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1 Introduction

Fan-out elements split an incoming beam into a regular array
of equally intense beams.' They are key components for
optical interconnects, and off-axis elements, in particular, are
of interest for the realization of integrated planar micro-
optical systems.” In this paper, the fabrication of efficient
binary off-axis fan-out gratings for visible and near-IR light
is investigated. This is a challenging task, because it requires
a fabrication process with submicrometer resolution and also
with high position accuracy over the entire surface of the
diffractive optical element (DOE).

Highly efficient off-axis fan-out elements can be fabri-
cated by holographic recording in dichromated gelatin or
photopolymer.® In this case, volume diffraction in the thick
grating structure enables high diffraction efficiency for in-
cidence at the Bragg angle. Unfortunately, the high angular
selectivity of volume holograms limits the useful numerical
aperture at readout. Recently, the design of synthetic Bragg
holograms with a binary surface relief has been proposed.*®
The modulated binary relief function of these elements is
“interesting because it can be realized in stable substrate ma-
terials with a single lithographic step. In addition, the angular
selectivity is reduced compared to volume holograms. How-
ever, Bragg diffraction behavior and high first-order diffrac-
tion efficiency with thin binary phase gratings requires carrier
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grating periods of the order of the wavelength. As a conse-
quence, electromagnetic diffraction theory must be applied
to determine the diffraction efficiency of the grating structure.

Synthetic Bragg DOEs with submicrometer carrier grating
periods have been fabricated by using direct electron beam
(e-beam) writing* and by two-beam holographic recording
in photoresist with an optimized object beam.” For industrial
fabrication, however, photolithography is more convenient.
The accurate transfer of submicrometer features (< 0.5 wm)
requires the use of advanced lithographic equipment, such
as deep-UV, x-ray, or phase-shift lithography. In this context,
total internal reflection (TIR) holographic lithography rep-
resents a very flexible alternative approach that offers the
required resolution over a large printing area.3!° We have
investigated for the first time the potential of this lithographic
technology for the fabrication of binary DOEs with submi-
crometer features in the relief. The main potential problems
associated with holographic recording methods arise from
coherent noise and intermodulations that degrade the binary
surface relief structure. The off-axis fan-out gratings consid-
ered are sensitive to fabrication errors. Therefore, the quality
of the fabricated off-axis fan-out gratings provides a good
criterion for the precision of the TIR holographic printing
process. )

TIR holographic lithography is a proximity copying tech-
nique and therefore requires a 1 X amplitude mask of the final
structure. In the following section, we present the encoding
of the amplitude mask for high-carrier-frequency fan-out
gratings. This high-resolution mask is then fabricated by
e-beam writing. The influence of quantization errors on the



fan-out function is analyzed using rigorous electromagnetic
diffraction theory. In the third section, the recording condi-
tions of the intermediate TIR volume hologram for high re-
construction fidelity are discussed. Experimental results of
holographically printed fan-out elements are then given in
Sec. 4.

2 Encoding of Binary Off-Axis Fan-Out Gratings

The readout geometry of binary off-axis fan-out gratings in
transmission is represented in Fig. 1. The grating structure is
illuminated from the substrate of refractive index n, with a
TE-polarized, monochromatic plane wave at the Bragg angle
0, =arcsin(\/2n,d,), where \ is the free-space wavelength
and d, is the period of the carrier grating. The carrier grating
is modulated so that it generates the desired fan-out function
in the — Ist diffraction order. For off-axis incidence, higher
diffraction orders can be made evanescent by the use of a
high carrier frequency. From the grating equation, it follows
that only the zero and the — 1st diffraction orders are prop-
agating in the output medium (n= 1), if the carrier grating
period is in the range 0.5\ <d,. < 1.5\. Rigorous analysis has
shown that in this case, high — Ist order diffraction effi-
ciencies can be achieved for Bragg angle incidence and for
an appropriate choice of the binary grating parameters.’

The modulated high-frequency grating structure for off-
axis fan-out generation can be efficiently calculated using
hybrid encoding schemes,*® which assume a slowly varying
modulation signal compared to the carrier frequency. In this
case, the off-axis fan-out function can be described by the
normalized interference function

I(x) = % + % cos[2mx/d, — P(x)] , (D

where ®(x) represents the phase function of an on-axis fan-
out element, which can be determined by paraxial scalar
diffraction theory. High fan-out efficiency m - is achieved by
calculating an on-axis fan-out element ®(x) with a continuous
phase function using iterative Fourier optimization."' For 2-D

Fig. 1 Readout geometry of high-carrier-frequency off-axis fan-out
gratings in transmission.

elements, the strip geometry of Ref. 6 is advantageous for
mask encoding.

The binary amplitude transmittance function 7(x) of the
required mask is obtained from Eq. (1) by hard clipping the
interference function /(x) to 0 and 1, which can be written
as

T(x) = % + % sign {cos[2mx/d, — D)1} )

where sign(x) =1 for x>0 and sign(x) = — 1 for x<0. This
results in a pulse-frequency-modulated carrier grating with
a local filling factor ( f=w/d,) equal to f=0.5. If the period
A of the fan-out function ®(x) is an integer multiple of d,,
i.e., A=Nd,_, the overall period of T(x) becomes equal to A
and is completely defined by 2N transition points x;, deter-
mined from Eq. (2).

The final phase grating printed in positive photoresist is
determined by the binary surface-relief function A(x), which
can then be written as

h(x) = ho[1-T(x)] , (3

where h, represents the relief depth. Because the carrier grat-
ing is locally only weakly perturbed, the efficiency in the
— Istorder can be optimized using rigorous diffraction theory
by considering only the carrier grating.

The overall diffraction efficiency m of the off-axis fan-out
element is defined by the combined efficiency of the fan-out
signal beams, which can be written as

n= >, 4)

where m; are the efficiencies of the N fan-out diffraction
orders. We can estimate the value of the diffraction efficiency
7 in the hybrid encoding approach by calculating the hybrid
diffraction efficiency m,, which is determined by my
=v_,ng, where nj_, represents the — Ist order efficiency
of the carrier grating and 1 is the efficiency of the paraxial
fan-out element. The value of 1 indicates the fraction of the
power inside the — Ist carrier grating order, which falls in
the ideal case into the desired N fan-out orders.

The quality of the encoded off-axis fan-out element is
characterized by the uniformity error &, which can be defined
by the contrast function

_ Nmax ~ Nmin

) 5
Mmax + TMimin ( )
where 1, and m,,;, are the maximum and minimum effi-
ciencies of the fan-out diffraction orders m,. The validity of
the hybrid encoding approach and the conditions for high
efficiency and low uniformity error are discussed in Ref. 5.

We encoded a 9X1 fan-out element of period
A =125.0 um with a carrier frequency of 1000 lines/mm.
The continuous phase function of the on-axis 9X 1 fan-out
element was optimized according to Ref. 11. It offers a high
fan-out efficiency of 1 =99.3% and a uniformity error be-
low 0.1%. In this case, the carrier grating period of the am-
plitude transmittance function T(x) in Eq. (2) varies contin-
uously between 0.96 and 1.04 pum.



Fabrication of the amplitude mask by e-beam writing'?
requires quantization of the exact transition points x; to the
pixel grid of the e-beam writer. For high resolution, typical
pixel sizes are in the range of 25 to 100 nm. We used a pixel
grid equal to A= 50 nm, which corresponds to a scan field
of 800 800 wm?. For larger grating patterns, stitching of
several scan fields must be applied, which introduces stitching
errors between the fields of the order of 100 nm. The encoded
solution was obtained by rounding the exact transition points
x; to the nearest grid position. The rounding of the transition
points shifts the centers of the binary grating pulses and in-
troduces detour phase errors in the fan-out phase function
®(x) up to wA/d, = w/20. In addition, rounding introduces
fast modulation on the carrier grating period d,. of the order
of A and also modulates the filling factor. This results in
additional amplitude modulation of the emerging wavefront
in the - 1st diffraction order. Detour phase errors and am-
plitude modulation will deteriorate the uniformity of the
array.

The performance of the encoded amplitude mask was first
evaluated using amplitude transmittance theory and scalar
wave propagation. In this approximation, ideal transition
points would still produce a uniformity error below 1%,
whereas the solution with rounded transition points yields a
uniformity error u=3%. This increase is essentially caused
by the detour phase errors. Rigorous diffraction theory was
applied to analyze the diffraction efficiency and the uniform-
ity of the high-carrier-frequency surface-relief fan-out grat-
ings in photoresist. An efficient implementation for rigorous
analysis of dielectric gratings has been obtained by using
Knop’s model,'? as described in Refs. 5 and 14. We consid-
ered readout with a TE-polarized HeNe laser of wavelength
A =633 nm at the Bragg angle, as shown in Fig. 1. Refractive
indices of n,=1.515 for the BK7 glass substrate and
n, = 1.645 for the photoresist are assumed. In this geometry,
two additional carrier grating diffraction orders, the + Ist
and —2nd orders, are below cutoff in the air region and in
the substrate region. The evolution of the diffraction effi-
ciency m in the fan-out orders and the uniformity error u
as a function of the relief depth A, are shown in Fig. 2.
The continuous curve represents the hybrid efficiency
Ny =mM_ My Where only the — Ist order carrier grating ef-
ficiency m _ is rigorously calculated and m . represents the
efficiency of the on-axis fan-out solution. The markers rep-
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Fig. 2 Performance of the high-carrier-frequency fan-out gratings in
photoresist as a function of relief depth h,: solid line, calculated ef-
ficiency m,, in the hybrid approach; x markers, rigorously calculated
efficiency m of the modulated carrier grating; and o markers, rigor-
ously calculated uniformity error v of the modulated carrier grating.

resent rigorously calculated values for the efficiency n (x
markers) and the uniformity error u (0 markers) of the mod-
ulated carrier grating structure of period A = 125.0 wm. The
results for the modulated carrier grating with large paraxial
periodicity were obtained by considering about 900 orders
in the expansions that describe the diffracted electromagnetic
fields."* This value was limited by the available memory
space for the computation. In this case, the diffraction orders
up to the first two evanescent orders of the carrier grating on
both sides of the propagating orders are retained in the anal-
ysis. Convergence of the results were verified for smaller fan-
out periods A, where more evanescent orders can be included.
Itis seen that the hybrid efficiency m,, is a good approximation
of the rigorously calculated efficiency m, even in the case of
alarge uniformity error. In the region of maximum efficiency,
around hy=1.2 um, however, the hybrid calculation gives
slightly too high values for the efficiency. Low uniformity
errors, comparable to the 3% predicted by scalar theory, are
obtained for small relief depths /3<0.4 wm. For deeper grat-
ings, the uniformity error increases up to 40% and the hybrid
encoded solution fails. It was found that in this region of low
efficiency, the — Ist order efficiency of the carrier grating
depends strongly on the variations of the carrier grating pe-
riod d,. Therefore, the fast frequency modulation of the
rounded solution introduces considerable amplitude modu-
lation, which becomes more important than the detour phase
errors. In the region of interest with high efficiency around
h=1.2 um, again a low uniformity error in the order of
u=15% is reached. In this region the — st order efficiency
is stable against variation of the carrier grating period and
the filling factor, and the uniformity error is essentially de-
termined by the detour phase errors.

3 TIR Holographic Lithography

A commercially available holographic mask aligner
(HMA 150) was used to copy the high-resolution fan-out
mask into photoresist. A detailed description of this system,
which is able to print features down to 0.25 pm over sub-
strates up to 6- X 6-in., is given in Refs. 10 and 15. The prin-
ciple of this holographic mask aligner is based on TIR near-
field holography, which is able to print submicrometer fea-
tures.®? The recording geometry of the intermediate TIR vol-
ume hologram is shown in Fig. 3. The chrome mask is placed
near the holographic layer, typically at a distance of
d, =100 pm. The mask is then illuminated with a collimated
expanded beam, which is polarized perpendicularly to the
plane of incidence (TE). The diffracted field from the mask
interferes in the holographic layer with the reference wave
at 45-deg incidence, which is fed through a prism and totally
internally reflected at the film-air interface. The resulting
interference pattern consists of three primary grating struc-
tures: a reflection grating from the interference of the object
beam with the reference wave, a transmission grating from
the interference of the object beam with the TIR wave, and
a Lippmann grating from the interference of the reference
wave with the TIR wave. In addition, the self-interference
of the object beam in the holographic layer produces unde-
sired intermodulation gratings.

At readout, the TIR hologram is illuminated with the con-
Jjugate reference beam at the recording angle. Interaction with
mainly the transmission grating generates the conjugate of
the recorded object beam, which reconstructs the original
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Fig. 3 Recording geometry of the intermediate volume hologram for
TIR holographic lithography.

mask pattern at the distance d,. For lithographic applications,
the critical process parameters are high reconstruction fidelity
and low coherent noise. This requires that all the recorded
primary gratings are optically thick and generate only one
diffraction order. For the recording of object beams with high
numerical apertures, this condition can be satisfied by in-
creasing either the thickness of the holographic layer or the
recording angle of the reference beam. Undiffracted light in
the reference beam is backreflected because of the TIR con-
dition and cannot reach the printing area. Intermodulation
effects are minimized for a high reference-to-object beam
ratio at recording. This produces a strong Lippmann grating
that couples light directly from the reference wave to the TIR
wave. In a previous publication,'® we analyzed the diffraction
behavior of TIR holograms recorded with plane waves by
using a model based on first-order coupled wave theory. We
used this model and studied the diffraction efficiency in the
object beam as a function of the exposure energy for different
reference-to-object beam ratios B. The results are represented
in Fig. 4. For the calculation, a linear relation between the
index modulation and the exposure energy was assumed. For
small beam ratios of B<C1, high diffraction efficiency in the
object beam is possible. If the beam ratio is increased, the
diffraction efficiency saturates before high values are
reached. The typical sinusoidal diffraction efficiency char-
acteristic of a single thick phase grating in transmission is
no longer observed. As a consequence, the high recording
beam ratio required for high reconstruction fidelity affects
the diffraction efficiency in the TIR geometry.

The Lippmann grating can be eliminated by the use of
TM-polarized light at recording, because then the electric
field vectors of the reference wave and the TIR wave are
orthogonal. However, for TM-polarized light the index mod-
ulation of the grating depends on the angle between the two
recording beams.'” This results not only in a smaller contrast
compared to TE polarization but also, because of the off-axis
incidence of the reference beam, in an asymmetric angular
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Fig. 4 Diffraction efficiency of the TIR volume hologram versus ex-
posure energy calculated for TE polarization and for different re-
cording reference-to-object beam ratios: 8=0.2, 1, and 4.

attenuation of the transmission grating index modulation. The
consequence is a reduction of the contrast in the image plane
at readout, therefore the use of TE polarization is preferable
for printing high-resolution features.

The intermediate TIR volume hologram of the fan-out
mask was recorded in a 15-pm-thick layer of the photo-
polymer material (HRS 352 without dye) from Du Pont'8
using an argon laser at A =363.8 nm. The final elements are
printed into a layer of g/i-line resist (O.C.G. HiPR 6512),
which is compatible with the UV argon laser wavelength. To
ensure uniform illumination of the photoresist layer over the
printing area, the TIR volume hologram was scanned at read-
out. Standard resist processing according to the manufacturer
was used for the preparation of the plates and the
development.

4 Experimental Results

The off-axis 9X 1 fan-out elements were printed by TIR
holographic lithography into photoresist on silicon wafers
and on glass substrates. The silicon wafers were used for
scanning electron microscope (SEM) inspection of the re-
sulting photoresist relief, carried out by first coating the relief
with a thin gold layer. Figures 5(a) and 5(b) show cross-
sectional and top views of the fabricated modulated grating
structure with a carrier grating period of d.=1.0 pm. A bi-
nary relief with almost vertical sidewalls and a filling factor
of f=0.5 can be seen. The small ripples in the sidewalls result
from standing wave patterns in the resist layer at recording.
These effects are reduced for the gratings recorded on the
glass substrate with an absorber on the back side because of
the smaller reflectivity of the glass substrates compared to
the silicon wafers. The uniform relief depth of about 1.0 pm
indicates that, using the recording conditions for the TIR
hologram described in the previous section, an accurate trans-
fer of the mask pattern into a deep binary grating structure
can be achieved.

The elements on the glass substrates were optically char-
acterized. The relief depth of the grating structure was de-
termined to be A=1.15 wm by measuring the thickness of the
photoresist layer at a large opening in resist near the grating
region with a mechanical stylus. We measured the efficiency
of the 9 X1 fan-out signal in the — Ist transmission order



(b)

Fig. 5 SEM pictures of the fabricated modulated high-carrier-
frequency surface relief grating in photoresist: (a) cross-section view
of the relief profile and (b) top view on a larger scale.

over the near-IR region, where the grating reaches its max-
imum efficiency. As a light source for the measurement, we
used a tunable titanium-sapphire laser. The measurements
were made with TE-polarized light for Bragg angle incidence
from air to the grating medium. A wedge was index matched
at the back side of the substrate, to eliminate fluctuations of
the diffraction efficiency resulting from Fabry-Pérot effects
in the substrate. Figure 6 represents the measured values (o
markers) with error bars. Fresnel reflection losses at the
wedge-air interface were compensated. A maximum effi-
ciency of n=77% is obtained for a wavelength of A = 830 nm.
For comparison, we also plotted the rigorously calculated
efficiency n of the modulated grating (x markers) and the
hybrid efficiency 7 4 (solid line), as described in Sec. 2. For
the calculation, refractive index dispersion curves for the BK7
glass substrate and for the photoresist are taken from the
manufacturers data sheets. Good agreement between the mea-
sured efficiency and the rigorously calculated values is ob-
tained. The high diffraction efficiencies near 90% in the re-
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Fig. 6 Fan-out efficiency as a function of the readout wavelength for
TE polarization: o markers, measured efficiency values with mean
error; x markers, rigorously calculated efficiency m of the modulated
carrier grating; and solid line, calculated hybrid efficiency m y of the
carrier grating.

gion of A =860 nm and the pronounced decrease predicted
by the hybrid efficiency calculation are not observed in mea-
surements. The measured behavior, however, is confirmed
by the rigorous calculation of the modulated structure and
can be explained by the fact that in this region, the — Ist
order efficiency of the carrier grating is sensitive to frequency
modulation. The differences of the measurements compared
to theory of the order of 5% are caused by scattering losses,
absorption in the photoresist, and deviations from the ideal
relief parameters, which are not considered in the theoretical
model.

The uniformity of the fan-out elements was characterized
using a HeNe laser at A = 632.8 nm. The measurements were
made by scanning with a detector through the spot array in
the back focal plane of a lens for incidence from the substrate
to air with TE polarization. Therefore, they can be directly
compared to the calculated encoding errors in Sec. 2. At this
wavelength, we measured a diffraction efficiency of about
70%, which corresponds to the rigorous value calculated in
Fig. 2. To determine the quality of the TIR holographic lith-
ographic process, we analyzed the fan-out function of the
original amplitude mask and the copy in photoresist. Mini-
mum uniformity errors are found, when one scan field
(800X 800 wm?) of the e-beam writer is illuminated. In this
case, about six periods of the fan-out function are illuminated
and small random positioning errors inside the scan field are
averaged. The amplitude mask produces uniformity errors of
the order of 5%, which are only slightly higher than the
predicted value of 3% by scalar theory. The binary surface
relief grating in photoresist generates larger uniformity errors
of about 9%. However, uniformity errors of this size are
predicted by the rigorous analysis shown in Fig. 2 for a relief
depth of #=1.15 pm. Therefore, they were not introduced
during the TIR holographic printing. Figure 7 shows an in-
tensity line scan through the array generated by the off-axis
fan-out elements in the photoresist. If more than one scan
field 1s illuminated, the uniformity error of both elements
fluctuates strongly, depending on the position of the element.
In this case, larger stitching errors between the scan fields
degrade the performance. If the whole element (10 X 10 mm?)
18 illuminated, the amplitude mask and the element copied
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Fig. 7 Measured far-field intensity distribution of the 9x1 fan-out
diffraction orders.

in photoresist generate again a fan-out with good uniformity:
6% uniformity error for the mask and 10% for the copy.

5 Conclusions

Off-axis fan-out gratings with a carrier grating frequency
equal to 1000 lines/mm were fabricated using an unconven-
tional lithographic approach, based on TIR holography. In a
single holographic printing exposure, rectangular grating
shapes with deep relief depths up to 1.15 wm were achieved
in photoresist, which resulted in fan-out efficiencies close to
80% in transmission for near-IR light. Optical characteri-
zation of the fabricated elements showed that the measured
efficiency and uniformity is close to the ideal performance
of the encoded element over the printed area of 1 cm”. The
fabrication process is not yet limited by the resolution of the
photolithographic step, so that the printing of even smaller
period grating structures with good optical quality and over
much larger areas is realizable. The results demonstrate
clearly that TIR holographic lithography is able to provide
high-quality, binary DOEs with submicrometer surface relief
features. It is therefore an interesting solution for the fabri-
cation of a broad range of high-resolution elements, including
grating couplers, off-axis lenses, and Dammann gratings with
large diffraction angles.
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