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MEMS Based Deep 1D Photonic Crystal

Maurine Malak and Tarik Bourouina
Université Paris-Est, ESIEE Paris
France

1. Introduction

Since the Bragg layers, also referred as to 1D photonic crystal, lie at the core of many optical
devices, this chapter is devoted to the study of the theory underlying the design of
multilayered structures [Macleod 2001]. The corresponding analytical model is explained in
details in section 2 followed in the next sections, by various design examples for the shake of
illustration.

Of special interest are the Silicon-Air Bragg mirrors obtained by DRIE micromachining.
They are considered as an important building block leading to a wide variety of
applications. First, we elaborate on the use of this building block in resonant cavities and in
interferometers (section 3). Then, we apply the multilayered stack theory to a case of study
for a special structure: The mode selector, covered in section 3.7). Finally, we conclude this
work by highlighting about an advanced architecture of 1D photonic crystals based on
curved Bragg mirrors.

2. Theory and modeling of Bragg reflectors

Under specific conditions, a stack of multilayered structure gives rise to nearly perfect
optical reflectance, approaching 100 %, as compared to the reflectance from a single
interface. This is the main characteristic that makes the interest in such structures, called
Bragg reflectors or Bragg mirrors. This phenomenon of enhanced reflectivity might be
explained by the fact that the presence of two (or more) interfaces means that a number of
light beams will be produced by successive reflections, that may interfere constructively (or
destructively, when considering anti-reflective surfaces), and the properties of the
multilayered film will be determined by the summation of these beams. This might be the
case in thin film assemblies. In thick assemblies however, the later phenomenon does not
take place. Before going into the analytical details, we differentiate between thin and thick
films. We say that the film is thin when interference effects can be detected in the reflected
or transmitted light, that is, when the path difference between the beams is less than the
coherence length of the light, and thick when the path difference is greater than the
coherence length. Note that no interference can be observed when effects of light absorption
dominate within the film, even in the case of thin films. The same film can appear thin or
thick depending entirely on the illumination conditions. The thick case can be shown to be
identical with the thin case integrated over a sufficiently wide wavelength range or a
sufficiently large range of angles of incidence. Normally, we will find that the films on the
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82 Photonic Crystals — Introduction, Applications and Theory

substrates can be treated as thin while the substrates supporting the films can be considered
thick.

In the upcoming treatment, we show analytically a generalized model applicable for an
absorbing thin film assembly. The obtained result applies equally well for non-absorbing
films.

Let’s consider the arrangement shown in Fig. 1 where we denote positive-going waves by
the symbol + and negative-going waves by the symbol -. Applying the boundary conditions
on the electromagnetic field components at interface B (chosen as the origin of z-axis), we
have:

Continuity of the tangential components of the electric filed gives (E; being the tangential
component of the resultant electric field):

E, =Ej, +Ey, (1)

Continuity of the tangential components of the magnetic filed gives (H being the tangential
component of the resultant magnetic field):

H,=H,,—H, =nE,-nE, )

0y
Incidence medium Ny
A
Thin Film d N,
Y Boundary B
Substrate N,
v “

Fig. 1. Plane wave incident on a thin film

where 1 represents the medium admittance such that: 7 =H/E.

The negative sign in (2) comes from the convention used for the field propagation direction
such that the right hand rule relating E, H and K (wave vector, along the propagation
direction) is always satisfied. In writing equations (1) and (2), we assume that: Common
phase factors have been omitted, and the substrate is thick enough such that no field is
reflected back from it.

Ej, Z%(Hb /m +Eb) ©)

Ey :%(_Hb /m +Eb) 4)
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1
Hy, =mEj, ZE(H}) + 771Eb) (5)

_ 1
Hy, =-mkEy, = E(Hb —771Eb) (6)

The fields at the other interface A at the same instant and at a point with identical x and y
coordinates can be determined by altering the phase factors of the waves to allow for a shift
in the z coordinate from 0 to -d. The phase factor of the positive-going wave will be
multiplied by exp(i6) while the negative-going phase factor will be multiplied by exp(-i6),
where,

5= 27Nqd

cos 6, (7)

N; is the refractive index in medium 1, 0; is the angle between the z-axis and the
propagation direction in medium 1 and A is the free space wavelength. The values of E and
H at interface A become:

Efu=Eie =2 (Hy /m +E,)¢” ®)
_ _ s 1 _
Ei, =Epe™ :E(_Hh /m+E,)e 0 ©)
Hj, = Hfbeig :%(Hb + 771Eb)ei5 (10)
_ E— 1 —i0
H,, =Hye :E(Hb —771Eb)e (11)

So that:

is | —is is _ -is
E, =E +E, =E, (&J +H, [LJ

(T K @)
=E,cosd + H, 1gmnd
Ui
i5 _ -5 i5 | -5
H —H' +H- =En |8 —¢ |, g |t
a 1a 10 = Ep’h ( > ] b ( > (13)
=E,in; sind + H, cosd
In the matrix notation, we finally obtain the following formulation:
E.|_ | cos.é' (isins) /ny || Ep (14)
H, in, sino cosd H,
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84 Photonic Crystals — Introduction, Applications and Theory

This matrix relates the tangential components of E and H at the incident interface to
tangential components of E and H transmitted through the final interface and it is known as
the characteristic matrix of the thin film [M].

Now, let us consider an assembly of thin films as shown in Fig. 2

Incidence medium \\AA\A N,
A Boundary A

d] N 1
Thin Film - Y Boundary B

d, N
Y Boundary C

N;

Substrate
z
v

Fig. 2. Plane wave incident on an assembly of thin film

By adding another film to the single film shown in Fig. 1, we can write:

E, | _| cosd, (isind,)/mn, || E. 15
H, in, sin g, Cos o, H,

Combining with equation (14) to get the field at interface A, then we can write:

{Eﬂ:{ cos &, (isinél)/nl}[ cos &, (isiné‘Z)/rb}[EC} 16)

H, in, sino; Cos oy i1, Sin o, COS 0, H.

This result can be immediately extended to the general case of an assembly of g layers, when
the characteristic matrix is simply the product of the individual matrices taken in the correct

order,
E g . E
sy cos'5, (isind, )/ n, - a7)
H, 1| i, sind, CosJ, H,

where E,, and H,, are the electric and magnetic fields components in the substrate plane.

Dividing both sides of equation (17) by H,,, we get:

B| |E,/E, | || coss, (ising,)/n, ||| 1
{C}_{Hu/lim}_{ﬂ[imsin@ osd, }Hﬂm} (18)
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where
o, = 27N, d, coso, (19)
1, = YN, cos @, for s-polarisation (TE) (20)
n,=YN, /cos@, for p-polarisation (TM) (21)
Y =(& / 1 )% =2.6544x107°S (Free space admittance) (22)

Then, the admittance of the thin film assembly is:

y-Hs _H,/E, _C (23)
E, E/E, B

a

The amplitude reflection coefficient and the reflectance are then given by:

p==Y (24)
Ny +Y
R= =Y (=Y | _[mB-C)mB-C (25)
No+Y \ng+Y noB+C )\ n,B+C

In this part, we look over the case of absorbing layers. Knowing that K is propagation
vector:

K* =K*+K? (26)
From Snell’s law, K, , =K, =K,,, this leads to:
Nysing, =N, sinf, =N, sin6,, (27)

In case of absorbing medium, N, is complex and in general, it can be expressed as a complex
number:

N, =n—ik (28)
Then,
KZ =K} K, =K (N} = Njsin® 6 ) = K3 (n* = k* = 2ink — Nj sin® ) (29)
Then,
8, =K.,d, = Kod, (n* ~k* = 2ink — Ni sin® 6, )/2
27 % (30)
==-d, (n? ~ K7 = 2in,k, — N sin” 6
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Accordingly, we get:
The admittance of layer r in s-polarization:
2 12 o 2.2,V
N, = Y(nr —k; —2in,k, — Njsin 00) (31)
The admittance of layer r in p-polarization:

\_ YE 4 Yz (”V _ikr)2
s s

My (32)

In this last part of the analytical model, we present closed form relations for the
transmittance T and the absorbance A using the definition of irradiance. If we consider the
net irradiance at the exit of the assembly I:

I, =%Re(EkH;) =%Re(7y;)EkEZ (33)

The net irradiance at the entrance of the assembly I;:

1 a1 E H .1 . .
I =—Re(E H, |==Re| =%.—% |E,E, =—Re(BC )E.E (34)
- are(r) - Tl BB g - Lrefic

Let the incident irradiance be denoted by I;, then the irradiance actually entering the
assembly becomes:

1

I,=(1-R)I, =5Re(BC*)EkE; (35)
Then,
Re(BC” | E(E,
I = M (36)
2(1-R)
The transmittance is then given by:
7o _Re(m,)(1-R) (37)
I Re(BC')
From equation (25), we get:
_ 4y Re(n,, ) (38)
(70B+C)(1,B+C)

Knowing that A + R + T =1 from the energy conservation rule, then A becomes:

1o R_T—(1_ _Re(ﬂm) 39
A=1-R-T=(1 R)lRe(BC*) 39)
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From equation (25), we get:

4nyRe(BC" -7,
Ao Mo ( 77)* (40)
(70B+C)(1,B+C)

3. Microfabricated silicon-Air Bragg as basic building blocks in cavities and
interferometers

3.1 Literature survey

Many groups worked on the realisation of silicon-Air Bragg reflectors as basic building blocks
in Fabry-Perot (FP) cavities as well as in Michelson interferometers. When considering Fabry-
Perot cavities, the use of high reflectance Bragg mirrors is intended to achieve high quality
factor Q at the corresponding resonant wavelengths. The use of silicon restricts the wavelength
range to the infra-red region. In the same time, light coupling using optical fibers is facilitated
by the microfabrication of U-grooves for supporting the fibers with pre-alignment capability.
Among the groups working on this topic, we can cite [Lipson & Yeatman 2007] from the
imperial college who realized FP cavities obtained by KOH etching on SOI substrate. The best
reported value of Q was 2395 in static designs while it was limited to 515 in the MEMS designs
due to the rotation associating the translation of the MEMS mirror. Thus, the mirrors became
unparallel and the Q-factor degraded. Another group is the group of Ecole Polytechnique de
Montreal who realized FP cavity for inertial sensing [Zandi et al 2010] on SOI Their Q was
limited to 662. A third group is that of [Yun and Lee 2003] from Gwangju Institute of Science
and Technology, Korea who realized thermally tuned FP cavities, they obtained a Q of 1373. A
fourth group is that of [Pruessner et al. 2008] from Naval Research Laboratory, Washington
D.C. who realised FP cavities with integrated SOI rib waveguides by cryogenic etching. They
recorded a Q factor of 27,000. Lastly, our group at ESIEE Paris was among the pioneers in this
domain. In our first achievements, we realized FP cavities with different architectures
[Saadany et al. 2006]; the best recorded Q was 1291 for FP structure working as a notch filter.
More recently, the performance was improved using cylindrical Bragg mirrors of cylindrical
shapes combined with a fiber rod lens, leading to Q = 8818 on quite large cavities exceeding
L =250 pm [Malak et al. APL 2011], an unreached value for the figure of merit Q.L, which is of
primary importance for cavity enhancement applications. Table 1 summarizes the
specifications of the different designs discussed above.

3.2 Fabrication technology for Si-Air Bragg reflectors (for MEMS and for fixed
structures)

In this section, the basic steps of the fabrication process for MEMS structures involving
Bragg layers are highlighted. Many techniques can be used to produce vertical structures on
silicon substrate as mentioned in [Lipson & Yeatman 2005], [Yun et al. 2006] and [Song et al
2007]. They are based on either dry or wet etching of silicon using KOH. The process
described here and shown in Fig. 3 pertains to the (optional) integration of MEMS structures
together with the Bragg mirrors using dry etching.

Starting from a raw SOI wafer, we proceed by making thermal oxidation for the whole
wafer. In the next step, photoresist (PR) is used to cover the entire wafer where it acts as a
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. Yun and Lee
Zandi et al. Guwanei Pruessner et al. Saadanv | Malak
Lispon and Yeatman | Ecole Insti tug of Naval research ot al y ot al
Imperial college | Polytec. de . lab . .
£ Science and . ESIEE | ESIEE
UK Montréal Washington
Technology France | France
Canada D.C
Korea
E;‘gg 33 um 271 um 12 ym 10 um- | 250 pm
Tuning | Static design:70 nm
range MEMS design: 10 nm g O n oL I 1
Number of
silicon 3 3 5 ’ 3 4
layers per
mirror
Static design:
Q =2395
MEMS design:
Q =515 8 Qaverage =1373
(estimated from Qfrans = =
=] < Ustatic = =
Q-factor %ﬁfme%ﬁ; Q=662 the response of a Q= 27000 1291 8818
displacement creates rejection filter)
a rotation for the
moving mirror.

Table 1. Summary of the specifications for state-of-the-art FP cavities

mask for photolithography. The PR is then patterned using UV exposure over the DRIE
layout mask. Since the PR is a positive type, the areas exposed to UV remain soft while the
non-exposed areas become hard and they can not be removed in the development step.
Now, the hardened PR acts as a protection mask for the originally oxidized silicon which is
patterned using either Reactive Ion etching (RIE) or Buffer HydroFluoric acid (BHF). The
role of PR ends here and it is completely removed from the wafer.

The fabrication process continues by the metal deposition over the whole wafer. The metal
is patterned by photolithography using the frontside metal layout mask and then etched. In
the next step, metal is deposited on the backside of the wafer where it is patterned by the
backside layout mask and then etched. We turn again to the front side to make Deep
Reactive Ion etching (DRIE) for the silicon structure layer [Marty et al. 2005]. At that level,
both the oxide and the aluminum serve as mask materials for silicon etching by DRIE.
Processing the backside again, DRIE is done for the backside, in this case, only aluminum
serve as mask material for silicon etching by DRIE. The process ends by releasing the MEMS
structure in which the insulating oxide is removed by vapor HF.

For the fixed structures involving Bragg mirrors presented in this research work, the process
differs from the one detailed above. So, in the next paragraph, we highlight the fabrication
process as shown in Fig. 4, used for the realization of the fixed structures.

Starting with an ordinary silicon wafer, a thermal oxidation process is carried for both sides
of the wafer to achieve an oxide thickness = 1.7 pm. Next, PR used as a mask for
photolithography, is sputtered over the entire wafer. This step is followed by the
photolithography for DRIE mask for the front side and the PR is patterned accordingly. The
following step is the plasma etching for the oxide. This photolithography ends by PR
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removal. Then, we start processing for the back side by depositing aluminium. Next, we
pattern the aluminium mask by photolithography using the back side layout mask. Then,
we proceed by DRIE etching over 300 pm for the back side and the process ends up with
DRIE etching for the front side over 100 pm. Note that all steps performed on the backside
are optional, depending on the nature of the target device.

(a) Initial SOI Wafer

@

(b) Thermal Oxydation

(c) Photoresist spin-coating

(©

and further development

@)
=

(e) Oxide etching (using Photoresist patterns as a protection
mask material) either by BHF or by RIE

|
|
|
|
|
|
|
|
|
l
! (d) Patterning Photoresist by UV exposure
|
|
|
|
|
|
|
|
|
|

() Photoresist removal
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¢
— e B Wl — -

()
el 1 "l

0

i‘:uq’i

(k)

o ——

@

(g) Aluminum deposition (sputtering)

(h) Lithography patterning and aluminum etching

(i) Metal deposition on the backside, patterning using proper
mask and then, etching.

(j) DRIE Etching for the frontside (Note that here, both oxide
and aluminum serve as mask materials for silicon etching by
DRIE

(k) DRIE Etching for the backside (Note that in this case, only
aluminum serve as mask material for silicon etching by DRIE)

(1) Release (oxide removal by vapor HF)

Fig. 3. (a-1) Basic steps of the fabrication process for MEMS structures co-integrated with Si-

Air Bragg mirrors.
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(a) Initial Silicon wafer = 400 ym

(@
(b) Thermal Oxydation 1.7 ym
()
l
1
i (c) Front side Photolithography for DRIE (PR sputtering)
l
(c) l
1
| I N s N | I i
l
1
l
d l
@ . (d, e) Plasma etching for the oxide
] [ ] 3 | | [ :
| | || 11 1 | |
l
l
R B = ) e o
| [ I | [
() PR removal
1
| | N s | |
(g) Aluminium deposition - backside
()
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(h) DRIE Photolithography (Oxide + Aluminum,)

(i) DRIE Etching - backside 300 um

()

(j) DRIE Etching - frontside 100 um

— —
(i)

Fig. 4. (a-j) Basic steps of the fabrication process for fixed structures involving Bragg mirrors.

3.3 Modeling and simulation of planar Bragg mirror reflectors

Based on the analytical model presented in section 2, then if we have a single layer whose
thickness is an odd number of quarter the wavelength, the characteristic matrix of the layer
[M] becomes:

[A4]=i[9 l/”} (41)
in 0

So, if we stack a combination of several layers alternatively of High refractive index, denote
H, and Low refractive index, denoted L, whose thickness is an odd number of A\/4 (where A
is the wavelength in the corresponding medium), we can construct a high reflectance mirror
named Bragg mirror. In the particular case where we stack a combination of five quarter-

wave layers which are different, mathematical manipulation of the equivalent characteristic
matrix yields an equivalent admittance for the assembly:

2.2 2
y = 375 (42)

ey
where the definitions presented previously are kept unchanged.

For #,=10, and considering similar indices for the high and low layers as well so that,
n1=13=15=nx and 1,=n4=1, the reflectance of the assembly becomes:
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62
. 1= 77H)
B e

- 6
n+Y \ny+Y 1+[77HJ
uis

In general, for a pair (p) of HL layers with similar 77, and 79, we can write:

2p 2
n
=| ——%% (44)
1+£77Hj
uis

Based on these derivations, we built a MATLAB code to design the Bragg mirrors. In this
comprehensive study, we focus mainly on the impact of the number of Bragg layers, the
layer thickness and the technological errors on the reflectance and the transmittance of the
Bragg mirror. In all the upcoming results, we consider absorption free layers with a silicon
refractive index ns; = 3.478 and air refractive index r,;, = 1.

Reflection response of Bragg mirror with 33
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Fig. 5. Reflectance of Bragg mirrors for different numbers of HL pairs
For the simulation results shown in Fig. 5, we choose a silicon thickness = 3.67 pm (33Asi/4)
and air thickness = 3.49 pm (9\.ir/4) because they are relatively easy to obtain using the

affordable fabrication technology (as compared to single quarter wavelength As;/4 = 0.111
pm and Auir/4 = 0.388 pm at the communication wavelength A = 1550 nm). We notice that the
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reflectance in the mid-band increases as the number of layers increases which goes in
accordance with relation (44). In fact, the reflectance increases from 71.8 % (single Si layer)
up to 99.98 % (4 Si layers) when the number of HL pairs increases from single to four. Also,
the mirror response becomes sharper and its bandwidth (BW) decreases as the number of
layers increases. In the case of single layer, the BW is about 65 nm and it goes down to 58

nm as the HL pairs increases to 4.

In the next simulation, we study the impact of the silicon layers thickness on the mirror
bandwidth. For this shake, we consider 4 HL pairs with fixed air layers thickness 3.49 pm
(9\air/4), while the thickness of the silicon layers is increased from As;/4 up to 25Asi/4 in
steps of 2Asi. Simulation results, depicted in Fig 6, show that the mirror BW decreases as the
thickness of the silicon layers increases. For silicon thickness As;/4, the 3dB-BW = 238 nm

and it decreases to 73 nm at a thickness of 25\s;/ 4.

Reflection response of Bragg mirror for various silicon thicknesses
I I
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Fig. 6. Reflectance of 4 HL pairs for various H thicknesses, L thickness is fixed to 9\.;;/4

If on the other hand, we fix the thickness of the silicon layers to 33\s;/4, for the same 4 HL
pairs, and increase the thickness of the air layers from Aair/4 up to 13\ai:/4 in steps of Aair. A
similar effect is noticed but on a smaller BW scale since the BW decreases from 65 nm at L
thickness = A,ir/4, to 55 nm at L thickness = 13A,i;/4. The corresponding results are shown in
Fig. 7. Comparing between both results, we can say that the decrease in the H thickness is
more pronounced than the decrease in the L thickness in terms of the bandwidth. Good

control of the H thickness can give rise to Bragg mirrors with large BW.

Another point of interest for the Bragg mirror is the technological error. The critical
dimension, defined as the minimum feature size on the technology mask, can not be
maintained as drawn in the original design and thus, it translates into reduced layer
thicknesses on the fabricated device. In fact, the thickness of the silicon layer may vary
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Reflection response of Bragg mirror for various air layer thicknesses
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Fig. 7. Reflectance of 4 HL pairs for various L thicknesses, H thickness is fixed to 33)\s;/4
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Fig. 8. Reflectance of 4 HL pairs for L thicknesses = 9\.i;/4 , H thickness = 33)\s;/4 and

several introduced errors.
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(increase or decrease) and the air layer follows the opposite trend (decreases or increases).
Then, the device performance degrades. This issue is obvious in Fig. 8 where various error
values are introduced into the mirror original design. We notice that the overall response
shifts toward the left side as the error decreases from 100 nm to -100 nm in steps of 50 nm.
Comparing the obtained responses to the error free design, we see that the mirror
reflectance might turn from 99.98 % ideally to 0.6 % for an introduced error = + 100 nm
which means that the multilayered designs are not tolerant to fabrication errors exceeding
50 nm.

3.4 Modeling and simulation FP cavity based on Bragg mirrors

If instead of the stack of high reflectance mirror, we introduce a gap layer whose thickness is
an integer number of half the wavelength then the characteristic matrix [M] of this layer
becomes:

[M]= i{(l) ﬂ (45)

Thus, we can easily get a Fabry-Perot (FP) resonator if we combine two stacks of quarter
wavelengths thick acting as high reflectance mirrors separated by a gap layer of half
wavelength thick.

In the next part, we illustrate, by the help of MATLAB simulations, the properties of such FP
resonators where we study the impact of several parameters on the resonator spectral
response. Parameters of particular interest for this comprehensive study: the mirror
reflectance controlled by the number of Bragg layers per mirror, the impact of technological
errors and the cavity gap length. In what follows, unless otherwise stated, we consider that
the silicon Bragg layers of thickness = 3.67 pm (33Asi/4), the air Bragg layer has a thickness
of 349 pm (9\.ir/4) and the gap layer has a width = 10.075 pm (13Asi/2). The silicon
refractive index ns; is taken = 3.478 and all the layers are considered absorption free.

We start our study by increasing gradually the number of Bragg layers. As shown in Fig. 9,
we found that the FWHM of the resonator decreases from 7.6 nm for single Si layer/mirror,
to 0.56 nm for double Si layer/mirror, to 0.046 nm for 3 Si layers/mirror and finally the
FWHM becomes 0.004 nm for 4 Si layers/mirror. This is due to the increase in the mirror
reflectance which goes from 71.8 % for single layer to 99.98 % for 4 Si layers. Also, the
contrast improves and the minimum level goes from -10 dB up to -70 dB and the resonator
sharpness improves as well.

Now, if we consider the case of 4 Si layers/mirror with introduced errors (¢) therein, we
obtain the curves shown in Fig. 10 .We notice that the central wavelength Ag shifts from 1550
nm by +8.5 nm as € = + 50 nm. For € = £ 100 nm, A shifts by 18.15 nm. In addition, the
FWHM of the peak increases from 0.004 nm for the error free case to 0.007 nm for ¢ = + 50
nm and it reaches 0.029 nm for ¢ = +100 nm. This might be explained by reference to
previous simulations carried on Bragg mirrors with introduced errors. As mentioned earlier,
the overall response of the mirror shifts right (left) as error increases (decreases) and this is
the reason underlying the shift in the resonance wavelength. In addition, the maximum
reflectance of the mirror decreases from 99.98 % (in the error free case) to 99.97 % (for +50
nm error) to 99.93 % (for £100 nm), that’s why the FWHM increases.
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Fig. 9. Transmission of FP resonator for different number of silicon layers per mirror.

Transmission of FP resonator based on multilayered Bragg mirrors with introduced errors
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Fig. 10. Transmission of FP resonator for different errors.
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By scanning over the wavelength for the cases of € = -50 nm and & = -100 nm, we notice that
other resonance peaks, with larger FWHM and reduced contrast, appear in the spectral
response of the cavity. This result seems strange and it does not go in accordance with the
designed FSR for the error free cavity. In fact, the designed cavity gap length = 10.075 pm
corresponding to a quasi FSR = 119.2 nm and a resonance wavelength = 1550 nm.
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This issue might be explained by looking over the reflection response of the Bragg mirrors
with introduced errors as shown in Fig. 11, we find that they are shifted as compared to the
error free design. Moreover, they exhibit a non-negligible reflectance between 1575 nm and
1600 nm and so the design performs as a good resonator.

Analyzing the simulation results, we come out with a new definition for the cavity length
named: The effective length L.y This new parameter suggests that the effective reflecting
interfaces of the resonator lie inside the Bragg reflectors and not between the inner interfaces
as conventionally thought and so it gives rise to unexpected resonances within the quasi
FSR. Making inverse calculations for the simulation results shown in Fig. 12, we find that for

e = -50 nm, the FSR = 52.15 nm corresponding to L.s = 23 pm and for ¢ = -100 nm, the
FSR = 47.7 nm corresponding to L.y = 25.18 pm.

Reflection response of Bragg mirror with introduced errors
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Fig. 11. Reflection response of Bragg mirrors for errors = -50 nm and -100 nm.

3.5 Multilayered Si-Air structures for anti-reflection purposes

Antireflection surfaces (usually obtained through additional material coatings) can be
obtained also from silicon micromachinned Bragg structures. They can range from a simple
single layer having virtually zero reflectance at just one wavelength, to a multilayer system
of more than a dozen of layers, having ideally zero reflectance over a range of several
decades. The type used in any particular application will depend on a variety of factors,
including the substrate material, the wavelength region, the required performance and of
course, the cost. There is no systematic approach for the design of antireflection coatings.
Trial and error assisted by approximate techniques and by accurate computer calculation, is
frequently employed. Very promising designs can be further improved by computer
refinement. Several different approaches can be used in designing AR coating. In this
section, we will limit our discussion to the single layer design only. Complicated analytical
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Transmisosion of FP resonator based on multilayered Bragg mirrors with introduced errors
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Fig. 12. Zoom out on the transmission response of FI’ resonator for errors = -50 nm and -100
nm.

formulas can be derived for the case of multilayer coating and they lie outside the scope of
this work so they will not be presented.

The vast majority of antireflection coatings are required for matching an optical element into
air. The simplest form of antireflection coating is a single layer. Consider Fig. 13. Since two
interfaces are involved, we have two reflected rays, each representing the amplitude reflection
coefficient at an interface. If the incident medium is air, then, provided the index of the film is
lower than the index of the substrate, the reflection coefficient at each interface will be
negative, denoting a phase change of 180°. The resultant minimum is at the wavelength for
which the phase thickness of the layer is 90°, that is, a quarter-wave optical thickness, when
the two rays are completely opposed. Complete cancellation at this wavelength, that is, zero
reflectance, will occur if the rays are of equal length. This condition, in the notation of Fig. 13, is

pbe-zm‘]
_ Ny —n
Incidence medium Mo Pa = 7, + 1,
7
Thin Film ni
2 _n—n
\ Py =—"""
Substrate Nom h 1,

Fig. 13. Schematic illustration of substrate coated with a single film
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Yo=¥1 _ Y17 Ym (46)
Yot¥ir YitVYm

which requires:

N In (47)
Yo W

1y = +Noh,, (48)

The condition for a perfect single-layer antireflection coating is, therefore, a quarter-wave
optical thickness of material with optical admittance equal to the square root of the product
of the admittances of substrate and medium. It is seldom possible to find a material of
exactly the optical admittance which is required. If there is a small error, ¢, in y1 such that:

Y1 =(1+&)\JYoYm (49)

Then,

2
2
R (—28——8J © 2 (50)

2426482

provided that ¢ is small. A 10 % error in y1, therefore, leads to a residual reflectance of 1 %.

Zinc sulphide has an index of around 2.2 at 2 pm. It has sufficient transparency for use as a
quarter-wave antireflection coating over the range 0.4-25 pm. Germanium, silicon, gallium
arsenide, indium arsenide and indium antimonide can all be treated satisfactorily by a
single layer of zinc sulphide. There is thus no room for manoeuvre in the design of a single-
layer coating.

In practice, the refractive index is not a parameter that can be varied at will. Materials
suitable for use as thin films are limited in number and the designer has to use what is
available. A Better approach, therefore, is to use more layers, specifying obtainable
refractive indices for all layers at the start, and to achieve zero reflectance by varying the
thickness. Then, too, there is the limitation that the single-layer coating can give zero
reflectance at one wavelength only and low reflectance over a narrow region. A wider
region of high performance demands additional layers.

3.6 Tilted FP cavity as a notch filter

In this part, we focus on another interesting application for devices based on Bragg
structures. In particular, we study FP cavity based on multilayered mirrors but under
oblique incidence. The device design differs from the case of normal incidence since the rays
will propagate obliquely in the layers and the optical thicknesses for both the silicon and the
air layers shall be calculated differently. In this case, we must ensure that 6 = m/2 to obtain
the same matrix as in equation (41), and then we will solve the problem inversely to get the
corresponding thicknesses H(L) = ds;ir) which yields:
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27054 i s air) mz
Ocif iy = Oci¢ -\ | =— 51
Si(air) A COS( Sz(uzr)) 2 ( )
mig
d i(air) = (52)
e 4”Si(air) COS(QSi(uir))

Using equation (52), we will consider H=ds= 3.76 pm using odd multiple m = 33 and
L=da;, = 3.84 pm using the odd multiple m = 7. In the upcoming simulations, we will take the
thickness of the HL layers as mentioned previously. For the gap thickness G under oblique
incidence, we have to satisfy the condition 6 = mm. By following the same analytical
treatment as before, we will get:

m
co 53
2n,;, cos(6,;, ) (53)

So, we will consider G = 14.25 pm using odd multiple m = 13.

The studied architecture consists of two stacks of tilted Bragg mirrors separated by an air
gap layer. While the FP configuration with normal incidence works only in transmission, the
tilted architecture, shown in Fig. 14, allows working either in transmission or in reflection.
In the case of tilted FP, it behaves as a notch filter, suitable for dropping a particular
wavelength. This is due to the 45° tilt angle of the cavity with respect to incident light.

A1, 12, 13, 14, .

45° tilted

Fabry-Perot . Reflection

cavity b1, 13 oo

Transmission
(Drop)
A2

Fig. 14. 45° tilted FP filter made of two Si layers separated by an air gap

Simulating a structure based on the parameters stated above, we obtain the results shown in
Fig. 15 and Fig. 16. As obvious, the FWHM of the filter reduces as the number of Silicon
layers/mirror increases as it translates into higher reflectance. This device might have good
potential in WDM systems where it can be used as an Add-Drop multiplexer. Also, it might
be of interest for application involving tunable lasers as will be detailed in the next section
of this chapter.
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Fig. 15. Reflection response of tilted FP cavity for different number of silicon layers/mirror

Transmission of 45 ° tilted FP cavity for different number of Silicon layers/mirr
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Simulation results show that the FWHM decreases from 4.5 nm for the single silicon layer to
0.18 nm for the double layer design and it exhibits further decreases to 0.008 nm for the
triple layer design. Now, if we consider a tilted FP cavity with mirrors of HLH configuration
but with different angles of incidence, we obtain a spectral response with a shift in the
resonance wavelength as illustrated in Fig. 17. Varying the angle of incidence by 0.5° around
45° results in 9 nm shift of the resonance wavelength. Then, proper design for rotational
actuator to integrate with the tilted cavity, suggests the use of the whole package as a MEMS
tunable filter. The next section highlights the potential of the tilted FP cavity in tunable laser
source module.

A last point to mention about the tilted FP cavity is the sensitivity of the design to
fabrication errors. Considering a HLH combination for both mirrors, and introducing errors
from 100 nm down to -100 nm in steps of 50 nm, we notice from Fig. 18 that the resonance
wavelength shifts by about 7 nm for an increase of £50 nm. Also, the FWHM increases
from 0.18 nm for the error free design to 0.25 nm for an introduced error of 50 nm. It reaches
0.55 nm for an introduced error of 100 nm. Thus, the structure is not very tolerant to
fabrication errors and the filter shall be designed, fabricated and tested carefully before
integration into optical systems.

Tr1ansmission response of tilted FP cavity under different angles of incidence
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Fig. 17. Transmission response of tilted FP cavity in HLH configuration under different
angles of incidence
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Transmission of 45 ° tilted FP cavity for different introduced errors
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Fig. 18. Transmission response of tilted FP cavity for FP cavity with HLH mirror for
different errors.

3.7 Tilted FP cavity as a mode selector

By completing the architecture surrounding the tunable tilted FP cavity with an active laser
cavity and an external mirror, then we obtain a compact tunable laser by tuning the angle
incident upon the tilted FP cavity. As mentioned above, the tuning might be achieved by
rotating the tilted FP. Tilted FP cavities are of special interest, since they reject undesirable
wavelengths off the optical axis. Therefore, they appear as interesting candidates for mode
selection in external cavity tunable lasers. Indeed, as these types of lasers exhibit a
competition between several longitudinal modes, there is a need for a mode selection
mechanism in order to obtain single mode operation and avoid mode hopping during
tuning. The main interest in using tilted FP etalon rather than a FP cavity with normal
incidence is to avoid parasitic reflections due to additional FP cavities that appear when
adding the mode selector. Fig. 19a illustrates the principle of the mode selector based on a
45° tilted FP cavity. The corresponding simulated transmission is shown as well, which
confirms the operation principle. It is worth mentioning that the performed simulation is
very basic, since it does not take into account losses. In particular, plane waves are
considered here rather than Gaussian beams. Figs. 19b and Fig. 19c illustrate simulations of
parts of the architecture.
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Transmission and Reflectance for the Mode Selector "tilted Fabry-Perot cavity"” based on a 7 layer Bragg mirror
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100 ym
=90 pm
80 pm

= Ajir Cavity
= Air Cavity
Air Cavity

no wavelength shift is noticed when varying the distance L between the mode

)

Fig. 20. (a) and (b) Simulated wavelength tuning by control of the gap g of the tilted FP
selector and the InP layer.
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Tuning is achieved either by rotating the cavity further or by controlling its gap g, as
shown in Figs. 20a and 20b. Tuning range of 30 nm is shown as the result of gap tuning of
150 nm. The increase in the separation distance L doesn’t affect the peak position as
shown in Fig. 20c.

4. Advanced FP architecture

In this last section, we present two advanced architecture of FP cavity based on cylindrical
1D photonic crystal vertically etched in silicon. The first architecture is based on
cylindrical Bragg mirrors to focus light beam along one transverse beam. SEM Photo of a
device based on single silicon layer is presented in Fig. 21. The measured characteristic is
shown in Fig. 22 pertain to three different spacing between the injection fiber and the
input mirror. Numerical modeling confirms the measurements and reveals that the device
exhibits selective excitation of transverse modes TEM,y. For more details, the interested
reader may refer to [Malak et al. Transducers 2011] [Malak et al. JMEMS 2011]. The second
architecture however, aims to focus the light beam in both transverse planes to reduce
losses introduced by Gaussian beam expansion as well. For this purpose, the cylindrical
Bragg is combined with a fiber rod lens to focus the light beam in the other transverse
plane. Since the second architecture is not common, a stability model has been devised to
enable the design of stable resonator [Malak el al. JMST 2011]. Photo of the realized device
and corresponding response is shown in Fig. 23. This architecture provides a high quality
factor (~9000) for a Bragg mirror based on four silicon layers. It has a strong potential for
spectroscopic applications.

£.0kV 12.0mm x300 SE(M) 7{20{2010 100um

Fig. 21. SEM photo of the FP cavity with single cylindrical silicon layer measured with
cleaved fibers.
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Fig. 22. Highlights on “Wavelength selective switching” and “Mode selective filtering” of
the curved FP cavity (a) Recorded spectral response of the cavity, measured with lensed
fiber while varying the fiber-to-cavity distance D. The quasi-periodic pattern of the curve
reveals selective excitation of the resonant transverse modes TEM;g around 1532 nm in
addition to the fundamental Gaussian mode TEMy. Varying the distance D leads to
different levels for mode TEMyo with an extinction ratio of 7:1, the maximum amplitude was
at D=150 um. (b) Ideal intensity distribution of TEMyy and TEM2 modes. (c) Measured
intensity profiles (of modes TEMg and TEMyo) obtained by lateral in-plane scanning of the
detection fiber.
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Curved Bragg
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Fig. 23. (a) Top view of the curved FP cavity with the fiber rod lens (b) Typical response
obtained from such device

5. Concluding remarks

1D photonic crystal structure acquired a high interest long ago due to the application
domain they touch. As outlined in this chapter, they constitute a basic building block in
many devices like FP resonators, multilayered coating. The attractiveness in them comes
from their easy design and modeling based on multilayered stack theory and the affordable
fabrication process, thanks to the advance in the fabrication processes, in particular, the
advance in the DRIE process which helped producing vertical Bragg on silicon. In this
context, this chapter focused on specific issues concerning 1D photonic crystal: design and
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modeling, fabrication technology, common applications and a brief introduction to an
advanced application: The curved FP cavity.
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