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Abstract: Controlled translational displacement between
a large-surface photosensitive planar substrate and a
wide and short 1D grating phase-mask enables the print-
ing of large-width, spatially highly coherent gratings of
principally unlimited length, using a limited number of
opto-mechanical control parameters. The phase-mask
is illuminated by a temporally modulated exposure light
sheet controlled by a displacement sensor. The proposed
method is compared with existing techniques, and its
functional elements and their combination are analyzed.
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1 Introduction

Printing large-area optical gratings with high spatial coher-
ence has been of interest since the invention of the chirped
pulse amplification (CPA) scheme [1], whereby a temporally
stretched optical pulse is first amplified and, then, is tempo-
rally compressed down to a few tens of femtoseconds using
a pair of diffraction gratings. In applications such as con-
trolled thermonuclear fusion [2], the fluence is so large, and
the optical damage threshold of the best dielectric multi-
layers [3] is so limited that ensuring a supra-threshold state
is only possible by increasing the grating area. However,
increasing the area of high spatial coherence gratings is
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faced with practical difficulties: all processes, including the
handling, photoresist processing, and corrugation etching
of large substrates, require specific large-size equipment,
whereas ensuring wide beams in the single-shot interfero-
gram exposure scheme [4] requires large optical elements
such as parabolic mirrors, increasing the demand for the
mechanical and optical path stability. This leads to invest-
ment and running costs that increase supra-linearly with
increasing grating area. This explains the preference for
resorting to side-by-side tiling using two or more standard-
size gratings, typically with a 1-m? area [5]. Such a scheme is
not without difficulty either because ensuring coplanarity,
grating line parallelism, and period phase matching within
a fraction of a period increases the complexity of the pulse
compression subsystem.

An alternative large-grating printing strategy was pro-
posed [6] and developed [7], whereby a small elementary
interferogram spot is scanned over the photoresist-coated
substrate area. This approach reduces the problem of the
large-beam conditioning to that of controlling the scan of
two narrow overlapping and interfering beams and can
also be used to define a uniform, single spatial frequency
grating composed of strictly straight and parallel lines
without phase jumps. This fabrication strategy is highly
flexible and, in principle, allows printing large gratings
with a spatially dependent distribution of spatial frequency.
Another printing strategy was proposed and demonstrated
recently [8], which consists of a broad-beam scanning
exposure using a latent grating continuously generated
during scanning for real-time dynamic fringe locking. This
approach can potentially yield unlimited recording length.

The printing strategy described here also aims at the
definition of a wide single spatial frequency grating of
unlimited length, but it does so by combining the scan of a
subset of the grating with the diffraction of a thin and wide
incident sheet of light by means of a short and wide phase-
mask. This combination of the laterally uniform and tem-
porally modulated illumination of the grating subset and
of its one-dimensional (1D) scan results from an insightful
allocation of the grating’s spatial coherence characteris-
tics. The fabrication of the wide phase-mask can be made
using a small phase-mask, mechanically scanned, this
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time in the direction of the lines, and without exposure
modulation. This leads to a rather simple optomechanical
system implementation.

2 The printing strategy

A spatially highly coherent single spatial frequency
grating is characterized by perfectly straight and parallel
lines along the Y direction, positioned strictly periodically
along the X direction normal to the lines, as schemati-
cally shown in Figure 1. Figure 1 shows the proposed con-
tinuous printing process of a wide grating with unlimited
length along the X direction on a high rectilinearity trans-
lation bench. Manifestly, the elementary generic subset
that can be photorepeated is a long, perfectly straight line.
A single line can, however, not be projected and repeated
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Figure 1: Schematic top view of the large grating fabrication
method using the 1D scan along X of a wide photoresist-coated sub-
strate under a long phase-mask suspended in a static bridge and
illuminated by a temporally modulated light sheet.
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along the X direction when the grating period is of the
order or smaller than the printing wavelength, which is
the case for an optical pulse compression stage [4]. Under
this condition, the photorepeating of a straight line can
only be achieved by making it a part of a set of identi-
cal, parallel and periodically distributed straight lines; in
other words, the line is a part of the group of lines of a
grating phase-mask [9]. This prerequisite turns out to be
an advantage because a phase-mask projects its straight,
parallel, periodic line pattern onto a resist-coated surface
placed underneath; thus, the grating subset to be scanned
along the X direction becomes a set of straight lines with
its own spatial coherence characteristics on-board the
phase-mask instead of a single straight line.

The projected period is half that of the phase-mask if
the light sheet is normally incident along the coordinate
Z normal to the XY plane (Figure 2A) and equal to that of
the phase-mask if the incidence is under the —first-order
Littrow condition, as shown schematically in Figure 2B.
The set of dim and bright lines of the interferogram indi-
cates the location of the interferogram relative to the
phase-mask grating.

For a phase-mask to generate a single spatial fre-
quency high-contrast interferogram in the case of
normal incidence, the zeroth transmitted order must be
suppressed [9], and the phase-mask period A must be
between A and 2\ (A is the exposure wavelength in air),
to enable the excitation of the two first orders and prevent
the excitation of the second diffraction orders. The condi-
tion is simply 31/2> A >\/2 in the case of the —first-order
Littrow incidence onto the phase-mask.

Thus, using a phase-mask of perfectly straight lines
with the length adapted to the width of the large grating

—18torder Littrow
incidence

Figure 2: Cross-sectional view in Figure 1 normal plane of the generation of a periodic interferogram along the axis X using a phase-mask
(A) for normal and (B) —first-order Littrow incidence, also showing the diffraction orders involved.
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yields a set of perfectly straight lines on the resist-coated
substrate. Moreover, if the phase-mask lines are perfectly
parallel and periodic, the spatial coherence is achieved
locally on the grating substrate. There is a very impor-
tant advantage brought by the phase-mask: the pro-
jected period is independent of the spectral width (or
temporal coherence) of the printing light sheet as well
as of its angular width within the incident plane defined
as normal to the grating lines. The only requirements —
which are actually weak requirements — are on the polari-
zation [the phase-mask corrugation is optimized for the
transverse electric (TE) polarization to achieve the highest
interference contrast] and on the width of the angular
spectrum in the plane of incidence. The large tolerances
on the spatial and temporal coherence of the mask trans-
fer exposure beam can be compared with those prevailing
for the two printing strategies cited above: a single-shot
exposure [4] of a large-area grating requires both very
high temporal and spatial coherence. The approach of the
interference spot scanning [7] also requires high temporal
coherence; it is less demanding as to the wave front, but it
suffers from the fact that the latter is not uniform, which
necessitates overlapping exposures to deliver a uniform
dose all over the length of the grating lines, i.e. to ensure a
uniform line/space ratio.

3 The scanning mode

With utmost straightness, parallelism, and periodic-
ity being achieved holistically along the Y direction as
embarked on-board the phase-mask, the scan along the
X direction must strictly maintain the parallelism and
periodicity upon its continuous translation along the X
direction under the phase-mask. As to the parallelism, the
critical parameter is the angular tilt in the XY plane of the
substrate (or yaw). The tolerable tilt is below 0.1 prad for
a 1-m-wide grating and a slightly submicron-scale grating
period. This can be achieved in two ways: The first is by
using a very precisely ground translation bench [10].
Second, if the rectilinearity of the latter is not sufficient,
the tilt can be controlled by means of two displacement
sensors placed ~1 m from each other along the Y axis,
which measure the displacement along the X direction.
Any position difference measured by the sensors is fed
back to a static bridge where the phase-mask is suspended
in a monolithic frame made of elastic blades allowing to
generate a real-time tilt owing to the anti-parallel action
of two piezo-actuators. This yaw compensation scheme is
illustrated in Figure 3.
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Figure 3: Top view in Figure 1 XY plane of the static bridge with sus-
pended phase-mask. The yaw compensation principle ensures that
the displacement difference measured by two displacement sensors
is fed to two piezo-actuators that impose the correction phase-mask
substrate tilt in the XY plane.

At least one displacement sensor must be used
because the exposure light sheet must be switched on and
off during each period upon the translation, to ensure the
desired periodicity. For displacement sensors consisting
of interferometers [11], the refractive index of the air along
the two light paths must be stabilized identically. An
advantageous alternative approach consists of replacing
the interferometers by two long-range high-resolution dis-
placement sensors using Invar or Zerodur grating scales
[12], as suggested in Figure 1.

As long as the yaw can be corrected, there is no limit
on the length of the large printed grating, and the transla-
tion bench does not need to be of the highest precision
and rectilinearity; the roll and pitch are not critical for
ensuring high spatial coherence.

There is no particular requirement on the absolute
position of the table in its continuous translation under
the static bridge supporting the phase-mask. In order to
avoid stitching problems between printed fields, the scan-
ning steps — i.e. the exposure flashes — along the con-
tinuous table displacement X are synchronous with each
period being printed. There is a feedback control between
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the table displacement measurement sensors and the
light source switching (or modulation) time intervals.

4 The phase-mask definition

The demands placed on the phase-mask spatial coher-
ence are utmost straightness, parallelism, and identical
spacing between the centers of consecutive lines and
an identical line/space ratio. A quasi-perfect phase-
mask could be printed using electron beam lithography.
However, such an equipment cannot presently be used for
printing structures on the length scale of 1 m [13]. An alter-
native approach is to scan a phase-mask along the grating
lines without exposure beam switching, as we demon-
strated experimentally earlier [14], and with an industrial
laser printer [15]. The printing phase-mask is an e-beam
written square grating spot illuminated by a TE-polarized
collimated beam. The resist-coated long phase-mask sub-
strate translates at a constant velocity on a long, precisely
ground bench, ensuring rectilinearity better than 100 nm
and lateral offset noise well under 100 nm as checked met-
rologically [10]. Figure 4 illustrates the longitudinal phase-
mask scan for fabricating long grating phase-masks.

After the long phase-mask exposure, the photoresist
corrugation is to be transferred into its hard substrate or
high refractive index coating. Reactive ion (beam) etching
(RI(B)E) has to be performed, preferably in a scanning
mode, too [16]; the large-area technology is under devel-
opment [17].

5 Exposure light sheet

The uniformity of the printed grating duty cycle depends
on the uniformity of the light exposure dose along Y.
There are several ways to obtain a polarized, switchable
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Figure 4: Long phase-mask fabrication by the continuous longi-
tudinal scanning under the continuous wave exposure of a small
phase-mask.

DE GRUYTER

light sheet of uniform intensity along the Y direction,
with restricted angular width in the plane of incidence.
For instance, several solutions have been proposed and
developed in the field of optical backplanes for display
illumination. They usually comprise a thick waveguide in
which the light of a source, placed at the edge, zig-zags
and is diffracted out essentially normally by a variable-
efficiency reflection grating or a set of microprism reflec-
tors defined at one side of the waveguide [18]. Such widely
used 2D optimized solutions can easily be simplified to 1D,
for the generation of the desired light sheet. A preferred
solution is, however, to take advantage of the temporal
and angular coherence tolerances offered by a phase-
mask approach and to generate an exposure light sheet
next to the phase-mask in the form of a linear array of
light-emitting diodes (LEDs) [19] or semiconductor lasers
with their collimation optics [20] ensuring, as they do in
their current application fields, a homogeneous distribu-
tion of the exposure dose along Y.

6 Method flexibility and application
domains

As stated in Section 2, the range of phase-mask periods
relative to the exposure wavelength for generating high-
contrast interferograms is rather restricted. Referring to
Figure 2 and related comments, printing small periods
amounts to selecting the normal incidence scheme
(Figure 1A) and decreasing the exposure wavelength
A. The smallest practicable wavelength for phase-mask
exposure today is 193 nm emitted by ArF excimer lasers.
This implies that the smallest printable period is slightly
above 100 nm. To extend the range to smaller periods,
it is possible to resort to immersion lithography, as we
demonstrated for a printed period of 100 nm in Ref.
[21]; with an ArF laser, slightly sub-100-nm periods
are within reach. Extending the range to larger periods
without the excitation of higher diffraction orders is pos-
sible using a dual-grating phase-mask that simulates
a heterodyne scheme in the spatial frequency domain
as we demonstrated in Ref. [22]. An important last step
in a grating manufacturing process is the control of
the spatial coherence. The test of the regularity of the
period over the whole grating area can also be made in
a scanning mode as described and demonstrated in Ref.
[23], whereby a monolithic optical double read-head,
flying over the grating under test with fixed spacing
between both heads, achieves the interference between
the orders diffracted by the grating. The variation of the
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detected electrical phase difference between the two
heads gives the variation of the grating period with a
resolution better than 1 pm.

With regard to the application domains, the prime
motivation for the development of the described concept
is to offer a simpler and lower-cost fabrication technology
of even larger gratings while preserving the needed speci-
fications on the spatial coherence. This method could also
be implemented for fabricating vacuum ultraviolet and
soft X-ray gratings [24], as well as for phase-contrast X-ray
imaging [25], where high spatial coherence is required.
Further, owing to its simplicity, the method can be used
for fabricating large-grating templates for low-end replica-
tion [26] in case an improvement of the spatial coherence
is desired. Different fields of applications require differ-
ent grating profiles: printing binary gratings as needed for
pulse compression requires highly non-linear photoresists
associated with exposure switching upon the phase-mask
scan. It is also possible to fabricate sinusoidal as well as
blazed corrugation profiles using a linear photoresist with
the corresponding synchronous light sheet modulation at
the period scale.
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