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Abstract: A theoretical study of differences in broadband high-index-
contrast grating (HCG) reflectors for TM and TE polarizationsis presented,
covering various grating parameters and properties of HCGs. It is shown
that the HCG reflectors for TM polarization (TM HCG reflectors) have
much thicker grating thicknesses and smaller grating periods than the TE
HCG reflectors. This difference is found to originate from the different
boundary conditions met for the electric field of each polarization. Due
to this difference, the TM HCG reflectors have much shorter evanescent
extension of HCG modes into low-refractive-index media surrounding the
HCG. This enables to achieve a very short effective cavity length for VC-
SELs, which is essential for ultrahigh speed VCSELs and MEM S-tunable
V CSELSs. The obtained understandings on polarization dependenceswill be
ableto serve asimportant design guidelinesfor various HCG-based devices.
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1. Introduction

The grating structure referred to as high contrast grating (HCG) is near subwavelength gratings
formed in athin high-refractive-index layer surrounded by lower refractiveindex materials[1].
One-dimensional (1D) HCGs can provide high reflectivity to a surface-normal incident wave
over abroad wavelength range, e.g. higher than 99.9% over broader than 100 nm. This capabil -
ity makes HCGs an attractive alternative to conventional distributed Bragg reflectors (DBRS)
for vertical-cavity surface-emitting lasers (VCSELSs). Since the first demonstration of VCSELs
employing a HCG reflector [2, 3], many novel HCG-based VCSEL structures have been re-
ported, featured by strong single-transverse-mode operation [4-6], efficient MEMS tuning of
emission wavelength [7,8], integration onto a silicon-on-insulator (SOI) wafer [9-11], and con-
trol of transverse mode confinement [12, 13].

These 1D HCG reflectors can be classified into TM HCG and TE HCG reflectors, depending
on the polarization of an incident wave to which a HCG is highly reflective. Since both types
can provide broadband high reflectivity and their reflection processes are explained by the same
theories [14, 15], less attention has been paid to the differences between the two types. | have
found from various TM and TE HCG cases [16] that optimal HCG parameters such as grating
thickness, period, and duty cycle, and the evanescent tail length of HCG modes into the low
index media are quite different for each type. We need to note that this evanescent tail length
can be a key parameter in the designs of HCG-based high-speed VCSEL s and MEM S-tunable
VCSELs, significantly influencing their performances as discussed in Section 4. This rather
empirical observation and the applicational importance of polarization dependent properties
have motivated the studies of this paper, asking two questions: whether the empirically observed
polarization dependences occur by chance or result from a physical origin and whether other
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Fig. 1. Field profiles around (g, b) TM and (c, d) TE HCG reflectors with 1550-nm-
wavelength TM and TE waves being incident from the bottom, respectively. (e) 3D
schematic of 1D HCG and axes convention used in this paper. (f) Reflectivity spectra of
TM and TEHCGs. In (b, d), thefield profiles at x=0 nm (tot) are shown together with their
Oth (Oh) and 1st harmonic (1h) components. The TM HCG has a grating thickness of 420
nm, agrating period of 642 nm, and a grating bar width of 410 nm while the TE HCG has
athickness of 245 nm, aperiod of 1084 nm, and awidth of 322 nm. The black dashed lines
denote grating boundaries. The refractive index of the grating made of Si is 3.47 and both
incident and exit mediaare air.

properties of HCG reflectors such as penetration depth, reflection phase shift, and stopband
width are al so polarization dependent.

This paper is organized as follows: Firstly, the polarization dependences of HCG parameters
as well as HCG reflector properties are statistically investigated in Section 2. Then, the origin
of polarization dependences are investigated in Section 3. In Section 4, the importance of po-
larization dependent propertiesin designing HCG-based devices, mostly VCSEL s is discussed.

For all numerical investigations in this paper, a home-made simulator was used, which is
based on the rigorous coupled wave analysis (RCWA) method [17] and an efficient reformu-
lation for TM polarization [18]. The RCWA method uses Fourier harmonics of grating period
as modal expansion basis. In al simulations, 31 harmonics were used (= 2 x 15+ 1), which
provide good convergence for most of cases. | chose the design wavelength, grating material,
and surrounding materials to be 1550 nm, Si with a refractive index of 3.47, and air, respec-
tively. However, the resultsin this paper should be valid for other wavelengths and other sets of
materials with a high refractive-index contrast.
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Fig. 2. (8)-(c) Histograms of HCG parameters (grating thickness, grating period, and grat-
ing bar width). (d)-(f) Histograms of HCG properties (reflection phase, stopband width,
and penetration depth).

2. Statistical investigation
2.1. Insight from examples

Figure 1 compares exemplary TM and TE HCG reflectors, both optimized to have a broad
stopband around a wavelength of 1550 nm as shown in Fig. 1(f). In Figs. 1(a) and 1(c), the
TM HCG reflector has a thicker thickness, a shorter period, and a larger duty cycle (ratio of
grating bar width over grating period) than the TE HCG. Regarding the evanescent tail, the
TE HCG reflector has a much longer field extension into the transmitted side (above the HCG)
than the TM HCG reflector, as shown in Figs. 1(a) and 1(c). Figures 1(b) and 1(d) decomposing
fields into harmonics show that the first order harmonic component, 1h mainly determines the
evanescent tail length and it extends not only into the transmitted side but also into the reflected
side.

2.2. Satistical analysis

In order to find out whether the polarization dependences observed for the exemplary HCG
reflectors are universal, a statistical investigation is conducted. A broad range of TM and TE
HCG samples are simulated by varying the HCG parameters, i.e., grating thickness, grating
period, and grating bar width independently over very broad ranges. Among the smulated
samples, only those satisfying screening criteria are counted in the histograms in Fig. 2. The
screening criteria are that the reflectivity should be higher than 99.9 % throughout a stopband
and the stopband should be broader than 100 nm around 1550-nm wavelength. The histograms
in Fig. 2 summarize the simulation results:

 Figures 2(a) to 2(c) show the polarization dependence of HCG parameters. As the ex-
emplary HCGs of Fig. 1 do, the TE HCGs have thinner thicknesses and longer periods
than the TM HCGs. The grating thickness and period val ues are concentrated around spe-
cific values while the the grating bar width values are widely distributed. Thus, one may
guessthat there could be conditionsto be met for grating thickness and period, which are
investigated in Section 3.
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Fig. 3. Plots of HCG properties (stopband width, reflection phase, and penetration) as a
function of HCG parameters (grating period and grating width) at a specific grating thick-
ness. The thicknesses of TE HCGs and TM HCGs are 245 nm and 420 nm, respectively.

* Figures 2(d) to 2(f) show the polarization dependence of HCG properties, i.e., reflection
phase, stopband width, and penetration length [8, 19]. The TM HCGs are more likely to
have a smaller reflection phase and asmaller penetration. Especially, the smaller penetra-
tion leads to a shorter effective cavity length advantageous for high-speed VCSEL s and
MEM S-tunable VCSELSs, as discussed in Section 4. Regarding the stopband width, TM
and TE HCGs have similar distributions.

To find out whether there is an apparent relationship between the HCG properties and HCG
parameters, the HCG properties are plotted in Fig. 3 as afunction of grating period and grating
bar width at a given grating thickness:

« Asshownin Fig. 3(f), the penetration depth monotonically increases with the grating bar
width. It can be explained in this way. As the grating bar width increases, the coupling
between neighboring grating bars increases. Since the penetration depth is related to the
lateral propagation distance within a HCG layer, the increased coupling may lead to a
longer penetration length. The reflection phase also gradually increases with the grating
bar width as shown in Fig. 3(e).

» The bandwidth is hardly related to either the grating period nor bar width, as shown in
Figs. 3(a) and 3(d).

« Other correlations shown in Figs. 3(b) and 3(c) are not clear and sometimes change at
different grating thicknesses.

3. Origin of polarization dependence

In this section, the origin of polarization dependences of grating thickness, grating period, and
evanescent tail length is investigated.
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Fig. 4. Transmittance plots of (@) TM HCGs and (b) TE HCGs as a function of wavelength
and grating thickness. The grating period and width are the same asin Fig. 1.

3.1. Grating thickness

In Fig. 4, the transmittances of the exemplary TM and TE HCGs of Fig. 1 are plotted as afunc-
tion of wavelength and grating thickness. Broad bandwidths can be obtained at the bendings of
low transmittance line [15]. For both TM and TE HCGs, the convex bending occurring at the
smallest thickness, designated by a green arrow givesthe flattest curvature corresponding to the
broadest bandwidth: other bendings with a thicker thickness do not provide a stopband broader
than 100 nm. This explains why there is a single (not multiple) optimal grating thickness for
each polarization in Fig. 2(a). The reason this bending occurs at a shorter thicknessin the TE
HCG than the TM HCG can be explained by investigating the eigenmode profiles of the grating
layer.

Figure5 showsthefield profiles of the two propagating eigenmodesof the TM and TE grating
layers at a wavelength of 1550 nm. For better visualization, the grating layers are extended
along z axis to become waveguide arrays, which are infinite versions (along z direction) of
the TM and TE HCGs (c.f., Figs. 5(€) and 5(f)). There are only two propagating modes with
real propagation constants along z direction,  for both TM and TE cases, as the considered
wavelength is within the so-called two-mode regime [15]. To have a transmittance close to O,
the lateral average of these two modes at the grating exit plane should cancel each other. The
lateral average is defined as average of field over a grating period, A. This condition can be
expressed by [15],

tg o< z am+am / Etm iBmz@(dXZO, D

m=12

3

where to is the transmittance amplitude of the 0-th harmonic component, an, and af, are the
coefficients of the upward- and downward-moving m-th modes at the exit plane, respectively,
E: m isthe normalized el ectric field component (Ex m for TM and Ey,r, for TE) of the m-th mode,
and ze isthe z coordinate of the exit plane. The input and exit planes are denoted in Fig. 5(f).
This Ze value becomes same as the grating thickness, ty if the input plane of the grating is
assumed to be at z=0. Since the two propagating modes have similar amplitudes, i.e., a; ~ az
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Fig. 5. Eigenmode el ectric-field profiles E; m of (&, b) the TM waveguide array and (c, d) the
TE waveguide array, with propagation constant,  values. The waveguide period and width
are the same as given in the caption of Fig. 1. The black dashed lines designate waveguide
boundaries. (€) Schematic of the waveguide array (infinite version of HCG) used to find
eigenmodes of the grating layer. (f) Definitions of input and exit planes.

and & ~ a), Eq. (1) can be simplified:

g o< (al + a‘l’)/\—l Iﬁmtgr/ Et m
m=1 2
=(@+a)At Y ebrio 1 @)
m=1,2

= (ay+a))A te o (e—iml—ﬁz)tgr i 1) 7

where the normalization condition is used in the derivation from the first line to the second.
In order to make tg closeto 0 in the last line of Eq. (2), (B1 — B2)tyr should be an odd integer
multiple of 7. Thus, the thinnest thickness, ty; o is given by

T
w0 Br—B2 ®

Substituting B, values of the TE and TM waveguides given in Fig. 5 into Eq. (3) givestgo
values of 299 nm and 374 nm for the TE and TM HCGs, respectively. These values are similar
as the exact values given in the caption of Fig. 1. The difference in the optimal thicknesses of
TM and TE HCG reflectorsis attributed to their differencein (81 — 32).

Thisdifferencein (31— B2) originatesfrom the polarization-dependant boundary conditions.
In Fig. 5, both TM mode 1 and TE mode 1 have more electric field confined within the grating
bars than the air, while both TM and TE modes 2 have more in the air. In the TM case, the
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the lowest guided modes below the light line.

continuity of Dy(=€Ey) is required at the interface of grating and air. As shown in Fig. 5(a),
this results in a large enhancement of the electric field in the air region for the TM mode 1
case, due to the large refractive index difference between the grating and air. However, in the
TE mode 1 caseg, the continuity of Ey is required at the grating-air interface, which results in
no enhancement as shown in Fig. 5(c). Since the propagation constant, B, is proportional to
the effective index of the mode, averaged with the electric field intensity as a weighing factor,
the effective index of the TM mode 1 cannot be high: considerable electric field intensity is
aso distributed in the air while in other cases (TM mode 2, TE mode 1, and TE mode 2),
the effective indices are determined solely by the filling factor. Therefore, (81 — 32) becomes
smaller for the TM case.

3.2. Grating period

HCGs can be viewed as a slab waveguide with waves propagating along x direction [20]. The
transmittance plotsin Fig. 6 can be interpreted as the dispersion of this waveguide, i.e., o vs.
ky above the light line [21]. Due to the periodicity, the waveguide dispersion is folded at the
first Brillouin zone boundary, i.e., ky=m/A. Since k; ~ 7 /ty for the lowest waveguide mode
(resonance condition along z direction), the ky value can be approximately evaluated in the
unfolded dispersion curve by:

(%) .
N 4
~ K2+ <—> .
tor
In order to have a crossing with the @ axis at (kx, @)=(0, 27z /1550 nm) in the folded dispersion
curve as shown in Fig. 6, Eq. (4) should be satisfied at (kx, w)=(2r/A, 27 /1550 nm):

2 2 2
ZE V(YL (E) (5)
1550 nm A tyr
Equation (5) shows that the larger period of the TE HCG can be attributed to its thinner thick-

ness. Since the thinner thickness of the TE HCG originates from the boundary condition, one
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are incident from the cavity layer for the TE HCG and the TM HCG cases, respectively.

The same grating parameters as in Fig. 1 are assumed. The refractive index of the cavity
layer made of InPis 3.1661.

may say that the polarization dependent boundary condition leads to the polarization dependent
differencesin period as well as thickness observed in Figs. 2(a) and 2(b).
3.3. Evanescent tail

The grating period determines this evanescent tail length. The propagation constant of the m-th
order harmonic component in the air, k2" is given by,

i@ = \/(2x/2)? - (27m/A), (®)

where A is the wavelength of an incident wave and A is the grating period. Since A < A, all
higher order componentsthan the zeroth decay evanescently. Equation (6) tells usthat a smaller
A gives alarger purely imaginary k;‘”, leading to a shorter evanescent tail. This explains why
the TE HCG with alarger A has alonger evanescent tail.

4. Discussion for HCG-based VCSEL designs

Asshownin Fig. 7(a), HCG reflectors require alow-refractive-index gap layer between aHCG
layer and a cavity layer when incorporated into VCSELSs. The reflectivity, R seen from the
cavity layer is a composite reflectivity including the reflections from the HCG as well as the
air gap/cavity interface. If the air gap thicknessis close to the evanescent tail length, the HCG
mode field may couple to the cavity layer, which reduces R. Figure 7(b) comparesthe R values
of the TM and TE HCGs of Fig. 1 asafunction of theair gap thickness. The oscillatory behavior
of Rresults from the interference of the reflections from the HCG and from the air gap-cavity
interface. The TM HCG reaches the saturated reflectivity value at an air gap thickness of 0.3
um while the TE HCG does at 1.7 um. This is consistent with the observation that the TM
HCG has a shorter evanescent tail than the TE HCG. Note that the air gap thickness of 0.3 um
is 0.19 times of the wavelength, which is even thinner than the optical thickness of a single
DBR layer.

This thin gap thickness achievable for TM HCG alows TM HCG-based VCSEL s to achieve
alarger confinement factor and a shorter effective cavity length than conventional DBR-based
VCSELSs. The larger confinement factor reduces the threshold current, | , increasing the mod-
ulation speed through the dependence on stimulated emission current, (I — I ,)Y/2. This in-
crease is more significant for low-enegy-consuming VCSELSs for chip-level optical intercon-
nects where the operating current, | is closeto I, [22]. Furthermore, the shorter effective cavity
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length is a key factor for achieving a higher modulation speed through a shorter photon life-
time aswell as for increasing the tuning range of HCG-based MEM Stunable VCSEL s[8]. For
example, a TM HCG-based VCSEL can achieve a modulation speed higher than 100 Gb/s by
using the findings of this paper [10].

The shorter period of TM HCGs is more adequate for wavefront engineering, such as beam
focusing and tilting since it can make the phase front smoother. The reason is that the spatial
variation of the reflection or transmission phase from a HCG is obtained by discrete phase
variation from each period.

As shown in Fig. 2(f), TE HCGs can be designed to have a long penetration depth, which
is advantageous for achieving a large lateral coupling efficiency from the vertical cavity to an
in-plane waveguide [9]. The shorter penetration length of TM HCGs can alows for a short
effective cavity length of HCG-based MEM S-tunable VCSELs, leading to alarge tuning range

(8].
5. Conclusion

In conclusion, al of HCG parameters and some of HCG properties are different for the TM
HCG and TE HCG broadband reflectors. Among HCG parameters, the grating thickness and
grating period are quite different and these differences are found to originate from different
electric field boundary conditions met for each type of HCG reflector. Among HCG properties,
the reflectivity and stopband width are almost same for both types while the evanescent tail
length and reflection phase are significantly different and the penetration depth is slightly dif-
ferent for each type. Furthermore, it is found that the grating period and the grating bar width
determine the evanescent tail length and the penetration depth, respectively. It should be noted
that the polarization dependent HCG properties significantly influence the important properties
of HCG-based VCSEL cavities including effective cavity length and quantum confinement fac-
tor. Thus, they need to be considered in designing ultrahigh-speed VCSEL s and MEM S-tunable
VCSELs.
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