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Collecting optics
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Polymer or other low-
cost substrate
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Fig. 6A

transnstofs printed,;
ILEDs manually placed.
‘Pixels at 4 mm pitch.

Fig. 6B
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LED under metal
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Device layers

. «— Sacrificial layers

Handle wafer

1. GaAs:C, 5 nm p-contact layer; cap
2. Aly 45Ga, 55As:C, 800 nm  p-contact and spreading layer
/ 3. Al 5Ing sP:Zn, 200 nm cladding layer
— 412, Cladding and Active region: see next slide for details
13. Aly5Ing P, 200 nm cladding

B 14. Al, ,sGa, ;sAS:Si, 800 nm  n-spreading layer
15. GaAs:Si, 500 nm n-contact layer
16. Aly 6Gag ,As, 1500 nm.
17. GaAs, 1500 nm
18. Aly 46Gag o,AS, 500 Nm
19. GaAs substrate
—
Fig. 14A
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3. Aly gIng sP:Mg, 200 nm p-cladding layer

4-12. From top to bottom, each layer 6 nm

Alg 25Gag 251N 5P
Gag 44Ing 56P

Alg 25Gag 55Ny 5P

Gag 44IN0 56P
Aly 25680 25INg 5P
Gay 44Inp 56P
Alg 2568 25INg 5P
Gag 44In 56P

Aly 25Gag 551N 5P

13. Aly5lny 5P, 200 nm n-cladding layer

Fig. 14B
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kst

1 GaAs:C 5nm 1019 P-contact
2 Aly 4sGa, ;sAs:C 800 nm 1018 P-spreader
3 Aly 5Ing P:Zn 200 nm 3x 107 Cladding

4 Al 55Gag 5Ing 5P 6 nm ~ Undoped Barrier

5 Gay 44Ing 56P 6 nm Undoped Q-well

6 Al 55Gag 51N 5P 6 nm Undoped Barrier

7 Gay 441N 56P 6 nm Undoped Q-well

8 Al ,5Gag 51N 5P | 6nm Undoped Barrier

9 Gag 441N 56P 6 nm Undoped Q-well

10 | Aly,5Gag ,5ing sP 6 nm Undoped Barrier

11| Gag 44l 56P 6 nm Undoped Q-well

12 | Aly,5Gay ,6ing 5P 6 nm undoped Barrier

13 | Aly5ingsP 200 nm 1018 Cladding
14 | Aly4sGag 55As:Si 800 nm 1018 N-spreader
15 | GaAs:Si 500 nm 4x1018 N-contact
16 | AlygsGagolAS 1500 nm 1017 N-doped
17 GaAs 1500 nm 1017 N-doped
18 | AlygGag olAS 500 nm 1077 N-doped
19 GaAs Substr. >1018 N-doped

Fig. 14C
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# Structure of p-on-n type GaAs solar cell

9. p-type GaAs top contact layer
0.1 um, Zn-doped, 8x10'¢ cm-3

m cWa A Wi W, 8. p-type Al ,Ga, ;As window layer
2al) e ; fe/a nd@ 0.020 um, C-doped, 5x10%8 cm?
P=iyp®

7. p-type GaAs layer (emitter)
0.3 um, Zn-doped, 5x10'8 cm-3

6. n-type GaAs layer (base)

e Al 04} s BSE 2 um, Si-doped, 2x10'7 cm-3

_ f 5. n-type Al, ,Ga, ;As back-surface-field layer
type GaAs bottom contact 0.1 urm. Shdonesl 3x10% o

4. n-type GaAs bottom contact layer
GaAs buffer 1.0 um, Si-doped, 8x10'8 cm?3

3. Al o¢Ga, ,As sacrificial release layer
0.5 um

<1 00> GaAS

’  ; - Substrate 2. GaAs buffer layer

0.2 um

1. n-type GaAs substrate

Fig. 14D
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#* Structure of n-on-p type GaAs solar cell

,

RS Al asCR S WINCIOW |
n=yp® | |

: p-type GaAs bottom contact

Al 0sCi, 0528

. substrate

“

9. n-type GaAs top contact layer
0.1 um, Si-doped, 8x10'8 cm-3

8. n-type Al, ,.Ga, ;As window layer
0.050 pm, Si-doped, 3x10'7 cm-3

7. n-type GaAs layer
0.1 um, Si-doped, 2x10'8 cm-3

6. p-type GaAs layer
2 um, Zn-doped, 3x10'7 cm-3

5. p-type Al, ,.Ga, ;As back-surface-field layer
0.1 um, C-doped, ~ 1x101°cm-3

4. p-type GaAs bottom contact layer
1.0 um, C-doped, 2x1018 cm-3

3. Al0.96GaAs sacrificial release layer
0.5 um

2. GaAs buffer fayer
0.2 um

1. GaAs substrate

Fig. 14E
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Glass coated with ITO,
or low-fill factor metal
mesh Printed micro LEDs

Glass coated with ITO,
or low-fill factor metal
mesh

Top view: off, virtually transparent

Top view: magnified

Micro LEDs

Top view: on, luminescent, with

size and spacing of LEDs

Applications; architecture, interior
design, traffic lights, etc.

Fig. 15

imperceptible pixelation due to small
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Undercut
scheme 1

ncapsulation (PR)

Hydrofluoric

acid AlGaAs
GaAs

AlGaAs

GaAs substrate

Undercut
scheme 2

Encapsulation (PECVD SiO,)

Oxidize,
etch oxide :
with KOH ——— AlGaAs

GaAs
AlGaAs
GaAs substrate

Undercut
scheme 3

Encapsulation (PR)

Citric acid AIGaAs

GaAs
AlGaAs

GaAs substrate

Fig. 16
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Pre-fabricated dense array
of solar microcells on a
wafer
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stamp

wafer carrier

back electrode

target assembly
substrate (4)
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Fig. 17A
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solar microcells

" Fig. 17B
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micro-lens collector e T

=

single crystal solar cell

front electrode

Insulating layer” back electrode

S Ao

‘Sunlight

Fig. 17C
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@ radiation R

,(w’”‘ “V . VM

g " concentrator

i

substrate

Fig. 18A

Not to scale

2| _Aulayer

Fig. 18B

Antireflection layer

Microsolar cell

Top contact
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Collector size:
7~ 2 mm

s v oy e

boiee9

R

Collector _Area
SolarCell _Area

Area _Multiplication = =~ 400

1 ft2 of processed semiconductor wafer — ~400 ft2 of light-harvesting area.

Fig. 19
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v

S
<1 concentrator |
K o i | Nitride/phosphide
| | and/or arsenide
solar cell

Silicon solar cell

Fig. 20
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Lens Array

Cast PDMS

Peel off PDMS

Negative replica

Cast polymer against solar
cell array and negative
replica

Plano-concave lens
EFL = nR/(n-1), n=1.43

Integrated solar cell
and lens array
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Light pipes

Solar cell

Fig. 23
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Dope top surface with |
P/As mixture n*-Si (P/As)
p-Si (B

/:f' / Burled OXIde
e i handle wafer

Fig. 24
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Dry transfer

Anneal

n+

Al diffusion formation of p* region

Fig. 25
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Not to scale

Top view (in parallel)
Micro-solar cells (gray)

A N A A A SRS/ AR
R s ' SR e

Metal features

(pink)
Pull current

» Shadowing factor not too high!

Fig. 26
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a) Apply Stamp b) Liftoff of Si c) Transfer
to Si wafer " ribbons - to polymer

d) Final Interconnect

Fig. 29
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Si Thickness vs. Jsc, AM1.5 Efficiency

35 T 20.00%

§ 30 — - "
S o 25 Lt + 15.00%
V< 0/
S g 20 S
S5 |f + 10.00%
o 10 1 5.00%
3 5 -

0 T T T i ‘ 0 .000/0

0 10 20 30 40 50
Si Layer Thickness (um)

Fig. 30
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<Bending radius:
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Sem>

<Bending radius.

Fig. 41
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AM 1.5 global 100mW/cm?
" [ lgc=15.11 mAlcm? 3
(3]
2 10 _V0c=0.451v 410 t_ie
E | FF=075 3
£ |Eff.=51% s
= o
S 3
O 5L 45
0 - - - - 0
0.0 0.2 0.4
Voltage (V)

-V for 1 cell (not fully integrated device)

Fig. 45
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PDMS Molded opti
- olded optics

i. Retrieve metal grid or mesh
from substrate with PDMS

molded lens
Metal grid/mesh

ii. Transfer print metal grid or mesh
with PDMS molded lens

uS-Si solar cells

Conductive adhesive

iii. nS-Si solar cells with
integrated contacts and optics

1S-Si solar cells final device

Fig. 47
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Process for making printable uS-Si solar cells

from bulk wafers

. Emitter formation: Coat phosphorus spin on dopant (SOD) onto a
Silicon <111> wafer.

. Silicon Ribbon formation (i.e. cell) : Pattern length and width of the
cells via photolithography

. Define the cell thickness ( can vary from 5 um- 60 um) by deep
reactive ion etching or wet anisotropic etching

. Passivate the sidewalls of the ribbons with SiN and then KOH
undercut to release the ribbons from the mother substrate

. Retrieve silicon solar cells ( i.e. ribbons) with PDMS Deposit back
metallization -

. Print onto plastic or any substrate via a conductive adhesive (e.g.
silver paint)

. Cast insulating/planarization layer

. Laminate PDMS concentrating optics and metal contact grid onto top
of silicon ribbons

Fig. 48
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-

0.0

Efficiency = 6.3 %
Voc=0.45V

6.34 x10 * W

I
-0.4 0.0
Voltage (V)

Fig. 49
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Micromanipulation: Transfer printing

1. Retrieve micro-objects
using rubber stamp

2. Print objects to
target substrate

- Massively parallel assembly

- Control micro/nanoscale objects

Fig. 51
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Inorganic LED operation

0.12
0.10 ¢
0.06 — s —=
0.04 TEC R :
0.02
0.00 fum
-0.02

Current (A)

-1 0 1 2 3 4
Applied Voltage (V)

- High efficiency & brightness

- Rugged; robust operation

Fig. 52
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iLED Thin-film adhesive

et

~ PETsubstrate | Fig. 53A

Current (mA)

1. GaAs:C, 5 nm

2. Aly 45Ga, s5As:C, 800 nm Fig. 53B
3. Al 5Ing sP:Mg, 200 nm

4-12. Active region

13. Aly5lng 5P, 200 nm

14. Al 4sGa, 5;As:Te, 800 nm

15. GaAs:Te, 500 nm

16. Aly 9sGag o4As, 1500 nm.

/|

17. GaAs, 1500 nm

1)

18. Al 4Gay o4AS, 500 nm
19. GaAs substrate

/
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Providing a device substrate having a receiving surface.

J

Assembling a printable semiconductor element on said
receiving surface of said substrate via contact printing.

i

Planarizing said printable semiconductor element
assembled on said receiving surface, thereby making said
semiconductor-based optical system

d

Optionally, embedding said printable semiconductor
element into a planarizing layer provided on said
receiving surface of said device substrate

J

Optionally, curing, polymerizing or cross linking said
planarizing layer having said printable semiconductor
element embedded therein, thereby fixing said printable
semiconductor element in said planarizing layer

Fig. 55
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1. PECVD Resist
2. ICP-DRIE

8pm L q0um
|

1. Sidewall Passivation
2. Anisotropic etching

C) \

I
1. Apply n-type spin on dopant
2. Emitter formation
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Fig. 59
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Phosphorous doplng
(wmdow formatlon and dn‘fusmn)

. .

.  Undercut . .
) “(tOD and Sldewal;l ‘;passwano'n. and Ko.,;;;,ﬁfetchlng)gi

=

Fig. 63
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Fig. 75A — Top Plan View

w (g (o]
S S g S 6000
© © o ©

—

6010

Fig. 75B — Cross Sectional View
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