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Abstract: A promising maskless surface plasmon interference
nano scale lithographic technique is proposed and
experimentally demonstrated in this paper. One dimensional (
gratings type) and two dimensional (pillar type) nano scale
features were patterned on the photoresist layer using 364 nm
illumination wavelength source with a single exposure, by
employing a custom made prism layer configuration. Large
area patterns of grating lines and pillars with feature size = 90

nm were experimentally realized using this configuration.
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1. Introduction

The growing importance of the nanotechnology research leads to the need for
patterning technique with the capability to fabricate nanometer scale features
and one such technique 1is optical lithography. High precision
photolithography techniques have been used for the fabrication of sub-micron
feature size optical elements and devices because of its high throughput and
simplicity. Advanced projection optical lithography systems that employs 193
nm wavelength laser sources coupled with wavefront engineering schemes has
the capability to achieve sub-50 nm patterns. However, the cost of ownership
of these sophisticated systems is exorbitantly high. Also, it is unable to
pattern high resolution nanostructures with conventional photolithographic
techniques due to optical diffraction limit [1].

Near-field photolithographic techniques such as evanescent wave (EW),
surface plasmon (SP) lithography has been proposed recently in this context as
an alternate technique to overcome the above mentioned limitations, and
offers patterning of high resolution features [2-5]. Plasmonic lithography
technique involves the excitation of surface plasmon waves on a metallic
mask which is generally put in contact with the photoresist layer in order to
expose to the plasmon near field. Such surface plasmons on the metal surface

can greatly enhance the light transmission and gives a novel method of near



field photolithography beyond the diffraction limit. Different configurations
have been proposed for this lithography technique to fabricate nanoresolution
structures. The surface plasmon interference nanoscale lithography based on
Kretschmann-Raether attenuated total reflection (ATIR) geometry has been
numerically proposed [6, 7]. Moreover, a near field interference pattern can
be formed by using metallic mask configuration that can generate surface
plasmon for periodic structure fabrication [8-12]. In all the above mentioned
works, surface plasmons can make a certain pattern on the photoresist layer
when the incident p-polarized light passes through a prism or thin metallic
mask. However, most of these reported techniques demands the fabrication
of fine period mask grating and found to be cost effective. The search has
thus recently focused on noble metal nanoparticles due to its localization and
enhancement of electromagnetic wave at plasmon resonance condition. In this
context, it is worth mentioning the recent reported works on direct patterning
employing micro or nano-spheres as mask [13, 14]. For high resolution
nanopatterning, excitation of gap modes in a metal particle-surface system for
plasmonic lithography is also proposed numerically by our group very
recently [15]. A direct method for optically exciting and imaging delocalized
standing surface plasmons in thin metal film is recently reported by passion et
al. [16]. They concluded that surface plasmon interference can be sustained in

an arbitrarily large region in comparison to the excitation wavelength.



In this paper, a maskless single step two- and four-beams surface plasmon
interference  lithographic configuration 1is proposed and illustrated
experimentally so as to obtain interference pattern with resolution several
orders less than the illumination source wavelength. A custom made prism
layer configuration is used to pattern both one dimensional and two

dimensional periodic nanostructures on the recording medium.

2. Surface plasmon interference

Surface plasmons (SPs) are a collective charge density oscillation occurring
on the surface of metal films [17]. And electromagnetic waves due to such
oscillation move along the interface of metal and dielectric. The wavevector
of surface plasmon wave becomes significantly larger than that of the incident
light wavevector, when the real part of the dielectric constant of metal
approaches negative of the dielectric constant of surrounding layer. At this
condition, the wavelength of the excited SPs should be shorter compared to

the wavelength of illumination light. If y, and w, are the two surface

plasmon waves, then their superposed interference pattern can be expressed

mathematically as [18],
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where y, is the incident wave, ¢, is the dielectric function of photoresist
layer, 6, is the SP resonance angle, Ais the illumination wavelength, and

fringe separation (period) is expressed as [18],
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3. Experimental details and discussion

The schematic diagram of the experimental set up of two beams and four
beams surface plasmon interference optical lithography is shown in Fig. 1. A
test sample of dimension 20 mm X 20 mm is designed for interference
lithography at 364 nm wavelength in which the upper layer is a 60° triangular
prism of refractive index 1.745 (NLAK 8 glass). A silver film of thickness 50
nm is coated at the bottom surface of the prism and they are brought into
intimate optical contact (using index matching liquid) with a thin photoresist
(AZ7220) layer on silica substrate. AZ7220 is a positive tone UV photoresist
of refractive index 1.7 sensitive to illumination wavelength 364nm and
photoresist thickness is approximately 100 nm. In order to get thin photoresist
thickness, AZ7200 is diluted with EBR solvent (AZ Electronic Material) at
1:4 proportions (1 ml AZ7200 and 4 ml EBR solvent) and spin coated at 1500
rpm. Care has been taken to make the coated resist surface defect free.

In the experimental arrangement, vertically polarized light from a

continuous wave UV Argon Ion laser (Spectra Physics, 364 nm wavelength) is



used as the illumination source. Also an electronic shutter is placed in front of
the laser head so as to provide control over the exposure time. The incident
light is allowed to incident normal to the axis on a custom made 2-
Dimensional diffraction grating to get various diffraction orders. The 2D
diffraction grating is designed in such a way that it can suppress the 0™ order
beam, and generates high diffraction efficiency (17%) four 1* order beams.
And when 45° linear polarized light incidents on the grating surface the
diffracted light is unpolarized. They are then allowed to pass through the
polarizer to get p-polarized light. The central beam is blocked with a stop and
four counter propagating 1* order beams are made to incident on the test
sample placed in a sample holder. The incident angle of the four beams at the
prism side is at 45° and theoretically calculated incident angle (SP resonance
angle) at prism/metal interface is 54°.

The SP resonance angle is also calculated numerically by Finite
Difference Time Domain (FDTD) method. The commercially available FDTD
software is used for the numerical study. To find the resonance angle the
reflectance of light at the same wavelength to excite the surface plasmon
waves, reflectance analysis is carried out as a function of the incidence angle.
In the simulation, dielectric constant of silver used at 364 nm illumination
wavelength is -2.55754+0.5989i [19] and the remaining parameters are same as

mentioned above. The obtained SP resonance angle plot is shown in Fig.2.



From the figure it is evident that the SP resonance angle is around 53.5%nd it
correlates with the theoretically obtained value.

The p-polarized incident beams at the prism surface has a targeted power
density of 334.35 mW/cm? and samples are exposed with an exposure time of
Is. The development time is taken as 2 min. After development, the tapping
mode atomic force microscope (AFM) with high lateral resolution (5 nm) is
used to analysis the topography of the recorded features on the photoresist.
AFM image of two beams surface plasmon interference lithographic pattern is
shown in Fig.3. In this case two counter propagating 1* order beams out of
four 1% order beams are allowed to incident on the prism surface. Large area
uniform periodic grating lines were obtained at this exposure dose and
exposure time. Figure 4 shows the section analysis of AFM image and it is
found that grating lines with fringe separation 172 nm and minimum line

width of 89 nm were patterned on the photoresist layer.

Four beams SP interference lithography experiment is also carried out to
pattern two dimensional features. Four 1% order beams of 2D diffraction
grating are used for this purpose to generate interference of multiple counter
propagating surface plasmon waves as a lithographic technique to print
periodic two dimensional features. Figure 5 represents obtained AFM images
of exposure pattern transferred on the photoresist layer using four beams SP
interference lithography and Fig. 6 shows the corresponding three dimensional

AFM image. The AFM sectional analysis of the exposed dot array on the



photoresist film is shown in Fig. 7. It is evident from the Fig.7 that large area
periodic dot array with minimum spot size of 93 nm and periodicity around
173 nm was patterned on the photoresist layer. The non uniformity of the
exposed dot array patterns presumably attributed to the intensity fluctuation
from laser or depends on the development time. We also found that the line
width and spot size of the patterns in the exposed area depends on exposure
duration. In this context, it should be mentioned that the grating lines and
pillars with feature size ® 90 nm were obtained with an optimum value of
exposure time (1s). The advantage of this configuration is that it can provide
large area low cost plasmonic lithographic technique without using any
complex mask fabrication techniques. Also this scheme uses a prism instead
of metallic grating mask as a coupler, which makes the structure of

lithographic system simple and reduces the cost of fabrication.

4. Conclusion

In conclusion, mask less single step two beams and four beams SP
interference optical lithography technique has been demonstrated. This
technique utilizes a custom made prism layer configuration to pattern both one
dimensional and two dimensional high resolution periodic features on the
photoresist. Large area grating lines and dot array with feature size of 90 nm
were achieved using this configuration at 364 nm illumination wavelength.

This technique is expected to provide a convenient route for patterning high



throughput nanometer structures without employing expensive equipments or
complex mask fabrication approaches. The application of this proposed
concepts and methodology can find not just silicon-based pathway etchings
for semiconductors, but also expects to serve a host of emerging fields that
require nano-scale patterns. These include areas involving nano-scale
patterning that can find potential photonic crystals, biosensors, field emitter
arrays and single nanowire applications.

Acknowledgment

The authors acknowledge the financial support received through ARC 3/08.
One of the authors K. V. Sreekanth would also like to acknowledge Nanyang
Technological University for the research student support. He also

acknowledges the support by J.K. Chua.



References

1.

S. Okazaki, “Resolution limits of optical lithography”, J. Vac. Sci.
Technol. B 9, 2829-2833 (1991).

R. J. Blaikie and S. J. McNab, “Evanescent interferometric
lithography", Appl. Opt. 40, 1692-1698 (2001).

J. K. Chua , V. M. Murukeshan , S. K. Tan and Q. Y. Lin, " Four
beams evanescent waves interference lithography for patterning of two
dimensional features", Opt. Exp. 15, 3437-3451 (2007).

B. W. Smith, Y. Fan, J. Zhou, N. Lafferty and A. Estroff, “Evanescent
wave imaging in optical lithography", Proc. SPIE. 6154, 61540A
(2006)

W. Srituravanich, N. Fang, C. Sun, Q. Luo and X. Zhang, “Plasmonic
Nanolithography,” Nano Letters 4, 1085-1088 (2004).

Y. Lim, S. Kim, H. Kim, J. Jung and B. Lee, “Interference of surface
plasmon waves and plasmon coupled waveguide modes for the
patterning of thin film", IEEE J. of. Quant. Electroni. 44, 305-311
(2008).

X. Guo, J. Du, Y. Guo and J. Yao," Large-area surface- plasmon
polariton interference lithography", Opt. Lett 31, 2613-2615 (2006)

X. Luo and T. Ishihara, "Surface plasmon resonant interference

nanolithography technique", Appl. Phys. Lett. 84, 4780-4782 (2004).

10



10.

11.

12.

13.

14.

15.

Z. W. Liu, Q. H. Wei and X. Zhang, "Surface plasmon interference
nanolithography", Nano Lett. 5, 957-961 (2005).

D. B. Shao and S. C. Chen, "Surface-plasmon-assisted nanoscale
photolithography by polarized light", Appl. Phys. Lett. 86, 253107
(2005).

S. Seo, H. C. Kim, H. Ko and M. Cheng, "Subwavelength proximity
nanolithography using a plasmonic lens", J. Vac. Sci. Technol. B 25,
2271-2276 (2007).

Z.Liu, Y. Wang , J. Yao, H. Lee , W. Srituravanich and X. Zhang, "
Broad band two dimensional manipulation of surface plasmons", Nano
Lett. 9, 462-466 (2009).

A. Heltzel , S. Theppakuttai, S. C. Chen and J. R. Howell, "Surface
plasmon based nanopatterning assisted by gold nanospheres”,
Nanotechnology 19, 025305 (2008).

K. Piglmayer, R. Denk and D. Bauerle, "Laser-induced surface
patterning by means of microspheres", Appl. Phys. Lett. 80, 4693-
4695 (2002).

V. M. Murukeshan and K. V. Sreekanth, "Excitation of gap modes in
a metal particle-surface system for sub-30nm plasmonic lithography",

Opt. Lett. 34, 845-847 (2009).

11



16.

17.

18.

19.

A. Passian, A. L. Lereu, A. Wig, F. Meriaudeau, T. Thundat and T. L.
Ferrell, "Imaging standing surface plasmons by photon tunneling",
Phys. Rev. B 71, 165418 (2005).

H.Raether, Surface plasmons on smooth and Rough Surfaces and on
Gratings, (Springer-Verlag, 1988).

A. Passian, A. Wig, L. Lereu, P. G. Evans, F. Meriaudeau , T.
Thundat and T. L. Ferrell, “Probing large area surface plasmon
interference in thin metal films using photon scanning tunneling
microscopy", Ultramicroscopy 100, 429-436 (2004).

E. D. Palik, Handbook of Optical Constants of Solids (Academic,

Orlando, 1985).

12



Figure Captions

Fig.1. Schematic diagram of the experimental SP interference lithography set
up.

Fig.2. SP resonance angle calculation using FDTD method: reflectance vs.
incident angle plot.

Fig.3 AFM image of exposure pattern transferred on the photoresist film: large
area one dimensional grating lines patterned at exposure time 1 s.

Fig. 4. (a) AFM image of the developed grating lines in Ipm X 1pm exposed
area on the photoresist. (b)Sectional analysis along the line drawn in (a):
periodic patterns with minimum line width of 89 nm on a 172 nm period are
obtained.

Fig. 5 2D AFM images of exposure pattern transferred on the photoresist film:

large area dot arrays at exposure time of 1 s.

Fig. 6 3D AFM images of exposure pattern transferred on the photoresist film.

Fig. 7. (a) AFM image of the developed dot array in 3 um X 3 um exposed
area on the photoresist. (b)Sectional analysis along the line drawn in (a):
Periodic dot array with minimum spot size of 93 nm and period 173 nm were

realized.
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