Modeling and design of planar slanted volume
holographic gratings for wavelength-division-

multiplexing applications
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Holographic gratings are modeled and designed for path-reversed substrate-guided-wave wavelength-
division demultiplexing (WDDM) as a continuation of earlier research [Appl. Opt. 38, 3046 (1999)]. An
efficient and practical method is developed to simulate the slanted volume holographic gratings. The
trade-off between dispersion and the bandwidth of the holograms is analyzed. A 60° (incident angle of
the grating)/60° (diffraction angle of the grating in air) grating structure is selected to demultiplex optical
signals in the 1555-nm spectral region, and a 45°/45° grating structure is chosen for the spectral region
near 800 nm. Experimental results are consistent with the simulation results for these two WDDM

devices. A four-channel WDDM is also demonstrated at a center wavelength of 1555 nm and with a
channel spacing of 2 nm. © 1999 Optical Society of America
OCIS codes: 050.7330, 050.1960, 060.4230, 060.2340, 200.4650, 060.1810.

1. Introduction

For previous substrate-guided-wave holograms for
wavelength division demultiplexing (WDDM),%2 opti-
cal signals of various wavelengths were dispersed by
an input holographic grating, propagated within a
waveguiding plate with total internal reflection, and
then coupled out of the substrate by output holo-
graphic gratings. The interchannel wavelength sep-
aration of such a WDDM is totally dependent on the
length between the input and the output couplers. To
obtain a smaller channel wavelength spacing such as
0.8 nm requires use of a long substrate. Meanwhile,
a lens array is always needed to couple the output
optical signals with different wavelengths into a fiber
array. Recently, path-reversed substrate-guided-
wave optical interconnects for dense WDDM were pro-
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posed,® as shown in Fig. 1. In this approach, the
beveled edge provides a way to overcome the limitation
of the critical angle of the waveguiding substrate and
to enhance the dispersion of the holographic grating.
The grating is a path-reversed structure because the
optical signals are dispersed by the output waveguide
hologram for which the input light comes from the
waveguiding plate and the diffracted light goes into
the air. Only one lens is needed to couple the dis-
persed optical signals into their designated fibers.
Moreover, multiple fan-outs can be realized by inte-
gration of a cascaded holographic grating array on the
same waveguiding plate.3

In the research reported in Ref. 3, two of the present
authors investigated design issues of volume holo-
graphic gratings for WDDM in terms of dispersion and
bandwidth and demonstrated experimental results
near 800-nm wavelength; a theoretical interpretation
of the experimental results of the diffraction efficiency
was not given there. As the optical signals go from
larger to lower refractive-index media, backward dif-
fraction is encountered.>* Rigorous coupled-wave
analysis (RCWA) has proved to be a powerful tool to
simulate diffraction efficiency of gratings. In this pa-
per we develop an efficient and practical method to
solve the complicated linear equations and to overcome
the instability problem for thick gratings.5¢ Experi-
ments were carried out to verify the validity of our
theoretical simulations at center wavelengths of 1555
nm and 800 nm.
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Fig. 1. Configuration of a path-reversed substrate-guided wave
holographic grating.

In Section 2 we develop a form of RCWA that is
specific to the case of a slanted volume grating sur-
rounded by slabs of dielectric. In implementing the
resulting method we use a program (written in Matlab
in our case) to calculate the quantities of interest in our
WDDM device. Section 3 presents simulation re-
sults, followed by presentation of experimental results
in Section 4. Section 5 summarizes our results.

2. Modeling of Planar Slanted Volume Gratings

As shown in Fig. 2(a), the space of the volume holo-
graphic grating is divided into three regions, the su-
perstrate, the grating layer, and the substrate, labeled
+1, 0, and —1, respectively. All media are assumed
isotroP' and nonmagnetic (w = 1). The permittivi-
ties €V are constants. Because the incident plane
wave is assumed to be in the superstrate, €Y must be
real. The time dependence exp(—iwt) is used. So
the imaginary part of the other two permittivities must
be positive. The thickness of region 0 is d, and angle
¢, [t| < w/2, formed between the fringe plane and the
grating normal is called the slant angle.

Figure 2(b) shows three coordinate systems that are
all natural to the grating problem. System xOy is
good for describing the overall grating geometry. Sys-
tem XOY is natural to the grating fringes. Oblique
Cartesian system x, Ox,, is our working coordinate sys-
tem. It is natural to both the overall grating problem
and the periodic fringes, making the mathematical
analysis easy. Note that this RCWA approach is dif-
ferent from that of Gaylord and Moharam+ because we
use a more convenient coordinate system.

The transformations between these systems are

C
1

x;=x—ytan { = X/cos (,
x,=y/cos { =Y — X tan (. (1)

In all cases, the third coordinate axis z = Z = x4 is
perpendicular to the other two axes. The permittiv-
ity is invariant along the z axis. In system XOY the
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Fig. 2. Grating structure and coordinate systems used for RCWA.

permittivity function is given by €X) = X + A),
where A is the fringe period. However, for the over-
all grating structure, the period is p = A/cos{. In
system x;Ox,, the permittivity function is €(x;) =
€(xy + p), 0€/dx, = 0. It is assumed that the deriv-
atives of €(x,) up to at least the second order are
continuous. This means that surface-relief gratings
are excluded from this study.

The direction of the incident plane wave, specified
by angle 6, is in the xOy plane (nonconical incidence
case). Its polarization can be TE or TM (with the
electric or magnetic vector along the z axis). Ran-
dom polarization can be treated as a power superpo-
sition of the two fundamental polarizations.

In coordinate system Ox;x,x5, for the nonconical
diffraction case, Maxwell’s equations reduce to the
following two uncoupled sets of equations:

k
0Es =i ™ (H, — sin (H,),
cos {
k
—0,Es =i " (H, - sin (H)),
cos {
9. Hy — 0o H; = —ikye cos (E, (2a)



in TE polarization and

. kot .
9, H3 = —i (E, — sin (E),),
cos {
ke
—9,Hy = —i — (E, — sin (E,),
cos {
81E2 - 82E1 - lkol.k COSs CH3 (2b)

in TM polarization. In Egs. (2), E; and H, are the
(covariant) field components along axis x;, [ = 1, 2, 3,
and k, = 2m/\ is the vacuum wave number. In the
equation numbers for Egs. (2), a means TE polariza-
tion and b means TM polarization. This method of
numbering the equations is used in the rest of this
section. Equations that are valid for both polariza-
tions are not so labeled.
From Egs. (2) it follows that

. d
5 <E3> B sin gf ko cos <E3>
o - 2 5
i \Hy) ~|cos {ko%u - (a> ] Gin g1 VD
ko i i
(3a)
. J
0 (H3> ) sin 71 —ko€ cos { (Hs)
P —cosc<kozu—a.lla.l) sinéaf1 B/
ko I €1 i

(3b)

In region *1 the solutions of Egs. (3a) and (3b) can
be written as Rayleigh expansions. In medium +1
we have

F5(x1, x5) = expliogx; + iBE)H)_xz]

+ Z R, explio,x; + BV x,],  (4)

where Fy5 stands for E5 or Hy; R,, n = ..., —1, 0,
+1,..., are the reflected diffraction amplitudes.
The first term in Eq. (4) represents the incident plane
wave, whose amplitude has been set to unity. In
medium —1 the Rayleigh expansion is

Fy(xq, x5) = E T, explio,x; + iBi;l)_xz], (5)

where T, are the transmitted diffraction amplitudes.
In Eqgs. (4) and (5) the « and B coefficients are given

by

oo

a, = oy + nk, oy = kg \ss(ﬂ)u sin 6,

K=2u/p, ©6)
Bilil)t = sin g * [kOZE(il)u‘ - 04n2]1/2COS g’
X Re{[kozs(:l)M _ Oan]l/z} + Im{[kozs(tl)u
_ ()an]l/z} >0. (7)

We denote by U.. the sets of integers for which the
B coefficients in Eq. (7) are real. Obviously, U, and

U_ are the sets of the propagating diffraction orders
in media +1 and —1.

Letv,”,n € U,, and v,,/, m € U_, be the diffrac-
tion efficiencies in media +1 and —1, respectively.
Then, for the reflected orders,

(+1)+
r n

o= — o, sin { R neU., ®

and for the transmitted orders,

(=1~
t n

— a, sin 9
TIIL T | 2 n E U*; (9a)

BT —wsing

£(+ 1) p=1-

t n

M = (1) o(+1)-
8( )BB)

-, Slnc |Tn|2’ n c Uﬁ, (9b)

— o sin

The diffraction angles are

6>V = arcsin neuU.. (10)

an
+ )
ko \5(71)M

To solve Eqgs. (3) in region 0, we expand the field
components into Floquet—Fourier series and expand
the permittivity function € and its inverse a = 1/¢
into Fourier series:

Fy(x1, %5) = >, Fj,(x5)explic, xy), (11)
e(x,) = >, &, exp(inKx;),
a(xy) = X, a, exp(inKx,), (12)

where F stands for E or Hand [ = 1,3. Substituting
Eqgs. (11) and (12) into Egs. (3) and assuming an x,
dependence F},, = exp(ipxs), we get

o sin Fop cos £ |
cos ¢ e ol g E, _ E,
(klel —o?)  asing |\H,) ~ P\H,)’
kot i
(13a)
sin —kyJ] cos |
cosi;a g 0[[]] g H, _ H,
— = k’p—ofak)  asing |\E, P\E, )
' i (13b)
In Egs. (13), a is a diagonal matrix with elements
a,n=...,—1,0,+1,...,[€] is a matrix such that
[€],.., = €,,—n> [a] is defined similarly, and E5, H,, etc.

should be understood as column vectors with ele-
ments E5, and H,,. Equations (13) are the matrix
eigenvalue problem that we will solve.

To obtain the numerical solutions we truncate all
Floquet—Fourier series to N terms, from —(N — 1)/2
to +(IN — 1)/2, where N is an odd integer and will be
called the truncation order. The Fourier series for €
and o should be truncated too, from —(N — 1) to
+(N — 1), so the matrices that they form are N X N.
One can find the numerical solutions of Eq. (14a) and
(14b) by calling an eigenproblem solver in a standard
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Fig. 3. Dispersion and approximate bandwidth of planar volume
holographic gratings at a center wavelength of 1555 nm.

mathematical library. Each equation has 2N eigen-
values and the associated eigenvectors. The eigen-
solutions should be partitioned and sorted into two
equal-dimensional sets.” We label the eigenvalues
and eigenvectors by superscripts = and index them
by subscript g, ¢ = 1,2,..., N.

Usmg the solutlons of Eqs (14), we find the total
fields in region 0 in the form

[Es(xh xZ)]

H,(xy, x,) E exp(ia, x1){< >exp(qux2)C

n.q
Ei;nq . - -
o exp(ip,x2)C, (14)
1ng

for TE polarization, with a similar equation for TM
polarization. Ejs,,, H,,,, etc. are the elements of the
e1genvector associated with the eigenvalue pq , and

Cq are the unknown modal field amplitudes in region

0.

Matching the boundary conditions along the inter-
faces between regions *+1 and region 0 leads to a large
system of linear equations. The final solution for the
unknown field amplitudes R,, and 7', are given by’

Rn = (S12)n07 Tn = (SZZ)nO’ (15)

where subscript 70 means the location of the matrix
element at row n and column 0 and S;, and Sy, can
easily be derived from the S-matrix algorithm in Ref. 7.

3. Simulation Results of Holographic Gratings for
WDDM Applications

For a path-reversed guided-wave transmission vol-
ume holographic grating used for WDDM there is a
trade-off between the dispersion and the bandwidth.3
Figure 3 plots grating dispersion and bandwidth as a
function of diffraction angle at incident angles of 30°,
45°, 60°, and 75° at a center wavelength of 1555 nm.
Simulation results of dispersion and bandwidth at a
center wavelength of 800 nm can be found in Ref. 3.
The thickness of the guided-wave holographic grat-
ings is 20 pm. The refractive indices are n; =
[eFDV2 = 152 ny = [¢7V]Y2 = 1.0, and n =
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Fig. 4. RCWA simulation results for a 60°/60° grating structure
at a center wavelength of 1555 nm.

[e,]V/2 = 1.52. We select a 60° (incident angle of the
grating)/60° (diffraction angle of the grating in air)
grating structure for demultiplexing optical signals
in the spectral region near 1555 nm and a 45°/45°
structure for the spectral region near 800 nm.
These structures provide reasonably large dispersion
and acceptable bandwidth.

The periodic permittivity €(X) of the grating is as-
sumed to have a sinusoidal variation:

2nX
eX)=¢,+ & cos(A) . (16)
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Fig. 5. RCWA simulation results for a 45°/45° grating structure
at a center wavelength of 800 nm.

Using the method that we developed in Section 2, we
simulated diffraction efficiency as a function of
refractive-index modulation and angular and wave-
length deviations for the selected gratings working at
center wavelengths of 800 and 1555 nm. DuPont
photopolymer film with a thickness of 20 pm was used
in our simulation. There are one forward and one
backward diffraction order for these two grating struc-
tures.? Figure 4 gives the simulation results of
diffraction efficiencies versus refractive-index modula-
tion [Fig. 4(a), angular deviation [Fig. 4(b)], and wave-
length [Fig. 4(c)] for the 60°/60° grating structure
working at a center wavelength of 1555 nm. It is
shown that, within the dynamic range of the

45
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Fig. 6. Measured diffraction efficiency as a function of wave-
length shift from 1555 nm. The RCWA simulation result is given
at An = 0.0128.

refractive-index modulation of the DuPont photopoly-
mer,8? this structure is polarization sensitive. The
3-dB angular tolerance is 1.9°, and the 3-dB spectral
bandwidth is 48 nm. The 1-dB bandwidth of 30 nm is
matched with that of an erbium-doped fiber amplifi-
er.10 Figure 5 gives the simulation results for the
45°/45° structure working at 800 nm. The 3-dB an-
gular tolerance is 1.2°, and the 3-dB spectral band-
width is 21 nm.

4. Experimental Results at 800 and 1555 nm

We used a 532-nm Coherent Verdi laser to record the
output holographic grating. A Ti:sapphire tunable la-
ser was employed to characterize the performance of
the device working at 800 nm, and an E-TEK tunable
laser diode source for the device working at 1555 nm.
DuPont photopolymer film HRF 600x001-20 with a
thickness of 20 pm was chosen to record the guided-
wave holographic gratings. The waveguiding plate
had a thickness of 6.3 mm. The beveled angle a was
22.5° for the 45°/45° structure at 800 nm and 30° for
the 60°/60° structure at 1555 nm.

Figure 6 gives the measured diffraction efficiencies
of the —1-order forward diffraction as a function of
wavelength deviation from a center wavelength of
1555 nm under a TE wave for the 60°/60° grating
structure. The 3-dB bandwidth of this device was de-

1551 1553 1555 1557 nm

3.3 mm I

Fig. 7. CCD image taken at a focal plane of a focusing lens with
a 20-cm focal length.
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Fig. 8. Measured diffraction efficiency as a function of wave-
length shift from 800 nm. The RCWA simulation result is given
at An = 0.012.

termined to be 43 nm, which is close to that given in
Section 3 and Fig. 6. Theoretical expectations (solid
curve) are consistent with these experimental results
(circles). The refractive-index modulation used for
simulation was An = 0.0128. The measured disper-
sion of the grating (0.16°/nm) was polarization insen-
sitive and consistent with the theoretical result.
Figure 7 is an experimental result of a four-channel
WDDM operating at 1551, 1553, 1555, and 1557 nm,
for which the bandwidth of the device can accommo-
date all four channels, as shown in Fig. 6, while main-
taining a 2-nm wavelength separation. This image
was taken with a CCD camera from the focal plane of
a lens with a focal length of 20 cm. From Fig. 7 we
can see that the four channels are totally separated
and kept in good mode quality. With an aspheric lens
it is possible to bring the light beams to a much smaller
and to couple them into standard fiber bundles—arrays.
Similar results were obtained for the 45°/45° grat-
ing structure working at 800 nm.? A comparison
between theory (solid curves) and experiment (circles
and squares) is given in Fig. 8. The refractive-index
modulation used for simulation was An = 0.012.

5. Summary

Path-reversed substrate-guided-wave holographic
gratings were presented for WDDM applications. An
efficient and practical method was developed to model
the slanted volume holographic gratings. The disper-
sion and the bandwidth of the guided-wave holograms
were analyzed. It was shown that by adjusting the
incident angle and the diffraction angle of the path-
reversed structure one can enhance the dispersion.
Incident angles larger than the critical angle of the
substrate can be obtained by beveling one edge of the
waveguiding plate.

In our experiment we chose DuPont photopolymer
film HRF 600x001-20 (20 pm thick) to record the ho-
lographic grating at center wavelengths of 800 and
1555 nm. A 60° (incident angle of the grating)/60°
(diffraction angle of the grating in air) grating struc-
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ture was employed to demultiplex optical signals in the
1555-nm spectral region; a 45°/45° grating structure,
for the 800-nm spectral region. These structures pro-
vide large dispersion and acceptable bandwidth. The
measured diffraction efficiencies are consistent with
the theoretical results by RCWA. A four-channel
WDDM separating wavelengths of 1551, 1553, 1555,
and 1557 nm has been demonstrated. The bulky
waveguiding glass plate provides mechanical and en-
vironmental robustness. As the dispersion occurs for
the output holographic grating, the TEM,,, mode pro-
file of the dispersed optical signals with different opti-
cal wavelengths is well retained, and this also reduces
the difficulties in integration with fiber arrays—
bundles. This structure is expected to be cost effec-
tive and easy to fabricate compared with others, which
are given as references in Ref. 3 and 11. This struc-
ture shows promise for use for dense wavelength-
division multiplexing with channel spacing as small as
0.8 nm (100 GHz).
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