USOORE47503E
(19) United States
12y Reissued Patent (10) Patent Number: US RE47.,503 E
Dyer et al. 45) Date of Reissued Patent: Jul. 9, 2019
(54) PHOTODETECTORS USEFUL AS AMBIENT (56) References Cited
LIGHT SENSORS AND METHODS FOR USE |
IN MANUFACTURING THE SAME U.S. PATENT DOCUMENTS
(71) Applicant: INTERSIL AMERICAS LLC, 4,096,512 A 6/1978  Polinsky
Milpitas, CA (US) 4,913,846 A 4/1990 .Suzukl et al.
(Continued)

(72) Inventors: Kenneth Dyer, Pleasanton, CA (US); . -
Eric Lee, San Francisco, CA (US); FOREIGN PATENT DOCUMENTS

Xijian Lin, Fremont, CA (US)

CN 1016047700 A 12/2009
. CN 102095495 A 6/2011
(73) Assignee: INTERSIL AMERICAS LLC, Continued
Milpitas, CA (US) (Continued)
(21)  Appl. No.: 15/078,995 OTHER PUBLICATIONS
(22) Filed: Mar. 23, 2016 International Search Report for International Application No. PC'T/
Related U.S. P N US2008/051450 (dated May 20, 2008).
e elate . Patent Documents (Continued)
(64) Patent No.: 8,779,542 Primary Examiner — Ling X Xu
i;;TdNO _ '11:1;/171175 50;814 (74) Attorney, Agent, or Firm — Foley & Lardner LLP
Filed: Dec. 17, 2012 (57) ABSTRACT

U.S. Applications: | |
(60) Provisional application No. 61/729,239, filed on Nov. Photodetectors, methods for use 1n manufacturing photode-

21, 2012. tectors, and systems including photodetectors, are described
herein. In an embodiment, a photodetector includes a plu-

(51) Int. CL rality of photodiode regions, at least some of which are
HOIL 31/0203 (2014.01) covered by an optical filter. A plurality of metal layers are
HOIL 27/146 (2006.01) located between the photodiode regions and the optical filter.
(Continued) The metal layers include an uppermost metal layer that 1s

(52) U.S. CL closest to the optical filter and a lowermost metal layer that

CPC .. HOIL 27/14625 (2013.01); HOIL 27/14629 1s closest to the photodiode regions. One or more inter-level

(2013.01); HO1L 31/0232 (2013.01); HOIL dielectric layers separate the metal layers from one another.
31/02162 (2013.01);, HOIL 31/02164 Each of the metal layers includes one or more metal portions

(2013.01) and one or more dielectric portions. The uppermost metal
(58) Field of Classification Search layer 1s devoid of any metal portions underlying the optical
CPC ......... HO1L 27/14625; HO1L 27/14629; HO1L filter.
31/02164; HO1L 31/02162; HO1L 31/0232
See application file for complete search history. 30 Claims, 12 Drawing Sheets
302 ~p
Sijn}-:;“‘“*:} // . "’ 1
323&‘““;&.- ., o Metal {n), e.g., Metald
322{n-1} - iy I 325
323__1:“'__‘“‘* Metai (n-1), e.g., Metal 3
322( ”3;13—— ._ N % ’_’_I_x ﬁ @ w Metai (n-2), e.g., Metal 2
322{223; t::: f-i;:__:f 11‘ —w—’m % Metat (n-3), e.g., Metal 1
304c g S, GLNRY, GRNPIE. G N WL S 4.4& _
308¢ 308a, 308b 3083 348k 30BC
e / P- epi 304a  304b
306
ng-—"" P Substrate\

A3c



US RE47,503 E
Page 2

(51) Inmt. CL
HOIL 31/0216 (2014.01)
HOIL 31/0232 (2014.01)
(56) References Cited

U.S. PATENT DOCUMENTS

4,937.450 A 6/1990 Wakabayashi et al.
5,130,775 A 7/1992 Maeda et al.
5,686,639 A 11/1997 Cohen
5,753,375 A 5/1998 Ray
5,801,373 A 9/1998 Oozu et al.
6,157,035 A 12/2000 Kuyk et al.
6,211,521 Bl 4/2001 Bawolek et al.
6,218,719 Bl 4/2001 Tsang
6,596,981 Bl 7/2003 Aswell et al.
6,724,063 B2 4/2004 Kuhara et al.
6,743,652 B2 6/2004 Thomas et al.
6,825,470 Bl 11/2004 Bawolek et al.
6,830,951 B2 12/2004 Laurin et al.
6,998,207 B2 2/2006 Yaung
7,163,832 B2 1/2007 Kim
7,297,916 B1  11/2007 Feng
7,394,059 B2 7/2008 Fukuyoshi et al.
7,485,486 B2 2/2009 Zheng et al.
8,045,033 B2 10/2011 Honda et al.
8,492,699 B2 7/2013 Zheng et al.
2002/0017612 Al 2/2002 Yu et al.
2002/0047174 Al 4/2002 De Pauw et al.
2004/0089790 Al 5/2004 Rubin et al.
2004/0184173 Al 9/2004 Kobayashi et al.
2005/0041292 Al 2/2005 Wheatley et al.
2005/0133690 Al 6/2005 Higashitsutsumi
2005/0133693 Al 6/2005 Fouquet et al.
2005/0186754 Al 8/2005 Kim
2005/0287479 Al  12/2005 Moon
2006/0049533 Al 3/2006 Kamoshita
2006/0147718 Al 7/2006 Starkey
2006/0199105 Al 9/2006 Cahill
2007/0238802 A1  10/2007 Harada et al.
2007/0273781 Al  11/2007 Choe et al.
2008/0135968 Al 6/2008 Kalnitsky et al.
2008/0191298 Al 8/2008 Lin et al.
2008/0237453 Al  10/2008 Chen et al.
2009/0130398 Al 5/2009 Irving et al.
2009/0236571 Al 9/2009 Cohen
2009/0315131 A1 12/2009 Hung et al.
2011/0068255 Al* 3/2011 Zheng et al. .............. 250/208.2
2012/0187513 Al 7/2012 Holenarsipur et al.
2013/0209026 Al1* 8/2013 Doany etal. ................... 385/14
FOREIGN PATENT DOCUMENTS
CN 102623467 A 8/2012
CN CN 103839953 A 6/2014
EP 97870061 .5 4/1997
EP 0 875 939 Al 4/1998
EP 0 877 426 A1  11/1998
EP 1 073 125 A2 1/2001
JP 2003-163344 6/2003
JP 2004-047544 2/2004
W 200952166 A 12/2009
W 201129784 A 9/2011
W 201421654 A 6/2014
WO WO 99/50682 10/1999
WO WO 2006/003807 12/2006
WO WO 2008/097705 8/2008

Ol

AER PUBLICATIONS

Windisch et al., “Large-Signal-Modulation of High-Efliciency Light-
Emitting Diodes for Optical Communication”; IEEE Journal of

Quantum FElectronics, vol. 36, No. 12, Dec. 2000; pp. 1445-1453.
Bontems et al., “Synthesis and Properties of Monodisperse
Polydimethylsiloxane Networks”; 907 Journal of Polymer Science

Part A: Polymer Chemustry Edition 31(1993) October, No. 11, New
York, US; pp. 2697-2710.

“Photodetector Elements,” 3 pp., http://www.1ee.et.tu-dresden.de/
1ee/eb/analog/papers/mirrow/visionchip . . . /photodetector.htm, printed
Oct. 24, 2002.

Restriction dated Jan. 10, 2014, in U.S. Appl. No. 13/717,080, filed
Dec. 17, 2012.

Amendment dated Jan. 27, 2014, in U.S. Appl. No. 13/717,080, filed
Dec. 17, 2012.

Notice of Allowance dated Mar. 20, 2014, in U.S. Appl. No.
13/717,080, filed Dec. 17, 2012.

Amendment dated Apr. 14, 2014, in U.S. Appl. No. 13/717,080,
filed Dec. 17, 2012.

Amendment dated Jul. 10, 2015, in Chinese Patent Appl. No.
201310449984.7 filed Sep. 27, 2013.

Amendment dated Aug. 13, 2014, in Taiwanese Patent Appl. No.
102133359 filed Sep. 14, 2013.

Oflice Action dated Oct. 26, 2015, in Taiwanese Patent Appl. No.
102133359 filed Sep. 14, 2013.

Amendment dated Dec. 15, 2015, in Taiwanese Patent Appl. No.
102133359 filed Sep. 14, 2013.

Notice of Allowance dated Dec. 30, 2015, in Taiwanese Patent Appl.
No. 102133359 filed Sep. 14, 2013.

English translation of Search Report for Chinese Patent Application
201310449984.7, dated Apr. 19, 2017, 2 pages.

Office Action and Search Report for Chinese Patent Application
201310449984.7, dated Apr. 19, 2017, 11 pages.

Notice of Allowance dated Apr. 16, 2013, in U.S. Appl. No.
12/885,297, filed Sep. 17, 2010.

Amendment dated Jan. 25, 2013, in U.S. Appl. No. 12/885,297, filed
Sep. 17, 2010.

Fukunaga, et al., “SI-OEIC (OPIC) for Optical Pickup,” IEEE
Transactions on Consumer Electronics, vol. 43, No. 2, May 1997,
pp. 157-164.

Ghaz et al., “CMOS Photodiode with Enhanced Responsivity for
the UV/Blue Spectral Range,” IEEE Transactions on Electron
Devices, vol. 49, No. 7, Jul. 2002, pp. 1124-1128.

Zimmerman et al., “Advanced Photo Integrated Circuits in CMOS
Technology”, 49th Electronic Components and Technology Con-
ference, San Diego, Jun. 1-4, 1999, USA, pp. 1030-1035.

International Preliminary Report on Patentability for International
Application No. PCT/US2008/051450, dated Apr. 30, 2009, 8

pages.
Lalanne, P. et al., “CMOS Photodiodes Based on Vertical p-n-p
Junctions,” 11th International Parallel Processing Symposium, Apr.
1-5, 1997, Published by IEEE, 8 pages.

W. Zhang et al., “Performance of a CMOS Compatible Lateral
Bipolar Photodetector on SOI Substrate,” IEEE Electron Device
Letts. 19(11):435-437 (Nov. 1998).

M. Kuyk et al., “Spatially Modulated Light Detector in CMOS with
Sense-Amplifier Recerver Operating at 180 Mb/s for Optical Data
Link Applications and Parallel Optical Interconnects Between Chips,”
IEEE J. Selected Topics Quantum Electronics 4(6):1040-1045 (Nov.
1998).

T.K. Woodward et al., “1-Gb/s Integrated Optical Detectors and
Recervers in Commercial CMOS Technologies,” IEEE J. Selected
Topics Quantum Electronics 5(2):146-158 (Mar. 1999).

C. Rooman et al., “Asynchronous 250-Mb/s Optical Receivers with
Integrated Detector 1n Standard CMOS Technology for Optocoupler
Applications,” IEEE J. Solid-State Circuits 35(7):953-958 (Jul.
2000).

“APC Amplifier with Integrated Photodetector for 24X CD-R and
CD-RW Applications,” Sipex SP8020, Sipex Corporation, 7 pp.
Mar. 9, 2001.

H. Zimmermann, ed., “Integrated Silicon Opto-electronics,” Pho-
tonics pp. 4-6, 15-22, Springer, (May 2000).

Winkelmann et al., “DOE-2 Supplement”, Version 2.1E, Lawrence
Berkeley Laboratory, Berkeley, CA. 94720; pp. 1.1 to 1.9., Dec.
1993.

U.S. Appl. No. 12/885.,297, filed Sep. 17, 2010.

Oflice Action dated Jan. 2, 2013, 1n U.S. Appl. No. 12/885,297, filed
Sep. 17, 2010.




US RE47,503 E
Page 3

(56) References Cited
OTHER PUBLICATIONS

Preliminary Amendment dated Oct. 19, 2010, in U.S. Appl. No.
12/885,297, filed Sep. 17, 2010.

* cited by examiner



U.S. Patent Jul. 9, 2019 Sheet 1 of 12 US RE47,503 E

-

-

O

i

-

O

N

O

O

00

-

-

S E

mﬂ:
i o H
45'3 »
s N
S Ll

o~

-

S =2

O

O

q-

-

-]

!

1.0
0.4

0.9
0.8
0.7
0.6
0.5
0.3
0.2
0.1

AlIAlRISUSS |B1108dS BAlle|8



¢ ‘Ol

(W) YI1SUB|SABAN

US RE47,503 E

008 00, 009 004 0j7 00¢

10

~ ¢ 0
o
S

= €0
e

@ 70
e
7

50

9°0
=)
\m

S L0

°) 80
=
—

(2suodsay jediey 60

01

(asuodsay sidojoyd se umouy| os|e)
Isuodsay |es3oadg 9A7 uetuny

U.S. Patent

AMAIZISUDS (BI108dS SAlR|S



US RE47,503 E

Sheet 3 of 12

Jul. 9, 2019

U.S. Patent

o -
|
|

ve D4

s §

#f... f % \
+ #u# %___ +.#¢ *H
%hﬁ# .i,.l.i.._.._.’ﬂ,f* ._ﬁﬂ_. *.#kﬂﬁw FL.__..L
o e,
.., ____”?___m., .___i
o \ w.,w,w: ;Iﬁ;m.m
ﬁ%ﬁdﬂﬁ ﬁﬁﬁﬁh \wﬁ_ﬁ,
e
L H%gwwa \ iﬁﬂiﬁ#ﬁ. i, i,,#hri ,.._...i
S TSI @d\ :Mnmuwu J \1
. _. 4
\ L
éﬂ, o
____,+ %.?\ u
94.% .....@ﬁ. gt é
s %wﬁ & R \\
@ I G v
i \\ S
§§ % R

81¢
Ble B I1lE V/
0t

@

s

jﬂ*

L3

r#:v#'

5%
aﬂ'

*i--i:.*

.
Tpe
o

o
%
j!'h

\

ur. :-.. -...

4

\\\§

£

e

i::
;ﬁt
7
"‘fi"’t

N
&\ﬁ;‘
N ﬁa .,f

*‘%
N 2 “*.*IM

\\\\\\\\\\\\\\\ a\\\\\\

NN

G
5

1% N
e
ﬁ
q
@
#‘5
‘\

i“'%,
NS
R

HpEnEREnEEN

\\\\\‘K\\\\\}?\;\\\\\\\\\\\
&g\\

NN

A

Nunns Im

*1

Je0t

m—— e -

£l
{7

ge0t

€Lt



US RE47,503 E

Sheet 4 of 12

Jul. 9, 2019

U.S. Patent

T [eI9A "8’ '{g-u)
Z |eBA 59 (Z-u)
Clesin 8o’

i |e19N 89 {U)

{EIDN

{E19|Al

) 1PIBIA

mmm\\ ?/IMIV

€08 REQS qE0E IE0E
.II o - o
___-90¢
ey0S QpOE  epog \, avoe  BY0E  gpos ida -
umom mmom n_mom m@@m ﬂwom mmom qGR0¢ I80¢
(0% g 2N — ... Ly 2 . \ e

. POt

I l-lllll 'i&\%
/J/Uff m ./Aﬂ.r F#WMMM l%‘ Nw/,/ _.fr -~ Am U)ZZ€E
%I/I,%‘,%l,%'ﬁ — s

El/

SN~

[B12N / //V//./

S

W

:




U.S. Patent Jul. 9, 2019 Sheet 5 of 12 US RE47.503 E

| 303¢

V4
0
il
3 | |7 -
= ’..} mmm
Q%ﬂ “%‘3’# \3&"""‘ 3‘&*‘*\
K *ﬁ i*
? T_'_ '!' 1 * '!"'!'_*_:'* :\
e & N
\%ﬁt}' LSRN Fﬁ’i"ﬁ*ﬁ"f LK ﬂi"" % *iﬁ! N §
L ## ## #
\Eﬂ Iﬁ.\ﬁ 5 *&a NN fg:z 2‘%"“ AN .
e, * ” wwr* e
\\w%?fg\\% N K
_ £ g
\ %ﬂ}f mﬁ*ﬁéﬁ‘!ﬂ *’*ﬁ o - ‘!’iﬁ% %XWF*' gf‘?‘?f §
KA e 1; "
L
o ¥ D s SN hgﬁ _____ g.-*sa ,,,,,, \
T % ﬁI*I "*E 'i' w’*” ‘*}hﬁiﬂ
* i +
. ,@&\\\\m&\\
S\ | \LE
) |l

ST

303¢

303b

3033



U.S. Patent Jul. 9, 2019 Sheet 6 of 12 US RE47.503 E

i

- e

+
+ + +

-
+
+
+
+
Ll

=
4

+ +
T+
-
'|++
'|++
" m
.
o
=
m
" E RO
L +| |+++
'
+ +
. et ++
1 + + .
+ +
" L N A
+
"...4. + )
o+ + +
+ + +
e - -
+ + +
o+ + 4 .
_.+++ . .
O
. - 4+
- * T
W om + + "+ o+
+ + X
- - .+ +
+

+ + +
+ 4
+
+ 1
+ F =
Ll

+
-

+ +
Fs
+

ety

+ + + 4 +
F
F
F

4 + + +

+ +
+ +
+
'
+
+
a

1+ + F
+++++ * * d

+

+

+

+
1
+
+

+
+
L
+++'I'
Fagpewprpprppofadads

+

+
+

++

+*
F o+
+

+
4 +
4 +

* + 4 4+
v e -
PR
+ F -
N N
= -

e aTaTa e

LI L
m b+ F 4+

*
+
3
+
+ + +
+
+ + +
a
D+ FFF
+
+
+

+

* + F #+
+
+

-
ODONS *
P ., +
'

+

Loa
+
.I.++
+ + +
+

n+ +
m b+ ¥+

+
+

m F + ¥+ + + + +

+ + + + 4 ¥+ ¥ F +
=

+*

1 + +
+ + @
+ +

+
+
[
+
+ + +

+ -+
+++|-++++

4
rTEW
+ + +

- -
L] T e + +
| R L R + - + + + + - + +
+ + + + + + + 4 + + F + F ¥+ + + F + +
N+ L B I Ry T + + - + +
hd L + + * + 1+ + F LA N R PR I + +
N+ + + N R LI R ' - -
+ LR N N N L I T B B B N * *
| R + ¢ - F o -k o + + + + + - + +
.1-. ‘.-I-‘i---l- h+++-++++1+++++b + +++-+ F ++ ++ i
+ + + L P + +
N+ + 4 - R 1 + 47+
+ + + + + + + 4+ + + +
N+ + g - + F e -+ o+ + 4+ +
.+_ o P+++l.+ LRI + + L,
" + + + + P + *
L] L LI N I + b
L + + = + + + 4 = + r
L] + 4 o+ -+ + 4+ +
. e LC ] >
T

- L] . .

+

+
+
+ "
+ =
Ll

+ +
'I--
[

=

[}
P
[

+ + =
+ + +
aaa
+ + +
4 = n

.
. +
- . + *,
1 + -+ + " - + -+ + o+
n L] + F + + F + + o+ 4 + F
- o+ AL PPN + R A
+ & + +® + - + + + e L +
n + + 4+ + F + ko FF + + o+ o+ 4 *
+ o+ - + + + = o+ F + + = + Q1+
n +++++++++r + F + + * + * o+ o+ 4 +
n ++l'++++'+ PR --:--'------ .: a-:..'..: :a . .|.
n PR + Ty 4 +
" + -+ 4+ + + -+ + +
4 4+ +_ ++-| ++++ ++
n ++ + + + 4 + -
=+ L] +[+ + *
u + 4+ + = 4 + F = +
- +]+ + + + -
L] - 4 * .
£ B - -
L] 4 L]
- b
L] + L] - *
L] + + 1
i | + o+ * +
- + + + + 4+ + b .
n a s s e o+
+ + + + N -
n + + R L
+ + + + + 4+ + F + + 4"
] + o+ F e o 14"
+ a2 + + LI + + 4+ + F o+ + o+
n + =1 L s a s g e g
-+ * + + F F F + F o+
n Fodd e o o4+ -
4+ + + ko FF
] =+ F o o+ + * - * -
LI + + 4+ + F + + 4+ = + +
n - Frr s rr - e '
+ + L L IE R I I R + * +
] A s e+ .
+ + + ++ + P+ o+ ==
- - SN
. e a .
+ N )
L] s+
m

+ pom

PR
o

Pl

m okt + ++ 1F F +

+ + + +

[ |
F + + + + 1

+
42 a aa

+ ',
.-I-I-I- +'+'1'+'+'+'
.

-+ - et
N

- -

-2 a

+
- %+ + + + ¥ +
.
Ll
+
L]
+
+
-
+ ++ ¥+ + + F

+

+ + + 4 + ¥+ + F
a a s

Ft A+t +
+ + + 4 + +

=
-
+
+

+ +

+ ++ ¥+ + + F +

+
++++++ + 4+
l_+.+l+l++++lil+ +
LEEE RS LR

= o4

+ +

'
3
F
+* + + + +
'
Ll
LI ]
Ll
[N
+
+ +

L O O g O e

+|‘+
L]
+
'

+ F
n + 4+
u + F
1+
= F

.
+ + + + + 4
+ + 4+ + F + + 4+

+ +

+* + + 4 F++F F F+
B+ + + 4 +++ + +

L]
+
+

* F+ + F o+

+'I-

+

nt + + + +

* koAt
m+ P+ ddF o+
T T T

F + + + +
+

= u +
L]

[ B I

FIG. 4A

avelength (nm)

+
+
+
-

+ = +
P
+ + = + +
T - 1 a
+ + + o+ ~“ iy
+ + " + + + + +
+ + + 0 * -+ +
L
L L L L L ey
+ .+ -+ -
*
+
+

o+ * kP
+
+

n + + +
+
+ 4
+
[ |

nF * F
L

1
4
4
1
4
4

+ F+ + F + + + + + +

+ + = =
+ F o+ *F
+ F -
+ F & + +
+ = -

+*
+

-
rT
+ +
+ +
L4 4k 44
+
+
+

++ + +

+
+
+*
+

+ +
.+ +
T+ + 4+ 1

+ + + o+
L]

++ + +
+ F+ + F + + + +

+

[
+

+* + +
+* + + ¥ + + + -

LI L B B B O
r T r T T T

- -

+ 4
ot
+*
Wt
S
P .
A
-
N
-
+ +
+
.
.
+
+ +
+-J
L

= am
+ 4+ 4+ ==
s
+ + 41+ 4+ = nnm
L N
EIEIEE N
* + 4+ + + + =+
]
+ 4k o+ + BF
b
+ + 1+ ++ = =t
.

= 1w
+ 1 " =
[ ]
+
+
+*
-
+
+

+

+
+
+
+
+
+
+

+
+ + +
+

+* +
+* + +
+ +
+

+ 5 m

+ + =
- Ll

4
F
L
F
F

+
-
+
+

Ll

+ + ¥+
+

%

'
+
+
+
+
+

+
Fs
+
+*

'
= u +
Ll

L]
1-_1- +* ¥

+
+
+
+
+

'
+ +
+

+ 4 + + + +

+* + +

+
+
+
+
+
+
+

+

a2 a
+
1 + + +
+ +
1+ + +

+++
+

+
+

+ a a
+ + +
+ + +
- =
+ *

+
+ +
*

+

+
+
+
4

4

4

4

+
+

+
+
+

+
+
+
* + + + + + +
+
+

+
+

+
+
+
+
+
+
+
+

+'I- +
+ + + ¥+ + + 4+ +

++ + ++ + 41+
+

.
4+
A

O+

e

T

P

'

+

+ + + + + + +
+
-
+

+ + +
+ axa
+
4
+
4
-
4
+
+ + + + 4 + ¥ F +
4
Ll
ke

L

r
F
F
F
3
F
F
r
F
F
F
k

[
+
 + +

+
'

+
P+ F
a -
n + +
. -

n +
r
+ +
+ F
F o+ +
LI
a a
n
.+
= .

.
.
+
-
-
.
l-'
I
s at
.
.

F
+
L
r
F

T1iTTTTTTT
+

+ 4 F + + ¥+ + + +
-

'
+ n
'

Ll
'Illl'll'll'll'llllll'.

+
.
P

l.-l.
r + +-+
o
)
+:+

aa
4 +
1 +
+
4 +

=
+ 4
L]
Ll
+

4
+

4

+

+ =
+

+

+

+ +
+

+ + + +

-
-

+
+

+
*
+
+* + + 4 &=
+*
+ + 1
+ +
+ 4 + + + + + + +
L]
+ F + ++ + "
-
+
+
+
+
'
+ +
+
+ +
+

+
'
'

T
+ +
'

'

F

+ F +
+ F 4+t 44
PR+t t o
LEE I I

[ .

+

+ + +
+ + +
F + + + + 4 + +
+* = &
+ +*
+
'

T - T -
Il'll'll'll'llll'll'll'.'

+ 4 +
+ 41 + +
+ 4
+ + +
+ + +
-
+
+*
o
+*
'

Ll
a2 a &
+ + + +

*_k b+ +
+ ++ + F + + +

+ + + + + + +
+ + 4+ + F + + 4+
+ + 4+ + F + 4+
+ +

+
'
+
+ + F ¥+ + +

+
+

1

+
1+
n +
+ + +
+ 4
+
LI I
+
* + +
+ +

+ +
+
r ¥+ + o+

+ =

1+ + + + + + +

-
e
RN NN

S s W W : . ..
) 2 o O O O 9O 9O 9o

A3IARIISUSS |eJ1o3ds BALlR|B



US RE47,503 E

Sheet 7 of 12

Jul. 9, 2019

grv "9Old

Wit} YI13UB{SABM

DL GO0 0 DU¢ (L U8

a dh kLo

PN
A4 %k wk

Ly

[ 8
[
[

alra .t
]

-+ 1 & F & 4

L ] 1 & F &

=+ F ¥+ b 4 & +F o F 4 4+ + 1 b4 4+ * & - * o d
[ [ [ [ i e 1 ] Fl

r
a
.
or ' e Ta ' ' - ' P ' P i i ' -
4o F + o+ F -k R R S I I T T T B T I e ) -
Ak F b A+ 4+t dkd b ERIE N A e b+ F o+ 4R +k F+ F 44+ 4 d d
e R Rk R A Ak k- [ L e e d R -
LN + FEFFF kA L N | d
LRI TE D LI RN A SR N LR N R R S | =
ERE I EECa FF 4+ 4R L A | 3
raa T e T AT RN RN -
LN S B | - LI B e | L]
+ +4 44 + 4+ F EIEE LN N B N BRI R A - r
- P R PN N i N N I I R i e e - L o T A R A S m R s a1 AR A AT R - =
A4 P " P FECAFFE LR F P - 14 TEE RSP AR+ - LR R N IE B N A A N IR T I N I N I R T I R I B B L]
4 - d - ALY, d - . P . AL - . P d 3 - -
Y= e Woa R ey " e e I U R O e I e S R vk
nord [ iy bk e AT T 4 q 14 a1 m b d ke g hchhy oyl dk aphre gkl gddhly i1 4
Ll e e T d b op k- pm # - R E R RN R R N T A r ke A bk L
LIS " AR Tk T A r h AR L A ETLE F R A A A LI g | -+ -
ir e e SO e BB Y LI F AT e e bk Lkl d o kel dw =k LI L R N e M ir
14 F R EEN K 4 F At kb d kA dd Rt Ak bk dd LAk hh+ 4kt + d kA A A A ]
* -+ A4k k- kA + + 4 + b ke 2k F hh chd d +d hrd A A -k A+ A bk dddAdk + *
A =T T am ArmT i TR e T e T T T e P et ] . -
* + 4+ + & + kb d <k FohA * ¥ ++ - 4+ LN E+ b &+ * d
4 4w Ak ok kA e kA ko aa kA N R A A - .
atata - e tata atata ettt te A L P T i ey o S S T T T R A i
1+ F + + + TrA 1t F LN L B I O N | L JE NN N ++ Tk r kT 1T RIS
+ + & =+ % dw A+ b E R I N TR P d A+t -+t + 4+ F %+ kd FH b F+ *
i+ F EIEDE L B O R A A 4 + k1T RN 4 A LI IR S A + + % 40 A P+ 4+ L |
T Srr rwerrrTrTTT s =t r T rTreTTT =TT rTrTdTTTTATPETT .
ERE + 4+ + % 1R L P P+ AT F A+ R TR EAF A ++ + P+ o+ EREE L R S 1 r
+ + % L] £+ LN ERL L | P+ + L] -4 EE N S R R A L =
a - a P P R R a a m a a e e naaaaa L -
+ 4 LIUEC N * LN U - &+ : + FF A I P U X ] 3 LI,
N It i T N e i FLE R+ 4+ * LI LIS | , [ 4+ RN LTI 1 AP 3 L]
EE B I N R B L R B A I | E T N L b pa sy = {4y T+ + 4+ n AR 4 2T aF Y B [ L
L o F+r rt = L ] L B T T L £+ T ¥ LI S I B A LR I 3 LI
AT L T TR I N = A ST, Ay . ]
-4 7 L & 4 Ttk b ddFdwy iy am'd A 4 AL #dd
* PR N DL IR A A b T L LTI LN N + o+
d R NN A e O K T T . - ] L i I e e
RN NN EE K - ht t ok d k4 A 4tk otk IR N NEE RN NN +
* I R I L U T O e AP A+ Ak or bk dAd b+ - -t + A F Fdk F ke LEF R F bk o+ TR A
e e e e L N O T N ] S an ] A a e
* . BTN I R N O O L I T R N N + o+ - 4t +F F Rk kA E R F CRLIE RN NN XX
LN S S e e R N + -+ + +k d +F b+ A + + + + 4+ + 4
LI N N N N R N L N T R P N metats shE LN +
*RPR T FF o+t o+ R S LBEE O S L] LR + -+ 4+ + + k% L EIE
LEEIC L N K A N + =+ Fk FE L + 4
P [ [l [ [
LY
LS
+ %
LS
o
T T "
+ L
i 14
L
- ..'.-—.. .. *
+ -+
+ & kb %A - A F o+ b F o FE + 4 LN
P P S S R e - e aa
e F+F o+ 4 + 4+ ++ % - L R N | + + + 1k + - -
=P+ k4 * % =k kP L O S - - LI N B O Hy g -
F + 4+ 4+ FPE T+ b+ + + R 4 + 1 % + F 4+
X I I S R L L AL .1......... o LN
- - E e N N L) 4 - Ll
L] L] EA A A L3 ] L]
a, T T N R L LIS LI 1
L] a2 a2y 1l = 4 a7 i ¢ = L]
* T T AT T R Al
) AT P T I AT " K e
4+ 41t & FERE R N ok ok - 4 x
-+t 4 O + 4 4 d ke d A A A i
Arle e T T T ow - e CCC e e -
-+ A+ PRI + + * L I NEEREER! 4
LIE T LT 4 *w okt Ak F ok kLA * L kb dd - A4
O T e L e T e PO e e ae ka -
L N N B3 44+ ++ 4+ F%+ %k Fd++ 4 + 4+ =+ o+ EL I SR LI —_— L]
I ek F++ -+ 4+ +F bk - b+ttt F - bk d e bt b F bt A EE R F r L L N B -+ w
O T A R N A N R g R SR N A A N g N S RN g g A A N N By A A g W S uL g g
L I I e e e e e Lol . . L L e L e B e e R S N S e L N N B N o B L e e ¥
+4 A+ ++ 41+ F PR R LR+t o+ + 4+ F % A% FFE A+ A R RN A P bt - .
-+ 4+ % F N ¥ * LIRS BEN N - + F P+ o+
P e e e . P P
+ 4+ + FFRR * LI B LI
Rt LEIE I £ 4+ F LR NN EIEIE I N
2Tty L. N N N *, L
EIE N | T - T NN + LRLIE e A
LR 1 Ak L . -
' - « 1 7' AT e T
A b R Ld -+
LI T T T, ot Aty
b LN EIEIE L LRI L L o
A A R A, ' 1 -
B+ 3 9+ = %t +F k- hh - * + + -
L T - * ++ + + d + 4+t A F ok Er-d
= T - FTFT T TR F I I T FTI T FPIFFT-SFFTTT
+ + LI B I O R B N R T ERLIE R S O N
R L+ 4 + 4+ R 1 LA+ 4+ - RT R T3 + 4+ -+ + + % LIFEE R N I
o ' e = e N s ' ST r e i
+ LN IR I L | LN N R N N N
7. Tt LA R L N L L L
AR R+ L] LBE I RN | 1T 4% 48 -4
ERENE BERE L EIERERE N O B I DR I B N
LN I I L e Fer T+l P
- . ala'y Ly T g 'a'1
it P T Sy
e da -+
* LI r LI
+r + + - =
" iy = =ww v w
+r ++ -k ddwh -t
“AF Ft t -k R A A A+ bt N A AR b bd B d - At t bbbk A+ At b d kD A+ *r d A T+ F At bk A A A+t -+ At P v h bk FFFEF bk A T Y -kt bk bk -rd 4 P
Fr b+ -+ F ++ bk - P+ F A+ P d b d L F A -k A= bk bk kT A F A A AA 4 d k4 A+ + 4+ P+ kA FA LI R O I R o R o e o N N T N D + 4 &tk
DN N e N A o A A A A N I R A R L I R R N RERE R A N R N B N e +* 4% PRkt ok ok ko A ¥ 4 -t ok F okt Bk FE P F b kA F bk = bk k- A
Frrr - rTrrr e FrTrTraTrTTrTE T rTTrTTFE"TTEATT-TTTTTEA AT TTAIT T T LT T . Frr T T e T e Ty - 1 rear st - rr T
LI N N N N Y NN NS X ELN DL IE I O = T+ F &% +% d % EF &+ +0 LR O A R N B * LI R N IR | DENIE I N N B N I AR N N L N
FH +F - +F +F B0 -4 F FF 4P+ E L&k ERE | P F o+ LR A R SN 1 E-4F - LI
S N N N N N T N o aomm " e a . . e - PR - D I
LIS I N I N A T LN B - - 1 L L A R I O R e o
LR T e L L AL N A ST T LI * - - LT N R N
A S e R ” 4 .............l-....q....._..."... L + ...H...-...... S H 1 - LR s N R e R
B A . - = e o
TawTa w1 T P R S i AetiTeaTa T " » "y
4L ok - kA ik FLd kA - 1 1 Lkwd 244
+ b ddF kw h k4 Atk Y ¥k b F A * LY + + *
T e - . -+ v onria 1 1 vatataTe e T e,
e N L L Y TN AN, b e A e R R T i e, oy e +
R -+ A AP+ kd 2+ bR+ -k A+ RN AR RN N R NN I R E R N L R <Ak At b+ - T +4+u b+ A b b+ ke Erd h+ b bk -k B+ A A -+ kTR A A+ + -r-++.._+.._+1._._-.r__+-11|+.._ R
EEE L A N N N R R NN NN =+ + kF kb d =+ kAt = kA kT D O S a3 ...v..._.++++._-..__..........++.v...1.........+.._++v.v....—.rn..._..._++.+.++.....++.+++111|....-§‘I.._._ ok ko
R R SN T e o h - BT * [E N S o Ev + + + ++ - %+ L h ++ =~ 4+ + ¢ 4 & J 4+ ++ 4+ F +d dkr-++++++ - +&d-d+ -......\.-. + v b
St rrrrTrTTTTAIRrFEFFTTATTTR DT . rrTTTTAITrAEETT - TTTETT-oETTTTTITTTESATFIETTOTTANFEAFLTT " TTTOT TT =M T Tr e
F+ ++ 4+ F % 4+ &F F+ F ++ +F I e o L R T T e L o B I R T A R N +  F kb
14+ ++ 4+ + % PR N N O R I N N N N O N S N R N N T e N W e PR |
P R R T L N e e ol TaTa e TR s a A r 1w P N ' ' 1.
Py 4 4 4+ TN LIL I I +F PP *FEF O+ 4+ %+ 4 EIE I I NN A N R I kN L EUE JE R 3L I N H._.._t- LN
LT P .1....-................................ LA B I L T O L L L I L P A I L L L L AL Fo0 L
LI L e L3 e I O N L S e 1+ k% L B i B e LI RN A R E-A 8+ +F - .‘-.__.‘l... L
EREICRE I BERE B O | L JE R I N LI T LI + L] LRCTE R e o O ._.._._\_ L]
.n.n.._ LI L] AL - AL .H._. T nrd
EE R T ' a - e s - -
i FrTE TP LYY 1,+rw +r 4 .-.‘_._....‘-.1 LI .
* t L k] AhqAaTeas =t = [l =k pt =T r i
Ea ok 1 Fi i I NN ] < w b ow kb = 1,4 F i i ko o w a h F - * [ |
ok kxAd A+ t b d kA Ak kR Akt bd kb chch Ak htr kb dAd A bkt Ak hch okt bk bd =k A Fh bk chh okt d kd K -+ A4k ko ok R AR + r i
¥ 4 NN W N e e L B Al A i tata o r Ve
- ki F+ okt d kAt h kA Ak kd ek - hEh bt D kR TR bt Rt LI PR <+ F dh ttdkd o L N + + + i
Fad ++ - 1+ F bk bk d k< + b+ chtF L I B e LI O S I e e e | - + 4 4+ F FFL v
£+ 4+ S e N S L RS SO U st T P L S I O byt [ L Tt r *y el
L L L O I O A I | L R N I O L R o R O + F ++ + 4 LT S K + +
Frr - =P+ =% 4k F k%1 T EF A EIE DR N A A R N N | LICTE T B I R BN AR Pk b 4+ F %4 k% =k bkt = - * L
R B R N e R o ' L P W T N N N T s ' . ata
Frb o+ - D I R I A I AT T N N I B A I N I L N I LI B B I N N N R B I - + + LI |
LN P L T L L A T T T L DL L LT T L L L L ...l.__....l-......._. LA
L3 N e ] L B B I N LI I ] + L ] "y , LN
£ - a4 a p 4T RETAF P PR EIEIE ENE N E N ) L LIL I S | LI o+ LI RE |
A IE BRI N ] LI ERE DR B IR B R R N | LR I R I L * = 1 44 as e L]
EJ o - e o o0 e i “r o r ULy o V.
LI RO N N i 44 LI N N B N N 17 a3l lr L Ao s s bgpl g nr ] dpead L L | T + o1 4 14
Iy dd apal i nd RN ERE YR h oy N ENE LN 4+« 4l el ard

LY
=

i.af;ﬂh.._iﬂ.q.....,.nphp"_._{a..fi WM " AR N AR .“._.“._. .h_u.“___ﬂ..n_ﬂ..mq.nsq o, .nﬁ.n._tb.x.:._.._#...t.-.,.._... ..

u

U.S. Patent

HAIRISUSS (RII0DTS aAR|a




S. Patent

Aot
-

-
e

A e e e LT LT

s -

ul. 9, 2019

Sheet 8 of 12

+ rr rr v+

- 1 r T @ v rr e’ Ty ypq rrrTrTrrs T’
A r P ra s b Tk gy A AT
P e N [

rs T rT TT T T - T T T
LI B -+

- BT T T TT TT TT oopoy EETE T RT OETET R,
rr ey > 11

- -
*r dr kT kT b b . r - N N . N T T a T

i i

) I I i

{ t £

] i I i

i I ¥

{ t 4

i [ 2

| [ E

i [ %

{ ! £

o g w o om e s - ow e -y

i L t

1 ] ¥

' ! §

} L 3

¥ L 3

¥ k t

¥ ] t

¥ ] x

} b ¥

medannnntbhnnnnd

¥ ] ¥

1 ’ ¥

1 ¥ L

I ] 4

) I 3

""-E? i 1 |

-E ! I £ 4

.x ! I :

3 i I i

o™ { I i

W plalis Bt e el et

k { I i
Lo

“ i [ i

L) [ {

. i [ {

: 1 I £

. 4 | f

\ v I £

\ 3 A i

: 1 ] 3

: e e ) e e e v e e e o e e

) ¥ b ¥

AT 3 ] ¥

i } ] +

i ; ¥ ] 3

¥ ¥ k ¥

F ¥ ] |

F ! r }

i ! r ¥

f ! ' ¥

e, Ea o g ey R N e HE

i

- -

i
A -

%

- g g gy T gm om
o e et R e

¥

sy gy pEr Sr

T A AT A e

'S .mlrmla'u%: % | W‘h*%
- w w W - - o wr - - W W W r- -

. s

-
LT v iyl T FET AT FT -
TE g T ETETETETC

f
P

P

§
¥
¥
§

T

f

I'J..-u..d,.!.d_..-,.d,..!...a...-.-..-.-,.-.nt.w" ot b W Rl S R VR W Sl v g MY gy

R

oy

i
i
i
}
T T

(]
|
muﬁﬂ-ﬂﬂiwu-‘Jh-h-'qi-I'lm..n-m-nnimﬁmnr-vwﬂﬂﬂrw-trw#w-rhrhﬂ-'mﬂm

L o A '.‘-MIWW. R F-#!

i.'h- -:.."' Ahaigy rad by gy g ilr---liﬂ-.ll li-‘;-iiiii-ri..' L N N NN NN N N l:.lhi--di-llhhﬁ-id’-lhti!
"'ln""

mﬂnmaﬁﬂupr,um-wvnmwwuv-"ww-un|I-H-.-Hﬂﬁﬂrﬂﬂﬂﬂrmw-ﬁﬂwﬂw-rwwwwwﬂ-*u-nlﬂ-wﬂ

-
L]
Tr

b

4

- #iq‘ﬁ;"iﬂ--lid-lhl-
.

4

4
L

Rl
gl kgl kgl dpl A g N g
L]

P T o, by by En Ny Wy e - A Wy -y
h "'i} 0
' * 3
y ,&: 11-:
! 14
! !‘q sk 3
’ L. L
’ | LI
T AT BTN ~ . et
F S M 3 : L ,:.'::ﬁ:.';ﬁ-'::.'-'::::
T S - - h [ . W m h‘: ::%’Tﬂ*':":
i z i P PRl 27 Rt
i ' = f "
™ )
‘ ¢ 1 o
{ L ‘ L= 4~ )
y % 3 . }
[ £ : }
" ] ! }
1 I T j ! '
T (e i A ¥ % b P
1 1 i i i ' I
y 3 3 k 5 . |
’ ¥ ¥ b ¥ . i
1 ¥ ! \ : ; q
) ¥ ¥ L] 2 : { ;
3 H 3 A % . i
] } 1 y } . {
| } ¥ X t : i
i ¥ ’ ) ¥ 1; i
4 } ) F v 1
A e [ T T T TSI T ey
4 ..l"-."_:;,,,...[__w 1 Z
z i " 1
1
¥
f
4
£
£

AR A b b e W e o
T B T

- T R T 4 T - -

- - = BB R P T g e A T TT b b w hom 1.
a1 a4 r e A T - DR R R Vaa
- ] v o e -y
T .

rrF =1 = =

TR T T, T T T T T a e e A, TATE T A T e T TT TT TT TT Ty e s T A TATATATE T s T T T TTTTTTTT T
s FT T T, AT e e e T TT m ot o rm e TATAT AT AT A T T T TTTT YITT YA A AT P e P rdrd oy

T TA T T
[ B BT TR
= T e T T - -

'l-'l-I W
S e ey

4 g 4

- At
P

=T -4
waTu e I

- rm T - =
Y

LR AR R --r
P e e e e a A

- - = r 1 = r T r T TrTAa T -
O T T I o A T A T T A | L T S S T |
i ¥ n L+ Fw oo+ oo+ -
- ra rFf rTTrTrTTTTTTE TS =T

AT T - LI L
r v dr rr by = rr rrrT rrrararrrrrrrFfT T ey =rrrrrrrdT

S RE47,503 E

FIG. 5A



U.S. Patent

LR
=T T

T 1ar T T 1
T TTT T+

eimnrssimpras, }1_’ 2“k*f3

1
1
1
1
1

)
1
!
i
!
i
1
i
)
i

1

Jul. 9, 2019

Sheet 9 of 12

= = = e P - - [
ar o P P e R Rk LI
T e el D Ao
i -
' :'-.-"'-l"'-l"ﬂ-'.."...".-"a"..'..."u"..".." N "'-"'1-"'.1.".."'-.-:1.:'_-,"'..".:-\."\-l‘"ffﬂ:-fvv:f"v"#ﬂ-:ﬂ-".".."u a ey :'.. r_'_'_.'.:'-p'.."'.."'u"'u"'a"' W

3 } J .
3 iy
3 4

] % A t
[ 'J‘ '

.
: | ¥ Sy [}
&
] | 2 a4 Y I
E L]
-
: | ? JF ]
]
3 l ¥ }1' A {
1"’?

| | P %
L .Ff
: 1 P X

3

1 i §
’ y

TR A R TR g Ty

o bk ek ek Ak ek FTRF T FR RS PR R T

FEETRERagTY

Pt am s pm e

_‘_F__\_H"!-'I-:"" Rl T ]

' oA pa, e o o wra o, HH O rHH O SHH o v v o

h#'ﬂﬂ”“ﬂﬂﬂﬂ!‘ﬂl###ﬂ#”#
- gy wir mik dk R e

=15

e M Ea py Ee R B Ea e
-l

L-
e el gy

' o

e
T e T

Jpm,

FR

L R I I T T TR R 4

i

e e e b B M
L

e S b e B Bt et Ol e g ok ol o

A ap ok R mL A R e A

1
L
¥

|

e S

+,'-l-'\vl-'\vl'nl-’”“‘

s A S

4

-ll-l-l-r-ll

u:-m-n-rﬂﬂhﬂa'-?ﬁﬁlﬁﬁ—--ﬂ—-—.—.

LR bt W WL R

Yo __'-uhnr.-p-"""""'h"'-g.'--,'_.

--._.-.—u-a---——-—--r---'-

WA wapa oo HEE A Y W

)
;
L
¥
i

AmF TR s

M2 qa W N g T

ar

A W a4

r-..-.-v.-..-.-...u-.,

“ﬁnun.-.-“-k-_-"'-—--

wahk vk HE Y OHR e e e W

L A o R A g L E__ L] L] [ | - L JEF - -_ﬂ.ﬁ.".'-.".'lli..“-. - . . L] _.

-h.-h.m-h.-h-h.-l.."‘""""

i -.-h“jqnqqq

£ -

R
i‘._‘_‘_‘_‘l.IIIIIn' "‘

L L ]
> O F W W e

B ph g PR e v e R L RHL M B g oy M

L

L1

!—uuuuuuﬁlﬂuuuuuhﬂ-_hl____-.—lﬂ__--'r_-l'—l-—l--

‘\-""r'"‘""l""'l'u e W Y W B g o

£

I

}

l-l-:-.-tﬂnnn-‘—r-p---“‘-i-

ﬁﬂﬁ-‘ﬂ“ﬂﬂﬁlﬁr}**uﬂ"ﬂi#-ﬁ#

L B R R

-;.n. W -

oL A

*hﬁ*h“ﬂ“hﬁlfﬁﬂ!ﬂ-ﬂlﬁﬁ‘-ﬁw“‘ﬁh

HH o W Hy B H

L

o~

i~k

“rw,

.
d

gﬂ-ﬂhhw:—uﬁﬂﬂﬁﬂﬂﬂuwn-ﬂﬂli-#q-w-ﬁ-ﬁﬁﬁﬁr-rwlr-rmwwwwhﬂﬁﬂqlp

-
L

o HE ke HE R W

b fak i el o mp W M R A

R L

I

|

Ay HE HE HE WY

--I--itltll-:

-
'r'rll-‘l-‘-r

s

[ -
L
[

T T o

d
'
r

L

4 -
LA 4
b -

™n i

o'

Har's P - W g Am Ym tm we

r a
Ty

-
‘.\‘_1'“"1"'"‘_1"1."‘."_&

T
kT d YT -

m 1+ rr T+ A
4 r Tt -

L R Y I | L
L0 T N N B IR I A B R R R N RN R
aTa"a a4 '

L R

m F MU RN 4T LT

I R N N A
BT

3
FE T LY

'T-.r-m.-#..-;-.qhd-uﬂnn-

-
rrrrr

* # rvra1 v Lr Ford vrF =+ 0"
PRI R - .

L ¥
e e a .

LI R B T I L L R R I

- LI Y L)
ra
[ T T
P
T R
=
*

Pl
[ A N B |
Ny o

T e

ok ey o A

[ T
[

"= " g FyTrErrrr--- =
b s e T e e e - -

+ e e -

]
]
-
L
SR
.

-..-1,

r
L L
f

F

~1~|‘

L]
F

US RE47,503 E

FIG. 5B



U.S. Patent Jul. 9, 2019 Sheet 10 of 12 US RE47,503 E

[4-1>
K*l5
—




US RE47,503 E

Sheet 11 of 12

Jul. 9, 2019

U.S. Patent

£ Ol

ddAVE IVLIW 1SOWYHAddN KL 40
NOILHAOd V 1SV31 LV d3A0 8411714 '1vO1Ld0O NV 1150d3d

00L—

90, ad1S 1Y

J3.L150d3d S| ud L4 TVOILLdO AHL ¥313V 43114 TWolldO
AHL INTHIANA THM LYHL SNOILHOd TYLIIAN ANY

30 GIOAJA S SHFAVE VLW dHL 30 INO 1SOWYHdddN
NY LVHL HONS ‘SNOID3Y 340100L0Hd 40 ALITYYNTd

FHL H4AO SHIAV T IVLIN 4O ALNIVEN 1d V NJOA

SNGID3Y 44010 LOHd

10 ALTIVEN Id ¥V SAANTONT AVHL 41VAISHNS V 4GIAO-d




US RE47,503 E

Sheet 12 of 12

NJLASENS

908

Jul. 9, 2019

008

U.S. Patent

8 Old

HOL1VYHYdINOD
HO/ANY

d0S53204dd

401331340 1L0Hd




US RE47,503 E

1

PHOTODETECTORS USEFUL AS AMBIENT
LIGHT SENSORS AND METHODS FOR USE
IN MANUFACTURING THE SAME

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

PRIORITY CLAIM

This application claims priority to U.S. Provisional Patent
Application No. 61/729,239, filed Nov. 21, 2012, which 1s
incorporated herein by reference.

RELATED APPLICATION

This application 1s related to U.S. patent application Ser.
No. 12/885,297, entitled PHOTODETECTORS USEFUL
AS AMBIENT LIGHT SENSORS, filed Sep. 17, 2010,

which 1s incorporated herein by reference.

BACKGROUND

Photodetectors can be used as ambient light sensors
(ALSs), e.g., for use as energy saving light sensors for
displays, for controlling backlighting in portable devices
such as mobile phones and laptop computers, and for various
other types of light level measurement and management. For
more specific examples, ambient light sensors can be used to
reduce overall display-system power consumption and to
increase Liquid Crystal Display (LCD) lifespan by detecting
bright and dim ambient light conditions as a means of
controlling display and/or keypad backlighting. Without
ambient light sensors, LCD display backlighting control 1s
typically done manually whereby users will increase the
intensity of the LCD as the ambient environment becomes
brighter. With the use of ambient light sensors, users can
adjust the LCD brnightness to their preference, and as the
ambient environment changes, the display brightness adjusts
to make the display appear uniform at the same percerved
level; this results 1n battery life being extended, user eye
strain being reduced, and LCD lifespan being extended.
Similarly, without ambient light sensors, control of the
keypad backlight 1s very much dependent on the user and
soltware. For example, keypad backlight can be turned on
for 10 second by a trigger which can be triggered by pressing
the keypad, or a timer. With the use of ambient light sensors,
keypad backlighting can be turned on only when the ambient
environment 1s dim, which will result in longer battery life.
In order to achueve better ambient light sensing, ambient
light sensors preferably have a spectral response close to the
human eye response and have excellent infrared (IR) noise
SUpPression.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 illustrates an exemplary spectral response of a
photodetector without any spectral response shaping.

FI1G. 2 1llustrates the spectral response of a typical human
eye, which 1s also known as the photopic response.

FIG. 3 A illustrates a top view of a photodetector accord-
ing to an embodiment.
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FIG. 3B 1llustrates a cross section of the photodetector of
FIG. 3A along the line 3B-3B.

FIG. 3C illustrates a top view of a photodetector accord-
ing to another embodiment.

FIG. 4A 1s a graph that illustrates exemplary spectral
responses that can be achieved using the photodetector of
FIGS. 3A and 3B, or the photodetector of FIG. 3C.

FIG. 4B 1s a graph that illustrates additional details of a
portion of the graph of FIG. 4A.

FIG. SA 1s a further graph that illustrates exemplary
spectral responses that can be achieved using the photode-
tector of FIGS. 3A and 3B, or the photodetector of FIG. 3C.

FIG. 5B 1s a graph that illustrates additional details of a
portion of the graph of FIG. 5A.

FIG. 6 1s high level diagram used to illustrate how
currents and/or other signals can be combined 1n accordance
with specific embodiments.

FIG. 7 1s a ligh level flow diagram that 1s used to
summarize methods for use 1n manufacturing a photodetec-
tor 1n accordance with specific embodiments.

FIG. 8 1s a high level block diagram of a system that
includes a photodetector according to an embodiment of the
present mvention.

DETAILED DESCRIPTION

FIG. 1 shows an exemplary spectral response of a pho-
todetector without any spectral response shaping, e.g., using
a filter covering the detector. FIG. 2 illustrates the spectral
response of a typical human eye, which 1s also known as the
photopic response. As can be appreciated from FIGS. 1 and
2, a problem with using a photodetector as an ambient light
sensor 1s that i1t detects both visible light and non-visible
light, such as IR light, which starts at about 700 nm. By
contrast, notice from FIG. 2 that the human eye does not
detect IR light. Thus, the response of a photodetector can
significantly differ from the response of a human eye,
especially when the light 1s produced by an incandescent
light, which produces large amounts of IR light. This would
provide for significantly less than optimal adjustments 1f the
photodetector were used as an ambient light sensor, e.g., for
adjusting backlighting, or the like.

Another problem with using a photodetector as an ambi-
ent light sensor 1s that a photodetector will produce a
relatively small electric current even when no light 1s
incident upon the photodetector. This current, often referred
to as a dark current or a leakage current, occurs due to the
random generation of electrons and holes within depletion
regions of a device that are then swept by a high electric
field. This leakage or dark current also adversely aflects that
photodetector output when there are very low levels of light.

FIG. 3A 1illustrates a top view of a photodetector 302
according to an embodiment. In the exemplary embodiment
shown, the photodetector 302 includes an array of 8x6
photodiode regions 303, which are represented by forty-
eight equally sized squares i FIG. 3A. The photodiode
regions 303 can individually be referred to as a photodiode
reglon 303, and collectively be referred to as photodiode
regions 303. A sub-array of 6x6 photodiode regions 303 are
covered by an optical filter 318. More specifically, half of the
sub-array of 6x6 photodiode regions 303 are covered by the
optical filter 318 and also by a light blocking material 316,
and the other half of the sub-array of 6x6 photodiode regions
303 1s covered by the optical filter 318 but not by the light
blocking material 316. The remaining two sub-arrays of 1x6
photodiode regions 303 (shown at the left and rnight of FIG.
3A, and the left and the right of FIG. 3B discussed below)
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are not covered by the optical filter 318 and are not covered
by the light blocking material 316, and thus, can be referred
to as uncovered photodiode regions or naked photodiode
regions. The sizes of these arrays and sub-arrays are exem-
plary, and can be changed while still being within the scope
of an embodiment. The photodiode regions that are covered
by the optical filter 318, but are not covered by the light
blocking material 316, are labeled 303a. The photodiode
regions that are covered by the optical filter 318 and the light
blocking material 316 are labeled 303b. The naked photo-
diode regions are labeled 303c. In alternative embodiments,
the photodiode regions 303 are not all equally sized, e.g., the
naked photodiode regions 303c can be smaller than the
photodiode regions 303a and 303b.

FIG. 3B illustrates a cross section of the photodetector
302 along the line 3B-3B shown i FIG. 3A. Referring to
FIG. 3B, the photodetector 302 1s formed on or within a
substrate (e.g., a silicon watfer). In the embodiment shown,
the photodetector 302 includes a plurality of N* regions 304
that are implanted 1n a P~ ep1 region 306, which 1s grown on
a P substrate 310. Each of the plurahty of photodiode regions
303 (forty eight photodiode regions 1n the example of FIG.
3 A, and forty photodiode regions 1n the example of FIG. 3C)
1s formed by a separate PN junction, each of which 1is
reversed biased, thereby forming separate depletion regions
308. Preterably, the P~ ep1 region 306 1s very lightly doped.
Placing the N* reglons 304 1n a P~ ep1 region 306 provides
1mproved quantum ¢ 1C1ency as compared to placing the N™
regions 304 directly in the P substrate 310. Although not
preferred, the N™ regions 304 can alternative be placed
directly 1n a P substrate. It 1s also noted that each of the
photodiode regions can alternatively be formed by a PIN
junction, which 1s similar to a PN junction, but includes a
lightly doped intrinsic semiconductor region between the N™
and P type region/substrate. Photodiode regions can be
formed 1n other manners, such as, but not limited to, forming
using P™ regions in an N~ epi1 region or in an N™ substrate.

Still referring to FIG. 3B, the N™ regions 304a, and more
generally the photodetectors 303a, are covered by the optical
filter 318. The N™ regions 304b, and more generally the
photodetectors 303b, are covered by both the light blocking,
material 316 and the optical filter 318. The N™ regions 304c,
and more generally the photodetectors 303c, are neither
covered by the light blocking material 316 nor the optical
filter 318, and thus, can be referred to as uncovered photo-
diode regions or naked photodiode regions. As discussed
below, 1n certain embodiments, metal apertures can be used
to limit the amount of light that 1s incident on the naked
photodiode regions. Also shown 1s thin oxide layer 324, e.g.,
silicon dioxide (Si0,), which covers the N™ diffusion
regions 304.

As can be seen 1 FIG. 3B, there are a plurality of metal
layers 322 and a plurality mter-level dielectric (ILD) layers
323 between photodiode regions 303 and the optical filter
318, wherein such layers 322 and 323 are formed during a
back end of line (BEOL) process. For the embodiment in
FIG. 3B, 1t 1s assumed that the BEOL process used when
producing the photodetector 302 supports four metal layers
322, which are separated from one another by three ILD
layers 323. The upper most metal layer 1s referred to as metal
layer 322(n), with layers below the upper most layer being
referred to as metal layers 322(n-1), 322(n-2) and 322(n-
3), where n refers to the total number of metal layers.
Accordingly, where there are four metal layers, n=4, and the
uppermost layer can be referred to as metal layer 322(4) (or,
simply as “metal-4), and the lowest metal layer can be
referred to as metal layer 322(1) (or, simply as “metal-1").
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In alternative embodiments, there can be more or less than
four metal layers 322, and more or less than three ILD layers
323. Each of the metal layers 322 can have a thickness of
approximately 0.5 to 1.5 microns (1.e., 0.5 u to 1.5 u, where
a micron 1s also known as a micrometer, and 1s equal to
10,000 Angstroms), but 1s not limited thereto. Each of the
ILD layers 323 can have a thickness of approximately 1 u,
but 1s not limited thereto.

The uppermost metal layer 322(n) 1s covered by a passi-
vation layer 320, which can include, but 1s not limited to,
silicon nitride (S1N) and/or an oxide. The passivation layer
320 can have a thickness of approximately 0.3 u, but 1s not
limited thereto. An optional organic clear coating 319 is
shown as covering the optical filter 318 and portions of the
passivation layer 320 that are not covered by the optical filter
318. An exemplary thickness of the optical filter 318 1s 4 u,
and more generally, 3 u to 5 u, but 1s not limited thereto.

The metal layers 322 are typically used to produce
conductive traces for sending electrical signals between
devices, distributing power, or providing electrical connec-
tions to ground. Metal via plugs 325 are used to electrically
connect metal layers 322 that are on diflerent planes. In FIG.
3B, the metal portions of each metal layer 322 are repre-
sented by diagonal fill lines that slope downward from
left-to-right. As can be appreciated from FIG. 3B, each metal
layer 1s not entirely metal. Rather, portions of each metal
layer comprise an inter-metal dielectric (IMD), which 1s
represented as the portions of each metal layer 322 that do
not include the diagonal fill lines that slope downward from
left-to-right. In other words, the portions of the metal layers
322 that are white correspond to dielectric portions of the
metal layers 322. The IMD material and the ILD material
typically both comprise the same dielectric material, and
thus, the terms IMD and ILD are often used interchangeably.
Such IMD and ILD dielectric materials are typically an
oxide, such as, but not limited to, silicon dioxide.

As can be seen 1n FI1G. 3B, the metal portions labeled 316,
which are portions of the two lowest metal layers 322(n-2)
and 322(n-3) (which 1n this example, are the metal-1 and
metal-2 layers), provide the light blocking material 316 for
the photodetector 302. As will be described 1n additional
detail below, the photodiode regions 303 that are covered by
the metal light blocking material 316 are used to compensate
for leakage currents. In certain embodiments, metal portions
of one or more of the metal layers 322 can also be used to
form apertures for the naked photodiode regions 303c,
where such metal apertures can be used limit (e.g., scale) the
amount of light detected by the naked photodiode regions
303c. For an example, each naked photo diode region can be
approximately 20 ux20 u, and corresponding metal aper-
tures can be 8 ux8 u. This 1s just an example, which 1s not
meant to be all encompassing. Further, it 1s noted that
portions of the metal layers 322 that form light blocking
material 316 and/or apertures can also be used to form
portions of conductive traces that transmit electrical signals
between devices, distribute power, or provide an electrical
connection to ground.

In accordance with an embodiment, the optical filter 318
1s a dielectric retlective optical coating filter. The dielectric
reflective optical coating filter can be constructed from thin
layers of materials such as, but not limited to, zinc sulfide,
magnesium fluoride, calcium fluoride, and various metal
oxides (e.g., titanium dioxide), which are deposited onto the
underlying substrate. By careful choice of the exact com-
position, thickness, and number of these layers, it 1s possible
to tailor the reflectivity and transmissivity of the filter 318 to
produce almost any desired spectral characteristics. For
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example, the reflectivity can be increased to greater than
99.99%, to produce a high-reflector (HR) coating. The level
of reflectivity can also be tuned to any particular value, for
instance to produce a mirror that reflects 90% and transmits
10% of the light that falls on i1t, over some range of
wavelengths. Such mirrors have often been used as beam
splitters, and as output couplers 1n lasers. Alternatively, the
filter 318 can be designed such that the mirror reflects light
only 1n a narrow band of wavelengths, producing a reflective
optical filter.

High-reflection coatings work the opposite way to anti-
reflection coatings. Generally, layers of high and low refrac-
tive index materials are alternated one above the other.
Exemplary high refractive index materials include zinc
sulfide (refractive index=2.32) and titanium dioxide (refrac-
tive index=2.4), and exemplary low refractive index mate-
rials mclude magnesium fluoride (refractive index=1.38)
and silicon dioxide (refractive index=1.49). This periodic or
alternating structure significantly enhances the reflectivity of
the surface in the certain wavelength range called band-stop,
which width i1s determined by the ratio of the two used
indices only (for quarterwave system), while the maximum
reflectivity 1s increasing nearly up to 100% with a number of
layers 1n the stack. The thicknesses of the layers are gener-
ally quarter-wave (then they yield to the broadest high
reflection band 1n comparison to the non-quarter-wave sys-
tems composed from the same materials), designed such that
reflected beams constructively interfere with one another to
maximize reflection and minimize transmission. Using the
above described structures, high reflective coatings can
achieve very high (e.g., 99.9%) reflectivity over a broad
wavelength range (tens of nanometers in the visible spec-
trum range), with a lower reflectivity over other wavelength
ranges, to thereby achieve a desired spectral response. By
manipulating the exact thickness and composition of the
layers in the reflective stack, the reflection characteristics
can be tuned to a desired spectral response, and may
incorporate both high-reflective and anti-reflective wave-
length regions. The coating can be designed as a long-pass
or short-pass filter, a bandpass or notch filter, or a mirror
with a specific reflectivity.

One way to deposit the optical filter 318, assuming it 1s a
dielectric reflective optical coating filter, 1s using sputter
deposition. Sputter deposition 1s a physical vapor deposition
(PVD) method of depositing thin films by sputtering, which
involves the ejecting of material from a ““target” that 1s a
source onto a “substrate”, such as a silicon wafer. There are
various different types ol sputter deposition techniques,
including, but not limited to ion-beam sputtering (IBS),
reactive sputtering, and ion-assisted sputtering (IAD). Ben-
efits of using sputter deposition are that the resulting optical
filter 318 1s physically hard and is less sensitive to 1rregu-
larities 1n metal patterns underneath the filter. However,
disadvantages of using sputter deposition 1s that sputtering
processes are very slow, diflicult and expensive to pattern.
Sputter deposition 1s very slow due to the relative long
amount of time required to perform lift off processes used
when patterning the optical filter 318. Typically the longer
the deposition process, the more expensive. Additionally,
due to 1ts dithiculty, there are very few venders that are
capable of producing optical filters using sputter deposition,
which further increases costs because there 1s less compe-
tition, as well as because of the potential need to ship waters
from one vender to another, where the venders may be
geographically far apart from one another.

In accordance with specific embodiments, evaporative
deposition 1s used 1nstead of sputter deposition. Benefits of
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using an evaporative deposition process 1s that it 1s signifi-
cantly faster, easier and less expensive than sputter deposi-
tion. Additionally, substantially the same optical perfor-
mance can be achieved using evaporative deposition as
compared to sputter deposition. However, an optical filter
(and more generally, a coating) produced using evaporative
deposition may not be as robust to manufacture and handling
as compared to an optical filter (and more generally, a
coating) produced using a sputter deposition process. For

example, tests have proved that when evaporative deposition
1s used to produce the optical filter 318, the optical filter 318
and the passivation layer 320 are prone to cracking if the
photodetector 1s not laid out 1n a manner that prevents such
cracking Detrimentally, such cracks can cause poor photo-
detector performance, and can propagate down through the
passivation layer 320 thereby reducing the reliability and
usetul life of the photodetector.

Certain embodiments are directed to techniques for avoid-
ing such cracking, and photodetectors produced using such
techniques. The inventors have discovered that a reason for
such cracking was the relatively close proximity of metal to
the optical filter 318. More specifically, temperature cycling
caused the metal to expand and contract resulting 1n crack-
ing of the optical filter 318 and the passivation layer 320.
The mventors also discovered that by not having any metal
directly below the optical filter 318, in the uppermost metal
layer 322(n) (which 1s the metal-4 layer in FIG. 3B), the
alforementioned cracking was prevented. This 1s shown 1n
FIG. 3B, which shows that there 1s no metal 1n the portion
of the uppermost metal layer 322(n) that 1s underlying the
optical filter 318. To further reduce the chance of such
cracking, there 1s also no metal 1n the portion of the second
highest metal layer 322(n-1) (which 1s the metal-3 layer in
FIG. 3B) that 1s underlying the optical filter 318. Addition-
ally, to further reduce the chance of cracking the optical filter
318, any metal that 1s included 1n the uppermost metal layer
322(n) 1s at least a predetermined distance “d” from the
periphery of the optical filter 318, where d 1s approximately
20 microns (1.e., 20 u, where a micron 1s also known as a
micrometer, and 1s equal to 10,000 Angstroms). In the above
mentioned embodiments, the IMD of the uppermost metal
layer 322(n), and potentially the second most upper layer
322(n-1), act as a bufler layer(s) that reduces stresses from
thermal expansion of underlying metal portions of the two
lowest metal layers 322(n-2) and 322(n-3).

In FIG. 3B, metal portions (labeled 316) of the metal
layers 322(n-2) and 322(n-3), which are the lowermost and
second lowermost metal layers, are used to provide the light
blocking material 316. Alternatively, metal portions of just
one of the layers 322(n-2) or 322(n-3) can be used to
provide the light blocking material 316.

The inventors also discovered that avoiding the use of 90
degree angles 1n the outer periphery of the optical filter 318
also reduces the chance of the optical filter 318 cracking. An
example of how this can be done 1s shown 1n FIG. 3C. More
generally, 1t 1s desired that all angles of the outer periphery
of the optical filter 318 are obtuse, 1.e., greater than 90
degrees. This 1s beneficial because relatively sharp angled
peripheral corners (1.e., peripheral corners having an angle
of 90 degrees or less) have been shown to initiate cracking
of the optical filter 318. FIG. 3C also shows that in an
alternative embodiment, the naked photodiode regions 303c¢
can be located 1n only the four corners of the photodetector
302. The beveled periphery of the optical filter 318 shown 1n
FIG. 3C makes 1t practical to include the naked photodiode
regions at the corners. This configuration 1s also more
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compact compared to the configuration 1 FIG. 3A, in that
it reduces the die area dedicated to the naked photodiode
regions.

The 1nventors also discovered that it 1s better to use a
negative polarity mask when patterning the optical filter
318, because the lift-ofl process using the negative polarity
mask achieves smoother surfaces, which 1s especially ben-
eficial 1f the die within which the photodetector 302 1s being
produced will also include an organaic filter. For example, the
die may also include an additional photodetector used for
optical proximity sensing, which 1s to be covered by an
organic filter.

In accordance with specific embodiments, the photode-
tector 302 1s designed such that i1ts output has a spectral
response that 1s similar to that of a typical human eye
response (shown 1n FIG. 2), which as mentioned above, 1s
known as the photopic response. For the remainder of this
discussion, unless stated otherwise, 1t will be assumed that
the photodetector 302 1s designed such that its output has a
spectral response that 1s similar to the photopic response
shown 1n FIG. 2.

While not specifically shown, the N™ regions 304a cov-
ered by the optical filter 318 (but not by the light blocking
material 316) are electrically connected together in an
embodiment and produce a first current (I,), which 1s
indicative of light (11 any) incident on the N™ regions 304a
and a leakage current. In accordance with an embodiment,
the optical filter 318 1s designed to pass visible light and
reject (e.g., reflect) IR light. Nevertheless, some IR light will
still passes through the optical filter 318. Accordingly, when
light including visible light and IR light 1s incident on the
photodetector 302, the portion of the light incident on the N™
regions 304a will include both visible light, as well as some
IR light that passes through the optical filter 318. Thus, when
light including visible light and IR light 1s incident on the
photodetector 302, the first current (I,) will be indicative of
visible light, a small portion of IR light that passes through
the optical filter 318, and a small leakage current.

While not specifically shown, the N™ regions 304b cov-
ered by both the light blocking material 316 and the optical
filter 318 are electrically connected together 1n an embodi-
ment and produce a second current (I,), which 1s indicative
of a fraction of the IR light (1f any) that penetrates deep 1nto
to the P~ ep1 region 306, as will be explained in some more
detail below, and a small leakage current. This second
current (I,) 1s substantially unaflected by visible light.

When light including visible light and IR light 1s incident
on the photodetector, one or more of the naked N™ regions
304c produce a third current (I,), which 1s indicative of
visible light, IR light, and a small leakage current.

Additional details of how the first and second currents (I,
and I,) are generated and how they can be used are now
provided. Thereaiter, additional details of how the third
current (I,) 1s generated and how 1t can be used 1s provided.

Still referring to FIG. 3B, when light 1s incident on the
photodetector 302, carriers are not generated 1n the depletion
regions 308b corresponding to N™ 304b regions covered by
both the light blocking material 316 and the reflective filter
318, because no light 1s incident on N™ regions 304b covered
by the light blocking material 316. The light incident on N™
regions 304a that are covered by reflective filter 318 (but not
covered by the light blocking material 316) generate carriers
in the corresponding depletion regions 308a, which are
quickly captured in the N7 regions 304a which are electri-
cally connected together. However, the slow carriers gener-
ated below the depletion regions 308a (due to long wave-
length TR light that penetrates deeply into to the P~ epi
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region 306) wander around for a while before eventually
entering an electric field and then getting captured. After
wandering around (e.g., 1n a left or right direction), some of

the slow carriers will eventually be captured by one of the
N™ regions 304b covered by the light blocking material 316.
In fact, about half of the slow carriers are eventually
captured by the N™ regions 304b covered by the light
blocking material 316 and the other half are captured by N
regions 304a not covered by the light blocking material 316.
This half and half capture 1s due to the substantially random
behavior of the slow carriers, the similar shape of each N~
region 304a and 304b, the fact that a layout area associated
with the N™ regions 304a is substantially equal to a layout
area associated with the N™ regions 304b, and the substan-
tially identical biasing of each PN junction.

The carriers that are captured by the N™ regions 304a that
are only covered by the optical filter 318 (but not covered by
the light blocking material 316) produce the first current (I, )
a majority of which 1s created immediately by the quickly
captured carriers (also referred to as fast carriers). A small
portion of the first current (I,) 1s due to later captured slow
carriers, and a further small portion of the first current (I, )
1s also due to leakage current.

The carriers captured by the N™ regions 304b, covered by
both the light blocking material 316 and the optical filter
318, produce the second current (I,), a portion of which 1s
a deferred current produced by later (1.¢., deferred) captured
slow carriers, and a portion of which 1s leakage current.

When light 1s incident on the photodetector 302, the
portions of first current (I,) and the second current (1,) that
are due to leakage current are relatively small compared to
the portions of due to visible light and/or IR light. However,
when light 1s not incident (or only a very low level of light
1s 1incident) on the photodetector 302, significant portions of
the first current (I,) and the second current (I1,) are primarily
indicative of leakage current. By subtracting the second
current (I,) from the first current (I,), the leakage currents
should cancel each other out.

Reterring back to FIG. 2, the photopic response, which 1s
the target response for an ambient light sensor, 1s from about
400 nm to about 700 nm, with the peak spectral response of
the human eye at about 555 nm. FIG. 4A 1s an exemplary
graph showing a spectral response corresponding to the first
current (I,), as well as a spectral response corresponding to
the first current (I, ) minus the second current (1), when light
1s incident on the photodetector 302. FIG. 4B 1s a graph that
illustrates additional details of a portion 410 of the graph of
FIG. 4A. Comparing FIGS. 4A and 4B to FIG. 2, 1t can be
appreciated that when light 1s incident on the photodetector
302 the spectral response corresponding to the first current
(I,), as well as the spectral response corresponding to the
first current (I,) minus the second current (I,), 1s affected by
IR light above 700 nm. In other words, above 700 nm the
spectral response corresponding to the first current (I,), as
well as the spectral response corresponding to the first
current (I, ) minus the second current (I,), differs more than
desired from the target spectral response of FIG. 2. Because
the slow carriers will be canceled out when subtracting the
second current (I,) from the first current (I,), 1t can be
appreciated from FIG. 4B, that the response for the first
current (I, ) minus the second current (I,) 1s slightly closer to
the desired spectral response than the spectral response for
the first current (I,) alone.

As will now be explained, in accordance with specific
embodiments, a spectral response closer to a target response
(e.g., the photopic response) can be achieved by subtracting
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at least a portion of a third current (1, ) from the from the first
current (I,) minus the second current (I,).

Referring back to FIGS. 3A and 3B, when light 1s incident

on the photodetector 302, one or more of the N™ regions
304c (that are neither covered by the light blocking material
316 nor by the optical filter 318) produce the third current
(I,), which 1s indicative of visible light, IR light, and a small
leakage current. As was the case with the first and second
currents (I, and I,), when light 1s 1ncident on the photode-
tector 302, the portion of the third current (1) due to leakage
current 1s very small. An exemplary spectral response cor-
responding to the first current (I5) 1s the spectral response
shown 1 FIG. 1. Notice from FIG. 1 that the spectral
response corresponding to the first current (I,) 1s signifi-
cantly aflected by IR light above 700 nm.

FIG. 5A 1s an exemplary graph showing a spectral
response corresponding to the first current (I,) minus the
second current (I,), as well as a spectral response corre-
sponding to the first current (I,) minus the second current
(I,) minus a scaled version of the third current (1) (e.g.,
k*1,) when light 1s incident on the photodetector 302. FIG.
5B 1s a graph that illustrates additional details of a portion
510 of the graph of FIG. 5A. Comparing FIGS. 5SA and 5B

to FIG. 2, it can be appreciated that when light 1s incident on
the photodetector 302 the spectral response corresponding to
the first current (I,) minus the second current (I,) minus a
scaled version of the third current (15) 1s closer to the target
response of FIG. 2 than the spectral response corresponding,
to the first current (I,) minus the second current (I,).
FIGS. 5A and 5B illustrate that IR rejection can be
significantly improved without much reduction in visible
light response, because the third current (I5) used 1n the
subtraction 1s significantly smaller than first current (I,). The
third current (1) (or the scaled version thereot) 1s at least one
order ol magnitude, and preferably at least two orders of
magnitude, smaller than the first current (I,) (or the scaled
version thereof) from which the third current (I,) (or the
scaled version thereot) 1s being subtracted. This provides for
significant improvement in IR rejection without much reduc-
tion 1n visible light response. This also means that the

portion of the third current (I;) (or the scaled version
thereot) that 1s due to leakage current will be extremely
small compared to the portions of the first and second
currents (or scaled versions thereol) that are due to leakage
current, and thus, that the portion of the third current (I,) (or
the scaled version thereot) that 1s due to leakage current can
be 1gnored because 1t 1s so insignificant. The precise amount
of the third current (I,) from which to subtract from the first
current (I,) (or a scaled version thereol) can be determined
using simulations and/or empirically. For example, the scal-
ing factor (k) for the third current (I;) can be determined
using simulations and/or empirically.

FIG. 6 1s a high level diagram used to illustrate how
currents and/or other signals can be combined 1n accordance
with specific embodiments. In FIG. 6, a generic block 614
shown as a ““scaler” 1s shown 1n only one of the signal paths,
but can be 1n additional or alternative signal paths. Such a
scaler can be used to trim or amplify a signal, as will be
explained 1 more detail below. In certain embodiments,
metal apertures above the naked photodiode regions 303c,
which were discussed above, can be used to perform at least
a portion of the scaling. There are various types of well
known circuitry that can be used to subtract currents and/or
other types of signals. For example, differential input ampli-
fiers can be used to determine the difference between two
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signals. For another example. current mirrors can be used to
perform subtractions. These are just a few examples, which
are not meant to be limiting.

Referring to FIG. 6, one or more photodiode regions 303a
are covered by the optical filter 318 configured to reject IR
wavelengths and produce the first current (I,). Referring
back to FIGS. 3A-3C, each photodiode region 303a 1n FIG.
6 can correspond to a PN junction formed by an N™ diffusion
region 304a and the underlying P type surface region 306,
where the N™ diffusion region 304a is covered by the optical
filter 318 but not covered by the light blocking material 316.
Referring again to FIG. 6, one or more photodiode regions
303b are covered by the light blocking material 316 and the
optical filter 318 configured to reject IR wavelengths and
produce the second current (I,). Referring back to FIGS.
3A-3C, each photodiode region 303b 1n FIG. 6 can corre-
spond to a PN junction formed by an N™ diffusion region
304b and the underlying P type surface region 306, where
the N+ diffusion region 304b 1s covered by the optical filter
318 and the light blocking material 316. Referring again to
FIG. 6, one or more photodiode regions 303c are not covered
by the light blocking material 316 and not covered the
optical filter 318 configured to reject IR wavelengths and
produce the third current (I,). Referring back to FIGS.
3A-3C, each photodiode region 303c in FIG. 6 can corre-
spond to a PN junction formed by an N™ diflusion region
304c¢ and the underlying P type surface region 306, where
the N+ diffusion region 304c i1s not covered by the optical
filter 318 and not covered by the light blocking material 316.

In the above described embodiments, the one or more
photodiode regions 303b that are covered by the light
blocking material 316 are also described and shown as being
covered by the optical filter 318 configured to reject IR light.
As can be appreciated from FIGS. 3A-3C, this 1s a practical
way ol fabricating the photodetector 302, especially where
photodiode regions 303a and 303b are interlaced in a
checkerboard pattern, as shown in FIG. 3A. However, i1t 1s
noted that it 1s not necessary that the photodiode regions
303b that are covered by the light blocking material 316 also
be covered by the optical filter 318, since for these photo-
diode regions 303b the light that passes through the filter 318
will eventually get blocked by the light block material 316
and will not reach the photodiode region 303b anyway. It 1s
also possible that the photodiode regions 303 be laid out 1n
other manners other than the generally checkerboard pattern
shown i FIGS. 3A-3C.

FIG. 7 1s a ligh level flow diagram that 1s used to
summarize a method for use 1n manufacturing a photode-
tector that includes an optical filter that shapes a spectral
response ol the photodetector. Referring to FIG. 7, at step
702, a substrate including a plurality of photodiode regions
1s provided. An exemplary layout of the photodiode regions
were described above with reference to FIGS. 3A-3C.
However, other layouts are also possible. Since 1t 1s well
known how to produce photodiode regions, this step need
not be described 1n additional detail.

At step 704, a plurality of metal layers are formed over the
plurality of photodiode regions. The plurality of metal layers
include a lowermost metal layer that 1s closest to the
photodiode regions (and furthest from the optical filter) and
an uppermost metal layer that 1s farthest from the photo-
diode regions (and closest to the optical filter). In the
example of FIG. 3B, the lowermost metal layer is the
metal-1 layer labeled 322(n-3), and the uppermost metal
layer 1s the metal-4 layer labeled 322(n). Each of the metal
layers includes one or more metal portions and one or more
dielectric portions. In the example of FIG. 3B, the metal
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portions of each metal layer 322 are represented by diagonal
f1ll lines that slope downward from left-to-right, and the
dielectric portions are represented as the portions of each
metal layer 322 that do not include the diagonal fill lines that
slope downward from left-to-right (1.e., the dielectric por-
tions of the each metal layer 322 1s completely white). To
reduce the chance of the optical filter (deposited at step 706)
cracking, step 704 1s performed such that the uppermost
metal layer 1s devoid of any metal portions that will underlie
the optical filter after 1t 1s deposited (at step 706).

At step 706, an optical filter 1s formed over at least a
portion of the uppermost metal layer. Referring back to FIG.
3B, the optical filter 1s labeled 318, and 1t can be appreciated
that the uppermost metal layer 322(n) 1s devoid of any metal
portions that underlie the optical filter 318 after 1t 1s depos-
ited. In accordance with specific embodiments, the optical
filter 1s a dielectric reflective optical coating that 1s deposited
using an evaporative deposition process. Advantages of
using an evaporative deposition process have been described
above. As was explained above, the dielectric reflective
optical coating type of optical filter, or an alternative type of
optical filter, can be configured to reject IR light, and more
specifically, can be configured to provide a photopic
response. Alternative types of responses are also possible
and within the scope of an embodiment.

In specific embodiments, the optical filter 1s deposited
such that an outer periphery of the optical filter include
obtuse angles and 1s devoid any angles that are equal to or
less than 90 degrees. An example of such an optical filter
was shown 1n, and described with reference to, FIG. 3C. As
was described above with reference to FIG. 3C, such
embodiments should reduce the likelithood of the optical
filter 318 cracking, since 1t has been shown that such
cracking typically onginates at relatively sharp angled
peripheral comers (1.e., peripheral corners having an angle
of 90 degrees or less).

FIG. 8 1s a high level block diagram of a system that
includes a photodetector according to an embodiment of the
present mvention. Photodetectors of embodiments of the
present invention can be used in various systems, including,
but not limited to, mobile-phones and other handheld-
devices, computer systems and/or portions thereof (e.g., a
display screen).

Referring to the system 800 of FIG. 8, for example, the
photodetector 302 can be used to control whether a subsys-
tem 806 (¢.g., display screen, touch-screen, backlight, vir-
tual scroll wheel, virtual keypad, navigation pad, etc.) 1s
enabled or disabled, and/or to adjust the brightness of the
subsystem. For example, a current produced by the photo-
detector 302 can be converted to a voltage (e.g., by a
transimpedance amplifier), and the voltage can be provided
to a comparator and/or processor 804 which can, e.g.,
compare the voltage to one or more threshold, to determine
whether to enable or disable the subsystem, or adjust the
brightness of the subsystem 806. It 1s also possible that
functionality of the transimpedance amplifier, the compara-
tor and/or processor 804, or portions thereof, be included
within the photodetector 302 and/or the subsystem 806.

In accordance with specific embodiments, the optical
filter 318 1s a dielectric reflective optical coating filter,
exemplary details of which were discussed above. Alterna-
tive, or additionally, the optical filter 318 can be (or include)
an IR absorption type filter, which can include one or more
colorants, e.g., pigments or/or dyes that absorb IR light and
pass visible light. For example, a green pigment provides a
first approximation to a standard human eye spectral
response, since green 1s dominant 1n human vision. Dyes
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have been developed that pass light 1in the visible spectrum
(e.g., from about 400 to 700 nm) and absorb light in the IR
spectrum. Such dyes have been, e.g., added to a transparent
plastic to provide a transparent credit card that absorbs IR
light, e.g., so a credit card machine can use IR light to
determine whether a credit card has been inserted ito a
credit card reader. Such dyes are available, e.g., from Epolin,
Inc, of Newark, N.J. For example, Epolight E®316 1s an
example die available from Epolyn, Inc. Exemplary chemi-
cal formulas for such dyes are disclosed, e.g., in U.S. Pat.
No. 5,656,639 and U.S. Patent Publication No. 2009/
0236571, both of which are assigned to Epolin, Inc., both of
which are incorporated herein by reference. In accordance
with specific embodiments, such a dye 1s added to a carrier
maternal to provide a photo-patternable dyed coating that 1s
used to provide the optical filter 318. The dyed coating can
comprise a visible light passing carrier material to which 1s
added a dye that absorbs IR light and passes visible light.
The carrier material can be a negative photoresist material,
an epoxy material or a filter material, but 1s not limited
thereto. Such a carrier material can be clear, but alternatively
could include a colored tint.

In the above described embodiments, the various currents
that are produced can be scaled (e.g., amplified or trimmed)
betore and/or after being combined to produce an output
(e.g., an output current). It 1s also possible that currents are
converted to voltages and that signals are scaled i the
voltage domain and then converted back to currents before
being combined to produce an output. Alternatively, signals
can be combined in the voltage domain. One of ordinary
skill 1n the art will appreciate that many other ways for
adjusting currents and/or voltages are within the spirit and
scope of an embodiment. For example, programmable
devices (e.g., a programmable digital-to-analog converter
(DAC)) can be used to appropriately adjust voltages and/or
currents. An advantage of using a programmable device 1s
that 1t may selectively adjust the appropriate gain(s) based
on additional variables, such as temperature. It 1s also noted
that current signals or voltage signals can be converted into
the digital domain and all turther processing of these signals
(c.g., scaling of one or more signals and determining a
difference between signals) can be performed 1n the digital
domain, rather than using analog components. Such digital
domain processing can be performed using dedicated digital
hardware or on a general purpose processor, such as a
MmICroprocessor.

Another way to scale currents 1s to selectively connect
similar photodiode regions 1n a programmable manner. For
example, rather than having all of the photodiode regions
303c permanently connected together to produce the third
current (I;), individual photodiode regions 303c can be
selected, using individual switches (e.g., implemented using
transistors), to contribute to the third current (I,). Accord-
ingly, 1t only one of the photodiode regions 303c 1s selected
to contribute to the third current (I;) then the third current
(I1,) would be approximately Vi>” that magnitude than if
twelve photodiode regions 303¢ were selected to contribute
to the third current (1). This provides a relative inexpensive
and power eflicient technique for scaling the third current
(I,) relative to the first and second currents (I,) and (I,). The
first and second currents (I, ) and (I,) can also be scalable 1n
a similar manner, if desired.

Since the magnitude of the third current (I,) produced
using one or more naked photodiode regions 303c¢ should be
significantly smaller than the first current (I,) at least one
order of magnitude smaller, and likely at least two orders of
magnitude smaller, the area of the photodetector 302
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devoted to producing the third current (I;) can be signifi-
cantly smaller than the area devoted to producing the first
current (I,). For example, referring back to FIGS. 3A-3C,
there can be significantly less N+ diffusion regions 304c
compared to N+ diffusion regions 304a. Also, the size of
cach N+ diffusion regions 304c¢ can be smaller than the size
of the N+ diffusion regions 304a.

In the embodiments described above, the target response
was often described as the photopic response. However, that
need not be the case. For example, other target responses can
be for the photodetector (or a portion thereol) can be to
detect light of a specific color, such as red, green or blue.
Such photodetectors can be used, e.g., in digital cameras,
color scanners, color photocopiers, and the like. In these
embodiments, the optical filter 318 can be optimized for the
specific color to be detected, and can be used alone or 1n
combination with the various techniques for filtering out IR
light that happens to make it through the optical filter 318.
For example, one or more photodiode regions can be opti-
mized to detect green light, one or more further photodiode
regions can be optimized to detect red light, and one or more
turther photodiode regions can be optimized to detect blue
light. Using techniques described above, leakage current
and/or IR light detected by the regions can be substantially
canceled out, e.g., using photodiode regions covered by a
light blocking material and/or photodiode regions not cov-
ered by an optical filter and not covered by a light blocking
material.

In the above described embodiments, N™ type regions are
described as being mmplanted in a P type region. For
example, the N+ diffusion region 304 1s implanted in P~
region 306 to form a photodiode region. In alternative
embodiments, the semiconductor conductivity materials are
reversed. That is, P type regions can be implanted in an N™
type region. For a specific example, a heavily doped P~
region 1s implanted 1n a lightly doped N~ region, to form an
alternative type of photodiode region 303.

Certain embodiments are also directed to methods of
producing photocurrents that are primarily indicative of
target wavelengths of light, e.g., wavelengths of wvisible
light. In other words, embodiments are also directed to
methods for providing a photodetector having a target spec-
tral response, such as, a response similar to that of the human
eye. Additionally, embodiments are also directed to methods
of using the above described photodetector.

While various embodiments have been described above,
it should be understood that they have been presented by
way ol example, and not limitation. It will be apparent to
persons skilled 1n the relevant art that various changes in
form and detail can be made therein without departing from
the spirit and scope of the mvention.

The breadth and scope of the present invention should not
be limited by any of the above-described exemplary embodi-
ments, but should be defined only in accordance with the
following claims and their equivalents.

What 1s claimed 1s:

1. A photodetector, comprising;:

a plurality of photodiode regions;

an optical filter [covering one] kaving a continuous area
that covers two or more of the photodiode regions that
are adjacent to one another;

a plurality of metal layers located between the photodiode
regions and the optical filter, wherein the plurality of
metal layers include an uppermost metal layer that 1s
closest to the optical filter and a lowermost metal layer
that 1s closest to the photodiode regions; and
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one or more inter-level dielectric layers that separate the

metal layers from one another;

wherein each of the metal layers includes one or more

metal portions and one or more dielectric portions; and
wherein the uppermost metal layer 1s devoid of any metal
portions underlying the optical filter.

2. The photodetector of claim 1, wherein one or more of
the photodiode regions are not covered by the optical filter.

3. The photodetector of claim 1, wherein a portion of the
uppermost metal layer, which 1s devoid of any metal por-
tions underlying the optical filter, consists of a dielectric
portion of the uppermost metal layer.

4. The photodetector of claim 1, wherein a distance
between a periphery of the optical filter and a closest metal
portion of the uppermost metal layer 1s at least 20 microns.

5. The photodetector of claim 1, wherein:

the plurality of photodiode regions include one or more

first photodiode regions that are covered by the optical
filter, and one or more second photodiode regions that
are covered by a light blocking matenal; and

the light blocking material comprises one or more metal

portions of one or more of the metal layers other than
the uppermost metal layer.

6. The photodetector of claim 5, wherein the one or more
second photodiode regions that are covered by the light
blocking material are also covered by the optical filter.

7. The photodetector of claim 3, wherein the light block-
ing material comprises one or more metal portions of the
lowermost metal layer.

8. The photodetector of claim 5, wherein:

the plurality of metal layers, located between the photo-

diode regions and the optical filter, comprise at least
four metal layers;

the light blocking material comprises one or more metal

portions of the at least one of the two metal layers that
are closest to the photodiode regions; and

the two metal layers, that are closest to the optical filter,

are each devoid of any metal portions underlying the
optical filter.

9. The photodetector of claim 1, wherein an outer periph-
ery of the optical filter includes obtuse angles and 1s devoid
any angles that are equal to or less than 90 degrees.

10. The photodetector of claim 1, wherein the optical filter
comprises a dielectric reflective optical coating filter con-
figured to reject infrared (IR) light.

11. The photodetector of claim 1, wherein:

the plurality of photodiode regions include one or more

first photodiode regions that are covered by the optical
filter, one or more second photodiode regions that are
covered by a light blocking material and the optical
filter, and one or more third photodiode regions that are
not covered by the optical filter and are not covered by
the light blocking material; and

the light blocking material comprises one or more metal

portions of one or more of the metal layers other than
the uppermost metal layer.

12. A method for use 1n manufacturing a photodetector
that includes an optical filter that shapes a spectral response
of the photodetector, comprising:

(a) forming a plurality of metal layers over a plurality of

photodiode regions,

wherein the plurality of metal layers include a lower-
most metal layer that 1s closest to the photodiode
regions and an uppermost metal layer that 1s farthest
from the photodiode regions, and
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wherein each of the metal layers includes one or more
metal portions and one or more dielectric portions;
and

(b) forming an optical filter over at least a portion of the

uppermost metal layer such that the optical filter, after

it if formed, kas a continuous area that covers [one}
two or more of the photodiode regions that are adjacent
lo one another;

wherein step (a) 1s performed such that the uppermost
metal layer 1s devoid of any metal portions that will
underlie the optical filter after the optical filter is
formed at step (b).

13. The method of claim 12, wherein step (a) comprises
forming the plurality of metal layers such that one or more
of the metal portions of one or more of the metal layers,
other than the uppermost metal layer, block light from
reaching one or more of the photodiode regions.

14. The method of claim 12, wherein step (b) comprises
forming the optical filter such that an outer periphery of the
optical filter includes obtuse angles and 1s devoid any angles
that are equal to or less than 90 degrees.

15. The method of claim 12, wherein the forming the
optical filter at step (b) comprises depositing a dielectric
reflective optical coating filter that 1s configured to reject
infrared (IR) light and then patterming the dielectric retlec-
tive optical coating filter.

16. The method of claim 12, wherein the forming the
optical filter at step (b) comprises depositing a dielectric
reflective optical coating using an evaporative deposition
process and then patterning the dielectric reflective optical
coating {ilter.

17. A system that is responsive to ambient visible light,
comprising;

a photodetector configured to produce a current indicative

of ambient visible light; and

a subsystem that 1s adjusted in dependence on the current

produced by the photodetector;

wherein the photodetector includes

a plurality of photodiode regions;

an optical filter [covering one] having a continuous
area that covers two or more of the photodiode
regions that are adjacent to one another;

a plurality of metal layers located between the photo-
diode regions and the optical filter, wherein the
plurality of metal layers include an uppermost metal
layer that 1s closest to the optical filter and a lower-
most metal layer that 1s closest to the photodiode
regions; and

one or more inter-level dielectric layers that separate
the metal layers from one another;

wherein each of the metal layers includes one or more
metal portions and one or more dielectric portions;
and

wherein the uppermost metal layer 1s devoid of any
metal portions underlying the optical filter.

18. The system of claim 17, further comprising;:

at least one of a processor or comparator configured to

compare the current indicative of ambient visible light,

or a voltage produced therefrom, to one or more
threshold, to determine whether to enable, disable or
adjust a brightness of the subsystem.

19. The system of claim 17, wherein:

the plurality of photodiode regions of the photodetector

include one or more first photodiode regions that are

covered by the optical filter, and one or more second
photodiode regions that are covered by a light blocking
material; and
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the light blocking material of the photodetector comprises
metal portions of one or more of the metal layers other
than the uppermost metal layer.

20. The system of claim 17, wherein an outer periphery of
the optical filter of the photodetector include obtuse angles
and 1s devoid any angles that are equal to or less than 90
degrees.

21. A photodetector, comprising:

a plurality of photodiode vegions;

a plurality of metal layers located between the photodiode

regions and a surface avea on which an optical filter is
to be formed to have a continuous area that covers a
group of two or move of the photodiode regions that are
adjacent to one another,

wherein the plurality of metal layers include an upper-

most metal layer that is closest to the surface area on
which the optical filter is to be formed and a lowermost
metal layer that is closest to the photodiode regions;
and

one orv morve inter-level dielectric layers that separate the

metal layers from one another;
wherein each of the metal lavers includes one or more
metal portions and one or movre dielectric portions; and

wherein the uppermost metal layer is devoid of any metal
portions underlying the surface area on which the
optical filter is to be formed.

22. The photodetector of claim 21, wherein one or more
of the photodiode regions are not covered by the surface
area on which the optical filter is to be formed.

23. The photodetector of claim 21, wherein a portion of
the uppermost metal layer, which is devoid of any metal
portions, consists of a dielectric portion of the uppermost
metal layer.

24. The photodetector of claim 21, wherein a distance
between a periphery of the surface area on which the optical

filter is to be formed and a closest metal portion of the

uppermost metal laver is at least 20 microns.

25. The photodetector of claim 21, wherein:

the group of two or more of the photodiode vegions that
are adjacent to one another includes one ov more first
photodiode regions that ave covered by a light blocking
material, and one morve second photodiode regions that
are not covered by a light blocking material; and

the light blocking material comprises one or more metal
portions of one or more of the metal lavers other than
the uppermost metal layer.

26. The photodetector of claim 25, wherein.

the plurality of metal lavers, located between the photo-
diode regions and the surface area on which the optical
filter is to be formed, comprise at least four metal
layers;

the light blocking material comprises one or more metal
portions of the at least one of the two metal lavers that
are closest to the photodiode regions; and

the two metal layers, that are closest to surface area on
which the optical filter is to be formed, arve each devoid
of any metal portions underlying the surface arvea on
which the optical filter is to be formed.

27. A photodetector, comprising:

a plurality of photodiode regions;

a plurality of metal layers located above the photodiode
regions, wherein the plurality of metal lavers include
an uppermost metal layer that is farthest from the
photodiode vegions and a lowermost metal laver that is
closest to the photodiode vegions; and

one ov morve inter-level dielectric layers that separate the
metal layers from one another;
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wherein each of the metal layers includes one or more
metal portions and one or more dielectric portions; and

wherein a continuous area of the uppermost metal layer,
that covers a group of two or more of the photodiode
regions that are adjacent to one another, is devoid of 5
any metal portions.

28. The photodetector of claim 27, wherein the continuous
area of the uppermost metal layer, that is devoid of any metal
portions and that covers the group of two or more of the
photodiode regions that arve adjacent to one another, consists 10
of a dielectric portion of the uppermost metal layer.

29. The photodetector of claim 27, wherein:

the group of two or more of the photodiode regions that

are adjacent to one another includes one or more first
photodiode regions that arve not covered by a light 15
blocking material, and one or more second photodiode
regions that ave covered by a light blocking material;
and

the light blocking material comprises one or more metal

portions of one or more of the metal lavers other than 20
the uppermost metal layer.

30. The photodetector of claim 29, wherein:

the plurality of metal layers comprise at least four metal

lavers;

the light blocking material comprises one or more metal 25

portions of at least one of the two metal layers that are
closest to the photodiode regions; and

the two metal lavers, that ave farthest from the photodiode

regions, are each devoid of any metal portions below
the continuous area of the uppermost metal layer that 30
covers the group of two or movre of the photodiode
regions that are adjacent to one another.
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