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Reproducible nanostructure fabrication using atomic force microscopy

indentation with minimal tip damage
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Department of Physics and Astronomy, Seoul National University, Seoul 151-742, Republic of Korea

Byung I. Kim?
Department of Physics, Boise State University, Boise, Idaho 83725

(Received 6 November 2013; accepted 7 January 2014; published 21 January 2014)

A uniform pattern of quantum dots and nanowires were reproducibly fabricated by creating holes in a
two-layer structure using atomic force microscopy (AFM) indentation, dry-etching of polymer
resists, and metal deposition through the indentation holes. The two-layer structure was created by
depositing a thin gold layer onto a polymethyl methacrylate (PMMA) layer on a silicon substrate.
The indentation depth was set so that the AFM tip penetrated the thin gold layer without the tip
contacting the silicon substrate. This two-layer indentation was used to create a pattern of holes in the
thin gold layer. Then, the PMMA was exposed to an isotropic O, plasma etchant through the holes in
the indentation pattern to form an undercut between the substrate and the gold layer. Quantum dots
were subsequently created through the deposition of gold on the exposed silicon substrate through the
indentation holes. Gold nanowires were also fabricated by creating indentation holes consecutively
and optimizing the distance between the holes using the same two-layer indentation method. The
topographic and electrical measurements of the fabricated gold nanowires suggest that our method is
capable of making uniform and reproducible nanowires. The scanning electron microscopy images of
the tips confirmed that the consecutive-hole-indentation method is less invasive than the conventional
ploughing method, where constant tip contact occurs with the substrate during the formation of

nanowires. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4862538]

. INTRODUCTION

As the size of electronic devices gets smaller, many meth-
ods of fabrication of nanoelectronic devices have been devel-
oped using nanolithography techniques such as electron-beam
lithography (EBL),' x-ray lithography,” focused ion beam li-
thography (FIBL),? and atomic force microscopy (AFM) nano-
lithography.* Among these techniques, nanolithography using
AFM is a more versatile method when compared to the EBL
or FIBL. It performs inexpensively in a comparatively simple
process, and it is able to fabricate nanostructures without risk
of sample damage. However, it has disadvantages, such as
poor reproducibility due to tip damage and low throughput due
to the difficulty of application over a large area. Yet, this
method is able to reproduce nanostructures at specified loca-
tions, which makes it useful when applied to nanosystems
because it can easily make various patterns.

In the AFM nanolithography method, oxidation,””’ thermo-
mechanical wn'ting,8 and indentation (direct mechanical lithog-
raphy) are currently developed. Among them, AFM indentation
nanolithography is a method where the AFM tip applies me-
chanical forces to deform the sample surface at a specified posi-
tion in creating nanoscale patterns such as indentation holes and
line grooves.”'* The size and form of the AFM tip apex and
the magnitude of the applied force are critical to determining
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the size and the position of the patterns. While nanostructures
have been easily built by this AFM indentation nanolithography
utilizing the sharp AFM tip, tip damage from the indentation
process limits the number of patterns that one tip can make
reproducibly. To overcome this limitation, special tips, such as
diamond-coated tips, are occasionally used.'*!>

If the indentation is made on a single polymer layer, the tip
applies vertical force directly to the substrate.'®'® Although
this single-layer indentation method could make nanostruc-
tures, the AFM tip could be easily damaged because the tip
applies the force to the hard substrate directly while making
indentations. The ploughing method, which also uses an AFM,
is another way to simply fabricate nanowires, but the AFM tip
can be easily damaged because of the lateral force applied to it.
While Wiesauer et al. showed that by reducing the distance
between the holes, line grooves could be created,9 the fabrica-
tion of line grooves using the ploughing method also has limi-
tations because of the tip damage from the single-layer
structure on a hard substrate mentioned above. Once the tip
apex is damaged, the width and depth of the indentation pattern
will vary even if the same loading force is applied. The dam-
aged tip apex makes it harder to create reproducible and uni-
form nanostructures using the conventional ploughing method.

In our experiment, we used a two-layer structure to
improve the reproducibility of a uniform nanostructure, which
was made through the deposition of a soft thin metal layer on
the polymer surface.'” In the two-layer structure, the depth of

© 2014 American Vacuum Society 020601-1


http://dx.doi.org/10.1116/1.4862538
http://dx.doi.org/10.1116/1.4862538
http://dx.doi.org/10.1116/1.4862538
mailto:byungkim@boisestate.edu
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4862538&domain=pdf&date_stamp=2014-01-21

020601-2 Jeon et al.: Reproducible nanostructure fabrication using AFM indentation

the indentation pattern was set to be deeper than the thickness
of the soft thin metal layer, but not deep enough for the tip to
contact the substrate directly, thereby preventing the tip
damage."” As an inherent drawback of this method, it requires
extra processes such as metal deposition and plasma etching.
While the extra processes add complexity and extra cost com-
pared to a straightforward ploughing process, the method
improves the uniformity and reproducibility of nanostructure.
It also drops the cost of tip damage. Using the new method,
we fabricated quantum dots and gold nanowires by creating
indentation holes consecutively under the optimal adjustment
of distances between neighboring holes.

Il. EXPERIMENT

In this experiment and all subsequent experiments, the lat-
eral speed of the AFM tip and the z direction speed of the
AFM scanner were fixed to 5 um/s during the indentation.
Polymethyl methacrylate (PMMA) (950k A2, Microchem,
Japan) was spin-coated at 5000rpm for 40s on thermally
grown 100nm thickness of SiO,_ on a 10 x 10 mm? size of
silicon substrate, then baked in oven at 170°C for 30 min.
Gold was then deposited as a soft metal mask onto the
PMMA layer with the thickness of ~15nm [Fig. 1(a)]. The
thickness of the PMMA film and the root mean square values
of the final gold-PMMA film were 80 nm and 0.45 nm, respec-
tively. The loading force applied on the Au-PMMA surface
by the AFM tip was 2-3.5 uN. All experiments were carried
out at room temperature with a relative humidity of 40-60%.

The indentation was carried out using a commercial AFM
(Albatross II, NanoFocus, Korea), and a commercial noncontact
silicon cantilever with a tetrahedral shape (NSG30, NT-MDT,
Russia). The cantilever has a force constant of 40 N/m and a res-
onant frequency of 310-320 kHz. Each experiment was con-
ducted with a new tip. The cantilever was first moved to a
specified position on the two-layer sample surface in noncontact
mode. After the feedback loop was disabled, the indentation
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Fic. 1. (Color online) Schematic diagram of the experimental procedure.
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process was performed. While the sample was raised to a preset
height, the tip of the cantilever contacted and indented the sam-
ple surface. As soon as the sample reached the preset height, it
retracted to the starting position using the piezotube. These steps
were repeated by moving the tip to other positions until a
40 x 40 quantum dot structure was created. Then, an isotropic
O, plasma etching was applied to the indented surface by PR
Asher (V15-G, Plasma Finish, Germany) at base pressure
3.0 x 10 Torr, operation pressure 7.0 x 10> Torr, and plasma
power 120 W for 70-80s [Fig. 1(b)]. The PMMA exposed to
the plasma etchants was removed, while the PMMA beneath
the indentation pattern formed an undercut due to the isotropic
O, plasma etching. The undercut made it easy to remove the
PMMA residue where the metal had been deposited. This guar-
anteed a clean contact without polymer residue between the
nanostructure and the substrate and made the lift-off easier.
Although it was possible to deposit the metal in less than 70's, a
total minimum etching time of 70-80s was needed to ensure
the undercut formation. By this process, a metal mask having
indentation holes and line grooves with the depth and width of
a few tens of nanometers was fabricated. Gold was then used
as the evaporation metal and deposited with an e-gun evapora-
tor (VI-43N, Anelva, Japan) [Fig. 1(c)] at a thickness of
15-20nm. The base pressure was 3.0 x 10~ Torr. The
thickness of the gold was controlled using a thin film thickness
monitor (XTC, Infilcon, Switzerland). Lastly, the lift-off
procedure was conducted in acetone with ultrasonic cleaner for
5 min [Fig. 1(d)].

We also fabricated two nanowires, 15 um in length, on a
silicon surface using the same process described above. For
comparison, two line grooves of the same length and depth
were made using the ploughing method and the consecutive-
hole-indentation method by adjusting the distance between
the holes. Then, a scanning electron microscopy (SEM)
investigation was carried out on the used AFM tips.

The quantum dots and the nanowires were measured by
noncontact mode AFM (SPA 400, Seiko, Japan) with a new
cantilever of the same kind used for the indentation. The
nanowire was also fabricated on the substrate with electro-
des, which were made by standard photolithography meth-
ods, and then current—voltage characteristics were measured.

lll. RESULTS AND DISCUSSION

Use Fig. 2(a) is the AFM image of the 40 x 40 indented
hole pattern and a close-up image of the marked area on the
thin gold layer-PMMA structures. The distances between the
indented holes range from100 nm to 130nm. Figure 2(b)
shows the two line grooves 15 um in length and a close-up
image of the marked area. This line pattern was made using
the consecutive-hole-indentation method with a distance of
20nm between the holes. The close-up image in Fig. 2(b)
shows that the two line grooves were uniformly fabricated in
this hole distance. The depth of the indented hole and the
two line grooves is ~20 nm, which is deep enough to pene-
trate the thin gold film.

Figure 3(a) is the AFM image of the 40 x 40 gold quan-
tum dot array result. The average full width at half maximum
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(b)

Fic. 2. (Color online) AFM images of (a) 40 x 40 indented hole pattern
array and a close-up image of the marked area, and (b) 15 um length of line-
groove pattern and a close-up image of the marked area.

(FWHM) value of the gold quantum dot shown in the inset
of Fig. 3(b) was 42.4nm = 1.3nm. The round shape of the
gold quantum dot in Fig. 3(b) indicates that the nanostruc-
ture is not directly related to the shape of the tetrahedral tip.
This result suggests that the quantum dot was developed
through diffusion process, which determines the shape and
resolution of the quantum dot. The dot size in Fig. 3(b) indi-
cates that the quantum dots would connect if their distances
were less than 50 nm. To test this idea, two nanowires were
fabricated when the indentation hole distance was set at
50nm. Contrary to our expectation, the two nanowires
(Fig. 4) show that the dots are not connected completely.
This result suggests that the gold film had not been com-
pletely removed between the two successive holes. The inset
of Fig. 4 also shows that each dot was fabricated at intervals
of ~50nm, which is the indentation distance between the
dent holes. This result indicates that the distance between
the dent holes should be less than ~40 nm for the fabrication
of a uniform nanowire.

When the hole distance was changed to 20nm, we
obtained two continuous line grooves [Fig. 2(b)]. When we
repeated this experiment with hole distances less than 20 nm,
continuous line grooves were also obtained. The AFM image
[Fig. 5(a)] shows a very uniform nanowire that was made
using this method. The average FWHM value of the nanowire
in Fig. 5(b) was 63.1nm * 1.9nm over 20 consecutive sec-
tional profiles along the line grooves at intervals of 200 nm
[Fig. 5(c)]. As a result, we found that the control of the
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FiG. 3. (Color online) (a) AFM image of 40 x 40 gold quantum dots (scan
area 6 umx 6 um), and (b) close-up image of the marked area in (a) (scan
area 0.4 umx 0.4 um) [inset: cross section of the marked line in (b)].
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FiG. 4. (Color online) AFM image of gold nano dotted-line structure made
by indentation with 50nm distance between the holes (scan area
2 umx 2 um) (inset: cross section of the marked line).
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Fic. 5. (Color online) (a) AFM image of gold nanowire (scan area
3 umx 6.5 um), (b) close-up image of the marked area in (a) (scan area
2 umx 2 um), and (c) cross section of the marked line in (b).

distance between the holes is important to fabricating a uni-
form nanowire because adjusting the hole—hole distance mini-
mized the tip damage by reducing unnecessary indentation.

A gold nanowire was fabricated under the same condition
as the previous experiment in Fig. 5 and was connected to
the electrodes on the substrate to study its electrical charac-
teristics (Fig. 6). The electrode was fabricated by standard
photolithography. The distance between the electrodes was
about 10 um or 5 um, and the height of the electrode was
40 nm [oblique line area in Fig. 6(a)]. Figure 6(b) shows four
different measurements of the current versus voltage charac-
teristics of the nanowires measured by the two-terminal
method. We obtained the resistivities of the gold nanowires
using this result by making three assumptions as follows:
The first is that the contact resistances (R¢) between the
electrodes and the nanowire are the same at both ends; the
second is that the size of the contact resistance is only inver-
sely proportional to the area between the nanowire and elec-
trode; the last assumption is that the circuit resistance is
negligible except for the nanowire resistance (Ryw) and the
contact resistance between the nanowire and electrode.
According to the first and third assumptions, the total resist-
ance of the system (R) is written as follows:

R =2Rc + Rnw- (1)

Since the nanowire resistance is proportional to the ratio
between the length and cross section area of the nanowire, it
is written as follows:

/

Wk @

Rnw = p
where /, w, and h are the length, width, and height of the
nanowire, respectively. The proportional constant p corre-
sponds to the electrical resistivity. According to the second
assumption, the contact resistance is written as follows:
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FiG. 6. (Color online) (a) FE-SEM picture of gold nanowire made on prefab-
ricated electrode (oblique line area), and (b) voltage graph as a function of
the electric current of gold nanowires. The length, width, and height of the
nanowires are as follows. #1: 10.4 yum, 63nm, and 21 nm, #2: 10.2 um,
62nm, and 21 nm, #3: 5.2 um, 499 nm, and 20nm, and #4: 5.2 um, 48 nm,
and 20 nm, respectively.

Re = 3)

where C is a constant. The combination of Egs. (2) and (3)
with Eq. (1) leads to the following equation:

C )

R=2 .
w><h+pw><h

“)

As Eq. (4) has two unknowns, C and p, two equations are
required to determine them. The two equations were set up
by choosing two nanowires, one from two 10 um nanowires
and the other from two 5 um nanowires in Fig. 6(b). The
dimensional information on length, width, and height of
each nanowire was obtained from AFM sectional profiles
[see the caption of Fig. 6(b)]. The information of resistance
R was found from the slope, as shown in Fig. 6(b). The
coupled equations were solved to determine p and C. We
repeated these steps for all four possible pairs to find the av-
erage value for comparison with the literature value. The
standard deviation was also calculated to find the uniformity
of both p and C. The p and C were averaged to be
(1.73%0.19) x 1077Qm and (1.99 = 0.65) x 10~ 3Qm?,
respectively, for all four analyses. The electrical resistivity
of the gold nanowire obtained is seven times higher than that
of the bulk gold, 2.44 x 10~8Qm, found in literature.?® This



020601-5 Jeon et al.: Reproducible nanostructure fabrication using AFM indentation

result suggests that the confined geometry of the nanowires
increases the electrical resistivity significantly. Using the Eq.
(3) and the constant C, the contact resistances are calculated
to be 152 £ 50 Q and 205 = 67 Q for the 10 um and 5 um
nanowires, respectively. The contact resistance R takes 9%
(=152 /1665 Q) and 15% (=205 /1340 Q) of the total re-
sistance for the 10 um and 5 pm nanowires, respectively. In
other words, the nanowire resistance Ryw takes more than
85% in our experiment, which is dominant over the contact
resistance R in the total resistance R of the nanowires.

The standard deviation is 11% [=(0.19 x 107’ Qm)
/(1.73 x 1077 Q m)] for the electrical resistivity, while it is
~30% (=50 Q/152 Q) for the contact resistance. This higher
variation in the contact resistance may be due to the irregular
interfaces (and thus the cross section area) at the boundaries
of gold pads in Fig. 6(a). Since ARNyw/Raw = —Aw/w from
Eq. (2) assuming that p, /, and & are constant, the ~10% var-
iation in ARnw/Rnw corresponds to the same variation in
the width, or Aw/w. This result suggests that our two-layer
indentation method is capable of creating uniform and repro-
ducible nanowires up to 90%, consistent with the AFM topo-
graphic result [see Figs. 5(a) and 5(b)]. The efficient
removal of polymer residues by the dry etching process may
contribute to the observed uniformity and reproducibility of
the gold nanowires. The dry etching process also contributed
to the clean contacts between the nanowire and electrodes.

10.0kV 11.2mm x20.0k

10.0kV 11.1mm x20.0k

FiG. 7. (Color online) FE-SEM pictures of used AFM tip as (a) ploughing
method and (b) the consecutive-hole-indentation method.
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Another aspect worth mentioning is that the AFM feedback
during the lateral tip movement between the successive
indentations contributed to the result by enabling the inden-
tation method to make indentation patterns with the same
depth even with the height variations of the sample surface.

Finally, we investigated the damage to the AFM tip to
compare the consecutive-hole-indentation method and the
ploughing method when creating line grooves of the same
depth. The tip damage was investigated after the fabrication
of line grooves 15 um in length using each method, where
each experiment was conducted with a brand new tip. The
SEM measurements show that that the tip diameter used in
the ploughing method [Fig. 7(a)] was approximately two
times bigger than that used in the consecutive-hole-indenta-
tion method [Fig. 7(b)]. This result indicates that the consec-
utive-hole-indentation method caused less damage to the tip
than the ploughing method.

IV. SUMMARY AND CONCLUSIONS

Using a noncontact two-layer indentation method that we
developed, we made uniform, two-dimensional reproducible
nanostructures, solving one of the problems associated with
AFM indentation. Through the topographic and electrical
measurements of the fabricated gold nanowires, we demon-
strated that uniform and reproducible nanostructures can be
fabricated with conventional silicon tips without any special
treatment such as diamond coating. This method minimized
the tip damage by reducing the vertical and lateral forces act-
ing on the tip when it presses on the substrate or moves
between the thin gold layer-PMMA structures. Furthermore,
the AFM indentation nanolithography method presented in
this study is versatile. Although gold and PMMA were spe-
cifically used in this experiment, other combinations of met-
als and polymers can also be used.
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