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Abstract—An approach has been developed to use atomic-force
microscope (AFM) to pattern materials at the nanoscale in a
controlled manner. By introducing a thermal-annealing process
above the glass-transition temperature of poly (methylmethacry-
late) (PMMA), the profile of indented nanopatterns has been
dramatically improved by abatement of the tip-induced debris.
This eliminates the main problem of the previous AFM-based tip-
ploughing lithography method, namely the debris formation dur-
ing the nanoplough and trench refilling by debris. We are able
to reproducibly fabricate nanopatterns down to 40 nm. Mean-
while, the AFM-tip lifetime has been increased substantially. In
particular, the adhesion between the PMMA layer on the edge
of trenches and the substrate is significantly improved to enable
reliable pattern transfer into GaAs/AlGaAs heterostructures by
wet-chemical etching. Functional nanodevices with a lateral fea-
ture size of 100 nm to an etching depth of 70 nm are demonstrated
using the method.

Index Terms—Atomic-force microscope (AFM), nanolithogra-
phy, self-switching diodes (SSDs), 2-D electron gas.

I. INTRODUCTION

S CANNING-probe-based nanolithography has, in recent
years, gained much attention for a wide range of nanos-

tructures and nanodevices [1]–[3]. In addition to its excel-
lent capabilities of nondestructive imaging and spectroscopy,
atomic-force microscope (AFM) has been exploited, particu-
larly, as a convenient and flexible tool for patterning materi-
als at the nanoscale at ambient conditions [4]–[6]. AFM-based
nanolithography possesses a number of advantages over stan-
dard electron-beam lithography, such as the ease to use [7],
low cost, and the possibility to perform in situ electrical mea-
surements [8]. Various nanolithography approaches have been
developed including mechanical modification [6], [9], local an-
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odic oxidation [10], [11], thermal modification [12], erasable
electrostatic modulation [13], and material deposition [14]. The
mechanical-modification method is perhaps the most studied
among these approaches that typically involves an AFM-tip
ploughing, a substrate, or a polymer resist layer, either un-
der a constant force [15]–[17] or in a dynamic-indentation
mode [18]–[20]. However, the practical use of such nanolithog-
raphy has so far been hampered by several problems, for in-
stance, refilling of the trenches by debris generated during the
tip ploughing, frequent-tip contamination by the debris, and
poor reproducibility of the lithography.

TO overcome these drawbacks, it was recently reported
that by nanoindentation of a conducting polymer poly
(3-hexylthiophene-2,5-diyl) (P3HT), nanofeatures ranging from
40 nm to 2.3 μm were achieved reliably [21], [22]. The semicrys-
talline properties and high tensile strain of P3HT were be-
lieved to have largely eliminated issues, such as refilling of
the trenches by debris, tip contamination, and short AFM-tip
lifetime [3], [22]. It was also reported that AFM-tip plough-
ing of a thin layer of standard electron-beam lithography re-
sist poly (methylmethacrylate) (PMMA) and subsequent metal
liftoff produced metallic nanodots with a size of 70 nm and
nanowires with a width of 120 nm [23]. It was not clear, how-
ever, whether pattern transfer by wet-chemical etching would
be also be feasible using the tip-ploughing method due to the
apparent formation of debris, and hence, possible loosening of
the resist around the edges of the ploughed features.

Here, we report a novel AFM-based technique to transfer
well-defined nanopatterns on a resist mask into GaAs/AlGaAs
substrate by wet etching. We compared high-tensile strain P3HT
films with thin amorphous PMMA films, and discovered that
the latter provided much more reliable pattern transfer by wet-
chemical etching. In particular, both the trench-edge definition
and adhesion of the PMMA film to the substrate were signifi-
cantly improved after we introduced a thermal treatment above
the PMMA glass-transition temperature. The serious underetch
problem was, hence, avoided and planar nanodiodes that rely on
fine trench-edge definition were fabricated successfully.

II. EXPERIMENTS

PMMA (molecular weight: 350 KMW) was dissolved into
chlorobenzene at a concentration of about 0.41 wt%. The solu-
tion was filtered with a 0.2 μm polytetrafluoroethylene (PTFE)
syringe filter to remove insoluble particles. The prepared solu-
tion was spin coated onto GaAs substrates at 3000 r/min for
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2 min. The resulted PMMA film was baked at 150 ◦C for 30
min. The PMMA film thickness was optimized to be around 7
nm for the suitability of both tip-indentation nanolithography
and wet-chemical etching. A much thicker layer of PMMA led
to much debris formation, affecting the uniformity of trenches
and film adhesion to the substrate. For comparison, P3HT films
were also prepared by spin coating from a solution of 0.55 wt%
in trichlorobenzene and baked at 100 ◦C before the nanolithog-
raphy. The obtained film thickness was 8 nm, approximately the
same as that of the PMMA film.

After the preparation of the mask layer, nanolithography was
carried out with a VEECO CP Research AFM. The AFM tips
adopted in this study were Si3N4 one (NSC11, MikroMasch)
with a radius of 20 nm and a tip angle of 40 ◦. Cantilevers with
various spring constants were tested and a high-spring constant
of 48 N/m was found to be the most suitable. For topography
imagining of samples, the AFM was operated in the tapping
mode rather than contact mode to avoid damaging the nanofea-
tures. A testing grid of indentation was made with nominal-
penetration depths ranging from –0.05 to –0.3 μm. The width of
indentation at a nominal depth of –0.15 μm was around 56 nm.
Similar optimization experiments were carried out for P3HT
films. It is worth noting that, due to the regiorandom nature of
PMMA, the distance between neighboring indentations needed
to be kept around 20 nm in order to achieve clean trench bottom.

III. RESULTS AND ANALYSIS

We first compared P3HT and PMMA as wet-etching resist
masks. Fig. 1(a) shows narrow trenches fabricated on a 7-nm-
thick P3HT layer. The pair of nanotrenches defines the active
nanochannel of a planar nanodiode called self-switching de-
vice (SSD) [24]–[26]. The SSD is chosen because its electrical
properties are determined by the active nanochannel, which is
very sensitive to the precision and definition of nanolithogra-
phy. After spin coating, the P3HT film was annealed at 100 ◦C
in nitrogen gas. Well-defined uniform trenches were made into
P3HT film by nanoindentation. The channel width between the
two vertical trenches was designed to be 300 nm and it was re-
duced after the lithography due to the finite-trench width. Some
debris was distributed rather evenly along the trench sidewalls
and the debris height was around 3–4 nm. The widths of the
vertical and horizontal trenches were around 65 and 67 nm,
respectively. The widths of the trenches were larger than the
diameter of our AFM tip (40 nm) due to the tensile strain in the
P3HT film and were comparable to the results by nanoscratch-
ing previously achieved on polymer films [21], [22], [27], [28].
It is worth noting that the trench depth appeared to be less than
the thickness of the P3HT film. It was most likely due to the nar-
rowness of the trench and the surrounding debris that prevented
the AFM tip from reaching the bottom.

Fig. 1(b) shows the typical AFM image after the samples
were etched in H3PO4 /H2O2 /H2O solution (in a ratio of 3:1:50)
for 90 s. The etching rate of GaAs was around 60 nm/min at
room temperature. There was clearly serious under etch around
the trenches, which may be due to the following two reasons.
There could be poor adhesion of the P3HT layer to the substrate

Fig. 1. Comparison of P3HT and PMMA films as etching mask. (a) AFM
topography images of an SSD-like pattern in a P3HT film, showing well-defined
narrow trenches fabricated by nanoindentation. (b) AFM image of the sample
after wet etching into the GaAs substrate, showing serious underetch and poor
protection by the thin P3HT mask after etching in a hydrogen-peroxide-based
etchant. (c) Similar nanoindentation into a PMMA mask layer. (d) AFM image
of etched pattern into the GaAs substrate. The definition of resulting pattern was
much improved even though the underetch was still quite serious.

around the trench areas caused by the mechanical disturbance
during the nanoindentation, which allowed the etching solution
to diffuse through the interface between the P3HT mask layer
and the substrates, and hence, caused excessive lateral etching.
It can also be seen that the P3HT film was obviously attacked by
the etchant. To improve the pattern transfer, we tried to anneal
the P3HT film after the nanoindentation up to a temperature
of 140 ◦C. UV-ozone treatment was also experimented to re-
move the debris prior to the wet etch. However, no significant
improvement was observed.

Given that the tensile strain in the regioregular P3HT film
might have weakened the adhesion of film to the substrate in
the proximity of the indented trenches, an alternative polymer,
which is regiorandom, and hence, has little strain formation
might be more favorable as the etching mask. We, thus, replaced
the P3HT resist with a 7-nm-thick PMMA film deposited by
spin coating. Initially, in order to compare the result with that of
P3HT, no postlithography treatment was applied and the sam-
ple was etched in the same hydrogen-peroxide-based etchant
for 1 min at room temperature. Fig. 1(c) shows an AFM image
of the nanoindentation into the PMMA film. Uniform trenches
were obtained with a width of 50 nm, about the same as the
diameter of the AFM tip. Debris was distributed quite evenly
along the trenches. It is worth noting that a much greater amount
of debris was generated than in the earlier nanoindentation of
the P3HT film. This may be ascribed to the regiorandom na-
ture of PMMA because it is expected to be easier to break a
regiorandom film into small pieces than a regioregular polymer
consisting of highly ordered packing of long molecules.
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Fig. 2. AFM topography images of the same nanoploughed trenches into
PMMA (a) before any annealing was carried out and (b) after annealing at
240 ◦C The height of the debris was dramatically reduced from about 30 to
2 nm without undermining the feature definition of nanotrenches.

The pattern transfer by wet etching was much improved than
using P3HT film, as shown in Fig. 1(d), although the AFM image
still reveals clear lateral etch around the trenches. Clearly, the
pattern transfer in Fig. 1 would not be sufficient for practical
nanoelectronic-device fabrication.

To overcome the underetch issue, we first tried to improve the
adhesion between PMMA and substrate after the nanoindenta-
tion. The glass-transition temperature (TG ) of PMMA that we
adopted for the experiments was 122 ◦C. Samples were post-
baked at various temperatures 120, 150, 180, and 240 ◦C, after
the nanoindentation was carried out into the PMMA film. The
baking time was half an hour for each temperature and the sam-
ple was imaged by the AFM after each annealing to identify any
change in topography. The annealing process was found to be
critical to improve the trench profile once the temperature was
around or above TG . Fig. 2 shows the AFM topography images
of the same nanoploughed trenches in PMMA (a) before any
annealing was carried outand (b) after annealing at 240 ◦C. The
height of the debris was dramatically reduced from about 30 to
2 nm. More importantly, the debris reduction did not obviously
affect the trench depth, width, or uniformity. It indicated that
PMMA debris on the edge of trenches did not tend to fill in the
trenches under the high-temperature annealing. As the PMMA
debris softened gradually at annealing temperatures close to or
beyond TG , the debris seemed to have spread on the neighboring
PMMA film rather than collapsing into the trenches probably
due to the wetting effect.

The detailed study of the reduction of debris at different
annealing temperatures is shown in Fig. 3. After baking at
120 ◦C, the height of debris reduced from 30 to 21 nm. A rather

Fig. 3. Height of the debris as a function of the baking temperature after the
nanolithography was carried out. A good linear relation is noted in the range
from 120 to 180 ◦C.

Fig. 4. AFM images of an SSD pattern after Br/HBr-based etching on a GaAs
substrate. The trenches are about 100 nm wide and 70 nm deep.

linear relationship between the reduction of debris’ height and
annealing temperature was observed from 120 to 180 ◦C.

The dramatic improvement of the patterned profiles after
the thermal treatment might also enhance the adhesion of the
PMMA film, and hence, eliminate the underetch problem. An-
other reason for the poor etching result in Fig. 1(d) might be
hydrogen peroxide attacking the PMMA etching mask. In the
following experiments, we substituted the hydrogen-peroxide-
based etchant with saturated bromine water and hyrobromic acid
(HBr) compound. Fig. 4 shows an SSD pattern after a Br/HBr-
based etching into a GaAs substrate for 45 s. Successful pattern
transfer was achieved with a trench width of around 100 nm and
a depth of about 70 nm in both horizontal and vertical direc-
tions. It is worth noting that the width of the trenches was much
less than what would be expected for an isotropic wet etch
that is 70 nm deep. This suggests that the HBr-based etchant
was somehow anisotropic for GaAs that enables fine features
and nanoelectronic devices to be fabricated on GaAs substrates
without using reactive ion etching.

To further understand the two factors that might have im-
proved the etching result, namely the thermal annealing after
the nanoindentation and the change to HBr-based etchant, we
carried out experiments under different process conditions. As
illustrated in Fig. 5(a), without the postbaking treatment, the
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Fig. 5. AFM images of etched GaAs patterns under different process condi-
tions. (a) No annealing was carried out after the nanoindentation and the etchant
was HBr/Br based. The trench width is about 192 nm. (b) Annealing was carried
out after the nanoplough and the etchant was hydrogen peroxide based. Com-
pared to the result from the previous H2 O2 etching processes without annealing
treatment in Fig. 1(d), the trench width was reduced to around 250 nm. (c) An-
nealing was carried out after the nanoindentation and the etchant was HBr/Br
based. The AFM image shows significant improvement of the pattern transfer,
with trench width around 100 nm.

final pattern on the GaAs substrate was much larger than that
in Fig. 4 (note the different scales) even with the same HBr-
based etchant, indicating significant lateral etch. Despite a simi-
lar width of the trenches after the nanoindentation on PMMA (60
nm), the etched trenches in GaAs were nearly 200 nm wide. In
contrast, with the same etchant but by introducing annealing af-
ter the nanoindentation, the etched trenches were only about 100
nm wide, as shown in Fig. 5(c), showing significant improve-
ment by the introduced thermal-annealing process. Furthermore,
the different impacts of the HBr- and hydrogen-peroxide-based
etchants were compared. Fig. 5(b) shows the result with the
thermal-annealing process and using the hydrogen-peroxide-
based etchant. The underetching was clearly still serious, and
the resulting trenches were about 250 nm wide. Also, the thin
PMMA film could not prevent the attack of hydrogen-peroxide-

Fig. 6. Schematic diagrams showing the common geometry of an SSD planar
device and the working principle. (a) AFM image of an SSD. The darker areas
are the etched insulating trenches. (b) Channel is nearly depleted by the surface
states on the etched boundaries. Depending on the applied voltage V, the effective
width of the channel will be either reduced (c) or increased (d), giving rise to a
diode-like I–V characteristic [26].

based etchant to the GaAs substrate effectively. However, by
comparing it to the result of the process without thermal an-
nealing in Fig. 1(d), the quality of the pattern transfer was still
enhanced substantially by the thermal annealing.

To investigate the feasibility of the aforementioned technique
for nanoelectronic devices, we fabricated SSDs because they are
very sensitive to fine nanotrench definition [24], [26]. Apart from
being a nanomemory device, the SSD typically functions as a
diode and was demonstrated to be able to detect microwave up to
110 GHz at room temperature [24] and free-space radiation up
to at least 2.5 THz at temperatures below 150 K [25]. Recently,
the SSD was also envisaged to function as a sub-THz emitter
under a large dc bias [29]. The SSD is realized by tailoring
the boundary of a narrow semiconductor channel to break its
symmetry, as shown by the 3-D AFM image in Fig. 6(a). An
applied voltage V not only changes the potential profile along
the channel direction, but also either narrows [see Fig. 6(c)] or
widens [see Fig. 6(d)] the effective channel width, depending on
the sign of voltage, giving rise to a diode-like current–voltage
characteristic.

However, the property of a conventional diode is mainly de-
termined (and hence fixed) by the semiconductor materials, and
the characteristics of the SSD can be tuned by varying the de-
vice geometry. For instance, the threshold voltage of SSDs can
be adjusted by changing the channel width. SSD arrays with
different channel widths ranging from 340 to 380 nm have been
fabricated and measured. The channel length of the devices was
1 μm. From current–voltage results in Fig. 7, diode-like, asym-
metric characteristics were observed in devices with 340 and
360 nm wide channels. For the SSD with a channel width of
380 nm, the characteristic became rather symmetric. This is ex-
pected because as the channel widens, it becomes more difficult
to switch off the nanochannel by the negative potential on both
sides of the nanotrenches, as in Fig. 6(c). To optimize the rec-
tification ratio, we also increased the channel length from 1 to
1.5 μm. Fig. 8 shows the improved diode characteristic of a
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Fig. 7. Current–voltage characteristics of SSD arrays with different channel
widths at room temperature. The SSD channel length was 1.0 μm.

Fig. 8. Current–voltage characteristic of an SSD with a channel length of
1.5 μm and channel width of 360 nm.

device with a channel width of 360 nm. The on current reached
13 μA at +1 V and the off current was around nanoam-
pere under the negative bias. This is the best rectification ra-
tio that we have achieved so far at room temperature in our
experiments.

IV. CONCLUSION

In summary, we have developed an alternative nanolithog-
raphy method based on AFM. The method was proven to be
effective for both conducting polymer and standard electron-
beam lithography resist, and we could pattern trenches down to
the scale of 40 nm in lateral dimensions. The major improve-
ment was enabled by introducing a thermal-annealing treatment
at suitable temperatures. This dramatically reduced the debris
formed during nanoindentation, significantly enhanced the ad-
hesion of the polymer layer after the nanoindentation, and ef-
fectively overcome the underetch problem to allow successful
pattern transfer to GaAs materials. We applied the technique and

demonstrated working nanodevices. Nanodiodes with a high-
rectification ratio were achieved at room temperature.
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