Lect. 4 Waveguides (1)

- Waveguide: Confines and guides EM waves
= Metallic, Dielectric, Plasmonic

- We are interested in dielectric waveguide

=» Total internal reflection by refractive index differences
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Lect. 4 Waveguides (1)

Total internal reflection by refractive index differences
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- Conditions for guidance

- Characteristics of guided light in a dielectric waveguide:
Mode, Effective index, Confinement factor

- How to make dielectric waveguides
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Lect. 4 Waveguides (1)

- Conditions for guided EM waves

N, \
Y y=d/2 T
dln, s y=0 > Z
v y:_d/2

- Governing equations for EM waves

VxE:—Qg
ot . _
- _ N 2 0°E 211 0°H
VxH=1+22 j>l ViE=pe—7 ViH=ne—5
ot
VeD=p [(D=¢E EM Wave Equations
VeB=0 |B=uH - Governs light propagation
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Lect. 4 Waveguides (1)

- Solutions for Wave Equations

— 0°E
V?E =pe >
ot

Plane-wave solution; E = XEoej(a’t_kz)

2E _ oy 2 j (wt—kz) 62E v 2 j(at-ka)

VE= x(-k )Eoe‘ HE P = Xus(-o")Eqe
k? = usw K=aw\ ue

a):2—7Z K :2—7[ & = L Speed of light!
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Lect. 4 Waveguides (1)

How does the plane-wave solution look like?

For physical representation, Re| XE e'™™ | = XE, cos(wt — kz
0 0

“‘
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Lect. 4 Waveguides (1)

How about H-field?

2F L T et
V E — /,lg 5 E = XEOQ
ot
From Maxwell’s Equations, ﬁ — yf Eoej(a)t—kz)

Y7

Direction of propagation?
Direction of E, H fields?
Speed of propagation?

B _ |u
H A= =n (377Q for vacuum)
0 &
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Lect. 4 Waveguides (1)

How does the plane—wave solution look like?
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Lect. 4 Waveguides (1)

When a wave is propagating into Plane wave solutions
+z direction: al(et-ko)
-z direction: pllet+k)
+y direction: pi@t-ky)
Any direction? alotg-ikxa= Y a-ikz  _ gi(et-keR)

Ez?kx erky +EkZ R = XX+ Yy + 22

‘k‘ . 2k : direction of propagation
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Lect. 4 Waveguides (1)

- Mathematical solutions for guided EM waves

N, Y
Y y=d/2 T
dln, s y=0 > Z
v y:_d/2
No _

Assuming E (y,z,t)=E(y,z)-e',
V2E + k?(y)E =0, where k2(y) = ue(y)o?

k(y) =n,k, for |y| >%; cladding

k(y) =nk, for |y <%; core
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Lect. 4 Waveguides (1)

Consider TE Solution (or E having only x-component)

E(y,z)=x E(y) e’

Then, <=2+ (¢ (y) - )E(y) = 0

2

=> Eigen value equation. Solve for 5 and E(y)

k?(y)—-p°>0incore  =>E(y)~sin(k,y) or cos(k,y) with k, = \/(nlko)z — p?

k’(y)—B° < 0incladding => E(y) ~ exp(ay) or exp(-ay) with = \/,82 —(n,k,)’
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Lect. 4 Waveguides (1)

No
; y=d/2 Ty
din, e y=0 > 7
' y=—d/2
No
Solutions

d
y > E: E(y) = Aexp(ay)+ Bexp(-ay)

d :
|y < > : E(y) =Csin(k,y) + Dcos(k, y)

d
y < _E :E(y) = Eexp(ay)+ F exp(—ay)

Here, A=0 and F=0.
For easy analysis, divide the solutions into even and odd solutions
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Lect. 4 Waveguides (1)

No

Y y=d/2
ny s y=0

- y=—d/2
No

Even Solutions

d
y>-E(y)=Bexp(-ay)
d
[yl<= - E(y) = Dcostk,y)

y < —%: E(y) = Bexp(ay)
(E=B)

Silicon Photonics (2015/2)

Apply boundary conditions:

E(y) and dE(y) are continuous at y = ig
dy 2
d d
Bexp(—a E) = Dcos(k, E) ------- (1)
d : d
—aBexp(—«a E) =—k,Dsin(k, E) ----- (2)

@ —> g = ky tan(ky %)

@)
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Lect. 4 Waveguides (1)

u y=d/2 Ty
ng s y=0 > Z
' y=-d/2
Ny
Odd Solutions Apply boundary conditions.

d E(y) and dE(y) are continuous at y = J_r9
y > E(y) =Bexp(-ay) d 2

d.
VI E(y) = Dsink,y) Bexp(-a-) = Dsin(k, =) 1)

d d
d -aB —a—) =k Dcos(k, =) ---- 2
Y<—E:E(y):—Bexp(ay) aBexp(-a 2) ,Deos(k, 2) (2)

(E=-B) N —k, cot(k, 9) =k, tan(k, 9—1)
1) 2 2 2
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Lect. 4 Waveguides (1)

N
— y=d/2 Ty
din, e y=0 > 7
i = d
n, y=—d/2 Even: a =k, tan(k, 2)

What do these mean?  Odd: a =k, tan(ky%—g)

Determine k, and « that satisfy above conditions.

For graphical analysis, do following normalization.

Let X =k E, Yzcx9
2 2

Then, Y = X tan X for even

Y = X tan(X —%) for odd

2

But X2+Y?= (ky2+a2):(%) [(nlko)z—ﬂ2+ﬂ2—(n2ko)2]
? Plot these on X-Y plane.

d
2
% k02 (n12 - n22) =r’
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Lect. 4 Waveguides (1)

/ Y = X tan X : even mode

Y =X tan(X —z/2) : odd mode
! - 2
"""" | X2 +Y? :(%j k,2(n? —n2) =r?

Observations:
— Points where circle and tangent curves
intersect are solutions = mode

7 =y _x 9 —With larger r (larger d, smaller A, larger
2 2 n,>-n,?), more modes exist in the waveguide
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Lect. 4 Waveguides (1)

E(y) profile: n,=1.5, n,=1.495, d=10um, A=1um
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Lect. 4 Waveguides (1)

=1pum

n=1.5, n,=1.495, d=10um, A

E(y) profile
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Lect. 4 Waveguides (1)

- Effective Index: N = B/k,

=» Different modes have different effective indices: Modal dispersion

— Confinement factor: L
2
2
I E(y)| dy
_ Power inside core y=—‘;
Total Power

T [E)F dy

y=—00

For higher modes, how does I' change?
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Lect. 4 Waveguides (1)

— Other polarization?

No
A y:d/2 T y
d{n e y=0 > 7
\ 4 y:_d/2
No

TE solution (or E having only x-component) was assumed

E(y,z)=x E(y) e 1’
TM solution exists
H(y,z)=xH(y) e’

In general, TM solution has different guided-wave characteristics
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Lect. 4 Waveguides (1)

Issues for practical waveguides

— Precise control of dimension and refractive index

— Low loss at desired A

— Mass production possible

— Integration desirable

— Electrical control of refractive index and/or absorption

Materials used for waveguides

— Silica (SiO, with Ge doping)=» Optical fiber
— Dielectric materials: LiNbO4 with Ti doping
— Semiconductors: GaAlAs, InGaAsP, Si/SiO,

& W.-Y. Choi
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Lect. 4 Waveguides (1)

Optical Fiber: Circular dielectric waveguide made of silica (SiO,)

Cladding

Core

Si0,:Ge

What is special about fiber?
— Extremely low loss: 0.2dB/km
— Can be very long: 100’s of km
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z Fiber axis
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Lect. 4 Waveguides (1)

Loss in fiber
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_'5 5 =
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Lect. 4 Waveguides (1)

LINbO5; waveguide

Coplanar strip electrodes /)V(t) Thin buffer layer

Polarized / /h PN

input Z
light A 5=
< >

7t E,  LiNbO,
LiNbO , (/ EO Substrate Waveguide Cross-section
> 7
— Used for high—speed optical modulator
W.-Y. Choi
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Lect. 4 Waveguides (1)

Example of Si/SiO, waveguide on SOI wafer fabricated with Si technology

3“’

i S L
550 nm $35nm
200 nm

d]

g

n,

n,

(Rib/Ridge Waveguide) (Strip/Channel Waveguide)
What affects the characteristics of Si/SiO2 waveguides? Size, scattering loss
W.-Y. Choi
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