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Motivation and Proposal

» Integrated chemical sensors =

B Interaction with microorganisms
Selectivity by functionalization
Speed limitation

Reduced life time

Packaging costs

Isens sens dsens
>, Vens  spe |45

» Electrochemical family

m CMOS compatible
B Potentiostatic biasing

1%
L

B Amperometric read-out N
V¥ Classic circuit interface require Feedback
multiple OpAmps + resistors + ADC DAC : I = doens
Gmod

Digital
filtering

A Low-power MOS-only circuit proposal
based on mixed electronic and chemical
domain potentiostatic A> modulator A
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Sensor Modeling

Reuse of sensor dynamics for circuit
design needs accurate device modeling

Reference, Working and Counter
planar microelectrodes

Non-linear electrical impedance model
under potentiostatic operation:

Rg = electrolyte solution resistance
Rctx = charge-transfer resistance
Cqix = double-layer capacitance

A Solution resistance smaller than
electrode-solution counterparts (102kQ)

C
A Similar impedance results with internal T t+—1—oR
(micro) or external (macro) counter
microelectrodes

A Equivalent linear dynamic model l
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A> Modulator Architecture

Feedback o
Behavior similar to low-pass first-order DAC LU0
single-bit CT A> A/D modulator 0 J; [ °mod
S/H [©
Error current is converted into voltage I qcompD oo,
and shaped in frequency by the
electrochemical sensor itself ] Vi Af
’ \‘I R o Vref
. . |l I Single-bit
Quantization, S/H and DAC feedback YA i — Catw | qignfiz;r
in electronic domain ) i
T W& Biactrodhemical
A Amperometric read-out through AZ no‘jgf;’}fa;;ﬂma
modulation of output bit stream 04
by chemical input I,
‘/ref
A Overall negative feedback ensures Class-A full scale: [pg = R
ctw

potentiostatic operation by keeping

V., biased close to V. potential

A High oversampling ratios (OSR>100) Electrochemical time constant:
can be easily obtained with kHz-range

_ o 10-1
clock frequencies f, Teh = RetwCdiw ~ 10778
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A2 Modulator Optimization

V¥ Typical tonal components of first-order 1p— |Teomp o
AZ modulation are attenuated through —-1
thermal noise dithering at DAC
X

V¥V Fractal staircase DC transfer function
due to DT losses of CT electrochemical Ips
integrator is improved by increasing OSR

0 0 4 B 4 S AR 1 v
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-20 e te ere e e mere e e e s 4 mme e e e e e et e = e e et e e a . . .
I R R fe=1024Hz
Do Hz.( =512) 0.6 | --evbememebe e S nE L
N wo ' . B . . N .
:E: -40 A LT R e e L 7 & R AL EEEEE Rl
E .
~
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I SRRTERSssny NSRRI N R L T A N N LI
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SRR | L R OB TAT bbb
40— R I R RS AR R 1 i i i i i i i i i
10m 100m 1 10 100 1K -1 -08 -06 -04 -02 0 02 04 06 038 1
Frequency [Hz] Lin DC [Ips]

E.g. A=ZM behavioral simulation for R.,,=500kQ, T.,=0.16s, V =1V and [gg=2pA
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A Two analog blocks only

uy

Circuits

Low-Power MOS-Only Circuits

» Latched comparator for 1-bit quantization

Geomp ©

M4 M3

L
@o—c{ M8 M6 W M5 M7 F—QE
o< = — Do

© Jecomp

B Technology mismatching does not cause

distortion but DC offset at V,,

B If V¢ is chosen higher than redox potential,
electrochemical signals can tolerate comparator

offsets as large as £10mV
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Circuits
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Low-Power MOS-Only Circuits Feedback ([yor,
< I © Umod
A Two analog blocks only J, S/H [
DA
. . . Isens qCOmp I_°¢s
Latched comparator for 1-bit quantization
R < —--m--m- ~Vrw v
Compact reference generator for current DAC 1 ' Single-bit el
ﬁ 'Izn :Cdlw: ti
: \ quantizer
—E \\ j'
mirlooo T W "E_Jl_e_c_t;c;c-k;emical
Mi10 —FE‘LEI L, 1"}9:‘ L, “ZSEI L. ’:1\57 I _C': Imod noise shaper
TP P IPTIE 4 fris
M12 | —
m Circuit core based on previous work
E from these authors [6]
Toens MI3 | —
n B Programmable full scale for different
- a integrated sensor designs
M4 M3 Gmnod
— - ®m Power on/off instead of current steering
| - n Griz L operation to reset all MOSFETs and
M6 M2 M1 Yelsl reduce flicker noise
] ;‘7 B RTZ signaling in order to avoid typical
M5 ] 5 waveform asymmetries issues of CT AZMs
s=ampv? N Ies= 8 [ (VEVERM )] @, 0
Q=T M=tGvn: N=Gin: P = G oo
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Architecture for Electrochemical Sensors

Electrochemical sensor

IMI Au microelectrodes

Monolithic CMOS Integration

Inexpensive 2.5um 1M CMOS
technology (CNM25)

In-house sensor post-processing at
wafer level consisting on sputtering of
Ti(15nm)+Au(150nm) thin films

and lithographic patterning by lift-off

Sensor layout design: D;,=390um,
Dout=830pum and S=30um

Sensor electrical model: R, =500k
and 1,=0.16s

AZM design parameters: V =1V,
Irg=2pA and f;=1024Hz (OSR=512)

Low area overhead of proposed AZM

Digital only interface for Iow-pa}ss Potentiostatic Digital 1/O Digital
filtering + Vo and Igg programming ATM interface

2.3mm x 2.8mm (6.4mm?2)
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Electrical Tests

Sensor emulation with external

network (R,,=510kQ, Cy;,,=330nF)
and SRS DS360 generator in =
equivalent Thévenin configuration Sensor s

emulator

A Although dithering noise at DAC Digital

should be increased, PSD returns
good robustness against tones

-80

Gmod PSD {dBFS /SmHz]

-100

M M - :..i;;i HEE HE :...Ei
Om 100m 1 10 100 1K
Frequency [Hz|

-120
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Electrlcal TeStS 2Hz noise bandwidth (OSR=256)

Sensor emulation with external
network (R,,=510kQ, Cy;,,=330nF)
and SRS DS360 generator in
equivalent Thévenin configuration

A Although dithering noise at DAC
should be increased, PSD returns
good robustness against tones

A Quasi-static response shows high o e !
enough SNDR to not limit
electrochemical sensor resolution -60

-70 F

A Statistical analysis on 9 samples

returns DR deviations below +0.5bit sol

A Experimental comparison between
power-on/off and current steering
DAC operation points to 3dB flicker
noise reduction

90 F

-100

Gmod PSD [dBgg/0.25mHz]

-110 |

120 R P i Lo
100p 1m 10m
Frequency [Hz]

100m 1
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Electrochemical Tests

» Standard experiment based on
Ferrocyanide ion oxidation into Ferricyanide

[Fe(CN)s]*™ — [Fe(CN)(]® ™ + le~

» 10pL reservoir with Ferrocyanide dissolved
in Phosphate buffer solution (PBS) at pH=7

Digital

» Ion concentration swept from 0.1mM to interface
1mM and potentiostatic V .=0.7V | : : :

A Electrochemical time constant as expected 1] SRR --------------------- --------------------- ---------- .

7 E— H— S— —
4 [Fe(CN)g)*~ ; }

o (0 RS LR EEEEEERTEE b || ERRRRREEEEEEEE & PERRECEEEEE -

B 0.1mM ! 0.25 : Pl
g A A
AN S S - _
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Same microelectrode structure

Electrochemical Tests T ¢ 1 1 1

y = 04879z + 0.3469) |  Proposed
| R? = 0.9985 A3 ADC

Standard experiment based on 0.8

Ferrocyanide ion oxidation into Ferricyanide

[Fe(CN)g]*™ — [Fe(CN)g]> ™ + le~

dsens [normalized]

10puL reservoir with Ferrocyanide dissolved
in Phosphate buffer solution (PBS) at pH=7

Ion concentration swept from 0.1mM to 5 : : : 5
1mM and potentiostatic V =0.7V 0, 03 D4 06 0% 1 1.9
[Fe(CN)g) =1 [mM]

A Electrochemical time constant as expected
. . Parameter Value Units
A Remarkable linearity below 1mM Full scale range 21032 pA
Potential range Oto5 v
A Comparable to lab desktop equipment Sampling frequency 1 kHz
Oversampling ratio >256
A Good performance for sensing applications Electrical dynamic range >10  ENOB
Residual standard deviation (n=6) <15 %
. . - 2
A Very low-power operation compared to ESEf?CIiELZfedetermmat“’“ ¢ 0'95985 y
sensor consumption itself o
- - ower consumption at 2uAgg 25 uWw
(can improve with low-voltage CMOS tech) Die size 23%28  mm?
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Conclusions

AZ ADC architecture for potentiostatic biasing and amperometric
reading of integrated electrochemical sensors

>

Mixed electro-chemical CT AZ modulator exploits dynamic
behavior of sensors for analog minimalist implementation

Accurate sensor modeling is needed
Low-power MOS-only circuits for electronic part of AZ ADC

254W complete smart sensor in low-cost 1M CMOS technology

> > > <

Electrical dynamic range exceeding 10bit and electrochemical
linearity close to R2=0.999 and RSD<15%

>

Comparable in performance to commercial desktop equipment

Thanks for your attention!
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