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This article introduces a scanning probe lithography technique in which ultracompliant thermal
probes are used in the selective thermochemical patterning of commercially available photoresist.
The micromachined single-probe and multiprobe arrays include a thin-film metal resistive heater
and sensor sandwiched between two layers of polyimide. The low spring cotstitN/m) and

high thermal isolation provided by the polyimide shank is suitable for contact mode scanning across
soft resists without force feedback control. The probes provide what is effectively a spatially
localized postexposure bake that crosslinks the photoresist in the desired pattern, rendering it
insoluble in developer. For 450-nm—1400-nm-thick AZ521&tariant Corp), line and dot features

with sizes of 450 —1800 nm can be printed using probe powers of 13.5-18 mW, and durations of
1-60 s per pixel. Variation of feature sizes with process parameters is des@il2894 American
Vacuum Society DOI: 10.1116/1.1808732

[. INTRODUCTION tip,8 and later by thin-flm heaters embedded in the
cantilever’ Thermomechanical indentation has been pursued
With the increasing costs of photomasks—often in excesgith interest in ultra-high-density data storage, the most no-
of one million dollars for state-of-the-art complementarytable device being the IBM “miIIipedel.G In this work, we
metal-oxide-semiconductor processes—alternatives to optdemonstrate that scanning thermal probes can be applied to-
cal lithography have been sought, particularly for low-wards lithography by thermally catalyzing a chemical reac-
volume manufacturing and prototyping in conventional pro-tion in a submicron regio(Fig. 1) rather than by thermome-
cesses. As a maskless lithography approach, scanning probkanical indentation. We have demonstrated this principle on
lithography (SPL) offers the promise of high spatial resolu- the positive tone photoresist AZ5214Elariant Corp) in a
tion (which is not limited by the diffraction of lightand, for  process similar to image reversal. The use of localized heat
low-volume applications, substantial savings in mask ando pattern this resist has been previously explored by focus-
equipment costs. ing semiconductor lasef$ Some potential advantages of the
It is interesting to note that as methods in scanning prob@roposed method are that it is less prone to tip wear and
microscopy developed over the last few decades, most hay@oduces less debris when compared to purely mechanical
been applied to IithograpHyYears after the invention of the SPL techniques; however, it does require scanning over soft
scanning tunneling microscog&TM) in the 1960s, scan- photoresist. An enabling device for this technique has been
ning probe lithography was born when an STM was laterthe ultracompliant probe technology, reported previously
used to selectively oxidize hydrogen-terminated Si surfaceby our group‘*™® which minimizes damage to both the
with nanometer resolutiohLikewise, the atomic force mi- sample and the probe tip. Both single probes and eight-probe
croscope(AFM), originally used for mapping topography, arrays are shown to provide thermochemical patterning of
was later modified to “scratch” thin metdlsand soft photoresist.
polymers! again with resolution in the tens of nanometers.
The near-field scanning optical microscope, which employsl. PROCESS AND DEVICE CONCEPTS
scanning probe tips to focus light, was used directly to opti-
cally pattern photoresist with resolutions beyond the far-fiel F
diffraction limit.> Several other lithographic techniques have
grown out of AFM and STM technology, two of which are

Several structural features of the ultracompliant probes
ig. 2) make them well suited for the lithography process,
the most important aspect of which is use of a thin-film
i i . polyimide as the structural material for the cantilevers. The
EIGCtrOSt?‘t'E and dlp-pen "thogfaph? , excellent thermal resistance of the polymer allows the probe
Scanning thermal microscopy, _mtr_oduced in 1986, hasﬁps to be heated to temperatures of nearly 300 °C by em-
also found complementary efforts in lithography, but nearlybedded thin-film heaters operating @20 mW, while the
all are based on thermomechanical indentation, that is, thg,, spring constant~0.08 N/m for the single probellows
use of heat. and pressurel |.n submlcron.Ups to etch pits INtgy scanning over photoresists and other soft polymers in the
polymers with glass transition points. Initally, heat was pro-spsence of mechanical feedback without scratching the resist
vided by an external laser pointed at a conventional AFMgpg \yith minimal wear to the tip. The elimination of force
feedback is especially important when scaling to arrays of
¥Electronic mail: basua@umich.edu probes. If rigid cantilevers are used, tip height nonuniformity
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layers of polyimidel.3 The thin metal film, consisting of
300-1200 A Au between two adhesion layers of 100 A Cr,
is molded into an anisotropically wet-etched notch in the Si
substrate to form the scanning tip. Two lines extending out-
wards from the tip region form the heating element. Electri-
cal connection to the bolometer is provided by thicker metal
lines extending the length of the cantilever. The total resis-
tance ranges from 20 to 2d0 depending on design and pro-
cess parameters. The probe is then released from the sub-
strate, flipped out over the die edge, and held in place by a
thermocompression bond between two thin films of Au.

With regard to the patterning of the sample by the probes,
the photoresist AZ5214E is one of the very few positive tone
photoresists that can function as a negative tone resist by a
process called image reversal. Conventional image reversal
begins with a patterned UV exposure which generates pho-
(c) toacids in unmasked regions. A subsequent postexposure

bake(PEB) thermally activates a crosslinking reaction cata-
FiG. 1. Process flow for scanning thermal Iithogrgphy ofAZ_5214E re@ist. lyzed by the photoacids in the previously exposed reg’réns.
Flood_ exposure generates photoacidb) Spapally localized thermal The crosslinked regions become insoluble in alkali devel-
crosslinking occurs under the heated probe (tise) as a result of the
photoacids and elevated temperatues The insoluble crosslinked region Oper, and are insensitive to any further UV processing. The
remains after development in TMAH developer. substrate is then flood exposed to solubilize all non-
crosslinked regions. Development in tetramethyl ammonium

S o hydroxide(TMAH) leaves a negative photoresist image.
across the array can result in significant variation in contact

force when it is lowered to the substré?enecessitating
feedback control at the probe level to prevent excessive forcll- EXPERIMENTAL RESULTS
in any one tip. The low spring constant in the ultracompliant Temperature calibration of the single probe is relatively
array passively accomplishes the same function, thus elimistraightforward because the fractional change in the probe
nating the need for force feedback. An additional feature otesistanc AR/R) is directly proportional to the increase in
the array is that each probe has individual heater contralip temperaturéAT) by a constanK.™? The thin-film heater
which can allow for independent patterning if desired. accounts for the majority of the probe’s resistance and results
Both single probes and multiprobe arrays are fabricated iin a linear relationship between the measured resistance and
the same low-cost micromachining process in which a thintip temperature. To determine the const#qtthe single-
film metal bolometer is sandwiched between two insulatingorobe cantilever was immersed in water and the current was
ramped until bubble formation and rapid evaporation was
observed. Water was found to boil at a 2.16% increase in
Integrated  Flipped-over o\ probe resistance, and by correlating this to a 75 °C increase
attachment Probe spank in tip temperaturelk was found to be 288 ppm/°C. Repeat-
ing the same experiment with isopropyl alcohgloiling
point 85 °Q resulted in a virtually identical figure. Using the
above calibration, the tip temperature can be correlated to the
measured resistance during probe operation. The probes can
be heated to approximately 300 °C before high temperatures
begin to damage the cantilever structures. It should be noted
that the temperature versus power relationship differs de-
pending on the degree of thermal isolation from the sur-
rounding environment. A probe operating in proximity or in
contact with the substrate requires about 30% more power
than when suspended in air due to the heat loss to the sub-
strate. Nevertheless, the typical input powers needed to reach
temperatures in excess of 250 °C while in contact was
<20 mWw.
The scanning thermal lithographyig. 1) proposed for
Fic. 2. (a) Schematic of the micromachined single probe, émdscanning  this effort is similar to the conventional process, except that
electron micrograph of the eight-probe array surface micromachined fromy iy /61ves patterning the PEB instead of the initial exposure.
polyimide on a Si substrate. Thin-film resistors integrated on the tip of the . . .
cantilevers allow the individual probes in the array to be heated indepenAZ5214E photoresist at full concentration was spun on Si
dently of one another. wafers to obtain a thickness of 1udn, and diluted 50% with

(a)

(b)
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Fic. 3. Dot sizes can be controlled by the heating times as well as heating
power.(a) Reduction in size with shorter heating times using a probe biased
at 18 mW on 450 nm resis(b) Dot sizes vs heating time for 18 and about 480 nN was found to be successful. The advantage of

13.5 mW power. using flexible probes is again noted here in that once the
probe is biased at some contact force, that force does not
change significantly over the sample topography, thereby in-

polyethylene glycol methyl etheiPGMEA) solvent(Nano  creasing the uniformity of the patterned structures.

EBR, Clariant Corp.to obtain 450 nm thickness. Further  Using the process described above, submicron dots and

dilution resulted in poor uniformity; however, in general it is lines were obtained, in some cases when the photoresist was

expected that thinner resists will permit smaller feature sizepartially developed, and in other cases when it was fully
to be patterneddiscussed later in this artigleAfter softbak-  developed. It was found that dot sizes could be well con-
ing, the resist was flood exposed to generate photoacids glérolled by the changing the probe temperature as well as the
bally. The heated thermal probes were then scanned acrokeating times(Fig. 3). Using an 18 mW bias on 450 nm
the surface point by point, each point being heated anywhenesist resulted in features that ranged from 400 to 1800 nm
between 1 and 60 s. Regions under the probe tip crosslinis heating times were increased from 1 to 60 s. Reducing
and become alkali insoluble. The resist was developed ithe power to 13.5 mW power resulted in the same feature
diluted TMAH (0.21 N) in order to maintain the highest con- sizes, but required longer heating times. The above results
trast between crosslinked and noncrosslinked regions. were found after partially developing the 450 nm photoresist.
To fully crosslink, AZ5214E requires temperatures of Features patterned at 18 mW for longer than 30 s remained
about 90 °C, but it was found that simply biasing the probeafter full development of both 1.4m and 450 nm resists

tip at this temperature was inadequate due to the thermaFig. 4). Biasing at high powers and heating for longer times

contact resistance between the tip and the photoresist. Exceqgtsults in a higher degree of crosslinking because the

where indicated, the single probe was biased at 18 mW, coerosslinking reaction is, in effect, both temperature and time
responding to a tip temperature of 275 °C. In addition, thedependent.

substrate was biased at 45 °C using a hot plate in order to Feature sizes shrink with photoresist thickness due to the

further reduce the amount of heat that the probe needed tbecreased lateral flow of heat. Two-dimensional ANSYS heat

provide. Tests showed that when the contact force was madew models[Fig. 4a)] qualitatively show that as the thick-
excessively high by flexing the cantilever towards the subness of the resist is reduced below the diameter of the scan-
strate, the increased pressure in combination with the highing tip, the cylindrical flow of heat results in features of
tip temperature resulted in thermomechanical indentationapproximately the same size as the tip. A thick resist permits
penetrating all the way through the resist, and no thermathe heat to spread laterally, increasing feature sizes. For ex-
patterns were observed after development. Conversely, weample, using identical heating powers and ting&8 mWw,
contact forces resulted in poor thermal contact, also resulting0 s on both 1.4um and 450 nm resists produced dot sizes
in no pattern formation. An intermediate contact force ofof 590 and 450 nm respectively, after full development of the
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appeared to run many samples with no noticeable tip damage
or deterioration in thermal performance. Longevity of scan-
ning probe tips is an important aspect to consider if they are
to be used in a manufacturing process.

In conclusion, this effort has demonstrated that scanning
thermal probes can be used, both singly and in parallel, in the
thermochemical patterning of AZ5214E. The resolution of
this technique can be scaled down in a relatively straightfor-
ward manner. The lessons of this effort are as follows: first,
the throughput can be addressed to some degree by the use of
© @ multiprope arrays; second, pixel 'sizes can be controllled by

heating times and powers, and finally, the procedure is less
Fie. 5. (3) and(b) Lines _of 500 nm yvidth written by patterning success_ive costly in the sense that it does not require photomasks or
dots with 200 nm spacingl s heating per dptcan be seen after partial . . . . .
development of the photoresigt) and (d) Parallel lithography is demon-  OPtiCS, nor does it require a vacuum or UV filtered environ-
strated in which two adjacent probes in the eight-probe array simultaneouslfnent. Ultimately, the resolution and throughput of this tech-
generate the same pattern. nique are determined by the size of the tips, the number of
probes that can be scanned in parallel, and the thickness and
N . . thermal sensitivity of the resist. In a broader sense, this work
photoresis{Fig. 4b)]. The use of a thick resist also runs the has shown that scanning thermal lithography can be used for

risk of creating reentrant cross-sectional profiles that can be . L . . .
undercut during development, patterning any thin film for semiconductor and biological

Fully developed dots of 450 nm minimum diameter Wereappllcanons or for triggering a chemical reaction at the sur-
. . . . face of a material.
obtained with photoresist layers of approximately 450 nm

thickness. Further scaling down of features sizes for the pur-

poses of lithography can be accomplished by using sharpeXck NOWLEDGMENTS
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