Integrated Modulator |

Class: Integrated Photonic Devices
Time: Fri. 8:00am ~ 11:00am.
Classroom: ';'”F%”ZOG
Lecturer: Prof. ?FIEJIE',(Ming-Chang Lee)

Ming-Chang Lee, Integrated Photonic Devices

Basic Operation Characteristic of Modulators

(1) Modulation Depth

_,-D
==

0

(Decrease Intensity)  em————p Type |
[ :the transmitted intensity

1, : the intensity without operation

n= (=1) (Increase Intensity) — =——————yp  Type lI
Im
I,, : the transmitted intensity with maximum signal
Therefore, I -1
ma ZQ Jor I, =1, (Type 1)
0
Extinction Ratio I -1
7. :("1170) for 1,21,  (Typell)

m
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Basic Operation Characteristic of Modulators

If the modulation of intensity is related to phase modulation such as MZI, the
modulation depth

A

n =sin’( ) ) Ag is the phase change

If the modulation is on frequency, the modulation depth is

/, : optical carrier frequency

Y
" fo /., : shifted optical frequency
(2) Bandwidth
T_E T: minimal switching ti
Y; : minimal switching time

Af : bandwidth (3dB)
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Guided-Wave Mach-Zehnder Interferometer

4+ Tk

af =l siv( ¢

[ =l o5 2]

If f is slightly modulated with ¢
2
4f olaf(2)

B =4[

N

’ It is not linear modulation!
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Basic Operation Characteristic of Modulators

(3) Insertion Loss (Optical)

I I, : the intensity without operation
L =10 Elbg([*[) (Type 1)

0 1, : Input light intensity

I,, : the transmitted intensity with
L =10 [[bg(ll—’) (Type 1) maximum signal

m

(4) Power Consumption (Electrical)

o Signal Power (Electrical)
P

I
" ¥ Bandwidth

In most cases of modulators, the required drive power increases with modulation frequency.

Most of power is consumed during transient time
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Basic Operation Characteristic of Modulators

(5) Isolation (Crosstalk for switch) Ch1

Isolation [dB] =10 Elbg(i—z) .

I—l I—l v___
As channel 1 is on but channel 2 is off
—>
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Linear Anisotropic Medium

Anisotropic Materials

Force
7 £ : tensor
/
/
’/.’/Disi)lacement
/
/
/
/
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Linear Anisotropic Medium

In a linear anisotropic medium, the electric displacement can be
expressed in a matrix form

D, & &, & | E
D, =& &, &|E, (D=¢E)
D, & & &l E.

If the material is nonmagnetic and lossless, the matrix € is symmetric
and can be diagonalized with real eigenvalues. And the eigenvectors are
also real. Therefore,

'

€ - ¢ D, . 0 E,
and D=1 0 & O0|E,
D, 0 0 E.

X, V2 - X,Y,2Z

The diagonalization is correspondent to transferring the initial coordinate
system to the principle coordinate system
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Linear Anisotropic Medium

The energy stored in the nonmagnetic, lossless medium is

y

1 1
U =—ED=-YEg,E,
e 2 2; 1

If E and D are presented according to the principle coordinate system

D2 D? D= D
W, = 4 Replace ﬁ =(x,,2)
£ £ & .
xz yz 72 &

—p» — +=5+— =1 (Index Ellipsoid) where 7, =
n n n,

x y

&

A general expression of index ellipsoid (not in the principle coordinate
system but in crystal symmetry coordinate) is

/71(x')2 +’72(y')2 +’73(Z')2 tny'z'tyxtz' vy x'y' =1

| € 71_1
Infact N1=| —| =7
& n
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Linear Anisotropic Medium

Index Ellipsoid Index Ellipsoid
(Principle Coordinate) (Other Coordinate)

z .

z

If n, #n,#n, —p Biaxial crystals

If n,=n,#n, ——F Uniaxial crystals
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Linear Anisotropic Medium

n, : short axis of ellipse

n, :long axis of ellipse

D=D,+D,
k, —z—ﬂna
A
na
k, =2—”nb
A

» The wave numbers of two orthogonal displacement vectors are not the same
« Optical axis: How to choose the direction of k such that 7, =n, (circular cross section)

- . . . . . (no bifringe)
Uniaxial: single optical axis == principle axis
biaxial: two optical axes
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Wavefront Propagation Direction vs. Beam
- Direction (not along optical axis)

H= ‘%D —»ixH=-wD  D=¢lE
t
v g FxEmopyl
— 3B /
X - — ExH =S
o ExH=S
k
-.....__s_ k : wavefront propagation direction
S :beam propagation direction

(Poynting Vector)

k,H,D are mutual orthogonal
E

are mutual orthogonal

But E,]} are not perpendicular and E,]} are not parallel
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Wavefront Propagation Direction vs. Beam
Direction (not along optical axis)
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Index, k-vector and s-vector for a normal
incident

« step 1: Draw the index ellipsoid and label principle axes
and indices

» step 2: Draw crystal cut

» step 3: Draw the electric displacement plane
(perpendicular to the incident k vector)

+ step 4: Determine two orthogonal D vectors (long axis
and short axis) and the correspondent indices

» step 5: Decompose the beam into these two components

» step 6: The transmitted angles of these two s vectors are
determined by the dielectric tensor
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Propagation along a Principle Axis

When the wave propagates along one of the principle axes, say z. Then
the field can be decomposed into two normal modes
E = xE, exp(jk,z - jax) +YE, exp(jk,z = j )
:{xE +JE, explj(k, —kx)z} exp(jk,z — jar)
» Ifitis originally linearly polarized along one of the principle
axes, it remains linearly polarized in the same direction

- Ifitis originally linearly polarized at an angle ¢ = tan '(E) with
respect to the x-axis, it polarization state varies periodically
along z with a period 2

k. —k

x i

770 00O NN
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Electro-Optic Effects

The electro-optic effects are traditionally defined in terms of the
changes in the elements of the relative impermeability tensor 77

17,(Ey) :,70(1) +,(Ey) :’70/(1) +Z TovEox +ZsaklE0kE0/ +-
% o

Pockels Effect Kerr Effect

1, : Pockels coefficient (linear electro-optic)

where . i .
Sqau : Kerr coefficient (quadratic electro-optic)

« The Pockels effect does not exist in a material with inversion
symmetry, which is called a centrosymmetric material.

* The Kerr effect exists in all materials
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Pockels Effects

For the Pockels effect,
DN (E) =Y 1By,
k

Which can be written explicitly in the following matrix form

An, i ha N

An, o Ty Ty E
0x

Ay || oy 1y E

= o

An, Ty Ty Ty E
0z

An; Iy Iy Tsy

LA ] [T T Tl

For a noncentrosymmetric material, the number of nonvanishing
independent elements in its r,, matrix is generally reduced by its
symmetry
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Matrix Form of Pockels Coefficients

Table 5.1: Matrix form of Pockels coefficients for noncentresvmmetric point groups®

Table 5.1: {Continued)
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Electro-Optic Effects

The original diagonalized dielectric tensors therefore changed due to
the electro-optic effects

1
e 0 0 Electro-Optics eV +he, Ag,, Ae,
— 1)
V= 0 é‘y(” 0 —_—) = Ac, g +As, As,.
m
0 0 &© As, Ae, £ +Ag,
Diagonalized
Ag, An,
v . u . (1) A£
where = o, since & >>|Af
& N, >,

* With electro-optic effects, not only the refractive index but also
the principle axes are changed
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LiNbO; (3m) Electro-Optics

o

(). E, =E,, =0, E, #0 A GG
Up 0 n o N E
An, =r,E,, An, =n,E,, An, =ryE,, An, - 0 0 I3 EOX
. . . An, 0 5 EOV
The index ellipsoid becomes An, no 0 0 0z
A7 | |1 O 0 |
(Lz"'rlsEo:)xz +(L2 +}’13E0:)y2 +(L2 +”33E0z)22 =1
N n, n,
ny' =ny'1E,, 0 0
E=& 0 ny' =y, By, 0
0 0 n’=n'r,E,

* The principle axes are not rotated. The crystal remains uniaxial
with the same optical axis

* The indices of refraction are changed
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KDP (KH,PO,) (42m)

The crystal symmetry of KDP is 42m

An T [o 0 0

An, 0 0 £,
Ans |00 0 -
An,| |r, O O E‘”’
Ang| |0, O |5
|Ag| [0 0 £y

Now we consider the case when the field is applied along the z-axis:
E, =E, =0 and E, #0

2, 2 ) NI
L 72)/ +F+2r6,EOny =1

n, n, e
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KDP (KH,PO,)

In dielectric matrix representation,

2 4
nu nu r(ySEO: 0
' — 4 2
€= EO no r63E0: no 0
0 0 n’

e

(xayaz) - (X"y',z') and (nx’ny’nz) g (nx',ny"n:')

where
3 ot
1 n =l g2 o
—(x+y) ' 0" Ty Texto:
x \/5 n, n?
, 1 and n |=|n +—r.E ?
y = 7( x+y) 'Vy 4 2 6370z
" \/5 n
z z n,
z

Uniaxial = Biaxial
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GaAs (43m)

(a1 [0 0 0
For the IlI-V semiconductor with (Z3m) symmetry, since |47, [0 0 0 T
An, 0 0| ™
nx :nv :n: :n() = EOy
’ An, w00 E
The only nonvanishing Pockels coefficients are An, 0 r, 0 0z
Vo=V =k —A”"- -O 0 T

We therefore consider only the case when the field is applied
along the z-axis
E

ox

E, =0 and E

0y 0z

£0
Then we only have A7, =V, E,.

The index ellipsoid becomes

1 1 1
— X+ +— 2 2, E xy =1
n, o n,
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GaAs (43m)

The dielectric permittivity tensor becomes

2 4
N —ny VyE,. 0
_ 4 2
E=& | —ny VyE,, n, 0
0 0 ny’

This results in the following new principle axes

Fe(i5) ama Bmp(he) e b

with
3

3
n n
-0 ~ 0 —
y4lE()z and }’ly, =n, + ) y41Eoz and n.,= }’lo

n,=n,———
0
2

X

Isotropic = Biaxial (Anisotropic)
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Single-Waveguide EO Modulators

V?(Reverse Bias) Metal Schottky
_#_ ( 1« Barrier

oo Wavequide N, W_"‘Ga(l-b)mb A
N3
) Layer
I Substrate
% Ga. Al As a

(I-a)” "'a

Ohmic Contact
Side View - Cross-section of <I00> wafer

* It can operates as either phase modulator, amplitude modulator,
polarization modulator or optical switch

» Various materials such as LiNbO;, GaP, LiTaO, can be used.

* The metal contact forms a Schottky diode in the interface (for
applying electric field
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Schottky Barrier

Vacuum Like a diode
level

Bottom of Fermi Level
/\ : conduction /
1V : B

Valence
band

Metal Semiconductor

(a) Before contact (b) Just after (¢) Equilibrium
contact established
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Single-Waveguide EO Modulators

Vo(Reverse Bios) Metal Schotky

f 1=~  Barrier
to(~~— wavequide n, —~—)

¥ R Ga(l_b)Alb As
X 4 Layer
CL_. Substrate »
z a
y Gay,. Al As

Ohmic Contact
Side View - Cross-section of <I00> wafer

(1) Phase Modulation
Material Index Contrast Electro-Optic Effect

! '

Anyy =ny —n, =Mn + Moy + Dy,

Concentration Reduction (if any) Ming-Chang Lee, Integrated Photonic Devices

chemical

Single-Waveguide EO Modulators

VolReverse Bios . .
n ?( e ;Mv;:,?rci:?ﬂky Without Bias
T "Gy, Al A
x Layer The cut-off condition for single
(L . Substrate mode waveguide:
yo o2 Ga,_, Al As b<a
al " a 2
Ohmic Contact 1[4 9 (A
Side View - Cross-section of <I00> wafer —| < An(:hemi(‘a/ + AnCCR < o
32n,\ ¢, 32n,\ ¢,

When a voltage V is applied with reversed bias on the Schottky diode,
the electric fields are built within the waveguide.

s, ¥V o A
Ang, =n,ry, 7 (TE-polarized in y-direction)
g

(There is no field-induced index change in TM waves)
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Single-Waveguide EO Modulators

Vo(Reverse Bios) Metal Schottky  Therefore, the index change due to

-~ Barri .o
$ Ge, ::lm;s electric fields becomes
1= b
X Layer A ABA
(L_. Substrate An = 7’8 = A
yo o2 60, o)Al As b<a k 2m
Ohmic Contact (TE-polarized in y-direction)

Side View - Cross-section of <I00>wafer

The phase change produced by the electric field is given by

Vg VL
Ap,, =DBL :/Tnz}rﬂ -
N t

4
(2) Polarization Modulation

A ™ 3
Mn.,. =nr, —
TE 2 412t

g

» TE

Ang,, =0
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Single-Waveguide EO Modulators

E= ;CEO exp(j Bpzz) +3;E0 exp(j B, 2)
= £, oxp(j By 2){ xexp(jBBz) +3}

. ~ L TT Vz, ~
= E, exp(j B, 2) {x exp(j 7”23”41 7) +y}

0 g

(3) Intensity Modulation

* The index contrast is designed just around the cut-off condition
of fundamental mode without bias.

2
1 (A

Dnyy =By + Dty = =

32m, | 1,

Ang, >0 Transmitted

Ang, <0  Radiated
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Single-Waveguide EA Modulators

(4) Electro-Absorption Modulation
* Franz-Keldysh effect or Quantum Confirmed Stark effect (QCSE)

< shift EA Franz-Keldysh
0 a=10cm’
£1— Ec
8 J® (A)
0 8 :
_-EV'
—.g —
o surface B
| a=25 om + The band edge shifts to long
o wavelength with electric bias
5 + Energy band bends significantly
o near surface
I1I2_ " 10 09 08 07

A Lum] Ming-Chang Lee, Integrated Photonic Devices

Single-Waveguide EA Modulators

V_(reverse bias) Metol Schottky

/ orrier ’ Shallow p-n junction
[}

¥ I=

1
{?‘@ Waveguide na, Nz ‘WV*L_ G|:|tl mAleS

n3, N3 layer
5 b<a
! Substrate
Yz 6a(1.q)Alg As N, >>N,
L T

e Ohmic
Contact

N, >> N, ———pp Reduce the resistance in the substrate and
’ increase the depletion area in the waveguide

The effective change in bandgap energy AE is given by
3 .-
AE :E(m ) ]/3(th//)2/3

m’ : effective mass ¥ : applied field
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Dual-Channel Waveguide EO Modulators

’ Light out Recall
4,(0)=1 and 4(0)=0

A,(2) =(cos gz —jg—’gsin gz)exp[—j(,g0 _A;B)Z
g 2

4(2) = (L sin gz)exp[—j(ﬂl +%)z}
g 2

A 2
where AB=(5-5 and gZEKZ"'(?'B)

A,B)2 sin®(gz)

Fy(z) =cos’(gz) 5 >

KZ
B(z)= Esinz(gZ)
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Dual-Channel Waveguide EO Modulators

Light out  \yhen AB=0,100% power is transferred if

KL:g+mn m=0,12... (a)

When a modulating voltage is applied
to produce a A, the coupling could be
completely cancelled if

glL=m+mm m=0,1,2,... (b)

Combine (a) and (b), it can be shown that the value of AP required
for 100% modulation is given by

(BBL =31

The change in effective index needed for 100% modulation

=B

)
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Dual-Channel Waveguide EO Modulators

» Fabricated in GaAs

* A pair of strip-loaded
waveguides

waegice o Extinction Ratio: 13dB
* Applied Voltage: 35V
e 7-ns rise time

k’: * The power-bandwidth
ratio: 180mW/MHz

Three-electrode Dual-Channel Waveguide
Modulators

s

> |2 /
s F |
%mi&

. Substrote .
Mii . c Devices

Dual-Channel Waveguide EO Modulators

_ AB -08 _ @
[ ] 3@
L1 Zzzz—M . .k
- [ ] = s 4 Nisaren
|:|_. £ -
< > F
L o -
+V Vo 7 -

LY: 1N

Split-Electrode Dual-Channel Waveguide Modulators

* 100% power transfer is insensitive to the waveguide length.

» The on and off states are controlled by Af.

* [t allows a maximum extinction ratio and a minimum crosstalk.
* The waveguide length T

L>—=]
2Kk
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Dual-Channel Waveguide EO Modulators

VZ ; “. Between-Guide Electrodes
| [ ] Swy s B |j_:1 ¥
: : Q A = S K
N o e . T v

Waveguide -] I

Py -~

. |waveguide

= o ::.' ;

Polarization Insensitive Modulators

Over-Guide Electrodes

+ Stepped AP reversal electrodes are both for TE and TM
polarization

Ming-Chang Lee, Integrated Photonic Devices

Mach-Zehnder Type Electro-Optic Modulators

Single Mode Waveguide

Channel
Waveguides

| Substrate

Couplers

Ideally, the path lengths and guide characteristics are identical.
The Y-branch is a perfect 3dB splitter.

The input and output waveguides are single mode.

The optical wave radiates as the phase difference is equal to 1T
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Bragg-Effect EO Modulators

Suppose

e N % 2mAL > N\ (thick grating)

= ———fem - o 204
The Bragg angle 65 is given by

) I —

Planar Waveguide . _ /]0 A: Grating Space
sing, = Ay B
Swbsirate Mg n, = 0 (effective index)
0

* Index grating is patterned by a interlace, com-like, pair of
electrodes

* The index difference is modulated by electro-optic effects
» The input angle of guided wave is aligned to the Bragg angle.
* The output wave is diffracted by 26; angle

Ming-Chang Lee, Integrated Photonic Devices

Bragg-Effect EO Modulators

If the input angle is deviated from

S the Bragg angle by A, the
e i o 2. diffracted efficiency is reduced.
8, B
L The 50%-reduction deviation
Planar Waveguide angle is
Substrote _ 2N\
86 =7

The intensity of light diffraction is dependent on the applied voltage, which is given by

I,
—difracted — §in® VB B: constant dependent on waveguide

transmitted

+ Demonstrated in ZnO, LiTaO,, ...
* The extinction ratio can be 24.7dB
Ming-Chang Lee‘ lntegrated Photonic Devices




EO Reflection Modulators

LiNDD3 Zic)-Axis
Incident Substrote Reflected
ht
Lig Planar Wavequide Llght
T (Regions | and N} g
NP RRREEETY o L L[ 4
R ) ; - g =sin” | 1-=n’n,| —
f‘- 'S ~-{ !’ 2 d
: d thmni_“ . > X-Axis =
< T E - s I o~
2_—=— Parallel Electrodes —= 4

- - =] - ~
L 1 ™
Transmitt
Horn-Shaped Taper ronsmitieg

Light
Channel Waveguide
For a given input angle 8, the applied voltage should be

_21-sing) 1 (rr_ 9)2
-ATsme) - [T g

2 i
TIR nyr; nrs\ 2

4
d

+ High speed (6GHz) due to low device capacitance
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Figure of Merit --- P/Af

In EO modulators, the drive power is usually consumed during state transition

I The average external power P, is defined
— i i
by operating the modulator at a maximum
R frequency equal to its bandwidth (Af).
Q

(o8
Where @ is the energy supplied from an
m external source to switch the modulator
on or off

1 ) E - .
1 ®©==|eE’dv L,:the peak amplitude of
o=lepyr ¥ 2I N  the applied field
volume

Suppose all the electric fields are uniformly distributed in the
modulator volume,

) P=(8)®

o = EWILE; W: width  t: thickness  L: length
2
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Figure of Merit --- P/Af

Therefore, the external drive power is

p= (ANEWLLE,?
T,
For the specific case of an EO modulator formed in GaAs, the
resulting change in index of refraction are related by

_ 2Mn

3
ny 7y

E

a

Therefore,
_2LN)emiL

6. 2
ny Ty

P

e

An’ (@)

Suppose for a dual-channel modulator, it has shown that

:\/gn-

A
n&’ kOL (b)
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Comparison of P/Af

P _ 3eWtA)
& 2m'r’L

Combine (a) and (b),

P,
Fo 148~ 1480mw ) M A =1.48mW | MHz B <o 1a8mw  mpz
A v Af

Bulk EO Modulator Planar Waveguide Channel EO Modulator
EO Modulator
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Travelling Wave Electrode Configuration

LIMBD:’ Mach-Zehnder Modulator

Modulation Input Modulation Oulp

Modulation Input Modutation Output E'fwu' Electrode
Electrode Electrode,

LINbO4 Phase Modulator Chip

b +
Optical Oplical
Input Output Optical Optical Output
Input

a Phase Modulator b Mach-Zehnder Modulator

L

* It operates at high frequency (microwave). «,——>~

+ The signal bandwidth is limited by the difference of
microwave phase velocity (vm) and optical wave
phase velocity (vp). |L ¢

Vp '

T
a)m<5
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Silicon-based Electro-optic Device

* Free carrier plasma dispersion effect
— Refractive index is changed by the density of free
carrier
— Ridge waveguide (Ridge part : poly-silicon, slab
part : single crystal)
— Free carrier is accumulated around the gate oxide
- MOS vProcess

Metal contact
pPoly-5i
1% 10" a Phase shifter
Oxide 1 Y-
T - — _—
|—‘ | 25 pm ! 0.9 um "cjl T — — Lght
= | =

R T T
e |n=5? 5um Gate oxide 1.4 pm ._:_-_::i'___ - -/:. _ __Q‘ /
- i v 1 i
L - Buried |
] | oxide \Phﬂso shifter
Sikcon .
i N Asymmetric MZI modulator

“A high-speed silicon optical modulator based on a metal-oxide-semiconductor capacitor”,
Nature ‘03, Ansheng Liu, Intel
Ming-Chang Lee, Integrated Photonic Devices




Silicon-based Electro-optic Device

» Free Carrier Injection Effect
— p-i-n junction around the microcavity
— Refractive index in microcavity is changed

— 2 distributed Bragg reflectors (DBR) are on
the two sides of microcavity

Wy Wy 450 nm Wy Wy

1250 nm

Waveguide Cross Section

intensity modulator

“Electrooptic Modulation of Silicon-on-insulator Submicron-Size Waveguide device”, J. of
Lightwave Tech., 2003
C. Angulo Barrios (Cornell University)
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