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Lithography Method and Apparatus

Backaground ahd Field of the Invention

This invention relates to a lithography method and apparatus, more particularly but not

exclusively, for fabricating 3-dimensional micro or hanostructures.

Over the past decades, progress in micro-fabrication processes has fueled the
development of compact, small, light-weight, fast, reliable, and inexpensive sensors
and actuators, thus opening up a huge variety of applications in science and industries.
With these small sensors and actuators, portable or handheld measurement devices
such as miniature spectrometers become possible. These handheld or portable
measurement devices enable on-site measurements and this has created a new,
rapidly evolving technology with a growing demand. Besides having a plethora of
devices developed for the visible and near infrared part of the electromagnetic
spectrum, infrared spectrometers that cover larger portions of the infrared range like
mid-infrared (MIR) and far-infrared (FIR) offer a huge variety of applications, ranging
from quantitative to qualitative analysis of substances needed in chemical, food,
pharmacéutica!, recycling, petroléum and hydrocarbon processing industries.

The workhorse among such IR spectrometers is the Fourier transform interferometer
(FTIR). They are based on interferometers like the Michelson interferometer in which

- optical components such as mirrors are mechanically scanned to cover a certain
spectral range. However, when it comes to measuring time-dependent processes and,

in particular, short non-repetitive pulsed signals, the time needed for a mechanical
scanning cycle restricts such FTIRs to rather slow processes. Furthermore, the
mechanical scanning also leads to an inherent sensitivity to mechanical vibrations
which may corrupt the spectral information. Furthermore, Michelson-type FTIRs, the
most commonly-used interferometer, inherently reflect 50% of the source radiation
back to the source without making use of it. On the other hand, another type of
spectrometers which are grating and filter based, allow static and fast detection but are
limited to narrow spectral bands. Moreover, the dispersion of light into its spectral
components as in the case of grating sbectrometers results in less sensitivity to detect

small signals (no multiplexing).
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It is an object of the present invention to provide a lithography method and apparatus
which may be used to fabricate a three dimensional structure for use in an application
described above and which addresses at least one of the disadvantages of the prior art

and/or-to provide the public with a useful choice.

Summary of the Invention

In accordance with a first aspect of the present invention, there is provided a
lithography method comprising (i) providing a first mask having an exposure pattern for
forming a three dimensional structure; (ii) exposing the first mask to radiation to form
the exposure pattern in a radiation-sensitive resist; the exposure pattern defined by
irradiated areas and non-irradiated areas of the radiation-sensitive resist; (ii) providing
a second mask; and (iii) during exposure, changing relative 'pOSitions between: the first
mask and the second mask to shield selected portions of the irradiated areas from
radiation to enable varying depth profiles to be created in the three dimensional

structure.
The radiation may be X-rays or UV light. It may also be particle beams formed from
electrons or ions. The resist may be deposited on a stiitable substrate such as a silicon

wafer.

An advantage of the described embodiment is that a more accurate and precise

- selection of portions of the radiation-sensitive resist may be achieved. This results in
fabricating the three dimensional structure having multi-level surfaces or arbitrary

surfaces of varying depths with high-aspect-ratios and step heights possibly in the
range of <100 nm to >1000 ym. The aspect ratio is defined as the ratio between the
structure depth and the smallest structure detail. High aspect ratios are usually
considered to be significantly larger than one, evéntually going up to several 100.
Preferred ratios might be 6 or 7. Since the proposed method is particularly useful for
forming or fabricating three dimensional structures with great precision and accuracy,
this may be useful in the manufactur_e of optical devices wﬁich are capable of
manipulating eleétromagnetic waves for interferometry and spectroscopy. In particular,
such va method may be used to fabricate a multi-mirror array for use in fast parallel-
processing Fourier transform interferometers (FPP FTIR) which have single-pulse
measurement capability. By and large, arbitrary multilevel plane surfaces may also be
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‘useful for manipulating the time structure of light waves and have applications in laser

technology, telecommunication or in holography.

Preferably, the first mask is in contact with the resist and the second mask is arranged
above the first mask. In other words, the first and second masks are positioned at

different vertical or Z coordinates.

The method may further comprise changing the relative positions at intervals. In the
alternative, the method may comprise changing the relative positions continuously.
Either way, changing the relative positions may include méintaining the position of the
éecond mask and moving together both the first mask and the resist. In this case, the
method may further comprise moving both the first mask and the resist along a first
movement axis and subsequently, along a second movement axis which is orthogonal

to the first movement axis.

Alternatively, changing the relative positions may include maintaining the positions of
the first mask and the resist, and moving the position of the second mask. In this case,
the method may include moving the second mask along a first movement axis and
subsequently, along a second movement axis which is orthogonal to the first

movement axis.

It is also possible that one of the masks may perform an azimuthal movement. For
example, the method may comprise rotating the second mask about a central point. In
one embodiment, the second mask may include two opposing apertdres and the
apertures may be lozenge-shaped. Indeed, the apertures may just be one aperture or
more than two depending on the size of the mask.

The lithography method may comprise two or more masks and thus, it is envisaged
that the method may comprise providing a third mask. For such a preferred feature, the
method may further comprise moving the second mask along a first movement axis
and moving the third mask along a second movement axis whicﬁ is orthogonal to the
first movement axis, while maintaining the positions of the first mask and the resist.

Advantageously, the exposure pattern includes a lamellar structure, for example, in the

case of a multi-mirror array.
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The lithography method may further comprise, after exposure, developing the resist in
a developer solution to etch away parts of the irradiated areas to form the three

dimensional structure having varying depth profiles.

The radiation is preferred X-ray although other forms of radiation, for example, UV, is
also envisaged. The resist may be polymer and a preferred resist is Poly Methyl
MethAcrylate (PMMA). Specifically, the lithography may be photolithography or Deep
X-ray (DXRL) lithography.

The three dimensional structure produced by the lithography method may be used to
produce micro or nano structures and thus, in a second aspect, there is provided a
method of producing a micro or nano structure from a three dimensional structure
obtained from the lithography method. The method may further comprise forming a
mould from the three dimensional structure and then producing the micro or

nanostructure based on the mould.

An example of a micro/nano structure is a grating structure and in a third aspect, there
is provided a grating structure obtained from the method of producing the micro/nano
structure, the grating structure comprising an array of lamellar grating cells arranged on
different surface areas having varying structure heights. Such a grating structure may
be used as a multi-mirror array, which may be part of a Fourier‘spéctrometer.

- In a fourth aspect, there is provided a lithography apparatus comprising (i) a first mask
having an exposure pattern for forming a three dimensional structure, (ii) 2 second

mask; (i) a radiation source for exposing the first mask to radiation for forming the
exposure pattern on a radiation-sensitive resist; the exposure pattern defined by
irradiated areas and non-irradiated areas of the resist; and (jii) means for changing
relative positions between the first mask and the second mask for shielding selected
portions of the irradiated areas from radiation to enable varying depth profiles to be

created in the three dimensional structure.

It s_hould be appreciated that features relating to one aspect may also be applicable to

the other aspects.
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‘Brief Description of the Drawings

Examples of the .invention will now be described with reference to the accompanying

drawings, in which:

' Figurez1 is a schematic diagram of an exemplary Fast and Parallel Processing
(FPP) FTIR setup employing a Multi-Mirror Array (MMA);

Figure 2 is a magnified schematic diagram of the MMA of Figure 1;

Figure 3a is a top view of an apparatus having a double mask arrangement for
performing an exposure stage of a lithography method for forming multilevel surfaces
such as the MMA of Figure 2; ‘

Figure 3b is a side perspective view of the apparatus of Figure 3a;

Figure 4 is a simplified schematic of the exposure stage performed by the
apparatus of Figures 3a and 3b for an exemplary case of using X-rays;

Figures 5a and 5b illustrate X-axis and Y-axis exposure field movements
performed by one of the masks of Figure 4;

Figure 6 is a graph illustrating relationships between etched depth, exposure
dose and development rate (as derived from the etched depth) during the exposure
stage illustrated in Figure 4 for an exemplary case of polymethylmethacrylate (PMMA)
resist irradiated by X-rays;

Figure 7isa photograph of an etched 3-dimensional structure obtained form the
method of Figure 4; 4

Figure 8 is a scanning electron microscope (SEM) image of a MMA fabricated
from the etched 3-dimensional structure of Figure 7; ,

Figure 9 is a magnified perspective view of a stencil mask which may be used

~ with the apparatus of Figures 3a and 3b;

Figure 10 is a SEM image of a 3-dimensional structure having a curved base
profile; ‘

Figure 11 is a simplified scherﬁatic of an apparatus having three masks for
performing an exposure stage of the lithography method for forming multilevel surfaces
such as the MMA of Figure 2; |

Figure 12 shows a simplified etched structure obtained from the lithography
mefhod of Figure 11; |

Figure 13 is a simplified schematic of a further apparatus having three masks
for performihg an exposure stage of the lithography method for forming multilevel
surfaces having curved depth profile; '
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Figure 14 shows a simplified etched structure obtained from the lithography
method of Figure 13;

Figure 15.is an image of an etched 3-dimensional microst'ructure having letters
SSLS as taken with an optical profiler; -

Figure 16 is a simplified schematic of an even further apparatus having a mask
featuring two lozenge-shaped apertures arranged to rotate about a central point to
irradiate a resist; and

Figure 17 shows a simplified etched structure obtained from the resist of Figure

16 after irradiation and developing the resist.

Detailed Description of Preferred Embodiment

Figure 1 is a schematic diagram of an exemplary Fast and Parallel Processing (FPP)
FTIR spectrometer 100 comprising a mirror arrangement including an elliptical mirror
102 and a collimating mirror 104. The elliptical mirror 102 is arranged to reflect and
condense light emitted from an object or light source 106 towards the collimating mirror
104. The collimating mirror 104 forms an approximately parallel light beam 110 from
the reflected light 108 and directs the beam to a Multi-Mirror Array (MMA) 200.

Figure 2 illustrates a schematic diagram of the MMA 200 which includes NxM binary
grating cells 202 having surfaces of distinct and varying heights- or depths and

_arranged in a chessboard-like array. A cell is the area and the lamellar superstructure
: belonging to one individual level of the stepped chessboard-like surface, Each of the
cells 202 differ from adjacent cells in its individual distance between front and back

facet mirrors and thus, each cell creates a specific optical path which differs from the
optical path of the next cell. Upon reflection by the MMA, the array of grating cells 202
split-the collimated light beam 110 into respective sub-beams 112, each one of which ié
modulated in amplitude with respect to the corresponding optical path of the grating
cells 202. The sub-beams 112 are directed to a focusing mirror 114 which focuses the
sub-beams 112 to a spatial filter .1 16 having an aperture opening 118. The spatial filter

116 is configured to filter spatially higher diffraction orders of the sub-beam 112 while |
allowing zero™ order radiation to pass through the aperturé opening 118 as filtered light
beams 120 towards a detector 122 located at a distance from the spatial filter 116. The
focusing mirror 114 simultaneously images the surface of the MMA 200 onto the
surface of the detector 122. The detector 122 includes an array of detector cells (not
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'shown) each of which measures one single intensity point of each filtered light beam.

Since the filtered iight beams 120 have different optical paths (created by the MMA

‘ 200), the optical path difference of each filtered light beam is derivable from the

position of the intensity points or spots on the detector 122. The intensities and
respective optical path differences of the filtered light beams 120 collectively form an

- interferogram. Subsequently, the interferogram undergoes a Fourier transformation to

yield a spectrum, usually either transmittance or absorbance of the sample versus
wavelength or wavenumber or frequency of the light. Needless to say, the NxM array
may be NxN (i.e. having equal number of cells along each axis).

It would be apparent that the FPP FTIR spectrometer 100 is not limited by a time-
consuming scanning mechanism or by a narrow spectral working band. The -
spectrometer 100 is able to use the full flux of the incoming light signal from the object
106 and has an advantage of having a static MMA 200. The absence of moving parts
in the spectrometer 100 creates a compact and sturdy design while offering capability
to detect very short non-repetitive pulses, typical of explosions, flames, electrical
discharges, plasma processes, lightning, spectroscopic scanning and sorting of large
number of objects, flowing toxic or flammable gases, and the like. Such processes are
of high significance in monitoring and diagnosing internal combustion, jet engines, fires,
environment pollution, waste treatment, toxic gas hazards, chemical reactions, and

~ explosives, which are related to clean energy and environment, safety, security,

warfare, civil' defence and homeland security. The spectrometer. 200 maintains the

. advantages of FTIRs in terms of wide spectral range, throughput, and multiplexing
‘capability. In addition, it avoids the 50% intensity loss by the beamsplitter used in state-

of-the-art FTIRs.

It should be appreciated that accurate manufacturing of the MMA ‘200 in particular the
grating cells’ mirror surfaces is of great importancé. A method of forming multilevel
surfaces such as the grating cells of the MMA 200 by lithography will now be
described. ‘ ' '

. Figure 3ais a top view of an X-ray lithography apparatus 300 having a double mask for

performing an exposure stage of the lithography method according to an embodiment
of the invention and Figure 3b is a side perspective view of the apparatus 300. The
apparatus 300 includes an X-ray scanner table 302 for supporting the rest of the

components of the apparatus 300.
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The apparatus 300 includes a holder plate 304 for carrying a sliding plate 306 having a
central lower area 308 for carrying a micro-translation‘stage 310. The micro-translation
stage 310 is arranged to support a substrate table 312 for carrying a radiation-sensitive
resist and in this embodiment, the resist includes a Poly Methyl MethylAcrylate (PMMA)
resist 314 which corﬁprises multiple |ayers‘of PMMA sheets that performs like a
positive resist. When the PMMA resist 314 is exposed to radiation, the exposed
portions absorb the radiation and this causes a decrease in molecular weight of the
iradiated PMMA resist, specifically at the exposed portions. This radiation-induced
chain scission creates different solubility between irradiated and non-irradiated portions
of the PMMA resist 314 in a developer solution. In other words, development rate of the
irradiated portions of the PMMA resist 314 is much higher than that of the non-
irradiated portions and the level is dependent on the doéage or level of radiation

received.

The micro-translation stage 310 is arranged to move the PMMA resist 314 linearly or

horizontally as shown by arrows A of Figure 3b.

A first mask 316 is aligned and arranged on top of the PMMA resist 314 and the
relative position of the first mask 316 and the PMMA resist 314 is fixed. '

The apparatus 300 further includes a mask holder plate 318 suspended above the

- PMMA resist 314 by three micrometer screws 320 which separate the mask holder
plate 318 and the PMMA resist 314 by a desired distance. The mask holder plate 318

has a circular central opening 322 arranged to.receive a mask holder ring 324. The
mask holder ring 324 is supported by the mask holder plate 318 using a number of
mask holder mounting clamps 326 which clamp the mask holder ring 324 to the mask
holder plate 318. The mask holder ring 324 is arrangéd to support a second mask 328.
It should be appreciated that the desired distance between the PMMA resist substrate
314, the so-called proximity gap, (and thus, the first mask 316) and the second mask
328 should be at an optimum distance to allow for high pattern transfer accuracy and
the distance is véried by adjusting the micrometer screws 320. ‘

Figure 4 is a simplified schematic illustrating the X-ray lithography method performed

.by the apparatus of Figures 3a and 3b. As illustrated in Figure 4, the motion of the first

mask 316 and the second mask 328 are correlated with each other during irradiation by
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‘an X-ray beam 330 from an X-ray light source (not shown) to allow precise selection of

exposure areas of the PMMA resist 314. The apparatus 300 is‘arranged so that the
PMMA resist 314 is typically perpendicular to the incident X-ray beam 330. However, in
special cases, an inclination angle between X-ray beam 330 and apparatus 300 is also

possible and useful.

To elaborate the exemplary MMA case, the first mask 316 is attached directly on top of
the PMMA resist 314 and includes first portions 332 which block the X-ray beam 330
(after being masked by the second mask 328) from passing through to the PMMA
resist 314 and second portions 334 which allow the X-ray beam 330 to pass through to
irradiate corresponding portions 336 on the PMMA resist. In other words, the
arrangement of the first and second portions 332,334 creates a specific exposure or
geometric pattern on the PMMA resist 314 and in this efnbodiment, the pattern is
intended to form a lamellar structure on the PMMA resist 314.

The second mask 328 is used to vary characteristics of the exposure pattern so that
the exposure can be additionally structured spatially and in this embodiment, the
second mask 328 includes first mask portion 338 whiéh blocks the X-ray beam 330 and
second mask portion 340 which basically is an open aperture that allows the X-ray
beam 330 to pass through as a masked X-ray beam 330. In this way, the second mask
328 is configured to delivér a confined and uniform dosage beam profile to the first
mask 316 (and thus, the PMMA resist 314) so as to create step structures or profiles

. within the lamellar structure caused by the geometric pattern formed by the first mask
316.

As explained earlier, the masked X-ray beam 330 is further masked by the first mask
316 to irradiate the specific pattern on the PMMA resist 314 and in this case, a series
of parallel channels. The first mask 316 includes first portions 332 which block radiation
in the form of X-ray beam 330 from an X-ray light source (not shown) and thus, non-
irradiation portions 337 undemeath these first portions 332 are not exposed to the
radiation, and second portions 334 which allow the X-ray beam 330 to pass through to
iradiate correspbnding portions 336 on the PMMA resist.

As shown in Figure 4, at Position AA, the masked X-ray beam 330 irradiates an
exposure area AA on the first mask 316 and the PMMA resist 336 for a predetermined
exposure time to create desired depth profile on the irradiated bortions 336 but not the
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non-irradiated portions 337 masked by the first mask 316. After the predetermined
exposure time has lapsed, the first mask 316 together with the PMMA resist 314 are
moved Iinearly' in the direction B under exposure to the X-ray beam 330 by actuating
the micro-translation stage 310 to move the substrate table 312 (and thus the resist
314 and the first mask 316) in e.g. 600 um steps. The effect of shifting or moving the
first mask 316 in the direction of B relative to the static second mask 328 is that the
second mask 328 is shifted from Position AA to Position BB in the direction C as shown

in Figure 4.

Of course, the same effect may be achieved by a reverse arrangement and movement
— shifting the second mask 328 linearly while keeping the first mask 316 and the PMMA
resist 314 static or stationary. This may be achieved by an appropriate modification to

the setup of the apparatus 300.

Coming back to Figure 4, the shift in the relative positions of the first mask (and the
PMMA resist 314) and the second mask, corresponds to exposure area BB and this
overlaps with exposure area AA such that a first PMMA portion 336a is no longer
irradiated but three PMMA portions 336b,336¢,336d continue to be irradiated. Further,
a fifth PMMA portion 336e is irradiated when the second mask 316 is in Position BB.
After a predetermined exposure time, the first mask 316 and the PMMA resist 314 is
again moved during expdsure from Position BB to Position CC, and subsequently to
Position DD and these positions create corresponding exposure areas CC and DD. It

- should be appreciated that the shifting of the first mask 316 relative to the second mask
328 through these positions enables the various portions

336b,336¢,336d,336e,336f,336g to be subjected to varying amounts of exposure time
since the second mask 328 is arranged to shield those irradiated portions 336 which

- should not be subject to further radiation.

The end effect is that varying depth profiles of the irradiated portions 336
corresponding to the different exposure times are created on the PMMA resist 314.

The movement of the first mask 316 and the PMMA resist 314 in the direction B
relétive to the second mask 328 may be considered as movement along an X-exposure
field or X-axis with reference to the PMMA resist 314 as shown in Figure 5a. Referring
to Figure 2 as an example, the X-exposure field movement is thus to create varying
depth profiles in the X-axis of the multilevel structure such as the MMA 200. For
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creating varying depth profiles in the Y-axis of the multilevel structure, the micro-
translation stage 310 is arranged to shift the first mask 316 and the PMMA resist 314 in
a Y-exposure field or Y-axis which is orthogonal to the X-axis as shown in Figure 5b.

After the exposure stage, the exposed PMMA resist 314 is removed from the apparatus
300 and is subjected to a resist development stage in which the exposed PMMA resist
314 is immersed in a suitable developer solution in which the irradiated portions 336 of
the PMMA resist 314 are dissolved in the developer solution at a much faster
development rate than the non-irradiated portions. The resulting development- or etch-
depth is dependeht on the dosage profile during the exposure stage, the developer
solution and the development conditions. A relationship for two types of development,
namely stir and dip devélopment, for a 30 minute development cycle at a solution
temperature of 30 °C is shown in Figure 6. The developmént time and the exposure
dose translate into the depth profile under given development conditions and thus
determine the depth profiles of the irradiated portions 336.

From the etch depth vs exposure dose relationship of Figure 6, it is possible to derive
relationship between development rate and exposure dose for the dip and stir
developments illustrated with a second ordinate on the right-hand side of Figure 6.

After the development stage, the PMMA resist 314 reveals a 3-dimensional structure
having multilevel surfaces having varying depths or steps. Figure 7 is a photograph of

. the etched 3-dimensional structure.

The etched 3-dimensional structure is then used ‘to create a metal mould via

electroplating and the metal mould is then used to reproduce 3-dimensional structures
such as the MMA 200 (actually, these would be mirror images of the etched 3-
dimensational structure) via embossing or injection moulding which would be a much
more cost effective way of mass producing 3-dimensional structures, particularly micro
or nano 3-dimensional structures having multi-level surfaces or steps of varying depths
6r' heights. It should be clarified that while developing/prototyping of the 3-dimensional
structures (eg. the MMA 200) via lithography directly is possible but for high volume
production, mouiding (such as plastic mbulding) is preferably used.

Figure 8 is a SEM image of a fabricated MMA according to the above proposed method
comprising 4 x 5 cells — 5 rows of cells which are vertically separated by four horizontal
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lines 350 and horizontally 4 columns of cells as given by the cell size (in this case of

600 x 600 pmzt) or as can be found from the change in the grey level of the image.

As it can be appreciated, the proposed lithography method of this embodiment enables
precise selection of exposure areas. The method uses two stacked masks 316,328 of
which at least one is movable independently with respect to the other. In this
embodiment, the first mask 316 provides an overall geometric shape or exposure
pattern of a structure (i.e. a lines-and-spaces structure for this embodiment) and the
second mask 328 arranged on top of the first mask 328 enables selective irradiation of

-where to irradiate, when and for how long which portions of the resist 314 is irradiated

by appropriate shielding of the radiation beam. The exposure areas may be as large as
a primary (2D) pattern as defined by the first mask 316 (perhaps cm-range, depending
on the exposure system and application) or as small as the movement of the
translation stage 310 allows it (sub-microns).

The described embodiment should not be construed as limitative. For example, in the
described'embodiment, the first mask 316 and the PMMA resist 314 are shifted linearly
relative to the position of the second mask during irradiation or exposure so that areas
of the PMMA resist 314 is seleciively moved into shadow regions of the second mask
328 (i.e. under the first mask portions 338 which may be calfed absorbers) allowing
deposition of dose grey -Ievels in those areas exposed to th.e X-ray beam 330.
However, the same effect may be achieved if the positions of the first mask 316 and

- the PMMA resist 314 are static and the second mask 328 is shifted instead by suitable
modification to the apparatus 300. Also, it is envisaged that both masks 316,328 may

be configured to move.

The first mask 316 may not be directly attached to the PMMA resist 314 and may bé
spaced therefrom. Also, the positions of the first mask 316 and the second mask 328
along the vertical may be swapped accordingly i.e. the second mask 328 being
immediately adjacent to the PMMA resist 314 whereas the first mask 316 being abové

the second mask 328.

in this embodiment, the first mask 316 is a standard lithography mask (having a clear
membrane to allow the light beam to pass through, supporting patterned structures,
preferably made from metal, which have near zero transmittance for the radiation)
which is next to the PMMA resist 314 and the second mask 328 used to ‘open and
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close’ the first mask areas to the irradiation beam 330 at a given time and for a given

exposure duration. However, the first mask and/or the second mask may be stencil
masks which means that “open” areas are through apertures without any membrane
such as the stencil mask 400 shown magnified in Figure 9. The stencil mask 400 has a
10x10 mm? X-ray stencil mask area 402 held by a silicon mask frame 404 and
supported by é silicon frame 405. The mask area 402 includes a series of spaced apart
longitudinal gold members 406 freely suspended by the silicon mask frame 404,
instead of being supported by an underlying membrane layer. The longitudinal gold
members 406 correspond to the first portions 332 of the first mask 316 which absorbs

or prevents radiation from passing through and the channels between the gold’
members 406 corresponds to the second portions 334 of the first mask 316 which
allows radiation to pass through. This avoids any influence on the X-ray beam 330 by
the membrane layer and thus, improves the'lithography quéliw resulting in a better 3-

dimensional structure.

The described embodiment uses the PMMA resist 314 for forming a monolithic
multilevel structure but other resist material, polymers or substrates may also be used
depending on the spectral range of the radiation and other process requirements.

In the described embodiment, the first mask 316 and the PMMA resist 314 move
together in a step motion to generate a 3-dimenstional structure having step profiles
but it should be appreciated that the first mask 316 and the PMMA resist 314 may be

- arranged in a continuous sweeping or scanning motion to generate continuous surface
profiles. For example, if the sweeping motion changes the relative position between the

second mask 328 and the first mask 316 (and thus, the PMMA substrate 314), this
causes changes in the level of exposure to the X-ray beam 330 and this may be used
to create a curved mirror grating. In the alternative, the second mask 328 may be
replaced by a curved 2-dimensional mask and the curvature of the mask thus creates
corresponding changes in the relative positions between the curved mask and the first
mask 316 and the PMMA resist 314. The relative positions between the masks which
“close or open” exposure areas on the resist thus enables different level of doses to be
deposited i.e. time duration of constant  intensity exposure. This results in
corresponding different intensities of exposure to the X-ray beam 330 and together with
scanning of the curved mask in the Y-direction results in a curved dose profile.. A SEM
image of a 3-dimensional structure having a curved base profile is shown in Figure 10

with an imaginary line (in white) to illustrate the curved profile cléarly.
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Instead of X-ray lithography, other types of lithography may be used, for example Deep
X-ray lithography (DXRL), UV lithography, and electron or ion beam lithography.

Instead of having two masks 316,328 which are configured to change positions relative
to each other, it is envisaged that more masks may be used. For exa‘mple, a third mask
may be included. Such an arrangement of “multiple” moving mask technique is shown
in Figure 11 and just like the described embodiment, the resist is in the form of a
PMMA resist 450 and a first mask 452 is éligned and attached to the top surface of the
PMMA resist 450. The first mask 452 has a similar structure as the first rhask 316 of
the described embodiment. A second mask 454 and a third mask 456 are suspended
above the first mask 452 in different Z coordinates to selectively shield an X-ray beam
458 from irradiating onto selected portions of the PMMA resist 450. Both masks
454,456 may simply be a plate with its entire area configured to prevent radiation from
passing through and thus: when the masks 454,456 are shifted offset to the X-ray
beam 458, the beam passes through the sides of the plate. The second mask 454 is
arranged to shift or move along an X-axis and the third mask 456 is arranged to move
along a Y-axis, relative to the positions of the first mask 452, the PMMA resist 450 and
the X-ray beam 458. In this way, the second and third masks 454,456 enable selection
of which portions of the PMMA resist 450 to irradiate depending on which portions are
shielded. For example to create a 3 dimensional structure, the first mask 452 provides
the overall geometric pattern for the PMMA resist 450 and the first mask 452 is first

. exposed to the X-ray beam 458 with the mask 3 fully withdrawn so that it does not
shield the X-ray beam 458. During continued exposure to the X-ray beam 458, the

second mask 454 is next moved step-wise or at intervals along the X-axis across the
irradiation area to selectively shield parts of the PMMA resist 450 (as exposed by the
first mask 452) from being irradiated by the X-ray beam 458. Once the X-direction scan
is done, the second mask 454 is moved away and the - third mask 456 is activated to
move step-wise along the Y-axis which is orthogonal to the X-axis. In this way, this
exposes selected parts of the PMMA resist 450 to the irradiation beam along the Y-axis

to create various depth profiles in that direction.

After exposure, the irradiated PMMA resist 450 is likewise developed in a developer
solution to remove the irradiated areas and a simplified schematic of a developed
resultant PMMA'strUCture 450 formed by the procedure of Figure 11 is shown inAFigure
12 and the varying depth profiles or step structures should be observed. The depth of a



10

15

20

25

30

35

15

step structure depends on the total dose received or total exposure time during the

- exposure and the development.

It should be appreciated that the relative movement between the masks 452,454,456
may be performed by shifting the second and/or third masks 454,456 independently or
by moving the stack of the first mask 452 and the PMMA resist 450 in X and Y
directions behind a static/fixed stack of the second and third masks 454,456. Either
way, the relative movement of the masks enables a step-like structure to be produced
with a given primary pattern (lines and spaces) as required for the MMA 200.

The method may also be adapted to produce more complex or arbitrary structures such
as 3-dimensional structures with selected curve base profiles or half spheres. Using the
example of Figure 11, this may involve replacing the third mésk with a fourth mask 460
having a semicircular aperture 462 which allows radiation to pass through but not the
other parts of the fourth mask 460. Similarly, the first mask 452 provides the basic
geometric pattern on the PMMA resist 450 and the second mask 454 is operable to
move step-wise linearly in the X-direction during exposure to the X-ray beam 458.
Further, the fourth mask 460 is scanned or dragged continuously across the first mask
452 and the PMMA resist 450 in fhe Y-direction under exposure to the X-ray beam 458.

With the fourth mask 460, selected irradiation areas of the PMMA resist 450 may have
a curved profile and an example is illustrated .in Figure 14, after irradiation and

-. subsequent resist development.

A furthér example is illustrated in Figure 16 which has.a mask 470 featuring two
lozenge (or commonly referred to as diamond shaped) cut-outs or apertures 471
attached to a common member or point 472 arranged to rotate the mask 470 about the
central point 472 in the direction of arrow E. The lozenge mask 470 is arranged above
and spaced from a stencil mask 473 deposited on a surface of a PMMA resist 474 and
the structure of the stencil mask 473 includes one elongate gold absorber ribbon 475
that runs diametrically with respect to the central point 472 and includes two semi-
circular apertureé 476 on each side of the ribbon 474. The rotating mask 470 thus
blocks or exposes an X-ray source from irradiating the PMMA resist 474 depending on
speed of rotation and an exposure pattern corresponding to the exposure dose and the
shape of the mask 470 is thus‘formed in portions of the resist 474 exposed by the
stencil mask 473. Figure 17 shows a result of developing the irradiated resist of Figure
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16. The exposure pattern created by the change in relative positions between the
lozenge mask 470 and the stencil mask 473 includes an annular inverted conical

depression 478 with one diametrically separating wall 479.

It should be appreciated that the mask 470 may just have one lozenge aperture 471
instead of two to create a similar etched structure aé Figure 17 with appropriate
adjustment of the exposure time,'for example, doubling of the exposure time. Further,
the number of lozenge apertures may also be increased to three, four or more, limited
by the size of the mask 470 with the maximum number of apertures reached when the
apertures touch each other.

It should be appreciated that other complex or arbitrary multilevel structures with high
resolution and high-aspect-ratio structures such as the one (s‘hown in Figure 15 which is
a 3D plot of an optical profiler of the letters “SSLS” microstructure etched into a PMMA
resist with minimum depth stepping of approximately 100 nm. The width of a single
letter is approximately 450 ym and the depth varies from 12 pm to 28 pym in steps of
approximately 100 nm. A resist top surface profile is cleared from most of the plot for
better visibility of the steps and the letters 490 within the PMMA sheet. Part of the top
surface, the top left corner 492 of the resist is maintained and serves as a reference.

As it can be appreciated from the above examples, the sdb—micrometer depth
resolution of the proposed fabrication technique is superior to common ruling, micro-

- turning or cutting techniques. Moreover, the fabrication technology using lithography
. allows the fabrication of 3-Dimensional structure shapes impossible to be machined

with conventional fabrication techniques. If the light source uses synchrotron based X-
ray exposure of PMMA surfaces, this results in superior surface quality. By having at
least two masks which are movable independently allows: '
o fabrication of complex 3-Dimensional geométries by using at least one fixed
and one moving mask. The use of a movable mask in combination with a fixed
mask, allows inkdependé‘nt controlling of the depth profile of 2-dimensioh
geometries given by the fixed mask pattern.
o transfer of lithographic pattern over large surface areas, since most of the
| available beam prdduced by X-ray sources can be utilized in parallel. This
reduces costly exposure times.

e exposure of different geometries in parallel.
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e tailoring of the bottom surface of etched planes within the mask one structure
by using sides of the mask (or absorber layer) scanned in smallest steps across
the resist profile, or scanned across a fixed mésk pattern (fabrication of inclined
‘etch-surfaces), or by using the mask to permit or block irradiation of different
exposure areas during exposure (fabrication of leveled etch-surfaces).

The 3-dimensional structuring provided by the proposed technique is able to produce
surfaces of high optical quality. The synchrotron X-ray irradiation beam directed at the
resist (or PMMA resist) is able to create well-defined and sharp sidewall profiles of the
lamellar structure of the grating, in particular the bottom surfaces of the etched planes

are orthogonal to sidewalls of the lamellar structure.

The developed lithography technique combines both, creéting a stepped structure
within the lamellar structure, in one polymer structure or monolithic structure. As such,
no additional alignment steps of produced structures are necessary after the
lithography. The working area of the technique can be as large as several cm? with
depth profiles from 0 to the millimeter range. The X-Y structure dimension limitations
are given by the conventional structure limitations of the specific lithography tool used.

As explained earlier, the proposed lithography method is' particularly useful for
producing the MMA 200 of Figure 2 (or rather, to create a 3-dimensional structure for
creating a mould for producing the MMA 200). When used as an optical tool, the MMA

- has no movable parts and is therefore superior to existing interferometers in terms of:

® enabling spectroscopy of single short non-repetitive pulse signals by means of
Fourier transform interferometry; ‘ '

. improving time resolution when measuring continuous wave signals;

o removing the spectral sensitivity to vibrations (Since all interferometric data ié
collected at the same time instant the vibrations are the same for all data points and
thus do not alter the data acquisition); and |

. extending the mechanical lifetime of the device by having lesser mechanical

parts, as compared to Michelson type interferometers.

Aside from the use of the fabrication technique to produce MMA’s for the FPP FTIR,
the 3D-lithographic technique may be used to machine components for other optical
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applications. Such components include phase-modulators for in-line digital holography

or plane/curved mirror arrays for interferometric applications or analytic devices.

Examples of analytic devices which are broadly classified as spectrometers used in

any application that calls for the analysis of substances are:

market

Chemicals in the chemical industry

Process analysis

Non-invasive analysis in biology and medicine

Drug development in the pharmaceutical industry ,
Environmental monitoring including the security and military industries
l_dlent‘iﬁcation and quantification of substances in the research and development

Having now fully described the invention, it should be apparent to one of ordinary skill

in the art that many modifications can be made hereto without departing from the scope

as claimed.
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CLAIMS

A proximity lithography method comprising

(i) providing a first mask having an exposure pattern for forming a three
dimensional structure;

(i) directly exposing the first mask to radiation to form the exposure pattern on a
radiation-sensitive resist; the exposure pattern defined by irradiated areas and
non-irradiated areas of the resist;

(iii) providing a second mask; and

(iv) during exposure, changing relative positions between the first mask and the
second mask to shield selected portions of the irradiated areas from the
radiation to produce exposure dose grey levels in areas of the radiation-
sensitive resist exposed to the radiation to enable features with varying depth
profiles, which include a plurality of surfaces arranged substantially parallel to a
surface of the resist exposed to radiation, to be created in the three dimensional

structure.

A proximity lithography method according to claim 1, wherein the first mask is in

contact with the resist.

A proximity lithography method according to claim 1, further comprising
changing the relative positions at intervals while maintaining positions during

exposure.

A proximity lithography method according to claim 1, wherein changing the
relative positions include maintaining the position of the second mask and

moving together both the first mask and the resist.

A proximity lithography method according to claim 4, further comprising moving
both the first mask and the resist along a first movement axis and subsequently,

along a second movement axis which is orthogonal to the first movement axis.

A proximity lithography method according to claim 1, wherein changing the
relative positions include maintaining the positions of the first mask and the

resist, and moving the position of the second mask.
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A proximity lithography method according to claim 6, further comprising moving
the second mask along a first movement axis and subsequently, along a

second movement axis which is orthogonal to the first movement axis.

A proximity lithography method according to claim 1, further comprising rotating

the second mask about a central point.

A proximity lithography method according to claim 8, wherein the second mask

includes two opposing apertures.

A proximity lithography method according to claim 9, wherein each of the

opposing apertures is lozenge-shaped.

A proximity lithography method according to claim 1, further comprising

providing a third mask.

A proximity lithography method according to claim 11, further comprising
moving the second mask along a first movement axis and moving the third
mask along a second movement axis which is orthogonal to the first movement

axis, while maintaining the positions of the first mask and the resist.

A proximity lithography method according to claim 1, wherein the exposure

pattern includes a lamellar structure.

A proximity lithography method according to claim 1, further comprising, after
exposure, developing the resist in a developer solution to etch away parts of the
irradiated areas to form the three dimensional structure having varying depth

profiles.

A proximity lithography method according to claim 1, wherein the radiation is X-

ray.

A proximity lithography method according to claim 1, wherein the resist is

polymer.
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A proximity lithography method according to claim 1, wherein the resist is Poly
Methyl MethAcrylate (PMMA).

A method of producing a micro or nano structure from a three dimensional

structure obtained from the lithography method of claim 1.

A method according to claim 18, further comprising forming a mould from the

three dimensional structure.

A method according to claim 19, further comprising producing the micro or

nanostructure based on the mould.





