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(57) ABSTRACT

A method for fabricating an electron tunneling device on a
substrate includes forming a first non-insulating layer on the
substrate and providing a first amorphous layer. The method
further includes the steps of providing a second layer, and
forming a second non-insulating layer and providing an
antenna structure connected with the first and second non-
insulating layers. The second layer of material is configured
to cooperate with the first amorphous layer such that the first
amorphous layer and the second layer of material together
serve as a transport of electrons between and to the first and
second non-insulating layers, and the transport of electrons
includes, at least in part, transport by means of tunneling.
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METHOD FOR FABRICATING A METAL-OXIDE
ELECTRON TUNNELING DEVICE FOR SOLAR
ENERGY CONVERSION

RELATED APPLICATION

[0001] The present application is a Divisional of U.S.
patent application Ser. No. 09/860,988, entitled METALOX-
IDE ELECTRON TUNNELING DEVICE FOR SOLAR
ENERGY CONVERSION, filed on May 21, 2001 which is
incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] The United States Government has rights in this
invention pursuant to contract number DAAGS55-98-C0036
awarded by DARPA in conjunction with the U.S. Army
Research Office.

BACKGROUND OF THE INVENTION

[0003] The present invention relates generally to optoelec-
tronic devices and, more particularly, to electron tunneling
devices, especially for solar energy conversion.

[0004] Recent energy crises have highlighted the growing
demands placed on traditional sources of power, such as gas
and electricity. With rising energy costs, it is desirable to find
alternative power sources to augment traditional power
sources such as hydroelectric and thermonuclear. Solar
energy conversion provides such an alternative by tapping
into the readily available power of the sun.

[0005] One of the main obstacles preventing the prolif-
eration of solar energy conversion systems is efficiency.
Currently available semiconductor solar cell systems are not
able to provide the amount of power for the dollar that is
possible by traditional power sources. Especially semicon-
ductor solar cells with high energy conversion efficiency
(ratio of incident solar power to electrical power out) are
expensive. Most solar cell systems are based on semicon-
ductor technology, which can be difficult to scale to the size
required for large solar panels. Using the present technology,
it is expensive to fabricate a semiconductor-based solar
panel which is large enough to replace the traditional sources
of power. Moreover, semiconductor devices are generally
single bandgap energy devices. This characteristic of semi-
conductor devices means that no current is produced when
a photon having energy less than the bandgap energy is
incident on the semiconductor device and, when a photon
having energy greater than the bandgap energy is incident on
the semiconductor device, only current corresponding to the
bandgap energy is produced in the semiconductor device. In
other words, the response of the semiconductor device is
limited by the bandgap energy. Thus, the semiconductor
device does not respond at all to photons having energy less
than the bandgap energy, and incident electromagnetic
energy in excess of the bandgap energy is wasted in the
energy conversion. Therefore, the energy conversion effi-
ciency of the semiconductor device is low, on the order of
25% or less. Therefore, it would be desirable to achieve
effective solar energy conversion using materials other than
semiconductors.

[0006] One possible alternative to semiconductors is the
use of a metal-insulator-metal (MIM) configurations."® The
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MIM configuration is relatively inexpensive to manufacture
in comparison to semiconductor-based systems. The native
oxides of the metals are generally used as the insulator
materials, therefore the MIM configuration is straightfor-
ward to fabricate. Efforts have been made even as recently
as 1998 (See Ref. 6) to improve the characteristics of MIM
devices, without substantially modifying the basic MIM
configuration. Recent research in this area include efforts to
use the MIM configuration to potentially provide devices
capable of detecting and mixing signals at optical frequen-
cies at optical communications wavelengths.

[0007] Turning now to the drawings, wherein like com-
ponents are indicated by like reference numbers throughout
the various figures, attention is immediately directed to
FIGS. 1A-1E. FIGS. 1A-1E illustrate the operation of an
MIM device for reference purposes. As a simplified con-
figuration, an MIM device is illustrated in FIG. 1A. The
MIM device, generally indicated by reference number 10,
includes first and second metal layers 12 and 14, respec-
tively, with an insulator layer 16 positioned therebetween. A
corresponding energy band profile 20 is shown in FIG. 1B.
Energy band profile 20 represents height of the Fermi level
in the metals and the height of the conduction band edge in
the insulator (y-axis 22) as a function of distance (x-axis 24)
through MIM device 10 in the absence of provided voltage
across the device. FIG. 1C illustrates a first modified energy
band profile 30 when a voltage is provided in a reverse
direction to MIM device 10. The voltage may be provided
by, for example, an applied external voltage or an induced
voltage due to the incidence of electromagnetic energy. In
this case, tunneling of the electrons (not shown) can occur
in a reverse direction, represented by an arrow 36. In
contrast, as shown in FIG. 1D, when a voltage is provided
in a forward direction to MIM device 10, a second modified
energy band profile 40 results. In the case of the situation
shown in FIG. 1D, tunneling of the electrons can again
occur but in a forward direction, represented by an arrow 46.
FIG. 1E illustrates a typical 1-V curve 50 of current (y-axis
52) as a function of voltage (x-axis 54) for MIM device 10.
1-V curve 50 demonstrates that the MIM device functions as
a rectifying element. An MIM device provides rectification
and energy detection/conversion by tunneling of electrons
between first and second metal layers 12 and 14.

[0008] Continuing to refer to FIGS. 1A-1E, in energy
conversion applications, it is further desirable to achieve
high degrees of asymmetry and nonlinearity and sufficiently
high current magnitudes in the current-to-voltage perfor-
mance (1-V curve). If the current magnitude is too low, the
incident electromagnetic energy will not be collected with
high efficiency. The required current magnitude is a function
of the MIM device geometry, dielectric properties of the
oxide, and the size and number of the incident electromag-
netic energy quanta. A higher degree of asymmetry in the
1-V curve between positive values of V (forward bias
voltage) and negative values of V (reverse bias voltage)
about the operating point results in better rectification per-
formance of the device. In addition, the differential resis-
tance of the device, which influences the responsivity and
coupling efficiency of the device to incoming electromag-
netic energy, is directly related to the nonlinearity of the 1-V
curve. An optimal value of differential resistance is required
to impedance match the MIM device to the antenna resulting
in maximum power transfer to the device. The differential
resistance of MIM devices are often too large for energy
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conversion applications and, consequently, it is desirable to
lower differential resistance values in order to impedance
match the antenna. In other words, in solar energy conver-
sion applications, it is preferable to have a higher degree of
nonlinearity in the 1-V curve and optimal value of differ-
ential resistance in the device, thus yielding higher sensi-
tivity of the device to incoming solar energy. As a result,
high degrees of asymmetry and nonlinearity in the current-
to-voltage characteristics of the device yields high efficiency
in the energy conversion process. Currently available MIM
devices are not able to provide sufficiently high degrees of
asymmetry and nonlinearity with sufficiently low differential
resistance in the current-to-voltage performance, hence the
energy conversion efficiency of MIM devices is low.

[0009] A known alternative to the simple MIM device is a
device with additional metal and insulator layers, as dem-
onstrated by Suemasu, et al. (Suemasu)’ and Asada, et al.
(Asada). The devices of Suemasu and Asada have the
configuration of MIMIMIM, in which the three insulator
layers between the outer metal layers act as a triple-barrier
structure. The insulator layers are crystalline insulator layers
formed by an epitaxial growth procedure detailed in Ref. 7.
The presence of the barriers between the outer metal layers
result in resonant tunneling of the electrons between the
outer metal layers under the appropriate bias voltage con-
ditions, as opposed to simple, tunneling of the MIM device.
The resonant tunneling mechanism in the electron transport
yields increased asymmetry and nonlinearity and reduced
differential resistance values for the MIMIMIM device. The
resonance tunneling also results in a characteristic resonance
peak in the current-voltage curve of the device, which yields
a region of negative differential resistance and leads to the
possibility of optical devices with very fast responses and
high efficiency.

[0010] However, the MIMIMIM devices of Suemasu and
Asada have the distinct disadvantage of being a much more
complicated device than the simple MIM device. The fab-
rication procedure of Suemasu includes the deposition of
cobalt, silicon and calcium fluoride to form alternating
layers of CoSi, and CaF,. These rather exotic layer materials
were chosen due to the crystalline lattice matching con-
straints inherent in the epitaxial growth procedure. Several
of the difficulties in the fabrication procedure, such as the
problem with agglomeration of cobalt on the CaF2 layer as
well as the multiple photolithography and selective etching
steps required to form the final device after the MIMIMIM
layers have been grown, are described in Ref. 7. Suemasu
also contends that the use of a triple-barrier structure, rather
than a slightly simpler double-barrier structure, is necessary
in order to achieve negative differential resistance resulting
from resonant tunneling using only metal and insulator layer
combinations, thus avoiding the use of semiconductor mate-
rials. In addition, Suemasu requires that the thickness of the
individual metal and insulator layers must be strictly con-
trolled to the atomic layer level in order to achieve the
resonance tunneling effect. Therefore, although the goal of
increased nonlinearity and asymmetry may be achieved in
the MIMIMIM devices of Suemasu and Asada using metal
and insulator combinations, the simplicity of the MIM
structure is lost.

[0011] An alternative device structure that has been sug-
gested to achieve resonant tunneling in semiconductor
devices is the use of two adjacent insulator layers between
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two semiconductor layers, resulting in a semiconductor
insulator-insulator-semiconductor (SIIS) structure described
by Papp, et al. (Papp).® Papp describes a theoretical SIIS
structure, in which the two crystalline insulator layers are
formed of two different insulator materials by crystal growth
techniques. The SIIS structure is said to yield a resonant
tunneling effect with negative differential resistance,
increased nonlinearity and asymmetry as well as negative
differential resistance, similar to that shown in the afore
described MIMIMIM devices of Suemasu and Asada,
although an actual SIIS structure has not yet been imple-
mented, to the Applicants’ knowledge. Current crystal
growth techniques theoretically enable the implementation
of the SIIS structure, but an SIIS device would still embody
the drawbacks inherent in semiconductor materials, namely
cost efficiency in large area devices. In addition, Suemasu
(see Ref. 7) speculates that the recent trend of decreasing the
size of electronic devices in order to achieve high speed
switching will make semiconductor-based devices imprac-
tical due to fluctuation of carrier concentration, which occurs
when semiconductor devices are reduced to mesoscopic
regimes.

[0012] As will be seen hereinafter, the present invention
provides a significant improvement over the prior art as
discussed above by virtue of its ability to provide the
increased performance while, at the same time, having
significant advantages in its manufacturability. This asser-
tion is true for electromagnetic devices generally, which take
advantage of the present invention, as well as solar energy
conversion devices in particular.
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SUMMARY OF THE INVENTION

[0023] As will be described in more detail hereinafter,
there is disclosed herein an electron tunneling device includ-
ing first and second non-insulating layers. The first and
second non-insulating layers are spaced apart from one
another such that a given voltage can be provided across the
first and second non-insulating layers, either by an applied
external bias voltage or, for example by an induced voltage
due to the incidence of solar energy without an applied
voltage or both. The electron tunneling device further
includes an arrangement disposed between the first and
second non-insulating layers and configured to serve as a
transport of electrons between the first and second non-
insulating layers. This arrangement includes a first layer of
an amorphous material configured such that using only the
first layer of the amorphous material in the arrangement
would result in a given value of a first parameter in the
transport of electrons, with respect to the given voltage.
However, in accordance with one aspect of the invention, the
arrangement includes a second layer of material, which
second layer is configured to cooperate with the first layer of
amorphous material such that the transport of electrons
includes, at least in part, transport by a mechanism of
tunneling, and such that the first parameter, with respect to
the given voltage, is increased over and above the given
value of the first parameter. The first parameter is, for
example, nonlinearity or asymmetry in the electron trans-
port.

[0024] In another aspect of the invention, the first layer of
amorphous material, if used alone in the arrangement of the
electron tunneling device, would result in a given value of
a second parameter in the transport of electrons, with respect
to the given voltage, but the-second layer of material is also
configured to cooperate with the first layer of amorphous
material such that second parameter in the transport of
electrons, with respect to the given voltage, is reduced below
the given value of the second parameter. The second param-
eter is, for example, differential resistance.

[0025] In yet another aspect of the invention, a device for
converting solar energy incident thereon into electrical
energy is described. The device has an output and provides
the electrical energy at the output. The device includes first
and second non-insulating layers spaced apart from one
another such that a given voltage can be provided across the
first and second non-insulating layers. The device also
includes an arrangement disposed between the first and
second non-insulating layers and configured to serve as a
transport of electrons between the first and second non-
insulating layers. The arrangement includes a first layer of
an amorphous material. The arrangement also includes a
second layer of material configured to cooperate with the
first layer of the amorphous material such that the transport
of electrons includes, at least in part, transport by a mecha-
nism of tunneling, and such that the solar energy incident on
the first and second non-insulating layers, at least in part, is
extractable as electrical energy at the output.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The present invention may be understood by ref-
erence to the following detailed description taken in con-
junction with the drawings briefly described below.

[0027] FIG. 1A is a diagrammatic illustration of a prior art
device using a metal-insulator-metal (MIM) configuration.
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[0028] FIGS. 1B-1D are graphs illustrating the schematic
energy band profiles of the MIM device of FIG. 1A for
various voltages provided across the MIM device.

[0029] FIG. 1E is a graph of a typical current-voltage
curve for the MIM device of FIG. 1A.

[0030] FIG. 2A is a diagrammatic illustration of an elec-
tron tunneling device designed in accordance with the
present invention.

[0031] FIG. 2B-2D are graphs illustrating the schematic
energy band profiles of the electron tunneling device of FIG.
2A for various voltages provided across the electron tun-
neling device.

[0032] FIG. 2E is a graph of a typical current-voltage
curve for the electron tunneling device of FIG. 2A.

[0033] FIG. 3A is a diagrammatic top view of a device for
converting solar energy incident thereon into electrical
energy, designed in accordance with the present invention,
shown here to illustrate a possible configuration of metal
layers of the device.

[0034] FIG. 3B is a cross sectional view of the device of
FIG. 3A, shown here to illustrate additional structure posi-
tioned between the metal layers of the device.

DETAILED DESCRIPTION

[0035] The following description is presented to enable
one of ordinary skill in the art to make and use the invention
and is provided in the context of a patent application and its
requirements. Various modifications to the described
embodiments will be readily apparent to those skilled in the
art and the generic principles herein may be applied to other
embodiments. Thus, the present invention is not intended to
be limited to the embodiment shown but is to be accorded
the widest scope consistent with the principles and features
described herein.

[0036] Referring now to FIG. 2A, an electron tunneling
device designed in accordance with the present invention is
described. The electron tunneling device, generally indi-
cated by reference number 110, includes a first non-insulat-
ing layer 112 and a second non-insulating layer 114. Non-
insulating materials include, for example, metals,
superconductors, semiconductors, semimetals, quantum
wells and superlattice structures. First non-insulating layer
112 and second non-insulating layer 114 can be formed, for
example, of two different metals, such as chromium and
aluminum, by conventional methods such as, but not limited
to, thermal evaporation and sputtering. First non-insulating
layer 112 and second non-insulating layer 114 are spaced
apart such that a given voltage can be provided therebe-
tween. The given voltage can be, for instance, a bias voltage
from an external voltage source (not shown) that is directly
applied to the first and second non-insulating layers. Alter-
natively, as will be seen, the given voltage can be induced
by, for example, solar energy. Furthermore, the given volt-
age can be a combination of induced voltage (from incident
electromagnetic radiation, for example) and an applied
external bias voltage.

[0037] Continuing to refer to FIG. 2A, a first amorphous
layer 116 is disposed between first non-insulating layer 112
and second non-insulating layer 114. For purposes of this
application, an amorphous material is considered to include
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all materials which are not single crystal in structure. First
amorphous layer 116 can be, for example, a native oxide of
first non-insulating layer 112. For instance, if a layer of
chromium is used as first non-insulating layer 112, the layer
of chromium can be oxidized to form a layer of chromium
oxide to serve as first amorphous layer 116. Other suitable
materials include, but are not limited to, silicon dioxide,
niobium oxide, titanium oxide, aluminum oxide, zirconium
oxide, tantalum oxide, hafnium oxide, yttrium oxide, mag-
nesium oxide, silicon nitride and aluminum nitride. Electron
tunneling device 110 further includes a second layer 118
positioned between first non-insulating layer 112 and second
non-insulating layer 114. Second layer 118 is formed of a
predetermined material, which is different from first amor-
phous layer 116 and is configured to cooperate with first
amorphous layer 116 such that first amorphous layer and
second layer 118 serve as a transport of electrons between
the first and second non-insulating layers. The predeter-
mined material, which forms second layer 118, can be, for
example, an amorphous insulator such as, but not limited to,
chromium oxide, silicon dioxide, niobium oxide, titanium
oxide, aluminum oxide, zirconium oxide, tantalum oxide,
hafnium oxide, yttrium oxide, magnesium oxide, silicon
nitride, aluminum nitride and a simple air or vacuum gap.
Preferably, second layer 118 is formed of a material having
a lower or higher work function than that of first amorphous
layer such that the device exhibits an asymmetry in the
energy band diagram.

[0038] Had the device consisted of only the first and
second non-insulating layers and the first amorphous layer,
the device would be essentially equivalent to the prior art
MIM device and would exhibit a given degree of nonlin-
earity, asymmetry and differential resistance in the transport
of electrons. However, the inclusion of second layer 118,
surprising and unexpectedly, results in increased degrees of
nonlinearity and asymmetry over and above the given
degree of nonlinearity and asymmetry while the differential
resistance is reduced, with respect to the given voltage. This
increase in the nonlinearity and asymmetry and reduction in
differential resistance is achieved without resorting to the
use of epitaxial growth techniques or crystalline layers of the
afore described prior art. The mechanism of this increase is
described immediately hereinafter in reference to FIGS.
2B-2E.

[0039] Referring to FIG. 2B in conjunction with FIGS.
1B and 2A, a schematic of a energy band profile 120
corresponding to electron tunneling device 110 is illustrated.
Energy band profile 120 includes four regions corresponding
to the four layers of electron tunneling device 110, in
comparison to the three regions shown in energy band
profile 20 of the prior art MIM device. The presence of
second layer 118 contributes to the change in the energy
band profile of electron tunneling device 110.

[0040] Turning now to FIGS. 2C and 2D in conjunction
with FIGS. 1C and 1D, the changes in the energy band
profile due to voltage application are shown. During reverse
bias operation of electron tunneling device I 10, the energy
band profile changes to that shown as line 130, which is
relatively similar to the case of reverse bias operation shown
in FIG. 1C for the MIM device. In the situation shown in
FIG. 2C, the primary mechanism by which electrons travel
between the first and second non-insulating layers is tun-
neling in a reverse direction indicated by an arrow 136.
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When a forward bias voltage is provided, however, a modi-
fied energy band profile 140 of FIG. 2D results. In this case,
tunneling occurs in paths 146 and 146', but there now exists
a quantum well region through which resonant tunneling
occurs, as shown by arrow 148. In the region of resonant
tunneling, the ease of transport of clectrons suddenly
increase, therefore resulting in increased current between the
non-insulating layers of electron tunneling device 110.

[0041] Continuing to refer to FIG. 2D, the addition of
second layer 118 provides a path for electrons to travel
through the device by a resonant tunneling rather than the
tunneling process of the prior art MIM device. As a result,
more current flows between the non-insulating layers of
electron tunneling device 110, as compared to the MIM
device, when a positive voltage is provided while the current
flow with a negative voltage provided to the electron tun-
neling device of the present invention. The presence of
resonant tunneling in electron tunneling device 110 therefore
results in increased nonlinearity and asymmetry in compari-
son to the prior art MIM device.

[0042] A typical 1-V curve 150 corresponding to electron
tunneling device 110 is shown in FIG. 2E. 1-V curve 150
demonstrates that electron tunneling device 110 functions as
a diode, where the diode is defined as a two-terminal
electronic element. Furthermore, 1V curve 150 is shown to
include a resonance peak 156 corresponding to the provided
voltage region in which resonant tunneling occurs. The
appearance of resonant tunneling in actually fabricated
devices of the present invention depends on the precision of
the fabrication process. Even when resonance peak 156 is
not present, 1V curve 150 exhibits a higher degree of
asymmetry and nonlinearity in comparison to the 1V curve
of the prior art MIM device (as shown in FIG. 1E). In other
words, while the presence of a resonance peak in the 1V
curve of an electron tunneling device of the present inven-
tion may lead to additional advantages in certain applica-
tions, such as greatly increased nonlinearity around the
resonance peak, the electron tunneling device of the present
invention achieves the goal of increased asymmetry and
nonlinearity with reduced differential resistance in the cur-
rent-to-voltage performance even when the averaging effect
of the amorphous layer “washes out” the resonance peak.
Therefore, electron tunneling device 110 essentially includes
all of the advantages of the prior art MIMIMIM device,
without the complicated fabrication procedure and the use of
exotic materials, and all of the advantages of the prior art
SIIS device, without the drawbacks of the use of semicon-
ductor materials as described above. Despite and contrary to
the teachings of Suemasu, the electron tunneling device of
the present invention is able to achieve increased nonlinear-
ity and asymmetry and decreased differential resistance in
the transport of electrons through the device, using readily
available metals and insulators in a simple structure that is
simply manufactured compared to the more complex manu-
facturing processes of the prior art.

[0043] is emphasized that the electron tunneling device of
the present invention combines the simplicity of the MIM
device with the performance characteristics of the MIM-
IMIM devices of Suemasu and Asada while using readily
available materials and avoiding the use of semiconductors.
Although superficially similar to the SIIS device in structure
at first glance due to the presence of two adjacent insulator
layers, the addition of second layer 118 in electron tunneling
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device 110 is not easily accomplished due to fundamental
differences in the fabrication procedure (crystal growth and
doping techniques in the semiconductor devices versus the
oxidation and deposition techniques used in the present
invention). In fact, Suemasu and Asada resort to the more
complex MIMIMIM structure formed by epitaxial growth
techniques in order to achieve the same resonant tunneling
effect. The crystalline growth and epitaxial growth tech-
niques used in the SIIS device of Papp and the MIMIMIM
devices of Suemasu and Asada preclude the use of amor-
phous insulator materials in the SIIS device or the MIM-
IMIM device since crystalline growth and epitaxial growth
techniques, by definition, are able to form only crystalline
layers. In fact, the crystalline materials that may be used in
the SIIS device or the MIMIMIM device are limited by
substrate compatibility (for the SIIS device) and crystalline
lattice matching considerations (in the MIMIMIM device);
that is, the specific materials that may be used in the devices
of Suemasu, Asada and Papp are limited by the fabrication
procedures used in manufacturing these devices.

[0044] In contrast, the insulator materials used in the
electron tunneling device of the present invention may be
chosen from a variety of oxides and other materials that can
be deposited by sputtering, atomic layer deposition, spin-on
deposition, and other readily available techniques. For
example, a thin layer of metal can be deposited then oxi-
dized to form the insulator layer. Layer adhesion may be
promoted by a surfactant such as one containing silanes or
organic materials. In other words, the specific choice of
materials used in the electron tunneling device of the present
invention can be chosen for the desired electronic charac-
teristics of the materials, rather than being limited in the
choice by the fabrication procedure. Furthermore, the inclu-
sion of the amorphous insulator in combination with the
second layer of material in the electron tunneling device of
the present invention yields unexpected advantages, such as
resonant tunneling. The simplicity of the electron tunneling
device of the present invention yields advantages not avail-
able in the SIIS nor the MIMIMIM device in the ease of
fabrication and the flexibility in the selection of materials.
Moreover, the use of an amorphous insulator layer in the
device, which is not feasible in the MIMIMIM devices of
Suemasu and Asada nor the SIIS device of Papp due to the
epitaxial growth technique requirements, allows added flex-
ibility in the selection of materials in the present device,
since amorphous rather than only compatible crystalline
layers can be used, thus further distinguishing the electron
tunneling device of the present invention from the prior art
devices.

[0045] The resonant tunneling effect and increased asym-
metry and nonlinearity and reduced differential resistance in
the electron tunneling device of the present invention have
been verified by the Applicants by theory and experiment. In
theoretical calculations, the currently available models for
MIM devices were extensively modified in accordance with
re-analysis of fundamental algorithms and evaluation to
allow the modeling of the electron tunneling device of the
present invention. The results of the theoretical calculations
verified the presence of resonant tunneling and increased
asymmetry and nonlinearity with reduced differential resis-
tance in the electron tunneling device of the configuration
shown in FIG. 2A.
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[0046] Experimental devices were also fabricated in
accordance with the present invention and tested. A thin film
deposition method based on atomic layer deposition (ALD)
techniques was used in the fabrication of the second layer.
Other deposition techniques, such as but not limited to
sputtering may also be used in place of ALD. The fabrication
process described below utilizes a lift-off technique to form
the patterned metal layers. Formation of the patterned metal
layer is also possible by chemical etching, reactive ion
etching, milling and other techniques. A summary of the
fabrication process for a typical device is as follows:

[0047] 1. Thoroughly clean a silicon wafer substrate
including a thermal oxide less than 1 um thick for electrical
isolation between the MIM diode and silicon substrate using
a combination of baking steps and de-ionized (D1) water
rinses;

[0048] 2.Form abase contact pad, which is resistant to the
formation of a continuous ALD insulator, to function as an
antenna and contact pads (for electrically accessing the
device):
[0049]
shape:
[0050]
wafer,
[0051] ii. Spin on a primer (HMDS) at 6000 rpm
for 30 seconds,
[0052] iii. Spin on a resist at 6000 rpm for 30

seconds (time and spin speed are dependent on the
specific resist used),

[0053] iv. Pre-bake the resist layer at 90° C. for 25
minutes (time and temperature are dependent on
the specific resist used),

a. Lithography to define the contact pad

i. Plasma cleaning to de-scum the silicon

[0054] v. Expose the resist layer for 27 seconds
(exposure time is dependent on the specific resist
used and the resist thickness),

[0055] wvi. Develop the resist layer using a devel-
oper solution (4:1 ratio of D1 water to developer)
for a predetermined time, (developer solution
depends upon specific resist and developer used)

[0056] wvii. Rinse off the developer with DI water,
[0057] wiii. O, plasma cleaning to clean the resist
openings;

[0058] b. Thermal evaporation of bond layer (100 nm
of chromium) to serve as a scratch-resistant metal,
through which the device can be electrically probed,

[0059] c¢. Thermal evaporation of contact layer (100
nm of gold) for preventing the oxidation of the bond
layer and the adhesion of a continuous ALD layer;

[0060] d. Lift-off to remove extraneous material:

[0061] i. Lift-off with acetone on spinner at low
speed,
[0062] ii. Ultrasonic bath with acetone (if neces-

sary to promote lift-off),
[0063]
[0064]
[0065] wv. Spin dry;

iii. Lift-off with acetone on spinner,

iv. Clean with isopropyl alcohol on spinner,
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[0066] 3. Form a first non-insulating layer by repeating
Step 2 (skip Step 2¢) to form a 100 nm-thick Cr layer;

[0067] 4. Form a first amorphous layer by oxidizing (3
days minimum under a clean hood) the first non-insulating
layer to form a native oxide, less than 4 nm 1in thickness;

[0068] 5. Form a second layer by atomic layer deposition
using Al(CH,); and H,O precursors;

[0069] 6. Form the second non-insulating layer by repeat-
ing Step 3.

[0070] The fabrication procedure described above is rela-
tively simple, compared to the fabrication procedure of the
MIMIMIM devices of Suemasu and Asada described above,
and is flexible, allowing the use of various metal and oxide
materials. As mentioned above, a variety of metals, such as
but not limited to chromium, aluminum, niobium, tungsten,
nickel, yttrium and magnesium, and a variety of oxides, such
as the native oxides of the aforementioned various metals or
other oxides that can be deposited onto existing amorphous
layers are suitable for use in the electron tunneling device of
the present invention. The resulting devices have been
measured to verify the presence of the resonance peak in the
1-V curve as well as the increased asymmetry and nonlin-
earity with reduced differential resistance. Attention is par-
ticularly directed to Step 2c, in which an additional contact
layer of a metal, such as silver or gold, is deposited on top
of the chromium bond layer. In this way, the contact pad is
still accessible while the insulators deposited by atomic
layer deposition do not form a continuous layer. In addition,
other methods of lithography, such as electron beam-assisted
lithography, may be used in place of the afore described
photolithography steps. Also, in step 1, the coupling
between the antenna and electromagnetic energy may
altered by alternative substrate choices such as, but not
limited to, glass, quartz and other non-conductive materials
that are flat and capable of withstanding the evaporation and
deposition procedures, such as those described above. Fur-
thermore, if coupling of the electromagnetic radiation from
the substrate side of the device is desired a substrate trans-
parent to the incident electromagnetic radiation can be used
in place of the silicon wafer substrate.

[0071] Turning now to FIGS. 3A and 3B, a solar energy
converter 200 has been developed as one application
example of the present invention as described above. Solar
energy converter 200 includes a first non-insulating layer
212 and a second non-insulating layer 214 corresponding to
previously described layers 112 and 114, respectively. An
overlap portion between the first and second non-insulating
layers, indicated by a box 215, effectively forms the afore
described electron tunneling device. The structure of the
electron tunneling device is shown more clearly in FIG. 3B,
illustrating a cross sectional view of solar energy converter
200 of FIG. 3A taken along line 3B-3B. A first amorphous
insulator layer 216 and a second layer 218, corresponding to
previously described layers 116 and 118, respectively, are
positioned in overlap portion 215 of the first and second
non-insulating layers to result in the electron tunneling
device of the present invention.

[0072] As shown in FIG. 3A, first and second non-
insulating layers 212 and 214, respectively, are further
shaped in a form of a bow-tie antenna to focus the incident
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solar energy on the overlap portion, thus increasing the
sensitivity of the solar energy converter to incident solar
energy. The bow-tie antenna is configured to increase the
sensitivity of solar energy converter 200 to broadband solar
energy by being receptive to electromagnetic radiation over
a range of frequencies, for example, from near-ultraviolet to
near-infrared frequencies. When solar energy 220 falls on
solar energy converter 200, solar energy 220 is converted to
a voltage between the first and second non-insulating layers
to serve as the aforementioned given voltage. A directional
current is established in the overlap portion in accordance
with the 1V curve for the electron tunneling device of the
present invention. Thus, the incident solar energy is con-
verted to electrical energy by electrical rectification. The
electrical energy can then be extracted at an output from the
solar energy converter.

[0073] 1t is stressed that the solar energy converter of
FIGS. 3A and 3B exhibit the performance advantages of the
MIMIMIM and SIIS devices while avoiding the disadvan-
tages of the prior art devices. Namely, solar energy converter
200 is based on a simple structure of two non-insulating
layers separated by two different layers positioned therebe-
tween, where one of the two different layers is an amorphous
insulator. Due to the flexible fabrication process, the exact
materials used in solar energy converter 200 can be selected
from a wide variety of readily available materials, such as
chromium, aluminum, titanium, niobium and silicon and the
respective native oxides, and not be constrained to the use of
only semiconductor materials, crystalline insulators or
exotic materials, such as CoSi,. Also, unlike the prior art
semiconductor device, which is limited in its response by the
bandgap energy, the solar energy converter of the present
invention is sensitive to a wide range of incident electro-
magnetic energies. In fact, with an appropriately designed
antenna, which is configured to be sensitive to the range of
frequencies within the electromagnetic spectrum of the sun,
the energy conversion efficiency upper limit of the solar
energy converter of the present invention approaches 100%
of the energy delivered to the electron tunneling device by
the antenna. Moreover, the solar energy converter of FIGS.
3A and 3B does not require the application of an external
bias voltage, other than the solar energy received by the
antenna structure. The fact that the solar energy converter of
the present invention does not require the application of an
external bias is in contrast to prior art devices which require
the application of an external bias voltage.

[0074] Turning now to FIG. 4, a variation of the electron
tunneling device of the present invention is described. FIG.
4 illustrates an electron tunneling device 300 including a
superlattice structure 310 positioned between first non-
insulating layer 12 and second non-insulating layer 14.
Superlattice structure 310 includes a plurality of thin non-
insulating layers 312 separated by thin insulating layers 314.
Each thin non-insulating layer 312 can be, for example, one
monolayer of a metal, and each thin insulating layer 314 can
be, for instance, seven monolayers of an insulator. Super-
lattice structure 310 provides an transport path for electrons,
thus increasing electron flow between the first and second
non-insulating layers. As a result, more flexibility in the
design of the electron tunneling device becomes available
for enhancing the performance of the device such as, for
instance, increasing the device nonlinearity by selecting a
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suitable material to modify the height of the energy band
corresponding to either the first or the second non-insulating
layer.

[0075] Although each of the afore described embodiments
have been illustrated with various components having par-
ticular respective orientations, it should be understood that
the present invention may take on a variety of specific
configurations with the various components being located in
a wide variety of positions and mutual orientations and still
remain within the spirit and scope of the present invention.
Furthermore, suitable equivalents may be used in place of or
in addition to the various components, the function and use
of such substitute or additional components being held to be
familiar to those skilled in the art and are therefore regarded
as falling within the scope of the present invention. For
example, the exact materials used in the afore described
devices may be modified while achieving the same result of
improved current-voltage performance. Also, in the solar
energy converter application, other antenna shapes suitable
for receiving broadband solar energy may be used in place
of the bow-tie antenna.

[0076] In addition to the advantages described thus far
resulting from resonant tunneling, asymmetry may be fur-
ther enhanced by quantum mechanical reflections. Quantum
mechanical reflections occur as a result of changes in
potential energy or effective mass and are accounted for in
the inventors’ theoretical calculations. These reflections
result for electrons tunneling both above and below the band
edge of the insulator. As a result of the substantially different
barrier and effective mass profile of this multilayer system
over single layer MIM diodes asymmetry will be enhanced
even in the absence of the resonant tunneling.

[0077] Furthermore, it is noted that the slope of the
conduction band in the oxide is proportional to the electric
field strength, and the electric field strength in turn depends
upon the dielectric constant within the oxide. Consequently,
we may tailor the voltage drop or electric field strength
across each of the oxide regions by using oxides with
desirable diclectric constants. By controlling the electric
field strength in each layer we may further tailor the resonant
energy levels location as a function of provided voltage.

[0078] Moreover, the asymmetry in the 1V curve of the
device can be further enhanced by considering the electric
field direction in the multilayer system. In tunneling, the
electric field direction does not play a role in the magnitude
of the tunneling probability. However, if an electron does not
tunnel the entire distance through the oxide, perhaps due to
a collision, the characteristics of the electric field will
influence the post-collision electron direction. The direction,
magnitude, and distribution of the electric field in the oxide
layer can be controlled by selecting the work functions and
Fermi levels of the electrodes and the dielectric constant of
the oxide layers.

[0079] Itis to be understood that the present invention, and
the advantages attributed thereto can be utilized in electro-
magnetic device applications other than solar energy con-
version devices. These applications include, but are not
limited to, detectors of all of the electromagnetic frequency
spectrum, emitters, modulators, repeaters and transistors, as
disclosed in the applicants’ copending U.S. patent applica-
tion Ser. No. 09/860,972 (Attorney Docket Number Phiar-
P002) incorporated herein by reference. Additionally, an
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external bias voltage may be applied to the non-insulating
layers in these applications to operate the device in a desired
region on the 1V curve. Therefore, the present examples are
to be considered as illustrative and not restrictive, and the
invention is not to be limited to the details given herein but
may be modified within the scope of the appended claims.

What is claimed is:
1. A method for fabricating an electron tunneling device
on a substrate, said method comprising:

a) forming a first non-insulating layer on the substrate;
b) providing a first amorphous layer;

¢) providing a second layer;

d) forming a second non-insulating layer; and

¢) providing an antenna structure connected with said first
and second non-insulating layers, wherein said second
layer of material is configured to cooperate with said
first amorphous layer such that the first amorphous
layer and the second layer of material together serve as
a transport of electrons between and to the first and
second non- insulating layers, and wherein said trans-
port of electrons includes, at least in part, transport by
means of tunneling.

2. The method of claim 1 wherein said step of forming
said first non-insulating layer includes the step of defining
said predetermined shape by lithography.

3. The method of claim 2 wherein said step of forming
said first non-insulating layer further includes the steps of:

i) d.eIiositing a bond layer of a first non-insulating mate-
rial;

ii) depositing a contact layer of a different, second non-
insulating material; and

iii) lifting off of excess first and second non-insulating
materials, wherein said first non-insulating material is
selected such that the second non-insulating material
more readily adheres to the bond layer than directly to
the substrate.

4. The method of claim 1 wherein said step of providing
said first amorphous layer includes the step of forming said
first amorphous layer using a material selected from the
group consisting of silicon dioxide, niobium oxide, titanium
oxide, aluminum oxide, zirconium oxide, tantalum oxide,
hafnium oxide, yttrium oxide, magnesium oxide, silicon
nitride and aluminum nitride.

5. The method of claim 1 wherein said step of providing
said first amorphous layer includes the step of oxidizing the
first non-insulating layer such that an oxide layer is inte-
grally formed in the first non-insulating layer, wherein said
oxide layer serves as said first amorphous layer.

6. The method of claim 1 wherein said step of providing
said first amorphous layer includes the step of depositing
said first amorphous layer by atomic layer deposition.

7. The method of claim 1 wherein said step of providing
said first amorphous layer includes the step of depositing
said first amorphous layer by sputtering.

8. The method of claim 1 wherein said step of providing
said first amorphous layer includes the step of depositing
said first amorphous layer by spin-on deposition.

9. The method of claim 1 wherein said step of providing
said second layer includes the step of depositing said second
layer by atomic layer deposition.
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10. The method of claim 1 wherein said step of providing
said second layer includes the step of depositing said second
layer by sputtering.

11. The method of claim 1 wherein said step of providing
said second layer includes the step of depositing said second
layer by spin-on deposition.
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12. The method of claim 1 wherein said step of providing
said antenna structure includes the step of configuring said
first and second non-insulating layers to integrally form said
antenna structure.
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