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a  b  s  t  r  a  c  t

An  approach  for  the  fabrication  of organic-FET  based  biosensors  with  precisely  tailored  sensing  per-
formances  is here  proposed.  A  specific  device  structure,  namely  Organic  Charge-Modulated  Field-Effect
Transistor  (OCMFET),  has  been  analyzed  in  details  and  modeled  in  order  to  move  beyond  the  pure  phe-
nomenological  observation  of  its biochemical  sensitivity  and  precisely  determining  its  sensitivity.  Thanks
to a complete  comprehension  of the  relationship  between  sensing  ability  and device  structure,  design
rules  have  been  derived  for  tailoring  the  sensing  performances.  The  layout  of  the  sensor  has  been  opti-
mized  according  to these  design  rules.  The  effectiveness  of  the approach  and  of  the  design  is demonstrated
by  providing  a complete  electrical  characterization  of  the device  in  a specific  application,  namely  DNA
FET
ioFET
ensors
esign

hybridization  detection.  Record  performances  of  the  OCMFET  for direct  DNA  hybridization  detection,  both
in terms  of  sensitivity  and  selectivity,  will  be reported.  As  the  sensing  ability  of  the  device  is  completely
independent  of  the  semiconductor  employed  for  the  transistor,  the  presented  results  are  completely
general  and  may  be replicated  also  for other  kinds  of  semiconductors,  thus  paving  the  way  to  a new
generation  of  biosensing  devices  based  on a variety  of  semiconducting  materials.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Since their first appearance in the late Seventies [1], biosen-
ors based on Field-Effect Transistors, namely bioFETs, have been
ttracting a rising interest as valuable alternative to the standard
nstrumentation, mainly based on optical, biochemical and bio-
hysical methods. BioFETs offer several advantages, including easy

ntegration with electronic circuitries and, potentially, real-time,
irect detection in a non-destructive manner. In the latest years, the
mployment of Organic FETs (OFETs) for the fabrication of bioFETs
as been extensively investigated [2]. Complementary to standard
ilicon technologies, organic electronics offers several advantages
n terms of low cost fabrication for large area processing, possibility
f fabricating devices on flexible substrates and biocompatibility of
he materials. So far, two main approaches have been proposed for
he fabrication of organic bioFETs. In the first, the working principle
f the Ion-Sensitive FET has been employed [3,4]. Such an approach,
lready successfully employed for several biochemical sensors in

ilicon technology [5–8], consists on the functionalization of the
ate insulator with proper, electrically-charged biochemical recep-
ors. If the investigated biochemical reaction takes place, the charge

∗ Corresponding author.
E-mail address: stefano.lai@diee.unica.it (S. Lai).

ttp://dx.doi.org/10.1016/j.snb.2016.04.095
925-4005/© 2016 Elsevier B.V. All rights reserved.
of the receptor changes, thus affecting the flat-band voltage of
the transistor. Another approach, originally proposed for organic
bioFETs, is related to a direct functionalization of the semiconductor
with the biochemical receptors. This strategy has been particularly
investigated for DNA hybridization detection. DNA hybridization is
a basic biochemical reactions for several kind of analysis in med-
ical, pharmaceutical and forensic applications. Several examples
of OFET-based DNA hybridization sensors, operating both in dry
[9,10], and wet  conditions [11], have been proposed, as well as for
Electrolyte-Gated OFETs (EGOFETs, [12]).

Significant attempts for the demonstration of actual feasibil-
ity of organic bioFETs in real applications have been made. As
regards DNA hybridization detection, single nucleotide polymor-
phism rejection was firstly demonstrated by Bao and co-workers,
as well as low voltage operation [11]. Low power consumption
is one of the most important merit figures of EGOFETs, which
have been demonstrated feasible for applications including also
protein detection [13]. Nevertheless, a full exploitation of organic
bioFETs in operational environments can be considered substan-
tially missing. Alternatively to the commonly debated limitations
of bioFET structures, such as the need of an external reference elec-
trode in ISFET-like devices, or the poor environmental stability of

the organic semiconductors, technological drawbacks can be also
invoked to justify such a limited diffusion.

dx.doi.org/10.1016/j.snb.2016.04.095
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.04.095&domain=pdf
mailto:stefano.lai@diee.unica.it
dx.doi.org/10.1016/j.snb.2016.04.095
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For instance, in ISFET-like devices, the transistor structure and
he sensor performances are intrinsically related, thus not allow-
ng their independent optimization. Indeed, in this class of devices
he sensing area coincides with channel area W × L (being W and

 channel width and length respectively). This strongly impacts
n the reachable sensitivity in ISFET-based biosensors, which is
xpressed by the well-known relationship

dVTH
dQS

= 1
CINS

1
WL

= 1
CINSAS

(1)

here CINS is the capacitance of the gate insulator and QS is the
harge anchored onto it. For instance, an increase of the sensitivity
an be obtained by reducing the gate capacitance or the sensing
rea, i.e. reducing channel width and/or channel length; on the
ther hand, this determines respectively an increase of the tran-
istor operating voltages and, possibly, current reduction and short
hannel effects [14].

For devices in which the receptors are directly anchored on
he organic semiconductor, their chemical structure strongly influ-
nces the final sensing performances as well as thickness and
orphology of the semiconductor film. For instance, the device

eported by Zhang et al. [9] differs from those reported in Kim et al.
10] only for the active layer thickness, but the device response to
NA hybridization in terms of output current variation is exactly

he opposite. It is thus clearly evident that the derivation of a precise
nd general model for this family of devices is virtually impossible.

A successful employment of organic bioFETs in operational
nvironments, possibly aiming at market-attractive applications,
equires the demonstration of a precise control of the device per-
ormances and the derivation of models and design rules allowing

 reliable fabrication of large numbers of devices with repro-
ucible performances. Here, a thorough investigation of a dedicated
evice structure will be proposed, and the possibility of actu-
lly design an OFET-based bioFET with a predetermined detection
bility will be presented. This device structure, named Organic
harge-Modulated FET (OCMFET), already demonstrated record
erformances for DNA hybridization detection in terms of sensi-
ivity and selectivity [15]. The aim of this paper is to go beyond
he pure phenomenological observation of the OCMFET sensing
bility, in order to demonstrate that its performances can be pre-
isely tuned by tailoring its layout. An accurate model for the
omplete derivation of a relationship between the device struc-
ure and its sensitivity will be presented, and precise design rules
ill be reported. In order to demonstrate the precise control of the
CMFET sensing performances allowed by the derived design rules,

 sensor particularly designed for DNA hybridization detection in
he sub-picomolar range will be reported. The demonstration of
he effectiveness of the design will be demonstrated by providing a
omplete characterization of the device in terms of sensitivity and
electivity.

. Materials and methods

.1. Device working principle and modelling

The OCMFET is a floating gate OFET, biased through a
apacitively-coupled control gate. A part of the floating gate is
irectly exposed to the measurement environment, thus working
s sensing area. Therefore, as the sensing area is physically sep-
rated from the active layer of the transistor, degradation of the
rganic semiconductor due to the measurement environment is
lso prevented. Moreover, the effective performances in terms of

ensitivity are not strongly reliant on the choice of the semiconduc-
or, thus making this approach feasible in different technologies.
ndeed, this working principle has been already demonstrated in
everal applications, both in organic [15–17] and CMOS [18] tech-
Fig. 1. (a) Section and (b) top view of the OCMET; in particular, the areas composing
the  floating gate are reported.

nologies. It is also noteworthy that, differently from ISFET-based
devices, the OCMFET does not need a reference electrode in the
measurement solution, as its working point is set by the control
gate; this represent a major advantage in terms of easiness of fab-
rication and handling.

The device structure is reported in Fig. 1. The transduction mech-
anism of the OCMFET is the threshold voltage shift related to a
charge variation occurring in the close proximity of the sensing
area. For instance, by functionalizing the sensing area with single-
stranded DNA sequences (probes), hybridization can be evaluated
through the increase of the negative charge anchored onto the
sensing area after the double-stranded DNA formation. As diffusely
described in Barbaro et al. [19] and in Demelas et al. [20], the thresh-
old voltage shift induced by a charge QS anchored onto the sensing
area is

�VTH = − QS
CSUM

(2)

being CSUM the arithmetical sum of all the capacitances in the sensor
layout, thus substantially including the control capacitance CCG and
all parasitic capacitances related to the transistor structure.

Such a simple model allows extrapolating the value of QS , but
only partially describes the relationship between the OCMFET lay-
out features and its actual sensitivity. Indeed, it takes into account
only the capacitive structure of the sensor, while the amount of the
charge QS actually transduced by the transistor also depends on
the geometric dimensions of each element insisting on the floating
gate. As depicted in Fig. 1, the total area of the floating gate, ATOT ,
includes the transistor area (AT ), the control capacitor area (ACC )
and the sensing area (AS); in addition, the connections between
these elements (indicated as AEXT ) must be also taken into account.
The charge QS anchored onto the sensing area induces a charge
perturbation in the whole floating gate; if a perfect induction is con-
sidered, a charge −QS is attracted in correspondence of the sensing
area. Consequently, a charge +QS is distributed among AT , ACC and
AEXT to maintain the charge conservation inside the floating gate.
As only the charge lying in AT , QT , is effective in the transduction,

two first design rules can be derived: (i) the capacitance of the con-
trol gate should be significantly larger than the other ones in the
layout in order to have a negligible charge variation in ACC ; (ii) as
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he charge located in AEXT , QEXT , is ineffective for transduction, such
rea should be minimized.

If the different areas are explicitly introduced in Eq. (2), the
ensitivity can be written as

dVTH
dQS

| = 1
CCG + CT

= 1
CINS

1
ACC + (AOV + WL)

= 1
CINS

1
ATOT − AS − AEXT

(3)

where the transistor area AT is written as the sum of the channel
rea, W × L (being W and L the channel width and length, respec-
ively) and the overlap area of source and drain with the floating
ate, AOV . The sum of ACC and AT can also be expressed as the differ-
nce between ATOT and the other floating gate portions; by setting
S » AEXT , this last equation can be thus simplified in

dVTH
dQS

| ≈ 1
CINS

1
ATOT − AS

= 1
CINSAS

1
ATOT/AS − 1

(4)

The last equation demonstrates that it is possible to finely tune
he device sensitivity by properly choosing the value of the ratio
etween ATOT and AS: the larger AS/ATOT , the higher the final sen-
itivity. This means that the different areas composing the floating
ate must be smaller than the sensing area; precise constraints on
he device layout are thus introduced. Since AS must be larger than

 × L, for a given dimension of the sensing area, the maximum
alue of the channel area is fixed. Secondly, as the control capacitor
rea must be kept small to increase AS/ATOT , it is also necessary to
inimize the parasitic capacitances of the transistor, as they must

e charged by the control gate to guarantee the proper biasing of
he device.

It is noteworthy that the derived design rules demonstrate that,
ith respect to other bioFET structures, the OCMFET sensitivity

epends on geometric features which can be tuned independently
f the transistor channel area. For instance, the geometrical fea-
ures of the transistor can be set according to the fabrication process
nd to the desired output current level; consequently, the control
apacitor necessary to properly bias the device can be dimensioned,
nd finally the sensing area. As a matter of fact, the device elec-
rical and sensing properties may  be determined and optimized
ndependently. This feature, added to the other already mentioned
eculiarities of the device structure, makes the OCMFET approach
niquely attractive among bioFETs. In order to demonstrate the
ffectiveness of the derived design rules, an OCMFET-based sensor
or DNA hybridization detection in the sub-picomolar range was
esigned, fabricated and tested.

.2. Device fabrication

The devices here tested were fabricated onto a 175 �m-thick
olyethylene terephthalate (PET) substrate (Goodfellow). The float-

ng gate was patterned by means of photolithography on an
luminum film, deposited by thermal evaporation at 10−4 Torr.
he aluminum surface was oxidized by storing the substrate in
n oven at 50 ◦C for at least 12 h, obtaining an average thickness
f the aluminum oxide of about 8 nm.  A hybrid organic/inorganic

nsulating layer, acting as dielectric for both the transistor and the
ontrol capacitor, was obtained by depositing a 35 nm-thick Pary-
ene C (Specialty Coating Systems) by means of Chemical Vapor
eposition (Labcoater 2 PDS 2010, Specialty Coating Systems). In
rder to reduce parasitic capacitances, self-alignment of source and
rain electrodes with the floating gate was performed according to
he technique reported in [21]. Self-alignment involved only the
hannel of the device thanks to a double-side development of the
hotoresist: the floating gate acted as mask for the UV light com-

ng from the back side of the substrate, while a second mask was

mployed on the other side. In this way, the photoresist polymer-
zed only on the channel area. After gold deposition by thermal
vaporation (10−4 Torr), the lift-off of the gold coating the channel
as performed by rinsing the substrate with acetone. Control gate
rs B 233 (2016) 314–319

and sensing area were finally patterned by means of photolithogra-
phy. 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS Pentacene,
Sigma-Aldrich) was  employed as semiconductor. It was deposited
by drop casting of a 0.5 wt%  solution of TIPS Pentacene in toluene;
crystallization of the semiconductor was  improved by drying the
device at 90 ◦C on a hot plate. All the biochemical procedures involv-
ing the sensing areas were carried out into incubation chambers
fabricated in acrylic glass poly(methyl methacrylate) (PMMA) and
mounted on the substrate. The device was finally encapsulated by
means of a 2 �m-thick Parylene C layer and the transistor area was
covered with a black tape in order to avoid any a-specific effect due
to the photosensitivity of TIPS Pentacene.

2.3. Functionalization process

The DNA sensitivity of the OCMFET was obtained by anchor-
ing single-stranded DNA probes onto the sensing area. The probe
sequence is P = HS-5′-(T)13- GGT TTC CGC CCC TTA GTG-3′. Before
probe immobilization, the sensing area of the device was cleaned
and sterilized with sodium hypochlorite. The functionalization
of the sensing area with the DNA probes was  performed by
spotting a 100 nM solution of P in a 1 M potassium phosphate
monobasic (KH2PO4, Sigma-Aldrich) buffer, from now on called
the functionalization buffer. After two  hours, a 1 mM solution of
6-mercapto-1-hexanol (MCH, Sigma-Aldrich) was spotted onto the
sensing area; MCH  molecules act as spacers and prevent the folding
of the probes [22]. The device was  then stored overnight in order
to allow the self-alignment of the probes.

2.4. Hybridization process

Hybridization tests were performed at room temperature by
spotting a solution of target sequences diluted in TE 1 M NaCl
(10 mM Tris–HCl, 1 mM EDTA, 1 M NaCl, all reagents purchased
by Sigma-Aldrich), from now on called the hybridization buffer.
In this paper, three different target sequences were employed, all
purchased by Sigma-Aldrich: a fully complementary target (T = 5′-
CAC TAA GGG GCG GAA ACC-3′), a fully not-complementary target
(U = 5′-AGAGCCTTTACACCGACT-3′) and a target sequence with a
single nucleotide polymorphism (TSNP = 5′-CAC TAA GGG CCG GAA
ACC-3′).

2.5. Measurement setup

All measurements were performed in liquid environment, in
ambient conditions and at room temperature. A phosphate buffer
solution (PBS, pH 7), with a 50 mM concentration of sodium
chloride, was  considered as measurement solution. Although this
concentration is relatively high for bioFET operation, such a mea-
surement buffer has been already successfully employed with
OCMFET-based DNA sensors, thanks to its peculiar characteris-
tics that made hybridization sensitivity less reliant on screening
length conditions [23]. All the measurements have been performed
using an Keithley® 2636 SourceMeter, controlled by custom-made
Matlab® scripts. Each DNA hybridization sensor is composed by
two OCMFETs: one is actually employed as sensor, while a second
one is used as reference device, thus being exposed to the same
measurement solution but without the DNA target strands. The
sensitivity of the device is reported in terms of net threshold volt-
age shift, defined as the difference between the threshold voltage
shift of a sensor after hybridization and that of the reference device.
Thanks to such double-correlated differential approach, unspecific

threshold voltage shift is compensated, thus being finally related
only to the detected charge. The device selectivity was  investigated
by recording in real time the output current of the device during
the hybridization process. A constant source-to-drain voltage drop
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Table 1
Resume of the geometrical features of the OCMFET and theoretical sensitivity
according to the design rules.

Parameter Optimized layout

Sensing area (AS) [cm2] 0.28
Transistor area (AT) [cm2] 1 × 10−2

Channel area (W × L) [cm2] 3.3 × (3 × 10−3)
Overlap area (ASF = ADF) [cm2] 5.4 × 10−4

Control capacitor area (ACC) [cm2] 0.18
External area (AEXT) [cm2] 3 × 10−3

Total floating gate area (ATOT)[cm2] 0.43
Gate capacitance (CINS) [F cm−2] 74 × 10−9

Theoretical Sensitivity (dVTH /dQS) [V C−1] 7 × 107

Fig. 2. Calibration curve of the OCMFET response to target concentration in solution.
The response is in terms of net threshold voltage shift, i.e. the difference between
the threshold voltage shift recorded in the sensor and the one recorded in a refer-
ence device. Threshold voltage shift have been evaluated from output characteristic
S. Lai et al. / Sensors and A

DS was set, while the control gate was biased with a square-wave
oltage VGS in order to reduce the bias stress effect of the organic
ransistor; indeed, this could lead to a continuous current reduc-
ion possibly masking the expected current increase related to the
ybridization effect. The amplitude and the frequency of the volt-
ge drop were chosen in order to make all the devices work in the
ame over-threshold conditions. The efficiency of the hybridization
as evaluated by measuring the relative variation in the output cur-

ent, �IDS/IDS,baseline, where IDS,baseline is the output current before
potting the target sequences.

. Results and discussion

.1. Design of DNA hybridization sensor in the sub-picomolar
ange

DNA hybridization detection has been diffusely employed as
estbench for characterizing the detection ability of bioFETs. So far,
he lowest detection limit is of 100 fM for graphene-based bioFETs
24], using PNA probes for detection. For DNA probes, a detec-
ion limit of 1 pM has been obtained, as the electrostatic repulsion
etween probes and target sequences reduces hybridization effi-
iency [25]. Among organic-based bioFETs, the OCMFET reported
n [15] has the better performances in terms of sensitivity to our
nowledge, with a measured target concentration of 100 pM.

The optimized OCMFET in this paper was designed to reach a
etection limit of 100 fM,  thus making an organic-based bioFET
ompetitive with graphene-based ones. As consistent reference for
he optimized device dimensioning, the former implementation of
he OCMFET reported in [15], fabricated with the same technol-
gy for low voltage devices, was considered; in particular the same

nsulating capacitance and the same sensing area dimensions have
een employed (CINS = 74 nF cm−2 and AS = 0.28 cm2, respectively). In
he former implementation, a charge of about 16 nC was detected at
00 pM target concentration. When the target DNA concentration
oes in the femtomolar regime, a significant reduction of the sur-
ace coverage would be expected. Therefore, a lower charge would
e anchored during hybridization: as rough starting point, QS = 1 nC
as considered. At 100 fM detection limit, a net threshold volt-

ge shift comparable to the noise level should be obtained; in the
ouble-correlated differential mode, the maximum noise level is
efined by the residual difference in the a-specific threshold volt-
ge shift of sensor and reference devices. This a-specific shift has
een evaluated as about 70 mV over a few tens of tested devices
see Supplementary materials). According to these constraints, a
ensitivity of about 7 × 107 VC−1 should be obtained according to
q. (4). Therefore, by inverting Eq. (4), a specific value of ATOT can
e derived,

TOT = AS

(
1

CINSAS

∣∣∣dVTH
dQS

∣∣∣−1

+ 1

)
= 0.43 cm2

This area should be mainly composed by the transis-
or area and the control capacitor area. A transistor area
T = W × L = 1 × 10−2 cm2 was chosen, thus being significantly
maller than AS; for L = 30 �m, a reasonable value for the available
abrication technology, a W of 3.3 cm was dimensioned. Conse-
uently, a total parasitic capacitances CP = 2 × CINS × W × LOV = 93 pF
as been derived, being LOV = 2 �m as evaluated for the self-
lignment process reported in [21]. The control capacitor area was
imensioned to be at least two order of magnitudes larger than
P; by sizing ACC = 0.18 cm2, a control capacitance of CCG = 13.8 nF

as obtained. This control capacitance dimensions allowed mak-

ng the external area significantly lower than all the other areas
AEXT = 3 × 10−3 cm2). All the geometrical parameters have been
eported in Table 1.
curves of the device acquired before and after hybridization. Hybridization was  per-
formed in ambient conditions and at room temperature. In the inset, the same graph
in  semi-logarithmic scale is reported.

3.2. Sensitivity test and design validation

Sensitivity and selectivity of the optimized OCMFET to DNA
hybridization are reported in Fig. 2 in terms of net threshold volt-
age shift (averaged on three samples per concentration), according
to what described in Section 2.5. Calibration was  performed by
testing DNA hybridization with different concentrations of com-
plementary target (T) sequences in the hybridization solution;
according to the employed concentration, the hybridization time,
i.e. the amount of time between the spotting of the target sequence
and the measurement, varied from 90 min  to 24 h. The device cor-
rectly responded in the range 1 nM–1 pM,  with restrained error bars
and net threshold voltage shifts significantly larger than the noise
limit of 70 mV.  Interestingly enough, the measured data fit the Sips
isotherm absorption model, which is commonly used for multiple
binding energy absorption of low concentrations of biomolecules
over rough surfaces [26],

y

Y0
= kC1/m

1 + kC1/m

being Y0, k and m the fitting parameters, which have been calculated
by means of a custom Matlab® function (Y0 = 0.6984 V, k = 109 M−1

and m = 1.2869). The detection limit has been evaluated by inverting
the previous equation to evaluate the concentration Cn correspond-
ing to a net threshold voltage shift variation equal to the average
noise limit of yn = 70 mV.

Cn =
[

yn/Y0

k(1 − yn/Y0)

]m
= 155 fM
Such value is the lowest detection limit ever reported for organic
bioFETs, and substantially identical to those imposed in the layout
design. The residual difference could be surely related to residual
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Fig. 3. Real time percentage current variation (�IDS) of the OCMFET during hybridization tests, normalized to the baseline current (IDS,baseline), that is the current recorded
before  the injection of target DNA strands. (a) False positive screening, performed by acquiring the response of the unfunctionalized reference to the hybridization buffer
(squares), to fully not complementary target sequences (diamond) and to target sequences with SNP (circles). The analytes were inserted at T = 60 s; before this time, a part
of  the a-specific transient of the OCMFET device is reported. (b) Response of the sensor to fully complementary target sequences (squares) over a period of time of 3000s,
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ompared to the response of a reference device functionalized with ssDNA probes to
ox  is reported to show the a-specific dynamic and the initial response of the dev
rogressively increased, up to 1 nM.

easurement noise and to small differences in the functionaliza-
ion and hybridization efficiency with respect to what considered
uring design. In any case, an almost perfect fitting of results with
he expected performances could be considered achieved.

.3. Selectivity test

In order to complete the evaluation of the device performances,
electivity tests were also performed with real time output cur-
ent measurements, as described in Section 2.4. To investigate
he reliability of the device detection ability, hybridization tests
ere carried out using fully complementary target sequences, fully

ot complementary target sequences and target molecules includ-
ng a single nucleotide polymorphism (SNP) in the middle of the
equence. Moreover, the response of the reference (not function-
lized) device in time was  also evaluated. The results are reported
n Fig. 3. False positive investigation is reported in Fig. 3(a). The
ashed line represents the time when the different analytes where
potted on the sensing area. The reference device was  measured in
eal time during exposure to the bare hybridization buffer: in this
ase, a significant reduction of the output current was recorded,
nd this can be ascribed to the residual bias stress, which is already
isible before the hybridization buffer spotting. A similar trend was
lso observed in functionalized devices exposed both to fully not
omplementary and single-polymorphic target sequences with a

 nM concentration. In these cases, the final amount of the current
eduction is lower, probably related to intrinsic charge of floating
ot complementary sequences in the measurement solution or to
-specific hybridizations. Nevertheless, these effects resulted not
ufficient to determine an overall increase of the output current.

In Fig. 3(b), the real-time current variation related to com-
lementary target sequences is reported. In particular, target
oncentration was varied during the current acquisition from 1 pM
o 1 nM.  In the plot, a slight increase of current can be noticed even
efore the spotting of the target molecules at the concentration of

 pM (at T = 200 s ca.): such a very slow and small variation can be
elated to a residual device dynamic, thus being a-specific. It is note-
orthy that a similar trend can be noticed also in a reference device

i.e., a sensor functionalized with ssDNA exposed to bare hybridiza-

ion buffer); in this device, a decrease of the output current in time,
elated to the bias stress effect, can be noticed. In the sensor, the
ynamic started to change a few seconds after the target spot-
ing, and the current started to increase in a more significant way.
 hybridization buffer (circles). In the inset, a magnification of the area in the dashed
 1 pM target concentration. During the experiment, the target concentration was

This almost immediate response have been already observed in the
previous implementation of the OCMFET, and represent a figure
merit of this approach. At the time the concentration was increased
to 10 pM (after 20 min  ca.), a current variation of about 15% was
obtained. With the 10 pM concentration, the slope became more
relevant, and, after about 15 min, the current variation reached the
impressive value of 60%. This time was sufficient to almost com-
pletely saturate the device response: no significant variation in the
dynamic of the response was  noticed after a further increase of the
target concentration to 100 pM.  Moreover, after 2800 s, the current
started to decrease. This can be related to a complete saturation of
the anchored probes; after that, as no more increases in the out-
put current can be induced, the bias stress become dominant in the
transistor response. As a proof, further increases in the target con-
centration did not modify this trend, and the current continued to
decrease.

A final current variation of about 75% was  finally recorded; as
the response to single nucleotide polymorphism is an overall reduc-
tion current of about 5% a noise margin of about 80% of the output
current has been obtained. These noise margins are the highest
reported for bioFETs, also improving the results reported for our
previous implementation of the OCMFET. This increase of the selec-
tivity can be ascribed to the smaller employable concentrations
allowed by the enhanced device sensitivity: indeed, as hybridiza-
tion of not fully complementary target molecules is very slow at
low concentrations (if compared to those of fully complementary
DNA strands), their effect in the transistor response is suddenly
hidden by other effects related to the transistor structure, such as
bias stress.

4. Conclusions

In this paper, the possibility of going beyond a pure phenomeno-
logical evaluation of the sensing performances of a specific organic
bioFET device, namely OCMFET, by deriving actual design rules for
tailoring its sensing performances has been reported. The devel-
oped model shows that, uniquely among bioFET structures, the
OCMFET approach allows independently optimizing the transistor
structure and the sensing performances of the device. This feature,

here thoroughly analysed for the first time, is summed to other
peculiar characteristics of the OCMFET approach, thus making this
class of devices promising for several kinds of biochemical sensing
applications. As an effective testbench for the proposed approach,
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 DNA hybridization sensor particularly conceived for operating in
he picomolar range, and with a nominal detection limit of 100 fM,
as designed, fabricated and tested. The device was  able to detect
NA hybridization for target concentrations as low as 1 pM,  with an
xtrapolated detection limit of 155 fM,  which is in good agreement
ith the initial design. The device also showed the capability of

nambiguous recognition of SNP. The reported results define new
ecord performances for organic bioFETs in terms of sensitivity and
electivity, and interestingly competitive with those so far reported
or inorganic bioFETs and graphene-based devices.
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