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NANOTUBE BASED TRANSISTOR STRUCTURE,
METHOD OF FABRICATION AND USES THEREQF

TECHNOLOGICAL FIELD
The mvention relates 1o nanotube based clectronic devices, their uses and 1o

fabrication techmques of such devices.

BACKGROUND

Carbon nanotubes, and nanotubes in general, form a promising substrate for
realizing of ultra-clean and locally-tunable electron systems. Contrary to conventional
serniconductors, carbon nanotubes have been shown to naturally grow exceptionally
clean, leading to low inherent disorder. Nanotubes also possess a collection of desirable
physical propertics such as: strong electron-electron interactions which can generate
correlated electronic ground states, cnable localization and individual control over spins
and thus realization of a quantum information chain or charge/spin pumps, and
mteraction of clectronic states with mechanical motion of the nanotubes or other
correlated materials.

To date, nanotubes’ propertics have been cxplotted mostly in zero-dimensional
single and double quantum dot settings. The extension to one-dimensional settings
{gencrally utilizing longer effective regions for interactions} has so far been hindered by
disorder, which for longer nanotubes, breaks the electronic system into localized,
uncontrolled quantum dots. The currently available conventional techuologies for
producing ultra-clean nanotube devices generally require growth of pristine nanotubes
simultanecusly with the fabrication of the associated electrical circait. These two
processes are each highly demanding and thus provide bimited success in device

production which requires both nanotube growing and appropriate circuit fabrication,
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Cleanliness of nanctube is generally achieved by setting the growth of the
nanotubes as the last step in device fabrication, this limits many design options of the
associated circutt due to the high temperatures required for appropnate growth of the
nanotubes. Recently, various stamping approaches have eliminated some of these issues
by growing the nanotubes separately from the measurement circuit and transfernng
them mechanically. However, these approaches remain statistical in nature, resulting in
cffective vield of fow percent cven for simple devices wutilizing short nanotube.
Increasing the device complexity with either longer nanotubes or more complex circuits
will decrease the vield further, rendering these approaches less practical. Thus, the
potential of the nanotube for creating complex locallv-tunable electron svstems that are

electronically pristine remains anreabized.

GENERAL DESCRIPTION

There is a need n the art for a novel technigue enabling assembly of electronic
circuits and/or devices utilizing nanotubes as conductive or semi-conductive elements
thereof. The present mvention provides a toechnigque for producing electronic device
utitizing one or more distingt nanotubes while providing high cleaniiness of the
nanotubes without reducing flexibility of the circuits’ design. The technique of the
present invention cnables accurate conirol for positioning of one or more single
nanotubes in clectrical comtact with an clectrode arrangement, thus providing an
electronic device utilizing a sclected nanotube having desired electrical and structural
parameters. The electronic circuit may generally be a transistor device capable of
operating as a field effect transistor, a tunable local barrier detector, a single electron
transistor having single, double or multiple quantum dots in series or parallel, vtilizing a
single nanotube having selected properties as channel elements, or plurality of
distinctively selected nanotubes. Additionally the transistor device may be used for a
scanning probe microscope enabling detection of electric potential and electric ficld
variations along a surface to be scanned. In this relation, it should be noted that the term
nanotube as used herein refers to single- and double-wall carbon nanotubes, as well as
other types of nanotubes such as semiconducting nanowires {¢.g. Silicon, GaAs cte} and

other inorganic nanowires {¢.g. Molybdenum disuifide - MoS,} .
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The technique of the invention i3 useful for production/assembly of electrical
circuits, the technigue utilizes one or more nanotubes grown on a first substrate and an
appropriate electrical circuit comprising electrode arrangement fabricated on a second
substrate. The method comprises bringing the electrode arrangement of the electronic
circuit to close proximity with the first substrate to enable direct contact between
clectrode of the electrode arrangement and a single navotube located on the furst
substrate, and detaching said nanotube from the first substrate such that i remains in
clecirical contact with at least two electrodes of the electrode arrangement.

in order to enable accurate position of a single nanotube, or at least a fow
separate nanotubes, the first substrate ncludes long trenches and the nanotubes are
grown to extend between trenches of the substrate. Additionally, the nanotubes are
preferably grown in low density and substantially parallel to each other while being
substantially perpendicular to the direction of the trenches of the substrate.

The electrode arrangement of the electronic circuit preferably comprises at least
two electrodes spaced apart from each other and being clevated relative to other
clectrodes n the circuit. In the assembly process, the at least two elevated clectrodes are
brought to direct contact with the nanotube on the first substrate, such that in the
resulting device the nanotube is suspended between the at least two elevated electrodes.
The ckectrode arrangement may comprise additional electrodes located batween the at
least two clevated clectrodes being lower theretrom. In such configuration, the nanotube
18 suspended between the clevated clectrodes and above additional, lower, electrodes
located there between. Thus, generally, the electrode arrangement may be a complex
arrangement of electrodes, cluding electrodes of different heights and positions as
well as different {and possibly non-trivial) geometrical shapes.

Durng the assembly process, the second substrate, carrving the electrode
arrangement, 1s brought to close proximity with the first substrate, carrving one or more
nanotubes, such that electrodes of the clectrode arrangement are brought into direct
contact with a single nanotube. Contact between the electrode arrangement and a
nanotibe located on the first substrate is detected by electrical measorements, e.g.
conductance measurements between the first and second substrates or between two
clecirodes on the electrodes arrangement. Additionally, when the clectrodes are m
contact with a nanotube, varous electrical measurements may be conducted to provide

mformation about the nanotube in contact. Such electrical measurements provide data
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about the electrical nature of the nanotube 1 contact with the electrodes. To this end,
the clectrical measuroments may detect whether the nanotube 1s metallic or
senuconducting, and determine its bandgap if applies. Addiionally such measurements
may detect contact resistance, electronic disorder along the nanotube, mechanical
stability, mechanical resonances and noise level associated with the nanotube and is
contact with the clectrode arrangement. Based on these clectrical measwrements a
decision can be made if the sclected nanotube has suitable properties for the required
device, ¢.g. in terms of cleanliness, electrical properties ¢tc. If the nanotube 1s found to
be sufficient, it is cut to the approprate length between the clevated electrodes and
separated from the first substrate. If the nanotube 1s found to be mappropriate for use,
the electrode arrangement is detached from the nanotube and the system continues
looking for additional nanotube along the first substrate.

Additionally, according to some embodiments, the clectrode arrangement may
comprise electrodes of different lengths near the at least two elevated (source/drain}
clectrodes, 1e. at sides of the electrode arrangement and/or between the elevated
clectrodes. The assembly technigque may utilize conductance measurements between the
nanotube and electrodes of different lengths to provide data indicative of position of the
nanotube along the electrode arrangement. Specifically, if a longer electrode 1s found to
be in contact with the nanotube, ie. certamm conductance is measured between the
clectrode and one of the clevated electrodes (or the first substrate), whereas a shorter
clectrode 1s found to not be in contact with the nanotube, then the position of the
nanotibe along the electrodes 18 determined to be between the edge of the shoxt
clecirode and that of the longer electrode. Thus by placing electrodes of different
lengths, at one or more places along the clectrode arrangement, the position of the
nanotube can be accurately bracketed. It should be noted that according to some
embodiments, the use of additional electrodes of different lengths mav provide for
detection of a relative angle between the electrodes of the electrode arrangement and the
selected nanotube. This 1s by determining at least two positions of contact of the
nanotube with electrodes of the electrode arrangement. As the nanotubes’ growth
provides substantially straight nanctabes, the two pomts of contact enable determination
the position and angle of the sclected nanotube. if the nanotube 1s found not to be 1n the
desired position {e.g. it touches both the short and long clectrodes, or it doesn’t touch

both} then the circuit may be detached from the nanotube, by retracting the second



WO 2015/068162 PCT/IL2014/050966

substrate from the first substrate. After detaching, the circuit may be moved parallel o
the dircction of the electrodes, and the circuit and nanotube arc mated again. This
process may be repeated until the nanotube 1s positioned in the desired location and
angle on the circuit.

In a specific embodiment ¢levated metal pillars are placed along the at least two
contact clectrodes. These pillars act as stoppers to allow an even more accurate
positioning of the nanotube in the circuit. The positioming is done by first touching the
contacts with the nanotube near the position of the pillars, as described above, and then
while in contact sliding the nanotube on top of the contact until it stops at the pitlars.

it should be noted that the above described technigue may also provide for an
electronic device utilizing any mumber of distinct nanotubes {e.g. one to several tens,
hundreds, thousands, or any nomber of distinct nanotubes), which are distinctly
positioned at desired locations along a single clectrode arrangement. The nanotubes
may be arranges i paraliel between the at least two elevated electrodes and/or may be
associated with different sets of electrodes to provide two or more transistor structures
within a single electronic device. Additionally, the electrode arrangerent may include
plurality of sets of elevated electrodes arranged parallel to cach other, thereby enabling
a single nanotube to be attached to plurality of pairs of clevated clectrodes. This
provides plurality of transistor structures made from the same nanotube thereby having
channel of similar characteristics and cleanhiness.

Thus, the technique of the present invention enables production of an ¢lectronic
device comprising one or more transistor structure, such that each tramsistor structure
ptitizes one or more distinct nanctubes being a channel element suspended between a
source and drain electrode. One or more gate electrodes mav be located between the
source and drain electrodes, such that the nanotube 1s suspended above the one or more
gate electrodes. The nanotube may be suspended at height between several microns, or
as low as several nanometers above the gate electrodes, for example the nanotube may
be suspended at height of 50 nanometers above the gate clectrodes. Parameters of the
nanohibe may be sclected to provide the transistor structure{s} with destred electrical
characteristics.

The asserably technigue thus provides the ability to gencrate clectronic devices
of high clectronic cleanncss relative to commercially available solid state-based

electronic devices. By appropriately selecting nanotube of desired properties, the
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resulting device may eliminate or at lease significantly reduce ¢lectronic disorder within
the device. Additionally, the device may be configured with onc or more localized gates
located below the suspended nanotube. This allows forming varous configurations of
transistor structures, including transistor structures localized to a subpart of the
suspended nanotube and thus having active elements being far from the contact metals.
This climinates or at least significantly reduces noise and capacitive coupling due to the
ncarby metals and therefore sigmficantly improves electionic characteristics as
compared o conventional devices. Being operated as a transistor structure, the
clectronic device may be operated as a single clectron transistor (SET) and/or as a ficld
effect transistor (FET) in accordance with the surrounding temperature. Moreover, the
transistor structure may utihize clectncal gating to a localized tunable barmer device
along the suspended nanctube. Furthermorg, the transistor structure may utilize
clectrical gating to generate a single electronic guantum dot (D) along the suspended
nanotube, being as short as few tens of nanometers, as well as multiple quantum dots
connected 1n serics or in parallel. Additionally the nanotabe channel allows ligh current
along the suspended nanotube.

Moreover, localizing the transistor device to a subpart of the nanotube, away
from the metallic contacts provide the transistor structure with geometrical lever arm
factor, @, which is given by the ratio of the capacitance coupling between the device to
the gates and the capacitive coupling of the device to the source, drain and gate
combined, to be very close to the ideal limit of 1. This allows the transistor structure to
be highly sensitive to the surrounding electric fields and allows the use of such device
for efficient detection of electric potentials as will be described further below. The

charge noise m the clectronic device of the invention may tvpically be smaller than

1+ 187 %e/ Hz where e is the charge of the electron. For 100 nanometer fong detecting

i

clement this charge noise translates to a voltage sensitivity of abowt 1038aV N\ Hz |

Utihzing the ability 1o select the appropnate nanotube characteristics and
directly posttion it within the transistor structure enables design of an electronic device
configured for detection of surrounding clectric potentials and clectric fields. This
provides for a novel scanning probe microscope capable of detection of electric fields
and/or clectnc potential, as well as local capacitance and/or conductance, on

microscopic scale, and at time on nano-scale dimensions. The transistor structure may
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be located on the tip of a scanning probe microscope (SPM) configured to scan along a
sample using the nanotube suspended between electrodes of the transistor structure. The
apphication of appropriate bias on selected gate electrodes allows forming a device
being appropriately  sensitive  to  the detection of swrounding  physical
parameiers/conditions.

In accordance with surrounding cnvironment, there are scveral opcrational
scheme of the detector. A first operational scheme utilizes forming of a single localized
clectrostatic barrier along a sobpart of the suspended sanotube. This makes the
conductance through the nanotube to be strongly dependent on the height of the
localized energy barrier, which 1n tum 1s senstiive to the electrostatic potential of the
environment, As a result the conductance through such electrostatic barrier forms a
sensitive detecting clement along the nanotube, and the short length of the barer
allows detection with high spatial resolution. Such detection scheme works at room
temperatare and provides high spatial resclution and potential sensitivity. According to
a scoond operational scheme, two such electrostatic barricrs are formed along the
suspended nanotube, confining a quantum dot between them. The conductance through
the quanium dot is sensitive to the swrrounding electrostatic potentials and thus forms a
sensttive detector. This scheme provides similarly high spatial resolution and potential
sensitivity. In both cases the bamers may be formed either by gating selected
segment{(s} of the nanotube such that their chemical potential is inside the bandgap of
the nanotube, or by electrostatically gating adjacent sections of the suspended nanotube
to be populated by electrons (n-type} and holes {p-tvpe). This forms p-» junction(s) at
the selected region(s) along the nanotube which acts as the appropriate barriers for
conductance. Selection of appropriate gate(s) and appropriate bias thereon enables
determiming size and position of energy barners and/or p-» junction(s) along the
nanotube and in-sit varation thereof. Thus a single tunable barrier, single- double~ or
multiple-QD may be formed along a single suspended nanotube segment, 1 accordance
with the number and arrangement of the gate electrodes, and its position and properties
along the suspended nanctube can be precisely tuned using the voltages on these gates.

Cuarrent flow through the above described QD or tunable local barner s thus
highly sensitive to charge mduced thercon by any clement m the surrounding, being a
factor of the clectrostatic potential difference and capacitance between the detecting

glement in the nanotube (QD or tunable barmer) and clements in the surrounding that
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induce electric charge. Such clements can be metallic conductors {e.g. the contacts and
gate of a device under study) or fixed charge in a senuconductor or an msulator {c.g.
mdividual dopant atoms buried under the surface in the sample under studv). In both
cases any potential mnduced by these clements on the nanotabe can be quantitatively
determined using the measured conductance through the nanotube. This provides the
transistor structure to be highly sensitive to electrical propertics of 1ts environments
allowing the scanning microscope to sense vanation in electric ficlds/potentials of its
surroundings.

More specifically, while scanning a sample using a probe carrying the transistor
structure of the mvention, the SPM svstem may apply AC voltage at selected frequency
on one or morg clectrodes of the transistor structure, as well as on appropriate contacts
associated with the sample under study. it should be noted that preferably, the SPM
system applics simultancously AC signals of different frequencics and /or amplitudes 1o
different electrical contacts or electrodes. For example, if the sample under study 15 a
simple transistor structure, independent AC voltages can be apphied on its source, drain,
and gate. The AC signals on the local gates of the scanning transistor as well as on the
contacts of the sample under study create corresponding AC components in the source
drain current through the nanctube. By measuring these independent AC current
components for given AC voliage excitations, the independent capacitances between
cach of the contacts/gates and the nanotube detector can be directly determined. Once
the capacitances are known, potential vanations on any of the contacts and gates on the
sample under study can be directly determined from the measured current.

Additionally, vanations of clectric potential on the sample as a function of
posttion would also translate into corresponding modulation in current in the transistor
while scanning along the surface the sample, thereby enabling to map the local potential
landscape within the sample. Buc to the use of an extremely clean, isolated nanotube,
and due to the localization of the detection clement onto a small section of the nanotube,

the system is capabie to resolve a tiny fraction of a smgle electron charge, 1.¢. a charge

N

variation of the order of §@~1 - 10 %/ Fz. The small size of the nanotube and the
L' ;

ability to use the one or more gates to electrostatically form QIVs along the suspended
nanotube provides the scanning probe microscope with high spatial resclution, e.g. of
nanometer scale. The ability to deterministically select the appropnate nanotube having

high clectronic quality (i.e. high cleanliness and low disorder), which 1s built mto the
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asscmbly method, aliows to form detectors capable of cfficiently operating at high
frequencies, ¢.g. up to bundreds of GHz’s. This enables the scanning probe microscope
system of the present invention to provide accurate, high frequency and extremely
sensitive electnic potential detection, with high resolution for any sample under study.

Thus, according to one broad aspect of the mvention, there is provided a method
for use in construction of an electronic device. The method comprises: providing one or
more nanotubes grown on a surface of a first substrate; providing a desired electrode
arrangement fabricated on a surface of a second substrate and comprising at least two
clevated source and drain clectrodes and one or more gate electrodes located 1 between
the ¢levated source and drain electrodes; bringing the electrode arrangement on the
second substraie to close prosimity with the first substrate such that surfaces of the first
and sccond substrates face each other; scanning said first substrate with said electrode
arrangement and determining contact of clectrodes of the clectrode arrangement with a
nanotube located on the first substrate; detaching said nanotube from the first substrate
to provide a transistor structure comprising an isolated nanotube between the source and
drain clectrodes.

¢ desired electrode amrangement may be fabricated on a tip-like structure of
the second substrate to thereby allow scanming the tip carrying the clectrode
arrangement along a surface of any generic substrate,

The determination of the contact between the electrodes and a nanotube focated
on the first substrate may comprise electrical measurement between the first and second
substrate. These may for example be resistance measurements between specific
clectrades of the clectrode arrangement and the first substrate and/or resistance
measurement between two electrodes located on a cantilever being n electrical contact
with the nanotubes.

The first substrate may comprise at least two adjacent trenches. At least one
nanotube may be grown on the first substrate across at least once trench.

The desired electrode arrangement may comprise two or more external elevated
clectrodes. The nanoctube may be detached from the first substrate by transmitting
appropriate  electrical current between one of the external clectrodes and a
corresponding one of the source or drain clectrodes to thereby cut the nanotube 1o be

confined between the elevated source and dram electrodes. More generically, the
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clectrode arrangement may comprise a set of elevated clectrodes that allow cutting the
nanotube between any pair of neighboring electrode.

The method of the invention can be used for determining various propetties of
the nanotobes, including electrical and mechanical propertics. For example, the
slectrical properties of the nanctube being in contact with the electrode arrangement
may be determined, and upon identifving them msufficient, the clectrode arrangement
may be detached from the nanotube. After detaching the electrode arrangement from the
nanotube having insufficient electrical properties, the first substrate may be scanned for
additional nanotubes.

¢ determination of the contact of clectrodes with a nanotube, while at the
close proximity of the first and second substrates may be performed at low
cmperatures.

The clectrode arrangement may comprise a plurality of the contact clectrodes of
different lengths. The scanning of the first substrate with the clectrode arrangement may
mehide touching a selected nanotube on the first substrate and determining a
longitudinal location of the nanotube along the electrode arrangement. During the
scanming, the longitudinal location of the nanotubes may be determined to identify
whether it is desired, and if needed the nanotabe may be detached to provide contact on
a different longitudinal location. Alternatively or additionally, an angular orientation of
a nanotube may be defermined while the nanotube s in contact with the electrode
arrangement. This is done in accordance with electrical contact with the plurality of
clectrodes of different lengths.

The second substrate may comprse a plurality of parallel electrode
arrangements, cnabling attaching of a single nanotube to the plurahity of elecirode
arrangemont.

The method may further include annealing of the contact of the nanotube and
clectrodes bv applying electric current between the selected clectrodes.

Further, the electrode arrangement may be appropriately cleaned, ¢.g. utilizing
plasma etching, e.g. on the first substrate, thereby providing desirably conducting
cleciric contacts on the electrode arrangement. Generally, plasma etching is done by ion
spattering that physically removes the contaminants on top of metals. fn some
embodiments of the invention, Ar ions are used, but the vention is not hmited to this

gxample and other ions can be used as well, The plasma cleaning can be done just
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before introducing the sample to the vacuum chamber of the SPM: or the plasma
treatment may be performed in situ. In the latter case, the second substrate 1s inscried
mto the vacuum chamber, cleaned by Ar plasma, and then, without breaking vacuum,
the substrate is transferred nto the SPM for mating.

According to another broad aspect of the invention, there is provided a transistor
structure comprising an electrode arrangement comprising the at least two elevated
clectrodes comprising at least a source and a drain clectrodes, and one or more gaie
clectrodes located between said source and drain electrodes, and one or more distingt
nanotubes bridging between at least two clevated clectrodes of said electrode
arrangement; the transistor device being charactenized m that the one or more distinct
nanotubes being suspended between the source and drain eloctrodes above the one or
more gate electrodes.

The transistor structure may be configured for operating as a single clection
transistor. For example, the transistor structurg may be configured to generate a
Quantum dot along the nanotube being clectrostatically defined on part of the
suspended nanotubes; or to gencrate two or more guantum dots along the suspended
nanotube, each bemng electrostatically detined on a respective part of the nanotubes.

The transistor structure may be configured for use as a tunable localized barner,
o.g. being localized along a part of the suspended nanoctube.

The transistor structure may be configured to clectrostatically define, using
appropriate voltages on gates, active elements along the nanotubes(s) comprising
source, drain and channel and being localized along at least one nanotubes. The
configuration may be such that a lever arm factor o of the structure is substantially
unity.

The electrode arrangement may be mounted on a cantilever like tip, and at least
one of the distingt nanotubes may be located at an end portion of the cantilever like tip.

According to vet another broad aspect of the mvention, there is provided an
clectromic device comprising two or more transistor structures (2.8, a one dimensional
or g two-dimensional array of transistor structures), said two or morg transistor structure
comprising a transistor structure having at least one panctube suspended between at
least two corresponding clevated electrodes, the clectronic device being characterized in
that each of said two or more transistor structures comprises a suspended nanotube

being cut between regions associated with separate transistor structures.
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In yet further aspect of the invention, i provides a system configured for
scanning the surface of a sample, the system comprising: a cantilever like tip carryving a
scanming probe and a scanning unit comprising moving elements and configured to
enable movement of the cantilever like tip along at least three perpendicular axes;
wherein said scanning probe comprises an electrode arrangement comprising source and
drain clectrodes and at least one gate clectrode located between the source and drain
clectrodes, and at least one distinct nanotube extending between the source and drain
clectrodes and being suspended above said at least one gate electrodes, such that a
current through said at least one distinct nanotube being indicative of electrical
propertics of its surroundings.

It should be noted that the method of the invention provides for measuring
various propertics/parameters of nanotubes as exemplified above, as well as allows for
appropriatcly tuning one or more of these parameters. This may for example be
mplemented by tensioning the nanotobes. More specifically, during the mating process,
after contacting the nanotube with the elevated contacts i both sides {(before the
cutting) pushing of the circuit further {deeper) into the trench may continue. This pushes
the nanotube, clongates 1t and tensions it. If the nanotube 1s free to shde over the
contacts, then the section between the confacts gets the same tension as the sections
connected to the first substrate. Using this approach, the nanotube can be controlably
tensioned to a desired build i tension, wtd #ts breaking limit. ¥t 1s important to note
that thus provides for changing the properties of a nanotube by fension. With the tension,
a semiconducting nanotabe can be turned into a metallic one and vice versa, as well as
an mtermediate offect can be achieved, namely appropriate adjustment of the bandgap.
The tension also allows for modifving the mechamical resonance frequencies of the
nanotube over a wide range (from few MHz to few GHz). This is important for example
when the nanotube is to be used as 3 mechanical resonator, or for controlling the effect
of the mechanical degrees of freedom on the electronic degrees of frecdom. It should be
noted that for the tensioning to be effective, the nanotube should preferably be clamped
at the lips of the trench. This may require selective evaporation of metal on the first
substrate, such that the metal covers the nanotubes on the plateaus between trenches and
does not contaminate the suspended paris in the trenches. This is done cleanly by
evaporating the metal through a stencil mask, thus avoiding any chemical processing or

lithography that will contaminate the nanotobes.
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BRIEF DESCRIPTION OF THE BRAWINGS

In order to better understand the subject matter that is disclosed herein and to
exemplify how it may be carried oot in practice, embodiments will now be described,
by way of non-limiting example only, with reference to the accompanying drawings, in
which:

Fig. 1 schematically exemplifies a transistor structure fabricated in accordance
with the technique of the present invention;

Fig. 2 illustrates the assembly technique of the present invention in a way of a
block diagram;

Figs. 3A4-3D cxemplity the assembly techrique of the invention, Fig. 3A shows
nanotubes grown on a first substrate, Fig. 3B illustrates an appropriate electrode
arrangement on a sccond substrate, Fig, 3C illustrates a scamnning probe microscope
carrving the first and second substrates, and Fig. 3D exemplifies how contact between
the clectrodes and a nanotube 1s provided;

Figs 4A-4D show Scanning Electron Microscope (SEM) images of the fust
substratc carrying nanotube (Fig., 4A), clectrode arrangement carried on a tip of a
scanning probe microscope (Fig. 4B) and two configurations of the transistor structure
having respectively one and two nanotubes (Figs, 4C and 4D);

Figs. SA and 5B cxcmphfy the use of the transisior structure as a probe for a
scanming microscope, Fig. 5A shows a SEM image of a tip carrving the transistor
structure, and Fig, 5B illustrate the probe located above a substrate to be inspected;

Fig. 6 illustrates a scanning probe configuration and an example of measurcement
echnique suitable for use with the scanning probe microscope according to some
embodiments of the present invention;

Figs. 7A-7B illustrate respectively  experimental  measurements  of
transconductance along the transistor structure in response to local gate excitation of
different voltages; and

Figs. BA-8B illustrate two examples of swrface map of silicon trench

experimentally measured by a scanning probe according fo the present mvention.
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BETAILED DESCRIPTION OF EMBODIMENTS

The technique of the present invention provides a realization of a nano-assembly
techmique allowing us to determunistically deposit nanotubes onto an electrode
arrangement accurately at desired locations. The techmique cnables selection of the
deposited nanotube to thus provide clean, highly ordered (ulira-low disorder),
suspended, nanotube devices with electrical circuits of selected arbitrary complexaty.
This enables production of a single nanctube {or multiple distinct nanotabes) based
transistor stracture providing high control over source-drain current as well as over
charge localization along the channel. Additionally such transistor structure may be
used to provide a novel and highly sensitive detection system for detecting electric
potentials, ¢ g. measurements of materials’ surfaces on microscopic scale. The ability to
localize the clectrons using clectric fields applied by one or more gates allows for
creation of clean and controllable conduction barrers along the nanotube, thercby
viclding the device with near ideal electronic characteristics.

The technigue provides an ability to create an electronic device capable of
operating such that only a part/segment of the suspended panotube acts as the active
clement. This may be provided by creating one or more barriers at certain distance mio
the suspended part of the nanotube and away from the metallic contacts. In such
geometry, the actual source and drain contacts to the active element are associated with
the two suspended nanotube sections that connect between the metallic contacts and the
barrier(s}. This barrier geometry provides for minimizing the capacitance between the
active region of the nanotube and the source and drain leads, such that most of the
capacttance of the active clement is associated with ifs capacitance o a corresponding
local gate or to the sample under study. When acting as a local potential detector the
cfficiency of this detector iz generally reduced by the lever arm  factor

a = _f{C, +C +C,y where € 1s the capacitance to the corresponding local gate or
& g 2z g ~

i
the sample under study acting as a gate, and €, £, are the capacitances to the source

and drain regions. Measurements of clectric potentials and fields with high spatial
resolution require detection of basic features which arc small in size. As a result the

capacitance between the small features on the sarple and the detector. £, is necessarily

small. For example, for nanometer-sized features this capacitance is typically around an

atto-Farad (10718 Farad) or below. Since in the conventional devices the capacitances
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between the active region and the source and drain, £, and £, are orders of magnitudes

larger than this gate capacitance, their efficiency, if used as detectors, is severcly
reduced by the lever arm factor. However, the electronic device of the present invention,
using gates to localize the active part to a small section of the nanotube, allows to reach
the ideal geometries with 1deal lever arm factor (& = 1) which allow to achieve ideal
cfficiency of the detector, and detection sensitivity orders of magnitude than is presently
achievable.

Reference 18 made to Fig. 1 dlustrating a schematic example of a transistor
structure 100 fabricated i accordance with the technigue of the present invention. The
transistor structure 100 mchides an electrode arrangement 30 bemg formed by plurality
of electrodes deposited on a substrate 35, the plurality of electrodes inchude at least two
clevated cloctrodes 480, two such elevated clectrodes 42 and 44 are shown here, which
arc generally located on both sides of the device, and one or more additional electrodes
66 located between the two or more elevaied electrodes 48, Uulizing the technique
described below, a single, distinct, nanotube 38 is located on the electrode arrangement
38, such that the nanotube 30 is m electrical contact with two clevated electrodes 42 and
44, while being suspended above the additional electrodes 60. The use of the technigue
of the present invention provides that the nanotube 35 stretches between the clevated
clectrodes 42 and 44, being cffectively source and drain contacts to the transistor
structure, while floatmg a few nanometers but having no physical or electrical contact
with the additional electrodes 60, which are effectively gate electrodes. One or more
active segments of the channel are formed by appropriate gating along the entire
suspended nanctobe (using one or more gates). The remaiming segments of the
suspended nanotube leading to the active part act as the source and drain clectrodes.

Such posttioning and deposition of nanotubes onto the electrode arrangement
enable direct and accurate positioning of one or more distinct nanctubes 58 providing
direct electrical contact with two or more electrodes 48 while extending a distance of
few nanometers or more above other electrodes 60 of the electrode arrangement 36
Additionally, this enables appropriatc selection of nanotubes charactenistics and
cleanliness to controllably provide desired properties of the transistor structure.

The technique of the present invention utilizes a scanning probe microscope

manipulation to achieve deternunistic assembly of the transistor structure. Reference is
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made to Fig. 2 illostrating the technique in a way of a block diagram. As shown, long,
paralicl nanotubes are grown on a first substrate/chup (10310}, The nanotubes 55 are
preferably grown to be suspended without slack over wide trenches as will be described
below. Additionally, an electrical circuit including an ¢lectrode arrangement 36 is
provided (18203 fabricated on a scparated {(secound) substrate. The clectrode
arrangement gencrally includes an amray of parallel electrodes, where the external
clectrodes are taller than the rest as shown in Fig, 1, t.e. extend to be higher relative to
surface of the circuit. It should be noted that the clectrode arrangement may be
fabricated using anyv weli-known fabrication techniques. The electrical circuit is
preferably fabricated on a narrow cantilever, tip-like element formed in the second
substrate/chip. Thus, the nanotebes and electrode arrangement are fabricated in two
mdependent processes and do not impose any restrictions one on the other.

The clectrode arrangement and the nanotubes on the first substrate are placed in
a scanning probe microscope, facing one another, to allow scanning of the first substrate
with the cantilever carrving the electrode arrangement to located suitable nanctubes
(1030). The relative alignment of the two chips along 6 degrees of frcedom (e,
posttions and angles) 1s accurately determined by a sequence of capacitance
measurements between specially designated capacitance pads on the circuit chip and the
nanotube chip. Alternatively or additionally, this relative alignment can be determined
by optical measurements. The electrode arrangement 1s brought to close proximity with
the first substrate carrying the nanotubes and the cantilever is carefully inseried into one
of the trenches. Due to the height difference between the electrodes of the electrode
arrangement, the elevated clectrodes are closer to the nanotubes and thus form contact
thereto. Such contact can be detected by electrical measurements such as resistance
measurement between the first and second substrates (1046) and/or by resistance
measurements between two electrodes on the cantilever, being in electrical connection
through a nanotube, in case it touches both clectrodes. Once such contact is detected,
the additional electrical measurements can be made to venfy charactenistics of the
nanotube m contact (1050}, At this time a decision is made whether the detected
panotube is sutficient or not (1055}, and according to some embodiments whether i s
positioned at the desired placed along the clectrode arrangement. If anv of the
nanotube’s charactenstics 1s found to be msufficient for the process or the nanotube is

not positioned within the desired region of the clectrode arrangement | the cantilever is
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lowered (to a larger distance from the first substrate} to detach the electrodes from the
nanotube (10660). The cantilever may then be transferred to ancther trench for coupling
with one other nanotube. Altemnatively, if the characteristics of the nanotube are found
to be sufficient, the nanotube is cut to fit between the elevated electrodes utilizing
glectric current (1878 and the electronic device may be ready {(1080) and may be
removed from the scanning probe microscope system. According to some embodiments,
the assembly techmique inchides an annealing process which may be performed before
and/or after cotting of the selected nanctube. The annealing provides for improved
clecirical and mechanical quality of the contacts as well as the physical cleanliness of
the suspended nanotube. The anncaling may be performed by passing an intermediate
current, either between one of the elevated clectrodes and an additional electrode
located 1 same side of the clectrode arrangement, or between the two elevated
clectrodes which may later operate as source and drain clectrodes. It should be noted
that the annealing current should be lower than the clectrical current required for cutting
of the nanotube. Reference is now made to Figs. 3A-3D oxemplifving the techmique in
more details. Fig. 3A shows nanotubes 80 grown on a first substrate 85, Fig, 3B
tlustrates an electrode arrangement 34 on a second substrate 33, Fig, 3C illustrates the
first 35 and second 35 substrates being placed in a scanming probe microscope 78
{(SPM), and Fig. 3D shows contact between the electrodes and a nanotube within the
SPM 79,

More specifically, as shown in Fig. 34, the first substrate 35 is preferably
configired with wide trenches 58, The nanotubes 38 may be grown to extend between
trenches to thereby allow the electrode arrangement to reach the central region of a
selected nanotube by scanning along a trench 58, For example, the first substrate 35 is
ctched (e.g. in KOH solution) to form deep, wide trenches with wall angle of about 50°.
Additionally the first substrate may undergo a second eteh {e.g. m TMAH solution) to
form a shallow trench lip with slope angle of about 23°. This shallow lip allows
nanotubes to casily stick to the surface after growth and thus to eliminates slack of
nanotubes. The first substrate may be metalized (e.g. with Ti/Pt) to provide sufficient
clectrical contacts between the first substrate and nanotubes located thercon. This
allows contact detection between nanotube and the electrode arrangement by resistance
measurement between first and the second substrates {o determine contact between the

clectrode arrangement and a nanotube on the furst substrate. The metallization also
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allows the use of capacitive measurements to determine relative alignment between the
first and sccond substrates.

The nanotubes 538 mav be grown on the first substrate from catalvsts deposited
on platcaps between trenches using hthographically-defined pads. The nanotubes’
growth may be performed with Chemical Vapor Deposition {CVD) using a standard
growth recipe for single~walled carbon nanotubes as known in the art. Generally, such
CVD technigque utilizes argon, hydrogen, and ethylene and/or methane gases. In order to
provide the nanctubes growth to be aligned, perpendicular to the trenches as shown in
the figure, a high gas flow mayv be mantained, flowing above the surface of the first
substrate perpendicular to direction of the trenches, during growth of the nanotube. This
gas flow causes alignment of the grown nanotubes along its direction. Typically, this
enables parallel growth of suspended nanotubes, being perpendicular to the trenches,

with angle tolerance of 187 or at time of +&° and in some preferred embodiments

N

with angle tolerance of £3°

In a separate process, the electrode arrangement 30 is fabricated on a sccond
substrate 35. Fig. 3B shows an example of electrode arrangement 3¢ configured for
generation of a multi-gate transistor structure. The electrode arrangement 38 includes
external elevated electrodes 40 and central, internal lower clectrodes 66, In this specific
exarnple, the ¢lectrode arrangement includes four elevated electrodes selected such that
two of the electrodes 42 and 44 are central with respect to two other electrodes 46 and
48. The central electrodes 42 and 44 have clectncal connection to operate as source and
drain electrodes of the complete product while the external electrodes 46 and 48 arc
provided to assist in cutting of the nanoctube during the production process. Additional
onc or more electrodes 60 arc located between the clevated clectrodes 490 and
configured to be lower than the elevated electrodes, the height difference may be
between a few nanometers to a fow micrometers.

Figs. 3C and 3B dlustrate the assembly of the electronic device. Fig. 3( shows
a scanning probe microscope 70 (SPM) connectable to a suitable countrol unit 200 for
assembly of the electronic device; and Fig. 3D shows the assembly region 308 in more
details, as well as close look on the cut nanotube 318. The first substrate 35, carrying
the nanotubes, is placed within the range of the scanning probe microscope 70. The

second substrate 38 of the clectrode arrangement 30 15 placed on the other side of the
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SPM 78 facing the first substrate 55. The SPM 70 is configured to scan the second
substrate 38 along trenches of the fust substrate 55 in order to connect the electrode
arrangement 38 with a nanotube 58 located on the first substrate 35, Generally, the 5PM
78 may be connected to a control unit 283 which 1s configured and operable to operate
the SPM 70 to scan along the tranches of the first substrate 85 and to detect if the
clectrodes of the electrode arrangement 3G are 1n contact with any of the nanotubes on
the first substrate S5

The SPM 78 typically includes one or more piczoelectric actuators configured to
vary location of the probe i accordance with electrical signals applied thereto. Four
such actuators are shown in Fig. 3C, actuators 72, 74 and 76 are configured 1o move the
probe along three perpendicular axes with accuracy of about +1um, and actuator 78 is
configured to cnable scansing with nanometric accuracy. The comtrol unit 208 is
connectable to the piczoelectric actuators 72, 74, 76 and 78 and may also be
connectable to at least some of the electrodes of the electrode arrangement 3¢ and to the
first substrate S5, This connection enable the control unit to detect electrical connection
of one or more clectrodes of the electrode amrangement 38 to a nanotube on the first
substrate 85, and according to some embodiments to measure characteristics of the
nanotube before removing it from the first substrate 55.

Generally the control unit 280 is configured to provide appropriate clectric
signals to the actuators 72, 74, 76 and 78, to perform clectric measurements between the
clectrodes of the electrode arrangement 38 between them and between them and
between the first substrate 55, and to provide appropriate electric signal to electrodes of
the clectrode arrangement 3¢ as described below. These measurements enable the
control unit 280 fo scan the probe through several trenches, and to connect and detach
the electrode arrangement 38 from ditfterent nanotubes, while avoiding crashing or
contaminating the cantilever.

In order to find a suitable nanotube, the control unit may operate the SPM
actuators to scan the probe carrying the electrode arrangement 36 along trenches of the
first substrate 55 and measore resistance between them. The control unit 200 may utilize
variations in capacitance between the clectrode arrangement 38 and the first substrate
58 to navigate along the substrate between trenches and resistance measurements o
wdentify contact to nanotubes on the substrate. A drop in resistance may indicate contact

of the probe to a nanotube located on the first substrate 85, At this point the control unit
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288 may operate actuator 78 to provide fine tuning of the probe location. Direct contact
between a nanotube and any one of the clecirodes in the clectrode arrangement 30 is
wdentified by resistance measurement between the specific electrodes of the electrode
arrangement and the first substrate 58, When such contact 15 determined, the Control
unit 200 may operate actuator 78 to vary the distance between the probe and the first
substrate 55 (lower the probe). In some embodiments, the distance between the first and
second substrates is varied such that only the elevated electrodes are in electrical contact
with the selected nanotube, according to some other embodiments, any desired number
of clectrodes 1s brought to contact with the nanotube. Thus the distance between the
probe and the first substrate 35 may be such that the nanotube is in physical contact
with some or all of the clectrodes of the electrode arrangement, and not necessanly only
the elevated electrodes. I any unwanted contact between the nanotube and certain
clectrodes of the clectrode arrangement {c.g. the gate clectrodes) is detected by
clectrical measurements {¢.g. resistance)}, the nanoctube is detached from the electrode
arrangement and contacted again. When sufficient contact between the nanotabe and the
appropriate clectrodes is detected by resistance measurements, additional in-sifu gate-
dependent transport measurements can be performed to verify quality of the nanotube.
Such in-situ measurements may include probing conductance of the nanotube as a
function of bias between the source and drain contacts and as a function of voltage on
cach of the individual gates. Other measurements may mvolve high frequency voltages
applied on the gates and/or the contacts to actuate and detect mechanical vibrations of
the suspended nanctube. Additional measurements may be performed to determine
appropriate physical characteristics of the selected nanotube. According to some
embodiments of the mvention, the electrode arrangement may be configured with
clectrical contacts of varying lengths or a wrap-around geometry {as shown in ¢.g. Fig
45}, Such electrodes’ configuration allows utilizing resistance measurements between
different contacts and a sclected nanotube to determine position of the nanctube along
the clectrode arrangement 30, If the nanotube 1s found to be positioned at an undesired
location along the electrode arrangement, the SPM detaches the electrode arrangement
38 from the nanotube and touches i again after moving its position. Utilizimg an
appropriately configured clectrode arrangement and possibly repeating this procedure,
the technigue of the mvention allows for positioning a selected nanotube at a desired

location with accuracy of tens of nanometers.
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After the nanotube 1s properly charactenzed, the control unit operates to
corapare the measurements’” results with desired specs of the electronic deviee and to
decide whether the selected nanotube 1s appropriate for the device or not. I the
nanotube 1s found to be mappropnate for the specific design of the electronic device, in
terms of molecular or electronic disorder, high doping rate, mappropriate bandgap. bad
contact resistance, etc., the control unit may operate to move the electrode arrangement
away from the first substrate to thereby detach the nanotube from the electrodes, leaving
the eclectrode amangement and the nanotube undamaged. I the nanotube’s
characteristics are found to be appropnate, the control unit operates to appropriatelv cut
the nanotube 1o a desired length to be in electrical contact with selected clevated
electrodes as shown in Fig. 3D and more specifically in the enlarged inset 310. To this
end, the control unit 200 passes high clectrical current between adjacent pairs of
clectrodes enabling surgical cut 52 of the nanotube 50 at desired, well-defined, locations
and separation of the nanotabe S8 from the first substrate 5% without damaging the
segment of the nanotubes within the electrode arrangement 38.

it should be noted that once a nanotube is attached to the clectrode arrangement,
the process may confinue for attaching an additional distinet nanotube in clectrical
contact with different electrodes of the electrode arrangement in accordance with the
design of the electronic device and the architecture of the electrode arrangement. In thig
connection reference is made to Figs 4A-4D showing Scanning Electron Microscope
{SEM) mmages of the first substrate carrving nanotube grown between trenches (Fig.
4A}, electrode arrangement carned on a tip of a scanning probe microscope (Fig, 4B)
and two configurations of the transistor structure having respectively one and two
nanotubes positioned between corresponding electrodes (Figs, 4C and 4D).

As shown mn Fig. 44, the first substrate includes plurality of paraliel trenches,
mset in the figure illustrate a single nenotube grown within the trench being
perpendicular to the direction of the trenches. Fig. 4B shows a probe, configured for use
m a scanning probe microscope, carrving an clectrode arrangement and a close-up look
at the clectrode arrangement. The probe carrving the electrode arrangement s brought
to close proximity with the first substrate within the scanning probe microscope, and is
directed along trenches of the first substrate in order to mate the clectrode arrangement
with an appropnate nanctube. As indicated above, resistance measurements enable

detection of nanotube located above the clectrode arrangement, and additional
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measurements are used to detect quality of the nanctube before cutting the nanctube and
detaching it from the first substrate. Fig. 4C shows the electrode arrangement mated
with a nanotube suspended between the elevated electrode and over the additional (gate)
electrodes. Generally the nanotube is cut to extend between two elevated cloctrodes
{e.g. source and drain electrodes). fn Fig, 4C the nanciube is positioned in clectrical
contact with two clevated electrodes at cach side thereof, thus enabling complex
clectrical functionality of the resulting electronic device {e.g. four probe condactance
measurements). The cutting of the nanctube at a desired location 1s generally performed
by providing a high current between electrodes adjacent to the location of the desired
cut. The clectrical current causes the nanotube to heat and cut at the desired location.
Fig. 41} shows an clectrode arrangement including plurality of elevated clectrodes
forming together two transistor structures such that cach transistor structure utilizes a
distinct nanotube as channel element, suspended nanotubes 1 and 2 are shown in the
figure. As shown, a single nanctube may be attached to an clectrode arrangement to
therchy provide plurality of transistor structures (two transistors are formed from
nanotube 2 shown in Fig 4D, utilizing a single drain electrode and two source clectrodes
on cach side thercof) by posifioning the nanotube i contact with amray of
glectrodes/contacts, with one or more local gates there between. Thus the technique
allows for assembling a plurality of transistor devices utilizing a single nanotube,
thercby forming an array of devices/detectors having similar properties (formed from
the same nanotube), and thus are easier to conirol with fower control gates. As mdicated
above, the different nanotubes may generally be deposited onto the electrode
arrangement one by ong, to cnable detormining the quality of ecach one of them
mdividually and to deposit cach one of them at the desired location.

The above described tfechnigue provides for producing varous types of
slectronic devices having a multi-gated, suspended, nanotube geometry. The resulting
transistor structures may be configured with desirably taillored electrical performance.
The use of one or more independent gate electrodes provides control over number and
location of barrier regions along the suspended nanotube, thus enabling vanation of the
channel length and accurate occupation of charge camers therealong. Such control over
the channel length may provide fn-sirn vanations/adjustments {(i.¢. during transistor
operation) by varyving the voltages applied on the different gates and thus utilizing

various lengths of the suspended nanotube as channel.
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The transistor structare may be operated as a tunable local barrier, or ag a Single
Electron Transistor (SET), in accordance with operation scheme and conditions. In its
operation as a tunable Iocal barrier, one or more gate clectrodes provide bias voltage to
dope a desired local section of the nanotube and shift the chemical potential therein into
the bandgap. As a result a local barner for transport is formed, whose properties
dominate the conductance through the nanotube. The strong dependence of the local
barrier height on adjacent gate voltages makes the local tunable barrier a sensitive
detector for local potential changes. In its operation as SET, two or more local barriers
arc formed along the nanotube to confine a quantum dot between them. fn one
embodiment cach of these two barriers is formed by biasing one or more gates to fune
the local chemical potential in the nanotube sections directly above such one or more
gates into the nanotube bandgap. In alternative embodiment one or more gate electrodes
provide bias voltage thereby doping desired sections of the nanctubes with clectrons
and hole, forming p-» junctions at the transitions between these regions. These p-n
junctions act as barriers for electronic conductance thereby isolating one or more
guantum dots along the nanotube. As known m the art, electrical transport through
quantum dots occurs through single electron conductance and is sensitive o adjacent
gate voltages.

It should be noted that in the transistor operation as local tunable barrier, the
drain and source leading to the active gated region{s) may in fact be segments of the
nanotube itself rather than the metallic contacts. As a result, the capacitive coupling
between the active area and the source and drain 1s reduced and may be lower relative to
the capacitance between the active area {channel} and a region of the sample being
measured. Thus, the transistor structure may operaie as detector for electric fields,
operating either as a QD based (SET) or as a tunable barrier. It should also be noted that
the assembly technique provides the ability to determinustically select desired electronic
characteristics {(contact resistance, bandgap, absence of disorder) of the clectrode
arrangement and the nanotube thereon, thus providing desirably ideal transistor
transconductance and on-off ratios providing desired sensitivity of this device operating
as a local potential detector.

The transistor structure of the present invention may be wutilized to provide a
novel scanning probe microscope configuration, providing capabiity to detect and

measure electric potentials and ficlds on a nanometric scale. The scanning microscope
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may generally include a probe providing capability to detect electric ficlds and electric
potentials, the probe may be a transistor structure as described above, located on a
cantilever and configured to enable scanming of a surface. It should be noted that
various other, and possibly more complex, structures may be formed by the technmique
described above and may be used for electric potential detection. For example, the
detector may be formed by plurality of transistor structures formed by a single nanotube
or a two dimensional array of transistor structures formed by several nanotubes on a
properly designed set of clectrodes. Such detector configuration may provide paraliel
detection of clectric ficld/potential within a region to thereby map a region of the
sampie simultaneously and avoid physical scanning of the sample. It should be
wnderstood that such multi-detector structure inclading plurality of nanotube-based
transistor structures may be used to enhance scanning speed to provide for parallehized
mapping of the sample. Additionally or altematively, different sub-clements of the
multi-detector above may be differently operated to thereby provide measuwrements of
different characteristics of the sample and/or operated at different frequencies to detect
AC vanations of the sample.

The scanning microscope is generally contigured similarly to the configuration
shown in Fig. 3C with the required variations, i.e. a movable tip carrving the transistor
structure {which operates as a probe} located in close proximity to a substrate to be
mspected. It should be noted that the location of the probe and the substrate mayv be
switched such that the probe 1s above the substrate.

Reference 18 made to Figs. 5A and 5B describing the use of the transistor
struchire of the present invention as a probe for a scanning microscope. Fig, 5A shows a
SEM mmage of a deep etched pillar, carrving an electrode arrangement and a nanotube
extending between at least source and drain electrodes and suspended above one or
more gate electrodes. Inset in Fig, 5A shows a close-up view on the electrode
arrangement and the nanotube extending thereon (marked with arows). Fig. 5B
tHustrates the probe located above a substrate to be mspected. It should be noted that
Fig. 5B illustrates a specific example of LaAlG:/5¢Ti0; (LAO-STO) surface
characterization using the scanming probe microscope of the invention. it should be
noted that the scanning probe wnucroscope of the invention may be used for

charactenization of general samples as required.
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As shown n Fig, 5B, the transistor structure carried on the tip 38 of the scanning
microscope is configured in accordance with the techmique of the present mvention as
described above. More specifically, the transistor structure 100 cammed thereon mcludes
at least two elevated electrodes 48, operating as source and drain electrodes, and one or
more clectrodes 64 configured to operate as one or more gates (it should be noted thata
plurality of gate clectrodes may be operated together as a single gate). An isolated
distinct nanotube 50 is exiending between the elevated elecirodes 40, being suspended
above the gate electrodes 68, The nanctube 58 is preferably a single wall nanotube
which may be metallic or semi-conducting (the first type allowing fo form an
operational detector at crvogenic temperatures, whereas the second type allowing to
make an operational detector at room temperature or higher). The transistor carrving tip
38 is brought nto close proximity with a substrate 78 to be mspected and is electrically
operated to detoct electric potentials and clectric fields m its vicimity,

To provide measurements of surrounding electric potentials and electric fields,
the detector is operated by providing appropriate electric bias on ong or morg of the
local gates to thereby gencrate an approprate electronic structure along the suspended
nanotube. The electronic structure is configured as described above (being a QD or
localized barrier along the channel) to provide sensitivity to changes in the electric
potentials nearby. fo both operational schemes, the active electronic structure along the
nanotube is affected by the induced charge thereon as descnibe in equation 1 below:

g=0C¢ (equation I}
where C 1s the capacitance between the nanctube and its surrounding, preferably a
substrate under study and ¢ 1s the electrostatic potential difference between them. The
current through the device would change accordingly as:

Al = giCAg + PAC) {equation 2}
where g=HC 1s the “gam” of the device, H is ifs transconductance, and Af is source-
drain current variations. This enables simple detection of electric potential variation by
monitoring of the source-drain current while scanning a sample with the transistor
carrving probe. As shown in equation 2, the detector may also be operable to measure
local capacitance, and if used at sufficiently high frequency also local polarizability
{suitable measurement for insulators) or impedance (for conductors) as well as clectric

potential, The use of the scanning probe microscope according to the present invention
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may also provide several {echniques enabling measurements of different elements
associated with variation of the electric poteutial.
it should be noted that a typical transconductance of the transistor structure at

-

room temperature may by about H~187° — 1807 dmp /Velt, typical capacitances to a

corresponding region of the sample being inspected (typically a few tens of nanometer
. . ~ . -19 .

i size} may be about C~0.1aF {i.e. ~107" Farad}, and typical measured currents may be
between sub picoamperes and up to several hundreds of nancamperes. This provides for

potential sensitivity being as high as 1a¥ /v Hs with spatial resolution of tens of

nanometers. Thus the detector of the present invention provides detection sensitivity
being about 3 orders of magnitude higher than the state of the art detection systems, ¢.g.
the AFM based Kelvin-probe microscopy.

Reference 1s made to Fig. 6 ilustrating an example of measurement techmigue
suttable for use with the scanning probe microscope of the mvention. As shown, a
transistor structure 108 1s located n close proximity above a sarface 76 to be measured.
At least one of the one or more gate electrodes 60 applies appropriate voltage V; to
form an active region along the nanotube 36, being ecither a QD or a localized barrier.
As shown in the figure in dashed line, the gate voltage may be applied on any set of the
one or more gate electrodes 60. In order to provide measarement of various terms
associated with the electric potential, the sample and the transistor structure may be
connected to additional voltage sources, Vg is the source-drain voltage, V. is a voltage
applied onto the sample and used to vary electrochemical potential of the sample
relative to the transistor structure. Addition of AC signal on top of any one of the
applied voltages, 6V 6V, 6V and 8Vye enables detection of current vanation in
response to any one of the apphed voltages and thus simultancous extraction of the
mdividual capacitances between the detector and the vartous gates on which the AC
potentials are applied. It should be noted that parallel measurements may be performed
by setting any group of the voltage variations to different frequencies thereby enabling
separation of the resulting effects on the source-drain current.

it should be noted that, different derivatives of the source-drain current with
respect to the selected (different) clements of applied AC voltage provide corresponding
physical gquantities associated with the sample. Utilizing AC voltages of different

frequencies on different clements of the sample under study provides for simultancous
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measuring  of ¢lectric potential, capacitance, polarizability (for insulators) and
inductance (for conductors) of these clements simultancously. The detector of the
mvention, in either one of s operational schemes (QD and local barmer) provides
varying response to clectric potential. This response, being dependent function of the
transconductance, varies in accordance with the working point of the detector. As
deseribed above, the working point of the detector device 1s set by selected DC voltage
applied on cach of the local gates. Additional potential difference between the detector
and the sample {12, DC voltages on the substrate uander study) may also vary the
working point of the detector. However, appropriate gauge of the local gates voltages
allows for normalizing out the varving working pomt effects, thus providing a
guantitatively-accurate measurement tndependent of shifts in the working pomnt of the
detector. To this end, the transistor structure utilizes a fixed distance between the one or
more local gates and the active detection region (QD or local barrier) of the suspended
nanotube. The effects of the AC voltage on this gate on the scurce-drain current gnable
direct detection of the working point of the device (given by its transconductance to the
local gates).

More specifically, nommalization of AC responses measured in accordance with
any electrical contact (8Vq, OV, OV, and dVyg) by the response to AC excitation of the
local gate(s}. may normalizes owt working point variations and thus provide a ratio
between the capacitance of the detector to a specific element in the sample and the
capacitance between the detector and one of its the local gates. Since these
measurements may be done simultaneously, this normalization may be performed
mstantancously.

Thus, an appropriate feedback loop may be provided, to vary the local gate(s)
DC voltage with respect to the AC response of the source-drain current, to thereby shift
the working point to a desired value. Additionally or altematively a feedback loop may
be provided to vary the electric voltage applied on the inspected substrate with respect
the source-drain current AL response. This allow mamtaining the working point during
scanning while allowing DC potentials associated with the inspected substrate to be
measured. The voltage applied by this feedback loop exactly compensates the potential
shift induced by the substrate under study, and thus tts magnitude tracks the potential of
the substrate, allowing for direct and quantitative probing of the local potential n the

substrate.
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The operation of the local tunable barrier of the transistor structure is
exemplified m Figs. 7A and 7B showing respectively experimental measurements of
the transconductance as a function of the voltage on the local gate performed on a
transistor structure configured as a local tunable barrier according to embodiments of
the present invention. The figures show transconductance through the local tunable
barrier which is measwred at room temperature. In Fig. 7A, the barver is configured to

be about 200w long and is defined by appropriate voltage apphied to a local gate

located beneath a fam-long suspended nanotube. The transconductance is measured

with 1wl excitation on the local gate while the source-drain bias of 150m¥. In the
example of Fig. 7B the measurement is provided by excitation of S8uV on the

corresponding local gate, using lock-in measurement at a frequency of S8G0H =, a time

R

constant of 10%ms and filter slope of 3448 fort, translating to an cffective noise band
width of ~1H=. As can be seen mn the figures, the transconductance response of the

transistor structure is substantially similar even for excitations being smaller by orders

of magnitude. More specifically the local barmer provided by the transistor structure of

the present invention provides a potential sensitivity better than 18V /v Hz, which is
more than two orders of magnitude higher than the state of the art, e.g. that Kelvin
probe microscope (1-20ml7/ JHz 3.

Microscopic mapping of the surface topography of a sample through local
capacitance measurcment in the scanning mucroscope configured according to
embodiment of the present invention are exemplified i Figs. 8A-8B. These figures
show real-space, room temperature, images of a trench structure provided on silicon
samplies and obtained using the above local tunable bamer device as a probe 1 a
scanning microscope. As shown, Fig. 8A ilustrates the structure of a single trench
the sibcon sample and Fig. 8B shows a portion of the surface including several
trenches. In both measurements the detecior was operated to measwre capacitance
between the local barrier of the transistor structure and the surface of the sample under
study as function of the spatial coordinate. In the specific measurement in the figure the

detector is separated bv 58z above the sample providing resolution of a fow fens

micrometers. It should be noted that higher resolution may be provided by operating the
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detector at closer distances from the sample. Accordingly, the maximal resclution of the
detector according to the present mvention is defined by the physical size of the tunable
barrier or QD generated along the suspended nanotube.

Thus, the present invention provides a novel techmigue for producing an
slectronis device utilizing one or more distinct nanotubes. The technique enables direct,
deterministic and accurate deposition of a selected nanotube at a desired location on
clectronic circuits. Additionally the present mvention provides for a unique transistor
struchire utilizing a one or more nanctubes, arranged in a discrete fashion {i.¢. distinet
nanotubes). Such transistor device may be used for probing clectrostatic potential
landscape with nano-scale spatial resolution and thus provide a novel scanming probe
microscope system as described above.

Those skilled 1o the art will readily appreciate that varicus modifications and
changes can be applied to the embodiments of the invention as hewinbefore described

without departing from its scope defined 1n and by the appended claims.
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CLAIMS:

1. A method for use in construction of an eclectronic device, the method
comprising. providing one or more nanotubes grown on a surface of a first substrate;
providing a desired electrode arrangement fabricated on a surface of a second substrate,
said electrode arrangement comprises at least two elevated source and dram ¢lectrodes
and one or more gate ¢lecirodes located in between said clevated source and drain
clectrodes; bringing the electrode armrangement on the second substrate to close
proximity with the first substrate such that surfaces of the first and second substrates
face cach other; scanning said first substrate with said electrode arrangement and
determining contact of electrodes of the electrode arrangement with a nanotube located
on the first substrate; detaching said nanctube from the first substrate to provide a
transistor structure comprising an isolated nanotube between the source and drain
clectrodes.

2. The method of Claim 1, wherein fabricating the desired electrode arrangerment
comprises fabricating said electrode arrangement on a tp-like structure of said second
substrate to thereby allow scanning said tip carrving the electrode arrangement along a
surface of the first substrate.

3. The method of Claim 1 or 2, wherein said determining of the contact of
slectrodes of the electrode arrangement with a nanotube located on the first substrate
comyprises clectrical measurement between the first and second substrate.

4. The method of Claim 3, wherein said electrical measurement comprises
resistance  measorement comprising at least one of the following: resistance
measurement between a specific electrode of the clectrode arrangement and the first
substrate; resistance measurement between two electrodes located on a cantilever bemg
m electrical contact with the nanotube.

& The method of any one of claims 1 to 4, wherein said first substrate comprises at
least two adjacent trenches, growing of at least one of said one or more nanotubes on
the first substrate being in between said at least two adjacent tranches,

6. The method of any one of Claims 1 to 5, wherein said desired electrode
arrangement comprises at least two external elevated electrodes, said detaching of the
nanotube from the first subsiratc comprises transmitting approprate clectrical current

between one of said external electrodes and a corresponding one of the clevated
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clecirodes to thercby cut the nanotube o be confined between said ¢levated source and
drain clectrodes.

7, The method of any one of Claims 1 to 6, comprising deternuning electrical
propertics of said nanotube in contact with said electrode arrangement, and detaching
the electrode arrangement from said nanctube if electrical properties of said nanotube
being insufficient.

8. The method of Claim 7, wherein after detaching from said nanctebe having
msufficient clectrical propertics, scanning along said first substrate for additional
nanotubes along said first substrate.

9, The method of any one of Claims 1 to 8, wherein said bringing of the first and
second substrates to close proximity and said determming contact of electrodes of the
slectrode arrangement with a nanctube are performed 1o low temperatures.

10,  The method of any onc of Claims 1 to 9, wherein said electrode arrangement
comprises a phirality of the contact electrodes of different lengths, said scanning of the
first substrate with said electrode arrangement comprising touching a selected nanoctube
on the first substratc and determining a longitudinal location of the nanotube along the
electrode arrangement.

§t.  The method of Claim 10, comprising determining whether said longitudinal
location of the nanctube is desired, detaching the nanctube o provide contact on a
different longitudinal location if not.

12, The method of Claim 10 or 11, compnising determining an angular orientation of
a nanotube being m contact with said electrode arrangement in accordance with
clectrical contact with said plurality of electrodes of different lengths.

13, The method of any one of Claims 1 to 12, wherein the second subsirate
coraprises a plurality of parallel electrode arrangements, enabling attaching of a single
nanotube to said plurality of electrode arrangement.

14,  The method of anv onc of Claims 1 to 13, comprising anncaling contact of the
nanotube and clectrodes of the electrode arrangement, said annealing comprising
applying electric current between sclected electrodes of the electrode arrangement.

15,  The method of any one of Claims 1 tc 14, comprsing cleaning said electrode
arrangement, said cleaning comprising utilizing plasma ctching on the first substrate

thereby providing desirably conducting clectric contacts on said electrode arrangement.
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16. A transistor structure comprising an clecirode arrangement comprising the at
least two clevated eclectrodes comprising at least a source and a drain electrodes, and
one or more gate electrodes located between said source and drain ¢lectrodes, and one
or more distingt nanotubes bridging between at least two elevated electrodes of said
slectrode arrangement; the transistor device being charactenized in that the one or more
distinct nanotubes being suspended between the source and dram clectrodes above the
one or more gate clectrodes.

17.  The transistor structure of Claim 16, configured for operating as a single
clectron transistor.

§8.  The transistor structure of claim 17, configured to generaie a Quantum dot along
at least one of said one or more nanotubes being clectrostanically defined on part of the
suspended nanotube.

19, The transistor structure of Claim 16, configured to gencrate two or more
guantum dots along said suspended nanotube, cach being electrostatically defings on a
respective part of the nanctube.

28, The transistor structure of Claim 16, configured for use as a tunable localized
barrier.

AR The transistor structure of Claim 20, wherein the localized barrier is localized
along a part of the suspended nanotube.

2%2.  The transistor structure of anv onc of Claims 16 to 21, configured to define
active clements along said one or more nanotubes, such that said active clements
comprise source, dramn and channel and are localized along at least one of said one or
more nanotubes.

23, ¢ transistor structure of Claim 22, configured such that a lever arm factor o
thereof 1s substantially unity.

24.  The transistor structure of Claim 16, wherein said electrode arrangement being
mounted on a cantilever like tip and at least one of said onc or more distinct nanotubes
is located at an end portion of said cantilever hike tip.

25, An electronic device comprising two or more transistor structures, said two or
more transistor structure comprising a transistor structure having at least one nanotube
suspended between at least two corresponding clevated electrodes, the electronic device

being characterized in that each of said two or more transisior structures comprises a
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suspended nanotube being cut between regions associated with separate transistor
structures.

26. ¢ electronic device of Claim 25 configured with a two-dimensional amay of
transistor structures.

27. A system configured for scanming the surface of a sample, the system
comprising: a cantilever like tip carrving a scanning probe and a scanming unit
comprising moving clements and configured to enable movement of the cantilever like
tip along at least three perpendicular axes; wherein said scanning probe comprises an
clectrode arrangement comprising source and drain electrodes and at least one gate
electrode located between the source and drain electrodes, and at least one distingt
nanotube extending between the source and drain electrodes and being suspended above
said at least one gate electrodes, such that a carrent through said at least one distinct

nanotube being indicative of clectrical properties of its surroundings.
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