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NLO #9

Electro-optic effect
* How do static electric fields modify the permittivity?
* Linear electro-optic effect / Pockels effect

* Longitudinal and transverse electro-optic effect

Electro-optic modulators

* Phase and intensity modulation
* Waveguide-based modulators

e Experiment (PM/IM)



Reminder

Propagation of light through a linear medium (NLO #6) Index ellipsoid:
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Electro-optic effect

What happens in a nonlinear medium if we apply a static electric field?

Etot-a] = FE + E* D = f—DEtntal + P(Etot-&])

light
wave

Only keep terms oscillating with w (i.e. describing the linear propagation of the light wave under a static E-field):
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New e-tensor may not be diagonal anymore (change of principal axes of the index ellipsoid)



Linear electro-optic effect (Pockels effect)
and electro-optic tensor

In an arbitrary coordinate system {x,y,z} the index ellipsoid (indicatrix) can be expressed as
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Definition of the electro-optic tensor:
Describes the change of the index ellipsoid’s axes (zero in case of inversion symmetry)
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Modification of the index e

Principle axes are aligned with coordinate system {x, y, z}:

(3),7+ (), (3), 7
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Applying external field ...

().~ ().~ (@),

... modifies the ellipsoid
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lipsoid

Principle axes are aligned with new coordinate system {x',y’, z'}:
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Find new semi-diameters of

ellipsoid and new coordinate
system {x’, y', z'} that aligns
with new principal axes.

Find eigenvalues and
eigenvectors of

(). 72 (),




Example: KDP

KDP (KH,PO,, potassium dihydrogen phosphate)
Crystal class 42m
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Longitudinal electro-optic effect

(Example: KDP, external field and propagation in z-direction)
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Electrodes: Thin metal, ITO, plasma, ...

Voltage tunable waveplate

]
V=0

V=V,/2

o'
-
-

In KDP

. 27 l 2w Inires F,

Ap=—(n —nl)=
| Ao (7 = my) Ao
i Ao
Phase difference Ap = mfor | —
2'1”1%'?‘53

res = —10.5 pm/V, ng = 1.51

632.8 nm V. =8752V




Transverse electro-o pt|C effect (Example: Lithium Niobate, external field in y-direction)

Lithium niobate (LiNbO;)
Crystal class 3m
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Intensity Modulation in bulk crystals
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Bulk crystal intensity modulator
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Transverse electro-o pth effect (Example: Lithium Niobate, external field in z-direction)

Lithium niobate (LiNbO;)

Crystal class 3m no cross-terms for E-field in z-direction
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Interesting for integrated waveguide modulators!



Lithium niobate — Integrated phase modulators

electrodes
Lol ooor 2] - buffer layer
_ z
LiNbO3 Ti-diffused waveguide

electric field is vertical in wavequide

electrodes

L4 b+

— buffer layer

X

LiNbO3 Ti-diffused waveguide I
z

electric field is horizontal in waveguide

Phase retardation of extraordinary wave:

Ad

Ln2rss

(typ. 3-7 V)

d: effective distance between electrodes
r33: 30 pm/V

Microphotonic waveguide phase modulators
Polarization of light-wave and external field in z-direction
(extraordinary propagation)

LN Substrate (e.g. silicon) Highindex core Low index cladding Bonding layer Metal

Mian Zhang et al., "Integrated lithium niobate electro-optic modulators:
when performance meets scalability," Optica 8, 652-667 (2021)
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When only ordinary or extraordinary wave is excited no polarization rotation occurs; only phase retardation.
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Phase modulation
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sideband amplitude —

Phase modulation

Bessel functions
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Microwave modulation

modulation:

Viz,t) = Vycos (wmt —

WmNm .,) coplanar strip electrode terminating resistor
€0

waveguide electro-optic

substrate

Experienced Voltage in frame co-moving
with light wave

. . Wi Z
V(z) = Vycos [ 0 (n — ﬂ-m)} An(z) =aV (2)
“wA waV Wl
Ao = / ﬂdz = 0 gin [L (n — nm)]
0 Co Wimn ('H- - nm) Co

max. useful modulation frequency in commercial devices (I = 10 mm): Wy, max = 20 GHz

light wave

1.0
0.8
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0.4
0.2

0.0

Travelling wave modulator

y=sin(x)/x

10
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Intensity modulation in waveguides

Transfer Function
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Integrated intensity modulator

Output modulated
+ /V\ optical signal
N/

—MWW—

Electrode

Substrate A K d
Optical g
Inputoptical Wavegunide”
signal
Ground Hot Ground
Electrode Electrode Electrode
Buffer
fx
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Waveguide
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Charge Bleed Layers Waveguides ngc;fce'riw
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Electric-field induced quadratic nonlinearity
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Optical power

Experiment after lecture: Phase modulation
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Increasing modulation amplitude

Modulation frequency 18 GHz
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Experiment after lecture: Intensity modulation
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Using phase bias in the interferometer to suppress central frequency component

Modulation frequency 18 GHz



