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Design and fabrication of binary slanted
surface-relief gratings for a planar optical

interconnection

J. Michael Miller, Nicole de Beaucoudrey, Pierre Chavel, Jari Turunen,

and Edmond Cambril

We propose the use of binary slanted surface-relief gratings with parallel-groove walls as input and
output couplers in a planar optical interconnect. Parametric optimization of cascaded output couplers
is employed to design an interconnect consisting of N output couplers producing a uniform intensity
distribution with a high efficiency that may be realized in one lithographic etching step. The sensitivity
of a N = 4 interconnect to various fabrication errors is analyzed. We demonstrate the operation of a
slanted surface-relief grating manufactured with electron-beam lithography and reactive-ion etching for
an operating wavelength of A\ = 0.633 pm. © 1997 Optical Society of America
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1. Introduction

Planar-integrated optical systems! are of consider-
able interest in optical interconnection since the op-
tical components in these miniature systems are
inherently aligned.2 The constituent optical ele-
ments in planar optical systems are typically surface-
relief diffractive components.! Microlithographic
fabrication techniques are employed to generate
these structures, which may have a binary, multi-
level, or continuous profile. The synthesis of these
diffractive elements is often based on the paraxial
approximation, which leads to profiles with trans-
verse features of dimensions much larger than the
wavelength of the incident light N\. If nonparaxial
deflection angles are required, as is the case in planar
optics, the diffractive profile will contain features
with dimensions of the order of the optical wave-
length . Consequently, the diffraction characteris-
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tics must be analyzed by use of electromagnetic
theory.? Furthermore, the use of resonance-domain
diffractive elements* in planar optics may alleviate
some of the reported disadvantages of paraxial de-
signs.5 This has only recently become possible with
the rapid advances in submicrometer lithography
and mathematical synthesis techniques in diffractive
optics.b

In this paper we concentrate on the design of bi-
nary slanted surface-relief diffractive elements with
subwavelength features for use in a planar optical
backplane. The operation is based on input and out-
put grating couplers, and the interconnection is es-
tablished by multiple total internal reflections inside
the backplane substrate, as illustrated in Fig. 1. In
this ideal configuration the input coupler is designed
to deflect normally incident light efficiently into the
backplane substrate at angles larger than the critical
angle, whereas the cascaded output couplers ensure a
uniform intensity distribution with a high efficiency
among the different processors. The main design
problem of obtaining a large deflection for a normally
incident wave can be mitigated by use of high-
frequency binary lamellar gratings only with great
difficulty.”® Likewise, multilevel gratings® prove
equally troublesome, since the blaze effect of trian-
gular profiles is not valid in the resonance domain.
Slanted volume holographic Bragg gratingsl0.11
would provide the ideal solution, but ultimately rep-
lication techniques will be used to mass-produce a
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planar optical back-plane, which clearly favors the
use of some form of surface-relief diffractive element.

With the exception of a proposed backplane bus
based on volume holographic gratings!2 and holo-
graphically recorded surface-relief gratings,'3 the
demonstrator systems manufactured to date have
employed identical binary lamellar surface-relief
output-coupling gratings.1415 If such a system is
employed to distribute a clock signal in a multipro-
cessor system, one drawback is that the intensity at
each processor diminishes monotonically with in-
creased distance from the input coupler. This non-
uniformity dephases the individual processor clocks,
i.e., it introduces a clock skew. We can avoid this
clock skew by designing individually the successive
output-coupling gratings so that, in a cascaded for-
mation, they produce a uniform intensity distribu-
tion.

In considering the multiple output couplers of Fig.
1, the groove-slant angle of a binary grating can be
employed as a new degree of freedom in the design
process. The remaining grating parameters are
then equal for each output coupler. A continuous
choice of the diffraction-order efficiency is provided at
each output coupler by variation of the slant angle.
Some preliminary results with a variation of the
slant angle were presented in Refs. 16 and 17. Al-
though such a combination of gratings provides an
elegant solution to the problem of obtaining a uni-
form intensity distribution, the disadvantage is that
one lithographic etching step is required to generate
the surface-relief profile of each single output-coupler
grating.

In what follows, we further elaborate the design of
these slanted surface-relief gratings such that only a
single etching step is needed to produce N output
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(a) General configuration for a planar optical backplane interconnection.

L=1 L=1 L=

(b) Ideal T$"*" and R3"" for a system with N = 4 and

couplers, which yield a uniform intensity distribution
and a high efficiency. By utilizing parametric opti-
mization, we design a series of N = 4 and N = 8 such
couplers with different fill factors. The sensitivity of
the N = 4 solution is analyzed in the presence of the
most prevalent fabrication errors. Finally, we dem-
onstrate the operation of a slanted surface-relief grat-
ing coupler at A = 0.633 um. This component was
realized in photoresist by use of direct electron-beam
writing and reactive-ion etching (RIE). To our
knowledge this is the first time that a slanted
surface-relief grating has been used in a planar optic
configuration.

2. Design of the Grating Couplers

We begin by determining the goal performance char-
acteristics for input and output couplers in a perfect
backplane interconnection. This is followed by a de-
scription of binary slanted surface-relief gratings and
the optimization technique that we employ to imple-
ment the matching of the ideal grating-coupler at-
tributes with such profiles.

A. Optical Backplane

The general configuration for a planar optical inter-
connection is illustrated in Fig. 1(a). Here the inci-
dent light is coupled into the backplane by means of
the [ = *1 transmitted diffraction orders of the input
grating coupler, making an angle 6., ; to the substrate
normal. On either side of this grating reside M and
N output couplers, respectively. We require the in-
put coupler to have a splitting ratio that ensures an
equal distribution of the incident light between the
M + N output couplers. Concentrating now on one
side of the input coupler, the £th reflected and the /th
transmitted diffraction-order efficiencies for the nth
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Fig. 2. Grating geometry for an optical backplane: propagating
orders for (a) an output and (b) an input coupler.

output coupler are denoted by R and T"*".
Multiple or single connections at the nth output may
be envisaged. The useful diffraction orders then cor-
respond either to several or to a lone propagating
transmitted order. Here, only one connection at
each output is considered. This corresponds to tai-
loring the diffraction-order efficiencies T'{"*" and
R3"“". To achieve a uniform distribution of the in-
tensities emanating from each output coupler (i.e., I,
=1, forn = 2,..., N), combined with a high effi-
ciency, the diffraction-order efficiencies for the N out-
put couplers must follow the relations!8

T({ut,n — (N —n+ 1)71’ Rgut,n — 1 _ Tfl)ut,n’ (1)

where T994" = R$Y " =0andn =1,...,N. The
diffraction-order efficiencies T¢"“" and RJ"“" are
shown in Fig. 1(b) for an ideal system with N = 4
output couplers.

Turning our attention to the backplane character-
istics, we see that the bounce angle 65 inside the
substrate must be larger than the critical angle 6,;, =
arcsin(n;,/n.,,), where ng,, represents the refractive
index of the substrate. We set 65 = 45°, which is
appropriate as soon as ngy,, > 1.41. For the compo-
nent output couplers of the backplane [Fig. 2(a)], we
fix the angle of the first transmitted diffraction order
to 63" = 0°. The continental European form of the
grating equation!® implies the following relation be-
tween the angle of incidence 6;,., the wavelength A,
the refractive index of the substrate ng,, and the
spatial period of the grating A,:

A
Ay=————. (2)
Ngyp S einc

Setting 0;,. = —05 = —45° and n,, = 1.5, we obtain
A, /N = 0.943. This result implies that the 2 = 1
reflected order is also perpendicular to the substrate,
whereas the £ = 2 reflected order becomes collinear to
the incident direction. Similarly, for an input cou-
pler with A /N = 0.943 [see Fig. 2(b)] and that is
illuminated at normal incidence, the [ = *1 trans-
mitted orders have diffraction angles of +65.

The design problem for the output couplers con-
sists of searching for the optimal values of the use-
ful diffraction-order efficiencies [given by Egs. (1)]
while minimizing the diffraction efficiencies of the
unwanted propagating orders, i.e., the £ = 1 and
k = 2 reflected orders. Since the light intensity
reaching each grating depends on the response of
the previous gratings, we must consider a global
synthesis problem with respect to the characteris-
tics of the backplane, i.e., the N cascaded output
couplers. Accordingly, we employ the following
figures of merit to quantify the backplane perfor-
mance:

1. The total efficiency

N
M= E (Rgut,nfl X Rgut,er Woeee X RSUt’O)T(iut'n, (3)
n=1
where we define R3"*° as the input efficiency onto the
first output coupler. In the synthesis problem we
require at least n > 90% when R3""° = 100%.
2. The uniformity error U, defined in terms of the
intensities as

B Inmax _ Inmin (4)
- I:lnax + Inmin ’
where I™®* and ™" denote the maximum and mini-
mum intensities, respectively, among the N output
beams. Typically, this value should be no higher
than, say, U = 10%, to avoid clock skew.

3. The overall efficiencies lost into the £ = 1 and
k = 2 unwanted reflected orders, given by

N
MN1lost — E (RS‘“’”*I X Rg“t’”’z X oo X Rgut’O)R({ut’", (5)
n=1

N
Mosoe = D RETX B2 X REV)RYY,(6)
n=1
which must be as low as possible in order to avoid
cross talk in the system.

It should be mentioned that surface-relief gratings
with a sinusoidal profile and varying relief depths can
give a uniform intensity distribution.’® In spite of
the relatively straightforward nature of generating
sinusoidal surface-relief profiles, a backplane based
on these coupling gratings will have a low efficiency
since large amounts of light are diffracted into the
k = 2 reflected order of the output couplers.

B. Slanted Binary Surface-Relief Gratings

Our selection of a surface-relief profile for the output
couplers depends first on whether N cascaded ele-
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Fig. 3. Configuration for a slanted surface-relief grating.

ments can match the desired performance require-
ments (see Subsection 2.A) and second, whether we
can realistically conceive of manufacturing such a
multiple-grating system, i.e., the surface-relief pro-
files must be compatible with state-of-the-art micro-
lithographic fabrication techniques. This latter
requisite can be met if we employ gratings with single
grooves of similar dimensions (thereby facilitating
the control of proximity effects with electron-beam
writing) and equal relief depths. The degrees of
freedom in the design process then become the groove
width and the relief depth, and, furthermore, we lib-
erate the slant angle of the groove so that we are not
confined to binary lamellar profiles.

In Fig. 3 is illustrated such a binary slanted
surface-relief grating.16:17 A plane electromagnetic
wave is incident upon the permittivity profile, which
has the form

2

9 |11 when 0 =x' <c’
n’(x)_ 25
ng

whenc' =x' <A’ D
when 0 = z < h. Here A is the grating period in x’
direction, & is the relief depth, o denotes the slant
angle, and K is the grating vector, which makes an
angle ® = w/2 + « with the z axis. The grating
profile is characterized in the (x, z) coordinate system
by a single groove of width ¢, = ¢’/cos «, a period of
A, = A/cos a, and a fill factor of /f = ¢,/A,. Regions
0 and 3 consist of isotropic materials with permittivi-
ties nZ and n3.

Table 1. High-Efficiency Output-Coupler Grating Parameters and
Diffraction Efficiencies in TE and TM Polarizations with a Constant Fill
Factor ff,,

Parameters and

Diffracted Orders TE Polarization TM Polarization

h/\ 1.058 2.351
« ~30.0° ~30.4°
F 05 0.5
T9ut4 (%) 97.2 97.6
R4 (%) 0.1 0.6
Rout4 (%) 0.4 0.9
Rout4 (%) 2.3 0.8
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Fig. 4. Diffraction efficiencies of the £ = 0, 1, 2 reflected and [ =
1 transmitted orders for an output coupler in TE polarization as a
function of (a) the relief depth, expressed as h/\, for a and ff
constant (a« = —30° and ff = 0.5), (b) the grating slant angle «, for
h and ff constant (A/\ = 1.058 and ff = 0.5), and (c) the fill factor
ff, for h and « constant (A/\ = 1.058 and o = —30°). The num-
bered points in (b) and (c) denote the output-grating solutions for
the backplane with N = 4 in Fig. 1(b).

C. Synthesis of the Grating Couplers

We begin the design procedure by concentrating on
the last output coupler (n = N), i.e., a grating that
should deflect 100% of the incident gght into the [ =
1 transmitted diffraction order (T'¢"*"" = 1) and there-
fore out of the backplane. This element is a high-
efficiency beam-deflector grating whose slant angle
satisfies the Bragg condition. In the search for the
optimal slant angle «, an initial estimate can there-
fore be given by

1 . [0 .
Qinit = 9 arcsin Py sin 0y,
. [T . I\
+ arcsin| — sin 0, + — | |, (8)
n nA,

where we have homogenized the binary grating into
a uniform slab with an effective index n using the



Table 2. Output-Coupler Parameters and Performance Characteristics for a Backplane Composed of N = 4 and N = 8 Slanted Gratings®

N=4 N=38
Parameters and
Performance Characteristics ff=05 ff=05 ff=05 ff=05

h/\ 1.059 1.057 1.041 1.046

a —33.50° —24.69° —35.55° —24.64°

f ffi =0.114 ffi = 0.806 ff1 = 0.084, ff5 = 0.109 ffi = 0.873, ff; = 0.804
ffo = 0.129 ffo = 0.771 ffo = 0.088, ffg = 0.122 ffo = 0.862, ffs = 0.707
ffs = 0.155 ffs = 0.725 ffs = 0.094, ff, = 0.144 ffs = 0.848, ff, = 0.726
ffr = 0.484 ffs = 0.575 ffx = 0.100, ffg = 0.504 ffu = 0.829, ffg = 0.575

U (%) 1.0 0.4 2.2 0.5

M (%) 94.2 95.6 92.2 96.4

N1.10st (%) 0.3 3.2 0.8 2.6

N2 1ost (%) 5.0 0.8 6.1 0.7

“Fill factors for the N = 4 and N = 8 gratings were ff,, = 0.5 and ff,, = 0.5, respectively, with constant slant angles «,, forn = 1,..., N.

theory of form birefringence. In TE polarization 7 is

determined from2°

n? =3+ nyd). (9)
This lowest-order approximation is sufficient for our
purposes. From Eq. (2) and Eq. (8), where ! = 1, 6;,,.
= —45° n, = ny = 1.5, and ny = 1.0, we find that «;,;
= —28°,

The diffraction-order efficiencies were evaluated
with a rigorous coupled-wave algorithm,2! thereby
avoiding a decomposition of the permittivity profile
into multiple slabs. We then employed parametric
optimization to maximize the diffraction-order effi-
ciency T$"*Y by tuning the relief depth, the slant
angle, and the fill factor. The resulting grating pa-
rameters and diffraction-order efficiencies in the TE
and TM polarizations are listed in Table 1. Al-
though the diffraction efficiencies differ only slightly,
the solution in TE polarization is preferable since the
relief depth is shallower than that in TM polariza-
tion. We therefore concentrate on the design of cou-
plers in TE polarization. In Fig. 4, the # = 0, 1, 2
and [/ = 1 diffraction-order efficiencies in TE polar-
ization are plotted around the optimum values of the
three grating parameters. In each of these curves,
one of the parameters, namely, A, «, or ff, is varied
while the two others are held constant and equal to
their respective optimum values (see Table 1). The
form of the curves in Fig. 4 suggests that we can
attain the remaining N — 1 output-coupler solutions
by detuning the Nth output-coupler profile from its
optimum parameters. With a constant relief depth,
h, = hy, there exist two options: We may either
alter a,,, while holding ff,, = ff, or conversely, we can
vary ff,, by setting o, = ap, forn =1,..., N. The
numbered points in Figs. 4(b) and 4(c) denote the
successive output gratings (for N = 4) with
diffraction-order efficiencies closest to those of Fig.
1(b) for different slant angles and different fill factors,
respectively.

In the quest for the N output couplers that can be
fabricated in one etching step, we now turn our at-
tention to the synthesis of a series of such gratings
with different fill factors ff,, but constant slant angle

a,=ayforn=1,...,N. InFig. 4(c)there exist two
separate regions containing gratings with fill factors
that may match the requirements of Fig. 1(b): those
with low fill factors (ff,, = 0.5) and those with high fill
factors (ff,, = 0.5). Starting from these initial val-
ues of the fill factor ff,, we employed a steepest-
descent algorithm to minimize a quadratic merit
function, defined in terms of Egs. (3)—(6), in a manner
similar to the design of grating beam splitters.22
The optimized solutions are listed in Table 2 for N =
4 and N = 8. For each of these solutions we obtain
efficiencies of n > 90% and uniformities of U = 1.0%,
except for N = 8 and ff,, = 0.5, for which we obtain
U = 2.2%, suggesting that this solution is not optimal

U 70
@ 60 +
50 +
40 +
30+
20 +
10 \/ 10%--
0 } } f t } } f
n
) 100
95 +
90 90%+
85
80 +
75+
70 f } } } } f t
M 20
M,
(%) — "N
5+ e M,
10 +
5 frremme
0 T T T T T— T T + Ab/A
02 015 -01 0.05 0 0.05 0.1 0.15 0.2

Fig. 5. Effect of a systematic error in A/\ on the performance of
the backplane: uniformity error U, efficiency v, and efficiency lost
into the 2 = 1 and k& = 2 reflected order m, ,, (solid curve) and
N2 105t (dashed curve).
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since the algorithm has stagnated in a local mini-
mum. Furthermore, we can expect extremely low
values of ny,. for a backplane employing gratings
with ff,, = 0.5.

With our fabrication process, relief profiles with
fine grooves will be more readily realizable than those
with large grooves: Estimates for the realizable fill
factors and slant angles are the ranges 0.2 <ff,, < 0.9
and 0 < |a| < 45° (see Section 4). Hence, we there-
fore consider only solutions with ff,, = 0.5. During
the optimization procedure we retained 11 Rayleigh
orders in the calculations of the diffraction-order ef-
ficiencies. After the merit-function minimum was
found, the uniformity and overall diffraction effi-
ciency of the backplane solution converged to the
fourth significant digit by the inclusion of 61 Rayleigh
orders.

Now that we have synthesized a set of N output-
coupler gratings that can, in principle, be realized in
one etching step, it remains to specify an input cou-
pler. In exploring the possibility of also using a
slanted grating, we notice that, for the specific back-
plane configuration with M = 0 [Fig. 1(b)], we require
an input coupler that operates as a high-efficiency
beam-deflector element at normal incidence. By the
reciprocity theorem3 we have already specified the
profile of this coupler, which is the mirror image (with
respect to z) of the last output-coupler profile listed in
Table 1. However, the addition of this element to
the backplane implies an extra etching step over and
above the first etch required for the output couplers.
Nonetheless, for a backplane with one input coupler
and M + N output couplers, we have reduced the

u 70
) 601
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30+
20 4
10 10%
0 A \/ Frt
n
@107
95
90 90% !
85+
80+
75+
70 : : 1 i ; 1 : f :
™20
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(%) —n
s+ e n,
101
51
—
0 """" i iauliaruts Rl B }"‘"""?»""ul ________ F (i A ﬂ‘

T ¥ T : T T ¥ T
-0.05 -0.04 -0.03 -0.02 -001 0 001 0.02 003 0.04 0.05

Fig. 6. Effect of a systematic error in the fill factor ff on the
performance of the backplane.
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total number of etching steps from 1(input coupler) +
M + N, as would be required for output couplers with
different «,,,16-17 to 1(input coupler) + 1(r M # 0) +
1ar N # 0) = 3, with output couplers with different

ffn:

3. Fabrication-Error Analysis

Direct electron-beam writing offers a realistic means
of patterning the fine grating structures that were
presented in Section 3. Despite the high resolution
of this particular plotting technique, it is inevitable
that the entire fabrication process (initial patterning,
pattern transfer, etching, and possible replication)
will introduce some form of inaccuracy to the grating
profiles. In this section, we examine the sensitivity
of the solution of N = 4 output couplers with constant
slant angle and different high fill factors ff = 0.5 (the
grating parameters are given in the second column of
results in Table 2) to some of the more common man-
ufacturing errors, i.e., deviation from the ideal relief
depth, fill factors, and slant angle and incorrectly
shaped groove walls. The analysis of the two latter
types of error is particularly important since it can be
expected to be difficult to control the slant angle when
employing RIE to generate slanted structures.23-25
To draw a comparison with the results that follow,
it should be noted that a backplane composed of N =
4 identical output couplers that consist of single-
grooved binary lamellar reflection gratings,4 and one
which is manufactured perfectly, will have values of
U = 33.8%, m = 52.4%, and my,s = 7.3%. Our
intention, therefore, is to determine the expected per-
formance gain over these parameters for a backplane

u 70
® o1
50+
4074
30|
20 F

n 0
%) 100

: Aa (%)
5 4 3 2 1 0 1 2 3 4 5

Fig. 7. Effect of a systematic error in the slant angle o on the
performance of the backplane.
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Fig. 8. Slanted binary gratings with nonparallel groove walls:
(a) undercutting (8 > 0), (b) overcutting (B < 0), (c) overcut profile
with compensation, and (d) approximation with stacked binary
lamellar profiles and varying fill factors with (1) nonslanted and (2)
slanted sections.

composed of N = 4 different output couplers and in
the presence of manufacturing errors.

In what follows the backplane figures of merit,
given by Egs. (3)—(6), are presented as a function of
the magnitude of a particular fabrication error. In
Fig. 5 is shown the effect on performance of the back-
plane solution of a systematic error in the relief depth
h, expressed as Ah/N. The uniformity error is less
sensitive to negative values of Ah/\ than it is to
positive values of Ah/N. The overall efficiency m
drops by some 10% with Ah/\ = +0.2 and 7 ;,.; does
not vary noticeably in the interval, whereas g ;o
dips at values of /X close to the optimum. For a
value of Ah/\ = 0.05 we find that U = 11.3%, n =
91.1%, My 105t = 4.0%, and Mg o, = 1.0%.

The consequences of errors in the fill factors and
nonideal slant angles are shown in Figs. 6 and 7.
The uniformity error is extremely sensitive to inac-

curacies in the fill factors, whereas the overall dif-
fraction efficiency is unaltered. This surprising
effect arises from the symmetry of thel = 1 and & =
0 diffraction efficiencies [see Fig. 4(c)], which leads to
an exact compensation of the four output couplers’
contribution to the total efficiency m, even if they are
not equal. An error of U = 10% occurs for Aff =
*+0.009, at which point m = 95.7%, 1y },s, = 3.0%, and
N2lost = 1.0%. Errors in the slant angle as large as
Aa = *5° relate to a uniformity error of U = 24%.
For these errors we find that U = 10% when Aa =
—2.25° and n = 91.6%, My 105t = 5.2%, and Mg o =
1.8%.

If RIE or focused ion-beam milling are employed to
generate slanted surface-relief profiles,1” we can ex-
pect to obtain features with sidewalls that are not
parallel but are either undercut [Fig. 8(a)] or over-
cut23 [Fig. 8(b)]. We denote the change in the angle
of the groove walls by B. A positive value of B im-
plies undercutting [Fig. 8(a)], whereas a negative
value corresponds to overcutting [Fig. 8(b)].

We attempted to compensate for the effects of
over- and undercutting by ensuring that the fill
factor in the middle of the groove ff,;4 is equal to the
design value22 [Fig. 8(c)]. The groove walls then
pivot about this center position as B varies. A
groove profile without compensation implies that
the fill factor at the top of the grooves ff,,, has the
ideal value [Figs. 8(a) and 8(b)]. We analyzed the
effects of over- and undercutting using electromag-
netic grating theory,?! in which we approximated
gratings with nonparallel groove walls by stacking
multiple slanted binary profiles with varying fill

U
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90 90%1
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75+
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M 20
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(%) —mn
s+ e n,

0 R e e s anan St T G
5 4 3 2 1 0 1 2 3 4 5

Fig. 9. Effects of overcutting (8 < 0) and undercutting (8 > 0),
without compensation, on the performance of the backplane.
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Fig. 10. Effect of undercutting (8 > 0) and overcutting (8 < 0), with compensation, on the performance of the backplane.

factors [Fig. 8(d), part (2)]. Convergence of the
diffraction-order efficiencies can then be achieved
with half as many slices compared with the approx-
imation shown in Fig. 8(d), part (1).

The effects of this type of error for noncompensated
and compensated profiles are shown in Figs. 9 and 10,
respectively, with the limits for B being determined
by intersecting groove walls. The introduction of
compensation into the profiles indeed reduces the
sensitivity of the backplane solution to this type of
error: In effect we ensure that the amount of mate-
rial in the grating profile remains equal to that of the
parallel-grooved grating. Our initial experimental
results (see Section 4) suggest that we can expect an
error of B ~ 1.6° i.e., undercutting. Compensation
of the groove profiles is therefore essential.

In this analysis we have assumed that only one
specific fabrication error is present in the grating
profiles. If an equal error is introduced into each of
then =1, ..., N couplers, we require an accuracy of
at least Ah/\ = 0.05, Aff = =0.009, and |Aa| = 2.25°
and compensation of the groove walls to obtain an
N = 4 backplane with values U = 10%, n = 90%, and
N1.1ost AN Mgy 10 as low as possible.
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4. Experimental Verification

For an initial verification of our design process, we
elected to realize the output-coupler solution in TE
polarization (Table 1) for an operating wavelength of
N = 0.633 pm. The slanted surface-relief grating
was realized in photoresist by use of direct electron-
beam writing and RIE with a procedure similar to
that used for manufacturing high-aspect-ratio
effective-index diffractive elements?2é; it is as follows:
Photoresist (with a refractive index of n; = 1.6, which
was measured interferometrically) was spin coated
on a 220-pm-thick glass wafer (with a refractive in-
dex of 1.52) to a depth of 1.0 pm. A 0.1-pum-thick
layer of metal was then deposited onto the surface of
the photoresist, and the ensemble was coated with
0.15-pm poly(methyl methacrelate) (PMMA). The
high-frequency structure was then patterned over a 2
mm X 2 mm area by use of a Jeol Model JBX5D2U
electron-beam writer with an accelerating voltage of
50 kV and a beam current of 10 nA, producing a spot
diameter of 100 nm. After development of the
PMMA, the metal layer was chemically etched. The
PMMA was then removed, leaving the metal layer as



Fig. 11.

SEM micrographs of a slanted surface-relief grating in photoresist generated by use of electron-beam writing and RIE:

(b)

(a) cross

section at the nonoblique perspective of the slanted-grating profile and (b) a close-up showing the rounded edges and slight undercut.

the mask. A standard RIE chamber was employed
to generate the slanted surface-relief profiles. Here,
the substrate was oriented by approximately —30° to
the electrode plates, while ensuring that the grooves
were parallel to the edge of the holder.

A scanning electron microscope (SEM) micrograph
of the resulting grating is shown in Fig. 11. We
measured from Fig. 11(a) that the slant angle had a
slant angle of o =~ —22°. The fill factor and the relief
depth were determined in the following manner: An
accurate scale for the SEM micrograph was estab-
lished by use of the grating period as a standard
length. This was deemed possible since the resolu-
tion of the electron-beam writer is 2.5 nm, so the
grating period is A, = 0.598 = 0.0025 pm. From
this scale these parameters were straightforwardly
calculated to be ff =~ 0.35 and A~ ~ 1.0 pm. The
difference between the grating slant angle and that of
the substrate holder is ~8°. We expect that this is
due to electric-field inhomogeneities as the substrate
holder extends into the plasma dark space.

We are currently examining different techniques to
obtain more accurate control of the slant angle23-25
and the fill factor to achieve the required precision as
determined in Section 3. The grating realized in
photoresist does not correspond to optimal values of
the parameters determined in Subsection 2.C (Table
1 and Fig. 4), therefore we cannot expect the highest
efficiency for the resulting output coupler.

The £ = 0, 1, 2 reflected and / = 1 transmitted
diffraction orders were recalculated with the exper-
imental values of the parameters (i.e., grating pe-
riod, fill factor, slant angle, and refractive indices of
the photoresist and substrate) and are plotted in

Fig. 12 as a function of the relief depth 2. A high
efficiency can be expected for relief depths in the
range 0.3 pm < A < 0.6 pm. In an attempt to
obtain a relief depth within this region, another
grating was prepared (once again with a resist with
a thickness of 1 pm), and the etch time was cali-
brated with the aid of the SEM micrograph shown
in Fig. 11.

We characterized this grating while it operated as
both an input and an output coupler at the design
wavelength of A = 0.633 pm. For measuring the
reflected and transmitted diffraction-order efficien-
cies, the grating substrate was index matched onto a
parallelogramic prism with a 45° angle. Optically
cementing antireflection coatings onto three faces of
the prism (corresponding to the input beam and the

100 —

(%) 40

h (um)

Fig. 12. Calculated diffraction efficiencies for an output coupler

as a function of 4 (in micrometers). Other grating parameters are
A, =0.598 pm, a = —22° ff ~ 0.35,n, = 1.52, n, = 1.60, ny, = nq
=1, 0;,. = —44.03°.

inc

10 August 1997 / Vol. 36, No. 23 / APPLIED OPTICS 5725



Table 3. Experimental and Theoretical Diffraction Efficiencies for the
Fabricated Slanted Grating Acting as Output Coupler or Input Coupler

Results
Diffracted
Coupler Mode Order (%) Experimental Theoretical
Output Tt 46 48.6
Ry 30 42.0
R 4 2.0
Ry 7 7.4
Input T, 46 49.0
T 33 38.1
T 8 114
R 3 1.5

reflected diffraction orders in the output mode)
avoided multiple reflections in the prism.

The experimentally measured diffraction-order ef-
ficiencies are given in Table 3. We have included the
best-fitting numerical values for an ideal parallel-
walled slanted grating, corresponding to an esti-
mated relief depth of 2 = 0.75 pum. In this analysis
we included the 0.25-pm unetched resist layer under-
neath the grating structure. Some 13% and 10% of
the incident light is unaccounted for when the grating
operates as an output or an input coupler, respec-
tively. This can be explained partially by slight ab-
sorption in the photoresist and also by the existence
of extra orders around the measured one that are
caused by stitching errors (we step and repeat at
80-pum intervals in both directions).

The experimental and theoretical results listed in
Table 3 are in reasonable agreement, although a
more accurate analysis would require a SEM micro-
graph, for which we would need to gold-coat and
cleave the grating, rendering it useless. Nonethe-
less, we have clearly demonstrated with these initial
results the prospects of such elements and, further-
more, that such binary slanted surface-relief profiles
are indeed compatible with state-of-the-art microli-
thographic fabrication techniques.

5. Conclusion and Discussion

In conclusion, we have investigated the concept of
binary slanted surface-relief gratings for input and
output coupling in a planar optical backplane.
Parametric optimization was used to design a back-
plane composed of these gratings with a high effi-
ciency and low uniformity error and loss into the 2 =
1 and %2 = 2 reflected orders. We demonstrated two
configurations of output couplers: Either the slant
angle of the individual gratings varies while the fill
factor and relief depth remain constant, or the slant
angle and relief depth are constant while the fill fac-
tor varies. It is this latter possibility that enables a
set of N output-coupler gratings to be manufactured
in truly one lithographic etching step.

In light of the fabrication-error analysis and, more-
over, of our initial experimental results, it seems rea-
sonable to assume that the realization of a planar
optical interconnect consisting of multiple binary
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slanted gratings is indeed feasible. Furthermore,
replication techniques such as UV embossing could
be employed to copy these slanted gratings,2? leading
to the eventual mass production of such a planar
optical interconnect. In future systems the flexibil-
ity of such interconnects may also be enhanced by
multiple connections at each output coupler. The
technique of pulse-frequency modulation28 of a high-
frequency carrier grating can be employed to encode
optical functions such as fan-out and focusing,2°
thereby increasing the interconnection density and
reducing the complexity of the receiver optics.
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