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Interferometric fabrication of modulated submicrometer

gratings in photoresist

Peter Ehbets, Hans Peter Herzig, Philippe Nussbaum, Peter Blattner, and René Dandliker

Interferometric recording is applied to the fabrication of modulated submicrometer gratings in

photoresist.

High diffraction efficiency requires optimized recording conditions, which are obtained by

the use of an on-axis continuous surface-relief grating for the generation of the object beam. The
optimized phase function is copied into the resist layer by means of a self-aligned two-step recording
process with an intermediate copy in a volume photopolymer hologram. As a result, we demonstrate
high carrier frequency surface-relief off-axis fan-out gratings for illumination in transmission with visible

light.
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1. Introduction

Modern microfabrication techniques permit the real-
ization of highly efficient diffractive optical elements
(DOE’s) that have multilevel or continuous microre-
liefs.! However, difficulties still arise for the fabrica-
tion of off-axis elements in rigid materials such as
glass or quartz with submicrometer carrier grating
periods. These elements are of interest for building
compact optical systems with a folded optical path.2
Furthermore, they are attractive because high effi-
ciency can already be achieved with a two-level phase
profile. Therefore recent research has focused on
the design and fabrication of modulated high carrier
frequency gratings.3-5

Modulated submicrometer gratings have been fab-
ricated by use of electron-beam (e-beam) lithography
for the patterning of the resist. This technique
offers high flexibility for the generation of arbitrary
structures. The accuracy of e-beam writing is mainly
limited by stitching errors of the order of 100 pm
between scan fields when the elements exceed the size
of a single scan field, i.e., when they are larger than
0.8-1.0 mm.® Within one scan field the positioning
errors are typically of the order of 10-50 nm. These
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positioning errors introduce detour phase factors for
off-axis elements that affect the encoded object phase
function and limit the performance in the case of
submicrometer carrier grating periods.4

Here we present an alternative fabrication method
for binary off-axis DOE’s based on optimized interfero-
metric recording in photoresist. This approach has
the advantage of a parallel writing process that can be
used directly for the fabrication of larger quantities.
In addition, wave fronts can be generated with high
accuracy over large fields, which results in a better
positioning accuracy of the modulated grating lines.
However, interferometric recording is less flexible
compared with e-beam writing.

Most of the research in photoresist recording has
involved the fabrication of regular, high-resolution
gratings. Conditions for high first-order diffraction
efficiency have been derived and experimentally dem-
onstrated.”1° However, only a few studies have
investigated the recording of more general object
beams in photoresist. The recording of photoresist
holograms was studied by Bartolini.!! He observed a
strong trade-off between efficiency and reconstruc-
tion fidelity and could achieve only low efficiencies of
the order of 5%. The reconstruction fidelity is mainly
affected by the intermodulation noise, which is due to
the recorded object-beam intensity variations in the
hologram. Better performance can only be achieved
if these intermodulations are reduced or even elimi-
nated. For the recording this requires the use of
optimized object beams, which can in general be
produced by computer-generated holograms. The



copying of an optimized wave front with an off-axis
reference beam into a hologram led to the concept of
hybrid holograms.!? Bartelt and Case!? achieved
diffraction efficiencies of the order of 50% and good
fidelity by recording an object beam with random
phase in a volume hologram. High diffraction effi-
ciencies over 90% were then obtained for the copying
of fan-out elements in dichromated gelatin.131¢ In
this case the intermodulations were minimized by the
application of numerical optimization techniques.
We have applied the same concept for the recording of
efficient surface-relief holograms in photoresist.

In Section 2 we discuss the recording conditions for
efficient photoresist holograms. In Section 3 the
generation of optimized object beams is considered
and the recording setup for the copying is discussed.
Accurate positioning of the photoresist plate in the
optimum recording plane is crucial. To achieve pre-
cise alignment we applied a two-step approach for the
copying. In Section 4 experimental results are pre-
sented for the fabrication of an off-axis 9 x 9 fan-out
element. Fan-out elements are key components for
optical interconnects. In this research we use them
as test elements, because the generated spot array in
the far field of the fan-out element can be easily
characterized. The accuracy of the fabrication pro-
cess can be deduced from the uniformity error of the
generated array.

2. Optimized Holographic Recording in Photoresist

The basic configuration for interferometric recording
is shown in Fig. 1. The interference pattern of a
plane reference wave and an object beam is recorded
in a thin photoresist layer. Symmetric incidence of
the two beams is required in order to produce interfer-
ence fringes perpendicular to the hologram plane.
Incidence angle 6 defines the period of carrier grating
s with s = A/(2 sin 0), where \ is the free-space
wavelength of the recording light. After develop-
ment a modulated surface-relief grating is obtained.
At readout the grating is illuminated at Bragg angle
65, which is defined by sin 65 = A/(2s). The object-
beam wave front is regenerated in the minus-first
diffraction order of the carrier grating and produces

the desired intensity pattern in the far field. In the
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Fig. 1. Geometries of (a) recording and (b) readout for interfero-

metric recording in photoresist.
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case of high carrier frequency gratings, the angular
spread of the object beam, «, is much smaller com-
pared with Bragg angle 05.

We restrict the following analysis to one-dimen-
sional object beams, but the same principle can be
applied to the two-dimensional case. The plane of
incidence is the (x, z) plane as shown in Fig. 1, and TE
polarization is assumed. The reference plane wave
can then be written as

E (x,z) = A, exp{ik[sin(6)x + cos(0)z]}, (1)

where £ = 2w/A. The electric field of the object
beam can be expressed by a spatially varying ampli-
tude and phase function, i.e.,

E (x, z) = exp|[—ik sin(0)x]A,(x, z)exp[iD,(x, 2)], (2)

where the linear phase factor determines the off-axis
incidence. Inthe general case the propagation of Eq.
{(2) can be calculated by the use of the angular
spectrum approach.’® We are particularly interested
in the recording of fan-out gratings. In this case the
object amplitude and phase functions, A,(x, 2) and
d,(x, z), are periodic with respect to the x axis and can
be written as a discrete superposition of propagating
diffraction orders, i.e.,

N
E,(x, z) = exp[—ik sin(0)x] _2 A,, exp(ion)
x expli(mKx + v,,2)], (3)

where (M + N +1) is the total number of diffraction
orders retained in the analysis, K = 2%/A, A is the
period of the fan-out element, and v,, is the propaga-
tion constant of the mth diffraction order along the z
axis, defined by

Ym = [k? — [k sin(6) + mKJ})/2. (4)

The diffraction orders are characterized by their
amplitudes, A,, and phases, ¢,. The central N,
diffraction orders form the fan-out signal and create
the spot array in the Fourier plane. All the higher
diffraction orders correspond to undesired noise.
The quality of a fan-out element is characterized by
two parameters: the signal diffraction efficiency, m,
and the uniformity error, e, of the generated array.
The signal diffraction efficiency is the fraction of the
total power in the N, signal diffraction orders.
Uniformity error e can be defined by the contrast
function,

_ Imax - Imin 5
e_Imax+Imin’ ()

where I, and I,;, are the maximum and minimum
spot intensities of the N, signal beams.

Using Egs. (1) and (2) we can write the interference
of the reference wave with the modulated object beam



in a form similar to the two-wave case, i.e.,

I(x,z) = |E(x, 2) + E,(x, 2)|?
=A%+ A)x,2)? + 24,A,(x, 2)
X cos[@x — D,(x, z)], (6)

where @ = 2w/s = 2k sin 6. Optimized recording
conditions are obtained if the intensity variations of
object-beam amplitude A,(x, z) are minimized in the
hologram plane at z = 0. This is identical to the
design of an on-axis phase-only DOE. Assuming
A,(x, z) and P, (x, z) to be slowly varying with respect
to the wavelength \, we can apply the paraxial scalar
diffraction theory. Many different optimization
schemes have been proposed in the literature for this
task, based on either iterative phase-retrieval algo-
rithms!6-18 or parametric optimization techniques.1®
In the case of regular fan-out elements, continuous
phase functions as shown in Fig. 2 for a 9 x 1 fan-out
element can be determined.?’ This phase-only solu-
tion produces in the far field a uniform spot array
with a high signal diffraction efficiency of 99.3%.
The corresponding interference pattern of Eq. (6) is
shown in Fig. 3. For the representation, a low
carrier frequency @ = 4mN,/A has been chosen.
The whole object information is encoded in phase
function ®,(x, z = 0), which modulates frequency @
of the carrier grating.

The recorded sinusoidal intensity distribution,
shown in Fig. 3, is transformed by the photoresist
development into a surface-relief grating. The phys-
ics of the photoresist development process is de-
scribed in Ref. 11. Depending on the type of devel-
oper and the dilution, either a binary or a rather
linear characteristic between the exposure energy
and the photoresist relief depth can be achieved.
In the case of binary development the sinusoidal
interference pattern is hard clipped, and a rectangular-
shaped surface relief results. For linear develop-
ment the sinusoidal form is more or less maintained.
It has been shown that high diffraction efficiencies
with a rectangular or sinusoidal grating require
carrier grating periods of the order of the optical
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Fig. 2. One period of the optimized phase function for an on-axis
9 x 1 fan-out element.
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Fig. 3. One period of the optimized interference pattern in the
recording plane for the 9 X 1 fan-out element.
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wavelength.”19 In this case only the zeroth and the
minus-first diffraction order are propagating for inci-
dence at the Bragg angle. As a consequence the
diffraction at the high frequency carrier surface-relief
grating has to be analyzed by the use of rigorous
diffraction theories. This is a demanding task be-
cause the period of the modulated grating is defined
by the period of the paraxial object function, which
typically has a size of A > 100 pm. As a conse-
quence, a large number of diffraction orders has to be
retained in the model. A rigorous analysis of this
type of binary high frequency carrier DOE’s was
recently published by Noponen and Turunen.?3 They
analyzed the validity of the hybrid encoding scheme
and found that the fan-out phase function would be
correctly encoded in the binary carrier grating if the
period of the highest frequency component in the
fan-out function was at least 10 times larger than the
period of carrier grating s, i.e.,

N > 10 (7)

In the reported experiments we use a factor 10
above this limitation, and therefore encoding errors
can be neglected. The first-order diffraction effi-
ciency is then optimized by the consideration of the
regular carrier grating. We used a model based on
rigorous coupled-wave theory” and determined the
optimum relief depth, %, of the grating for TE polar-
ization. The efficiency curves are shown in Fig. 4 for
the two cases of a rectangular and a sinusoidal relief
profile illuminated in transmission from resist to air
at the Bragg angle. The results were calculated for a
wavelength of A = 633 nm, a typical photoresist index
of n = 1.63, and a grating period of s = 577.4 nm.
High diffraction efficiencies over 90% can be achieved
for both relief types and require a modulation depth
in the range of 0.8 um < A < 1.0 pm.

Optimized phases of the recording fan-out beam
achieve minimum intermodulations in a single plane
(z =0). As the object beam propagates out of this
optimum plane, intermodulations will appear and
deteriorate the recording conditions. To specify the
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Fig. 4. Calculated first-order diffraction efficiency m-; as a func-
tion of relief depth  for a rectangular relief profile (solid curve) and
for a sinusoidal relief profile (dashed curve).

alignment tolerances for a successful recording, we
determined the depth of the optimum plane. The
propagation of the object beam is described by Egs. (3)
and (4). We assumed off-axis propagation at a record-
ing angle of 8 = 25° and calculated the evolution of
the intermodulations A,(x, z) for the optimized 9 x 1
fan-out element, shown in Fig. 2. The calculated
contrast of intermodulations V resulting from a dis-
placement z = d out of the optimum plane is shown in
Fig. 5 for different fan-out periodicities A equal to
100, 200, and 400 pm. Intermodulation contrast V
was defined by V = (Inax — Imin)/(I max + I;,), where
I.... and I,;, are the maximum and minimum intensi-
ties of the object beam in the plane z = d. Gratings
recorded under the conditions for high diffraction
efficiency cannot linearly reproduce object intermodu-
lations A,(x, z = d). Small intensity variations caused
by intermodulations are clipped to a constant value
because of nonlinear development and because of the
strongly nonlinear behavior of the diffraction effi-
ciency curve near its maximum. However, object
phase function ®,(x, z = d) is accurately recorded by
the relative phase of the carrier grating. The clip-

Intermodulation contrast V
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Fig. 5. Contrast V of the intermodulations as a function of
displacement d out of the optimum plane calculated for different
fan-out periods of A = 100 pm (dashed curve), A = 200 pm (dotted
curve), and A = 400 um (solid curve).
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ping of the amplitude function to A,(x, z = d) = const.
discards some object information.

The result of the clipping can best be analyzed by
the calculation of the uniformity error of the spot
array generated from phase-only function ®,(x, z = d).
The results are shown in Fig. 6. For most applica-
tions a uniformity error ofe < +10% can be tolerated.
Therefore, using Figs. 5 and 6, one can estimate the
depth of the optimum plane and tolerable clipping
level. Significant intermodulations occur of the dif-
fraction orders at the border of the fan out loose the
optimum phase relation with the central beam. The
interference between one marginal diffraction order
of the fan out and the central fan-out beam results in
a periodic function. The period of this interference
pattern in the direction of the z axis gives a good
estimation for the depth of the optimum recording

plane. For small fan-out angles «, the relation
cos(0)A2
=TT )

is obtained for the depth as a function of the fan-out
parameters, where ¢ is a constant defined by the
tolerable uniformity errorand N = (N, — 1)/2. The
depth of the optimum plane is mainly determined by
the quadratic dependence on fan-out period A and on
the number of signal diffraction orders N,. Oblique
incidence at angle 6 results only in the cosine factor
and has little influence.

3. Two-Step Recording Setup

The problems at recording are the generation and the
accurate alignment of the optimized object beam with
respect to the hologram plane. Different possibili-
ties exist for the generation of the optimized object
beam in the hybrid recording arrangement intro-
duced by Bartelt and Case. The most common ap-
proach is to encode the optimized wave front in a
low-resolution computer-generated hologram!32% and
then copy it in the hologram plane by means of a 4f
imaging system. For the generation of large spot
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Fig. 6. Uniformity error e of the generated array as a function of
displacement d out of the optimum plane calculated for different
fan-out periods of A = 100 pm (dashed curve), A = 200 um (dotted
curve), and A = 400 pm (solid curve).



arrays, the self-imaging properties of periodic fields
become interesting. By considering the free-space
propagation after a pinhole array, one can find planes
of low intermodulations.?! In this research we chose
a third approach by copying the optimized phase
function of an existing on-axis phase-only DOE into
the hologram plane. Problems appear with the hy-
brid recording approach if, for the desired far-field
pattern, phase functions with low diffraction efficien-
cies are found. In this case higher diffraction orders
besides the N signal diffraction orders become impor-
tant and are necessary to describe the phase-only
solution. As a consequence, spatial filtering of the
imaging system has to be taken into account to
achieve low intermodulation.’®* For regular, discrete
patterns such as fan-out elements, high diffraction
efficiencies can be achieved with continuous or multi-
level DOE’s. In the reported experiment we used a
continuous surface-relief grating as the master ele-
ment for the interferometric copying. The fabrica-
tion of continuous surface-relief gratings is a critical
process, but good results have been obtained by
laser-beam writing.2?

For the required relief depth for transmission
gratings to be achieved, interference fringes perpen-
dicular to the resist surface are required. Therefore,
the optimized plane of low-intensity variations is
tilted with respect to the propagation direction of the
object beam, and the alignment of the imaging system
becomes a difficult task. The alignment tolerances
are shown in Fig. 6 and can be estimated from
relation (7). We have avoided these problems by
using a two-step recording approach for the copying.
The two-step recording process is schematically repre-
sented in Figs. 7 and 8. The optimized phase func-
tion of the on-axis fan-out element is first copied in a
volume hologram. This intermediate copy does not
have to be recorded for high diffraction efficiency.
Therefore a linear recording process can be used,
which can restore the intermodulations.’? This holo-
gram is recorded with a high reference-to-object-
beam ratio. As we can see in Fig. 7, we imaged
fan-out phase function ®,(x, z = 0) into the hologram
plane by using a single lens. This transformation
adds a quadratic phase term to the fan-out phase but
introduces no intensity variations.

Because of the linear recording conditions of the
volume hologram, small intermodulations can be
tolerated, and the alignment requirements in the
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Fig. 7. Recording geometry of the intermediate copy in the
photopolymer hologram.
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Photoresist-coated
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Fig. 8. Recording geometry of the resist hologram.

image plane become less severe. We used a photo-
polymer as the holographic recording medium for the
intermediate copy. The photopolymer material has
the advantage that it is self-developing during the
exposure. The holographic plate can therefore be
kept in place during the whole process and is automati-
cally aligned. At readout the photopolymer holo-
gram is illuminated by the conjugate reference beam,
as shown in Fig. 8. This illumination generates the
conjugate object beam, which passes inversely through
the same imaging system and compensates on its way
all the acquired aberrations. The complex conjugate
of the fan-out phase function, i.e., —®,(x,z = 0), is
then reconstructed in the plane where the original
fan-out element was placed. The Fourier transform
properties show that complex conjugation of a phase
function introduces an inversion symmetry in the far
field, but it does not change the intensity distribution.
As a result, the conjugate phase function is again a
uniform fan-out element and the photoresist holo-
gram can be recorded in this predefined plane with a
symmetric off-axis reference beam.

4. Experimental Results

Experimental results were obtained by the use of this
two-step recording approach for copying a continuous
surface-relief 9 x 9 fan-out element into a modulated
binary resist grating. We obtained the two-dimen-
sional phase function by crossing two symmetric
one-dimensional solutions, which are shown in Fig. 2.
The design and the fabrication by laser-beam writing
of this element have been described in previous
publications.?223 The fan-out gratings were realized
with a period of A = 400 um and for a wavelength of
A = 488 nm. For normal incidence, phase function

®,(x, z = 0) and relief height d(x) are related by
2t
®yfx,z2 = 0) = = (n — 1)d(x), (8)

where n is the refractive index of the medium.
Propagation through the same phase grating at ob-
lique incidence results in phase modulation errors.
The main error is a linear increase of the optical path
length difference, which can be compensated by the
rescaling of relief profile d(x) calculated for normal
incidence. The corrected relief height d.(x) for ob-



lique incidence is obtained by
n-1
n cos(8,) — cos(8) ’

d (x) = d(x) (9)

where 6 and 6, are the incidence angles in air and in
the medium. In general, higher-order phase errors
will appear. Because of the large ratio between the
fan-out period and the modulation depth, these local
phase deformations are smaller than /100 and thus
far below the fabrication accuracy. We fabricated a
continuous surface-relief 9 x 9 fan-out element in
photoresist with a refractive index of n = 1.64 for the
required recording angle of & = 25°. This requires a
relief depth correction, Eq. (9), of 0.94. The far-field
characterization of the fabricated element yields a
uniformity error of e = +10% over the whole 9 x 9
array.

For the imaging system shown in Fig. 7, alens with
focal length of f = 100 mm and an aperture diameter
of 50 mm were chosen. With this configuration,
spatial filtering effects can be neglected. The inter-
mediate volume hologram copy was made in the
photopolymer material HRS352 from Du Pont de
Nemours?* by the use of an argon laser at the
wavelength A = 488 nm. The photopolymer layer
was spin coated to a thickness of 17 pm on a BK-7
glass substrate with antireflection coating on the
opposite surface. Symmetric incidence between the
reference beam and the object beam was chosen for
the recording. Because the image plane of the fan-
out element is again a plane of low intermodulations,
a high reference-to-object-beam ratio is not necessary
for a linear recording process.2?> We used a beam
ratio equal to unity. Typical exposure parameters
have been an energy of E = 150 mdJ/cm?, followed by
a diffusion time of ~8 min, and a uniform postexpo-
sure to fix the hologram. Efficiencies of the order of
40% were obtained without heating the photopolymer
hologram after exposure. Under these conditions an
excellent linear recording was achieved. The inter-
mediate photopolymer hologram reconstructed the
9 x 9 spot array in the far field with the same
uniformity error as the original fan-out element.

The final copy was made in Shipley Microposit
1400-37 photoresist. A layer of 2.8 pm thickness
was spin coated on a glass substrate and baked at
95 °C for 30 min. For the exposure an absorber was
index matched on the backside of the substrate to
avoid backreflections, and symmetric incidence at
+95° was chosen. Because the photoresist material
has low sensitivity at the wavelength of A\ = 488 nm,
high exposure energies of the order of 1.5 J/cm? are
required. The consequence of using expanded beams
are exposure times of several minutes. Under these
circumstances, fringe stabilization becomes important.
We obtained the best performance by stabilizing the
large interference fringes produced from a reference
grating with equal period, which was fixed on the
same substrate holder. During the exposure the
piezocorrection signal of the fringe stabilization sys-
tem varied by the order of A/20. Because the aver-
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age position of the fringes is recorded, the position
accuracy of the recorded pattern is still better. After
exposure the resist holograms were developed during
30 s in the AZ-303 developer from Hoechst diluted
1:4. According to Bartolini,!! this process results in
rather linear development characteristics. The form
of the resulting surface relief for a modulated fan-out
grating can be seen on the scanning electron micros-
copy picture of Fig. 9. Grating period s = \ /(2 sin 6)
= 577.4 nm results from the incidence angle of 8 =
25°. We achieved maximum relief depths of the
order of 600 nm by using this process. The position
modulation of the grating grooves is only of some
nanometers and cannot be distinguished in Fig. 9.
The modulated fan-out gratings were designed for
readout in transmission with the He—Ne laser wave-
length A = 633 nm. The achieved relief depths of
600 nm are not optimum, as one can seen from the
efficiency curves in Fig. 4. The wavelength change
between recording and readout shifts the Bragg angle
to 8 = A/(2s) = 33.2°. An overall first-order effi-
ciency of m_; = 69% was measured for the grating
shown in Fig. 9. This value includes the Fresnel
reflection loss of R = 6% at the first substrate
interface and absorption of the order of 2% in the
photoresist. The generated 9 x 9 spot array in the
far field of the minus-first diffraction order is shown
in Fig. 10. The CCD picture is saturated so that the
small sidelobes of the Airy function around each spot
are visible. One can see that no significant higher
diffraction orders appear outside of the signal array.
The 9 x 9 spot array contains 65% of the total
incident power. The 4% efficiency loss compared
with the first order efficiency is mainly due to light
that is scattered at the rough photoresist surface.
The surface roughness results from coherent noise
that is generated from backreflections. Improve-
ments are possible by the reduction of the coherence
length of the recording laser and by the use of an
incoherent preexposure. The uniformity of the ar-

ray was measured for illumination with a collimated

1
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Fig. 9. Scanning electron microscopy picture of the fabricated
surface relief in photoresist.



Fig. 10. 9 x 9 array of generated spots in the minus-first
diffraction order of the carrier grating.
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Fig. 11. Intensity line scan through the row of the 9 x 9 array
with the highest uniformity error.
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beam that was 4 mm in diameter. Each row of the
array was scanned individually by a detector. The
intensity distribution of the row with the worst
uniformity is shown in Fig. 11. We measured a
uniformity error of e = +13%. Compared with the
uniformity error of e = +10% of the original fan-out
element, we achieved an accurate copy of the fan-out
phase function. Higher diffraction efficiencies re-
quire slightly deeper relief depths. One can obtain
this by improving the photoresist processing or by
etching the binary resist relief in the substrate mate-
rial.!

5. Conclusions

We investigated interferometric recording for the
fabrication of modulated binary gratings with submi-
crometer periods in photoresist. Optimized record-
ing conditions require minimum intermodulations in
the hologram plane. This was achieved when the
optimized phase function of an on-axis phase-only
DOE was copied into the hologram plane. Align-
ment problems were solved by the use of an interme-
diate copy in a volume photopolymer hologram.

7

After development a modulated binary surface-relief
grating results, which can be transferred in a stable
substrate material by the use of etching or material
deposition techniques and which is also suitable for
mass replication. The method has the potential to
achieve ultrahigh carrier frequencies with high posi-
tion accuracy. The far-field copying arrangement
works well for object beams with high signal diffrac-
tion efficiencies. Off-axis 9 x 9 fan-out elements in
transmission with a carrier frequency of 1700
lines/mm and first-order diffraction efficiencies in
the range of 70% are demonstrated. Because of the
high carrier frequency, these elements clearly show
Bragg diffraction behavior and offer high first-order
diffraction efficiency. Because they are thinner com-
pared with standard volume holograms, they are
much less sensitive to deviations of the readout angle.
Therefore, these elements are interesting for optical
interconnection systems, which require the genera-
tion of the fan-out signal not only for readout with a
single reference beam but also for readout with a
more complex input pattern.26
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