
US 20190302917A1 
( 19 ) United States 
( 12 ) Patent Application Publication ( 10 ) Pub . No . : US 2019 / 0302917 A1 

Pan ( 43 ) Pub . Date : Oct . 3 , 2019 

( 54 ) INTEGRATED LIGHT - EMITTING PIXEL 
ARRAYS BASED DEVICES BY BONDING 

( 71 ) Applicant : Shaoher Pan , Palo Alto , CA ( US ) 

( 2013 . 01 ) ; HOIL 33 / 007 ( 2013 . 01 ) ; HOIL 
33 / 0079 ( 2013 . 01 ) ; HOIL 33 / 06 ( 2013 . 01 ) ; 

HOIL 33 / 32 ( 2013 . 01 ) ; HOIL 33 / 502 
( 2013 . 01 ) ; HOIL 33 / 58 ( 2013 . 01 ) ; HOIL 33 / 62 

( 2013 . 01 ) ; HOIL 23 / 5387 ( 2013 . 01 ) ; HOIL 
2933 / 0041 ( 2013 . 01 ) ; HOIL 2933 / 0058 

( 2013 . 01 ) ; HOIL 2933 / 0066 ( 2013 . 01 ) ; HOIL 
2933 / 0083 ( 2013 . 01 ) ; HOIL 25 / 0753 

( 2013 . 01 ) 

( 72 ) Inventor : Shaoher Pan , Palo Alto , CA ( US ) 
( 21 ) Appl . No . : 15 / 937 , 735 
( 22 ) Filed : Mar 27 , 2018 

( 57 ) ABSTRACT 

( 51 ) 
Publication Classification 

Int . CI . 
G06F 3 / 044 ( 2006 . 01 ) 
HOIL 25 / 075 ( 2006 . 01 ) 
HOIL 27 / 12 ( 2006 . 01 ) 
HOIL 29 / 786 ( 2006 . 01 ) 
HOIL 33 / 00 ( 2006 . 01 ) 
HOIL 33 / 06 ( 2006 . 01 ) 
HOIL 33 / 32 ( 2006 . 01 ) 
HOIL 33 / 50 ( 2006 . 01 ) 
HOIL 33 / 58 ( 2006 . 01 ) 
HOIL 33 / 62 ( 2006 . 01 ) 
HOIL 23 / 538 ( 2006 . 01 ) 
U . S . CI . 
CPC . . . G06F 3 / 044 ( 2013 . 01 ) ; G06F 2203 / 04102 

( 2013 . 01 ) ; HOIL 27 / 1218 ( 2013 . 01 ) ; HOIL 
27 / 1222 ( 2013 . 01 ) ; HOIL 27 / 124 ( 2013 . 01 ) ; 
HOIL 27 / 1266 ( 2013 . 01 ) ; HOIL 29 / 78678 

Integrated active - matrix light emitting pixel arrays based 
displays and methods of fabricating the integrated displays 
are provided . An example method includes : forming mul 
tiple layers on a first substrate to form a light emitting 
structure , integrating the light emitting structure on the first 
substrate with a backplane device on a second substrate by 
connecting a first top layer of the light emitting structure 
with a second top layer of the backplane device , e . g . , by 
using low temperature bonding , the backplane device 
including at least one backplane having pixel circuits , and 
after the integration , patterning the light emitting structure to 
form an array of light emitting elements each conductively 
coupled to respective pixel circuits to thereby form an array 
of active - matrix light emitting pixels . A pattern of different 
color phosphor or different size quantum dots materials can 
be deposited on the light emitting pixels to form an array of 
multi - color display pixels . 

( 52 ) 

300 

Red QDs / 
Phosphors 

334a 

Green QDs / 
Phosphors Yellow 

3346 QDs / 
Phosphors 

334c 

Pixel 
334 Dielectric spacer 

328 
Transparent Ir 

334d 

Protective layer 338 
Polarizer film 336 

Dielectric spacer 33 
Transparent layer 330 

n - electrode 326 
MQW 322 

LED 320 42 
CMOS 

Backplane 
310 p - electrode 324 

Intermediate layer 304 p * * * 

Driver electrode 314 
Non - volatile memories / 

Drivers 312 
young 

Substrate * * * Connection grids 
316 302 

BGA packaging 
318 

scere 
ws 



100 

114 

. . . . . . . . . . . 

Patent Application Publication 

w 

320X 4 - bit Data Driver 54 section displacement storage 

. 

121 

. . . . . . . . 

W 

. . 

122 

. . . . . 

yyyyy wwwwwwwwwrrrrrr 

. 123 

. 

105 

. . . 

- 

124 

. . . . 

127 

126 

125 

storage 2 

320 DAC 
Bit Lines 

mannann mannannnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 

mm 115 

120 . . 

Odd 

. . . . 

116 

. 

118 / 

. . 

YYYYY 

. . . . 

fo 

. 

Pixel Circuitry : 

640 X 480 Pixel Matrix ( Active - matrix LED Display ) 

Scanning Driver 

3 : 

Oct . 3 , 2019 Sheet 1 of 33 

1 Even 1 st ) Lines 1 1 

105 

115 

117 

320 X 4 - bit Data Driver 

US 2019 / 0302917 A1 

FIG . 1 



200 

230 

Patent Application Publication 

S - RAM 

Non - volatile Memory 

202 

216 

VDD 

VSelect 

Cs 

232 

214 

- 

Vop 
- - - - - - - 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

244 

- 

1 

212 

DATA 

124401 

Vpata 

Driver i TFT 

Oct . 3 , 2019 Sheet 2 of 33 

- 242 

Switching TFT 

SCAN 
- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

204 ~ 

LED 

LED 
| | ?? 

- 234 

VSS 

FIG . 2A 

FIG . 2B 

US 2019 / 0302917 A1 



250 

Video scan timing 

Patent Application Publication 

Vs programs 
10 

Vselect of 

MY 
nei miei 

erase gram 00 

V Date - 

WN 

Verase 

Oct . 3 , 2019 Sheet 3 of 33 

VOD 

M 

wwwwww 

?LED 

Program mode 

Display mode 

Erase mode 

Time 

US 2019 / 0302917 A1 

FIG . 2C 



300 

Red QDs / Phosphors 334a 
Green QDs / Phosphors Yellow 334b QDs / / Phosphors 

Pixel 334 

Dielectric spacer 328 

3346 

Transparent 334d 

Patent Application Publication 

ws WYM M . 

TID 

I 

19 
FD ) 

Meteor 
X 

k 

Protective layer 338 , 

Polarizer film 336 Dielectric spacer 332 Transparent layer 330 B - electrode 326 
MQW 322 P - electrode 324 . . . Intermediate layer 304 

LED 320 CMOS - Backplane 310 

W ist 
AL 26 

Driver electrode 314 

el 

Y 

. 

- 

Non - volatile memories 
Drivers 312 

terusedere 

3 . * 

Connection grids . 
316 

Substrate 302 

Oct . 3 , 2019 Sheet 4 of 33 

Wongelowy 

BGA packaging 318 

US 2019 / 0302917 A1 

FIG . 3A 



300 

Dielectric spacer 328 

Patent Application Publication 

Protective layer 338 Polarizer Film 336 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARRRRRRRRRRRRRRRRRRRRRRR 
Pixel 334 

334a 

334b 

3340 

334d 

Dielectric spacer 332 Transparent layer 330 7 - GaN 326 MQW 322 p - GaN 324 

mannnnnnnnnnnnnnnnnnnnnnn WWWWWWWWWWWWWWW 

www wwwwwwwwwwwww 

320 

. . 

. . . 

. 

. . 

MY 

WY 

YYYYYYYYYYYYYYYYYYYY 

TYYYYYYYYYYYYYY 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

+ + + + + + + 

" APP " Avvvvvvvvvvvvvvvvvvvvvvv . 

V 

/ 

Intermediate layer 304 

CMOS from Backplane 310 

Driver electrode 314 Non - volatile memories / Drivers 312 

Substrate 302 

Oct . 3 , 2019 Sheet 5 of 33 

RATA 

06 

Woops Wom 

oor 

outers . com 

nossos 

* * * * * * ON 

od poco 

Connection grids 3164 

BGA packaging 318 

US 2019 / 0302917 A1 

FIG . 3B 



400 

Patent Application Publication 

LED Wafer 
LED Structure 410 

' 

LED Structure 410 

Substrate 402 

Oct . 3 , 2019 Sheet 6 of 33 

Substrate 402 FIG . 4A - 1 

FIG . 4A - 2 

US 2019 / 0302917 A1 



400a 

400b 

Patent Application Publication 

~ 406b 
5x MQW 4056 

404b 

406a Contact 405 MQW 404a Contact 403a _ Buffer 

p - GAN 

30x { InGaN / GaN ) 30x { 1 . 2nm / 4 . 5nm ) . 

de 410a 

n - GaN GaN 

4 . 5 um 

4105 

GaN : MO ( 300nm , 1200°C ) AIGAN : Mg ( 10nm , 1200°C ) GaN : Si ( 10nm , 800°C ) InGaN ( 5nm , 800°C ) 
GaN : Si ( 1 . 5um , 1200oC ) AlGaN ( 400nm , 1200°C ) AIN ( 50nm , 1200°C ) AN ( 10nm , 600°C ) GaN ( 500nm , 1200°C ) AIGAN ( 200nm , 1200°C ) AIN ( 50nm , 1200°C ) AIN ( 30nm , 700°C ) 

403b 

402a 

Substrate Sapphire 

Oct . 3 , 2019 Sheet 7 of 33 

YYYYYYYYYYYYYYYY 
YYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY 1 Si ( 111 ) 

402b 

FIG . 4A - 3 

FIG . 4A - 4 

US 2019 / 0302917 A1 



420 

CMOS Backplane Wafer 

CMOS Backplane 424 
. 

. 

. 

. 

. 

. 

. 

. 

. . 

. 

. 

. . . 

. . ' . . . . 

. 

. 

. 

. 

. 

. 

. 

. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. . 

W 

. 

. 

Patent Application Publication 

. . . . . . 

. 

. . . . . 

Substrate 422 

. . . . 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. . . . . . . . . . . . . . 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

FIG . 4B - 1 

. 
. 

CMOS Backplane 424 

. 

. 

3 

y 

. 

We 

. 

' ve 

Oct . 3 , 2019 Sheet 8 of 33 

. 

* * 

. 

. 

. 

. 

. 

Adver 

. 

. 

. 

. 

. 

. 

1 

Luggeri 
. 

. 

. 

. 

. 

. 

. 

3 . 

. 

. 

7 . 

* * 

. 

. . 

. 

. 

. 

. 

. 
. 

. 

. 

16 

. 

* * o 

st . 

. 

* * * 

- 

. 

: : bold 

. . 

Substrate 422 

o 

. 

subestimatet 
. 

M 

. . 

. 

flonb6 

. 

. 

. . 

. 

. 

. 

. . 

. 

. 

. 

. . 

. . 

. 

. 

. 

. 

. 

. 

. . 

. 

. 

. 

. 

. . 

. 

. 

. . 

. 

. 

. 

US 2019 / 0302917 A1 

. 

. 

. 

. 

. 

. 

. 

. 

. . 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

FIG . 4B - 2 



Non - volatile memory ! Drivers 430 

Dielectric spacer 431 

Patent Application Publication 

Drive electrode 432 

Metal Contact 429 

Interlayer 428 

33 

Metal Shield 427 

CMOS Backplane 424 

Drain Gate 426b Source 426C 

Shadow mask 423 Dielectrics 426d 

Transistor 426 

426a 

Via 425 

Oct . 3 , 2019 Sheet 9 of 33 

Substrate 422 FIG . 4B - 3 

US 2019 / 0302917 A1 



Patent Application Publication Oct . 3 , 2019 Sheet 10 of 33 US 2019 / 0302917 A1 

CMOS Backplane 424 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . : : : : : : : : : : : : 
. . . 

: : 
* * * 

: 
. 

: 
. . . 

: 
. : . . . . . . 

: . . 
. . . 

. . . forghinihinta inst 
l 

2 . . 

. . . . . . . . . 

a 
. . . . . . . . . . . 

lingusahingga 
ling tooling ting 

titutionis 
imbinglist 

mengaja . . . . . . . . . . 

. . . . . . . . ting 
. . . . . . . . . . 

. . . ! 

. 

. . . . . . . . . . . . . 

. . 
. 

. . . . . . . . . . . . . . . . . . . til dintre obtiner e * * * * * 

' 

Subs ittingtingslovesoflove . . . . . . . . . . . . . . . . . . . . . . . . . bing bingting 
. s 

. . 

FIG . 4C - 1 

. 

. 

. 

. 

. 

. Substrate 422 

Intermediate layer 434 



Drive electrode 432 

Dielectric spacer 431 

Patent Application Publication 

Intermediate layer 434 Non - volatile memory / Drivers 430 

CMOS Backplane 424 

Substrate 422 

Oct . 3 , 2019 Sheet 11 of 33 

FIG . 4C - 2 

US 2019 / 0302917 A1 



440 

Patent Application Publication 

LED Wafer 400 

. : 

LED Wafer 400 

434 

. . 

w 

Intermediate layer 434 

Oct . 3 , 2019 Sheet 12 of 33 

CMOS Backplane Wafer 420 

CMOS Backplane Wafer 420 FIG . 4D - 1 

FIG . 4D - 2 

US 2019 / 0302917 A1 



440 

Patent Application Publication 

Substrate 402 

Buffer 403 
n - electrode 404 

MQW 405 
p - electrode 406 Intermediate layer 434 

LED Structure 410 

XXXXXXXXXXXXXXXXXXXXXXXXXX wwwwwwww 

Drive electrode 432 

CMOS Backplane 424 

Oct . 3 , 2019 Sheet 13 of 33 

Non - volatile memory / Drivers 430 

ele 

lele 

Substrate 422 

US 2019 / 0302917 A1 

FIG . 4D - 3 



445 

Patent Application Publication 

n - electrode 
404 

MQW 405 
D - electrode 

406 
Intermediate layer 434 

CMOS Backplane 424 
th 

cette 

vody * * 

more 

* * 

* 

ponse 

* 

* * * 

evite 

vstop 

e 

te der 

Oct . 3 , 2019 Sheet 14 of 33 

e 

s 

de 

Substrate 422 
wer 

FIG . 4E 

US 2019 / 0302917 A1 



450 

Patent Application Publication 

LED 452 

WY . 

WS 

n - electrode 454 
MQW 455 
P - electrode 456 intermediate layer 458 

DANAS 
AMA 

M 

A 

AVON 

son 

CMOS Backplane 424 

un begith 

* * * * * 
wewe 

P 

homemade Wawr 

Saveur 
SA 

Thule 

. 

S 

Drive electrode 432 Non - volatile memory / Drivers 430 

A 

en 

weki ti 

Oct . 3 , 2019 Sheet 15 of 33 

Substrate 422 

US 2019 / 0302917 A1 

FIG . 4F - 1 



450 

Patent Application Publication 

n - electrode 454 
MQW 455 

LED 452 

e 

lle 

P - electrode 456 

Intermediate layer 458 

Drive electrode immune 432 
Non - volatile memory / Drivers 

Interlayer 428 

CMOS Backplane 424 

430 

LLC 

- - - 

- - 

- 

- - 

- - 

Oct . 3 , 2019 Sheet 16 of 33 

Substrate 422 

US 2019 / 0302917 A1 

FIG . 4F - 2 



460 

Patent Application Publication 

Transparent Layer 464 nebenbeinbrenningunnimetsinterestinianowienie 
watawala 

Dielectric Spacer 462 

wingman 

us 

motores operatori 

S 

- LED 452 

14 + 

Vo 

. 

c 

. 

. 

. . 

voy 

Thathul 

21 VA 

+ 

rime 

CMOS Backplane 424 

. 

w 

Non - volatile 
memory ! Drivers 430 

. 

cogs 

DV 

Oct . 3 , 2019 Sheet 17 of 33 

Pets 

pepepper 

ytte 

etapiseriminerindoprinogometrainer 

14 - 

Substrate 422 

US 2019 / 0302917 A1 

FIG . 4G 



470 

Green QDs / 

Pixel 

Phosphors 

474 

474b 

Yellow QDs / Phosphors Transparent 47404748 

Patent Application Publication 

Red QDs / Phosphors 474a 

Protective layer 478 

200 

tingimas 

mm 

Polarizer film 476 
Dielectric spacer 472 

being 
* * * 

3100 

. 

* * 

. 

- LED 452 

. 

Transparent layer 464 Dielectric spacer 462 

We 

????????????????????????????????? 

CMOS Backplane 
. . 

424 

Me 

. 

mithili 

Non - volatile memory / Drivers 430 

WA 

Oct . 3 , 2019 Sheet 18 of 33 

lyhyt 

Substrate 422 

US 2019 / 0302917 A1 

FIG . 4H 



480 

Red QDs / Phosphors 
Green QDs / 

Pixel 

Phosphors 

474 

474b 

Yellow QDs : 
Phosphors Transparent 

4740 

474d 

Dielectric spacer 462 

Patent Application Publication 

474a 
wi wowered 

W 

WO 

* * * * * * * 

' 10 

LED 452 

Bi . 

. 

Protective layer 478 
Polarizer film 476 

Dielectric spacer 472 Transparent layer 464 n - electrode 404 MQW 405 
p - electrode 406 winneren Intermediate layer 458 

Driver electrode 432 - 
Non - volatile memories / Drivers 430 

CMOS Backplane 424 

w 

tweet 
etter 

wa 

Oct . 3 , 2019 Sheet 19 of 33 

. 

Connection grids 484 

Substrate 422 

Tertet b 
* * * 

ting 

BGA packaging 482 

4 . 

US 2019 / 0302917 A1 

FIG . 41 



500 

Pixel 534 

Green QDs / Phorsors Yellow 534b QDs / Phorsors 534c 

Red QDs / Phorsors 534a 

Patent Application Publication 

Dielectric spacer 528 

Transparent 534d 
W1 

Protective layer 538 
bare 

U 

* * * 

- LED 520 

* * * 

S 

W 

Polarizer film 536 
Dielectric spacer 532 Transparent layer 530 

n - electrode 526 MQW 522 
p - electrode 524 

V . 

- 

44 

. 

. 

A 

TFT Array Backplane 510 

* 

vene 
TA 

NANAS 

Intermediate layer 504 

th 

Y 

OS 

. 

Oct . 3 , 2019 Sheet 20 of 33 

won 

NA 

Driver electrode 514 ver electrode 514 

p 

2 

W 

Non - volatile memories / none Drivers 512 

ccm 

. hagebutten . 

er ese vestestetemes 

woordvest 
Polysilicon layers 511 Substrate 502 

* 

* 

* 

US 2019 / 0302917 A1 

FIG . 5A 



500 

Patent Application Publication 

Dielectric spacer 528 

Dielectric spacer 532 

Protective layer 538 Polarizer film 536 

534b 

534a 

5340 

534d 

letelelellelele ! 

Transparent electrode 530 
n - electrode 526 

MQW 522 
D - electrode 524 Intermediate layer 504 

LED 520 

2 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 

' 

tattetellite 

' ' ' ' ' ' ' ' 

' ' ' ' ' ' 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

vvv 

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv 
Driver electrode 514 Non - volatile memories / Drivers 512 

TFT Array Backplane 510 
Oct . 3 , 2019 Sheet 21 of 33 

Polysilicon layers 511 Substrate 502 

US 2019 / 0302917 A1 

FIG . 5B 



Patent Application Publication Oct . 3 , 2019 Sheet 22 of 33 US 2019 / 0302917 A1 

. . . . . . . 

. 

. 

: . 

! 

! 

! 

W 

. 

. 

. 

LED Structure 610 Substrate 602 FIG . 6A 

600 



620 

Driver electrode 636 

Dielectric spacer 638 

Non - volatile memories / Drivers 634 

Patent Application Publication 

. 
. 

. . 

. 

. 

. 

. 

. 

. . 

. 

zeeeee . . . . 

. 

. 

. 

. 

. 

. 

. 

- 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 
. 

. 

. 
. 

. 

. 
. 

. 

. 
. 

. 

. 
. 

* * * * * * * * * * * * * * * * * * * * * * * * 

* * * 

TFT Array Backplane 630 
. . 

. 

. 

. 

. 

. 

. 

. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

632 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. . 

. 

. 
. 

. 

. 

. 

. 

. 

ddddddddddddddddddddddddddd 

. 
. 

. 

. 

. 
. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

Polysilicon Layers Polyimide Film Carrier Glass 

624 

. 

. 

. 

. 
. 

. 

. 

622 

FIG . 6B - 1 TFT Array Backplane 630 

Oct . 3 , 2019 Sheet 23 of 33 

620 

- Polyimide Film 624 

????????????????????????????????????????????????????????????????????? 
canine Carrier Glass 622 

Amminimu 
mamimni 

US 2019 / 0302917 A1 

FIG . 6B - 2 



Drive electrode 636 

Dielectric spacer 638 

Intermediate layer 

Patent Application Publication 

642 La 

Non - volatile memory / Drivers 634 

LLLLLL 

TFT Array Backplane 630 

Polysilicon Layers 632 

Oct . 3 , 2019 Sheet 24 of 33 

Polyimide Film 624 Carrier Glass 622 

US 2019 / 0302917 A1 

FIG . 6C 



Patent Application Publication 

Intermediate layer 

600 

- 642 

Intermediate layer 642 

610 

620 

* * * 

gentingan ng mga nangun gunangonangang ngayong taong 

620 

romain name meantime meme immemmin mamma marami nammi nammi namme omnem commemorationem 

Oct . 3 , 2019 Sheet 25 of 33 

FIG . 6D - 1 

FIG . 6D - 2 

US 2019 / 0302917 A1 



650 

Patent Application Publication 

Buffer 618 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 
n - electrode 616 

MQW 612 p - electrode 614 

LED Structure 610 
Intermediate layer 642 

Drive electrode 636 Non - volatile memory Drivers 634 

TFT Array Backplane 630 

Oct . 3 , 2019 Sheet 26 of 33 

Polysilicon Layers 632 Polyimide Film 624 Carrier Glass 622 FIG . 6D - 3 

US 2019 / 0302917 A1 



Patent Application Publication 

610 

Intermediate layer 642 
* * * * * * * * * * * * * 

* * * * 

* * * 

620 

Oct . 3 , 2019 Sheet 27 of 33 

FIG . 6D - 4 

US 2019 / 0302917 A1 



Patent Application Publication 

Yencourbon 
TFT Array for Backplane 

n - electrode 616 

MQW 612 
p - electrode 

614 Intermediate layer 434 

630 

7 

: 

- 

. 

. 

. 
. 

Polysilicon Layers 632 Polyimide Film 624 Carrier Glass 622 

Oct . 3 , 2019 Sheet 28 of 33 

FIG . 6E 

US 2019 / 0302917 A1 



660 

Patent Application Publication 

Gap 

. . . 

661 

LED 662 

. . . . . . . . . . 

winy 

. 

min 

WWW 

n - electrode 664 MQW 665 p - electrode 666 Intermediate layer 

. 

INNA 

New 

* * * 

TFT Array Backplane 630 

* 3 

Tout 

PAWAN 

MARON 

668 

AAAVA 

4W 
2 

. 

VA 
NA 

Drive electrode 

ANNY 
S 

. 

yar 

vendeve 

636 

. 
. 

* * * * 

* 

y 

Non - volatile memory / Drivers 634 

Oct . 3 , 2019 Sheet 29 of 33 

} 

N 

w 

Polysilicon Layers 632 Polyimide Film 624 Carrier Glass 622 

erevave 

US 2019 / 0302917 A1 

FIG . 6F 



670 

Patent Application Publication 

Transparent layer 674 

moralo 

waterbaanituminewsomeone imion in 

* * * * 

minde 
na paminte aromama - . 

We p 

voor een 

and 

r waardelik wWw sweweb ewese www . indee 
r overiode wa mais norite pode mudaramomis parede promotora jeste punesos . 

. 

Boer wordenoncordia www . anning 

. 

LED 662 

bo 

pavedley 

Dielectric Spacer 

bi 

werever 

672 

TFT Array Backplane 

Intermediate layer 668 

630 

M 

tut . 

veces 

Drive electrode 636 

New 

Street telefonu 
ri 

in her 

Oct . 3 , 2019 Sheet 30 of 33 

ti 

obs 

Non - volatile memory / Drivers 634 

Polysilicon Layers 632 Polyimide Film 624 Carrier Glass 622 

US 2019 / 0302917 A1 

FIG . 6G 



680 

Pixel 682 

Green QDs / Phosphors Yellow 6826 QDs / 

Red QDs / Phosphors 682a 

6820 
Phosphors Transparent 

Patent Application Publication 

682d 
Tv 

Protective layer 688 

. 

Home 
vec 

Polarizer film 686 norimomimemang 

Transparent - layer 674 

A 

. 

* 

w 

Dielectric Spacer 684 

WERE 
600 

LED 662 

em 

Dielectric Spacer 672 

TFT Array Backplane 630 

th 

ge 

1 

Intermediate layer 668 Drive electrode 636 

. 

estee 

. . . alogenfotowelleelsetett 
w mariamartinus 

Oct . 3 , 2019 Sheet 31 of 33 

stevenner 

trongegnato 
* 

Non - volatile memory / Drivers 634 

ved 

. 

Polysilicon Layers 632 Polyimide Film 624 Carrier Glass 622 
. 

H 

. 

. 

US 2019 / 0302917 A1 

FIG . 6H 



690 

Pixel 682 

Red QDs / Phosphors 682a 
Green QDs / Phosphors Yellow 682b QDs / Phosphors 682c 

Patent Application Publication 

Transparent 682d 

Protective layer 688 

ww 1202 & co 

wewe 

w 

oso 

Polarizer film 686 

www 
e e n . . . . . . . . . . . . . . . . . 7 

* * * * 

Transparent layer 674 

ertembro 

* * * 

b 

Dielectric Spacer 684 

bogoro 

222222 www 

- LED 662 

ces 

- - - - - 

- - - - - 

2009 WAVE 

bon 

Dielectric Spacer 672 

. 
unter 

. 

TFT Array Backplane 630 

der 

. 

Thanthi 

Intermediate layer 668 Drive electrode 636 

we 

Oct . 3 , 2019 Sheet 32 of 33 

we 

* * * * 

AL 

returning 

tippuutepeteiden 

Non - volatile memory / Drivers 634 

Polysilicon Layers 632 Polyimide Film 624 

US 2019 / 0302917 A1 

FIG . 61 



Patent Application Publication Oct . 3 , 2019 Sheet 33 of 33 US 2019 / 0302917 A1 

700 

Form a plurality of layers on a first substrate to form a light emitting 
structure 

704 
Integrate the light emitting structure on the first substrate with a backplane 
device formed on a second substrate by bonding , the backplane device 

including at least one backplane having a plurality of pixel circuits 

5706 Laser lift - off the first substrate to expose the light emitting structure 
according to a laser scan area 

Pattern the light emitting structure to form an array of light emitting 
elements each coupled to respective pixel circuits to thereby form an 

array of active - matrix light emitting pixels 

710 Form an array of active - matrix multi - color display pixels by selectively 
depositing different color phosphor or quantum - dot materials on the array 

of light emitting elements 
cincinsieciacimieciacimieciacimieciacimieciacimieciacimieciacimieciacimieciacimiesieciecie 

FIG . 7 



US 2019 / 0302917 A1 Oct . 3 , 2019 

INTEGRATED LIGHT - EMITTING PIXEL 
ARRAYS BASED DEVICES BY BONDING 

TECHNICAL FIELD 
[ 0001 ] This disclosure relates generally to display devices 
or systems , particularly to integrated light - emitting pixel 
arrays based display devices or systems . 

BACKGROUND 
[ 0002 ] Displays utilizing arrays of light emitting pixels are 
popular in the electronic field and especially in portable 
electronic and communication devices , because large 
amounts of data and pictures can be transmitted rapidly and 
virtually to any location . Light emitting diode ( LED ) arrays 
are becoming more popular than liquid crystal displays 
( LCD ) as an image source in both direct view and virtual 
image displays . One reason for this is that LEDs are capable 
of generating relatively high luminance , thus displays incor 
porating LED arrays can be used in a greater variety of 
ambient conditions . 
[ 0003 ] Although LED arrays offer certain advantages , a 
major disadvantage is the complexity of their manufacturing 
process . In some cases , the arrays are manufactured by 
depositing materials on a supporting substrate and address 
ing / driver connections to row and column buses are made 
around the edges . Thus , the supporting substrate size is 
larger than the array size because of the necessary I / O pads 
or terminals . Providing very small contact pads in an effort 
to increase the array size greatly reduces the assembly yield . 
Another problem is that the driver circuitry for the LED 
arrays has a relatively high power consumption and adds a 
further manufacturing complexity . 

respective active - matrix light emitting pixel through the 
corresponding drive electrode . The at least one backplane 
can include scanning drivers and data drivers , and each of 
the non - volatile memories can be coupled to one of the 
scanning drivers through at least one word line and to one of 
the data drivers through at least one bit line . 
[ 0007 ] In some implementations , the plurality of layers 
includes a contact electrode layer as the first top layer , and 
each of the pixel circuits is coupled to a respective drive 
electrode in the second top layer , and each of the pixel 
circuits is conductively coupled to the light emitting struc 
ture through the respective drive electrode and the contact 
electrode layer . The contact electrode layer can include a 
doped semiconductor layer , and the contact electrode layer 
can be patterned to form individual Ohmic contacts of the 
separate light emitting elements . 
[ 0008 ] In some implementations , integrating the formed 
light emitting structure on the first substrate with the back 
plane device formed on the second substrate includes using 
low temperature bonding to bond the first top layer of the 
light emitting structure on the second top layer of the 
backplane device through an intermediate conductive layer . 
100091 . The method can include : simultaneously patterning 
the light emitting structure and the intermediate conductive 
layer , where each of the light emitting elements is self 
aligned with a respective patterned intermediate conductive 
layer . The intermediate conductive layer can include one or 
more metallic films including : an iridium - tin - oxide ( ITO ) 
film with a titanium ( Ti ) film , a cupper ( Cu ) film with a 
Tantalum ( Ta ) film , an aluminum ( Al ) film with a Tin ( Sn ) 
film , or a gold ( Au ) or silver ( Ag ) film with at least one 
adhesive film including chromium ( Cr ) , Platinum ( Pt ) , Pal 
ladium ( Pd ) , or Titanium ( Ti ) . 
10010 ] . In some implementations , the first substrate 
includes a first semiconductor wafer and the second sub 
strate includes a second semiconductor wafer , and integrat 
ing the formed light emitting structure on the first substrate 
with the backplane device formed on the second substrate 
can include : aligning the first semiconductor wafer with the 
second semiconductor wafer face - to - face at a wafer - to 
wafer level of accuracy . 
[ 0011 ] In some implementations , integrating the formed 
light emitting structure on the first substrate with the back 
plane device formed on the second substrate includes : 
aligning the formed light emitting structure on the first 
substrate with a first region of the backplane device on the 
second substrate ; and bonding the light emitting structure 
with the first region of the backplane device . 
[ 0012 ] In some examples , the method further includes 
integrating another light emitting structure on another first 
substrate with the backplane device on the second substrate 
by aligning the another light emitting structure on the 
another first substrate with a second region of the backplane 
device and bonding the another light emitting structure with 
the second region of the backplane device , the second region 
being adjacent to the particular region . 
[ 0013 ] In some examples , the method further includes : 
scanning , by using a laser , an area with a particular shape on 
the light emitting structure such that the light emitting 
structure in the area is separated from the first substrate and 
remains bonded on the backplane device ; and removing the 
first substrate together with other non - scanned areas on the 
light emitting structure from the first region of the backplane 
device . 

SUMMARY 
[ 0004 ] Described herein are integrated light - emitting pixel 
array - based devices or systems and methods of making them 
by bonding different components on different substrates 
together , which can greatly simplify the manufacturing 
complexity and improve manufacturing efficiency and qual 
ity . 
[ 0005 ] One aspect of the present disclosure features a 
method of fabricating an integrated device , the method 
including : forming a plurality of layers on a first substrate to 
form a light emitting structure ; integrating the formed light 
emitting structure on the first substrate with a backplane 
device formed on a second substrate by connecting a first top 
layer of the light emitting structure with a second top layer 
of the backplane device , where the backplane device 
includes at least one backplane having a plurality of pixel 
circuits ; and after the integration , patterning the light emit 
ting structure to form a plurality of separate light emitting 
elements each conductively coupled to respective pixel 
circuits of the plurality of pixel circuits to thereby form a 
plurality of active - matrix light emitting pixels , where each 
of the active - matrix light emitting pixels includes at least 
one of the light emitting elements and at least one of the 
pixel circuits conductively coupled to the at least one of the 
light emitting elements . 
[ 0006 ] Each of the pixel circuits can include a non - volatile 
memory including at least one transistor conductively 
coupled to a corresponding drive electrode in the second top 
layer , and the non - volatile memory can be conductively 
coupled to a corresponding light emitting element in a 
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[ 0014 ] The method can also include : aligning another light 
emitting structure on another first substrate with a second 
region of the backplane device on the second substrate ; 
bonding the another light emitting structure with the second 
region of the backplane device ; scanning , by using the laser , 
a second area with the particular shape on the another light 
emitting structure such that the another light emitting struc 
ture in the second area is separated from the another first 
substrate and remains bonded on the backplane device ; and 
removing the another first substrate together with other 
non - scanned areas on the another light emitting structure 
from the second region of the backplane device , where the 
another light emitting structure on the another first substrate 
is aligned with the second region of the backplane device on 
the second substrate , such that the another light emitting 
structure in the second area is adjacent to the light emitting 
structure in the first area on the backplane device . 
[ 0015 ] Each of the pixel circuits can be coupled to a 
respective drive electrode in the second top layer . The 
method can further include : before the patterning , aligning 
a protective mask with the respective drive electrodes in the 
second top layer , such that dielectric materials between the 
respective drive electrodes in the second top layer are 
selectively etched away after the patterning . 
[ 0016 ] In some implementations , the method further 
include : before the patterning , removing the first substrate 
from the light emitting structure to expose the light emitting 
structure . The light emitting structure can include one or 
more quantum well layers as an active medium between the 
first top layer as a first contact electrode and a second contact 
electrode , the light emitting structure can include a buffer 
layer between the second contact electrode and the first 
substrate , and the method can further include : polishing the 
light emitting structure to remove the buffer layer to expose 
the second contact electrode . The method can also include : 
thinning the second contact electrode by polishing to remove 
a portion of the second contact electrode . 
[ 0017 ] Removing the first substrate from the light emitting 
structure can include : using laser lift - off or laser scribing . 
The method can include : filling an isolation material in gaps 
between adjacent light emitting elements of the plurality of 
light emitting elements . The isolation material can include 
an opaque dielectric material . 
[ 0018 ] In some implementations , the light emitting struc 
ture includes one or more quantum well layers as an active 
medium between the first top layer as a first contact elec 
trode and a second contact electrode , and the method further 
includes : polishing the light emitting elements filled with the 
isolation material to expose the second contact electrodes in 
the light emitting elements and form a flat surface across the 
second contact electrodes of the light emitting elements . The 
method can further include depositing a transparent conduc 
tive layer on the flat surface to connect the second contact 
electrodes of the light emitting elements to form a common 
electrode for the light emitting elements . 
[ 0019 The method can further include forming a conduc 
tive grid array package on a bottom of the second substrate 
opposite to the second top layer , the conducive grid array 
package being conductively coupled to the at least one 
backplane . The conductive grid array package can include a 
ball grid array ( BGA ) package . 
[ 0020 ] In some implementations , the formed light - emit 
ting structure includes one or more quantum well layers 
including Group III - V compounds and is configured to be 

activated to emit light with a primary color , and each of the 
light emitting elements is configured to emit light with the 
primary color . Each of the light emitting elements includes 
a light emitting diode ( LED ) . 
[ 0021 ] In some implementations , each of the light - emit 
ting elements is operable to emit light with a first color , and 
the method further includes : forming a plurality of active 
matrix multi - color display pixels using the plurality of 
active - matrix light - emitting pixels , each display pixel 
including at least a particular pixel element to emit light with 
a second color , the second color being different from the first 
color . Each display pixel includes at least three pixel ele 
ments operable to emit light with at least three different 
colors including red , blue , and green . 
[ 0022 ] In some examples , forming the plurality of active 
matrix multi - color display pixels includes : patterning with 
photoresist to select particular light - emitting elements of the 
plurality of light - emitting elements ; depositing phosphor 
films or a quantum - dot films on the selected light - emitting 
elements , where the selected light - emitting elements with 
the deposited phosphor films or the quantum - dot films are 
operable to emit the second color when the phosphor films 
or the quantum - dot films are excited by light from the 
selected light - emitting elements ; and removing the photo 
resist to form the particular pixel elements of the display 
pixels . 
0023 ] In some examples , each of the light - emitting ele 

ments is operable to emit ultraviolet ( UV ) or deep UV light 
with a wavelength between 100 nm and 450 nm . Forming 
the plurality of active - matrix multi - color display pixels can 
include : forming at least three different color phosphor films 
or different size quantum - dot films on at least three light 
emitting elements in each of the display pixels , where the 
display pixel is operable to emit at least blue , red , and green 
colors when the phosphor films or quantum - dot films are 
excited by the UV or deep UV light from the at least three 
light - emitting elements . 
[ 0024 ] In some examples , each of the light - emitting ele 
ments is operable to emit light with a blue color . Forming the 
plurality of active - matrix multi - color display pixels can 
include : forming at least two different color phosphor films 
or different size quantum - dot films on at least two light 
emitting elements in each of the display pixels , where the 
display pixel is operable to emit at least red and green colors 
when the phosphor films or quantum - dot films are excited by 
the blue light from the at least two light - emitting elements . 
Forming the plurality of active - matrix multi - color display 
pixels can also include forming a transparent layer on a third 
light - emitting element in the display pixel , where the display 
pixel is operable to emit a blue color from the third light 
emitting element . 
[ 0025 ] In some examples , each display pixel includes a 
first pixel element and a second pixel element that have 
respective first light conversion efficiency and second light 
conversion efficiency when excited by the light - emitting 
elements . Patterning the light emitting structure to form a 
plurality of separate light emitting elements can include : 
patterning the light emitting structure to form a plurality of 
first light emitting elements each having a first area , the first 
light emitting elements being for the first pixel elements ; and 
patterning the light emitting structure to form a plurality of 
second light emitting elements each having a second area , 
the second light emitting elements being for the second pixel 
elements , where an area ratio between the first area and the 
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second area is based on a ratio between the first light 
conversion efficiency and the second light conversion effi 
ciency . 
[ 0026 ] The method can further include forming an isola 
tion spacer between adjacent pixel elements of the display 
pixels , where the isolation spacer includes an opaque dielec 
tric material . The method can further include forming a 
transparent protective layer on top of the plurality of active 
matrix multi - color display pixels . The formed transparent 
protective layer can include a transparent touch - sensitive 
protective layer , and the transparent touch - sensitive protec 
tive layer can be configured to form , together with a com 
mon electrode of the light emitting elements , a capacitive 
touch screen position sensor . The method can include form 
ing a polarizer film between the protective layer and the 
display pixels . 
100271 . The first substrate can include one of a single 
crystal silicon semiconductor substrate and a sapphire sub 
strate , and the plurality of layers can include epitaxial 
semiconductor layers grown on the first substrate . The at 
least one backplane can include a complementary metal 
oxide - semiconductor ( CMOS ) backplane . The backplane 
device can include an array of backplanes formed on the 
second substrate and separable from each other . 
[ 0028 ] The second substrate can include a flexible film on 
a rigid substrate . The method can further include : removing 
the rigid substrate such that the integrated device fabricated 
on the flexible film becomes flexible . The at least one 
backplane can include a low temperature polysilicon ( LTPS ) 
thin - film transistors ( TFT ) array control backplane . 
[ 0029 ] Another aspect of the present disclosure features a 
method of fabricating an integrated active - matrix LED pixel 
array based display by bonding . The method includes : 
epitaxially growing a plurality of semiconductor layers on a 
first substrate to form a light emitting diode ( LED ) structure , 
the semiconductor layers including one or more quantum 
well layers having Group III - V compounds between a first 
doped semiconductor layer as a first contact electrode and a 
second doped semiconductor layer as a second contact 
electrode ; forming an intermediate metal layer on a top layer 
of a backplane device formed on a second substrate , the 
backplane device including at least one backplane having a 
plurality of non - volatile memories , each of the non - volatile 
memories being conductively coupled to a respective drive 
electrode in the top layer of the backplane device ; integrat 
ing the LED structure on the first substrate with the back 
plane device on the second substrate by low temperature 
bonding including bonding the first doped semiconductor 
layer of the LED structure with the top layer of the back 
plane device via the intermediate metal layer , where each of 
the non - volatile memories is conductively coupled to the 
LED structure via the respective drive electrode , the inter 
mediate metal layer and the first contact electrode ; after the 
integration , patterning the LED structure together with the 
intermediate metal layer and the bonded top layer of the 
backplane device to form an array of LEDs each conduc 
tively coupled to respective non - volatile memories of the 
plurality of non - volatile memories to thereby form an array 
of active - matrix LED pixels , where each of the active - matrix 
LED pixels includes at least one of the LEDs and at least one 
of the non - volatile memories conductively coupled to the at 
least one of the LEDs ; forming an array of active - matrix 
multi - color display pixels by selectively depositing different 
color phosphor materials or different size quantum dots 

materials on surfaces of the LEDs in each of the active 
matrix LED pixels , each display pixel including at least 
three pixel elements operable to emit light with three colors 
including red , blue , and green when excited by the LEDs ; 
and forming a transparent protective layer on the array of 
active - matrix multi - color display pixels . 
[ 0030 ] In some implementations , the method further 
include : forming first isolation spacers between adjacent 
LEDs of the array of LEDs , the first isolation spacers 
including an opaque dielectric material ; polishing the array 
of LEDs with the first isolation spacers to expose the second 
doped semiconductor layers of the LEDs and to form a flat 
surface across the array of LEDs ; depositing a transparent 
conductive layer on the flat surface to form a common 
electrode for the array of active - matrix LED pixels ; forming 
second isolation spacers between adjacent pixel elements of 
the display pixels and on the transparent conductive layer , 
the second isolation spacers including the opaque dielectric 
material , and forming a polarizer film between the transpar 
ent protective layer and the array of active - matrix multi 
color display pixels , where the different color phosphor 
materials or quantum dots materials are selectively patterned 
on the transparent conductive layer , and the transparent 
protective layer is touch - sensitive and configured to form , 
together with the common electrode , a capacitive touch 
screen position sensor . 
[ 0031 ] In some implementations , the at least one back 
plane includes a complementary metal - oxide - semiconductor 
( CMOS ) backplane , and the second substrate includes a 
silicon semiconductor wafer , where the first substrate 
includes one of a silicon semiconductor wafer and a sapphire 
wafer . The method can further include : before the integra 
tion , aligning the first substrate with the second substrate at 
a wafer - to - wafer level of accuracy ; after the integration , 
removing the first substrate by laser lift - off to expose the 
LED structure and polishing the LED structure to expose the 
second doped semiconductor layer ; before the patterning , 
aligning a protective mask with the respective drive elec 
trodes in the top layer of the backplane device , such that 
dielectric materials between the respective drive electrodes 
in the top layer are selectively etched away after the pat 
terning ; and forming a ball grid array ( BGA ) package on a 
bottom layer of the second substrate opposite to the top layer 
and conductively coupled to the backplane device . 
[ 0032 ] In some implementations , the at least one back 
plane includes a low temperature polysilicon ( LTPS ) active 
matrix ( AM ) thin - film transistors ( TFT ) array control back 
plane , and the second substrate includes a flexible film on a 
carrier substrate . The first substrate can include one of a 
silicon semiconductor wafer and a sapphire wafer . Integrat 
ing the formed LED structure on the first substrate with the 
TFT backplane device formed on the second substrate can 
include : aligning the formed LED structure on the first 
substrate with a first region of the TFT backplane device on 
the second substrate ; bonding the LED structure with the 
first region of the TFT backplane device ; scanning , by using 
a laser , a rectangular area on the LED structure such that the 
LED structure in the rectangular area is separated from the 
first substrate and remains bonded on the TFT backplane 
device ; and removing the first substrate together with other 
non - scanned areas on the LED structure from the first region 
of the TFT backplane device . 
[ 0033 ] In some examples , the method further includes : 
aligning another LED structure on another first substrate 
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with a second region of the TFT backplane device on the 
second substrate ; bonding the another LED structure on the 
second region of the TFT backplane device ; scanning , by 
using the laser , a rectangular area on the another LED 
structure such that the another LED structure in the rectan 
gular area is separated from the another first substrate and 
remains bonded on the TFT backplane device ; and removing 
the another first substrate together with other non - scanned 
areas on the another LED structure from the second region 
of the TFT backplane device , where the another LED 
structure on the another first substrate is aligned with the 
second region of the TFT backplane device on the second 
substrate , such that the another LED structure in the second 
area is adjacent to the LED structure in the first area on the 
TFT backplane device . 
[ 0034 ] Each of the display pixels can include first , second , 
and third pixel elements having respective first , second , and 
third light conversion efficiencies to emit a blue color , a 
green color , and a red color when excited by the LEDs . 
Patterning the LED structure to form an array of LEDs can 
include : patterning the LED structure to form a plurality of 
first LEDs each having a first area , the first LEDs being for 
the first pixel elements ; patterning the LED structure to form 
a plurality of second LEDs each having a second area , the 
second LEDs being for the second pixel elements ; and 
patterning the LED structure to form a plurality of third 
LEDs each having a third area , the third LEDs being for the 
third pixel elements . An area ratio between the first area , the 
second area and the third area can be based on a ratio 
between the first light conversion efficiency , the second light 
conversion efficiency , and the third light conversion effi 
ciency . 
[ 0035 ] A further aspect of the present disclosure features 
an integrated device including : a backplane including a 
plurality of pixel circuits each conductively coupled to 
respective light - emitting elements through respective inter 
mediate conductive layers to form an array of active - matrix 
light - emitting pixels , where each of the light - emitting ele 
ments includes one or more quantum well semiconductor 
layers between a first contact electrode and a second contact 
electrode , the first contact electrodes of the light - emitting 
elements being respectively bonded and conductively 
coupled to the pixel circuits in the backplane via the respec 
tive intermediate conductive layers , and a transparent con 
ductive layer on the array of the light - emitting elements , 
where the transparent conductive layer is in contact with the 
second contact electrodes of the light - emitting elements to 
form a common electrode of the light - emitting elements . 
00361 . The integrated device can further include isolation 
spacers between adjacent light emitting elements . The iso 
lation spacers can include an opaque dielectric material . 
[ 00371 . Each of the light - emitting elements can have a size 
same as a respective intermediate conductive layer and be 
self - aligned with the respective intermediate conductive 
layer . 
[ 0038 ] Each of the pixel circuits can include a non - volatile 
memory including at least one transistor conductively 
coupled to a corresponding drive electrode in a top layer of 
the backplane . Each of the light - emitting elements can be 
conductively coupled to a respective pixel circuit by the first 
contact electrode of the light - emitting element bonded to the 
corresponding drive electrode of the respective pixel circuit 
through the respective intermediate conductive layer . The 
light - emitting element can be aligned with the correspond 

ing bonded drive electrode in the top layer of the backplane , 
and a size of the light - emitting element can be no smaller 
than a size of the corresponding bonded drive electrode . The 
backplane can include scanning drivers and data drivers , and 
each of the non - volatile memories can be coupled to one of 
the scanning drivers through at least one word line and to 
one of the data drivers through at least one bit line . 
[ 0039 ] In some implementations , each of the light - emit 
ting elements is operable to emit light with a primary color . 
The integrated device further includes : for each of the 
active - matrix light emitting pixels , at least a phosphor film 
or a quantum dot film on the conductive layer above at least 
one light - emitting element in the pixel and operable to emit 
a secondary light when excited by the light with the primary 
color , where the secondary light has a second color different 
from the primary color . 
10040 ) . A number of the LEDs can be larger than a number 
of the LEDs deposited with the phosphor films or quantum 
dots films , and the number of the LEDs can be equal to at 
least two times of a number of the pixels . 
[ 0041 ] In some examples , the one or more quantum well 
layers include Group III - V compounds and each of the 
light - emitting elements is operable as a light - emitting diode 
( LED ) to emit light with a blue color , and for each of the 
active - matrix light emitting pixels , at least two blue color 
LEDs are configured to optically excite at least two other 
colors by secondary light emission of the phosphor films or 
quantum dots films on the at least two blue color LEDs . Each 
of the active - matrix light emitting pixels can be configured 
to be a multi - color display pixel including one blue color 
LED operable to provide a blue color and the at least two 
blue color LEDs with the phosphor films or quantum dots 
films operable to respectively provide a red color and a green 
color . An area ratio between the three blue color LEDs in the 
multi - color display pixel can be based on light conversion 
efficiencies of the red color phosphor film or quantum dots 
film and the green color phosphor film or quantum dots film 
when excited by the at least two blue color LEDs . 
[ 0042 ] In some examples , the one or more quantum well 
layers include Group III - V compounds and each of the 
light - emitting elements is operable as a light - emitting diode 
( LED ) to emit ultraviolet ( UV ) or deep UV light , and for 
each of the active - matrix light emitting pixels , at least three 
LEDs are configured to optically excite at least three colors 
by secondary light emission of the phosphor films or quan 
tum dots films on the at least three LEDs . Each of the 
active - matrix light emitting pixels can be configured to be a 
multi - color display pixel including the at least three LEDs 
with the phosphor films or quantum dots films operable to 
respectively provide at least a red color , a blue color , and a 
green color . An area ratio between the three LEDs in the 
multi - color display pixel can be based on light conversion 
efficiencies of the red color phosphor film or quantum dots 
film , the blue color phosphor film or quantum dot film and 
the green color phosphor film or quantum dots film when 
excited by the three LEDs . 
[ 0043 ] The conductive layer includes a transparent indium 
tin oxide ( ITO ) layer , and the transparent ITO layer is 
between the light - emitting elements and the at least one 
phosphor film or one quantum dot film . 
[ 0044 ] In some implementations , each of the active - matrix 
light - emitting pixels is configured to be a multi - color display 
pixel including first and second pixel elements having 
respective first and second light conversion efficiencies to 
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emit a first color and a second color when excited by the 
light - emitting elements , and the backplane is configured to 
drive the first and second pixel elements with respective first 
and second currents , and a current ratio between the first and 
second currents is based on a ratio between the first and 
second light conversion efficiencies . 
[ 0045 ] In some implementations , the integrated device 
further includes : a touch - sensitive transparent protective 
layer on the array of active - matrix light - emitting pixels and 
configured to form , together with the common electrode , a 
capacitive touch screen position sensor ; and a polarizer film 
positioned between the touch - sensitive transparent protec 
tive layer and the array of active - matrix light - emitting 
pixels . 
[ 0046 ] Each of the respective intermediate conductive 
layers can form a highly - reflective mirror for a correspond 
ing light - emitting element bonded with the respective inter 
mediate conductive layer . The mirror can have a reflectivity 
higher than 80 % . The first contact electrode can include a 
metal film with a high reflectivity and be configured to 
enhance a brightness of light emitted from the light - emitting 
element . Each of the active - matrix light - emitting pixels can 
be operable to output a light flux in one direction that is 
larger than 80 % of light flux in two directions output from 
each of the at least one light - emitting element in the pixel . 
A ratio between an area of light emission from the pixels and 
a physical area of the pixels can be higher than 50 % . 
[ 0047 ] In some implementations , the backplane includes a 
complementary metal - oxide - semiconductor ( CMOS ) back 
plane . The backplane can be on a first side of a semicon 
ductor substrate , and the device can further include : a 
conductive grid array package on a second , opposite side of 
the semiconductor substrate , the conductive grid array pack 
age being conductively coupled to the backplane . Each of 
the pixels can include at least one of : a size less than 5 . 0 um , 
a respond time faster than 0 . 1 us , or an emitting light flux 
higher than 20 cd / mm ̂ 2 . The integrated device can include 
at least one of : a thickness less than 1 . 0 mm , or a device area 
larger than 50 mmx50 mm . The integrated device can be 
flexible . 
[ 0048 ] In some implementations , the backplane includes a 
low temperature polysilicon ( LTPS ) thin - film transistors 
( TFT ) array control backplane . The backplane can be on a 
substrate , and the device can further include a second LTPS 
TFT array control backplane on the substrate , the second 
backplane being adjacent to the backplane . Each of the 
pixels can include at least one of a size less than 10 um , a 
respond time faster than 1 . 0 us , or an emitting light flux 
higher than 10 cd / mm ̂ 2 . The integrated device can include 
at least one of a thickness less than 1 . 0 mm or a device area 
larger than 100 mmx100 mm . The device can be flexible , 
rollable , and foldable . 
[ 0049 ] The backplane can be operable to drive the active 
matrix light emitting pixels by pulse - width - modulation 
( PWM ) . Each of the active - matrix light emitting pixels can 
be drivable by a current source . 
10050 ) Particular embodiments of the subject matter 
described in this specification can be implemented so as to 
realize one or more of the following advantages . A light 
emitting structure ( e . g . , an LED structure including multiple 
epitaxial layers ) is first formed on a first semiconductor 
substrate ( e . g . , silicon or sapphire ) and then integrated with 
a backplane ( e . g . , a CMOS backplane or a TFT array control 
backplane ) formed on a second substrate ( e . g . , silicon , 

polymer or glass ) , e . g . , by bonding . After the integration , the 
light - emitting structure is patterned to form an array of 
light - emitting elements ( e . g . , LEDs ) each conductively 
coupled to respective pixel circuits in the backplane to 
thereby form an array of active - matrix light emitting pixels 
( e . g . , LED pixels ) . That is , before the integration , only the 
multi - layered light - emitting structure is fabricated , where 
the multiple layers are continuous films spanning over a top 
surface of the first semiconductor substrate . And the indi 
vidual light - emitting elements ( e . g . , LEDs ) are formed after 
the integration by patterning such as etching with mask . 
Thus , this technology enables to align the light - emitting 
structure on the first semiconductor substrate and the back 
plane on the second substrate , e . g . , at a wafer - to - wafer level 
accuracy . This alignment has a much lower precision 
requirement than a chip - level alignment or device - level 
alignment , e . g . , for chip - level CMOS backplane and LEDs 
bonding ( or packaging ) where both a CMOS backplane and 
LEDs are completely fabricated and functional before bond 
ing . In comparison , this technology does not need the 
chip - level alignment as only the CMOS / TFT backplane is 
completely fabricated and the LEDs are not fully manufac 
tured ( or patterned ) before the integration . In a particular 
example , chip - level CMOS and LEDs bonding requires 
sub - micron precision wafer alignment , while the wafer - level 
CMOS / TFT backplane and LED structure bonding in this 
technology requires only sub - millimeter precision wafer 
alignments , at least three orders of magnitudes lower in 
precision requirement or manufacturing difficulties . 
[ 0051 ] Moreover , before the integration , the light - emitting 
structure can be formed by high - quality deposition at high 
temperatures , e . g . , by Metal - Organic Chemical Vapor Depo 
sition ( MOCVD ) , molecular beam epitaxy ( MBE ) , atomic 
layer deposition ( ALD ) , physical vapor deposition ( PVD ) , 
Chemical Vapor Deposition ( CVD ) , or any other deposition 
methods in a vacuum chamber . The CMOS / TFT backplane 
can be fabricated by existing CMOS / TFT technologies , e . g . , 
by an Original Equipment Manufacturer ( OEM ) , which can 
greatly simplify the manufacture process . For the integra 
tion , this technology enables to use low temperature bond 
ing , e . g . , eutectic bonding , at a wafer - level alignment . The 
eutectic bonding can produce hermetically sealed packages 
and electrical interconnection within a single process and be 
conducted at low processing temperatures , low resultant 
stress induced in final assembly , high bonding strength , large 
fabrication yield and a good reliability . 
[ 0052 ] Additionally , after the integration and before pat 
terning the multi - layered LED structure to form the LED 
arrays , a protective mask can be formed to be aligned with 
drive electrodes in the respective pixel circuits of the 
CMOS / TFT backplane . As the drive electrodes in the 
CMOS / TFT backplane are also formed with a predeter 
mined mask during the CMOS manufacturing process , the 
protective mask for the patterning can be determined based 
on information of the predetermined mask for the drive 
electrodes , thus enabling a high alignment accuracy . 
[ 0053 ] The technology can use one or more quantum well 
layers of Group III - V compounds ( e . g . , GaN ) as light 
emissive layers , which makes the LED arrays more energy 
efficient and more stable than OLED ( organic LED ) based 
arrays . For example , the LEDs can be ultraviolet ( UV ) or 
deep UV LEDs , blue LEDs , green LEDs or red LEDs , by 
controlling the quantum well layers such as InGaN / GaN . 
The technology can also use phosphor materials or quantum 
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dot materials deposited on the III - V compound based LED 
arrays to produce multi - color displays . The technology can 
use isolation spacers to isolate conductive connection of 
adjacent LEDs and / or deposited phosphor materials or quan 
tum dot materials on the adjacent LEDs . The isolation 
spacers can include an opaque dielectric material ( e . g . , 
SiNx ) or a black material and can be configured to block or 
eliminate light propagation between the adjacent LEDs to 
thereby eliminate cross - talk between the adjacent LEDs . 
The technology can also integrate non - volatile memories , 
e . g . , SRAM ( static random - access memory ) , with the LEDs 
to form active - matrix LED pixels , enabling higher efficiency 
and faster response time than passive - matrix LED pixels . 
Furthermore , the technology allows integrating non - volatile 
memories and drivers on the CMOS / TFT backplane , which 
greatly simplifies processing , achieves seamless integration 
and reduces cost . A touch - sensitive protective film can be 
formed on surfaces of the LED pixel arrays to form a 
capacitance sensitive screen . 
[ 0054 ] In some implementations , the integrated LED 
structure and CMOS backplane on semiconductor substrates 
enable the use of standard semiconductor IC ( integrated 
circuit ) manufacturing equipment , facilities , and processes , 
resulting in reduced cost . The integrated LED arrays on the 
semiconductor substrate enables fabrication of an ultra - high 
resolution display , e . g . , 100 um per pixel , and / or micro - LED 
( u - LED ) displays with extremely high efficiency to save 
energy . The integrated LED pixel array - based display sys 
tems , particularly micro - display systems , can achieve low 
power consumption ( e . g . , one order of magnitude lower than 
current display devices ) , high resolution ( e . g . , 1080p ) , a thin 
device thickness ( e . g . , no more than 1 mm ) , a large view 
angle ( e . g . , no less than 160 degrees ) , fast response time 
( e . g . , ns ) , a high luminance contrast modulation ( e . g . , 
100 % ) , and / or low cost due to integration . Particularly , the 
response time of the integrated LED systems can be three 
orders of magnitude faster than that of OLED systems , and 
can eliminate flickering issues existing in OLED displays , 
when pulse - width - modulation ( PWM ) technology is 
adopted . 
[ 0055 ] The technology can use packaging techniques , e . g . , 
conductive grid array packaging such as ball grid array 
( BGA ) package , to form larger displays with multiple inte 
grated LED pixel array micro - displays ( display modules or 
panels ) , as described in a U . S . patent application Ser . No . 
15 / 396 , 135 , entitled “ LARGER DISPLAYS FORMED BY 
MULTIPLE INTEGRATED LED ARRAY MICRO - DIS 
PLAYS ” and filed on Dec . 30 , 2016 , whose content is hereby 
incorporated by reference in its entirety . On one hand , the 
larger displays can still have the advantages of integrated 
LED pixel array microarrays as noted above . On the other 
hand , this technology can overcome the current dimensional 
limit of displays fabricated by using standard silicon wafers . 
Using multiple LED pixel arrays based micro - displays to 
compose and assemble a larger micro - LED display , e . g . , 
active - matrix , enables an unlimited size display at a signifi 
cantly lower cost . Moreover , the integrated LED pixel array 
micro - displays can form LEDs or LED pixels all over areas 
of the micro - displays , including edges of the micro - displays , 
such that adjacent micro - displays have substantially no or 
little gap , e . g . , less than 1 mm , which makes the larger 
display a whole piece to seamlessly display a single image 
or video . In some cases , the illumination areas over the 

physical areas of the larger displays can be about 50 % or 
more , e . g . , 90 % , substantially larger than those of LCD 
displays or OLED displays . 
[ 0056 ] In some implementations , CMOS backplanes 
based display systems can have a pixel size less than 5 . 0 um , 
a response time faster than 0 . 1 us , and / or an emitting light 
flux higher than 20 cd / mm ̂ 2 . The display systems can have 
a thickness less than 1 . 0 mm , and / or a display area larger 
than 50 mmx50 mm . The display systems can be flexible . 
[ 0057 ] Compared to CMOS backplanes formed on a semi 
conductor wafer , TFT backplanes can be formed on a larger 
substrate ( e . g . , glass ) to form a larger display . Also TFT 
backplanes can be formed and connected on a flexible 
substrate ( e . g . , a polyimide film or a stainless steel ) to form 
a flexible device . In some implementations , TFT backplanes 
based display systems can have a pixel size less than 10 um , 
a respond time faster than 1 . 0 us , and / or an emitting light 
flux higher than 10 cd / mm ̂ 2 . The display systems can have 
a thickness less than 1 . 0 mm , and / or a display area larger 
than 100 mmx100 mm . The display systems can be flexible , 
rollable , and foldable . 
[ 0058 ] The TFT backplanes can be low - temperature poly 
silicon ( LTPS ) active - matrix ( AM ) TFT control backplanes . 
For example , multiple LED structures formed on multiple 
wafers ( e . g . , silicon or sapphire ) can be aligned and bonded 
to TFT backplanes formed on a polyimide film that is 
formed on a carrier glass . The wafers for the LED structures 
can be first removed , e . g . , by laser lift - off . Then the LED 
structures can be patterned to form individual LED arrays to 
thereby form active - matrix LED pixel arrays . Phosphor 
materials or quantum - dot materials can be deposited on the 
LED pixel arrays to form multi - color LED pixel arrays . 
After the integrated LED pixel arrays are formed , the carrier 
glass can be removed , e . g . , by laser lift - off , to form a flexible 
device . 
[ 0059 ] These integrated LED pixel arrays based devices or 
systems can be widely used in many applications , including 
portable electronic and communication devices , such as 
wearable devices ( e . g . , eyeglasses , watches , clothes , brace 
lets , rings ) , mobile devices , virtual reality ( VR ) / augmented 
reality ( AR ) displays , monitors , televisions ( TVs ) , or any 
lighting or display applications . 
10060 ] The details of one or more disclosed implementa 
tions of the subject matter described in this specification are 
set forth in the accompanying drawings and the description 
below . Other features , aspects , and advantages will become 
apparent from the description , the drawings and the claims . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[ 0061 ] FIG . 1 is a schematic diagram of an example 
integrated LED pixel array based display system , according 
to one or more implementations of the present disclosure . 
[ 0062 ] FIGS . 2A - 2B are schematic diagrams of example 
active - matrix LED pixels , according to one or more imple 
mentations of the present disclosure . 
[ 0063 ] FIG . 2C shows an example timing diagram using 
active - matrix LED pixels for a video display , according to 
one or more implementations of the present disclosure . 
[ 0064 ] FIG . 3A is a perspective view of an example 
integrated display system using CMOS backplane and LED 
bonding , according to one or more implementations of the 
present disclosure . 
[ 0065 ] FIG . 3B is a cross - sectional view of the integrated 
display system of FIG . 3A . 
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[ 0090 ] FIG . 6H is a perspective view of forming multi 
color phosphor layers and a protective layer on the formed 
device of FIG . 6G . 
[ 0091 ] FIG . 61 is a perspective view of forming a flexible 
integrated active - matrix LED pixel array device after 
removing the carrier glass . 
[ 0092 ] FIG . 7 is a flow diagram of an example process of 
forming an integrated active - matrix light - emitting pixel dis 
play system by bonding . 

[ 0066 ] FIGS . 4A - 1 and 4A - 2 are perspective views of a 
multi - layered LED structure formed on a substrate . 
[ 0067 ] FIGS . 4A - 3 and 4A - 4 are schematic diagrams of 
example multi - layered LED structures on a sapphire sub 
strate ( FIG . 4A - 3 ) and on a silicon substrate ( FIG . 4A - 4 ) , 
respectively . 
[ 0068 ] FIGS . 4B - 1 and 4B - 2 show schematic diagrams of 
an example CMOS backplane device . 
[ 0069 ] FIG . 4B - 3 is a cross - sectional view of the CMOS 
backplane device of FIG . 4B - 2 . 
[ 0070 ] FIGS . 4C - 1 and 4C - 2 show schematic diagrams of 
an intermediate metal layer formed on the CMOS backplane 
device of FIG . 4B - 2 . 
[ 0071 ] FIGS . 4D - 1 and 4D - 2 show schematic diagrams of 
bonding the multi - layered LED structure on the substrate of 
FIG . 4A - 1 to the CMOS backplane device of FIG . 4B - 1 . 
[ 0072 ] FIG . 4D - 3 shows a cross - sectional diagram of the 
bonded device including the multi - layered LED structure 
and the CMOS backplane device . 
[ 0073 ] FIG . 4E is a perspective view of the bonded device 
after removing the substrate of the LED structure . 
10074 ) FIG . 4F - 1 is a perspective view of the bonded 
device after patterning the multi - layered LED structure . 
[ 0075 ] FIG . 4F - 2 shows a cross - sectional diagram of the 
patterned device of FIG . 4F - 1 . 
[ 0076 ] FIG . 4G is a perspective view of forming dielectric 
spacers and a transparent electrode on the patterned device 
of FIG . 4F - 1 . 
[ 0077 ] FIG . 4H is a perspective view of forming multi 
color phosphor layers and a protective layer on the formed 
device of FIG . 4G . 
[ 0078 ] FIG . 41 is a perspective view of forming a BGA 
packaging on a bottom of the CMOS backplane device . 
10079 ] FIG . 5A is a perspective view of an example 
integrated display system with multi - color LED pixel arrays 
fabricated by TFT array control backplane and LED bond 
ing , according to one or more implementations of the present 
disclosure . 
[ 0080 ] FIG . 5B is a cross - sectional view of the integrated 
display system of FIG . 5A . 
0081 ] FIG . 6A is a schematic diagram of a multi - layered 
LED structure formed on a substrate . 
[ 0082 ] FIGS . 6B - 1 and 6B - 2 show schematic diagrams of 
an example TFT backplane device formed on a polyimide 
film on a carrier glass . 
[ 0083 ) FIG . 6C shows a schematic diagram of an inter 
mediate metal layer formed on the TFT backplane device of 
FIGS . 6B - 1 and 6B - 2 . 
[ 0084 ] FIGS . 6D - 1 and 6D - 2 show schematic diagrams of 
bonding an LED device of FIG . 6A and the TFT backplane 
device of FIGS . 6B - 1 and 6B - 2 . 
10085 ) FIGS . 6D - 3 shows a cross - sectional diagram of a 
bonded device including a rectangular shape LED structure 
on the TFT backplane device . 
[ 0086 ] FIGS . 6D - 4 shows a schematic diagram of multiple 
rectangular shape LED structures bonded on the TFT back 
plane device . 
[ 0087 ] FIG . 6E is a perspective view of the bonded device 
after removing the substrate of the LED structure . 
[ 0088 ] FIG . 6F is a perspective view of the bonded device 
after patterning the multi - layered LED structure . 
[ 0089 ] FIG . 6G is a perspective view of forming dielectric 
spacers and a transparent electrode on the patterned device 
of FIG . 6F . 

DETAILED DESCRIPTION 
[ 0093 ] The following descriptions are example display 
devices or systems that include integrated light - emitting 
diode ( LED ) pixel arrays on rigid substrates or flexible 
substrates . However , the disclosed implementations can be 
adopted to any suitable system that needs forming integra 
tion of two separate components , e . g . , arrays of light 
emitting elements and backplanes including integrated cir 
cuits , e . g . , non - volatile memories and / or drivers . For 
example , the substrates can be made of any suitable mate 
rial , e . g . , rigid substrates such as silicon , silicon oxide , 
silicon carbide , gallium nitride , sapphire , glass , or spinel , or 
flexible substrates such as a polyimide film or a stainless 
steel . The light - emitting elements can include any suitable 
light sources , e . g . , semiconductor based LEDs , OLEDs , 
laser diodes , or lasers such as vertical - cavity surface - emit 
ting laser ( VCSELS ) . The backplane can be a CMOS back 
plane or a TFT array control backplane . 
[ 0094 ] For illustration , in the following , FIG . 1 shows an 
example integrated LED pixel array based display system ; 
FIGS . 2A - 2B show example active - matrix LED pixels ; 
FIGS . 3A - 3B show an example integrated display system by 
CMOS backplane and LED bonding ; FIGS . 4A - 1 to 41 show 
steps of fabricating the display system of FIGS . 3A - 3B ; 
FIGS . 5A - 5B show an example integrated display system by 
TFT array control backplane and LED bonding ; FIGS . 6A - 1 
to 61 show different steps of fabricating the display systems 
of FIGS . 5A - 5B ; and FIG . 7 shows an example process of 
fabricating an integrated display system by bonding . 

Example Display System 
[ 0095 ] FIG . 1 is a schematic diagram of an example 
integrated LED pixel array based display system 100 , 
according to one or more implementations of the present 
disclosure . The display system 100 can be a display module 
including LED pixel arrays and display drivers such as 
scanning drivers and data drivers . The display system 100 
can be coupled to a control system , e . g . , via a wired or 
wireless connection . The control system can control the 
display system 100 to operate to display images / videos . 
[ 0096 ] In some implementations , the control system 
includes one or more processors and / or controllers , e . g . , a 
central processing unit ( CPU ) , a microcontroller unit 
( MCU ) , and / or integrated circuits ( ICs ) , e . g . , sensors , ana 
log / digital converters ( ADCs ) , digital / analog converters 
( DACs ) , amplifiers , drivers , and / or timers . The control sys 
tem can also include a memory , e . g . , a read - only memory 
( ROM ) and / or a random - access memory ( RAM ) . The pro 
cessors and / or controllers can be coupled to the memory via 
connections , e . g . , internal bus , conductive electrodes , wired 
connections , or wireless connections . The processors and / or 
controllers are configured to read data from or store data into 
the memory . For example , the processors and / or controllers 
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can receive image or video data to be displayed , e . g . , from 
external network or devices , process the image or video 
data , and / or store the processed image or video data in the 
memory . The memory can also store instructions to cause 
the processors and / or controllers to execute operations . 
Components of the control system can be monolithically 
manufactured on a semiconductor substrate . 
[ 0097 ] In some implementations , the control system 
includes one or more digital signal processors including : a 
digital signal analyzer , a digital processor , an image proces 
sor , a volatile memory , a non - volatile memory , and / or a 
touch screen processor . The control system can also include 
one or more analog signal processors including a light signal 
sensor , an electrical signal sensor , a sound signal sensor , a 
sound signal processor , an analog signal amplifier , an ADC , 
a DAC , a touch screen signal processor , and / or any other 
associated electronic components . The analog signal pro 
cessors are connected to and communicate with the digital 
signal processors through an ADC and / or a DAC . In opera 
tion , the analog signal processors can receive and process 
image or video signals from external devices or network or 
from the internal memory . The image or video signals may 
be analog signals which can be processed and converted into 
digital signals by an ADC . The digital signals are further 
processed and analyzed by the digital signal processors . 
Then the processed digital data can be further transmitted 
from the digital signal processors to particular data drivers 
and scanning drivers which then select particular LEDs and 
control the selected LEDs for display . 
[ 0098 ] The display system 100 includes an active - matrix 
LED pixel array 118 , a data driver 114 and a scanning driver 
116 . As illustrated in FIG . 1 , the LED pixel array 118 is 
composed of 640 ( columns ) x480 ( rows ) pixel matrix 
arranged in columns and rows , respectively . Each pixel 120 
is an active - matrix LED pixel . As illustrated in FIGS . 2A - 2B 
below , an active - matrix LED pixel includes at least one LED 
and at least one non - volatile memory coupled to the at least 
one LED . Upon receiving the data instructions from the 
scanning driver 116 and / or the data driver 114 , the non 
voltage memory can enable each pixel to operate continu 
ously and independently without waiting for the next 
instruction coming after a full scan . 
[ 0099 ] The number of LEDs in the LED pixel array 118 is 
equal to n times of the number of pixels , where n is an 
integer . If each pixel includes one LED , n is 1 ; if each pixel 
includes two LEDs , nis 2 ; if each pixel includes three LEDs , 
n is 3 ; if each pixel includes four LEDs , n is 4 . 
[ 0100 ] In some examples , an LED pixel includes a plu 
rality of LEDs , e . g . , blue , red , and green LEDs , and a 
plurality of corresponding non - volatile memories . Each 
LED is coupled to a respective non - volatile memory . In 
some examples , the LED pixel includes a white LED . In 
some examples , the LED pixel includes four LEDs includ 
ing three LEDs emitting basic light such as red , blue , and 
green , and a white LED emitting white light . In some 
examples , one non - volatile memory is coupled to one LED . 
In some example , one non - volatile memory is coupled to 
two or more LEDs emitting the same color , and the two or 
more LEDs can be in two or more different pixels . 
[ 0101 ] In some implementations , the scanning driver 116 
includes 480 displacement storages 125 , 480 relay drivers 
126 , and 480 pulse width modulators 127 . Each row of LED 
pixels is coupled to a respective displacement storage 125 , 
a respective relay driver 126 , and a respective pulse width 

modulator 127 through a respective word line ( or scanning 
line ) 117 . The scanning driver 116 can receive instructions 
from the control system , e . g . , the processors / controllers , and 
select one or more particular LED pixels based on those 
instructions . 
[ 0102 ] In some implementations , the data driver 114 is 
divided into two sub - drivers positioned on top and bottom of 
the array 118 of LED pixels , respectively . Each sub - driver 
can be a 320x4 - bit data driver and include 54 section 
displacement storage 121 , 54x6x4 - bit storages 122 and 123 , 
and / or 320 digital - to - analog converters ( DACs ) 124 . Each 
sub - driver is coupled to 320 columns of LED pixels through 
respective column bit lines . Particularly , the top sub - driver 
is coupled to 320 columns of LED pixels through odd 
column bit lines , and the bottom sub - driver is coupled to 
another 320 columns of LED pixels through even column bit 
lines . An intersection of an individual bit line 115 and an 
individual word line 117 is coupled to a respective LED 
pixel . That is , selecting the individual bit line 115 and the 
individual word line 117 can uniquely select the respective 
LED pixel . The sub - data drivers can receive instructions 
and / or data from the control system , e . g . , the processors / 
controllers , and select one or more particular LED pixels 
with the scanning driver 116 based on the instructions and / or 
data and transmit data to the selected particular LED pixels 
through respective bit lines 115 . 
[ 0103 ] In some implementations , the active - matrix LED 
pixel array 118 is covered by a protective layer , as illustrated 
in FIGS . 3A and 3B below . The protective layer can be 
transparent . In some examples , the protective layer is made 
of glass coated with a conductive material like indium tin 
oxide ( ITO ) . The protective layer defines an array of spots 
corresponding to the array of LEDs . Each spot covers an 
LED underneath and is coupled to a corresponding non 
volatile memory coupled to the LED . The spot and the 
surface of the LED may form a capacitor , and / or one or more 
additional capacitors may be formed between the spot and 
the LED . When the spot is touched , e . g . , by a fingertip on top 
of the spot or moving towards the spot , a capacitance of the 
capacitors can change . The capacitance change can be 
detected by a touch screen detector / processor in the control 
system through the non - volatile memory and a correspond 
ing data driver 114 / scanning driver 116 coupled to the 
non - volatile memory . Thus , the protective layer , the LED 
array , and the corresponding non - volatile memories can 
form a touch screen position sensor , which , together with the 
touch screen detector / processor in the control system , 
enables the LED pixel display system 100 to function as a 
touch screen display . Additional implementations of the 
touch screen sensor on the LEDs are also possible , e . g . , 
using other technologies like resistive sensing , surface 
acoustic wave , infrared grid , infrared acrylic projection 
acoustic pulse recognition , or dispersive signal technology . 
[ 0104 ] In some implementations , as discussed in further 
details below , the display system 100 is formed by integrat 
ing a multi - layered LED structure formed on a first substrate 
and a backplane device formed on a second substrate and 
then processing the integrated LED and backplane device . 
The data drivers , the scanning drivers , the non - volatile 
memories , and the connection lines including the bit lines 
and the word lines can be integrated in the backplane device . 
The LED array can be formed by patterning the multi 
layered LED structure , and the LED array can be conduc 
tively coupled to the non - volatile memories in the backplane 
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device to form active - matrix LED pixel arrays . Different 
color phosphor materials or quantum dots materials can be 
selectively deposited on surfaces of the LEDs in each of the 
active - matrix LED pixels to form active - matrix multi - color 
display pixel array . The backplane device can be configured 
to drive , e . g . , transmit display data to , the active - matrix 
multi - color display pixel array by pulse - width - modulation 
( PWM ) technology . Due to fast response time ( e . g . , nano 
seconds ) of the LEDs , flickering issues can be eliminated 
and the display system 100 can be flicker free . 

out , causing the threshold voltage to shift towards its origi 
nal un - programmed value . For example , to erase a single 
pixel in the active matrix ( instead of an entire column ) , all 
other select lines can be held at - 30 V to prevent the erase 
pulse from propagating to the undesired pixel drivers . 

Example Active Matrix LED Pixels 
[ 0105 ] FIG . 2A shows an example active - matrix LED 
pixel 200 with non - volatile memory . The LED pixel 200 
includes an S - RAM ( static - random access memory ) 202 and 
an LED 204 . The S - RAM 202 includes a driver transistor 
( T1 ) 212 , a switching transistor ( T2 ) 214 , and a storage 
capacitor ( Cs ) 216 . During display operation , a word line 
( scanning line or select line ) can be pulled high to allow a 
voltage on a bit line to propagate through the switching 
transistor 214 to a storage node 205 , charging the storage 
capacitor 216 and setting a high voltage on a gate of the 
driver transistor 212 . This allows a current to pass through 
the driver transistor 212 and the LED 204 is consequently 
lighted . 
f01061 . FIG . 2B shows another example active - matrix 
LED pixel 230 with non - volatile memory 232 and an LED 
234 . The non - volatile memory 232 includes a driver tran 
sistor 242 and a switching transistor 244 , that can be 
thin - film transistors ( TFTs ) . In some implementations , dif 
ferent from the LED pixel 200 in FIG . 2A , the brightness of 
the LED 234 is not controlled by varying V Data applied to a 
gate of the driver transistor 242 through the switching 
transistor 244 . Instead , a constant V Data is applied to the gate 
of the driver transistor 242 . The current through the driver 
transistor that causes the LED 234 to illuminate is controlled 
by changing a threshold voltage V , of the driver transistor 
242 , e . g . , through programming . If low brightness is desired , 
the driver transistor 242 can be set to a high threshold 
voltage by programming with a large positive gate pulse . If 
high brightness is desired , the driver transistor 242 can be set 
to a low threshold voltage by programming with a small 
positive gate pulse , or not programming at all , the leaving it 
with the initial threshold voltage . Thus , an image or video 
can be displayed by controlling the brightness or on / off 
status of the LEDs of an array . 
[ 0107 ] FIG . 2C shows an example video scan timing 250 
of a display using the active - matrix LED pixel 230 of FIG . 
2B . After programming ( i . e . , programming mode ) , the dis 
play is activated by setting a supply voltage Vop to 10 V , 
V to 8 V on all the bit lines , and V Colors to 10 V on all the 
word lines ( select lines ) . The LED current and therefore 
brightness of the pixel 230 is determined by the programmed 
threshold voltage of the driver transistor 242 . Both V Date and 
Vselect are DC voltages in the display mode because a pixel 
refresh is not necessary to maintain a static image . The 
image information remains stored in the threshold voltage of 
the driver transistor 242 even if the power is turned off . To 
change the programmed image , the pixels can be first erased 
and then reprogrammed . Erase mode in FIG . 2C is identical 
to the program operation . The only difference is that the 
applied voltage pulse has a larger negative amplitude , 
instead of a positive one . This negative voltage forces the 
trapped electrons in the driver transistor 242 to tunnel back 

Example Systems and Fabricating Processes Using 
CMOS Backplanes 

[ 0108 ] FIGS . 3A - 3B show an example integrated display 
system 300 using CMOS backplanes . The integrated display 
system 300 can be the display system 100 of FIG . 1 . This 
integrated display system 300 can be formed according to 
steps described with further details in FIGS . 4A - 1 to 41 . 
[ 0109 ] As illustrated in FIGS . 3A - 3B , the integrated dis 
play system 300 includes a backplane 310 on a first side of 
a semiconductor substrate 302 . The semiconductor substrate 
302 can be a silicon substrate , e . g . , a silicon wafer . The 
backplane 310 can be a CMOS backplane formed in a 
CMOS backplane device . The CMOS backplane device can 
include one or more CMOS backplanes and can be manu 
factured by existing CMOS manufacturing technologies . 
[ 0110 ] The backplane 310 includes integrated circuits hav 
ing non - volatile memories and display drivers 312 . In some 
implementations , the backplane 310 includes a number of 
pixel circuits . Each pixel circuit includes a non - volatile 
memory that has at least one transistor conductively coupled 
to a corresponding drive electrode 314 in a top layer of the 
backplane 310 . The display drivers include scanning drivers 
and data drivers , and each of the non - volatile memories is 
coupled to one of the scanning drivers through at least one 
word line and to one of the data drivers through at least one 
bit line . 
[ 0111 ] The integrated display system 300 includes an array 
of light - emitting elements such as LEDs 320 . The LEDs 320 
are separated ( or isolated ) by isolation spacers , e . g . , dielec 
tric spacers 328 . The dielectric spacers 328 are configured to 
isolate the LEDs 320 such that the LEDs 320 are not 
conductively connected . The dielectric spacers 328 can 
include an opaque dielectric material or a dielectric material 
with a light - absorbing material such as a black material , 
such that light from an LED is blocked or eliminated from 
propagating to an adjacent LED and thus there is no or little 
cross - talk between the adjacent LEDs . The opaque dielectric 
material can include silicon nitride ( SiNx ) . SiNx has a 
hexagonal crystal structure at an ambient pressure and 
sintered ceramic of this phase is opaque . Each LED 320 can 
include a first contact electrode such as p - electrode 324 ( e . g . , 
p - GaN layer ) , a second contact electrode such as n - electrode 
326 ( e . g . , n - GaN layer ) , and multiple quantum well ( MQW ) 
semiconductor layers 322 between the p - electrode 324 and 
the n - electrode 326 . The MQW layers 322 can include group 
III - V nitrides ( e . g . , GaN ) and each of the LEDs 320 is 
operable to emit light with a primary color , e . g . , blue , green , 
or red . 
[ 0112 ] The emitted wavelength of the LEDs is dependent 
on the MQW materials ' band gap and can be controlled by 
a thickness of InGaN layer ( e . g . , in a range of 2 - 3 nm ) and 
GaN / InN ratio , from near ultraviolet for 0 . 021n / 0 . 98Ga 
through 390 nm for 0 . 1 In / 0 . 9Ga , violet - blue 420 nm for 
0 . 21n / 0 . 8Ga , blue 440 nm for 0 . 31n / 0 . 7Ga , green 532 nm for 
0 . 51n / 0 . 5Ga , to red for higher ratios In / Ga . The LEDs can 
also be ultraviolet ( UV ) or deep UV LEDs with an emitted 
wavelength within a range from 100 nm to 450 nm . The 
MQW material can include AlGaN , InAlGaN , or AIN . 

Selec 
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[ 0113 ] For illustration , in FIGS . 3A and 3B , the LEDs 320 
are blue color LEDs operable to emit light with a blue color . 
The MQW layers can include multiple pairs of In ( 0 . 3 ) Ga 
( 0 . 7 ) N / GaN layers . In some other implementations , the 
LEDs can be UV or deep UV LEDs operable to emit light 
with a wavelength between 100 nm to 450 nm . The MQW 
layers can include multiple pairs of GaN / AlxGa ( 1 - x ) N 
layers . In some other implementations , the LEDs can be 
green color LEDs operable to emit light with a green color . 
The MQW layers can include multiple pairs of In ( 0 . 5 ) Ga 
( 0 . 5 ) N / GaN layers . In some other implementations , the 
LEDs can be red color LEDs operable to emit light with a 
red color . The MQW layers can include multiple pairs of 
InN / GaN layers . 
[ 0114 ] Each LED 320 is coupled to a respective pixel 
circuit , e . g . , a non - volatile memory , in the backplane 310 by 
conductively connecting the p - electrode 324 to a drive 
electrode 314 of the pixel circuit , e . g . , through a respective 
intermediate conductive layer 304 . In such a way , the array 
of LEDs 320 is coupled to respective pixel circuits in the 
backplane 310 to form an array of active - matrix LED pixels . 
As discussed with further details in FIGS . 4D - 1 to 4D - 3 , the 
p - electrode 324 and the drive electrode 314 can be bonded 
together , e . g . , by low temperature bonding such as eutectic 
bonding , through the intermediate conductive layer 304 , 
e . g . , a metallic layer such as ITO / Ti , Cu / Ta , Al / Sn , or Au / Cr 
films . Each LED 320 can be aligned , e . g . , self - aligned , with 
the respective bonded drive electrode 314 , e . g . , by pattern 
ing as illustrated in FIG . 4F . In some cases , the LED 320 has 
a same area size as the drive electrode 314 . In some cases , 
the LED 320 has a larger area size than the drive electrode 
314 . Underneath the LED 320 , there may be dielectric 
material around the drive electrode 314 . Each LED 320 is 
self - aligned with its respective intermediate layer 304 and 
has a same area size as the respective intermediate layer 304 , 
due to simultaneous patterning , e . g . , as illustrated in FIG . 4F . 
[ 0115 ] A transparent conductive layer 330 , e . g . , an indium 
tin oxide ( ITO ) layer , is on top of the array of LEDs 320 . The 
transparent conductive layer 330 is in contact with the 
n - electrodes 326 of the LEDs 320 to form a common 
electrode of the LEDs 320 . 
[ 0116 ] A phosphor material or a quantum dot material can 
be deposited on the transparent conductive layer 330 above 
at least one LED 320 and operable to emit a secondary light 
when excited by the light emitted from the LED 320 . The 
secondary light can have a secondary color different from a 
primary color from the LED 320 . As illustrated in FIGS . 
3A - 3B , red color quantum dot ( CD ) materials or phosphor 
materials 334a , green color QDs / phosphors 334b , and yel 
low color QDs / phosphors 334c can be deposited on the 
LEDs 320 and operable to emit light with red , green , and 
white colors , respectively , when excited by the blue color 
LEDs 320 . The yellow color QDs / phosphors 334c on the 
blue LEDs 320 can form a white color LED to emit white 
color to increase a sharpness of displayed images / videos . 
[ 0117 ] As an example , each pixel 334 in FIGS . 3A - 3B 
includes a blue LED sub - pixel with a transparent layer 334d 
on the blue LED 320 , a red LED sub - pixel with the red 
QDs / phosphor 334a on the blue LED 320 , a green LED 
sub - pixel with green QDs / phosphors 334b on the blue LED 
320 , and a white LED sub - pixel with yellow QDs / phosphors 
334c on the blue LED 320 . Each sub - pixel includes a 
non - volatile memory in the backplane 310 coupled to the 
blue LED 320 via the drive electrode 314 , the intermediate 

layer 304 , and the p - electrode 324 . The red QDs / phosphors 
334a , green QDs / phosphors 334b , yellow QDs / phosphors 
334c , and transparent layers 334d are isolated from each 
other by isolation spacers such as dielectric spacers 332 . As 
noted above , the dielectric spacers 332 can include an 
opaque dielectric material SiNx or a dielectric material with 
a light - absorbing material such as a black material . The four 
LED sub - pixels can be arranged in a rectangular shape or a 
square shape . Each LED sub - pixel can have a size of about 
30 um or less . Each LED pixel can have a size of about 100 
um or less . In some implementations , a ratio between an area 
of light emission from the pixels and a physical area of the 
pixels is higher than 50 % . In some other implementations , 
each LED pixel can also include three LED sub - pixels 
including a blue LED sub - pixel , a red LED sub - pixel , and a 
green LED sub - pixel . 
[ 0118 ] As described above , in the system 300 , a number of 
the LEDs 320 is larger than a number of the LEDs covered 
with the phosphor materials or quantum dots materials , and 
the number of the LEDs 320 is equal to at least two times of 
a number of the LED pixels . For example , each LED 320 is 
operable as a light - emitting diode ( LED ) to emit light with 
a blue color , e . g . , with a wavelength between 450 nm and 
500 nm , and , for each of the active - matrix light emitting 
pixels , at least two blue color LEDs are configured to 
optically excite at least two other colors , e . g . , green and red , 
by secondary light emission of the phosphor materials or 
quantum dots materials on the at least two blue color LEDs . 
Thus , each of the active - matrix light emitting pixels is 
configured to be a multi - color display pixel including one 
blue color LED operable to provide a blue color and the at 
least two blue color LEDs with the phosphor materials or 
quantum dots materials operable to respectively provide a 
red color and a green color . 
[ 0119 ] In some other implementations , each of the LEDs 
is operable as a UV or deep UV LED operable to emit light 
with a wavelength between 100 nm and 450 nm , and , for 
each of the active - matrix light emitting pixels , at least three 
UV or deep UV LEDs are configured to optically excite at 
least three colors , e . g . , red , green , and blue , by secondary 
light emission of the phosphor materials or quantum dots 
materials on the at least three UV or deep UV LEDs . The 
pixel can also include a UV or deep UV LED deposited with 
yellow color phosphor materials or quantum dots materials 
operable to emit a white color . 
[ 0120 ] Different color phosphor materials or quantum dots 
materials can have different secondary conversion efficien 
cies when excited by LEDs . In an example , for UV or deep 
UV LEDs , red color quantum dots materials can have 50 % 
light conversion efficiency , green color quantum dots mate 
rials can have 60 % light conversion efficiency , and blue 
color quantum dots materials can have 90 % light conversion 
efficiency . In another example , for blue color LEDs , red 
color quantum dots materials can have 70 % light conversion 
efficiency and green color quantum dots materials can have 
80 % light conversion efficiency . Also a blue color LED itself 
can have 100 % light efficiency to emit a blue color . 
10121 ] To make a display have uniform brightness , e . g . , 
each pixel element in a display pixel has the same intensity , 
methods can be adopted to compensate the different sec 
ondary conversion efficiencies from different color phosphor 
materials or quantum dots materials on LEDs . 
[ 0122 ] In some implementations , differences between dif 
ferent light conversion efficiencies of different pixel ele 
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ments in each display pixel can be compensated by control 
ling pixel area ratios among the different pixel elements in 
the display pixel . A pixel element having a larger light 
conversion efficiency can have a smaller area , and a pixel 
element having a smaller light conversion efficiency can 
have a larger area . Different areas of the different pixel 
elements can be achieved by preparing different areas of 
LEDs for different color pixel elements . As discussed in 
FIG . 4F - 1 below , when patterning the LED structure into an 
array of LEDs , LEDs to be deposited with a phosphor or 
quantum dot material having a smaller light conversion 
efficiency can be designed and fabricated to have a larger 
area than LEDs to be deposited with a phosphor or quantum 
dot material having a larger light conversion efficiency or 
than LEDs to be deposited with a transparent layer . 
[ 0123 ] In some implementations , differences between dif 
ferent light conversion efficiencies among different pixel 
elements in each display pixel can be compensated by 
controlling different drive currents for the different pixel 
elements in the display pixel , e . g . , by the CMOS backplane 
310 . A pixel element having a larger light conversion 
efficiency can be driven by a smaller current , and a pixel 
element having a smaller light conversion efficiency can be 
driven by a larger current . 
[ 0124 ] In some implementations , differences between dif 
ferent light conversion efficiencies among different pixel 
elements in each display pixel can be compensated by 
controlling pixel area ratios among the different pixel ele 
ments in the display pixel and controlling different drive 
currents for the different pixel elements in the display pixel 
together . For example , the pixel areas ratios among the 
different pixel elements can be designed for a larger com 
pensation , and the drive currents for the different pixel 
elements can be designed for a smaller compensation , e . g . , 
for fine tuning . 
[ 0125 ] A polarizer film 336 is deposited on surfaces of the 
pixels 334 and the dielectric spacers 332 . The polarizer film 
336 is configured to allow light from the pixels 334 to 
propagate through along a polarization direction to become 
a polarized light . 
[ 0126 ] A protective layer 338 is then formed on the 
polarizer film 336 . As noted above , the protective layer 338 
can be a touch - sensitive transparent layer and can form , 
together with the transparent conductive layer 330 ( as the 
common electrode ) , a capacitive touch screen position sen 
sor . 
[ 0127 ] A conductive grid array package 318 , e . g . , ball grid 
array ( BGA ) package , can be formed on a bottom side of the 
substrate 302 through connection grids 316 . The BGA 
package 318 is conductively coupled to the CMOS back 
plane 310 . The BGA package 318 can include a number of 
BGA solider balls . A larger number of BGA solider balls 
with corresponding grid lines enables a higher connection 
resolution for the CMOS backplane 310 . The BGA package 
318 can function as conductive interconnects to connect the 
CMOS backplane 310 ( thus the integrated display system 
300 ) to other displays or to a control unit of a larger display . 
[ 0128 ] In some implementations , each of the intermediate 
conductive layers 304 forms a highly - reflective mirror for a 
corresponding LED 320 bonded with the intermediate con 
ductive layer 304 . The mirror can have a reflectivity higher 
than 80 % . The intermediate conductive layer 304 can have 
a same area size as the corresponding LED 320 . The contact 
electrode p - GaN 324 can include a metal film with a high 

reflectivity and can be configured to enhance a brightness of 
light emitted from the LED 320 . Each of the active - matrix 
light - emitting pixels 334 is operable to output a light flux in 
one direction that is larger than 80 % of light flux in two 
directions output from each of the at least one LED 320 in 
the pixel 334 . 
[ 0129 ] Referring now to FIGS . 4A - 1 to 41 , steps of fab 
ricating a display system , e . g . , the display system 300 of 
FIGS . 3A - 3B , are illustrated . 
[ 0130 ] FIGS . 4A - 1 and 4A - 2 show an LED device 400 
( e . g . , an LED wafer ) having a multi - layered LED structure 
410 formed on a substrate 402 ( e . g . , a wafer ) . The substrate 
402 can be pre - treated , e . g . , by cleaning a top surface of the 
substrate 402 . Then the multi - layered LED structure 410 is 
formed by depositing multiple layers on the top surface of 
the substrate 402 . The multiple layers can include a buffer 
layer , a first contact electrode , light - emitting layers , and a 
second contact electrode that are sequentially formed on the 
substrate 402 . The multiple layers can be deposited by 
Metal - Organic Chemical Vapor Deposition ( MOCVD ) , 
molecular beam epitaxy ( MBE ) , atomic layer deposition 
( ALD ) , physical vapor deposition ( PVD ) , Chemical Vapor 
Deposition ( CVD ) , or any other suitable deposition methods 
in a vacuum chamber with a certain temperature . The 
light - emitting layers can include one or more quantum well 
layers of group III - V compounds for emitting light with a 
specified wavelength . For illustration only , FIGS . 4A - 3 and 
4A - 4 show III - V blue light LED structures formed on 
different substrates . 
[ 0131 ] FIG . 4A - 3 shows an example LED wafer 400a 
based on a sapphire substrate 402a . III - V blue light LED 
structure 410a is formed on the sapphire substrate 402a . The 
III - V blue light LED structure 410a can be formed by 
sequentially growing epitaxial layers including a buffer layer 
403a , e . g . , 4 . 5 um - GaN layer , a n - type contact electrode 
404a , e . g . , 1 um n doped GaN layer , MQW 405a , e . g . , 30 
pairs of 1 . 2 nm - InGaN / 4 . 5 nm - GaN layers , and a p - type 
contact electrode , e . g . , 150 - nm p doped GaN layer on the 
sapphire substrate 402a . 
[ 0132 ] FIG . 4A - 4 shows an example LED wafer 400b 
based on a silicon substrate 402b . The silicon substrate 4025 
can be a silicon ( 111 ) substrate , where a surface of the 
silicon ( 111 ) substrate can be parallel to a ( 111 ) crystalline 
plane . III - V blue light LED structure 410b is formed on the 
silicon ( 111 ) substrate 402b by using alternating pairs of 
InGaN layer and GaN : Si layer as the quantum well ( MOW ) 
layers 405b . The LED structure 400b can include one or 
more buffer layers 403b deposited on the silicon ( 111 ) 
substrate , one or more lower Group III - V compound layers 
404b as a first contact electrode on the buffer layers 403b , 
one or more MQW layers 405b on the lower Group III - V 
compound layers 404b , and one or more upper Group III - V 
compound layers 406b as a second contact electrode . 
[ 0133 ] In a particular example , the blue light LED struc 
ture 410b is formed by sequentially epitaxially growing with 
MOCVD ( or MBE or ALD ) : 30 nm - AIN layer under 700° 
C . , 50 nm - AIN layer under 1200° C . , 200 nm - AlGaN layer 
under 1200° C . , 500 nm - GaN layer under 1200° C . , 10 
nm - AIN layer under 600° C . , 50 nm - AIN layer under 1200° 
C . , 400 nm - AlGaN layer under 1200° C . , 1 . 5 um - GaN : Si 
layer under 1200° C . , 5 pairs of 5 - nm InGaN layer and 10 
nm - GaN : Si layer under 800° C . , 10 nm - AlGaN : Mg layer 
under 1200° C . , and 300 nm - GaN : Mg layer under 1200° C . 
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[ 0134 ] In some implementations , the LED structure 410 
can be a UV or deep UV LED structure . The UV or deep UV 
LED structure can include n - GaN / ( AIGAN / GaN ) MQWs / p 
GaN structure , which can be grown on a sapphire substrate . 
[ 0135 ] FIGS . 4B - 1 and 4B - 2 show schematic diagrams of 
an example CMOS backplane device 420 ( e . g . , a CMOS 
backplane wafer ) . The CMOS backplane device 420 can be 
fabricated on a semiconductor substrate 422 , e . g . , a silicon 
wafer , using standard CMOS manufacturing processes , e . g . , 
by OEM . The CMOS backplane device 420 can include one 
or more CMOS backplanes 424 on a top side of the substrate 
422 . The CMOS backplanes 424 can be arranged in an array 
on the substrate 422 . 
[ 0136 ] FIG . 4B - 3 is a cross - sectional view of the CMOS 
backplane device 420 . Each CMOS backplane 424 can 
include a number of non - volatile memories and drivers 430 . 
The drivers include scanning drivers , e . g . , the scanning 
drivers 116 of FIG . 1 , and data drivers , e . g . , the data drivers 
114 of FIG . 1 . Each non - volatile memory is coupled to one 
of the scanning drivers through at least one word line , e . g . , 
the word line 117 of FIG . 1 , and to one of the data drivers 
through at least one bit line , e . g . , the bit line 115 of FIG . 1 . 
[ 0137 ] Each non - volatile memory includes at least one 
transistor 426 . The transistor 426 has drain 426a , gate 426b , 
and source 426c , which are separated by dielectrics 426d . 
The transistor 426 is coupled to a respective drive electrode 
432 on top of the backplane 424 through metal contact 429 . 
Adjacent drive electrodes 432 are isolated from each other 
by dielectric spacers 431 . Via 425 can be formed between 
adjacent transistors 426 . A shadow mask 423 is formed on 
top of the transistor 426 . Then a metal shield 427 is formed 
on the shadow mask 423 . An interlayer 428 including 
dielectric material is formed between the metal shield 427 
and the drive electrodes 432 for isolation . 
[ 0138 ] To integrate the LED wafer 400 and the CMOS 
backplane wafer 420 together , low - temperature bonding , 
e . g . , eutectic bonding , can be used . An intermediate layer 
434 , e . g . , a metal layer , can be disposed between two wafers 
for bonding . A top surface of the LED wafer 400 , e . g . , a 
surface of p - electrode layer 406 as illustrated in FIG . 4D - 3 , 
can be a bonding surface of the LED wafer 400 ; a top surface 
of the CMOS backplane wafer 420 , e . g . , surfaces of the 
drive electrodes 432 , can be a bonding surface of the CMOS 
backplane wafer 420 . 
[ 0139 ] To achieve good bonding , both bonding surfaces 
can be pre - treated to remove any contamination and / or oxide 
film that can hamper diffusion of intermediate metals dif 
fusing into the bonding surfaces , e . g . , p + region of the 
p - electrode 406 . The bonding surfaces can be pre - treated to 
be smooth and uniform . For example , a root mean square 
( rms ) roughness of the p - electrode 406 of the LED wafer 
400 can be estimated to be around 1 . 5 nm , e . g . , from an 
atomic force microscopy ( AFM ) scan . 
[ 0140 ] In some implementations , the pre - treatment 
includes : I ) treating the bonding surfaces by a 10 min 
piranha ( H2O2 : H2SO4 = 1 : 3 by volume ) solution pre - clean 
followed by deionized water rinse and spin - dry prior to 
metallization ; II ) treating the bonding surfaces with an 
ultraviolet ( UV ) - ozone pre - clean to remove the organic 
surface contamination ; and III ) before bonding , applying a 
low energy plasma activation of the bonding surface , e . g . , 
the p + surface , of the LED wafer 400 , to enhance diffusion 
of the intermediate metals . 

[ 0141 ] The intermediate layer 434 can be first deposited 
onto the bonding surface of the CMOS backplane wafer 420 . 
FIGS . 4C - 1 and 4C - 2 show schematic diagrams of an 
intermediate metal layer 434 formed on the CMOS back 
plane wafer 420 . The intermediate layer 434 can be a 
continuous film across the CMOS backplane wafer 420 . As 
discussed with details below , the intermediate layer 434 can 
include one or more intermediate metallic layers . The metal 
lic layers can include one of : an iridium - tin - oxide ( ITO ) film 
with a titanium ( Ti ) film , a cupper ( Cu ) film with a Tantalum 
( Ta ) film , an aluminum ( Al ) film with a Tin ( Sn ) film , and 
a gold ( Au ) or silver ( Ag ) film with at least one adhesive film 
including chromium ( Cr ) , Platinum ( Pt ) , Palladium ( Pd ) , or 
Titanium ( Ti ) . 
[ 0142 ] FIGS . 4D - 1 and 4D - 2 show schematic diagrams of 
bonding the LED wafer 400 and the CMOS backplane wafer 
420 via the intermediate layer 434 to obtain a bonded device 
440 . Before bonding , the LED wafer 400 and the CMOS 
backplane wafer 420 are aligned with each other in a 
vacuum chamber . As the LED structure 410 includes con 
tinuous layers across the LED wafer 400 , the LED wafer 400 
and the CMOS backplane wafer 420 can be aligned at a 
wafer - to - wafer level alignment accuracy , e . g . , at a sub 
millimeter precision wafer alignment . As illustrated in FIG . 
4D - 1 , the LED wafer 400 is flipped over with the p - electrode 
406 facing to the intermediate layer 434 and aligned with the 
CMOS backplane wafer 420 . Then the aligned two wafers 
are clamped together on a bonding chuck , and a pressure is 
applied on both sides of the wafers when the wafers are in 
a full contact at a low temperature for a period of time . The 
bonded wafers can be optionally annealed to another low 
temperature for another period of time . 

EXAMPLES OF LOW TEMPERATURE 
BONDING 

Example 1 

Bonding Using Cupper - Tantalm Intermediate 
Layers 

10143 ] The low temperature bonding , e . g . , eutectic bond 
ing , of the LED wafer 400 onto the CMOS backplane wafer 
420 can use a cupper ( Cu ) film and a thin Tantalum ( Ta ) film 
as the intermediate layers . The following is an example 
bonding process . 
[ 0144 ] First , a 50 - nm Ta thin - film is deposited onto the top 
surface of the CMOS backplane wafer 420 , e . g . , surfaces of 
the drive electrodes 432 and the dielectric spacers 431 , and 
a 300 - nm Cu thin - film is deposited on top of the Ta film in 
a vacuum chamber with pressures lower than 1x10 ̂ - 6 Torr . 
[ 0145 ] Second , both wafers are placed in a vacuum cham 
ber with pressures near 1x10 ̂ - 3 Torr or in an atmosphere 
pressure nitrogen ( N2 ) environments . 
[ 0146 ] Third , the two wafers are aligned face - to - face and 
clamped together on a bonding chuck . 
[ 0147 ] Fourth , a pressure of 30 psi is applied on both sides 
of the bonded wafers when the wafers are in a full contact 
at 300° C . for 1 hour . 
10148 ] Fifth , the bonded wafers are annealed to a tem 
perature near 400° C . for about 1 hour . 
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Example 2 

Bonding Using Aluminum - Tin Intermediate Layers 
[ 0149 ] The low temperature bonding , e . g . , eutectic bond 
ing , of the LED wafer 400 onto the CMOS backplane wafer 
420 can use an Aluminum ( Al ) film and a thin Tin ( Sn ) film 
as the intermediate layers . The following is an example 
bonding process . 
[ 0150 ] First , a 50 - nm Sn thin - film is deposited onto the top 
surface of the CMOS backplane wafer 420 , e . g . , surfaces of 
the drive electrodes 432 and the dielectric spacers 431 , and 
a 300 - nm Al thin - film is deposited on top of the Sn film in 
a vacuum chamber with pressures lower than 1x10 ̂ - 6 Torr . 
[ 0151 ] Second , both wafers are placed in a vacuum cham 
ber with pressures near 1x10 ̂ - 3 Torr or in an atmosphere 
pressure nitrogen ( N2 ) environments . 
[ 0152 ] Third , the two wafers are aligned face - to - face and 
clamped together on a bonding chuck . 
[ 0153 ] Fourth , a pressure of 21 . 6 psi is applied on both 
sides of the bonded wafers when the wafers are in a full 
contact at 300° C . for 1 hour . 
[ 0154 ) Fifth , the bonded wafers are annealed to a tem 
perature near 400° C . for about 1 hour . 

Example 3 

Bonding Using Gold or Silver Intermediate Layers 
[ 0155 ] The low temperature bonding , e . g . , eutectic bond 
ing , can be also performed by evaporating and plating gold 
( Au ) or silver ( Ag ) on to one of the wafers and then exposing 
the gold or silver to UV light just before bonding to remove 
organic contaminants that preclude gold surfaces contact 
with the other wafer into which it is bonded . The following 
is an example process . 
[ 0156 ] First , approximately 1 - um thick Au film with a 
suitable adhesion layer of ( Cr , Pt , Pd ) is deposited on each 
of the LED wafer 400 and the CMOS backplane wafer 420 
to be bonded . 
[ 0157 ] Second , a 300 Angstroms of Ti adhesive layer , an 
optional diffusion barrier layer , and 1400 Angstroms of Au 
( Au - Pt - Ti ) or ( Au — Ti ) are subsequently electron - beam 
( E - beam ) evaporated onto the surface of the CMOS back 
plane wafer 420 . 
[ 0158 ] Third , the two wafers are aligned face - to - face and 
clamped together on a bonding chuck . 
[ 0159 ] Fourth , a pressure of 30 psi is applied on the 
bonded area for 5 - 10 minutes at a temperature of 200° C . to 
350° C . 
[ 0160 ] Fifth , optionally , the bonded wafers can be 
annealed to a temperature below 400° C . for about 1 hour . 
Note that annealing temperature beyond 400° C . may result 
a damage to integrated circuitry in the CMOS backplane 
wafer 420 . 
10161 ] Referring now to FIG . 4D - 3 , a cross - sectional 
diagram of the bonded device 440 including the LED wafer 
400 and the CMOS backplane wafer 420 is shown . The LED 
structure 410 includes continuous layers having a buffer 
layer 403 , an n - electrode layer 404 , MQW layer 405 , and 
p - electrode layer 406 sequentially formed on the substrate 
402 . The continuous p - electrode layer 406 is bonded with 
the drive electrodes 432 of the CMOS backplanes 424 
through the continuous intermediate layer 434 . 

[ 0162 ] For further processing , the substrate 402 of the 
LED wafer 400 is first removed from the bonded device 440 
to expose the LED structure 410 , and then the LED structure 
410 is polished , e . g . , by a chemical - mechanical polishing 
( CMP ) process , to remove the buffer layer 403 ( e . g . , GaN 
layer ) until stopping at the n - electrode layer 404 ( e . g . , 
n - GaN layer ) . In some cases , the n - electrode layer 404 is 
further thinned by polishing to remove a portion of the 
n - electrode layer 404 . 
[ 0163 ] Removing the substrate 402 can be performed by a 
peeling - off process , a lifting - off process , a splitting process , 
a detaching process , or a laser scribing process . Techniques 
of ion implantation , laser annealing , thermal annealing , and 
mechanical clipping can be used individually or in combi 
nation to weaken interfaces of the separation . In one 
example , a laser scribing is used to scribe the substrate 402 
to a depth of the interfaces of separation as a partial cut , and 
followed by a subsequent snapping ( either manual or fully 
automated ) . The scribing speed can be in a range of 300 to 
700 mm / s . 
[ 0164 ] In another example , a laser lifting - off process is 
used . The substrate 402 can be a sapphire substrate . The 
LED structure 410 can be a blue color LED structure or a 
UV or deep UV LED structure . Since sapphire is transparent 
and GaN ( the material of the buffer layer 403 ) is opaque 
( which absorbs light ) , a GaN film can be lifted off from the 
sapphire substrate by a short pulse KrF UV excimer laser 
with a wavelength of 248 nm or 308 nm , e . g . , in a power 
range of 0 . 4 - 0 . 8 J / cm² . The short pulse laser is absorbed by 
the GaN film to generate a high temperature , e . g . , more than 
1000° C . Even a brief heating of an interface between the 
sapphire substrate and the GaN film to > 1000° C . can result 
in decomposition of GaN into Ga , a low melting - point 
metal , and nitrogen which remains trapped at the interface . 
0165 ] In some implementations , the LED structure 410 is 

a red color LED structure . In some cases , the red color LED 
structure is formed on a GaP substrate , which can be 
delaminated by UV Excimer Laser ( with a wavelength at 
248 nm or 308 nm ) lift - off . The epitaxial layer - selective 
delamination is achieved by photochemical decomposition 
of an intermediate opaque layer next to the transparent Gap 
substrate . 
[ 0166 ] In some cases , the red color LED structure is 
formed on GaAs substrate . The GaAs substrate can be 
delaminated by Chemical Lift - Offs ( CLO ) . Since GaAs is 
opaque , an intermediate sacrificial layer of AlAs or InAIP 
can be grown on the GaAs substrates before AlGaAs or 
InAlGaP multiple quantum wells . By selective etching AIAS 
intermediate sacrificial layers using HF , the GaAs substrate 
can be lifted off , and by selective etching InAIP intermediate 
sacrificial layers using HC1 , the GaAs substrate can be lifted 
off . The GaAs substrate can be also delaminated by Nd : YAG 
Laser ( with a wavelength of 1064 nm ) lift - off . The epitaxial 
layer of InGaAsN can be used as an intermediate sacrificial 
layers for selective photodecomposition and substrates lift 
off . By tuning the composition of the InGaAsN layer such 
that its bandgap is lower than 1 . 165 eV ( energy of a 1064 nm 
photon ) , the InGaAsN layer strongly absorbs 1064 nm laser 
light to which the GaAs substrate is effectively transparent . 
Upon absorption of the laser pulse , ablation occurs along the 
InGaAsN layer , separating the GaAs film from its GaAs 
growth substrate , producing a crack - free GaAs layer 
adhered to a flexible polymer substrate . In a particular 
example , a Q - switched Nd : YAG laser with a pulse duration 
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( full width at half maximum FWHM ) of 8 - 9 ns , GaAs 
substrate wafer lift - off is achieved over a large range of 
average fluences from ~ 0 . 6 J / cm ^ 2 to - 3 . 5 J / cm ^ 2 . 
[ 0167 ] FIG . 4E is a perspective view of a bonded device 
445 obtained by removing the substrate 402 of the LED 
wafer 400 from the bonded device 440 . The LED structure 
410 is exposed for patterning . 
[ 0168 ] Before patterning , a protective mask is aligned 
with the drive electrodes 432 in the top layer of the CMOS 
backplanes 424 , such that the dielectric spacers 431 between 
the drive electrodes 432 are selectively etched away after the 
patterning . The protective mask can be determined based on 
information fabricating the drive electrodes 432 in the 
CMOS backplanes 424 . For example , the drive electrodes 
432 are fabricated by forming a protective mask ( e . g . , 
photoresist or hard mask ) , depositing materials of the drive 
electrodes , and removing the protective mask layer . The 
protective mask for patterning the LED structure 410 can be 
determined based on the protective mask for fabricating the 
drive electrodes 432 . In this way , the protective mask for 
patterning the LED structure 410 can be aligned with the 
drive electrodes 432 with high accuracy but low effort . 
[ 0169 ] After the alignment , the patterning can be per 
formed with the following steps : 1 ) patterning a hard mask 
layer , e . g . , SiNx such as SizN4 , on top of the LED structure 
410 , e . g . , on the n - electrode layer 404 ( e . g . , n - GaN ) of the 
LED structure 410 ; 2 ) etching through the layers of the LED 
structure 410 , the intermediate layer 434 , and the dielectric 
spacers 431 to the interplayer 428 of the CMOS backplanes 
424 ; 3 ) removing the remaining hard mask layer . Particu 
larly , as the intermediate layer 434 can include metal , 
etching the intermediate layer 434 can be separately per 
formed from etching the LED structure 410 and the dielec 
tric spacers 431 . 
[ 0170 ] As illustrated in FIGS . 4F - 1 and 4F - 2 , the LED 
structure 410 is patterned to form an array of LEDs 452 . 
Adjacent LEDs 452 and adjacent intermediate layer 458 are 
separated from each other by gaps 451 . Each LED 452 can 
have a size larger than a size of the respective drive electrode 
432 . The LED 452 and the intermediate layer 458 are 
aligned , e . g . , self - aligned , with the respective drive elec 
trode 432 . The LED 452 and the respective intermediate 
layer 458 can have the same size and are self - signed with 
each other due to simultaneous patterning . 
[ 0171 ] Each LED 452 includes n - electrode 454 , MQW 
455 , and p - electrode 456 . The LED 452 is conductively 
coupled to a respective non - volatile memory via the bonded 
p - electrode 456 and the drive electrode 432 by the interme 
diate layer 458 , such that an active - matrix pixel is formed . 
Accordingly , an array of active - matrix LED pixels are 
formed after the patterning . 
0172 ] In some implementations , as noted above , differ 
ences between different light conversion efficiencies among 
different pixel elements in each display pixel can be com 
pensated by controlling pixel area ratios among the different 
pixel elements in the display pixel . The LED structure 410 
can be first patterned to form a plurality of first LEDs to be 
used as blue sub - pixels for emitting a blue color , then 
patterned to form a plurality of second LEDs to be used as 
green sub - pixels for emitting a green color , and then pat 
terned to form a plurality of third LEDs to be used as red 
sub - pixels for emitting a red color . An area ratio between the 
first LED , the second LED , and the third LEDs can be based 
on a ratio between the different light conversion efficiencies 

of the sub - pixels . For example , the first LED can have an 
area smaller than the second LED that can have a smaller 
area than the third LED . 
[ 0173 ] Then , an opaque isolation material is filled into the 
gaps 451 between the LEDs 452 . For example , an opaque 
dielectric material such as SiNx can be deposited in the gaps 
451 by chemical vapor deposition ( CVD ) . Topology pla 
narization , e . g . , polishing by chemical - mechanical polishing 
( CMP ) , is performed to form a flat surface across the array 
of LEDs 452 . The deposited dielectric layer can be polished 
to expose doped surfaces of the LEDs 452 , e . g . , to the 
n - electrodes 454 of the LEDs 452 . That is , the flat surface 
can include surfaces of the n - electrodes 454 of the LEDs 
452 . A transparent conductive layer 464 , e . g . , an ITO layer , 
is deposited on top of the flat surface including the surfaces 
of the n - electrodes 454 of the LEDs 452 to form a common 
electrode , e . g . , an electrical common ground . As illustrated 
in FIG . 4G , in the formed device 460 , dielectric spacers 462 
are formed in the gaps 451 , and the transparent conductive 
layer 464 are on the LEDs 452 . 
[ 0174 ] As shown in FIG . 4H , secondary color LEDs , e . g . , 
red color LEDs , green color LEDs , and white color LEDs , 
can be formed based on the previously - formed LEDs , e . g . , 
blue color LEDs 452 . The different color LEDs can form 
multi - color LED pixels 474 . Each pixel 474 can include a 
blue color LED , a red color LED , a green color LED , and a 
white color LED . As discussed above in FIGS . 3A - 3B , the 
secondary color LEDs can be formed on surface of the LEDs 
452 by using different color phosphor materials or different 
size quantum - dot ( OD ) materials . 
[ 0175 ] For example , potassium fluorosilicate ( PFS ) / 
K , SiF . ( KSF ) phosphors can be used to make red color 
LEDs with an emission wavelength of about 630 nm . 
Aluminate , or silicate , or green garnet ( GNYAG ) phosphors 
can be used to make green color LEDs with an emission 
wavelength of about 530 nm . Cerium ( III ) - doped YAG 
phosphors can be used to make white color LEDs . 
[ 0176 ] In some implementations , an array of the multi 
color LED pixels 474 is formed by the following processes : 
1 ) patterning using photoresist for specific color LEDs , e . g . , 
red LEDs ; 2 ) depositing , e . g . , by ink - jet printing , specific 
color phosphor films or specific size QD thin - films for the 
specific color , e . g . , red QDs / phosphors 474a ( red phosphor 
films or red QD thin - films ) ; 3 ) lifting off to remove the 
photoresist to form specific color phosphors / Quantum - dot 
arrays thus to form the specific color LED arrays , e . g . , red 
LED arrays ; 4 ) repeating the same processes above to form 
another specific color LED arrays , e . g . , green LED arrays , 
but with another specific color phosphor films or another 
specific size QD thin - films , e . g . , green QDs / phosphors 474b 
( green phosphor films or green QD thin - films ) ; and 5 ) 
repeating the same processes above to form another specific 
color LED arrays , e . g . , white LED arrays , but with another 
specific color phosphor films or another specific size QD 
thin - films , e . g . , yellow QDs / phosphors 474c ( yellow phos 
phor films or yellow QD thin - films ) . In some examples , blue 
color LEDs in the pixels 474 can be also formed by 
depositing corresponding blue color phosphor film or cor 
responding size QD thin film on the formed blue LEDs 452 . 
[ 0177 ] In some examples , as illustrated in FIG . 4H , trans 
parent layers 474d are formed on the blue color LEDs 452 
in the pixels 474 . Isolation spacers , e . g . , dielectric spacers 
472 , are formed between the deposited phosphors or QDs for 
different color LEDs . The dielectric spacers 472 can include 
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array of the LEDs 452 and in contact with the n - electrodes 
404 of the LEDs 452 to form a common ground of the 
active - matrix LED pixels . Patterns of different color phos 
phor materials or quantum dots materials 474a , 474b , and 
474c are formed above the array of LEDs 452 to form an 
array of multi - color display pixels 474 . Each display pixel 
474 including four sub - pixels operable to emit light with 
four different colors including blue , red , green , and white 
when excited by the corresponding four LEDs in the display 
pixel . The blue color can be directly generated by the blue 
LEDs 452 through the transparent layers 474d . The sub 
pixels can be isolated by the dielectric spacers 472 that can 
include an opaque dielectric material such as SiNx . The 
transparent protective layer 478 is used to protect surfaces of 
the array of active - matrix multi - color display pixels 474 , 
and the polarizer film 476 can be arranged between the 
pixels 474 and the transparent protective layer 478 . The ball 
grid array ( BGA ) package 482 is formed on a bottom side of 
the substrate 422 and conductively coupled to the CMOS 
backplanes 424 . 
[ 0181 ] In some implementations , the integrated active 
matrix LED pixel array based device 470 in FIG . 4H can be 
processed to become flexible , e . g . , by thinning the substrate 
422 . Then the flexible device 470 can be arranged on a 
flexible substrate , e . g . , a polyimide film or a stainless steel . 

Example Systems and Fabricating Processes using 
TFT Backplanes 

an opaque dielectric material , e . g . , SiNx . For example , after 
depositing the red QDs / Phosphors 474a , green QDs / Phos 
phors 474b , and yellow QDs / Phosphors 474c , and transpar 
ent layers 474d on the LEDs 452 , the dielectric material is 
deposited on top of the device . Topology planarization , e . g . , 
polishing by CMP , can be performed to form a flat surface 
across the array of pixels 474 . 
[ 0178 ] A polarizer film 476 can be deposited on the flat 
surface across the array of pixels 474 and the dielectric 
spacers 472 . The polarizer film 476 is configured to allow 
light from the pixels 474 to propagate through along a 
polarization direction to become a polarized light , which can 
also reduce scattering and get more uniform light . A pro 
tective layer 478 can be then formed on the polarizer film 
476 . As noted above , the protective layer 478 can be a 
touch - sensitive transparent layer and can form , together with 
the transparent conductive layer 464 ( as the common elec 
trode ) , a capacitive touch screen position sensor . The pro 
tective layer 478 can be made of transparent material , e . g . , 
glass or plastic , coated with a conductive material , e . g . , 
indium tin oxide ( ITO ) . FIG . 4H shows the formed inte 
grated device 470 including the array of multi - color active 
matrix LED pixels 474 formed on the CMOS backplanes 
474 and covered with the polarizer film 476 and the pro 
tective layer 478 . 
[ 0179 ] A conductive grid array package 482 , e . g . , ball grid 
array ( BGA ) package , can be formed on a bottom side of the 
substrate 422 of the CMOS backplane device 420 . The BGA 
package 482 is conductively coupled to the CMOS back 
plane 424 via connection grids 484 . The BGA package 482 
can include a number of BGA solider balls . The BGA 
package 482 can function as conductive interconnects to 
connect the CMOS backplane 420 to other displays for 
seamless integration to form a larger display or to a control 
unit of a larger display . 
[ 0180 ] FIG . 41 shows an integrated active - matrix LED 
pixel array based device 480 formed by the above fabrica 
tion process . As described in FIGS . 3A and 3B , the CMOS 
backplanes 424 are formed on a top side of the substrate 422 
and include a number of non - volatile memories / drivers 430 
each conductively coupled to the respective drive electrodes 
432 of the CMOS backplanes 424 . An array of LEDs 452 is 
bonded to the CMOS backplanes 424 through the interme 
diate layers 458 to form an array of active - matrix LED 
pixels . Each LED pixel includes four LEDs 452 and four 
non - volatile memories conductively coupled to the four 
LEDs 452 . Each LED includes epitaxial semiconductor 
layers having one or more quantum well layers MQW 405 
between a first contact electrode ( p - electrode 406 ) and a 
second contact electrode ( n - electrode 404 ) . The p - electrodes 
406 of the LEDs 452 are respectively bonded and conduc 
tively coupled to the drive electrodes 432 via the interme 
diate layers 458 . Each LED 452 is aligned with the respec 
tive bonded drive electrode 432 and can have a larger size 
than the respective drive electrode 432 . The LED 452 can 
have the same size as the respective intermediate layer 458 
and be self - aligned with the respective intermediate layer 
458 due to simultaneous patterning . The dielectric spacers 
462 are disposed between adjacent LEDs 452 and the 
respective bonded drive electrodes 432 for connection iso 
lation . The dielectric spacers 462 can also be configured to 
block light propagation between adjacent LEDs 452 , e . g . , by 
using an opaque dielectric materials such as SiNx . The 
transparent conductive layer 464 is on a flat surface of the 

[ 0182 ] Compared to a CMOS backplane formed on a 
semiconductor substrate ( e . g . , a semiconductor wafer such 
as a silicon wafer ) , a thin - film transistor ( TFT ) backplane 
( also called as a TFT array backplane or a TFT array control 
backplane ) can be formed either on a rigid substrate ( e . g . , 
glass ) or a flexible substrate ( e . g . , a polyimide film or a 
stainless steel ) . The TFT backplane can have a larger size 
than a CMOS backplane formed on the semiconductor 
substrate . In some implementations , TFT backplanes are 
formed on a larger substrate without BGA packaging that is 
used for connecting CMOS backplanes on different smaller 
substrates . 
[ 0183 ] The TFT backplane can be based on a silicon 
substrate , e . g . , amorphous silicon ( a - Si ) or polysilicon such 
as low temperature polysilicon ( LTPS ) . For example , the 
TFT backplane can be a low temperature polysilicon ( LTPS ) 
active - matrix ( AM ) thin - film transistors ( TFT ) array control 
backplane . The LTPS substrate can be achieved by UV 
excimer laser annealing of a - Si to form LTPS . The TFT 
backplane can be fabricated by depositing polysilicon layers 
on a substrate and forming integrated circuits ( e . g . , non 
volatile memories and / or drivers ) on the polysilicon layers . 
[ 0184 ) Similar to CMOS backplanes , LED structures hav 
ing continuous multiple layers formed on wafers ( e . g . , 
silicon or sapphire wafers ) can be bonded to one or more 
TFT backplanes formed on a substrate ( e . g . , a glass substrate 
or a polyimide film on a carrier glass ) . The wafers for the 
LED structures can be first removed , e . g . , by laser lift - off . 
Then the LED structures can be patterned to form an array 
of LEDs to thereby form an array of active - matrix LED 
pixels with each of the LEDs conductively connected to a 
respective non - volatile memory in the TFT backplanes . 
Phosphor materials or quantum - dot materials can be depos 
ited on the array of LED pixels to form an array of 
multi - color LED pixels . After the integrated LED pixel array 
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is formed , the carrier glass can be removed , e . g . , by laser 
lift - off , to form a flexible display . 
[ 0185 ] FIGS . 5A - 5B show an example integrated display 
system 500 fabricated by TFT array control backplane and 
LED bonding . The integrated display system 500 can be the 
display system 100 of FIG . 1 . This integrated display system 
500 can be formed according to steps described with further 
details in FIGS . 6A to 61 . 
[ 0186 ] As illustrated in FIGS . 5A - 5B , the integrated dis 
play system 500 includes a TFT array backplane 510 on a 
first side of a substrate 502 . The substrate 502 can be a glass 
substrate or a flexible substrate ( e . g . , a polyimide film or a 
stainless steel ) on a carrier glass . The TFT array backplane 
510 can be formed in a TFT backplane device . The TFT 
backplane device can include one or more TFT backplanes 
and can be manufactured by existing TFT manufacturing 
technologies , e . g . , by OEMs . 
[ 0187 ] The TFT array backplane 510 can be a low tem 
perature polysilicon ( LTPS ) thin - film transistors ( TFT ) array 
control backplane . The TFT array backplane 510 includes 
integrated circuits having non - volatile memories and / or dis 
play drivers 512 formed on polysilicon layers 511 . In some 
implementations , the TFT array backplane 510 includes a 
number of pixel circuits . Each pixel circuit includes a 
non - volatile memory that has at least one transistor conduc 
tively coupled to a corresponding drive electrode 514 in a 
top layer of the TFT array backplane 510 . The display 
drivers include scanning drivers and data drivers and each of 
the non - volatile memories is coupled to one of the scanning 
drivers through at least one word line and to one of the data 
drivers through at least one bit line . 
[ 0188 ] The integrated display system 500 includes an 
array of light - emitting elements such as LEDs 520 . The 
LEDs 520 are separated ( or isolated ) by opaque dielectric 
spacers 528 , e . g . , SiNx . Each LED 520 can include a first 
contact electrode p - electrode 524 , e . g . , p - GaN layer , a 
second contact electrode n - electrode 526 , e . g . , n - GaN layer , 
and multiple quantum well ( MOW ) semiconductor layers 
522 between the p - electrode 524 and the n - electrode 526 . 
The MQW layers 522 can include group III - V compounds 
and each of the LEDs 520 is operable to emit light with a 
primary color , e . g . , blue , green , or red . 
[ 0189 ] For illustration , in FIGS . 5A and 5B , the LEDs 520 
are blue LEDs operable to emit light with a blue color . The 
MQW layers can include multiple pairs of In ( 0 . 3 ) Ga ( 0 . 7 ) 
N / GaN layers . In some other implementations , the LEDs can 
be a UV or deep UV LED . The MQW layers can include 
multiple pairs of AlGaN / GaN layers . In some other imple 
mentations , the LEDs can be green LEDs operable to emit 
light with a green color . The MQW layers can include 
multiple pairs of In ( 0 . 5 ) Ga ( 0 . 5 ) N / GaN layers . In some other 
implementations , the LEDs can be red LEDs operable to 
emit light with a red color . The MQW layers can include 
multiple pairs of InN / GaN layers . 
[ 0190 ] Each LED 520 is coupled to a respective pixel 
circuit , e . g . , a non - volatile memory , in the TFT array back 
plane 510 by conductively connecting the p - electrode 524 to 
a drive electrode 514 of the pixel circuit , e . g . , through a 
respective intermediate conductive layer 504 . In such a way , 
the array of LEDs 520 is coupled to respective pixel circuits 
in the TFT array backplane 510 to form an array of active 
matrix LED pixels 534 . As discussed with further details in 
FIGS . 6D - 1 to 6D - 4 , the p - electrode 524 and the drive 
electrode 514 can be bonded together , e . g . , by low tempera 

ture bonding , through the intermediate conductive layer 504 , 
e . g . , a metallic layer such as ITO / Ti , Cu / Ta , A1 / Sn , or Au / Cr . 
Each LED 520 can be aligned with the respective bonded 
drive electrode 514 in the top layer of the backplane 510 , 
e . g . , by patterning as illustrated in FIG . 6F , and can have a 
size no smaller than ( same as or larger than ) the respective 
bonded drive electrode 514 . Each LED 520 is self - aligned 
with its respective intermediate layer 504 , e . g . , by simulta 
neous patterning as illustrated in FIG . 6F . The LED 520 can 
have the same size as the respective intermediate layer 504 . 
[ 0191 ] A transparent conductive layer 530 , e . g . , an indium 
tin oxide ( ITO ) layer , is on top of the array of LEDs 520 . The 
transparent conductive layer 530 is in contact with the 
n - electrodes 526 of the LEDs 520 to form a common 
electrode of the LEDs 520 . 
[ 0192 ] A phosphor material or a quantum dot material can 
be deposited on the transparent conductive layer 530 above 
at least one LED 520 and operable to emit a secondary light 
when excited by the light emitted from the LED 520 . The 
secondary light can have a secondary color different from a 
primary color from the LED 320 . As illustrated in FIGS . 
5A - 5B , red color quantum dot ( QD ) materials or phosphor 
materials 534a , green color QDs / phosphors 534b , and yel 
low color QDs / phosphors 534c can be deposited on the blue 
LEDs 520 and operable to emit light with red , green , and 
white colors , respectively . 
[ 0193 ] As an example , each LED pixel 534 in FIGS . 
5A - 5B includes a blue LED sub - pixel with a transparent 
layer 534d on the blue LED 520 , a red LED sub - pixel with 
the red QDs / phosphor 534a on the blue LED 520 , a green 
LED sub - pixel with green QDs / phosphors 534b on the blue 
LED 320 , and a white LED sub - pixel with yellow QDs / 
phosphors 534c on the blue LED 520 . Each sub - pixel 
includes a non - volatile memory in the TFT array backplane 
510 coupled to the blue LED 520 via the drive electrode 514 , 
the intermediate layer 504 , and the p - electrode 524 . The red 
QDs / phosphors 534a , green QDs / phosphors 534b , yellow 
QDs / phosphors 534c , and transparent layers 534d are iso 
lated from each other by opaque dielectric spacers 532 , e . g . , 
SiOx . In some examples , the transparent layers 534d can be 
formed by the same material as the dielectric spacers 532 . 
The four LED sub - pixels can be arranged in a rectangular 
shape or a square shape . Each LED sub - pixel can have a size 
of about 30 um or less . Each LED pixel can have a size of 
about 100 um or less . In some implementations , a ratio 
between an area of light emission from the pixels and a 
physical area of the pixels is higher than 50 % . In some other 
implementations , each LED pixel can also include three 
LED sub - pixels including a blue LED sub - pixel , a red LED 
sub - pixel , and a green LED sub - pixel . 
[ 0194 ] As described above , in the system 500 , a number of 
the LEDs 520 is larger than a number of the LEDs covered 
with the phosphor materials or quantum dots materials , and 
the number of the LEDs 520 is equal to at least two times of 
a number of the LED pixels 534 . For example , each LED is 
operable as a light - emitting diode ( LED ) to emit light with 
a blue color , e . g . , with a wavelength between 450 nm and 
500 nm , and , for each of the active - matrix light emitting 
pixels , at least two blue color LEDs are configured to 
optically excite at least two other colors , e . g . , green and red , 
by secondary light emission of the phosphor materials or 
quantum dots materials on the at least two blue color LEDs . 
Thus , each of the active - matrix light emitting pixels is 
configured to be a multi - color display pixel including one 
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blue color LED operable to provide a blue color and the at 
least two blue color LEDs with the phosphor materials or 
quantum dots materials operable to respectively provide a 
red color and a green color . 
[ 0195 ] In some other implementations , each of the LEDs 
is operable as a UV or deep UV LED operable to emit light 
with a wavelength between 100 nm and 450 nm , and , for 
each of the active - matrix light emitting pixels , at least three 
UV or deep UV LEDs are configured to optically excite at 
least three colors , e . g . , red , green , and blue , by secondary 
light emission of the phosphor materials or quantum dots 
materials on the at least three UV or deep UV LEDs . The 
pixel can also include a UV or deep UV LED deposited with 
yellow color phosphor materials or quantum dots materials 
to emit a white color . 
[ 0196 ] As discussed above , differences between different 
light conversion efficiencies among different pixel elements 
in each display pixel can be compensated by controlling 
pixel area ratios among the different pixel elements in the 
display pixel , or controlling different drive currents for the 
different pixel elements in the display pixel , or both . For 
example , the pixel areas ratios among the different pixel 
elements can be designed for a larger compensation , and the 
drive currents for the different pixel elements can be 
designed for a smaller compensation , e . g . , for fine tuning . 
[ 0197 ] A polarizer film 536 can be deposited on surfaces 
of the pixels 534 and the opaque dielectric spacers 532 . The 
polarizer film 536 is configured to allow light from the pixels 
534 to propagate through along a polarization direction to 
become a polarized light . 
10198 ] A protective layer 538 can be formed on the 
polarizer film 536 . As noted above , the protective layer can 
be a touch - sensitive transparent layer and can form , together 
with the transparent layer 530 ( as the common electrode ) , a 
capacitive touch screen position sensor . 
[ 01991 . Note that , compared to the integrated system 300 
including the BGA package 318 formed on a bottom side of 
the substrate 302 , the integrated system 500 can have a large 
substrate 502 to accommodate a number of TFT backplanes 
which can be conductively interconnected , e . g . , through 
connection lines . 
[ 0200 ] In some implementations , each of the intermediate 
conductive layers 504 forms a highly - reflective mirror for a 
corresponding LED 520 bonded with the intermediate con 
ductive layer 504 . The mirror can have a reflectivity higher 
than 80 % . The intermediate conductive layer 504 can have 
a same area size as the corresponding LED 520 . The contact 
electrode p - GaN 524 can include a metal film with a high 
reflectivity and can be configured to enhance a brightness of 
light emitted from the LED 520 . Each of the active - matrix 
light - emitting pixels 534 is operable to output a light flux in 
one direction that is larger than 80 % of light flux in two 
directions output from each of the at least one LED 520 in 
the pixel 534 . 
[ 0201 ] Referring now to FIGS . 6A to 61 , steps of fabri 
cating an integrated display system , e . g . , the display system 
500 of FIGS . 5A - 5B , are illustrated . 
[ 0202 ] FIG . 6A shows an LED device 600 ( e . g . , an LED 
wafer ) having a multi - layered LED structure 610 formed on 
a substrate 602 ( e . g . , a wafer ) . The substrate 402 can be 
pre - treated , e . g . , by cleaning a top surface of the substrate 
602 . Then the multi - layered LED structure 610 is formed by 
depositing multiple layers on the top surface of the substrate 
602 . The multiple layers can include a buffer layer , a first 

contact electrode , light - emitting layers , and a second contact 
electrode that are sequentially formed on the substrate 602 . 
The multiple layers can be deposited by Metal - Organic 
Chemical Vapor Deposition ( MOCVD ) , molecular beam 
epitaxy ( MBE ) , atomic layer deposition ( ALD ) , physical 
vapor deposition ( PVD ) , Chemical Vapor Deposition 
( CVD ) , or any other suitable deposition methods in a 
vacuum chamber with a certain temperature . The light 
emitting layers can include one or more quantum well layers 
of group III - V compounds for emitting light with a specified 
wavelength . 

10203 ] . In some examples , the substrate 602 is a sapphire 
substrate . The LED structure 610 can be III - V blue light 
LED structure , e . g . , the LED structure 410a in FIG . 4A - 3 . In 
some examples , the substrate 602 is a silicon substrate . The 
LED structure 610 can be III - V blue light LED structure , 
e . g . , the LED structure 410b in FIG . 4A - 4 . 
[ 0204 ] In some implementations , the LED structure 610 
can be a UV or deep UV LED structure . The UV or deep UV 
LED structure can include GaN / ( AIGAN / GaN ) MQWs / p 
GaN structure , which can be grown on a sapphire substrate . 
[ 0205 ) FIGS . 6B - 1 and 6B - 2 show schematic diagrams of 
an example TFT array backplane device 620 . The TFT array 
backplane device 620 can be fabricated on a polyimide film 
624 on a carrier glass 622 , using standard TFT manufactur 
ing processes , e . g . , by OEMs . The TFT backplane device 
620 can include one or more TFT backplanes 630 on a top 
side of the polyimide film 624 . 
[ 0206 ] Each TFT array backplane 630 can include poly 
silicon layer 632 and integrated circuits ( including a number 
of non - volatile memories and drivers 634 ) formed on the 
polysilicon layers 632 . The drivers include scanning drivers , 
e . g . , the scanning drivers 116 of FIG . 1 , and data drivers , 
e . g . , the data drivers 114 of FIG . 1 . Each non - volatile 
memory is coupled to one of the scanning drivers through at 
least one word line , e . g . , the word line 117 of FIG . 1 , and to 
one of the data drivers through at least one bit line , e . g . , the 
bit line 115 of FIG . 1 . 
[ 0207 ] Each non - volatile memory includes at least one 
transistor coupled to a respective drive electrode 636 on top 
of the TFT array backplane 630 The transistor can have a 
structure similar to that of the transistor 426 of FIG . 4B - 3 . 
Adjacent drive electrodes 636 are isolated from each other 
by dielectric spacers 638 . 
[ 0208 ] To integrate the LED device 600 and the TFT array 
backplane device 620 together , low - temperature bonding 
can be used . An intermediate layer 642 , e . g . , a metal layer , 
can be disposed between the two devices for bonding , as 
illustrated in FIG . 6D - 3 . A top surface of the LED device 
600 , e . g . , a surface of p - electrode layer 616 as illustrated in 
FIG . 6D - 3 , can be a bonding surface of the LED device 600 ; 
a top surface pf the TFT array backplane device 620 , e . g . , a 
surface of the drive electrodes 636 , can be a bonding surface 
of the TFT array backplane device 620 . 
[ 0209 ] To achieve good bonding , both bonding surfaces 
can be pre - treated to remove any contamination and / or oxide 
film that can hamper diffusion of intermediate metals dif 
fusing into the bonding surfaces , e . g . , p + region of the 
p - electrode layer 616 . The bonding surfaces can be pre 
treated to be smooth and uniform . For example , a root mean 
square ( rms ) roughness of the p - electrode layer 606 of the 
LED device 600 can be estimated to be around 1 . 5 nm , e . g . , 
from an atomic force microscopy ( AFM ) scan . 
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and a 300 - nm Cu thin - film is deposited on top of the Ta film 
in a vacuum chamber with pressures lower than 1x10 ̂ - 6 
Torr . 
( 0216 ) Second , both devices are placed in a vacuum 
chamber with pressures near 1x10 ̂ - 3 Torr or in an atmo 
sphere pressure nitrogen ( N2 ) environments . 
[ 0217 ] Third , the LED device 600 is aligned to a particular 
region of the TFT backplane device 620 face - to - face and 
clamped together on a bonding chuck . 
[ 0218 ] Fourth , a pressure of 30 psi is applied on both sides 
of the bonded devices when the devices are in a full contact 
at 200° C . for 1 hour . 
[ 0219 ] Fifth , the bonded devices are annealed to a tem 
perature near 300° C . for about 1 hour . 

Example 2 

[ 0210 ] In some implementations , the pre - treatment 
includes : I ) treating the bonding surfaces by a 10 min 
piranha ( H202 : H2SO4 = 1 : 3 by volume ) solution pre - clean 
followed by deionized water rinse and spin - dry prior to 
metallization ; II ) treating the bonding surfaces with an 
ultraviolet ( UV ) - ozone pre - clean to remove the organic 
surface contamination ; and III ) before bonding , applying a 
low energy plasma activation of the bonding surface , e . g . , 
the p + surface , of the LED device 600 , to enhance diffusion 
of the intermediate metals . 
[ 0211 ] As illustrated in FIG . 6C , the intermediate layer 
642 can be first deposited onto the bonding surface of the 
TFT array backplane device 620 . The intermediate layer 642 
can be a continuous layer across the TFT array backplane 
device 620 . As discussed with details below , the intermedi 
ate layer 642 can include one or more intermediate metallic 
layers . The metallic layers can include one of : an iridium 
tin - oxide ( ITO ) film with a titanium ( Ti ) film , a cupper ( Cu ) 
film with a Tantalum ( Ta ) film , an aluminum ( Al ) film with 
a Tin ( Sn ) film , and a gold ( Au ) or silver ( Ag ) film with at 
least one adhesive film including chromium ( Cr ) , Platinum 
( Pt ) , Palladium ( Pd ) , or Titanium ( Ti ) . 
( 0212 ] FIG . 6D - 1 shows a schematic diagram of bonding 
the LED device 600 to the TFT backplane device 620 . As the 
TFT backplane device 620 can have a larger area than the 
LED device 600 , multiple LED devices can be arranged on 
the TFT backplane device 620 . Before bonding , the LED 
device 600 can be aligned to a particular region on the TFT 
backplane device 620 , e . g . , in a vacuum chamber . As the 
LED structure 610 includes continuous layers across the 
LED device 600 , the LED device 600 can be aligned with 
the particular region of the TFT backplane device 620 at a 
low alignment accuracy , e . g . , at a sub - millimeter precision . 
As illustrated in FIG . 6D - 1 , the LED device 600 is flipped 
over with the p - electrode layer 616 facing to the interme 
diate layer 642 and aligned with the particular region on the 
TFT backplane device 620 . Then the aligned two wafers are 
clamped together on a bonding chuck , and a pressure is 
applied on both sides of the wafers when the wafers are in 
a full contact at a low temperature for a period of time . The 
bonded devices can be annealed to another low temperature 
for another period of time . 
[ 0213 ] The following shows examples of low temperature 
bonding for bonding an LED device to a TFT backplane , 
which is similar to the low temperature bonding for bonding 
an LED device to a CMOS backplane , but with an even 
lower temperature . 

Bonding Using Aluminum - Tin Intermediate Layers 
[ 0220 ] The low temperature bonding of the LED device 
600 onto the TFT array backplane device 620 can use an 
Aluminum ( Al ) film and a thin Tin ( Sn ) film as the inter 
mediate layers . The following is an example bonding pro 
cess . 
[ 0221 ] First , a 50 - nm Sn thin - film is deposited onto the top 
surface of the TFT array backplane device 620 , and a 
300 - nm Al thin - film is deposited on top of the Sn film in a 
vacuum chamber with pressures lower than 1x10 ̂ - 6 Torr . 
0222 ] Second , both devices are placed in a vacuum 
chamber with pressures near 1x10 ̂ - 3 Torr or in an atmo 
sphere pressure nitrogen ( N , ) environments . 
[ 0223 ] Third , the LED device 600 is aligned to a particular 
region of the TFT backplane device 620 face - to - face and 
clamped together on a bonding chuck . 
[ 0224 ] Fourth , a pressure of 21 . 6 psi is applied on both 
sides of the bonded devices when the devices are in a full 
contact at 200° C . for 1 hour . 
0225 Fifth , the bonded devices are annealed to a tem 
perature near 300° C . for about 1 hour . 

Example 3 

EXAMPLES OF LOW TEMPERATURE 
BONDING 

Example 1 

Bonding Using Gold or Silver Intermediate Layers 
[ 0226 ] The low temperature bonding can be also per 
formed by evaporating and plating gold ( Au ) or silver ( Ag ) 
on to one of the devices and then exposing the gold or silver 
to UV light just before bonding to remove organic contami 
nants that preclude gold surfaces contact with the other 
device into which it is bonded . The following is an example 
process . 
[ 0227 ] First , approximately 1 - um thick Au film with a 
suitable adhesion layer of ( Cr , Pt , Pd ) is deposited on each 
of the LED device 600 and the TFT array backplane device 
620 to be bonded . 
[ 0228 ] Second , a 300 Angstroms of Ti adhesive layer , an 
optional diffusion barrier layer , and 1400 Angstroms of Au 
( Au - Pt - Ti ) or ( Au — Ti ) are subsequently electron - beam 
( E - beam ) evaporated onto the surface of the TFT array 
backplane device 620 . 
10229 ] Third , the LED device 600 is aligned to a particular 
region of the TFT backplane device 620 face - to - face and 
clamped together on a bonding chuck . 
[ 0230 ] Fourth , a pressure of 30 psi is applied on the 
bonded area for 5 - 10 minutes at a temperature of 150° C . to 
200° C . 

Bonding Using Cupper - Tantalm Intermediate 
Layers 

[ 0214 ] The low temperature bonding of the LED device 
600 onto the TFT array backplane device 620 can use a 
cupper ( Cu ) film and a thin Tantalum ( Ta ) film as the 
intermediate layers . The following is an example bonding 
process . 
[ 0215 ] First , a 50 - nm Ta thin - film is deposited onto the top 
surface of the TFT array backplane device 620 , e . g . , surfaces 
of the drive electrodes 636 and the dielectric spacers 638 , 
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[ 0231 ] Fifth , optionally , the bonded devices can be 
annealed to a temperature below 300° C . for about 1 hour . 
Note that annealing temperature beyond 300° C . may result 
a damage to integrated circuitry in the TFT array backplane 
device 620 . 

Example 4 

Bonding Using Iridium - Tin - Oxide ( ITO ) — Titanium 
( Ti ) Intermediate Layers 

[ 0232 ] The low temperature bonding of the LED device 
600 onto the TFT array backplane device 620 can use a 
transparent metal ITO film and a thin Ti film as the inter 
mediate layers . The following is an example bonding pro 
cess . 
[ 0233 ] First , a 300 Angstroms of Ti adhesive layer , as an 
optional diffusion barrier layer , and 1400 Angstroms of ITO 
are subsequently sputtered onto surfaces of the TFT array 
backplane devices in a vacuum chamber with pressures 
lower than 1x10 ̂ - 6 Torr . 
[ 0234 ] Second , both devices are placed in a vacuum 
chamber with pressures near 1x10 ̂  - 3 Torr or in an atmo 
sphere pressure nitrogen ( N , ) environments . 
[ 0235 ] Third , the LED device 600 is aligned to a particular 
region of the TFT backplane device 620 face - to - face and 
clamped together on a bonding chuck . 
[ 0236 ] Fourth , a pressure of 30 psi is applied on both sides 
of the bonded devices when the devices are in a full contact 
at 200° C . for 1 hour . 
[ 0237 ] Fifth , the bonded devices are annealed to a tem 
perature near 300° C . for about 1 hour . 
[ 0238 ] Referring back to FIG . 6D - 1 , the LED structure 
610 can be formed on a wafer substrate 602 having a circular 
shape , e . g . , a sapphire wafer . To accommodate a number of 
LED structures 610 on the same TFT array backplane device 
620 , different methods can be adopted . 
[ 0239 ] In some implementations , the LED device 600 on 
the wafer substrate 602 can be first cut into a rectangular 
shape and then bonded to the TFT array backplane device 
620 . 
[ 0240 ] In some implementations , a step and scan lift - off 
method can be adopted . After one LED device 600 is bonded 
to the TFT array backplane device 620 , laser lift - off is 
performed on a rectangular area in the LED device 600 , so 
that the LED structure ( e . g . , the LED multi - epitaxial layers ) 
in the rectangular area scanned by the laser is separated from 
the wafer substrate 602 and remains bonded to the TFT array 
backplane device 620 . The LED structure in the non 
scanned area of the LED device 600 remains with the wafer 
substrate 602 and can be moved away from the TFT array 
backplane device 620 . Thus , a rectangular shape LED struc 
ture 610 is bonded on the TFT array backplane device 620 , 
as illustrated in FIG . 6D - 2 . The wafer substrate 602 can be 
cleaned and reused . 
[ 0241 ] FIG . 6D - 3 shows a cross - sectional diagram of a 
bonded device 650 including the rectangular shape LED 
structure 610 and the TFT backplane device 620 . The LED 
structure 610 includes continuous layers having a buffer 
layer 618 , an n - electrode layer 616 , an MQW layer 612 , and 
a p - electrode layer 614 . The substrate 602 was lifted off as 
noted above . The continuous p - electrode layer 614 is bonded 
with the drive electrodes 636 of the TFT backplane 630 
through the continuous intermediate layer 642 . 

[ 0242 ] Using the same step and scan lift - off method , one 
or more rectangular shape LED structures 610 can be 
bonded on the TFT backplane device 620 via the interme 
diate layer 642 , as illustrated in FIG . 6D - 4 . The rectangular 
shaped LED structures 610 can be arranged adjacent to each 
other to form a large display . In some implementations , after 
a first rectangular shape LED structure 610 is bonded on the 
TFT array backplane device 620 , a second LED device 600 
is positioned on the TFT array backplane device 620 . The 
second LED device 600 is aligned with a particular area of 
the TFT array backplane device 620 , such that a second 
rectangular shape LED structure 610 to be obtained from the 
second LED device 600 is adjacent to the first rectangular 
shape LED structure 610 . A periphery of the second LED 
device 600 may be over a part of the first rectangular shape 
LED structure 610 . As the periphery is taken away from the 
TFT array backplane device 620 later , there is no or little 
effect on the first rectangular shape LED structure 610 . Note 
that a rectangular shape is used herein for illustration only , 
other suitable shapes can be also used , e . g . , a hexagon shape . 
102431 . For further processing , the LED structures 610 on 
the TFT array backplane device 620 can be polished , e . g . , by 
a chemical - mechanical polishing ( CMP ) process , to remove 
the buffer layer ( e . g . , GaN layer ) 618 until stopping at the 
n - electrode layer 616 ( e . g . , n - GaN layer ) . In some imple 
mentations , the n - electrode layer 616 is further thinned by 
polishing to remove a portion of the n - electrode layer 616 , 
as illustrated in FIG . 6E . 
[ 0244 ] The polished ( and / or thinned ) LED structures 610 
can be patterned to form an array of LEDs . Before pattern 
ing , a protective mask can be aligned with the drive elec 
trodes 636 in the top layer of the TFT array backplanes 630 , 
such that the dielectric spacers 638 between the drive 
electrodes 636 are also selectively etched away . The pro 
tective mask can be determined based on information fab 
ricating the drive electrodes 636 in the TFT array backplanes 
630 . For example , the drive electrodes 636 are fabricated by 
forming a protective mask ( e . g . , photoresist or hard mask ) , 
depositing materials of the drive electrodes , and removing 
the protective mask layer . The protective mask for patterning 
the LED structures 610 can be determined based on the 
protective mask for fabricating the drive electrodes 636 . In 
this way , the protective mask for patterning the LED struc 
tures 610 can be aligned with the drive electrodes 636 with 
high accuracy but low effort . 
[ 0245 ] After the alignment , the patterning can be per 
formed with the following steps : 1 ) patterning a hard mask 
layer , e . g . , SiNx such as Si N4 , on top of the LED structures , 
e . g . , on the n - electrode layers 616 ( e . g . , n - GaN ) of the LED 
structures 610 ; 2 ) etching through the layers of the LED 
structures 610 , the intermediate layer 668 , and the dielectric 
spacers 638 of the TFT array backplanes 630 ; 3 ) removing 
the remaining hard mask layer . Particularly , as the interme 
diate layer 668 can include metal , etching the intermediate 
layer 668 can be separately performed from etching the 
epitaxial layers of the LED structures 610 and the dielectric 
spacers 638 of the TFT array backplanes 630 . 
[ 0246 ] FIG . 6F shows a perspective view of the patterned 
device 660 . The LED structure 610 is patterned to form an 
array of LEDs 662 . Adjacent LEDs 662 and adjacent inter 
mediate layer 668 are separated from each other by gaps 
661 . Each LED 662 can have a size no smaller than ( e . g . , 
same as or larger than ) a size of the respective drive 
electrode 636 . The LED 662 and the intermediate layer 668 
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are aligned with the respective drive electrode 636 . The LED 
662 and the respective intermediate layer 668 can have the 
same size and be self - signed with each other due to simul 
taneous patterning . 
[ 0247 ] Each LED 662 includes n - electrode 664 , MQW 
665 , and p - electrode 666 . The LED 662 is conductively 
coupled to a respective non - volatile memory via the bonded 
p - electrode 666 and the drive electrode 636 by the interme 
diate layer 668 , such that an active - matrix pixel is formed . 
Accordingly , an array of active - matrix LED pixels is formed 
after the patterning . 
[ 0248 ] In some implementations , as noted above , differ 
ences between different light conversion efficiencies among 
different pixel elements in each display pixel can be com 
pensated by controlling pixel area ratios among the different 
pixel elements in the display pixel . The LED structure 610 
can be first patterned to form a plurality of first LEDs to be 
used as blue sub - pixels for emitting a blue color , then 
patterned to form a plurality of second LEDs to be used as 
green sub - pixels for emitting a green color , and then pat 
terned to form a plurality of third LEDs to be used as red 
sub - pixels for emitting a red color . An area ratio between the 
first LED , the second LED , and the third LEDs can be based 
on a ratio of different light conversion efficiencies of the 
sub - pixels . 
[ 0249 ] Then , an isolation material is filled into the gaps 
661 between the LEDs 662 . For example , an opaque dielec 
tric material such as SiNx can be deposited in the gaps 661 
by chemical vapor deposition ( CVD ) . Topology planariza 
tion , e . g . , polishing by chemical - mechanical polishing 
( CMP ) , is performed to form a flat surface across the array 
of LEDs 662 . The deposited dielectric material can be 
polished to expose doped surfaces of the LEDs 662 , e . g . , to 
the n - electrodes 664 of the LEDs 662 . That is , the flat 
surface can include surfaces of the n - electrodes 664 of the 
LEDs 662 . A transparent conductive layer 674 , e . g . , an ITO 
layer , is deposited on top of the flat surface including the 
surfaces of the n - electrodes 664 of the LEDs 662 to form a 
common electrode , e . g . , an electrical common ground . FIG . 
6G shows a perspective view of the formed device 670 , 
where dielectric spacers 672 are formed in the gaps 661 , and 
the transparent conductive layer 674 are formed on the 
LEDs 662 . The dielectric spacers 672 can include an opaque 
dielectric material . 
0250 ] As shown in FIG . 6H , secondary color LEDs , e . g . , 

red color LEDs , green color LEDs , and white color LEDs , 
can be formed based on the previously - formed LEDs , e . g . , 
blue color LEDs 452 . The different color LEDs can form 
multi - color LED pixels 682 . Each pixel 682 can include a 
blue color LED , a red color LED , a green color LED , and a 
white color LED . As discussed above , the secondary color 
LEDs can be formed on surface of the LEDs 662 by using 
different color phosphor materials or different size quantum 
dot ( QD ) materials . 
[ 0251 ] In some implementations , an array of the multi 
color LED pixels 682 is formed by the following processes : 
1 ) patterning using photoresist for specific color LEDs , e . g . , 
red LEDs ; 2 ) depositing , e . g . , by ink - jet printing , specific 
color phosphor films or specific size QD thin - films for the 
specific color , e . g . , red QDs / phosphors 682a ( red phosphor 
films or red QD thin - films ) ; 3 ) lifting off to remove the 
photoresist to form specific color phosphors / Quantum - dot 
arrays thus to form the specific color LED arrays , e . g . , red 
LED arrays ; 4 ) repeating the same processes above to form 

another specific color LED arrays , e . g . , green LED arrays , 
but with another specific color phosphor films or another 
specific size QD thin - films , e . g . , green QDs / phosphors 682b 
( green phosphor films or green QD thin - films ) ; and 5 ) 
repeating the same processes above to form another specific 
color LED arrays , e . g . , white LED arrays , but with another 
specific color phosphor films or another specific size QD 
thin - films , e . g . , yellow QDs / phosphors 6820 ( yellow phos 
phor films or yellow QD thin - films ) . In some examples , blue 
color LEDs in the pixels 682 can be also formed by 
depositing corresponding blue color phosphor film or cor 
responding size QD thin film on the formed blue LEDs 662 . 
[ 0252 ] In some examples , as illustrated in FIG . 6H , trans 
parent layers 682d are formed on the blue color LEDs 662 
in the pixels 682 . Dielectric spacers 684 are formed between 
the deposited phosphors or QDs for different color LEDs . 
The dielectric spacers 684 can include an opaque dielectric 
material such as SiNx . For example , after depositing the red 
QDs / Phosphors 682a , green QDs / Phosphors 682b , yellow 
QDs / Phosphors 682c , and transparent layers 682d on the 
LEDs 662 , the dielectric material is deposited on top of the 
bonded device . Topology planarization , e . g . , polishing by 
CMP , can be performed to form a flat surface across the 
array of pixels 682 . 
[ 0253 ] A polarizer film 686 can be deposited on the flat 
surface across the array of pixels 682 and the dielectric 
spacers 684 . The polarizer film 686 is configured to allow 
light from the pixels 682 to propagate through along a 
polarization direction to become a polarized light , which can 
also reduce scattering and get more uniform light . A pro 
tective layer 688 can be then formed on the polarizer film 
686 . As noted above , the protective layer 688 can be a 
touch - sensitive transparent layer and can form , together with 
the transparent layer 674 ( as the common electrode ) , a 
capacitive touch screen position sensor . The protective layer 
688 can be made of transparent material , e . g . , glass or 
plastic , coated with a conductive material , e . g . , indium tin 
oxide ( ITO ) . FIG . 6H shows the formed integrated device 
680 including the arrays of multi - color active - matrix LED 
pixels 682 formed on the TFT array backplanes 630 and 
covered with the polarizer film 686 and the protective layer 
688 . 
[ 0254 ] The integrated device 680 has the polyimide film 
624 on the carrier glass 622 as the substrate . To form a 
flexible device , the carrier glass 622 can be removed from 
the integrated device 680 , e . g . , by laser lift - off . For example , 
the polyimide - coated carrier glass 622 can be delaminated 
via UV excimer laser lift - off , e . g . , at 308 nm , with an 
ablation threshold , e . g . , at 235 mJ / cm ^ 2 . 
[ 0255 ] FIG . 61 shows an integrated active - matrix LED 
pixel array based device 690 formed by the above fabrica 
tion process . As described in FIGS . 5A and 5B , the TFT 
array backplanes 630 are formed on the polyimide film 624 
on the carrier glass substrate 622 and each include a number 
of non - volatile memories / drivers 634 . Each non - volatile 
memory includes at least one transistor conductively 
coupled to the respective drive electrode 636 in a top layer 
of the TFT array backplane 630 . An array of LEDs 662 is 
bonded to the TFT array backplanes 630 through the inter 
mediate layers 668 to form an array of active - matrix LED 
pixels . Each LED pixel 682 includes four LEDs 662 and 
four non - volatile memories conductively coupled to the four 
LEDs 662 . Each LED includes epitaxial semiconductor 
layers having one or more quantum well layers MQW 665 
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between a first contact electrode ( p - electrode 666 ) and a 
second contact electrode ( n - electrode 664 ) . The p - electrodes 
666 of the LEDs 662 are respectively bonded and conduc 
tively coupled to the drive electrodes 636 via the interme 
diate layers 668 . Each LED 662 has a substantially same 
area size as the respective bonded drive electrode 636 and is 
aligned with the respective bonded drive electrode 636 . The 
LED 662 and the respective intermediate layer 668 are 
self - signed with each other due to simultaneous patterning . 
The dielectric spacers 672 are disposed in gaps between 
adjacent LEDs 662 and the respective bonded drive elec 
trodes 636 . The transparent conductive layer 674 is on a flat 
surface of the array of the LEDs 662 and in contact with the 
n - electrodes 666 of the LEDs 662 to form a common ground 
of the active - matrix LED pixels . Patterns of different color 
phosphor materials or quantum dots materials 682a , 682b , 
and 682c are formed above the array of LEDs 662 to form 
an array of multi - color display pixels 682 . Each display 
pixel 682 including four sub - pixels operable to emit light 
with four different colors including blue , red , green , and 
white when excited by the corresponding four LEDs in the 
display pixel . The blue color can be directly generated by the 
blue LEDs 452 . The transparent protective layer 688 is used 
to protect surfaces of the array of active - matrix multi - color 
display pixels 682 , and the polarizer film 686 can be 
arranged between the pixels 682 and the transparent protec 
tive layer 688 . The protective layer 688 can be a touch 
sensitive transparent layer and can form , together with the 
transparent layer 674 ( as the common electrode ) , a capaci 
tive touch screen position sensor . 

Example Process 
[ 0256 ] FIG . 7 is a flow diagram of an example process 700 
of forming an integrated active - matrix light - emitting pixel 
display system by bonding . The integrated system can be the 
integrated LED pixel array based display system 100 of FIG . 
1 , 300 of FIGS . 3A - 3B , and 500 of FIGS . 5A - 5B . The 
example process 700 can be similar to the processes 
described according to FIGS . 4A - 1 to 41 or the processes 
described according to FIGS . 6A - 61 . 
[ 0257 ] A plurality of layers is formed on a first substrate 
to form a light emitting structure ( 702 ) . In some implemen 
tations , the light emitting structure includes multiple quan 
tum well ( MOW ) semiconductor layers between a first 
contact electrode , e . g . , a p - GaN electrode , and a second 
contact electrode , e . g . , an n - GaN electrode . The MQW 
layers can include Group III - V compounds and be config 
ured to be activated to emit light with a primary color . In 
some examples , the MQW layers include pairs of In0 . 3GaO . 
7N / GaN layers , and the light emitting structure is a blue 
LED structure , e . g . , the blue LED structure 400a formed on 
a sapphire substrate or the blue LED structure 400b formed 
on a silicon ( 111 ) substrate . In some examples , the MQW 
layers include pairs of AlGaN / GaN layers , and the light 
emitting structure can be a UV or deep UV LED structure 
formed on a sapphire substrate . The plurality of layers can 
be epitaxial semiconductor layers grown on the first sub 
strate , e . g . , by MOCVD . 
[ 0258 ] The light emitting structure on the first substrate is 
integrated with a backplane device formed on a second 
substrate by bonding ( 704 ) . The backplane device includes 
at least one backplane having a plurality of pixel circuits . 
Each of the pixel circuits can include a non - volatile memory 
including at least one transistor conductively coupled to a 

corresponding drive electrode in a top layer of the backplane 
device . The light emitting structure can be integrated with 
the backplane device by connecting a top layer of the light 
emitting structure , e . g . , the first contact electrode , with the 
top layer of the backplane device including the drive elec 
trodes , e . g . , by low temperature bonding using an interme 
diate conductive layer . In such a way , the non - volatile 
memories are conductively coupled to the light emitting 
structure via the first contact electrode , the intermediate 
conductive layer , and the drive electrodes . 
[ 0259 ] The intermediate conductive layer can include one 
or more metallic films . The metallic films can include one of : 
an iridium - tin - oxide ( ITO ) film with a titanium ( Ti ) film , a 
cupper ( Cu ) film with a Tantalum ( Ta ) film , an aluminum 
( Al ) film with a Tin ( Sn ) film , and a gold ( Au ) or silver ( Ag ) 
film with at least one adhesive film including chromium 
( Cr ) , Platinum ( Pt ) , Palladium ( Pd ) , or Titanium ( Ti ) . 
[ 0260 ] To achieve good bonding , both bonding surfaces 
can be pre - treated to remove any contamination and / or oxide 
film that can hamper diffusion of intermediate metals dif 
fusing into the bonding surfaces . Before bonding , the light 
emitting structure and the backplane are aligned with each 
other in a vacuum chamber . As the layers in the light 
emitting structure is continuous across the light emitting 
structure , the alignment can be at a wafer level alignment 
accuracy , e . g . , at a sub - millimeter precision wafer align 
ment . After the alignment , the two devices are clamped 
together on a bonding chuck , and a pressure is applied on 
both sides of the devices when the devices are in a full 
contact at a low temperature for a period of time . Then the 
bonded devices can be optionally annealed to another low 
temperature for another period of time . 
[ 0261 ] The first substrate is laser lifted - off to expose the 
light emitting structure according to a laser scan area ( 706 ) . 
As noted above , the first substrate , e . g . , a sapphire substrate , 
for the light emitting structure can be removed by a laser , 
e . g . , a short pulse KrF UV excimer laser , scanning an area 
over the first substrate , e . g . , by delamination of a buffer layer 
( such as GaN layer ) of the light - emitting structure from the 
sapphire substrate transparent for the UV laser . 
[ 0262 ] In some implementations , the backplane includes a 
complementary metal - oxide - semiconductor ( CMOS ) back 
plane , and the second substrate includes a silicon semicon 
ductor wafer . Before the integration , the two devices are 
aligned at a wafer - to - wafer level of accuracy . After the 
integration , the first substrate can be removed , e . g . , by laser 
lift - off , to expose the light emitting structure . The light 
emitting structure can be polished ( or thinned ) to expose the 
second contact electrode for further processing . 
[ 0263 ] In some implementations , the backplane includes a 
low temperature polysilicon ( LTPS ) active - matrix ( AM ) 
thin - film transistors ( TFT ) array control backplane , and the 
second substrate includes a flexible film , e . g . , a polyimide 
film or a stainless steel , on a carrier substrate , e . g . , a carrier 
glass . Multiple light emitting structures can be arranged on 
the second substrate by sequentially performing scan and 
lift - off on each light emitting structure formed on a first 
structure , e . g . , a semiconductor wafer . For example , a first 
light emitting structure on a first wafer can be aligned with 
a first region of the TFT backplane device and then bonded 
with the first region of the TFT backplane device , e . g . , by 
low temperature bonding . A laser , e . g . , a UV laser , can be 
used to scan a rectangular shape area on the light emitting 
structure , such that the light emitting structure in the rect 
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angular area is separated from the first substrate and remains 
bonded on the TFT backplane device . Then the first substrate 
together with the light emitting structure on non - scanned 
areas are removed from the first region of the TFT backplane 
device . The light emitting structure can include a buffer 
layer formed on the first substrate . Removing the first 
substrate for the TFT backplane device can expose the buffer 
layer for further processing . 
[ 0264 Then a second light emitting structure on a second 
wafer can be aligned with a second region of the TFT 
backplane device . By the similar method as described above , 
the second light emitting structure on a rectangular area is 
separated from the second wafer and remains bonded to the 
second region of the TFT backplane device , and the second 
light emitting structure on non - scanned area are lifted off 
together with the second wafer . The second light emitting 
structure on the second wafer is aligned with the second 
region of the TFT backplane device on the second substrate , 
such that the second light emitting structure in the second 
area is adjacent to the light emitting structure in the first area 
on the TFT backplane device . 
[ 0265 ] After the multiple light emitting structures are 
arranged on the TFT backplane device , the buffer layers of 
the light emitting structures can be removed by polishing , 
e . g . , CMP , such that the second contact electrodes of the 
light emitting structures are exposed for further processing . 
The second contact electrodes can be further thinned by 
polishing . 
[ 0266 ] The light emitting structure is patterned to form an 
array of light emitting elements each coupled to respective 
pixel circuits of the backplane device to thereby form an 
array of active - matrix light emitting pixels ( 708 ) . Before 
patterning , a protective mask can be aligned with the respec 
tive drive electrodes in the top layer of the backplane device , 
such that dielectric spacers between the respective drive 
electrodes are selectively etched away . The light emitting 
structure , the intermediate conductive layer , and the dielec 
tric spacers are patterned simultaneously , such that each 
light emitting element is self - aligned with a corresponding 
intermediate conductive layer . The light emitting element 
can have the same size as the corresponding intermediate 
conductive layer . The light emitting element is aligned with 
the corresponding drive electrode , and can have a size no 
smaller than the corresponding drive electrode . Each light 
emitting element is conductively coupled to a respective 
non - volatile memory by the second contact electrode , the 
intermediate conductive layer and the corresponding drive 
electrode . Each light emitting pixel includes at least one of 
the light emitting elements and at least one of the non 
volatile memories conductively coupled to the at least one of 
the light emitting elements . 
[ 0267 ] After the patterning , an isolation material , e . g . , an 
opaque dielectric material such as SiNx , is filled in gaps 
between the adjacent light emitting elements . Then , topol 
ogy planarization , e . g . , polishing by chemical - mechanical 
polishing ( CMP ) , is performed to form a flat surface across 
the array of light emitting elements . The filled dielectric 
material can be polished to expose doped surfaces of the 
light emitting elements , e . g . , to the second contact electrodes 
such as n - GaN electrodes . A transparent conductive layer , 
e . g . , an ITO layer , can be deposited on top of the flat surface 
including the surfaces of the second contact electrodes to 
form a common electrode , e . g . , an electrical common 
ground , for the light emitting elements . 

[ 0268 ] An array of active - matrix multi - color display pix 
els is formed by selectively depositing different color phos 
phor or different size quantum - dot materials on the array of 
light emitting elements ( 710 ) . Each light emitting element is 
operable to emit light with a primary color . The phosphor 
material or the quantum - dot material is operable to emit a 
secondary color when excited by light from the light 
emitting element . The secondary color can be different from 
the primary color . 
[ 0269 ] In some implementations , each light emitting ele 
ment is operable as a blue color LED , e . g . , with an emission 
wavelength between 450 nm and 500 nm . In each display 
pixel , at least two blue color LEDs are configured to 
optically excite at least two other colors by secondary light 
emission of the phosphor materials or quantum dots mate 
rials on the at least two blue color LEDs . Each of the 
active - matrix light emitting pixels is configured to be a 
multi - color display pixel including one blue color LED 
operable to provide a blue color and the at least two blue 
color LEDs with the phosphor materials or quantum dots 
materials operable to respectively provide a red color and a 
green color . 
[ 0270 ] In some implementations , each of the light - emit 
ting elements is operable as a light - emitting diode ( LED ) to 
emit UV or deep UV light with a wavelength between 100 
nm and 450 nm . For each of the active - matrix light emitting 
pixels , at least three UV or deep UV LEDs are configured to 
optically excite at least three colors , e . g . , red , green , and 
blue , by secondary light emission of the phosphor materials 
or quantum dots materials on the at least three UV or deep 
UV LEDs . The pixel can also include a UV or deep UV LED 
configured to emit a white color by secondary light emission 
of yellow color phosphor material or quantum dot material 
on the UV or deep UV LED . 
[ 0271 ] A transparent protective layer can be formed on top 
of the array of active - matrix multi - color display pixels . The 
protective layer can be a touch - sensitive protective layer and 
can form , together with the transparent conductive layer ( as 
the common electrode ) , a capacitive touch screen position 
sensor . The protective layer can be made of transparent 
material , e . g . , glass or plastic , coated with a conductive 
material , e . g . , indium tin oxide ( ITO ) . A polarizer film can 
be deposited between the protective layer and the array of 
display pixels . 
10272 ] In some implementations , the backplane is a 
CMOS backplane formed on a top side of a semiconductor 
wafer . A conductive grid array package , e . g . , ball grid array 
( BGA ) package , can be formed on a bottom side of the 
semiconductor wafer and conductively coupled to the 
CMOS backplane . The BGA package can function as con 
ductive interconnects to connect the CMOS backplane to 
other displays for seamless integration to form a larger 
display or to a control unit of a larger display . 
0273 ] In some implementations , the backplane is a TFT 
array control backplane formed on a flexible film on a carrier 
glass . After the array of multi - color active matrix display 
pixels is formed , the carrier glass can be removed , e . g . , by 
laser lift - off . For example , the polyimide - coated carrier glass 
can be delaminated via UV excimer laser lift - off at 308 nm . 
In such a way , the formed integrated device on the flexible 
film can be flexible . 
[ 0274 ] Embodiments of the subject matter and the func 
tional operations described in this specification can be 
implemented in digital electronic circuitry , in tangibly 
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embodied computer software or firmware , in computer hard - 
ware , including the structures disclosed in this specification 
and their structural equivalents , or in combinations of one or 
more of them . Embodiments of the subject matter described 
in this specification can be implemented as one or more 
computer programs , i . e . , one or more modules of computer 
program instructions encoded on a tangible non - transitory 
program carrier for execution by , or to control the operation 
of , data processing apparatus . Alternatively or in addition , 
the program instructions can be encoded on an artificially 
generated propagated signal , e . g . , a machine - generated elec 
trical , optical , or electromagnetic signal , that is generated to 
encode information for transmission to suitable receiver 
apparatus for execution by a data processing apparatus . The 
computer storage medium can be a machine - readable stor 
age device , a machine - readable storage substrate , a random 
or serial access memory device , or a combination of one or 
more of them . 
[ 0275 ] The processes and logic flows described in this 
specification can be performed by one or more program 
mable computers executing one or more computer programs 
to perform functions by operating on input data and gener 
ating output . The processes and logic flows can also be 
performed by , and apparatus can also be implemented as , 
special purpose logic circuitry , e . g . , an FPGA ( field pro 
grammable gate array ) or an ASIC ( application - specific 
integrated circuit ) . 
[ 0276 ] Computers suitable for the execution of a computer 
program include , by way of example , can be based on 
general or special purpose microprocessors or both , or any 
other kind of central processing unit . Generally , a central 
processing unit will receive instructions and data from a 
read - only memory or a random access memory or both . The 
essential elements of a computer are a central processing 
unit for performing or executing instructions and one or 
more memory devices for storing instructions and data . 
Generally , a computer will also include , or be operatively 
coupled to receive data from or transfer data to , or both , one 
or more mass storage devices for storing data , e . g . , mag 
netic , magneto - optical disks , or optical disks . However , a 
computer need not have such devices . Moreover , a computer 
can be embedded in another device , e . g . , a mobile telephone , 
a personal digital assistant ( PDA ) , a mobile audio or video 
player , a game console , a Global Positioning System ( GPS ) 
receiver , or a portable storage device , e . g . , a universal serial 
bus ( USB ) flash drive , to name just a few . 
[ 02771 Computer - readable media suitable for storing com 
puter program instructions and data include all forms of 
non - volatile memory , media and memory devices , including 
by way of example semiconductor memory devices , e . g . , 
EPROM , EEPROM , and flash memory devices ; magnetic 
disks , e . g . , internal hard disks or removable disks ; magneto 
optical disks ; and CD - ROM and DVD - ROM disks . The 
processor and the memory can be supplemented by , or 
incorporated in , special purpose logic circuitry . 
[ 0278 ] While this specification contains many specific 
implementation details , these should not be construed as 
limitations on the scope of any invention or on the scope of 
what may be claimed , but rather as descriptions of features 
that may be specific to particular embodiments of particular 
inventions . Certain features that are described in this speci 
fication in the context of separate embodiments can also be 
implemented in combination in a single embodiment . Con - 
versely , various features that are described in the context of 

a single embodiment can also be implemented in multiple 
embodiments separately or in any suitable subcombination . 
Moreover , although features may be described above as 
acting in certain combinations and even initially claimed as 
such , one or more features from a claimed combination can 
in some cases be excised from the combination , and the 
claimed combination may be directed to a subcombination 
or variation of a subcombination . 
[ 0279 ) Similarly , while operations are depicted in the 
drawings in a particular order , this should not be understood 
as requiring that such operations be performed in the par 
ticular order shown or in sequential order , or that all illus 
trated operations be performed , to achieve desirable results . 
In certain circumstances , multitasking and parallel process 
ing may be advantageous . Moreover , the separation of 
various system modules and components in the embodi 
ments described above should not be understood as requir 
ing such separation in all embodiments . 
[ 0280 ] Thus , particular embodiments of the subject matter 
have been described . Nevertheless , it will be understood that 
various modifications may be made without departing from 
the spirit and scope of the subject matter . Accordingly , other 
embodiments are within the scope of the following claims . 
What is claimed is : 
1 . A method of fabricating an integrated device , the 

method comprising : 
forming a plurality of layers on a first substrate to form a 

light emitting structure ; 
integrating the formed light emitting structure on the first 

substrate with a backplane device formed on a second 
substrate by connecting a first top layer of the light 
emitting structure with a second top layer of the back 
plane device , wherein the backplane device includes at 
least one backplane having a plurality of pixel circuits ; 
and 

after the integration , patterning the light emitting structure 
to form a plurality of separate light emitting elements 
each conductively coupled to respective pixel circuits 
of the plurality of pixel circuits to thereby form a 
plurality of active - matrix light emitting pixels , wherein 
each of the active - matrix light emitting pixels com 
prises at least one of the light emitting elements and at 
least one of the pixel circuits conductively coupled to 
the at least one of the light emitting elements . 

2 . The method of claim 1 , wherein each of the pixel 
circuits comprises a non - volatile memory including at least 
one transistor conductively coupled to a corresponding drive 
electrode in the second top layer , and 

wherein the non - volatile memory is conductively coupled 
to a corresponding light emitting element in a respec 
tive active - matrix light emitting pixel through the cor 
responding drive electrode . 

3 . The method of claim 2 , wherein the at least one 
backplane comprises scanning drivers and data drivers , and 

wherein each of the non - volatile memories is coupled to 
one of the scanning drivers through at least one word 
line and to one of the data drivers through at least one 
bit line . 

4 . The method of claim 1 , wherein the plurality of layers 
includes a contact electrode layer as the first top layer , and 
each of the pixel circuits is coupled to a respective drive 
electrode in the second top layer , and 
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wherein each of the pixel circuits is conductively coupled 
to the light emitting structure through the respective 
drive electrode and the contact electrode layer . 

5 . The method of claim 4 , wherein the contact electrode 
layer comprises a doped semiconductor layer , and 

wherein the contact electrode layer is patterned to form 
individual Ohmic contacts of the separate light emitting 
elements . 

6 . The method of claim 1 , wherein integrating the formed 
light emitting structure on the first substrate with the back 
plane device formed on the second substrate comprises : 

using low temperature bonding to bond the first top layer 
of the light emitting structure on the second top layer of 
the backplane device through an intermediate conduc 
tive layer . 

7 . The method of claim 6 , comprising : 
simultaneously patterning the light emitting structure and 

the intermediate conductive layer , wherein each of the 
light emitting elements is self - aligned with a respective 
patterned intermediate conductive layer . 

8 . The method of claim 6 , wherein the intermediate 
conductive layer comprises one or more metallic films 
including : 

an iridium - tin - oxide ( ITO ) film with a titanium ( Ti ) film , 
a cupper ( Cu ) film with a Tantalum ( Ta ) film , 
an aluminum ( Al ) film with a Tin ( Sn ) film , or 
a gold ( Au ) or silver ( Ag ) film with at least one adhesive 

film including chromium ( Cr ) , Platinum ( Pt ) , Palla 
dium ( Pd ) , or Titanium ( Ti ) . 

9 . The method of claim 1 , wherein the first substrate 
comprises a first semiconductor wafer and the second sub 
strate comprises a second semiconductor wafer , and 
wherein integrating the formed light emitting structure on 

the first substrate with the backplane device formed on 
the second substrate comprises : 
aligning the first semiconductor wafer with the second 

semiconductor wafer face - to - face at a wafer - to - wa 
fer level of accuracy . 

10 . The method of claim 1 , wherein integrating the 
formed light emitting structure on the first substrate with the 
backplane device formed on the second substrate comprises : 

aligning the formed light emitting structure on the first 
substrate with a first region of the backplane device on 
the second substrate ; and 

bonding the light emitting structure with the first region of 
the backplane device . 

11 . The method of claim 10 , further comprising integrat 
ing another light emitting structure on another first substrate 
with the backplane device on the second substrate by 

aligning the another light emitting structure on the another 
first substrate with a second region of the backplane 
device ; and 

bonding the another light emitting structure with the 
second region of the backplane device , the second 
region being adjacent to the particular region . 

12 . The method of claim 10 , further comprising : 
scanning , by using a laser , an area with a particular shape 

on the light emitting structure such that the light 
emitting structure in the area is separated from the first 
substrate and remains bonded on the backplane device ; 
and 

removing the first substrate together with other non 
scanned areas on the light emitting structure from the 
first region of the backplane device . 

13 . The method of claim 12 , further comprising : 
aligning another light emitting structure on another first 

substrate with a second region of the backplane device 
on the second substrate ; 

bonding the another light emitting structure with the 
second region of the backplane device ; 

scanning , by using the laser , a second area with the 
particular shape on the another light emitting structure 
such that the another light emitting structure in the 
second area is separated from the another first substrate 
and remains bonded on the backplane device ; and 

removing the another first substrate together with other 
non - scanned areas on the another light emitting struc 
ture from the second region of the backplane device , 

wherein the another light emitting structure on the another 
first substrate is aligned with the second region of the 
backplane device on the second substrate , such that the 
another light emitting structure in the second area is 
adjacent to the light emitting structure in the first area 
on the backplane device . 

14 . The method of claim 1 , wherein each of the pixel 
circuits is coupled to a respective drive electrode in the 
second top layer , and 
wherein the method further comprises : 

before the patterning , aligning a protective mask with 
the respective drive electrodes in the second top 
layer , such that dielectric materials between the 
respective drive electrodes in the second top layer 
are selectively etched away after the patterning . 

15 . The method of claim 1 , further comprising : 
before the patterning , removing the first substrate from 

the light emitting structure to expose the light emitting 
structure . 

16 . The method of claim 15 , wherein the light emitting 
structure comprises one or more quantum well layers as an 
active medium between the first top layer as a first contact 
electrode and a second contact electrode , 
wherein the light emitting structure comprises a buffer 

layer between the second contact electrode and the first 
substrate , and 

wherein the method further comprises : 
polishing the light emitting structure to remove the 

buffer layer to expose the second contact electrode . 
17 . The method of claim 16 , wherein the method further 

comprises : 
thinning the second contact electrode by polishing to 
remove a portion of the second contact electrode . 

18 . The method of claim 15 , wherein removing the first 
substrate from the light emitting structure comprises : 

using laser lift - off or laser scribing . 
19 . The method of claim 1 , further comprising : 
filling an isolation material in gaps between adjacent light 

emitting elements of the plurality of light emitting 
elements . 

20 . The method of claim 19 , wherein the isolation mate 
rial comprises an opaque dielectric material . 

21 . The method of claim 19 , wherein the light emitting 
structure comprises one or more quantum well layers as an 
active medium between the first top layer as a first contact 
electrode and a second contact electrode , and 
wherein the method further comprises : polishing the light 

emitting elements filled with the isolation material to 
expose the second contact electrodes in the light emit 

cht 
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ting elements and form a flat surface across the second 
contact electrodes of the light emitting elements . 

22 . The method of claim 21 , further comprising : 
depositing a transparent conductive layer on the flat 

surface to connect the second contact electrodes of the 
light emitting elements to form a common electrode for 
the light emitting elements . 

23 . The method of claim 1 , further comprising : 
forming a conductive grid array package on a bottom of 

the second substrate opposite to the second top layer , 
the conducive grid array package being conductively 
coupled to the at least one backplane . 

24 . The method of claim 23 , wherein the conductive grid 
array package comprises a ball grid array ( BGA ) package . 

25 . The method of claim 1 , wherein the formed light 
emitting structure comprises one or more quantum well 
layers including Group III - V compounds and is configured 
to be activated to emit light with a primary color , and each 
of the light emitting elements is configured to emit light with 
the primary color . 

26 . The method of claim 25 , wherein each of the light 
emitting elements comprises a light emitting diode ( LED ) . 

27 . The method of claim 1 , wherein each of the light 
emitting elements is operable to emit light with a first color , 

wherein the method further comprises : 
forming a plurality of active - matrix multi - color display 
pixels using the plurality of active - matrix light 
emitting pixels , each display pixel including at least 
a particular pixel element to emit light with a second 
color , the second color being different from the first 
color . 

28 . The method of claim 27 , wherein each display pixel 
comprises at least three pixel elements operable to emit light 
with at least three different colors including red , blue , and 
green . 

29 . The method of claim 27 , wherein forming the plurality 
of active - matrix multi - color display pixels comprises : 

patterning with photoresist to select particular light - emit 
ting elements of the plurality of light - emitting ele 
ments ; 

depositing phosphor films or a quantum - dot films on the 
selected light - emitting elements , wherein the selected 
light - emitting elements with the deposited phosphor 
films or the quantum - dot films are operable to emit the 
second color when the phosphor films or the quantum 
dot films are excited by light from the selected light 
emitting elements ; and 

removing the photoresist to form the particular pixel 
elements of the display pixels . 

30 . The method of claim 27 , wherein each of the light 
emitting elements is operable to emit ultraviolet ( UV ) or 
deep UV light with a wavelength between 100 nm and 450 
nm . 

31 . The method of claim 30 , wherein forming the plurality 
of active - matrix multi - color display pixels comprises : 

forming at least three different color phosphor films or 
different size quantum - dot films on at least three light 
emitting elements in each of the display pixels , wherein 
the display pixel is operable to emit at least blue , red , 
and green colors when the phosphor films or quantum 
dot films are excited by the UV or deep UV light from 
the at least three light - emitting elements . 

32 . The method of claim 27 , wherein each of the light 
emitting elements is operable to emit light with a blue color . 

33 . The method of claim 32 , wherein forming the plurality 
of active - matrix multi - color display pixels comprises : 

forming at least two different color phosphor films or 
different size quantum - dot films on at least two light 
emitting elements in each of the display pixels , wherein 
the display pixel is operable to emit at least red and 
green colors when the phosphor films or quantum - dot 
films are excited by the blue light from the at least two 
light - emitting elements . 

34 . The method of claim 33 , wherein forming the plurality 
of active - matrix multi - color display pixels comprises : 

forming a transparent layer on a third light - emitting 
element in the display pixel , 

wherein the display pixel is operable to emit a blue color 
from the third light - emitting element . 

35 . The method of claim 27 , wherein each display pixel 
comprises a first pixel element and a second pixel element 
that have respective first light conversion efficiency and 
second light conversion efficiency when excited by the 
light - emitting elements , 

wherein patterning the light emitting structure to form a 
plurality of separate light emitting elements comprises : 
patterning the light emitting structure to form a plural 

ity of first light emitting elements each having a first 
area , the first light emitting elements being for the 
first pixel elements ; and 

patterning the light emitting structure to form a plural 
ity of second light emitting elements each having a 
second area , the second light emitting elements 
being for the second pixel elements , and 

wherein an area ratio between the first area and the second 
area is based on a ratio between the first light conver 
sion efficiency and the second light conversion effi 
ciency . 

36 . The method of claim 27 , further comprising : 
forming an isolation spacer between adjacent pixel ele 
ments of the display pixels , wherein the isolation 
spacer comprises an opaque dielectric material . 

37 . The method of claim 27 , further comprising : 
forming a transparent protective layer on top of the 

plurality of active - matrix multi - color display pixels . 
38 . The method of claim 37 , wherein the formed trans 

parent protective layer comprises a transparent touch - sensi 
tive protective layer , and 

wherein the transparent touch - sensitive protective layer is 
configured to form , together with a common electrode 
of the light emitting elements , a capacitive touch screen 
position sensor . 

39 . The method of claim 37 , further comprising : 
forming a polarizer film between the protective layer and 

the display pixels . 
40 . The method of claim 1 , wherein the first substrate 

comprises one of a single crystal silicon semiconductor 
substrate and a sapphire substrate , and 

wherein the plurality of layers comprises epitaxial semi 
conductor layers grown on the first substrate . 

41 . The method of claim 1 , wherein the at least one 
backplane comprises a complementary metal - oxide - semi 
conductor ( CMOS ) backplane . 
42 . The method of claim 1 , wherein the backplane device 

comprises an array of backplanes formed on the second 
substrate and separable from each other . 
43 . The method of claim 1 , wherein the second substrate 

comprises a flexible film on a rigid substrate . 
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44 . The method of claim 43 , further comprising : 
removing the rigid substrate such that the integrated 

device fabricated on the flexible film becomes flexible . 
45 . The method of claim 1 , wherein the at least one 

backplane comprises a low temperature polysilicon ( LTPS ) 
thin - film transistors ( TFT ) array control backplane . 

46 . The method of claim 1 , wherein each of the active 
matrix light emitting pixels is drivable by a current source . 

47 . A method of fabricating an integrated active - matrix 
LED pixel array based display by bonding , the method 
comprising : 

epitaxially growing a plurality of semiconductor layers on 
a first substrate to form a light emitting diode ( LED ) 
structure , the semiconductor layers including one or 
more quantum well layers having Group III - V com 
pounds between a first doped semiconductor layer as a 
first contact electrode and a second doped semiconduc 
tor layer as a second contact electrode ; 

forming an intermediate metal layer on a top layer of a 
backplane device formed on a second substrate , the 
backplane device including at least one backplane 
having a plurality of non - volatile memories , each of the 
non - volatile memories being conductively coupled to a 
respective drive electrode in the top layer of the back 
plane device ; 

integrating the LED structure on the first substrate with 
the backplane device on the second substrate by low 
temperature bonding including bonding the first doped 
semiconductor layer of the LED structure with the top 
layer of the backplane device via the intermediate metal 
layer , wherein each of the non - volatile memories is 
conductively coupled to the LED structure via the 
respective drive electrode , the intermediate metal layer 
and the first contact electrode ; 

after the integration , patterning the LED structure 
together with the intermediate metal layer and the 
bonded top layer of the backplane device to form an 
array of LEDs each conductively coupled to respective 
non - volatile memories of the plurality of non - volatile 
memories to thereby form an array of active - matrix 
LED pixels , wherein each of the active - matrix LED 
pixels comprises at least one of the LEDs and at least 
one of the non - volatile memories conductively coupled 
to the at least one of the LEDs ; 

forming an array of active - matrix multi - color display 
pixels by selectively depositing different color phos 
phor materials or different size quantum dots materials 
on surfaces of the LEDs in each of the active - matrix 
LED pixels , each display pixel including at least three 
pixel elements operable to emit light with three colors 
including red , blue , and green when excited by the 
LEDs ; and 

forming a transparent protective layer on the array of 
active - matrix multi - color display pixels . 

48 . The method of claim 47 , further comprising : 
forming first isolation spacers between adjacent LEDs of 

the array of LEDs , the first isolation spacers including 
an opaque dielectric material ; 

polishing the array of LEDs with the first isolation spacers 
to expose the second doped semiconductor layers of the 
LEDs and to form a flat surface across the array of 
LEDs ; 

depositing a transparent conductive layer on the flat 
surface to form a common electrode for the array of 
active - matrix LED pixels ; 

forming second isolation spacers between adjacent pixel 
elements of the display pixels and on the transparent 
conductive layer , the second isolation spacers compris 
ing the opaque dielectric material ; and 

forming a polarizer film between the transparent protec 
tive layer and the array of active - matrix multi - color 
display pixels , 

wherein the different color phosphor materials or quantum 
dots materials are selectively patterned on the trans 
parent conductive layer , and 

wherein the transparent protective layer is touch - sensitive 
and configured to form , together with the common 
electrode , a capacitive touch screen position sensor . 

49 . The method of claim 47 , wherein the at least one 
backplane comprises a complementary metal - oxide - semi 
conductor ( CMOS ) backplane , and the second substrate 
comprises a silicon semiconductor wafer , 

wherein the first substrate comprises one of a silicon 
semiconductor wafer and a sapphire wafer , 

wherein the method further comprising : 
before the integration , aligning the first substrate with 

the second substrate at a wafer - to - wafer level of 
accuracy ; 

after the integration , removing the first substrate by 
laser lift - off to expose the LED structure and pol 
ishing the LED structure to expose the second doped 
semiconductor layer ; 

before the patterning , aligning a protective mask with 
the respective drive electrodes in the top layer of the 
backplane device , such that dielectric materials 
between the respective drive electrodes in the top 
layer are selectively etched away after the patterning ; 
and 

forming a ball grid array ( BGA ) package on a bottom 
layer of the second substrate opposite to the top layer 
and conductively coupled to the backplane device . 

50 . The method of claim 47 , wherein the at least one 
backplane comprises a low temperature polysilicon ( LTPS ) 
active - matrix ( AM ) thin - film transistors ( TFT ) array control 
backplane , and the second substrate comprises a flexible 
film on a carrier substrate , 
wherein the first substrate comprises one of a silicon 

semiconductor wafer and a sapphire wafer , 
wherein integrating the formed LED structure on the first 

substrate with the TFT backplane device formed on the 
second substrate comprises : 
aligning the formed LED structure on the first substrate 

with a first region of the TFT backplane device on 
the second substrate ; 

bonding the LED structure with the first region of the 
TFT backplane device ; 

scanning , by using a laser , a rectangular area on the 
LED structure such that the LED structure in the 
rectangular area is separated from the first substrate 
and remains bonded on the TFT backplane device ; 
and 

removing the first substrate together with other non 
scanned areas on the LED structure from the first 
region of the TFT backplane device . 
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51 . The method of claim 50 , further comprising : 
aligning another LED structure on another first substrate 

with a second region of the TFT backplane device on 
the second substrate ; 

bonding the another LED structure on the second region 
of the TFT backplane device ; 

scanning , by using the laser , a rectangular area on the 
another LED structure such that the another LED 
structure in the rectangular area is separated from the 
another first substrate and remains bonded on the TFT 
backplane device ; and 

removing the another first substrate together with other 
non - scanned areas on the another LED structure from 
the second region of the TFT backplane device , 

wherein the another LED structure on the another first 
substrate is aligned with the second region of the TFT 
backplane device on the second substrate , such that the 
another LED structure in the second area is adjacent to 
the LED structure in the first area on the TFT backplane 
device . 

52 . The method of claim 47 , wherein each of the display 
pixels includes first , second , and third pixel elements having 
respective first , second , and third light conversion efficien 
cies to emit a blue color , a green color , and a red color when 
excited by the LEDs , 
wherein patterning the LED structure to form an array of 
LEDs comprises : 
patterning the LED structure to form a plurality of first 
LEDs each having a first area , the first LEDs being 
for the first pixel elements ; 

patterning the LED structure to form a plurality of 
second LEDs each having a second area , the second 
LEDs being for the second pixel elements ; and 

patterning the LED structure to form a plurality of third 
LEDs each having a third area , the third LEDs being 
for the third pixel elements ; 

wherein an area ratio between the first area , the second 
area and the third area is based on a ratio between the 
first light conversion efficiency , the second light con 
version efficiency , and the third light conversion effi 
ciency . 

53 . An integrated device comprising : 
a backplane including a plurality of pixel circuits each 

conductively coupled to respective light - emitting ele 
ments through respective intermediate conductive lay 
ers to form an array of active - matrix light - emitting 
pixels , wherein each of the light - emitting elements 
comprises one or more quantum well semiconductor 
layers between a first contact electrode and a second 
contact electrode , the first contact electrodes of the 
light - emitting elements being respectively bonded and 
conductively coupled to the pixel circuits in the back 
plane via the respective intermediate conductive layers ; 
and 

a transparent conductive layer on the array of the light 
emitting elements , wherein the transparent conductive 
layer is in contact with the second contact electrodes of 
the light - emitting elements to form a common electrode 
of the light - emitting elements . 

54 . The integrated device of claim 53 , further comprising : 
isolation spacers between adjacent light emitting ele 
ments . 

55 . The integrated device of claim 54 , wherein the isola 
tion spacers comprises an opaque dielectric material . 

56 . The integrated device of claim 53 , wherein each of the 
light - emitting elements has a size same as a respective 
intermediate conductive layer and is self - aligned with the 
respective intermediate conductive layer . 

57 . The integrated device of claim 53 , wherein each of the 
pixel circuits comprises a non - volatile memory including at 
least one transistor conductively coupled to a corresponding 
drive electrode in a top layer of the backplane . 

58 . The integrated device of claim 57 , wherein each of the 
light - emitting elements is conductively coupled to a respec 
tive pixel circuit by the first contact electrode of the light 
emitting element bonded to the corresponding drive elec 
trode of the respective pixel circuit through the respective 
intermediate conductive layer . 

59 . The integrated device of claim 58 , wherein the light 
emitting element is aligned with the corresponding bonded 
drive electrode in the top layer of the backplane , and a size 
of the light - emitting element is no smaller than a size of the 
corresponding bonded drive electrode . 
60 . The integrated device of claim 57 , wherein the back 

plane comprises scanning drivers and data drivers , and each 
of the non - volatile memories is coupled to one of the 
scanning drivers through at least one word line and to one of 
the data drivers through at least one bit line . 
61 . The integrated device of claim 53 , wherein each of the 

light - emitting elements is operable to emit light with a 
primary color , 

wherein the integrated device further comprises : 
for each of the active - matrix light emitting pixels , at 

least a phosphor film or a quantum dot film on the 
conductive layer above at least one light - emitting 
element in the pixel and operable to emit a secondary 
light when excited by the light with the primary 
color , wherein the secondary light has a second color 
different from the primary color . 

62 . The integrated device of claim 61 , wherein a number 
of the LEDs is larger than a number of the LEDs deposited 
with the phosphor films or quantum dots films , and 
wherein the number of the LEDs is equal to at least two 

times of a number of the pixels . 
63 . The integrated device of claim 61 , wherein the one or 

more quantum well layers include Group III - V compounds 
and each of the light - emitting elements is operable as a 
light - emitting diode ( LED ) to emit light with a blue color , 
and 

wherein , for each of the active - matrix light emitting 
pixels , at least two blue color LEDs are configured to 
optically excite at least two other colors by secondary 
light emission of the phosphor films or quantum dots 
films on the at least two blue color LEDs . 

64 . The integrated device of claim 63 , wherein each of the 
active - matrix light emitting pixels is configured to be a 
multi - color display pixel including one blue color LED 
operable to provide a blue color and the at least two blue 
color LEDs with the phosphor films or quantum dots films 
operable to respectively provide a red color and a green 
color . 

65 . The integrated device of claim 64 , wherein an area 
ratio between the three blue color LEDs in the multi - color 
display pixel is based on light conversion efficiencies of the 
red color phosphor film or quantum dots film and the green 
color phosphor film or quantum dots film when excited by 
the at least two blue color LEDs . 
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66 . The integrated device of claim 61 , wherein the one or 
more quantum well layers include Group III - V compounds 
and each of the light - emitting elements is operable as a 
light - emitting diode ( LED ) to emit ultraviolet ( UV ) or deep 
UV light , and 

wherein , for each of the active - matrix light emitting 
pixels , at least three LEDs are configured to optically 
excite at least three colors by secondary light emission 
of the phosphor films or quantum dots films on the at 
least three LEDs . 

67 . The integrated device of claim 66 , wherein each of the 
active - matrix light emitting pixels is configured to be a 
multi - color display pixel including the at least three LEDs 
with the phosphor films or quantum dots films operable to 
respectively provide at least a red color , a blue color , and a 
green color . 
68 . The integrated device of claim 67 , wherein an area 

ratio between the three LEDs in the multi - color display pixel 
is based on light conversion efficiencies of the red color 
phosphor film or quantum dots film , the blue color phosphor 
film or quantum dot film and the green color phosphor film ot film and the green color phosphor film 
or quantum dots film when excited by the three LEDs . 

69 . The integrated device of claim 61 , wherein the con 
ductive layer comprises a transparent indium tin oxide ( ITO ) 
layer , and the transparent ITO layer is between the light 
emitting elements and the at least one phosphor film or one 
quantum dot film . 

70 . The integrated device of claim 53 , wherein each of the 
active - matrix light - emitting pixels is configured to be a 
multi - color display pixel including first and second pixel 
elements having respective first and second light conversion 
efficiencies to emit a first color and a second color when 
excited by the light - emitting elements , and 

wherein the backplane is configured to drive the first and 
second pixel elements with respective first and second 
currents , and a current ratio between the first and 
second currents is based on a ratio between the first and 
second light conversion efficiencies . 

71 . The integrated device of claim 53 , further comprising : 
a touch - sensitive transparent protective layer on the array 

of active - matrix light - emitting pixels and configured to 
form , together with the common electrode , a capacitive 
touch screen position sensor ; and 

a polarizer film positioned between the touch - sensitive 
transparent protective layer and the array of active 
matrix light - emitting pixels . 

72 . The integrated device of claim 53 , wherein each of the 
respective intermediate conductive layers forms a highly 
reflective mirror for a corresponding light - emitting element 
bonded with the respective intermediate conductive layer . 

73 . The integrated device of claim 72 , wherein the mirror 
has a reflectivity higher than 80 % . 

74 . The integrated device of claim 53 , wherein the first 
contact electrode comprises a metal film with a high reflec 

tivity and is configured to enhance a brightness of light 
emitted from the light - emitting element . 

75 . The integrated device of claim 53 , wherein each of the 
active - matrix light - emitting pixels is operable to output a 
light flux in one direction that is larger than 80 % of light flux 
in two directions output from each of the at least one 
light - emitting element in the pixel . 

76 . The integrated device of claim 53 , wherein a ratio 
between an area of light emission from the pixels and a 
physical area of the pixels is higher than 50 % . 

77 . The integrated device of claim 53 , wherein the back 
plane comprises a complementary metal - oxide - semiconduc 
tor ( CMOS ) backplane . 

78 . The integrated device of claim 77 , wherein the back 
plane is on a first side of a semiconductor substrate , and 

wherein the device further comprises : 
a conductive grid array package on a second , opposite 

side of the semiconductor substrate , the conductive 
grid array package being conductively coupled to the 
backplane . 

79 . The integrated device of claim 77 , wherein each of the 
pixels includes at least one of : 

a size less than 5 . 0 um , 
a respond time faster than 0 . 1 us , or 
an emitting light flux higher than 20 cd / mm ̂ 2 . 
80 . The integrated device of claim 77 , comprising at least 

one of : 
a thickness less than 1 . 0 mm , or 
a device area larger than 50 mmx50 mm . 
81 . The integrated device of claim 77 , wherein the device 

is flexible . 
82 . The integrated device of claim 53 , wherein the back 

plane comprises a low temperature polysilicon ( LTPS ) thin 
film transistors ( TFT ) array control backplane . 
83 . The integrated device of claim 82 , wherein the back 

plane is on a substrate , and 
wherein the device further comprises : 

a second LTPS TFT array control backplane on the 
substrate , the second backplane being adjacent to the 
backplane . 

84 . The integrated device of claim 82 , wherein each of the 
pixels includes at least one of : 

a size less than 10 um , 
a respond time faster than 1 . 0 us , or 
an emitting light flux higher than 10 cd / mm ̂ 2 . 
85 . The integrated device of claim 82 , comprising at least 

one of : 
a thickness less than 1 . 0 mm , or 
a device area larger than 100 mmx100 mm . 
86 . The integrated device of claim 82 , wherein the device 

is flexible , rollable , and foldable . 
87 . The integrated device of claim 53 , wherein the back 

plane is operable to drive the active - matrix light emitting 
pixels by pulse - width - modulation ( PWM ) . 

* * * * * 


