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Chalcogenides & electronegativity
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Cycles of new materials and new applications

&y

New New
materials applications
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Cycles of new materials and new applications

A Vignette 1: History of Ge-Sb-Te (GST) phase-change materials

New New
materials applications

o g

Deployed in
rewritable CDs,

n DVDs and Blu-Ray
(1990s)

Discovery of
electrical switching
behavior (1964)

Renewed
development of
PCRAM (2000s)

Development for
PCRAM (1970s) > &
[STOPPED]

oday: Deploye
in PCRAM;
development for
integrated
photonics and
neuromorphic
computing

Discovery of
optical write/read
(1980s)
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Cycles of new materials and new applications

A Vignette 2: History of (Ba,Sr)TiO; (BST) tunable dielectrics

New New
materials applications

o g

¢velopment of BST t
films for high-Tc

Discovery of large
dielectric response of
BST (1940s)

and CMOS scaling (199

Renewed interest &
commercialization of
ceramic BST tunable
F dielectrics (200

Development for
tunable RF dielectrics ’
(1960s) [STOPPED]

Today: Continued
development of
BST thin films for

tunable RF

electronics

BST used extensively
in capacitors and
thermistors (1950s-
today)
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Q. What’s different today?

A. Cycles can be kicked-off by
theory-guided discovery
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Rest-of-talk

1. New materials and applications: integrated
photonics

2. New materials: photovoltaics

3. Spotlight on chalcogenide materials
processing for infrared optics
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New materials for
integrated photonics
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Integrated photonics

* Replacing electrons with photons
— Increase data transmission rates
— Reduce power consumption
— Add functionality

 Telecom to datacom (1980s-present
day)

— Implemented with discrete
photonics

— We're in the vacuum tube era!
— Integrated photonics is next
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Integrated photonics

All-optical datacom interconnects

Core
switches

High Power

consumption due All-optical interconnects
ga?tggeaste to switching and (ellmlnatlng E/O, O/E transcelvers)

O/E, E/O

transceivers

Optical links

* Replacing electrons with photons

ToR ~= ToR = _

. . switches L switches '@'
— Increase data transmission rates Sem,': ' " . ,'; ' "
1 | ervers 1 |
— Reduce power consumption 14 l_ 4
Rack Rack Rack  Rack ack Rack Rack Rack
— Add functionality Sy

On-chip spectroscopy
JJ Hu, speaking at 12:20p

 Telecom to datacom (1980s-present
day)

— Implemented with discrete
photonics

— We’re in the vacuum tube era!
— Integrated photonics is next

e Applications
— Interconnects for data centers
— Sensors
— Phased arrays for LIDAR, etc.

— Inter- and intra-core interconnects

[1] Optical Interconnects for Future Data

oup Center Networks, Springer (2013)
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Motivation and opportunity

~Cm ~mm

commercial optical optical modulator fabricated GST-based optical switch on

modulator on LiNbO; wafer [1] a Si3N4/Si02/Si integrated
photonic circuit [2]

* Integrated photonics requires materials that
strongly interact and modulate IR light

* Established materials (e.g. LiNbO;) interact weakly
with light, are difficult to integrate on-chip, or both

e GST phase-change materials proposed and
demonstrated, but are lossy and suffer from fatigue

[1] Wang, C. et al. Nature 562, 101-104 (2018).
[2] Rios, C. et al., Nat. Photon. 9, 725 (2015).
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The limits of present-day materials

Table I:
Ectablished acti Comparn e o apl e of An, 1.5 V across 1000 nm
{
?]tat ishe atctlyeI T oo
otoniC materials Femaelectrics
P : S b0, 240 4y 0001
— Electro-optic (EO) or B I
thermO'Opt|C (TO) (Sixlsiconduclnrs “ 43 0.0001 I I
switching e, Z 4 o000 Ann
— Si, Ge, GaAs, chalcogenide [ Ziime w0 1w JEFCFCIE AN
glasses m-Nitroaniline 97 29 D Q° Q\
— Switching is “perturbative”
(An K n)
 Phase-change materials
— GST, VO,, etc. .
— Switching is non- s ey Treel Ko
turbative (An~n) - e
perturbative (An~n c o,
— : DL e,
One or more phases is 400 1000 1600
|OSSV Wavelength /nm
[1] Glass, MRS Bull. 13, 16-20 (1988).

[2] Gholipour et al. Adv. Mater. 25, 3050-3054 (2013).
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New photonic materials by design

* Focus on layered (2D)

materials

— Transition metal
dichalcogenides
(TMDs)

e Structural phases

— 2H, semiconducting
— 1T, metallic

— 1T, semiconducting
(small gap)

Electronic Materials

Atomic structure of TMD phases
teal = metal, yellow = S/Se/Te

A 1H-MX, B 1T-MX,

Periodic table of TMD phases: A road map to designer

materials

18
1 2
H He
1.008 2 13 14 15 16 17 40026
3 4 5 6 7 8 9 10
Li Be B C N 0 F Ne
694 90122 1081 12011 14007 | 15999 | 18998 | 20.180
11 12 13 14 15 16 17 18
Na Mg Al Si P S Cl Ar
22.990 | 24305 3 4 5 6 7 8 9 10 11 12 26982 | 28085 | 30974 | 3206 | 3545 | 39948
19 20 21 25 26 27 28 29 30 31 32 33 34 35 36
K | Ca | Sc JAT W2H HIT § o | Fe | Co | Ni | Cu | Zn | Ga | Ge | As | Se | Br | Kr
39098 | 40078 | 44.956 54938 | 55845 | 58933 | 58693 | 63546 | 6538 | 69723 | 72630 | 74922 | 7897 | 79904 [ 83798
37 38 39 43 44 45 46 47 48 49 50 51 52 53 54
Rb | s | v 1T H2H B2H | 7o | Ru | Ru | Pd | Ag | Ca | W | sn [ Sb | Te | T | Xe
85.468 | 87.62 | 88906 ©8) | 10107 | 10291 | 10642 | 10787 [ n241 | nas2 | nsn | 12176 | 12760 | 12690 | 13129
55 56 57171 75 76 i 79 80 81 82 83 84 85 36
Cs Ba * ) 2H 2H Re Os Ir T Au Hg Tl Pb Bi Po At Rn
13291 | 13733 18621 [ 190.23 | 19222 19697 | 20059 | 20438 | 2072 | 20898 | 209 | 210y [ 222
87 88 | 89103 [ 104 105 106 107 108 109 no | m 12 TR 15 116 17 18
Fr Ra # Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og
(223) | (226) @6%) | @68 [ @ | @0 | @ | @ | @sn | @so | @85 | @86 [ @89 | @89 [ @93 [ o) | (299

Qian, X., et al. Science 346, 1344-1347 (2014).
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Predicting optical and pkas

Promising (n, k) contrast in
IR for representative
phases

— MoS, in 2H phase

— TiS,, ZrS, in 1T’ phase
Metal alloying to tune
switching energetics

DFT calculations

— Collaboration with Prof. Ju
Li (NSE / DMSE)

Electronic Materials
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Designing for reliability

e Established phase-change
materials suffer from
fatigue
— e.g. order-disorder

transition in GST

* Design martensitic (order-
order) phase
transformations for
switching light
— Fast: Timescale of lattice

vibrations (ps)

— Low fatigue: Coherent
(“military”) atomic motion

— TMDs: Slip motion of
chalcogen planes

Electronic Materials

GeTe phase-change atomic structure
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Kolobov, A. V. et al. Nat. Chem. 3, 311-316 (2011).



Work in progress

(I) Combinatorial sputtering

° Make TMD a”Oy ﬁImS, gUIdEd by  — (IT) Sulfurization/selenization

theory

— Metals deposition for well-
controlled composition

— Wafer-scale processes ,
Measuring bulk
* Physical property measurements  reference crystals

— First (??) focused study on sub-
band gap, IR optical properties of

TMDs
* Phase-change measurements

— IR reflectivity read-out

— Stimuli: Thermal, optical,
electrochemical, mechanical ot

effective n

Energy (eV)
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New materials for
photovoltaics
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Motivation for solar photovoltaic (PV) R&D

PV is market-competitive

Unsubsidized Levelized Cost of Energy Comparison
Certain Alternative Energy generation technologies are cost-competitive with conventional generation technologies under some scenarios;
such observation does not take into account potential social and environmental externalities (e.g., social costs of distributed generation,
environmental consequences of certain conventional generation technologies, etc.), reliability or intermittency-related considerations (e.g.,
transmission and back-up generation costs associated with certain Alternative Energy technologies)
Solar PV—Roofop Residental s1o7 [, <
Solar PV—Rooftop C&1 sss [ < -
Solar PV—Community sz [ ;0
Solar PV—Crystalline Uslity Scale™ sas ] ss3
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Lazard'’s Levelized Cost of Electricity Analysis - Version 11.0. (2017).
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Motivation for solar photovoltaic (PV) R&D

PV is market-competitive
but margins are low
and volatile

100% ———————f———————F———————fp———————F-———————f———————f———————
g% b e R -

60%
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20%

0%

-20%

1 |15 |1
ididCo

-40%

-60%

Median Operating Margin of Surveyed
Companies

-80%

Feldman, D., Hoskins, J. & Margolis, R. Q4 2017/Q1 2018 Solar Industry Update. (National Renewable Energy Laboratory, 2018).
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Motivation for solar photovoltaic (PV) R&D

PV is market-competitive
but margins are low and continued explosive growth
and volatile needs further cost reductions
50¢
42¢
40¢
30¢ 27¢

20¢ 18¢

10¢

LCOE in cents/kWh (2016 $)*

O¢

2010 2016 2020 2030 2010 2016 2020 2030 2010 2016 2020 2030
Cost Cost Goal Goal Cost Cost Goal Goal Cost Cost Goal Goal

SunShot 2030, U.S. Department of Energy, DOE/EE-1501 (2016)
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Motivation for solar photovoltaic (PV) R&D

Unsubsidized Levelized Cost of Energy Comparison

Certain Alternative Energy generation technologies are cost-competitive with conventional generation technologies under some scenarios;
such observation does not take into account potential social and environmental externalities (e.g., social costs of distributed generation,
environmental consequences of certain conventional generation technologies, etc.), reliability or intermittency-related considerations (e.g.,
transmission and back-up generation costs associated with certain Alternative Energy technologies)
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PV technology platforms

Unsubsidized Levelized Cost of Energy Comparison
Certain Alternative Energy generation technologies are cost-competitive with conventional generation technologies under some scenarios;
such observation does not take into account potential social and environmental externalities (e.g., social costs of distributed generation,
environmental consequences of certain conventional generation technologies, etc.), reliability or intermittency-related considerations (e.g.,
transmission and back-up generation costs associated with certain Alternative Energy technologies)
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PV technology platforms
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Photovoltaics Report, Franhoufer ISE, November 2016.
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PV technology platforms

* C-Si technologies
— Mature and reliable
S

— Segmented and energy-
intensive manufacturing

e Thin film (TF) technologies

— Significant manufacturing
advantages

— Enable low balance-of- L] b — =
systems (BOS) costs i, T —

— Lag c-Si in performance and
reliability

280 MWp/yr factory
First Solar, Ohio (2017)
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PV technology platforms

Commercial
Thin film

___________________________________________

Emerging
Thin film

Wafer Thin film
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The limits of present-day materials

1010
Present-day TF @ ® CdTe
S . . A CIGSSe
- 108 treamlined manufacturing ® C7TS
Tg Resource-constrained A GaAswafer | | lead haI.ide
= Low-BOS poss"ble ¢ MAP| — | perovskites
‘g 106 ® Cu2S
3 v . B mc-Si
~ *® tantalizing @ <c-Si
Lmu 10° PY but unstable
g Streamlined '
— manufacturing c-Si . .
10? Resource-unconstrained Intensive manufacturing
tow-BOS possible Resource-unconstrained
100 HighBOS @& =
1 10 100 1,000 10,000

Material intensity (t/GW,)
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New photovoltaic materials by design

 Chemical intuition inspires theoretical screening of
materials that
— Share structure with high-performing materials (i.e. lead halides)
— Have appropriate band gap
— Contain non-toxic, abundant elements

N

Chalcogenide perovskites
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New photovoltaic materials by design

Theoretically-predicted sulfides and selenides in perovskite,
Ruddlesden-Popper, and LiINbO; structure types
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Progress update and outlook

e Studies on bulk & single crystal samples show extremely
promising minority carrier lifetime
— An essential and challenging material metric for PV

* Materials are extremely stable

Flux-grown single crystals 15

h; A3 ¥ T
=y Jng'R?wchand n, usc Band-to-band TRPL.
. | R Generation-diffusion-
L AR = 10l recombination model
S features a bulk minority
o T o %‘ carrier lifetime 1, = 500
direct-b#an gapE,=13eV o hs, and SRV 5= 100
\ = 57 cm/s.
g 300 BZS327 |i : ;
z i o
& 200
= 100 0 ! | ! | ° e
0 50 100 150 200

400 600 800 1000 1200 time (ns)

Wavelength (nm)

Niu et al., Chem. Mater. 30, 4882 (2018)
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Progress update and outlook

* Making first-of-a-kind
chalcogenide perovskite
thin films

— NSF CAREER, 2018-

| 15
. . " —
[ ) H He
08 16
3 8
Li 0
9 1081 12011 | 14007 | 1 5999
11 16
Na s
990 3 3206
19 21 34 3
K Se 7 Fe [ Co | Ni | Cu Se r | Kr
9098 07! 44 956§ 55845 58933 | 58693 | 63546 | 6538 723 | 72630 | 74922 | 7897 9.904 | 83798
.o ] 37 38 39 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y Ru [ Rh | Pd | Ag | Cd | In | Sn | Sb | Te 1| Xe
— u u rl Za I O r] O re ra C O r ssa6s | 762 | 88900 0107 | 10291 | 1062 [ 1077 | iz | nake | s 12076 | 12760 | 12650 | 13199
55 56 5771 76 n 7% 79 80 81 [ 83 84 85 86
5 i R
13291 | Ezaad e igo oz | oo o0 | ocne | iocon | o so | onnae | oo 20898 | 209 | @0 | @222
| I letaIS (e. g. Zr) (289) (293) 29 |«

e Photovoltaics research

— Looking for support to
make & test PV test
devices
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Spotlight on chalcogenide
materials processing
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A less-common core competency

e Phase and defect control is
essential to enable
electronic devices

* Less-mature for sulfides &
selenides than for oxides
— Processing equipment
challenges
— Stinky ceramics

e Capabilities at MIT

— Thin film processing (CVD,
MBE, PVD, CBD)

— Bulk materials processing
(sintering, annealing)

CVD with process
gases ’

‘Z.‘BN unique tools for
' annealing/sintering

1\\.-‘
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Application areas

Chalcogenide materials
processing

Phase-change
materials for
photonics

Infrared
optics

Photovoltaics Thermoelectrics

aramillo Research Group
Electronic Materials
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Spotlight on: Infrared optics

* 7/nS coatings for durable IR optics ZnS: Mechanically &

100 _Magno_sium Chemlca”y durable
ﬁuonde\ Includes surface reflection losses
- //—_—— = \ from uncoated materials
80 |- ‘ >
/ AMT\IRI @‘ “
§ B Calcium r o et ':- > yo ‘\! \
fluoride -
87T o b \
§ i B \ \
2 >< 1
& G Arson \ !
: trlsulfi Silicon ‘
2 - f?.fél‘.‘d"; i 5 \ i | ZnSe: Superior
I l Germanium [ | .
;I MWIR optical
0 | | L | | - | | t
0.1 02 03 0405 1 2 3 4 56 78910 proper €5
wavelength, um From Bob Fischer

Bob Fischer and Melanie Saayman, University of Arizona
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Chalcogenide film coating: Better, faster, cheaper

* Present-day: ZnS coatings for IR optics made by chemical vapor
deposition (CVD)
— Slow, expensive, limited availability (e.g. Tuftran, by DOW)
* Traditional alternative: Physical vapor deposition (PVD)
— Slow, uncertain quality
* Proposed alternative: Tape-casting
— Fast, inexpensive, provides design flexibility
— Enabled by advances in nanoparticle and chalcogenide processing

capabilities
— Looking for support to develop this solution
o
D0y s 9,0 o0 ° E/—'
film (e.g. ZNS) wp |_l
substrate ‘ \ ‘ \
(e.g. ZnSe) CVD PVD tape casting
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Thank you for
your attention!
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Jaramillo Research Group
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Minority carrier lifetime and PV
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