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Birth of the Integrated Photonics Concept
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Silicon Photonics: the most Successful Integrated
Photonics Platform

100G CWDM4 QSFP28

Modulator Optical Transceiv
}
Ll RS

Photodetector 400G QSFP-DD
Optical Transceiver

(Courtesy Intel)

Co-packaged photonic Industry first 1.6Th/s switch with high

Intel Si microring engine using Si MRM density integrated optics
modulator

‘\\0

o e
v‘\g(\é‘\ -

» Fathololoumi, S., Hui, D., Jadhav, S., Chen, J., Nguyen, K., Sakib, M.N., Li, Z., Mahalingam, H., Amiralizadeh, S., Tang, N.N. and Potluri,
H., 2021. 1.6 Tbps silicon photonics integrated circuit and 800 Gbps photonic engine for switch co-packaging demonstration. Journal of
Lightwave Technology, 39(4), pp.1155-1161.
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Conventional silicon modulator based on Heterogeneous Integration with Silicon

Mach-Zehnder interferometer (MZI) Photonics
Poly-Si
b) 20+ Lmzm
CWiInaser ?)ztta
z ,
% 6 lx()nm‘
8 5 Forward resistance:
R=490Q
0
= 0 ! < Accumulated electrons n-inGaAsP
Voltage (V) \ | membrane
(Green, W.M. et al., 2007. Opt. express, 15(25), pp.17106- N \ I’ j ]
17113.) ST
P ros: Si substrate
« Mature technique s
« Fast speed (10~50GHz) o .
 Linear response i
 Broadband operation O
ITO
Cons:
« Large size: hundreds of um~mm
« Low electro-optic efficiency Graphene A
» Large energy consumption: ~pJ/bit —

Au

Not suitable for on-chip interconnects — o e

Si0,




Outline

 Introduction to Transparent Conductive
Oxides (TCOs)

] Heterogeneous Integration of TCOs with
Silicon Photonics:

» Ultra-compact and energy-efficient Si-TCO
nanocavity modulators

» Broadband Epsilon-Near-Zero Plasmonic
Electro-Absorption Modulators

d Summary and Future Work
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Transparent Conductive Oxides (TCOs)

Typical TCO materials: highly conductive metal oxides such as indium tin-oxide (ITO),
aluminum-doped zinc oxide (AZO) and gallium zinc oxide (GZO). The free carrier
concentration can be dynamically controlled by an applied voltage

= Naik, G.V., Shalaev, V.M. and Boltasseva, A., 2013. Alternative plasmonic materials: beyond gold and silver. Advanced
Materials, 25(24), pp.3264-3294.

DC sputtering for TCO deposition

Te ™ ; :
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e Sputtering: compatible with silicon
photonics processing, ultra-smooth
surface

* 80nm ITO film on quartz Oregon State
* Surface Roughness: 0.38 nm UNIVERSITY




' i K=|Aelel/(AN
> Unique Optoelectronic Features: |Ac/z|/(4Nq)

o 3
N
* Degenerately doped: 10°~10%! cm3 _§ N n-Si n-InP
*  Highly conductive through oxygen vacancy £ —P'gi _gc?o
o n-Ge —
doping, no ion-implantation is needed § E n-InGaAsP Graphene
e Strong plasma dispersion effect 5 4]
e Ultra-large change of refractive index @ ;
*  Epsilon-near-zero (ENZ) materials at telecom g =2
wavelength range Lf
L o
s 107 108 10" 10%°
Drude Model O Carrier density purturbation AN, (cm™)
wg - F ler di ' fficient:
Relative permittivity: & = €co + - ree carrier dispersion coeitricient.
w(w + i)
, N dAe/e q 1
N —_ — = " —
Plasma frequency: 2 = 9 0AN,  goeym*w?  qNgyz
Egm*
q v TCO wins because of the combined

Collision frequency: T =

advantages in plasma dispersion
High frequency permittivity: &, eﬂ‘ect and process com patlb'|l|ty with
plasma collision frequency: [ silicon photonics: by sputtering

Free carrier concentration: [\ deposition
Cc
Effective mass: m™ oregfm vszl:gir:?

_8-
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ENZ-Enhanced Electro-Absorption
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ENZ-induced field enhancement

DJ_,ITO

DJ_,ITO = DJ_,D

l&p |

EJ_,ITO > T

l&rol

EJ_,ITO

1,D

_ Im(e)

a =
€]

a reaches the peak value at
the ENZ wavelength
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Active
In,0,

-0.25
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TCO-based ENZ Electro-absorption (EA) Modulators

Hybrid plasmonic-Si waveguide

Plasmonic slot waveguide

lon impfanted Si —*
TCO (In,05)

A of

£ W=

c

2 -0t Y 12
E ¥ L=5um <

2 -15f  1=20um b )

£

2
= Control (no ITO) 2

20+ o Current (L=20 pum) o
= lo
-25

-2 0 2 4
Voltage (V)

(Sorger, Volker J., et al. Nanophotonics (2012))
«  Extinction Ratio (ER): 1dB/um

Base contact (Al/2% Si)

(Wood, Michael G., et al. Optica (2018))

Extinction Ratio (ER): 1.6~2.5dB/um
2.5Gb/s data rate

Current (nA)

voltage (+)JUUL
p

[@8er beam

l(t?550nrn)

=

voltage (+)
JuuL

(Lee, Ho W., et al. Nano letters 14.11 (2014))

»  Extinction Ratio (ER): 2.7dB/um

Au WHfO, W ITO

(Gao, Qian, et al. Photonics Research 6.4 (2018))

«  Extinction Ratio (ER): 1.5dB/um
e 40MHz

1~2.7dB/um Extinction Ratio (ER) is achieved through epsilon-near-

zero (ENZ)-enhanced absorption

Oregon State

UNIVERSITY
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Oxides (TCOs)
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Silicon Photonics:
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- _________________________________________________________________________________________
Hybrid Si-TCO photonic crystal nanocavity E-O modulator

Vaate|

ITO

=  TCO/Insulator/p-Si MOS capacitor

= Metal free structure: low loss

=  High Q/V,,.4 (Purcell factor) resonator

= Footprint: 0.6 X 8 um?

= Active volume: width X height X length =
0.56pum X 0.28 ym X 0.375 uym
= 0.06 pm3 (0.02A3)



» Energy Efficiency of Silicon Resonator Modulators

General model of free-carrier-driven silicon micro-
resonator modulators

: oot TN Key design factors:
BRIl « Active materr]lals. Si, Ge, llI-V,
light input A light output TCOs, graphene, etc
optical r ntator

* Resonator design: micro-

éhf%ge Tt ring, micro-disk, photonic

| crystal nanocavity

» Electrical configuration: PIN

electrical optical injection, Reversed PN
input Modify free Change Detune P . . .
e material optical e output junction, and MOS capacitor

distribution RS

frequency
ne +n’,e’

Capacitor design
(Electrical configuration)

Active material Resonator design

= Li, E. and Wang, A.X., 2019. Theoretical Analysis of Energy Efficiency and Bandwidth Limit of
Silicon Photonic Modulators. Journal of Lightwave Technology, 37(23), pp.5801-5813.

Oregon State

UNIVERSITY
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» Energy efficiency of resonator modulators

Purcell factor

log,o(02E,;) (J/bit)

-11

-13

-15

100 fJ/bit

-17

0.1 1 10 100
Capacitance (fF)

Purcell factor: a large Purcell factor increases the

energy efficiency.

Capacitance: a large capacitance induces more
charges and will improve the energy efficiency.
Electro-optic field overlap factor o: when o
equals to 1, the modulator reaches the maximum
efficiency. To maximize the energy efficiency, a
should be as large as possible.

* Overlapping factor:
[ eAN q|E|*dv
- Qcmax(e|E[?)

(04

* Purcell factor: .
3 (A\ 0
F=—(=] —
Am?\n) V,,

* Energy per bit:

1 1 2)>2
Ep;y =—=CV?2 = _M
4 4 C
o (qNENZ)?
o a?c
Q: Q-factor

V,,: mode volume

Q. total change of free carrier
C: capacitance

V: applied voltage

UEEEaL
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» Comparison of different resonators |-

Micro-disk

Micro-ring

== micro disk, intrinsic Si

micro disk, p-Si N,=10"8cm™3[
== micro ring, intrinsic Si .
" micro ring, p-Si N,=10"%cm | 10°1
10°§|—=—pPcC nanocavity 64
. . Wi o
£ | 10°
TR B
"'0-104_Fp=104 . :' 1 1024
z ' [ 101 -
[ ] 10°
103 fF,=10° .~
=10 AF,=10 10"
0.1 1 10 100
Mode volume V,, ((A/ng;)3)
104
o
W ~

~

_ micro-disk

0.1 1 10

Capacitance C (fF)

100

Purcell factor (Fp)

PC
nanocavity

]micro—disk
micro-ring

0.1aJ/bit_logio(a®Eyy) (J/bit)

= Nanocavity offers the highest energy
efficiency to ~10aJ/bit due to the ultra-

Oregon State

large Purcell factor

UNIVERSITY
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> Bandwidth limit of silicon modulators

@) |

PIN Carrier Injection

Depletion region
(b) p g
=1 @ [@fa
P S0l N

Reversed PN junction
(c) o N
P l@essessses ' Cate oxide
| T e L e

MOS Capacitor Structure

Intrinsic trade-off between bandwidth and

energy efficiency:

= High Q-factor: more energy efficient, but longer
photon lifetime

= Large capacitance: more energy efficient, but
longer RC delay

MOS
10nm5qm
n r
() junpction ,&,SIOZ

l0g10(fas) (HZ)

abuel Joyoe; O |e1dA)

10* 10° 10 10"
(9) RC time constant zz¢ (ns)

l0g10(tre )énS)

10k il
10°° 102 10
sk 8
L -1
6k 4 - P
€ Bs >
S 4k .,
<} Yav
~l - -3
x A (a)Si/SiMOS gate oxide
2k v (2)SiinGaAsP MOS | g 10nm SiO, 4
* (b) SiITO MOS :
® (c) Si/graphene MOS ; 2:: f"fgz »
m  (d) lateral PN junction | --=----22
® (e) vertial PN junction | ™#PN junction :

0.1 1 10 100
C/L (fF/um)

Oregon State

UNIVERSITY
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I
Mechanism of ultra-high E-O modulation efficiency

 Electrons accumulate at
TCO/Insulator interface

« Holes accumulate at Si/Insulator

Interface

Cavity resonance tuning

Optical absorption

o

N
o

N
o

Ne im0 in accumulation region

——6.4x10%cm™ (ENZ)

Normalized Transmission (dB)

-30
15

400 15405 15410 15415
Wavelength (nm)

0

-Vgate

Carrier induced permittivity variation:

A& o = A& 1o IA‘92_|To
A&,

Agl_Si AgZ_Si

Real part of Imaginary part of
permittivity variation permittivity variation

« Both materials contribute to E-O modulation;
* Both the real and imaginary parts of permittivity
change contribute to E-O modulation




1 €
. 25 ‘ 8|To [TO.ENZ
Effect of gate oxide RN Gate Oxide
/ ! —— 20nm SiO,
= Carrier accumulation is only 207 ! _:m i:oé
determined by the electric — | Enm HO.
) . S 151 1 nm HfO,
displacement field: D, > !
® : _.©
= We can scale down the operation 10+ P
voltage and energy consumption by: ' el '
- Reducing the gate oxide thickness > A/:/?*"’V
- Using high-k material as gate oxide 0|5 R

0 10 20

30 40

50

60

D,,/¢, (MV/cm)

70 80

5.8
8.5

2.37x1020 1.09x1013 10.5
3.94x10%0 2.17x10%3 20.8
31.0
20 13
5.65x10 3.26x10 (breakdown)
7.46x1020 4.35x1013 4.2

(breakdown)

11.2

(breakdown)

(breakdown)

1.6

2.2

2.8



Summary of PC Nanocavity Modulator Design

Proof of concept

= Siridge waveguide

= Contact strips for
ground electrode

= 20 nm SiO, gate oxide

= |TO gate

= Li, E, Gao, Q., Chen, R.T. and
Wang, A.X., 2018. Ultracompact
silicon-conductive oxide nanocavity
modulator with 0.02 lambda-cubic
active volume. Nano letters, 18(2),
pp.1075-1081.

Low voltage, Low energy

consumption

HfO:2

= Siridge waveguide

= Contact strips for ground
electrode

= 10 nm HfO, gate oxide

= In,04 gate

= Lij, E.,, Gao, Q., Liverman, S. and
Wang, A.X., 2018. One-volt silicon
photonic crystal nanocavity modulator
with indium oxide gate. Optics
letters, 43(18), pp.4429-4432.

High speed design

Si slab waveguide: partially
etched Si slab for ground
electrode with reduced series
resistance

16 nm HfO, gate oxide

ITO gate

Li, E., Zhou, B., Bo, Y. and Wang, A.X., 2021. High-
Speed Femto-Joule per Bit Silicon-Conductive
Oxide Nanocavity Modulator. Journal of Lightwave

Technology, 39(1), pp.1
Oregon State

UNIVERSITY

-19-



> Fabrication of TCO modulators

(@)

(b)

()

Silicon waveguide, nanocavity, and grating
couplers are patterned by two steps of electron-
beam lithography (EBL) on diluted ZEP520A
resist, followed by reactive ion etching (RIE).

e
¥
+
el
F-'-

The active region and contact region are
selectively implanted to equivalent dopant
concentrations of 5618 cm= and 1e20 cm-3 at top
50nm thick silicon layer. After the ion implantation,
the dopant is activated by rapid thermal annealing
at 1000° C for 10 seconds.

HfO2

—

10 nm thick HfO, layer is deposited using atomic
layer deposition (ALD)

(d) 10

ITO gate layer is pattern by EBL on ZEP resist.
20nm of ITO is RF sputtered under O,/Ar mix
gas flow with 2% O,, followed by liftoff process.
Then the sample is treated with O, plasma for 5
minutes to increase the carrier concentration.

The HfO, at silicon contact region is removed
by Buffered HF.

(f) Au/Ni

5nm Ni/ 200nm Au electrode is patterned to
form ohmic contact on both p-silicon and ITO.

Oregon State

UNIVERSITY
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Energy-Efficient E-O Modulation: 20nm In,0,/10nm HfO,/p-Si

~

(b)

(a

= 07 Voate (V), -1.0 : : : 4000

aQ 0

E 5. ~——-(1) 5 withi)‘u\t’(lnzo3 gate -0,8—7“ 13500

@ A — =

£ .10+ £ 061 13000 £

2 £ 8

s = 8

=15 S -0.41 12500 @

N

T -204, -0.2- 12000

g —

° K

Z-25L : ; 0.0 : 1500
1544 1545 0 -1 -2 -3 -4

Wavelength (nm) Vgate V)

(@) (d)

— sV ' m  [——ERat1545.46nm

% gate 0 % B -15{—=— peak transmission drop

: 0- -0.5 — o — o

=] -1 ©

2 15 = 101

: _5_ :

=) — 2. —

0] 5

E —-35 =

154 —— -4 |L< 04

1544 1545 1546 1 0 V'1 \2, 34 In0; M si I Buried oxide
Wavelength (nm) gate (

= E-Q efficiency: 250pm/V

= Modulated Q-factor: 3,700~1,800

= Extinction ratio @A=1545.6nm: 16dB/4V
= Energy efficiency: 3f)/bit




(a)

Input (a.u.) @

Output (a.u.)

T T T
-1.0 -0.5 0.0 0.5 1.0

High-Speed E-O Modulation: 50nm slab waveguide design

unable laser Polarization T
controller o DUT rating coupler
I
:\u i—l_._._l—nmfg
1
Bias Tee - _A_'_I i
i b e infinity
DC bias L probe

Electical
signal generato

sync

aVaVs

Time (ns)

Signal "1 0 0 1 0 0

Rise time (depletion): 0.135ns
fall time (accumulation): 0.18ns

100ps/div

100ps/div

Transmission (dB)

-10 4

-15 4

-20 4

25

T
71pm/V

1 Bias

ov

-1V

-2V

] -3V
—_— 4V

£ T
1537.5

T T
1538.0 1538.5

Wavelength (nm)

Q factor: 5,200
Tuning efficiency of 71pm/V
16fJ/bit energy efficiency

2.2 GHz 3-dB bandwidth
3Gh/s and 5Gb/s modulation
rate




E-O Modulation Bandwidth Analysis

Optimization

Increase node match
p++ doping density
Improve ITO
Current Device gon.d“.cuv'ty .
. ptimize electrical
« Measured speed: ~2.5 GHz design (reduce ITO
Rising time: 0.18 ns conduction path)
* R /2:~1kQ * Cyos: 15fF
e R'TO ~5.8 kQ ¢ 10nm HfOZ
ITO resistivity: 1.4 X103 Q-cm <ivi7
* Cuos (16nm HfO,): 11.2fF Estimated speed: ~13 GHz

UEEEaL
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Van Campenhout et al., “Low-Voltage, Low-Loss, Multi-Gb/s Silicon Micro-Ring Modulator based on a MOS Capacitor,” in Optical Fiber Communication Conference, 2012, p. OM2E 4.

4. J.
5. X. Xiao et al., “25 Gbit/s silicon microring modulator based on misalignment-tolerant interleaved PN junctions,” Opt. Express, vol. 20, no. 3, p. 2507, Jan. 2012.
6. E.Li

, Q. Gao, S. Liverman, and A. X. Wang, “One-volt silicon photonic crystal nanocavity modulator with indium oxide gate,” Opt. Lett., vol. 43, no. 18, p. 4429, Sep. 2018.

How to further improve the energy efficiency to atto-joule/bit?

M. R. Watts, W. A. Zortman, D. C. Trotter, R. W.
Young, and A. L. Lentine, “Vertical junction silicon
microdisk modulators and switches,” Opt. Express, vol.
19, no. 22, p. 21989, Oct. 2011.

E. Timurdogan, C. M. Sorace-Agaskar, J. Sun, E.
Shah Hosseini, A. Biberman, and M. R. Watts, “An
ultralow power athermal silicon modulator,” Nat.
Commun., vol. 5, no. 1, p. 4008, Dec. 2014.

P. Dong et al., “Low V_pp, ultralow-energy, compact,
high-speed silicon electro-optic modulator,” Opt.
Express, vol. 17, no. 25, p. 22484, Dec. 2009.

10000 —
] 10aJbit - . B micro-disk
] - @ micro-ring 0s _‘1
] ) - A PC nanocavity |
o R 1 = O
= 1000 4 K' Ry " ' """"""" A [6] e gate
5 ] o
8 | [1] 0
@ --g -------- T i » o = b
g ~100fJ/bit ] 2 3 2
= 100 4 o 2] -
] = » Increase the overlap factor between the optical mode
-~ N o and the free carriers
[opabt “m-----@ [38] = New cavity design with slot waveguide: 10% -> 50%
o B s 5] = Expected energy efficiency: 120 aJ/bit
0.1 1 10 100
Capacitance (fF)
Capacitor Vi, . Overlapping
Rel /resonator type Q-factor ((A/ng)3) Fo S factor o 1.
| VerrEPNBRen 15200 | 446 | 2588 | 20 | 61 8%
) | verpeNBncten 18170 | 682 | 2025 | 17 | 0.8 4% |
B | e | 14500 | 3629 | 304 | 50 | 50 a6% |
[ e | 3500 | 2120 | 125 | 320 | 180 23%
5] | M PRt | 29400 | 105.74 | 211 | 66 | 66 51%
B | e ooy | 3700 | 059 | 4765 | 13 3 10%

Oregon State

UNIVERSITY
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Outline
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Oxides (TCOs)

] Heterogeneous Integration of TCOs with
Silicon Photonics:

» Ultra-compact and energy-efficient Si-TCO
nanocavity modulators

» Broadband Epsilon-Near-Zero Plasmonic
Electro-Absorption Modulators
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1 Broadband Hybrid TCO-Si-Plasmonic EA Modulator

« Waveguide length =5 um

 TCO thickness = 20 nm

* Au thickness = 100 nm

« Waveguide width = 300 nm
Waveguide width = 450 nm

/

grating
coupler

. r e
FAEL pR
S pfe S s g
4 3 roundc
Bz S ioacs ity
" .
i o ]
Nal .
a X 3 ey
e : ¢
1o 29
L ] 4
- e
E ‘g
.
v b

§l
grating

coupler

N

o}
b

UEEEaL
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Broadband EA absorption and AC modulation

4 —W=300 nm T i . : | I
— —W=450 nm 3 —yTTS
= L)
o ? = ]
g
5 S 1 | |
S 0 005 01 015 0.2
g 1 Time [us]
i

0 : L b s N

1450 1500 1550 1600 Rise time (10% - 90%): 6.5 ns

 Bandwidth: 55 MHz
Wavelength [nm] . Speed is limited by the large series

_ _ resistance from the lightly doped silicon
Uniform E-O modulation from conduction strips

1470~1570nm wavelength . capacitance: ~110 fF

Only limited by the bandwidth of the . Estimated energy consumption (CV2/4):

waveguide grating couplers 110fJ/bit (2V,,)

» Gao, Q. Li, E., Zhou, B. and Wang, A.X., 2019. Hybrid silicon-conductive oxide-plasmonic Oregon State
electro-absorption modulator with 2-V swing voltage. Journal of Nanophotonics, 13(3), UNIVERSITY
p.036005.
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1CO

partially etched silicon slab
10um

meta! contact on Si metal contact on Si

-~

Joutput 1‘iberg
TCO/Au gate "

Improve the EO modulation bandwidth by the
reduction of the Si WG series resistance:
» Use patrtially etched Si slab instead of

conduction strip
» Highly doped Si conduction path

= Zhou, B., Li, E., Bo, Y. and Wang, A., 2020. High-Speed Plasmonic-Silicon Modulator
Driven by Epsilon-near-zero Conductive Oxide. Journal of Lightwave Technology.

UEEEaL
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1.5GHz * Risetime (10 % - 90 %): 0.1 ns
] ' | | i « Estimated bandwidth: 3.5GHz

Optical output (a.u.)Electrical input (a.u.)

. e —1*" 4.5Gb/s
1.0 -0.5 0.0 0.5 1.0
Time (ns)
Fabrication layout - Capacitance: ~100fF || Series resistance: ~450Q
« Increase EA efficiency * Use high-u TCO
partially etched silicon slab «  Reduce waveguide width * Increase Si doping level
« Reduce device length *  Move ground metal closer

to the active region

T Y e [ Capacitance: <50fF « Series resistance: <100Q

TCO/Au gate \ v J

 Bandwidth: >30GHz

= Zhou, B., Li, E., Bo, Y. and Wang, A., 2020. High-Speed Plasmonic-Silicon Modulator orEQEHéE?.tT?

Driven by Epsilon-near-zero Conductive Oxide. Journal of Lightwave Technology.
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Outline

U Introduction to Transparent Conductive
Oxides (TCOs)

] Heterogeneous Integration of TCOs with
Silicon Photonics:

» Ultra-compact and energy-efficient Si-TCO
nanocavity modulators

» Broadband Epsilon-Near-Zero Plasmonic
Electro-Absorption Modulators

d Summary and Future Work

Oregon State

UNIVERSITY
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O Summary

Transparent conductive oxides have demonstrated tremendous potentials as next
generation heterogeneously integrated materials on silicon photonics

Research achievements in our group:

* Applied quantum-moment model to analyze TCO-based MOS capacitor

Gao, Qian, Erwen Li, and Alan X. Wang. “Comparative Analysis of Transparent Conductive Oxide Electro-Absorption
Modulators”, Optical Materials Express, 8, no.9 (2018): 2850-2862

* Demonstrated extremely compact (0.02A3) and energy-efficiency (3fJ/bit) Si-TCO
nanocavity modulator
* Implemented Si-TCO microring resonator with 270pm/V wavelength tunability with

near-zero static power consumption
Li, E., Nia, B.A., Zhou, B. and Wang, A.X., 2019. Transparent conductive oxide-gated silicon microring with extreme
resonance wavelength tunability. Photonics Research, 7(4), pp.473-477.

* Demonstrated hybrid TCO-plasmonic EA modulator with 1.2 dB/um ER and 110 fl/bit

energy efficiency covering the entire telecommunication window
Gao, Q., Li, E., Zhou, B. and Wang, A.X., 2019. Hybrid silicon-conductive oxide-plasmonic electro-absorption modulator
with 2-V swing voltage. Journal of Nanophotonics, 13(3), p.036005.

* Demonstrated high speed TCO integrated photonic devices with 2.5GHz bandwidth
and 5Gb/s modulation

Future Research Plan: High mobility transparent

conductive oxides for silicon photonics and metasurfaces
Oregon Stgte
UNIVERSITY
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Future Work: High Mobility TCO Materials for
Integrated Photonics

. lep 35 . '
* Field enhancement: E, ;7o = WEL'D ——1To
oL ITO 304 ——ino,
* At ENZ condition, |egnz| = €2 gnz E,,| ——Tno
. e a 1T
* Imaginary part of permittivity e, o< 1/u 20-
& 15,
TCO Mobility ENZ |¢| | Effective s ‘o
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Advantages of high-mobility TCO materials

» Reduce the series resistance and improve

= Reducing the driving voltage from 5V to 0.2V the RC-delay limited bandwidth Oreaon State
= Improve the energy efficiency from 200fJ/bitto = Reduce the free-carrier absorption loss gumvmm
0.5fJ/bit = Improve the Q-factor of the optical
resonators
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ESI: Electrically Tunable Quasioptical Filters
Enabled by Inverse Design of Epsilon-Near- "

Zero Metasurfaces

PI: Alan Wang,
Associate Prof., School of
Electrical Engineering and
Computer Science
Oregon State University

Co-PI: Wenshan Cai
Associate Prof., School of
Electrical and Computer
Engineering

Georgia Institute of
Technology
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Ti:In20s

Approach

= Develop deep-learning enabled
frameworks for inversely designed
metasurfaces

= Validate designs via fabrication and
characterization of passive devices

= Sputtering deposition of high mobility Ti-doped

Indium oxide (Ti:In,05)

* Nano-fabrication of ITiO/HfO,/p-Si (p-Ge) meta-
surfaces by scalable semiconductor processes .

= Spectral characterization and electric tuning of
broadband spectral responses with FT-IR

Meta-structure

Simulation Spectral response
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Research Objectives

Develop a prototype of electrically tunable, wideband (1.5~12um
wavelength), quasi-optical filters using epsilon-near-zero (ENZ)
metasurfaces

Innovation: 1) High mobility transparent
conductive oxide (HMTCO) for enhanced
ENZ effects; 2) Deep-learning-enabled
inverse design for metasurface structures in
response to customer-defined optical
spectra
Comparison to SOA: 1) Extremely large
tunability from the electrically-induced ENZ
effect; 2) Versatile on-demand spectral
properties using artificial intelligence (Al)-
based design scheme

= Projected TRL: TRL (1) to TRL (3)

Potential Impact

The proposed electrically tunable quasioptical

filters will bring transformative impact to

remote sensing applications:

= Al-based design to generate customer-
defined spectral features for dichroics,
bandpasses, notch filters, and polarizers

= Extremely large electrically tunable
wavelength response in the mid-IR range
from 1.5 to 12um

= Scalable fabrication using standard silicon photonics foundry
for large aperture, cost-effective filter array

Game-changing devices for future applications such as
hyperspectral imaging and infrared spectroscopy

Early Stage Innovations (ESI)




Oregon State

UNIVERSITY
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