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Dynamic plowing nanolithography on polymethylmethacrylate
using an atomic force microscope
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We present dynamic plowing nanolithography on polymethylmethacrylate films, performed with a
scan-linearized atomic force microscope able to scan up to 2%0with high resolution.
Modifications of the surface are obtained by plastically indenting the film surface with a vibrating
tip. By changing the oscillation amplitude of the cantilever, i.e., the indentation depth, surfaces can
be either imaged or modified. A program devoted to the control of the scanning process is also
presented. The software basically converts the gray scale of pixel images into voltages used to
control the dither piezo driving cantilever oscillations. The advantages of our experimental setup
and the dependence of lithography efficiency on scanning parameters are discussed. Some insights
into the process of surface modifications are presented20@. American Institute of Physics.
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I. INTRODUCTION In this article we present the results obtained on polym-
ethylmethacrylatéPMMA) films, which are often employed
In the last few years there has been a considerable inteis resist films in etching lithography, taking advantage of a
est in proximal-probe nanolithography, i.e., methods aimedcan-linearized microscope controlled by an ADwin-Gold
to modify surfaces by means of a scanning tunneling microsystem. These results provide some insights in the basic pro-
scope or an atomic force microscof®M). The AFM has cess of the lithography and suggest a choice of scanning
already successfully been employed to patteri$GaAs'  parameters likely to improve the efficiency of the technique.
or resist by inducing a local anodic oxidation of the sample In Sec. Il, we present the microscope and the program
surface. devoted to dynamic plowing lithography; in Sec. Il we de-
A number of additional works take advantage of the pos-scribe the technique and discuss the dependence of lithogra-
sibility of directly machining the sample surface by means ofphy efficiency on scanning parameters, showing some results
AFM cantilever tips. This can be achieved in two ways,on PMMA films.
called static and dynamic plowing In the static plowing®
the AFM is employed in contact mode to pattern a singlell. EXPERIMENTAL SETUP
resist layer and subsequently use it as an etch mask. This 1ha AEM used in our experiments is made up of a com-
technique, while being a low-cost and low-effort technique, ,arcial microscope hea@opometrix TMX 2000 Explorer,
presents some drawbacks. It has been proved that, while cu ;4 Clara, CA a piezoelectric scanning table-517.2CL,
ting a furrow into the resist by static plowing, torsion of the Physik Instrumente GmbH & Co., Waldbronn, Germpfoy
cantilever may lead to edge irregulariti®sAdditionally, de- XY scanning, ad a Z piezo(P-753.11C, Physik Instrumente
pending on the local stiffness of the sample, while imagingsmpH and Co., Waldbronn, Germangor Z positioning.
the surface before or after the modification, further modifi-g,i, the PI table and the PI Z piezo are equipped with inte-
cations may occur due to dragging of th%ﬂ{{face' grated capacitive displacement sensors. The maximum scan
By dynamic plowing lithographyDPL)™""the surface  nqe of the scanning table is 26@50.m? The maximum
is modified by indenting it with a vibrating tip in the AFM range is 12um.
tapping mode. This method provides a lithography technique  a"schematic representation of the experimental setup is
that is nearly free from problems due to cantilever torsiongjyen in Fig. 1. The electronic control unit is realized with an
and permits us to image the modified surface without anyxp\in-coLD system (Keithley Instruments, Inc., Cleve-
further modification. Despite the great advantages of thiffand, OH. The ADwin-Gold system consists of a digital
technique, little work has been done to understand its prinéignal processofDSP), a local memory of 4 MB, 16 analog

ciples and to improve the performances. inputs, 8 analog outputs, 32 digital I/O lines, and a trigger
input. The power supply of the ADwin-Gold system is inde-

dElectronic mail: brunevo.cappella@gmx.de pendent of the PC; this feature permits it to have a better S/N
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of the oscillations is chosen so that the tip of the cantilever
Function | AMin gently taps the sample surface. In dynamic plowing lithogra-
TR - phy, modifications of the sample can be obtained by chang-
T m ing the modulation amplitude applied to the dither piezo that
— drives the cantilever oscillations. By increasing the oscilla-
My, |Poeeetecir tion amplitude the sample is further approached to the tip. As
,/ T ’ ’3 the tip is likely to indent the sample surface, elastic and
Dither %, { WB ‘ m\P&e-mers plastic deformations are obtained. The oscillation amplitude
Piezo %, § 1 is changed by means of one of the analog outputs of the
¥ Cantlever TN electronic control unit driving the amplitude modulation
E— Sample (AM) input of the function generator that controls the volt-
i e age given to the dither piezo. The analog output permits us to
Scanner | | . . .
lockin | perform lithography techniques based on electrochemistry
Ampiifier | SyNC in (switching dc, ac, or pulsed voltages applied to conductive
- ‘ &4 tips and leversor on hanomechanic&et point change, in
A Linearization Yolm [ Ao contact or in tapping modeAll the experiments presented in
this article have been performed by changing the amplitude
i o 5 o during tapping mode imaging.
__:e\glm ST ADC _lcmme‘ Dynamic plowing lithography can be performed in a
[ | oac "\ | ‘mk vector scan mode or in an image pattern scan mode. In the
RO —— B <l e panan vector scan mode, the software provides a set of commands

that permit us to write lines of arbitrary length and direction
FIG. 1. Schematic representation of the experimental setup employed iWith defined scan speed and oscillation amplitude.
DPL experiments. The image pattern scan mode, which has been used in all
the experiments presented in this article, is a synchronization
ratio. The ADwin-Gold CPU processor is an Analog of the raster scan mode with the desired pattern. The pattern
Devices-SHARC DSP that handles system management, datan be constructed with a simple pixel-oriented paint pro-
acquisition, online processing, and control of outputs. It adgram. Afterwards, the pattern is converted to the self-made
ditionally handles the communication between the ADwinpattern file format. The oscillation amplitude values are
system and a PQPentium Type Clagsvia a serial link(10  given by a 16 bit resolution mask which can be additionally
Mbit/s). Using a dedicated processor, data processing of eadplit using a look-up table. In our experiments the writing of
measurement can take place immediately after acquisitionanostructures was performed kvia 1 bit mask.
with a sample rate of about 100 kHz. The signal used to writey,,, is a 20-fold factor larger
The real-time development tool ADbasic allows pro-than the signal used to read,. Thus, when the cantilever is
gramming of mathematical operations and functions, whickar from the surface, the writing free oscillation amplitude,
are executed on the DSP immediately after each sampling,;, is a 20-fold factor larger than the reading free oscilla-
step. The software and hardware permit us to operate thtion amplitude,A;. The efficiency of the writing process,
microscope in several modes, e.g., contact mode, non-e., the depth of the written structures, depends on the dif-
contact mode, tapping mode, etc. The user interface has beérenceA,,— A, , whereA,, andA, are the writing and read-
written in Borland Delphi(Borland Inprise Corporation, ing amplitudes when the tip is close to surface. This depends
Scotts Valley, CA for Object Windows. Thanks to the flex- on A,;— A, but also on the damping of the cantilever os-
ibility of the system, we have the possibility to add nearly cillations due to the interactions between the cantilever and
every desired scanning mode. Even imaging modes that ne¢de sample. The damping depends in turn on the set-point
a second feedback circuit, like force-modulation, Kelvinamplitude.
force microscopy? or constant dynamic indentation A is typically about 120 nm. The oscillation amplitude
modes'® can be performed. Also adhesion modés which  in tapping mode feedback can be deduced, with a relatively
a force-distance curve is acquired on every pixel of thdarge uncertainty®!® from the percentage set-point value.
scanned area, or other types of imaging point spectroscopyhe effective amplitude during writing depends on the
modes, can be performed. damping, which depends in turn on the set-point. Further, the
In this article we will focus on the nanolithography complicated interplay between lithography and feedback
mode based on tapping mode. When the microscope is opelieop (see belowmakes it impossible to estimate the oscilla-
ated in tapping mode, the cantilever driven by a dither piezdgion amplitude.
vibrates near its resonance frequency. The oscillation ampli- By using a typical tapping mode cantilever, it is possible
tude depends on the distance between cantilever and sampte.indent a surface and immediately image the indentation,
A feedback loop keeps the vibration amplitude constant byaking advantage of the backward scanning image. irhis
changing the extension of the Z piezo, and hence the distanitu imaging ability eliminates the need to move the sample,
between the sample surface and the cantilever. The topogre change tips, to relocate the area for scanning, or to use an
phy of the sample is reconstructed from the changes of the Entirely different instrument to image the indentation. In tap-
piezo extension. In conventional tapping mode the amplitud@ing mode, it is still possible to image soft samples with
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relatively low forces using cantilevers with higher spring
constants.

The PMMA films have been prepared by depositing a
solution of 0.4 g of PMMA in 10 ml of tetrahydrofuran
(THF) on a glass slide and letting the THF slowly evaporate
within 24 h. Both the glass and the air side of the film are
quite flat, but only the glass side has been used in the experi-
ments reported here. The film thickness is about 1 mm. The
mean roughness of the glass side of the film, calculated as
the arithmetic mean of the deviations in height from the pro-
file mean value, has been evaluatedst A in animage of
5X5 um?.

Commercially available cantilever@ointprobe NCL-

50, Nanosensors, Wetzlar-Blankenfeld, Germanyith
length L=225um, width W=38um, thicknessT=7 um,
resonance frequenclF =156 kHz, and spring constarg
=31-71N/m were used. All experiments were performed at
room temperature in air.

The tip of the cantilever is not damaged during lithogra-
phy, and no adsorption of polymer occurs. We have em-
ployed the same cantilever for more than 50 lithography ex-
periments. We have not seen, during the imaging phase, any 30
changes in the tip structure and form.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION «1

height [nm]

We have performed dynamic plowing lithography on
PMMA films. Figure Za) shows three lines written on 101
PMMA. The lines are 2.7um long. Thanks to the scan- _ ‘
linearized system, we were able to write straight lines with a ‘ , N .
length up to 50um. The shape of the lines can be observed aadl 1] ‘ 3
in Fig. 2(b). The tip embosses a groove and the carved »
PMMA accumulates on the sides of the groove. The width of
the three lines, i.e., th¥ distance between the points 1 and
2,is 40+ 3 nm, 38t4 nm, and 3% 2 nm, respectively. The (b)
width is likely to depend on the shape and dimensions of the
t|p With Sharper '[IpS we could obtain 30 nm wide lines. TheF|G. 2. () Topography of lines written in PMMAtapping mode image’
depth of the three lines, i.e., the Z distance between point 3x3 um? AZ=4.8nm. (b) Z profile of a line averaged over 100 scan
and the highest between the points 1 and 2, is=®4 nm, lines with line-to-line distance 5 nm, and standard deviation
3.4+0.3nm, and 3.40.3nm.

The shape of the written line is not always the same(positionsa—e¢). Inside the stripes the surface is much more
Depending on the direction of scannifgith respect to the irregular and, on an average, higher than outside the stripes,
axis of the cantilever the carved material may be accumu- i.e., in the unmodified region. The position of the groove and
lated either on both sides or only on one sitidt or right). of the protruding line depends again on the scanning direc-
The depth of the written line depends of course on the diftion. In a similar image, but written from right to left, both
ferenceA,,— A, , but it depends also on the direction of the the groove and the protruding line are close one to the other
line with respect to the fast scan direction. If the fast scarat the beginning of the stripe. In the first case the carved
direction is conventionally assumed to be tKedirection, material is accumulated to the right and carried to the end of
horizontal lines are less deep than vertical lines written withthe stripe by the scanning tip. Also in the second case the
the sameA,,—A,. Sometimes horizontal lines cannot be carved material is accumulated to the right, but not carried to
written at all. the end of the stripe, because the tip is scanning from the

Figure 3a) shows a PMMA surface modified, with a right to the left.
mask made up of vertical stripes instead of vertical lines. The In a certain sense, the system reacts mainly at the border
scanning direction is from left to right. The two graphs of of the structure to be written, or, in other words, it reacts
Fig. 3(b) show the Z profiles in two different regioisee  mainly to the first derivative of the lithography signal. In the
below). It is evident that strong modifications occur only at surface of Fig. &), four different regions can be seen. The
the border of the stripes, and not inside the stripes. In paregions from the beginning to line 1, and from line 2 to line
ticular, there is a groove at the beginning of each stme 3, have been written with a set-point amplitude of 44% of the
sitions a—¢ and a protruding line at the end of each stripefree resonance amplitude; the regions between lines 1 and 2
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FIG. 3. (@ Tapping mode topography image after DPL on PMMA per- 2
formed with two different set-point amplitudg§op—"1": 44%; “1"—

42" 15%; “2"-"3": 44%; “3"-"4": 15%; “4"—end: DPL off ). The

arrows indicate the positions of the stripes. The rectangles A and B indicate

the position for line analysi¢b). (Tapping mode image, 3.632.59um?,
AZ=11.9 nm) (b) Line analysis of a weak and a strong DPI5% and 44% (b)
set-point amplitude, respectivejyaverage of 27 scan lines each; top: zone

A, bottom: zone B. The stripes are not straight because of the changes of tHRG. 4. (a) Tapping mode topography image of three lines written with
set-point that induce problems in the scan linearization system. increasing set-point amplitudéfrom 15% to 449%. Image size 7.3

. . . . X7.3um? AZ=3.9nm. The lines are not straight because of the changes
and from line 3 to the end have been written with a set-poinky the set-point that induce problems in the scan linearization systsm.

amplitude of 15%. The mean difference of height betweerSet-point dependence of the line depth, showing a linear relationship.
the groove and the protruding line is 8.0 nm in the first

and third regions and %1 nm in the second and fourth re- ) ) ) - )
gions. The efficiency of the lithography, i.e., the depth of the(d)  the imaginary part of the lock-in amplifier output signal
written lines, increases with increasing set-point amplitude, (Y Signal; and _ _ _

i.e., with increasing distance between the tip and the surfacé® the driving signal given to the Z piezo, i.e., the re-
This has been confirmed with the lines shown in Fitp) 4 sponse of the feedback loop.

The set-point amplitude has been changed linearly from 15% . - o
to 45% while writing the lines. Figure(d) shows the depen- The signals shown in Fig. 5 correspond to the beginning

g : f a stripe. At the beginning of the writing signal, as soon as
lciisgce of the depth on the set-point amplitude for the centraﬁ/r is changed td/,,, some oscillations in both the static and

Such a dependence of the depth of the written structur {he dynamic component of ~B are evident. Peaks in the

e : .
on the set-point amplitude can be understood by analysis (§T B)siarSignal show that the cant_llever approa_che_s to and
. . . . " withdraws from the sample. Accordingly, the oscillation am-
the following signals acquired during the writing procedure . . g
. : . plitude decreases or increases. In particular, at the very be-
by means of an oscilloscog€ig. 5):

ginning of the stripe, the oscillation increases and the tip
(@ the complete cantilever deflection signal,<B)gyn, approaches to the sample. This large change in the amplitude
calculated by subtracting top and bottom photodetectoaffects but little theX signal (only a slight increase can be

15 18 21 24 27 30 33 36 39 42 45
Set-point Amplitude [%]

intensity; seen, marked with an arrgwwhile there is a large peak in
(b) the low-pass-filtered component of the cantilever dethe' signal. Hence, the feedback signal does not react to this
flection signal, T—B)stat; first peak, and “sees” only the subsequent ones. After the

(c) the real part of the lock-in amplifier output sign@{  first increase, the amplitude decreases, because the tip is
signa), i.e., the feedback signal used in our experi-close to the sample. Also th¥ signal decreases, and the
ments; sample is withdrawn, in order to increase the oscillation am-
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FIG. 6. Oscillation amplitude while writing a row of a stripe mask without
feedback. The inset shows the Z profile of the modified surface. The row is
8 um long.
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d) oscillating cantilever is employed in indentation of the
sample. Also in the following th& signal is slightly larger

05 ] than during the reading, due to the small indentation occur-
ring inside the stripe.

This behavior of the feedback during writing explains
why horizontal lines cannot be written. The feedback loop is
antagonistic to the lithography process. Even if the oscilla-
tion amplitude is increased, the feedback loop is able to re-
duce it again by slowly approaching the sample to the can-
tilever. Only during the first large increase of oscillations is
the tip close enough to the sample and able to indent it. The
- - - ————— important factor for the efficiency of the lithography is the
° 50 1000 100 2000 2600 difference A,,—A,, and not the differencé\;—A;. The

signals shown in Fig. 5 have been acquired for two different
FIG. 5. From the top to the bottonta) Unfiltered cantilever deflectionT( set-points, namely 15% and 45%nly the signals relative to
—B) gyn (s€t point 459% (b) (T— B) o, low-pass filtered fromT—B)4,,, @ @ 45% set point are showrThe increase of, and also the
measure of the average position of the tip; real part of I —B)qyn (LIA amplitude of the first peak, responsible for the writing, is

output X signa); (d) imaginary part of T —B)qyn, (LIA output Y signa); and ctually larger for larger set-points. This explains the results
(e) Z piezo movement. The Z movement, damped by the feedback ang ylarg 9 P ) P

bandwith limited by the HV amplifier and its capacity, is restabilized after Shown _in Figs. 3 and 4. Also, the propor_tional fa_mtor Of_ the
=2.4 ms. PID gain, P, has been changed. The stripes written with a

small P are better than the stripes written with a lafgeln

the first case the difference between the grooves and the
plitude. Even if there are some peaks also in this region, therotruding lines is 7.6:0.5nm, in the second 4#60.5 nm.
sample is too far away to be indented. Then the feedbackurther, when the feedback is weak, not only the border of
signal slowly increases and the sample is approached, in othe stripe but also the region inside the stripe is written. The
der to reduce the oscillation amplitudieot to be seen in Fig. PID gain is actually so bad that the increased oscillations
5). Although the feedback loop is not able to reach the seteannot be damped. Finally, the scan rate has been changed,
point, oscillations are greatly damped, and only a slight in-but no differences are to be seen between stripes written with
dentation can be achieved. As a matter of fact, the only modifferent scan rates.
ment in which oscillations increase and the sample is not  Since lithography and the feedback loop are antagonists,
withdrawn is the very first peak. Hence, deep indentatiorthe best efficiency of the lithography process can be achieved
occurs only at the very beginning. This is confirmed byYhe when writing without feedback. Figure 6 shows the oscilla-
signal, that, in a harmonic oscillator model, is an indicator oftion amplitude while writing a row of a stripe mask. The
the energy loss. When the same signals are acquired foriaset shows the Z profile of the modified surface. The row,
free cantilever, at the beginning of the stripe, since the feedgoing from A to C, can be divided in two regions: from A to
back is not active, the real part is free to increase and, excef®, and from B to C. In the first region, from A to B, both
for an initial small increase, the imaginary part decreases. loscillation amplitude#,,, andA, are damped, because the tip
the case of the free cantilever, all the energy is employed iiis close to the sample. Due to the tilt of the sample, the
increasing the oscillations and no energy is lost in indentadistance between the tip and sample increases, and in point B
tion. In the case of the tip close to the sample, the first peald, reaches its maximum and is no more damp&g.never
of the Y signal shows that a large part of the energy of thereaches its maximum value and is always damped. As can be

Y signal [a. u]

0.0

Z position [nm]

time fus]
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