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5G auction: radio spectrum is a precious good



Channel capacity is a linear function of channel bandwidth
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Wireless communication: higher speeds require more bandwidth 

FM  radio
fc around 100 MHz

100 radio channels 
of 200 kHz

WiFi 6
fc around 2.4 GHz and 5 GHz

5G NR 
fc around 700, 900, 1800, 2100, 3600 MHz

Telenet

Proximus

Orange

Citymesh (Digi)

20 MHz



New 5G band

New 
5G band

Radio waves: central frequency fc and channel bandwidth B
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Wireless communication: higher speeds require more bandwidth 

100 700 900 1800 24002100 3600 5000

fc

20 MHz

MHz



Future 5G band (n258)
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The mmWave spectrum offers even larger bandwidths
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Wireless communication: higher speeds require more bandwidth 

3.6 5

fc

60

WiGig (802.11ad)

2.40.1

200 MHz

GHz



Sub-THz WPAN (IEEE802.15.3d)

300 GHz

For next generation communications we are looking beyond mmWave
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Wireless communication: higher speeds require more bandwidth 

5

fc

26 60 GHz0.1

2 GHz

GHz



Energy waves with two parts: 
an electric field and a magnetic field
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Electromagnetic waves come in all sizes

𝒇 =
𝒄

𝝀

Speed of light
300 000 000 m/s

Wavelength

Frequency
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Electromagnetic waves come in all sizes

FM radio 3 m

Microwave oven 12 cm

Smartphone 6 - 43 cm 

Weather radar 2 cm

AM radio 300 m

MRI  1 - 100 m

30 cm 3 cm30 m 3 mm 0.3 mm 3 µm 300 nm 30 nm 3 nm3 m 30 µm

1 GHz 10 GHz10 MHz 100 GHz 10 THz 1 PHz 10 PHz100 THz 100 PHz100 MHz 1 THz

X-rays 10 nmRemote control 1 µm

Visible light  
400 - 700 nm

UV light
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Generating THz waves is difficult

The THz gap

Electronic oscillators
Crystal oscillator + frequency synthesizer (PLL)

Light sources
Lasers, LEDs…

Photonic technology 
for THz generation?



10

Generating THz waves is difficult

sub-THz
100 GHz – 1 THz
3 mm – 0.3 mm

mmWave
30 GHz – 300 GHz

1 cm – 1 mm

THz
100 GHz – 10 THz

3 mm – 30 µm

5G mmWave
24 GHz – 
100 GHz
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Photomixing: using light to generate THz waves

193.3 THz  1550.92 nm

193.0 THz  1553.33 nm

193.3-190.0 THz  = 300 GHz

fRFfTHz 

νoptλ1 > λ2 

fTHz 
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Photomixing: using light to generate THz waves

443 Hz 77.4cm

440 Hz 78cm

Beating of sound waves

443 – 440 Hz  = 3 Hz = 3 s-1

Analogy: sound v = 343 m/s



Follow the change in intensity equally fast
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When is a photodetector fast?



1. How can we make a fast photodetector to generate THz waves?
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My PhD research questions



A PIN diode is a sandwich of p-type, intrinsic, an n-type semiconductor layers.
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PIN photodiode: a semiconductor-based photodetector

p-type dopant: acceptor ion

Intrinsic type no dopants

n-type dopant: donor ion



Light is both a wave and a particle: a photon
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Photoelectric effect causes a photon to create an electron-hole pair

E

p ni
z

hf
CB

VB

Charges are created and then 
drift/diffuse to the anode and cathode 
contact creating a (photo)current

velectron ∼ 4 x 107 cm/s 
vhole      ∼ 5 x 106 cm/s



Electrons have a higher mobility than holes
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Charges travel at different speed

E
CB

VB

velectron ∼ 4 x 107 cm/s 
vhole      ∼ 5 x 106 cm/s

[T.Nagatsuma and H. Ito, 2010]

hf



Split the central part in two: an absorber and a collector
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Uni-Traveling-Carrier (UTC) photodiodes: faster than PIN

E

n InPp InGaAs

hf

i InP

Absorption region
Collector

p InGaAs

p InP 

Diffusion block x

CB

VB

[Tadao Ishibashi, 1997]



Only fast electrons contribute to photocurrent
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Uni-Traveling-Carrier (UTC) photodiodes: faster than PIN

E

CB

VB

[T. Nagatsuma and H. Ito, 2010]

𝝉𝑻𝑻 = 𝒅 𝒗𝒆−  

Transit time (delay)

𝒅



A large photodiode has a large capacitance

21

A second constraint: larger = slower

𝑪 = 𝜺
𝑨

𝒅 Thickness

Capacitance
Area

𝝉 = 𝑹𝑪
Capacitance

Time constant 
(delay)

Resistance
Simple analogy: a bucket of water

Bucket with a capacity C and 
opening at the bottom (1/R)



Increase thickness d ? 
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A second constraint: larger = slower
𝑪 = 𝜺

𝑨

𝒅 Thickness

Capacitance Area

𝝉𝑻𝑻 = 𝒅 𝒗𝒆−  

𝝉 = 𝑹𝑪

In practice limited thickness 
due to transit time (delay)



Reduce area A ? 
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A second constraint: larger = slower
𝑪 = 𝜺

𝑨

𝒅 Thickness

Capacitance Area

Responsivity R is the ratio of 
electrical current to incident light

Efficiency η is 100% if every photon 
is converted into electron-hole pair



1. How can we make a fast photodiode to generate THz waves?
A UTC photodiode

2. How do we make it small without sacrificing responsivity?
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My PhD research questions
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Electronic microchips: transistors and microscopic wires

Photonic chips: optical waveguides
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Scaling down optical components to microchip sizes
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Waveguides are a microscopic version of the optical fiber
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Silicon Nitride waveguides guide the light around the chip

125 µm

9 µm

SMF Human hair

125 µm

0.9 mm

1.5 x 0.3 µm²

SiN waveguide
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Light couples evanescently to a different material

Light is confined to the material with the highest optical index n

SiOx 
n = 1.5

SiNx 
n = 2.0

Air 
n = 1.0

InP 
n = 3.2



From a vertically-illuminated PD to a 
waveguide-coupled chiplet
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Achieving a high responsivity for a small device

Waveguide-coupled

Vertically illuminated

Size

Responsivity

Speed

<<<<< <<< <
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Achieving a high responsivity for a small device

Top view

Cross section
Cross section

Top view



1. How can we make a fast photodetector to generate THz waves?
A UTC photodiode

2. How do we make it small without sacrificing responsivity?
Design a waveguide-coupled device

3. How do we make such a small waveguide-coupled device on chip?
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My PhD research questions
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The process of creating a (photonic) chip

1. System specifications

2. Architectural design

3. Circuit design + simulation

4. Layout

5. Fabrication

6. Testing

7. Packaging
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Cleanroom for dust-free fabrication



Add layers

Growing thin layers of 
semiconductors
molecular beam epitaxy (MBE)

Depositing layers of 
insulators or metal
plasma-enhanced chemical vapor 
deposition (PECVD), sputtering, 
evaporation

Coating layers of photoresist 
or polymers
spin coater, spray coater
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A large set of tools for nano- and microfabrication
Remove layers

Dry/wet etching of thin layers 
Reactive Ion Etching (RIE), 
Inductively Coupled Plasma (ICP) 
etching, acids and bases

Lift-off with solvents
of metal layers on top of 
photoresist

Make shapes

Patterning layers
lithography (UV light) or e-beam 
lithography (electron beams)

The 
hammer and chisel

 for chips
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How do we get the InP photodiode on top of a SiN waveguide?

Sample 2: SiN chip with a photonic circuitSample 1: InP chip with >1000 photodiodes

50 µm 100 µm

2” wafer

4” wafer



Micro transfer-printing
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Heterogeneous integration to combine the best of both material platforms

InP photonic chips SiN photonic chips

Low-loss waveguides

Scalable 
for complex circuits

Great photodiodes
Cost-effective
(CMOS compatible)

Expensive 
semiconductor

Source wafer with 100’s of 
processed chiplets

Target wafer with SiN circuits
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Micro-transfer printing as flexible tool for heterogeneous 
integration

Convert the photodiode into 
a tethered coupon



A minimalistic photonic circuit to test our idea
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Waveguide UTC photodiode
(mesa of 2x12 µm²)

Electrical contact pads
(coupling electrical 
signal out)

Grating coupler 
(coupling light in) 

100 µm

20 µm



1. How can we make a fast photodetector to generate THz waves?
A UTC photodiode

2. How do we make it small without sacrificing responsivity?
Make a waveguide-coupled device

3. How do we make such a small waveguide-coupled devices on chip?
Using microchip technology & micro-transfer printing

4. Can we generate THz signals and transmit data?

41

My PhD research questions
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Putting the component to the test: generating THz signals
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Putting the component to the test: photomixing

EDFA UTC PD

Real-time 
oscilloscopeTHz channel

LO

193.40 THz

193.68 THz

264 - 296 GHz

AWG

Modulator

The setup for a photomixing experiment at THz frequencies

Transmitter Receiver

32 GBaud
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Putting the component to the test: a data link

How much data can we transmit 

over this link?

Bitrate = symbol rate x bits/symbol

 = 32 symbols/s x 5 bits/symbol

 = 160 Gbit/s

 = 10 000 4K Netflix streams 
    (16 Mbit/s)

32 symbol points = 25 bits



1. How can we make a fast photodetector to generate THz waves?
A UTC photodiode

2. How do we make it small without sacrificing responsivity?
Make a waveguide-coupled device

3. How do we make such a small waveguide-coupled devices on chip?
Using microchip technology & micro-transfer printing

4. Can we generate THz signals? (and transmit data over it)
Yes!

45

My PhD research questions



Future research questions

1. Can we improve these photodiode chiplets even further?
Smaller? Faster? More efficient?

2. How do we efficiently radiate these THz signals off chip?
Co-integration with electronics and antennas?

3. How can we scale this technology to 100-1000s of chiplets?
High-speeds UTC PDs as a standard building block?

46

What’s next? 
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