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Far-field superlens for nanolithography*
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A far-field optical lithography is developed in this paper. By designing the structure of a far-field optical superlens,

lithographical resolution can be improved by using a conventional UV light source. The finite different time domain

numerical studies indicate that the lithographic resolution at 50 nm line width is achievable with the structure shown

in this paper by using 365 nm wavelength light, and the light can be transferred to a far distance in the photoresist.
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1. Introduction

Since the invention of the integrated circuits, the
patterns have been achieved by exposure technology.
Photolithography has been a key technique in mi-
crofabrication over the past several years because of
its high throughput, low cost, simplicity and repro-
ducibility. However, due to the diffractive nature of
the light, the resolution of conventional optical lithog-
raphy is restricted by the wavelength of the illumina-
tion light. This is because far-field imaging systems
can not retrieve evanescent waves which contain sub-
wavelength details of an object but decays within the
near field. According to the Abbe’s theory, the reso-
lution can be improved by using either shorter wave-
lengths or higher numerical apertures.!!' According
to the current technology, combined with resolution
enhancement technology, a 65 nm line width can be
achieved by using the deep-UV light of 193 nm wave-
length, and 45 nm or even 32 nm line width can be
achieved with immersion lithography.[?) However, with
the complicated surrounding system, the price and the
operating cost of the equipment are very high.[?! How
to break through the limit of the optical resolution is
a great challenge and also of practical significance.

By collecting the evanescent waves, a near-
field image with a resolution beyond the diffraction
limit has recently been demonstrated.*? Luo and
Ishiharal®l have presented the surface plasmon res-
onant(SPR) interference nanolithography technique,

used to fabricate fine patterns beyond the diffraction
limit. But due to the nature of the exponential de-
cay of evanescent waves, which carry the high spatial
frequency imformation, 50-nm-wide lines are recorded
in 50 nm of resist. It is near-field nanolithography.
Pendry!” predicted that a simple planar thin film
termed a superlens could be used to produce optical
imaging with a resolution below the diffraction limit.
Pendry suggested that a lens having only one nega-
tive parameter would form an approximate superlens,
and also suggested using silver due to its relatively
low loss at a wavelength of 365 nm. The evanescent
waves scattered from the object are coupled to collec-
tive electron oscillations on the metal surface, namely,
the surface plasmon (SP), so the evanescent field is
strongly enhanced by using the SPR.[®) And a single
layer of metal can not transfer a subwavelength imag-
ing to a far distance due to the material loss of the
metal. In the present paper, we want to achieve line
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Fig. 1. Schematic drawing of FSL for lithography using
a silver mask.
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width w = 50 nm. According to the structure pro-
posed in Refs. [9] and [10], we present the structure
shown in Fig. 1, as a far-field superlens (FSL) for far
field nanolithography.

2. Principle and numerical mod-
eling

SPs are free electron density oscillations on the
surface of metals in dielectric materials.['!] They exist
only for the transverse magnetic (TM) wave polariza-
tion. The propagation of a surface plasmon is always
coupled with a surface electromagnetic wave along the
metal-dielectric boundary. In this paper, the surface
plasmons excited on the metal mask (Ag) enhance
the light through the subwavelength aperture. The
surface plasmons conduce to confining the light inten-
sity into the space behind the metal mask aperture
by coupling.['2l The above mechanism is SPR, which
is the resonance coupling between the incident light
and the surface plasmon wave (SPW), and it can en-
hance the transmission. If the metal and the dielectric
material are both semi-infinite, by solving Maxwell’s
equations from the boundary, the dispersion relation
of SPs can be determined as('?!

€d€m
kep = Koy | ——2— 1
p 0 cq+em ( )

where kg, is the wave vector of the surface plasmon;
em and eq are the permittivities of the metal and
the dielectric material, and they must have opposite
signs if SPs are possible to appear at such an inter-
face. This condition is satisfied for metals because
€m is both negative and complex. After calculation,
ksp > ko, which shows that SP leads to a near-field

enhancement. In order to model the plasmonic re-

sponse, the complex dielectric constant of metal at op-
tical frequencies is approximated by the Drude model
as follows:(14]

w2

. (2)
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where €4, is the infinite frequency permittivity, wy is
the plasma frequency, v is the damping frequency,
and w = cky (c is the speed of light in vacuum) is
the angular frequency of incident light. Here w, =
1.3 x 106 rad/s, and v = 4.6 x 103 rad/s.['® Silver
film has permittivity e, = —2.5 4 0.69i at a 365 nm
wavelength. The evanescent field is strongly enhanced
by surface plasmon resonance excitation on condition
that |em| ~ 4,19 so the substrate should be of quartz
(the refractive index n = 1.57). In order to reduce the
reflection and the attenuation in the lossy metal, the
total thickness of the structure must be much smaller
than the wavelength.'”]

As shown in Fig. 1, w = 50 nm, ¢ = 400 nm,
the thicknesses of the Ag mask, dielectric, and sliver
film are d; = 20 nm, d; = 50 nm, and d3 = 20 nm,
respectively. The thickness of the photoresist is 1 um.
In the FSL structure, the silicon will not affect the
field distribution, but it could exert an influence on
the field intensity because of its absorption and reflec-
tion. For simplicity, the silicon substrate is ignored in
calculation. We must choose the refractive index of
the dielectric (n4) so as to obtain high transmission
efficiency and transfer the light to a far distance. To
calculate the field distribution, a two-dimensional TM
mode finite different time domain (FDTD) method is
used. The boundary conditions along = and z direc-
tions are set to be of perfectly matched layer (PML)
In the 2D TM case,
Maxwell’s equations take the following form:

and periodical, respectively.
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The total set of numerical Eq. (3) takes the form![!s!
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At
EMt2(i k4+1/2) = EY2(ik +1/2) — [y Gk + 1) = Hy (6, b)), (4b)
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where the superscript n labels the time step while the indices 7 and k label the space steps and Az and Az
along the = and the z directions, respectively. The time step is determined by the courant limit, i.e.

At < 1/(e\/1/(A2)? + 1/(A2)2). (5)

3. Results and discussion

Figures 2(a), 2(b) and 2(c) show the distributions of magnetic field H, of the designed FSL structure when
nqg = 1.8, 1.9 and 2, respectively. When ng = 1.9, the image quality is best. Using the FSL as presented in
Fig. 1 leads to the enhancing of the evanescent waves and the transferring of a subwavelength imaging of 50 nm
line width to the far distance. SPs are excited on both sides of the Ag mask. The incident light is scattered,
owing to subwavelength features, into both propagating waves and evanescent waves. Because of the SPR, the
evanescent waves have been enhanced on the surface of the Ag mask as shown in Fig. 3(a). And there are a
few propagating waves through the slit. Through the dielectric, the evanescent waves are enhanced by the Ag
film again, and they can transfer to a longer distance (about 300 nm).!'”) Then the evanescent wave is strongly
attenuated. According to the conservation of energy, the propagating wave field is strongly strengthened when
the evanescent wave is strongly attenuated as shown in Fig. 3(b). So the propagating waves can propagate to
the bottom of the 1 pum thick resist layer (Fig. 3(c)).
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Fig. 2. Distributions of magnetic field H, of the designed FSL structure with nq = 1.8 (a), ng = 1.9 (b),
ng = 2 (c), and the distribution of electric-field E, with nq = 1.9 (d).

Figure 2(d) shows the distribution of electric-field E, with nq = 1.9. We can see that the field distribution
is the same as that in Fig. 2(b), but the field intensity of E. is more larger than that of H,. By Eq. (4c) H,
and E, are connected, which accords with Figs. 2(b) and 2(d). Here we need only the field distribution and the
relative field intensity, so the magnetic field component H, is basically shown in this paper.
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Fig. 3. (a) Longitudinal cross-section distribution of H, by discretised Fourier transform (DFT) at the Ag
mask (z = 1.4 pm); (b) longitudinal cross-section distribution of Hy at the pattern (z = 1.2 um) (c) lateral
cross-section distribution of Hy at a depth of 950 nm into the 1 pm thick resist layer (z = 1.04 pm);.

Figure 4 is the line scans of the intensity of H,
in front (x = 20 nm) and at the rear (x = 70 nm)
of the dielectric (nq = 1.9). The intensity of H, on
the metal layer is enhanced by orders of magnitude
due to the interaction of the SPs at the surfaces of
the metal film with the incident light. On a smooth
metal-dielectric interface, light does not couple to the
surface plasmons because the conservations of energy
and momentum are not obeyed. The grating momen-
tum associated with the structure allows momentum
conservation when the SPs interact with the incident
light.[20]

When dy = 40 nm and 60 nm, the distributions
of the magnetic field H, are shown in Fig. 5. We can
see that the role of the dielectric in the structure is
to filter the light, so that only a little light can pass
through the aperture and to separate it from the light
on the surface of the Ag mask. When dy becomes
smaller, it is not filtered enough as shown in Fig. 5(c).

When ds becomes larger, it is filtered too enough to
have lower energy as shown in Fig. 5(d). So we choose
dy = 50 nm.
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Fig. 4. Line scans of the intensity (lateral cross-section)
of Hy with ng = 1.9 at « = 20 nm (a) and z = 70 nm (b).
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Fig. 5. Distributions of magnetic field Hy of the FSL structure with the same nq = 1.9, but with different values
of d2: (a) d2 =40 nm and (b) do = 60 nm. The corresponding line scans of the intensity (lateral cross-section)

of Hy at £ = 60 nm (c) and = 80 nm (d).

Without the Ag film, the distribution and the line scan of H,, are shown in Fig. 6. From Fig. 6(c) it follows
that the role of the Ag slab is to focus the light into sharp imaging,[""?"] and because of the absorption and
reflection of the Ag film the intensity of H, is reduced.
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Fig. 6. (a) Distribution of magnetic field Hy of the designed structure with ng = 1.9 and d3 = 0; (b) line
scan of the intensity (lateral cross-section) of Hy at x = 70 nm with nq = 1.9 and d3 = 0; (c) line scan of the
intensity (lateral cross-section) of Hy at z = 90 nm with ng = 1.9 and d3 = 20 nm.
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Fig. 7. New FSL structure with an additive PMMA layer.

In Fig. 2(b), propagating waves and evanescent waves are both in the photoresist, which is not useful for
nanolithography. We should make the evanescent waves in another medium and only the propagating waves in
the photoresist, so we improve the FSL structure, which is shown in Fig. 7. There is a polymethylmethacrylate
(PMMA) (n = 1.5) layer between the photoresist and the Ag film, and its thickness is dy = 300 nm. The
thickness of the photoresist is changed to 700 nm. The results are shown in Fig. 8. We can see that the H,
distribution is almost the same as that in Fig. 2(b), while the intensity of H, is small compared with that in
Fig. 2(c), which is because of the absorption and the reflection of the PMMA layer.
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Fig. 8. (a) Distribution of magnetic field Hy of the FSL in Fig. 7 with nqg = 1.9, di = d3 = 20 nm, d2 = 50 nm,
and d4 = 300 nm; (b) line scan of the intensity (lateral cross-section) of Hy at x = 1.06 pum, i.e. at a depth of
670 nm into the 700 um thick resist layer.

Using the FSL structure as shown in Fig. 1, the line width smaller than 50 nm can also be achieved, and
aperiodic patterns can also be obtained. This nanolithography technology is related to the distance between
the patterns.

4. Conclusions

With the FSL structure presented in the paper, a higher lithographical resolution can be obtained by using
a conventional UV light source. Also the subwavelength imaging can be transferred to a far distance. The
FDTD simulations indicate that the transmissivity appears to be a function of periodicity and aperture size, as
well as the medium.
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