APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 1 4 JANUARY 1999

Near-field scanning optical nanolithography using amorphous
silicon photoresists

M. K. Herndon® and R. T. Collins®
Physics Department, Colorado School of Mines, Golden, Colorado 80401

R. E. Hollingsworth®
Materials Research Group, Inc., 12441 West 49th Avenue, Wheat Ridge, Colorado 80033

P. R. Larson and M. B. Johnson?
Department of Physics and Astronomy, University of Oklahoma, Norman, Oklahoma 73019

(Received 31 August 1998; accepted for publication 29 October)1998

Near-field scanning optical microscogiNSOM) patterning of hydrogenated amorphous silicon
(a-Si:H) has been explored. Our sample preparation technique produces films that are stable over
several days. The etching process used is highly selective, allowing the unexp&igd to be
completely removed while patterns with line heights equal to the original film thickness remain in
exposed regions. We are able to generate patterns with and without the use of light. We have found
that the probe dither amplitude greatly affects the linewidth and height of patterns generated without
light. We also find that the exposure required for the NSOM to optically generate patterns agrees
with threshold dosages determined by far-field exposure studies. Feature sizes of approximately 100
nm, comparable to the probe diameter, were obtained1989 American Institute of Physics.
[S0003-695(199)04001-2

In this letter, we report the results of using a near-fielduseful resist for nanoscale lithography based on scanning mi-
scanning optical microscop®SOM) in conjunction with a  croscope techniqués® In general, patterninga-Si:H in-
hydrogenated amorphous silicora-Gi:H) photoresist for volves selectively oxidizing tha-Si:H surface by local re-
nanolithography. NSOM is a scanning probe technique thatoval of hydrogen passivation. The oxide layer formed in
allows optical excitation of materials at spatial resolutionsthis way then becomes a mask for subsequent etching of the
well below the diffraction limit. While near-field techniques surface. Madseet al. have shown that NSOM can be used
are not new, the recent interest in NSOM has been stimu-to patterna-Si:H optically with dimensions less than 100
lated by the development of near-field apertures which ar@m!° They have also observed that proximity of the fiber tip
suitable for visible to UV wavelengttfsThe apertures are 1o the a-Si:H surface can lead to patterning even in the ab-
formed by tapering an optical fiber and are typically 100 nmsence of optical illumination. Their work was done on sput-
or less in diameter. The fiber t|p is scanned across the Samm@reda_Si:H using wet chemical etching for deve]opment_
surface while maintaining a fixed tip-sample separation using |y the present work we have examined both proximity
shear force feedbackThe separation is much less than the gffect and optical patterning o&-Si:H photoresist using
wavelength of light and, hence, in the near field. Light emit-NSOM. Resists were deposited by plasma enhanced chemi-
ted or collected from the fiber is used to record optical im-.4, vapor depositioPECVD) and etching was done in a
ages such as transmittance, reflectance, photovoltage, or ph%?drogen plasma using the same PECVD system. The re-
toluminescence with lateral resolutions much better than loauired optical doses needed for film exposure at various

nm. Images of surface topography are obtained simultay ., elengths were determined and the effects of the probe

neously. dither amplitude and optical exposure on pattern generation

NSOM can also be used as a tool for photolithographywere studied using secondary electron microsctpigM),

on the submicron length scale. In this application the fiber, tomic force microscopyAFM), and NSOM.

optic probe is used as a light source to expose a photore5|sat, For this study,a-Si:H films were grown on crystalline

anq patterns are generate_d by scanning the probe.ove.r tgﬁicon wafers to a thickness o100 nm using standard
resist surface. Because this technique is not diffraction “m_PECVD” Silane was used as the source for deposition
ited, it has the potential to generate features with widths less ) P '

than those achievable by conventional far-field optical Ii-WhICh was typically done at 500 mTorr and 50°C. The films

thography. NSOM patterning of conventional photoresistswere removed from the vacuum system at room temperature

photosensitive polymers, and ferroelectric surfaces has beéliﬂ aVO'P' nayve oxide growtf. Samples were patterned n
demonstrated=® open air using the NSOM at room temperature. NSOM tips

Amorphous silicon has been shown to be a potentiallyVe'e Prepared both by chemical etcHintf and by pulling

using a Sutter Instruments Co. P2000 micropipette ptiler.
The probes were coated with approximately 100 nm of alu-

, Electronic mail: mwinelan@mines. edu minum. For proximity effect studies uncoated tips were also
Electronic mail: rtcollin@mines.edu . .. K :

9Electronic mail: MRGRuss@aol.com used. Both uItraong(UV) and visible light tips were pre-
9Electronic mail: johnson@mail.nhn.ou.edu pared. The results discussed here were obtained using visible
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1000 T T v T T length as shown in Fig. 1. For this study, a 100-nm-thick
PY ® a-Si:H film was exposed to a light source through an alumi-
® num shadow mask. The power densities used at each wave-
length were generally kept lo¢w3 W/cn?) to avoid thermal
heating of the sample. The threshold dose was defined as the
dose which left the exposed region untouched when the un-
exposed region was completely removed by the etch. This
threshold definition leads to an exposure that would give rise
to well defined features in lithographic applications. We
note, however, that partially developed patterns could be ob-
1 e i served for doses an order of magnitude less than threshold. A
250 300 350 400 450 500 580 continuous wavecw) Ar-ion laser was used as the light
Wavelength (nm) source for 350, 458, and 514 nm illumination. Measurements
were also made using the 632.8 nm HeNe laser line. Al-
FIG. 1 Optic_al do_ses_ required to fully expose ti&i:H resist are shown as though all exposures at 632.8 nm were below threshold, par-
afunct|or_1 of |Ilum|nat|_on wavelength_. Exposure was done throughashad.ov¥iaI patterns were visible. The generation of patterns at low
mask using the cw lines of an Ar-ion laser except for the 248 nm point
which was obtained using a pulsed excimer laser. power and photon energy suggests that electron hole recom-
bination is involved in the hydrogen desorptithA pulsed
light tips and the lines of an Ar-ion laser as the light source &xcimer laser was used for the 248 nm point. While we can-
The NSOM probe was attached to a piezoelectric tube, whicRot rule out the possibility that high peak intensities due to
was oscillateddithered parallel to the sample surface. This Pulsed operation may contribute to a reduced threshold at
dithering provided the necessary signal for maintaining 48 nm, Fig. 1 makes it quite clear that shorter wavelengths
constant probe-samp|e Separation of approximate|y 5_2gecrease the requirEd dose and allows us to estimate maxi-
nm2 The sample was scanned in a serpentine pattern benedft!m write speeds for NSOM lithography. Assuming a tip
the tip. aperture of 0.Jum, 1-2 mW of light at 350 nm coupled into
After patterning with the NSOM, the samp|es were de-the fiber, and transmission efficiencies ranging from 61t
veloped in a hydrogen plasma etch in the PECVD systeml0 ' the write speeds range from 0.1 to 10G6V/s.
The etch selectivity between oxidized and hydrogen termi-  In agreement with Madseet al. we observed that prox-
nateda-Si is greater than 500 to 1 allowing the unexposedmity of the NSOM tip to thea-Si:H resulted in oxidation of
a-Si:H to be removed even if the thickness of the oxidethe surface and pattern generation even in the absence of
produced by the NSOM is only a few AngstroAfsThis etch  light.'® Figure Za), for example, shows an AFM image of a
selectivity is an order of magnitude larger than typically ob-serpentine pattern written in @ Si:H layer using an NSOM
served with wet chemical etches or other plasma chemistrie§ip with no light. To explore this effect further, patterns were
Since the hydrogen passivated surface is not entirely stablgenerated while varying NSOM scan conditions. For the
exposure to atmosphere eventually leads to the formation gfinge of scan speed4—100 um/s) and tip-sample separa-
oxides on the surface and patterning is no longer possible. Aons (~4-20 nm during feedbagkised in this study, line-
study of the air stability of thea-Si:H was performed to width and height were not significantly affected by varying
determine the limit this places on the handling time ofthese parameters. Dither amplitude, however, strongly influ-
samples. A sample was stored in the dark in a normal laboenced linewidth and height. A series of patterns was gener-
ratory environment. A section of the sample was etched peated while varying dither amplitude and holding all other
riodically to determine the time required to remove theparameters fixed. The dither amplitude was monitored using
a-Si:H layer. No change in the etch rate was detected untitonventional optical detection of laser light scattered off the
after eight days, when it began to drop. In agreement withip.2 Since the relationship between the absolute dither am-
this, we patterned samples several days aft&i:H deposi- plitude and this signal depends on factors such as the tip
tion with no noticeable difference relative to a fresh layer. taper and the location of the light on the tip, absolute dither
The optical dose required to induce oxidation of theamplitudes were not determined. For a given tip, however,
a-Si:H was measured as a function of illumination wave-this method allows relative changes in dither amplitude to be
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FIG. 2. Contact AFM images of three patterns generated by NSOM are shown. Dimensions are in microns(dnzagh®) were obtained by proximity
effect in the absence of optical illumination. Increased dither amplitude was uség) fetative to(a) with all other parameters held constant. Average line
width increased significantly, fromy140 to 320 nm. A change in line height froml5 to ~45 nm was also seen. (i), light was used with an intermediate
dither amplitude resulting in a line height 6f58 nm. Without the use of light, these parameters produced lines-e2fynm tall.
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1000 ¢ L T y T A were based on the far-field intensity emitted by the probe,
£” } { i and the actual dose may have been higher. As dose increased
__sood sl 1t i from zero to the maximum value, linewidth increased by
£ ;':’ only a few percent. Line height, however, changed dramati-
£ s00d 2% * cally as shown in the inset to Fig. 3. The line height of 75 nm
% 3 0 5 100 2150 for the maximum dose is comparable to the original film
§ 400- Dose (Jem<) thickness. Figure ) shows an AFM image of the pattern
o obtained with a dose of30 J/cnf.
5 200 ] In conclusion, we present results of using NSOM for
T ) photolithography ofa-Si:H. Our sample preparation tech-
o - nique produces films with relatively long-term stability. Our

0 20 a0 20 .y 50 etching process is highly selective, allowing the unexposed
Dither Amplitude (Arb. Units) photorgsst to be completgly_ rem_oved.whne patterns with

line heights equal to the original film thickness remain. We
FIG. 3. The dependence of the linewidth on dither amplitude in the absencare able to generate patterns with and without the use of
of optical exposure is shown. Linewidth decreases to approximately 100 nnfight. We have found that the probe dither amplitude greatly

as dither amplitude is decreased. The inset shows the dependence of li ; ; : :
height on optical exposure for fixed dither amplitude. Patterns are more fuII)%’EffeCtS the linewidth and height of patterns generated without

developed as the optical exposure is increased. Error bars represent fluct/ight. We also find that the exposure required from the
tions in linewidth or height along the trace. NSOM tip to optically generate patterns agrees with thresh-
old doses calculated by illuminating samples through a

: . . . . shadow mask.
easily determined. We report relative values in this letter.
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