WO 2022/093113 PCT/SG2021/050635

1/19
100 L1
Photodiode detector

102 Optical cavity

106 ~ T~ Overlying light-receiving portion

104 ~—1""-  GeSn absorption layer

108 ~—1T Underlying mirror
116
FIG. 1A
120
Forms a first wafer comprising an underlying mirror L1 122
I
Forms a GeSn absorption layer over the first wafer 124

Forms an overlying light-receiving portion over the GeSn L1126
absorption layer

FIG. 1B



WO 2022/093113 PCT/SG2021/050635
2/19

FIG. 2A FIG. 2B

SNy 0u/Ge/S




WO 2022/093113 PCT/SG2021/050635
3/19

15

301}

Ge buffer

edn layer

Sn concentration (%)

o (580 gD 4
A N Gaalgs}sngij

.

3

X
Y

§
§
§
§
3
£ 3
3
¥
H
§
§
i

0 s : s v LR
50 100 180 200
Depth (nm)
FIG. 3A

321
N




WO 2022/093113

PCT/SG2021/050635

4/19
341
Y 2.0x10% ; : * ;
§ ‘ Bulk Ge
= 1 B0t - Ge&%‘gﬂﬁ.é
Z} . : RN ENREA Ge;}&;jSﬂ{jS
@
Q NN
1.0x10% 4\ —
S
=
2 5.0x10°- \ :
q; %
\
0.0 Ay ¥ A t Y ¥ ;
1250 1500 175G 2000 2250 2500
Wavelength (nm)
FIG. 3C
361 { 10 5%
L
Y
M?GAS E: N ™
o %,
Py h
Qg ?{}"‘? b Qﬁe\
& GeSn sample -
o A
T 10 "
& AN
D .
.- )
10 3 AN
AN
Ty Y b3 ¥ i) TR ¥y - TR
10° 107 10f 10% 10" on
TOD {em®)

FIG. 3D



WO 2022/093113 PCT/SG2021/050635
5/19

b P+ GeSn 404
e 1-(5ESN 4042
p-Sf418c

. .

w 1+ 5i 418a
408¢ Si

408b Si{}; i substrate 408a

FIG. 4



PCT/SG2021/050635

WO 2022/093113

6/19

¢ 'DId

ep0y 53D BRL IS +4ut

2zv G2y jeow § 39 u.pmmww Zeyg
apor usen ++d i d mm“\“\, i
3230y

uoReEIUR|gwE UDy
+
4IN3 2D
* /
Bupuud g @&\u
/

uoeassed axepnsg
+
uopisodap je3apy
+ 980%

s

",
\Buipuog Jasem {1-0)

N

N,

.

Suidop nyss-u

= +
Y Anends Ppanp usad {19}

N
% ooy 0P 2y

uoipeIvEda uo)
+

usisodap IS () 491RM DS-SIgNoP ++u (g}

N
00$



PCT/SG2021/050635
7/19

WO 2022/093113

i B! . b ¢

2500

N

2000

PAREERERRNN

-

i 2 L N ; ~ w ‘
s ,
\\\\\\ \\sA‘ \\\\ “\
ey, Y m
e,
s, ;
gy 7
s .\b\\\\\\ ISty 2
o ~ vy, G 1001110111311
o~ X ..‘.e\i\\??ea\x\ \m >
- i 3 o
2 e, e
i e, 7
%5 £ iy, ] i
- .
5 5 & e
& & ;] e,
3 ﬂ i o,
i %l 3 3
3 2 e P) \\ - I s
w0 w oy s 7t
. , a : % sy,
PR /
Z R E L o 14 -
\ x ; / g 7 %«\\\\\kx\\\\\\\\
z I mw wm i y e S\\S
- : y -
= 5 Gt
[ \5\\“\&““\\«3\
- - - 7 nppnsreinen NI
| 4 7 v\\W\\\\\\\s.\\\s\\w\\\
, \\ <
i ;
i o

Nain,
Ny

e N

o
o

&

AR IN IR AN

603

st “nr
% o,

e

R S S
s SR

A riissesy ’
ik

Arrrrrese,

609~

s,
2,
i r I
g S
i
7 7
g

% “,

%
%,

Y

S

Ol

gyt enseennily

Wavelength (nm)
FIG. 6A

1800

\\\\\\\\\\\\\\\\\\\\\\\W\:\:\«

G

G s

Y s
£ g P PRTEETE i
Yty i

ot \\\NM\\\\ \ﬁs\\\\\ &
- ety
At bty
.\\\\\\\ s,
by, it
e,
b, it
o« Z I L
B st s,
7 £

N

g

¢

v

ot

2500

8

5

5
2000

Wavelength (nm)

N

£, 22000 nm
¢

(PAY
627
022

&

Sl I, A,
. i s
Y e, L catas
\\,.\«\.,\V\\\\.\.\\\\\\.\\“‘\\\\\ \\\\\\k\\hn\\\!\‘

\\\\ ok \\\s~\\\n\.\\\\\»Révﬂ\*\\\\“\\\

o B~
xw\\suuw\\\x\.\\\\\\\&m“ﬁwv‘\m\\\h\\\ it
m\\\\\\\ e S

s S

ok s ¢4 a5
I

500

1

i \\\\\\\\b\QNA\\\%\\\\\
o GG L L L1 1 P AL

oo \M\\\\\\\\\\\\w\\\\%\\““\\&\\““\3.\x\?\..\\\\\\%\S\\\

¥ ¥ Y (]
© o=

o
i Apoeiey

60

Uy,
Y
k.

%

1000
0.8+

621

7 T ¥ ¥

¥
@ “t o
oo

0 -\

o
o]
<

< 2 "

o 2

¥

Ayanosyey

FIG. 6B



WO 2022/093113 PCT/SG2021/050635
8/19

641

-
R S
o RN
el

Reflectivity

oo Measured { pair
Measured 3 pairs ¥
oo Gimulated 1 pair
0.0 e —n‘Simuiaieci 3 pairs A

1500 2600 2500 3000 3500
Wavelength (nm)
FIG. 6C

701

{ 100

o

s
e
RO OIS
B it
%
Y st
e

oS8 ey,

80

A

705

60 -

A 10011 b 00017510,

ettty 1,

Absorption efficiency (%)

200 400 800 800
GeSn thickness (nm)
FIG. 7A

1000



WO 2022/093113 PCT/SG2021/050635
9/19

721

¥ ¥ 3 s ¥

1004 Absomption enhanced =

o
{9
4
3

]
o3
5
:

£
fow

S

Absorption efficiency (%) A

B
o]
4

Graseraias W;O Ca\‘{%{y

. e With VY
200 400 800 800 1000
GeSn thickness {nm)
FIG. 7B
80 1} 75 \ i

e ith DBR |
e Wi DBR

45+ Absorption enhanced

30 4

Absorption efficiency (%)

1000 1500 2000 2500
Wavelength {nm)
FIG. 8A



WO 2022/093113 PCT/SG2021/050635

10/19

o 5 10 15 20
Sn concentration (%)
FIG. 8B

901 i
dE gﬁ Y 5 i . i 2 3

v

1 - Ge 8PAD at
107 4 e GeSn SPAD (3% Sn) Lt
] s GeSn SPAD (10% Sn) 95 o |

§
107 3
1

Current density (Alem?)

1 ™
<3 '.
107 5 |
o
e !
B F : ;
i S ;
5 o \\\\\\\\\ )
W -
1 s ?
\\\\\\\m«m\\\\\\\\\\\\&%&\\\
R
b e r
&
N
T N
1974
| r : 3 S " . s

0 5 10 15 20 25 30 35
Reverse voltage (V)
FIG. 9A



WO 2022/093113

5x10°

Py
A
e
<2
3

2x10°

Electric field (Vicm) 7 =
4
3,

1x10*

4

11/19

&

x {m)

FIG. 9B

PCT/SG2021/050635

E-field (VWom)
4.3x10°%

10

Y
s

TEEAARED P

8

‘\\\ "

S e e e 3

3

T

Si Muttiplication

oy 0.8
GeSn |

FEEXBNEEXRNNORY

i"
x’
o ] AR
N b
R ey
S £
s ‘ 4
L3
N {}
04 &
SR o X
N =
3
b3
R
foy]
o3¥
o
-0.2
N I
X
X
N

N
Wm"‘“f

0.8

st 0.0
20



WO 2022/093113

1001

3

12/19

H

PCT/SG2021/050635

R o

80 -

40 -

SPDE (%)

20

hy=( 8 8V (= 1580 rmy)

—

3

1

¥

2

H ¥

3 4 &

Excess voltage (V)

i

FIG. 10A

2 | M= 10" om®

aw -

AR e
3 Nype® 15107 om

&a

3

Nygp™ 16 10% ora?

!.-—-'/ o

¥

2

¥

4

Excess voltage (V)

FIG. 10B




PCT/SG2021/050635

WO 2022/093113
13/19
1041 LM! H ¥
X o .
Nipp= 12107 om™®
1071 .
t:?-'\ K 3
= ® ®
0L ryid ]
o 1o _
e
» -
M‘ .
Nrre= 1x10°% o™
107 S , :
1 2 3 4 5
Excess voltage (V)
FIG. 10C
1101 $ 3 ! § \
} 80+ Aw=052 eV (3=2000 nim) /I
R ]
80 -

SPDE (%)
i

1 3

1 2

¥ ¥

3 4

Excess voltage (V}

FIG. 11A



WO 2022/093113 PCT/SG2021/050635
14/19

1 121 y £3 N H 2 i N i X ;
1e124 "
T Nppe=1x10™ oy 3
g ;
= 1E11 4 8
= : , & 3
g : M§
& e L
o ’IE?G 1 Ny beip® om® 3
)
Q .
1E9- - .
; »
1E8 ; ; . ; . Y . f
1 2 3 4 S
Excess voltage (V)
FIG. 11B
1201 3§ charge
E M 3 ¥ b \p’i 13 ¥
ax1084 i 8 multiplication 13 (e8n absarber
N S Lrrrrr - > }ﬁ"’*‘“" i QQQW‘,’.}
g 0% ™
S 34105 - o
== 3x10 Bavgs shoet dugping
g.: j e Besforerne 1203
=y f Jossoss S mt‘ 1205
i t mamu Fem®1207
Lo oasd b o 1200 |
= 2x10 : 8
&= ¢ LT
g3 ;
@ 51 b
s Ix10 !
i
i 1203
{} ! : T ¥ 3

1.0 15 20 2.5
z {(um)

FIG. 12A



WO 2022/093113 PCT/SG2021/050635
15/19

o-Si oharge
1221 5

E ¥ ¥ ‘x § L] T
4x10°4 | Simulfiplication  !! GeSnabsober  F
(1225 : * intrinsic daping:

$ ¥ Y -3
N § Y oy

Charge sheat dopingsl |

oo Referancs 1223 |
1225 :

i
4

¥
b

-y
o

% e 0 am®
N o $ 4 gy
2x10°4 | 120 g T

NP N e

Electric field (V/em)

e 3
"4.
N
3
L

FIG. 13



WO 2022/093113 PCT/SG2021/050635
16/19

1401 }
0.6 122000 nm | |
Q
o
2 04
)
=
@
E o2
o
)
>
c
0.0
GeSn-on-insulator
=== GeSn/Ge/Si
500 600 700 800 900 1000
GeSn thickness, t (nm)
FIG. 14A
1421 N ‘
e
O
[t
@
&
=
D R
&
E ;
< p
m '.!
S ~—
&
~~~~~ =800 nm
=800 nm

1506 1600 1700 1800 1800 2000 2100

Wavelength {nm)
FIG. 14B



WO 2022/093113 PCT/SG2021/050635
17/19

1441 FIG. 14C

FIG. 15A

4.50

80 Ge

Sn~Hi%

00 02 04 06 08
- Depth {um)

Refractive index
o
[ 7 S . N
[w ] (4] < o

1 1 L L

¥

1.6x10% 7w,

1.2x10% +

2 8.0x10%

Absorption coe. {cm ™)

4.0x10° 1

1400 1600 1800 2000 2200 2400
Wavelength (nm) FIG. 15B



WO 2022/093113 PCT/SG2021/050635
18/19

1601

-==== Dark
el B (4141
2=2000 nm

20 1

10 1

Current (mA)
<

40 05 00 05 10
Bias voltage (V)

FIG. 16A

-

FIG. 16B



WO 2022/093113 PCT/SG2021/050635
19/19

1701

Y 0284
2024
g |
»0204
2 |
€ 0.16
£ 0.
Q.
®
2o.12
0.08+
1500 1600 1700 1800 1900 2000 2100
Wavelength (nm)
1721 FIG. 17A 1741
Of)} T . T ———T——T————T
% Od. 6&
- 0 >
N 0.3 + 2 <.
® X
Z J
E’ 0.2- + § -
gﬁ —
@ 011 1 g ]
4 o,
0.0 . . LAY <O
0 1 Z2 3 5 7 8 9 10 11 12
Voltage (V) Sn concentration (%)

FIG. 17B FIG. 17C



