a2 United States Patent

Liu et al.

US007649166B2

US 7,649,166 B2
Jan. 19, 2010

(10) Patent No.:
(45) Date of Patent:

(54)

(735)

(73)

@
(22)

(65)

(60)

(1)
(52)

(58)

e iy

NEAR-FIELD NANO-IMAGER

Inventors: Boyang Liu, Evanston, IL. (US);
Seng-Tiong Ho, Wheeling, I, (US)

Assignee: Northwestern University, Evanston, 1L,
(US)
Notice: Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

Appl. No.: 12/233,273

Filed: Sep. 18, 2008
Prior Publication Data
US 2009/0095882 Al Apr. 16, 2009

Related U.S. Application Data

Provisional application No. 60/973,182, filed on Sep.
18, 2007.

Int. CI.

HOIL 27/00 (2006.01)

US.CL ................ 250/208.1; 250/214.1; 250/306;
73/105; 977/810

Field of Classification Search .............. 250/208.1,

250/214.1, 306, 307, 73/105; 977/810, 811,
977/813, 862
See application file for complete search history.

Fop Blevmrads

B

Harrin
Fiootvads

(56) References Cited

U.S. PATENT DOCUMENTS
2009/0174022 Al* 7/2009 Coe-Sullivan et al. ....... 257/448
* cited by examiner

Primary Examiner—Kevin Pyo
(74) Attorney, Agent, or Firm—Morris, Manning & Martin
LLP; Tim Tingkang Xia

(57) ABSTRACT

An imaging device. In one embodiment, the imaging device
includes a plurality of first electrode strips in parallel to each
other along a first direction X, wherein each first electrode
strip has an elongated body with a first surface and an oppo-
site, second surface and a thickness n,. The imaging device
also includes a plurality of second electrode strips in parallel
to each other along a second direction y that is substantially
perpendicular to the first direction x, wherein each second
electrode strip has an elongated body with a first surface and
an opposite, second surface and a thickness n,. The plurality
of second electrode strips are positioned apart from the plu-
rality of first electrode strips along a third direction z that is
substantially perpendicular to the first direction x and the
second direction y such that the plurality of first electrode
strips and the plurality of second electrode strips are crossing
each other accordingly to form a corresponding number of
crossing points. And at each crossing point, a semiconductor
component is filled between the second surface of a corre-
sponding first electrode strip and the first surface of a corre-
sponding second electrode strip to form an addressable pixel.

18 Claims, 11 Drawing Sheets
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1
NEAR-FIELD NANO-IMAGER

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims the benefit, pursuant to 35 U.S.C.
§119(e), of U.S. provisional patent application Ser. No.
60/973,182, filed Sep. 18, 2007, entitled “Near-Field Nano-
Imager Based on Nanophotodetector Array” by Boyang Liu
and Seng-Tiong Ho, which is incorporated herein by refer-
ence in its entirety.

STATEMENT OF FEDERALLY-SPONSORED
RESEARCH

This invention was made with government support under
Grant Nos. NCC 2-1363 and ECCS 0622185 awarded by
National Aeronautics and Space Administration (NASA) and
National Science Foundation (NSF), respectively. Accord-
ingly, the United States Government has certain rights in the
invention.

Some references, which may include patents, patent appli-
cations and various publications, are cited and discussed in
the description of this invention. The citation and/or discus-
sion of such references is provided merely to clarify the
description of the present invention and is not an admission
that any such reference is “prior art” to the invention
described herein. All references cited and discussed in this
specification are incorporated herein by reference in their
entireties and to the same extent as if each reference was
individually incorporated by reference. In terms of notation,
hereinafter, superscript “n” represents the nth reference cited
in the reference list. For example, superscript “7” represents
the 7th reference cited in the reference list, namely, Boyang
Liu and Seng-Tiong Ho, “Sub-100 nm Nanolithography and
Pattern Transfer on Compound Semiconductor using Sol-gel
Derived TiO2 Resist”, Journal of The Electrochemical Soci-
ety, Vol. 155, No. 5, 2008.

FIELD OF THE INVENTION

The present invention relates generally to a nanoscale
imaging device, and more particularly to a nanoscale imaging
device having a nanoscale-pixel photodetector array.

BACKGROUND OF THE INVENTION

To explore the microscopic world, people have been using
conventional optical microscopy for a long time. However,
due to the diffraction limit the highest resolution of conven-
tional optical microscope is only about A/2, where A is the
wavelength of illuminating light. As a result, the conventional
optical microscope could not be used to see objects smaller
than ~200 nm when using visible light. To break the diffrac-
tion limit, one current approach is based on Near-field Scan-
ning Optical Microscope (NSOM) [1], which has found wide
applications in nano-technologies, materials science, biology
and other areas. The advantages of NSOM imaging include:
sub-wavelength resolution (50-200 nm) using visible or near-
IR light, simultaneous acquisition of optical and topographi-
cal information, capable of imaging aqueous samples. In
addition, since NSOM imaging system is able to use various
light sources to illuminate specimen surface, it may provide
more functions, such as excitation and fluorescence of mate-
rial under study.

However, one main limitation of NSOM is the very low
light power throughput of its near-field scanning tip, typically
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1073 to 107° throughput for 200 nm to 50 nm wide tip aper-
tures [2] at A=500 nm. Another limitation of NSOM is that it
requires the mechanical scanning of the near-field tip to
image an object, which will inevitably lead to a slow-speed
and still-object only imaging.

Therefore, a heretofore unaddressed need exists in the art
to address the aforementioned deficiencies and inadequacies.

SUMMARY OF THE INVENTION

The present invention, in one aspect, relates to an imaging
device. In one embodiment, the imaging device includes a
plurality of first electrode strips in parallel to each other along
a first direction x, wherein each first electrode strip has an
elongated body with a first surface and an opposite, second
surface and a thickness n, . The imaging device also includes
a plurality of second electrode strips in parallel to each other
along a second direction y that is substantially perpendicular
to the first direction x, wherein each second electrode strip has
an elongated body with a first surface and an opposite, second
surface and a thickness n,. The plurality of second electrode
strips are positioned apart from the plurality of first electrode
strips along a third direction z that is substantially perpen-
dicular to the first direction x and the second direction y such
that the plurality of first electrode strips and the plurality of
second electrode strips are crossing each other accordingly to
form a corresponding number of crossing points. And at each
crossing point, a semiconductor component is filled between
the second surface of a corresponding first electrode strip and
the first surface of a corresponding second electrode strip to
form an addressable pixel, wherein the semiconductor com-
ponent has a thickness n, that satisfies the following relation-
ship: n,.Zn,, n,.

In operation, when an illuminating light containing infor-
mation of an object is incident onto the first surface of a first
electrode strip of an addressable pixel, a corresponding imag-
ing signal is generated at the second surface of the corre-
sponding second electrode strip.

In one embodiment, the semiconductor component com-
prises a layered structure containing at least at least one layer
of a first semiconductor and at least one layer of a second
semiconductor. In one embodiment, the layered structure is a
graded super lattice comprising a layer of InGaAs, as the at
least one layer of a first semiconductor, between two layers of
InAlAs, as at least one layer of a second semiconductor.
Moreover, a grading layer of InAlAs/InGaAs is filled
between each of the two layers of InAlAs and a corresponding
surface of the layer of InGaAs, and the graded super lattice
has a thickness <1,000 nm.

Each first electrode strip is a transparent conducting oxide
electrode. In one embodiment, the transparent conducting
oxide electrode comprises Au/Ti, and has a thickness of about
60 nm.

Each second electrode strip is a transparent conducting
oxide electrode or a metal electrode.

The imaging device further has a plurality of detector cir-
cuits, wherein each detector circuit is connectable to a first
electrode strip and a second electrode strip of a corresponding
pixel for detecting imaging signals generated at that pixel.

Furthermore, in one embodiment, a protective material
such as benzocyclobutene (BCB) is filled between pixels to
support device structures and form cladding layer to each
pixel.

The present invention, in another aspect, relates to an imag-
ing device. In one embodiment, the imaging device includes
a plurality of first electrode strips in parallel to each other
along a first direction x, wherein each first electrode strip has
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an elongated body with a first surface and an opposite, second
surface and a thickness n, . The imaging device also includes
a plurality of second electrode strips in parallel to each other
along a second direction y that is substantially perpendicular
to the first direction x, wherein each second electrode strip has
an elongated body with a first surface and an opposite, second
surface and a thickness n,. The plurality of second electrode
strips are positioned apart from the plurality of first electrode
strips along a third direction z that is substantially perpen-
dicular to the first direction x and the second direction y such
that the plurality of first electrode strips and the plurality of
second electrode strips are crossing each other accordingly to
form a corresponding number of crossing points. A semicon-
ductor component is filled between the plurality of first elec-
trode strips and the plurality of second electrode strips to form
an addressable pixel at each crossing point, wherein the semi-
conductor component has a thickness n, that satisfies the
following relationship: n,Zn,, n,. In operation, when an illu-
minating light containing information of an object is incident
onto the first surface of a first electrode strip of an addressable
pixel, a corresponding imaging signal is generated at the
second surface of the corresponding second electrode strip.

The semiconductor component comprises a layered struc-
ture containing at least at least one layer of a first semicon-
ductor and at least one layer of a second semiconductor. In
one embodiment, the layered structure is a graded super lat-
ticehaving a layer of InGaAs, as the at least one layer of a first
semiconductor, between two layers of InAlAs, as at least one
layer of a second semiconductor.

In one embodiment, a grading layer of InAlAs/InGaAs is
filled between each of the two layers of InAlAs and a corre-
sponding surface of the layer of InGaAs, and the graded super
lattice has a thickness <1,000 nm.

Each first electrode strip is a transparent conducting oxide
electrode. In one embodiment, the transparent conducting
oxide electrode comprises Au/Ti, and has a thickness of about
60 nm.

Each second electrode strip is a transparent conducting
oxide electrode or a metal electrode.

The imaging device further has a plurality of detector cir-
cuits, wherein each detector circuit is connectable to a first
electrode strip and a second electrode strip of a corresponding
pixel for detecting imaging signals generated at that pixel.

Furthermore, in one embodiment, a protective material
such as benzocyclobutene (BCB) is filled between pixels to
support device structures and form cladding layer to each
pixel.

The present invention, in yet another aspect, relates to an
imaging device. In one embodiment, the imaging device
includes at least one imaging pixel, wherein the at least one
imaging pixel has a first electrode strip having a first surface
and an opposite, second surface and a thickness n,, a second
electrode strip having a first surface and an opposite, second
surface and a thickness n,, and wherein the second electrode
strip is positioned apart from the first electrode strip, and a
semiconductor component is filled between the first electrode
strip and the plurality of second electrode strip, wherein the
semiconductor component has a thickness n, that satisfies the
following relationship: n,Zn,;, n,, and wherein, in operation,
when an illuminating light containing information of an
object is incident onto the first surface of the first electrode
strip, a corresponding imaging signal is generated at the sec-
ond surface of the second electrode strip.

The semiconductor component has a layered structure con-
taining at least at least one layer of a first semiconductor and
at least one layer of a second semiconductor, wherein the
layered structure is a graded super lattice comprising a layer
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of InGaAs, as the at least one layer of a first semiconductor,
between two layers of InAlAs, as at least one layer of a second
semiconductor. In one embodiment, a grading layer of
InAlAs/InGaAs is filled between each of the two layers of
InAlAs and a corresponding surface of the layer of InGaAs,
and wherein the graded super lattice has a thickness <1,000
nm.

The first electrode strip is a transparent conducting oxide
electrode. The second electrode strip is a transparent conduct-
ing oxide electrode or a metal electrode.

The imaging device further has at least one detector circuit
that is connectable to the first electrode strip and the second
electrode strip for detecting imaging signals generated at that
pixel.

These and other aspects of the present invention will
become apparent from the following description of the pre-
ferred embodiment taken in conjunction with the following
drawings, although variations and modifications therein may
be affected without departing from the spirit and scope of the
novel concepts of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic, perspective view of a nanoscale-
pixel photodetector (NPD) array in part according to one
embodiment of the present invention.

FIG. 2 is a schematic, perspective view of a nanoscale-
pixel photodetector (NPD) array in part according to another
embodiment of the present invention.

FIG. 3 is a sectional view of a nanoscale-pixel photodetec-
tor (NPD) array in part according to yet another embodiment
of the present invention.

FIG. 4 is a sectional view of a pixel of a nanoscale-pixel
photodetector (NPD) array in part according to one embodi-
ment of the present invention.

FIG. 5 is a sectional view of a nanoscale-pixel photodetec-
tor (NPD) array in part according to another embodiment of
the present invention.

FIG. 6: (a) FDTD simulation scheme to optimize NPD
design according to one embodiment of the present invention;
and (b) Simulation results of the optimal NPD structure. The
smallest resolution obtained for 1.55 um wavelength light is
150 nm.

FIG. 7: (a) Top view of a 4x4 NPD array device according
to one embodiment of the present invention. Circled region is
shown in smaller scale in the next figure; (b) zoomed in
structure of circled region in figure (a); and (c) an SEM
picture of circled region in (b), and the pixel width is about
200 nm.

FIG. 8: (a) Top view of a 4x4, InGaAs NPD array device
according to one embodiment of the present invention.
Circled region is shown in smaller scale in the next figure; (b)
zoomed in structure of circled region in figure (a); and (c) an
SEM picture of circled region in (b).

FIG. 9: (a) an SEM picture of a 4x4, InGaAs NPD array
device of FIG. 8 in part according to one embodiment of the
present invention. Circled region is shown in smaller scale in
the next figure; and (b) zoomed in structure of circled region
in (a), and the pixel width is about 150 nm.

FIG. 10: (a) an SEM picture of a 4x4, InGaAs NPD array
device in part according to one embodiment of the present
invention. Circled region is shown in smaller scale in the next
figure; and (b) zoomed in structure of circled region in (a).

FIG. 11: (a) an SEM picture of a 4x4, InGaAs NPD array
device in part according to one embodiment of the present
invention. Circled region is shown in smaller scale in the next
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figure; and (b) zoomed in structure of circled region in (a),
showing a channelized structure.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is more particularly described in the
following examples that are intended as illustrative only since
numerous modifications and variations therein will be appar-
ent to those skilled in the art. Various embodiments of the
invention are now described in detail. Referring to the draw-
ings, like numbers indicate like parts throughout the views.
As used in the description herein and throughout the claims
that follow, the meaning of “a,” “an,” and “the” includes
plural reference unless the context clearly dictates otherwise.
Also, as used in the description herein and throughout the
claims that follow, the meaning of “in” includes “in”” and “on”
unless the context clearly dictates otherwise. Moreover, titles
or subtitles may be used in the specification for the conve-
nience of a reader, which has no influence on the scope of the
invention. Additionally, some terms used in this specification
are more specifically defined below.

DEFINITIONS

The terms used in this specification generally have their
ordinary meanings in the art, within the context of the inven-
tion, and in the specific context where each term is used.

Certain terms that are used to describe the invention are
discussed below, or elsewhere in the specification, to provide
additional guidance to the practitioner in describing the appa-
ratus and methods of the invention and how to make and use
them. For convenience, certain terms may be highlighted, for
example using italics and/or quotation marks. The use of
highlighting has no influence on the scope and meaning of a
term; the scope and meaning of a term is the same, in the same
context, whether or not it is highlighted. It will be appreciated
that the same thing can be said in more than one way. Con-
sequently, alternative language and synonyms may be used
for any one or more of the terms discussed herein, nor is any
special significance to be placed upon whether or not a term is
elaborated or discussed herein. Synonyms for certain terms
are provided. A recital of one or more synonyms does not
exclude the use of other synonyms. The use of examples
anywhere in this specification, including examples of any
terms discussed herein, is illustrative only, and in no way
limits the scope and meaning of the invention or of any
exemplified term. Likewise, the invention is not limited to
various embodiments given in this specification. Further-
more, subtitles may be used to help a reader of the specifica-
tion to read through the specification, which the usage of
subtitles, however, has no influence on the scope of the inven-
tion.

2

As used herein, “around”, “about” or “approximately”
shall generally mean within 20 percent, preferably within 10
percent, and more preferably within 5 percent of a given value
or range. Numerical quantities given herein are approximate,
meaning that the term “around”, “about” or “approximately”
can be inferred if not expressly stated.

As used herein, the term “scanning electron microscope
(SEM)” refers to a type of electron microscope that images
the sample surface by scanning it with a high-energy beam of
electrons in a raster scan pattern. The electrons interact with
the atoms that make up the sample producing signals that
contain information about the sample’s surface topography,
composition and other properties such as electrical conduc-
tivity.
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As wused herein, “nanoscopic-scale,” “nanoscopic,”
“nanometer-scale,” “nanoscale,” the “nano-" prefix, and the
like generally refers to elements or articles having widths or
diameters of less than about 1 um, preferably less than about
100 nm in some cases. In all embodiments, specified widths
can be smallest width (i.e. a width as specified where, at that
location, the article can have a larger width in a different
dimension), or largest width (i.e. where, at that location, the
article’s width is no wider than as specified, but can have a
length that is greater).

As used herein, an “array” of articles (e.g., nanoscopic
wires) comprises a plurality of the articles.

As used herein, “plurality” means two or more.

As used herein, the terms “comprising,” “including,” “car-
rying,” “having,” “containing,” “involving,” and the like are to
be understood to be open-ended, i.e., to mean including but
not limited to.

OVERVIEW OF THE INVENTION

As set forth above, conventional optical microscopy gen-
erally has an imaging resolution of half the wavelength of the
illuminating light, referred to as the diffraction limit. To break
this limit various instruments have been developed, such as
atomic force microscope (AFM), near-field scanning optical
microscope (NSOM), and scanning electron microscope
(SEM). However, it is still a challenge and desirable to
develop anear-field nanoscale-object imaging device that: (1)
has much higher power throughput than that of current
NSOM; and (2) is capable of imaging objects with faster
speed.

The present invention, in one aspect, relates to a novel
near-field nano-imaging device based on a nanoscale-pixel
photodetector (NPD) array. In, s;Ga,,,As ternary com-
pound is chosen as active material due to its band gap energy
of 0.8 eV and lattice matching to InP material, which has
extensive applications in optical communications. Addition-
ally, In, 5,Al, ,5As is used as Schottky barrier enhancement
layer to reduce the dark current of the NPD device. A simpli-
fied superlattice (SL) structure is used as transition layer
between In, 5,Al; ,sAs contact layer and Ing 5;Gag 4,As
absorbing layer to smooth the band gap discontinuity at the
Ing 5,Al, 4sAs/Ing 5;Gag 4, As heterointerface and reduce car-
rier trapping. A vertical sandwiching structure instead of a
conventional planar structure Metal-Semiconductor-Metal
electrode configuration is used due to its simple fabrication,
fast response, and ease in addressing the pixels. To explore the
highest available resolution of NPD array, electromagnetic
simulations are performed using finite difference time
domain (FDTD) method. The highest resolution one may
obtain for now using the embodiments of the present inven-
tion is around 150 nm for near-IR wavelength corresponding
to Az/10. This is about 20 times smaller in terms of resolution
area than that of the diffraction limited conventional optical
imaging system. Various photolithography, e-beam lithogra-
phy, wafer bonding and etching back techniques have been
developed to realize the thin-film based photodetector struc-
tures. A slab version of the NPD device has been successfully
fabricated.

Various unique features of the present invention will be
made as to the embodiments of the present invention in con-
junction with the accompanying drawings in FIGS. 1-11.

Referring to FIG. 1 first, the present invention, in one
aspect, relates to an imaging device. In one embodiment,
imaging device 100 includes a plurality of first electrode
strips 102 in parallel to each other along a first direction X,
wherein each first electrode strip 102 has an elongated body
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with a first surface 102a and an opposite, second surface 1025
and a thickness n,. The imaging device 100 also includes a
plurality of second electrode strips 106 in parallel to each
other along a second direction y that is substantially perpen-
dicular to the first direction x, wherein each second electrode
strip 106 has an elongated body with a first surface 106a and
an opposite, second surface 1065 and a thickness n,. The
plurality of second electrode strips 106 are positioned apart
from the plurality of first electrode strips 102 along a third
direction z that is substantially perpendicular to the first direc-
tion X and the second direction y such that the plurality of first
electrode strips 102 and the plurality of second electrode
strips 106 are crossing each other accordingly to form a
corresponding number of crossing points. And at each cross-
ing point, a semiconductor component 104 is filled between
the second surface 1025 of a corresponding first electrode
strip 102 and the first surface 1064 of a corresponding second
electrode strip 106 to form an addressable pixel 101a, 1015,
101c¢ or 1014, wherein the semiconductor component 104 has
a thickness n, that satisfies the following relationship: n,.Zn,,
n,. The total number of the plurality of first electrode strips
102 can be a nonzero integer M, and the total number of the
plurality of second electrode strips 106 can be a nonzero
integer N, which can form an array with NxM pixels. N, M
can be same or different, even or odd.

For the configuration shown in FIG. 1, N=M=2. As such
configured as shown in FIG. 1, there is a gap between pixel
101a and pixel 1014 along the x direction, there is a gap
between pixel 1015 and pixel 101¢ along the x direction, there
is a gap between pixel 101a and pixel 1015 along the y
direction, and there is a gap between pixel 101¢ and pixel
101d along the y direction. Accordingly, for the configuration
shown in FIG. 1 that has two first electrode strips 102, and two
second electrode strips 106, a first channel is formed along the
y direction between the two neighboring second electrode
strips 106, and a second channel is formed along the x direc-
tion between the two neighboring first electrode strips 102,
where the first channel and the second channel are in com-
munication to each other. Thus, pixels 101a, 1015, 101¢ and
101d form an 2x2 array, which has a type of channelized
structure as shown in FIG. 1.

In operation, when an illuminating light containing infor-
mation of an object is incident onto the first surface 102a of a
first electrode strip 102 of, say, an addressable pixel 101a, a
corresponding imaging signal is generated at the second sur-
face 1065 of the corresponding second electrode strip 106.

In one embodiment, still referring to FIG. 1, the semicon-
ductor component 104 is a layered structure containing at
least at least one layer of a first semiconductor and at least one
layer of a second semiconductor. In one embodiment, the
layered structure is a graded super lattice having a layer 144
of InGaAs, as the at least one layer of a first semiconductor,
between two layers 134a, 1345 of InAlAs, as at least one layer
of a second semiconductor. Moreover, a grading layer 124a,
1245 of InAlAs/InGaAs is filled between each of the two
layers 134a, 13456 of InAlAs and a corresponding surface of
the layer 144 of InGaAs, and the graded super lattice has a
thickness <1,000 nm. Other suitable semiconductor materials
can also be used to practice the present invention.

Each first electrode strip 102 is a transparent conducting
oxide electrode. In one embodiment, the transparent conduct-
ing oxide electrode comprises Aw/Ti, and has a thickness of
about 60 nm. Other suitable metal/conductive materials can
also be used to form first electrode strips.

Each second electrode strip 106 is a transparent conducting
oxide electrode or a metal electrode, which also has a thick-
ness of about 60 nm.
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The imaging device 100 further has a plurality of detector
circuits (not shown), where each detector circuit is connect-
able to a first electrode strip 102 and a second electrode strip
106 of a corresponding pixel 101a, 1015, 101¢, or 1014, for
detecting imaging signals generated at that pixel.

Furthermore, for an imaging device 300 and 500 according
to embodiments of the present invention as shown in FIG. 3
and FIG. 5, respectively, a protective material such as benzo-
cyclobutene (BCB) is filled between pixels to support device
structures and form cladding layer to each pixel.

Referring now to FIG. 2, an imaging device 200 according
to another embodiment of the present invention is shown.
Imaging device 200 includes a plurality of first electrode
strips 202 in parallel to each other along a first direction X,
wherein each first electrode strip 202 has an elongated body
with a first surface 2024 and an opposite, second surface 2025
and a thickness n,. The imaging device also includes a plu-
rality of second electrode strips 206 in parallel to each other
along a second direction y that is substantially perpendicular
to the first direction x, wherein each second electrode strip
206 has an elongated body with a first surface 2064 and an
opposite, second surface 2065 and a thickness n,. The plural-
ity of second electrode strips 206 are positioned apart from
the plurality of first electrode strips 202 along a third direction
z that is substantially perpendicular to the first direction x and
the second direction y such that the plurality of first electrode
strips 202 and the plurality of second electrode strips 206 are
crossing each other accordingly to form a corresponding
number of crossing points. A semiconductor component 204
is filled between the plurality of first electrode strips 202 and
the plurality of second electrode strips 206 to form an addres-
sable pixel 201a, 2015, 201c¢ or 2014, at each crossing point,
respectively, wherein the semiconductor component 104 has
a thickness n, that satisfies the following relationship: n.Zn,,
n,. The total number of the plurality of first electrode strips
202 can be a nonzero integer M, and the total number of the
plurality of second electrode strips 206 can be a nonzero
integer N, which can form an array with NxM pixels. N, M
can be same or different, even or odd.

For the configuration shown in FIG. 2, N=M=2. As such
configured as shown in FIG. 2, there is a gap between pixel
201a and pixel 2014 along the x direction, there is a gap
between pixel 2015 and pixel 201¢ along the x direction, there
is a gap between pixel 201a and pixel 2015 along the y
direction, and there is a gap between pixel 201¢ and pixel
201d along the y direction. Accordingly, for the configuration
shown in FIG. 2 that has two first electrode strips 202, and two
second electrode strips 206, a first channel is formed along the
y direction between the two neighboring second electrode
strips 206, and a second channel is formed along the x direc-
tion between the two neighboring first electrode strips 202.
However, because the semiconductor component 204 takes
the form of a slab, the first channel and the second channel are
not in communication to each other. Still, pixels 201qa, 2015,
201c¢ and 2014 form an 2x2 array, which has a type of slab
structure as shown in FIG. 2.

In operation, when an illuminating light containing infor-
mation of an object is incident onto the first surface 202a of a
first electrode strip 202 of, say, an addressable pixel 201, a
corresponding imaging signal is generated at the second sur-
face 2065 of the corresponding second electrode strip 206.

The semiconductor component 204 is a layered structure
containing at least at least one layer of a first semiconductor
and at least one layer of a second semiconductor. In one
embodiment, the layered structure is a graded super lattice
having a layer 244 of InGaAs, as the at least one layer of a first
semiconductor, between two layers 234a, 2345 of InAlAs, as
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at least one layer of a second semiconductor. Moreover, a
grading layer 224a, 224b of InAlAs/InGaAs is filled between
each of the two layers 234a, 23456 of InAlAs and a corre-
sponding surface of the layer 244 of InGaAs, and the graded
super lattice has a thickness <1,000 nm. Other suitable semi-
conductor materials can also be used to practice the present
invention.

Each first electrode strip 202 is a transparent conducting
oxide electrode. In one embodiment, the transparent conduct-
ing oxide electrode comprises Aw/Ti, and has a thickness of
about 60 nm. Other suitable metal/conductive materials can
also be used to form first electrode strips.

Each second electrode strip 206 is a transparent conducting
oxide electrode or a metal electrode, which also has a thick-
ness of about 60 nm.

The imaging device 200 further has a plurality of detector
circuits (not shown), where each detector circuit is connect-
able to a first electrode strip 202 and a second electrode strip
206 of a corresponding pixel 201a, 2015, 201¢, or 2014, for
detecting imaging signals generated at that pixel.

Now referring to FIG. 4, the present invention, in yet
another aspect, relates to an imaging device that has one or
more pixels 400. In one embodiment, imaging pixel 400 has
a first electrode strip 402 having a first surface 402¢ and an
opposite, second surface 4025 and a thickness n,. The imag-
ing pixel 400 also has a second electrode strip 406 having a
first surface 4064 and an opposite, second surface 4065 and a
thickness n,. The second electrode strip 406 is positioned
apart from the first electrode strip 402. Moreover, the imaging
pixel 400 has a semiconductor component 404 that is filled
between the first electrode strip 402 and the plurality of sec-
ond electrode strip 406, wherein the semiconductor compo-
nent 404 has a thickness n, that satisfies the following rela-
tionship: n,Zn,, n,. In operation, when an illuminating light
containing information of an object is incident onto the first
surface 4024 of the first electrode strip 402, a corresponding
imaging signal is generated at the second surface 4065 of the
second electrode strip 406.

The semiconductor component 404 has a layered structure
(not shown) containing at least at least one layer of a first
semiconductor and at least one layer of a second semicon-
ductor, wherein the layered structure is a graded super lattice
comprising alayer of InGaAs, as the at least one layer of a first
semiconductor, between two layers of InAlAs, as at least one
layer of a second semiconductor. In one embodiment, a grad-
ing layer of InAlAs/InGaAs is filled between each of the two
layers of InAlAs and a corresponding surface of the layer of
InGaAs, and wherein the graded super lattice has a thickness
<1,000 nm.

The first electrode strip 402 is a transparent conducting
oxide electrode. The second electrode strip 406 is a transpar-
ent conducting oxide electrode or a metal electrode.

A detector circuit (not shown) can be connectable to the
first electrode strip 402 and the second electrode strip 406 for
detecting imaging signals generated at that pixel.

These and other aspects of the present invention are further
described below.

EXAMPLES AND IMPLEMENTATIONS OF THE
INVENTION

Without intent to limit the scope of the invention, exem-
plary methods and their related results according to the
embodiments of the present invention are given below. Note
again that titles or subtitles may be used in the examples for
convenience of a reader, which in no way should limit the
scope of the invention. Moreover, certain theories are pro-
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posed and disclosed herein; however, in no way they, whether
they are right or wrong, should limit the scope of the inven-
tion.

Example 1

This example illustrates the design of an nanoscale-pixel
photodetector (NPD) array.

The present invention, in another aspect, relates to an imag-
ing device that utilizes an NPD array. In one embodiment,
such an NPD array is designed to be used for obtaining the
nano-imaging with sub-wavelength resolution. Generally
GaAs material is used for 0.8 pm wavelength detection and
has demonstrated a good performance [3-4]. For near-IR
(1.0-1.6 um) wavelength range, typically In,s;Gag 4,As,
AlGaAs, InGaP and In, 5,Al, ,4As are chosen as active mate-
rial. In an initial realization of NPD array, a layer of
In, 5;Ga, 4, As ternary compound, such as layer 144 as shown
in FIG. 1, is chosen as active material due to its band gap
energy of 0.8 eV and lattice matching to InP material that has
extensive applications in optical communications. A lattice-
matched In, 5,Al, 45As Schottky barrier enhancement layer,
such as layer 134a or layer 1345 as shown in FIG. 1, is
inserted between a metal layer, such as layer 102 or layer 106
as shown in FIG. 1, and the In, 5,Ga, ,,As active layer to
elevate the electrode Schottky barrier height. In addition, a
simplified superlattice (SL) structure is used for transition
layer between In,5,Al,.sAs contact layer and
In, 5;Ga, 4, As absorbing layer due to the limit of film depo-
sition using Metal Organic Chemical Vapor Deposition
(MOCVD). The graded super lattice 104 has 3 periods of
In, 5,Al; 44As and Ing 5,Ga, 4,As, where the first period is
composed of 7 nm of In,s;Gag,,As and 3 nm of
In, 5,Al, 4sAs, and the last period is reversed with 3 nm of
In, 5;Gag 4,As and 7 nm of In, 5,Al; ,As. The intermediary
layer varies linearly between two endpoints in 2 nm incre-
ments. One purpose of the SL transition region is to smooth
the band gap discontinuity at the Ing5,Aly,gAs/
In, 5;Ga, 4,As heterointerface and reduce carrier trapping.
Otherwise, the carrier trapping will lead to nonradiative
recombination centers originating from strained/relaxed lay-
ers caused by previous fabrication works, resulting in
degraded photodetector’s performance [5].

A Metal-Semiconductor-Metal structure is used for the
NPD array due to its high-speed response and relatively
simple realization. Generally, a conventional MSM structure
has planar electrode geometry, which is difficult to realize
pixel-addressing function. To overcome the deficiency, for
the designs as shown in FIG. 1 and FIG. 2, for examples, a
vertical sandwiching structure with electrodes above (106,
206) and below (102, 202) the thin intrinsic semiconductor
layer (104, 204) is used to realize pixel addressing. To detect
a certain pixel, say pixel 101a, one just needs to connect to the
right top and bottom electrode stripes 102, 106 accordingly,
where the top and bottom electrode stripes crosses will be the
one pixel (or photo-detector) that is sensed by a correspond-
ing detector circuit. Thus, for utilizing an NPD array with
MxN stripes, one can address MxN pixels, where M, N are
integers. For the designs as shown in FIG. 1 and FIG. 2, M=2,
and N=2, thus there are 2x2=4 pixels in each of the arrays that
can be addressed.

In order to achieve high pixel resolution at sub-wavelength
region, the detector thickness has to be very thin, which will
inevitably reduce the detection efficiency of the active region.
To overcome this problem, an NPD array with a channelized
structure is shown in FIG. 1. By carefully selecting the detec-
tion material, filling material between NPD pixels and pixel
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dimensions of such channelized NPD devices, a structure as
small as a few hundreds of nanometers diameter (see FIG. 1)
can form an effective channel waveguide that has a single-
mode waveguide size of A(2*n), where n is the refractive
index. For example, a structure, which has the refractive
indices of about 3.4 and 1.5 for the core and cladding, respec-
tively, will form an effective channel waveguide that has a
single-mode waveguide size of A/(2*n)=235 nm for 1.55 pm
light. Thus, using the NPD array with a channelized structure
as shown in FIG. 1, where each pixel (101a, 1015, 101¢ or
101d) is channelized as a nano-waveguiding rod, the detector
active layer could be thicker and still be able to achieve high
spatial resolution. The improved detection efficiency and
resolution have been obtained by the simulation, which is
described in details below. F1G. 2 shows the 3D Schematic for
a slab NPD array according to another embodiment of the
present invention and FIG. 11 shows a top view of a 4x4 NPD
array.

Example 2

This example describes simulations conducted with
respect to a theoretic model for the design of a nanoscale-
pixel photodetector (NPD) array according to one embodi-
ment of the present invention.

The simulation have been conducted using Finite-Differ-
ence Time-Domain (FDTD) method to explore the obtainable
smallest resolution by an NPD array according to one or more
embodiments of the present invention, optimize NPD pixel
width and pixel spacing for different resolution and under-
stand the physics behind nano-imaging by NPD array. The
simulation scheme is shown in FIG. 6(a), where a small slit is
used to simulate the probing light with 1.55 pm wavelength
shining on tiny structures. Since all practical NPD devices
will work in the near-field region of illuminating light, the
distance between aperture and the NPD array is set to be 10
nm, which assures that central pixels are within the near-field
region of the light from aperture. The slit width keeps the
same as that of the pixel right after it. The NPD array, which
has pixels 1, 2, 3, 4, and 5, and is positioned behind the slit
opening, varies its structure, such as pixel width and spacing
between pixels to optimize the performance of NPD. The
refractive index of pixel material, InGaAs, is chosen to be
3.46. Since BCB material fills all the regions between NPD
pixels, a refractive index of 1.5 is used between pixels. Opti-
cal energy in each pixel is measured and compared. In doing
s0, a resolution criteria of 1/e is used, i.e. when optical energy
in one pixel is less than 1/e of that in the pixel next to it, these
two pixels are distinguishable. For example, if the optical
energy in pixel 3 is 100 W and 20 W in pixel 2, respectively,
one will have the ratio of 20 W/100 W=20% that is less than
1/e, which indicates that these two pixels 2 and 3 are distin-
guishable. The study of influence of pixel width and pixel
spacing on available resolution is also conducted.

From simulations, it turns out the optical coupling between
pixels is a primary factor to affect the performance of an NPD
array. The smallest spacing between distinguishable pixels
for 1.55 um wavelength is 100 nm, which is comparable to
previous results [6], when using 1/e as resolution criteria,
seen in FIG. 6(5). If one defines the resolution as the sum of
pixel width and spacing between them, the highest resolution
by an NPD array one may obtain is around 150 nm. It corre-
sponds to about A/10 for near-IR wavelength. It is about 25
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times higher than the diffraction limited conventional imag-
ing system in terms of imaging area.

Example 3

This example describes making and characterization with
respect to a nanoscale-pixel photodetector (NPD) array
according to one embodiment of the present invention.

For the NPD array with sub-wavelength resolution, various
photolithography, e-beam lithography [7,8], wafer bonding
and etching back techniques have been developed to realize
the thin-film based photodetector structures.

To optimize the fabrication procedures of an NPD array,
several slab version nanometer scale photodetector arrays
were fabricated. In the fabrication, pixels spacing and pixel
width varied from 50 nm to 500 nm to study the influence of
the dimension of detection array pixel on NPD devices’ per-
formance. A very thin metal layer of Aw/Ti (55 nm/5 nm) was
deposited as receiving bottom electrodes. The thickness of
metal is chosen as thin as 60 nm, and the illuminating near-IR
light is expected to penetrate the electrode and reach the
absorbing semiconductor region.

NPD arrays with up to 4x4 pixels have been successfully
fabricated. As an example, the top view of a 4x4 nanophoto-
detector array is shown in FIG. 7(a), where the circled region
is shown in a smaller scale in FIG. 7(5). Likewise, FI1G. 7(c)
shows the central detection region of the 4x4 NPD array,
where pixel width is as small as 200 nm. In addition, initial
measurements of sample photodetector devices show a dark
current density of about 20 pA/um? at 10V and a responsivity
of'about 0.4 A/W for 1.31 um light. FIG. 8, FIG. 9, FIG. 10
and FIG. 11 each shows partial views of NPD arrays made
according to various embodiments of the present invention.

Thus, in sum, among other things, the present invention in
one aspect provides a novel design and realization of near-
field nano-imaging device based on NPD array. Simulation
shows that the optical coupling between pixels is a primary
factor to affect the performance of the NPD-based imaging
device and the smallest resolution for the light with 1.5 um
wavelength is 150 nm for the embodiments shown.

The foregoing description of the exemplary embodiments
of the invention has been presented only for the purposes of
illustration and description and is not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in light of the
above teaching.

The embodiments were chosen and described in order to
explain the principles of the invention and their practical
application so as to activate others skilled in the art to utilize
the invention and various embodiments and with various
modifications as are suited to the particular use contemplated.
Alternative embodiments will become apparent to those
skilled in the art to which the present invention pertains with-
out departing from its spirit and scope. For example, multiple
probes may be utilized at the same time to practice the present
invention. Accordingly, the scope of the present invention is
defined by the appended claims rather than the foregoing
description and the exemplary embodiments described
therein.
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What is claimed is:

1. An imaging device, comprising:

(a) a plurality of first electrode strips in parallel to each
other along a first direction, wherein each first electrode
strip has an elongated body with a first surface and an
opposite, second surface and a thickness n, ;

(b) a plurality of second electrode strips in parallel to each
other along a second direction that is substantially per-
pendicular to the first direction, wherein each second
electrode strip has an elongated body with a first surface
and an opposite, second surface and a thickness n,, and
wherein the plurality of second electrode strips are posi-
tioned apart from the plurality of first electrode strips
along a third direction that is substantially perpendicular
to the first direction and the second direction such that
the plurality of first electrode strips and the plurality of
second electrode strips are crossing each other accord-
ingly to form a corresponding number of crossing
points; and

(c) at each crossing point, a semiconductor component is
filled between the second surface of a corresponding
first electrode strip and the first surface of a correspond-
ing second electrode strip to form an addressable pixel,

wherein the semiconductor component has a thickness n, that
satisfies the following relationship: n,Zn,, n,, and wherein,
in operation, when an illuminating light containing informa-
tion of an object is incident onto the first surface of a first
electrode strip of an addressable pixel, a corresponding imag-
ing signal is generated at the second surface of the corre-
sponding second electrode strip.

2. The imaging device of claim 1, wherein the semicon-
ductor component comprises a layered structure containing at
least at least one layer of a first semiconductor and at least one
layer of a second semiconductor.

3. The imaging device of claim 2, wherein the layered
structure is a graded super lattice comprising a layer of
InGaAs, as the at least one layer of a first semiconductor,
between two layers of InAlAs, as atleast one layer ofa second
semiconductor.
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4. The imaging device of claim 3, wherein a grading layer
of InAlAs/InGaAs is filled between each of the two layers of
InAlAs and a corresponding surface of the layer of InGaAs,
and wherein the graded super lattice has a thickness <1,000
nm.

5. The imaging device of claim 1, wherein each first elec-
trode strip is a transparent conducting oxide electrode.

6. The imaging device of claim 5, wherein the transparent
conducting oxide electrode comprises Au/Ti, and has a thick-
ness of about 60 nm.

7. The imaging device of claim 6, wherein each second
electrode strip is a transparent conducting oxide electrode or
a metal electrode.

8. The imaging device of claim 1, further comprising a
plurality of detector circuits, wherein each detector circuit is
connectable to a first electrode strip and a second electrode
strip of a corresponding pixel for detecting imaging signals
generated at that pixel.

9. The imaging device of claim 1, wherein benzocy-
clobutene (BCB) is filled between pixels to support device
structures and form cladding layer to each pixel.

10. An imaging device, comprising:

(a) a plurality of first electrode strips in parallel to each
other along a first direction, wherein each first electrode
strip has an elongated body with a first surface and an
opposite, second surface and a thickness n,;

(b) a plurality of second electrode strips in parallel to each
other along a second direction that is substantially per-
pendicular to the first direction, wherein each second
electrode strip has an elongated body with a first surface
and an opposite, second surface and a thickness n,, and
wherein the plurality of second electrode strips are posi-
tioned apart from the plurality of first electrode strips
along a third direction that is substantially perpendicular
to the first direction and the second direction such that
the plurality of first electrode strips and the plurality of
second electrode strips are crossing each other accord-
ingly to form a corresponding number of crossing
points; and

(c) a semiconductor component is filled between the plu-
rality of first electrode strips and the plurality of second
electrode strips to form an addressable pixel at each
crossing point,

wherein the semiconductor component has a thickness n_ that
satisfies the following relationship: n,Zn,, n,, and wherein,
in operation, when an illuminating light containing informa-
tion of an object is incident onto the first surface of a first
electrode strip of an addressable pixel, a corresponding imag-
ing signal is generated at the second surface of the corre-
sponding second electrode strip.

11. The imaging device of claim 10, wherein the semicon-
ductor component comprises a layered structure containing at
least at least one layer of a first semiconductor and at least one
layer of a second semiconductor.

12. The imaging device of claim 11, wherein the layered
structure is a graded super lattice comprising a layer of
InGaAs, as the at least one layer of a first semiconductor,
between two layers of InAlAs, as at least one layer of a second
semiconductor.

13. The imaging device of claim 12, wherein a grading
layer of InAlAs/InGaAs is filled between each of the two
layers of InAlAs and a corresponding surface of the layer of
InGaAs, and wherein the graded super lattice has a thickness
<1,000 nm.

14. The imaging device of claim 10, wherein each first
electrode strip is a transparent conducting oxide electrode.
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15. The imaging device of claim 14, wherein the transpar-
ent conducting oxide electrode comprises Au/Ti, and has a
thickness of about 60 nm.

16. The imaging device of claim 15, wherein each second

electrode strip is a transparent conducting oxide electrode or 5

a metal electrode.
17. The imaging device of claim 10, further comprising a
plurality of detector circuits, wherein each detector circuit is

16

connectable to a first electrode strip and a second electrode
strip of a corresponding pixel for detecting imaging signals
generated at that pixel.

18. The imaging device of claim 10, wherein benzocy-
clobutene (BCB) is filled between pixels to support device
structures and form cladding layer to each pixel.

#* #* #* #* #*
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