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Abstract

In this thesis, the concept of absorbance-modulation optical lithography (AMOL) is
described, and the feasibility experimentally verified. AMOL is an implementation
of nodal lithography, which is not bounded by the diffraction limit of incident lights.
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required by AMOL.
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Chapter 1

Introduction

1.1 Nodal Microscopy and Lithography

1.1.1 Beyond the Diffraction Limit

Conventional optical lithography techniques generate optical patterns by projecting
an image of a physical mask, by scanning one or more tightly focused spots[1], by
scanning near-field probes[2], or by exposure through a contact mask([3]. The first
two are far-field techniques, and hence, limited by diffraction. One way to increase
the resolution of such techniques is by decreasing the wavelength of illumination or
by immersing the system in a medium with higher index of refraction, both of which
often involve exceptional engineering challenges. Although the last two techniques are
capable of sub-diffraction-limited patterning, they suffer from difficulties regarding the
generation of the sub-wavelength aperture (usually with a mask) and gaping, which
are described in section 1.2.1.

Alternative ways to surpass the diffraction limit for systems utilizing a focused
light beam for microscopy or lithography is to utilize optical nonlinearities, such as
multi-photon absorption|[4], photoresist recording, and perfect lenses with negative re-
fractive indices [5]. Multi-photon absorption usually requires high local light intensity,
and the scaling of the full width at half maximum (FWHM) is inverse of the number

of photons participating in the process, which is difficult to scale up. The high nonlin-
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earity in the sensitivity curves of photoresists enables patterning of an arbitrary small
spot by clipping close to the maximum of a point-spread-function(PSF) of light beam
provided that there is infinitely accurate dose control. However, despite the infeasibil-
ity of such accurate dose control, the maximum intensity of a PSF usually fluctuates,
giving large line-edge-roughness(LER) when pattering close to the maximum of the
PSF. Additionally, since the Rayleigh criterion gives the minimum separation, d, of
two simultaneously focused spots as d = 1.22A/N A, where A is the wavelength of
the light of illumination, and N A is the numerical aperture of the focusing element,
the ability of patterning arbitrary small spots with the nonlinearity of photoresists
is limited to single spot or sparse feature exposures and does not really increase the
patterning density. In contrast, dose control is achievable if we can pattern at the
node instead of the peak of an intensity distribution, and the patterning density of
such technique is not necessarily bound by the Rayleigh criterion. For example, in

an optical node generated with a phase step, as shown in Fig. 1-1 (b), the change of

| e (O = =
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-1 0 i =] 0 1
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Figure 1-1: Techniques for generating an optical node. The mask structures are
shown at the top, with the resulting amplitude profiles in the middle. At the bottom
are the in-focus (solid lines) and out-of-focus (dashed lines) intensity profiles. (a)
Conventional transmission mask. (b) Phase edge.[6]

sign of amplitude at the edge of the m-phase shifter ensures an absolute zero intensity

at the edge. Unlike the case in Fig. 1-1 (a), where diffraction of light from the edge
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begins to contribute to the nonzero intensity under the mask as the width of the mask
decreases and the intensity of the incident light increases, the node in Fig. 1-1 (b)
remains zero regardless of the incident light intensity. Therefore, providing exactly
m-phase shift and unlimited incident light intensity, the light intensity at the node is
absolutely zero, and the clipped feature size can be made arbitrary small with a fixed
clipping dose without affecting the rest of the substrate. In reality, the capability of
this technique is limited by the achievable light intensity, quality of the node, and the
ability to pattern at a node. We will discuss several methods to pattern at the node
in the rest of this chapter. The first method utilizes matastable-state atoms and a
photo-quenching process to enable pattering at optical nodes. The other two methods
illuminate a focused spot and an optical node at the same position, utilize nonlin-
earity in the optically active materials, and finally collect light or create patterns
with ways developed for conventional optical microscopy and optical lithography. A
similar idea of linearly subtracting the signal of a optical node from a conventional
Gaussian PSF increased the resolution of a scanning optical microscope by a factor
of two[7]. Note that although the size of each single node is not limited, the Rayleigh
criterion still applies to the distance of two adjacent nodes simultaneously in focus.
In summary, the core idea of nodal microscopy and lithography is stated as follow:
If there is a way one can detect signals or expose only at the nodes, instead of at
the peaks of the light pattern, and collect signals or pattern from different positions
incoherently (one after another), neither the feature sizes of each exposure nor the

distance between patterns will be bound by the Rayleigh criterion.

1.1.2 Neutral-Atom-Beam Lithography

The idea of nodal lithography was first proposed in 1996[8] and demonstrated with
neutral-metastable-atom lithography in 1998[9]. The metastable argon atoms used in
the system have an energy spectrum as shown in Figure 1-2. An IR photon can bring
the metastable argon atom to its excited energy state, which then radiatively decay to
its ground state. Metastable argon atoms are capable of damaging the self-assembled

monolayers[10] or prompting the deposition of carbonaceous film from vapor-phase
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IR laser
excitation

|m> i

Figure 1-2: Simplified diagram of the argon level structure used for the neutral-
atom nodal lithography system. An IR laser photon can excite the atom from the
metastable state | m > to an excited energy state | e > that can radiatively decay to
the atomic ground state | g >, dissipating the internal energy of the metastable state
(12 eV) as a UV photon. Metastable argon atoms are able to induce carbonaceous
film deposition on the surface of the substrate, while the ground-state argon atoms
are not.[9]

hydrocarbon precursor upon collision with the surface[9], while ground-state argon
atoms are not. The experimental set up is shown in Figure 1-3. A one-dimensional
standing wave was created with an IR laser with a cylindrical symmetric Gaussian
intensity profile to provide optical quenching of the metastable argon atoms as well as
to optically confine the atoms towards the node of the beam. As a result, only atoms
that pass through the nodes of the IR beam remain in their metastable states and
interact to form carbonaceous structures on the substrate. Atoms that pass through
the high IR light intensity regions are photo quenched to their ground states and do
not interact with the substrate. The IR standing wave, therefore, acts as a virtually
absorbing mask, letting only those metastable atoms very close to the nodes pass
through without being quenched. This aperture can be made much smaller than
the wavelength of the IR light, so what limits the feature size of the lines, in this
case, is the Heisenberg uncertainty limit of the atoms. As shown in Fig. 1-4, a final
pattern with 65nm FWHM, which is about /15, was achieved. Note that although
the isolated feature size patterned with this technique is not limited by the Rayleigh

criterion, the spacing between adjacent features, i.e. the period of the IR grating,
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Metastable atom = (3 = [m) Ground-state atom = O = |g)
UV photon = v/ Deposited material = =

Figure 1-3: Schematic diagram of the experimental setup of neutral-atom nodal
lithography. The 1D standing wave in IR spatially confines the argon atoms and
optically quenches the metastable atoms everywhere except in narrow regions around
the nodes of the standing wave. The transmitted metastable atoms interact with
the surface and a background vapor precursor (not shown) to deposit a carbona-
ceous material. The achievable feature size with this technique is limited only by the
matter-wave diffraction of atoms, which is negligible.[9]

Sec. € Intensity

—fe e
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Figure 1-4: (A) AFM image of the pattern etched into a Si(110) substrate. The
features etched into the silicon was 12 nm in height, while the original carbonaceous
resist was only 0.6nm thick. (B) Average line profiles of SEM images were used to
determine the width of the features. Analysis of the secondary electron intensity
versus position indicates that the FWHM of the lines is 65 + 0.5 nm.[9]
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is. However, since the intermediate areas remain completely unexposed, one can fill
in those areas to create dense grating patterns by translating the IR grating or the

substrate by a fraction of the grating pitch and expose the substrate again.

Limitation and Constraints

Although neutral-atom lithography demonstrated high-resolution lithographic capa-
bility, a number of obstacles must be overcome before this technique can become
widely applicable for general lithographic purposes. First of all, the exposure times
are typically hours due to faint atomic sources. The choice of atomic sources with
proper photo-initiated metastable state transitions and the type of resists that would
selectively react to the metastable state atoms is also limited. Second, the resists, or
etch mask created by this technique, e.g. the carbonaceous films shown in the case
above, are typically only Inm. Therefore, the fabrication of any useful structures
with higher aspect ratios requires an additional transferring step into the underlying
substrate. Finally, the exposures must be performed in vacuum.

In summary, nodal lithography was successfully implemented with the neutral-
atom lithography system by creating a sub-wavelength aperture for the patterning
atoms close to the node of a far-field standing-wave light pattern. Neutral-atom lithog-
raphy is advantageous for its potential capability of atomic resolution, no charging
effects, and little damage to the substrate material because of the low atomic ki-
netic energies. However, it suffers from difficulties in the selection of atomic sources
and recording resists, low throughput, and the fact that the lithography must be

performed in vacuum.

1.1.3 Fluorescence Microscopy

Stefan W. Hell from the Max Plank Institute for Biophysical Chemistry, Department
of NanoBiophotonics, Goettingen, Germany proposed the use of an optical node to
break the diffraction limit in fluorescence microscopy. He called this as stimulated-

emission-depletion (STED) fluorescence microscopy in 1994[11]. This concept of uti-
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lizing a reversible photo-induced transition between two states was later expanded

to a three state system, as shown in Fig. 1-5 (a), to enable lithography[12]. State
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(a) (b)

Figure 1-5: (a) Diagram of state transition for nodal microscopy. A: the “active”
state; B: the deactivated state. A—B is a saturable optical transition. B—A has
no restrictions on the type of mechanism. Transition (F) to the irreversible state C
enables writing of permanent structures. (b) Schematic of the lithography process
with the states and transitions shown in (a). (i) The material is initially completely
in state A. (ii) Expose the light that induces the saturable transition A—B to define
sub-diffraction regions around the nodes at ;. (iii) Impose the reaction A—C to
create permanent structures on the sample. (iv) Shift the nodes by dz and repeat the
process in (ii) to place a similar structure at arbitrary proximity. (v) The lithographic
linewidths can be adapted through the degree of saturation.[12]

A in Fig. 1-5 (a) represents the fluorescent excited state, or in general, the “active”
state that allows emitting of light or patterning of the resist. State B represents the
state that can be deactivated from state A with an efficient photo-induced process
and can be brought back to state A with a separate process. State C represents
an irreversible state that enables writing of permanent structures. For example, in
neutral-atom nodal lithography, the metastable argon atoms would be state A, the

ground-state atoms would be state B, and the carbonaceous film deposition induced
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by the collision of metastable atoms on the substrate would be state C.

The key step to this technique is the saturable A to B photo-induced transition,
which deactivates state A, and ensures that parts illuminated with this light remain
unexposed or cannot fluoresce, and leaves only those very close to the optical nodes
in state A. Again, because the FWHM of the node is not bounded, the area that
remains “active” is highly localized and does not suffer from the diffraction limit
of the illuminating light(s). The signal collected from the remaining active states,
therefore, represents only the information of that highly localized area, regardless of
the diffraction limit imposed on the light that is actually collected. A schematic of
applying this 3-state system to nodal lithography to achieve arbitrary dense patterns
is shown in Fig. 1-5 (b). What’s shown here is the same as the idea of re-exposing a

spatially stepped substrate to pattern between nodes in neutral-atom lithography.

Ly EE plinhole dichrolc mirror objectiva leng Intensity distibutions
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Figure 1-6: (a) Energy levels of a typical fluorophore. (b) Schematic of the experi-
mental setup for STED fluorescence microscopy. An excitation beam and the STED
beams with a central node are focused for excitation and stimulated emission of the
object. The beam intensity distribution is shown on the right. The spontaneously
emitted light from the object is recorded in a (point) detector. Imaging was done by
scanning the beams with respect to the object.[11]

Figure 1-6 (a) shows the energy levels of a typical fluorophore utilized in fluores-
cence microscopy. Sp and Sy are the ground and the first excited state, Ly is the low
vibrational level of Sy, and L; is the directly excited level of Sy, Ly is the relaxed
vibrational level of Sy, and Ls is a higher level of Sy. Figure 1-6 (b) shows a schematic

of the stimulated-emission-depletion (STED) fluorescence scanning microscope that
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was first proposed. The excitation light is focused and generates the Ly to L; transi-
tion. The role of the STED beam is to induce the L, to L3 transition by stimulated
emission and to deplete the excited state before fluorescence takes place. The average
fluorescence lifetime is of the order of 2 ns, the average vibrational relaxation time for
Ly to Ly and Ls to Ly is typically 1-5 ps, and the quenching rate is typically 108571,
The vibrational relaxations are 3 orders of magnitude faster than the spontaneous
emission Lo to L3. As stated in ref.[11], because of the dynamic nature of this process
it is advantageous to use pulsed lasers with pulses significantly shorter than the av-
erage lifetime of Lo, i.e., pulses in the pico-second range. Temporal separation of the
excitation and stimulated emission can be achieved by introducing a delay between
the excitation and STED pulses. The optimal value of the temporal delay is such that
the stimulated-emission pulse arrives as soon as the excitation pulse has ended since
in that case, Ly is not being populated while stimulated emission is taking place, so
the depletion process of L, would be very efficient.

The STED beam is shaped to form a sub-wavelength node where the fluorescence is
preserved. Improvements on the spatial quality of the STED beam[13] and the system
were made over time, but the underlying mechanism remains the same. Recent results
with STED fluorescence microscopy showed about A\/50 FWHM of the reduced focal
spot, as shown in Fig. 1-7, and demonstrated the capability to optically distinguish
two particles with A/10 spacing[14].

Limitations and constraints

The most obvious constraint for fluorescence microscopy is that the sample under ob-
servation must fluoresce. In addition, since the resolving power of STED fluorescence
microscopy increases with the square root of the saturation level[14], high intensity
quenching light may be required. Moreover, since the timing of the pulses are also
critical to the depletion level, and, therefore, the system resolution, accurate control
of the laser pulse widths and the delay between them is required. Finally, although
STED works well for fluorescence microscopy, it has not yet been found possible to

conduct lithography with this fluorescence system.
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Figure 1-7: Reducing the fluorescence focal spot size to far below the diffraction limit:
(a) spot of a confocal microscope (left) compared with that in a STED microscope
(right) utilizing a y-oriented intensity valley for STED (upper right insert, not to
scale) squeezing the spot in the x direction to 16 nm width. (b) The average focal
spot size (squares) decreases with the STED intensity following a square-root law.
Insert (right) discloses the histogram of the measured spot sizes rendering the 26 nm
average FWHM.[14]
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1.1.4 Absorbance Modulation Optical Lithography (AMOL)

A method applying a photochromic absorbance-modulation layer (AML) with one
highly absorbing and one less absorbing state on top of the ordinary photoresist
layer has been proposed[15]. Simulation showed that much higher resolution than
that of the immersion technique could be achieved utilizing the two state absorbance
and dichromatic transitions of the AML to modulate the transmitted point spread
function[15]. A resolution of 30nm was predicted for patterns generated with a focused
patterning beam and a ring-shaped modulation beam simultaneously illuminating the
sample. This technique is called absorbance-modulation optical lithography (AMOL,)

as shown in Fig. 1-8.
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Figure 1-8: Schematic of AMOL. Note that the definition of configurations (A and B)
is from that used in chapter 2. The ring illumination at Ay creates a local subwave-
length aperture for \;, through which the underlying photoresist is exposed. After
exposure, the AML recovers by exposure to As. The substrate is stepped, and the Ay,
Ao exposure is repeated, effectively scanning the subwavelength aperture.[15]

Comparing the concept of AMOL to the diagram proposed by S.W. Hell in Fig. 1-
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5 (a), the less absorbing state of AML would be the “active” state A, permitting the
patterning light to penetrate through the AML; the highly absorbing state would be
state B, preventing the light from passing. I[llumination of light with wavelength X\,
brings the AML from state B to state A, and the illumination of light with wavelength
A2 brings the AML from state A to state B. However, instead of having the AML
initially in state A, the default state for AML is the inactive state B. Moreover, the
patterning process of the underlying photoresist induced by the light at A\; passing
through the AML would not be classified as transition to state C in the scheme
S.W. Hell proposed. There is a small, but substantial difference in how permanent
structures are created between AMOL and the scheme presented in Fig 1-8. In the
model shown in Fig. 1-5 (a), state C is arrived at from state A via an irreversible
process. In contrast, the permanent structures in AMOL are created with light and
an additional recording-material system, independent of the state switching in the
AML. The state switching material, the AML, is only used to create a contact sub-
wavelength aperture on top of the sample, either to conduct patterning in the case of
lithography or to emit lights to be observed in the case of microscopy. The fact that
the AML behaves independently of the recording stack facilitates the search on AML
materials since the behaviors of the AML materials and recording materials can be
optimized separately. Both photochromic materials and photoresist have been widely

studied in the literature.

AMOL differs from neutral-atom nodal lithography and STED fluorescence mi-
croscopy in another important sense that the exposure condition is reached under
photostationary dynamic competition between the A—B and B—A trasitions. Un-
like in neutral-atom nodal lithography, where each argon atom is only pumped to its
metastable state once over the process, and in STED fluorescence microscopy, where
the fluorescence molecules are only excited once for signal collection at each posi-
tion, both lights exposing the AML can be continuous lights, and there is no timing

requirement.

However, since the aperture generated in the AML is sub-wavelength, the near-

field lights that pass through can not propagate very far from the aperture, a thin
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(less than 30nm) resist, and, therefore, a process to transfer resist patterns to achieve
high-aspect-ratio structures, the same as that mentioned in neutral-atom nodal lithog-
raphy, are required.

The AMOL system will be described and discussed in detail in chapter 2.

1.2 The Zone Plate Array Lithography (ZPAL)

System

1.2.1 Advantages of Optical Maskless Lithography

Although the main-stream patterning technologies in the current semiconductor in-
dustry still utilize mask-based lithography processes, the development of maskless
lithography has provided promising possibilities for future technologies in terms of
both resolution and throughput[1]. Patterning with a contact mask can achieve high
resolution[3], but suffers from the requirement that an accurate mask is required in
intimate contact with the substrate. Any defects in the mask or the substrate surface
have significant deleterious effects on the generated patterns.

The zone-plate-array-lithography (ZPAL) systems have been developed in our lab
with a 400 nm source and a resolution of 150 nm[16, 17]. Attempts to increase the

resolution of ZPAL systems by applying immersion lithography have been made][18].

1.2.2 System overview

Figure 1-9 shows the schematic of the zone-plate-array lithography (ZPAL) system.
Collimated beams modulated with a spatial-light modulator are sent to an array of
binary-phase zone plates, generating an array of focused spots at the focal plane of
the zone plates. With this simple optical design, massively parallel beams (103-10°)
are achievable. By scanning the substrate on the stage, arbitrary patterns can be
written in a dot-matrix fashion. The resolution of ZPAL is limited by the Rayleigh
criterion, but can be extended by using shorter patterning wavelength or by the use

of absorbance-modulation.

27



X spatial-light
I ) N modulator

laser <

spatial
filter

collimating
lens v

Beamlets individually turned on

. . . telescope
and off with micromechanics. P

zone-plate array

substrate

»>

Each zone focuses radiation to a spot.
Wafer stepped in raster pattern.

Figure 1-9: Schematic of the zone-plate-array lithography (ZPAL) system. An array
of Fresnel zone plates focuses the incident collimated beamlets. By scanning the
substrate on a stage, arbitrary patterns are written in a dot-matrix fashion.

1.2.3 Integration of AMOL on ZPAL

AMOL can be integrated with ZPAL to obtain sub-wavelength resolution and high
throughput at the same time. Figure 1-10 shows a schematic of such integration. In
this schematic, the zone plate array is replaced with a dichromatic plate array. The
dichromatic plate array gives the exposure condition of AMOL, which corresponds to
a focused spot for the A\; beam and a donut-shaped spot with a central node for the
A2 beam, as shown in Figure 1-11.

One way to fabricate the dichromatic plate is to combine the zone plate array and
spiral phase elements. The inner zones of the zone-plate array are replaced by spiral
phase elements. Wavelength-filtering layers are coated on the back of the dichromatic-
plate array so that only Ay light passes through the spiral-phase plate, and only Ay
light passes through the rest of the plate. The spiral phase element at the center
creates the null at Ay required for AMOL, and the outer zones of the zone plate focus
the beam at A{, but with a lower efficiency. Because the diffractive optical patterns of

the dichromatic plate can be fabricated with a single scanning-electron-beam lithog-
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Figure 1-10: The scheme of AMOL integrated with a ZPAL system. Collimated laser
beams with wavelength A\; and A, are sent into the dichromatic-plate array, which
focuses the A\; beam and creates the donut-shaped profile for the Ay beam.
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Figure 1-11: Exposure condition for AMOL. The beam shape is axially symmetric.
With proper design, the donut-shaped A\ beam suppresses the bleaching of the tails
of the main lobe of A\; beam though the AML, resulting in a sharper patterning beam

and higher resolution.
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raphy step, the focused spot and donut-shaped beam the dichromatic plate generates
would be automatically aligned. The only alignment step required in this process is
coating the wavelength-filtering layers. Other designs, including designing a modified
zone plate that simultaneously focuses the A\; beam while creating a central node of

the Ay beam, are also under investigation.

1.3 Organization of Thesis

In this thesis, the concept of absorbance-modulation optical lithography (AMOL) is
described, and the feasibility experimentally verified. In chapter 2, a model to simu-
late AMOL is proposed, and several key elements of the AMOL system discussed. In
chapter 3, several material systems of AMOL are described. In chapter 4, experimen-
tal results that demonstrate the capability of AMOL and limitations on the material
and optical systems are presented. In chapter 5, the design and fabrication results
of spiral phase elements that generate the ring-shaped beams with central nodes are

shown.
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Chapter 2

Absorbance Modulation Optical
Lithography (AMOL)

In this chapter we describe the implementation of absorbance-modulation optical
lithography (AMOL) to overcome the diffraction limit. We show by simulation that
AMOL enables the focal-spot approach to achieve a lithographic resolution that is
1/13th of the wavelength. We also verify that absorbance modulation represents an
optical nonlinearity that depends on the ratio of two independent intensities and not
on the absolute intensity of either one alone. By choosing the appropriate ratio of
power densities at the two wavelengths, the width of the transmitted lines can be
significantly smaller than the diffraction limit. This technique, therefore, opens up

the possibility of generating optical near fields with far-field optics.

2.1 The Absorption Modulated Optical Lithogra-
phy (AMOL) System

The concept of the AMOL system relies on the reversible photochromic property
of the Absorbance Modulation Layer (AML), as shown in Figure 2-1. The expo-
sure of a beam of light with wavelengthl \; converts the originally highly absorbing
AML configuration A to a less absorbing configuration B. The light at A; then pene-

31



trates the AML and exposes the underlying photoresist. If we turn off the exposing
light, the AML can either thermally return to its original configuration or be brought
back to the high absorbance configuration B by exposing the AML to another beam
with wavelength X\s. Note that it is crucial that the wavelength Ay does not ex-
pose the photoresist while converting configuration B back to configuration A. This
reversible photochromic property has been widely studied in the reversible contrast
enhancement layer (RCEL) and referred to as bleachable absorption[19] and reversible

bleaching[20].
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Figure 2-1: Schematic of AMOL. The ring illumination at Ay creates a local sub-
wavelength aperture for \;, through which the underlying photoresist is exposed.
After exposure, the AML recovers by exposure to Ay or thermally. The substrate is
stepped, and the \i, Ay exposure is repeated, effectively scanning the subwavelength
aperture.|[15]

By simultaneously illuminating the layers with a focal spot at the bleaching wave-
length \; and a ring-shaped illumination at the reversing wavelength \,, the dynamic

competition in the AML results in a transmission aperture at the bottom of the AML
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that is much narrower than the case without the AML effect. In other words, because
of the designed ring-shaped light at Ay, the bleaching process through the AML at
the sides of the main lobe and side lobes of the A\; beam can be selectively suppressed,
resulting in a much sharper transmitted point-spread function (PSF) at the photore-
sist layer. The exposure condition and compression of the PSF are shown in Figure
2-2. Once the exposure of a given spot is completed, a second exposure can be carried
out adjacent to the first at a separation that is significantly smaller than the width

of the original A\; input PSF, as shown in Fig. 2-1.
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Figure 2-2: Exposure condition and PSF compression for AMOL. The beam shape is
axially symmetric to the d=0 axis. With proper design, the main peaks of Ay beam
overlap the side lobes of A\; beam and therefore suppresses the bleaching of the side
lobes of A; beam though the AML, resulting in a sharper patterning beam and higher

resolution. Iy is the intensity of the A\; beam, and [y, is the intensity of the Ay beam.
Simulation results done by Rajesh Menon

The nonlinearity that enables the compression of the transmitted A\; PSF is in-
troduced by the reversible photochromic property of the AML, and the structured
illumination at the two wavelengths. It is not dependent on large light intensities, but
utilizes the concept that a null in optical intensity, such as realized via phase steps,
is not bound by the Rayleigh criterion. In fact, the phase-step concept is employed
in modern optical lithography[21]. In the next section, we show that the resulting
nonlinearity is dependent on the ratio of the intensities at the two wavelengths, not

on either one alone, and hence, is not limited by the diffraction limit imposed by
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either one.

2.2 Theory, simulation results, and the resolution

limit of AMOL

2.2.1 Modeling AMOL

AMOL was modeled as a time-dependent absorbance variation layer with a thickness
much less than the wavelength A;. In this model, we assume no back reflection from
the substrate under the photoresist. The relation between the incident light intensity

and the exposure dose on the top surface of the photoresist can be expressed as
D(r,7) = Iu(r) [ 1070t (2.1)
0

where [y (r) is the light intensity at A; incident on the top surface of the AML, r is
the position on the surface, 7 is the exposure time, and «a; is the absorbance at A, of

the photochromic layer.

From the Beer-Lambert equation,
ap(r,t) = aqa + aip = {€1a[A(r, t)] + e15[B(r, t)|} (2.2)

where [A(r,t)] and [B(r,t)] are the concentrations of configurations A and B, respec-
tively, in the AML; €14 and ¢;5 are the molar absorption coefficients of A and B
configurations at A1; and [ is the thickness of the AML. The fraction of the incident

A1 radiation that is absorbed is given by[20]

I()l (T’)
[

fi(rt) = [1 — 107 ("] (2.3)

Assuming that the fraction that was absorbed by the A configuration all contributes
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to the A to B transformation, this fraction is given by

fia(r,t) = 101Z(T) (1-— 100‘1A(’“¢))023(7:7t’;) _ [o1l(r>F1 (ryt)aga(r,t) (2.4)

where [} is called the photokinetic factor at A\, and aj4 is the absorbance due to

configuration A only, as indicated in Eq. 2.2.

Our absorbance model must take into account that thermal conversion can occur
from B to A, the stable lower-free-energy configuration, but not from A to B. Also,
while A; predominantly converts A to B, it also converts B to A, but at a lower
efficiency. Similarly, while Ay predominantly converts B to A it also converts A to B,

but at a much lower efficiency.

The change in the concentration of A as a function of time during exposure can

be written as

dlA b r r
_diAln 1)) = ¢1AB—IOIl( LFy (r, t)ona(r, t) + goap IOQl( LEy(r taza(r,t)  —kpa[B(r, )

dt
—P14B IOll(r) Fi(r,t)aup(r,t) — ¢aap IOQZ(T) Fy(r, t)asp(r, t) (2.5)

where ¢ is the quantum efficiency of the subscript designated transformation, the sub-
script 2 refers to illumination by Ao, and kpa[B(r,t)] is the rate of thermal conversion

from B to A. Finally, from conservation of mass,
[Alo = [A] + [B] (2.6)

where we assumed that only species A is present initially, with a uniform concentration

of [A]p. Substituting Egs. 2.6 and 2.2 into Eq. 2.5 yields

d[A(r,t)]
dt
[(P1aBe1a + d1pacrs)lon(r)Fi(r,t) + (P2ap€aa + Papacan)loa(r)Fo(r, t) + kpa)[A(r, t)]

—[kpa + ¢r1pacriploi(r)Fi(r,t) + papacaploo(r) Fa(r, t)][Alo (2.7)

By numerically solving Eq. 2.7, we can evaluate the transient behavior of absorbance
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under illumination.

From the information of absorbance chance over time, we can numerically integrate
Eq. 2.1 to obtain the light intensity at the top of the photoresist layer from the
incident light intensity. Furthermore, if the exposure time 7 is chosen such that the

photostationary state is reached at all points, then we can approximate Eq. 2.1 as
D(r,7) = I (r) / 107170 gt = Jo (r)r(10721rs() (2.8)
0

where a;pg(r) is the absorbance in the photostationary state at r. Because the initial
absorbance is high compared with «;pg(r), the contribution to the transmitted PSF,
D(r,7), during the initial transient is intrinsically smaller. The approximation of
Eq. 2.8 is valid even when 7 is not much larger than the duration of the transient,

because the absorbance enters into the exponent.

To gain more insight into this model, we can simplify the results by computing its
photostationary state so that Eq. 2.7 goes to zero and assuming a negligible thermal

rate constant k. Equation 2.7 then becomes

[(P1aB€14 + P1a€1B) F1(1) + (P2aB€24 + ¢2BA€2B)@F2] [A(r)] =

o1
1
[pr1pacipFy + ¢2BA€2B)%F2][A]O (2.9)
01
and the final absorbance a;pg(r) is
ar(r) = [(e14 — e18)[A(r)] + e15[A]o]l (2.10)

Note that in Eq. 2.9, [A(r)] and, therefore, a;pg(r) is dependent only on the ratio
of the intensities Ino(7)/lo1(r), but not on the absolute intensities themselves. If we

look at the extreme cases of Ina(7)/In1(r) — oo and Ine(r)/Ioi(r) — 0, we get

_ Papa€ap
Al = [A]O¢2AB€2A + P2pacap (2.11)
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for Too(r) /I (r) — oo, and

¢1BA613
A =[A .
A =1 ]O¢1AB€1A + ¢1paciB (2.12)

for Ina(r)/Loi(r) — 0 In order to achieve maximum contrast in the photostationary
absorbance, we would like our optical contrast, which is represented by the modu-
lation of the Ioo(r)/Io1(r) term, to convert efficiently into the modulation of [A(r)].
Therefore, in Eq. 2.11, [A(r)] should be as close to [A]y as possible, while in Eq. 2.12,
[A(r)] should be as close to 0 as possible. These constraints can be alternately de-

scribed by the following conditions

Duam (2.13)
$1BA €1B
brpa€eB (2.14)
G2AB €24

which simply mean the absorption of A\; should be much higher for configuration A
than B, and A; illumination should trigger the A to B transformation much more
efficiently than the reversed transformation (same applies for Ay illumination and the
B to A transformation). These conditions agree well with the picture of the ideal
behavior of the AML.

One last thing to note is that because the final image contrast at the top of the
photoresist depends on the contrast of the photostationary absorbance and the final
exposure dose, high contrast only in the modulation of [A(r)] is not enough. Eq. 2.10
shows that the contrast in [A(r)] translates into the final absorbance contrast through
a factor of (€14 — €15)). Therefore, high initial absorbance of the AML material, €; 4,

is also important to the final image contrast.

2.2.2 Simulation results

From the above models we can simulate the AMOL point spread function (PSF) using
parameters for the AML. Details on the calculations and parameters used can be found

in ref. [15]. Figure 2-3 shows the calculation results of a highly compressed PSF (the
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AMOL PSF), which determines the major lithographic figures of merit, at the top
of the photoresist layer. If the assumptions for Eq. 2.9 are satisfied, the compression
of the PSF is only dependent on the absorbance distribution in the photostationary
state, independent of the absolute intensities at A; and As. In fact, higher incident
intensities only shorten the time to reach the photostationary state and the exposure
time. It should be noted that since a significant amount of incident light is absorbed
in the AML, the efficiency of light transmission is quite low. By going to shorter
wavelengths, one can clearly achieve narrower focused spots and rings, and hence a

narrower transmitted (or AMOL) PSF as well.
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Figure 2-3: PSF compression via AMOL. During exposure by a focused spot at Aq,
a ring-shaped spot at Ag also illuminates the same area as shown. Illumination at
A9 suppresses the conversion from A to B except at the center of the spot, where its
intensity is 0.[15]

A grating of 50% duty cycle was used as a test pattern to evaluate the contrast in
the final aerial image and compare it with the image contrast obtained with the un-
compressed PSF. Figure 2-4 shows the aerial-image contrast as a function of the half-
pitch of a grating. As expected, the contrast decreases with decreasing half-pitch. A
plot for the uncompressed PSF is also shown. We have experimentally demonstrated
135 nm half-pitch gratings using this uncompressed PSF[18], which corresponds to an
aerial image contrast of 0.12. For the same image contrast, the half-pitch obtained

with the compressed (AMOL) PSF would be 30 nm. Thus, the simulation indicates

38



that AMOL should be capable of printing features that are smaller than A/13 with
spatial periods far below the Rayleigh resolution criterion. The improvement in image
contrast via AMOL is achieved through the reduction of the width of the mainlobe
of the PSF as well as the suppression of the major sidelobes. This latter suppression

has the important result of reducing proximity effects.
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Figure 2-4: Aerial image contrast of grating patterns as a function of the grating
half-pitch with and without AMOL compression. The scanning-electron micrograph
of 135 nm lines and spaces was patterned using an uncompressed PSF at A\;=400 nm
and NA=0.85.[18, 15]

2.3 Key elements to the AMOL System

According to the design and simulations discussed in previous sections, this section
summarizes the key elements that determine the feasibility and resolution capability
of AMOL. In chapter 3, we describe in detail the material system for the AML and the
recording stack mentioned in section 2.3.1 and 2.3.2. In chapter 4, we experimentally
characterized the spatial structure of this localized light field with the material sys-
tems described in chapter 3, and compared it against the theoretical model. Finally,
in chapter 5, we demonstrate the fabrication of diffractive optical devices to obtain

the ring-shaped beam for Ao, as discussed in section 2.3.3.
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2.3.1 AML properties

The most obvious constraint on the AML is its reversible photochromic transitions.
However, there are many subtle, but important parameters regarding this transition
process that greatly affects the capability of AMOL, such as the absorbance contrast,
transition speed, thermal stability, and the transition wavelengths. In fact, there is
no perfectly transparent or opaque state for any material and the transition between
the two states is not 100% efficiency. The idealized picture of AMOL is good for
describing the concept, but in reality there is always a compromise between perfect

material properties and perfect resolution.

The absorbance contrast

Since there are neither perfect transparent nor opaque states of a material, what
we are concerned with here is the absorbance contrast. The absorbance contrast is
defined as the absorbance for configuration A over the absorbance for configuration B
at A\;. For example, Fig. 3-2 shows the UV-Vis absorbance spectra of one of our AML
materials. The absorbance contrast is about 4 in that case and is shown in chapter 4
to be sufficient to provide enough modulation in the AML to demonstrate AMOL.
Note that section 2.2.1 shows that not only the absorbance contrast, but the
absolute absorbance for configuration A determines the final image contrast after
passing through the AML. Although we can always increase the absolute absorbance
by using thicker AML, because light also diffracts within the AML, the final image
contrast decreases as the thickness of the AML increases and, therefore, limits the
maximum thickness of the AML. One way to increase the absolute absorbance is to
increase the density of the photochromic molecules by polymerizing small molecules

and adding plasticizers.

The photo-transition speed

The ratio of the two photo-transition speeds from A to B and from B to A determines

the physical power ratio one needs to apply to achieve the desired dynamic PSF
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formed in the AML. The absolute photo-transition speed from A to B determines
the transient time before the AML reaches its photostationary state. Usually it is
desirable to have a faster transition from B to A, preventing the AML from over

bleaching and exposing the underlying photoresist during the transient state.

Thermal stability

Thermal instability of the AML is not desirable, as discussed in section 2.2.1. We
showed that if kg4 = 0, implying thermal stability of the AML, the modulation in
the AML and therefore the final PSF passing through the AML only depends on
the Ip1 /1o ratio, but not on either intensity. However, when thermal instability is
included, thermal conversion speed from configuration B back to configuration A sets
an absolute scale which the light intensity at A\; would have to overcome in order to
bring the absorbance of the AML down enough to efficiently expose the underlying
photoresist. Fig. 2-5 compares the scaling of full width half maximum (FWHM) with
Ao to A1 power ratios for cases with and without thermal instability. It can be seen
clearly that thermal instability imposes a limit on the scaling of the FWHM and also
increases the required power ratio P,/ P; to achieve the same FWHM. Extremely high
Py /Py is also undesirable because heating effect becomes dramatic when the one of
the laser powers becomes high or when the exposure time becomes long. Note that
in Fig. 2-5, the calculations were done assuming perfect optical node at the center
for A\g. The effect of thermal instability can also be thought of as imposing a uniform

background illumination at Ao, resulting in an imperfect node.

The transition wavelengths

Not all transition wavelengths will work. In order to construct the high quality focused
beam and ring-shaped beam, a proper laser light source is required. In addition, the
requirement that Ay does not expose the underlying photoresist implies that Ay needs
to be larger than \; and Ay cannot be too close to A\, depending on the photoresist
property.

Other less important properties include the ease of film processing. Small molecules
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Figure 2-5: The scaling of full width half maximum (FWHM) with power ratios P,/ P,
(a) with and (b) without thermal instability. Thermal instability imposes a limit on
the scaling of the FWHM and also increases the required power ratio P,/ P; to achieve
the same FWHM. Simulations were done by Rajesh Menon.

segregate easily, so it’s difficult to make uniform films out of them. In contrast, long
chain polymers are usually easier to spin-coat in solution. In the experiments de-
scribed in this thesis, small molecules are dissolved in a polymer matrix with the
highest concentration possible before molecular segregation occurs, while polymers

are spin-coated directly.

2.3.2 Recording stacks properties

The recording stack under the AML is a photoresist-based stack modified to accom-
modate the AML behavior. Because the AML needs to be removed after the exposure,
but before photoresist development, we must be able to remove the AML without af-
fecting the underlying photoresist. However, most solvents of the AML do affect the
photoresist, so even spinning the AML on top would degrade the photoresist prop-
erty. Therefore, a protection layer is required, and will be discussed in the following
chapter.

The photoresist should be insensitive to Ay, while having a reasonable (as high
as possible, exposure time should be less than 2hrs) sensitivity to A;. In addition to

having high resolving power, the photoresist should be able to work at a resist thick-
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ness as thin as possible because the light that transmits through the sub-wavelength
aperture formed in the AML is the near field component, which does not propagate
very far. The stack would, therefore, need to be transferable to a bottom stack to

create higher-aspect-ratio structures.

2.3.3 The optical properties of the system

The node quality of A\, is critical to the aperture formation in the AML and the final
image contrast. The null at the center of the ring-shaped illumination ensures that
the conversion from the opaque A configuration to the transparent B configuration
is maximized there, while everywhere else the conversion is reduced. The quality of
the node has a great effect on the full width half maximum (FWHM) of the PSF
reaching the photoresist layer. As shown in Fig. 2-6, a resolution limit is imposed on
the scalability of the FWHM with only a 1% background. In the experimental setup
that will be discussed in chapter 4, the background is typically 3%. In addition, the
A1/ Ao intensity ratio in that case was also limited due to limited laser power and lack
of focusing ability of the system setup. These two optical properties greatly affect
the resolution one can achieve, and should be taken into serious consideration when

building the optics.
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Figure 2-6: The effect of an imperfect node in the Ay beam. The figure on the left
shows the optical intensity distributions of the two beams, and the figure on the right
shows the FWHM scaling with power ratio under the presence of the 1% background.
Simulations were done by Rajesh Menon.
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Chapter 3

The Recording Stack

3.1 The Stack Design

3.1.1 The Stack and the Development Procedure

The substrate consisted of pieces of silicon wafer that were spin coated with 200 nm
of antireflection coating, BarLi (Microchemicals, Germany), photoresist, 24 nm of
poly vinyl alcohol (PVA), and 200 nm of absorbance modulation layer (AML) in that
order. Only the AML is not pre-baked, but left to dry to drive away the remaining
solvent because it was found that pre-baking causes intermixing between the AML

and PVA layers.

After exposure, the AML was removed by dipping in trichloroethylene for 30 s.
This was followed by a 30 s rinse in DI water to remove the PVA layer. The PVA
acts as a barrier layer, protecting the underlying photoresist during the removal of the
AML. Tt also prevents the intermixing of the AML and the photoresist. The substrate
was then treated with a post-exposure bake on a hotplate if necessary. Finally, the
substrate was developed with the proper developer for the photoresist. The developed
patterns in photoresist were sputter coated with about 1 nm of a Pd/Au alloy before

inspection in a scanning-electron microscope.
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3.1.2 Chemical Compatibility of the Stack

As discussed in section 2.3.2, the role of the thin PVA layer, separating the AML
from the photoresist, is critical for the AMOL system because it provides the barrier
between the optics and the recording layer. However, PVA is not resistant to all
solvents. PVA is a water soluble material that does not dissolve in many organic
solvents, but strong solvents, such as acetone, still dissolves PVA immediately. This
limits the type of solvents one can choose for dissolving the AML for spin-coating
purposes and for removing the AML layer. For dissolving AML, we find that our
current PVA process works well with chloroform and anisole, but we encountered

more difficulties on removing the AML.

The removal of the AML is simply by dissolving the AML with the stripping
solvent. Therefore, any solvent that can dissolve the dye well, and does not affect or
penetrate through the PVA layer should work well as a stripper. However, we found
that even trichloroethylene, which we used in the standard AML removal process for
all the results shown in the next chapter, affects the underlying photoresist through
the 24nm thin PVA layer. Results show that the development rate of the resist slowed
down after the 30s trichloroethylene dip, confirming that the protection of PVA is
not perfect. The increase in exposure dose is undesirable because long exposure
time introduces more vibration, drifting, and local heating problems and decreases
the overall throughput. Ways to improve this problem include using other solvents
with lower boiling points, such as 1,2-dichloroethane, or using a thicker PVA layer.
Unfortunately, searching for a proper solvent and testing the level of effect to the
underlying resist for each AML is very time consuming and impractical. Moreover,
since the near-field light passing through the sub-wavelength aperture formed in the
AML do not propagate very far, the PVA layer is required to be as thin as possible.

An alternative method of removing the AML and PVA layer is by putting the
sample into water and applying ultrasonic agitation for 2 minutes. This method
affects the chemical properties of the photoresist, such as sensitivity, less, but is

found to encounter difficulty when removing thick AMLs. 500nm thick AML cannot
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be completely removed by this method.

3.1.3 Future Improvements

Since the light passing through the AML and exposing the resist is mostly the near
field component, only the very top layer of the resist would be exposed. In that case,
using thinner resists and adjusting the development conditions accordingly, as shown
in reference [3], would greatly improve the resist resolution as well as the line edge
roughness in the final pattern in the resist. Furthermore, the use of an anti-reflection
coating (ARC) would not be necessary because very little right will reach the bottom
and reflect back anyway. However, features recorded in such thin resist would not be
useful unless we can transfer the pattern to an underlying stack to obtain high aspect
ratio features. A tri-layer transferable stack used for studies on near field optical

patterning was proposed in reference [3].

3.2 The Absorption Modulation Layer (AML)

The key AMOL properties we are looking for were described in section 2.3.1. In
this section, we investigate several photochromic materials according to the AML
desirability specifications as an AML and summarize the lithographic results with each
material system. The photochromic properties of each polymer were analyzed by spin
coating on a glass slide, irradiating with a Hg lamp or laser light, and conducting UV-
Vis spectroscopy. The choice of wavelengths was constrained by the available lines of
the Hg lamp and laser sources we have. The photochromic parameters extracted from
the photokinetic responses were successfully employed to explain the experimental

results as described later in chapter 4.

3.2.1 The azobenzene polymer

The composition of the azobenzene polymer is shown in Fig. 3-1. The synthesis of the

monomers and the polymerization process have been described in Ref.[22, 23]. The
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monomers is later polymerized with a large number of absorbing units per polymer
chain, making the absolute absorbance in a 200nm film is as high as 2.4. With a
polymer molecule, no matrix for spin-coating purpose is required. Upon exposure to
A1=400 nm, the trans isomer undergoes a photoisomerization reaction forming the cis
isomer. The reverse reaction is favored upon exposure to As=532 nm. The cis isomer
is also thermally unstable, slowly converting back to trans. The absorbances (at
A1=400 nm) of the two isomers are markedly different as shown in Fig. 3-2. Figure 3-
1 (a) shows the change in absorbance of 200 nm of the polymer measured at 405
nm upon exposure to 405 nm light at an intensity of 1.2 mW/cm?. Figure 3-1 (b)
shows the same when the sample was exposed to 20 mW/em? light at 546 nm. The

syntheses and UV-Vis measurements are done by Samuel W. Thomas III.
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Figure 3-1: Absorbance (at 405 nm) measured as a function of time, when a 200
nm photochromic layer was illuminated by (a) 1.2 mW/cm? light at 405 nm, and
subsequently by (b) 20 mW/cm? light at 546 nm. The experimental data (solid)
are overlaid with the simulation (dashed), which enables the extraction of the pho-
tochromic parameters.

Applying the photokinetic model described section 2.2.1 to the measured data,
we extracted the material parameters for the azobenzene polymer. These parameters
are listed in Fig. 3-1. The subscripts A and B refer to the trans and cis isomers,
respectively, while the subscripts 1 and 2 refer to A\; and A, respectively. The symbols

€, ¢, and k refer to the corresponding molar absorption coefficient, the quantum
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Figure 3-2: UV-Vis spectrum of the azobenzene monomer. The molecule shows
an absorbance contrast about 4, which is one of the highest among the molecules
we've tried. The fact that the peak absorbance of the trans form occurs close to the
A1=400nm, and the absorbance drop close to 400nm for the cis form definitely helps
the absorbance contrast. Although there is no absorption peak close to Ay=532nm,
the absorbance difference at A5 is still enough to bring the molecule back to the trans
form with Ao light illumination.

efficiency and the thermal rate constant, respectively.

In summary, the azobenzene polymer exhibits high absorbance contrast, high ab-
solute absorbance, and decent transition speed compared to the photoresist exposure
speed (see chapter 4.) The transition wavelengths also match the laser wavelengths
we have although A\, and \; are still relatively close to each other, so many resists for
400nm light cannot be used because they are also exposed by 532nm light. However,
the thermal instability of the azobenzene polymer imposes many limitations to the
AMOL system as described in section 2.3.1, and, therefore, prompted us to search

for other candidates for the AML.

3.2.2 The diarylethene

The composition and UV-Vis spectrum of the diarylethene is shown in Fig. 3-3. The
way this molecule work as a photochromic material is described as follows. When
the bond at the center between the two rings is open, the electrons of the two rings
do not interact with each other much, creating two separate resonant cavities and an

absorption peak at shorter wavelength. When the bond is closed, the entire molecule
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forms a resonant cavity and creates another absorption peak at longer wavelength.
The molecules are synthesized by G. Zerbi’s group from Dip. di Chimica, Materiali
e Ingegneria Chimica “Giulio Natta” in Milan, Italy[24]. The actual diarylethene
molecule we conducted experiment on has a slightly different spectrum, as shown in
Fig. 3-4. The peak of the open form absorption is close to 300nm, and that of the
closed form is close to 600nm. We used A;= 300nm filtered from a Hg lamp, and
A=633nm from a HeNe laser. The molecule was dissolved in a PMMA matrix for

preliminary testing.

4
UV-Vis Spectra
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Figure 3-3: The molecular structure and the UV-Vis spectrum of the diarylethene.[24]

Although Fig. 3-4 shows the phototransitions at A\; and )2, we were not able to
observe lithographic patterns in photoresists with diarylethene as the AML. This may
be due to the low absolute absorbance at A{, resulting in low final image contrast in the
resist. Compared to the 2.4 absorbance of the azobenzene polymer, the absorbance
of the diarylethene film with the same thickness (200nm) is only 0.09. Even with
a 500nm thick film as shown in Fig. 3-4, the peak absorbance is only about 0.27.
Neither 200nm nor 500nm diarylethene were able to provide enough image contrast

to be recorded in the underlying photoresist.
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Figure 3-4: The UV-Vis spectrum of the diarylethene molecules used for AML. The
diarylethene molecules were dissolved in PMMA and spun to 500nm to increase the
signal to noise ratio for the UV-Vis measurement. It can be seen that the diarylethene
is clearly not very absorbing, resulting in an insufficient image contrast for the AML.
L1=300nm illumination was applied to for the transition from open form to close
form, and 12=633nm illumination was applied for the reverse transition.

In summary, the diarylethene molecules exhibit thermal stability, and the two
transition wavelengths are very far apart, making the choice of photoresist relatively
easy. However, its low absolute absorbance and low absorbance contrast at the shorter
transition wavelength limit its ability to provide high image contrast. Moreover,
finding a coherent light source at 300nm wavelength is difficult. The coherence of
the exposing wavelength is not extremely critical with the optical setup that will be
described in chapter 4, but will be important for our ultimate goal of incorporating
AMOL with the zone-plate array lithography (ZPAL) system. The wavelength where
absorption peaks occur can be adjusted, and the absolute absorption may be increased
through polymerization of the molecule, but the molecule we have is said to be close
to its longest open form absorption already. Further modifications of this category of

molecules are under investigation.
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3.2.3 The fulgides

The composition of the furylfulgide is shown in Fig. 3-5. The way this molecule works
is also by opening and closing of the bond between two resonant structures, similar
to that of the diarylethene. The furylfulgide is purified so that the initial state before
any illumination is 100% in its open form. The molecules are synthesized by Trisha L.
Andrew. We used \; = 365nm filtered from a Hg lamp, and Ay = 532nm from a laser.
The fulgide molecule was dissolved in a PMMA matrix until saturation was reached
at about 70% fulgide weight percentage to PMMA. The solvent of the PMMA was
anisole. The measured UV-Vis spectrum is shown in Fig. 3-6. All fulgide films were

spun to 200nm thickness.
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Figure 3-5: The molecular structure and transition wavelengths of the furylfulgide.

Fig. 3-6 (a) shows the UV-Vis spectrum for the photostationary states after \; illu-
mination and the spectrum after A\ illumination with dashed lines and dotted dashed
lines, respectively. Photostationary states are reached when the spectrum does not
change further with longer illumination. The absorbance at \; decreased by a factor
of 2 after only one photo-transition cycle, indicating that the fulgide molecules are
degrading rapidly over the period of light illumination. Fig. 3-6 (b) shows the effect
of only As illumination, which in theory, should not trigger any photo-transition, and
the change of the spectrum over time. The fact that even Ay illumination bleached
the fulgide molecules, and the dramatic decrease of the absorbance at A\; over time
imply that the filgide is chemically unstable in the form of a film. Possible causes
of degradation include contact with oxygen, which suggested the use of encapsula-

tion. Fig. 3-6 (c) shows spectra measured under similar conditions to Fig. 3-6 (a),
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Figure 3-6: The UV-Vis spectrum of the furylfulgide. All fulgide samples were in
PMMA and spun to 200nm thickness. (a) The UV-Vis spectrum for the photosta-
tionary states after A; illumination and the spectrum after Ay illumination. The
absorbance at \; decreased by a factor of 2 after only one photo-transition cycle,
indicating that the fulgide molecules are degrading rapidly over the period of light
illumination. (b) The effect of only Ay illumination and the change of the spectrum
over time. The great change in absorbance implies that fulgide is chemically unstable
in the form of a film. (c) Spectra measured under similar conditions to (a), but with a
30nm PVA encapsulation layer spin-coated on the fulgide film. The high reversibility
of the UV-Vis curve shows the PVA was protecting the fulgide molecules, increasing
the photo-switching reversibility and lifetime of the molecules. (d) The spectrum
after long A\, illumination almost did not affect the spectrum.
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but with 30nm PVA spin-coated on the fulgide film. Although the molecules with
UV-Vis spectrum shown by the dotted dashed line in Fig. 3-6 (c¢) has not reached its
photostationary state, it already showed much higher absorbance compared to that
in Fig. 3-6 (a). This shows that the PVA encapsulation was protecting the fulgide
molecules, increasing the photo-switching reversibility and lifetime of the molecules.
Fig. 3-6 (d) further confirmed this by showing that long A, illumination almost did
not affect the spectrum. However, the UV-Vis spectrum in Fig. 3-6 (d) of the PVA-
protected samples after 10-day exposures to the ambient behaved similarly as the
samples without PVA protection, suggesting that the oxygen in air gradually pene-
trates the PVA layer and affects the fulgide molecules.

In summary, the furylfulgide molecule exhibits high absolute absorbance at \;
and high absorbance contrast, about 3, but its poor chemical stability in contact
with air leads to poor reversibility which is not acceptable for the purpose of AMOL.
Although encapsulation greatly improved the reversibility of the film, the protection
of the encapsulation layer did not last very long. Applying a thicker protection layer
may slow down the degradation rate of the underlying fulgide. Nevertheless, It would
be nice if the film works without additional protection. Modification of the side
groups are under investigation at this point and showing promising results. One of
the modified structures and its UV-Vis spectrum is shown in Fig. 3-7. The transition
wavelengths of the fulgide are workable with a Hg lamp, but the molecule may suffer

from lack of an available coherent light source.

3.3 Various Types of Photoresists

As described in section 2.3.2, the choice of photoresist to use in the stack depends
on the AML property. In this section, we describe the properties of various types
of photoresists and compare their strengths and weaknesses for application to the

AMOL system with the azobezene polymer AML described in section 3.2.1.
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Figure 3-7: The structure and UV-Vis spectrum of the OMePyrrolefulgide
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3.3.1 PFI-88 and S1813

PFI-88 from Sumitomo Chemical Co., Japan, is a 2-Heptanone based i-line (365nm)
resist, while S1813 is a g-line (436nm) resist from Shipley, USA. The developers for the
two resists are CD-26 and MF123, respectively. No post-exposure bake is required for
either resists. Both are positive resists that undergo chain scission when illuminated
with light. Both resists posses a relatively high sensitivity at A=400nm, which is
the Ay wavelength for the azobenzene AML. However, since the sensitivity to 532nm
(green) light (Ay=532nm for the azobenzene AML) is also relatively high, these two
resist could not be used as the recording layer for AMOL with the azobenzene AML.
Instead, the two resists were used for recording and characterization of the optical

properties of the patterns created in the green beam.

3.3.2 PS-4 (Tokyo OHKA Kogyo Co., Ltd., Japan)

PS-4 is a chemically-amplified resist from Tokyo OHKA Kogyo Co., Japan. It contains
a polymerization backbone and an i-line (356nm) sensitive photo acid generator (alpha-
methyloxyimino-p-methoxyphenylacetonytolyl). PS-4 is a negative resist that was
processed with a post-exposure bake at 115 °Cfor 90 seconds to initiate the cross link-
ing of the exposed photoresist. Only the unexposed regions are removed upon devel-
opment. The developer is CD-26 (0.26N tetramethylammonium hydroxide, Shipley,
USA). The PS-4 resist exhibits high spatial resolution at a thickness of 150nm, but
does not work as well when we tried to thin the resist down ourselves with Propylene
Glycol Methyl Ether Acetate (PGMEA) to obtain thinner films (90nm and 50nm
films). It was found that the sensitivity to lights drops dramatically if we process
the resist with the same pre-bake conditions. Longer pre-bake was shown to help
increase the sensitivity, but the line edge roughness and final image contrast in the
resist are still not as good compared to those in 150nm thick film. In addition to
the difficulty of thinning the resist, negative resists are by nature inappropriate for
near field exposures since the near field components mostly expose only the top of

the resist. The PS-4 resist has a good sensitivity at 400nm, while having very low
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sensitivity at 532nm, making it the first resist we used for the recording stack to
demonstrate AMOL. Nevertheless, its sensitivity to green becomes a problem when
we attempt to increase the Ay to Ay ratio because the high dose at Ay exposes the

resist before A\; does.

3.3.3 1IBM highEA Resist

The IBM highEA resist is a proprietary positive resist developed at IBM for RD
purpose only. The resist is a deep-ultra violet (193 nm) photoresist mixed with a
photoinitiator to generate sensitivity at 400 nm. This was accomplished through
the addition of an electron transfer photosensitizing dye (2-ethyl, 9,10 dimethoxyan-
thracene) to a commercial ArF photoresist (JSR AR1863J). A post-exposure bake at
125 °C for 90 seconds followed by development in CD-26 was applied after exposing the
resist. Although this photoresist formulation exhibited high sensitivity to \;=400nm
and very low sensitivity to As=532 nm, the resist properties were optimized for 170nm
thick films and also suffered from dramatic sensitivity decrease with the decrease of
film thickness to about 50nm. This could be caused by contamination at the surface

of the chemically amplified resist, which is still under investigation.
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Chapter 4

Generation of a 2D Optical Node

and Lithography Results

In this chapter, we demonstrate the one-dimensional equivalent of the absorbance
modulation optical lithography (AMOL) technique. In particular, we exposed fringes
formed by two-beam interference at Ay = 532 nm, and a uniform beam at A; = 400
nm to the stack described in chapter 3 with the azobenzene absorbance-modulation
layer (AML). Only the transmitted light at \; = 400 nm exposes the underlying

photoresist layer.

4.1 The Lloyd’s Mirror Setup

The optical setup consisted of a Lloyd’s mirror configuration, as depicted in Fig. 4-1.
The output of a 532 nm laser was expanded and collimated, before impinging on the
Lloyd’s mirror and the substrate, resulting in a standing-wave pattern on the surface
of the substrate. Light from a 400 nm laser was made coincident with the first beam
by a polarizing beam splitter. A beam block was used to ensure that no 400 nm light
was incident on the Lloyd’s mirror. As a result, the substrate was illuminated by a
standing wave at Ay = 532 nm, and a uniform beam at A\; = 400 nm. The beam
profiles near the substrate were measured and the intensities near the optical axis at

400 nm and 532 nm were estimated as 1.7 mW /cm? and 6.4 mW /cm?, respectively.
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Figure 4-1: Schematic of Lloyd’s mirror setup for AMOL. The standing-wave illumi-
nation at Ay creates local apertures for Ay, through which the underlying photoresist
is exposed.

4.2 Single Exposures

4.2.1 Exposures on PS-4 Resist

Scanning-electron micrographs of typical exposed patterns are shown in Figs. 4-2 (a)
and 4-2 (b). The period of the lines is identical to the period of the standing wave
at A9, and it may be adjusted by the angle between the incident beam and the
Lloyd’s mirror. Since PS-4 has very low sensitivity to Ay = 532 nm, the exposure
in this case is exclusively due to the localized light fields at \; = 400 nm generated
by the absorbance modulation in the AML. This situation is analogous to contact
photolithography with the dynamically formed aperture in the AML in place of the
photomask. The lines in Fig. 4-2 (b) were formed near the center of the 400 nm beam
with an exposure time of about 90 min, whereas those in Fig. 4-2 (a) were formed
at the far edges of the blue beam (where the intensity is significantly lower) with
an exposure time of about 240 min. The smallest linewidth that we were able to

resolve was about 100 nm. This was primarily limited by the thickness of the PS-4
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photoresist (150 nm). The significant line-edge roughness evident in Fig. 4-2 (a) is

likely due to the underexposure of the chemically-amplified photoresist.

» < 214nm

{1.26pum
>

(b)

1

20.8].

(2]

C oL

[0}

206

3

NO.41.

g 4

502

Z . .

0 S
-1 20
Distance (um) I02/I01
(c) (d)

Figure 4-2: (a),(b) Scanning electron micrographs of lines exposed in negative pho-
toresist. The average linewidth of the middle line in Fig. 4-2(a) is about 117 nm.
The period of the lines is determined by A; and the angle in the Lloyd’s mirror
setup. (c) Light intensity distribution of the localized fields underneath the AML for
a standing-wave period of 2.45 yum. The simulated data is shown with dashed lines.
The experimental data is overlaid (solid line) for comparison. (d) Calculated FWHM
as a function of Iz /Iy for a standing-wave period of 300 nm. The parameters of the
AML listed in Fig. 3-1 were used in all the simulations.[25]

4.2.2 Exposures on IBM highEA Resist

As described in section 3.3.3, the IBM highEA resist has several advantages over PS-
4. We, therefore, continued the study on the line-spread function (LSF) compression
with smaller grating period with the IBM highEA resist. The thickness of the IBM
highEA resist used here is 170nm. The Lloyd’s mirror is the as shown in Fig. 4-1
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with similar power ratio at the center of the beams. The period of the gratings in
this case is 1.6 pm.

In addition to mapping out the LSF at one single position and comparing it
to theory, the LSFs at various positions are measured and compared qualitatively.
The comparison could not be made quantitatively due to the lack of information on
the exact intensity distributions of the beams, so the ratios of the green and blue
beams at each position on the sample is unknown. However, with the information
of the average intensity ratio to the two beams and by matching experimental data
to simulation, we were able to correlate the change of LSFs to the change in Ipe/Io

ratios. Fig. 4-3 shows two sets of LSFs with one broader than the other. The one
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Figure 4-3: LSF for single exposures on highEA resist at different positions. Black
solid lines are experimental data of LSF measurements at two different positions on
the sample. The exact Ipa/ o1 ratios at these positions were unknown, but the average
Iz /11 value is about 4. Simulation results with reasonable Iy /Iy ratios matches the
experimental data well, supporting the hypothesis that the difference in LSF could
be caused by the change of Iny/Io; ratio.

with sharper LSF was measured closer to the edge. This could be caused by several
factors. In the setting of this set of experiments, the blue beam is relatively uniform
in the region of measurement, while the green beam intensity decays quite a bit as we
move away from the edge. Therefore, the green to blue beam intensity ratio (Ips/lo1)
becomes smaller as we get farther from the edge, resulting in the broadening of the

LSF. This hypothesis is supported by Simulation results, showing the LSF close to
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the edge matches well with the Iy/lp; = 4 LSF, while the one farther from the edge
corresponds to the Ipy/ly; = 2.5 case. It is also possible that the contrast of the
green gratings decays away from the edge due to the short coherent length (only a
few millimeters) of the green light laser used, As shown in section 2.3.3. However,
because the lyy/In; used in this case is relatively low, introducing background affects

the background level of the LSF, but not shape of the main lobe.

4.3 Multiple Exposures

In the semiconductor industry, the scaling of lithographic features has been enabled by
sources of deep-UV wavelengths as well as significant improvements in the quality of
the imaging systems. The technological problems associated with short-wavelength
sources[26] have forced the need for novel techniques to extend the resolution of
tools to meet future lithographic requirements. This has driven the development of
immersion-lithography tools, where a medium of high refractive index is inserted
in between the last optical element and the substrate, to increase resolution[27].
However, absorption associated with increased refractive index places practical limits
on the achievable resolution.

A technique of multiple exposures was proposed to overcome this limit[28]. In
this technique, patterns of readily achievable spatial periods are exposed sequentially
and with appropriate spatial-phase shifts[29]. Each exposure is followed by a devel-
opment to define the pattern in the photoresist as well as an etch to transfer the
pattern into an underlying sacrificial layer. Then, another layer of photoresist is spun
on for the next exposure. Once all the exposures are completed, the sacrificial layer
is used as an etch mask to transfer the final pattern into the substrate. Diffraction
limits the spatial period of the patterns that can be printed. However, the size of
a printed feature (e.g., the “duty cycle” of a periodic pattern) can be made much
smaller through nonlinearities introduced by the photoresist or subsequent etching
steps. Thus, patterns of high spatial frequencies (and high resolution) are enabled at

the expense of a slower and more complicated process. In this section, we describe
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an alternative technique that utilizes absorbance modulation to introduce the req-
uisite nonlinearities and enables multiple exposures in a single resist layer without

intervening process steps.

4.3.1 Process Flow

We performed two sequential exposures at two different angles of the Lloyd’s mirror,
which resulted in interleaved exposed lines in the photoresist. The Lloyd’s mirror
setup can be rotated about the hinge line, where the mirror is attached to the sub-
strate holder. Rotating the setup with respect to the illumination allows the period
of the standing wave at Ay to be changed. In this set of experiments, the 170nm
IBM highEA resist was used for the photoresist layer. The experimental procedure is
illustrated in Fig. 4-4. After the first exposure, the 400nm beam is turned off and the
Lloyd’s mirror setup rotated to the second angle. The AML is exposed to the 532nm
for approximately 20 minutes to ensure that the absorbance is recovered to the initial
value. After turning on the 400nm beam and conducting the second exposure, the
AML stack is processed with the standard AML removal process with trichloroethy-
lene, the proper development process for IBM highEA resists, and sputter-coated

with a thin Au/Pd alloy before inspection in a scanning-electron microscope.

4.3.2 Spatial-frequency Multiplying with AMOL

Scanning-electron micrographs of patterns in photoresist after a double exposure and
development are shown in Fig. 4-5. In Fig. 4-5 (a) the center line was exposed during
the first exposure, while the surrounding two lines were exposed during the subsequent
second exposure. The periods of the standing wave at A\, for the two exposures were
1.733 pm and 2.08 um, respectively. As a result of the double exposure, a line-space
pattern of approximately 800nm period was formed locally, effectively increasing the
spatial frequency of the printed pattern by a factor of two. In Fig. 4-5 (b), the printed
pattern is compared to a simulation of the double exposure. The simulated pattern

was calculated by adding the two separate exposures. It is clear from the simulation

64



exposure 1

opaque
transparent

AML

photoresist

substrate

A4
recovery of AML

exposed

X 4
resist \ 4 developed
resist
’— |4
Y
exposure 2

Figure 4-4: Schematic illustrating the double-exposure technique. The first exposure
is conducted with a period, P; of the standing wave at \y. The period is changed to
P, for the second exposure. A long exposure in between the two exposures with only
A9 ensures that the AML recovers to its original opaque state.
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that the nonlinearity introduced by absorbance modulation generates spatial frequen-
cies in the printed pattern much higher than those present in the incident standing

wave.
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Figure 4-5: Spatial-frequency multiplication by double exposure. The first exposure
was conducted at a period of the standing wave at Ay of 1.733 pum, and the period
of the second exposure was 2.08 ym. (a) Scanning-electron micrograph of 3 lines.
(b) The aerial image of the double-exposure pattern simulated by adding the two
individual exposure patterns. Each exposure pattern was simulated using the model
described in section 2.2.1[15]. Note the agreement of the location of the fringes with
the scanning-electron micrograph of the exposed pattern.

It was pointed out earlier in section 2.2.1 that the width of the LSF of A\; trans-
mitted through the AML can be decreased by scaling the ratio of the intensities
at the two wavelengths. Thus, absorbance modulation provides a means to over-
come the far-field diffraction limit and pattern sub-wavelength features. Since the
absorbance-modulation layer can be completely reversed to its initial state after each
exposure, the history of prior exposures is completely removed. Combining these
two unique properties, it is possible to apply multiple exposures to generate dense,
sub-wavelength features. Since the absorbance of the AML is reversible via expo-
sure to Ao, the exposures can be repeated as many times as necessary without ever
removing the substrate from the exposure tool. Experimental results shown in this
section demonstrate a two-fold increase in local spatial frequency. Extension of this
technique to multiple exposures and higher nonlinearities should enable the creation

of nanoscale periodic patterns using simple far-field optics.

66



4.3.3 Controlled Experiment with PFI-88 Resist

The nonlinearity introduced by the AML is crucial for the spatial-frequency-multiplication
technique. In order to confirm this, we performed double exposures on substrates
without the AML using a conventional Lloyd’s-mirror interferometer. The Lloyd’s
mirror was rotated such that the periods of the standing waves for the two exposures
were 1.6 ym and 1.95 pm. The exposures were performed at A = 325nm on silicon
wafers coated with 200nm ARC and 100nm of photoresist (PFI-88). Scanning-electron
micrographs in Figs. 4-6 (a), and (b) show the developed resist for exposure doses
for exposures of 15s, and 20s, respectively. Characteristic beat spatial frequencies are
clearly visible and agree well with the simulated aerial image (see Fig. 4-6 (c).) How-
ever, since the two exposures add linearly in the photoresist, the spatial frequency
in the final pattern is still limited to the highest spatial frequency in the component
standing waves. No spatial frequency multiplication is possible without the nonlin-

earity introduced via absorbance modulation.

4.4 Limitations of the Lloyd’s Mirror Setup

In order to characterize the performance of the Lloyd’s mirror setup, we take the
line-spread function (LSF) mapped out in the IBM highEA resist shown in section
4.2.2 as an example. Figure 4-7(a) shows the experimental measurements of the LSF
as well as the theoretical values. A noise level of 3%(of the peak) in the node of the
standing wave was assumed, and was experimentally verified by separate photoresist
exposures. The ratio of the intensities between the two wavelengths was about 4.
We observed that the range of linewidths that could be experimentally obtained was
limited. This can be explained by studying the inverse of the slope of the theoretical
LSF as a function of the spatial coordinate, shown in Fig. 4-7(b). Beyond a small
range of linewidths between 250nm and 600nm the inverse slope diverges. Since the
exposure latitude is directly proportional to the slope of the LSF, this limits our
ability to reliably map the LSF to those linewidths. This limitation is not inherent

to AMOL, but to some limitations of our particular Lloyd’s mirror setup, which will
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Figure 4-6: Double exposure without using an AML. Scanning-electron micrographs
of developed photoresist for exposure doses of (a) 15s and (b) 20s. The double expo-
sure was performed in a Lloyd’s mirror setup at an illumination wavelength of 325nm.
The periods of the two exposures were 1.6 pm and 1.95 pm. Note that the highest
spatial frequency in the double exposure corresponds only to an average of those of the
two individual exposures. (c¢) Simulated aerial image of the double-exposure pattern
without the AML. Spatial-frequency multiplication is not possible in this case.
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be discussed below.
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Figure 4-7: Mapping the line-spread function (LSF). (a) The dashed line is the sim-
ulated LSF of the transmitted light at Ay, when the period of the A\, standing wave
is 1.6 pm. A noise level of 3%(of the peak) in the node of the standing wave was
assumed. The ratio of the intensities between the two wavelengths was about 4. The
parameters of the AML are those of the azobenzene polymer, described in section
3.2.1. The circles are experimental values. (b) The inverse slope of the simulated
LSF as a function of the spatial coordinate. Note that the slope begins to diverge
except for a small region of linewidths between 250nm and 600nm. This limits the
exposure latitude in our experiments. Simulation is done by Rajesh Menon.

4.4.1 Contrast of the Green Gratings

As discussed earlier in chapter 2.3.3, the node quality of Ay is crucial to the final
resolution in the patterns created by AMOL, especially when the Ipy/Ip; is high.
However, the coherence length of our green beam laser is only of the order of several
millimeters. Therefore, the area where the green grating contrast is high enough to
demonstrate the high resolution capability of AMOL is very small and becomes even
smaller as we decrease the period of the gratings. In addition, since the mirror in the
Lloyd’s mirror is only a wafer coated with electron-beam-evaporated aluminum, its
imperfect reflectivity and scattering from scratches also decreases the contrast of the
grating. Vibration problems of the sample was also found to affect the contrast, but

was greatly reduced by using a vacuum chuck at the stage to hold the sample.
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4.4.2 Lack of Translational Accuracy and Focusing Ability

The Lloyd’s mirror setup has an obvious disadvantage lacking translational flexibility
and accuracy. That’s exactly why we could only conduct multi-exposure experiments
by changing the period of the Lloyd’s mirror. Furthermore, since the Lloyd’s mirror
does not focus the incident beam, the throughput of this lithography system relies
solely on the incident beam powers. We, therefore, need to compromise between low
A1 beam power to achieve large A5 to A\; power ratio and high A\; beam power to avoid
long exposures. Nevertheless, the Lloyd’s mirror setup is relatively simple, and the
line exposures do not require stage scanning. Therefore, the Lloyd’s mirror setup is
still useful, especially for the material search process for the AML, to demonstrate
the feasibility of AMOL. For our final goal of patterning arbitrary patterns with
ultimate resolution of AMOL, with reasonable throughput, we will need an optical
element that creates a focused ring-shaped beam profile with a high quality node at

the center. This will be discussed in the next chapter.
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Chapter 5

Generation of an Optical Node

Focused beams of light with central nulls are essential for a variety of applications
including particle manipulation [30], fluorescence microscopy [31], and deep sub-
wavelength lithography [15, 25, 32]. In all these applications, the intensity of the
light at the central null should be minimized. Imposing an on-axis phase singularity
on a plane wave will generate a beam with a central null. We investigated two ap-
proaches to fabricating spiral-phase diffractive elements in polymethyl methacrylate
(PMMA) using scanning-electron-beam lithography (SEBL). The first device was a
spiral-phase plate (SPP) [33], fabricated using grayscale SEBL; the other was a binary
spiral-zone plate (SZP) [34].

5.1 Basic Principles

5.1.1 Property of Diffractive Optical Devices

When a light wave is delayed by one wavelength in light path, corresponding to a 27

phase lag, no difference to the original wave can be found. Eq. 5.1 shows this relation

mathematically, where U(x) is the light wave, and A(z) is the amplitude function.
Ulz, 6) = Ag(w)e™ = Ag(2)e ) — Uz, 6 + 27) (5.1)
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The phase difference that a light encounters between traveling in a material with

2m-(n—1)-Al
A

the light travels in the material, and A is the wavelength of the light. In Eq. 5.1,

index of refraction n and in air is ,where Al is the physical distance that
we find that taking the 27 modulus of the phase ¢ does not change the light wave.
Therefore, the maximum phase difference a diffractive optics needs to provide is 27,

so the maximum Al , which reflects the maximum thickness of the device, is only

(5.2)

Figure 5-1 illustrates this idea by showing two examples of such diffractive optical

devices: a prism and a lens.
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Figure 5-1: The blazing of (a) a prism and (b) a lens, resulting in a reduced thickness
of the elements.|[35]

Features on thin devices usually have smaller aspect ratio and are, therefore, easier
to fabricate. However, a different type of fabrication difficulty accompanies this nice
property. In the case of Fig. 5-1 (b), the feature height is discontinuous whenever its
height reaches Al,,.. , but an ideal step with a finite difference in height and zero
lateral width is hard to achieve. Good control in lateral displacement will result in
a better approximation to the ideal design. Therefore, this method, which maps the
phases of a diffractive optical device into the [0, 27] region, requires relatively high
lateral resolution to minimize fabrication errors at each step. These fabrication errors

will contribute to the loss of efficiency and dispersion of the device.
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5.1.2 Different quantization schemes for diffractive lenses

Besides the difficulty in fabricating sharp steps, quantization is also an important issue
in grayscale fabrication. Due to the resolution limit, dose-control-precision limit, and
the way current scanning-e-beam lithography (SEBL) systems are programmed, we
must apply some kind of quantization on the designed dose pattern. Nevertheless,
quantization methods are not unique. Three different quantization schemes are shown

in Figure 5-2, all applicable to implementing the same diffractive lens.

b AT

Figure 5-2: Different quantization schemes for diffractive lenses: (a) conventional
quantization based on the Fresnel zones; (b) superzone concept to increase the aper-
ture of diffractive lenses; (c) constant pixel size quantization.[35]

In Fig. 5-2 (a), the phase is first quantized to a phase depth of 27 and then
approximated with discrete steps of equal phase depth. Fig. 5-2 (b) illustrate a
method that prevents the period of the outer zone itself from becoming too small,
but suffers the same quantization limit as Fig. 5-2 (a) because the width of each
quantization step must decrease towards the outer zones to preserve the equal phase
quantization and eventually reaches the resolution limit of the lithography system.
Fig. 5-2 (c) utilizes a different quantization, which keeps the pixel size constant over
the entire element. The phase steps are much lower in the central area than in the
outer zones of the lens. Therefore, the efficiency of the inner zones is also higher in

this case, resulting in undesirable diffractive effects.
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5.1.3 zone plates (FZPs) and its grayscale limit

In this section, we use the FZP as an example to illustrate the effect of level quanti-

zation. Figure 5-3 shows the basic structure of a Fresnel zone plate.

a)

Figure 5-3: Arrangement of the annular rings in Fresnel lenses: (a) texture of the Fres-
nel zone plate; (b) optical path differences between light rays from different zones.[35]

In FZPs, the ring system consist of diffracting binary phase or amplitude struc-
tures that allows diffracted light waves with constructive phases to reach a common
focal point. In the case of binary amplitude FZPs, as shown in Figu. 5-3 (b), the

condition of the radius of the open zone, r, can be described as:
i+ ff=(f+iNLIEN (5.3)

where r; is the radius of the j-th opening on the FZP, X is the wavelength of the
incident light, and f is the focal length of the FZP. Only those rays with phase
differences of multiples of 27 reach the focal point, so the FZP acts as a focusing lens.
However, the binary amplitude FZP has several drawbacks, such as its low focusing
efficiency and large background noise. This low efficiency can be seen from the fact
that most parts of the incident light are blocked. Therefore, the binary phase FZPs,
instead of blocking the portions of light that are out of phase, introduce a 7 phase
shift on the portions of light that are blocked by the binary amplitude FZPs. In fact,
this idea can be generalized to achieve the grayscale limit of FZPs.

Let N be the number of phase level in the FZP. For example, N=1 corresponds
to a binary amplitude FZP, N=2 corresponds to a binary phase FZP, and N=oo

corresponds to an ideal blazed FZP obtained by phase quantization of an ideal lens,
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as described in 5.1.2. It can be calculated quantitatively how the efficiency rises as N
increases, using a staircases phase profile approximation under the paraxial limit.[35]
The result is plotted in Figure 5-4. Note that although this was derived for the
paraxial case, the result also applies for diffractive lenses with small f-numbers.[35]
We can see from Fig. 5-4 that using only 8 phase levels provides efficiency as high as

95%.

1234567 8 910111213141516 N

Figure 5-4: Efficiency of diffractive lenses at the focal spot vs. the number of phase
levels. Here N=1 refer to an amplitude Fresnel zone plate. [35]

5.1.4 Two different approaches to fabricating spiral-phase

diffractive elements
The spiral phase plate (SPP)

A spiral phase plate is also called an optical vortex. “In an optical vortex, the
wavefront spirals like a corkscrew, rather than forming planes or spheres. Since any
nonzero optical amplitude must have a well-defined phase, the axis of a vortex is
always dark,” as described in reference [21]. The phase distribution of a spiral phase
plate is illustrated in Fig. 5-5 (a). The maximum phase step required for an SPP is
27, and the depth, d follows d = Al ¢/(27), where ¢ is the azimuthal angle, and
Alaz corresponds to the thickness of a phase step that provides 27 phase shift, as
defined in Eg. 5.2.
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The spiral zone plate (SZP)

A focused spot with a central node is also generated by a binary spiral zone plate
(SZP). An SZP, as shown in Fig. 5-5 (b), is generated when an azimuthal phase varia-
tion is imprinted on a conventional Fresnel zone plate. A method of generating optical
phase singularities using computer-generated binary holograms was proposed in 1991
[36]. As described in 5.1.3, a computer-generated binary hologram is analogous to
the N=1 case for FZP, while a binary-phase spiral zone plate corresponds to the N=2
case. Although binary-phase elements provide a first-order focusing efficiency of only

about 40%, binary-element fabrication techniques are more robust.
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Figure 5-5: The phase distribution of (a) the spiral phase plate, and (b) the binary
spiral zone plate (black represents a 7 phase shift).

5.2 Spiral Phase Plates

5.2.1 Past Work and Choice of Resist and Developer

In the past, SPPs were either fabricated in quartz using photolithography with an
8-step, aligned expose-and-etch procedure [33], or in low-contrast negative X AR-N
7220 e-beam resist using 32-level grayscale SEBL [37]. In both cases the phase dis-
cretization introduces background noise into the focused beam, causing the intensity

of the central null to be non-zero. Furthermore, the first case suffers from errors in-
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troduced during multi-level alignment. We investigated an approach using grayscale
SEBL to fabricate the SPP in a selected electron beam resist with a single lithography

step, resulting in a continuous variation in phase.

Three e-beam resist candidates

In order to provide the 27 phase shift required for SPP, we need to select an e-beam
resist that is reasonably transparent at A\; and Ao, gives good physical properties, such
as thickness and rigidity, and is easy to process. Previous research has shown promis-
ing results of blazed structure lithography with e-beam using HSQ, PMMA | and SU-8
as e-beam resists. ! Among the three, PMMA is insensitive to contamination, result-
ing in a more flexible and robust process. However, PMMA has the drawback of being
opaque at deep UV wavelength, implying that these lenses in PMMA are not com-
patible with wavelength scale down. HSQ has a large transmission bandwidth down
to deep UV and produces rigid structures after development, but is very sensitive to
contamination and, therefore, more difficult to process. SU-8 has a relatively high
index of refraction, so requires less physical thickness to produce the same phase shift.
This property is beneficial because flatter structures are usually easier to fabricate.
SU-8 also remained hard after development and can be used for blazed lithography
with UV light. Nevertheless, SU-8 is a chemically amplifying photoresist, which is ex-
tremely sensitive to contamination. It also contaminates the processing environment.
Moreover, most SU-8 studies focus on thicker devices in micro-fabrication, which may
not be applicable to the SPP fabrication. We decided to fabricate the SPP in PMMA
because for our current AMOL system, PMMA is transparent to both A\; and \,.

Previous work on PMMA grayscale lithography processes

T. Fujita, et al. showed solid results using PMMA as an e-beam resist to fabricate
blazed optical structures in 1982 [38]. Applying grayscale e-beam lithography in
PMMA, they were able to fabricate Fresnel zone plates with 50% efficiency. The

LOnly the resists that are available in our laboratory are discussed here. There are other e-beam
resists, for example X AR-N 7220, that are suitable for grayscale lithography, but are not included
here.
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development condition was 1:1 MIBK?/IPA? at 10°C. The work was followed up by
Teruhiro Shiono, et al. in 2002[39]. Reflective gratings with 0.54-10pum period with
800nm maximum feature height were fabricated. Gratings with efficiency as high as
95%, fine control of blazed structure, and relatively flat surfaces under SEM were

achieved.

Choice of developer

The PMMA development condition we chose is 1:1 MIBK/IPA mixture at 16°Cfor
90 seconds. This mixture gives acceptable surface roughness while maintaining a
relatively low clearing dose for the PMMA thickness we are using. This also avoids

possible cross-linking of the PMMA at high dose [40].

5.2.2 Dose matrices in PMMA with SEBL

PMMA sample preparation process

The SPPs were patterned using SEBL on both doped silicon and glass substrates.
After spinning 800nm of PMMA on the substrate, a one hour oven bake at 180°Cwas
applied. No conductive layer on PMMA was required for silicon substrates, whereas a
thin conductive layer was coated on top of PMMA for glass substrates. Samples were
patterned at 30 keV acceleration voltage using a commercial SEBL tool, the Raith-
150 M. The PMMA was developed in a 1:1 MIBK/IPA mixture for 90 seconds and
rinsed with TPA.

Two different conductive layers

We investigated two different conductive layers: bnm aluminum and AquasaveTM, a

water soluble conducting polymer.
Although metal coating is a very commonly used as conductive layers on top

of insulating samples for e-beam lithography, many problems occurred for grayscale

Zmethyl isobutyl ketone
3isopropanol
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fabrication. First of all, evidences show that the aluminum residue on PMMA affects
the development rate of PMMA. Over-etching of aluminum may ensure that the
aluminum is completely removed, but the aluminum etchant (KOH) is also known to
affect PMMA. Moreover, the partially developed PMMA is rough, opaque, and soft,
compromising the efficiency and durability of the optic. This problem is illustrated
in the optical micrographs in Fig. 5-6. The partially developed PMMA regions were
readily scratched by the tip of the profilometer. Post-baking the partially developed

PMMA helps increase its transparency, but the surface uniformity is still poor.

(a) (b) (c)

Figure 5-6: Optical micrographs of partially developed PMMA boxes after SEBL
grayscale patterning (a) with 5nm aluminum conductive coating before post-baking

and (b) after post-baking for 1hr at 180°Cin the oven, and (c) with Aquasave TM
as the conductive layer. The lines in the boxes are from scratching of the tip of

the profilometer during depth measurements. This shows that partially developed
PMMA is soft.

TM conductive coating, the partially developed PMMA

In contrast, with Aquasave
exhibit less surface roughness and preserves optical transparency, as shown in Fig. 5-
6 (c). The contrast curves for the 1:1 MIBK/IPA developer are shown in Figs. 5-7 (a)
and 5-7 (b). Note that since the penetration depth of electrons at 30 keV is on the
order of a micron, the first 2-3 um of the substrate is still important. This explains
the slight shift of the dose curve between samples on silicon wafers and glass wafers.
However, the fact that the two curves are very close to each other is sufficient to prove
that the Aquasave layer almost eliminates the charging effect of the PMMA-on-glass
sample. The AuaqsaveTM layer also conducts as well as the S5nm aluminum layer,

™

as shown in Fig. 5-8. Therefore, we decided to use Aquasave with one hour oven
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Figure 5-7: The developed depth of PMMA verses dose curve for 1:1 MIBK/IPA
developer on silicon and glass substrates in (a) linear and (b) log scales. The contrast
curve of the Aquasave-coated PMMA is highly reproducible and gives sensitivity as
high as the samples on silicon wafers.

bake at 90°Cas the conductive layer for our finalized SPP fabrication process.

5.2.3 SPP in PMMA with SEBL

The maximum phase step required for an SPP is 27, which corresponds to a step
height Al,q, in PMMA of 816nm (index of refraction, npyra = 1.49 at A=400nm).
A schematic of the SPP design, the SEBL grayscale-dose distribution, and the ex-
pected phase profile are shown again in Figure 5-9. The depth, d, of each wedge
shown in Fig. 5-9 is given by d = Alye.@¢/(27), where ¢ is the azimuthal angle.
The dose for each wedge was calculated by interpolation from the contrast curve in
Figs. 5-7 (a) and 5-7 (b). A Linnik interferogram and a scanning-electron micrograph
of the fabricated SPP are shown in Fig. 5-10. These reveal problems with this fab-
rication technique. First, the grooves developed along the boundaries of the wedges
arise from limitations of the patterning strategy. The electron beam dwells longer at
the boundaries in order to allow the currents in the deflection coils of the SEBL to
settle. This results in over-exposure at the boundaries. Second, the Gaussian tail of
the point-spread function (PSF) of the scanning-electron beam produces sloped resist

profiles at the wedge boundaries. In addition, because of the thick PMMA used, the
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Figure 5-8: The developed depth of PMMA verses dose curve for 1:1 MIBK/IPA

(a)

(b)

developer with 5nm Al and Aquasave as conductive layer on glass substrates in (a)

in normal scale (b) in double-log scale. The Augsave layer conducts as well as the

5nm aluminum layer.

Figure 5-9: Schematic of fabrication process of spiral phase plates. PMMA is spun on
a glass substrate to a thickness corresponding to a 27 phase shift. The electron beam

& Aquasave

€— PMMA (816 nm)
€— Fused Silica

Grayscale E-beam exposure

dose

high
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Develop with 1:1 MIBK/IPA

Substrate

dose is varied in wedges along the azimuthal direction as shown. The exposed PMMA

is developed in a solution of MIBK and IPA in the ratio 1:1. Partial development of

the PMMA results in a spiral height (phase) variation.
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PSF at different depths may be slightly different, making proximity-effect correction
difficult. The partially developed PMMA is soft, compromising the durability of the
optic. These problems associated with grayscale SEBL prompted us to look for other

diffractive elements.

phase singularity

(a) (b)

Figure 5-10: (a) A LINNIK interferogram of a fabricated SPP, revealing the height
profile of the spiral in PMMA. The phase singularity at the center is clearly visible as
a fork in the line fringes. (b) A scanning-electron micrograph of the fabricated SPP.

5.3 Binary Spiral Zone Plates

In this section, we report on the fabrication of binary phase SZPs in PMMA, de-
scrbe the characterization of their optical performance via photoresist exposures, and

compare the results to theory.

5.3.1 Design Formula and E-beam Patterning Strategy

A schematic of an SZP is shown again in Fig. 5-13 (a). The intensity at the node is
minimized when light passing through adjacent zones is phase shifted by 7 radians.
Since we use PMMA as our phase shifter, the height difference between adjacent zones
is achieved by controlling the thickness of the PMMA while spin-coating. PMMA was

spun on a double-side-polished fused-silica substrate. The fabrication process consists
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of patterning with SEBL and development in 1:3 MIBK/IPA. A w-phase shift at A
=532nm in PMMA (nppar4=1.49 at A=532nm) requires zone height of 543nm (h=
0.5%\/(npypara — nair)).-The boundaries of the spiral zone are determined by the

following equations [36]:

NA D

0 =0.5m +1r°/AR = 0.57 + 2r D 1+(2R) (5.4)
NA D

0 =1.5m +7r°/ AR = 1.5m + 2r D 1+(2R) (5.5)

where r and 6 are the polar coordinates on the SZP plane, A is the wavelength of the
incident light, f is the focal length of the SZP, NA is the numerical aperture of the
SZP, and D is the diameter of the SZP. Fig. 5-11 shows an example for Eq. 5.4 and
Eq. 5.5.

Figure 5-11: An example for the two boundaries described in Eq. 5.4 and Eq. 5.5.
The two boundaries meets at the origin (0,0).

One of the two spiral zones is filled with single-pixel lines illustrated with dashed
lines in Fig. 5-12. The normal vector at each point of the boundary is calculated by
taking the minus inverse of the local slope, which can be calculated using the position
difference from adjacent points. With a predefined step size (18nm in the final process)
and proper definition of the sign of the normal vectors, we can compute the spiral lines
inside the boundary by moving each point inward with the step size recursively until
the spiral zone is locally filled. Due to the limitation of maximum 1000 points on each

single-pixel line, each complete spiral line consists of a different number of single-pixel
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line segments, depending on the length of the spiral line. A complete spiral line is
written from the outmost zone of one boundary, to the center of the spiral, then to
the other boundary, and back to the outmost zone of the other boundary. Note that
the number of single-pixel lines required to fill the zone at different parts of the spiral
zones is different simply because the zone width is different. Therefore, the closer a

spiral line gets to the center of the spiral zone, the shorter the spiral line becomes.

=]
T

(a) (b)

Figure 5-12: (a) An illustration of how the spiral zone is filled in with single-pixel
lines. (b) A zoomed in view at the center of the spiral.

5.3.2 Fabrication Process

The spiral zone was patterned using the Raith-150TM at an acceleration voltage
of 30 keV. The fabrication process, along with scanning-electron micrographs of a
completed SZP, is shown in Fig. 5-13. A monolayer of HMDS was spun on a 3-
inch double-side polished fused silica substrate before spinning PMMA to promote
adhesion. A thin layer of aluminum is deposited on top of the PMMA by electron-
beam evaporation to serve as a conductive layer to prevent pattern distortions due to
charging. After patterning, the aluminum is removed by a one-minute etch in CD-26.

The PMMA is developed using a 1:3 MIBK/IPA mixture for 90 seconds.
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Figure 5-13: (a) Schematic of the binary spiral zone plate. The black region is phase
shifted by 7 with respect to the white region. (b) Schematic of fabrication process.
PMMA is spun on top of a glass substrate to a thickness corresponding to a 7 phase
shift. The exposed PMMA is developed in a solution of MIBK and IPA in the ratio
1:3. (¢) Scanning-electron micrographs of a spiral zone plate with NA=0.7.

85



5.3.3 Performance Evaluation and Simulation Results

The point-spread-function (PSF) of the spiral zone plate (SZP) was characterized
and compared to theory. The highly nonlinear behavior of positive photoresists such
as PMMA enables one to assume a threshold model of resist development. This
approximation allows one to reconstruct the PSF by exposing single spots over a
range of doses, and measuring the radii of the corresponding spots [41]. In order
to ensure proper gapping between the recording substrate and the SZPs, three zone
plates designed for 632nm wavelength, but having the same focal lengths as the SZPs
(40m), were fabricated around the SZPs. The gap was set to the focal length of the
SZP by monitoring a confocal signal generated by these ”satellite” zone plates, when
illuminated by A = 632nm. This procedure has been described elsewhere [42].

The photoresist was PFI-88, a positive-tone I-line resist from Sumitomo Chemi-
cals. Although designed to be sensitive to I-line radiation, PFI-88 has a low sensitivity
at 532nm. We exposed single spots at times ranging from 10 minutes to 25 minutes.
A micrometer-controlled stage was manually operated to separate the spots by 10
micrometers. The inner and outer radii of the exposed spots were measured using a
scanning-electron microscope. The data was scaled such that the inner radius at the
lowest exposed dose matched the corresponding value of the normalized theoretical
PSFE. The simulation is done by Rajesh Menon,and the results are shown in 5-14. The
measured PSF was best fit to the theoretical PSF at a defocus of 1.1um. The theoret-
ical PSF at focus is also shown for comparison. A scalar Fresnel-Kirchoff diffraction
model was used to simulate the PSF. At present, the reason for the mismatch between
the measured and the calculated PSF's is not known. It is possible that stage drift,
laser power instability, focus errors and other process variations might be responsible.
Photoresists with higher sensitivity at 532nm wavelength could reduce the effect of

stage instability and background exposure.
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Figure 5-14: Characterization of the point-spread function (PSF) of the spiral zone
plate designed to focus A = 532nm at a numerical aperture (NA) of 0.7. The experi-
mentally determined PSF is shown by connected circles (in blue). A scanning-electron
micrograph of an exposed spot is shown in the inset. Note that both the inner and
outer radii of the exposed spots were measured. The theoretical PSF at focus is shown
as a dashed line (in black). It was empirically determined that the experimental data
was best matched to the theoretical PSF at a defocus of 1.1um, which is shown as
a solid green curve. The theoretical PSFs were calculated using the Fresnel-Kirchoff
diffraction theory. Calculations are done by Rajesh Menon.
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Chapter 6

Conclusion

The research described in this thesis has established the promising potential of absorbance-
modulation optical lithography (AMOL) to initiate a new era in optical lithography
in much the same way that the research of S. Hell and colleagues on STED initiated
a new era in fluorescence microscopy. In that work the so-called diffraction barrier of
optical microscopy was broken, more than 100 years after Ernst Abbe’ established the
fundamental limits of conventional optical microscopy. The key idea in AMOL as in
STED is the use of an optical null in conjunction with appropriate reversible photo-
chemistry. It is this author’s opinion that further research on AMOL can not only lead
to efficient nano-scale lithography, but also microscopy with resolution nearly compa-
rable to scanning-electron microscopy (SEM) with optical means. Future study will
focus on proper materials for the absorbance-modulation layer (AML,) the recording
system, and the fabrication of dichromatic elements that generates the light beams

required by AMOL to demonstrate the capability of AMOL predicted by theory.
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