they were much smaller than the nanochan-
nels next to them. In addition, the reason why  there was a lot of
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Fig. 3. AFM topographies of nanochannels (5 �m)  scratched at different normal
forces (�N) of (a) 31.11, (b) 62.22, (c) 93.33, (d) 124.44 and (e) 155.55, and scratching
velocities (�m/s) of (I) 0.1, (II) 0.25, (III) 0.5, (IV) 0.75 and V 1.

Fig. 4. Route for continuous fabrication of five nanochannels at different settings.
Fig. 5. Topography of single-scratching test at a constant velocity (0.1 �m/s): 5-
�m-long channels scratched from left to right at normal forces (�N) of 31.11, 62.22,
93.33, 124.44 and 155.55, respectively.

scratching residuals in the topographies was that five deep
nanochannels were fabricated in 7 �m × 7 �m tiny area and imaged
immediately after the fabrication. The issues were only caused by
automatically fabricating multiple nanochannels at a time. In future
application, we can fabricate single nanochannel at a time, so these
issues will no longer exist. Furthermore, if multiple channels need
to be fabricated simultaneously in certain application, the setpoint
can be set as low as 0.1 V which will maintain the contact and
negligible diagonal depths.

3.2. Scratching normal force effect

In order to investigate the relationship between the dimension
of nanochannels and the scratching normal force, single surface
nanomachining is implemented. In this test, the scratching veloc-
ity is kept constant at 0.1 �m/s, and five 5-�m-long nanochannels
are fabricated at different normal forces of 31.11 �N, 62.22 �N,
93.33 �N, 124.44 �N and 155.55 �N. Then, five measurements
for each nanochannel are recorded as shown in Table 1. Fig. 5
presents the topography for the nanochannels. Furthermore, Fig. 6
shows how to take the dimensional measurement by drawing arbi-
trary cross-section line over target. Finally, the linear relationship
between the depth of nanochannels and the scratching normal
force for single surface nanomachining is obtained as shown in
Fig. 7.

3.3. Repeatable scratching effect
Furthermore, the relationship between the depth of nanochan-
nel and the normal force in double surface machining is also
studied. The scratching velocity was  kept at 0.1 �m/s, but the

Fig. 6. Illustration of nanochannel dimensional measurement: give the Z-axis infor-
mation of the yellow cross-section line in Fig. 5. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of the article.)
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Table  1
Depth measurement for single surface nanomachining.

Channel (left to right) Force (�N) Depth (nm) Mean (nm) St. Dev. (nm)

1 31.11 5.32 4.55 7.90 6.42 6.29 6.09 1.26
2 62.22  16.2 17.4 18.2 18.8 15.3 17.2 1.42
3 93.33  28.0 22.3 25.3 23.0 25.8 24.9 2.28
4  124.44 30.3 28.0 33.5 29.5 31.8 30.6 2.11
5  155.55 32.3 35.0 35.5 36.7 40.7 36.1 3.04

Table 2
Depth measurement for double surface nanomachining.

Channel (left to right) Force (�N) Depth (nm) Mean (nm) St. Dev. (nm)

1 31.11 7.55 16.5 10.3 13.9 14.6 12.6 3.60
2 62.22 35.7 32.4 35.0 37.4 34.3 35.0 1.82
3 93.33 49.0 45.2 48.7 44.9 36.3 44.8 5.12
4  124.44 136 141 91.0 130 148 129 22.4
5  155.55 107 113 101 92.2 106 104 7.67
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Fig. 8. Double-scratching test at a constant velocity (0.1 �m/s): 5-�m-long channels
scratched from left to right at normal forces (�N) of 31.11, 62.22, 93.33, 124.44 and
155.55, respectively.
ig. 7. Relationship between depth and force for single-scratching. Linear fit slope
nd R2 value are 0.2402 nm/�N and 0.9859, respectively.

urface will be scratched twice by the diamond tip to fabricate
ach 5-�m-long channel at different normal forces of 31.11 �N,
2.22 �N, 93.33 �N, 124.44 �N and 155.55 �N. Fig. 8 shows the
opography of the channels, and their depth information is recorded
n Table 2. Furthermore, the linear relationship between the depth
f nanochannels and the scratching normal force for double surface
anomachining is shown in Fig. 9.

.4. Logarithmic correlation

As discussed previously, we assume the linear correlations
etween the nanochannel dimension and the normal force start
t the origin (0, 0), which means a nanochannel appears no matter
ow small the normal force is. This assumption may  not be com-
letely precise. A more reasonable prospect is that a threshold of
he normal force exists. No nanochannel can be fabricated unless
he normal force exceeds this threshold, and this threshold should
epend on material properties of both the surface and the AFM tip.
owever, the linear correlation cannot present the meaning in this

evel. In contrary, the linear correlation may  mislead us to some
onfusion. Take Fig. 6 for example, according to the linear corre-

ation, a 0.4587-nanometer-deep channel will be fabricated with a
ormal force of zero magnitude which theoretically and physically
annot be true (a 0.9632-nanometer-deep channel would appear
nd the slope becomes 0.2357 according to the linear correlation

Fig. 9. Relationship between depth and force for double-scratching. Linear fit slope
and  R2 value are 0.8069 nm/�N and 0.8352, respectively.
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Fig. 12. Comparison of linear and logarithmic correlations between channel depth
and applied normal force for repeated scratching.
ig. 10. Comparison of linear and logarithmic correlations between channel depth
nd applied normal force for single scratching.

btained without the origin point). In addition, logarithmic corre-
ations do possess a better coefficient of determination (R2 value)
20,21]. Therefore, the logarithmic correlation as shown in Eqs. (2)
nd (3) is employed to represent the results on nanochannel depth
nd width, respectively.

 = ˛1 ln
(

FN

Ft1

)
(2)

 = ˛2 ln
(

FN

Ft2

)
(3)

here ˛1 and ˛2 are the scratching penetration depth and pene-
ration width, respectively, and Ft1 and Ft2 are the threshold forces
epending on the depth and width data, respectively.

Fig. 10 shows both the linear and logarithmic correlations
etween the nanochannel depth and the normal force for single
cratching. Hence, the scratching penetration depth is 18.421 nm,
nd the threshold force is 23.2992 �N. The logarithmic method pos-
esses a better coefficient of determination (R2) as expected. The
ame approach is used for the width as shown in Fig. 11,  where the
ogarithmic method also has a better performance and the penetra-
ion width and the threshold force are 54.605 nm and 7.41889 �N,
espectively. Figs. 12 and 13 illustrate the comparison between the
inear and logarithmic correlations for repeated scratching, where
either of the two correlations possesses a good R2 value. The main
ssue may  lie in the experimental data collected from repeated
cratching as the fourth channel (from left to right) in Fig. 7 is fab-
icated beyond expected. It brings an unexpected large point in the
ata series. The new results and data show that our experimental

ig. 11. Comparison of linear and logarithmic correlations between channel width
nd applied normal force for single scratching.
Fig. 13. Comparison of linear and logarithmic correlations between channel width
and applied normal force for repeated scratching.

setup is correct and repeatable. The depth and width of the channel
created with normal force of 124.44 �N are experimentally verified
that they should be within the values of normal force of 93.33 �N
and 155.55 �N. Also, the linear correlation possesses a higher coef-
ficient of determination in repeatable scratching. Figs. 14 and 15

are one of the extra experimental results to illustrate the correla-
tions between the channel dimensions and different normal forces
with a constant scratching number of 2.

Fig. 14. Additional linear and logarithmic correlations between channel depth and
applied normal force for repeated scratching.
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Fig. 17. Comparison of linear and logarithmic correlations between channel depth
and scratching numbers at constant normal force of 31.11 �m.
ig. 15. Additional linear and logarithmic correlations between channel width and
pplied normal force for repeated scratching.

.5. Variation of scratching number

An experiment was conducted to conclude on the dimensional
hanges caused by an increasing scratching number. Fig. 16(a)
hows five 3-�m-long nanochannels. Fig. 16(b) and (c) are the
eight profiles. They were fabricated at constant speed (0.1 �m/s)
nd normal force (31.11 �N) but with different scratching num-

ers from 1 to 5. Their mean depths were 0.837, 1.71, 2.45,
.79 and 2.99 nm respectively, and the corresponding standard
eviations were 0.141, 1.195, 0.141, 0.188, and 0.152 nm respec-

ig. 16. Test of varying scratching number, channel I–V corresponding to scratching
umber 1–5: (a) topography, (b) corresponding height profile of the cross section

ine, and (c) the height profile of channel V including 5 measurements.
Fig. 18. Comparison of linear and logarithmic correlations between channel width
and  scratching numbers at constant normal force of 31.11 �m.

tively. Although these five channels were still close to each other
spacing wise, they were scratched separately. Therefore, the diag-
onals no longer exist. As shown in Figs. 17 and 18,  deeper and
wider channels were fabricated as the scratching number was
increased as expected. Additionally, the logarithmic correlation
possessed higher coefficient of determination especially for the
depth. Furthermore, it was  observed that it is more logarithmic
when scratching nanochannels at a constant normal force with
increasing scratching number while it is more linear when scratch-
ing twice with increasing normal force.

4. Conclusion

This paper proposes an AFM-based repeatable surface nanoma-
chining for fabricating nanochannels on bare silicon substrate,
which is simple and effective. A hand-crafted high force cantilever
with a diamond tip for nanoindenting/nanoscratching is involved.
Nanochannels are fabricated to study the relationship between
the channel depth and various combinations of parameter setting.
Based on the current results, we find that the normal force and the
scratching number are the key factors which dominate the fabrica-
tion performance but the scratching velocity is negligible. However,
when we increase either the normal force or the scratching num-
ber, the channel dimensions increase differently. The comparison
between the linear and logarithmic correlations of the dimensions

of nanochannels and the applied normal force is given and ana-
lyzed. These correlations are of great value for accurately predicting
the scratching performance when the nanochannels are fabricated
using such a system. The experimental results can be regarded
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s a reference in order to increase the efficiency in nanochannel
abrication and prevent the costly diamond tip from unnecessary
ear and tear in the future when nanochannels with depth range

etween 5 nm to 100 nm are needed on Si surface. In addition,
he nanochannel fabrication time for these automated experiments
as determined to be less than 3 min  for channel length of 5 �m

or 5 different channels or 50 s for a single channel. The time could
e reduced further if the channel length is decreased and the fab-
ication speed is increased.
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