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ffective gray scale in lithographically scribed
lanar holographic Bragg reflectors

mitri Iazikov, Christoph Greiner, and Thomas W. Mossberg

We demonstrate that holographic Bragg reflector grating structures, which are photolithographically
scribed in planar waveguides, support a unique approach to apodization and overlay that uses fixed-depth
etching and partial contour writing to achieve continuous reflective amplitude control. © 2004 Optical
Society of America

OCIS codes: 090.2890, 050.1970, 060.2340, 230.7400, 230.1480.
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istributed Bragg reflectors �DBRs� can, in principle,
e structured to provide a wide range of spectral fil-
ering functions. In the limit of weak reflectivity,
he reflection spectrum of a DBR is simply related to
he spatial Fourier transform of its effective reflection
oefficient expressed as a function of optical depth
nto the reflector. Continuous control over the
BR’s reflective strength and relative phase as a

unction of position thus provides the ability to im-
lement arbitrary phase-coherent spectral filtering
unctions. In the limit of strong reflectivity, the re-
ationship of local reflective amplitude and phase to
he spectral transfer function is more complex, but
he ability to implement broad ranges of filtering
unctions remains. Key to the realization of specific
ltering functions is the ability to precisely control
eflective amplitude and phase as a function of depth
ithin the DBR—even down to the level of individual
iffractive elements �lines or planes within the dif-
ractive structure�.

Tailoring of DBR spectral filtering functions has
een demonstrated in the case of fiber Bragg
ratings1–7 and channel waveguides8–10 by a variety
f techniques. Yet none of these methods provides
or very high resolution �approaching line-by-line�
ontrol of diffractive-element amplitude and phase.
ecently a new type of slab-waveguide DBR was pro-
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osed11 and demonstrated.12 These wholly in-plane
iffractive structures are called holographic Bragg
eflectors �or HBRs� and comprise computer-
enerated holograms that are lithographically
cribed into the core of a two-dimensional �2D� slab
aveguide. HBRs are compatible with truly line-
y-line amplitude and phase apodization by means
hat we explore in this paper.

The diffractive elements of an HBR typically con-
ist of lithographically-scribed contours filled with
ladding or other dielectric material with a refractive
ndex different from that of the core. HBRs control
oth the spatial wave front of reflected signals and
heir spectral content. In principle, HBRs provide a
athway to unique photonic integrated circuits that
s based not on constraining wirelike channel
aveguides but on integrated, overlapping HBRs

hat spectrally process and spatially route freely in-
ersecting optical data streams from one active circuit
lement to another. HBRs provide the power of free-
pace optics in a fully integrated environment. HBR
tructures, whose computer-generated diffractive
ontours provide broad in-plane spatial wave-front
ransformation capability, contrast with previously
iscussed lithographically scribed 2D DBRs in-
ended for out-of-plane applications, such as laser
eedback and outcoupling13–18 and free-space to
lab-waveguide beam coupling.19–21 Also, the use of
olographic imaging made possible with HBRs is
enerally more powerful than that provided by con-
ocal elliptical DBRs that have been discussed in
erms of spectral multiplexing.22

A simple HBR is schematically shown in Fig. 1.
ight enters the slab-waveguide region at the in port
nd expands within the plane to interact with the
ultitude of diffractive elements �curved contours�.
ach diffractive element serves as an imaging device
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1149
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hat focuses the input signal to the out port. For an
BR operating in the mth order, diffractive elements
re spaced by an approximate distance of � � m��
neff�m � 1, 2, 3 . . .�, where � is the vacuum wave-
ength of the light to be reflected and neff is the
ffective refractive index of the slab waveguide. In
ig. 1 and in the fabricated devices discussed here,

he diffractive elements comprise circular cladding-
lled trenches that are scribed in the top of the slab-
aveguide core layer by means of deep ultraviolet

DUV� photolithography. All diffractive elements
hare a common center of curvature. As measured
long a radius through the center of curvature, the
iffractive elements do not have constant spacing.
he spacing is set so that signals propagating be-
ween the input and the output ports via interaction
ith the diffractive elements see a constant optical
ath increment of m��2neff between the diffractive
lements.11 This results in a weak chirp in
iffractive-element spacing, as measured along a line
hrough the center of curvature. We refer to the line
ontaining the access ports as the input or the output
lane as appropriate.
Optimal flexibility in the design of spectral transfer

unctions requires that there be control over the re-
ective amplitude and the relative phase of each dif-

ractive element. Relative reflective phase shifts
ver the range of �� are provided by spatially dis-
lacing diffractive contours over a range ���4neff.
ecause HBR contours consist of a computer-
enerated hologram, which is laser- or electron-beam
ritten onto a standard reticle and then photolitho-
raphically scribed onto slab waveguides, full posi-
ioning �and hence phase control over the reflective
hase� is conveniently available. The reflective am-

ig. 1. Schematic of an HBR. Curved contours represent diffrac
ontour backscatters a portion of the entering signal field and focus
ontours are circular with a common center of curvature shown.
s shown on the left. The fraction of the contour that is actually p
f the field backscattered to the output port by the contour.
150 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
litude of a trenchlike reflective element is deter-
ined by various factors, such as trench depth,

rench width, and refractive-index contrast between
he core and fill materials. Although these factors
an, in principle, be used to control the reflective
mplitude of the diffractive elements, their practical
mplementation is inconsistent with convenient litho-
raphic practice, which typically employs a common
tch depth across each wafer, uses a single trench-fill
aterial, and is subject to process-related trench-
idth variations.
However, as we demonstrate here, the 2D nature of
BR devices allows them to be implemented with
iffractive elements of variable reflective amplitudes
y use of only straightforward lithographic tech-
iques. Referring to Fig. 1 and considering mono-
hromatic input light, one can see that a single
iffractive-element contour, k, contributes an amount
o the output signal field given by

Eout
k � 	

contour k

Ein�r�ak�r�, (1)

here Ein�r� and ak�r� are the input field and the
mplitude reflection coefficient, respectively, at con-
our position r. It is assumed that the HBR was
esigned so that contributions to the output field
rom all locations on the single contour arrive with
he same phase, which is necessary for effective im-
ging. Equation �1� implies that partial contour
cribing �i.e., creating a trench along only selected
ortions of a diffractive-element contour� provides a
eans of continuously controlling the contour’s con-

ribution to the output field without the need for

elements lithographically scribed into the slab waveguide. Each
onto the output port. In the devices fabricated for this study, the
partial-fill effective gray-scale approach to amplitude apodization
ted with an etched trench controls the overall effective amplitude
tive
es it
The
opula
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ithographically challenging variations in diffractive-
lement trench morphology.
Although the partial scribing approach to achiev-

ng continuous reflective amplitude control for indi-
idual diffractive elements is conceptually simple,
any details must be considered. To preserve the

ocusing character of the HBR, the partially written
iffractive contours must generate substantially the
ame output wave front as the fully written
iffractive-element contour. Either the variation in
nput field amplitude along the contour must be ex-
licitly considered in determining which portions of a
ontour to fill, or a fill pattern must be adopted that
s immune to a range of input field variations. Fur-
hermore, correlation in the fill pattern between suc-
essive diffractive elements must be considered to
nsure that portions of the input field do not leak
hrough holes in the HBR structure. Finally, be-
ause the effective waveguide refractive index is
erturbed, albeit weakly, by the presence of
iffractive-element trenches, spatial variations in
he effective index that are introduced by partial
cribing must be explicitly accounted for in the HBR
esign process. We refer to the partial writing of
iffractive-element contours in HBR devices as “ef-
ective gray scale.”

We have fabricated HBR structures to test certain
spects of the effective gray-scale concept. We com-
are HBRs written with a fixed 0.33 fraction of each
ontour scribed with HBRs with fully written con-
ours with respect to �1� spatial focusing properties,
2� overall spectral transfer function, and �3� relative
eflective strength. The HBRs are designed for re-
ection at 1.53 
m and are implemented in a silica-
n-silicon format by means of DUV photolithography.
abricated structures consist of a silicon substrate
upporting three silica layers: a lower 15-
m clad-
ing layer, a 6-
m core layer, and an upper 15-
m
ladding layer �with a 0.8% core–cladding index con-
rast�. The HBR diffractive elements are scribed at
he interface between the core and the upper cladding
ayers in the form of trenches approximately 250 nm
ide and 400 nm deep �see Fig. 1, right�. First- and

hird-order HBRs �with successive diffractive-
lement contours separated by �0.5 and 1.5 
m,
espectively� were fabricated with completely filled
i.e., scribed� diffractive-element contours. Another
rst-order HBR was partially scribed; that is, only
�3 of each diffractive contour was etched to produce
trench �see Fig. 1, left�. The first-order HBRs have
3,305 diffractive elements. The HBR input and
utput ports are located symmetrically about the
ommon diffractive-element center of curvature, the
tructures are 9 mm long from the input–output
lane to the final diffractive element and have a
-mm unscribed free propagation region between the
nput–output ports and the diffractive elements.
nlike the simple HBR shown in Fig. 1, where dif-

ractive contours subtend a constant angular width,
, about the center of curvature, diffractive contours
f the fabricated HBRs subtend increasingly smaller
ngles as one moves away from the input–output
lane. Specifically, the diffractive-contour angular
idth ranges from 0.53 rad at the input–output end

o 0.33 rad at the opposite end. The wider opening
ngle at the input–output end accommodates the
00-
m offset of the input–output ports from the
enter of curvature. The HBR will provide imaging
etween any input–output port pair symmetrically
ocated about the center of curvature; however, the
eak chirp introduced during the design to equalize

ontour-to-contour optical path increments will func-
ion optimally at the design port separation, which in
his case is 400 
m. The measurements presented
ere utilize the design 400-
m port separation. In
he case of the HBR with partially written diffractive-
lement contours, each contour, k, was divided into
0 equal angular segments of angular width �k, with
�3 of each angular segment lithographically scribed
o produce a trench. In box B of Fig. 1 partially
ritten contours are shown with etched trenches

dashes�. The dash repetition interval �dash width�
ubtends an angle �k ��k�3� relative to the common
enter of curvature. Owing to the variation in the
otal angular width subtended by the diffractive con-
ours, �k ranges from 0.0165 to 0.0265 rad. The an-
ular segments of successive diffractive elements
ere given random angular shifts of magnitude 
k�k,
here 
k is a number randomly generated from the

nterval �0, 1�. Some HBRs were fabricated with
hannel waveguides, and others were constructed
ithout them. In the former case, butt-coupled fi-
ers were connected to channel waveguides, which
erved as input and output ports precisely positioned
t the optimally designed conjugate imaging posi-
ions of the HBR. HBRs without channel
aveguides were employed to measure output power
s a function of position along the output plane.
We first consider the imaging properties of HBRs

mplemented with effective gray scale �partial con-
our scribing�. The division of each diffractive-
lement contour into 20 partially scribed segments
rovides for high-fidelity sampling of the input signal
eam. On the other hand, the introduction of a non-
ontinuous, gratinglike structure to the diffractive
ontour can, in certain cases, introduce ghost struc-
ures in the output plane. Theoretical simulation
nd HBR measurement reveal that, in HBR struc-
ures with large numbers of diffractive elements,
host structures are greatly suppressed by two im-
lemented design factors: the random angular
hifts described above and the variation in angular
egment size.
In Fig. 2 we show the calculated power as a func-

ion of position along the output plane of an HBR
ith partially scribed diffractive contours and vari-
us numbers, Nc, of diffractive contours. Except for
ig. 2�a�, which depicts the power distribution pro-
uced by a single diffractive contour �Nc � 1� of ra-
ius 5.5 mm, contours are distributed uniformly
hroughout the same physical region as the fabri-
ated HBRs. Contour spacing and hence effective
iffractive order are adjusted as necessary. Calcu-
ations of the output power profile are obtained by
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1151
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epresentation of the HBR structures as point scat-
erers densely spaced along the etched diffractive
renches. The output plane powers shown are de-
ived from an explicit summation of fields diffracted
rom the input port �10 
m wide with a rectangular
eld profile�, scattered by the representative struc-
ure points, and received along the output plane.
he input port is positioned at �200 
m, the
iffractive-element center of curvature at 0, which
laces the nominal output port location at �200 
m.
In Fig. 2�a� the power distribution created by a

ingle partially written contour shows a primary im-
ge at �200 
m as well as sidelobes of nearly equal
trength. The sidelobes correspond to diffractive or-
ers of the segmented contour viewed as a reflective
iffraction grating. The sidelobes appear to be
qually spaced about the primary image by a distance
f ��sin �k, where �k is the angular segment width of
he single written contour. In Fig. 2�b� an HBR with

total of 10 diffractive contours is analyzed. The
idelobes calculated here are weaker, and they ap-
ear to be broadened. The broadening effect arises
rom the variation in the magnitude of �k within the
BR structure. The random angular shift between

he scribing patterns of successive diffractive con-
ours has the effect of introducing random phase
hanges onto the fields contributed by each contour to
he sidelobes. These phase changes do not affect the
rimary image. Owing to the random phase shifts,
he sidelobes should decrease in power relative to the
rimary image by a factor of approximately 1�Nc
based on a simplistic random-walk analysis�. The
ariation in �k and the random angular shifts to-
ether result in an approximately 1.5 order-of-
agnitude reduction in sidelobe power relative to the

rimary image �center peak�, even when only 10 con-
ours are written. In Figs. 2�c� and 2�d� the output
lane power distribution for N � 100 and N � 1000

ig. 2. Simulated output power as a function of position along the
utput plane for partially written diffractive contours of �a� 1, �b�
0, �c� 100, and �d� 1000, showing the decrease in sidelobe power
ith increasing contour count. The primary output image is lo-

ated at 200 
m.
c c

152 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
ontours, respectively, are displayed. The 1000-
ontour HBR has a simulated sidelobe reduction of
pproximately 4 orders of magnitude relative to the
rimary image. Simulation of the full 13,305-
ontour fabricated HBR was not performed owing to
omputational limitations.

In Fig. 3 we display the results of a simulation
erformed on two partially scribed �0.33 fill-factor�
rst-order HBR structures, each composed of 100 dif-
ractive contours. All the contours of these struc-
ures are located approximately 5.0 mm from the
nput–output plane and have an identical angular
xtent. The solid (dashed) curves in Fig. 3 represent
he power distribution along the output plane that is
roduced by an HBR structure whose scribed seg-
ents are radially aligned �scribed with random an-

ular shifts as described above�. It can be seen that
he angular shifting �dashed curve� of the scribed
egments strongly suppresses the sidelobe features
ut does not affect the primary output signal. The
xact extent of the sidelobe suppression depends in
etail on the distribution of the angular shifts em-
loyed. Optimal sidelobe suppression may be ob-
ained by means of deterministic, rather than
andom, angular shifting of contour scribing pat-
erns.

In Fig. 4 we present simulations of HBRs compris-
ng fully written diffractive contours �no gray scale�.
he absence of sidelobes in Fig. 4 confirms the intro-
uction of gray-scale partial scribing as the source of
he sidelobes observed in Fig. 2.

Measurements of power versus position along the
utput plane were accomplished by scanning a
leaved single-mode SMF-28 fiber along a line paral-
el to the planar waveguide edge. The die and fiber
ere square cut, and the fiber axis was oriented nor-
al to the die edge �i.e., was butt coupled�. In Fig.

�a� we plot output power �solid curve� versus posi-
ion for a fully written first-order HBR with the input

ig. 3. Simulated output power as a function of position along the
utput plane for two partially written, 100-contour HBR structures
ith �dashed curve� and without �solid curve� angular shifts be-

ween scribing patterns of successive diffractive contours.
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ignal wavelength set to maximize HBR reflectivity.
he dotted curve at the bottom of the figure repre-
ents the scattered light background level as mea-
ured with the input laser tuned 20 nm above the
BR resonance wavelength. The focused HBR out-
ut is centered at 200 
m, the diffractive-contour
enter of curvature is located at 0, and the input
ignal enters at �200 
m. The measured output
ower profile of Fig. 5�a� agrees well with the simu-
ated power profile of Fig. 4�b�, considering that the
ackground is not subtracted from the solid curve
ata of Fig. 5�a�. The minimum insertion loss for the
easurement of Fig. 5�a� is 3.8 dB, which includes

ig. 4. Simulated output power as a function of position along the
ontours. The primary output image is located at 200 
m.

ig. 5. Measured output power as a function of position along the
utput plane for �a� fully written first-order HBR, �b� partially
ritten �0.33 fraction� first-order HBR, and �c� superimposed fully
nd partially written HBR measurements. The lower dotted
urve in �a� and �b� represents a background light power level that
orresponds primarily to the input signal scattered off the square-
ut die boundaries.
osses from fiber-to-planar-waveguide coupling.
he solid curve of Fig. 5�b� represents measured out-
ut power versus output plane position produced by a
rst-order HBR with each diffractive contour written
t the gray-scale level of 0.33. As in Fig. 5�a�, the
otted curve in Fig. 5�b� represents off-resonance
cattered-light background. Fluctuations in back-
round level with input-signal wavelength and de-
ailed alignment appear to be responsible for the dips
n the observed output power below the off-resonance
ackground level. The minimum insertion loss for
he data of Fig. 5�b� is 10.8 dB, which again includes
oupling loss. In the limit of low reflectivity for both
ratings, the peak reflected powers of Figs. 5�b� and
�a� should be in the ratio of 0.332:1 or �9.6 dB. The
easured ratio is larger than this because the fully
ritten first-order grating �Fig. 5�a�� is in the regime

f moderately high reflectivity. In Fig. 5�c� we su-
erimpose the output power profiles of the fully �solid
urve� and partially written HBRs and normalize
hem to the same peak value. Presented in this way,
he data clearly reveal small sidelobes at approxi-
ately 150 and 250 
m on the output plane in the
easured output power from the partially written
BR �dotted–dashed curve�. The spatial location of

he observed sidelobes agrees well with the location
xpected based on the simulation shown in Fig. 2�d�.
he observed sidelobe magnitude is somewhat larger
han the �10�5 expected based on the Fig. 2 simula-
ion when extrapolated to the case of 13,305 diffrac-
ive contours. The 40-dB contrast observed between
he primary output peak and the gray-scale sidelobe
s, however, fully adequate for many applications. It
hould be noted that the simulated and the fabricated
artially written HBRs have not been optimized for
idelobe suppression. The angular pattern shifts
nd the variation in �k may be deterministically con-
rolled during design for more effective sidelobe sup-
ression.
In Fig. 6 we compare spectra and reflected power

evels of a first-order, partially written, 0.33-fill-
actor HBR �dotted curve� and a third-order, fully
ritten, 1.0-fill-factor HBR �solid curve�. The par-

ially written HBR has 33% of each contour written

ut plane for �a� 10 and �b� 1000 fully written continuous diffractive
outp
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1153
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s described above. For the spectral measurement,
die equipped with input and output channel

aveguides was employed. Actual spectra are ob-
ained by scanning a fixed polarization test laser
cross the HBR reflective peak. In Fig. 6 all data
re multiplied by a constant factor so that the peak of
he solid curve equates to unity. The dashed spec-
rum is not separately normalized. It is seen that
he first-order, 0.33-written HBR and the third-order,
.0-written HBR have essentially identical reflectiv-
ty. This result is fully consistent with our premise
hat fill factor equates to diffractive amplitude. Ap-
lying the gray-scale concept to Fig. 6, we expect that
eflected power should scale as the total number of
iffractive contours in the HBR multiplied by the fill
actor �reflective amplitude� of the contours. Thus
e expect the first-order, 0.33-written HBR and the

hird-order, 1.0-written HBR to have the same
eflectivity—as indeed they do.

From Fig. 6 we also see that the reflection spectra
f the partially written and the completely written
BRs are virtually identical, as one would expect for
rst- and third-order HBRs that have the same

ength and that differ only in the reflective amplitude
f their diffractive elements. To facilitate compari-
on of the spectra, we horizontally shift them to a
ommon wavelength origin. The actual peak reflec-
ion wavelengths of the two HBRs are 1530.93 and
530.75 nm for the first-order, 0.33-filled and third-
rder, 1.0-filled HBRs, respectively.
In summary, we have studied the use of partial

iffractive-element scribing as a means of achieving
recise reflective amplitude control in distributed 2D
iffractive structures. We find that the spatial im-
ging and spectral properties of HBR devices are left
ntact through use of partial contour scribing, pro-
ided that simple sidelobe suppression design fea-
ures are incorporated. We find that, overall,
154 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
eflective strength scales as expected with the frac-
ion of diffractive contours scribed with trenches.
emonstrating these performance factors is crucial

o the implementation of effective gray-scale methods
or general apodization of 2D spectral devices. A
emaining factor to be studied is the ability to adjust
eparations between contours in a heavily apodized
tructure to compensate for small effective refractive-
ndex changes that are introduced during the process
f changing contour fill factors. We point out that
artial-fill gray scale can be implemented in slightly
odified form in channel-waveguide gratings.23 We

lso note that partial-fill gray scale is fully consistent
ith stamping-based replication of HBR and of other
istributed reflector devices.
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