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Chemical contrast at subwavelength spatial resolutioiiO) is achieved using a fiber-based,
infrared near-field microscope, at@n wavelength. Chemically amplified polymer photoresists
(poly(t-butylmethacrylatp, patterned by ultraviolet radiation and 250 nm thick, are imaged using
infrared(IR) wavelengths situated around the OH stretch band of the polymer, a region sensitive to
photochemical changes associated with latent image formation. The key technical points that enable
near-field infrared absorption measurements down to 0.05% absorption sensitivity are discussed
together with the major contrast mechanisms involved in image formation. The measurements are
complemented by confirming studies using confocal infrared microscopy and depth profiling. The
exposure dose dependence of the acid catalyzed chemistry, after the postexposure bake step, was
studied on line/space patterned samples. The OH subgroup absorption maps of the patterned
polymer film exhibit features that are not present in the topographical chésigaskage induced

by the postexposure polymer chemistry and illustrate significant potential of the IR near-field
microscopy as an analytical tool for polymer chemical physics. 2@1 American Vacuum
Society. [DOI: 10.1116/1.1340662

I. INFRARED MICROSPECTROSCOPY B. Near-field infrared microscopy

A. Classical infrared microspectroscopy The fundamental diffraction limit of classical microscopes

Mi . . ¢ le chemistry i tial | is circumvented in near-field scanning optical microscopy
Icroscopic mapping of sample chemistry 1S essential In o) 59 |n this case, the resolution is roughly set by the

very different fields ranging from art restoration to materialsy g probe size, and it depends on the detailed optical
science. In many cases, detecting and quantifying chemic@hteraction between the probe and the sample. The contrast
modifications of microscopic regions of a sample directly,mechanisms of classical IR microscopy are preserved in IR
without special preparation or destruction of the sample, is oONSOM, whence the appeal of the technique. However, new
utmost importance. InfraregdiR) microspectroscopy is an ex- contrast mechanisms specific to the near field can occur, and
ceptional tool from this point of view since it relies on the care must be taken in the experimental design to obtain re-
combination of IR spectroscopy and optical microscopy andbults that permit a model-independent analysis.

gives spatially resolved access to the vibrational spectrum of Although in principle promising, the implementation of
molecules, which is sensitive to the molecular chemistry offrared near-field microscopy is confronted with several
the sample. Due to its noninvasiveness, Fourier transform IFQractmaI problems. One of the aims of this article is to ex-

. . : pose these problems and describe several solutions imple-
microspectroscopymicro FTIR) is probably the most popu- : )
. . . mented. The solutions are not unique, but are well matched
lar method for chemical microscopy. The region of the

) e ) . to polymer photoresist characterization. A variety of results
infrared spectrum which is of greatest interest is the waveyamonstrate the ability to probe polymer photoresist materi-
length range 2.5-2Qum (4000-500cm*), although the  4is with chemical subgroup specificity after ultraviofetv)

near infrared also has recent applicatidrihe region be- exposure and postexposure bake. Beyond these particular
yond 5um (2000 cm ') can become quite complex and is material investigations, we believe that careful design of the
often referred to as the “fingerprint region.” The chemical setup may enable the IR NSOM technique to solve many
structure of composite polymer films can be characterized imnalytical thin polymer film and biomaterials characteriza-
this way by a straightforward, model-independent anafysis.tion problems.

However, the spatial resolution of FTIR microscopy is lim-

ited by diffraction to 2—15«m, depending on wavelength. !l POLYMER FILM SAMPLES

A. Chemically amplified resists

Features well below 100 nm are now attainable by deep-

. . . . _9 .
aAuthor to whom correspondence should be addressed: electronic maitltraviolet interferometric I|thograp_ﬁy_ V‘_/h"e electron-
srl@jila.colorado.edu beam, extreme UV, and X-ray proximity lithography repre-
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sent future technologies for even higher resolution. All theséB. Infrared spectroscopy of the resist sample
technologies require high-sensitivity chemically amplified In transmission NSOM, the transfer of light between the

polymeric resists. In this case, the lithographic image formaz,; ang the near field occurs with great losses, regardless of
tion is the result of three generic steps: exposure, postexpgpe type of microscope in use. Broad spectral sources like
sure baking, and dissolutidfl. With exposure, a latent those used in micro-FTIR have insufficient brightness for use
chemically encoded image is formed. The postexposure bakf near-field microscopy. Therefore, synchrotron radiation or
intensifies this image, often by acid Catalyzed Chemistry. Th¢R lasers are required for near-field spectroscopy.
final dissolution develops the pattern by selectively removing We use a cw color-center las¢t—4 mW), pumped by a
the exposedpositive) or unexposednegative resist. Kr* ion laser, tunable from 2.3 to 3.25um

Due to the presence of reactant concentration gradient®350—-3075cm?). In this spectral region, both C—H and
caused by light intensity variations at the edges, the locaD—H stretching vibrations have absorption bands. The C-H
chemistry of a submicron feature can be quite different fromstretch is ubiquitous in organic molecules, and the OH bond
the bulk. Important phenomena that limit the lithographicis advantageous for chemically selective microscopy. We
resolution are the diffusion of photogenerated acid during thehose therefore to study the péigrt-butylmethacrylate
postexposure baking step and random fluctuations in the?TBMA) photoresist, one specific example from a family of
width of a resist feature, termed line-edge roughness. Thacrylate photoresists that show promise for deep-UV
line-edge roughness develops at the dissolution step, but it l§hography;® and whose deprotected form, paiyethacrylic
actually related to the projectdderia) UV image contrast.  acid (PMAA) has an O-H functional group. The resist
The patterned result after the dissolution step, being the la§@mples are films of PTBMA containing 5 wt % of the pho-
in the process flow, is readily characterized by scanning ebct_oaqd generator triphenylsulfonium hexafluoroantimonate.
tron microscopy(SEM) or, for low aspect ratios, by atomic To illustrate the spectral changes, the two IR spectra pre-

force microscopyAFM). The postexposure baking step can sented in Fig.. 1 are recorded at different point; in the pro-
also be partly characterized by AFM, revealing the topo_cess. For routine infrared spectra, the PTBMA film was pre-
' red by spin coating a solution of the polymer onto a

graphic changes that generally occur at this stage and eVés)odium chloride plate and then heating on a hot plate at

after the exposure step for both negative and positive-tonﬁso °C for 5 min to drive off the casting solvent. The spec-

. l . . 5
r.es,ls'ts? However, the important ch§m|cal changes Qccur trum on the left was recorded with a FTIR after the postapply
ring in these steps may not always simply correlate with th

. . iy . , $ake. The film thickness at this point was &un. The film
topographic changes. Chemically specific techniques like ONyas then exposed to UV light in the range of 200—300 nm,

wafer fluorescence microscopy were developed and used {ghich causes the photoacid generator to form hexafluoroan-
monitor photoacid productiotf:** However, the fluorescent timonic acid. The exposed film was heated at 130 °C for 5
molecular probes incorporated into the polymer film maymin which activates the thermal deprotection chemistry. The
affect the acid activity. IR NSOM has certain advantagesspectrum on the right was recorded at this point. Evolved
over the above mentioned methods: it is nonintrusive, iTgaseous isobutylenéFig. 1) leads to a somewhat thinner
achieves much higher spatial resolutions than conventionaim. The most prominent changes in the IR spectra are the
optical microscopies, and it generates chemical and topaappearance of a broad hydroxyl absorption in the frequency
graphic images at the same time, offering the ability to fol-region 2500—3500 ciit and the loss of several absorptions
low the chemical modifications directly. associated with the t-butoxy group in the range

JVST B - Microelectronics and  Nanometer Structures



144 Dragnea et al.: Pattern characterization of deep-ultraviolet photoresists 144

800—1500 cm®. The films prepared for IR NSOM studies fiber*® The percentage of successful pulled tips is roughly
were 250 and 1000 nm thick, PTBMA plus photoacid gen-~50%, but we found that it depends on the fiber batch; fibers
erator on sapphire substrates, exposed using a contact magih the same specified optical characteristics, but from dif-
with a pattern of UV light at 250 nm wavelength and post-ferent manufacturers, behaved quite differently during the

baked. The maximum UV dose was 21 mJcm pulling.
An increased interest arose in the last years to use chal-

cogenide glass fibef8:?! These fibers have a larger IR trans-
lll. IR NSOM APPARATUS parency range, up to 1&m, but are not transparent in the

The NSOM apparatus is based on the coated-fiber methodsible, and they can be conveniently etched, producing tips
developed by Betzigt al1* and on the tuning-fork approach with good throughput at long wavelengtffsHowever, fiber
of Karai and Grober'® for the shear-force feedback control. etching leaves the taper much rougher when compared to
Infrared transparent fibers composed of zirconium aluminunpulled fibers. This fact could allow lateral leakage of light
fluoride, transparent from 0.45 to 5/m, are used. through the subsequently deposited metal coating, which
makes the fabrication of a circular aperture difficult.

In the case of apertureless microscodesing AFM

The inherently inefficient transfer of light energy betweentips),>3-2° the near-field scattered intensity varies with the
the near and far fields is the major problem in near-fieldwavelengthn as\ 4, and therefore in this case it is also
microscopy. This problem is exacerbated by the use of IRnore difficult to couple light at IR wavelengths. The extrac-
wavelengths. For aperture microscopes based on opticgbn of the near-field signal from the far-field background
fibers}* maintaining the same size aperture while transmitscattered by the AFM tip is a difficult but solvable technical
ting longer wavelengths through the fiber requires longeproblem, requiring special optics for the IR. The apertureless
evanescent propagation distances in the evanescent mogficroscope represents a promising method; since it has no
through the taper. Therefore, special techniques must be agpectral limitations, it lacks the lossy evanescent transmis-
plied to create a low aspect ratio taper. Multiple step pro-sion region of the fiber tips, and it can take full advantage of
cesses such as variable-pulling ratésr combinations of the well-developed AFM technology.
selective etching, pulling, and focused ion beam milfhdf
all aim to produce a multiple taper structure, which improvesB Detection
the throughput by orders of magnitude with respect to single-"
taper fibers. In the present work fiber tips obtained by the For IR radiation at 3um, a good detector is the liquid
variable-pulling method were usé@l.The tips were fabri- nitrogen cooled photovoltaic InSb detector. However, this
cated from fluoride glass fibers, transparent between 0.48etector is much less sensitive than a photomultiplier work-
and 5.0 um. They resemble a steeple-on-a-mesa, with ang in the visible. Because detectors of this type have detec-
200-300 nm aperture obtained by lateral coating with 12Qivities approximately 4 orders of magnitude lower than pho-
nm thick Al by thermal evaporation in a custom-built tomultipliers, great care must be taken in the IR NSOM setup
vacuum chamber with a base pressure~af0 ® Torr (7.5 to maximize the detection sensitivity and light collection. A
x 10 %Pg.%19 The deposition rate was 5-10 nm/s. A photovoltaic InSb detector is often limited by the shot noise
guartz microbalance was used to monitor the rate of deposin the amplifier or by the background IR radiation. If the
tion and the thickness of the metal film. The tips were fixeddetector is limited by the background IR radiation, the noise
at an angle of 40° and rotated continuously at a rate oturrent can be decreased in two ways: first, by providing the
~2 s ! during the coating process. Since the reproducibilitydetector with a cold field of view, and second, by using a
of the tip fabrication critically depends on pulling param- small area detector. Our detectors have an active area of
eters, the fibers were checked prior to use by two method€.015 mn? and a cooled field of view of 10°. The calculated
By SEM we measure@x situthe aspect ratio, the coating detectivity is in this case-10*2cm HZ/%W (at 1 kH2. The
quality, and the aperture size of the tip. The optical quality ofelectronic bandwidth of the detector is 0.1 Hz—1.5 kHz.
the aperture was characterized by sending 633 nm light into In practice, the largest source of noise is frequently the
the fiber and focusing the light emerging from the aperturdaser intensity stability. The sensitivity of detection can be
through a microscope objective onto a charge coupled devicenproved by rejecting the laser amplitude noise in a differ-
camera. Ideally, the far-field pattern recorded by the camerantial scheme, Fig. 2. The recorded variables are the same as
should match the diffraction pattern for a subwavelength apin a traditional transmission spectrophotometer. The laser
erture(the Airy diffraction patterii Occasionally, leakage of beam is chopped at 1 kHz, and lock-in detection of the
the 633 nm light was noticed. In this case the Airy disksignal/reference is performed with a bandwidth~af00 Hz.
pattern is strongly perturbed. We presume that the cause @ue to the bandwidth limit, a scan of 25@56 pixels takes
the leakage is roughness of the Al coating. The metal filmat least 15 min.
coating quality depends on deposition rate, and vacuum, as Thorough vibration control of the NSOM within the 0.1-
well as on the initial fiber preparatiaistripping of the poly- 500 Hz range is achieved by having a massive body for the
mer cladding. NSOM instrument itself and positioning the instrument on a

The far-field throughput of our fiber tips at@m wave- floating benchtop. In a closed loofzonstant shear forgéhe
length is 104~ 10 ° relative to the throughput of a cleaved system is characterized by a vibrational noise of

A. Infrared fiber tips
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Coupler  Fiber Vertical and a forbidden zon® The sample interfaces are parallel in
plezo-getuators, our setup and some of the light rays emerging from the
Reforonce :(ri‘l‘)‘;g‘a“c NSOM aperture were totally reflected by the sapphire sub-
detectar Seanner strate at the air interface. The a_mgle of t.he allowed” light
cone depends on whether the tip is positioned above an ex-
— Sample posed or unexposed region of polymer, because of a differ-
Chopper ~~IR:ohjective ence in the indices of refraction. When the numerical aper-
FCL N ture (NA) of the collection objective is greater than the
laser = hase “allowed” light cone, this angular difference generates the
44 . main contrast, which is refractive in origin. For analytical
He-Ne \ 4?@ . purposes we are interested mainly in chemical subgroup spe-
laser Shaial géfgftlor cific pure absorption contrast, and one way to separate this
ﬁﬂzrla contribution from the larger, refractive contribution is to de-

_ _ crease the NA of detection. Having the collection angle
Fic. 2. Schematic of experimental setup. The reference and the sampgmauer than the minimum critical angle will minimize the
signals from the pinhole detectdRandSare fed to the differential input of lar diff b h I d liah Th
a lock-in amplifier, locked on the chopper frequeritykHz). The NA of the angular differences between the a OV\(G 'g t (_:Ones' ere-
IR objective is important for the establishment of the contrast mechanismSults of the present work are all acquired in this way. There
The spatially filtered He—Ne laser beam is used as a pilot beam for alignstijll will be some refractive contributions from reflectivity
ment, as well as for confocal reflection microscaflye signal detector is differences, from the nonisotropic angular distribution within
replaced in this case with a Si photodigde . ! L Lo .
the light cone, and from variations of the refractive index in
the vicinity of an absorption banKramers—Kramig rela-

~3 AHz 12 a value comparable with the thermal displace-tions- Some of these effects have been caIchét@d
ment noise of the tip at room temperatéfeThe near-field Shown to be negligible. Later we will discuss an experiment
IR light exponentially decays from the sample surface, and® determine if the low NA approximation is legitimate.
therefore the mechanical noise is greatly amplified in thea. |R confocal microscopy results

optical signal arm. This is the reason one has to minimize the

system vibrations within the optical detection bandwidth.
Less high-frequency mechanical noise also extends the ti
lifetime.

When pure absorption contrast is achieved, the results
F)hould not be different between the near and far field. A
ar-field confocal microscope was used to image a patterned
film whose thicknesg500 nm) was well below the wave-
length of the light(~3 wm). In this situation(far field and
IV. INFRARED IMAGE FORMATION thin films), the importance of the refractive mechanism is

In previous work on the same type of filtjt was  greatly decreased. We obtained images pi8line features
shown that the IR NSOM contrast between exposedivritten in the polymer photoresist and after the postexposure
postbaked and unexposed lines was greater than what obake, only in the wavelength range of 2.95-3:08 (within
would expect from simple absorption. As the images werghe OH bangl and no contrast at wavelengths shorter than
taken in both constant gap and constant height modes witl2.75 um (off the band (Fig. 3. The images in Fig. 3 mea-
out important changes in contrast, we ruled out the possibilsure essentially the pure absorption contrast, as expected.
ity of topographic artifactd® The high contrast of images in Using a multiple reflection model, we calculated the ex-
Ref. 16 was explained by the division of the far-field emis-pected contrast for a 250 nm thick film, for an absorption
sion pattern into two collection angle regions: an allowedcoefficient of «=0.042um™~* for PMAA, at 3 um wave-

S| 0%

1.8%

A =294 um A=2280pum

(a) (b) (c)

Fic. 3. IR confocal microscopy images, 880 um, of an exposed and postbaked PTBMA/PAG sample, at three different wavelg@ayth94 um, (b) 2.80
um, and(c) 3.02 um. The film was 250 nm thick on sapphire. Wavelengths that are not within the O—H absorption band do not achieve contrast.
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Fic. 4. IR NSOM images of a &m/8

[ um line/space pattern written by DUV
exposure and postexposure bake on a
1 um thick chemically amplified, pho-
toresist film. The images are taken at:
(a) 2.80 um wavelength andb) 2.94
um wavelength in the constant height
mode.

5%

length and with a collimated beam. We predict a value offormation could explain the presence of contrast via refrac-
1.6%. In reality, the beam is divergent through the length oftive mechanisms. For this reason, for the rest of this article,
the film, and this value is an underestimate because of thee will discuss only data that were acquired on thinner films
longer path length. In the images of Fig. 3 we obtained ar(250 nm thick. One should also note that the vertical edges
experimental transmission contrast of 2.69%.3%, close to of the features in Fig. 4 are sharper than the horizontal edges.
the predicted value. The estimated error in the experimentathis is more apparent in imagda). Since the IR radiation is
measurement corresponds to the large scale spatial variatiofisearly polarized, it is possible that the enhancement of the
observable on infrared images taken at slightly differentedge contrast is a polarization effect. A similar effect has
wavelengths(Fig. 3). We believe these variations reflect a been described in the literatute However, the previous
nonuniform illumination field at the fiber end. work was done in reflection, at constant gap, and on metal
The small disagreement between the calculated and th&ructures. Because of all these differences, it is difficult to
experimental values for the contrast might be also due to thgonclude whether the polarization effect has the same origins
fact that confocal microscopy is sensitive to interface variagpr not.
tions, not only to the optical constarftsNevertheless, this To obtain maximum spatial resolution, the near-field im-
should be only a weak effect since the shrinkage of the eXages need to be acquired in the constant gap medé nm,
posed and postbaked film 15100 nm for a 21 mJ/cfdose,  ysing shear-force feedbackConstant shear-forcétopo-
while the depth of field of the confocal microscope~25 raphio and IR images at 2.9Zm wavelength, for a um/1
wm. The 100 nm change in thickness was measured on b|a”j§m line/space pattern on a 250 nm thick film are presented
(unpatternegifilms, processed under the same conditions ag, Fig. 5. Average horizontal cross sections of the IR and

the patterned samples. topographic images are also included. This line/space pattern
. is close to the limits of this particular NSOM tip in terms of
B. IR near-field results spatial resolution. Thus both the contrast and clarity of the

Having obtained encouraging contrast with the confocaimage are degraded compared to images of wider spaced
setup, the same detection schefmdth reduced NA was lines. The deeper zones in the topographic image correspond
used with a near-field tip. The same pattéthum/8 um  to more strongly absorbing zones in the IR image, as ex-
line/space was imaged in the constant height mode. In thispected. The UV dose was 21 mJfcriThe maximum absorp-
case, the shear-force feedback is disabled. The average ign modulation, 0.5%, is less than the expected value from
height above the surface was250 nm. The film thickness the experimental determinations in far field. Here we define
was 1um. Due to the open loop, large area scans are poghe absorption modulation as the difference between the peak
sible at a reasonable speed. As discussed later in this articlend the valley signals divided by the average signal. Below
images acquired in this mode are also expected to exhibi.8 um wavelength there was no contrast at all in the optical
fewer topographic artifact®. The IR NSOM images from scans. It is important to emphasize here that in Ref. 16,
Fig. 4 were taken at two different wavelengths: 2,80 (a)  where a high NA collection was used, we observeti0%
and 2.94um (b). One can easily notice the spectroscopicallyoptical contrast even at nonresonant wavelengths. The results
enhanced contrast in imagb) as compared to imagé). suggest that the present near-field data are close, indeed, to a
The image quality shows considerable improvement with repure absorption contrast.
spect to the confocal IR microscopy pictures in Fig. 3. The The shrinkage of the polymer in the topographic image of
image taken at the 2.8@m wavelength still shows some Fig. 5 has four weak local maxima-3 nm high along the
contrast, mainly at the borders between the irradiated andnexposed lineflight regiong. This secondary pattern in the
nonirradiated areas. Since we expeat00 nm shrinkage of region of the geometrical shadow of the mask may be ex-
the 1 um thick film upon postexposure bake, the deep edglained by diffraction of the UV ligh{250 nm wavelength
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250 nm thick film: exposure dose:
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X6.25um, and IR wavelength: 2.97
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on the proximity mask edges and interference of the secondrherefore, in the averaged mode, much thinner fifdmvn
ary waves within the geometrical shadow regidin the IR to 50 nm thick could be characterized, at this resolution,
image, the unexposed lines have a comparatively deepevith an absorption sensitivity of-0.05% (cf. Fig. 5, line
single secondary maximuiffrig. 5). It is interesting to note scan graph
that merely having a lower optical resolution than the topo- Due to the fact that the fiber tip throughput decreases
graphic resolution cannot explain why the secondary mini+apidly with decreasing aperture diameter, a tradeoff exists
mum in the absorption image is so deep. Making a convolubetween spatial resolution and absorption sensitivity. If we
tion of the secondary topographic structure with a largeconsider the same film thickness of 250 nm, smaller aper-
optical aperture would only wash out the structure. The dif-tures down to 150 nm could be employed. To calculate the
ference suggests that the polymer shrinking does not follovminimum aperture diameter of 150 nm, which gives a S/N
the same dependence on the photochemistry and postexp@tio of 1in the averaged modeve started with a S/N ratio
sure bake chemistry, at least at the low exposure levels insf 100 for a 300 nm aperture and supposed that the optical
volving the unexposed areas. throughput scales as the fourth power of the aperture
A simple scalar Kirchoff—Fresnel approach for near-fieldradius®? For lateral characterization at resolutions beyond
diffraction on amplitude masks also indicates the presence df50 nm, other methods will need to be employed. In particu-
a significant level of UV exposure within the masked lar, the problem of acid diffusion, during postexposure bake,
regions'® Since the maximum dose of 21 mJfis close to  will require a better spatial resolution. The positive-tone
saturation, a residual UV level in the unexposed regions wilchemically amplified resists based on acrylic polymers are
decrease the contrast of the latent image with respect to thesed in advanced deep ultraviol@UV) photolithography
one expected from a geometrical shadow approach. Oapplications, where the resolution requirements generally ex-
larger line/space patterns, as those from Fig. 3, the edge efeed the 150 nm limit expected for the present aperture-
fects at the UV exposure step are not important and thereformode NSOM instrument. However, the photoacid diffusion
the contrast is closer to the value expected from the geoproblem can be still treated given that the acid mobility var-
metrical shadow model. ies strongly with the temperature. Characteristic lengths
greater than the optical resolution can then be obtained, by
adjusting the postexposure bake time and temperature. To
The apparent spatial resolution of the IR image from Fig.what extent the results may be extrapolated to smaller length
5 is at least 500 nm. The nonaveraged signal-to-n@sh) scales remains to be established in the future.
ratio is ~2. In addition to the pattern smearing due to inter- The observed ratio between the full width at half maxi-
ference, we found that another cause for the small S/N valumum (FWHM) of the exposed and unexposed lines in Fig. 5
is the angular pointing stability noise of the Ktaser beam is not unity as might be expected from the binary mask pat-
that pumps the color-center laser, thus affecting the pointingern. This fact, too, could be explained at least partly by the
of the color-center beam. THeversusl, detection does not interference pattern occurring behind the mask during the
work in this case since the reference and the signal beamdV exposure. In the case of the topographic features that
have different responses to angular perturbations. Since thorrespond to the exposed zones, the apparent lateral narrow-
is a very low frequency noise, it can be seen in the opticalng possibly contains some contributions from the low aspect
image of Fig. 5 as horizontal streaks. However, the averageditio NSOM tip. Deep features in topography cannot be
line scan(over 100 lineg has a better S/N ratig~20). reached by the tip, and the resulting topographic image is a

1. IR sensitivity and optical resolution
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Fic. 6. IR NSOM optical and topographiconstant shear forgémages of 2um/2 um line/space pattern on 250 nm thick film: exposure dose: 21 MJ/cm
scan range: 12X%12.5um, and IR wavelength: 2.942m. The optical spatial resolution was evaluated from the modulation transfer function to 300 nm. The
cross sections were averaged over 100 scan lines. The sample tilt was subtracted from the topographic cross section.

spatial convolution between the tip shape and the real feaeflection-mode near-field microscopy and metal gratings, as
ture. The tip shape effect can be expressed as a depthempared to transmission microscopy and dielectric gratings
dependent lateral resolution of the shear-force techniquén the present work.

large height variations can be probed only when they occur The results of Fig. 6, taken with Zm/2 um line/space

on a long-range lateral scale. In the case of the optical imagéeatures, show higher contrast at 10.3 mJ/&#v dose, than

the IR beam emerging from the aperture can be considerettie 1 um pattern in Fig. 4 at 21 mJ/mThe optical image
collimated over distances comparable to the aperturefthe film appears to be more inhomogeneous in the bottom-
diameter’® This means that the entire thickness of the poly-right corner of the IR image, while the topographic image
mer film (250 nm is probed by the light with the same does not show the same perturbations, except for the raised
lateral spatial resolution, and the FWHM of the IR line is bright spot, which is probably a dielectric particle. The do-
likely to be a true representation of the linewidth. We theo-mains in the IR image that do not correspond to noise streaks
retically estimated the minimum UV exposure within the in the topographic image were observed in many of the IR
shadowed ared$.The diffracted UV light also results in the images. They have a lateral size 8500 nm and represent
narrow series of ridges observable on the top of unexposedifferences in IR absorption of 0.1% with respect to the non-
lines in the topographic image. For gutn/2 um line/space exposed surface. Their origin is not known at the moment,
pattern the diffracted UV exposure is2.5% of the peak but their existence illustrates very well the potential of the
exposure, while for the um/1 um line/space pattern the method.

diffracted UV exposure reaches5.2% of the peak value. The higher contrast on this pattern allows us a better con-
Because of acid catalyzed chemical amplification during thesideration of the question of spatial resolution. There is a
postexposure bake, the residual UV light from the unexposegeriodic signal on one axis and by examining the Fourier
areas leads to a decrease in contrast of the latent image. Agransform of the signal it is possible to establish the modu-
consequence, the relatively low contrast of the nonaveragedtion transfer function of the microscopeln Fig. 7 we

1 um pattern made us try larger featuresuth line/space, compare the amplitudes of the Fourier transforms of the IR
for which the smearing of the aerial UV pattern due to inter-and topographic line scans, as well as the calculated incident
ference contributions should be less. Another consequence ofV intensity. In Fig. 7 we used the set of data from Fig. 6.
the residual(diffracted UV exposure is an increase in IR One can see that the optically transmitted spatial frequency
absorption in the center of the unexposed lines, as a result gieaks span at least up to 320 nm (3.8 1), which repre-

the deprotection chemistry. This creates an appearance eénts the same resolution limit as in Ref. 16.

line doubling, a phenomenon that has been encountered in

studies of metal diffraction gratings by reflection NSG#.

The two experiments differ, however, becaugg) the 2. Comparison petween the infrared and scanning

“double beating” as well as most of the contrast disappeard?/cé characterization: Exposure dose

in our experiment when working at nonresonant Wave_dependency

lengths;(2) the IR patterns presented here have a correspon- The Fourier transforms of the topographic and IR signals
dence in topography, although the IR and topographic mapare qualitatively similaFig. 7). This is not surprising con-
are qualitatively different; an@) the data in Ref. 34 concern sidering that the shrinkage should be proportional to the
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0.0 2.5 5.0 7.5 sure dose. The cross-sectional area of an exposed line, mea-
1.0+ sured by IR NSOM, should be proportional to the poly-
methacrylic acid concentration — the deprotected form of
0.5 poly(tert-butyl methacrylate Figure a) shows the normal-

ized variations of both topographic and IR line-sdate-
grals of exposed lines with UV dose. The data were col-
10] lected by imaging patterns of Zm/2 um line/spaces

) k) obtained at different exposure levels between 10.3 and
21 mJ/cr, at the same postexposure bake conditions. While

0.0

Normalized Fourier Transform Intensity

0.51 the topography varies only within 18% of the maximum ex-
posure case, the IR modulation has 55% variations.
0.0 The measured topographic FWHM of exposed lines was
10 ' ' 3 remarkably constant (1.610.02um) throughout the entire
' set of different exposures, whereas the modulation peak in-
05l tegral varies. This fact indicates that the topographic modu-
lation is not limited by the width of the tip. For a tip-limited
0.0l measure, there could not be depth modulation changes with-
05 >3 50 =5 out width variation. Therefore, the tip reaches at least partly
) ’ ) to the bottom of the exposed lines. The (Bposed lines
Spatial Frequency (um) are 1.62-0.04um in good agreement with the topographic
measures.

Fic. 7. Fourier transform spectra ofa) topographic andb) infrared line X . .
scans from Fig. 6. For comparison, the calculated near-field UV intensity N Fig. 8b) we plotted the modulation of the IR signal
distribution was addedc). The calculations took into account the Fresnel against the amplitude of shrinkage modulation. We used the

diffra_lction at the mask edges_. The arrow indicate_s the highest transmitteaata from Fig. &), and also, in order to extend the survey to
spatial frequency, corresponding t6320 nm resolution. . h

small dose values, we used theufin/1 xm line/space main

modulation in Fig. 5, as well as the small modulation inter-
deprotection reaction. However, modifications to the specifiference on the top of unexposed regi¢8snm on the topo-
volume of a polymeras shrinking are the result of complex graphic imagesdue to the UV leakage under the mask. We
phenomend® while the IR absorption modulation is, in prin- consider it important to note in Fig.(18 that for the small
ciple, determined by a much simpler relationship to the acidexposures the IR signal is stronger, relative to the shrinkage.
catalyzed chemistry. The IR images are directly related to thélthough the shrinkagétopographi¢ measurements and IR
number of OH subgroups and their absorption strength. Theneasurements show results similar to the dose, the nonlinear
connection between the shrinkage and the IR spectra catependency in Fig.(®) indicates that a threshold UV dose is
provide valuable information on the physico-chemical pro-necessary before the shrinkage may occur. Using the same
cesses occurring during the exposure and postexposure bal@malism as in Ref. 19, and extrapolating the experimental
steps. To quantify the IR/shrinkage connection we studiedlata from Fig. &) one can estimate an upper limit of the
how the IR and the topographic lines change with the exposhrinkage threshold dose at1 mJ/cnt. To explain the

1.0
100+
80 r0.8 &
=
~
N 8
=)
< Z
g 60| Lo6 é Fic. 8. (a) Depth and absorption modulation peak inte-
~ el grals as measured by IR NSOM ong@n/2 um line/
3 8 space patterns, at various UV exposu(esThe corre-
,g‘ 2 lation between the absorption modulation and the depth
% 40+ g modulation. The smallest modulations on the graph
& ——IR 0.4 % come from data at Lm line/space. The smallest expo-
g —o—TOPO = sure was~ 1.2 mJ/cm.
— =1
201 2
<
0.2
0 1 i L 1 I T T T
10 12 14 16 18 20 22 0 20 40 60

UV dose (mJ/cmZ) Depth modulation (nm)
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Unexposed density plot of Fig. 9. The height difference between the
exposed and unexposed interfaces is 300 nm, or 30% shrink-
age. This agrees with the data obtained by IR NSOM, but

] disagrees with the measurements obtained on unpatterned

samples. Both features, unequal line/spacing and smaller

than expected shrinkage, are most likely due to interference
of the scattered UV beam on the mask edges. This interfer-
ence will distort the patterned image and decrease the con-
trast, and therefore the shrinkage, by irradiating both shad-
owed and exposed zones at the same time. It is worth noting
that when the line dimensions are considerably larger, and

the edge effects are relatively small, as is the case in Figs. 3

and 4, exposed and unexposed zones are equally spaced.

Exposed

2.5 1um

3. Far-field contributions

The question arises whether in a transmission microscope,
0 5 0 15 20 5 like the one used in this work, the far-field contributions will
Lateral scan distance (pim) interfere with the near-field measurements. It is known that
the spatial resolution remains approximately constant at
Fic. 9. Confocal depth scans and cross-section plot acrosgua/2 um depths comparable with the aperture diam&tarhis limits

line/space pattern: vertical scan range: 2, horizontal scan range: 25 . i ..
um, exposure: 42 mJ/cmand film thickness before processing: 1000 nm. the applicability of the IR NSOM to a superficial depth of

The horizontal line locates the cross section on the density plot. ~300 nm.
For films that are thicker than 300 nm, some far-field
contributions exist in the IR NSOM imagé$However, due
threshold(and nonlinear relation between the IR and topo-to the angular spread of the light, these contributions are
graphic modulation we propose that, at small doses, the efficiently averaged in the far field and in many cases will be
volatile reaction produdﬁsobutylene remains trapped in the neg||g|b|e For examp|E, for a linear scan of J_@n, and
polymer matrix and the associated polymer swelling bal-considering an emitting dipole-type angular distribution at
ances the shrinkage. 100 um from the surface, the diameter of the irradiated area
We verified that the line—space width differences indeeds ~400 um. The maximum modulation of the total signal,

occur by using the optical sectioning property of confocalfrom one side of the scan to another and due to features
microscopy. We used 633 nm light with a reflection confocalpresent in this plane, is only 1/40~0.6%.

setup sketched in Fig. 2. The lateral resolution was estimated
experimentally at~360 nm, while the depth of focus was
680 nm. When in focus, the 2m line patterns present planar
interfaces to the incident beam, and the theory behind thél' IR NSOM spectroscopy
depth profiling under these conditions is well developed.  The relatively small tuning range of the available IR laser
Instead of scanning the sample in the horizomtaplane to  does not yet allow for detailed spectroscopic studies. Tuning
get an image, we scan perpendicular to the pattern knes the wavelength on and off the OH absorption band will alter
while scanning in the direction, normal to the surface. The the image contrast, as expected from far-field measurements.
resulting pattern is known as a “cloud” plot and has beenThe average behavior of the IR NSOM contrast at two dif-
used in the past for resist characterizatiorthe image in  ferent regions of the spectrum is depicted in Fig. 10, where 2
Fig. 9 gives such a plot taken on a 1000 nm thick film, with um/2 um line/space features were imaged in the constant
a 2 um/2 um line/space pattern. The expected shrinkagegap mode (shear-force feedback contfolThe chemical-
from nonpatterned samples is 39% or 390 nm. The variatiosubgroup-specific probing is demonstrated by the contrast
in the indices of refraction from PTBMA to PMAA is small changes in the IR NSOM images. Nevertheless, we found
(An=0.05). Because of this small difference, the imagethat tuning the wavelength in small stefs nm) between
contrast in Fig. 9 is generated mainly by the topography aR.75 and 3.1um brought about unexpectedly strong spectral
the different interfaces convoluted with a function that de-variations. We found that these spectral perturbations are not
scribes the light intensity distribution in the focal zone of therelated to the sample, but to the fluoride fiber. We tested a
microscope objectivé® cleaved fiber at both endsvithout a tip and found that in

In Fig. 9 the exposed lines are narrower than the unexvery narrow spectral window&—10 nn) the fiber transmis-
posed ones. The FWHM of exposed lines is 1M, in  sion shows changes up to 50%. The density and magnitude
good agreement with the near-field measurements. We cabf the above spectral perturbations are proportional to the
culate from data in Fig. 9 the relative positions of the poly-length of the fiber, and we suppose that they are caused by
mer surfaces. In order to do this we first find the depth rethe presence of scattering/absorption centers which perturb
sponse of a perfect mirror and then deconvolute it from theéhe modal distribution, and therefore the transmission as a

Reflected intensity

P
¥
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ited by the differential detection sensitivif§.05%) to 320

nm (A\/10). The IR images of polymeric resists show corre-
lations, but also differences between the topography induced
by the acid catalyzed chemistry and the characteristic IR ab-
sorption of the deprotected polymer. The differences can be
noticed mainly in the region of low UV exposure doses,
where negligible shrinking of the exposed zones occurs, but
IR contrast persists. By correlating the IR NSOM experi-
ments with confocal metrology it was found that the depro-
80 tection yield is different for narrow line/space patterned
6l samples than for blank samples. The main reason is edge
a0 interference effects occurring in the UV exposure step when
20 | = as coated binary proximity masks are used.
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