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Abstract: Modern photolithography with its sub-hundred-nanometer-scale 
resolution and cm-scale spatial coherence provides for the creation of 
powerful waveguide diffractive structures useful as integrated spectral 
filters, multiplexers, spatial signal routers, interconnects, etc.  Application 
of such structures is facilitated by a lithographically friendly means of 
amplitude apodization, which allows for programming of general spectral 
and spatial transfer functions.  We describe here an approach to 
implementing flexible binary-etch-compatible diffractive amplitude control 
based on the decomposition of diffractive structures into subregions each 
of whose diffractive contours are spatially positioned so as to 
interferometrically control the net diffractive amplitude and phase of the 
subregion.  The present approach is uniquely powerful because it allows 
for substantial decoupling of amplitude and phase apodization. 
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It has recently been demonstrated [1] that deep ultraviolet (DUV) photolithography provides 
a powerful means of producing distributed diffractive or holographic structures in slab and 
channel waveguides providing for the fabrication of virtually arbitrary computer-designed 
patterns pixilated at the resolution of <100 nm with full spatial coherence on the centimeter 
scale.  Such flexible fabrication means allow for the incorporation of powerful volume 
holographic design concepts into distributed diffractive structures providing for general 
spatial and spectral signal processing, filtering, and routing in device formats consistent with 
high volume and low-cost production.  In the present work, we explore the application of 
DUV photolithographic design flexibility to the realization of an amplitude and phase 
apodization means that is fully compatible with fabrication friendly binary etch methods and 
at the same time uniquely minimizes the coupling of amplitude and phase effects.  The 
present method, correlated-contour apodization, utilizes the precise placement of contours 
within diffractive contour subsets to interferometrically control the amplitude and phase of 
the net field diffracted by the contour subset.  We note that other apodization methods have 
been demonstrated in fiber Bragg gratings [2-4], channel waveguides [5,6] and slab 
diffractive structures [7].  These previously described methods generally introduce a complex 
coupling between amplitude and phase apodization. 

Correlated-contour amplitude and phase control is applicable to many distributed 
diffractive structures including channel waveguide Bragg gratings, slab waveguide 
holographic Bragg reflectors (HBRs), and even free-space reflection and transmission 
gratings.  A lithographically-scribed channel waveguide grating is depicted schematically in 
Fig. 1 from a top view (1(a)) and side view (1(b)).  The diffractive contours (lines) of the 
grating are patterned with a deep ultraviolet (DUV) stepper in resist, etched into the channel 
waveguide core, and filled with material of differing refractive index.  A top view of a 
holographic Bragg reflector (HBR) is shown in Fig. 1(c).  The HBR is a volume hologram 
implemented in a slab waveguide.  Light typically enters the slab region through a channel 
waveguide and then expands freely (in the plane) to interact with the curved HBR diffractive 
contours.  The shape of each contour may be computer-tailored to create from the input 
signal an output signal whose wavefront is optimally matched to the entry mode of the output 
channel waveguide.  Simple geometric curves like circles and ellipses may suffice for 
coupling between input and output ports in some cases, but custom contours (like aspheric 

Fig. 1. (a)-(b) Top and side views of channel waveguide grating, respectively. (c) Top-view 
of slab-waveguide holographic Bragg reflector with channel waveguide access. (d) 
Photograph of grating contours for channel waveguide grating prior to fill. 
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imaging optics) will provide more efficient signal coupling in general HBR designs.  With 
modern DUV photolithographic fabrication, aspherics are as easy to fabricate as spherics.  
The various contours of the HBR are spaced so that generated output wavefronts from the 
ensemble arrive at the output port with designed phase relationships and typically a common 
wavefront.  Correlated-contour apodization comprises spatial repositioning of contours 
within contour subsets so that the coherent addition of their scattered wavefronts is adjusted 
to desired values.  Overall phase shifts can be implemented through spatial shifts in the 
center of gravity of the various contour subsets.  Figure 1(d) is a scanning-electron 
microscope picture of diffractive contours like those used in the channel waveguides prior to 
filling with cladding. 

There are many ways a collection of diffractive contours can be positionally dispersed to 
achieve a desired net reflectivity.  We concentrate here on one specific but systematic 
approach to contour positioning.  In Fig. 2(a), we depict a grating structure of constant 
spacing do, which will backscatter light at wavelength λo= 2ndo, where n is the effective 
waveguide refractive index.  We assume that the overall bandwidth of the grating ∆λ is very 
small compared to λo  (i. e. ∆λ/λo <<1).  In Fig. 2(b), we show a two-member set of 
diffractive contours.   If the central position of the set is zi

o (zi) prior to (after) apodization, 
and the final separation between lines is di =  do-2δi, with the contours symmetric about zi 
(see Fig. 2(b)), the net field backscattered from the line pair will be 

where Eo is the net backscattered field magnitude from the set of two correlated lines for 
resonant light with δi =0 , ko=2πn/λo, εi = zi - zi

o, and it is assumed that kodo = mπ (m=1,2,…).   
The two parameters δi and εi, provide independent control over the net reflective amplitude 
and phase, respectively, of the correlated two-line set.  The resonant correlated-line-set 
amplitude reflection coefficient may be written as 

,)2cos()2exp(),( ioiooiii kikEE δεεδ =

Fig, 2. Basic concept of correlated-contour amplitude and phase control. (a) Uniform grating. (b) 
Blow-up of two adjacent grating contours with common and differential position shifts. (c) Five-
contour subgroups with center contour deletion to provide room for centerwise displacement of 
outer contours. (d) Common mode and differential displacements of contour set elements (N=5) 
used to adjust phase and amplitude, respectively. 
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The reflected field amplitude, being interferometrically determined, exhibits chromatic 
variation.  But in the limit of ∆λ/λo <<1, the amplitude of the apodized line pair will be 
essentially constant over the reflection bandwidth of the overall grating.  To provide a many-
line grating with smooth reflective amplitude variation along its length, all diffractive 
contours in the grating are grouped into line pairs with δi and εi variable from pair to pair.  

A unique feature of the correlated-contour apodization method is that the surface-etch 
percentage, averaged over distances >>λo, remains nominally constant allowing the guided 
waves to experience a constant average material composition.  This ideal situation can be 
complicated by fabrication imperfections, for example involving etch-profile changes with 
neighbor separation.  Such effects are shown here to be small.  Owing to the nominally 
constant material composition, the effective waveguide refractive index n may be expected to 
remain essentially constant as the diffractive amplitude is changed.  In this case, phase 
modulation is not intrinsically coupled to amplitude apodization.  In previously described 
amplitude apodization methods applicable to etched gratings [2-8], amplitude changes 
typically introduce changes in average material composition and hence in n.  Changes in n, 
unless compensated in design, have the effect of introducing position-dependent phase shifts 
concomitant to intended amplitude apodization. Coupling of phase and amplitude 
apodization can significantly complicate the problem of achieving desired grating response.  
We note that decoupling of amplitude apodization from index variation has been developed 
previously for gratings based on photo-written index variations [9-11].  

In some cases, the spacing between grating lines, do, may be at the level of lithographic 
resolution, which implies that displacements of contours toward one another cannot be 
correctly rendered.  In this scenario (applicable to our experiments), correlated-contour 
amplitude apodization can be implemented as shown in Figs. 2(c-d).  The contours, in the 
case shown, are divided into groupings of 5 lines each.  The center line of each set is deleted 
(Fig. 2(c)).  Deletion of the center line provides room for the lines on each side to be moved 
toward the center of the original group, as shown in Fig. 2(d), while leaving a 
lithographically renderable gap.  The center-line deletion approach can be extended to 
correlated line sets involving an arbitrary (initially) odd number, N, of diffractive contours. 
As we implement the method, all lines on either side of the center are displaced 
symmetrically in a manner analogous to that shown in Fig. 2(d).  The reflected amplitude and 
phase of the groupings then still varies as in Eqs. (1-2), where Eo represents the δi=0 
reflection amplitude of a correlated set regardless of the number of lines involved.   Deletion 
of the center line of each contour grouping may introduce additional grating resonances.  
With deleted lines, the grating can be viewed as a first-order grating as in Fig. 2(a) combined 
with an oppositely signed Nth-order grating with the latter having resonances spaced about ko 
by ko/N.  For small values of N and thus wide spectral spacing the additional resonances can 
typically be ignored.  Alternatively, by varying N throughout the diffractive structure, the 
additional resonances may be reduced in amplitude as needed. 

We have tested correlated-contour diffractive amplitude control in both channel 
waveguides and HBRs.  All guiding structures fabricated are multilayer silica-on-silicon.  
The HBR structures have a 2-µm thick core with bilateral 15 µm cladding and core-cladding 
refractive index contrast of 0.8 percent.  Diffractive structures are patterned (via DUV 
photolithography) and etched on the top of the core layer to a depth of about 450 nm and 
filled with cladding.  HBR diffractive contours are circular with input and output waveguides 
at common conjugate image points.  The HBR contours span an area of approximately 2 × 2 
mm and contain about 4000 contours.  The channel waveguide structures employed have 
core dimensions of approximately 2 × 6 µm and differed from the HBR structures in that the 
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core was comprised of two sublayers with diffractive contours etched 850 nm deep into the 
top of the 1-µm –thick lower core layer (2 percent index contrast relative to the cladding) and 
filled with the upper core layer (0.8 percent contrast relative to the cladding).  Channel 
diffractive contours are straight segments oriented normal to the channel propagation 
direction and spanning the entire transverse extent of the guide.  The channel waveguide core 
was surrounded by lower index cladding.  All diffractive structures were designed to operate 
in the weak reflection limit (< 10 percent power reflection) to eliminate saturation effects.  
Operation in the weak reflection limit is for experimental convenience only.  Measurement in 
this limit allows for strict proportionality between the reflectivity of individual correlated-
line sets and the easily measured reflectivity of a whole grating comprised of many 
correlated sets. 

To test the variation of reflectivity and refractive index with line displacement (δi), eight 
separate channel waveguide gratings were fabricated.  The channel waveguide gratings 
utilized 5-line (center-line-deleted) correlated-line-set amplitude control (see Fig. 2(d)).  
Within each grating, δi (the line displacement) was held constant.  The number of correlated 
line sets within each grating was varied so that the overall grating reflectivity (number of 
correlated sets × individual set reflectivity) was held approximately constant providing a 
convenient nearly constant reflected power level for measurement.  The gratings were 
located sequentially, without spatial overlap, along two channel waveguides with gratings (a-
d) in one channel and (e-h) in the other.  Gratings within a single channel were displaced in 
wavelength so that they could be distinguished in the reflective measurement.  Wavelength 
separation was set large to avoid interference.  More generally, wavelength separation may 
be varied continuously in increments down to the transform limit.  In Fig. 3, we show the 
reflection spectra of the gratings.  Reflected powers include a 7 dB excess input coupling loss 
unique to the test setup.  The top and bottom of Fig. 3 detail the grating responses to TE and 
TM input polarizations, respectively. The design physical characteristics of the various 

Fig. 3. Reflection spectra of two channel waveguides (left and right) each containing four 
separate gratings.  Top and bottom rows show different input polarizations.  Each 
individual grating is written with identical contour sets adjusted to specific field 
reflectivity and grating lengths are adjusted to provide nearly uniform net reflectivity (see 
text). 
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gratings are given in Table 1.  Note the variations in grating resonance width resulting from 
the variation in overall length from grating to grating.  This width variation is expected for 
spatially coherent gratings. 

Table 1.  Channel Waveguide Grating Properties 

 
Grating 

 
Line 

Spacing 
d0 (µm) 

 
Line 
Set 

Number 

 
δi/d0 

 
Relative 

Amplitude 
Reflectivity 

ρ 

 
Expected 
Grating 

Reflectivity 
(Power (dB)) 

 
Measured 

Wavelength 
(nm) 

a 0.511816 47 0 1.00 0 1492.296 

b 0.520404 461 0.234 0.10 -0.136577 1517.006 

c 0.528991 283 0.2245 0.16 -0.349022 1541.486 

d 0.537579 89 0.1665 0.50 -0.459022 1565.915 

e 0.511816 66 0.1245 0.71 -0.034176 1492.373 

f 0.520404 210 0.2145 0.22 -0.101551 1516.990 

g 0.528991 141 0.198 0.32 -0.329000 1541.518 

h 0.537579 89 0.1665 0.50 -0.459022 1565.945 

The observed reflected powers are converted to fields and are normalized by the number 
of contour sets in each grating to arrive at a measured correlated-set amplitude reflectivity.  
Identical gratings appearing in both channel waveguides are used to normalize out 
reflectivity variations introduced by differences in fiber-to-channel coupling.  In Fig. 4, 
measured amplitude reflectivity is plotted versus Eq. (2) reflectivity.  The agreement between 
designed and measured contour-set amplitude reflectivities is quite good indicating that the 
fabrication process provides high fidelity and that the underlying theory is sound.  Some 
deviation from Eq. (2) is expected because the lithographic process exhibits some fidelity 

Fig. 4. Plot of measured amplitude reflection coefficient versus design reflection coefficient for 
the gratings of  Table 1. 
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variation as the pattern rendered is varied.  As seen from Fig. 4, complications of this kind 
are relatively small.  Ultimately, an empirical replacement for Eq. (2) may be devised that 
accounts for fabrication subtleties as necessary. 

The data of Fig. 4 indicates that correlated-contour apodization is effective in controlling 
the reflective amplitude of gratings.  We now examine how effective refractive index varies 
with the reflective amplitude.  To investigate this issue, we plot index values derived from 
the eight test gratings as determined by measuring the peak reflected wavelength, λo, for each 
channel waveguide grating, using the parameters of Table I, and applying the relation n 
=λo/2do .  Resulting index values are plotted (solid points) in Fig. 5(a) as a function of design 
grating reflectivity.  Also plotted as the open triangles, are the similarly derived effective 
indices for a reference set of channel waveguide gratings whose reflection amplitude is 
varied using the partial-fill grayscale method [8].  In the partial-fill grayscale method, 
reflective amplitude is varied by adjusting the width of the grating lines across the channel 
waveguide. As the width of grating lines varies, the amount of fill material added varies.  
Thus the average material composition seen by signals changes with reflective amplitude and 
a significant correlation of amplitude and index may be expected.  This reference set of 
gratings spans a range of wavelengths and reflectivities similar to the correlated-line-set 
gratings. 

Geometric and material properties lead to a natural variation of effective waveguide 
index as a function of signal wavelength. Since the test gratings are displaced in wavelength, 
the raw index data of Fig. 5(a) should be corrected to remove natural wavelength related 
changes.  We have done this using measured material and estimated geometric index effects 
and plot the corrected grating indices in Fig. 5(b).  It is clear that the coupling between 
reflective amplitude and effective index is much weaker for gratings apodized using the 
correlated-contour amplitude control method than for those apodized using the partial-fill 
method.   With correlated-contour amplitude control, absolute index changes on the level of 
only a few parts in 104 are observed when reflective amplitude is varied over an order of 
magnitude.  It should be noted that the design reflectivity of the correlated-contour test 
gratings does not vary monotonically with wavelength (see Table I).  It is for this reason that 

Fig. 5. (a) Measured effective refractive index as a function of amplitude reflection 
coefficient for correlated-line-set gratings (solid circles) and a reference grating set (open 
triangles) whose reflectivity is controlled via the partial scribe method of Ref. 8. (b) Effective 
refractive index of the two grating sets after extracting intrinsic wavelength dependence. 
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the wiggles in the index data of Fig. 5(a) are smoothed (as shown in Fig. 5(b)) when one 
corrects for the natural waveguide chromatic index variation. 

 In Fig. 6, we show the reflection spectra of HBR filters designed to produce flat-top 
passbands approximately suitable for course WDM multiplexing.  Fig. 6(a) (solid line), 
depicts the TM reflection spectrum of an HBR apodized with correlated-contour apodization 
(N=3).  The dashed line is the design bandpass function (displaced by 5 dB above the 
measurement for display).  The vertical scale of Fig. 6(a) is expanded in Fig. 6(b) where TE 
(top), TM (bottom), and design (flattest) bandpass functions are shown.  Figure 6(c) (6(d)) 
shows the radial amplitude (phase) apodization function employed in the HBR.  The phase 
function shown corresponds approximately to a linear period chirp.  Measurements of empty 
channel waveguides indicate that coupling to the rectangular access channels accounted for 
nearly all of the change in reflected power with polarization observed in Fig. 6(b).  Slight 
ripple in the observed passband may have occurred because of coherent backscattering from 
edges and other structures within the test die.  The oscillating bandpass function (lowest 
curve) shown in Fig. 6(a) shows the calculated reflection spectrum from a linearly chirped 
grating of constant amplitude (unapodized). Overall, it is clear that the correlated contour 
apodization approach allows for powerful passband control. 

We have described an approach to introducing position-dependent diffractive amplitude 
and phase into distributed diffractive structures.  The method is enabled by the precise and 
arbitrary positioning control afforded to designers by DUV photolithography and waveguide 
deposition techniques.  Advanced integrated filtering and signal processing devices of 
diverse character are enabled by the spectral and spatial programmability the present 
apodization approach allows.  We note that the present apodization method may be applied 
even in the case of free-space surface gratings. 

Fig. 6.  Reflection spectra of HBRs apodized with 3-line (N=3) correlated-contour 
amplitude and phase control. In (a), the lower trace depicts the calculated reflective 
spectrum of a linearly chirped grating with no amplitude apodization, the middle (solid) 
trace is a measured reflection spectrum of an apodized HBR, the top trace (dashed) is the 
simulated HBR response, which is displaced upward by 5 dB for clarity. (b) is a blow-up of 
the measured reflection spectrum of part (a) with traces (TE top) for both polarizations and 
scalar simulated spectrum (flattest).  The amplitude and phase apodization functions 
employed in the HBR of (a-b) are shown in (c) and (d), respectively. 
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