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Description

RELATED APPLICATIONS

[0001] This application claims the benefit under 35
U.S.C. §119(e) from U.S. Provisional Patent Application
No. 61/604,041 filed on February 28, 2012.

FIELD AND BACKGROUND OF THE INVENTION

[0002] The present invention, in some embodiments
thereof, relates to a semiconductor chemical sensor and,
more particularly, but not exclusively, to a gas sensor
based on a field effect transistor.
[0003] Commercially available gas sensors include IR
sensors, Toxic sensors, and Pellistors, all sold by City
Technology, Ltd., and metal oxide gas detectors, sold by
Figaro USA, Inc. (FIS, Inc.). The sensors sold by City
Technology are described, for example, at www.cit-
ytech.com, and the sensors sold by Figaro are described,
for example, at www.figarosensor.com. Gas sensors that
could be manufactured more cheaply, and/or have great-
er sensitivity and/or greater specificity, would be useful.
[0004] Gas sensors based on nanowire of various ma-
terials, for example Si, ZnO, SnO, and other materials,
can exhibit exceptionally high resolution and sensitivity.
However, the manufacture of commercial gas sensors
based on such nanowires may not be feasible at the
present time, since the fabrication of these structures,
for example with the VLS method, cannot accommodate
high volume manufacturing (HVM). Alternatively, high
volume CMOS manufacturing of nanowires could be re-
alized in the future but with a substantial increase in cost,
even several orders of magnitude.
[0005] Additional background art includes US patent
6,173,602 to Moseley, "Transition metal oxide gas sen-
sor;" WO 2005/004204 to Heath, "An electrochemical
method and resulting structures for attaching molecular
and biomolecular structures to semiconductor micro and
nanostructures;" WO 2008/030395 to Amori, "Apparatus
and method for quantitative determination of target mol-
ecules;" WO 2009/013754 to Haick, "Chemically sensi-
tive field effect transistors and uses thereof in electronic
noise devices;" US patent 7628959 to Penner, "Hydro-
gen gas sensor;" US patent 7631540 to Chueh, "Gas
sensors with zinc oxide or indium/zinc mixed oxides and
method of detecting NOX gas;" US patent 7662652 to
Zhou, "Chemical sensor using semiconducting metal ox-
ide nanowires;" US 2010/0198521 to Haick, "Chemically
sensitive field effect transistors and uses thereof in elec-
tronic noise devices;" US patent 7,963,148 to Liu, "Gas
sensor made of field effect transistor made of ZnO na-
nowires;" Zhou et al, "Silicon Nanowires as Chemical
Sensors," Chem. Phys. Lett. 369 p.220 (2003); Elibol et
al, "Integrated Nanoscale Silicon Sensors Using Top-
Down Fabrication," Appl. Phys. Lett. 83 p.4613 (2003);
Sysoev et al, "Toward the nanoscopic ’electronic nose’:
hydrogen vs carbon monoxide discrimination with an ar-

ray of individual metal oxide nano- and mesowire sen-
sors," Nano Lett. 6(8): 1584-8 (2006); McAlpine et al,
"Highly ordered nanowire arrays on plastic substrates for
ultrasensitive flexible chemical sensors," Nature mater.
6(5) 379-384 (2007); Sysoev et al, "A Gradient Microar-
ray Electronic Nose Based on Percolating Sn02 Na-
nowire Sensing Elements," NANO LETTERS, Vol. 7, No.
10, 3182-3188; McAlpine et al, "Peptide- Nanowire Hy-
brid Materials for Selective Sensing of Small Molecules,"
Journal of the American Chemical Society 130,
9583-9589 (2008); Engel et al, "Supersensitive Detection
of Explosives by Silicon Nanowire Arrays," Angew.
Chem. Int. Ed., 49, 6830 - 6835 (2010); US patent
8,010,591 to Mojarradi et al, "Four- Gate Transistor An-
alog Multiplier Circuit;" and Haick et al, "Electrical Char-
acteristics and Chemical Stability of Non-Oxidized Me-
thyl-Terminated Silicon Nanowires," J. Am. Chem. Soc.
128, 8990-8991 (2006). Ahn et al., "Double-Gate Na-
nowire Field Effect Transistor for a Biosensor", Nano Let-
ters, 2010, 10 (8), pp 2934-2938 describe a silicon na-
nowire field effect transistor (FET) straddled by the dou-
ble-gate for biosensor application. The separated dou-
ble-gates, G1 (primary) and G2 (secondary), allow inde-
pendent voltage control to modulate channel potential,
so that the detection sensitivity is enhanced by the use
of G2. By applying weakly positive bias to G2, the sensing
window was significantly broadened compared to the
case of employing G1 only, which is nominally used in
conventional nanowire FET-based biosensors.

SUMMARY OF THE INVENTION

[0006] An aspect of some embodiments of the inven-
tion concerns a multi-gate field effect transistor (FET)
with a conducting channel that acts like a virtual buried
nanowire, whose conductivity is sensitive to a local con-
centration of molecules from a gas or liquid sample ad-
hering to a surface of the FET, and whose transverse
position is controllable by the gates, allowing the FET to
function as a molecular sensor with improved sensitivity.
[0007] There is thus provided, in accordance with an
exemplary embodiment of the invention, a system for
sensing at least one type of molecules in a gas or liquid
sample, comprising:

a) at least one multi-gate field effect transistor, com-
prising: 1) a piece of semiconductor with an active
region extending between a source region and a
drain region, and left and right lateral regions extend-
ing along the active region on different sides, wherein
the source region, drain region and active region are
doped with dopants of a same sign, and the left and
right lateral regions are doped with dopants of an
opposite sign to the source region, drain region, and
active region;

2) left and right lateral gate electrodes that re-
spectively produce an electric field in the left and
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right lateral regions, creating a conducting chan-
nel connecting the source and drain regions in
the active region when appropriate voltages are
applied to them, a position of the conducting
channel depending on the applied voltages; and

3) a sensing surface adjacent to the active re-
gion, that molecules of the at least one type ad-
here to when the sensing surface is exposed to
the molecules, the conductivity of the conduct-
ing channel being measurably affected by a local
concentration of the adhering molecules near
the position of the conducting channel; and

b) a controller adapted to successively apply differ-
ent voltages to the lateral gate electrodes of the tran-
sistor, such that depletion regions are produced ad-
jacent to the left and right lateral regions (110, 112)
leaving the conducting channel in between, the con-
ducting channel moving to a plurality of different po-
sitions when the different voltages are applied by
changing the voltage of the left lateral electrode rel-
ative to the voltage of the right lateral electrode, and
at each position to measure its conductivity.

[0008] Optionally, the sensing surface is coated with a
ligand that binds specifically to the molecules that are
being sensed.
[0009] Optionally, the concentration of dopants of the
lateral regions extends into the active region, falling off
gradually over a scale length greater than the width of
the conducting channel.
[0010] There is further provided, according to an ex-
emplary embodiment of the invention, a method of man-
ufacturing the field effect transistor in the system accord-
ing to an embodiment of the invention, comprising heat
treating the transistor under conditions such that some
of the dopants from the left and right lateral regions dif-
fuse into the active region, reducing an effective width of
the active region by at least 30% at its narrowest point,
but not reducing the effective width to zero at any point.
[0011] Optionally, the active region is narrower than 1
micrometer between the left and right lateral regions.
[0012] Optionally, the field effect transistor also com-
prises a back gate electrode, located in a direction away
from the sensing surface and separated from the active
region at least by an insulator layer, a voltage of the back
gate electrode affecting one or both of an average dis-
tance and a range of distance of the conducting channel
from the sensing surface.
[0013] Optionally, the controller is adapted to deter-
mine a concentration of adhering molecules adjacent to
each of the positions of the conducting channels, from
the conductivity measured at each of the positions.
[0014] Optionally, for at least one choice of gate elec-
trode voltages, the system has a width of the conducting
channel and a distance of the conducting channel from
the sensing surface such that an equilibrium concentra-

tion of the adhering molecules can be determined when
a concentration of the molecules in air that the sensing
surface is exposed to is only 100 parts per million.
[0015] In an embodiment of the invention, the at least
one field effect transistor comprises a plurality of field
effect transistors, and the controller is adapted to change
the position of the conductive channel in each transistor
and to measure its conductivity at a plurality of different
positions, to find a greatest concentration of adhering
molecules near any of the positions, for each transistor,
and to find an average over the transistors of the greatest
concentrations of adhering gas molecules.
[0016] Optionally, the system is for use as an electronic
nose for sensing a plurality of different types of mole-
cules, and the at least one field effect transistor compris-
es a plurality of field effect transistors with sensing sur-
faces having different chemical properties, causing them
to have different relative tendencies for the different mol-
ecules to adhere to them, and the controller is adapted
to change the position of the conducting channel and
determine a concentration of adhering molecules near
each of the positions of the conducting channels, from
the conductivity measured at each of the positions, for
each transistor, and to find the type of molecules present
by comparing a pattern of the concentrations of mole-
cules adhering to each field effect transistor, to an ex-
pected pattern of concentrations of adhering molecules
for each of the types of molecules.
[0017] Optionally, the field effect transistor also com-
prises a dielectric layer situated over the active region,
and the sensing surface comprises a surface of the die-
lectric layer.
[0018] Optionally, the sensing surface of the transistor
comprises an exposed surface of the active region.
[0019] Optionally, the semiconductor comprises sili-
con, and the exposed surface of the active region com-
prises methyl-terminated silicon.
[0020] Optionally, the sensing surface is adapted for
exposure to a gas sample.
[0021] Alternatively, the system also comprises a res-
ervoir adapted for holding a liquid sample and for expos-
ing the sensing surface to the liquid sample.
[0022] There is further provided, in accordance with an
exemplary embodiment of the invention, a method of
sensing molecules in a gas or liquid sample with a multi-
gate field effect transistor having an active region with a
conductive channel connecting a source region to a drain
region, left and right lateral regions extending along the
active region on different sides, wherein the source re-
gion, drain region and active region are doped with do-
pants of a same sign, and the left and right lateral regions
are doped with dopants of an opposite sign to the source
region, drain region, and active region, a position of the
conductive channel in a lateral direction controllable by
changing relative values of two lateral gate voltages ap-
plied respectively to left and right lateral gate electrodes
adjacent to the left and right lateral regions, and the con-
ductivity of the conducting channel affected by the mol-
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ecules adhering to a sensing surface of the transistor at
a position near the conducting channel, the method com-
prising:

exposing the sensing surface to the gas or liquid
sample;

applying the lateral gate voltages to produce deple-
tion regions in the active region (118) adjacent to the
lateral regions (110, 112), leaving the conducting
channel in between the depletion regions;

changing the position of the conducting channel in
the lateral direction by changing the applied lateral
gate voltages, and measuring a conductivity of the
channel at a plurality of positions of the channel; and

detecting the molecules by observing a change in
conductivity of the conducting channel when it is in
a position such that it passes close to one of the
adhering molecules, or close to a fluctuation in a con-
centration of the adhering molecules on the sensing
surface.

[0023] Optionally, the multi-gate field effect transistor
is a field effect transistor comprising a back gate elec-
trode that affects one or both of an average distance and
range of distance of the conducting channel from the
sensing surface, the method also comprising adjusting
a voltage of the back gate electrode to improve a sensi-
tivity of the conductivity of the conducting channel to the
adhering molecules.
[0024] Optionally, changing the two lateral gate volt-
ages affects a cross-sectional area of the conducting
channel, a cross-sectional shape of the conducting chan-
nel, or both, at least partly independently of the position
of the conducting channel in the lateral direction, as well
as affecting the position of the conducting channel in the
lateral direction.
[0025] Optionally, changing a position of the conduct-
ing channel in the lateral direction comprises keeping the
two lateral gate voltages at values such that the conduct-
ing channel has a width in the lateral direction no greater
than 50% of a full range of the positions that the conduct-
ing channel can move to in the lateral direction.
[0026] Optionally, changing a position of the conduct-
ing channel in the lateral direction comprises keeping the
two lateral gate voltages at values such that the conduct-
ing channel has a width in the lateral direction no greater
than 200 nanometers.
[0027] Optionally, the sample comprises a gas sample.
[0028] Alternatively, the sample comprises a liquid
sample, and exposing the sensing surface to the liquid
sample comprises holding the liquid sample in a reser-
voir.
[0029] There is further provided, according to an ex-
emplary embodiment of the invention, a method of mov-
ing a conducting channel in a multi-gate field effect tran-

sistor with an active region between a source region and
a drain region, and at least lateral gate electrodes that
create a depletion region in part of the active region, the
method comprising:

a) setting voltages of the gate electrodes to create
a non-depleted conducting channel, narrower than
the active region, connecting the source and drain
regions through the active region; and
b) changing voltages of the lateral gate electrodes
to move the conducting channel to different positions
in a direction transverse to its length.

[0030] Unless otherwise defined, all technical and/or
scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art
to which the invention pertains. Although methods and
materials similar or equivalent to those described herein
can be used in the practice or testing of embodiments of
the invention, exemplary methods and/or materials are
described below. In case of conflict, the patent specifi-
cation, including definitions, will control. In addition, the
materials, methods, and examples are illustrative only
and are not intended to be necessarily limiting.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Some embodiments of the invention are herein
described, by way of example only, with reference to the
accompanying drawings. With specific reference now to
the drawings in detail, it is stressed that the particulars
shown are by way of example and for purposes of illus-
trative discussion of embodiments of the invention. In this
regard, the description taken with the drawings makes
apparent to those skilled in the art how embodiments of
the invention may be practiced.
[0032] In the drawings:

FIG. 1 schematically shows a perspective view of a
virtual buried nanowire gas sensor, according to an
exemplary embodiment of the invention;
FIG. 2 schematically shows a cross section of the
sensor in FIG. 1, perpendicular to the direction of the
conductive channel in the middle of the channel, ac-
cording to an exemplary embodiment of the inven-
tion;
FIGs. 3A-3C schematically shows perspective views
of a cross-section of the sensor in FIGs. 1 and 2, not
drawn to scale, showing the conducting channel
moved to different lateral positions by changing the
lateral gate voltages, and the response of channel
cross-section when the channel passes close to an
adhering molecule;
FIGs. 3D-3F schematically show a cross-section of
the sensor in FIGs. 1 and 2, seen from above, not
drawn to scale, showing the conducting channel
moved to different lateral positions by changing the
lateral gate voltages;
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FIG. 3G shows a flowchart of a procedure for using
the sensor shown in FIGS. 1 and 2, according to an
exemplary embodiment of the invention;
FIG. 4A shows a plot of simulation results for effec-
tive channel width, and test results for a shift in
source to drain threshold voltage ΔVTf, as a function
of lateral gate voltage, for a virtual buried nanowire
gas sensor similar to that shown in FIGs. 1 and 2,
used for specific anti-troponin detection, in aqueous
conditions and with a reference electrode, according
to an exemplary embodiment of the invention;
FIG. 4B shows contour plots of the carrier density in
the active region, for different values of gate voltage,
from a simulation of the sensor used for FIG. 4A;
FIG. 5 is a plot of simulation results for conducting
channel width Weff, and shift in average potential of
the upper surface of the active region, due to a given
charge placed on top of the gate dielectric above the
center of the conducting channel, as a function of
lateral gate voltage VGj, for a virtual buried nanowire
gas sensor similar to that shown in FIGs. 1 and 2,
according to an exemplary embodiment of the inven-
tion;
FIG. 6 is a plot of simulation results for the carrier
density as a function of x, near the surface of the
active region, for a carrier channel centered at five
different lateral positions by changing the left and
right lateral gate voltages, according to an exemplary
embodiment of the invention;
FIGs. 7A and 7B are simulation results showing con-
tour plots of the carrier density in a cross-section of
the active region, for two different values of the lateral
gate voltages, showing how the channel width can
be adjusted, for a virtual buried nanowire gas sensor
similar to that shown in FIGs. 1 and 2, according to
an exemplary embodiment of the invention; and
FIGs. 8A and 8B are simulation results of contour
plots similar to those in FIGs. 7A and 7B, but for a
virtual buried nanowire gas sensor in which heat
treatment has been used to cause dopants from the
lateral gate regions to move into the active region,
making the active region narrower, and allowing the
conductive channel to be narrower, according to an
exemplary embodiment of the invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE 
INVENTION

[0033] The present invention, in some embodiments
thereof, relates to a semiconductor chemical sensor and,
more particularly, but not exclusively, to a gas sensor
based on a field effect transistor.
[0034] An aspect of some exemplary embodiments of
the invention concerns a multi-gate field effect transistor
(FET) used for sensing molecules in a gas or liquid sam-
ple. The molecules adhere to an exposed surface of the
FET, and affect the conductivity of a conducting channel
going through the active region, which acts like a virtual

buried nanowire, connecting a source region to a drain
region. Lateral gate electrodes are optionally used to con-
trol a position of the conducting channel in a direction
transverse to the length of the conducting channel. By
measuring the conductivity of the conducting channel as
its position is varied in the transverse direction, fluctua-
tions in the concentration of adhering molecules can be
detected, due for example to the small number of mole-
cules, potentially making the sensor much more sensitive
than a FET with a conducting channel that does not
change its position, or to a molecular sensor using a real
nanowire made of a different material and buried in the
silicon at a fixed position. For example, in some embod-
iments of the invention, the sensor produces a response
signal that depends on the conductivity of the conducting
channel at a position of the conducting channel where
the concentration of adhering molecules is greatest.
Such a multi-gate FET molecular sensor using a virtual
buried nanowire is also potentially much cheaper to mass
produce than a conventional nanowire molecular sensor
using a real buried nanowire. For example, it could be
produced with conventional high volume, low cost CMOS
manufacturing methods, since, optionally, no low-dimen-
sional design rules are needed.
[0035] Other potential advantages of a virtual buried
nanowire molecular sensor, over conventional nanowire
molecular sensors, include increased SNR, enhanced
gain, enhanced resolution, and faster device character-
ization and development. For conventional buried na-
nowire based sensors the dimensions of the nanowire
need to be optimized in accordance with the organic sys-
tem to be detected. This implies a lengthy characteriza-
tion and development phase where nanowires of various
compositions and dimensions need to be tested. In the
virtual buried nanowire approach, the device is optionally
fabricated only once. The optimization of the device for
use in detecting a specific analyte is optionally accom-
plished by adjusting the gate voltages to produce virtual
nanowires of different cross-sectional areas and shapes,
and testing them.
[0036] The virtual buried nanowire molecular sensor
is optimized, in different embodiments of the invention,
to sense different analytes, for example, for medical di-
agnostic applications, for environmental applications, for
military applications, or for other applications.
[0037] An aspect of some embodiments of the inven-
tion concerns a multi-gate FET with a virtual buried na-
nowire, in which the conducting channel is made narrow-
er by increasing a dopant concentration in the active re-
gion, while using a heat treatment to cause dopants of
the opposite sign to diffuse from the lateral gate regions
part way into the active region from the sides. This makes
the active region effectively narrower, while avoiding
breakdown at the PN junctions between the lateral re-
gions and the active region, and potentially with little or
no reduction in the carrier density in the conducting chan-
nel. If the FET is used as a molecular sensor, with the
conducting channel scanned laterally across the active
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region, the narrower channel potentially gives the sensor
increased sensitivity, resolution, and/or SNR.
[0038] US patent 8,007,727, to Shalev et al, "Virtual
semiconductor nanowire, and method of using same,"
describes a multiple-gate field-effect transistor that in-
cludes a fluid in a top gate, two lateral gates, and a bottom
gate. The multiple-gate field-effect transistor also in-
cludes a patterned depletion zone and a virtual depletion
zone that has a lesser width than the patterned depletion
zone. The virtual depletion zone width creates a virtual
semiconductor nanowire that is lesser in width than the
patterned depletion zone. This patent has a common in-
ventor with the present application, but a different assign-
ee.
[0039] Before explaining at least one embodiment of
the invention in detail, it is to be understood that the in-
vention is not necessarily limited in its application to the
details of construction and the arrangement of the com-
ponents and/or methods set forth in the following descrip-
tion and/or illustrated in the drawings and/or the Exam-
ples. The invention is capable of other embodiments or
of being practiced or carried out in various ways.
[0040] Referring now to the drawings, FIG. 1 shows an
exemplary multi-gate FET 100, comprising a semicon-
ductor layer built on top of an insulator layer 102, for
example a buried oxide (BOX) layer of silicon oxide, op-
tionally on top of a substrate 104, optionally made of the
same material as the semiconductor layer, for example
silicon. The semiconductor layer over the insulator layer
is sometimes referred to herein as an SOI (silicon on
insulator) layer, although other semiconductor materials
are used instead of silicon in some embodiments of the
invention, and materials other than silicon oxide are op-
tionally used for the insulator layer. It should be under-
stood that terms such as "on top of," "above," and "over,"
as used herein, refer to a direction that is shown as ver-
tical in the drawings, but need not be literally vertical with
respect to gravity; generally the device may be oriented
in any direction with respect to gravity, without affecting
its operation.
[0041] The semiconductor layer comprises a source
region 106 at one end, and a drain region 108 at the other
end, both doped with an implant of the same charge, for
example an N implant. A right lateral gate region 110 and
a left lateral gate region 112 are both doped with an im-
plant of an opposite charge to the implant of the source
and drain regions, for example a P implant. Alternatively,
the source and drain regions are doped with a P implant
and the gate regions are doped with an N implant. The
rest of the semiconductor layer comprises a portion 114
adjacent to the source region, a portion 116 adjacent to
the drain region, and a narrower active region 118 con-
necting the source region to the drain region. Portions
114 and 116, and active region 118 are optionally doped
with an implant of the same sign charge as the implant
of the source and drain regions, but are less strongly
doped than the source and drain region. A source elec-
trode 120 is connected to source region 106, a drain elec-

trode 122 is connected to drain region 108, a right lateral
gate electrode 124 is connected to right gate region 110,
and a left lateral gate electrode 126 is connected to left
gate region 112. Connectors 128 allow the electrodes to
be connected to an external circuit which can control the
voltage on each of the electrodes, and can measure the
current between the source and drain electrodes. Op-
tionally, there is a back gate electrode, not shown in FIG.
1, attached to the bottom of substrate 104, or to the bot-
tom of insulator layer 102 if there is no substrate 104
beneath the insulator layer. The presence of insulator
layer 102 between the back gate electrode and the other
electrodes makes it possible for the back gate electrode
to affect the electric field and hence the carrier distribution
in the active region, without drawing any current. Sub-
strate layer 104 may be present as a result of the method
of manufacture, in some methods of manufacturing FET
100.
[0042] Optionally, there is a gate dielectric layer, not
shown in FIG. 1, above active region 118. The gate die-
lectric is optionally made of silicon oxide. Alternatively,
other materials are used for the gate dielectric, including
for example any of HfO2, Si3N4, Al2O3, and Ta2O5.
[0043] It should be understood that the FET need not
have the rectilinear geometry shown in FIG. 1, with the
active region oriented along the y-direction, the lateral
gate regions surrounding it in the x-direction, and the
different layers arranged in the z-direction. Instead, the
FET may be curved or twisted in any way, for example
with the active region C-shaped, or S-shaped, or with the
layers having surface curvature, as long as certain fea-
tures are present, for example a path through the active
region connects the source and drain regions, and the
lateral gate regions are adjacent to the active region on
its sides. However, a rectilinear geometry potentially
makes the FET easier to manufacture by conventional
manufacturing methods for semiconductor devices. The
gate electrodes, which generally do not have substantial
current running through them in normal operation, need
not be in physical contact with the semiconductor layer
or insulator layer, but could be separated from them by
an air gap, although for reasons of mechanical strength
it is potentially advantageous to have any electrodes in
direct contact with semiconductor or insulator.
[0044] FIG. 2 shows a cross-section 200 of FET 100,
perpendicular to the direction from the source to the drain
and half way between the source and the drain. A die-
lectric layer 202 optionally covers active region 118, and
a back gate electrode 204 is optionally attached to the
bottom of substrate 104. A conducting channel 206, con-
necting the source and drain regions through active re-
gion 118, is created by applying appropriate voltages to
the gate electrodes, a voltage VGj1 to the left gate elec-
trode, a voltage VGj2 to the right gate electrode, and op-
tionally a voltage VGb to the back electrode. These volt-
ages are measured, for example, relative to ground, and
typically the source electrode is grounded. The voltage
on the lateral gate electrodes creates an electric field in
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the semiconductor, which creates a depletion region,
without charge carriers, at the interface of the lateral re-
gions with the active region, extending into the active
region, while the voltage on the back electrode creates
a depletion region at the interface between the insulator
layer and the active region, extending into the active re-
gion. For appropriate values of the gate voltages, the
depletion region covers much of the active region, leaving
only the relatively narrow undepleted conducting channel
206. When a voltage VSD is then applied between the
source and the drain electrodes, a current flows between
them which depends on the cross-sectional area of the
conducting channel.
[0045] The FET functions as a gas sensor because the
cross-sectional area of the conducting channel is sensi-
tive to the charge of gas molecules adhering to the sur-
face of the dielectric layer, sometimes referred to herein
as a sensing surface. It should be understood that, al-
though we describe herein embodiments of the invention
that are used as gas sensors, other embodiments of the
invention are used to detect molecules in a liquid sample,
for example by adding a reservoir for holding a liquid
sample to the top of the sensing surface. The charge of
these adhering gas molecules changes the potential of
the surface of dielectric layer 202, as if there were another
gate electrode there, and this changes the cross-section-
al area of the conducting channel. For this reason die-
lectric layer 202 is sometimes referred to herein as a gate
dielectric, although in the embodiments described, there
is optionally no physical gate electrode on top of the ac-
tive region. Typically, for a given set of gate voltages, the
current between the source and the drain is essentially
zero up to a threshold voltage between the source and
the drain, and increases rapidly above the threshold volt-
age. Optionally, the voltage between the source and the
drain is set just below the threshold voltage in the ab-
sence of adhering gas molecules on the gate dielectric,
so that even a small decrease in the threshold voltage,
caused by a small number of adhering gas molecules,
can greatly increase the current between the source and
the drain, making the FET potentially a very sensitive
detector of gas molecules. Typically, the threshold volt-
age between the source and the drain is between 10 mV
and 100 mV, and the source to drain voltage is optionally
kept at such low levels, much less than the lateral and
back gate electrode voltages, which are typically a few
volts.

Changing lateral position of conducting channel

[0046] FIGS. 3A-3C illustrate how applying a different
voltage on the left and right lateral gate electrodes op-
tionally controls the lateral position of the conducting
channel, and how changing the lateral position of the
conducting channel is optionally used to increase the
sensitivity of FET 100 as a gas sensor. In FIGS. 3A-3C,
there is a relatively low concentration of gas above gate
dielectric 202, and only a few gas molecules adhere to

the surface. The left and right gate electrodes are option-
ally kept at voltages such that the conducting channel is
very narrow, for example narrower than the width of the
active region by a factor of 5, 10, 20, 50, or a lower, higher
or intermediate value, and at a given lateral position of
the conducting channel, there is less than one molecule,
on average, adhering directly above any part of the con-
ducting channel. In absolute dimensions, the width of the
conducting channel is, for example, 500 nm, 200 nm, 100
nm, 50 nm, 20 nm, 10 nm, 5 nm, or a lower, higher, or
intermediate value. As used herein, the width of the con-
ducting channel means the full-width, in the y direction,
at half-maximum of the carrier density.
[0047] As the lateral position of the conducting channel
is scanned from left to right, by changing the voltage of
the left lateral electrode relative to the voltage of the right
lateral electrode, the cross-sectional area of the channel
increases whenever it passes close to an adsorbed mol-
ecule. For example, in FIG. 3A, the channel passes under
gas molecule 302, and its cross-sectional area is rela-
tively large. In FIG. 3B, the channel does not pass close
to any gas molecules, and its cross-sectional area is
smaller. In FIG. 3C, the channel passes close to gas mol-
ecule 304, and its cross-sectional area increases again.
In other embodiments of the invention, the current de-
creases, instead of increasing, when the conducting
channel passes near an adhering gas molecule. By scan-
ning the conducting channel across the active region,
and measuring the current between the source and the
drain at each lateral position of the channel, an accurate
determination may be made of the density of gas mole-
cules adhering to the gate dielectric. If the current be-
tween the source and drain were only measured at a
fixed lateral position of the conducting channel, it would
not be possible to do this, because the current would
likely either be very small, corresponding to no adhering
gas molecules, if the channel did not happen to pass
close to any gas molecules, or very large, corresponding
to a much higher density of adhering gas molecules than
are actually present, if the channel happened to pass
close to one of the gas molecules.
[0048] Figures 3D, 3E and 3F respectively show a
cross-section of the semiconductor layer as seen from
above, at the surface of the semiconductor layer or at a
depth below the surface where conducting channel 206
is located, at three different positions of the conducting
channel. Active region 118 and conducting channel 206
are not necessarily drawn to scale, but are shown wider
than they typically are relative to the dimensions of the
source, drain and lateral gate regions, so that the change
in position of the conducting channel may be clearly seen.
It should be noted that, as long as the FET is operated
with source to drain voltage much less than the voltage
between the source and the lateral and back gate elec-
trodes, for example less by a factor of 10 or 100, then
the conducting channel will generally be very uniform in
cross-section long the active region between the lateral
regions, as shown in FIGS. 3D-3F, although the conduct-
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ing channel may fan out beyond the ends of the lateral
regions.
[0049] In order to scan the conducting channel laterally
across the active region, the lateral gate voltages, and
optionally the back gate voltage, are controlled by a con-
troller 306, which controls a power supply 308 that pro-
vides the left lateral gate voltage, a power supply 310
that provides the right lateral gate voltage, and optionally
a power supply 312 that provides the back gate voltage,
all relative to ground which is, for example, connected to
the source electrode. Controller 306 optionally adjusts
the gate voltages to keep the depth and cross-sectional
dimensions of the conducting channel substantially con-
stant as its position moves laterally across the active re-
gion, for example by running software that implements a
control algorithm, or by using an electronic circuit that
produces the right relationship between the gate voltag-
es. The relationship between the different gate voltages
that will accomplish this is found, for example, by simu-
lations, as described below in FIG. 6, or by testing the
FET in the absence of adhering gas molecules. The dif-
ferences in source to drain current, at different lateral
positions of the conducting channel, are then due prima-
rily to differences in the concentration of gas molecules
adhering above the conducting channel, and optionally
the sensitivity of the sensor is optimized at all positions
of the conducting channel.
[0050] Controller 306, or a different controller, option-
ally calculates an average density of adhering gas mol-
ecules on the gate dielectric surface, from the measured
source to drain current as a function of lateral position of
the conducting channel. For example, the average den-
sity is proportional to an average shift in threshold volt-
age, for all positions of the conducting channel, relative
to the threshold voltage when there are no adhering gas
molecules, and the constant of proportionality is calibrat-
ed using a sample with known concentration of the gas
molecules. Alternatively, the number of adhering gas
molecules is counted, by counting the number of times
that the current in the conducting channel has a signifi-
cant rise and fall as the conducting channel is scanned
across the width of the active region, indicating that the
channel has passed by one adhering gas molecule, and
the density is found by dividing the number of adhering
molecules by the surface area of the active region. The
average shift in threshold voltage may produce a more
accurate measure of the density of adhering gas mole-
cules when the density is relatively high, or even when
the density is relatively low if the change in threshold
voltage as a function of channel position always has
about the same width and height whenever the channel
passes an adhering molecule. Counting the number of
adhering molecules may produce more accurate results
if there are relatively few adhering molecules, so that the
conducting channel will usually not pass close to more
than one adhering molecule at a time.
[0051] Figure 3G shows a flowchart 320 for a proce-
dure used to measure the density of adhering gas mol-

ecules, according to an exemplary embodiment of the
invention. At 322, the source to drain voltage is optionally
set just below the threshold value in the absence of ad-
hering gas molecules, so that the presence of an adher-
ing gas molecule adjacent to the conducting channel will
increase the source to drain current, by decreasing the
source to drain voltage below the threshold voltage. In
an embodiment where an adhering gas molecule de-
creases the current at a given voltage, the source to drain
voltage is instead optionally set just above the threshold
voltage, so that an adhering gas molecule will decrease
the current. At 324 the lateral gate voltages, and option-
ally the back gate voltage, are set to a value for which
the conducting channel will be at an initial position in the
active region, for example all the way to one side of the
active region in the lateral direction, or all the way at the
beginning of a range of positions over which the conduct-
ing channel is to be scanned. At 326, while or after the
gate dielectric is exposed to a gas sample, the source to
drain current is measured and recorded. In another em-
bodiment of the invention, instead of setting the source
to drain voltage at a constant value at 322, and measuring
changes in current caused by adhering gas molecules
at 326, the source to drain current is kept at a constant
value, for example at the maximum slope of current as
a function of voltage just above the threshold voltage,
and changes in voltage due to adhering gas molecules
are measured. In effect, this is similar to measuring
changes in the threshold voltage. Alternatively, a function
of current and voltage is kept constant, and changes in
a different function of current and voltage is measured.
[0052] At 328, if this scan is not done, then at 330, the
lateral gate voltages, and optionally the back gate volt-
age, are adjusted to move the conducting channel to the
next position. Optionally, this is done in such a way that
the width and depth of the channel are not changed, or
are changed very little, as described above. The position
of the conducting channel need not change monotoni-
cally in time, but can jump around. However, it may be
simplest, in interpreting the data and in controlling the
voltages of the gate electrodes, to have the position of
the conducting channel go sequentially from one side of
the active region to the other side during a scan, making
measurements at frequent intervals. After the gate volt-
ages have been set to the new values at 330, moving
the conducting channel to the new position, the source
to drain current is measured and recorded again at 326.
This loop is continued until the scan is done at 328, for
example because the position of the conducting channel
is all the way on the other side of the active region from
what it was initially, or is all the way on the other side of
the range of positions over which the conducting channel
is being scanned.
[0053] When the scan is done, the number or density
of adhering gas molecules is found at 332, from the date
recorded at 326, for example source to drain current as
a function of channel position at constant voltage, or the
threshold voltage as a function of channel position, using
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any of the methods described above for finding the
number or density of adhering gas molecules. At 334, if
more scans are to be made, then the gate voltages are
returned to the values that will put the conducting channel
at its initial position, at 324, and a new scan is made.
Optionally, scans are made repeatedly, while the gate
dielectric is exposed to gas molecules, and the density
of adhering gas molecules as a function of time. When
all scans are done, at 334, the density of adhering gas
molecules as a function of time is optionally supplied as
output to a user, at 336. Typically, the density of adhering
gas molecules will initially increase linearly with time,
when the sensor is first exposed to the gas molecules,
and will then saturate, as the gate dielectric becomes
saturated with gas molecules, or as the rate of adherence
of gas molecules is balanced by a rate of loss of adhering
gas molecules from the surface. The concentration of
gas molecules in a sample may be inferred from the initial
rate of rise, and/or from the saturation level.
[0054] To estimate how much increase in sensitivity
can be achieved by varying the position of the conducting
channel, note that in general the sensitivity may become
greater the narrower the effective width of the conducting
channel, and assume that the noise level is low enough
so that, for a conducting channel width of Wc, a single
adhering gas molecule can be detected if it is within Wc/2
of the conducting channel. Then, if the width of the active
region is Δx, on average the gas molecules could be de-
tected, at a given position of the conducting channel, only
if at least Δx/Wc gas molecules were adhering to the up-
per surface of the FET. If the conducting channel were
scanned across the active region, and the greatest re-
sponse at any position were measured, then in principle
even a single adhering gas molecule could be detected,
an increase in sensitivity of Ax/Wc, which could be, for
example, a factor of 5, or 10, or 20, or 30, or more. Al-
though the greatest potential increase in sensitivity may
occur, due to scanning the conducting channel, if a single
adhering gas molecule could be detected directly over
the conducting channel, some increase is sensitivity will
occur even if, for example, a minimum of 2 or 3 adhering
molecules are needed for detection at a given position
of the channel, since there will be large fluctuations in
the number of adhering molecules above the conducting
channel, due to Poisson statistics, if the average number
at a given position of the channel is a relatively small
number such as 2 or 3. Relatively less increase in sen-
sitivity due to scanning the conducting channel may oc-
cur, as the minimum number of adhering molecules,
needed for detection at a given position, increases, and
as Δx/Wc decreases.

Gas molecules adhering directly to semiconductor with 
no gate dielectric

[0055] In some embodiments of the invention, the
sensing surface that the gas molecules adhere to is, at
least in part, an upper surface of the active region itself,

and there need not be any dielectric layer over the active
region. Optionally, in those embodiments, the semicon-
ductor comprises silicon, and the upper surface of the
active region, that the gas molecules adhere to, compris-
es methyl-terminated silicon, as described, for conven-
tional silicon nanowires, by Haick et al, J. Am. Chem.
Soc. 128, 8990-8991 (2006), cited above. Alternatively,
the silicon is coated with a polar monolayer of organic
molecules, as described by Paska and Haick, "Control-
ling properties of field effect transistors by intermolecular
cross-linking of molecular dipoles," Appl. Phys. Lett. 95,
233103 (2009), and "Controlling surface energetics of
silicon by intermolecular interactions between parallel
self-assembled molecular dipoles," J. Chem. Phys. C
113, 1993-1997 (2009), by the same authors. Alterna-
tively, the silicon is coated with dense hydrophobic or-
ganic hexyltrichlorosilane monolayers, that are especial-
ly suitable for nonpolar molecules, as described by Paska
et al, "Enhanced sensing of nonpolar volatile organic
compounds by silicon nanowire field effect transistors,"
ACS Nano 5, 5620-5626 (2011). Paska et al also de-
scribe other suitable coatings for this purpose.
[0056] Having the gas molecules adhere directly to the
upper surface of the active region has the potential ad-
vantage of improving the sensitivity of the gas sensor.
Using a dielectric layer, in particular a silicon dioxide di-
electric layer, above the active region, has the potential
advantage that the design is closer to the design of a
conventional FET, and it may be possible to use more
conventional manufacturing methods. Also, the technol-
ogy of chemically modifying dielectric surfaces, for bind-
ing to specific gas molecules, may be more advanced
than the technology of chemically modifying semicon-
ductor surfaces, potentially allowing more flexibility in
choosing which gas molecules are to be detected, for a
sensor using a dielectric layer. But it should be under-
stood that any of the devices and methods shown in the
drawings could also be implemented without a dielectric
layer above the active region, and having the gas mole-
cules adhere directly to an upper surface of the active
region.

Controlling conducting channel dimensions

[0057] Optionally, the lateral gate electrodes also con-
trol a width of the channel in the transverse direction, at
least partly independently of the position of the channel.
This can be done if the voltage of the left and right lateral
gate electrodes is controlled independently. Optionally
the voltage of the back gate electrode, possibly together
with the voltages of the lateral gate electrodes, controls
a distance of the conducting channel from the sensing
surface where the gas molecules adhere, and/or a range
of distances of the conducting channel from the sensing
surface. For the geometry shown in FIG. 2, this means
controlling a vertical position and/or a vertical width of
the conducting channel. This has the potential advantage
that the conducting channel can be at a vertical position

15 16 



EP 2 820 403 B1

10

5

10

15

20

25

30

35

40

45

50

55

that is reasonably close to the top dielectric layer, for
enhanced sensitivity, but not so close to the top dielectric
layer that the sensor suffers from noise generated by
noise centers at the interface between the semiconductor
and the top dielectric layer. Optionally, the transverse
and vertical width of the conducting channel, and/or the
vertical position of the conducting channel, are set at val-
ues that give the gas sensor better sensitivity than it
would have for other values. For example, the width of
the channel, transversely and/or vertically, at its narrow-
est point, or on average over the length of the active
region, is greater than 200 nanometers, or between 200
and 100 nanometers, or between 100 and 30 nanome-
ters, or between 30 and 10 nanometers, or between 10
and 3 nanometers, or less than 3 nanometers, or more
than 50% of the width of the active region in the trans-
verse direction, or between 50% and 30% of the width,
or between 20% and 10% of the width, or between 10%
and 5% of the width, or less than 5% of the width. Op-
tionally, the width of the active region in the transverse
direction, at its narrowest point or on average over its
length, is greater than 1 micrometer, or between 1 mi-
crometer and 500 nanometers, or between 500 nanom-
eters and 200 nanometers, or between 200 and 100 na-
nometers, or less than 100 nanometers. Optionally, the
conducting channel is located vertically close to the top
of the active region, i.e. close to the dielectric layer in the
case where there is a dielectric layer, for example a dis-
tance of 200 nanometers, 100 nanometers, 30 nanom-
eters, 10 nanometers, or 3 nanometers from the top of
the active layer, or a greater, smaller, or intermediate
distance, or a distance of 50%, 30%, 20%, 10% or 5%
of the vertical thickness of the active region, from the top
of the active region, or a greater, smaller, or intermediate
distance.
[0058] It should be understood that if the active region
is too wide, then the voltage that is applied to the lateral
gate electrodes, in order to create a conducting channel
of a given width, may be greater than the breakdown
voltage of the PN junctions between the lateral gate re-
gions and the active region. Making the conducting chan-
nel wider may make it less sensitive to adhering gas mol-
ecules. Making the conducting channel too narrow may
result in it not having any carriers in it, on average, at a
given time. The number of carriers can be increased by
increasing the dopant concentration in the active region,
but if the dopant concentration is too high, then the break-
down voltage of the PN junctions may decrease, and
breakdown may occur at the voltage applied to the lateral
gate electrodes. Making the active region longer may
make the conducting channel more sensitive to adhering
molecules, since a molecule adhering anywhere along
the length of the conducting channel may significantly
affect the conductivity. But increasing the length of the
active region may also increase the threshold voltage
between the source and drain, and if the voltage between
the source and drain is not small enough relative to the
lateral gate voltage, then the conducting channel may

not be uniform in width along its length, and it may be
less sensitive to adhering molecules. The dimensions
and dopant concentrations given in the "Examples" sec-
tion below represent a set of parameters that has been
found to work well, both experimentally and according to
simulations.

Embodiment with narrower active region and conducting 
channel

[0059] In some embodiments of the invention, the FET
is heat treated, causing dopants from the left and right
lateral gate regions to diffuse part way into the active
region from the sides, giving a portion of the active region,
adjacent to the lateral gate regions, a net dopant con-
centration of the same sign as the lateral gate regions,
and opposite to the rest of the active region. This diffusion
of dopants in effect causes the lateral gate regions to
extend part way into the active region, making the active
region narrower in the lateral direction, and allowing the
conducting channel to be narrower, as will be described
below in the "Examples" section. The effective width of
the active region is defined herein as the width of the part
of the original active region where the net dopant con-
centration (the P dopant concentration minus the N do-
pant concentration) has the same sign as the net dopant
concentration had originally in the active region, before
the heat treatment, which is opposite to the sign of the
net dopant concentration in the lateral gate regions. Op-
tionally, the heat treatment reduces the effective width
of the active region at its narrowest point by at least 20%,
or at least 30%, or at least 40%, or at least 50%, or at
least 60%, or at least 70%, or a greater than 70%. Op-
tionally, the heat treatment is done at a temperature for
which the diffusion rate of the lateral gate region dopant
in the semiconductor, for example boron as a dopant in
silicon, is the square of a desired diffusion distance di-
vided by a desired time of the heat treatment. The desired
time is, for example, less than 15 seconds, or between
15 and 30 seconds, or between 30 and 60 seconds, or
between 60 and 90 seconds, or between 90 and 150
seconds, or between 150 and 300 seconds, or more than
300 seconds. The desired diffusion distance is, for ex-
ample, less than 5% of the width of the active region, or
between 5% and 10% of the width of the active region,
or between 10% and 20%, or between 20% and 30%, or
between 30% and 40%, or between 40% and 50%, or
more than 50% of the width of the active region.
[0060] A potential advantage of reducing the width of
the active region by using such a heat treatment, rather
than making the active region narrower to begin with,
even if that is possible with the lithography used, is that
the net concentration of dopants changes more gradually
between the lateral gate regions and the active region,
making breakdown less likely at the PN junctions be-
tween the lateral gate regions and the active region. In
some embodiments of the invention, the active region is
doped at a higher concentration originally, so that, after
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the heat treatment, it still has a net dopant concentration
at its center that is at a high enough level to produce a
desired carrier density in the conducting channel, for ex-
ample high enough to produce a carrier density greater
than 1018 cm-3, or greater than 5 x 1017 or 3 x 1017 or 2
x 1017 or 1 x 1017 cm-3, even when the conducting chan-
nel is very narrow, for example narrower than 50 nm or
30 nm or 20 nm or 10 nm.
[0061] In an exemplary embodiment of the invention,
the SOI layer is silicon, the lateral gate regions are doped
with boron, the width of the active region is 400 nm, and
the heat treatment is a temperature of 1050° C, and lasts
for 75 seconds, causing boron from the lateral gate re-
gions to diffuse far enough into the active region to reduce
the effective width of the active region to only 90 nm at
its narrowest point, and 130 nm at the top, adjacent to
the gate dielectric. Optionally, the heat treatment is at a
temperature below 900° C, or between 900° and 1000°
C, or between 1000° C and 1100° C, or between 1100°
and 1200° C, or above 1200° C. Optionally, the heat treat-
ment lasts for less than 15 seconds, or between 15 and
30 seconds, or between 30 and 60 seconds, or between
60 and 90 seconds, or between 90 and 150 seconds,
between 150 and 300 seconds, or more than 300 sec-
onds. To achieve a given amount of diffusion of dopants,
less time may be needed if the temperature is higher,
and the temperature and time of the heat treatment may
be very different depending on the dopant used, since
different dopants may diffuse at very different rates at a
given temperature. Using a dopant that diffuses more
easily has the potential advantage that the heat treatment
may be less expensive because it takes less time and a
lower temperature may be used. Using a dopant that dif-
fuses less easily has the potential advantage that it may
be easier to control the diffusion and to get repeatable
results. Using a longer heat treatment at a lower temper-
ature may also make the process more controllable and
repeatable. But if the temperature is too low, or if the
dopant has too low a diffusion rate, the time required to
achieve a given degree of diffusion may be impracticably
long.

Sensitivity of gas sensor

[0062] Optionally, the conducting channel is controlled
to be narrow enough, and close enough to the dielectric
layer, but not too close, so that the gas sensor has a
sensitivity to gas molecules in air that the dielectric layer
is exposed to, sufficiently high so that the sensor can
detect less than 100 parts per million (ppm) of the gas,
after exposure to the air for a long enough time so that
the concentration of adhering gas molecules reaches an
equilibrium, for example for at least several seconds, or
at least several tens of seconds. Optionally, the sensitiv-
ity is sufficiently high to detect less than 30 ppm of the
gas, or less than 10 ppm, or less than 3 ppm, or less than
1 ppm, or less than 300 parts per billion (ppb), or less
than 100 ppb, or less than 30 ppb, or less than 10 ppb,

or less than 3 ppb, or less than 1 ppb, or less than 0.3
ppb, or less than 0.1 ppb.

Chemical treatment of gate dielectric

[0063] Optionally, the gate dielectric is chemically
treated, for example, a SiO2 gate dielectric is modified
with APTMS, or with AUTES, or in other ways. Optionally,
the gate dielectric is modified by coating it with a ligand,
so that it binds specifically to the gas molecules being
sensed, in a "lock and key" configuration. Alternatively,
the gate dielectric is chemically treated with a ligand that
does not bind only to the gas molecules being sensed.
For example, the ligand also binds to one or more other
gas molecules that are potentially present in an environ-
ment where the sensor is designed to be used. In some
embodiments of the invention, referred to sometimes as
an electronic nose or "e-nose," an array of FETs is used,
with the gate dielectrics of the different FETs having dif-
ferent chemical treatments, and different types of gas
molecules have different relative tendencies to bind to
different FETs in the array, and/or different FETs in the
array have different sensitivities to one type of molecule,
even if that is the only type of molecule that the sensor
is designed to detect. The type or types of gas present
is then optionally determined from the signature of the
response it produces from each of the FETs in the array,
for example using an algorithm.

Use of other materials

[0064] The FET may use any of a variety of semicon-
ductors for the active region, and any of a variety of die-
lectric materials for the gate dielectric, and for the insu-
lator layer between the active region and back gate elec-
trode if there is one. For convenience, the semiconductor
may be referred to herein as "silicon" and the dielectric
material may be referred to herein as "oxide," for example
"gate oxide" or "buried oxide," or "silicon oxide," but it
should be understood that other suitable materials may
be used instead.

Fabrication method

[0065] An exemplary method of fabrication of FET 100
begins with a silicon-on-insulator (SOI) wafer. A silicon
island is optionally shaped, with the silicon around the
island etched completely away until the buried oxide
(BOX) is reached, as may be seen in FIGS. 1 and 2,
where the silicon island is the semiconductor layer. In
this method of fabrication, optionally there is no silicon
substrate layer 104, but the insulator layer is the sub-
strate. Alternatively, the silicon island may be grown, for
example as polysilicon, on the insulator side of an SOI
wafer, leaving the silicon layer as substrate 104 beneath
the insulator layer, as in FIGS. 1 and 2. The silicon island
has a length L along an axis shown as the y-axis in FIG.
1, and a width W along a lateral axis shown as the x-axis
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in FIG. 1. In an exemplary embodiment of the invention,
a critical dimension of the device is the distance between
the two lateral gate regions. This distance could is op-
tionally defined with g-line lithography, i-line lithography
or a smaller wavelength. In an exemplary embodiment
of the invention, source and drain regions are created
via implants, for doping of the silicon, on each end of the
silicon island to allow for a conducting channel going be-
tween them, parallel to the y-axis. The left and right lateral
gate regions are defined via implants on each side of the
active region, including the conducting channel, in the x-
direction. Optionally, the implants of the lateral gates are
of opposite sign from that of the source/drain implants,
i.e. if one of them is P then the other one is N. The active
region is optionally implanted with the same species as
the source/drain implants, i.e. both of them are P or both
of them are N. In an exemplary embodiment of the in-
vention, metal contacts are then created for the source
and drain and the lateral gates, and optionally the back
gate. Optionally, inter-layer-dielectric (ILD) and passiva-
tion are incorporated in order to isolate the contacts from
the gas sample. A gate dielectric layer is optionally added
on top of the conducting channel.

Depth of conducting channel

[0066] Nanowires inherently suffer from surface
states. These surface states may entail degradation in
sensor performance in terms of gain and SNR. In a virtual
buried nanowire device, the conducting channel is op-
tionally removed from the noise centers at the Si/SiO2
interface by using the gate voltages to adjust the depth
of the conducting channel, and adjusting the depth of the
implants in the semiconductor, which potentially
achieves greater gain and SNR for the sensor.
[0067] As used herein the term "about" refers to 6 10
%.
[0068] The terms "comprises", "comprising", "in-
cludes", "including", "having" and their conjugates mean
"including but not limited to".
[0069] The term "consisting of means "including and
limited to".
[0070] The term "consisting essentially of" means that
the composition, method or structure may include addi-
tional ingredients, steps and/or parts, but only if the ad-
ditional ingredients, steps and/or parts do not materially
alter the basic and novel characteristics of the claimed
composition, method or structure.
[0071] As used herein, the singular form "a", "an" and
"the" include plural references unless the context clearly
dictates otherwise. For example, the term "a compound"
or "at least one compound" may include a plurality of
compounds, including mixtures thereof.
[0072] Throughout this application, various embodi-
ments of this invention may be presented in a range for-
mat. It should be understood that the description in range
format is merely for convenience and brevity and should
not be construed as an inflexible limitation on the scope

of the invention. Accordingly, the description of a range
should be considered to have specifically disclosed all
the possible subranges as well as individual numerical
values within that range. For example, description of a
range such as from 1 to 6 should be considered to have
specifically disclosed subranges such as from 1 to 3, from
1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6
etc., as well as individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of
the breadth of the range.
[0073] Whenever a numerical range is indicated here-
in, it is meant to include any cited numeral (fractional or
integral) within the indicated range. The phrases "rang-
ing/ranges between" a first indicate number and a second
indicate number and "ranging/ranges from" a first indi-
cate number "to" a second indicate number are used
herein interchangeably and are meant to include the first
and second indicated numbers and all the fractional and
integral numerals therebetween.
[0074] It is appreciated that certain features of the in-
vention, which are, for clarity, described in the context of
separate embodiments, may also be provided in combi-
nation in a single embodiment. Conversely, various fea-
tures of the invention, which are, for brevity, described
in the context of a single embodiment, may also be pro-
vided separately or in any suitable subcombination or as
suitable in any other described embodiment of the inven-
tion. Certain features described in the context of various
embodiments are not to be considered essential features
of those embodiments, unless the embodiment is inop-
erative without those elements.
[0075] Various embodiments and aspects of the
present invention as delineated hereinabove and as
claimed in the claims section below find experimental
and calculational support in the following examples.

EXAMPLES

[0076] Reference is now made to the following exam-
ples, which together with the above descriptions illustrate
some embodiments of the invention in a non limiting fash-
ion.
[0077] The general silicon configuration of the virtual
buried nanowire gas sensor was demonstrated experi-
mentally for biological detection. In this experiment, the
thickness of the SOI layer was 260 nm, with boron doping
of 1.6 x 1014cm-3, giving it a resistivity of 13 to 22 Ω cm.
The thickness of the buried oxide was 1 mm. The thick-
ness of the SiO2 gate dielectric was 5 nm. The active
region, including the wide portions adjacent to the source
and drain regions, was doped with arsenic in the range
of 1.6 x 1017cm-3. The source and drain regions were
doped with arsenic in the range of 5 x 1019cm-3, and the
lateral gate regions were doped with boron in the range
of 5 x 1019cm-3. The distance from source to drain region
was 10 mm, and the length of the active region, defined
as the length of the lateral gate regions, was 7 mm. The
width of the active region was 400 nm.

21 22 



EP 2 820 403 B1

13

5

10

15

20

25

30

35

40

45

50

55

[0078] In FIG. 4A, a plot 400 presents results for the
specific detection of anti-troponin. Horizontal axis 402
shows a voltage VGj, in volts, applied to both the left and
right lateral gate electrodes, relative to ground, with the
source electrode grounded. The back gate electrode was
kept at a voltage of -7 volts. Curve 404 plots the effective
width Weff of the conducting channel, in nanometers, as
a function of the lateral gate voltage, with the values
shown on vertical axis 406 on the right side of the plot,
in nanometers. Curve 408 plots the change in source to
drain threshold voltage associated with the presence of
anti-troponin, as a function of lateral gate voltage VGj,
with the values shown on vertical axis 410 on the left side
of the plot, in millivolts. Note that the narrower the con-
ducting channel is, the higher is the shift in threshold
voltage between the source and drain associated with
the presence of anti-troponin.
[0079] FIG. 4B shows contour plots of the carrier den-
sity, in this case electron density, in a cross-section of
the active region, which is 250 nm high and 400 nm wide,
perpendicular to the direction of the conducting channel,
half way between the source and the drain regions, for
different values of the lateral gate voltage VGj. Plots 412,
414, 416, 418, and 420 respectively show the carrier den-
sity for VGj equal to -2.0, -1.5, -1.0, - 0.5, and 0.0 volts.
Contours 422, 424 and 426 respectively correspond to
carrier densities of 4 x 1019 cm-3, 2 x 1016 cm-3, and 1 x
1013 cm-3.
[0080] Also, the principle of operation of the virtual bur-
ied nanowire gas sensor was simulated using ’Sentaurus’
software, sold by Synopsys, Inc. The parameters used
in the simulation were the same as the parameters de-
scribed above for the experiment, except that the length
of the active region and the lateral gate regions was only
3 mm, in order to save on computation time. A SiO2 cubic
of 10 nm side with fixed charge density of 1019 e·cm-3

was placed at the center of the channel on top of a gate
dielectric, in this simulation, to represent a molecule ad-
hering at that location. The shift in the average potential
of the SOI region due to the presence of the charge was
calculated for various channel widths. The results are
presented in FIG. 5, in a plot 500. As in plot 400, horizontal
axis 502 shows the voltage VGj, in volts, applied to both
the left and right lateral gate electrodes, relative to the
source electrode which is grounded, and curve 504,
which is in close agreement with curve 404 in plot 400,
shows the effective width Weff, in nanometers, of the con-
ducting channel, as a function of VGj, with the values
shown on vertical axis 506 on the right side of the plot.
Curve 508 shows the change in average potential of the
active region, associated with the presence of the 10 nm
wide charged cube of SiO2 representing an adhering gas
molecule in the simulation, with the values, in millivolts,
shown on vertical axis 510 on the left side of the plot.
The average is taken over the full 400 nm width and 260
nm depth of the active region, and extending over the full
length from source to drain regions. Note that the smaller
the width of the conducting channel, the greater the

change in average potential over the active region due
to the presence of the simulated adhering molecule. The
change in potential averaged only over the conducting
channel, though not shown in FIG. 5, goes up even more
dramatically, with narrower channel width.
[0081] FIG. 6 shows a plot 600, illustrating the results
of a simulation of scanning the conducting channel
across the active region by varying the voltage VGj1 on
the left lateral gate electrode, and the voltage VGj2 on the
right lateral gate electrode. In this simulation, the param-
eters were the same as for the experiment described
above. Curve 602 shows the normalized carrier (elec-
tron) density as function of lateral position x in the active
region, when VGj1 = 0 volts and VGj2 = -5.16 volts. Curve
604 shows the carrier density when VGj1 = -0.85 volts
and VGj2 = -3.43 volts. Curve 606 shows the carrier den-
sity when VGj1 = -2.0 volts and VGj2 = -2.0 volts. Curve
608 shows the carrier density when VGj1 =-3.43 volts and
VGj2 = -0.85 volts. Curve 610 shows the carrier density
when VGj1 = -5.16 volts and VGj2 = 0 volts. By varying
the left and right lateral gate voltages in this way, the
position of the conducting channel moves from left to
right, over a distance of 200 nm, while the width of the
conducting channel remains constant at 100 nm. The
active region extends from x = -200 nm to +200 nm.
[0082] FIG. 7A shows a contour plot 700, of the carrier
density in the active region as a function of position in a
cross-section perpendicular to the direction of the con-
ducting channel, the y-axis, when the lateral gate voltag-
es are both zero, according to a simulation. The values
of x and z are given in nanometers. The parameters are
similar to those of the experiment described above, ex-
cept that the arsenic doping in the active region, still av-
eraging 1.6 x 1017cm-3, is not homogeneous, but is higher
closer to the gate dielectric and lower closer to the insu-
lator layer, which makes the conducting channel form
adjacent to the gate dielectric.
[0083] Curves 702 and 704 in FIG. 7A respectively
show the junctions of the active region with the left and
right lateral gate regions. Curve 706 is the boundary of
the depletion zone in the active region, where the carrier
density goes to zero. Curves 708, 710, 712, 714, and
716 respectively show the contours for carrier density of
0.5 x 1017, 1.0 x 1017, 1.5 x 1017, 2.0 x 1017, and 2.5 x
1017 cm-3. The conducting channel is about 150 nm in
diameter, a large fraction of the width of the active region,
which is about 220 nm at its narrowest point.
[0084] FIG. 7B shows a similar contour plot 718, for
the case where the left and right lateral gate voltages are
both -2.0 volts. Here curve 720 is the boundary of the
depletion zone in the active region, where the carrier den-
sity goes to zero, and the two contours inside curve 720
are the contours for carrier density of 0.5 x 1017 and 1.0
x 1017 cm-3. The conducting channel is now about 40 nm
in diameter.
[0085] FIGS. 8A and 8B show contour plots 800 and
802 of carrier density in the active region, from a simu-
lation, with parameters similar to those in the plots in
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FIGS. 7A and 7B, but for a case in which the FET has
been heat treated, so that dopants from the lateral gate
regions have diffused somewhat into the active region,
and with a higher density of dopants implanted in the
active region, 1018 cm-3. The heat treatment, at a tem-
perature of 1050° C, is applied for 75 seconds, causing
boron to diffuse from the lateral gate regions into the ac-
tive region.
[0086] Curves 804 and 806 in FIGS. 8A and 8B show
the left and right boundaries of the effective active region,
where the net dopant density still has the same sign as
before the heat treatment. This effective active region
has a width of only 90 nm at its narrowest point, but about
130 nm at the depth of the center of the conducting chan-
nel. FIG. 8A shows the case where the lateral gate volt-
ages are both zero. Curve 808 is the boundary of the
depletion zone in the active region, where the carrier den-
sity goes to zero. Curves 810, 812, 814, and 816 respec-
tively are the density contours for 2 x 1018, 4 x 1018, 6 x
1018 and 8 x 1018 cm-3. The conductive channel is about
90 nm wide. FIG. 8B shows the case where the lateral
gate voltages are both -2.0 volts. Curve 818 is boundary
of the depletion zone, and the two curves inside it are
the density contours for 2 x 1018 and 4 x 1018 cm-3. The
conductive channel is only about 25 nm, much narrower
than in FIG. 7B, without heat treatment of the FET.
[0087] Although the invention has been described in
conjunction with specific embodiments thereof, it is evi-
dent that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly,
it is intended to embrace all such alternatives, modifica-
tions and variations that fall within the scope of the ap-
pended claims.
[0088] In addition, citation or identification of any ref-
erence in this application shall not be construed as an
admission that such reference is available as prior art to
the present invention. To the extent that section headings
are used, they should not be construed as necessarily
limiting.

Claims

1. A system for sensing at least one type of molecules
in a gas or liquid sample, comprising:

at least one multi-gate field effect transistor
(100), comprising:

a piece of semiconductor with an active re-
gion (118) extending between a source re-
gion (106) and a drain region (108), and left
and right lateral regions (110, 112) extend-
ing along the active region (118) on different
sides, wherein the source region, drain re-
gion and active region are doped with do-
pants of a same sign, and the left and right
lateral regions are doped with dopants of an

opposite sign to the source region, drain re-
gion, and active region;
left and right lateral gate electrodes (124,
126) that respectively produce an electric
field in the left and right lateral regions (110,
112), creating a conducting channel (206)
connecting the source and drain regions
(106, 108) in the active region (118) when
appropriate voltages are applied to them, a
position of the conducting channel (206) de-
pending on the applied voltages; and
a sensing surface adjacent to the active re-
gion (118), that molecules of the at least one
type adhere to when the sensing surface is
exposed to the molecules, the conductivity
of the conducting channel (206) being
measurably affected by a local concentra-
tion of the adhering molecules near the po-
sition of the conducting channel (206); and

a controller (306) adapted to successively apply
different voltages to the lateral gate electrodes
(124, 126) of the transistor, such that depletion
regions are produced adjacent to the left and
right lateral regions (110, 112) leaving the con-
ducting channel (206) in between, the conduct-
ing channel (206) moving to a plurality of differ-
ent positions when the different voltages are ap-
plied by changing the voltage of the left lateral
electrode relative to the voltage of the right lat-
eral electrode, and at each position to measure
its conductivity.

2. A system according to claim 1, wherein the concen-
tration of dopants of the lateral regions (110, 112)
extends into the active region (118), falling off grad-
ually over a scale length greater than the width of
the conducting channel (206).

3. A method of manufacturing the field effect transistor
in the system of claim 2, comprising heat treating the
transistor under conditions such that some of the do-
pants from the left and right lateral regions (110, 112)
diffuse into the active region (118), reducing an ef-
fective width of the active region (118) by at least
30% at its narrowest point, but not reducing the ef-
fective width to zero at any point.

4. A system according to claim 1, wherein the active
region (118) is narrower than 1 micrometer between
the left and right lateral regions (110, 112).

5. A system according to claim 1, wherein the controller
(306) is adapted to determine a concentration of ad-
hering molecules adjacent to each of the positions
of the conducting channels, from the conductivity
measured at each of the positions.
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6. A system according to claim 1, which, for at least
one choice of gate electrode voltages, would have
a width of the conducting channel (206) and a dis-
tance of the conducting channel (206) from the sens-
ing surface such that an equilibrium concentration
of the adhering molecules could be determined when
a concentration of the molecules in air that the sens-
ing surface is exposed to is only 100 parts per million.

7. A system according to any of the preceding claims,
wherein the at least one field effect transistor (100)
comprises a plurality of field effect transistors, adapt-
ed for sensing a same type of molecules in a gas or
liquid sample, and the controller is adapted to
change the position of the conductive channel in
each transistor and to measure its conductivity at a
plurality of different positions, after exposing the
sensing surfaces of the transistors to the sample, to
find a greatest concentration of adhering molecules
of said type near any of the positions, for each tran-
sistor, and to find an average over the transistors of
the greatest concentrations of adhering gas mole-
cules.

8. A system according to any of claims 1-5 for use as
an electronic nose for sensing a plurality of different
types of molecules, wherein the at least one field
effect transistor comprises a plurality of field effect
transistors with sensing surfaces having different
chemical properties, causing them to have different
relative tendencies for the different molecules to ad-
here to them, and the controller is adapted to change
the position of the conducting channel and determine
a concentration of any adhering molecules near each
of the positions of the conducting channels after the
sensing surfaces are exposed to a gas or liquid sam-
ple, from the conductivity measured at each of the
positions, for each transistor, and to find the type of
molecules present in the sample by comparing a pat-
tern of the concentrations of molecules adhering to
each field effect transistor, to an expected pattern of
concentrations of adhering molecules for each of the
types of molecules.

9. A system according to any of the preceding claims,
wherein the sensing surface of the transistor com-
prises an exposed surface of the active region (118).

10. A system according to any one of the preceding
claims, wherein the sensing surface is adapted for
exposure to a gas sample.

11. A method of sensing molecules in a gas or liquid
sample with a multi-gate field effect transistor (100)
having an active region (118) with a conductive chan-
nel connecting a source region (106) to a drain region
(108), left and right lateral regions (110, 112) extend-
ing along the active region (118) on different sides,

wherein the source region, drain region and active
region are doped with dopants of a same sign, and
the left and right lateral regions are doped with do-
pants of an opposite sign to the source region, drain
region, and active region, a position of the conductive
channel in a lateral direction controllable by changing
relative values of two lateral gate voltages applied
respectively to left and right lateral gate electrodes
(124, 126) adjacent to the left and right lateral regions
(110, 112), and the conductivity of the conducting
channel affected by the molecules adhering to a
sensing surface of the transistor at a position near
the conducting channel, the method comprising:

exposing the sensing surface to the gas or liquid
sample;
applying the lateral gate voltages to produce de-
pletion regions in the active region (118) adja-
cent to the lateral regions (110, 112), leaving the
conducting channel in between the depletion re-
gions;
changing the position of the conducting channel
in the lateral direction by changing the applied
lateral gate voltages, and measuring a conduc-
tivity of the channel at a plurality of positions of
the channel; and
detecting the molecules by observing a change
in conductivity of the conducting channel when
it is in a position such that it passes close to one
of the adhering molecules, or close to a fluctu-
ation in a concentration of the adhering mole-
cules on the sensing surface.

12. A method according to claim 11, wherein the multi-
gate field effect transistor (100) is a field effect tran-
sistor comprising a back gate electrode (204) that
affects one or both of an average distance and range
of distance of the conducting channel from the sens-
ing surface, the method also comprising adjusting a
voltage of the back gate electrode (204) to improve
a sensitivity of the conductivity of the conducting
channel to the adhering molecules.

13. A method according the claim 11 or claim 12, wherein
changing the two lateral gate voltages affects a
cross-sectional area of the conducting channel, a
cross-sectional shape of the conducting channel, or
both, at least partly independently of the position of
the conducting channel in the lateral direction, as
well as affecting the position of the conducting chan-
nel in the lateral direction.

14. A method according to claim 13, wherein changing
a position of the conducting channel in the lateral
direction comprises keeping the two lateral gate volt-
ages at values such that the conducting channel has
a width in the lateral direction no greater than 50%
of a full range of the positions that the conducting
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channel can move to in the lateral direction.

15. A method according to claim 13 or claim 14, wherein
changing a position of the conducting channel in the
lateral direction comprises keeping the two lateral
gate voltages at values such that the conducting
channel has a width in the lateral direction no greater
than 200 nanometers.

Patentansprüche

1. System zum Erfassen mindestens einer Art von Mo-
lekülen in einer Gas- oder Flüssigkeitsprobe, umfas-
send:
mindestens einen Multigate-Feldeffekttransistor
(100), umfassend:

ein Halbleiterstück mit einer sich zwischen einer
Source-Region (106) und einer Drain-Region
(108) erstreckenden aktiven Region (118) und
einer linken und einer rechten Seitenregion
(110, 112), die sich auf verschiedenen Seiten
entlang der aktiven Region (118) erstrecken,
wobei die Source-Region, die Drain-Region und
die aktive Region mit Dotierstoffen mit gleichem
Vorzeichen dotiert sind und die linke und die
rechte Seitenregion mit Dotierstoffen mit der
Source-Region, der Drain-Region und der akti-
ven Region entgegengesetztem Vorzeichen do-
tiert sind,
eine linke und eine rechte seitliche Gate-Elek-
trode (124, 126), die in der linken und der rech-
ten Seitenregion (110, 112) jeweils ein elektri-
sches Feld produzieren und dadurch in der ak-
tiven Region (118) einen die Source- und die
Drain-Region (106, 108) verbindenden leiten-
den Kanal (206) erzeugen, wenn an diese ge-
eignete Spannungen angelegt werden, wobei
eine Position des leitenden Kanals (206) von
den angelegten Spannungen abhängt, und
eine an die aktive Region (118) angrenzende
Sensorikfläche, an der Moleküle der mindestens
einen Art anhaften, wenn die Sensorikfläche ge-
genüber den Molekülen exponiert ist, wobei die
Leitfähigkeit des leitenden Kanals (206) durch
eine lokale Konzentration der anhaftenden Mo-
leküle nahe der Position des leitenden Kanals
(206) messbar beeinflusst wird, und
eine Steuereinrichtung (306), die dafür ausge-
legt ist, nacheinander verschiedene Spannun-
gen an die seitlichen Gate-Elektroden (124,
126) des Transistors derart anzulegen, dass an-
grenzend an die linke und die rechte Seitenre-
gion (110, 112) Verarmungsregionen mit dem
dazwischen verbleibenden leitenden Kanal
(206) produziert werden, wobei sich der leitende
Kanal (206) auf eine Vielzahl verschiedener Po-

sitionen bewegt, wenn durch Ändern der Span-
nung der linken seitlichen Elektrode relativ zu
der Spannung der rechten seitlichen Elektrode
die verschiedenen Spannungen angelegt wer-
den, und auf jeder Position dessen Leitfähigkeit
zu messen.

2. System nach Anspruch 1, wobei sich die Konzent-
ration an Dotierstoffen der Seitenregionen (110,
112) in die aktive Region (118) hinein erstreckt und
dabei allmählich über eine Skalenlänge abfällt, die
größer ist als die Breite des leitenden Kanals (206).

3. Verfahren zum Herstellen des Feldeffekttransistors
in dem System nach Anspruch 2, umfassend Durch-
führen einer Wärmebehandlung an dem Transistor
unter solchen Bedingungen, dass einige der Dotier-
stoffe aus der linken und der rechten Seitenregion
(110, 112) in die aktive Region (118) diffundieren
und dadurch eine effektive Breite der aktiven Region
(118) an ihrer schmälsten Stelle um mindestens 30
% verringern, jedoch an keiner Stelle die effektive
Breite auf Null verringern.

4. System nach Anspruch 1, wobei die aktive Region
(118) zwischen der linken und der rechten Seitenre-
gion (110, 112) schmaler als 1 Mikrometer ist.

5. System nach Anspruch 1, wobei die Steuereinrich-
tung (306) dafür ausgelegt ist, eine an jede der Po-
sitionen der leitenden Kanäle angrenzende Konzen-
tration anhaftender Moleküle aus der auf jeder der
Positionen gemessenen Leitfähigkeit zu bestimmen.

6. System nach Anspruch 1, welches für mindestens
eine Auswahl von Gate-Elektrodenspannungen eine
Breite des leitenden Kanals (206) und einen Abstand
des leitenden Kanals (206) von der Sensorikfläche
derart aufweisen würde, dass eine Gleichgewichts-
konzentration der anhaftenden Moleküle bestimmt
werden könnte, wenn eine Konzentration der Mole-
küle in Luft, gegenüber der die Sensorikfläche ex-
poniert ist, nur 100 Teile pro Million beträgt.

7. System nach einem der vorhergehenden Ansprü-
che, wobei der mindestens eine Feldeffekttransistor
(100) eine Vielzahl von Feldeffekttransistoren um-
fasst, die zum Erfassen einer gleichen Art von Mo-
lekülen in einer Gas- oder Flüssigkeitsprobe ausge-
legt sind, und die Steuereinrichtung dafür ausgelegt
ist, nach einem Exponieren der Sensorikflächen der
Transistoren gegenüber der Probe die Position des
leitenden Kanals in jedem Transistor zu ändern und
dessen Leitfähigkeit auf einer Vielzahl verschiede-
ner Positionen zu messen, um bei jedem Transistor
nahe einer der Positionen eine höchste Konzentra-
tion anhaftender Moleküle dieser Art zu finden und
einen über die Transistoren gebildeten Mittelwert der
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höchsten Konzentrationen anhaftender Gasmolekü-
le zu finden.

8. System nach einem der Ansprüche 1 bis 5 zur Ver-
wendung als elektronische Nase zum Erfassen einer
Vielzahl verschiedener Arten von Molekülen, wobei
der mindestens eine Feldeffekttransistor eine Viel-
zahl von Feldeffekttransistoren mit Sensorikflächen
mit unterschiedlichen chemischen Eigenschaften
umfasst, wodurch sie verschiedene relative Tenden-
zen aufweisen, mit denen die verschiedenen Mole-
küle an diesen haften, und die Steuereinrichtung da-
für ausgelegt ist, die Position des leitenden Kanals
zu ändern und nach Exponieren der Sensorikflächen
gegenüber einer Gas- oder Flüssigkeitsprobe für je-
den Transistor eine Konzentration anhaftender Mo-
leküle nahe jeder der Positionen der leitenden Ka-
näle aus der auf jeder der Positionen gemessenen
Leitfähigkeit zu bestimmen und die Art der in der
Probe vorhandenen Moleküle durch Vergleichen ei-
nes Musters der Konzentrationen an jedem Feldef-
fekttransistor haftender Moleküle mit einem für jede
der Arten von Molekülen erwarteten Muster von Kon-
zentrationen anhaftender Moleküle zu finden.

9. System nach einem der vorhergehenden Ansprü-
che, wobei die Sensorikfläche des Transistors eine
exponierte Fläche der aktiven Region (118) umfasst.

10. System nach einem der vorhergehenden Ansprü-
che, wobei die Sensorikfläche für Exposition gegen-
über einer Gasprobe ausgelegt ist.

11. Verfahren zum Erfassen von Molekülen in einer Gas-
oder Flüssigkeitsprobe mit einem Multigate-Feldef-
fekttransistor (100) mit einer aktiven Region (118)
mit einem eine Source-Region (106) mit einer Drain-
Region (108) verbindenden leitenden Kanal und ei-
ner linken und einer rechten Seitenregion (110, 112),
die sich auf verschiedenen Seiten entlang der akti-
ven Region (118) erstrecken, wobei die Source-Re-
gion, die Drain-Region und die aktive Region mit Do-
tierstoffen mit gleichem Vorzeichen dotiert sind und
die linke und die rechte Seitenregion mit Dotierstof-
fen mit der Source-Region, der Drain-Region und
der aktiven Region entgegengesetztem Vorzeichen
dotiert sind, wobei eine Position des leitenden Ka-
nals in einer Seitenrichtung durch Ändern von Rela-
tivwerten zweier Spannungen seitlicher Gates steu-
erbar ist, die an eine linke bzw. eine rechte seitliche
Gate-Elektrode (124, 126) angelegt werden, welche
an die linke bzw. die rechte Seitenregion (110, 112)
angrenzen, und die Leitfähigkeit des leitenden Ka-
nals durch die an einer Sensorikfläche des Transis-
tors auf einer Position nahe des leitenden Kanals
haftenden Moleküle beeinflusst wird, wobei das Ver-
fahren Folgendes umfasst:

Exponieren der Sensorikfläche gegenüber der
Gas- oder Flüssigkeitsprobe,
Anlegen der Spannungen an die seitlichen
Gates, um Verarmungsregionen in der an die
Seitenregionen (110, 112) angrenzenden akti-
ven Region (118) zu bilden, wobei der leitende
Kanal zwischen den Verarmungsregionen ver-
bleibt,
Ändern der Position des leitenden Kanals in der
Seitenrichtung durch Ändern der an die seitli-
chen Gates angelegten Spannungen, und Mes-
sen einer Leitfähigkeit des Kanals auf einer Viel-
zahl von Positionen des Kanals und
Erfassen der Moleküle durch Beobachten einer
Änderung der Leitfähigkeit des leitenden Ka-
nals, wenn er sich auf einer Position befindet,
auf der er nahe an einem der anhaftenden Mo-
leküle oder nahe an einer Schwankung einer
Konzentration der auf der Sensorikfläche haf-
tenden Moleküle vorbeiführt.

12. Verfahren nach Anspruch 11, wobei es sich bei dem
Multigate-Feldeffekttransistor (100) um einen Feld-
effekttransistor handelt, der eine rückseitige Gate-
Elektrode (204) umfasst, die einen mittleren Abstand
und/oder einen Abstandsbereich des leitenden Ka-
nals von der Sensorikfläche beeinflusst, wobei das
Verfahren zudem ein Einstellen einer Spannung der
rückseitigen Gate-Elektrode (204) umfasst, um eine
Empfindlichkeit der Leitfähigkeit des leitenden Ka-
nals gegenüber den anhaftenden Molekülen zu ver-
bessern.

13. Verfahren nach Anspruch 11 oder Anspruch 12, wo-
bei das Ändern der beiden Spannungen an den seit-
lichen Gates neben dem Beeinflussen der Position
des leitenden Kanals in der Seitenrichtung zumin-
dest teilweise unabhängig von der Position des lei-
tenden Kanals in der Seitenrichtung eine Quer-
schnittsfläche des leitenden Kanals, eine Quer-
schnittsform des leitenden Kanals oder beides be-
einflusst.

14. Verfahren nach Anspruch 13, wobei das Ändern ei-
ner Position des leitenden Kanals in der Seitenrich-
tung ein Halten der beiden Spannungen an den seit-
lichen Gates auf Werten derart umfasst, dass der
leitende Kanal eine Breite in Seitenrichtung aufweist,
die nicht größer ist als 50 % einer vollen Spannweite
der Positionen, auf die sich der leitende Kanal in der
Seitenrichtung bewegen kann.

15. Verfahren nach Anspruch 13 oder Anspruch 14, wo-
bei das Ändern einer Position des leitenden Kanals
in der Seitenrichtung ein Halten der beiden Span-
nungen an den seitlichen Gates auf Werten derart
umfasst, dass der leitende Kanal eine Breite in Sei-
tenrichtung aufweist, die nicht größer als 200 Nano-
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meter ist.

Revendications

1. Système pour détecter au moins un type de molé-
cules dans un échantillon de gaz ou de liquide,
comprenant :
au moins un transistor à effet de champ à grilles mul-
tiples (100), comprenant :

un morceau de semi-conducteur avec une ré-
gion active (118) s’étendant entre une région de
source (106) et une région de drain (108), et des
régions latérales gauche et droite (110, 112)
s’étendant le long de la région active (118) sur
des côtés différents, dans lequel la région de
source, la région de drain et la région active sont
dopées avec des dopants d’un même signe, et
les régions latérales gauche et droite sont do-
pées avec des dopants d’un signe opposé à la
région de source, la région de drain et la région
active ;
des électrodes de grilles latérales gauche et
droite (124, 126) qui produisent respectivement
un champ électrique dans les régions latérales
gauche et droite (110, 112), créant un canal con-
ducteur (206) reliant les régions de source et de
drain (106, 108) dans la région active (118) lors-
que des tensions appropriées leur sont appli-
quées, une position du canal conducteur (206)
dépendant des tensions appliquées ; et
une surface de détection adjacente à la région
active (118), auxquelles des molécules de l’au
moins un type adhèrent lorsque la surface de
détection est exposée aux molécules, la con-
ductivité du canal conducteur (206) étant affec-
tée de manière mesurable par une concentra-
tion locale des molécules adhérentes près de la
position du canal conducteur (206) ; et
un dispositif de commande (306) adapté pour
appliquer de manière successive différentes
tensions aux électrodes de grilles latérales (124,
126) du transistor, de telle sorte que les régions
d’appauvrissement sont produites adjacentes
aux régions latérales gauche et droite (110, 112)
en laissant le canal conducteur (206) entre elles,
le canal conducteur (206) se déplaçant vers une
pluralité de positions différentes lorsque les dif-
férentes tensions sont appliquées en modifiant
la tension de l’électrode latérale gauche par rap-
port à la tension de l’électrode latérale droite, et
au niveau de chaque position pour mesurer sa
conductivité.

2. Système selon la revendication 1, dans lequel la con-
centration de dopants des régions latérales (110,
112) s’étend dans la région active (118), baissant

graduellement sur une longueur d’échelle supérieu-
re à la largeur du canal conducteur (206).

3. Procédé de fabrication du transistor à effet de champ
dans le système selon la revendication 2, compre-
nant un traitement thermique du transistor dans des
conditions telles que certains des dopants des ré-
gions latérales gauche et droite (110, 112) se diffu-
sent dans la région active (118), réduisant une lar-
geur efficace de la région active (118) d’au moins 30
% au niveau de son point le plus étroit, mais ne ré-
duisant pas la largeur efficace à zéro au niveau d’un
point quelconque.

4. Système selon la revendication 1, dans lequel la ré-
gion active (118) est plus étroite que 1 micromètre
entre les régions latérales gauche et droite (110,
112).

5. Système selon la revendication 1, dans lequel le dis-
positif de commande (306) est adapté pour détermi-
ner une concentration de molécules adhérentes ad-
jacentes à chacune des positions des canaux con-
ducteurs, à partir de la conductivité mesurée au ni-
veau de chacune des positions.

6. Système selon la revendication 1, qui, pour au moins
un choix de tensions d’électrode de grille, aurait une
largeur du canal conducteur (206) et une distance
du canal conducteur (206) de la surface de détection
telle qu’une concentration d’équilibre des molécules
adhérentes pourrait être déterminée lorsqu’une con-
centration des molécules dans l’air auquel la surface
de détection est exposée n’est que de 100 parties
par million.

7. Système selon l’une quelconque des revendications
précédentes, dans lequel l’au moins un transistor à
effet de champ (100) comprend une pluralité de tran-
sistors à effet de champ, adaptés pour détecter une
même type de molécules dans un échantillon de gaz
ou de liquide, et le dispositif de commande est adap-
té pour modifier la position du canal conducteur dans
chaque transistor et pour mesurer sa conductivité
au niveau d’une pluralité de positions différentes,
après exposition des surfaces de détection des tran-
sistors à l’échantillon, pour obtenir une concentration
plus importante de molécules adhérentes dudit type
près de n’importe laquelle des positions, pour cha-
que transistor, et pour obtenir sur les transistors une
moyenne des concentrations les plus importantes
de molécules de gaz adhérentes.

8. Système selon l’une quelconque des revendications
1 à 5, destiné à être utilisé en tant que nez électro-
nique pour détecter une pluralité de types différents
de molécules, dans lequel l’au moins un transistor à
effet de champ comprend une pluralité de transistors
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à effet de champ avec des surfaces de détection
ayant des propriétés chimiques différentes, les ame-
nant à avoir des tendances relatives différentes pour
que les différentes molécules y adhèrent, et le dis-
positif de commande est adapté pour modifier la po-
sition du canal conducteur et déterminer une con-
centration de n’importe quelles molécules adhéren-
tes près de chacune des positions des canaux con-
ducteurs après que les surfaces de détection sont
exposées à un échantillon de gaz ou de liquide, à
partir de la conductivité mesurée au niveau de cha-
cune des positions, pour chaque transistor, et pour
découvrir le type de molécules présentes dans
l’échantillon en comparant une répartition des con-
centrations de molécules adhérant à chaque tran-
sistor à effet de champ, à une répartition attendue
de molécules adhérentes pour chacun des types de
molécules.

9. Système selon l’une quelconque des revendications
précédentes, dans lequel la surface de détection du
transistor comprend une surface exposée de la ré-
gion active (118).

10. Système selon l’une quelconque des revendications
précédentes, dans lequel la surface de détection est
adaptée à une exposition à un échantillon de gaz.

11. Procédé de détection de molécules dans un échan-
tillon de gaz ou de liquide avec un transistor à effet
de champ à grilles multiples (100) ayant une région
active (118) avec un canal conducteur reliant une
région de source (106) à une région de drain (108),
des régions latérales gauche et droite (110, 112)
s’étendant le long de la région active (118) sur des
côtés différents, dans lequel la région de source, la
région de drain et la région active sont dopées avec
des dopants d’un même signe, et les régions latéra-
les gauche et droite sont dopées avec des dopants
d’un signe opposé à la région de source, la région
de drain et la région active, une position du canal
conducteur dans une direction latérale pouvant être
commandée en modifiant les valeurs relatives de
deux tensions de grilles latérales appliquées respec-
tivement aux électrodes de grilles latérales gauche
et droite (124, 126) adjacentes aux régions latérales
gauche et droite (110, 112), et la conductivité du ca-
nal conducteur affectée par les molécules adhérant
à une surface de détection du transistor dans une
position proche du canal conducteur, le procédé
comprenant :

l’exposition de la surface de détection à l’échan-
tillon de gaz ou de liquide ;
l’application des tensions de grilles latérales
pour produire des régions d’appauvrissement
dans la région active (118) adjacente aux ré-
gions latérales (110, 112), en laissant le canal

conducteur entre les régions
d’appauvrissement ;
la modification de la position du canal conduc-
teur dans la direction latérale en modifiant les
tensions de grilles latérales appliquées, et la me-
sure d’une conductivité du canal au niveau d’une
pluralité de positions du canal ; et
la détection des molécules en observant un
changement de conductivité du canal conduc-
teur lorsqu’il est dans une position telle qu’il pas-
se près d’une des molécules adhérentes, ou
près d’une fluctuation d’une concentration des
molécules adhérentes sur la surface de détec-
tion.

12. Procédé selon la revendication 11, dans lequel le
transistor à effet de champ à grilles multiples (100)
est un transistor à effet de champ comprenant une
électrode de grille arrière (204) qui affecte l’une ou
les deux d’une distance moyenne et d’une plage de
distances du canal conducteur de la surface de dé-
tection, le procédé comprenant également le réglage
d’une tension de l’électrode de grille arrière (204)
pour améliorer une sensibilité de la conductivité du
canal conducteur aux molécules adhérentes.

13. Procédé selon la revendication 11 ou la revendica-
tion 12, dans lequel la modification des deux ten-
sions de grilles latérales affecte une surface de sec-
tion transversale du canal conducteur, une forme de
section transversale du canal conducteur, ou les
deux, au moins partiellement indépendamment de
la position du canal conducteur dans la direction la-
térale, affectant également la position du canal con-
ducteur dans la direction latérale.

14. Procédé selon la revendication 13, dans lequel la
modification d’une position du canal conducteur
dans la direction latérale comprend le maintien des
deux tensions de grilles latérales à des valeurs telles
que le canal conducteur a une largeur dans la direc-
tion latérale ne dépassant pas 50 % d’une plage
complète des positions vers lesquelles le canal con-
ducteur peut se déplacer dans la direction latérale.

15. Procédé selon la revendication 13 ou la revendica-
tion 14, dans lequel la modification d’une position du
canal conducteur dans la direction latérale com-
prend le maintien des deux tensions de grilles laté-
rales à des valeurs telles que le canal conducteur a
une largeur dans la direction latérale ne dépassant
pas 200 nanomètres.
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