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Abstract—We present a 16 x 16 CMOS biosensor array
aiming at impedance detection of whole-cell bacteria. Each
14 pm X 16 pm pixel comprises high-sensitive passivated mi-
croelectrodes connected to an innovative readout interface based
on charge sharing principle for capacitance-to-voltage conversion
and subthreshold gain stage to boost the sensitivity. Fabricated
in a 0.25 pm CMOS process, the capacitive array was experi-
mentally shown to perform accurate dielectric measurements of
the electrolyte up to electrical conductivities of 0.05 S/m, with
maximal sensitivity of 55 mV/fF and signal-to-noise ratio (SNR)
of 37 dB. As biosensing proof of concept, real-time detection of
Staphylococcus epidermidis binding events was experimentally
demonstrated and provides detection limit of ca. 7 bacteria per
pixel and sensitivity of 2.18 mV per bacterial cell. Models and
simulations show good matching with experimental results and
provide a comprehensive analysis of the sensor and circuit system.
Advantages, challenges and limits of the proposed capacitive
biosensor array are finally described with regards to literature.
With its small area and low power consumption, the present
capacitive array is particularly suitable for portable point-of-care
(PoC) diagnosis tools and lab-on-chip (LoC) systems.

Index Terms—Bacteria detection, correlated double sampling
(CDS), impedance sensor, multi-electrode array (MEA), real-time.

I. INTRODUCTION

NTEGRATED biosensor arrays can combine thousands

biosensor units on a single chip, making them unique plat-
forms for multiplex diagnosis. Many studies have highlighted
the huge medical potential of charged-based multi-electrode
arrays (MEA) to sequence bacterial and human genome in few
hours [1] and record real-time activities of electrogenic cells
from the brain and heart [2], [3].

Such array can also be envisioned for point-of-care (PoC)
detection of pathogen bacteria, where the huge amount of par-
allel detectors can provide multiplexing and reduce the sample
size, diagnosis time, cumbersomeness and cost [4]. Another key
advantage is that pixels can be shrunk to the micrometer size
while keeping the same total sensing area by increasing their
number. As close to the bacterial size (~ pm), each sensor unit
increases its sensitivity and can then envision detection of single
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whole-cell bacterium. This is highly desirable since the whole
biosensor array thus strongly enhances its detection limit in term
of number of bacteria per mm? [5], and can serve as substitute to
concentration techniques such as dielectrophoresis [6]or mag-
netic beads [7].

For whole-cell bacterial sensing, impedance spectroscopy
and capacitive sensing are typically preferred to charge sensing
because of the huge spectral information and the excellent
sensitivity and specificity [8]. Using nanometer AloQOg pas-
sivation [9], recent works have demonstrated the use of
CMOS-compatible interdigitated microelectrodes (IDE) of
300 pum length and 4 pum gap as capacitive biosensors to
selectively detect whole-cell Staphylococcus epidermidis in
various solutions [10], [11]. However, these studies report a
minimum detectable number of ca. 10® bacteria per mm?,
which intrinsically restrains the limit of detection (LoD) in
the range of 107 CFU/mL after 10 minutes of incubation.
Biosensor arrays with various capacitive interfaces have been
reported for detection of cells [12], DNA [13]-[16], proteins
[17] or 10 pm polystyrene or magnetic beads [12], [18], but not
for whole-cell bacteria to the best knowledge of the authors. In
the case of nanometer biospecies such as proteins and DNA,
the sensing units monitor an interfacial capacitive change in the
electrical double layer (DL), uniformly affected by biospecies.
In contrast, cells and beads that are larger than 10 pm typically
exceed the pixel size, so that sensors evaluate their volumic
dielectric properties. For bacterial cells, the same principle can
be used but the modified volume between electrodes is three
orders of magnitude smaller because of their 1 pm diameter. In
this case, sensitivity is then the key performance to enhance.

In this paper, we report the first CMOS capacitive biosensor
array for detection of whole-cell bacteria. Built in a 0.25 pm
mixed-signal CMOS process, the 16 x 16 array comprises
pixels of 14 um x 16 pm whose sensing parts include two
Al;O3-passivated microelectrodes in the last CMOS metal
layer. The in-pixel readout circuit uses a non-differential
charge sharing principle combined with a gain transistor in
subthreshold operation to enhance the sensitivity to bacterial
cells. The working principle is experimentally assessed in var-
ious solutions of different permittivity and real-time detection
of Staphylococcus epidermis is eventually demonstrated.

The paper is organized as follows. In Section II, the chal-
lenges of capacitance conversion inside micrometer-sized
pixels towards biosensing are addressed. In Section III, the
designs of the electrical circuit and sensing parts are detailed.
In Section IV, experimental performances achieved by the
capacitive array are described in dry condition and in solutions
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with and without bacterial cells. Finally, a comparison with
capacitive biosensor arrays from the literature is provided in
Section V.

II. CHALLENGES OF IN-PIXEL CAPACITANCE CONVERSION

Capacitive readout interfaces convert in-pixel capacitances
into either analog voltages, which then require analog-to-digital
converters (ADC), or square voltages with capacitance-depen-
dent frequency. As the circuit is integrated inside each pixel, the
main challenge arises from the small pixel area required to boost
sensitivity to bacteria. Several issues must then be considered to
choose and design the readout interface:

* Sensed capacitances are typically extremely small
{~ 10 {F) despite the large value of the solution per-
mittivity. Parasitic capacitances and kT/C noise can thus
possibly deteriorate sensing performance.

* Sensing electrodes patterned in the last CMOS metal layer
are typically protected by a thin insulator layer [11], which
partially screens the capacitances to sense.

» Biological solutions are typically high-conductive. The
low resistance in parallel with the sensed capacitance can
then trouble the capacitance conversion.

* Local mismatch between small pixels must be reduced, to
enhance the fixed-pattern noise (FPN).

Among existing architectures, the differential method con-
sists in subtracting the sensor capacitance to a reference capac-
itance [13], [14], [19], [20]. Despite its very high sensitivity,
this technique is not appropriate for biosensor arrays. Indeed,
each pixel must contain two sets of electrodes corresponding to
sensed and reference capacitances, respectively. The last must
provide a control value in the biological point of view, i.e., must
be free of bacterial cells. This can be achieved either with an an-
tifouling electrode coating that prevents bacterial cells to bind
on the electrode surface or by locally flowing the same solution
but without bacterial cells. Both approaches are currently not
technically feasible as pixels are scaled down to the micrometer
size and the last further requires the possibility to obtain the
reference solution from the initial biological sample. Pseudo-
differential methods also exist and consists in subtracting the
sensed capacitance from an on-chip fixed capacitance [12]. In
this case, versatility is the main issue since the fixed capacitance
is calibrated for a given liquid with fixed permittivity and elec-
trical conductivity.

Among single-ended methods, the charge-based method has
the disadvantage to give output voltages inversely proportional
to sensed capacitances [11], [17], [18]. Furthermore, charging
time constants can become extremely small at high electrolyte
conductivity [21]. Capacitor dividers are also not recommended
as one electrode side is floating and then presents trap charges
that strongly increases FPN. Coherent detection dealing with
sinusoidal signal requires complex electrical circuitry and can
hardly be integrated within a micrometer-sized pixel [15]. Fi-
nally, in-pixel capacitance-to-frequency conversion such using
oscillators [11] suffer from high FPN as miniaturized, since no
compensation technique exists.

Charge sharing principle [22] or switched capacitors [12] are
thus the most appropriate techniques for targeted applications
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because of the implementable FPN compensation scheme
and the linear high-sensitive dependence between the output
voltage and the input capacitance. Depending on the switching
frequency, they can be used in high-conductive electrolytes.

III. IMPLEMENTATION

In this section, the design of the biosensor array is fully de-
tailed. The general architecture is first reviewed in Section I1I-A.
Then, the design of sensing parts and electrical circuits within
pixels are described in Sections III-B and III-C. Finally, the
column amplifier design is investigated in Section III-D.

A. System Architecture

The biosensor array is divided in five parts: the row de-
coder, column decoder, pixel array, column amplifiers and
output stage. The analog-to-digital conversion is not performed
on-chip but with an off-chip instrument (cfr Section IV-A).
The 4:16 decoders use two 2:4 decoders built with inverters
and NAND gates. Other blocks are implemented as depicted in
Fig. 1. The readout is controlled by digital signals synchronized
on a 40 MHz clock and is composed of four main phases: the
initialization, reset, integration and readout phases. The supply
voltage V4 is fixed to 2.5 V.

Each pixel comprises both sensing and readout parts. The
sensor is implemented by miniaturized interdigitated microelec-
trodes (IDE) patterned in the last CMOS metal layer, covered
with a thin post-processed passivation layer which is in contact
with the solution under test. The underlying electrical circuit
uses charge sharing principle to convert the IDE capacitance
C'1pg into a proportional output voltage. One row of the ca-
pacitive array is read at a time and controlled by row decoders.
The critical in-pixel nodes V;pg and V7 are first initialized to
ground during the initialization phase. In reset phase, the tran-
sistor Mg set the voltage Vi, to its reset value and switches
M¢q and Moo load the voltage V7 to a value proportional to
the IDE capacitance

CipE

V - : V;‘P
ar Crpg +Cp + Cyr f
B8
Cipe )
~ | —— V. 1
(cD + Cyr ! M

with Cyr the gate capacitance of My, Cp the in-pixel capac-
itance of fixed value and V... the reference voltage supplied
off-chip and applied to all pixels. This conversion comes from
the charge redistribution between C;p g, first loaded to V,..¢ as
M., is asserted by V1, and the fixed capacitance C'p + Cyr as
M_» is enabled by V5. By placing M~ in subthreshold inver-
sion, the small value of V,.; enables maximizing the relative
sensitivity .S,, defined as
A 1 8‘/0,1”

Slr - Vout ' ac(sol (2)

where C,; is the medium capacitance that can be slightly
different from C;pg (see Section III-B for more details) and
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Fig. 1. System architecture of the pixel, column amplifier and output stage. The temporal diagram illustrates the digital controls for the readout of a single row,
where annotations // refer to durations longer than the clock period. Four main phases are highlighted: the initialization, reset, integration and readout phases. The

clock frequency is 40 MHz and the supply voltage Va4 is 2.5 V.

V,u:the output voltage defined by (3). To maximize 5,, the
voltage V,7 is amplified by an exponential transfer function
(see Appendix A), provided by the subthreshold operation
of M. SPICE simulations give a subthreshold slope of 98
mV/dec for Mr, corresponding to o = 98 mV/In 10 = 42 mV
in Appendix A. Therefore, the subthreshold transfer function
enhances the relative sensitivity S, as Vyr > 42 mV.

During the integration phase, V7 remains fixed to the value
given by (1) since M. and M,.s are both disabled. The drain
current of My progressively discharges V),;, during an inte-
gration period ¢;,,;, reducing its temporal noise. Both reset and
signal values on Vj;,, chosen at the start and end of integration
period, are stored on column-based amplifiers. Eventually,
for each in-row pixels selected by the column decoder, the
readout phase successively sends reset and signal values stored
in column amplifiers to the output stage, with corresponding
voltages V,,+ and V,,;s, respectively. These analog signals
are then converted to digital values by off-chip ADC, and the
subtraction of signal from reset digital values implements the
correlated double sampling (CDS) that reduces FPN and kT/C
noise [23]

7out é outr — "Z)uts
o exp(Vgr)
o eXp(C]DE) (3)

where the two last relationships hold as My is in subthreshold
inversion. The major contributions with regards to the charge
sharing implementation proposed in [22] are the additional sub-
threshold gain stage, the calibration capability with V;..y and the

large on-chip capacitance C'p, providing a better linear relation-
ship between V7 and CrpE.

B. Design of the Pixel Sensing Part

For each pixel, two electrodes are patterned in the last CMOS
metal layer and connected to V;pg and ground, respectively.
They are designed to maximize sensitivity to adherent bacteria
on the given pixel area [Fig. 2(a)], fixed by the underlying
readout circuit to 14 pm x 16 pum (see Section III-C). Gaps
de = 2 pm, widths w, = 2 pm and lengths L, = 14 pym
provide a maximal active area, a regular pattern and enough
place to let bacteria bind between microelectrodes, where elec-
tric field is maximal. The capacitance C;p g of these electrode
configuration is impacted mainly by the interaction between
the electrode at Vrp g and its counterpart at ground, but also by
ground electrodes of neighborless pixels which give rise to fill
factors larger than 100%.

Another key design parameter is the insulating layer covering
these electrodes and protecting them from electrochemical cor-
rosion in biological buffers. Indeed, the electrical equivalent
model of one pixel [Fig. 2(b)] shows that the impedance must
take into account the insulator capacitance Cj,, the dielectric
interconnects capacitance C,,, the transistor terminal capaci-
tance Clirqy and the electrical double layer (DL) capacitance
Cpy in addition to the electrolyte capacitance C,; and resis-

tance R,,;. Following 2D approximations are given [24]:
67'..50 €
Csal ~ d—e“) ‘ Ae (4)

de

O s0l

Rsol ~ : Ae—l (5)
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Fig.2. Sensing part of the pixel. (a) 3D representation of the last metal layer (M5) of one pixel with the neighborless pixels highlighting the concerned capacitances.
(b) 2D schematic cross-section of adjacent electrodes with their equivalent electrical circuit. (¢) Simulation results of the dependence of capacitance C,, + Csor
with the solution relative permittivity €, ,.;, based on the 3D representation of Fig. 2(a).

€y ins€
Cins ~ T;/LSO : Ae (6)
ins
€r,s0l €0
CDL ~ T;O - Ae (7)
D

with d. = 2 um the electrode gap, ¢;,s = 25 nm the insu-
lator thickness, A, ~ (h. + w./2)L. the electrode area, h, =
1.8 pm the electrode thickness, €, 5o; = 80 the electrolyte rel-
ative permittivity, €, ;,s = 9 the insulator relative permittivity,
Tsot = 1.8 mS/m the electrolyte conductivity, Ap ~ 24 nm the
Debye length and ¢y the vacuum permittivity. These values con-
sider an Al,Oj3 insulator layer and a phosphate-buffered saline
(PBS) electrolyte diluted 1:1000 by volume in deionized (DI)
water. Since the sensing principle is based on linear change of
C'so; with the number of adherent bacteria [10], [25], it is impor-
tant to quantify the reduction of sensitivity caused by lumped el-
ements Ro1, Cins, Cpr, Cor and Cyyrqy. The resistance Ry
does not perturb the capacitance conversion of C's,; because the
corresponding time constant is evaluated to 7 ~ €, so1€0/Ts01 =
400 ns, which is far larger than the 25 ns clock period between
Ve1 and V5. Furthermore, the ratio Cpr/Cins ™ € sot/€rins -
tins/Ap = 9.3 shows that C},,s dominates Cpy, in series, while
(Cins/2)/Csol = €rins/€rsol - de/2bins ~ 4.5 demonstrates
that Cj,, s cannot be neglected in series with C';,;. By assuming
Coo and Clyrqy far smaller than C,,, in parallel (see next para-
graph and Section III-C for justification), the IDE capacitance
CipE can be approximated to

Cipe ~ (20,1 +C. 1)1 ~0.82-C,,.

ins sol (8)
To accurately estimate Cs,;, 3D finite-element simulations of
the electrode design in Fig. 2(a) were performed with Comsol
Multiphysics®, by assuming no insulator and double layers. It
highlights the following linear dependence of Cs,; With €, 501
[Fig. 2(c)]: Cso1 = 2 fF + 0.68 {F - ¢, 55;. In typical elec-
trolyte featuring ¢, s, = 80, the solution capacitance is then
equal to 5,y = 55.6 fF. By setting €, 5,4 = 0, the capac-
itance corresponds to ', and is equal to 2 fF, which is far
smaller than Cj,;, as expected. The cell constant K .y is equal
to (co€r s01)/Csor = 127 cm™1, giving the following value for
the solution resistance: R, = Kce”a;j ~ 7 M.

TABLE 1
TRANSISTOR SIZING

Transistor Type (W/L) sizing
Mer NMOS high-V;, (0.58 pm/0.24 pum)
Meo NMOS high-V;y, (0.58 pm/0.24 pum)

MinrT NMOS high-V;p, (0.58 pm/0.24 pm)
Mt NMOS high-V;, (5.5 pm/5.5 pm)
Mp NMOS high-V;p, (0.58 pm/0.24 pum)

Mpyr NMOS low-Vyp, (3.86 pm/0.5 pm)

MsgrL NMOS low-V;y, (0.58 pm/0.5 pm)

PMOS capacitance
Cp (100 fE) (3.95 pm/3.95 pm)
Mp NMOS high-V;p, (0.8 pm/2 pm)

NMOS high-V;,
PMOS high-V},
PMOS high-V},

NMOS capacitance
(300 fF)

(0.58 pum/0.7 pm)
(9.5 pm/1 pm)
(0.58 pm/0.35 pm)

Msur - Msus
Mpurr - MpuFs
MsgrLr - MsgLs

Csur - CsHs (6.82 pm/6.82 pm)

Mpr - Mps PMOS normal-V;y, 3 x (13 pm/12 pm)

Available values of threshold voltages Vipo in the 0.25-pm CMOS technology:
NMOS: 60 mV, 180 mV and 480 mV; PMOS: 290 mV and 600 mV.

C. Design of the Pixel Circuit

The charge sharing circuit is designed to obtain a gate
voltage V,r proportional to C,,;, free of non-linearities and
independent of Cy;,5, Cpr and Ry [(see (1)]. Switches My,
Moy and Mpypr are high-Vy, transistors with minimized
widths and channel lengths to reduce clock feedthrough and
charge injection. Based on sizes given in Table I, the stray
capacitance Clyyrqy has a simulated value of 4 fF, which is far
smaller than the solution capacitance Cs,; = 55.6 fF. The
transition ¢,,, between V.1 and V. must be sufficiently small
to have a proper and stable operation at o;,; < 0.05 S/m
[Fig. 3(a)]. In this work, ¢,, was fixed to the clock period
(25 ns) to limit the V,p drop around o4, ~ 0.01 S /m below
15% of the V7 value at {,, = 5 ns and to provide a sufficient
sensitivity at o5,; < 0.05 S/m. At o5, > 0.05 S/m, the
insulator capacitance dominates (Crpr =~ Cins/2) making



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

COUNIOT et al.: A 16 x 16 CMOS CAPACITIVE BIOSENSOR ARRAY TOWARDS DETECTION OF SINGLE BACTERIAL CELL 5

06 Sensitivity to €rsol No sensitivity
r Cills/2 ;
0.5 fsmmiis woid Vo § 0P
‘”f Cins/2+C[)+CgT
E 0.4
I;’ gl 174 . Csol
- ref —CD+CQT
0.3} *
Ersol=100 tov=5ns
o s i) [ W ]
0.2 -Exsot - ov={2b ns
0™ 107 107 107 10°
o [S/m]
sol
(a)
0.28
0.24
>
}_
= 02T gl
EGsoI=1.8mS/m§
! Cool =556 F i
1Cins =500 fF
0.16 : : 1
iRl =7MQ i
) iCoL=45pF i
0.12 {
50

0
Variation of parameters [%)]
(b)

Fig. 3. SPICE simulation results of (a) the impact of the electrolyte
conductivity o,,; on the gate voltage V7 of My for several values of ¢, and
€, 501 and (b) the impact of variation of Cs51, Cins and s, (thus impacting
R0 and Cpr) within £50% of their nominal value on Vyr. V.o is fixed at
0.9 V and the lumped elements shown in Fig. 2(b) are used in SPICE.

Vor =~ Vies - Cins/2/Cins/2 + Cp + Cyp from (1). Conse-
quently, V7 does not change with ¢, ;,; anymore, whatever
the value of ¢,,. Around the nominal operating point where
Osot = 1.8 mMS/m, €, 55y = 80 and €, 3,5 = 9, V7 predom-
inantly and linearly depends on C,,;, featuring a maximum
non-linearity of 10% at +50% of its variation [Fig. 3(b)].
Furthermore, V7 is almost insensitive to variations of Cly.
and o, featuring maximal deviations of 9% and 2% on V7.
The sensing principle is thus mainly impacted by dielectric
medium properties, and immune to unexpected corrosion of
the insulator layer [26]or ionic contamination of the electrolyte
buffer [10], both being inexistent in this work anyway.

To provide the high linearity between V7 and C,,;, the ca-
pacitance C'p has been chosen constant and sufficiently larger
than Cj,;, but with moderation to limit degradation of the pixel
area and sensitivity [see (1)]. A MIM capacitance cannot be used
since microelectrodes are patterned in the last metal layer. Since
the gate voltage Vr is typically small to place Mt in weak in-
version, a PMOS capacitor was used and its variation does not

exceed 1.5% as V7 spans from 0 to 0.5V, since it operates in
strong inversion. A 3.95 pm x 3.95 um size provides a 100 fF
capacitance C'p, therefore two times larger than C.,;. In addi-
tion, M is also designed with large width and channel length
(W/L) = (5.5 pm/5.5 pm) to increase its gate capacitance
Cgr to 45 fF, reduce its Early effect and reduce the local mis-
match on I47, detrimental for the FPN. V,..r is chosen to boost
S, with the experimental procedure described in Section IV-C.

The pixel source follower is designed to load a column bus
capacitance C.,; =~ 1 pF in 6 clock periods (150 ns) and con-
sists of a buffer transistor Mgy, a row switch Mggy, and a
biasing transistor Mg included in a column amplifier. For noise
and timing constraints, the g,,,/I4 of Mpyr is maximized to a
high value of 22 V! (weak inversion) thanks to a low-V,y, fea-
ture. To have a settling error smaller than the 1-mV resolution of
the off-chip ADC, the charging time ., must be 8 times larger
than the time constant 7., = Cepi/gm. Since t.p, is limited to
6 clock periods (i.e., 150 ns) and C,,; ~ 1 pF, the g,, value
of Mpyr is fixed to 60 uS and the drive current therefore to
2.7 psA. Based on the g,,/I; method [27], the biasing voltage
V, and the (W/ L) ratio are found to be 0.7 V and 7.7, respec-
tively, which results in sizes mentioned in Table [ by minimizing
the channel length for reduction of the pixel area. For the de-
sign of Mg, high-V;;, NMOS is chosen with g,,, /T4 = 7.3 v-1!
(moderate inversion) to reduce noise. Giving (W/L) = 04,
a large L is chosen to reduce the column FPN. Because of the
non-zero body source voltages of M g7 and Mggr,, the source
follower suffers from a non-linearity of 3% per unit voltage as
Vpis ranges from 0.5 Vto 2 V.

D. Design of the Column Amplifier Circuit

The storage of the reset and signal values are ensured by large
capacitances C's g g and Cg . Designed to fill the column am-
plifier width with a squared shape, the capacitances have a value
of 300 fF that enable only 3 mV shift after 100 us of storage,
thanks to high-Vy, transistors Mg g and Mgp s featuring low
leakages in OFF state.

The two source followers are identically sized and next devel-
opments are only focused on the part storing the reset value. It
consists of three transistors Mgy pr, Msgrr and Mg, which
have large widths and channel lengths to minimize the column-
based FPN. It is crucial for Msgpg to be high-V;j in order to
reduce its drain leakage current and avoid the drain voltage of
MpyFr to increase with time, and perturb the storage node by
capacitive coupling. The same methodology as the source fol-
lower of Section III-C is used to size Mgy rpgr and Mpg and
provides biasing voltage V;,, = 1.55V. However, the body of
PMOS transistors is connected to the source to limit non-lin-
earity from body effect, which was not possible in pixel for size
constraint due to triple well. With an output load capacitance ap-
proximated to 100 pF, the maximal charging time ¢, ¢qq 15 8 s.
With the sizes provided in Table I, the source follower achieves
a non-linearity of 6.9% per unit voltage from 0 to 1.4 V.

IV. EXPERIMENTAL VALIDATION

In this section, experimental tests performed with the fabri-
cated chip are detailed. First, the physical implementation of the
chip including post-process steps is explained in Section IV-A,
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Fig. 4. Chip microphotograph with pixel and column amplifier zoom.

as well as the measurement setup. Then in Section IV-B, func-
tionality of the capacitive array is confirmed at dry condition
and with basic solutions without bacterial cells. Finally, the real-
time detection of bacterial cells is demonstrated in Section IV-C.

A. Physical Implementation and Measurement Setup

A 16 x 16 capacitive biosensor array was fabricated in an in-
dustrial 0.25-pm 2.5-V multi-Vy,;, 1 PSM Mixed-Signal CMOS
process, comprising a 1.8 pm-thick Al 99.5%/Cu 0.5% last
metal layer (M5) for sensing parts. As shown in Fig. 4, five test
pixels were included at the end of the first line and have MIM
capacitances of known values, ranging from 25 fF to 65 {F by
step of 10 fF, instead of pixel microelectrodes. The CMOS dies
were not covered by the thick SiO,/SizNy passivation layer
and were encapsulated in open-top CQFP160 packages. The
wirebonds were covered by UV-cured epoxy resin to avoid
contact with liquid during experiments. As characterized by
ellipsometry, a 25 4+ 0.25 nm-thick Al, O3 layer was deposited
by plasma-enhanced atomic layer deposition (PE-ALD) at
room temperature with trimethylaluminum (TMA) and oxygen
as precursor. The argon flow through plasma source was 200
sccm and the oxygen flow for the plasma step was 30 sccm
during 20 sec.

The open-top CQFP160 packages were soldered on slave
printed circuit boards (PCB), each successively mounted in a
master PCB to enable multiple purpose measurements. Digital
signals were generated by the National Instruments® (NI)
PXI-6552 card while analog output signals from the chip were
converted to digital signals by the NI PXI-5105 card. Supply
and biasing voltages were provided by the N6715B and K2400
equipments. All the setup and data acquisition were controlled
through LabVIEW.

B. Circuit Functionality

At dry condition, the readout time %,.,4 Was first ajusted to
20 ps to let Vi and Vs achieve their steady state values.
The time ¢,,, was fixed to the clock period (25 ns), while £;,,; to
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Fig. 5. (a) Experimental and simulated characteristics of the output voltage
Vou: of test pixels versus their MIM capacitance values at V,..; = 0.8 V and at
dry condition, showing the FPN values with and without CDS. (b) Experimental
and simulated mean pixel output V,,; versus V.4 in PBS 1:1000 with corre-
sponding measured FPN and temporal noise (TN) levels, including comparison
with measured characteristics of test pixels at dry condition. SPICE simulations
account for the model in Fig. 2(b).

2 ps for dynamic range (DR) purposes. Test pixels with known
MIM capacitance values ranging from 25 fF to 65 fF present
output voltages V,,,; with exponential dependence on MIM ca-
pacitances [as expected from (3)] and that perfectly match post-
layout simulations at dry condition [Fig. 5(a)]. FPN levels at
Viey = 0.8 V with and without CDS were computed from the
difference V1 — Vouts (3) and from the voltage V15 only, re-
spectively, on all except edge pixels. Using CDS demonstrates
a FPN reduction by a factor 9, which is close to 20 dB of im-
provement [Fig. 5(a)]. The array consumes 29 W at a frame
rate of 37 frames per sec, corresponding to an energy efficiency
of 3 nJ/(frame.pixel).

To validate sensing capabilities of all pixels, a 10 pL drop
of PBS 1:1000 was pipetted atop the capacitive array and the
package lid closed to avoid drop evaporation and to work under
dark condition. The mean output voltage computed on all except
edge pixels highlights three different regions of operation de-
pending on V,..¢ [Fig. 5(b)]. At V.. < 0.6 V, the output voltage



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

COUNIOT et al.: A 16 x 16 CMOS CAPACITIVE BIOSENSOR ARRAY TOWARDS DETECTION OF SINGLE BACTERIAL CELL 7

is dominated by parasitics and noise. From 0.6 V to 1.3 V (the
operating range), M progressively goes from weak to strong
inversion and provides a readable output voltage dependent on
Ve and Crp g according to (1). Above 1.3V, V,,,;; strongly de-
creases as Vi drops because of the large value of V7. Ateach
Vrey, ca. 10 successive temporal measurements were acquired
and FPN was computed as the standard deviation of the mean
temporal values of each pixel, while the temporal noise (TN) as
the average of the standard deviations obtained on successive
temporal values of each pixel. As shown in Fig. 5(b), FPN and
TN have close values and both increase with V... ¢, because mis-
match and noise from M in subthreshold are not compensated
by CDS. For this reason, FPN in water [¢, ,,; = 80, Fig. 5(b)]
features larger values than FPN in air [¢, 5o = 1, Fig. 5(a)],
where M is cut off thanks to small C;pr ~ 2 fF and does
not add FPN. The measured noise figure follows the same evo-
lution versus V... as that given by SPICE simulations, but is
larger by a factor 3 due to the use of external ADC that adds un-
correlated noise of 1-mV characterized amplitude on V- and
V,uts. The maximal signal-to-noise ratio (SNR), accounting for
both FPN and noise, is shown to be 37 dB at V,.; = 1.28 V.
By comparing the measured characteristics V,,,; versus V;..; of
the different test pixels at dry condition, the slopes are different
because of the different values of 5 expressed in (1). The larger
the MIM capacitance, the larger the value of 5 and therefore the
steeper the slope. In solution, the effective capacitance Crp g is
also slightly smaller than Cy,; [see (8)], so that 3 is smaller com-
pared to a fixed MIM capacitance of the same value. By con-
sidering this slope difference and comparing V,,,,; values at the
start of the subthreshold operation of My (V,.y ~ 0.7V),Cipr
in PBS 1:1000 can be approximated to 40—45 fF [Fig. 5(b)],
which is ca. 80% of the simulated Cs,; value of (55 fF), as ex-
pected by (8). SPICE simulations including the IDE model of
Fig. 2(b) confirms the good matching in the operating range.
To assess that pixel outputs depend on dielectric medium
properties, the capacitive array was subject to several glycerol
dilutions, featuring different relative permittivities character-
ized with a VNA (Agilent N5242A) connected to a dielectric
probe (Agilent 85070E) at 419 MHz: 35.5, 55.6, 66.9, 73.5
and 81.6 for glycerol, glycerol 3:4, glycerol 1:2, glycerol 1:4
and DI water, respectively. These relative permittivity values
can be considered as good approximations for DC relative per-
mittivities, since dielectric dispersion occurs beyond 419 MHz.
Within the operating range, the mean pixel output and its slope
both increase for larger ¢, ¢o; [Fig. 6(a)] for the same reasons
as test pixels. At fixed Vier, Vi is shown to be exponen-
tially dependent on ¢, 4,; [Fig. 6(b)] and confirms (3). Since
Cso1 changes by 1 fF as €, 5, goes from 80 to 78.5, the sen-
sitivity S 2 OV, /OC,,; computed around €, 5,1 = 80 has a
maximal value of 55 mV/fF at V,..; = 1.36 V. On the other
hand, the relative sensitivity defined by (2) is identical for all
€r.s0l [Fig. 6(a)] and has a maximal value of 6.3%/fF at V,..; =
1.24 V. As expected, 5, is maximized in the subthreshold slope
at estimated gate voltage V7 ~ 0.3 V, thus well beyond «
= 42 mV (cfr Section III-A and Appendix A). Since the
noise at V,..y = 1.36 V has a value of 5 mV [Fig. 5(b)], the
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Fig. 6. Experimental dependence of V.. with (a) V,..y for several glycerol
dilutions and with (b) the solution permittivity €, ;,; of these dilutions for
several V,.;, considering all except edge pixels for mean and standard
deviation. For (a), the relative sensitivity S, is also shown and is identical for
all glycerol dilutions.

detection limit corresponding to five times the noise is evalu-
ated to 450 aF. Accordingly, the dynamic range is evaluated to
20 - log;,(55.6 fF/0.45 {F) ~ 42 dB.

C. Sensing of Bacterial Cells

In this section, the response of the biosensor array to bacte-
rial cells contained in a low-conductive buffer is investigated.
In contrast to Section IV-B, all pixels are not supposed to
give the same output voltage anymore, since bacterial cells
can preferably adhere to some pixels. After cultivated on agar
plates at 37°C overnight, one single colony of S. epidermidis
ATCC 35984 was suspended in 50 mL of Tryptic Soy Broth
(TSB) and incubated overnight at 37°C. Afterwards, the culture
was centrifugated and bacterial cells were resuspended in PBS
1:1000, the reference buffer. This step was repeated two times.
The bacterial concentration was evaluated to 5 - 103 CFU/ml
by surface plate counting. The capacitive array was first mea-
sured under sterile PBS 1:1000 with V;..; spanning from 0 to
2.5 V. Then, a real-time experiment on the capacitive array
was performed based on the following protocol. The reference
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buffer, the bacterial solution and the reference buffer again
were successively incubated on the array surface, 20 minutes
each time with lid closed and under electrical measurements
at V,.; = 1.06 V, a midrange value in the subthreshold
slope. The chip surface was then dried and observed by optical
microscopy to localize bacterial binding. Then, the capacitive
array was re-measured in PBS 1:1000 with V,..; spanning from
0 to 2.5 V to find the best conditions achieving the maximal
sensitivity with regards to the initial measurement. As the bac-
terial-covered surface can hardly be cleaned without damaging
the array, the biochip was discarded after a single experiment
to avoid any interference.

The temporal evolution of the three distinct pixel outputs
(2,6), (2,7) and (2,8) during the two first incubation phases is de-
scribed in term of V%, (1) = Viu:(£) — Voot (0) to suppress pixel
mismatch and facilitate comparison [Fig. 7(a)]. During the first
20 min, the three pixel outputs present a similar drift of approx-
imately 5 mV [Fig. 7(a)], occuring because of the slight drop

evaporation. The voltage difference at times [t1,%2] = [3,19]
min defines the shift A7? = Voutz = Vour1 = Vour2 — Vout 1,

which has a Gaussian distribution computed on all pixels with
a —5-mV mean and 0.45-mV standard deviation. As the so-
lution with bacterial cells is pipetted, the pixel values recover
their initial levels instantaneously but each pixel presents dif-
ferent evolutions [Fig. 7(a)]. To quantify this, a second shift
Af 2 V= Vies = Vours — Vours is defined with
t3 = 24 min and {4 = 40 min, and features a broader distribu-
tion centered around 1 mV with a standard deviation of 2.2 mV
[Fig. 7(b)]. Compared to AT?, the mean value increased by 6 mV
because bacterial binding induces an increase of pixel capac-
itances, as previously demonstrated in [10], [11], [25]. Indeed,
the bacterial impedance is dominated by the large outer shell ca-
pacitance, thus increasing the global capacitance between elec-
trodes [24]. The large dispersion of A% is due to the fact that
all pixels do not have the same number of bacteria and that their
positions affect the capacitance value [25].

To quantify the voltage shift per bacterium, the number of
adherent bacteria on each pixel was estimated from microscope

out,
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images taken after the real-time experiment. Bacterial cells ap-
pear black (type 1) or white (type 2) depending on their respec-
tive positions between or atop microelectrodes [Fig. 8(a)]. This
distinction is important since the position of adherent bacterial
cells slightly affect the capacitive shift [25]. Pixel outputs with
the same number of bacteria can then exhibit non-negligible
variability arising from these random bacterial positions. 3D
simulations of the pixel represented in Fig. 2(a) demonstrates
that both pixel capacitance and output voltage increase with
the bacteria number Ny, but with a large variability [Fig. 8(c)]:
AVt =~ (2.6 +£0.6 mV) - N and AC,; ~ (61 + 14 aF) - N,.
Despite the exponential transfer function of My [see (1)], a
linear dependence between the mean AV,,,; and Ny, is observed
because of the very small capacitance shifts (< 1% of the nom-
inal value at V;, < 10). In these simulations, the signal-to-noise
ratio (SNR) achieves a peak value of 13 dB at N = 10 showing
that biological noise established in [25]and independent of V..
strongly limits the biosensor performance. It is also confirmed
that the relative sensitivity is strongly enhanced by the weak
inversion of My, from 1% at the input capacitance level to
3.6% at the output voltage. Experimentally, since it was not
possible to optically observe bacteria binding during the real-
time incubation, only V,,; measured for each V,..; before and
after the bacterial incubation are compared. The maximal sen-
sitivity to bacterial cells is obtained at V,..; = 1.24 V (data not
shown), as expected from Fig. 6(a). The pixel output voltage
V,ut 1S shown to increase with the number of adherent bacterial
cells [Fig. 8(b)], and presents the following dependence on Ny:
AV, ~ —14.6 mV + 2.18 mV - N,. The negative value at
N, = 0 is due to the slight difference in the electrical conduc-
tivity of the electrolyte between the initial and final wash, as it is
very likely for low-conductive electrolytes (os5; 22 1.8 mS/m).
There is a good matching between experimental data and 3D
simulations since the sensitivity to bacteria is fairly the same,
i.e., 2.18 versus 2.6 mV/bacteria, respectively. Based on the sen-
sitivity of 35.3 mV/fF at V,.;y = 1.24 V (see Section IV-B),
one bacterial cell is then represented by a capacitance increase
of 62 aF, which is the same order of magnitude as in [10]. Since
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Fig. 8. Impact of the number of bacteria per pixel on the pixel output. (a) Microscope images of one pixel before and after the bacterial binding. Two types
of adherent bacteria are found: type 1 corresponds to bacteria between electrodes, while type 2 corresponds to bacteria atop electrodes. (b) Experimental output
voltage after wash versus the number of adherent bacteria, computed on all countable pixels of the array at the optimum V,.; = 1.24 s. The number of pixels
used for each error bar is indicated by the symbol #. Edge pixels and pixels where the number of bacteria cannot accurately be estimated were discarded. (c) 3D
simulation results of random bacterial deposition on the 3D structure of Fig. 2(a) at V,..; = 1.24 V. Each error bar is obtained by averaging 200 independent

simulation results involving different bacterial positions.

TABLE II
CMOS CAPACITIVE BIOSENSORS FROM THE STATE OF THE ART
Ref. Techno.  Supply # sensors’ S?ile:r "Sl::l:l:;l IC area Principle Biospecies Medium LoD Power Sensitivity II_:‘I:;;
2 e sy mexa DA NIET o ETRE R D e M GSRRG M
[13] (éfw‘(‘)‘;‘ 5V 8x16 ngg()” ;‘m Au 28.8 mm? Zcf’iofﬁﬂiﬂf DNA 03 M NaCl NA NA cg 72}1’; z 31?) ‘r’l’;
330 pF
(221 Ocifigg 3V 2 ngoi?lm Agilfvo ® 016 mme (>C8})1a'fggzs;ljm(}:g]) § C:;?f ' r(jgém]l (105Nc§ll?/:mL) NA NA NA
[19] %iﬂ’gg 3V 6x6 NA Agiifvo S am? 4—TC(1:322/B/1(D ): - 1(15\1/:}; 26mW 200 mVAF 25 fF
oy Oiam gy 1 x“l)go‘f'm Agi:fv(_) S omme OPTOVOR £ LB mediom (107 gﬁU/mL) NA 255 mV/Fi NA
[14] O'Cﬁ’(‘)‘g“ NA 16x8 ;78% ‘; II"H Au 10 mm? cszgD): DNA  PBS-Tween (|?) ];FM) NA NA _SSP:F
[15] Ogri’(’;;“ 33V 10x 10 x] ?30" ;"m Au 4 mm2 32T'ITACE\C’0<}1]\;? ) DNA 4xSSC 2(1)0“55) 85 mW NA NA
S N ks JRNL asios o GO e M 01 i) NA %“E}ﬂ‘g’ 700
28] Oél&'g;“ 33V 3x3 ;?80” :Zn Agiﬁ?? S gmme T %VCI(\TD): O't'fjj‘;" DI water (Tl\lf/}-\:) NA 10 tF/mV NA
[16] Ocﬁgg‘ 12V 4x4 nggoll:m Au 1.68 mm? FRA (ND) DNA F:}Z‘?\I;g/‘?f O&“NZA? 1.7 mW NA o8 IEIF:
G e s T e w RN mm o BEL o G w
o a5y texas IR AL 0dmmt Gl G g, PeS o0 SGUC v BRWEL D4

NA: Not Available, CBCM: Charge-base capacitance measurement, CB: Charge-based, TIA: Transimpedance amplifier, TIE: Triangular impedance extraction, FRA: Frequency Response Analysis,
C2V: Capacitance-to-voltage conversion, C2f: Capacitance-to-frequency conversion, ADC: Analog-to-digital conversion, SC: Switched-capacitors, D: Differential, ND: Non-differential,
PBS: Phosphate buffered saline, PPB: Potassium phosphate buffer, SAM: Self-assembled monolayer, DR: Dynamic range, SNR: Signal-to-noise ratio, T: Transistor,

T: Arrays are in bold, T1: Only simulated value, T77: Tunable by t;n¢ and Vycs, *: Around €. 5o = 80 and at Vy.cy = 1.3 V, **: Around €, 50; = 80 and at V;..; = 1.06 V.

the detection limit is 450 aF, the minimal detectable number of
bacteria is approximately 7.

V. COMPARISON WITH RELEVANT WORKS

A comparison of performances from relevant CMOS ca-
pacitive biosensors is provided in Table II. Among biosensor
arrays, our work is the first to focus on bacterial detection, while
others deal with protein [17], DNA [13]-[16] and cells/beads
[12], [18], [28]. In particular, [19] only shows functionality
with on-chip capacitances, and not in biological solutions.

Contrasting with these works, a more advanced CMOS tech-
nology (0.25 pm) and smaller pixels (16 um x 14 pm) were
required to enhance the sensitivity to bacteria without using
differential measurements. For the same reason, miniaturized
interdigitated electrodes with micrometer gap (2 pm) were
used instead of single squared/disk electrodes. Similarly to
[11], [17], [18], a thin passivated layer was post-processed on
the last CMOS metal layer to protect it from corrosion. As
in [11], the thickness (25 nm) was one order of magnitude
smaller than in [17], [18] (~ 300 nm) to boost the sensitivity.
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While most work used differential measurements to boost the
sensitivity [12], [13], [19], [20], an innovative gain stage in
subthreshold region was included along with a charge sharing
capacitance-to-voltage conversion within the pixel to enlarge
the sensitivity by a factor 4. Compared to the best reported limit
of detection ~ 20 aF [12], [19], the value achieved by this
work is one order of magnitude larger (450 aF) but obtained
without differential or pseudo-differential architectures. For the
same reason, the sensitivity (55 mV/fF) is 4 to 5 times smaller
as well compared to the best reported ones. However, the pixel
size (14 pm x 16 pm) and power consumption (29 W) are
the smallest and then provide benefits in term of IC area, costs
and portability. Finally, thanks to the non-differential circuit,
the design of this capacitive biosensor array can still be scaled
in more advanced technology to eventually achieve single
bacterial detection. The selectivity can also easily be provided
by functionalization of the Al, O3 surface using antibodies [29]
or by using lytic enzymes in volume [10].

VI. CONCLUSION

The design and fabrication of a 16 x 16 capacitive array in
a 0.25 pm mixed-signal CMOS process has been reported to-
wards single bacterial detection. Each pixel features two minia-
turized interdigitated electrodes and a readout circuit based on
the charge sharing principle that enables a linear capacitance-
to-voltage conversion. To boost the bacterial sensitivity without
differential measurements, a gain stage consisting of a single
transistor operating in the subthreshold region was added after
the linear capacitance to voltage conversion. Thanks to the non-
differential architecture, the capacitive array offers possibilities
for miniaturization and functionnalization. Experimental results
demonstrate excellent matching with simulations, and confirm
the sensing principle based on medium dielectric properties, fea-
turing a maximal sensitivity of 55 mV/{fF and a detection limit
of 450 aF. As S. epidermidis bind on pixels in real-time, their
output values were shown to be correlated to the number of ad-
herent bacteria on each pixel. Each bacterial cell was shown to
induce a 62 aF capacitance shift, corresponding to 2.18 mV in

output.
P APPENDIX

LINEAR VERSUS EXPONENTIAL SENSITIVITY

Let A;,, be a quantity subject to variation and A, its value

through a transfer function, either linear Af};?t = K A, orexpo-

nential AS7? = K exp(A;,/a), with fixed-value constants K

out
and «. For a change A 4;,,, the respective relative sensitivities

in linear and exponential modes are respectively
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Consequently, the following relationship is obtained: Sy ¢;p =

(Ain/a) - Sy 1in. The exponential relative sensitivity Sy e,y is

then always larger than S, ;;,, if A, > a.
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