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(57) ABSTRACT

The present invention provides a MOSFET device compris-
ing: a substrate including a plurality of atomic ridges, each
of the atomic ridges including a semiconductor layer com-
prising Si and an dielectric layer comprising a Si compound;
a plurality nanogrooves between the atomic ridges; at least
one elongated molecule located in at least one of the
nanogrooves; a porous gate layer located on top of the
plurality of atomic ridges. The present invention also pro-
vides a membrane comprising: a substrate; and a plurality of
nanowindows in the substrate and a method for forming
nanowindows in a substrate.

13 Claims, 5 Drawing Sheets
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STRONGLY TEXTURED ATOMIC RIDGE
AND DOT MOSFETS, SENSORS AND
FILTERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 09/658,599, entitled “STRONGLY TEXTURED
ATOMIC RIDGE AND DOT MOSFETS, SENSORS, AND
FILTERS,” filed Sep. 8, 2000, now U.S. Pat. No. 6,509,619
B1, issued Jan. 21, 2003, which claims the priority of U.S.
Provisional Patent Application No. 60/153,088, filed Sep. 9,
1999, the entire disclosure and contents of which are hereby
incorporated by reference. This application also makes ref-
erence to the following U.S. patent applications: U.S. patent
application Ser. No. 09/187,730, entitled “ATOMIC
RIDGES AND TIPS,” filed Nov. 9, 1998, now U.S. Pat. No.
6,667,492 B1, issued Dec. 23, 2003, U.S. patent application
Ser. No. 09/657,533, entitled “STRONGLY TEXTURED
ATOMIC RIDGE AND DOT FABRICATION,” filed Sep. 8,
2000, now U.S. Pat. No. 6,413,880 B1, issued Jul. 2, 2002,
and U.S. patent application Ser. No. 09/658,878, entitled
“STRONGLY TEXTURED ATOMIC RIDGES AND TIP
ARRAYS,” filed Sep. 9, 2000, now U.S. Pat. No. 6,465,782
B1 issued Oct. 15, 2002, the entire disclosure and contents
of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to MOSFET sensors, filters
and nanostructures.

2. Description of the Prior Art

A problem with many conventional nano-sized chemical
sensors is that they do not have a high specificity for
particular chemical species to be detected. For example,
MOSFETs, or more precisely, ISFETs (lon Sensitive Field
Effect Transistors), may be provided with porous gates to
allow the environmental gases to arrive at the gate/dielectric
interface and modify the threshold voltage and current
voltage character. In fact, these ISFETs are often quite
sensitive to gaseous ambients of different types. However,
the electrical behavior of the ISFET does not generally allow
different gases to be distinguished from each other, espe-
cially when there are several gases present in the environ-
ment simultaneously.

Similar to the problems faced in producing high speci-
ficity nano-sized chemical sensors, there is also currently no
good way to produce very high flow-through nano-sized
reaction chambers or chemical filters having a high degree
of chemical specificity. For example, people having an
oxygen deficiency often carry around a bulky oxygen tank
which must be refilled on a regular basis. A lightweight
active filter that allowed the passage of oxygen and very
little nitrogen and larger dust and pollen particles would be
a significant adjunct to the quality of life for many people

The present methods of electron beam lithography being
developed at great expense may reach an ultimate minimum
dimension of about 35 nm, which is indeed a large improve-
ment over the 180 nm now being produced in the IC
business. One of the best developed methods in this family
is called SCALPEL (SCattering with Angular Limitation
Projection Electron-beam Lithography). This system
requires magnetic lenses, very thin masks, difficult mask
alignment tools, and is quite complex. It appears to have
significant promise in high throughput lithography for mini-
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mum dimensions down to about 35 nm, but not for smaller
dimensions. A simple contact mask for e-beam lithography
producing dimensions in the range of 1 to 5 nm would be of
major benefit for a wide range of applications.

SUMMARY OF THE INVENTION

It is therefore an object of the present invention to provide
MOSFETs that may be used in producing sensors having a
high degree of chemical specificity.

It is another object of the present invention to produce
nano-sized reaction chambers having a high degree of
chemical specificity.

It is yet another object of the present invention to produce
nano-sized filters having a high degree of chemical speci-
ficity.

It is yet another object of the present invention to produce
nano-sized openings in a contact lithographic mask and a
shadow mask for charge and neutral particles.

According to first broad aspect of the present invention,
there is provided a MOSFET device comprising: a substrate
including a plurality of atomic ridges, each of the atomic
ridges including a semiconductor layer comprising Si and an
dielectric layer comprising a Si compound; a plurality
nanogrooves between the atomic ridges; at least one elon-
gated molecule located in at least one of the nanogrooves; a
porous gate layer located on top of the plurality of atomic
ridges.

According to a second broad aspect of the present inven-
tion, there is provided a thin membrane comprising: a
substrate; and a plurality of nanowindows in the substrate.

According to a third broad aspect of the present invention,
there is provided a method for forming nanowindows in a
substrate comprising the steps of: forming convex depres-
sions having bottoms on a surface of a Si substrate; treating
the bottoms of the convex depressions to form atomically
flat regions; ion-implanting at least one element selected
from the group of elements consisting of oxygen and nitro-
gen into the Si substrate to form a lower layer comprising Si,
a middle layer comprising a Si-based insulating compound,
and an upper layer comprising single crystalline Si; thinning
the upper layer to a thickness of 5.0 to 50.0 nm; depositing
nanowires comprised of a first metal on the atomically flat
regions; and etching away portions of the substrate that are
unprotected by the nanowires to form a plurality of nanow-
indows in the substrate, wherein the nanowindows have a
pitch of 0.94 to 5.35 nm and window widths of about 0.2 to
5.0 nm.

Other objects and features of the present invention will be
apparent from the following detailed description of the
preferred embodiment.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described in conjunction with the
accompanying drawings, in which:

FIG. 1 illustrates a first embodiment of the MOSFET
device in cross section of the present invention in simplified
form;

FIG. 2 illustrates a second embodiment of the MOSFET
device of the present invention in simplified form;

FIG. 3 illustrates an active membrane filter of the present
invention in simplified form;

FIG. 4 is a cross-sectional illustration of an e-beam mask
of the present invention
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FIG. 5 is a simplified cross-sectional illustration of a
depression patterning step of one embodiment of the method
of the present invention for forming a membrane;

FIG. 6 is a simplified cross-sectional illustration of a
crystal flattening step of one embodiment of the method of
the present invention for forming a membrane;

FIG. 7 is a simplified cross-sectional illustration of oxy-
gen and nitrogen implantation step of one embodiment of
the method of the present invention for forming a mem-
brane;

FIG. 8 is a simplified cross-sectional illustration of a layer
thinning step of one embodiment of the method of the
present invention for forming a membrane;

FIG. 9 is a simplified cross-sectional illustration of a
nanowire deposition step of one embodiment of the method
of the present invention for forming a membrane;

FIG. 10 is a simplified cross-sectional illustration of a
nanowire thickening step of one embodiment of the method
of the present invention for forming a membrane;

FIG. 11 is a simplified cross-sectional illustration of a
copper covering layer step of one embodiment of the method
of the present invention for forming a membrane; and

FIG. 12 is a simplified cross-sectional illustration of a
nanowindow etching step of one embodiment of the method
of the present invention for forming a membrane.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

It is advantageous to define several terms before describ-
ing the invention. It should be appreciated that the following
definitions are used throughout this application.

Definitions

Where the definition of terms departs from the commonly
used meaning of the term, applicant intends to utilize the
definitions provided below, unless specifically indicated.

For the purposes of the present invention, the term
“monolayer (ML)” refers to one atomic layer of metal on a
surface of a given orientation.

For the purposes of the present invention, the term “Ultra
High Vacuum (UHV)” refers to a pressure of less than
1x10 Torr.

For the purposes of the present invention, the term “Reac-
tive Ion Beam Etching (RIBE)” refers to one of the plasma
or dry-etching methods that may be used to produce the
grooves of this invention.

For the purposes of the present invention, the term “sur-
factant restructurant” refers to a single element or several
elements that help restructure the surface of a substrate used
in the formation of grooves, ridges, tips, oxide ridges,
quantum wires, or other structures of the present invention.

For the purposes of the present invention, the term
“nanowire” refers to an overlayer row resulting from the
deposition of a metal on the silicon surface. Such a nanowire
has a width of ~1 to 4 nm, a length of 10 nm or longer, and
a pitch of ~1 to 5 nm.

For the purposes of the present invention the term “pitch”
refers to the separation between two adjacent nanowires,
atomic ridges or grooves.

For the purposes of the present invention, the term
“atomic ridge” refers to a ridge formed in the silicon wafer,
primarily from an etching procedure following the growth of
nanowires.
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For the purposes of the present invention, the term
“Molecular Beam Epitaxy (MBE)” refers to the deposition
of elements onto a substrate using evaporators in a UHV
environment.

For the purposes of the present invention, the term “nano-
groove” refers to the recessed region between two adjacent
atomic ridges.

For the purposes of the present invention, the term
“nanowindow” refers to a nanogroove that goes all the way
through a membrane, and it may be an open window or may
in some cases have a thin dielectric layer in the window.

For the purposes of the present invention, the term
“nanoborder” refers to one or more nanowires or nanoridges
bordering a nanowindow.

For the purposes of the present invention, the term “long
chain molecule” refers to molecules having a length of at
least 5 nm, but generally refers to much longer molecules or
segments of very long molecules. The term long chain
molecules includes DNA, RNA, polypeptides, etc.

For the purposes of the present invention, the term “elon-
gated molecule” includes elongated molecules such as long
chain molecules, carbon nanotubes, etc.

For the purposes of the present invention, the term “etch
mask” refers to any material that resists or locally slows the
wet or dry (plasma) etching process.

Description

Molecules of a particular size may move into and out of
gap under a “suspended” metal gate shown in FIG. 1.
Different oxide modulation widths, depths, and perhaps
surface treatments of these gaps, along with different metal
gate porosities obtaining using different oblique angle
evaporation, along with nanotubes and other long molecules
or segments thereof, may give a very large amount of
specificity to the MOSFET device character for gaseous and
liquid detection. Good specificity is very important for
chemical sensors, and the concept of gangs of different
length MOSFETs having different width, depth and gap
characteristics may be used to analyze complex mixtures of
chemicals. A MOSFET of the present invention includes a
porous metal gate with pores that have similar but not
identical diameters. The pore size may be controlled over a
wide range by varying the angle of obliquity of the evapo-
rant, the temperature of the receiving substrate, the rate of
evaporation, and the rate of rotation of the substrate during
the deposition process. See K. Robbie, et al, J. Vac. Sci.
Tech. B, 16(3), 1115-1122 (1998) for experimental data on
the porosity of thin films evaporated under a wide range of
conditions.

A gated single walled nanotube (SWNT) of carbon sup-
ported on an SiO, substrate has been shown to be extremely
sensitive to NH; and NO, gas molecules, see Kong et al.
“Nanotube molecular nanowires as chemical sensors”, in
Science, 287, 622-625 (2000), the entire disclosure and
contents of which is hereby incorporated by reference. Two
and three magnitude changes in the current of a MOSFET-
like structure were obtained when the nanotube was exposed
to these gases while using different “gate voltages™ obtained
by biasing the substrate relative to the source and drain metal
nanowires on the covering oxide. The present invention
provides a ridged or dot MOSFET having a suspended
porous gate which may have the effective work function of
the gate modified with gas molecules or with SWNTs
stretched out by the millions in the undulations of the oxide.

The atomic ridges of the present invention may be formed
by any appropriate process for forming atomic ridges
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described in the 1998 U.S. patent application Ser. No.
09/187,730 entitled “Quantum Ridges and Tips” and in the
concurrently filed U.S. patent application entitled “Strongly
Textured Atomic Ridge and Dot Fabrication”. Both of these
applications list Don L. Kendall as an inventor and the
contents and disclosure of both these applications are hereby
incorporated by reference.

In one preferred method for forming atomic ridges of the
present invention, a simple oblique incidence evaporation of
an etch resistant metal onto a pristine silicon surface under
Ultra High Vacuum UHV conditions is conducted. The
oblique incidence evaporation is then followed by a brief
etching step (dry or wet). Other single crystal materials other
than silicon may also be used for the substrate, for example,
Ge, diamond, and the III-V compounds, as well as other
compounds and even metal crystals.

For preparing atomic ridge products of the present inven-
tion, a substrate, preferably a semiconductor wafer, most
preferably a circular Si (1 1 X) wafer, is prepared by
standard chem-mechanical polishing methods. When the
substrate is a silicon wafer, the substrate is preferably heated
in a UHV chamber at a pressure of about 107'° Torr to a
temperature of 1150° C. for a brief period (“flashed”) to
remove any surface oxides and then cooled to below room
temperature (around —20 to 25° C.). The heating of the wafer
may also be accomplished locally using a focused or beam-
expanded laser passing through a quartz window in the
molecular beam epitaxy (MBE) system. This heating pro-
cess leaves the surface in a stable condition with slightly
elevated parallel atomic ridges or misalignment steps having
a pitch of 0.54 to 60 nm, most preferably 0.94 to 5.4 nm for
surfaces of (1 1 2) to (5 5 12), respectively. The atomic
ridges may have occasional atomic steps in them along their
length due to the slight variations from perfect flatness of the
wafer surface, but after each misalignment step, the ridges
again establish themselves in the same <1 1 0> direction. In
addition, there may be occasional reconstruction faults in the
surface, especially on the (5 5 12) surface. By contrast the
(11 4), (7 7 15), and (5 5 11) surfaces are generally
completely free of restructuring faults.

The substrate is then coated to form quantum wires on the
ridges. A preferred technique for forming quantum wires is
to use oblique evaporation at a small angle of 1 to 5° (or up
to 30 degrees is effective in some cases) with an etch
resistant (or in certain quantum wire applications “conduc-
tive””) metal such as Au or Cr, or Al or Be so that the slightly
higher (by about 3 A) ridges are coated preferentially with
5 to 30 A of the metal relative to the intervening very
shallow trough of the restructured clean surface. Preferably,
the substrate is rotated during this process while maintaining
the obliquity to improve the uniformity of coverage along
the ridges. This rotation also helps to avoid bridging of the
metal due to the “lateral needles” that form when evaporat-
ing at high obliquity. This rotation may be modified by
blocking off the evaporating beam with a raised barrier on
the sample holder or on the wafer itself along the direction
of the atomic ridges so that the evaporation source never is
in direct line with the atomic troughs.

An alternative method for forming atomic ridges for use
in the present invention involves depositing nanowires of Ag
or Au on a Si substrate. This process preferably starts with
a high temperature, on the order of 1100-1200° C., treat-
ment of a special orientation wafer such as Si(7 7 15), Si(5
511) or Si(5 5 12) in an Ultra High Vacuum (UHV) system.
The wafer is then cooled at a slow rate to near room
temperature (RT), at which point a fraction of an atomic
monolayer, ML, of an element such as Au, Ag, Ga, etc. is
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evaporated onto the wafer. The wafer is then heated to a
specific temperature range, depending on the element depos-
ited, the thickness of the element to be deposited, and the
substrate on which the element is deposited. As a result of
the heat treatment, nanowires are formed of the deposited
element.

After the metal nanowires are formed on an Si wafer,
additional treatments to the Si wafer are used to produce
grooves in the unprotected Si between the metal nanowires,
thereby producing atomic ridges. Depending on the appli-
cation, the metal nanowires may be removed from the
atomic ridges.

In one preferred embodiment, the additional treatment of
the Si wafer includes thickening or protecting the thin metal
nanowires to make the metal nanowires more etch resistant
during various conventional wet chemical or dry etching
treatments. Once the metal nanowires have been thickened,
the Si wafer is etched to produce grooves having a pitch of
0.94 to 5.35 nm.

A method of depositing Ag on a Si(5 5 12) surface suitable
for use in the method of the present invention is described
in Baski et al., J. Vac. and Tech. 17, 1696-1699 (1999), the
entire disclosure and contents of which is hereby incorpo-
rated by reference. The process of Baski et al. starts with a
clean well-polished single crystal wafer of Si(5 5 12). The
wafer is then heated to 1150-1200° C. in a UHV system
operating at a pressure of about 107'° torr to vaporize or
flash any native oxide and to allow the surface to restructure
into the well-ordered structure characterized by a surface
unit cell of 5.35 nm. The wafer is then slowly cooled to room
temperature, and very thin layer of only about 0.25 mono-
layers (ML) of Ag is evaporated from a tungsten filament
onto a wafer. The sample is then heated at a pressure of
about 107'° torr to about 450° C., at which temperature the
Ag atoms move around on the surface and form Ag nanow-
ires of about 1.6 nm width on a pitch of 5.35 nm, namely on
the spacing of the surface cell mentioned above. This is
similar to the process for the deposition of Au on such as
surface described in U.S. patent application Ser. No. 09/187,
730 filed Nov. 9, 1999, the entire contents and disclosure of
which is hereby incorporated by reference.

In the method of the present invention, when Ag nanow-
ires are deposited, preferably the Ag is deposited to a
thickness of 0.15 to 2.5 ML on a Si substrate. In the method
of the present invention, when Au induced restructuring is
desired, preferably the Au is deposited to a thickness of 0.04
to 1.0 ML on a Si substrate.

When silver is the metal deposited as nanowires, the
deposited silver nanowires may be used as etch masks for
etching Si, either with wet chemistry or dry etching. Pref-
erably, the Ag nanowires are thickened by depositing more
Ag or Au, or other materials to make the nanowires more
robust etch mask. When the Ag nanowires are thickened
with Ag, the resulting thickened nanowires preferably have
a thickness of about 3 to 5 ML. When the Ag nanowires are
thickened with Au, the resulting thickened nanowires pref-
erably also have a thickness of about 3 to 5 ML, although
thicknesses up to at least 20 ML are possible for both Au and
Ag thickening using oblique evaporation along with a rotat-
ing substrate. A Cu or Au-coating completely covering the
Ag nanowires allows UHV samples to be taken out into
normal room ambient temperature for subsequent process-
ing.

Without pre-stressing of the substrate on which Ag is
deposited, there may be occasional surface faults that disrupt
the regularity of the atomic ridges for about 20% of the
ridges. Occasionally there are extra (3 3 7) segments of 1.6















