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IMEC IMAGING TECHNOLOGIES So wwwimecint.com/infrared

BSI CIS SWIR ToF Fast ADC design IP

High-sensitivity Components for LiDAR High-speed custom chip

Drivers + readout design IP
. I High-speed custom chip
Thin-Film PhotoDetector

for hi-res/low-cost infrared \
NIR SPADs

Special epitaxial Iayers [ High-sensitive SPADS for dToF
High Near-Infrared sensitivity l]]] e c
. Burst / gated pixel
Spectral filters (VIS to IR) High-speed custom chip

Interferential hyperspectral filters

TFPD sensors

-V wafer CCD-in-CMOS

o Die stitchin :
reconstitution High-resolution 3 High-speed, low power
High-resolution SWIR chip custom chip
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http://www.imec-int.com/infrared

ASTRONOMICAL INFRARED IMAGING

Drag button to views of the Eagle Nebula, 7,000 light years from Earth Telescopes cover different pal’ts Of the
Image made with visible light Image made with infrared electromagnetic Spectrum

JAMES WEBB

Observations in the near
and mid-infrared

Ultraviolet Visible Infrared Radio

HUBBLE

Observations in ultraviolet,
visible and near-infrared

Images: Nasa BEE Source: Esa els]c]
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TFPD (THIN-FILM PHOTODETECTOR) OPPORTUNITY

CIS

visible

TFPD
Y-X-UV-Vis—IR

1I-V / 1-V1 | hybrid
IR

v high maturity
v high throughput
>6B units/year!
substrate: 200-300 mm
v low cost
singe $ per camera

x no SWIR EQE
0% in SWIR

v small pixel pitch
SotA CIS 0.56 um

“mmec

new technology
potentially high throughput

monolithic wafer-level flow
target substrate: 200/300 mm

potentially low cost
target: 10$ — 100$ (with volume)

v good SWIR EQE
~60%

v small pixel pitch
<2 uym

i

CMOS ROIC
8”/12”

v high maturity
x low throughput

~ 10K units/year
substrate: 3-4 inch + flip-chip

x high cost

several K$ per camera

v high SWIR EQE

80-90%

x large pixel pitch

SotA InGaAs 5 ym
InGaAs epi
; InGaAs PD /;

37/ 4”

CMOS ROIC
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QD ULTRA-SPECTRALITY
FROM Y-RAY TO LONG-WAVE INFRARED

Radiation Spectrum High energy photon to electrons
Non-ionizing radiption lonizing radiation 5.l
) A
Photo Photon - [ess
radiation energy | | |l | | | 1 1 | 1 | <) oo
10™¢ 103 102 14~ 1 10! 10*  10* 10* 105 10° 107 10f o @
(eV) > e w % +4+4
B ) A M A - +/¢++§
Infrared rays Ultraviolet rays Hard X-rays & % il//
i — L
Visiple spectrum Soft X-rays € | :
Gamma-rays Time
Nat. Photon. 16, 14-26 (2022)

QDPD Detectable Photon Spectrum Thicker PD detects high-energy photons

Mater. Adv., 2021, 2, 6744-6767

Attenuation

Ultra-spectrality can be realized by printing different

thickness of QD for corresponding color unit pixel - N

J. Park (Ed.) Photodiodes - World Activities in 201 |
RESTRICTED
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PROCESS DEVELOPMENT



QUANTUM DOT IMAGE SENSOR
“MONOLITHIC HYBRID” INTEGRATION

QD absorber 3
; &
=
(/]
. 0 .
encapsulation 2 —> customizable spectrum
top contact :'é e.g. EQE peak at 1450 or 1550 nm
<)
ic
o
ETL or HTL
bottom contacts O
2 —> customizable readout
E e.g. 2 um pixel and 4K resolution
contact pads g
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QUANTUM DOT PHOTODIODE
CAPTURING A > 1400 NM IN A 300 NM THICK FILM

QD absorber
o

encapsulation

top contact

photodiode stack

Bottom Reflective Contact

ETL or HTL

200 nm

bottom contacts

contact pads
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QD IMAGE SENSOR
SPECTRUM CAN BE CUSTOMIZED WITH TUNING OF THE STACK

% 80 —t -
& 940 nm 1450 nm
encapsulation é g 60 | 550 nm
top contact 'g > ¢ 15
{6 s TP SETRI %
2 7 40 AL
Q. R :
ETL or HTL 8) I’ H *
- G | i
W 20 |---apg4o 8
— ap1450 : [
bottomcontacts =~ J | |eseees QD1550 \ :
400 600 800 1000 1200 1400 1600
contact pads Wavelength [nm]

- eSWIR possible

(and beyond!)
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Pixelation - Wafer Level TFPD Stack Patterning

Post TFPD stack deposition Post TFPD Pixelation Litho (DUV)

HIL

W ‘Photo active layer

ETL

Bottom Reflective Contact

200 nm

——————-—-—.—-—————-—-—m'—-
EREEEEEEE RN RN RN R R

TFPD stack pixilation demonstrated at wafer level

*More details to be shared duringVLSI 2022
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QD image sensor

Readout can be customized for a certain form factor Size of aVGA array
(640x480 px)
CIS monolithic —
pixel pitch: -
0.56 pm (SotA) 0.4 mm
encapsulation
top contact
QD monolithic S 7 Full-WF Single Chip:
pixel pitch: «— Sensor Area 20,000 mm?,
ETL or HTL _ [.82 pm (imec SotA) 12 mm 6 Gigapixel (8 inch WF)
(%)
e ST 7]
bottom contacts o InGaAs ﬂip-Chip p 4
% Pixel PitCh: té;:::::::::::::::::::6”3'
38 I5 pm (SotA 5 pm) —
4:.; 3.2 mm
contact pads o
5!
o
0 - -
- 9.6 mm
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or Design and Characterization



J. Lee etal., IEDM paper 16.5 (2020) DOI: 10.1109/IEDM13553.2020.9372018
V. Pejovi¢ et al., [EEE TED (2021) DOI: 10.1109/LED.2021.309308I

Customer ROIC designs

- Custom readouts and camera build

Genl Gen?2 Gen3
Al

- Pixel architecture study for scaling

3T CTIA

RST
_|

SF | PD + Amp. with feedback cap.

Pixel Structure PD + 3 transistors (RST, SEL, SF) |'SE|_ + Buffer and switch

Pixel pltch 5
= 768x512 128x128 768x512  px

- - 84 63 82 dB
Pixel scaling Good Not good 470 168 325 Ker
Power L 03 02 33 pAfcm?
G Good Not good (constant biasing for amp.) =T B 5 o
1.3 1.8 24 %
e Variable =» Linearity Stable 1400 1450 nm
High voltage =» Dark current Low voltage 13 40 %
amic range; FWC: full-well capacity; Jp: dark current density; RN: read noise;
oto-response non-uniformi o eak wavelength; EQE: external quantum
Conversion gain Good for scaled pixel size Good for large pixel size
. . . Additional noise source (amplifier . ixel <2 um: enabler for compact (yet hi-res) sensors
Read Noise (RN) Good for scaled pixel size - ( . P ) P H . P (y. - )
Good for large pixel size = pixel 2 5 ym: good for low-light applications
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High quality imaging in SWIR

Small pixel size = compact form factor + more details

“mmec

Resolution chart image acquired with imec PbS QD 1450 sensor

*SotA for InGaAs imagers

(within 24 months)

purchased off-the-shelf

they burmn up in the
atmosphere upon reentry

Credit: CSA



TRANSPORT LAYER CONDUCTIVITY VS. BLOOMING

Less conductive (Less laterally mobile), Less Blooming

Blooming Characterization Blooming vs. Conductivity of TLs
No inter-pixel potential difference Neighbouring pixel saturated
o 300 ] T T T 7]
TTL
& = 2501 Doped TL » 1
bt he+ bt BTL e\/
T—T—T m 200 - -
cC 1 Undoped TL 1
Saturated Saturated ) é 150 =
_______________ : Electrical Potential TTL: Top Transport Layer ] -
= : Hole movement BTL: Bottom Transport Layer 8 100
m 501 :
How to suppress X-talk of QD Imager 0] ® BTLinuse ]
I. Spectral: Uniform QD size distribution 1E-8 1E-7 1E-6 1E-5
2. Optical: PD Full Pixelation con d u Ct'V | ty (S/m)
optiest ) angseeneatic. | 3. Electrical: Pixelation, Resistive TL

IEDM (2012): 24.2.1-24.2.4.
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ACTIVATION ENERGY OF 0.41 EV FOUND
MULTIPLE PEAKS SEEN FROM 0.23 EVTO 0.43 EV (MID-BANDGAP ENERGY)

Arrhenius Plot

N
o

=
(o)

|_\
N

Slope 0.41£0.01
0.99

-Log (Dark Current)
>

R-Square (COD)

=
N

Equation y=a+b*x|

35 40 45
1/ksT (eV?)

w
o
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Activation Energy Histogram

15000 0.43 ev i
c (Prominent) {|[{I
= l
Q3 10000 035eV
E O.Ziev \‘

X 0.23 eV

= 5000

\

________ \

0
0.1 02 03 04 05
Activation Energy (eV)
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Package inspection (see-through)

TFPD image sensor validation

What have we tested?

Benchmarking
Validation of the imec camera

against an off-the-shelf InGaAs m

Security/surveillance (see through sunglasses) Wafer inspection (detection of voids after bonding)

QD imager (SWIR) CIS webcam (VIS)

gy @ \ i
1
" ~f %
\ . . ® l < .
QD imager (SWIR) CIS webcam (VIS) QD imager (SWIR) CIS webcam (VIS)
Real-time Demo (Future Summits 2022) Food sorting (stones among coffee beans) Lens-free imaging (e.g. microscopy)

e A “

QD imager (SWIR) CIS webcam (VIS) Si chi|; with channels WRimage
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Where is the industry currently?
First products are already coming to market!

(and new players entering)

EMBERIEN

Emberion (Finland)
www.emberion.com

BSWIR

VISION SYSTEMS

SWIR Vision Systems (USA)
WWW.swirvisionsystems.com

= Spectral range: up to 2000 nm
= Array size: 640 x 512 px

= Pixel pitch: 20 pm

= Spectral range: up to 2000 nm
= Array size: 1920 x 1080 px

= Pixel pitch: I5 pm

7]

ST Microelectronics (France)
www.st.com

Pixel pitch:
.62 uym

Wafer size:
300 mm

“mmec

qury

qurv (Spain)
www.qurv.tech

public



TFPD IMAGE SENSORS

R&D program at imec — technology building blocks

RL MRL Validation

It results on ADVANCED QD stack pixelation modular camera enabling

SWIR InAs QDs o= on 200 mm wafers i field testing at end users  rur
g
> -
v
= @
g ©
o
£ r 3
2 5
5 -8 CMOS-TFPD
E 8 interface
U. _
& Sum—3§
w

0 T T T T T T

400 800 1200 1600

Wavelength (nm)
1 J 1 J 1 J
“what’s next?” “how to manufacture?” “what are the specs?”
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QD SENSORS FOR ASTRONOMICAL IR IMAGING
Highly Scalable IR Image Sensor

Astronomical IR Image Sensor: Observing deeper and older universe

QD Imager is enabling more scalable astronomical imaging

= Large pixel number, WF-Iv sensing area, High-resolution, Ultra-spectral imager

Imec QD Imager has shown
= QD Synthesis to PD stack development
*  Wafer-level process development

" [mager design and deep-analysis

Imec has been leading QD Imager innovation at the forefront.
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IMEC QD IMAGE SENSOR TRACK RECORD & ResE @ eon

SEnsors SPIE.ARVRMR
u Press: an Open Access Joumsl by MOP!
= Promotional v.ideo: vimeo.com/6536494 I'8 @S JEEE  Coundil ﬁ!:!ﬁs-
* IMVE magazine, 18% Feb 2021, URL: bit.ly/3e4VUUr WEST
= press release (SWIR pixel pitch state-of-the-art: 1.82 pm), 9" Dec 2020, URL: bit.ly/30ypX9y EIAPPLIED MATERIALS

INTERFACES

* imec magazine, Oct 2019, URL: bit.ly/3vCeTth
= press release (SWIR pixel pitch state-of-the-art: 5 ym), 215t Oct 2019, URL: bit.ly/3aSHghO
*  Publications:
* J.H. Kim et al. IEEE Transactions on Electron Devices (2022), DOI: 10.1109/TED.2022.3 164997
= V. Pejovi¢ et al. IEEE Transactions on Electron Devices (2021), DOI: 10.1109/TED.2021.3133191
* J.H.Kim etal. lISW 2021/, paper R40
= V. Pejovi€ et al. IEEE Electron Device Letters 42/8 (2021), DOI: 10.1109/LED.2021.3093081
= P.E. Malinowski et al. Proc. SPIE 11765 (2021), DOI: 10.1117/12.2584144
= Y. Lietal, SEMI - CSTIC, Symposium IV, Session V (2021)
= Z.Linetal, Proc. SPIE 11632 (2021), DOI: 10.1117/12.2578857
* J. Lee etal, IEDM 2020, paper 16.5 (2020), DOI: 10.1109/IEDM13553.2020.9372018
= J. Lee etal, Proc. SPIE 11407 (2020), DOI: 10.1117/12.2559949
= E. Georgitzikis et al., IEEE Sensors Journal 20/13 (2020), DOI: 10.1109/JSEN.2019.2933741
= E. Georgitzikis et al. ACS Appl. Mater. Interfaces 12/27 (2020), DOI: 10.1021/acsami.0c06781
= E. Georgitzikis et al., ISW2019, paper R43 (2019)
= E. Georgitzikis et al.,, Adv. Funct. Mater. 28 (2018), DOI: 10.1002/adfm.201804502
* E. Georgitzikis et al., IEEE Sensors (2018), DOI: 10.1109/ICSENS.2018.8589515
P.E. Malinowski et al. Sensors 17/2867 (2017), DOI:10.3390/s17122867
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