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Summary of Accomplishments

Demonstrated first example of IGZ0O-based TFT with LTPS TFT performance:
MFE > 70 and < 1V V(TH) bias stress shift operating in typical OLED/microLED pixel

B 1 B — T ETIGZORITFTSLTPS TFTIHBERY -5 -
MFE>70F0<1V(TH)AY R & N /1 £ B2 B R OLED/microLED{R Z 32 5))

a-Silicon device physics extended to define bulk accumulation mechanisms for IGZO AMeTFT
performance

a-Silicong3 YN IRY R A E X IGZ0 AMeTFTIERERI{ARFH 2 4/l
Analytics-based linkage between fiIm/processing parameters and device electrical performance
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OLED/microLED proof-of—concept pixel circuits - 0.1-240Hz variable image refresh rate, scalable
from smartphones to TVs incorporating materials system, processing fully compatible with flexible
substrates
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Metal OXIde TFT fleld effect mob|I|ty IS limited to approxmately the |ntr|n3|c band

mobility of the semiconductor

increasing the band mobility of the semiconductor
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The most promising path to increasing metal oxide TFT field effect mobi
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What Amorphyx has learned...
Amorphyx ZEEIf=......

The most promising path to increasing metal oxide TFT field
effect mobility is maximizing the metal oxide thickness at

which bulk accumulation can be realized
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Bulk Accumulation:
Maximizing Metal Oxide TFT Performance
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Potential Enerqy 2 8E

inetic Energy nI8E

2 waterfalls from narrow streams I Z 7 RS2 F

Very different amounts of energy at bottom of falls }B&fnEEPIBEEZE RE K

Why? The large difference in the distance the water travels equates to a large difference in the amount
of potential energy converted to kinetic energy
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Typical Display Industry

IGZO TFT
R B R1T
IGZO TFT

Crystalline metal

Passivation (SiO,)

Active-Layer (a-1GZ0)

Gate-Insulator (SiO,)
Gate

Source

\ Drain

Crystalline
metal

M(FE) =20 cm?/V-s 20V/3600sec/60°C PBTIS < 0.5V

Amorphyx
IGZO AMeTFT

Crystalline metal

Source Active-Layer (a-1GZ0O)
Gate-Insulator (Al203)
Gate

m_

Amorphous
metal

M(FE) =75 cm?2/V-s 20V/3600sec/60°C PBTIS < 0.5V

2 1GZ0O TFTs: same |GZO semiconductor materials, different abilities to

store energy In gate

2NIGZO TFTs: HEIMIGZOFZN 14, AERIREEFIERE
Very different “waterfall heights” .-. very different field effect mobilities

Why? The large difference in volume of IGZO contributing to I(DS),

driven by the large difference in energy stored in the gate
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Potential Energy
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Source(Mo Active-Layer (a-1GZO) Drain (Mo)
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Energy stored in gate =
“Height of the Waterfall”
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Maximizing the conversion of IGZO's potential
energy into |(DS) is the result of the energy
stored in the gate capacitance
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Plate area A
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Potential Energy {J = %C V*
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The gate capacitance electric field induces a surface potential on the |GZO material
itk BB = BRI TEIGZOM Al L e b R AR 28

Carrier concentration increases exponentially with increasing surface
potential

Fom L REMEREBEIMMmiEEIEM

Amorphous gate metal smoothness ensures highly uniform charge distribution
throughout gate insulator - maximizing the insulator’s breakdown strength
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Lee and Nathan,
“Conduction Threshold in
Accumulation-Mode
InGaZnO Thin Film
Transistors”, Nature

Scientific Reports, 6-22567,

Electrical Engineering
Division, Department of
Engineering, University of
Cambridge, 2 March 2016.
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Carrier densities [cm™)
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Figure 2. (a) Effective thickness of induced free carrier sheet (A .,) vs. V. (b) Surface potential () as a
function of Vg and (¢ ] tota l ’mduced carrier density (n,,) and ng,, as a function of @y for different g, values of
10, 20, and 30cm ‘s
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...XTLc (the ratio of free carrier density to total carrier density) shows a
similarity with the first derivative of the current-voltage characteristics, olps/
dVgs (=gm), the transconductance of the transistor, which in turn is proportional to

the field effect mobility (Urg).
Thus, Ygg Is proportional to Xtic.’

Gate electric field strength defines surface potential - .. gm, .. Ure

Gate electric field strength is defined by the gate capacitance

For any bulk mobility (ub), the ratio of free carrier density to
total carrier density transitions from linear to exponential
with respect to surface potential above threshold voltage
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Improving IGZO TFT pre through increasing gate electric field
strength applies to any IGZO material
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(a) Typical BGTC IGZO TFT structure

In a typical display industry TFT structure, only a fraction of the
available IGZO semiconductor potential energy is converted to
Kinetic energy - |(DS)
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BGTC IGZO AMeTFT
WIL =9/9 pm
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kinetic energy - |(DS)

ftﬁé &f)EE — I(DS)

Idrain (A) & V_T (V) vs. Vgate (V)
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In 1IGZO AMeTFT structure, nearly
all of potential energy in the IGZO
semiconductor is converted to
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PBTS performance on IGZO thickness.
increasing field effect mobility unique to IGZO AMeTF
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ment lots shows no dependency for SS or
his creates a degree of freedom for
- increasing IGZO

I 11GZ0 AMeTFT
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Mobility

4

Stability

\ 4

An increase in subthreshold swing is the result of a
reduction in gate control, and can be achieved using
any of the following:
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- ReddGIiRg gate- exiee €apacitance
Increasing |GZO thickness
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Order-of-magnitude increase
In gate energy storage
capacity

Mg BER == I8N

+

Uniform charge density
throughout gate insulator

MR 28 2 AR FRRUTY) S) BE fay
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LTPS TFT u(FE) from IGZO
TFT with all the low leakage
current benefits of IGZO TFTs

IGZO TFT AYLTPS TFT

u(FE)EEIGZO TFTHIER A
(KRB IME
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ncreasing gate & VRRYIT

In

sulator dielectric & &fﬁ‘b]ﬁ%
constantincreases EER =
energy storage
capacity
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Crystalline metal

F Passivation (Al203)

Source

A Gate- lnsulator (Al203)
Gate
Smooth amorphous metal
ensures uniform charge EsgEE S R

AV VA

density across gate insulator, ‘%Hﬂ*&f 42 AR b
maximizing film breakdown EEENLS. (F

strength and minimizing

Amorphous
metal

insulator thickness &5 iR ,\3 =:<7(
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IGZO AMeTFT Development
Strategy

IGZO AMeTFT A& F& &k B

» optimize smoothness of
amorphous Gate Metal to
enable reductions in Gate
Insulator thickness

AR Rtk £ R R /8

1 BUR MR 28 2R 2 =

» maximize IGZO thickness
to optimize benefits of higher
gate capacitance energy
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capacity

ncreasing gate
insulator dielectric
constant increases

energy storage

Crystalline metal

F Passivation (Al203)
’ Source

Active-Layer (a-IGZO) Drain
d 4 Gate-Insulator (Al203)
Gate

Amorphous
metal

Smooth amorphous metal
ensures uniform charge
density across gate insulator,
maximizing film breakdown
strength
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IGZO AMeTFT Device, 2T1C Pixel Performance
IGZO AMeTFTig &, 2T1CISZETHEE
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LTPS Performance, a-Silicon Simplicity

Cu, Mo, Al, ITO -

PVD A |
Industry-typical film
a-1GZ0

PVD
w <0.25nm RMS

.-TiAlI3 PVD surface roughness

all-PVD processing £1)IEE4ME

Wet or Dry Etch ;Z18ZlIsi 0%l

Integrates into existing a-Silicon, IGZO TFT process flows
££ B ZIEN A fa-Silicon, IGZO TFT L ZiRiEH

('\morpmx(a)
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Cu, Mo, Al, ITO
PVD

a-1GZ0
PVD

. g—

—

a-TiAl3
PVD

ﬂmorpmxﬂ

Simple. For a Change.

TFT Technology Comparison

Samsung

SHARP SHARP LG Display Displ CEC Panda @ @
Performance Symbol LTPS TFT  “IGZO 7” TFT  IGZO TFT IG'Z’"g T IGZO TFT Units
Specification y X é}N/SL = X é/“;/;- = , é\;\'l/oL = (W/L = 1(37{; L= IGZ(?N‘;':‘ETFT Goal
Sum Sum m m =
Hm) Hm) Hm) 2.6/4pm) M) | 5.6/9.0um)
Threshold Voltage V(TH) 1.5 1.0 0 0.75 0 0 0 Volts
Drain-Source Current I(DS)
V(GS) = 1V
V(DS) = 0.1V 0.1 0.1 0.5 0.01 0.5 HAMPpS
V(GS) = 5V
V(DS) = 3V 75 100 HAMPpS
V(GS) = 20V
V(DS) = 10V 450 450 20 50 20 HAMpS
Fielc! Eﬁect Electron H(FE) V(GS) = V(TH) 90 40 8 13 75 100 cm2iV-s
Mobility
On-Off Current Ratio I(ON)//1(OFF) V(ON) = V(TH)
V(OFF) = 0V 106 >10° >109 >10° >109
Subthreshold Swing SS 0.3 0.1 0.1 0.1 V/dec
Operating Stress NBTS
-152V(GS)=+15V (7200 sec (7200 sec
-10V Stress V(DS) = 0.1V 80°C) 80°0C) Volts
-0.25 -0.25
-152V(GS)=+15V (3600 sec (7200 sec (7200 sec
-20V Stress V(DS) = 0.1V 60°0C) 80°C) 80°QC) Volts
-0.75 -0.5 -0.5
-15=2V(GS)=+15V (3600 sec, (3600 sec, (3600 sec, (7200 sec, (7200 sec (7200 sec
-30V Stress V(DS) = 0.1V 60°C) 60°C) 60°C) 60°C) 80°C) 80°0C) Volts
-0.4 -0.4 -0.1 -0.4 -0.5 -0.5
PBTS
-152V(GS)=+15V (7200 sec (7200 sec
10V Stress V(DS) = 0.1V 80°C) 80°0C) Volts
0.25 0.25
-152V(GS)=+15V (3600 sec (7200 sec (7200 sec
20V Stress V(DS) = 0.1V 60°0C) 80°C) 80°C) Volts
0.5 0.5 0.5

Sharp LTPS, IGZO 7 TFT data from “Development of High Quality IGZO-TFT with Same On-Current as LTPS”, 2020

Society for Information Display International Symposium Digest of Technical Papers, September 2020.

Samsung Display data from “High Mobility Oxide Thin-film Transistors for AMOLED Displays”, 2022 Society for
Information Display Technical Symposium, May 2022.

ICDT 2023

16



1GZ0
AMeTFT

1GZO
AMeTFT

C(storage)
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211C Pixel

Enables high image refresh rate LCD, OLED, microLED

large-area IT, TV panels

Y155 E G RIFTERILCD. OLED. microLEDXMEFR

T. EBMER

Eliminates LTPO (LTPS+IGZO) fabrication issues, mask

set complexity
SEFR 7 LTPO (LTPS+IGZO)Hy#l)i& (o) B FN B pL &

1L
\

= /Z_l'_l:il\l--

Reducing IGZO TFT leakage current FZ{KIGZO TFTmEE
o Reduces low-end image refresh rate B4R i =&

IS
+ Similar mobility to LTPS 5 LTPSZE{NAIFE o4
o Much better direct current stress performance 8 4fHY

M 7] 1EHE

-

o Simplifies emitter drive portion of pixel B IR =Y &5

Zx X BAER T3
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V(data) V(select) V(dd)

J p The unique properties of oxide insulators

like Al203 Al203ZF S 14 1268 %+ AV W

1IGZO
AMeTFT

1IGZO
AMeTFT

o | s = 1o high dielectric constant
400 high breakdown
\!__\\r—_\ .
£3 | — high energy trap states
g8 combined with ultra-smooth amorphous
wo gate metals
0 50 100 150 200 250 results in leakage currents far below
ime (sec)

The 2T1C OLED drive current maintains performance at V(DATA) = 5V, demonstrating that the those Of SIOX’ SINX gate Insu Iators

leakage current performance of 108x9 um IGZO AMeTFT supports an image refresh rate of less than Q %:z‘; = 1& : : *ﬂﬂ @’%{le
1Hz. (Dark areas are pixel programming times, Ilghter areas are retention times.) I,ﬁ=§ III[,JZ_.E, A I SIOX N\ Sle é 2
2T1C OLEDIRT FR I FEV(DATA) = SVAT{R¥TIE8E, FREH108x9um IGZO AMeTFTRYR R BESX F5 E’]: 7

R FE

INFIHZNERRIFRER (HﬁXt_JZIE1%§Q}H?ﬁIHj|ETJ W= X ZEREEATE], )

IGZO AMeTFT redefines variable image refresh rate performance

IGZO AMeTFTEFIENX 7 Al ZEGhIFT R4 BE
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WIL =9/9 um
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Cumulative Stress Time (s)

100
w— 500

2T1C vs LTPO Pixel

V(data) V(select) V(dd)

| z

1GZ0
AMeTFT

IGZO
AMeTFT 1 .I |-

C(storage)

(DS, sat) @ V(DS) = 0.1V
Ix9um IGZO AMeTFT: 9uA

V(DS) =01V 4x24um LTPS TFT: 0.9uA

80°C

IGZO AMeTFT reduces pixel area

without compromising performance

IGZO AMeTFTTEAZZ I EBERY TR
RO TIEZERA
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Source: Hong, et. al., “Advanced hybrid
process with back contact IGZO-TFT”, Sharp
Corporation, Journal of the Society of
Information Display. 2022;30(5):471-481.
https://doi.org/10.1002/jsid.1131

Vini[n]

Vi (V) 6 of Vy, p (cm?/Vs)
IGZO pixel 0.75 0.14 7.6
IGZO GOA 1.26 0.10
p-LTPS pixel —1.43 0.08 84.3
ELVDD DATA
T5 T3
L u L 2 l_l
Cst —— v 9
T4
@ o[
pSCAN[N]
NSCAN[n-2] CTL L2 NSCAN[n]
EM[n] | d[” T6 Connection between
LTPS and IGZO
17 OLED
—iC
ELVSS

L

lgs [A]

lgs [A]
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IGZO pixel TFT
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p-LTPS pixel TFT
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Redefining Power Consumption

I 1—3 Battery Voltage = 3.6V
- V(data) V(select) V(dd) VOltage UpCOnVGFt EffICIenCy - 90%
' ' . | Display consumes 80% of battery energy
Z
nSCANI2] Jpy | LT nSCAN[n] -. Voltage Upconvert consumes 7.2% of
0 battery energy
EM[n] * ac_);gect;o?GbZe(;ween Gzo | gVIeTFT
B S | iPhone 14 battery life = 20 hrs
C(storage)
vinfm] || ] .. Display voltage upconversion wastes 90
min of battery life
: —— N N 2L 1 AN
V(DS)[r« + V(DS)[rs + V(OLED) >3.6V V(D) + V(OLED) S 3.6V ~RRRE LR HUR B R an 907 T

IGZO AMeTFT 2T1C Pixel saves 90 min of battery life -
independent of image refresh rate

IGZO AMeTFT 2T1CIEZ T & 900 HhRVER i Fap —
[.\ mO(PMH@ 5B1&RIFHER I X
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45 patents on Thin Film Device
Fundamentals

4510 X TS iR (F B Z 7
» use of amorphous metals in thin film devices

FFRSEREFRFZMFPIAIEZE

PVD

» circuits incorporating amorphous metal-
based devices

FEFRSEEERFIER
US, PRC, ROC, ROK, Japan

AMNR-X

US10438841 family:

“A device, comprising:

a substrate;

a first amorphous metal thin film m

interconnect on the substrate...

Aluminum Metal 4

mmorpmxﬁ)
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Interconnect
Metal

Doy e ALTTO substrate, the amorphous metal gate electrode including a
metal alloy; and
D a first insulator on the amorphous metal gate electrode...

%G
a-TiAl3
PVD

AMTeFT
US11183585 family:
“A device, comprising:
a non-conducting substrate;
an amorphous metal gate electrode on the non-conducting

S

AMHET
Interconnect

Metal X S  Aluminum Oxide

Amorphous Metal

AMHET ?morphous B@
E

US 11069799 family: purinum Metal
“A device, comprising:

a substrate;

an amorphous metal layer on the substrate;

a tunneling dielectric layer on the amorphous metal layer;

a barrier layer on the tunneling dielectric layer;

a first electrode and a second electrode on the tunneling dielectric layer,

each overlapping the amorphous metal layer...



AMeTFT technology enables IGZO to replace LTPS in high-performance small-to-large area displays by
increasing gate electric field energy to maximize free carrier density from any 1GZO material

AMeTFTFZ /N{EIGZO8ETZ 18 1T 18 MNithk BB BE = R e R DIGZOM FIAY B B &0 5
EeHeEry/ NEIAEMN E mes P EYLTPS

AMeTFT materials system uniquely supports LTPS-equivalent uyFE, PBTIS and NBTIS performance from IGZO
semiconductor

AMeTFTM BHMA R IR 45 S 315 BIGZOFE S {RRILTPSZE A UFE . PBTISFINBTIS|HBE

E&
G

, MIM

Amorphyx has developed a set of analytical tools incorporating all of the company’s intellectual property to
enable successful technology transfer to customers

AmorphyxH & 7 —E2MILR, B8 7 2AsllFEINRTIN, MMEETSAINHEE L1

Amorphyx incorporates AMeTFT and AMNR technology into existing pixel circuits outperforming LTPO supporting
0.1-240Hz variable small-area image refresh rate and scalable to UHD TV applications

Amorphyx & AMeTFTAIAMNREL AR gt N\ 2N A H’J@% AR MEBELTFLTPO, 3F0.1-240HZB] Z2/)\
X EGRIFTR, Hr BEBSETVNE
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