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Methods and apparatuses relating to large scale FET arrays 
for analyte detection and measurement are provided . Chem 
FET ( e.g. , ISFET ) arrays may be fabricated using conven 
tional CMOS processing techniques based on improved FET 
pixel and array designs that increase measurement sensitiv 
ity and accuracy , and at the same time facilitate significantly 
small pixel sizes and dense arrays . Improved array control 
techniques provide for rapid data acquisition from large and 
dense arrays . Such arrays may be employed to detect a 
presence and / or concentration changes of various analyte 
types in a wide variety of chemical and / or biological pro 
cesses . 

VGS 

72 Sensitive Area 

Passivation Layer 
75 66 

» 70 

50 65 . 

? ?? S B 

58 63 50 : 56 6 -type well 
p - type silicon 54 . 

-52 
O 

VOS 



Patent Application Publication Aug. 18 , 2022 Sheet 1 of 83 US 2022/0259643 A1 

VGS 

78 

72 Sensitive Area 
- 

Passivation Layer 

66 75 68 
70 

G / -64 
50 65 

+ S B 

58 63 60 56 62 n - type well 
p - type silicon 

52 

Vos 

FIG . 1 

OD 

50 72 ID 

B 00 

OS 

FIG . 2 



Patent Application Publication Aug. 18 , 2022 Sheet 2 of 83 US 2022/0259643 A1 

Sec . 

Electrolyte Concentration ISFET Potential FIG . 2A 

79 4 

AYO 

Wu Au 



Patent Application Publication Aug. 18 , 2022 Sheet 3 of 83 US 2022/0259643 A1 

VDD 

SOURCE { 801 
} A1 VS VSI S11 $ 21 ORSELT 

S } RSD VDS 8 
? ? 

} VOI D 
50 

{ ORSELT A2 
8016 : $ 

{ 

5116 SI ORSEL16 S216 --- ---- 

Isinki S } B 
| | ? 

-50 

82 ; ORSEL16 
VSS . 

85 , 
FIG . 3 

RSEL 1 

$ 11P S11 

Out 

S1 IN 

RSEL1 

FIG . 4 



Patent Application Publication Aug. 18 , 2022 Sheet 4 of 83 US 2022 / 0259643A1 ? 

?????? 80 
- 

56 
SI IN 

TD ] ??? * [ TD ] S B S S 
60 n - Type Well 

. 

p - Type Silicon 

52 

FIG . 5 

80 
50 ? ? 

D E S S ? ??? ??? n - Type Well n - Type Well 
. 

. 

D - Type Silicon 

?? ?? 
w 

FIG . 6 



Patent Application Publication Aug. 18 , 2022 Sheet 5 of 83 US 2022/0259643 A1 

--95 

RSELT Array ROW , 
ROW 4 

851 
4-16 RSELY 
Row 

Decoder RSEL 16 

8516 
Column 16 Column 1 

PSEL16 
VS1 VS16 : 

COL1 -- CSELI 
CSELT 

Switching 
Logic COLA 4 --- tom . 16 

Column 
Decoder CSEL 16 

Si S16 $ 

CSEL16 
VS 

-98 
ADC 

D 10 

FIG . 7 7 



Computer Controlled Pressure Source 

-1000 

272 DATP 

300 

LO HO 

Patent Application Publication 

270 
200 

Flow Cell 

OCTP 

100 

ISFET Array 

Liquid Waste 

40 
GTP 

-250 

Computer Controlled Valve 
76 

Array Controller 

} 

L 

OTP 

. 

Aug. 18 , 2022 Sheet 6 of 83 

-260 

O 
Wash 

Ho 
Apyrase 

Computer 

Sequencing Reagenis 

1 

{ 

US 2022/0259643 A1 

FIG . 8 



1051 

**** ] 

VODA 

} 

V81 

106 ) 

1021 

1 1121 

D 

S - Q3 

D 

-1 181 

Patent Application Publication 

VDDA 

COL SH 

1141 

VDDA 
-1074 Vsi 

RowSel 

VS 

S Q2 

BUF 

COL 

Q1S 

Q6 

VSSA 
VB4 

VODA 

CAL 

1SFET 
you B 

VOS 

VB4 
Csh 

VSSA 

D 

VREES 

750 

107B 

-1161 

van 

UV 

VSSA 

-1081 

VB2 

:: 

105 

Aug. 18 , 2022 Sheet 7 of 83 

* } 

SSA 

D 

S Q3 

110 

$ 

o RowSel 

S 

Q1S ISFET B 

OVBody 

} 

7.50 

US 2022/0259643 A1 

FIG . 9 



Patent Application Publication Aug. 18 , 2022 Sheet 8 of 83 US 2022/0259643 A1 

-1074 

Vdda 

M4 M3 M2 M8 

M9 
IN + VOUT 

M6 
VB4 

Ssa 

FIG.9A 



Patent Application Publication Aug. 18 , 2022 Sheet 9 of 83 US 2022/0259643 A1 

50 

40 

30 Bandwidth ( MHz ) 
20 

10 

0 
20 40 140 160 200 80 100 120 

VB4 ( uamps ) 

FIG . 9B 



f 

105 , 

? 

} 
3 

} 

} 

} 

} 

} 
UL . 

I 

{ { 

tr 

17 

! 

Il mai 

T 

7 

117 
L ..... ... ** *** of UILS 

11 
todo con 

Loop ! 
LEH 

[ OOD 

Patent Application Publication 

* 

; 

; 

4 T 

* 
* 

- 

1 

3 

11 

1 

} 

1 

11181 1 

PSEL 
3 

1 

7 * ?! 

Q3S 

Q1G 

402 Q3G 166 

40 % 

310 

oo 

314 

332 

; 

M 

Q2 / 30 7.59 

Q10 

I 

I 

UDD 

Ooo 

Q2G 

3081 

Q2s 

3222 

330 

156 Qis 312 11 

Aug. 18 , 2022 Sheet 10 of 83 

??? 

916 

3 

306 

4061 

I 

DC 

I 

01 

162 

138 1326 320 

T + S 
} 

304 

1161-1 
** 

.. 

*********** 7 

1 

1121-1 0000 7 1 

} 

L 

L 

7 

T ? L. 

] 

L ; L 

L } 

L 

US 2022/0259643 A1 

FIG . 10 



O 

?? ?? 

O 

O 

; 

} } 

1622 

-- 

Patent Application Publication 

1 1 

UZ 

OOOOOO 

4 

a 

IL 

1 

DO000000 

1 

? 

3 

1 

1 

11 

3 

} 

i 

{ 

uu vaut uw vw vt 

7 

- , - - - - 

1181 

171117 

I .. { 

Aug. 18 , 2022 Sheet 11 of 83 

27 

30 

. 

159 I 
OT 

MA 

? ? 

1051 

322 -- 

Ava 
-- ? ? ?? 

Who 

-150 

332 

1 

} } 

} 5 

1121 1141 1167 

US 2022/0259643 A1 

{ 

man 

0001 

F 

LJ ***** 

[ ] [ ] 

L ... 

1 " } 

.. 

?? ?? 

** 3 

FIG . 10A 



178 
Xo 

( 172B 

1057 

22 

302 

Patent Application Publication 

304 

1 ZA 

304 
Metal4 

Via3 

1121 

306 

1141308 

-1161 

a 

Metal3 

Via2 

312 
170 

310 
314 

Metal2 

322 

Viai 

324 320 

326 3318 

Aug. 18 , 2022 Sheet 12 of 83 

?? ???? 

328 

A - 322 Metali 

5.36 

Contact 

332 166 

338 340 

330 

5 

B 

N - well 

162 154 

D 

764 156 

58 

165 160 

Pwell 

159 

--152 

US 2022/0259643 A1 

P - Substrate 

FIG . 11A 



9 725 

Patent Application Publication 

172 

178 

304 
var 170 

N 

Metal4 

306 

Via3 

1308 

Metal3 

Aug. 18 , 2022 Sheet 13 of 83 

316-4 

312 

Via2 

112111411 
N 

1161 1318 

Metal2 

III 

322 

324 320 

3282 
322 

- ?? 

Vial 

??? 
—— ?. 

Metall 

332 

334 . 

340 

330 

Contact 

??? 

INAL 
166 159 

162 

-158 

336 

164 338 
1.56 

162 -154 

US 2022/0259643 A1 

105 ; 

FIG . 11A - 1 



Patent Application Publication Aug. 18 , 2022 Sheet 14 of 83 US 2022/0259643 A1 

PR 

Zn ( NO3 ) 2 6H20 ZN2 + H20 , MeOH 

Compound 1R = 
1 

Compound 2R = 
2 

-NO2 

2+ ŽN2 + HN -- Cu2 + ZINH 

NH . NH 

Compound 4 

Compound 3 

FIG . 11B - 1 . M 



Patent Application Publication Aug. 18 , 2022 Sheet 15 of 83 US 2022/0259643 A1 

ZN2 + ZN2 + 

a we 

ZN2 + -dipicolylamine 
Compound 5 

Compound 6 

ZN ZN2 + 

Me 

NH NH 

FIG . 11B - 2 



Patent Application Publication Aug. 18 , 2022 Sheet 16 of 83 US 2022/0259643 A1 

N NCS 

OH 

***** 
Compound 7 Compound 8 

NCS 

HN 

O HN 

NH HN 

-NH 

? 
Compound 9 

NH 

N 
HN 

H 

Compound 10 
NH? 

FIG . 11B - 3 



Patent Application Publication Aug. 18 , 2022 Sheet 17 of 83 US 2022/0259643 A1 

SON 
HOO0 Compound 7 
1 ) 8 

D 

0 

Br 

COOH HN 

Br FIG . 11C1-1 7 

3 

-NH? 
a Prane wa 

0 

COOH 6 

...... 2 

d 
******** OOOH 



Patent Application Publication 

3 NO3 

a . ZnCly ; 20 % H2SO4 

b . BICH , OCH3 , H2SO4 : 50 ° C , 18 % 

C. dipicorylamine , K2CO3 , CH2Cl2 , 66 % 

C , NH?COH , hºai e . LiAlH4 , E120 or BHE 

di - 2 - pyridyl thiocarbonate , CH.CI ,, 66 % 

!!! HIW 
Zi 

Note : Zn ion are added post covalent 
linking to suriace . 

Aug. 18 , 2022 Sheet 18 of 83 

N 

FIG . 11C1-2 

US 2022/0259643 A1 



Patent Application Publication Aug. 18 , 2022 Sheet 19 of 83 US 2022/0259643 A1 

COZHN 
BY 

OH ?? COZHN 
OTS OTS OTS 

2 3 
OTS OTS OTS 

NHCbZ NH , 

NE 
***** 

iv 
M 36 OTS OTS 

5 6 

NCS NCS 

' N Na 
- 

vi 

OTS OH 

7 8 

Compound 8 

1. TSCI , TEA , 4 - DMAP , THE 
i . Po ( PPhz ) ? , aq Na , CO2 , E10H / benzene 
ii . diplcoylamine , K2CO3 , KI , MECN 
iv . Hz , Pd / C , MOH 
V. OPT , MECN , L.I. 
v? , NaOH , Me0M , { H 

FIG . 11C2 



Patent Application Publication Aug. 18 , 2022 Sheet 20 of 83 US 2022/0259643 A1 

H.N HEN 

B 
N Meo 

NH? H?N he NH NHA 

1 2 S 

NH? . -- HN - OHC CHO 
HAN NH , 

NH 
4 5 6 

a o 
HN NH 

NH a O HAN 9 

-NH HN 

-NH HN a a 
7 8 

Compound 9 
1. ethylenediamine , 90 ° C 
I. BH3 - THF 
ii . KOH , CUCO3 , benzoyl chloride 
iv . 1 : 4 ratio of 4 : 6 , MCN , L.I. 
v . NaBHA : MOH ; HANNH , if necessary 

FIG . 11C3 



Molecule to be Attached to 
Surface of interest 

NH 

Patent Application Publication 

Universal Bifunctional Linker 

* 

7 o 

HAN 

Silanation Layer 

OMe 

Meo 

OMe 

Meo 

OMe 

Aug. 18 , 2022 Sheet 21 of 83 

Meo . 

6 SI 

Si 

X 

? 

X 

X 

X 

X ---------- 

X a . 

Surface Si - X groups X = SI - OH , SI - NH2 

Si = NH or M - OH where M = Metal 

Si 

Si 

SI 

Si 

SI 

Si 

Si 

Silicon Nitride , Aluminum Oxide or 
Silicon Oxide Substrate 

US 2022/0259643 A1 

FIG . 11D - 1 



R 

Patent Application Publication 

lonophore - Aromatic Isothiocyanate 
NH 

HAN 

NH 

HN 

OMe 

Meo 

OMe 

Meo 

OMe 

Meo 

Silanation Layer 

Si 

Si 

Aug. 18 , 2022 Sheet 22 of 83 

X 

X 

X 

? 

X 

X 

X 

Surfaces Si - X Groups X = SH - OH , 

Si - NH : 

Si 

Si 

Si 

Si 

Si 

Si 

Si 

Silicon Nitride , Gate Insulator 

FIG . 11D - 2 

US 2022/0259643 A1 



Patent Application Publication Aug. 18 , 2022 Sheet 23 of 83 US 2022/0259643 A1 

dae NCS 
C 

FIG . 11E 

of One 
NH 

Meo 

MeOH 
NH? OMe 

S 

Meo 
Veo - 1 



?? ??? 

??? 

159 , 156 , 158 

159 156 , 158 

164 

166 

|| 

= 

Patent Application Publication 

1 

?? 4 

? 
32 

3 - 

?? ???? 
?? 

8 ??? 

1181 

?? ?? 

? ?? ? 

} } 

??? 

314 

?? 

??? 

{ } 

????? 

3 

5 

6 

| 

7 

??? 

8 

408 

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

Aug. 18 , 2022 Sheet 24 of 83 

??? 

?? ??? 

?????? ?? 

- ??? 

} 

??? ???? 

12 

10 

112 , 114,176 

US 2022/0259643 A1 

FIG . 12A 



159 , 156 , 158 

139 

156 , 158 

164 

166 

|| 

?? 

Patent Application Publication 

3 

4 

??? ??? 

-1181 

8-8-8-8-3-38-6--8-- ! 

?? 

3 

28 

??? 

3 

? ?? 

.... 

????????? 

33 ?? 

??? 2 

??? 

320 

8 

Aug. 18 , 2022 Sheet 25 of 83 

??????? 

?? 

? ???? ?? ?? ???? 
1121 

308 

-???? 

312 

10 

12 

US 2022/0259643 A1 

FIG . 12B 



O O O O 

LSTV 

2 Rows and Columns of Dummy Pixels Surround Array 103 

( 512,512 ) 

O 

Patent Application Publication 

192 

Row Select Register 
O O OO O O O O OD 

512 X 512 array 01 9x9 um pixels 

O O O O O O O DO 

-1024 - 102512 

CV , DV 

Column Bias / Readout Circuitry 

COLSH , CAL , UV 1104-110512 

H 

VREF 
O 

Aug. 18 , 2022 Sheet 26 of 83 

LSTH 

Column Select Registers ( 512 : 2 ) 

Supply & Bias Connect 

VB , VB2 , VB3 , B6 , B10 
VODA , VODO , VDDD , VSSA . 

VSSO , VSSD , VBody 

CH , DH 

~ 1941,2 

Driver 

Driver 

795 

m 

med 

1987 

-1982 O O O O O O O O O 

O O O O D 

0 
O O D 

? 
Vouti ( odd ) 

Vout2 ( even ) 

US 2022/0259643 A1 

FIG . 13 



Patent Application Publication Aug. 18 , 2022 Sheet 27 of 83 US 2022/0259643 A1 

192 

RowSell RowSel2 RowSel512 
VDDD --LSTV DV 

QD Q OFF 
Row 

1 

DFE 
Row 
2 512 

CV 
VSSD 

193 

FIG . 14 
1942 

ColSel2 ColSel4 ColSel512 
VDDD LST 

DH 
DEF 
Col. 
2 

OFF 
Col : 

4 
Col. 
512 

VSSD 

FIG . 15 

1982 -797 
Sink 199 VODO 

V C012 BUF Vout2 ( even ) 
-1912 

ColSel4 
VBOO VSSO 

V Col4 
From 
Column 

Bias / Readout 
Circuitry 1914 

775 
ColSe1512 

V C01512 2791512 
FIG . 16 



250 

253 
-254 

Patent Application Publication 

Analog Outputs Vouti . Vout2 

PRE 

ADC CS 

252 

260 

CV , DV , CH , DH . COISH 

Timing Generator 

Computer Interface 

go 

Computer 

LSTV , LSTH 
CAL , UV 

236 

258 

Aug. 18 , 2022 Sheet 28 of 83 

VDDA , VDDO , VDDD VSSA , VSS , VSSD 

Power and Bias Supply DACs 

VBody , VB1 , VB2 , VB3 VB4 , VBOO , VREF 

- 

76 . 

Reference Electrode 

US 2022/0259643 A1 

FIG . 17 



980s typ . 

COL SH 

2us 

Patent Application Publication 

5ons 

CV 

1 

Goes low before next 
CV goes low ( once per Frame ) ) 

DV 

Enable Row 1 

Enable Row 2 

Enable Row 3 

Col 1,2 
Col3,4 
Col5,6 

Col 509,510 
Col 511,512 

Col 1,2 
Col3,4 
Col5,6 

Col509,510 
Col511,512 

Col 1,2 
Col3,4 
Col5,6 

Col 509,510 
Col511,512 

Col1,2 

Aug. 18 , 2022 Sheet 29 of 83 

Selects iwo colunins at a time 

CH 

?? 

Mr 

OOOL OOOOL 

m 

1 : Til 

mm un 

Goes low before next CH goes low 

DH 

- 

Read Row 512 

Read Row 1 

Read Row 2 

US 2022/0259643 A1 

FIG . 18 



97 used 

COL SH 

2 US 

Patent Application Publication 

50 ns 

Goes low before next 
CV goes low once per Frame ) 

DV 

: 

Row 516 

Enable Row 1 

Enable Row 2 

Enable Row 3 

---- 

88 
Ref.12 
Col 1.2 
Col3.4 

Col 509.510 
Col511512 

88 
Ref 3,4 

Selects IWO columns at a time . 

Ref 12 

Col 509.510 
Col511512 

Ref 3,4 

Ref 12 
Col 1,2 
Col3.4 

Col 509.510 
Co 511 512 

Ref 3,4 

COL12 

Aug. 18 , 2022 Sheet 30 of 83 

u 

} } 
susz 

CH 

- > 50 ns 

Goes low before next Ch goes low 

--- --- --- 

Read Row 516 

Read Row 1 

Read Row 2 

US 2022/0259643 A1 

FIG . 18A 



Patent Application Publication Aug. 18 , 2022 Sheet 31 of 83 US 2022/0259643 A1 

-502 Acquire Array Dala at Low Rate 
W / Reference or No Input 

504 Calculate First Transition 
Value Data Set 

506 Acquire Array Data at High 
( Overspeed ) Data Rate w / Reference 

or No Inpui 

508 Calculate Second Transition 
Value Data Set 

-510 Calculate Correction Factor Data Sei 
Based on first and Second Transition 
Value Data Set : Store CF Data Set 

WA 

512 Acquire Array Data at Overspeed 
Data Rate in Presence of Analyte 

514 Apply Correction Factor Data 
Set to Acquired Analyie Data 

FIG . 18B 



Patent Application Publication Aug. 18 , 2022 Sheet 32 of 83 US 2022/0259643 A1 

t 

522 5250 
t 

fuging FIG . 18C 5254 17 

forum 

CS 
V 



Patent Application Publication Aug. 18 , 2022 Sheet 33 of 83 US 2022/0259643 A1 

} 

{ 

ZZG settle 526 

FIG . 18D 

+ 

out CS 



1004 : 

30 
Vout 3-4 
O O O O O O O O O O O O 0 0 0 0 0 0 0 0 0 0 2 Output drivers 

1983,4 

1943,4 

11017 - 11020487 

Top 2048 : 2 Column select register & Mux 1 Top 2048 Column Receivers 

Patent Application Publication 

COLSH , CAL , VREF , HV 

OT 

LSTHT CHT , DHT VREF 

1921 
0 0 0 0 DIO OD DOO O O O O O O O O O 

-1021 - 1022048 

1922 LSTVT 

1024 

( 2048,2048 ) 

Stage 

4001 

Row Select Register 

2048 x 2048 array 

CV , DV 

of 

CV , DV 

1024 

9x9 um pixels 

Stage Row 

4002 

Select Register 

LSTVB 

( 1 , 1 ) 

mm 

COLSH , CAL , VREE , UV 

Bottom 2048 Column Receivers 

195 

2 

8 

Botton 2048 : 2 Colunin select register & mux 

VB1 , VB2 , VB3 , V84 , VBOO , VBODY , VDDA , 

S 

2 Output drivers 

VD ) , VDD ) , VSSA , 

O 

VSSO , VSSD 

000 000 0/0 0 0 0 0 LOD00 0 0 0 0 0 0 

D OOO 

11018 -1102048B- 1941,2 

Vout 1-2 

1981,2 

O O O O O O O OOO O 

2 Rows and Columns oi Dummy Pixels Surround Array 103 

Aug. 18 , 2022 Sheet 34 of 83 

LSTHB CHB , DHB 

0 0 0 

US 2022/0259643 A1 

FIG . 19 



1008 

Vout 3-4 

OOO 

O 

O O O O O O O O O O O O O O O O O O O O O O 2 Output drivers 

1983,4 

11017 - 110 13487 

1943,4 

Top 1344 : 2 Column select register & mux 

Patent Application Publication 

COLSH , CAL , VREF , HV 

Top 1344 Column Receivers 

OT 

LSTHT CHT , DHT 

LSTVT 

VREF 

4001 

1921 
O 010 DO OVO ODO O O O O O O O O O 

576 Stage Row Select Register 

CV , DV LSTVB 

1348 x 1152 array of 5.1 x 5.1 um pixels 

-1024-1021348 

1922 

576 Stage Row Select Register 

O O O O O O O O O O O 

4002 

2 Rows and Columns oi Dummy Pixels Surround Array 103 

Aug. 18 , 2022 Sheet 35 of 83 

CV . DV 

22 

LSTHB CHB , DHB 

COLSH , CAL . VREF , UV 

Bottom 1344 Column Receivers 

195 

Bias Bottoni 1344 : 2 Colunin select register & mux 

VB1 , VB2 , VB3 , V84 , 

Circuits 

VBOO , VBODY , VDDA , 

2 Output drivers 

VD ) , VDD ) , VSSA , 

O 

VSSO , VSSD 

0 0 0 0 0 0 0/0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

D O OOO 

11011-1101348B 

Vout 1-2 

1941,2 

1981,2 

0 0 0 

US 2022/0259643 A1 

FIG . 20 



Patent Application Publication Aug. 18 , 2022 Sheet 36 of 83 US 2022/0259643 A1 

} 

QID ---- 1167 
- 

? ? ?? ? . 

9 * 
Q1 --1187 1 -1141 FIG . 20A 3 

... 

S + 
... 

a NE 1211 .......... 
PSEL 

SH 

} 
} Q3s Q3G Q2 / 3D Q2G Szo L. 



1000 

Vout 17-32 

O O O O O O OOOOOOOOOOOOOOOO 

16 Output drivers 

19817-32 

11017 " 11040007 

19417-32 

Top 4000 : 16 Column select register & mux 

Patent Application Publication 

COLSH , CAL , VREF , HV 

Top 4000 Column Receivers 

OT 

LSTHT CHT , DHT VREF 

1921 
0 00 00 00 ODO O O O O O O O O O 

-1024 - 1024000 

1922 LSTVT 

1800 Stage 

4001 

Row Select Register 

4000 x 3600 array 

CV , DV 

01 

CV , DV 

1800 

6.1 x 5.1 um pixels 

Stage Row 

4002 

Select Register 

LSTVB 

mmmmmmm 

COLSH , CAL , VREE , UV 

Bottom 4000 Column Receivers 

195 

22 
Bias Bottom 4000 : 16 Column select register & INUX 

VB1 , VB2 , VB3 , V84 , 

Circuits 

VBOO , VBODY , VDDA , 

2 Output drivers 

VD ) , VDD ) , VSSA , 

O 

VSSO , VSSD 

O 

O O O O O O 

000000 0/0 0000 0000 0 0 0 0 0 0 
Vout 1-16 

11011-1102048B 

1987-16 
O O O O O O O O O O O 

2 Rows and Columns oi Dummy Pixels Surround Array 103 

Aug. 18 , 2022 Sheet 37 of 83 

LSTHB CHB , DHB 

0 0 0 

-1941 - 16 

US 2022/0259643 A1 

FIG . 21 



1000 

0 0 0 

Vout 9-16 

DO OOOOOOOOOOOOOOOOOOOOOO 8 Output drivers ? 
1949-16 ~ Top 2800 : 8 Columnn select register & mux 

1989-16 

11017 * 11028007 

Patent Application Publication 

O 

COLSH , CAL , VREF , HV 

Top 2800 Column Receivers 

OT 

LSTHT CHT , DHT VREF 

1921 

of 

-1021-1022800 

OO O OO OOO OO OO OOO 

1922 LSTVT 

1200 Stage 

4001 

Row Select Register 

2800 x 2400 array 

CV , DV CV , DV 

1200 

2.6 x 2.6 um pixels 

Stage Row 

4002 

Select Register 

LSTVB 

mmmmmmm 

COLSH , CAL , VREF , UV 

Bottom 2800 Column Receivers 

195 

22 
Bias Botton 2800 : 8 Colunin select register & mux 

VB1 , VB2 , VB3 , V84 , 

Circuits 

VBOO , VBODY , VDDA , 

8 Output drivers 

VD ) , VDD ) , VSSA , 

O 

DO O O 

O D 

VSSO , VSSD 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Vout 1-8 

11011-1102800B- -1941-8 

1981-8 

O O O O O O O O O O O 

2 Rows and Columns oi Dummy Pixels Surround Array 103 

Aug. 18 , 2022 Sheet 38 of 83 

LSTHB CHB , DHB 

0 0 0 

US 2022/0259643 A1 

FIG . 22 



100E 
. 

DO 
Vout 33-64 

OOOOOOOOOOOOOO O O O O O O O 

32 Output drivers 

19833-64 

O O O O 

11017 * 11074007 

1.9433-64 

Top 7400 : 32 Column select register & mux 

Patent Application Publication 

COLSH , CAL , VREF , HV 

Top 7400 Column Receivers 

OT 

LSTHT CHT , DHT VREF -1021-1027400 

OO O OO OOO OO OO OOO 

1922 LSTVT 

3700 Stage 

4001 

1921 

Row Select Register 

7400 x 7400 array 

CV , DV 

of 

CV , DV 

3700 

2.6 x 2.6 um pixels 

Stage Row 

4002 

Select Register 

LSTVB 

mm 

COLSH , CAL , VREE , UV 

Bottom 7400 Column Receivers 

195 

22 
Bias Bottom 7400 : 32 Column select register & INUX 

VB1 , VB2 , VB3 , V84 , 

Circuits 

VBOO , VBODY , VDDA , 

32 Output drivers 

VD ) , VDD ) , VSSA , 

O 

VSSO , VSSD 

0000 0 0 0/0 0 0 0 0 Loo al0 0 0 0 0 0 0 Vout 1-32 

11018 -1107400B 

O O O O O O O O O O O 

2 Rows and Columns oi Dummy Pixels Surround Array 103 

Aug. 18 , 2022 Sheet 39 of 83 

LSTHB CHB , DHB 

0 0 0 

1981-32 

1941-32 

US 2022/0259643 A1 

FIG . 23 



1057 

7 

VDDA VB1 -1061 

. 

Patent Application Publication 

1121 
D 

Q3 

Dj 

**** *** 

1187 

VODA 

VDDA 

COL SH 

RowSelt 

1141 
S Q2 

VS 

-107A VS 

BUF 

Vcom 

VB4 VSSA 

CAL 

VSSA 

Q11S ISFET Body D 
150 

VDS 

VB4 

VDDA 

VREF . 

Csh 

AZ 

1078 

1161 

VB4 

Aug. 18 , 2022 Sheet 40 of 83 

VSSA 

-108 ; 

VB2 

VBODY 

VSSA 

? 

VSSAG 

1101 

FIG . 24 

US 2022/0259643 A1 



VODA 

] 1 1 

VODA 

V81 

VDDA 

Patent Application Publication 

1 

Q5 

VCAS 

1 

Q6 

1 

RowSelt 

110 ) 

ISFET 

01 
BODY 

07 

Q8 

COL SH 

Row1 

BUF 

Csh 

VB2 

Q2 

con 

PSH 

CAL 

Aug. 18 , 2022 Sheet 41 of 83 

VREF 

Csh2 

Pixel # ( 1,1 ) 

Row2 

1050 

Row512 
VB3 

I Sink 

US 2022/0259643 A1 

FIG . 25 



7 

VOD2 
} 1 } } 1 

1 ISFET 

BODY 

Patent Application Publication 

} } 

RowSell 

} 

PSH 

COL SH 

} { } } 

SF 

BUF 

} } 

CAL 

} } 

PRST 
p 

Csh 

1 1 

} 

VREF 

SHcap 

} 

VRST 

} .... 

VB4 

RowSel2 

1050 

Aug. 18 , 2022 Sheet 42 of 83 

RowSel512 VB2 

- 

Sink 

US 2022/0259643 A1 

FIG . 26 



-7 

VDD2 

1 

} 

1 1 1 

} } } } 1 

Patent Application Publication 

Q1 
BODY 

1 

ISFET 
-- 

RowSell 

HSC 

COL SA 

} } } 

SF 

BUF 

} } 

1 

PRST 

CAL 

} 

Csh 

} } 

--------- 

SHcap 

} 

VREE 

} } 

VRST 

V 

VB4 

105 € 

RowSel2 

Aug. 18 , 2022 Sheet 43 of 83 

RowSe1512 VB2 

I Sink 

US 2022/0259643 A1 

FIG . 27 



Patent Application Publication Aug. 18 , 2022 Sheet 44 of 83 US 2022/0259643 A1 

2840 
2810 

2810 

FIG . 28A 

2840 2830 

2830 

FIG . 28B 



FIG . 29 

US 2022/0259643 A1 

2918 

- 2914 / 

2922 

Aug. 18 , 2022 Sheet 45 of 83 

WIN 

LA 

L4 

INSINS 

D22 22222 U2D222 B2D2282 300D 2222 3620 20 amud 22222 2222 202D20 ? 

916C 

?? ???? 

Patent Application Publication 

22ZDUWUdQVMDB 202222202amaza MACA 2910 

2760 0760 



Patent Application Publication Aug. 18 , 2022 Sheet 46 of 83 US 2022/0259643 A1 

3010 

3016 

} 

3014 budou ?????? LAMIN 3012 
} 

} 
{ 
} 
{ 

FIG . 30 

3020 

BOX 

3016 

-- 

30144 1201001__ mm ?? ??? ???? 

FIG . 31 



Patent Application Publication Aug. 18 , 2022 Sheet 47 of 83 US 2022/0259643 A1 

3210 

3220 

FIG . 32 



Patent Application Publication Aug. 18 , 2022 Sheet 48 of 83 US 2022/0259643 A1 

??? 

X 

3310 

3312 

FIG . 33 



Patent Application Publication Aug. 18 , 2022 Sheet 49 of 83 US 2022 / 0259643A1 

??? ?? 

Uncured IV8021 
Water 3312 

???? 

3326 
Uncured IV8021 ???? 

?? ???? Wafer 
?? 

???? 

Uncured V8021 
Wafer ???? ????? 

? ???? 3329 ??? ?? ?? 

3326 
Uncured V8021 

Wafer 
??? 

" ???? 

3 . 3 3 

?? ? 

Wafer 

?? ??? 

Wafer ?? ?? 

FIG . 33A 

???? 5 ?? 
???? 

Wafer - 22 

FIG . 33B 



330 

3302A 

3304A 

Patent Application Publication 

3300A 

Site A 

LUULEU 
3306A 

Site B 

M4 

BANER 

M3 

este Sito cºm 

- M2 

Aug. 18 , 2022 Sheet 50 of 83 

M1 

40 - 1 SON TILINTLI . 
Hum Mlicowe 

3310A 
10. Bumi ung 

FIG . 33B - 1 

US 2022/0259643 A1 

M 



3302A 

CG 

Patent Application Publication 

3320A 

ce D 

M4 M3 

Para Sac ? 9.9 

M2 

Aug. 18 , 2022 Sheet 51 of 83 

* M1 

0833 

Poly 

Morsyung 
3310A 10 02 

US 2022/0259643 A1 

FIG . 33B - 2 



3324A 

Patent Application Publication 

3,6 

2.8 

Aug. 18 , 2022 Sheet 52 of 83 

3326A 

3322A 

3328A 

???? ? 
?? ??? ( 32 

3328A 

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

FIG . 33B - 3 

US 2022/0259643 A1 



??? 

Patent Application Publication 

?????? 

???? ?? 

?? ?? ???? 

?? ?? 4 

Verona 

????? 

- ?? 

35 

2 . 

3430 

MIL 

Aug. 18 , 2022 Sheet 53 of 83 

3412 

3418 

34.20 
\\\\\\\\\\\\ 

?? 

FIG . 34 

US 2022/0259643 A1 



Patent Application Publication Aug. 18 , 2022 Sheet 54 of 83 US 2022 / 0259643A1 

3410 ?? ??? ???? 

- 3426 ? . ?? ?? 
?? ??? 

3416 - ?? ?? ??? ??? 
?? 3310 3422 ??? ??? ? 

?? 

FIG . 35 

?? 3432 
???? 

|||| ?? 3 ?? ??? ?? 

FIG.36 



Patent Application Publication Aug. 18 , 2022 Sheet 55 of 83 US 2022/0259643 A1 

5432 
3426 

Fluid Path 
3422 

Nano Port 

3710 
5420 

................. , 

3430 

FIG . 37 



Patent Application Publication Aug. 18 , 2022 Sheet 56 of 83 US 2022 / 0259643A1 

3810 

??? ?? 

??? 

FIG.38 

3970 

3924 

2 . 

? - 2 ?? ???? ???? 

?? 

FIG . 39 



Patent Application Publication Aug. 18 , 2022 Sheet 57 of 83 US 2022/0259643 A1 9 

4022 

-4016 

4014 
4010 

4012 

FIG . 40 

4112 

FIG . 41 



Patent Application Publication Aug. 18 , 2022 Sheet 58 of 83 US 2022/0259643 A1 

3826 

4212 
FIG . 42 

4220 4210 

3824 



Patent Application Publication Aug. 18 , 2022 Sheet 59 of 83 US 2022/0259643 A1 

Original 
Section 

Modified 
Section Diffuser 

42064 

3610 

420.24 42044 

FIG . 42A 

-42026 

4202 

42128 

FIG . 42E 

42207 

42726 

FIG . 42F 



Patent Application Publication Aug. 18 , 2022 Sheet 60 of 83 US 2022/0259643 A1 

12120 

mim 

-4210B 42148 

FIG . 42B 

42128 

? 

2166 42102 

FIG . 420 

42128 42180 

D 

FIG . 42D 



Patent Application Publication 

LO777 4220A 

Aug. 18 , 2022 Sheet 61 of 83 

---- 4242F 

OTIZ 

( Ceiling height grading : darker = higher ) 

Fluid in 

US 2022/0259643 A1 

FIG . 42F1 



Patent Application Publication Aug. 18 , 2022 Sheet 62 of 83 US 2022/0259643 A1 

-427200 ou L2 -427202 
no 

42300 TTT 
TT 42204 

FIG . 42F2 

422011 426200 I 
42300 

42 € 250 

FIG . 42F3 



Patent Application Publication Aug. 18 , 2022 Sheet 63 of 83 US 2022/0259643 A1 

42270 42260 

426200 

42300 

FIG . 42F4 

hay 
2 

-427270 13 
o 

-426260 
42280 

13 
ttta 

H. 

FIG . 42F5 



Patent Application Publication Aug. 18 , 2022 Sheet 64 of 83 US 2022/0259643 A1 

4220F 426280 

-426200 

FIG . 42F6 

-42204 " } 

FIG . 42F7 

426200 00 
FIG . 42F8 



Patent Application Publication Aug. 18 , 2022 Sheet 65 of 83 US 2022/0259643 A1 

42601 42526 217E FIG . 426 

C 
Inlet to Actuate Valve 



Patent Application Publication Aug. 18 , 2022 Sheet 66 of 83 US 2022/0259643 A1 

-42680 / 

?????? 

OCGC FIG . 42H ........ --- 1097 Com 
................................ ................... ? 

Flow to Waste 
42621 

??? ?? 



Patent Application Publication Aug. 18 , 2022 Sheet 67 of 83 US 2022/0259643 A1 

4.2526 
3412 FIG . 421 

lo 



Patent Application Publication Aug. 18 , 2022 Sheet 68 of 83 US 2022/0259643 A1 

--- / 8977 

---- 
Flow to Waste ........ 

4266 / 

42526 FIG . 42J 

4260142546 
....... 

-17977 
4264 / 3412 



Patent Application Publication Aug. 18 , 2022 Sheet 69 of 83 US 2022/0259643 A1 

4272K -------- --------- 

( 2 ) FIG . 42K 

4276K 



Patent Application Publication Aug. 18 , 2022 Sheet 70 of 83 US 2022/0259643 A1 

42681 

42/26 42781 
............. 

Inflow 

FIG . 42L . 

Flow to Waste 
con 

........... .......... 276K 



Patent Application Publication Aug. 18 , 2022 Sheet 71 of 83 US 2022/0259643 A1 

4276 % 

4274K 

FIG . 42M 

42722K 



Patent Application Publication Aug. 18 , 2022 Sheet 72 of 83 US 2022/0259643 A1 

4360 4310 

4320 

RE 

4330 

4350 

4370 

FIG . 43 

4360 

IND 

4370 

FIG . 44 



Patent Application Publication Aug. 18 , 2022 Sheet 73 of 83 US 2022/0259643 A1 

-4510 

4520 

4575 

FIG . 45 

4520 

ennnnnnnnnn 
4515 

FIG . 46 



Patent Application Publication Aug. 18 , 2022 Sheet 74 of 83 US 2022/0259643 A1 

... 

soccer 

FIG . 47 

FIG . 48 



Patent Application Publication Aug. 18 , 2022 Sheet 75 of 83 US 2022/0259643 A1 

???? 

FIG . 49 

FIG . 50 



Patent Application Publication Aug. 18 , 2022 Sheet 76 of 83 US 2022/0259643 A1 

5110 5120 

5130-11 

FIG . 51 

-5110 F 57.20 

A 
5/20 

metten Se I *** aanges ima Sacadas Cadea secco anand 500 

57.30 

FIG . 52 



Patent Application Publication Aug. 18 , 2022 Sheet 77 of 83 US 2022/0259643 A1 9 

5310 

5320 

SYNESS 5330 

FIG . 53 

5330 
5412 5010 

FIG . 54 



Patent Application Publication Aug. 18 , 2022 Sheet 78 of 83 US 2022/0259643 A1 

5560 

5522 5524 
5510 5526 5550 5570 5528 

5530 55,32 5534 
5542 

FIG . 55 

5522 5526 56:30 5620 5524 
5510 5528 

VIA 
5530 5542 / 5532 5534 

5610 

FIG . 56 



Patent Application Publication Aug. 18 , 2022 Sheet 79 of 83 US 2022/0259643 A1 

5720 

5710 
...... 

FIG . 57 

5720 

.......... 

5710 

FIG . 58 



Patent Application Publication Aug. 18 , 2022 Sheet 80 of 83 US 2022/0259643 A1 

5910 

5920 5914 

5912 

( B ) ( A ) 

( C ) 

E E 

OUT 
( D ) 

olums 

FIG . 59A 



... 

Patent Application Publication 

??? 

E pour 

] ; 
?? 

596 

{ C } 

?? 

{ 8 } 

Aug.18 , 2022 Sheet 81 of 83 

-5970 

16 

5950 

5980 . 

{ G } FIG . 59B 

US2022 / 0259643A1 



Patent Application Publication Aug. 18 , 2022 Sheet 82 of 83 US 2022/0259643 A1 

B 

77777 
( B ) PR 

( A ) 

7D 

59 ( C ) 
5994 

5922 

out the IN 
5990 

( E ) 

( F ) 

FIG . 590 



Patent Application Publication Aug. 18 , 2022 Sheet 83 of 83 US 2022/0259643 A1 

SMA 
Connector 6040 

6010 
60304 

6020 Flow Cell 

Chip 
Package 

Chip 
Surface 

FIG . 60 



US 2022/0259643 A1 Aug. 18 , 2022 
1 

METHODS AND APPARATUS FOR 
DETECTING MOLECULAR INTERACTIONS 

USING FET ARRAYS 

RELATED APPLICATIONS 

2 

[ 0001 ] This application is a divisional application of U.S. 
application Ser . No. 16 / 546,233 . U.S. application Ser . No. 
16 / 546,233 is a divisional application of U.S. application 
Ser . No. 15 / 192,225 , filed Jun . 24 , 2016 , now U.S. Pat . No. 
10,415,079 . U.S. Pat . No. 10,415,079 is a divisional appli 
cation of U.S. application Ser . No. 14 / 151,182 , filed Jan. 9 , 
2014 ; now U.S. Pat . No. 9,404,920 . U.S. Pat . No. 9,404,920 
is a continuation of U.S. application Ser . No. 13 / 922,484 , 
filed Jun . 20 , 2013. U.S. application Ser . No. 13 / 922,484 is 
a continuation of U.S. application Ser . No. 13 / 149,250 , filed 
May 31 , 2011 ; now U.S. Pat . No. 8,492,799 . U.S. Pat . No. 
8,492,799 is a continuation of U.S. application Ser . No. 
12 / 492,844 , filed Jun . 26 , 2009 ; now U.S. Pat . No. 8,349 , 
167. U.S. Pat . No. 8,349,167 claims benefit of U.S. provi 
sional application No. 61 / 133,204 , filed Jun . 26 , 2008. U.S. 
Pat . No. 8,349,167 is also a continuation - in - part of both U.S. 
application Ser . No. 12 / 002,781 , filed Dec. 17 , 2007 ; now 
U.S. Pat . No. 8,262,900 , and of U.S. application Ser . No. 
12 / 002,291 , filed Dec. 14 , 2007 ; now U.S. Pat . No. 7,948 , 
015. U.S. Pat . No. 7,948,015 claims benefit of U.S. provi 
sional application Nos . 60 / 870,073 filed Dec. 14 , 2006 , 
60 / 948,748 filed Jul . 10 , 2007 , and 60 / 956,324 filed Aug. 16 , 
2007. All applications named in this section are incorporated 
herein by reference ; each in its entirety . 

a 

2 

GS 

FIELD OF THE DISCLOSURE 

[ 0002 ] The present disclosure is directed generally to 
inventive methods and apparatus relating to detection and 
measurement of one or more analytes . 

ing may also be used , such as a process that would include 
a PMOS FET array with bipolar structures on the periphery . 
Taking the CMOS example , P - type ISFET fabrication is 
based on a p - type silicon substrate 52 , in which an n - type 
well 54 forming a transistor “ body ” is formed . Highly doped 
p - type ( p + ) regions S and D , constituting a source 56 and a 
drain 58 of the ISFET , are formed within the n - type well 54 . 
A highly doped n - type ( n + ) region B is also formed within 
the n - type well to provide a conductive body ( or “ bulk ” ) 
connection 62 to the n - type well . An oxide layer 65 is 
disposed above the source , drain and body connection 
regions , through which openings are made to provide elec 
trical connections ( via electrical conductors ) to these 
regions ; for example , metal contact 66 serves as a conductor 
to provide an electrical connection to the drain 58 , and metal 
contact 68 serves as a conductor to provide a common 
connection to the source 56 and n - type well 54 , via the 
highly conductive body connection 62. A polysilicon gate 64 
is formed above the oxide layer at a location above a region 
60 of the n - type well 54 , between the source 56 and the drain 
58. Because it is disposed between the polysilicon gate 64 
and the transistor body ( i.e. , the n - type well ) , the oxide layer 
65 often is referred to as the " gate oxide . ” 
[ 0006 ] Like a MOSFET , the operation of an ISFET is 
based on the modulation of charge concentration caused by 
a MOS ( Metal - Oxide - Semiconductor ) capacitance consti 
tuted by the polysilicon gate 64 , the gate oxide 65 and the 
region 60 of the n - type well 54 between the source and the 
drain . When a negative voltage is applied across the gate and 
source regions ( VGs < Volts ) , a “ p - channel ” 63 is created at 
the interface of the region 60 and the gate oxide 65 by 
depleting this area of electrons . This p - channel 63 extends 
between the source and the drain , and electric current is 
conducted through the p - channel when the gate - source 
potential V is negative enough to attract holes from the 
source into the channel . The gate - source potential at which 
the channel 63 begins to conduct current is referred to as the 
transistor's threshold voltage Vth ( the transistor conducts 
when V has an absolute value greater than the threshold 
voltage VTH ) . The source is so named because it is the 
source of the charge carriers ( holes for a p - channel ) that flow 
through the channel 63 ; similarly , the drain is where the 
charge carriers leave the channel 63 . 
[ 0007 ] In the ISFET 50 of FIG . 1 , the n - type well 54 
( transistor body ) , via the body connection 62 , is forced to be 
biased at a same potential as the source 56 ( 1.e. , VSB = 0 
Volts ) , as seen by the metal contact 68 connected to both the 
source 56 and the body connection 62. This connection 
prevents forward biasing of the p + source region and the 
n - type well , and ereby facilitates confinement of charge 
carriers to the area of the region 60 in which the channel 63 
may be formed . Any potential difference between the source 
56 and the body / n - type well 54 ( a non - zero source - to - body 
voltage VSB ) affects the threshold voltage Vth of the ISFET 
according to a nonlinear relationship , and is commonly 
referred to as the “ body effect , ” which in many applications 
is undesirable . 
[ 0008 ] As also shown in FIG . 1 , the polysilicon gate 64 of 
the ISFET 50 is coupled to multiple metal layers disposed 
within one or more additional oxide layers 75 disposed 
above the gate oxide 65 to form a “ floating gate ” structure 
70. The floating gate structure is so named because it is 
electrically isolated from other conductors associated with 
the ISFET ; namely , it is sandwiched between the gate oxide 

GS 

BACKGROUND OF THE INVENTION 
TH 

GS 

a 

a 

[ 0003 ] Electronic devices and components have found 
numerous applications in chemistry and biology ( more gen 
erally , “ life sciences ” ) , especially for detection and mea 
surement of various chemical and biological reactions and 
identification , detection and measurement of various com 
pounds . One such electronic device is referred to as an 
ion - sensitive field effect transistor , often denoted in the 
relevant literature as ISFET ( or pHFET ) . ISFETs conven 
tionally have been explored , primarily in the academic and 
research community , to facilitate measurement of the hydro 
gen ion concentration of a solution ( commonly denoted as 
" pH ” ) . 
[ 0004 ] More specifically , an ISFET is an impedance trans 
formation device that operates in a manner similar to that of 
a MOSFET ( Metal Oxide Semiconductor Field Effect Tran 
sistor ) , and is particularly configured to selectively measure 
ion activity in a solution ( e.g. , hydrogen ions in the solution 
are the “ analytes ” ) . A detailed theory of operation of an 
ISFET is given in “ Thirty years of ISFETOLOGY : what 
happened in the past 30 years and what may happen in the 
next 30 years , ” P. Bergveld , Sens . Actuators , 88 ( 2003 ) , pp . 
1-20 , which publication is hereby incorporated herein by 
reference ( hereinafter referred to as “ Bergveld ” ) . 
[ 0005 ] FIG . 1 illustrates a cross - section of a p - type 
( p - channel ) ISFET 50 fabricated using a conventional 
CMOS ( Complimentary Metal Oxide Semiconductor ) pro 
cess . However , biCMOS ( i.e. , bipolar and CMOS ) process 

a TH 

> 
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ISFET directly track variations of the threshold voltage Vth , 
according to Eq . ( 1 ) ; this may be observed by rearranging 
Eq . ( 1 ) as : 

VDS ( 3 ) Vs = = V7- Colors ( ) = 
ID 

BVDS 2 

a 

TH [ 0011 ] Since the threshold voltage Vth of the ISFET is 
sensitive to ion concentration as discussed above , according 
to Eq . ( 3 ) the source voltage Vs provides a signal that is 
directly related to the ion concentration in the analyte 
solution 74 in proximity to the sensitive area 78 of the 
ISFET . More specifically , the threshold voltage VTH is given 
by : 

?? 

( 4 ) 
Vth = VFB QB + 20F , Cox 

65 and a passivation layer 72. In the ISFET 50 , the passi 
vation layer 72 constitutes an ion - sensitive membrane that 
gives rise to the ion - sensitivity of the device ; i.e. , the 
presence of — analytes such as ions in an “ analyte solution ” 
74 ( i.e. , a solution containing analytes ( including ions ) of 
interest or being tested for the presence of analytes of 
interest ) in contact with the passivation layer 72 , particularly 
in a sensitive area 78 above the floating gate structure 70 , 
alters the electrical characteristics of the ISFET so as to 
modulate a current flowing through the p - channel 63 
between the source 56 and the drain 58. The passivation 
layer 72 may comprise any one of a variety of different 
materials to facilitate sensitivity to particular ions ; for 
example , passivation layers comprising silicon nitride or 
silicon oxynitride , as well as metal oxides such as silicon , 
aluminum or tantalum oxides , generally provide sensitivity 
to hydrogen ion concentration ( pH ) in the analyte solution 
74 , whereas passivation layers comprising polyvinyl chlo 
ride containing valinomycin provide sensitivity to potassium 
ion concentration in the analyte solution 74. Materials 
suitable for passivation layers and sensitive to other ions 
such as sodium , silver , iron , bromine , iodine , calcium , and 
nitrate , for example , are known . 
[ 0009 ] With respect to ion sensitivity , an electric potential 
difference , commonly referred to as a “ surface potential , ” 
arises at the solid / liquid interface of the passivation layer 72 
and the analyte solution 74 as a function of the ion concen 
tration in the sensitive area 78 due to a chemical reaction 
( e.g. , usually involving the dissociation of oxide surface 
groups by the ions in the analyte solution 74 in proximity to 
the sensitive area 78 ) . This surface potential in turn affects 
the threshold voltage Vth of the ISFET ; thus , it is the 
threshold voltage V th of the ISFET that varies with changes 
in ion concentration in the analyte solution 74 in proximity 
to the sensitive area 78 . 
[ 0010 ] FIG . 2 illustrates an electric circuit representation 
of the p - channel ISFET 50 shown in FIG . 1. With reference 
again to FIG . 1 , a reference electrode 76 ( a conventional 
Ag / AgCl electrode ) in the analyte solution 74 determines the 
electric potential of the bulk of the analyte solution 74 itself 
and is analogous to the gate terminal of a conventional 
MOSFET , as shown in FIG . 2. In a linear or non - saturated 
operating region of the ISFET , the drain current I ) is given 

where VFB is the flatband voltage , QB is the depletion charge 
in the silicon and Of is the Fermi - potential . The flatband 
voltage in turn is related to material properties such as 
workfunctions and charge accumulation . In the case of an 
ISFET , with reference to FIGS . 1 and 2 , the flatband voltage 
contains terms that reflect interfaces between 1 ) the refer 
ence electrode 76 ( acting as the transistor gate G ) and the 
analyte solution 74 ; and 2 ) the analyte solution 74 and the 
passivation layer 72 in the sensitive area 78 ( which in turn 
mimics the interface between the polysilicon gate 64 of the 
floating gate structure 70 and the gate oxide 65 ) . The 
flatband voltage VFB is thus given by : 

Osi ( 5 ) VFB = Eref – Lo + X sol = 
Oss + Qox 

Cox 9 

0 

as : 

1 ( 1 ) Ip = o [ ves - Vrh - 5 VDs ) Vous . 0 

where V DS is the voltage between the drain and the source , 
and ß is a transconductance parameter ( in units of Amps / 
Volts ? ) given by : 

where Eref is the reference electrode potential relative to 
vacuum , Y , is the surface potential that results from chemi 
cal reactions at the analyte solution / passivation layer inter 
face ( e.g. , dissociation of surface groups in the passivation 
layer ) , and Xsol is the surface dipole potential of the analyte 
solution 74. The fourth term in Eq . ( 5 ) relates to the silicon 
workfunction ( q is the electron charge ) , and the last term 
relates to charge densities at the silicon surface and in the 
gate oxide . The only term in Eq . ( 5 ) sensitive to ion 
concentration in the analyte solution 74 is Yo , as the ion 
concentration in the analyte solution 74 controls the chemi 
cal reactions ( dissociation of surface groups ) at the analyte 
solution / passivation layer interface . Thus , substituting Eq . 
( 5 ) into Eq . ( 4 ) , it may be readily observed that it is the 
surface potential ¥ , that renders the threshold voltage V , 
sensitive to ion concentration in the analyte solution 74 . 
[ 0012 ] Regarding the chemical reactions at the analyte 
solution / passivation layer interface , the surface of a given 
material employed for the passivation layer 72 may include 
chemical groups that may donate protons to or accept 
protons from the analyte solution 74 , leaving at any given 
time negatively charged , positively charged , and neutral 
sites on the surface of the passivation layer 72 at the 
interface with the analyte solution 74. A model for this 
proton donation / acceptance process at the analyte solution / 
passivation layer interface is referred to in the relevant 

0 TH 

( 2 ) B = uCor : ( ) 
where u represents the carrier mobility , Cox is the gate oxide 
capacitance per unit area , and the ratio W / L is the width to 
length ratio of the channel 63. If the reference electrode 76 
provides an electrical reference or ground ( VG = 0 Volts ) , and 
the drain current Is and the drain - to - source voltage Vos are 
kept constant , variations of the source voltage Vs of the 

DS 
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literature as the “ Site - Dissociation Model ” or the " Site 
Binding Model , " and the concepts underlying such a process 
may be applied generally to characterize surface activity of 
passivation layers comprising various materials ( e.g. , metal 
oxides , metal nitrides , metal oxynitrides ) . 
[ 0013 ] Using the example of a metal oxide for purposes of 
illustration , the surface of any metal oxide contains hydroxyl 
groups that may donate a proton to or accept a proton from 
the analyte to leave negatively or positively charged sites , 
respectively , on the surface . The equilibrium reactions at 
these sites may be described by : 

AOHSA0 + H " ( 6 ) 

In the Gouy - Chapman - Stern model for the double layer 
capacitance as described in Bergveld , the surface charge 
density 0 , is balanced by an equal but opposite charge 
density in the analyte solution 74 at some position from the 
surface of the passivation layer 72. These two parallel 
opposite charges form a so - called “ double layer capaci 
tance " Cai ( per unit area ) , and the potential difference across 
the capacitance Cdi is defined as the surface potential Y. , 
according to : 

0 , = Cd14--00 ( 10 ) 
+ 

where odl 
a 

+ 

is the charge density on the analyte solution side 
of the double layer capacitance . This charge density Odi in 
turn is a function of the concentration of all ion species or 
other analyte species ( i.e. , not just protons ) in the bulk 
analyte solution 74 ; in particular , the surface charge density 
can be balanced not only by hydrogen ions but other ion 
species ( e.g. , Na + , K + ) in the bulk analyte solution . 
[ 0016 ] In the regime of relatively lower ionic strengths 
( e.g. , < 1 mole / liter ) , the Debye theory may be used to 
describe the double layer capacitance Cdi according to : 

keo ( 11 ) 
Cd ! 

AOH + SAOH + H + ( 7 ) 

where A denotes an exemplary metal , H , * represents a 
proton in the analyte solution 74 , Eq . ( 6 ) describes proton 
donation by a surface group , and Eq . ( 7 ) describes proton 
acceptance by a surface group . It should be appreciated that 
the reactions given in Eqs . ( 6 ) and ( 7 ) also are present and 
need to be considered in the analysis of a passivation layer 
comprising metal nitrides , together with the equilibrium 
reaction : 

ANH * $ ANH , + H ' , ( 75 ) 

wherein Eq . ( 76 ) describes another proton acceptance equi 
librium reaction . For purposes of the present discussion 
however , again only the proton donation and acceptance 
reactions given in Eqs . ( 6 ) and ( 7 ) are initially considered to 
illustrate the relevant concepts . 
[ 0014 ] Based on the respective forward and backward 
reaction rate constants for each equilibrium reaction , intrin 
sic dissociation constants Ka ( for the reaction of Eq . ( 6 ) ) and 
K. ( for the reaction of Eq . ( 7 ) ) may be calculated that 
describe the equilibrium reactions . These intrinsic dissocia 
tion constants in turn may be used to determine a surface 
charge density 0. ( in units of Coulombs / unit area ) of the 
passivation layer 72 according to : 

0o = -9B , ( 8 ) 

where the term B denotes the number of negatively charged 
surface groups minus the number of positively charged 
surface groups per unit area , which in turn depends on the 
total number of proton donor / acceptor sites per unit area Ng 
on the passivation layer surface , multiplied by a factor 
relating to the intrinsic dissociation constants K , and K. of 
the respective proton donation and acceptance equilibrium 
reactions and the surface proton activity ( or pH ) . The effect 
of a small change in surface proton activity ( pHs ) on the 
surface charge density is given by : 

where k is the dielectric constant ? / ? , ( for relatively lower 
ionic trengths , the dielectric constant of water may be 
used ) , and is the Debye screening length ( i.e. , the distance 
over which significant charge separation can occur ) . The 
Debye length 2 is in turn inversely proportional to the square 
root of the strength of the ionic species in the analyte 
solution , and in water at room temperature is given by : 

0.3 mm ( 12 ) 2 = 
VI 

a The ionic strength I of the bulk analyte is a function of the 
concentration of all ionic species present , and is given by : 

1 = 1 / 23232C53 ( 13 ) a 

where zs is the charge number of ionic species s and c , is the 
molar concentration of ionic species s . Accordingly , from 
Eqs . ( 10 ) through ( 13 ) , it may be observed that the surface 
potential is larger for larger Debye screening lengths ( i.e. , 
smaller ionic strengths ) . 
[ 0017 ] The relation between pH values present at the 
analyte solution / passivation layer interface and in the bulk 
solution is expressed in the relevant literature by Boltzman 
statistics with the surface potential 4 , as a parameter : 

000 ?? ( 9 ) 
= 

ô pHs -Bint T?pHs 

0 

( 14 ) 

where Bint is referred to as the “ intrinsic buffering capacity " 
of the surface . It should be appreciated that since the values 
of Ns , K , and Ky are material dependent , the intrinsic 
buffering capacity Bint of the surface similarly is material 
dependent . 
[ 0015 ] The fact that ionic species in the analyte solution 
74 have a finite size and cannot approach the passivation 
layer surface any closer than the ionic radius results in a 
phenomenon referred to as a “ double layer capacitance " 
proximate to the analyte solution / passivation layer interface . 

940 ( pH , - pHB ) = KT 

From Eqs . ( 9 ) , ( 10 ) and ( 14 ) , the sensitivity of the surface 
potential particularly to changes in the bulk pH of the 
analyte solution ( i.e. , “ pH sensitivity ” ) is given by : 
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( 15 ) ??? 
ApH 

KT 
2.3 - a . 

9 TH 

a 
SB : 

a 

where the parameter a is a dimensionless sensitivity factor 
that varies between zero and one and depends on the double 
layer capacitance Ca and the intrinsic buffering capacity of 
the surface Pine as discussed above in connection with Eq . 
( 9 ) . In general , passivation layer materials with a high 
intrinsic buffering capacity Pine render the surface potential 
Yo less sensitive to concentration in the analyte solution 74 
of ionic species other than protons ( e.g. , a is maximized by 
a large Bint ) . From Eq . ( 15 ) , at a temperature T of 298 
degrees Kelvin , it may be appreciated that a theoretical 
maximum pH sensitivity of 59.2 mV / pH may be achieved at 
a = 1 . From Eqs . ( 4 ) and ( 5 ) , as noted above , changes in the 
ISFET threshold voltage Vth directly track changes in the 
surface potential Yo ; accordingly , the pH sensitivity of an 
ISFET given by Eq . ( 15 ) also may be denoted and referred 
to herein as AVTH for convenience . In exemplary conven 
tional ISFETs employing a silicon nitride or silicon oxyni 
tride passivation layer 72 for pH - sensitivity , pH sensitivities 
AVTH ( i.e. , a change in threshold voltage with change in pH 
of the analyte solution 74 ) over a range of approximately 30 
mV / pH to 60 mV / pH have been observed experimentally . 
[ 0018 ] Another noteworthy metric in connection with 
ISFET pH sensitivity relates to the bulk pH of the analyte 
solution 74 at which there is no net surface charge density 
0 , and , accordingly , a surface potential Y. of zero volts . 
This pH is referred to as the “ point of zero charge ” and 
denoted as pH.pzc . With reference again to Eqs . ( 8 ) and ( 9 ) , 
like the intrinsic buffering capacity Bint , pHpze is a material 
dependent parameter . From the foregoing , it may be appre 
ciated that the surface potential at any given bulk pH , of the 
analyte solution 74 may be calculated according to : 

?? 

of approximately 700 mV for the source voltage Vs. As 
discussed above in connection with FIG . 1 , the threshold 
voltage Vty of ISFETs ( as well as MOSFETs ) is affected by 
any voltage Vse between the source and the body ( n - type 
well 54 ) . More specifically , the threshold voltage Vth is a 
nonlinear function of a nonzero source - to - body voltage V 
Accordingly , so as to avoid compromising linearity due to a 
difference between the source and body voltage potentials 
( i.e. , to mitigate the “ body effect " ) , as shown in FIG . 1 the 
source 56 and body connection 62 of the ISFET 50 often are 
coupled to a common potential via the metal contact 68. This 
body - source coupling also is shown in the electric circuit 
representation of the ISFET 50 shown in FIG . 2 . 
[ 0020 ] While the foregoing discussion relates primarily to 
a steady state analysis of ISFET response based on the 
equilibrium reactions given in Eqs . ( 6 ) and ( 7 ) , the transient 
or dynamic response of a conventional ISFET to an essen 
tially instantaneous change in ionic strength of the analyte 
solution 74 ( e.g. , a stepwise change in proton or other ionic 
species concentration ) has been explored in some research 
efforts . One exemplary treatment of ISFET transient or 
dynamic response is found in “ ISFET responses on a step 
wise change in electrolyte concentration at constant pH , " J. 
C. van Kerkof , J. C. T. Eijkel and P. Bergveld , Sensors and 
Actuators B , 18-19 ( 1994 ) , pp . 56-59 , which is incorporated 
herein by reference . 
[ 0021 ] For ISFET transient response , a stepwise change in 
the concentration of one or more ionic species in the analyte 
solution in turn essentially instantaneously changes the 
charge density Od on the analyte solution side of the double 
layer capacitance Cat . Because the instantaneous change in 
charge density Od is faster than the reaction kinetics at the 
surface of the passivation layer 72 , the surface charge 
density , initially remains constant , and the change in ion 
concentration effectively results in a sudden change in the 
double layer capacitance Cdr . From Eq . ( 10 ) , it may be 
appreciated that such a sudden change in the capacitance Cal 
at a constant surface charge density 0 , results in a corre 
sponding sudden change in the surface potential 4. FIG . 
2A illustrates this phenomenon , in which an essentially 
instantaneous or stepwise increase in ion concentration in 
the analyte solution , as shown in the top graph , results in a 
corresponding change in the surface potential Yo , as shown 
in the bottom graph of FIG . 2A . After some time , as the 
passivation layer surface groups react to the stimulus ( i.e. , 
the surface charge density adjusts ) , the system returns to 
some equilibrium point , as illustrated by the decay of the 
ISFET response “ pulse ” 79 shown in the bottom graph of 
FIG . 2A . The foregoing phenomenon is referred to in the 
relevant literature ( and hereafter in this disclosure ) as an 
" ion - step " response . 
[ 0022 ] As indicated in the bottom graph of FIG . 2A , an 
amplitude A4 , of the ion - step response 79 may be charac 
terized by : 

dl . 

2 

B 

. 

( 16 ) ??? 4. ( pHB ) = ( pHB - pH pze ) . ApH 

Table 1 below lists various metal oxides and metal nitrides 
and their corresponding points of zero charge ( pH ze ) , pH 
sensitivities ( AVTH ) , and theoretical maximum surface 
potential at a pH of 9 : as 

TABLE 1 

Oxide / 
Nitride 

Theoretical Y. 
( mV ) @ pH = 9 Metal pHpze AVTH ( mV / pH ) 

Al 
Zr 
Ti 

Al2O3 
ZrO2 

9.2 
5.1 
5.5 

-11 
150 
201 TiO2 

Ta 
Si 
Si 
Mo 
W 

Ta 05 
SizN4 
SiO2 
M003 
WO 

2.9 , 2.8 
4.6 , 6-7 

2.1 
1.8-2.1 

0.3 , 0.43 , 0.5 

54.5 ( 35 ° C. ) 
50 

57.4-62.3 
( 32 ° C. , PH 3-11 ) 
62.87 ( 35 ° C. ) 
56.94 ( 25 ° C. ) 

43 
48-59 
50 

384 
251 
297 
396 
435 ?? ?? Cdi , 1 ( 17 ) A4 , = 4y - 42 = = 11 

Cd1 Cd1,2 Cd1,2 

1 

dl 1 

[ 0019 ] Prior research efforts to fabricate ISFETs for pH 
measurements based on conventional CMOS processing 
techniques typically have aimed to achieve high signal 
linearity over a pH range from 1-14 . Using an exemplary 
threshold sensitivity of approximately 50 mV / pH , and con 
sidering Eq . ( 3 ) above , this requires a linear operating range 

where y , is an equilibrium surface potential at an initial ion 
concentration in the analyte solution , Cd , is the double 
layer capacitance per unit area at the initial ion concentra 
tion , Y , is the surface potential corresponding to the ion - step 
stimulus , and Cai.2 is the double layer capacitance per unit 

2 

dl , 
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area based on the ion - step stimulus . The time decay profile 
81 associated with the response 79 is determined at least in 
part by the kinetics of the equilibrium reactions at the 
analyte solution / passivation layer interface ( e.g. , as given by 
Eqs . ( 6 ) and ( 7 ) for metal oxides , and also Eq . ( 7b ) for metal 
nitrides ) . One instructive treatment in this regard is provided 
by “ Modeling the short - time response of ISFET sensors , ” P. 
Woias et al . , Sensors and Actuators B , 24-25 ( 1995 ) 211-217 
( hereinafter referred to as “ Woias ” ) , which publication is 
incorporated herein by reference . 
[ 0023 ] In the Woias publication , an exemplary ISFET 
having a silicon nitride passivation layer is considered . A 
system of coupled non - linear differential equations based on 
the equilibrium reactions given by Eqs . ( 6 ) , ( 7 ) , and ( 7a ) is 
formulated to describe the dynamic response of the ISFET 
to a step ( essentially instantaneous ) change in pH ; more 
specifically , these equations describe the change in concen 
tration over time of the various surface species involved in 
the equilibrium reactions , based on the forward and back 
ward rate constants for the involved proton acceptance and 
proton donation reactions and how changes in analyte pH 
affect one or more of the reaction rate constants . Exemplary 
solutions , some of which include multiple exponential func 
tions and associated time constants , are provided for the 
concentration of each of the surface ion species as a function 
of time . In one example provided by Woias , it is assumed 
that the proton donation reaction given by Eq . ( 6 ) dominates 
the transient response of the silicon nitride passivation layer 
surface for relatively small step changes in pH , thereby 
facilitating a mono - exponential approximation for the time 
decay profile 81 of the response 79 according to : 

( t ) = A4 e - tt , 
where the exponential function essentially represents the 
change in surface charge density as a function of time . In Eq . 
( 16 ) , the time constant t is both a function of the bulk pH and 
material parameters of the passivation layer , according to : 

( 19 ) 

where to denotes a theoretical minimum response time that 
only depends on material parameters . For silicon nitride , 
Woias provides exemplary values for To on the order of 60 
microseconds to 200 microseconds . For purposes of provid 
ing an illustrative example , using To = 60 microseconds and a 
bulk pH of 9 , the time constant t given by Eq . ( 19 ) is 1.9 
seconds . Exemplary values for other types of passivation 
materials may be found in the relevant literature and / or 
determined empirically . 
[ 0024 ] Previous efforts to fabricate two - dimensional 
arrays of ISFETs based on the ISFET design of FIG . 1 have 
resulted in a maximum of 256 ISFET sensor elements ( or 
" pixels ” ) in an array ( i.e. , a 16 pixel by 16 pixel array ) . 
Exemplary research in ISFET array fabrication is reported in 
the publications “ A large transistor - based sensor array chip 
for direct extracellular imaging , ” M. J. Milgrew , M. O. 
Riehle , and D. R. S. Cumming , Sensors and Actuators , B : 
Chemical , 111-112 , ( 2005 ) , pp . 347-353 , and “ The devel 
opment of scalable sensor arrays using standard CMOS 
technology , ” M. J. Milgrew , P. A. Hammond , and D. R. S. 
Cumming , Sensors and Actuators , B : Chemical , 103 , 
( 2004 ) , pp . 37-42 , which publications are incorporated 
herein by reference and collectively referred to hereafter as 
“ Milgrew et al . ” Other research efforts relating to the 
realization of ISFET arrays are reported in the publications 
“ A very large integrated pH - ISFET sensor array chip com 

( 18 ) 

patible with standard CMOS processes , ” T. C. W. Yeow , M. 
R. Haskard , D. E. Mulcahy , H. I. Seo and D. H. Kwon , 
Sensors and Actuators B : Chemical , 44 , ( 1997 ) , pp . 434-440 
and “ Fabrication of a two - dimensional pH image sensor 
using a charge transfer technique , ” Hizawa , T. , Sawada , K. , 
Takao , H. , Ishida , M. , Sensors and Actuators , B : Chemical 
117 ( 2 ) , 2006 , pp . 509-515 , which publications also are 
incorporated herein by reference . 
[ 0025 ] FIG . 3 illustrates one column 85 , of a two - dimen 
sional ISFET array according to the design of Milgrew et al . 
The column 85 , includes sixteen ( 16 ) pixels 80 , through 8016 
and , as discussed further below in connection with FIG . 7 , 
a complete two - dimensional array includes sixteen ( 16 ) such 
columns 85 ; ( j = 1 , 2 , 3 , ... 16 ) arranged side by side . As 
shown in FIG . 3 , a given column 85 , includes a current 
source ISOURCE ; that is shared by all pixels of the column , 
and ISFET bias / readout circuitry 82 ; ( including current sink 
ISINK ; ) that is also shared by all pixels of the column . Each 
ISFÉT pixel 80 , through 80,6 includes a p - channel ISFET 50 
having an electrically coupled source and body ( as shown in 
FIGS . 1 and 2 ) , plus two switches S1 and 52 that are 
responsive to one of sixteen row select signals ( RSEL 1 
through RSEL16 , and their complements ) . As discussed 
below in connection with FIG . 7 , a row select signal and its 
complement are generated simultaneously to " enable ” or 
select a given pixel of the column 85 ;, and such signal pairs 
are generated in some sequence to successively enable 
different pixels of the column one at a time . 
[ 0026 ] As shown in FIG . 3 , the switch S2 of each pixel 80 
in the design of Milgrew et al . is implemented as a conven 
tional n - channel MOSFET that couples the current source 
ISOURCE ; to the source of the ISFET 50 upon receipt of the 
corresponding row select signal . The switch S1 of each pixel 
80 is implemented as a transmission gate , i.e. , a CMOS pair 
including an n - channel MOSFET and a p - channel MOSFET , 
that couples the source of the ISFET 50 to the bias / readout 
circuitry 82 ; upon receipt of the corresponding row select 
signal and its complement . An example of the switch S11 of 
the pixel 80 , is shown in FIG . 4 , in which the p - channel 
MOSFET of the transmission gate is indicated as Slip and 
the n - channel MOSFET is indicated as Slin . In the design 
of Milgrew et al . , a transmission gate is employed for the 
switch S1 of each pixel so that , for an enabled pixel , any 
ISFET source voltage within the power supply range VoD to 
Vss may be applied to the bias / readout circuitry 82 ; and 
output by the column as the signal Vs ;. From the foregoing , 
it should be appreciated that each pixel 80 in the ISFET 
sensor array design of Milgrew et al . includes four transis 
tors , i.e. , a p - channel ISFET , a CMOS - pair transmission gate 
incl ding an n - channel MOSFET and a p - channel MOSFET 
for switch S1 , and an n - channel MOSFET for switch S2 . 
[ 0027 ] As also shown in FIG . 3 , the bias / readout circuitry 
82 ; employs a source - drain follower configuration in the 
form of a Kelvin bridge to maintain a constant drain - source 

and isolate the measurement of the source 
voltage Vs ; from the constant drain current ISOURCE ; for the 
ISFET of an enabled pixel in the column 85 ;. To this end , the bias / readout circuitry 82 , includes two operational amplifiers 
A1 and A2 , a current sink IsiNKj , and a resistor Rsdj . The voltage developed across the resistor Rsd ; due to the current 
ISINK ; flowing through the resistor is forced by the opera 
tional amplifiers to appear across the drain and source of the 
ISFET of an enabled pixel as a constant drain - source voltage 
VDs ;. Thus , with reference again to Eq . ( 3 ) , due to the 

a 

T = Tox102H / 2 , 

1N 

DD 

voltage Vos 
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constant V and the constant ISOURCEj ? DS ; the source voltage 
Vs ; of the ISFET of the enabled pixel provides a signal 
corresponding to the ISFETs threshold voltage VTH , and 
hence a measurement of pH in proximity to the ISFETS 
sensitive area ( see FIG . 1 ) . The wide dynamic range for the 
source voltage Vs ; provided by the transmission gate Si 
ensures that a full range of pH values from 1-14 may be 
measured , and the source - body connection of each ISFET 
ensures sufficient linearity of the ISFETs threshold voltage 
over the full pH measurement range . 
[ 0028 ] In the column design of Milgrew et al . shown in 
FIG . 3 , it should be appreciated that for the Kelvin bridge 
configuration of the column bias / readout circuitry 82 , to 
function properly , a p - channel ISFET 50 as shown in FIG . 
1 must be employed in each pixel ; more specifically , an 
alternative implementation based on the Kelvin bridge con 
figuration is not possible using an n - channel ISFET . With 
reference again to FIG . 1 , for an n - channel ISFET based on 
a conventional CMOS process , the n - type well 54 would not 
be required , and highly doped n - type regions for the drain 
and source would be formed directly in the p - type silicon 
substrate 52 ( which would constitute the transistor body ) . 
For n - channel FET devices , the transistor body typically is 
coupled to electrical ground . Given the requirement that the 
source and body of an ISFET in the design of Milgrew et al . 
are electrically coupled together to mitigate nonlinear per 
formance due to the body effect , this would result in the 
source of an n - channel ISFET also being connected to 
electrical ground ( i.e. , V = V8 = 0 Volts ) , thereby precluding 
any useful output signal from an enabled pixel . Accordingly , 
the column design of Milgrew et al . shown in FIG . 3 requires 
p - channel ISFETs for proper operation . 
[ 0029 ] It should also be appreciated that in the column 
design of Milgrew et al . shown in FIG . 3 , the two n - channel 
MOSFETs required to implement the switches S1 and S2 in 
each pixel cannot be formed in the n - type well 54 shown in 
FIG . 1 , in which the p - channel ISFET for the pixel is 
formed ; rather , the n - channel MOSFETs are formed directly 
in the p - type silicon substrate 52 , beyond the confines of the 
n - type well 54 for the ISFET . FIG . 5 is a diagram similar to 
FIG . 1 , illustrating a wider cross - section of a portion of the 
p - type silicon substrate 52 corresponding to one pixel 80 of 
the column 85j shown in FIG . 3 , in which the n - type well 54 
containing the drain 58 , source 56 and body connection 62 
of the ISFET 50 is shown alongside a first n - channel 
MOSFET corresponding to the switch S2 and a second 
n - channel MOSFET S11n constituting one of the two tran 
sistors of the transmission gate S1 , shown in FIG . 4 . 
[ 0030 ] Furthermore , in the design of Milgrew et al . , the 
p - channel MOSFET required to implement the transmission 
gate Si in each pixel ( e.g. , see S11p in FIG . 4 ) cannot be 
formed in the same n - type well in which the p - channel 
ISFET 50 for the pixel is formed . In particular , because the 
body and source of the p - channel ISFET are electrically 
coupled together , implementing the p - channel MOSFET 

in the same n - well as the p - channel ISFET 50 would 
lead to unpredictable operation of the transmission gate , or 
preclude operation entirely . Accordingly , two separate 
n - type wells are required to implement each pixel in the 
design of Milgrew et al . FIG . 6 is a diagram similar to FIG . 
5 , showing a cross - section of another portion of the p - type 
silicon substrate 52 corresponding to one pixel 80 , in which 
the n - type well 54 corresponding to the ISFET 50 is shown 
alongside a second n - type well 55 in which is formed the 

p - channel MOSFET S11p constituting one of the two tran 
sistors of the transmission gate S1 , shown in FIG . 4. It 
should be appreciated that the drawings in FIGS . 5 and 6 are 
not to scale and may not exactly represent the actual layout 
of a particular pixel in the design of Milgrew et al .; rather 
these figures are conceptual in nature and are provided 
primarily to illustrate the requirements of multiple n - wells , 
and separate n - channel MOSFETs fabricated outside of the 
n - wells , in the design of Milgrew et al . 
[ 0031 ] The array design of Milgrew et al . was imple 
mented using a 0.35 micrometer ( um ) conventional CMOS 
fabrication process . In this process , various design rules 
dictate minimum separation distances between features . For 
example , according to the 0.35 um CMOS design rules , with 
reference to FIG . 6 , a distance “ a ” between neighboring 
n - wells must be at least three ( 3 ) micrometers . A distance 
" a / 2 ” also is indicated in FIG . 6 to the left of the n - well 54 
and to the right of the n - well 55 to indicate the minimum 
distance required to separate the pixel 80 shown in FIG . 6 
from neighboring pixels in other columns to the left and 
right , respectively . Additionally , according to typical 0.35 
um CMOS design rules , a distance “ b ” shown in FIG . 6 
representing the width in cross - section of the n - type well 54 
and a distance “ c ” representing the width in cross - section of 
the n - type well 55 are each on the order of approximately 3 
um to 4 um ( within the n - type well , an allowance of 1.2 um 
is made between the edge of the n - well and each of the 
source and drain , and the source and drain themselves have 
a width on the order of 0.7 m ) . Accordingly , a total distance 
“ d ” shown in FIG . 6 representing the width of the pixel 80 
in cross - section is on the order of approximately 12 um to 14 
um . In one implementation , Milgrew et al . report an array 
based on the column / pixel design shown in FIG . 3 compris 
ing geometrically square pixels each having a dimension of 
12.8 um by 12.8 um . 
[ 0032 ] In sum , the ISFET pixel design of Milgrew et al . is 
aimed at ensuring accurate hydrogen ion concentration 
measurements over a pH range of 1-14 . To ensure measure 
ment linearity , the source and body of each pixel's ISFET 
are electrically coupled together . To ensure a full range of 
pH measurements , a transmission gate S1 is employed in 
each pixel to transmit the source voltage of an enabled pixel . 
Thus , each pixel of Milgrew's array requires four transistors 
( p - channel ISFET , p - channel MOSFET , and two n - channel 
MOSFETs ) and two separate n - wells ( FIG . 6 ) . Based on a 
0.35 micrometer conventional CMOS fabrication process 
and corresponding design rules , the pixels of such an array 
have a minimum size appreciably greater than 10 um , i.e. , on 
the order of approximately 12 um to 14 um . 
[ 0033 ] FIG . 7 illustrates a complete two - dimensional pixel 
array 95 according to the design of Milgrew et al . , together 
with accompanying row and column decoder circuitry and 
measurement readout circuitry . The array 95 includes six 
teen columns 85 , through 8516 of pixels , each column 
having sixteen pixels as discussed above in connection with 
FIG . 3 ( i.e. , a 16 pixel by 16 pixel array ) . A row decoder 92 
provides sixteen pairs of complementary row select signals , 
wherein each pair of row select signals simultaneously 
enables one pixel in each column 85 , through 8516 to 
provide a set of column output signals from the array 95 
based on the respective source voltages Vs? through Vs16 of 
the enabled row of ISFETs . The row decoder 92 is imple 
mented as a conventional four - to - sixteen decoder ( i.e. , a 
four - bit binary input ROW - ROWA to select one of 24 
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outputs ) . The set of column output signals Vs? through VS16 
for an enabled row of the array is applied to switching logic 
96 , which includes sixteen transmission gates S1 through 
S16 ( one transmission gate for each output signal ) . As 
above , each transmission gate of the switching logic 96 is 
implemented using a p - channel MOSFET and an n - channel 
MOSFET to ensure a sufficient dynamic range for each of 
the output signals Vs? through V516 . The column decoder 94 , 
like the row decoder 92 , is implemented as a conventional 
four - to - sixteen decoder and is controlled via the four - bit 
binary input COL , -COL4 to enable one of the transmission 
gates S1 through S16 of the switching logic 96 at any given 
time , so as to provide a single output signal Vs from the 
switching logic 96. This output signal Vs is applied to a 
10 - bit analog to digital converter ( ADC ) 98 to provide a 
digital representation D , -D10 of the output signal Vs corre 
sponding to a given pixel of the array . 
[ 0034 ] As noted earlier , individual ISFETs and arrays of 
ISFETs similar to those discussed above have been 
employed as sensing devices in a variety of chemical and 
biological applications . In particular , ISFETs have been 
employed as pH sensors in the monitoring of various pro 
cesses involving nucleic acids such as DNA . Some 
examples of employing ISFETs in various life - science 
related applications are given in the following publications , 
each of which is incorporated herein by reference : Massimo 
Barbaro , Annalisa Bonfiglio , Luigi Raffo , Andrea Alessan 
drini , Paolo Facci and Imrich Barák , “ Fully electronic DNA 
hybridization detection by a standard CMOS biochip , ” Sen 
sors and Actuators B : Chemical , Volume 118 , Issues 1-2 , 
2006 , pp . 41-46 ; Toshinari Sakurai and Yuzuru Husimi , 
“ Real - time monitoring of DNA polymerase reactions by a 
micro ISFET pH sensor , ” Anal . Chem . , 64 ( 17 ) , 1992 , pp 
1996-1997 ; S. Purushothaman , C. Toumazou , J. Georgiou , 
“ Towards fast solid state DNA sequencing , ” Circuits and 
Systems , vol . 4 , 2002 , pp . IV - 169 to IV - 172 ; S. Purushotha 
man , C. Toumazou , C. P. Ou , “ Protons and single nucleotide 
polymorphism detection : A simple use for the Ion Sensitive 
Field Effect Transistor , ” Sensors and Actuators B : Chemical , 
Vol . 114 , no . 2 , 2006 , pp . 964-968 ; A. L. Simonian , A. W. 
Flounders , J. R. Wild , “ FET - Based Biosensors for The 
Direct Detection of Organophosphate Neurotoxins , ” Elec 
troanalysis , Vol . 16 , No. 22 , 2004 , pp . 1896-1906 ; C. 
Toumazou , S. Purushothaman , “ Sensing Apparatus and 
Method , ” United States Patent Application 2004-0134798 , 
published Jul . 15 , 2004 ; and T. W. Koo , S. Chan , X. Su , Z. 
Jingwu , M. Yamakawa , V. M. Dubin , “ Sensor Arrays and 
Nucleic Acid Sequencing Applications , ” United States Pat 
ent Application 2006-0199193 , published Sep. 7 , 2006 . 

occurring , whether synthesized in vivo or in vitro . Analytes 
may be used as markers of a reaction or interaction , or 
progression thereof . 
[ 0036 ] Reactions , processes or interactions that may be 
monitored according to the invention include without limi 
tation those occurring in cell or tissue cultures , those occur 
ring between molecular entities such as receptor - ligand 
interactions , antibody - antigen interactions , nucleic acid 
nucleic acid interactions , neural cell stimulation and / or 
triggering , interactions of cells or tissues with agents such as 
pharmaceutical candidate agents , and the like . 
[ 0037 ] Samples may also be monitored according to the 
invention for the presence of analytes . Such samples may be 
naturally occurring or non - naturally occurring , including 
without limitation bodily samples to be analyzed for diag 
nostic , prognostic , and / or therapeutic purposes , chemical or 
biological libraries to be screened for the presence of agents 
with particular structures or functional attributes , etc. 
Samples are typically liquid ( or are dissolved in a liquid ) and 
of small volume , and therefore are amenable to high - speed 
high - density analysis such as analyte detection . 
[ 0038 ] Accordingly , various embodiments of the present 
disclosure are directed generally to inventive methods and 
apparatuses that employ chemFETs and chemFET arrays , 
including large scale FET arrays ( e.g. , those that comprise 
256 FETs or sensors , as the terms are used interchangeably 
herein ) for measuring one or more analytes . FET arrays by 
definition include at least two FETs . An ISFET , as discussed 
above , is a particular type of chemFET that is configured for 
ion detection . It is to be understood that ISFETs may be 
employed in various embodiments disclosed herein . Other 
types of chemFETs contemplated by the present disclosure 
include enzyme FETs ( EnFETs ) which employ enzymes to 
detect analytes . It should be appreciated , however , that the 
present disclosure is not limited to ISFETs and EnFETs , but 
more generally relates to any FET that is configured for 
some type of chemical sensitivity or to detect one or more 
analytes or one or more interactions . Typically , in these 
arrays , one or more chemFET - containing elements or “ pix 
els ” constituting the sensors are configured to monitor one or 
more independent biological or chemical reactions or events 
occurring in proximity to the pixels of the array . 
[ 0039 ] In some exemplary implementations , individual 
chemFETs or chemFET arrays may be coupled to one or 
more microfluidics structures that form one or more reaction 
chambers , or " wells ” or “ microwells , " over individual sen 
sors or groups of sensors ( in the case of an array ) , and 
optionally to an apparatus that delivers samples to the 
reaction chambers and removes them from the reaction 
chambers between measurements . Even when reaction 
chambers are not employed ( and therefore the volume above 
the sensors is continuous ) , the sensor array may be coupled 
to one or more microfluidics structures for the delivery of 
samples or agents to the pixels and for removal of samples , 
agents and / or analytes between measurements . Accordingly , 
inventive aspects of this disclosure , which are desired to be 
protected , include the various microfluidic structures which 
may be employed to flow samples and where appropriate 
other agents useful in for example the detection and mea 
surement of analytes to and from the wells or pixels , 
methods and structures for coupling the arrayed wells with 
arrayed pixels , and the like . 
[ 0040 ] [ Thus , in various aspects , the invention provides an 
apparatus comprising a chemFET array having disposed on 

SUMMARY OF THE INVENTION 

[ 0035 ] The invention relates in part to the use of chem 
FETs ( i.e. , chemFETs ) , more particularly chemFET arrays , 
and even more particularly large chemFET arrays ( e.g. , 
those comprising 256 FETs or sensors ) for monitoring 
biological and / or chemical processes or reactions , including 
without limitation molecular interactions for the purpose of 
detecting analytes in a sample . These sensors may be used 
to detect and measure static and / or dynamic levels or 
concentrations of a variety of analytes ( e.g. , hydrogen or 
other ions , non - ionic molecules or compounds , nucleic 
acids , proteins , polysaccharides , small chemical compounds 
such as chemical combinatorial library members , and the 
like ) . Analytes may be naturally occurring or non - naturally 
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its surface a biological array or a chemical array . The 
biological array may be a nucleic acid array , a protein array 
including but not limited to an enzyme array , an antibody 
array and an antibody fragment array , a cell array , and the 
like . The chemical array may be an organic molecule array , 
or an inorganic molecule array , and the like . The biological 
array or chemical array may be arranged into a plurality of 
" cells ” or spatially defined regions , and each of these regions 
is situated over a different sensor in the chemFET array , in 
some embodiments . 
[ 0041 ] In another aspect , the invention provides a method 
for detecting a nucleic acid comprising contacting a nucleic 
acid array disposed on a chemFET array with a sample , and 
detecting binding of a nucleic acid from the sample to one 
or more regions on the nucleic acid array . 
[ 0042 ] In another aspect , the invention provides a method 
for detecting a protein comprising contacting a protein array 
disposed on a chemFET array with a sample , and detecting 
binding of a protein from the sample to one or more regions 
on the protein array . 
[ 0043 ] In yet another aspect , the invention provides a 
method for detecting a nucleic acid comprising contacting a 
protein array disposed on a chemFET array with a sample , 
and detecting binding of a nucleic acid from the sample to 
one or more regions on the protein array . 
[ 0044 ] In another aspect , the invention provides a method 
for detecting an antigen comprising contacting an antibody 
array disposed on a chemFET array with a sample , and 
detecting binding of an antigen from the sample to one or 
more regions on the antibody array . 
[ 0045 ] In another aspect , the invention provides a method 
for detecting an enzyme substrate or inhibitor comprising 
contacting an enzyme array disposed on a chemFET array 
with a sample , and detecting binding of an entity from the 
sample to one or more regions on the enzyme array . 
[ 0046 ] In another aspect , the invention provides a method 
for detecting an analyte in a sample comprising contacting 
a sample to a plurality of biological or chemical agents 
attached to a chemFET array , and analyzing electrical output 
from a plurality of chemFET sensors in the chemFET array 
after contact with the sample , wherein electrical output from 
a chemFET sensor after contact with the sample indicates 
binding of an analyte to the biological or chemical agent 
attached to the array . 
[ 0047 ] As noted above , the sample may be from a natu 
rally occurring source ( e.g. , a subject ) and optionally it may 
be a bodily fluid . It may comprise cells , nucleic acids , 
proteins ( including glycoproteins , antibodies , etc. ) , polysac 
charides , and the like . 
[ 0048 ] In various embodiments , the plurality of biological 
or chemical agents is a plurality of proteins , or a plurality of 
nucleic acids , or it may be a mixture of proteins and nucleic 
acids . The biological or chemical agents may be non 
naturally occurring or naturally occurring , and if naturally 
occurring may be synthesized in vivo or in vitro . The 
plurality of biological or chemical agents may be a homog 
enous plurality of biological or chemical agents . In other 
embodiments , the plurality of biological or chemical agents 
is not homogeneous . 
[ 0049 ] In one embodiment , the analyte is present in the 
sample . In another embodiment , the analyte is generated 
following contact of the sample with the chemFET array or 
with other reagents in the solution in contact with the 
chemFET array . 

[ 0050 ] In still other embodiments , each chemFET sensor 
in the chemFET array is coupled to a reaction chamber . 
[ 0051 ] In another aspect , the invention provides a method 
for monitoring a biological or chemical process comprising 
exposing a first agent to a second agent in proximity to a 
chemFET sensor , and measuring an electrical output at the 
chemFET sensor after exposure of the first agent to the 
second agent , wherein an electrical output at the chemFET 
sensor after exposure of the first agent to the second agent 
indicates an interaction between the first agent and the 
second agent , and wherein the chemFET sensor is present in 
a chemFET array having at least 2 chemFET sensors . 
[ 0052 ] In another aspect , the invention provides a method 
for monitoring a biological or chemical process comprising 
exposing a first agent to a second agent in proximity to a 
chemFET sensor , and measuring an electrical output at the 
chemFET sensor after exposure of the first agent to the 
second agent , wherein an electrical output at the chemFET 
sensor after exposure of the first agent to the second agent 
indicates an interaction between the first agent and the 
second agent , wherein the chemFET sensor is present in a 
chemFET array having at least 2 chemFET sensors , and 
wherein each chemFET sensor is coupled to a separate 
reaction chamber . 
[ 0053 ] In another aspect , the invention provides an appa 
ratus comprising nucleic acids or a plurality of nucleic acids 
attached to a chemFET array comprising 10+ chemFETs . 
[ 0054 ] In another aspect , the invention provides an appa 
ratus comprising a protein or a plurality of proteins attached 
to a chemFET comprising 104 chemFETs . 
[ 0055 ] In another aspect , the invention provides an appa 
ratus comprising a peptide or a plurality of peptides attached 
to a chemFET array comprising 104 chemFET sensors . 
[ 0056 ] In various embodiments , the chemFET is coupled 
to a reaction chamber array . 
[ 0057 ] In still another aspect , the invention provides an 
apparatus comprising a cell culture disposed on a chemFET 
or a chemFET array . 
[ 0058 ] In still another aspect , the invention provides an 
apparatus comprising a nucleic acid array disposed on a 
chemFET array , optionally comprising a coupled array of 
reaction chambers . 
[ 0059 ] In still another aspect , the invention provides an 
apparatus comprising a nucleic acid array comprising a 
plurality of nucleic acids bound to physically defined 
regions of a solid support disposed on a chemFET array . In 
one embodiment , each of the physically defined regions is 
associated with at least one chemFET in the array . In one 
embodiment , the nucleic acid array comprises a plurality of 
reaction chambers . In one embodiment , each physically 
defined region is associated with a single reaction chamber . 
[ 0060 ] It is to be understood that any of the chemFET 
arrays described herein may comprise 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 
11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 50 , 100 , 200 , 300 , 400 , 
500 , 103 , 104 , 109 , 106 , 107 , or more chemFET sensors . In 
some embodiments , the chemFET array comprises 104 
chemFET or more than 104 chemFET . When used , reaction 
chamber arrays that are in contact with or capacitively 
coupled to chemFET arrays similarly may comprise 3 , 4 , 5 , 
6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 50 , 100 , 
200 , 300 , 400 , 500 , 10 ° , 104 , 10 % , 106 , 107 , or more reaction 
chambers . It is also to be understood that , as used herein 
particularly with respect to arrays , an array that comprises , 
for example , 5 elements ( such as sensors or reaction cham 
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bers ) has at least 5 elements and may have more . An array 
that comprises more than , for example , 5 elements has at 
least 6 elements and may have more . It is further intended 
that aspects and embodiments described herein that " com 
prise ” elements and / or steps also fully support and embrace 
aspects and embodiments that “ consist of ” or “ consist essen 
tially of ” such elements and / or steps . 
[ 0061 ] In some embodiments , the center - to - center dis 
tance between adjacent sensors and / or adjacent reaction 
chambers is about 1-10 um , about 1-9 um , or about 2-9 um , 
about 1 um , about 2 um , about 3 um , about 4 um , about 5 
um , about 6 um , about 7 um , about 8 um , or about 9 um . 
[ 0062 ] In one embodiment the plurality of nucleic acids is 
homogeneous , while in another embodiment the plurality of 
nucleic acids is not homogeneous . In one embodiment , the 
nucleic acid has a length of less than 1000 bases in length , 
or the plurality of nucleic acid has an average length of less 
than 1000 bases in length . 
[ 0063 ] In one embodiment , the nucleic acid or the plural 
ity of nucleic acids is single stranded . In another embodi 
ment , the nucleic acid or the plurality of nucleic acids is 
double stranded . 
[ 0064 ] In one embodiment , the nucleic acid or the plural 
ity of nucleic acids is DNA , RNA , miRNA , or cDNA . In 
another embodiment , the nucleic acid or the plurality of 
nucleic acids is an aptamer . 
[ 0065 ] In various embodiments , the protein is an antibody 
or an antigen - binding antibody fragment , a tyrosine kinase 
receptor , a transcription factor , a hormone , or an enzyme . 
[ 0066 ] In one embodiment , the nucleic acid or the protein 
is attached covalently to the chemFET array . In another 
embodiment , the nucleic acid or the protein is attached 
non - covalently to the chemFET array . 
[ 0067 ] In other embodiments , the analyte of interest is 
hydrogen ion , and / or the ISFET arrays are specifically 
configured to measure changes in H + concentration ( i.e. , 
changes in pH ) . 
[ 0068 ] In other embodiments , biological or chemical reac 
tions may be monitored , and the chemFET arrays may be 
specifically configured to measure hydrogen ions and / or one 
or more other analytes that provide relevant information 
relating to the occurrence and / or progress of a particular 
biological or chemical process of interest . 
[ 0069 ] Various embodiments may be embraced in the 
various foregoing aspects of the invention and these are 
recited below once for convenience and brevity . 
[ 0070 ] In various embodiments , the chemFET comprises a 
silicon nitride passivation layer . In some embodiments , the 
chemFET comprises a passivation layer attached to inor 
ganic pyrophosphate ( PPi ) receptors . The chem FET may 
comprise a passivation layer that is or is not attached 
( whether covalently or non - covalently ) to a nucleic acid or 
a protein or a polysaccharide . 
[ 0071 ] In some embodiments , each reaction chamber is in 
contact or is capacitively coupled with a single chemFET . 
[ 0072 ] In some embodiments , the reaction chamber has a 
volume of equal to or less than about 1 picoliter ( PL ) , 
including less than 0.5 PL , less than 0.1 PL , less than 0.05 
PL , less than 0.01 PL , less than 0.005 PL . 
[ 0073 ] In some embodiments , the chem FET array com 
prises equal rows and columns of sensors such as 512 rows 
and 512 columns of sensors , although it is not so limited . 
[ 0074 ] The reaction chambers may have a square cross 
section , for example at their base or bottom . Examples 

include an 8 um by 8 um cross section , a 4 um by 4 um cross 
section , or a 1.5 um by 1.5 um cross section . Alternatively , 
they may have a rectangular cross section , for example at 
their base or bottom . Examples include an 8 um by 12 um 
cross section , a 4 um by 6 um cross section , or a 1.5 um by 
2.25 um cross section . 
[ 0075 ] In various aspects , the chemFET arrays may be 
fabricated using conventional CMOS ( or biCMOS or other 
suitable ) processing technologies , and are particularly con 
figured to facilitate the rapid acquisition of data from the 
entire array ( scanning all of the pixels to obtain correspond 
ing pixel output signals ) . 
[ 0076 ] With respect to analyte detection and measure 
ment , it should be appreciated that in various embodiments 
discussed herein , one or more analytes measured by a 
chemFET array according to the present disclosure may 
include any of a variety of biological or chemical substances 
that provide relevant information regarding a biological or 
chemical process ( e.g. , binding events such as hybridization 
of nucleic acids to each other , antigen - antibody binding , 
receptor - ligand binding , enzyme - inhibitor binding , enzyme 
substrate binding , and the like ) . In some aspects , the ability 
to measure absolute or relative as well as static and / or 
dynamic levels and / or concentrations of one or more ana 
lytes , in addition to merely determining the presence or 
absence of an analyte , provides valuable information in 
connection with biological and chemical processes . In other 
aspects , mere determination of the presence or absence of an 
analyte or analytes of interest may provide valuable infor 
mation may be sufficient . 
[ 0077 ] A chemFET array according to various inventive 
embodiments of the present disclosure may be configured 
for sensitivity to any one or more of a variety of analytes . In 
one embodiment , one or more chemFETs of an array may be 
particularly configured for sensitivity to one or more ana 
lytes , and in other embodiments different chemFETs of a 
given array may be configured for sensitivity to different 
analytes . For example , in one embodiment , one or more 
sensors ( pixels ) of the array may include a first type of 
chemFET configured to be sensitive to a first analyte , and 
one or more other sensors of the array may include a second 
type of chemFET configured to be sensitive to a second 
analyte different from the first analyte . In one embodiment , 
the first and second analytes may be related to each other . As 
an example , the first and second analytes may be byproducts 
of the same biological or chemical reaction / process and 
therefore they may be detected concurrently to confirm the 
occurrence of a reaction ( or lack thereof ) . Such redundancy 
is preferred in some analyte detection methods . Of course , it 
should be appreciated that more than two different types of 
chemFETs may be employed in any given array to detect 
and / or measure different types of analytes , and optionally to 
monitor biological or chemical processes such as binding 
events . In general , it should be appreciated in any of the 
embodiments of sensor arrays discussed herein that a given 
sensor array may be “ homogeneous ” and thereby consist of 
chemFETs of substantially similar or identical type that 
detect and / or measure the same analyte ( e.g. , pH or other ion 
concentration ) , or a sensor array may be “ heterogeneous ” 
and include chemFETs of different types to detect and / or 
measure different analytes . In another embodiment , the 
sensors in an array may be configured to detect and / or 
measure a single type ( or class ) of analyte even though the 
species of that type ( or class ) detected and / or measured may 
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be different between sensors . As an example , all the sensors 
in an array may be configured to detect and / or measure 
nucleic acids , but each sensor detects and / or measures a 
different nucleic acid . 

[ 0078 ] The invention has specifically improved upon the 
ISFET array design of Milgrew et al . discussed above in 
connection with FIGS . 1-7 , as well as other conventional 
ISFET array designs , so as to significantly reduce pixel size , 
and thereby increase the number of pixels of a chemFET 
array for a given semiconductor die size ( i.e. , increase pixel 
density ) . In various embodiments , this increase in pixel 
density is accomplished while at the same time increasing 
the signal - to - noise ratio ( SNR ) of output signals correspond 
ing to monitored biological and chemical processes , and the 
speed with which such output signals may be read from the 
array . In particular , it has been recognized and appreciated 
that by relaxing requirements for chemFET linearity and 
focusing on a more limited measurement output signal range 
( e.g. , output signals corresponding to a pH range of from 
approximately 7 to 9 or smaller , rather than 1 to 14 , as well 
as output signals that do not necessarily relate significantly 
to pH ) , individual pixel complexity and size may be signifi 
cantly reduced , thereby facilitating the realization of very 
large scale dense chemFET arrays . It has also been recog 
nized and appreciated that alternative less complex 
approaches to pixel selection in an chemFET array ( e.g. , 
alternatives to the row and column decoder approach 
employed in the design of Milgrew et al . as shown in FIG . 
7 , whose complexity scales with array size ) , as well as 
various data processing techniques involving ISFET 
response modeling and data extrapolation based on such 
modeling , facilitate rapid acquisition of data from signifi 
cantly large and dense arrays . 
[ 0079 ] With respect to chemFET array fabrication , it has 
been further recognized and appreciated that various tech 
niques employed in a conventional CMOS fabrication pro 
cess , as well as various post - fabrication processing steps 
( wafer handling , cleaning , dicing , packaging , etc. ) , may in 
some instances adversely affect performance of the resulting 
chemFET array . For example , with reference again to FIG . 
1 , one potential issue relates to trapped charge that may be 
induced in the gate oxide 65 during etching of metals 
associated with the floating gate structure 70 , and how such 
trapped charge may affect chemFET threshold voltage V , 
Another potential issue relates to the density / porosity of the 
chemFET passivation layer ( e.g. , see ISFET passivation 
layer 72 in FIG . 1 ) resulting from low - temperature material 
deposition processes commonly employed in aluminum 
metal - based CMOS fabrication . While such low - tempera 
ture processes generally provide an adequate passivation 
layer for conventional CMOS devices , they may result in a 
somewhat low - density and porous passivation layer which 
may be potentially problematic for chemFETs in contact 
with an analyte solution ; in particular , a low - density porous 
passivation layer over time may absorb and become satu 
rated with analytes or other substances in the solution , which 
may in turn cause an undesirable time - varying drift in the 
chemFETs threshold voltage V , This phenomenon may in 
turn impede accurate measurements of one or more particu 
lar analytes of interest . In view of the foregoing , other 
inventive embodiments disclosed herein relate to methods 
and apparatuses which mitigate potentially adverse effects 

on chemFET performance that may arise from various 
aspects of fabrication and post - fabrication processing / han 
dling of chemFET arrays . 
[ 0080 ] Accordingly , one embodiment of the present inven 
tion is directed to an apparatus , comprising an array of 
CMOS - fabricated sensors , each sensor comprising one 
chemFET ( and in some cases , consisting of one chemFET 
but optionally having other elements ) and occupying an area 
on a surface of the array of 10 um ? or less . 
[ 0081 ] Another embodiment is directed to a sensor array , 
comprising a two - dimensional array of electronic sensors 
including at least 512 rows and at least 512 columns of the 
electronic sensors , each sensor comprising one chemFET 
( and in some cases , consisting of one chemFET but option 
ally having other elements ) configured to provide at least 
one output signal representing a presence and / or concentra 
tion of an analyte proximate to a surface of the two 
dimensional array . 
[ 0082 ] Another embodiment is directed to an apparatus , 
comprising an array of CMOS - fabricated sensors , each 
sensor comprising one chemFET ( and in some cases , con 
sisting of one chemFET but optionally having other ele 
ments ) . The array of CMOS - fabricated sensors includes 
more than 256 sensors , and a collection of chemFET output 
signals from all chemFETs of the array constitutes a frame 
of data . The apparatus further comprises control circuitry 
coupled to the array and configured to generate at least one 
array output signal to provide multiple frames of data from 
the array at a frame rate of at least 1 frame per second . In one 
aspect , the frame rate may be at least 10 frames 
In another aspect , the frame rate may be at least 20 frames 
per second . In yet other aspects , the frame rate may be at 
least 30 , 40 , 50 , 70 or up to 100 frames per second . 
[ 0083 ] Another embodiment is directed to an apparatus , 
comprising an array of CMOS - fabricated sensors , each 
sensor comprising a chemFET ( and in some cases , consist 
ing of one chemFET but optionally having other elements ) . 
The chemFET comprises a floating gate structure , and a 
source and a drain having a first semiconductor type and 
fabricated in a region having a second semiconductor type , 
wherein there is no electrical conductor that electrically 
connects the region having the second semiconductor type to 
either the source or the drain . 
[ 0084 ] Another embodiment is directed to an apparatus , 
comprising an array of electronic sensors , each sensor 
consisting of three FETs including one chemFET . 
[ 0085 ] Another embodiment is directed to an apparatus , 
comprising an array of electronic sensors , each sensor 
comprising three or fewer FETs , wherein the three or fewer 
FETs includes one chemFET . 

[ 0086 ] Another embodiment is directed to an apparatus , 
comprising an array of electronic sensors , each sensor 
comprising a plurality of FETs including one chemFET , and 
a plurality of electrical conductors electrically connected to 
the plurality of FETs , wherein the plurality of FETs are 
arranged such that the plurality of electrical conductors 
includes no more than four conductors traversing an area 
occupied by each sensor and interconnecting multiple sen 
sors of the array . 
[ 0087 ] Another embodiment is directed to an apparatus , 
comprising an array of CMOS - fabricated sensors , each 
sensor comprising a plurality of FETs including one chem 
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a forming gas anneal after the dicing step . The method may 
further comprise testing the semiconductor wafer between 
one or more deposition steps . 
[ 0093 ] Another embodiment is directed to a method for 
processing an array of CMOS - fabricated sensors . Each 
sensor comprises a chemFET having a chemically - sensitive 
passivation layer of silicon nitride and / or silicon oxynitride 
deposited via plasma enhanced chemical vapor deposition 
( PECVD ) . The method comprises depositing at least one 
additional passivation material on the chemically - sensitive 
passivation layer so as to reduce a porosity and / or increase 
a density of the passivation layer . 
[ 0094 ] It should be appreciated that all combinations of 
the foregoing concepts and additional concepts discussed in 
greater detail below ( provided such concepts are not mutu 
ally inconsistent ) are contemplated as being part of the 
inventive subject matter disclosed herein . In particular , all 
combinations of claimed subject matter appearing at the end 
of this disclosure are contemplated as being part of the 
inventive subject matter disclosed herein . It should also be 
appreciated that terminology explicitly employed herein that 
also may appear in any disclosure incorporated by reference 
should be accorded a meaning most consistent with the 
particular concepts disclosed herein . 

BRIEF DESCRIPTION OF THE DRAWINGS 

FET , wherein all of the FETs in each sensor are of a same 
channel type and are implemented in a single semiconductor 
region of an array substrate . 
[ 0088 ] Another embodiment is directed to a sensor array , 
comprising a plurality of electronic sensors arranged in a 
plurality of rows and a plurality of columns . Each sensor 
comprises one chemFET configured to provide at least one 
and in some instances at least two output signals represent 
ing a presence and / or a concentration of an analyte proxi 
mate to a surface of the array . For each column of the 
plurality of columns , the array further comprises column 
circuitry configured to provide a constant drain current and 
a constant drain - to - source voltage to respective chemFETS 
in the column , the column circuitry including two opera 
tional amplifiers and a diode - connected FET arranged in a 
Kelvin bridge configuration with the respective chemFETS 
to provide the constant drain - to - source voltage . 
[ 0089 ] Another embodiment is directed to a sensor array , 
comprising a plurality of electronic sensors arranged in a 
plurality of rows and a plurality of columns . Each sensor 
comprises one chemFET configured to provide at least one 
output signal and in some instances at least two output 
signals representing a concentration of ions in a solution 
proximate to a surface of the array . The array further 
comprises at least one row select shift register to enable 
respective rows of the plurality of rows , and at least one 
column select shift register to acquire chemFET output 
signals from respective columns of the plurality of columns . 
[ 0090 ] Another embodiment is directed to an apparatus , 
comprising an array of CMOS - fabricated sensors , each 
sensor comprising a chemFET . The chemFET comprises a 
floating gate structure , and a source and a drain having a first 
semiconductor type and fabricated in a region having a 
second semiconductor type , wherein there is no electrical 
conductor that electrically connects the region having the 
second semiconductor type to either the source or the drain . 
The array includes a two - dimensional array of at least 512 
rows and at least 512 columns of the CMOS - fabricated 
sensors . Each sensor consists of three FETs including the 
chemFET , and each sensor includes a plurality of electrical 
conductors electrically connected to the three FETs . The 
three FETs are arranged such that the plurality of electrical 
conductors includes no more than four conductors traversing 
an area occupied by each sensor and interconnecting mul 
tiple sensors of the array . All of the FETs in each sensor are 
of a same channel type and implemented in a single semi 
conductor region of an array substrate . A collection of 
chemFET output signals from all chemFETs of the array 
constitutes a frame of data . The apparatus further comprises 
control circuitry coupled to the array and configured to 
generate at least one array output signal to provide multiple 
frames of data from the array at a frame rate of at least 20 
frames per second . 
[ 0091 ] Another embodiment is directed to a method for 
processing an array of CMOS - fabricated sensors , each sen 
sor comprising a chemFET . The method comprises : a ) 
dicing a semiconductor wafer including the array to form at 
least one diced portion including the array ; and b ) perform 
ing a forming gas anneal on the at least one diced portion . 
[ 0092 ] Another embodiment is directed to a method for 
manufacturing an array of chemFETs . The method com 
prises fabricating an array of chemFETs , depositing on the 
array a dielectric material , applying forming gas anneal to 
the array before a dicing step , dicing the array , and applying 
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[ 0095 ] In the drawings , like reference characters generally 
refer to the same parts throughout the different views . Also , 
the drawings are not necessarily to scale , emphasis instead 
being placed upon generally illustrating the various concepts 
discussed herein . 
[ 0096 ] FIG . 1 illustrates a cross - section of a p - type 
( p - channel ) ion - sensitive field effect transistor ( ISFET ) fab 
ricated using a conventional CMOS process . 
[ 0097 ] FIG . 2 illustrates an electric circuit representation 
of the p - channel ISFET shown in FIG . 1 . 
[ 0098 ] FIG . 2A illustrates an exemplary ISFET transient 
response to a step - change in ion concentration of an analyte . 
[ 0099 ] FIG . 3 illustrates one column of a two - dimensional 
ISFET array based on the ISFET shown in FIG . 1 . 
[ 0100 ] FIG . 4 illustrates a transmission gate including a 
p - channel MOSFET and an n - channel MOSFET that is 
employed in each pixel of the array column shown in FIG . 
3 . 
[ 0101 ] FIG . 5 is a diagram similar to FIG . 1 , illustrating a 
wider cross - section of a portion of a substrate corresponding 
to one pixel of the array column shown in FIG . 3 , in which 
the ISFET is shown alongside two n - channel MOSFETs also 
included in the pixel . 
[ 0102 ] FIG . 6 is a diagram similar to . 5 , illustrating a 
cross - section of another portion of the substrate correspond 
ing to one pixel of the array column shown in FIG . 3 , in 
which the ISFET is shown alongside the p - channel MOS 
FET of the transmission gate shown in FIG . 4 . 
[ 0103 ] FIG . 7 illustrates an example of a complete two 
dimensional ISFET pixel array based on the column design 
of FIG . 3 , together with accompanying row and column 
decoder circuitry and measurement readout circuitry . 
[ 0104 ] FIG . 8 generally illustrates a nucleic acid process 
ing system comprising a large scale chemFET array , accord 
ing to one inventive embodiment of the present disclosure . 
[ 0105 ] FIG . 9 illustrates one column of an chemFET array 
similar to that shown in FIG . 8 , according to one inventive 
embodiment of the present disclosure . 
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[ 0106 ] FIG . 9A illustrates a circuit diagram for an exem 
plary amplifier employed in the array column shown in FIG . 
9 . 
[ 0107 ] FIG.9B is a graph of amplifier bias vs. bandwidth , 
according to one inventive embodiment of the present 
disclosure . 
[ 0108 ] FIG . 10 illustrates a top view of a chip layout 
design for a pixel of the column of an chemFET array shown 
in FIG . 9 , according to one inventive embodiment of the 
present disclosure . 
[ 0109 ] FIG . 10A illustrates a top view of a chip layout 
design for a cluster of four neighboring pixels of an chem 
FET array shown in FIG . 9 , according to another inventive 
embodiment of the present disclosure . 
[ 0110 ] FIG . 11A shows a composite cross - sectional view 
along the line I - I of the pixel shown in FIG . 10 , including 
additional elements on the right half of FIG . 10 between the 
lines II - II and III - III , illustrating a layer - by - layer view of the 
pixel fabrication according to one inventive embodiment of 
the present disclosure . 
[ 0111 ] FIG . 11A - 1 shows a composite cross - sectional 
view of multiple neighboring pixels , along the line I - I of one 
of the pixels shown in FIG . 10A , including additional 
elements of the pixel between the lines II - II , illustrating a 
layer - by - layer view of pixel fabrication according to another 
inventive embodiment of the present disclosure . 
[ 0112 ] FIGS . 11B - 1-11B - 3 provide the chemical struc 
tures of ten PPi receptors ( compounds 1 through 10 ) . 
[ 0113 ] FIGS . 11C1-1 and 11C1-2 are a schematic of a 
synthesis protocol for compound 7 from FIG . 11B - 3 . 
[ 0114 ] FIG . 11C2 is a schematic of a synthesis protocol for 
compound 8 from FIG . 11B - 3 . 
[ 0115 ] FIG . 11C3 is a schematic of a synthesis protocol for 
compound 9 from FIG . 11B - 3 . 
[ 0116 ] FIGS . 11D - 1 and 11D - 2 are schematics illustrating 
a variety of chemistries that can be applied to the passivation 
layer in order to bind molecular recognition compounds 
( such as but not limited to PPi receptors ) . 
[ 0117 ] FIG . 11E is a schematic of attachment of com 
pound 7 from FIG . 11B - 3 to a metal oxide surface . 
[ 0118 ] FIG . 12A provides_top views of each of the fab 
rication layers shown in FIG . 11A , according to one inven 
tive embodiment of the present disclosure . 
[ 0119 ] FIG . 12B provides top views of each of the fabri 
cation layers shown in FIG . 11A - 1 , according to another 
inventive embodiment of the present disclosure . 
[ 0120 ] FIG . 13 illustrates a block diagram of an exemplary 
CMOS IC chip implementation of an chem FET sensor array 
similar to that shown in FIG . 8 , based on the column and 
pixel designs shown in FIGS . 9-12 , according to one inven 
tive embodiment of the present disclosure . 
[ 0121 ] FIG . 14 illustrates a row select shift register of the 
array shown in FIG . 13 , according to one inventive embodi 
ment of the present disclosure . 
[ 0122 ] FIG . 15 illustrates one of two column select shift 
registers of the array shown in FIG . 13 , according to one 
inventive embodiment of the present disclosure . 
[ 0123 ] FIG . 16 illustrates one of two output drivers of the 
array shown in FIG . 13 , according to one inventive embodi 
ment of the present disclosure . 
[ 0124 ] FIG . 17 illustrates a block diagram of the chemFET 
sensor array of FIG . 13 coupled to an array controller , 
according to one inventive embodiment of the present 
disclosure . 

[ 0125 ] FIG . 18 illustrates an exemplary timing diagram 
for various signals provided by the array controller of FIG . 
17 , according to one inventive embodiment of the present 
disclosure . 
[ 0126 ] FIG . 18A illustrates another exemplary timing dia 
gram for various signals provided by the array controller of 
FIG . 17 , according to one inventive embodiment of the 
present disclosure . 
[ 0127 ] FIG . 18B shows a flow chart illustrating an exem 
plary method for processing and correction of array data 
acquired at high acquisition rates , according to one inventive 
embodiment of the present disclosure . 
[ 0128 ] FIGS . 18C and 18D illustrate exemplary pixel 
voltages showing pixel - to - pixel transitions in a given array 
output signal , according to one embodiment of the present 
disclosure . 
[ 0129 ] FIGS . 19-20 illustrate block diagrams of alterna 
tive CMOS IC chip implementations of chemFET sensor 
arrays , according to other inventive embodiments of the 
present disclosure . 
[ 0130 ] FIG . 20A illustrates a top view of a chip layout 
design for a pixel of the chemFET array shown in FIG . 20 , 
according to another inventive embodiment of the present 
disclosure . 
[ 0131 ] FIGS . 21-23 illustrate block diagrams of additional 
alternative CMOS IC chip implementations of chemFET 
sensor arrays , according to other inventive embodiments of 
the present disclosure . 
[ 0132 ] FIG . 24 illustrates the pixel design of FIG . 9 
implemented with an n - channel chemFET and accompany 
ing n - channel MOSFETs , according to another inventive 
embodiment of the present disclosure . 
[ 0133 ] FIGS . 25-27 illustrate alternative pixel designs and 
associated column circuitry for chemFET arrays according 
to other inventive embodiments of the present disclosure . 
[ 0134 ] FIGS . 28A and 28B are isometric illustrations of 
portions of microwell arrays as employed herein , showing 
round wells and rectangular wells , to assist three - dimen 
sional visualization of the array structures . 
[ 0135 ] FIG . 29 is a diagrammatic depiction of a top view 
of one corner ( i.e. , the lower left corner ) of the layout of a 
chip showing an array of individual ISFET sensors on a 
CMOS die . 
[ 0136 ] FIG . 30 is an illustration of an example of a layout 
for a portion of a ( typically chromium ) mask for a one 
sensor - per - well embodiment of the above - described sensor 
array , corresponding to the portion of the die shown in FIG . 
29 . 
[ 0137 ] FIG . 31 is a corresponding layout for a mask for a 
4 - sensors - per - well embodiment . 
[ 0138 ] FIG . 32 is an illustration of a second mask used to 
mask an area which surrounds the array , to build a collar or 
wall ( or basin , using that term in the geological sense ) of 
resist which surrounds the active array of sensors on a 
substrate , as shown in FIG . 33A . 
[ 0139 ] FIG . 33 is an illustration of the resulting basin . 
[ 0140 ] FIG . 33A is an illustration of a three - layer PCM 
process for making the microwell array . 
[ 0141 ] FIG . 33B is a diagrammatic cross - section of a 
microwell with a “ bump ” feature etched into the bottom . 
[ 0142 ] FIG . 33B - 1 is an image from a scanning electron 
microscope showing in cross - section a portion of an array 
architecture as taught herein , with microwells formed in a 
layer of silicon dioxide over ISFETs . 
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[ 0157 ] FIGS . 55 and 56 are schematic , cross - sectional 
views of two - layer glass ( or plastic ) arrangements for manu 
facturing fluidic apparatus for mounting onto a chip for use 
as taught herein . 
[ 0158 ] FIGS . 57 and 58 are schematic embodiments of a 
fluidic assembly . 
[ 0159 ] FIGS . 59A - 59C are illustrations of the pieces for 
two examples of two - piece injection molded parts for form 
ing a flow cell . 
( 0160 ] FIG . 60 is a schematic illustration , in cross - section , 
for introducing a stainless steel capillary tube as an elec 
trode , into a downstream port of a flow cell such as the flow 
cells of FIGS . 59A - 59C , or other flow cells . 

DETAILED DESCRIPTION OF THE 
INVENTION 
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[ 0143 ] FIG . 33B - 2 is a diagrammatic illustration of a 
microwell in cross - section , the microwell being produced as 
taught herein and having sloped sides , and showing how a 
bead of a correspondingly appropriate diameter larger than 
that of the well bottom can be spaced from the well bottom 
by interference with the well sidewalls . 
[ 0144 ] FIG . 33B - 3 is another diagrammatic illustration of 
such a microwell with beads of different diameters shown , 
and indicating optional use of packing beads below the 
nucleic acid - carrying bead such as a DNA - carrying bead 
[ 0145 ] FIGS . 34-37 diagrammatically illustrate a first 
example of a suitable experiment apparatus incorporating a 
fluidic interface with the sensor array , with FIG . 35 provid 
ing a cross - section through the FIG . 34 apparatus along 
section line 35-35 ' and FIG . 36 expanding part of FIG . 35 , 
in perspective , and FIG . 37 further expanding a portion of 
the structure to make the fluid flow more visible . 
[ 014 ] FIG . 38 is a diagrammatic illustration of a substrate 
with an etched photoresist layer beginning the formation of 
an example flow cell of a certain configuration . 
[ 0147 ] FIGS . 39-41 are diagrams of masks suitable for 
producing a first configuration of flow cell consistent with 
FIG . 38 . 
[ 0148 ] FIGS . 42-54 ( but not including FIGS . 42A - 42L ) 
and 57-58 are pairs of partly isometric , sectional views of 
example apparatus and enlargements , showing ways of 
introducing a reference electrode into , and forming , a flow 
cell and flow chamber , using materials such as plastic and 
PDMS . 
[ 0149 ] FIG . 42A is an illustration of a possible cross 
sectional configuration of a non - rectangular flow chamber 
antechamber ( diffuser section ) for use to promote laminar 
flow into a flow cell as used in the arrangements shown 
herein ; 
[ 0150 ] FIGS . 42B - 42F are diagrammatic illustrations of 
examples of flow cell structures for unifying fluid flow . 
[ 0151 ] FIG . 42F1 is a diagrammatic illustration of an 
example of a ceiling baffle arrangement for a flow cell in 
which fluid is introduced at one corner of the chip and exits 
at a diagonal corner , the baffle arrangement facilitating a 
desired fluid flow across the array . 
[ 0152 ] FIGS . 42F2-42F8 comprise a set of illustrations of 
an exemplary flow cell member that may be manufactured 
by injection molding and may incorporate baffles to facili 
tate fluid flow , as well as a metalized surface for serving as 
a reference electrode , including an illustration of said mem 
ber mounted to a sensor array package over a sensor array , 
to form a flow chamber thereover . 
[ 0153 ] FIGS . 42G and 42H are diagrammatic illustrations 
of alternative embodiments of flow cells in which fluid flow 
is introduced to the middle of the chip assembly . 
[ 0154 ] FIGS . 421 and 42J are cross - sectional illustrations 
of the type of flow cell embodiments shown in FIGS . 42G 
and 42H , mounted on a chip assembly ; 
[ 0155 ] FIGS . 42K and 42L are diagrammatic illustrations 
of flow cells in which the fluid is introduced at a corner of 
the chip assembly . 
[ 0156 ] FIG . 42M is a diagrammatic illustration of fluid 
flow from one corner of an array on a chip assembly to an 
opposite corner , in apparatus such as that depicted in FIGS . 
42K and 42L . 

[ 0161 ] Following below are more detailed descriptions of 
various concepts related to , and embodiments of , inventive 
methods and apparatus relating to large scale chemFET 
arrays for detection and / or measurement or analytes . It 
should be appreciated that various concepts introduced 
above and discussed in greater detail below may be imple 
mented in any of numerous ways , as the disclosed concepts 
are not limited to any particular manner of implementation . 
Examples of specific implementations and applications are 
provided primarily for illustrative purposes . 
[ 0162 ] Various inventive embodiments according to the 
present disclosure are directed at least in part to a semicon 
ductor - based / microfluidic hybrid system that combines the 
power of microelectronics with the biocompatibility of a 
microfluidic system . In some examples below , the micro 
electronics portion of the hybrid system is implemented in 
CMOS technology for purposes of illustration . It should be 
appreciated , however , that the disclosure is not intended to 
be limiting in this respect , as other semiconductor - based 
technologies may be utilized to implement various aspects 
of the microelectronics portion of the systems discussed 
herein . 
[ 0163 ] One embodiment disclosed herein is directed to a 
large sensor array of chemFETs , wherein the individual 
chemFET sensor elements or “ pixels ” of the array are 
configured to detect analyte presence ( or absence ) , analyte 
levels ( or amounts ) , and / or analyte concentration in an 
unmanipulated sample , or as a result of chemical and / or 
biological processes ( e.g. , chemical reactions , cell cultures , 
neural activity , nucleic acid sequencing processes , etc. ) 
occurring in proximity to the array . Examples of chemFETs 
contemplated by various embodiments discussed in greater 
detail below include , but are not limited to , ISFETs and 
EnFETs . In one exemplary implementation , one or more 
microfluidic structures is / are fabricated above the chemFET 
sensor array to provide for containment and / or confinement 
of a biological or chemical reaction in which an analyte of 
interest may be produced or consumed , as the case may be . 
For example , in one implementation , the microfluidic struc 
ture ( s ) may be configured as one or more “ wells ” ( e.g. , small 
reaction chambers or “ reaction wells ” ) disposed above one 
or more sensors of the array , such that the one or more 
sensors over which a given well is disposed detect and 
measure analyte presence , level , and / or concentration in the 
given well . 
[ 0164 ] In important aspects and embodiments , the chem 
FET array comprises 104 chemFET and / or the center - to 
center spacing between adjacent chemFETs is 1-10 um . 
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[ 0165 ] In another exemplary implementation , the inven 
tion encompasses a system for high - throughput sequencing 
comprising at least one two - dimensional array of reaction 
chambers , wherein each reaction chamber is coupled to a 
chemFET and each reaction chamber is no greater than 10 
umº ( i.e. , 1 PL ) in volume . Preferably , each reaction cham 
ber is no greater than 0.34 pL , and more preferably no 
greater than 0.096 pL or even 0.012 pL in volume . A reaction 
chamber can optionally be 22,32 , 42 , 52 , 62 , 72,82,92 , or 102 
square microns in cross - sectional area at the top . Preferably , 
the array has at least 100 , 1,000 , 10,000 , 100,000 , or 
1,000,000 reaction chambers . The reaction chambers may be 
capacitively coupled to the chemFETs , and preferably are 
capacitively coupled to the chemFETS . 
[ 0166 ] The device may comprise an array of chemFETs 
with an array of microfluidic reaction chambers and / or a 
semiconductor material coupled to a dielectric material . 
[ 0167 ] The above - described method may be automated 
via robotics . In addition , the information obtained via the 
signal from the chemFET may be provided to a personal 
computer , a personal digital assistant , a cellular phone , a 
video game system , or a television so that a user can monitor 
the progress of reactions remotely . 
[ 0168 ] In some embodiments , such a chemFET array / 
microfluidics hybrid structure may be used to analyze solu 
tion ( s ) / material ( s ) of interest potentially containing analytes 
such as nucleic acids . For example , such structures may be 
employed to monitor sequencing of nucleic acids . Detection 
and / or sequencing of analytes such as nucleic acids may be 
performed to determine partial or complete nucleotide 
sequence of a nucleic acid , to detect the presence and in 
some instances nature of a single nucleotide polymorphism 
in a nucleic acid , to determine what therapeutic regimen will 
be most effective to treat a subject having a particular 
condition as can be determined by the subject's genetic 
make - up , to determine and compare nucleic acid expression 
profiles of two or more states ( e.g. , comparing expression 
profiles of diseased and normal tissue , or comparing expres 
sion profiles of untreated tissue and tissue treated with drug , 
enzymes , radiation or chemical treatment ) , to haplotype a 
sample ( e.g. , comparing genes or variations in genes on each 
of the two alleles present in a human subject ) , to karyotype 
a sample ( e.g. , analyzing chromosomal make - up of a cell or 
a tissue such as an embryo , to detect gross chromosomal or 
other genomic abnormalities ) , and to genotype ( e.g. , ana 
lyzing one or more genetic loci to determine for example 
carrier status and / or species - genus relationships ) . 
[ 0169 ] The systems described herein can also be used to 
aid in the identification and treatment of disease . For 
example , the system can be used for identifying a sequence 
associated with a particular disease or for identifying a 
sequence associated with a positive response to a particular 
active ingredient . 
[ 0170 ] In one embodiment , the invention encompasses a 
method for identifying a sequence associated with a condi 
tion comprising delivering nucleic acids from a plurality of 
subjects having the condition to a sequencing apparatus 
comprising a two - dimensional array of reaction chambers , 
wherein each of the reaction chambers is capacitively 
coupled to a chemFET , determining sequences of the nucleic 
acids from signal from said chemFETs , and identifying a 
common sequence between the DNA from the plurality of 
subjects . Preferably , the subject is a mammal , and more 

preferably a human . Preferably , the condition is cancer , an 
immunosuppressant condition , a neurological condition , or a 
viral infection . 
[ 0171 ] In another embodiment , the invention encompasses 
a method for identifying a sequence associated with a 
positive response to a particular active agent , comprising 
sequencing DNA from a plurality of subjects that have 
exhibited a positive response and from a plurality of subjects 
having a negative response to an active agent using one or 
more sequencing apparatuses , wherein each sequencing 
apparatus comprises an array of chemFETs ; and identifying 
a common DNA sequence in the plurality of subjects that 
have exhibited a positive response or from the subjects that 
have exhibited a negative response that is not present in the 
other plurality of subjects . Preferably , the subject is a 
mammal , and more preferably a human . 
[ 0172 ] It should be appreciated , however , that while some 
illustrative examples of the concepts disclosed herein focus 
on nucleic acid processing , the invention contemplates a 
broader application of these concepts and is not intended to 
be limited to these examples . 
[ 0173 ] FIG . 8 generally illustrates a nucleic acid process 
ing system 1000 comprising a large scale chemFET array , 
according to one inventive embodiment of the present 
disclosure . An example of a nucleic acid processing system 
is a nucleic acid sequencing system . In the discussion that 
follows , the chemFET sensors of the array are described for 
purposes of illustration as ISFETs configured for sensitivity 
to static and / or dynamic ion concentration , including but not 
limited to hydrogen ion concentration and / or concentration 
of other ionic species involved in nucleic acid processing . 
However , it should be appreciated that the present disclosure 
is not limited in this respect , and that in any of the embodi 
ments discussed herein in which ISFETs are employed as an 
illustrative example , other types of chemFETs may be 
similarly employed in alternative embodiments , as discussed 
in further detail below . Similarly it should be appreciated 
that various aspects and embodiments of the invention may 
employ ISFETs as sensors yet detect one or more ionic 
species that are not hydrogen ions . 
[ 0174 ] The system 1000 includes a semiconductor / micro 
fluidics hybrid structure 300 comprising an ISFET sensor 
array 100 and a microfluidics flow cell 200. In one aspect , 
the flow cell 200 may comprise a number of wells ( not 
shown in FIG . 8 ) disposed above corresponding sensors of 
the ISFET array 100. In another aspect , the flow cell 200 is 
configured to facilitate the sequencing of one or more 
identical template nucleic acids disposed in the flow cell via 
the controlled and ordered admission ( or introduction ) to the 
flow cell of a number of sequencing reagents 272 ( e.g. , bases 
DATP , dCTP , dGTP , HTTP , generically referred to herein as 
dNTP , divalent cations such as but not limited to Mg2 + , wash 
solutions , and the like ) . 
[ 0175 ] As illustrated in FIG . 8 , the admission of the 
sequencing reagents to the flow cell 200 may be accom 
plished via one or more valves 270 and one or more pumps 
274 that are controlled by computer 260. A number of 
techniques may be used to admit ( i.e. , introduce ) the various 
processing materials ( i.e. , solutions , samples , reaction 
reagents , wash solutions , and the like ) to the wells of such 
a flow cell . As illustrated in FIG . 8 , reagents including bases 
may be admitted to the flow cell ( e.g. , via the computer 
controlled valve 270 and pumps 274 ) from which they 
diffuse into the wells , or reagents may be added to the flow 
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cell by other means such as an ink jet . In yet another 
example , the flow cell 200 may not contain any wells , and 
diffusion properties of the reagents may be exploited to limit 
cross - talk between respective sensors of the ISFET array 
100 . 
[ 0176 ] In still other embodiments , the wells can be coated 
with one or more nucleic acids , including for example a pair 
of primer nucleic acids , and a nucleic acid having adaptor 
nucleotide sequences complementary to the primer nucleo 
tide sequence may be introduced into the wells . These and 
other agents useful in immobilizing nucleic acids may be 
provided to the sensor array , to individual dies as part of the 
chip packaging , or to wells immediately before the process 
ing of a sample . Other methods involving solgels may be 
used to immobilize agents such as nucleic acids near the 
surface of the ISFET array . 
( 0177 ] As will be discussed in greater detail herein , in 
some aspects contemplated by the invention , nucleic acids 
may be amplified prior to or after placement in the well . 
Various methods exist to amplify nucleic acids . Thus , in one 
aspect , once a nucleic acid is loaded into a well , amplifica 
tion may be performed in the well , and the resulting ampli 
fied product may be further analyzed . Amplification meth 
ods include but are not limited to bridge amplification , 
rolling circle amplification , or other strategies using isother 
mal or non - isothermal amplification techniques . 
[ 0178 ] In sum , the flow cell 200 in the system of FIG . 8 
may be configured in a variety of manners to provide one or 
more analytes ( or one or more reaction solutions ) in prox 
imity to the ISFET array 100. For example , a nucleic acid 
may be directly attached or applied in suitable proximity to 
one or more pixels of the sensor array 100 , or on a support 
material ( e.g. , one or more “ beads ” ) located above the sensor 
array . Processing reagents ( e.g. , enzymes such as poly 
merases ) can also be placed on the sensors directly , or on one 
or more solid supports in proximity to the sensors . It is to be 
understood that the device may be used without wells or 
beads for a number of biosensor applications involving the 
detection and / or measurement of at least one sensor - detect 
able product ( e.g. , ion concentration change ) . 
[ 0179 ] In the system 1000 of FIG . 8 , according to one 
embodiment the ISFET sensor array 100 monitors ionic 
species , and in particular , changes in the levels / amounts 
and / or concentration of ionic species . In some embodiments , 
the species are those that result from a nucleic acid synthesis 
or sequencing reaction . One particularly important ionic 
species is the PPi that is released as a result of nucleotide 
incorporation . Another important species is excess nucleo 
tides added to and remaining in the reaction chamber once 
a nucleic acid synthesis or sequencing reaction is complete . 
Such nucleotides are referred to herein as “ unincorporated 
nucleotides . " 
[ 0180 ] As will be discussed in greater detail herein , vari 
ous embodiments of the present invention may relate to 
monitoring / measurement techniques that involve the static 
and / or dynamic responses of an ISFET . In one embodiment 
relating to detection of nucleotide incorporation during a 
nucleic acid synthesis or sequencing reaction , detection / 
measurement techniques particularly rely on the transient or 
dynamic response of an ISFET ( ion - step response , or “ ion 
pulse ” output ) , as discussed above in connection with FIG . 
2A , to detect concentration changes of various ionic species 
relating to a nucleic acid synthesis or sequencing reaction . 
Although the particular example of a nucleic acid synthesis 

or sequencing reaction is provided to illustrate the transient 
or dynamic response of an ISFET , it should be appreciated 
that according to other embodiments , the transient or 
dynamic response of an ISFET as discussed below may be 
exploited for monitoring / sensing other types of chemical 
and / or biological activity beyond the specific example of a 
nucleic acid synthesis or sequencing reaction . 
[ 0181 ] In one exemplary implementation , beyond the step 
wise or essentially instantaneous pH changes in the analyte 
solution contemplated by prior research efforts , detection / 
measurement techniques relying on the dynamic response of 
an ISFET according to some embodiments of the present 
invention are based at least in part on the differential 
diffusion of various ionic species proximate to the analyte / 
passivation layer interface of the ISFET ( s ) ( e.g. , at the 
bottom of a reaction well over an ISFET ) . In particular , it has 
been recognized and appreciated that if a given stimulus 
constituted by a change in ionic strength proximate to the 
analyte / passivation layer interface , due to the appropriate 
diffusion of respective species of interest , occurs at a rate 
that is significantly faster than the ability of the passivation 
layer to adjust its surface charge density in response to the 
stimulus of the concentration change ( e.g. , faster than a 
characteristic response time constant r associated with the 
passivation layer surface ) , a step - wise or essentially instan 
taneous change in ionic strength is not necessarily required 
to observe an ion pulse output from the ISFET . This prin 
ciple is applicable not only to the example of DNA sequenc 
ing , but also to other types of chemical and chemical 
reaction sensing , as well . 
[ 0182 ] As noted above , the ISFET may be employed to 
measure steady state pH values , since in some embodiments 
pH change is proportional to the number of nucleotides 
incorporated into the newly synthesized nucleic acid strand . 
In other embodiments discussed in greater detail below , the 
FET sensor array may be particularly configured for sensi 
tivity to other analytes that may provide relevant informa 
tion about the chemical reactions of interest . An example of 
such a modification or configuration is the use of analyte 
specific receptors to bind the analytes of interest , as dis 
cussed in greater detail herein . 
[ 0183 ] Via an array controller 250 ( also under operation of 
the computer 260 ) , the ISFET array may be controlled so as 
to acquire data ( e.g. , output signals of respective ISFETs of 
the array ) relating to analyte detection and / or measurements , 
and collected data may be processed by the computer 260 to 
yield meaningful information associated with the processing 
( including sequencing ) of the template nucleic acid . 
[ 0184 ] With respect to the ISFET array 100 of the system 
1000 shown in FIG . 8 , in one embodiment the array 100 is 
implemented as an integrated circuit designed and fabricated 
using standard CMOS processes ( e.g. , 0.35 micrometer 
process , 0.18 micrometer process ) , comprising all the sen 
sors and electronics needed to monitor / measure one or more 
analytes and / or reactions . With reference again to FIG . 1 , 
one or more reference electrodes 76 to be employed in 
connection with the ISFET array 100 may be placed in the 
flow cell 200 ( e.g. , disposed in “ unused ” wells of the flow 
cell ) or otherwise exposed to a reference ( e.g. , one or more 
of the sequencing reagents 172 ) to establish a base line 
against which changes in analyte concentration proximate to 
respective ISFETs of the array 100 are compared . The 
reference electrode ( s ) 76 may be electrically coupled to the 
array 100 , the array controller 250 or directly to the com 

9 

a 



US 2022/0259643 A1 Aug. 18 , 2022 
16 

. 

puter 260 to facilitate analyte measurements based on volt 
age signals obtained from the array 100 ; in some implemen 
tations , the reference electrode ( s ) may be coupled to an 
electric ground or other predetermined potential , or the 
reference electrode voltage may be measured with respect to 
ground , to establish an electric reference for ISFET output 
signal measurements , as discussed further below . 
[ 0185 ] The ISFET array 100 is not limited to any particu 
lar size , as one - or two - dimensional arrays , including but not 
limited to as few as two to 256 pixels ( e.g. , 16 by 16 pixels 
in a two - dimensional implementation ) or as many as 54 
mega - pixels ( e.g. , 7400 by 7400 pixels in a two - dimensional 
implementation ) or even greater may be fabricated and 
employed for various chemical / biological analysis purposes 
pursuant to the concepts disclosed herein . In one embodi 
ment of the exemplary system shown in FIG . 8 , the indi 
vidual ISFET sensors of the array may be configured for 
sensitivity to PPi , unincorporated nucleotides , hydrogen 
ions , and the like ; however , it should also be appreciated that 
the present disclosure is not limited in this respect , as 
individual sensors of an ISFET sensor array may be par 
ticularly configured for sensitivity to other types of ion 
concentrations for a variety of applications ( materials sen 
sitive to other ions such as sodium , silver , iron , bromine , 
iodine , calcium , and nitrate , for example , are known ) . 
[ 0186 ] More generally , a chemFET array according to 
various embodiments of the present disclosure may be 
configured for sensitivity to any one or more of a variety of 
analytes . In one embodiment , one or more chemFETs of an 
array may be particularly configured for sensitivity to one or 
more analytes and / or one or more binding events , and in 
other embodiments different chemFETs of a given array may 
be configured for sensitivity to different analytes . For 
example , in one embodiment , one or more sensors ( pixels ) 
of the array may include a first type of chemFET configured 
to be sensitive to a first analyte , and one or more other 
sensors of the array may include a second type of chemFET 
configured to be sensitive to a second analyte different from 
the first analyte . In one exemplary implementation , both a 
first and a second analyte may indicate a particular reaction 
such as for example nucleotide incorporation in a sequenc 
ing - by - synthesis method . Of course , it should be appreciated 
that more than two different types of chemFETs may be 
employed in any given array to detect and / or measure 
different types of analytes and / or other reactions . In general , 
it should be appreciated in any of the embodiments of sensor 
arrays discussed herein that a given sensor array may be 
“ homogeneous ” and include chemFETs of substantially 
similar or identical types to detect and / or measure a same 
type of analyte ( e.g. , pH or other ion concentration ) , or a 
sensor array may be " heterogeneous ” and include chemFETS 
of different types to detect and / or measure different analytes . 
For simplicity of discussion , again the example of an ISFET 
is discussed below in various embodiments of sensor arrays , 
but the present disclosure is not limited in this respect , and 
several other options for analyte sensitivity are discussed in 
further detail below ( e.g. , in connection with FIG . 11A ) . 
[ 0187 ] The chemFET arrays configured for sensitivity to 
any one or more of a variety of analytes may be disposed in 
electronic chips , and each chip may be configured to per 
form one or more different biological reactions . The elec 
tronic chips can be connected to the portions of the above 
described system which read the array output by means of 
pins coded in a manner such that the pins convey informa 

tion to the system as to characteristics of the array and / or 
what kind of biological reaction ( s ) is ( are ) to be performed 
on the particular chip . 
[ 0188 ] In one embodiment , the invention encompasses an 
electronic chip configured for conducting biological reac 
tions thereon , comprising one or more pins for delivering 
information to a circuitry identifying a characteristic of the 
chip and / or a type of reaction to be performed on the chip . 
Sucht may include , but are not limited to , a short nucleotide 
polymorphism detection , short tandem repeat detection , or 
sequencing 
[ 0189 ] In another embodiment , the invention encompasses 
a system adapted to performing more than one biological 
reaction on a chip comprising : a chip receiving module 
adapted for receiving the chip ; and a receiver for detecting 
information from the electronic chip , wherein the informa 
tion determines a biological reaction to be performed on the 
chip . Typically , the system further comprises one or more 
reagents to perform the selected biological reaction . 
[ 0190 ] In another embodiment , the invention encompasses 
an apparatus for sequencing a polymer template comprising : 
at least one integrated circuit that is configured to relay 
information about spatial location of a reaction chamber , 
type of monomer added to the spatial location , time required 
to complete reaction of a reagent comprising a plurality of 
the monomers with an elongating polymer . 
[ 0191 ] In exemplary implementations based on 0.35 ] 
micrometer CMOS processing techniques ( or CMOS pro 
cessing techniques capable of smaller feature sizes ) , each 
pixel of the ISFET array 100 may include an ISFET and 
accompanying enable / select components , and may occupy 
an area on a surface of the array of approximately ten 
micrometers by ten micrometers ( i.e. , 100 micrometers ) or 
less ; stated differently , arrays having a pitch ( center of 
pixel - to - center of pixel spacing ) on the order of 10 microm 
eters or less may be realized . An array pitch on the order of 
10 micrometers or less using a 0.35 micrometer CMOS 
processing technique constitutes a significant improvement 
in terms of size reduction with respect to prior attempts to 
fabricate ISFET arrays , which resulted in pixel sizes on the 
order of at least 12 micrometers or greater . 
[ 0192 ] More specifically , in some embodiments discussed 
further below based on the inventive concepts disclosed 
herein , an array pitch of approximately nine ( 9 ) micrometers 
allows an ISFET array including over 256,000 pixels ( e.g. , 
a 512 by 512 array ) , together with associated row and 
column select and bias / readout electronics , to be fabricated 
on a 7 millimeter by 7 millimeter semiconductor die , and a 
similar sensor array including over four million pixels ( e.g. , 
a 2048 by 2048 array yielding over 4 Mega - pixels ) to be 
fabricated on a 21 millimeter by 21 millimeter die . In other 
examples , an array pitch of approximately 5 micrometers 
allows an ISFET array including approximately 1.55 Mega 
pixels ( e.g. , a 1348 by 1152 array ) and associated electronics 
to be fabricated on a 9 millimeter by 9 millimeter die , and 
an ISFET sensor array including over 14 Mega - pixels and 
associated electronics on a 22 millimeter by 20 millimeter 
die . In yet other implementations , using a CMOS fabrication 
process in which feature sizes of less than 0.35 micrometers 
are possible ( e.g. , 0.18 micrometer CMOS processing tech 
niques ) , ISFET sensor arrays with a pitch significantly 
below 5 micrometers may be fabricated ( e.g. , array pitch of 
2.6 micrometers or pixel area of less than 8 or 9 microm 
eters ) , providing for significantly dense ISFET arrays . Of 
























































































