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LIGHT AS WE SEE IT!

Dispersion Reflection Scattering

G T umec




MARVELS OF LIGHT

Light interacts with matter at every scale

photon ring

® o o

NASA’s Goddard Space Flight Center NASA’s Goddard Space Flight Center Vibrational mode of gas molecules

From celestial bodies to molecules



PHYSICS OF LIGHT

Electric and magnetic fields
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Electromagnetic Spectrum
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SPECTRUM OF COMMON SOURCES

Warm LED bulb
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OPTICAL COMMUNICATION
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I} Underwater fiber optics network connects the world
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LIGHT CAN BE GUIDED ON-CHIP

Few microns thick

GHENT
UNIVERSITY
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con photonics —

Lithium niobate-on-insulator

AlGaAs-on-insulator n

—  Silicon nitride .

Silicon-on-insulator

~

(> Excellent non-linear properties

» Both active and passive
devices are possible

» Moslty used in R&D

Q High cost and low volume )

(. )

» Good Electro-optic and
acoustic-optic properties

» Not mature platform, still under
develpoment

\. J

(" A

» CMOS compatible

» Relatively mature

» Ultra-low loss platform

» Larger bend radii and lower

\_ density of integration Y
( .
» CMOS compatible and mature
ecosystem

> Monolithic electronics-
photonics integration
> Inefficient light sources
\_ g J




WHY GO ON-CHIP? (1)

Astronomical amount of data

- —
ENERG Y 9,000 terawatt hours (TWh)

0 ' Global elec— ENERGY FORECAST 20.9% of projected

SEREE ’ Widely cited forecasts suggest that the electricity demand
total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.

47000

W Networks (wireless and wired)
B Production of ICT
Consumer devices (televisions,

' Data-centr: computers, mobile phones)
M Data centres
2 ﬂ Ata
- 3n servers which
enature 0 yproximate. )
- 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030 P erates heat
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TO PUT INTO CONTEXT
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: : : Running distance
60 mins of video streaming for a 75 Kg person
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WHY GO ON-CHIP? (2)

Caogpackaged optics
o
Including optical ’/p ’ - \ ‘% _ L lications

transceivers, optical r " -

' - e - ~ = cs (
: NEAREAR : ---- e
interconnects, co-package: Saam . . \\\'l .

photonic engines

C

> ltallowuston
and inexpensi'
modules

Mellanox

] “End-to-end"” Solutions
: Switches & Adapters

] Cables & Transcelvers

S0 1 Chanrel, 100~ Commat
AL 4 Chanent, 100 == (a—

Integration of 1.6 Tbhps silicon photonics engine with its 12.8 Tbps programmable Ethernet switch.
N
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WHAT'S NEXT

[ Switch data rate J

[Transceiver data rate I

- - i
2 | Py

Pluggable :
| Devi
Tri
Hei;
Co-packaged
.
e
{111
GHENT .
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2017

Ex.: 48 ports at 100G

Switch ASIC Bandwidth

x2

2020

2022 2025 20)( X
X2 x2

SThps — —— 12.8Tbps — —— 256Thps — —— 512Thps ®© ® © ® o o  Moore's Law wil

continue

128x10G
40nm

More lanes

More intimate
Co-packaged e 0o 00 0 ©

switch ASIC integration (modular)
512x50G Faster, smaller
256x100G
70m and cheaper
256x25G
16nm
128x25G I
28nm
l More lanes I

Faster lanes

' More lanes

Faster lanes

2014 2016 2018 12020 20227 >

2012

2-year switch innovation cadence



THERE IS MORE TO IT! (LIDAR)

iPhone 12 prof —

\R Scanner

LIDAR on chip

Lighter, smaller and cheaper
> Bulky with expensive optics




AND MORE! (HEALTHCARE)

Si Photonics in action

= BROLIS

SENSOR TECHNOLOGY
\ ¥ &

Optical Sensing Frontside

Integrated
Circuits

© Infrared
Photonic {

© Visible Spectrum @ ASIC Controller, MUX, AFE, Drivers

GLUCOSE TREND \ !

8:32pm HYDRATION

SAT 2/13

1v-

Disclaimer: This is not a medical device. This is not a product. This is a mock-up.

Continuous Glucose Monitoring (CGM) systems

UNIVERSIITY I



WHAT IS MISSING IN SI PHOTONICS?
IMEC’s 56G platform

M |SS| n g 8+1-channel DWDM (De-)Multiplexing In-Plane Coupler

56G Silicon Ring Modulator

A\

l1I-V-on-Si integration
SOASs on-chip
Lasers on-chip

VYV VY

Designed for 1.3 - 1.55 um communication window
Co-integration of the various building blocks in a single platform
Today available on 200mm wafer size, coming soon on 300mm
T > 95% compatible with CMOS130 in commercial foundries

G Imec
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WHAT |S A LAS R 72 Light ampiification by stimulated emission of radiation

R spontaneous emission

() electron pump 1 pump 1
0000~ E2 %-OOOO-» %.o”... .
O Unfilled AVAVaVAV
electron -O000—- E1 0000 s 000,
state hv = E2 — E1
@ output pump ,
yoeee-
ANAUN AVAYAVAV

AYAYAYaY,
- 000~

stimulated emission

Gain medium

Mirror Mirror
Electrically pumped

e
— — /\
GHENT .
UNIVERSITY numec Current source



WHAT |S A SOA? Semiconductor optical amplifier

Input signal: P, Output signal = G P,

= -
AN ,\f\/ + ASE

Power Power
Gain medium ASE
‘ ‘ Electrically pumped /j(v
wavelength e wavelength
—
Current source
NN
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INTEGRATION OF IlI-V-ON-SILICON

Existing technologies

Light sources/SOA [11-V direct bandgap
materials
- ﬂ%@@ﬁ@ﬂ’ﬂ&élH%%@a?@?o@ﬂﬁax'a' growth Micro-
- Engbigs g afvatenaak!b ﬁkﬁmﬁmﬂm%c.ems should transfer
—  GroWth thickness is Ilmlté?i‘“’tb" 450 nm printing
a Wafer bonding ¢
(¢
. PADS Regrowth
SiWG - L Dlekectric i"‘"‘ on a wafer

f e Epitaxy growth

;] template

hetero- die-to-

epitaxial wafer

(— —— YA — = InP template on SOI

SI|ICOFI Substrate Wavelength (nm)

UNIVERSITY LITIC W

— Not mature and integration with a full SiPh
process flow is challenging



MICRO-TRANSFER PRINTING-CONCEPT

Simultaneous transfer of Ad van tag es.
multiple coupons using
clastomer statmp Py gy > Efficient use of expensive IlI-V material/devices

» Devices with different layer epitaxial structure can
be populated closely on the SOI wafer.

> Integration of the devices doesn’t require
modification of FEOL and BEOL Si photonics

process in a commercial foundry (modular).

Source I1I-V wafer with \ HE-V coupon active SOI platform
processed SOAR Target SOI wafer
Cu <Al
< DVS-BCB .
| ¥ R . I
Si0 n-Si p-Si n-Si Ge n-Si
2 pn-modulator Ge photodiode
Si substrate
=
L . . . . . . .
— . Combines wafer bonding integration approach with flip-chip

GHENT umec



PROCESS FLOW OF uTP

E) b) C)ﬁ Tethers j

IlI-V Device Layer | Patterned device | ’JJ Patterned device |
Release layer | Patterned release layer | Patterned release layer |
Substrate Substrate Substrate
L
Stamp L |
Stamp
9 R I
’J—‘ Patterned dewlri-::e I N
%> > |Release | <€ < | rJ_’l i‘—lj ‘L Printed device ,lf
L
Substrate Substrate Silicon

Release layer is incorporated underneath the device functional layers
11
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PROPERTIES OF PDMS STAMPS

Separation energy

Gy

S

U

GHENT

UNIVERSITY

Stafispoelbstiti ropedptics

ﬂﬂ_f_@-—-
—— Optics (x,V,z)
oo Stamp (z, @ TX,. Ty,
. / o '

\33/

e

Translatlon stages (X, V)

vmﬂ.\?

Separaﬂon speed

Compliant

Laterally stiff

il > 5,

Top View

1
// S~ X/
~ s e

Transparent

uTP is enabled by PDMS stamps

“umec



Input signal: Py, Output signal = GP;,

+ ASE
Power Power
Gain medium — ASE
X Electrically pumped .
wavelength e wavelength
— ()

UTRANSFER-PRINTED [lI-V-ON-SI SOA

G Imec




MICRO-TRANSFER-PRINTING SOA PROCESS FLOW

n-metal
p-metal «—— Tethers ——,
| resis
BCB i
InGaAs -
p-InP - SiN
6 QWSs active region s
n-InP—"
AllnAs —
InP substrate—
Epitaxial layers  patterned SOA and release Encapsulation
layer
1 Stamp I
1 Stamp I

= -

[ i

I Release etch Pick-up Printing

G Imec




STRUCTURE OF A lllI-V-ON-SI SOA

Active region

Straight gain section

~

Adiabatic taper

lI-V SOA

Bonding layer
Si waveguide

BOX

I Adiabatic tapers couple light efficiently from 1l1-V waveguide

- mmec to Si waveguide



BANE OF TP PRE-PROCESSED SOAS

[Challenge] A

T — de ~ Opis (x,%,2)

| e e A A A=A A A fStamp(z,e,Tx,Ty)

Alignment-tolerant &
coupling taper

'\/

Translation stages (X, y)

State of the art transfer printing tools provides an alignment accuracy of +/-1.5um 3o
I

G Imec



MICRO-TP COMPATIBLE ADIABATIC TAPER

Shape of the adiabatic taper Calculated coupling efficiency with misalignment

III-V width (zzm)

3.3 e 0 , | ,
3 12 —
[aa)
125 Z-05
209 = e
: ¢
= 8 .5
2F = o
2 = |
— =
1.5 f S
1 =it
1.5 . | A 2
Full Coupling @I =
1L = -1.5
10.5 8
= Full Coupling
0.5 : ' : ' 0 =8— Partial Coupling
0 50 100 150 200 250 2 . . .
z (pum) 0 0.5 1 1.5
Lateral Misalignment (xzm)
—
i Haq, Bahawal, and Giinther Roelkens. "Alignment-tolerant taper design for transfer printed I1l-V-on-Si devices." 21st European Conference on Integratred Optics (ECIO 2019).
J— 2019.
GHENT

UNIVERSITY
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DESIGN OF [1I-V-ON-SILICON SOA
41 1 |

InP  InGaAs QWs BCB SiOx  Si

u u 2 FIB cross seetic
C

Cross section

400 nm I
Without Si waveguide cross section
Full coupling

Ir."' ] 1)
||I|-I‘E _* i [ H -},.l,]

] Grating coupler
Si single-mode  Adiabatic Si 1=V

waveguide alignment tolerant taper FIB cross section
inP
With Si waveguide 3 pm wide 51 waveguide
Partial coupling l

_— (it
i ( '_¢
GHENT

UNIVERSI Adiabatic III-V alignment tolerant taper Adiabatic Si waveguide taper



FULL COUPLING DESIGN WORKS IN BOTH CASES

—6—3 um wide
-8 | |=—8—2 um wide
~—o—1.5 pm wide

|
=)

Coupling Efficiency (dB)

Coupling Efficiency (dB)
I

I
oo

0 0.5 1 1.5 2 0 0.2 0.4 0.6
Lateral misalignment (m) Rotational misalignment (deg)

Full coupling adiabatic taper design also shows high power coupling to Si waveguides of various

P

T widths.

G Imec



PROCESSING ON THE INP SOURCE

InP InGaAs QWs AllnAs SiNx BCB Resist Metal Silicon

Processed in dense arrays

e ————— I
1 e I ————
a) Epitaxial layer b) Sacrificial layer removal ¢) PECVD SiNx deposition d) SOA mesa etching

e) QW patterning f) n-metal deposition g) SiNxand BCB h) p-metal deposition

i) BCB etch-back j) Release layer etch k) Encapsulation 1) Released SOA coupon
T

I | Standard i-line contact lithography

3IH\I_IIE\>IETRSITY - unec tethers TP alignment markers




Transfer printing

Post processing
on the SOI

TRANSFER PRINTING AND POST PROCESSING

After printing on the SOI

[ Glass ' 1 s ) |Glass ] ]
: ) BCB on the SOI Sj %
PDMS stamp PDMS stamp PDMS stamp PDMS stamp I waveqguide
Tethers
break\ _" 3
m) L ammatmg stamp to SOA on source n) Stamp picking SOA 0) Laminating SOA against PIC p) Applying shear to detach SOA
—
[ Glass f ]
PDMS stamp
q) Stamp moving upwards r) Transfer printed SOA on PIC
M s) Removing encapsulation t) DVS-BCB planarization u) viaopening v) Metallization

UNIVERSITY “mec




MEASUREMENT SETUP

:mﬁ'i (Ib SM optical fiber SM optical fiber
v o \' SOA chip s
I

Gnd T T(+) TGnd

-V SourceMeter

N

UNIVERSITY “umec



ON-CHIP GAIN AND POWER SATURATION

High confinement factor in the QWs Low confinement factor in the QWs
25 18 . |
140 mA ACHE g
16} o
201 140 mA
14}
= )
% 15} g 12}
] ]
B
'—? 10} 'Ef: |
g 8 al
51
6l
Full coupling: 20 °C, 1565 nm ol Partial coupling: 20 °C, 1548 nm .
S I I U 5 S w15 0 5 0 5
on-chip input power [dBm]| on-chip input power [dBm]|
At 140 mA, the measured on-chip small signal At 160 mA, the measured on-chip small signal gain
___gain is 23 dB and ouput power saturation is 9 mWw. Is 17 dB and ouput power saturation is 17mW.

UNIVERSITY “umec



30

25}

1.0+

BANDWIDTH AND WALL-PLUG EFFICIENCY

— Partial coupling
—— Full coupling .

Resistance = 10 () |

20 40 60 80 100 120 140 160
input current [mA |

Wall-plug efficiency [%]

3.0 T .l.".
140 mA e %
..
25 o 120 mA
° o 8" e
® 00 ®0?®
[ ]
20 o YA
o ° [ ]
[ ] ® [ ]
....
1.5} B L s
° ,°.° e 8omA
e o o (] *
1.0 *e.* %1565 nm
T o...o. o.
e © o L4
e o o L4
[ ]
0.5 .::::.0..0
[ ] [
ool guiigisee”’
=30 25 —20 -15 -10 -5 0 5

on-chip input power [dBm]|

25

[ — 2
ol n (=1

on-chip small signal gain [dB]

N

Full coupling: 20 °C; input power = —24 dBm

0
1530

1540 1550 1560 1570 1580
wavelength [nm]

Both the amplifiers have similar 3-dB bandwidth, maximum Wall-plug efficiency and resistance.

G T umec
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on-chip power [dBm/nm]

NOISE FIGURE

I=100mA .
input power = —24 dBm — Full coupling
10 T=20°C — Partial coupling | |
ol
NF = 8.6 dB
)
—10} NF =7.0 dB
1

—20
=30} J
530 1540 1550 1560

wavelength [nm|

1580

S

I=100 mA —
input power =0 dBm — Full coupling
10l T=20°C — Partial coupling |
§
NF =9.4dB NF =9.5dB
O} |

on-chip power [dBm/nm]

Ve 1540

1550 1560 1570 1580
wavelength [nm]

At high on-chip input powers (0 dBm) both the amplifiers have similar NF values.
_~ At low on-chip input powers (-24 dBm) the partial coupling amplifier has lower NF values.

G T umec



Gain medium

Mirror Mirror
Electrically pumped

Current source

G Imec



DESIGN OF 1lI-V-ON-SILICON DFB

InP  nGaAs QWs BCB SiOx  Si

— .—- e
=== 25nm T oo
=¥180 nm [400 nm
: : P @444 00990 IS e [8/5/2019 [ det [ mag | HV | WD | tilt | - 400nm
3 Hm wide Si Wavegulde Cross SeCtiOIl 5:06:43 PM | TLD | 100 gooma 00 kV|5.1 mm|-0 UGent
l — - — Y -
I

SEM image of DFB grating

™
1
1
L

/: i :
! - _/ ’
! Y

™~

Adiabatic Si waveguide taper

Adiabatic I1I-V alignment Quarter-wave shifted DFB grating

\ J

tolerant taper
950 um long SOA
Grating period = 235 nm
Grating length = 500 um
N

G T umec



FABRICATION PROCESS FLOW

p- m tal Tethers 1
InGaAs —
p-InP —
aCtiVe TeZiON —
n-InP —7
AllnAs—

InP substrate -
(a) Epitaxial layers (b) Patterne d SOA and release layer (¢) Encapsulation

|
BCB Si0, ‘ ]
J 4= d = l [ J \
(d) Release layer etch ()0 xide depos e coating (f) Pick-up
l Stamp
— Similar as in the case of SOA demonstration

UNIVERSITY “umec



10 . , . . . :
SINGLE MODE DFB LASER (GEN 1) "/syszssis _iunimg=iam
| ! g 2o i
g B
5 20 : Lof
5_30 00 70 80 90 100110120130 140
=730 current [mA]
g —40}
=50
—60

1528 1530 1532 1534 1536

wavelength [nm]

1538 1540

Single-sided output power = 3.75 mW

4.0 ’ 3.0
35¢
12.5
3.0
E g 120 N
5 3
~ SOA counon 2 2.0 15 %
| Z E
S TR £ 1s) 2
gt . 1 TV T A T I e 1.0
(=]
50 um Si waveguide o
| K | \ T / gu {05
broken 0.5
GHENT 0.0 0.0

UNIVERSITY tmec 00 0 e 80100120

current [mA]



ISSUES WITH GEN 1 DFBS

We want a single laser line in the spectrum at a particular bias current.

OF

1
=)

I
]
=

I
o)
o

|
.p.
]

on-chip power [dBm]

1530 1535 1540

i
GHENT

UNIVERSITY

1545 1550 1555
wavelength [nm]

1560

1565

1570

on-chip power [dBm]

|
(o8}
o

|
B
o

1550

1565 1570 1575
wavelength [nm]

1580 1585 1590

Multiple peaks in the spectrum corresponds to higher order transversal modes of the IlI-V and Si

waveguide

“umec



GEN 2 DFB DESIGN
- - - - QW active region

InP BCB InGaAs QWs SiO:2 SiN Si Si Si
400 nm trench trench
380 nm 220 nm InP

u
_ .

e 50 N1 ——— _ _ _ _ — — — — Si

mode transition _1‘ _1‘ 380nm ] 400 nm
*—
E— : |
S — . -
quarter—wgf:tislllnfted DFB grating coupler
Adiabatic II-V alignment 950 1 iOA > 20 pm wide Si 20 180 M d t Iti
um long waveguide - nm 0 e transition g active
tolerant taper e region
e : : 1 Sitrench g
Modifications in Gen 2 design | .~ 380nm

» The etch-depth of the Si waveguide reduced to 20 nm. _ _ _
400 nm Si SIN on 400 nm Si

» To reduce the k grating are defined on 50 nm thick SiN

@ layer deposited on Si. T
GHENT : Si trench

UNIVERSITY I.Tr|ec 220 nm



MEA

GHENT
UNIVERS

on-chip power [dBm]

on-chip power [mW]

1

SUREMENTS

15.0°C
20.0 °C

111

25.0 °C
30.0 °C

8.0 Q

% 50 60 70 80 90 100
current [mA]
0 .
1=90 mA 1
T=20°C
—10} ]
kL = 2.6
SMSR =33 dB
20}
-30| |
...... A
—40
1550 1552 1554 1556 1553 l5b0 1562 15%4

wavelength [nm]

1566

0.8 —

0.7

wavelength [nm)]
(1558 +)
(=]
.

0.0135 nm/mA

e e measured
— fitted line ||

80

85

90 95 100
current [mA]

]65 Ii[]

3.0F

wavelength [nm]
(1557.0 +)
o 2
= wn

—_—
N
T

0.5

0.09 nm/°C

& ¢ measured
— fitted line

14

20 22 24 26
operating temperature [“C]

28 30

32



Gain medium

Mirror Mirror
Electrically pumped

Current source

G Imec



DBR LASERS

L 1 1 |

InP InGaAs QWs BCB SiOx  Si

S1-400

Full coupling
-
3.2m] :
I I I Grating couj
Si single-mode Adiabatic Si ITI-V
. . DBR
waveguide alignment tolerant taper p-contact
n-contact n-contact
3 um wide Si waveguide 220 nm
Partial coupling
!
T S

Adiabatic I1I-V alignment tolerant taper Adiabatic Si waveguide taper

Symmetric DBR lasers to study the effect on the threshold current due to lateral misalignment
I

G Imec



PIC LAYOUT

DBR lasers

Array of similar DBR lasers are micro-transfer-printed individually
» To study the effect of micro-transfer-printing process on the performance of the lasers
(threshold current)
— » Misalignment between SOA and Si waveguide can introduce additional losses in the

T cavity and increase the threshold current

G Imec



-V CHARACTERISTICS

25}

20t

voltage [V]

15}

1.0

Mean Resistance = 9.6 Q)

full coupling
20°C

GHENT
UNIVERSITY

20 30 40 50 60 70 80 90 100

[TmA]

3.0

25}

1.0

0.5

Mean Resistance = 10.1 Q

partial coupling
20°C

20 30 40 50 60 70
I[mA]

Since the SOAs are identical and processed together on an InP die
» They have nominally identical differential resistance

“umec
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L- CHARACTERISTICS

1.0 1.0
00
. —_ - - o
= Full coupling = Partial coupling o°
B os E o3} o
o) 3,
g §.. OOOO e
o] 0@ 0g
2 06 2 0.6 o o
g‘ oa® .o..oloooz.ol" g.. Oo....° o
o vas . o. Ll o OO..
:_0-: o.... ° o ) n. %00, ﬁ OO..
i 0.4+ o'”.....O' : 0g88 880098 .00 0ot 3 0.4+ '.:....oo..ooooooos.¢
=) %® ,8000° o 'O... o ® ..‘ o °oo
-8 .... .... .588880000090'20000000588& '%D ...B oge l.o:h
7 ® ......a'g ooo0® o v - ....'.....|
(=5 00. osdoe Ogeeeee® L i =% - ul"l"“'o
= 02 . o0 OQQQB © oooOo 0800, o"‘ = 0.2 o° Y o... s
Q *] .: 30 OOO Cppp0® 86 8 QQ. O ® 1] oOOOOOO 00 (
: "o' 09098000 000000  eeeeeeee®® i e” o8 ° ooooooogooo 88325
5 . '. g §8 000eee0000 88000000 g ogee®’ 888800 o
’ 8886 O .oooo =} L] 858 ** ....OoooooooaooOoooooq
Bl ... 688 . ] ‘ 0 g ee...‘gssgooog.o
40 50 60 70 80 90 100 40 50 60 70 80 90 100
Bias current [mA] Bias current [mA]

Mean threshold current =51 mA
Standard deviation = 3.24 mA

Mean threshold current = 60 mA
Standard deviation = 5.31 mA

» Large spread in the I, and slope efficiency of partial coupling DBR can be attributed to the variation of the

— confinement factor in the QW with misalignment
i > Moreover, as various transversal modes are supported in the gain section, this can cause the spread to increase

GHENT further.® l.l.nec
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MISALIGNMENT CALCULATION

High-resolution microscope images edge detection of 111-V and Si Center-line calculation and fitting
43 nm per pixel waveguide
focused on SOA

[11-V waveguide center line

. |
1
) .
s 1
! H
b H
i i

focused on Si waveguide

Silicon waveguide center
line »




THRESHOLD CURRENT AND MISALIGNMENT

80 T T T
+ -¢ Partial coupling
701 . e - Full coupling
. »

r -~ » 1 \\ ,'

60‘ \~'¢ \\ 1 \\ '.'
’.-' ‘ “ [ IR R * \\ ,’

rd . J. ------- . ' N

50 \\ T (N T y. - - -.: T e

Threshold current [mA]
w A
=

g ]
==}
T

[a—y
e
T

00 100 200 300 400 300 600 700 800 900

Lateral misalignment at the taper tip [nm]

» Misalignment and the threshold current shows no correlation which corroborates the alignment tolerant design
of the adiabatic couplers.

== > Furthermore, the effect of misalignment is insignificant on the loss as compared to the waveguide loss (~ 40
I : : :
CHENT dB/cm) ip the 111-V-on-Si waveguide.

UNIVERSITY I.Tr' e c



FUTURE OUTLOOK

» Adding contact pads to the coupons for electrical testing and to
eliminate processing steps after printing.

» Integration in complex foundry platforms such as ISSIP50G and
Ligentec low loss SIN platform

» Integration of best of class devices from multiple material systems
such InP lasers, LiNbO; modulators, and low loss SIN waveguides.

GHENT
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PHOTONICS RESEARCH GROUP

Bahawal Hag
PhD candidate

E  Bahawal.hag@ugent.be [l @PhotonicsUGent

[l ©@Bahawal_haql9
B bahawal-haq

dhank you fox your attention
www.photonics.intec.ugent.be
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