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T
he first pioneering works implement-
ing micro- and nanotechnologies for
chemical and biological sensing ap-

plications date back more than 40 years.1 In
the past decade, they have become the
center of attention of the research and the
industry domains, following the urge to
develop portable and zero-power health-
care devices.
Despite the fact that microcantilevers2,3

and mass spectroscopy4,5 are two of the
most sensitive label-free techniques, they
both require the use of complex instrumen-
tation to acquire and process signals. In
contrast, field-effect transistor (FET) sensors
are highly oriented toward smart sensing
because of their cheap manufacturing cost,

mechanical resistance, and reliability over
time. In order to achieve circuit integration
and large-scale production, a FET sensor
should fulfill the constraints of a good sen-
sor as much as the ones of a good electronic
device. A FinFET is a vertical transistor with
lateral conductive channels, as shown in
Figure 1. The gate (whether metallic or
through a liquid) generates an electrostatic
potential surrounding the device almost in
its totality, providing an excellent channel
control. In terms of performance, this results
in a steeper subthreshold slope upon scal-
ing, that is, higher readout sensitivity. Due
to a precise assessment of the technolog-
ical development, a FinFET also provides
high stability and repeatability. The FinFET
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ABSTRACT Field-effect transistors (FETs) form an established

technology for sensing applications. However, recent advancements

and use of high-performance multigate metal�oxide semiconductor

FETs (double-gate, FinFET, trigate, gate-all-around) in computing

technology, instead of bulk MOSFETs, raise new opportunities and

questions about the most suitable device architectures for sensing

integrated circuits. In this work, we propose pH and ion sensors

exploiting FinFETs fabricated on bulk silicon by a fully CMOS

compatible approach, as an alternative to the widely investigated

silicon nanowires on silicon-on-insulator substrates. We also provide

an analytical insight of the concept of sensitivity for the electronic integration of sensors. N-channel fully depleted FinFETs with critical dimensions on the

order of 20 nm and HfO2 as a high-k gate insulator have been developed and characterized, showing excellent electrical properties, subthreshold swing,

SS∼ 70 mV/dec, and on-to-off current ratio, Ion/Ioff ∼ 106, at room temperature. The same FinFET architecture is validated as a highly sensitive, stable,

and reproducible pH sensor. An intrinsic sensitivity close to the Nernst limit, S = 57 mV/pH, is achieved. The pH response in terms of output current reaches

Sout = 60%. Long-termmeasurements have been performed over 4.5 days with a resulting drift in timeδVth/δt= 0.10mV/h. Finally, we show the capability to

reproduce experimental data with an extended three-dimensional commercial finite element analysis simulator, in both dry and wet environments, which is

useful for future advanced sensor design and optimization.

KEYWORDS: Fin field-effect transistor sensor . FinFET . ISFET . pH sensing . high-k dielectric . low power . sensing integrated circuits .
long-term stability
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advantages are well-known in electronics,6 and 22 nm
FinFETs are implemented today in Intel's latest micro-
processor on bulk Si.

FinFET for Sensing Integrated Circuits. Table 1 shows
relevant works related to silicon nanowires (SiNWs)
for sensing applications focusing on three technolog-
ical aspects: the fabrication approach (TD = top-down,
BU = bottom-up), the substrate (bulk Si, silicon-on-
insulator (SOI)), and the device architecture (GAA, tri-
gate, etc.). Figure 1 shows the cross sections of the
geometries that have been identified in the cited works:

(A) FinFET: with HFin/TFin > 1
(B) ribbon FET: with Wribbon/Tribbon > 1, including

trapezoidal and triangular silicon nanowires
(C) ISFET: ion-sensitive field-effect transistor based on

thestandardmetal�oxidesemiconductor (MOSFET)

(D) trigate FET: with WTri/TTri ≈ 1
(E) GAA FET: gate-all-around, circular wires.

While themajority of the devices found in literature
have been fabricated using a top-down methodology,
some are also based on silicon nanowires obtained by a
bottom-up approach from molecular precursors, a
method which is not yet compatible with complemen-
tary metal�oxide semiconductor (CMOS) integration.
Almost the totality of the cited works are based on
SiNWs fabricated on SOI substrates. Here, we seek to
provide a reliable alternative on bulk Si in order to
extend the compatibility of FET sensors to the CMOS
industry. The device architecture is rarely addressed in
literature. Most of the available works are based on
devices with rather large width, and vertical transistors
are not yet available. The work of Ahn et al.7 presents a
device that shares the most similarities with the FinFET
presented here. However, only the top-side of the
vertical FET has been exploited as a sensing surface,
while the body is embedded and controlled by lateral
gates for amplification. On the other hand, in order to
fully exploit the capabilities of the FinFET, we have
completely immersed the body in solution to be con-
trolled by a uniform potential applied through a re-
ference electrode.

Readout Sensitivity: Ideality and Limits of FET Devices. The
MOSFET and the ISFET share a physical limit, which is
usually derived from the Boltzmann statistics, used as
approximation of the Fermi�Dirac statistics in the
classical regime. Indeed, the fundamentals of this
classical limit can be traced back to a former concept,
the Gibbs free energy31 that combines the enthalpy
and entropy of a closed system in a single value.

For a bulk MOSFET, the subthreshold slope (SS) is
the variation of the drain current, Id, according to gate
potential, Vg, in the subthreshold region:32

SS ¼ δVg
δ(log Id)

¼ δVg
δΦS

3
δΦS

δ(log Id)

¼ kT

q
ln(10)

� �
3 1þ CD þ Cit

Cox

� �
¼ n 3m (1)

with ΦS being the surface potential at the silicon�
oxide interface, k the Boltzmann constant, T the

Figure 1. Cross sections of a FinFET (A) and of other SiNW architectures (B�E) commonly implemented in sensing-related
works (Table 1).

TABLE 1. State-of-the-Art SiNWs for Sensing Applications:

Technology

reference technology

this work TD, bulk Si, FinFET
microsens SA8 TD, bulk Si, ISFET
Abe et al.9 TD, bulk Si, ISFET
Lee et al.10 TD, SOI, ribbon FET
Park et al.11 TD, SOI, ribbon FET
Yoo et al.12 TD, SOI, ribbon FET
Kim et al.13 TD, SOI, trigate FET
Ahn et al.14 TD, SOI, trigate FET
Ahn et al.7 TD, bulk Si, buried FinFET
Vu et al.15 TD, SOI, ribbon FET
Cui et al.16 TD, SOI, ribbon FET
Tarasov et al.17 TD, SOI, ribbon FET
Chen et al.18 TD, SOI, ribbon FET
Zhang et al.19 TD, SOI, trigate FET
Li et al.20 TD, SOI, trigate FET
Hahm et al.21 BU, SOI, GAA
Stern et al.22 TD, SOI, ribbon FET
Zheng et al.23 TD, SOI, not available
Kim et al.24 TD, SOI, ribbon FET
Li et al.25 BU, SOI, GAA
Wang et al.26 BU, SOI, GAA
Zhang et al.27 TD, SOI, ribbon FET
Chiang et al.28 TD, SOI, ribbon FET
Patolsky et al.29 BU, SOI, GAA
Bae et al.30 TD, SOI, ribbon FET

A
RTIC

LE



RIGANTE ET AL. VOL. 9 ’ NO. 5 ’ 4872–4881 ’ 2015

www.acsnano.org

4874

temperature, CD and Cit are the capacitances associated
with the depletion region (in the semiconductor)
and the interface trap states (at the semiconductor�
insulator interface), respectively, andCox the gate oxide
capacitance. The first term of eq 1, also known as
n-factor, represents the physical limit previously
mentioned, and it is equal to ∼59 mV/dec at room
temperature (T = 300 K). The second term, also known
as body m-factor, describes the coupling between
the gate potential and the surface potential. For an
ideal FET device, m = 1, meaning that any variation
of Vg is perfectly coupled to the surface potentialΦS,
giving rise to an equal increase in the subthreshold
regime.

For the ISFET, the variation of the potential at the
liquid�insulator interface, ΔΨ, is similarly coupled to
the variation of potential of the bulk solution, for
example, the pH change in the bulk solution ΔpHB:

33

jΔΨ(pH)j ¼ kT

q
ln(10)

� �
3

β

βþ 1

� �
3ΔpHB ¼ n 3 R (2)

where β symbolizes the buffer capacitance of the
sensing surface and ΔpHB = 1. Equation 2 is usually
referred to as the Nernst equation or Nernst limit. The
potential difference arises from the oxide surface
reactions necessary to reach the electrochemical equi-
librium. According to the density of the amphoteric
sites, specific for each oxide, the factor Rwill approach
the unit and ΔΨ will reach the maximum value of
59 mV/pH. Similarly to the MOSFET, only an ideal
coupling between the solution and the oxide surface
allows the maximum change in the solution to be fully
transduced to the device. The potential variationΔΨ is
commonly read in terms of the FET threshold voltage
variation ΔVth. Such variation represents the intrinsic
sensitivity of the sensor, and it does only depend on
the surface oxide and the chemical species' properties.
The device geometry and its electronic parameters
do not interfere with ΔVth. Alternatively, the sensing
variation can be acquired through Id at fixed Vref. In this
case, the two physical limits of the MOSFET and the
ISFET can be merged together into a common param-
eter describing, at the same time, the quality of the
surface transduction and the electronic readout cap-
ability of the FET device. This parameter is specifically
defined here as readout sensitivity Sout equal to the
relative drain current variation before and after a
change in the solution, and it can be developed as
follows:

Sout ¼ δId
Id

¼ δId
δVg

3
δVg
Id

¼ δId
Id 3 δVg

3 δVg

¼ δln(Id)
δVg

3 δVg ¼ δVg
SS

¼ ΔVth
SS

¼ R
m

(3)

Remembering that 0eΔVthe 59mV/pH, while 59mV/
dec e SS < ¥:

• for an ideal FET sensor, Sout = 1
• for a surface oxide featuring at least full coupling
with ΔpHB, 0 e Sout e 1

• for a FET device featuring at least the ideal SS, 0e
Sout e 1

Sout can univocally represent the quality factor of a
FET sensor when looking at electronic integration, and
it depends on the device architecture. Moreover, Sout
can be written as

Sout ¼ ΔVth
SS

¼ gm
Id

3ΔVth 3 ln(10) (4)

where gm/Id is the transconductance-to-current ratio,
which is used in analog IC design.34

RESULTS AND DISCUSSION

HfO2 for Reliable and Integrable Sensors. Hafnium diox-
ide has been chosen as the gate oxide for both liquid
and metal gate FinFET. HfO2 satisfies all the criteria of
the semiconductor CMOS industry, and it is proven to
provide a pH response close to the Nernst limit.
Though no mathematical correlation has yet been
determined between the dielectric constant and the
oxide pH response, it is known that SiO2, Si3N4, Al2O3,
and HfO2 provide an increasing pH response9,35,36 and
they feature, with the same order, a higher dielectric
constant. A reasonable explanation is the high level of
ionicity, Ib, that high-k dielectrics feature.37 Such pa-
rameter is, in turn, connected to the coordination
number which expresses howmany oxygen neighbors
a central atom (Si, Hf) has. A higher coordination
number in the bulk will result in a higher density of
hydroxyl groups at the surface and, as a consequence,
higher pH sensitivity. Moreover, upon certain condi-
tions of the electrolyte, an oxide expressing the Nerns-
tian sensitivity is not sensitive to salt concentration,17

ensuring high linearity from one pH value to another.
The use of HfO2 is therefore an indispensable technol-
ogy choice.

One of the main difficulties while depositing HfO2

onto a Si surface is the control of the interface layer (IL)
between HfO2 and Si. It is possible to observe such
phenomenon in the transmission electron micro-
scope (TEM) image of a Si�HfO2�Al stack in Figure 2.
Many works refer to this IL as a silicide, namely,
HfxSi1�xOy.

38 The presence of this interface layer in-
evitably causes hysteresis, due to a negative charge
trapping/detrapping mechanism at the oxide�
substrate boundary. Despite the fact that many works
related to SiNWs for sensing applications have made
use of high-k dielectrics, the subject of hysteresis is
rarely addressed. Indeed, it represents a true obstacle
for reliable sensors.

We have investigated several technological factors
and their impact on the HfO2 performance in terms
of hysteresis ΔVH, dielectric constant εHfO2

, and break-
down voltage VBD. We have first compared three
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samples treatedwith standard RCA cleaning before the
atomic layer deposition (ALD) of a 10 nm thick HfO2

layer. One sample was then treated with an annealing
performed at 500 �C for 1 h in a N2 environment
(postdeposition annealing, PDA). As reported in Table
2, the annealing reduces the hysteresis from 0.72 to
0.41 V by lowering the trap density at the interface, but
it also decreases the dielectric constant from 18 to 14
and the breakdown voltage from 12.5 to 10.5 V.
Comparison of the TEM image on the left with the
one on the right shows that this is due to the crystal-
lization of HfO2. On the other hand, if the annealing is
performed in the presence of a uniform metal layer
(postmetallization annealing, PMA), no effects are re-
ported. The second impact factor is an additional
cleaning procedure after the standard RCA. Piranha
(a mixture of H2SO4 and H2O2) and a HF-last
(hydrofluoric) steps have been tested. The RCA fol-
lowed by the Piranha in combination with a PDA
achieved a quite good result in terms of hysteresis
with ΔVH = 0.18 V. The dielectric constant is εHfO2

= 15.
This value is the lowest hysteresis value that was
possible to achieve by depositing only HfO2. On the

contrary, the HF-last results in a significant hysteresis
and quite low VBD. In agreement with the presented
results, Green et al.39 have reported the use of a
chemical oxide (the oxide produced by a Piranha
cleaning) as IL results in almost no barrier to film
nucleation and the most two-dimensionally continu-
ous HfO2 film. All values have been extracted from the
C�V measurements presented in Figure 2.

From the insets of Figure 2a,c, it is also possible to
observe the leakage current through the oxide, which
does not exceed 10 pA up to 5 V for any of the
conditions tested.

Figure 2. C�V and leakage current (inset)measurements for the (a) Si�HfO2�Al and (c) Si�SiO2�HfO2�Al sensinggate stack.
TEM images of the (b) Si�HfO2�Al stack with uncontrolled IL and (d) Si�SiO2�HfO2�Al with no IL.

TABLE 2. Electrical Properties of HfO2 Treated with

Different Fabrication Procedures

oxide RCA annealing ΔVH εHfO2 VBD

HfO2 standard no 0.72 V 18 12.4 V
HfO2 standard PDA 0.41 V 14 10.5 V
HfO2 standard PMA 0.69 V 18 13.7 V
HfO2 Piranha PDA 0.18 V 15 12.7 V
HfO2 HF-last PDA 0.8 V 15 9.1 V
SiO2/HfO2 standard no 8 mV 17 16.5 V
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The complete suppression of the hysteresis is
achieved by the thermal growth of 2.5 nm SiO2 be-
tween the Si and HfO2. As shown in Figure 2c, no
hysteresis and repeatability are obtained for the
SiO2�HfO2 stack. The obtained hysteresis is ΔVH < 8 mV
for a Vg sweep between �4 and 4 V, fully covering the
accumulation and the inversion regimes. From the TEM
image of Figure 2d, it is clearly possible to observe that
no IL is now present between any layers.

Stability and pH Response of the FinFET Sensors. The
FinFETs were fabricated according to a top-down
approach on a bulk silicon substrate. The fabrication
aimed at a specific and reproducible geometry of the
FinFETs, with the body of the devices isolated from the
substrate similarly to what is expected on SOI wafers,
and a high-k dielectric (HfO2) has been used as the
sensing gate oxide. The whole fabrication process can
be simplified as shown in Figure 3a. A well-controlled
wet oxidation of the etched silicon fins protected by
the Si3N4 spacers is used to provide a local SOI structure
for every Fin device. The final dimensions of the
fabricated device are 16 nm e TFin e 40 nm and
50 nm < HFin < 120 nm, with HFin/TFin always greater
than 3. The quality and uniformity of the FinFETs have
been first tested on the metal gate devices. Subthres-
hold slope values are in the range of 70mV/dece SSe

81 mV/dec with the steepest value achieved for the
smallest TFin = 16 nm. The device uniformity has been
validated by measuring the SS of six devices at differ-
ent wafer locations. The results are SS = 71 ( 1 mV for
TFin = 16 nm, SS = 74 ( 1.5 mV for TFin = 20 nm, SS =
79( 2mV for TFin = 30 nm, and SS = 81( 2mV for TFin =
40 nm (see Supporting Information). As for the SS, we
have extracted the Vth values of the corresponding
devices, and the variation is in the range of 0.5 mV e

ΔVthe 50 mV. The ratio between ON and OFF currents
is 105 e Ion/Ioff e 106, with the highest value Ion/Ioff =
2� 106 obtained for TFin = 40 nm. Such excellent results
imply that there is no parasitic leakage current through
the bulk Si, and the local SOI on bulk offers equivalent
performance to a fully depleted FinFET on SOI.

The FinFET sensors have been tested in liquid gate
configuration, and long-term stability measurements
have been performed over 4.5 days. The liquid envi-
ronment has been kept at constant pH 6. Every 30 min,
the pumping system was automatically activated to
renew the liquid on top of the sensors. After a stabiliza-
tion time of about 2 min, the Vth was extracted at Ith =
2 nA. The total observation time is 105 h, where the first
24 h have been deleted due to a pumping failure that
occurred during the night, as it is possible to observe in
Figure 4. All devices feature a HfO2 oxide with a

Figure 3. (a) Simplified process flow for two-dimensional FinFETs. (b) Optical top image of a FinFET array for sensing
applications with SU-8 next to the FET channels. (c) SEM top image of a single FinFET with ametal gate. (d) SEM cross sections
obtained by focused ion beam during the fabrication process: definition of the vertical Si fin with top Si3N4 hard mask. (e)
Deposition of the Si3N4 spacers. (f) Si fin after wet oxidation and growth of a 250 nm thick SiO2 layer. (g) Si fin after Si3N4/SiO2

etching and exposure of the fin surface. (h) Here we show a version of our process that can provide 3D fins formed with a
combination of anisotropic and isotropic etches before oxidation to vertically stackmultiple fin channels. (i) Nonsharp scallop
3D fins after oxidation. (l) Sharp scallop with O2 step included after oxidation and (m) top side of 3D fin channel view after
Buffered Oxide Etching (BOE) release. Note that the electrical and sensing characteristics reported in this work correspond to
devices in panels b�g.
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thickness of tHfO2
= 8 nm. The wafers have been treated

with a full RCA cleaning followed by a Piranha step,
thus the presence of a chemical oxide between Si and
HfO2 of around 1 nm is highly probable. Table 3 collects
drift data related to sensing SiNWs with similar oxide
thickness.

The long-term stability of the FinFETs was investi-
gated over 4.5 days, and excellent results were
achieved. Looking at Figure 4, the baseline drift in time
is δVth/δt = 0.13 mV/pH for a single-wire FinFET with
TFin = 30 nm (D1 and D2). The maximum spread of the
Vth from the baseline is the standard error SEVth

=
(1 mV. In addition, by monitoring two identical enti-
ties located at different wafer positions, the two data
sets superpose. The inset of Figure 4a shows the
subtraction of the two populations of data with a
residual ΔVth = 0.6 mV. This result implies an excellent
reproducibility of the devices at the wafer level, which

has been achieved by a proper calibration of the
fabrication on bulk Si. For nanoscale devices, in fact,
geometrical differences, especially at the device cor-
ners, may cause significant Vth variations due to vo-
lume inversion for critical dimensions around 10 nm.40

In Figure 4b, the baseline drift normalized with respect
to Vth0 for two other devices is also reported. For a
three-wire FinFET (D3) with TFin = 20 nm, the drift is
0.10 mV/h, while for a five-wire FinFET with TFin =
30 nm, it is 0.12 mV/h. Overall, these results firmly
prove the stability of the presented devices. More
statistics are necessary to comment on the effect of
number or size of the devices. In comparison to related
works, our drift time is highly improved, as shown in
Table 3. The main cause of drift is usually related to the
quality of the outer layer in terms of ion diffusion
through the sensing oxide itself, a phenomenon that
increases with time due to the hydration of the first
oxide layers in contact with the solution.41 However,
the FinFET architecture may also be claimed to be a
better structure for highly reliable and stable devices
and sensors in time.42

The pH response of the latest optimized pH sensing
FinFETs is presented together with the stability results.
The devices achieved an almost full Nernstian response
with ΔVth = 57 mV/pH between pH 3 and pH 10, as
shown in Figure 5a for the HfO2 layer. As expected, for a
SiO2 sensing oxide, the response is much lower,ΔVth =
30 mV/pH. The sensitivity is also influenced by the salt
concentration, and the pH response is not linear in the
considered pH range. Moreover, the HfO2 FinFET ex-
hibits excellent output sensitivity, as defined in eq 1.
The drain current Id has been monitored in time,
exchanging solution at different pH values from pH
10 to pH 3 and backward, as reported in Figure 5b. The
FinFET has been biased at Vref = 1.5 V, Vds = 100 mV at
pH 10. According to the Id (Vref) characteristics, such
bias corresponds to the subthreshold region of the
FinFET where the subthreshold slope is steep and
constant. As a consequence, Sout reaches its maximum
values, 50% e Sout e 60%, between pH 10 and pH 5.
Thehighest absolute current variations,ΔId= 105nA/pH,
are instead achieved when the characteristic is
shifted toward the linear region, for 3 e pH e 5. From
Figure 5b, it is also possible to observe the reversibility
of the current level for the same pH values. By calculat-
ing the mean Id value for each population of data at
a specific pH value, the current hysteresis can be

Figure 4. FinFET long-term stability measurement at con-
stant pH 6. (a) Vth for equal single-wire FinFET sensors at
different die locations, with the inset showing the two data
set difference. (b) Drift in time for three different devices
normalized at the initial Vth at time (h) = 30: D1 (single wire
with TFin = 30 nm), D3 (three wire FinFET with TFin = 20 nm),
and D4 (five wire FinFET with TFin = 30 nm).

TABLE 3. Comparison of Stability and pH Response with SiNW-Related Worksa

this work 30 9 14 43 8

δVth/δt 0.1 mV/h or 0.07% 1.88 mV/h (HfO2) 0.3 mV/h (Al2O3) 27 mV/pH (SiO2) 0.24% 0.2 mV/pH
S = ΔVth 57 mV/pH (HfO2) 55.3 mV/pH (HfO2) 58 mV/pH (Al2O3) 22 mV/pH (SiO2) 53.7 mV/pH (Al2O3)
Sout 0.4 dec/pH or 60%/pH ≈0.15 dec/pH 10.85%/pH
ΔId 105 nA/pH 10.80 nA/pH

a All data are reported as maximum values; some data have been converted from the original work for comparison purposes.
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estimated. The higher current hysteresis isΔIH = 8.6 nA
at pH 7, and overall, the average current hysteresis is
ΔIH = 5.6 nA. As we have demonstrated in the previous
section, the hysteresis can be completely suppressed
by the thermal growth of a thin SiO2 layer prior to
the ALD.

For comparison purposes, we have reported Sout in
Table 3, butwe havementioned how these sensitivities
depend on the biasing point and the operating region.
The expression described in eq 1 given in dec/pH
could be used as standard figure of merit to describe
both sensing oxide and device performances. In the

presented work, with ΔVth = 57 mV/pH and the liquid
gate SS = 150 mV/dec, Sout = 0.4 dec/pH. The SS of the
liquid-gated FinFETs turned out to be less than the
one obtained for the metal gate FinFET for which
Sout would reach 0.8 dec/pH. This phenomenon is
probably due to different interface traps and charges
for the Si�oxide�metal stack with respect to the
Si�oxide�liquid one, and it would need further stud-
ies. Another possible cause of this degradation is the
presence of leakage current and consequence drop of
the channel potential, but this has not been observed
for our devices.

In Figure 5c, we propose the amplification of
the sensing signal, obtained by a two-component
common source amplifier (CSA) that we previously
presented.44 Anyway, in the previous work, the read-
out was limited by the use of defective HfO2 which
did not reach a full pH response. Here, the final
output response reaches ΔVth = 0.4 V/pH due to
the combination of a high-quality HfO2 and the
CSA architecture with gain Av = 6.4. It is important
to notice that such a readout unit has been fabricated
in situ with the same fabrication process used for
single FinFETs. This proves the implementation of the
same FET architecture for both sensing and circuit
units.

Moreover, the dissipated power is limited in the
range from tens to hundreds of nanowatts, that is,
8 nWe PFine 150 nW for Vds= 100mV, according to the
operating regime. The other applied voltages are
0.5 V e Vref e 2.5 V and Vb = 0 V at the backgate. The
applied voltage at the backgate is, indeed, very im-
portant to guarantee the compatibility of the sensor
with CMOS ICs. Only in ref 13 is the power consumption
clearly reported, with 3 nWe Pe 15 nW for Ide 10�7A,
in agreement with our results.

Technology Computer-Aided Design Simulations toward More
Complex ICs. Three-dimensional finite element analysis
(FEA) simulations of the FinFET device (Sentaurus
Device I-2013.12) were performed and compared to
the experimental data. Figure 6 shows the compari-
son between measurements and simulations in dry
(Figure 6a) and wet environments (Figure 6b). In the
former case, the silicon channel is controlled by capa-
citive coupling through a metal gate deposited by Al
sputtering, while, in the latter case, the metal gate is
replaced by an electrolyte solution biased with a flow
through a Ag/AgCl reference electrode, often called
the liquid gate. To simulate the wet environment, an
extension andmore accurate version of the technology
computer-aided design (TCAD) model presented in
ref 45 was used. The electrolyte solution is described
as a zero band gap semiconductor material. As demon-
strated in ref 45, electron and hole intrinsic concentra-
tions (NC, NV) have been modified in order to have the
right molar concentration and charge neutrality in the
bulk. The chemical species of the electrolyte can be

Figure 5. (a) Vth (pH) for a single FinFETwith TFin = 30 nm for
a HfO2 and SiO2 gate oxide. (b) Drain current Id for a FinFET
sensor during a time period of 1 h from pH 10 to pH 3 and
backward at Vref = 1.5 V and Vds = 100 mV. (c) Amplification
gain obtained by a two-component common source
amplifier.
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simulated by modifying their mobility, in agreement
with the electrolyte ions, and also, the medium di-
electric constant is modified accordingly. Moreover,
since the electrolyte ions cannot approach the surface
arbitrarily closed, the hafnium gate oxide has been
covered by a thin dielectric layer with 20 μF/cm2

capacitance in order to replicate the Stern layer.35

The ionic strength of the solution I0 has been set to
I0 = 100 mM.

From the comparison of the metal and liquid gate
FinFET characteristics, it is evident that the subthres-
hold slope is different between dry andwet conditions.
The most probable origin of this phenomenon is the
sensing surface modification, which occurs by charge
trapping/detrapping at the interface states and ion
penetration through the gate oxide. This interpretation
has been confirmed and replicated by the TCAD
simulations introducing traps at the channel/gate�-
oxide interface. Acceptor traps from the midgap to the
conduction band, and donor traps from the midgap to
the valence band, both with a uniform distribution. In
dry environment simulations, the trap concentra-
tion was 2 � 1012 cm�2 eV�1, while in the wet case, a
concentration of 2� 1013 cm�2 eV�1 was used. All the
other parameters, such as the doping concentrations
and the device dimensions, have been kept at the
nominal values in both dry and wet environments, and
they correspond to the onesmentioned in the previous
sections.

CONCLUSIONS

Themain advantages of a FinFET as sensing element
have been identified to be sensitivity, low power
operation, stability, and reliability. In terms of sensitiv-
ity, excellent results have been obtained. However, for
a given FET device with a specific intrinsic sensitivity
and subthreshold slope, similar results can be achieved
with other multigate devices or planar MOSFETs. The
FinFETs reported in this work have been realized by a
top-down approach on bulk Si by a controllable and
scalable process flow, providing a valuable alternative
to SOI substrates, commonly used for SiNW sensors.
The use of bulk Si with respect to SOI does not have

any influence on the sensing properties or on the
electrostatic control. Note that the use of the backgate
for sensing SiNWs on SOI is not compatible with CMOS
monolithic integration.
We have implemented the same FinFET architecture

as both sensing and logic devices (in stand-alone and
inverter configurations) with excellent electrical character-
istics. The FinFET structure has been optimized to behave
as an electronic switchwith excellent electrostatic control,
that is, SS = 70 mV/dec and Ion/Ioff = 106, and sensing
properties, suchas Sout =60%andΔId=10

2nA/pH.AHfO2

gate oxide has been implemented for supporting a full pH
responsewithΔVth=57mV/pH. The reliability of theoxide
in terms of minimizing the electrical hysteresis has been
addressed, proposing a controlled interfacial layer for
sensing applications which achieved ΔVH e 8 mV. The
drift in timehasbeenmeasured tobeδVth/δt=0.1mV/pH.
Metal- and liquid-gated FinFETs have been implemented
together into a two-component circuit unit, providing an
amplified Vth shift of ΔVth = 0.4 V/pH.
The combination of the stability and pH response

results proves that, in the case of our FinFET sensor,
there is no further trade-off between sensitivity and
stability43 nor a need for a thick oxide layer.46

Jointly optimizing the electronic and sensing prop-
erties has resulted in pH sensors with state-of-the-art
features: (i) full and constant pH response, (ii) high
readout sensitivity and high current variation, (iii)
robust signal-to-noise ratio, (iv) low power consump-
tion and voltage supply, (v) enhanced long-term sta-
bility and repeatability.
The experimental measurements have been accu-

rately matched with FEA simulations in both dry and
wet environments. The possibility to simulate the
liquid environment represents an important achieve-
ment for the design of reliable sensing circuits.
The reported sensing platform based on highly

stable, low-power FinFETs on bulk Si can be used for
efficient label-free sensing for noninvasive simulta-
neous monitoring of human physiological signals, in
terms of pH and other chemical and biological entities.
In conclusion, FinFETs are demonstrated to be high-

profile candidates for integrated biosensing electronic

Figure 6. Measured and simulated Id(Vg) for a (a) metal and
(b) liquid (bottom) gate FinFET (top) with logarithmic (left
axis) and linear (right axis) scale.
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systems. The use of scalable high-k dielectric FinFETs
for both sensing and circuit applications is, in fact, in
accordance with the material and physics constraints

which coincide with Moore's law of scaling, and it is
fully compatible with CMOS integration, paving the
way toward sensing integrated circuits.

METHODS

Technology. Two-dimensional arrays of FinFETs on bulk Si
have been fabricated by a unique step of e-beam lithography
(EBL), followed by four photolithography steps. The limited use
of EBL makes it highly reproducible and apt to parallel batch
production. The calibration and the validation of the geome-
trical and process oxidation parameters have been determined
by FEA simulations.47 The starting substrate is a p-type silicon
wafer with doping concentration ND ≈ 5 � 1016 cm�3. The EBL
step is realized by exposure of hydrogen silsequioxane resist
(HSQ), deposited on a Si3N4/SiO2 hard mask (Figure 3a, 1). The
patterned HSQ (Figure 3a, 2) is then transferred into the Si3N4

mask by SF6-based deep reactive ion etching (RIE, Figure 3a, 3)
and into the silicon substrate (200 nm) by Cl2-based RIE
(Figure 3, 4). The so-called Si3N4 spacers are formed by low-
pressure chemical vapor deposition of a 50 nm thick Si3N4 layer
(Figure 3a, 5) and Si3N4/Si etching (Figure 3a, 6 and 7). For the
bulk Si insulation, 300 nm of SiO2 is grown by wet oxidation,
detaching and isolating the vertical fins from the bulk
(Figure 3a, 8). Source and drain pads are implanted with
phosphorus at 25 keV for a resulting concentration of NA=
1020 cm�3. The fin surface is then exposed by dip hydrofluoric
acid (Figure 3a, 9) and covered by 8 nm of HfO2 deposited by
ALD (Figure 3a, 10). Figure 3 shows a sequence of SEM images of
the FinFET cross sections, obtained by focused ion beam, from
the vertical fin definition to the surface exposure. The electrical
connections of the devices are made by AlSi1% lines patterned
by lift-off and vias of 3� 3 μm2 that are etched by Ar ionmilling
through the HfO2. For the FinFETs implemented as circuit units,
an AlSi1% metal gate was also deposited. After validation of the
process by electrical characterization, SU-8 openings were
patterned next to the FET sensing channels to prevent the
contact between liquid and the metal connections, as shown in
Figure 3b. Finally, the wafer was diced, and each die was glued
into a chip carrier and connected by Au wires to a chip carrier.

FinFETs can also be fabricated in 3D arrays by an alternative
process. In this configuration, the microcavity in which the
FinFETs are allocated can act as a trapping site for proteins
or other biological species, as it is possible to observe in
Figure 3h�m. Different methods are available to produce 3D
FinFET arrays.48 They all have in common the deposition of a
low-temperature oxide mask, which is patterned by an EBL/RIE
step. In order to fabricate <150 nm fins smaller than 150 nm and
create straight walls, a combination of anisotropic SF6 and C4F8
dry etchings is used, as an alternative to the common BOSCH
process. Then, isotropic SF6 etching is used to separate one Fin
from the other. With this method, only the top fin has straight
side walls as a consecutive formation of droplet-shaped fins is
promoted instead (Figure 3h). In a variation of this process
route, an O2 step was introduced after the C4F8 passivation and
before the SF6 isotropic etch to produce rounder separations,
straighter walls (Figure 3i) and to reduce the droplet-shape
appearance of the Fins.

TCAD Simulations. Simulations have been performed with a
general purpose TCAD (Synopsys Sentaurus Device I-2013.12)
which is based on FEA and offers simulation capabilities in a
broad range of categories including semiconductor devices.

In order to simulate the electrolyte solution, a new material
has been defined in the TCAD environment based on the idea
that carriers in semiconductors and ions in solutions can be
described with similar equations, based on the Boltzmann
statistics. It is thus possible, using the functionalities of Sen-
taurus TCAD, to define a 1:1 electrolyte material with all the
characteristics of a semiconductor except: (i) a zero band gap,
(ii) a constant permittivity (∼80ε0), (iii) appropriate mobility
values49 (depending on which ions are simulated), and (iv) a
density of states for electrons (anions) an holes (cations) such

that NC = NV = NAI010
�3 cm�3, where NA is Avogadro's number

and I0 is the ion molar concentration, in order to satisfy the
charge neutrality. Finally, to avoid unphysical results, it is
necessary to disable the temperature dependency of themodel
parameters whenever the temperature is different from the
model reference value.
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