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An optimized achromatic high-efficiency monolithic phase mask is presented whose principle was demonstrated and described in refer-
ence [1]. The mask comprises three submicron period diffraction gratings at a single substrate side that create a purely single spatial
frequency interferogram of large period. The optical scheme is that of an integrated Mach-Zehnder interferometer where all light circula-
tion functions are performed by diffraction gratings. The paper describes the operation principle of the phase mask, the fabrication pro-
cess, and its utilization in a write-on-the-fly scheme for the writing of a long, 2 um-period grating. [DOI: 10.2971/j€05.2011.11016s]
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1 INTRODUCTION

Phase masks have long been used for the fabrication of Fibre
Bragg Gratings (FBGs) [2]-[4]. They offer the notable ad-
vantage over the more classical technique of creating an in-
terferogram in a Mach-Zehnder interference scheme [5] that
the period and the location of the created interferogram only
depend on the period and location of the phase mask grat-
ing. The price to pay is the impossibility of adjusting the pe-
riod of the interferogram which is imprinted in the phase
mask corrugation. This is however a minor drawback in the
writing of long gratings of constant period [6], and in the
writing of a number of identical gratings. Another penalty is
the restriction of the range of periods which can possibly be
printed: the generated interferogram only has a single spatial
frequency in the operation regime where the +1%t and —1% or-
ders at least and at most can propagate. Somewhat paradoxi-
cally, it is therefore more difficult to write a supmicron than
a submicron period grating with a phase mask since the sen-
sitivity spectrum of most photoresists is below 500 nm wave-
length. Micrometer-scale period gratings are however need-
ed as in IR spectroscopy and in grating scales for displace-
ment sensors for instance where phase mask printing would
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be very advantageous industrially when associated with a
write on the fly strategy [6].

The present paper describes an alternative phase mask struc-
ture permitting the generation of a high contrast, single spa-
tial frequency interferogram of arbitrarily large period. It is
an integrated monolithic Mach-Zehnder scheme operating in
the spatial frequency domain similarly to an heterodyne fre-
quency scheme: the phase mask comprises a central beam
splitting grating, and two lateral grating zones at either side
of the central corrugation and playing the role of the mirrors
of the Mach-Zehnder interferometer. The spatial frequency
of the generated interferogram is equal to twice the differ-
ence between the spatial frequencies of the central and lateral
gratings. After the functionality of this dual-grating phase
mask has been demonstrated with a laboratory prototype
based on a simple photoresist technology [1], we will report
here on its optimization and implementation in hard materi-
als by means of e-beam writing and reactive ion etching.

ISSN 1990-2573


https://core.ac.uk/display/230264451?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Journal of the European Optical Society - Rapid Publications 6, 11016s (2011)

Y. Bourgin, et al.

2 PHASE MASK PRINCIPLE

The device described here is a monolithic phase mask com-
posed of 3 diffraction gratings: a wave splitting grating of
period A; with two gratings of period A, aside the latter.
The functionality of such monolithic phase-mask was
demonstrated by using photoresist gratings defined at the
incidence side of a thick glass substrate [1]. Despite its poor
efficiency, the principle was demonstrated of splitting an
incident beam with a transmission grating G, of period A;
directing its + and — 1¢ diffracted orders to two reflection
gratings G; of period A, that redirect both incoming beams
via their -1%t diffraction order below the substrate where
they overlap and interfere. In the present paper the princi-
ple is the same even though the configuration is different.
An exposure laser beam enters the substrate through the
air/SiO; interface and impinges onto grating G; of period A;
located on the opposite side of the substrate. This grating
generates the + and — 1% orders in reflection. The line/space
and the aspect ratio of this reflection grating are chosen to
essentially cancel the 0™ reflected order. The diffracted or-
ders propagate upwards in the substrate and are reflected
at the opposite SiO,/Air interface under Total Internal Re-
flection. Then they impinge onto two diffraction gratings Gz
of period A located at each side of G;. The function of grat-
ings G is to redirect the beams coming from G; outside the
substrate using the -1¢ transmitted order. The parameters of
gratings G; and G; are chosen so as to optimize the overall
diffraction efficiency. Their design will be described here-
under. Figure 1 is a diagram of the monolithic phase-mask
element.

Eq. (1) relates the grating periods A; and A, of gratings G,
and G; and the period p of the fringes pattern generated in
the overlap zones of the two beams. This phase mask is
achromatic, i.e. the interferogram period p only depends on
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3 MODELLING

The objective of the work presented here was to find out and
to design the optimum configuration permitting to print a
grating of 2 um period. Such period is not printable by
means of a standard phase mask because of the complexity
of the multi-order generated interferogram and it was shown
to be achievable by means of a Mach-Zehnder interferometer
configuration [1]. Periods A;= 420 nm and A= 380 nm do
generate an interferogram of 2 um period according to
Eq. (1), furthermore, G; gives rise at the 442 nm wavelength
of an HeCd laser to diffracted beams experiencing total inter-
nal reflection at the opposite substrate side. A code based on
the true-mode method [7] is used to find the parameters opti-
mizing the diffraction efficiencies. Grating 1 of period A; will
be etched in the fused silica substrate and coated with alu-
minium. The code is used to optimized the width and the
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FIG. 1 Monolithic phase mask and related beam path.
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FIG. 2 Sketch of the binary corrugation of grating G, etched in the fused silica sub-

strate and filled with aluminium.
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FIG. 3 Power efficiency of the diffracted orders of G, versus the SiO, line width. Down:

The same versus the Si0, line height.

depth of the fused silica lines to have the maximum power
distributed in the + and — 1t orders and minimizing the Ot
reflected order. Figure 2 is a schematic sketch of the opti-
mized structure. Figure 3 shows the power efficiencies of the
0t reflected orders and the +/- 1¢t reflected orders. Figure 3
top gives the power efficiency versus the line width and the
curves at the bottom show the same versus the SiO, etched
depth.

The curves obtained by the modelling code show that for a
Si0; line width of 170 nm the efficiency of the + and — 1+ re-
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flected diffraction orders has a maximum (41.67 % of the inci-
dent power) while the 0 reflected order admits a minimum
(0.02%). Fixing now the SiO:2 line width at 170 nm, Figure 3
top shows the tolerance on the etching depth with a maxi-
mum at 135 nm. The optimized parameters of G; are summa-
rized in Table 1.

Grating 1 period = 420 nm

incident angle 0°
SiO; layer thickness 135 nm
SiO; line width 170 nm
Order angle efficiency

Reflected 0 0° 0.02%
Reflected -/+1 45.831° 41.67%
Transmitted 0 0° 0.00%

TABLE 1 Modelling parameters used for G, and expected orders efficiencies.

Transmission gratings G, have been designed by using an
incidence angle on the grating from the fused quartz sub-
strate side equal to 45.8° according to the modelling result
of Gi. G is a grating of period 380 nm with grating lines
etched all through a high refractive index material (SisNg4, n
=2.07, k=0.006 @ A = 441.6 nm) with air under and be-
tween the silicon nitride lines. Figure 4 is a sketch of grating
Go.

The results of the modelling are presented in Figure 5, at
the top the curves represent the power efficiency of the —1st
(transmitted -1 in Table 2) transmitted diffracted order ver-
sus the SisNyline width, and at the bottom versus the thick-
ness of the SisN4 layer.

Grating 2 period = 380 nm
incident angle 45.831°
SisNa layer thick- 210 nm
ness
SisNsline width 105 nm
Order angle efficiency
Reflected —2 -60.262° 2.92%
Reflected -1 -4.33° 5.08%
Reflected 0 45.831° 1.21%
Transmitted -1 -6.3529° 87.85%

TABLE 2 Modelling parameters used for G, and expected orders efficiencies.

The curves of figure 5 show that the optimal parameters for
G2 are: gratings lines with a depth of 210 nm all through the

sio,

I I 210 nm
>

A=380nm 105nm

FIG. 4 Sketch of grating G, etched all through a silicon nitride layer.
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FIG. 5 Power efficiency of the diffracted orders of G, versus the Si;N, line width.

Down: The same versus the Si;N, line height.

SisNs layer with a line/space ratio of 105/380 = 0.28. Table 2
summarizes the parameters and gives the efficiency distribu-
tion in each diffracted orders generated by Go.

The expected efficiency of the phase mask is given by the
product of the efficiencies of the -1 reflected order of G: by
that of the -1% transmitted order of Gz multiplied by 2. With
the optimal parameters the theoretical efficiency is:
0.417*0.879*2 =73.3%.

4 PHASE MASK FABRICATION

The most important feature in the dual-grating phase mask is
the parallelism between all grating lines to prevent any Moi-
ré effect in the interferogram. This is the reason for writing
all three grating zones at the same substrate side to prevent
any tilt resulting from unloading and reloading the substrate
on the e-beam chuck. A silicon nitride layer was deposited
by PECVD (Plasma Enhanced Chemical Vapour Deposition)
on a thick (3 mm) fused silica substrate. The corrugations of
G; and G, are not identical; G; is reflective whereas G, is a
transmission grating. Therefore the samples must be pre-
pared before the e-beam writing. G; will be etched in the
fused silica substrate while the gratings G, will be etched in
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Copper conductive
layer

Fig. 6 Phase mask grating fabrication steps. Top left: e-beam resist and copper layer
deposition. Top right: Grating pattern in the resist layer. Bottom right: Lift-off of the

chromium etch-mask. Bottom left: Etching in Si0, (G,) and Si;N, (G,).

Fig. 7 Picture of a monolithic phase mask made on a 1 inch substrate. Gratings G, are

visible at both sides of grating G, covered by an aluminium layer.

the SizsN, layer. A window in the Silicon Nitride layer is first
opened for G; by using a RIE (Reactive Ion Etching) step
down to the silica surface. A plastic foil is used to delimit the
areas of the SiO, window.

A layer of positive e-beam photoresist (AR-P 661 PMMA
“PolyMethyl MethAcrylate”-based) is deposited by spin
coating, and covered by a copper layer deposited by thermal
evaporation to permit the evacuation of the electric charges.
The grating lines are then written in the photoresist by a Vis-
tec EBPG 5000+ electron beam nanowriter. The copper con-
ductive layer is removed by wet etching, and the grating
lines are revealed by using the appropriate development
process. The lift-off technique is used to create the etch-mask
for the RIE processes. A chromium layer (25 nm) is deposited
by thermal evaporation at the bottom of the grooves and at
the top of the photoresist layer. The sample is dipped in ace-
tone for lifting off the chromium layer on the resist layer and
keeping it on the other areas to be used as an etch-mask. The
SigNy layer is etched by CHFjs-based RIE down to the silica
surface (i.e. 185 nm), a plastic foil protecting the G; site. The
same operation is performed for the etching of the SiO, grat-
ing with the same etchant at 135 nm depth, the G, sites now
being protected by a plastic foil. After the etching steps the
chromium rests on top of the gratings is removed by an am-
monium cerium (IV) nitrate and acetic acid based wet etch-
ing. The in Figure 6.

operations are summarized

IIIII $ |
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Fig. 8 SEM picture of grating G, before aluminium deposition

Fig. 9 SEM pictures of grating G,. Left: side view. Right: top view.

Grating G; is then made reflective by aluminium evapora-
tion, a plastic foil being used to protect the rest of the sub-
strate. A high vacuum (5*107 mbar) and a sufficiently slow
deposition rate (2 A/s) are used to guarantee the correct fill-
ing of the grooves by aluminium. If the deposition speed is
too high, the aluminium in the grooves grows in the form of
aggregates. Figure 7 is a picture of the monolithic phase
mask made on a 3 mm-thick substrate (1 inch diameter) with
grating line length of 15 mm.

5 CHARACTERIZATION

The phase mask was characterized by means of SEM scans
performed from the top and also from the edge after cleaving
one of fabricated phase masks.

The SEM pictures of G; and G, show that the corrugations
have close to the desired aspect ratio. Figure 9 left is a side
picture of grating G; etched in the SizN, layer. The shape of
the grating lines is very close to a rectangle with the opti-
mized parameters.

The phase masks were also characterized optically; the pow-
ers of the two output beams generated by the phase mask
have been measured. The efficiency of the device is defined
as the ratio between the power of the incident beam on G;
and the sum of the output beams. The best sample shows an
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Fig. 10 Diagram of the “write on the fly” bench.
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Fig. 11 Pictures of 2 ym period grating tracks written with the “write on the fly”

bench.

efficiency of 71%, which is very close to the 73% expected by
modelling the optimized gratings.

6 LONG GRATING PRINTING

The phase mask shown in Figure 7, and exhibiting the best
efficiency was implemented on a “write on the fly” bench [6].
Figure 10 describes its operation: the principle is based on
Scanning Beam Interference Lithography (SBIL). The phase
mask is illuminated by a collimated laser beam (He-Cd laser,
A = 441.6 nm) of 1.5 mm diameter under normal incidence.
An interference pattern of 2 um period is created in the over-
lap volume of the two diffracted beams.

The lines of the interferogram are perpendicular to the dis-
placement direction of the bench. A long substrate covered
with photoresist (Shipley SPR 505) is placed on the transla-
tion bench, the distance between the phase mask and the
substrate being adjusted so as to have the photoresist layer at
about the middle of the beam overlap volume. The displace-
ment of the stage is controlled by a grating displacement
sensor of 1 um period. The 500 nm period sinusoidal electri-

Displacement

sensor Reference

optical rule

Direction of movement of the bench

cal signal is TTL converted. An electro-optical modulator
cuts the laser beam each time the substrate travels by half a
period (i.e. 1 um) and lets it through for a second period half
to prevent a washing out of the printed latent grating.

Figure 11 is a picture of 4 diffraction gratings tracks of 2 um
period. They have been written on 3 inch substrates at a
speed of 800 pum/s.

7 CONCLUSION

The proof of principle of a new monolithic dual-grating
phase mask was made with the printing of a 2 um period
grating using a 441.6 nm wavelength laser beam. The range
of grating periods is easily controlled by the splitter and re-
combiner gratings. By changing the period of G, periods
between 250 nm and 2 um and over can be written with a
pure single spatial frequency interferogram. The high effi-
ciency obtained by using high index splitter and recombiner
gratings to achieve more than 70% efficiency permits high
writing speed dynamic exposure and reduced exposure time.
By lengthening the grating lines of the monolithic phase
mask up to the dimension which an e-beam nanowriter can
write (5 inches for the Vistec used), large and long diffraction
gratings of high spatial coherence can be written efficiently
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