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a  b  s  t  r  a  c  t

The  use  of biological  field  effect  transistors  (BioFETs)  for the  detection  of  biochemical  events  will  yield  new
sensing systems  that are  smaller,  less  expensive,  faster,  and  capable  of multiplexing.  Here,  we present
a novel  massively  parallel  dual-gated  BioFET  (DG-BioFET)  platform  with  over  a million  transistors  in
a  7 × 7 mm2 array  that  has all  these  benefits.  Utilizing  on-chip  integrated  circuits  for  row  and  column
addressing  and  a PXI  IC tester  to measure  signals,  the drain current  of  each  sensor  in the  1024  × 1024
array  is serially  acquired  in just  90  s. In this  paper,  we  demonstrate  that  sensors  in  our  massively  parallel
platform  have  standard  transfer  characteristics,  high  pH-sensitivity,  and  robust  performance.  In addition,
we  use  the  dual-gate  operation  and  fast acquisition,  unique  in  our  platform,  to  improve  the  sensing
iological field-effect transistor
eyond nernstian limit
ultiplexed biosensing

H sensor

performance  of  the  system.  We  show  that  tailored  biasing  of the  two DG-BioFET  gates  results  in signal
amplification  above  the  Nernst  limit  (to  84  mV/pH)  and  redundancy  techniques  facilitate  differential
referencing,  improving  the  resulting  signal-to-noise  ratio.  Our  platform  encompasses  the  advantages  of
semiconductor-based  biosensors,  and  demonstrates  the  benefits  of  high  parallelism  and  FET  dual-gate
amplification  for  electrical  and  miniaturized  biological  sensing.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biological field effect transistors (BioFETs) are becoming impor-
ant and convenient biosensing platforms. These transistors offer
imple, inexpensive, and miniaturized transduction of biomolecu-
ar reactions into potentiometric signals enabling new applications
nd sensor designs [1–3]. The use of BioFETs as the transduc-
ion elements offer important advantages over other biosensing

ethods. BioFETs can detect the intrinsic charge of analytes or reac-
ions, and do not require preparatory labeling stages that add cost
nd complexity [4]. BioFETs are also CMOS compatible, enabling a

eamless integration with other on-chip circuitry required for data
cquisition and the large-scale manufacturing that reduce cost and
ize [5,6]. Finally the top-down parallel BioFET fabrication yields

∗ Corresponding author at: 1270 Digital Computer Laboratory, 1304 W.  Springfield
ve Urbana, IL 61801, USA.

E-mail addresses: carlos@finnegan.com (C. Duarte-Guevara),
bashir@illinois.edu (R. Bashir).

ttp://dx.doi.org/10.1016/j.snb.2017.04.107
925-4005/© 2017 Elsevier B.V. All rights reserved.
multiplexed detection systems allowing screening and high-
throughput assays [7]. Researchers have already successfully
exploited these benefits of FET biosensors in new biosensing plat-
forms. For example, BioFETs are used in DNA sequencing platforms
that exploit massive parallelism to simultaneously monitor multi-
ple nucleotide incorporations [8,9]. Also, these transistors are the
sensing element in small point-of-care biosensors that minimize
footprint by avoiding the use of optical components [10,11]. More-
over, multiple studies have demonstrated that the FET geometry
can be manipulated to enhance the sensitivity to surface potential
changes enabling direct molecular detection and real-time identi-
fication of proteins [12,13]. BioFETs have demonstrated to be an
important alternative for biomolecular applications and promise
to spawn the next generation of inexpensive, small, and simple to
operate biosensors.

The multiplexing ability of BioFETs has been identified previ-

ously as one of the key benefits of electrical methods but only
few studies have developed platforms that use large parallelism
for spatial and temporal monitoring applications. The most rele-
vant example is the Ion Torrent sequencing chip, which uses large

dx.doi.org/10.1016/j.snb.2017.04.107
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2017.04.107&domain=pdf
mailto:carlos@finnegan.com
mailto:rbashir@illinois.edu
dx.doi.org/10.1016/j.snb.2017.04.107
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Fig. 1. DG-BioFET schematics and chip photograph. (a) Cross section of the sensing
element in the array. (b) Top-view of pixel schematic in the array (c) Photograph or
the DG BioFET array, showing the 7 × 7 mm2 sensing area, decoding portions, and
wire-bonds to PCB.
C. Duarte-Guevara et al. / Sensor

rrays of extended gate FET sensors for DNA sequencing [8]. In
on Torrent’s chip, FET sensors are buried in inter-dielectric lay-
rs and a floating extended gate transports charge from millions
f beads (where DNA amplification reactions take place) to the
ensor. Other recent BioFET arrays are being employed for appli-
ations outside DNA sequencing. For instance, a 256 × 256 Ta2O5
xtended-gate FET array has been recently developed to monitor
exokinase concentration [14], and the pH sensitivity of Si3N4 sen-
ors was evaluated in a high-resolution ion camera [15]. Other
ecent examples include a platform of 64 BioFETs built to moni-
or extra membranous pH and cellular behavior by configuring FET
ensors as CMOS inverters and switches [16], and 128 × 128 arrays
f foundry-fabricated dual-gated BioFETs have been used for the
etection of DNA binding events and urea byproducts [17]. These
latforms are the basis for new approaches of high-throughput
creening that leverage the high scalability of the CMOS pro-
esses to create parallel sensors that monitor multiple reactions or
tudy the spatial and temporal behavior of biological entities [18].
latforms with many BioFETs have demonstrated that the incor-
oration of electronics into biosensing applications creates new
ools with promising biomolecular applications and clear advan-
ages over traditional instruments.

In this paper, we present a new massively multiplexed
ual-gated biological FET (DG-BioFET) biosensing platform with
nhanced capabilities over the ones published in the past. We
eport a DG-BioFET array of 1024 × 1024 transistors, distributed in a

 × 7 mm2  area, fabricated with a 0.18 �m silicon on insulator (SOI)
rocess having a high-K hafnium oxide sensing layer and individ-
ally addressable metal-oxide-semiconductor (MOS) back-gates.
hile the DG-BioFET platform has standard electrical character-

stics and pH sensitivity, it has unique features that enable biasing
chemes to amplify the measured signal and improve the signal-
o-noise ratio by facilitating differential referencing. Our platform
ombines a new sensor structure, with a large sensing area, and
ovel reading mechanisms to create a powerful sensing system
hat will allow users to optimize the sensors’ response. In the fol-
owing sections, we describe the DG-BioFET system and operation,
emonstrate how the massive number of sensors in the array facil-

tate differential referencing, and show how the sensitivity of the
ensors can be tailored in a dual-gate operation mode.

. Fabrication and operation

.1. Device fabrication

The array of DG-BioFETs is fabricated at Taiwan Semiconductor
anufacturing Company (TSMC) foundries without any required

ost processing steps. A detail step-by-step sensor fabrication flow
hart was described earlier [19] and in this new array similar pro-
esses are used to manufacture the on-chip circuitry used to quickly
easure the full array. Briefly, MOSFET transistors are fabricated
ith a standard multi-layer CMOS process on the 200 nm device

ayer of an SOI wafer. These initial set of transistors define the
ack-gate of future DG-BioFET sensors and create the logic gates
hat make multiplexers, decoders, and selection elements required
or row and column addressing. To test the reliability of the decod-
ng circuits, selector transistors in the diagonal across the chip are
isconnected from row and column AND gates creating ‘dummy’
ixels within the array becoming an embedded control that test the
orrect addressing of sensors in the array. After the initial standard
MOS fabrication, the top of the SOI wafer is bonded to a carrier

afer, the full structure is flipped upside down, and −while still in

he processing line- the SOI handling silicon is etched with chem-
cal mechanical polish (CMP) revealing the SOI buried oxide. This
xide is carefully dry-etched in the sensor and contacts pad areas,
and hafnium oxide is ALD-deposited over the entire wafer creat-
ing the DG-BioFET sensing membrane. A schematic of the resulting
sensor structure is presented in Fig. 1(a). This sensor can create
two inversion channels, one at the top controlled mainly by the
fluid-gate, and one at the bottom controlled by the back-gate. A
top-view of a simplified pixel architecture is presented in Fig. 1(b)
that shows the selector transistor configuration for row and column
addressing. This figure does not present all the metallization lay-
ers, control structures, biasing buses, and connecting vias. All these
other not presented structures, consume significant real state in
the chip and result in a larger pixel size. However, the 7 × 7 �m2 is
actually desirable for a high-density biosensor chip for a range of
biological applications that use conventional microarray spotters
of similar spot size for functionalization steps.

The finalized chip is mounted on a PGA 256 pin printed-circuit
board (PCB) and 48 contact pads are wire-bonded to the board for
electric access to the silicon die. The pads are used to supply voltage
to the array, access the FET’s drain/source/gate nodes, and spec-
ify the address of the selected transistor. The wire-bonds are then
encapsulated with an epoxy matrix DP270 black (3 M,  St. Paul, MN),
a crucial step to improve robustness of connections during biosens-
ing assays. A finalized chip is presented in Fig. 1(c), indicating the
DG-BioFET array sensing area, the position of the logic transistors
used for 2 dimensional row and column addressing, and the wire

bonded pads.
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nal’ that is used to assure the reliability and proper status of the
ig. 2. Transimpedance amplifier and biasing circuit, converting IDS to the input
oltage for the reading card in the IC tester.

.2. Experimental setup

For pH experiments, a 600 �L PDMS well is bonded to the chip
ithout covering the sensing area. The chip (now mounted in the

CB) is then connected to a 256 pin socket (Integrated Service
echnology, Hsinchu, TW)  that establishes connections between
he silicon die and a PXI logic IC tester. The tester includes trigger
nd reading cards, PE16A/S and PEMU32 respectively (OpenATE,
sinchu, TW), that are synchronized with a Spectrum transient

ecorder (Spectrum, Grosshansdorf, DE) with all three cards housed
n a NI PXI-1033 chassis (National Instruments, Austin, TX). The trig-
er card of the IC tester supplies voltages to the decoding circuits
o select the desired transistor and set biasing conditions, while an
ff-chip trans-impedance amplifier (Fig. 2) routes the DG-BioFET
rain current to reading circuits that records serial measurements
t a rate of around 0.11 ms.  The trans-impedance amplifier (TIA)
ettling time is below 10 �s leaving the limiting reading factor to
he card switching. Therefore, the full array of 1024 × 1024 devices
s measured in around 90 s. The full process is coordinated with
ustomized MTS3 software (OpenATE) and the output is presented
n the form of comma  separated values files. In addition, the MTS3
oftware allows the user to select devices to be measured to reduce
he measurements cycle. For instance, applications that are inter-
sted in capturing kinetic events and require time resolutions of
ess than 90 s may  reduce the number of measured sensors to
ecrease the time length of each measurement cycle.

Equivalent systems can be built with other acquisition cards,
ike the Chroma 36010, virtual IC analyzers (i.e. ElVIS II from NI), or
eneral IC testing systems like the ones offered by Keithley.

.3. pH response characterization

Five 10 mM PBS solutions of different pH are prepared by titrat-
ng HCl and NaOH in specific concentrations. The resulting pH of
hese calibration solutions is measured with an Orion 3 star pH

eter (Thermo Scientific, Pittsburgh, PA) and used to evaluate the
G-BioFET pH sensitivity. The solutions are manually pipetted in

he PDMS well, the sensors are allowed to stabilize for 10 min, and a
eak-free Ag/AgCl reference electrode (Warner Instruments, Ham-
en, CT) is immersed in solution to set the electrolyte potential.

 picture of the full setup that includes the PDMS well, reference
lectrode, and PCB is presented in Fig. 3. The drain current of each

ransistor is obtained for a specific biasing condition creating a
rain current map  for a given gating voltage. The PBS solution is
wapped to the next pH and potential changes induced by protona-
Fig. 3. Picture of the testing setup describing the PCB, PXI cards, reference electrode
and  PDMS well.

tion and deprotonation of the sensing layer are observed as current
changes [20].

2.4. Data analysis

Data collected in the NI reader is compiled with Matlab scripts
that average drain current measurements (each transistor is inter-
rogated up to 15 times) and arrange data in a two-dimension matrix
for each measurement. The pH sensitivity is determined by tak-
ing the derivative of the electrolyte pH vs. IDS relationship both
for the full DG-BioFET array and single sensors. The drain current
pH sensitivity is then converted to the traditional surface potential
sensitivity by multiplying current variations with the transistor’s
transconductance, which is obtained from transfer characteristics,
using the relation (1) for the triode region [21]. Where SIds repre-
sents the current pH sensitivity, SVg gate voltage pH sensitivity, and
gm the device’s transconductance.

SIds = gm ∗ SVg (1)

With sensitivity values, it is possible to determine the sensor’s
pH resolution (minimum detectable pH change) by dividing DG-
BioFET noise over sensitivity (2), having the noise of the system
equivalent to the standard deviation of the drain current measure-
ment [22]. Where pH{min} represents the resolution in pH units, �
noise, and S the sensitivity.

pH{min} = �

S
(2)

3. Electrical characterization and sensitivity analysis

3.1. Transfer characteristics

Figs. 4–6 show the transfer characteristics of transistors in the
array plotting the drain current as a function of the fluid- and back-
gate potentials. The transistor back-gates (BG) are swept from 0 to
1 V with a drain voltage of 2 V and 0 V in the fluid-gate (reference
electrode) to obtain back-gate transfer curves. Each transistor has
an individual back-gate that is set to a specific potential and the
resulting current of each sensor is recorded. Fig. 4 is a 3D plot of
the matrix presenting the multiple drain currents for each sensor
as a result of different VBG tensions. Fig. 5(a) shows a heat map
that presents the top-view of Fig. 4. It shows the drain-current in
the array when VBG is set at 1 V and reveals the ‘dummy  diago-
decoding circuits that are utilized for row and column addressing.
Finally, Fig. 5(b) presents the quantification and the transfer func-
tion with error bars representing the standard deviation of all the
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Table 1
DG-BIOFET Sensor array specifications and characteristics.

Specification Value

Technology 0.18 �m
DG-BioFET count 1048576
Sensing Membrane HfO2

Sampling rate 0.11 ± 0.028 ms
Average BioFET pH sensitivity 45.8 ± 5.4 mV/pH
Average BioFET pH resolution 0.25 ± 0.09 pH
Dynamic range 4–10 pH
Center to center pitch 6.5 �m
Voltage Supply 15 V
Sensing Area 0.5 × 0.26 �m

F
p

ig. 4. 3D map  of each sensor’s drain current in the 1024 × 1024 array as a function
f VBG.

ensors in the array excluding the dummy  elements in the diagonal.
esults presented in Fig. 5 demonstrate standard transistor charac-
eristics, overall back-gate transconductance (gmBG) of 0.05 �A/mV
n inversion, mean current standard deviations of 0.9 �A, and low
ariations across the chip. It also shows that the drain current seems
o saturate at large voltages. This is caused by the acquisition card
rotection circuits that truncate values above defined threshold
esulting in the apparent saturation.

Similar measurements are performed to characterize the fluid-
ate (FG) using an Ag/AgCl electrode that bias a base electrolyte
f pH 7.7 and all the transistors in the array. Fig. 6(a) shows the
rain current heat-map when the fluid-gate is set at 2.5 V, back-
ate at 0 V, and drain voltage of 2 V. The same diagonal present
n the back-gate heat map  exists in the fluid-gate and it’s used as
n embedded control of the addressing circuits. The transfer char-
cteristic of IDS as a function of the electrolyte potential (VFG) is
hown in Fig. 6(b) that presents a standard transfer characteristic
ith an overall fluid-gate transconductance (gmFG) of 0.01 �A/mV

n inversion and average standard deviation of 1.6 �A.

.2. pH sensitivity
The sensitivity to pH changes of the transistors is commonly
sed as performance metric of BioFET sensors [4]. We  evaluated
he DG-BioFET array pH sensitivity by modifying the electrolyte’s
H as described in the methods section. Fig. 7(a) shows the pH-

ig. 5. Transfer characteristics of DG-BioFET back-gate. (a) IDS heat map  for a back-gate p
erformance. (b) VBG Transfer characteristic of the overall population of DG-BioFETs.
BioFET W/L  3.8 �m/0.32 �m
Power Consumption 100 mW

dependent drain current heat maps obtained from the DG-BioFET
sensors when the electrolyte is biased at a constant 2 V but the
solution’s pH is changed. Decrements in pH cause the protonation
of the sensing membrane which result in surface potential incre-
ments that are transduced as a greater current in NMOS devices. The
opposite occurs when the pH of the electrolyte increases and depro-
tonation events will modify the DG-BioFET’s current. The overall
response to pH changes is observed in the drain current quantifi-
cation of Fig. 7(b) that reveals lower drain currents as the pH of
the electrolyte increases. Each data point in Fig. 7(b) is the mean
current measured for all devices and the error bars represent the
standard deviation of all the DG-BioFET drain currents recorded
in the array, excluding dummy  elements, a total of 1,047,552 data
points. Within the specified pH range we observed a linear response
(with R2 of 0.97) but more acid or basic electrolytes diminish the
quality of the response and sensor robustness. Fig. 7(c) presents
similar information but in terms of surface potential that is com-
puted with relationship (1) and the transconductance obtained
from the overall fluid-gate transfer curve (Fig. 6(b)). The results of
the platform characterization experiments along with geometrical
and operational array features, are summarized in Table 1, which
includes other experimentally defined operational parameters such
as dynamic range, power supply and consumption.

The pH sensitivity analysis reveals an average response, for the
entire array, of 45 mV/pH and significant variations across the drain
currents recorded in the array. Hafnium oxide has been used in the
past as the sensing layer for BioFETs with near Nernstian sensitiv-
ity but in our array we observe a lower response [22,23]. When
inspected in detail, the drain current maps show areas that are
pinned to a specific value that reduce the overall sensitivity and

contribute to large deviation between devices in the array. There
are 3 factors that affect the pH response in these regions. First, vari-
ations and defects in the sensing membrane prevent the expected
electrochemical exchange in the dielectric resulting in lower and

otential of 1 V. The dummy  diagonal is used as an embedded control of the decoder
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Fig. 6. Transfer characteristics of DG-BioFET fluid-gate. (a) IDS heat map  for a fluid-gate potential of 2.5 V. (b) VFG Transfer characteristic of the overall population of DG-BioFETs.
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ig. 7. DG-BioFET array pH sensitivity. (a) Progression of current heat-maps as a fu
otential changes as a function of pH. Error bars represent the standard deviation o

iverse sensitives. The ALD deposition of HfO2 in our array is an
xperimental process with variable chemical and physical charac-
eristics across the array. Different chemical compositions locally

odify the surface buffer capacity and thickness variations affect
he oxide capacitance. Both of these dielectric variations directly
nfluence the pH sensitivity. A second contribution to sensitivity
ariations comes from the selector transistors that introduce a pH
nsensitive current into the reading. As it is shown in Fig. 1(b),
he on-chip circuitry for row and column addressing uses selec-
or devices connected in series to choose specific drain- source
odes. Poor performance of these selector transistors (i.e. varia-
ions in threshold voltage or high device noise) will increase noise
nd modify applied voltages, thus affecting the sensitivity and res-
lution of drain current readings. Finally, in an area of 7 × 7 mm2,
ariations in the referencing potentials will results in lower sen-
itivities, increased noise, and topographical variations. Biasing

hanges in any of the FET nodes will modify its operation point and
he recorded sensitivity. In particular, we have observed currents
n the Ag/AgCl reference electrode between 0.1–0.4 nA attributed
o leakage pathways through the dielectric. When in solution,
n of the electrolyte’s pH. (b) Drain-current changes as a function of pH. (c) Surface
rrents measured in the array.

even small defects in the dielectrics will result in faradaic currents
between the reference electrode and the multiple nodes on the
chip. These small currents in the electrolyte will cause sporadic
fluid-gate fluctuations that also contribute to sensitivity varia-
tions. Therefore, defects in the sensing membrane, non-idealities
in the selector circuits, and lack of uniformity in biasing condi-
tions, explain the variations and non-ideal sensitives observed in
the pH characterization. Accordingly, in our array a more accurate
sensitivity assessment can be done by individually analyzing each
pixel. The above-referenced topological variations can be obviated
if the transconductance and response to pH changes of each sen-
sor is recorded individually to independently calculate sensitivity
and resolution. The following section presents an individual pixel
analysis which also allows the study of sensitivity distributions.

3.3. Individual pixel analysis
An individual pixel pH sensitivity and resolution analysis is pre-
sented in Fig. 8. In contrast to the measurements presented for
Section 3.2, which used the array transconductance to determine
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Fig. 8. Individual pixel analysis of sensitivity. (a) Color-coded surface potential pH sensitivity. (b) Distribution of DG-BioFET surface potential sensitivities in the array.
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developed to optimize measurements stability. Even though spa-
tial variations are observed in different devices, the performance of
these foundry-fabricated sensors is highly robust. Fig. 10 presents
a drift analysis of the DG-BioFET array by sampling drain current
Fig. 9. Individual pixel analysis of resolution. (a) Color-coded p

n average sensitivity, in the present section the transconductance
s calculated individually. Then, independent current responses are
sed in Eqs. (1) and (2) to estimate pH sensitivity and resolution for
ach device. Fig. 8(a) shows a sensitivity heat map  that color-codes
he surface potential response as a function of the electrolyte’s pH.
ach pixel in Fig. 8(a) represents the sensitivity estimated for an

ndividual device. Fig. 8(a) clearly shows spatial sensitivity vari-
tions in the array, confirming that current variability is related
ith processing, circuitry, or biasing defects that locally affect the

ensing performance. The distribution of sensitivities for the mil-
ion different DG-BioFETs in the array is presented in Fig. 8(b). It
resents a lightly negatively skewed normal distribution with a
ean � of 45.8 mV/pH and standard deviation � of 5.4 mV/pH.

imilar figures are presented in Fig. 9 that shows the heat map
f each sensor’s resolution (minimum detectable pH change) and
he corresponding distribution. In Fig. 9(a) pixels represents the
stimated resolution for each device using Eq. (2) and the individ-
ally calculated sensitivity and standard deviation. The resolution

s calculated as the ratio between the DG-BioFET’s noise and sensi-
ivity. Therefore, the resulting resolution distribution is the inverse
f sensitivity, a positively skewed normal distribution with a mean

 of 0.25 pH and standard deviation � of 0.1 pH.
The ample sample size available with the DG-BioFET array

eveals important aspects of the sensor behavior when analyzed
s a population. The skewed characteristic of both distributions is
xplained by the non-idealities discussed above and the rigid upper
hysical limit of the Nernst equation that sets a maximum sensi-
ivity of 59 mV/pH. The defects in the hafnium oxide membrane
nd readout circuitry cause variations in sensitivity, but those vari-
tions cannot overcome the intrinsic sensitivity limitations of the
aximum electrochemical response. The effect of non-idealities in

he platform reduce the sensitivity of devices but never increases

t above the Nernst limit resulting in the skewed distributions
hat we observe. The positively skewed resolution distribution is
lso explained by the upper Nernst sensitivity limit. The relation-
hip between sensitivity and resolution (2) and a low correlation
lution. (b) Distribution of pH resolution of ISFETs in the array.

between sensitivity and noise, result in the tail to higher resolution
values of Fig. 9(b).

3.4. DG-BioFET sensors drift and noise spectrum

BioFETs are known to be subject to changes due to temper-
ature effects, hysteresis, and drift [5]. Different techniques have
been studied to correct these events and improve the stability of
the sensors [24]. However, the reduction of these undermining
effects by optimizing quality of manufacturing steps and mate-
rials is an alternative that has demonstrated success in the past
[25]. The DG-BioFET sensing array has been carefully studied and
Fig. 10. Drift analysis for the fluid and back gates.
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of Fig. 13 to evaluate the full signal-to-noise performance. The green
Fig. 11. Noise spectrum analysis and flicker coefficient.

t constant biasing conditions for every hour during a 6-h period.
he results demonstrate that both the fluid- and back-gate of the
ransistors is stable during this time frame. As it was expected,
here is greater variability in the fluid-gate samples due to the

anufacturing differences that have been discussed previously,
ut measurements taken in both gates show highly stable condi-
ions that would facilitate detection of biochemical reactions and

olecular binding events that monitor potential changes to iden-
ify analytes. Even though the drift is small, for long experiment it
an result in signals similar to the ones expected from a 0.25 pH
hange. Then, for prolonged experiments it will be important to
tilize reference sensors to subtract the incidence of drift.

A second robustness analysis can be done by studying the noise
ower density of the sensors. The BioFET noise spectrum is an

mportant parameter of its operation as it reveals the multiple com-
onents contributing to the measured noise. It has been reported
reviously that an estimate of the spectrum noise can be obtained
sing Fast Fourier Transforms of a constant drain current measure-
ent [25]. This spectrum reveals the composition of multiple noise

omponents that include electrical, chemical, and drift noise. Fig. 11
hows the noise power density as a function of the frequency of
he array. The flicker (1/f) noise and its coefficient (K) are typi-
al for FET sensors, where the slow chemical reactions have the
ominating noise component. However, in our platform we also
bserve harmonic components at higher frequencies. These noise
omponents are related to the multiplexing electronics. Then, our
pectrum analysis shows how our sensors have the typical BioFET
esponse with added components due to the switching electronics
f the data acquisition system.

. Performance improvement with dual-gate operation
nd redundancy techniques

.1. Dual-gate operation

Sensitivity results presented in section III show the pH response
f the devices when operated in a single-gate mode, with a
rounded back-gate. However, the DG-BioFETs of our platform
nable a dual-gate operation that has been used in the past to obtain
eyond Nernst limit sensitivities [22,26–28]. In a constant current
ual-gate operation, pH changes that affect the fluid-gate of the

ensor must be compensated with the back-side. Then, differences
n biasing conditions in each gate and the transconductance of top
nd bottom devices will allow the amplification of the potential
Fig. 12. Back-gate potential changes in the dual-gate operation as a function of pH
for multiple biasing conditions. The inset presents back-gate sweeps as a function
of  pH.

changes. This ‘pH amplification’ is described by Eq. (3) that defines
the dual-gate mode sensitivity amplification factor [29]:

˛N =
�1Cox1

(
W ⁄L

)
1
Vds1

(
 s1 − 2�b

)

�2Cox2
(
W ⁄L

)
2
Vds2

(
 s2 − 2�b

) (3)

Where alpha ˛N is the dual-gate mode sensitivity amplification, �
is the carrier mobility, Cox is the gate capacitance, Vds the drain-
source voltage, and

(
�s1

− �b

)
represents the biasing condition and

level of inversion with �s representing the surface potential and �b
the energy separation to EF. Subscripts 1 and 2 refer to the fluid-
and back- gate respectively. For dual gate devices �,W ⁄L, and Vds
are the same, leaving the dominating amplification factors to the
ratio between gate potentials response and dielectric capacitances.
In our DG-BioFETs the user can manipulate the biasing of back- and
fluid-gate tailoring the ˛N sensitivity factor.

Fig. 12 shows the back-gate potential changes of sensors in
the array as a function of pH for different fluid biasing conditions
to exemplify the DG-BioFETs sensitivity amplification. Dual-gate
measurements were performed with a constant VFG and sweeping
VBG until obtaining a threshold current of 20 �A. This sampling is
quickly performed with our PXI tester and eliminate the effect of
external control circuits during the amplification. However, field
applications will require constant current circuits to implement
the dual-gate operation. Specific biasing conditions, color coded in
Fig. 12, modify the measured sensitivity, having greater responses
with larger fluid-gate potentials. Fig. 12 also shows how gains in
sensitivity are traded for a lower linearity. This effect has been pre-
viously reported [19] and will require users to select the operation
voltage and amplification factor based on the target application.
Applications where a large dynamic range is required will face
lower sensitivities but assays where small pH changes are expected
and linearity isn’t critical can increase the sensitivity by adjusting
biasing conditions accordingly.

The sensitivity and fluid-gate biasing relationship is quantified
in Fig. 13 that shows the overall sensitivity (slope of the linear
regression) as a function of fluid-gate potential. It shows how higher
fluid-gate potentials increase the sensitivity but also the recorded
noise. Therefore, a resolution analysis is presented in the right axis
and red limits in Fig. 13 show the Nernst limit sensitivity and the
resolution obtained with the devices in the single-gate operation.
Finally, the sensitivity distribution of the devices when biased with
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Fig. 13. Sensitivity (blue squares) and resolution (red triangles) as a function of
the  fluid-gate voltage in dual-gate mode with Ith = 20 �A. Error bars represent the
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tandard deviation of all the sensors in the array excluding the ‘dummy’ diagonal.
For interpretation of the references to colour in this figure legend, the reader is
eferred to the web  version of this article.)

FG 2.06 V, where we achieved the best resolution, is presented in
ig. 14.

The dual-gate operation allows the user to tailor the sensor’s
ensitivity. The technique has been studied in multiple devices that
ave demonstrated very large sensitivity gains, especially when
/L  ratios or capacitances are manipulated [22,28]. However, sen-

itivity gains are frequently accompanied by noise increments that
ay  worsen the resulting resolution. Therefore, using sensitivity

mplification schemes requires careful selection of biasing condi-
ions so the signal is maximized while there are acceptable noise
ncrements.

.2. Filtering based on performance metrics

A key advantage of having multiple equivalent sensors in a single
latform is the ability to discard elements based on performance
etrics or compression techniques. These methods are common

ractice for platforms with many sensing elements such as piezo-
ensor arrays [30], CMOS imaging systems [31], or gas detection
lusters [32]. They have been developed to minimize noise, opti-
ize use of bandwidth, or increase sampling and transfer rates.
ith over a million different DG-BioFET elements in our array, it is

ossible to apply these concepts in the biosensing platform taking
dvantage of the massively multiplexed sensing ability. For BioFETs,

he key metric of performance is the sensor’s pH resolution. The
esolution metric takes into account both sensitivity and noise,
esulting in a signal-to-noise ratio metric that accurately reflects
he ability of the sensor to detect biochemical events [19]. Using the

ig. 14. Individual pixel analysis of dual-gate beyond Nernst limit sensitivity with VFG = 2.0
n  dual-gate operation.
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individual pixel resolution calculations presented in Fig. 8, we  fil-
tered the data based on a performance metric of 0.25 pH resolution.
Devices with larger resolution than the one selected would have a
low sensitivity or high noise which indicate issues with the sensing
layer or readout circuitry. Fig. 15(a) shows a binary map  of the array
with rejected and accepted DG-BioFETs under the 0.25 pH resolu-
tion metric that discarded 44.6% of the sensors. The map  shows how
areas of the array that had poor sensitivity are discarded and evi-
dence a spatial division between accepted and rejected elements,
indicating that an important source of performance variation are
processing conditions of the sensing membrane. After discard-
ing elements, the overall pH sensitivity is recalculated resulting
in a 49.5 mV/pH response that represents a 9.3% increment from
the full array measurement. In addition, the overall noise for pH
experiments is reduced from 5.4 to 3.37 mV representing a 38%
improvement. Results are presented in Fig. 15(b) that shows the
increased gross pH sensitivity and lower variations across the
accepted devices.

Fig. 15 demonstrates the sensing improvements that can be
obtained with a resolution threshold equal to the mean of the dis-
tribution. The threshold of 0.25 pH was selected to demonstrate the
important improvements that can be achieved by discarding under-
performing elements. However, the selected threshold should be
based on the target application. For example, applications with
lax requirements that only demand detection of large pH changes,
such as urea detection [17] or nucleotide incorporation[10], can
select a large resolution threshold keeping all the transistors for
the measurement. But other more complex applications were
very small surface potential changes need to be resolved [4] will
require a stricter resolution performance and the elimination of
more sensors. Then, similarly to the NAND flash chip quality
grades, pre-calibrated DG-BioFET chips can be categorized based on
their resolution performance and the number of sensors required
for defined applications. The performance-based filtering in the
DG-BioFET biosensing platform improves the sensing ability of
the overall array, demonstrating the benefit of redundant mea-
surements with a massively multiplexed system, but threshold
selection must depend on the target application

4.3. Improving differential referencing with redundant
measurements

Differential referencing reduces the impact of common-noise
sources, such as drift or temperature fluctuations, by subtracting
a reference signal from a measured or test signal. With this tech-
nique and under the assumption that both sensors are subject to

the same common noise, it is possible to improve the signal-to-
noise ratio [33]. Differential referencing can be easily applied in the
DG-BioFET platform. For example, some of the sensors in the DG-
BioFET platform may  act as reference while other “testing” sensors

6 V and Ith = 20 �A. (a) Color-coded DG sensitivity. (b) Distribution of pH sensitivity
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F ccepted and rejected DG-BioFETs with a metric of resolution at 0.25 pH. (b) Drain-current
a represent standard deviation of sensors in the array. (For interpretation of the references
t le.)
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Fig. 16. Spatial redundancy strategies to minimize sample to sample variation as a
function of the number of DG-BioFETs used to monitor reactions. The inset zooms
in  the 0–200 sensors area. Error bars represent the standard deviations between 10
different sample to sample experiments.
ig. 15. Selection of pixels based on performance metrics. (a) Binary map showing a
nd  surface potential sensitivity to pH changes of accepted devices only. Error bars 

o  colour in this figure legend, the reader is referred to the web version of this artic

re used to measure analytes or reactions. Then, testing and refer-
nce signals can be subtracted to eliminate or minimize common
oise.

The success of differential referencing, however, relies on low
ample to sample variation. A good reference device for differ-
ntial referencing should have the same response as the testing
evice. In addition, the reference and testing devices should be
xposed to the same experimental conditions with the exemption
hat the testing device is exposed to the analyte while the refer-
nce is only exposed to a negative control. In other words, effective
ifferential referencing requires two identical sensors, subject to
he same conditions but having reference sensors monitoring a
egative control while the testing sensor monitors the target ana-

yte. Unfortunately, as it has been previously discussed, DG-BioFETs
n the platform may  have different responses. These differences
etween sensors are associated with tolerances and defects during
he fabrication process that are difficult to overcome. Then, in the
G-BioFET platform using differential referencing may  have lim-

ted signal-to-noise ratio improvements as reference and testing
evices may  not have the same response.

To overcome poor uniformity limitations and effectively use
ifferential referencing, redundancy techniques can be used to
inimize sample-to-sample variations. With a sampling of rate

f less than a millisecond per measurement and over a million
evices, the DG-BioFET platform can minimize sample to sample
ariation by creating groups of reference sensors measuring the
ame electrolyte, and groups of testing sensors also measuring the
ame electrolyte. These redundant measurements can be used to
educe sample to sample variation by generating many data points
hat reveal the true value of the measured variable. Redundancy
echniques have been used in the past to eliminate or reduce the
ffect of outlier events and to improve the accuracy of comparisons
etween data sets by minimizing variability under the central limit
heorem and its relation to the sample size [34]. In fact, the effec-
iveness of these methods has already been demonstrated in FET
ensing platforms that reduce noise by increasing the number of
ensors [14].

Fig. 16 presents sample to sample variation as a function of the
umber of sensors being used for reference and testing of reactions.
ig. 16 shows that the sample to sample variation decreases as more
ensors are used to monitor the samples. Having lower variations
etween samples enable better differential referencing by reduc-

ng the influence of sensors with abnormal behaviors. For example,
he effect of a sensor with a poor sensitivity decreases when mul-
iple sensors are used to monitor the same reaction. Fig. 16 shows
hat significant variation decrements are observed up to around

0 sensors but the improvement is small with more sensors. This
rend indicates that after a certain number of sensors spatial related
ffects, such as the variations that have been observed in the cur-
rent heat maps, would weight in the sample-to-sample variation
limiting its reduction. In other words, as the sample of sensors
increases, spatial sensitivity differences contribute to the sample-
to-sample variations and stagnate improvement. Unfortunately,
the sample to sample variation does not follow the 1/

√
� reduc-

tion that is expected with normal distributions because external
variables, such as differences between sensors in different sections
of the array, distort the normality of the distribution.

Even though the spatial redundancy has a capped improvement,
the massive number of devices in our platform is valuable. The
chip has been designed to perform parallel reactions and the high
density of sensors enables multiplexing and for example, using
multiple pairs of reference and testing groups within the array to
monitor multiple reactions.

Redundancy strategies can be employed to handle measure-
ments in noisy environments by improving differential referencing.
This is one of the intrinsic advantages of a massively parallel DG-
BioFET platform with integrated circuitry for fast data acquisition.
The inherent variability of the fabrication process of BioFETs and
the variations of the biochemical events that are investigated with
FET biosensors can be managed by using iterative and redundant
measurements. The ability to quickly collect large data sets improve
accuracy and simplifies quantitative conclusions that describe the
detection of entities and differences in the response between target

and control samples.
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. Conclusions

In this paper, we present a massively multiplexed dual-gated
ioFET sensing platform with over one million devices organized

n a 1024 × 1024 array of 7 × 7 mm2. The transistors are addressed
ith an on-chip row and column decoding circuit that quickly

btains drain current measurements for each sensor scanning the
ull array in around 90s. We  presented transfer characteristics
f a typical BioFET array, evaluated its pH sensitivity, and esti-
ated the minimum pH change that the sensors can resolve. This

haracterization revealed distributions of the DG-BioFET sensors
erformance and spatial variations in the array. In addition, our
tudies indicate that the sensors have a low drift and a standard 1/f
oise spectrum with additional components related to the multi-
lexor switching. Our unique sensor structure and the large number
f devices in our array allowed us to study strategies to improve
he sensing performance. The dual-gate operation available in our
latform can be used to achieve a sensitivity above the Nernst

imit, up to 84 mV/pH. Furthermore, the large number of sensors
nd high rate of data acquisition enable filtering and redundancy
echniques to improve robustness and sensitivity. Depending on
he target application and resolution requirements, performance
hresholds can be easily applied to discard underperforming sen-
ors and improve the quality of the collected data. Also, spatial
edundant measurements reduce variations between groups of
ensors, minimize the effect of random events, and facilitate dif-
erential referencing. The good pH sensitivity that can be achieved
n our platform in conjunction with the versatility that results from
he dual-gate operation and the power of a million sensors working
n parallel will facilitate the introduction of FET biosensors as the
ore transduction of sensing elements.

Following Moore’s law, the electronic industry has experienced
n unprecedented pace of evolution and improvement doubling
he capacity of their systems every two years for the last 50
ears. BioFET sensors create a pathway to bring that level of
nnovation and advancement into the diagnostics and biological
ensing fields. With the 1024 × 1024 DG-BioFET platform we have
eveloped a tool that exploits the intrinsic advantages of semi-
onductor biosensors creating a miniaturized, inexpensive, and
assively multiplexed tool for label-free detection of reactions.
e have demonstrated the ability of our sensors to detect changes

n the electrolyte by monitoring pH. Given the unique charac-
eristics and versatility of our platform with dual-gate operation,
edundant measurements, and large sensing area, we  foresee mul-
iple applications for our platform. The development of FET-based
oint-of-care devices [10] can greatly benefit from the dual-gate
peration because the biasing manipulation will maximize signal

n noisy environments. With the transistors in close proximity to
he gate dielectric (i.e. no extended-gate) our sensors can also be
sed for cell adhesion and metabolisms studies [14]. And finally,
he use of the DG-BioFET array for label-free direct molecular
etection will allow the interrogation of larger and more com-
lex screening assays [12]. The DG-BioFET array is an inexpensive
nd high-performing semiconductor biosensor able to improve
esearch and diagnostic tools. The versatility and multiplexing
bility of the DG-BioFET array shows the potential benefits of incor-
orating semiconductor devices in biological applications and open

 pathway for new biosensing devices.
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