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(57) Abstract: Methods, systems, and devices are disclosed for implementing high conversion efficiency solar cells. In one aspect,
an optical-to-electrical energy conversion device includes a substrate formed of a doped semiconductor material and having a first
region and a second region, an array of multilayered nanoscale structures protruding from the first region of the substrate, in which
the nanoscale structures are formed of a first co-doped semiconductor material covered by a layer of a second co-doped semicon -
ductor material forming a core-shell structure, the layer covering at least a portion of the doped semiconductor material of the sub -
strate in the second region, and an electrode formed on the layer-covered portion of the substrate in the second region, in which the
multilayered nanoscale structures provide an optica active region capable of absorbing photons from light a one or more
wavelengths to generate an electrical signal presented at the electrode.
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HIGHLY EFFICIENT OPTICAL TO ELECTRICAL CONVERSION DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001]  This patent document claims the benefit of priority of U.S. Provisional Patent
Application No. 61/777,771, entitled "HIGH CONVERSION EFFICIENCY SOLAR CELL
DEVICES," and filed on March 12, 2013, and U.S. Provisional Patent Application
61/893,894, entitled "EFFICIENT OPTICAL TO ELECTRICAL CONVERSION BASED
ON MULTILAYERED NANOWIRE STRUCTURES," and filed on October 22, 2013. The
entire content of the above patent applications is incorporated by reference as part of the

disclosure of this patent document.

TECHNICAL FIELD
[0002]  This patent document relates to signal amplification techniques using nanoscale

semiconductor materials.

BACKGROUND

[0003] Nanotechnology provides techniques or processes for fabricating structures,
devices, and systems with features a amolecular or atomic scale, e.g., structures in arange
of oneto hundreds of nanometers in some applications. For example, nano-scale devices can
be configured to sizes similar to some large molecules, e.g., biomolecules such as enzymes.
Nano-sized materials used to create a nanostructure, nanodevice, or ananosystem can exhibit
various unique properties, e.g., including optical properties, that are not present in the same
materials a larger dimensions and such unique properties can be exploited for awide range

of applications.

SUMMARY
[0004]  Techniques, systems, and devices are described for highly-efficient optical to
electrical energy conversion, e.g., which exceed the highest efficiencies achievable for single-

junction Si according to Shockley-Queisser theory.

[0005]  In one aspect, an optical-to-electrical energy conversion deviceis presented. The
optical-to-electrical energy conversion device includes a substrate formed of a doped
semiconductor material, in which the substrate includes afirst region and a second region.

The optical-to-electrical energy conversion device includes an array of multilayered



10

15

20

25

30

WO 2014/165228 PCT/US2014/024866

nanostructures protruding from the first region of the substrate, in which the multilayered
nanostructures are formed of afirst co-doped semiconductor material covered by alayer of a
second co-doped semiconductor material forming a core-shell structure, and in which the
layer covers a least aportion of the doped semiconductor material of the substrate in the
second region. The first and second co-doped semiconductor materials include electron
acceptor dopants and electron donor dopants, in which the first co-doped semiconductor
material includes agreater concentration of one type of the acceptor or donor dopants than
the other type dopants, and the second co-doped semiconductor material includes a greater
concentration of the other type dopants than the one type dopants. The optical-to-electrical
energy conversion device includes an electrode formed on the layer-covered portion of the
substrate in the second region. The multilayered nanostructures of the optical-to-electrical
energy conversion device are structured to provide an optical active region capable of
absorbing photons from light a one or more wavelengths to generate an electrical signal
presented a the electrode.

[0006]  In another aspect, devices and methods are described for optical to electrical signal
conversion and signal amplification with high efficiency based on a cascaded exciton
ionization (CEI) carrier multiplication mechanism. Exemplary CEIl devices and methods can
be implemented in avariety of applications including photovoltaics, communications, and
imaging, among others. In some implementations, an exemplary CEl device includes a
substrate formed of adoped silicon material, in which the substrate includes afirst region and
asecond region. The exemplary CEIl device includes an array of multilayered nanowire
structures protruding from the first region of the substrate, in which the nanowire structures
are formed of afirst co-doped silicon material covered by alayer of a second co-doped
silicon material forming a core-shell structure, and in which the layer covers at least aportion
of the substrate in the second region. The first and second co-doped silicon materials include
electron acceptor dopants and electron donor dopants, in which the first co-doped silicon
material includes agreater concentration of one type of the acceptor or donor dopants than
the other type dopants, and the second co-doped silicon material includes a greater
concentration of the other type dopants than the one type dopants. The exemplary CEI device
includes an electrode formed on the layer-covered potion of the substrate in the second
region. The multilayered nanowire structures of the exemplary CEl device are structured to

provide an optical active region capable of absorbing photons from light a one or more
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wavelengths to generate an electrical signal presented &t the electrode via acascaded exciton

ionization (CEI) mechanism.

[0007]  Inanother aspect, amethod to convert optical energy to electrical energy includes
receiving light on a surface structured to include a doped semiconductor substrate a |east
partially covered by an array of multilayered nanostructures formed of afirst co-doped
semiconductor material covered by alayer of a second co-doped semiconductor material,
converting the received light to an electrical signal by acascaded exciton ionization (CEI)
mechanism at the array of multilayered nanostructures, wherein the electrical signal is
presented a an electrode on the doped semiconductor substrate of the surface, and conducting

the electrical signal to an electrica circuit.

[0008]  The subject matter described in this patent document can be implemented in
specific ways that provide one or more of the following features. For example, the disclosed
technology includes an engineered physical mechanism, cascaded exciton ionization (CEl), to
amplify the photoresponse of core-shell semiconductor nanoscale structures (e.g., silicon
nanowires) without the constraint of the MEG or avalanche mechanism. In some
implementations, for example, the disclosed CEI process can be implemented using a
nanoscale device having aheavily-doped, partially compensated p-njunction in which the p-
region contains a substantial amount of donors and the n-region contains a substantial amount
of acceptors. An exemplary salient feature of the disclosed CEI technology is that, unlike
avalanche multiplication, the CEl process can take place at |low or even zero bias. Asa
result, the CEIl process can be used for detection of optical signals and energy conversion
such as photovoltaics, or even optical cooling (e.g., to remove heat from the area under

illumination).

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1shows aschematic of an exemplary optical-to-electrical energy conversion

device including a co-doped, heavily compensated p/njunction structure.

[0010] FIGS. 2A-2C show exemplary optical and scanning electron micrographs of
exemplary Si nanowire based optical-to-electrical energy conversion devices with the co-

doped, heavily compensated p/njunction structure.

[0011] FIG. 2D shows aschematic of an exemplary co-doped p+/n+ junction structure of

the disclosed optical-to-electrical energy conversion devices.
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[0012] FIG. 3 shows exemplary diagrams showing ionization of coupled bound exciton by

energy carriers.

[0013] FIGS. 4A-4F show exemplary schematics illustrating the operation principle of

cascaded exciton ionization in an exemplary solar cell device of the disclosed technology.

[0014] FIG. 5 shows an exemplary |-V characteristic plot showing the qualitative
comparison of solar cell efficiency between aconventional Si singlejunction solar cell device

and an exemplary solar cell device of the disclosed technology.

[0015] FIG. 6 shows an exemplary plot showing an exemplary result of the disclosed solar

cell under red light illumination.

[0016] FIG. 7A and 7B show exemplary data plots of the measured wavelength
dependence of responsivity and quantum efficiency of an exemplary solar cell device in a

short-circuit configuration.
[0017] FIGS. 8A-8C show schematics of exemplary configurations of the device structure.

[0018] FIGS. 9A and 9B show images illustrating an exemplary nanowire based optical-

to-electrical energy conversion device of the disclosed technology.

[0019] FIGS. 10A-10F show diagrams illustrating the operating principle of the

exemplary optical-to-electrical energy conversion device of FIGS. 9A and 9B.

[0020] FIGS. 1lIA-1 1C show diagrams showing exciton formation and secondary e-h pair

generation using the disclosed technology.

[0021] FIGS. 12A-12D show exemplary plots and diagrams of the characteristics of the

exemplary nanowires of the disclosed technology.

[0022] FIGS. 13A-13C shows exemplary data plots of electrical characteristics of the

exemplary nanowire device.

[0023] FIG. 14 shows an illustrative schematic of an exemplary carrier multiplication by

cascaded exciton ionization process initiated from a single photon incident.

[0024] FIGS. 15A and 15B show data plots of the exemplary quantum efficiency as a
function of the probability of the DAP excitation and ionization by hot electron or hole.

[0025] FIGS. 16A and 16B show exemplary noise analysis plots of an exemplary

nanowire cascaded exciton ionization device.



10

15

20

25

30

WO 2014/165228 PCT/US2014/024866

[0026] FIGS. 17A and 17B show histogram plots of the exemplary quantum efficiency
distribution.

DETAILED DESCRIPTION
[0027]  Almost 95% of deployed solar cells inthe world are crystalline Si single-junction
solar cells. The Shockley-Queisser limit suggests that the single-junction Si (e.g., 1.1eV
bandgap) solar cell has amaximum theoretical efficiency of 29% (e.g., under 1.5 Sun). The
efficiency limit is largely due to the energy loss to heat by photons having higher energy than
the bandgap energy of silicon. To date, 25%-26% efficiency solar cells have been
demonstrated. To push solar energy as an economically viable energy source, solar cell
systems, devices, and processes need to drive significantly beyond low efficiencies, such as
the 29% theoretica efficiency of single-junction Si solar cells while achieving alow cost

approach.

[0028] Singlejunction solar cells refer to devices having their p/njunctions made of only
one type of material (e.g. Si). In contrast, multi-junction solar cells are structured to contain a
series of p/njunctions made of semiconductors of different bandgap energies. For example, a
double-junction solar cell may include a GaAs p/njunction asthe first p/njunction in series
with aGep/njunction asthe second p/njunction. Sunlight impinges upon the first GaAs p/n
junction first and photons of greater energy than the GaAs bandgap energy are mostly
absorbed. Photons of lower energy than the bandgap of GaAs are then absorbed by the
second Ge p/n junction underneath the GaAs p/njunction. Assuch, multi-junction solar cells
can obtain higher energy conversion efficiency a ahigher cost than singlejunction silicon
solar cells. A few applications such as space applications and designs involving solar
concentrators as additional components may be able to take the technical advantage of the
multi-junction solar cell designs for improved efficiencies. In most applications where the
cost is asignificant consideration, the vast majority of terrestrial solar cells are single

junction, single crystal silicon solar cells with abandgap energy of 1.12 eV.

[0029]  The upper energy conversion efficiency of singlejunction silicon solar cells has
been limited to 29% under 1.5 suns, as predicted by the Shockley-Queisser theory published
intheir 1961 paper. The theory has proven valid over the past 5 decades. The state-of-the-art
singlejunction silicon solar cells demonstrated in the research laboratories have shown 25-
26% efficiency and the devices deployed in the field has reached 20% efficiency. Decades of

research has not produced effective and reproducible designs for singlejunction Si solar cells
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with efficiency above the Shockley-Queisser limit. For example, one important factor that
limits the Si solar cell efficiency isthe energy loss to phonons. When the photon energy is
greater than the bandgap energy of Si, the extra energy turns into heat due to phonon
scattering, causing more than 50% loss of solar energy. Also, for example, techniques such
as multi-exciton generation (MEG) and secondary excitation have not proven to be effective
or practical, and most nanostructure solar cells have shown even lower efficiency than

optimized conventional devices.

[0030]  Techniques, systems, and devices are described for highly-efficient optical to
electrical energy conversion, e.g., which exceed the highest energy conversion efficiencies

achievable for single-junction Si according to Shockley-Queisser theory.

[0031]  The disclosed optical-to-electrical energy conversion technology provides
practical, low cost methods to fundamentally overcome the Shockley-Queisser limit by a
large margin. Exemplary methods of the disclosed technology can be applied to many types
of semiconductors, including or besides silicon. 1n some aspects, for example, Si single
junction solar cells devices are disclosed that achieve energy conversion efficiencies greater
than 48%.

[0032]  In one aspect, an optical-to-electrical energy conversion device of the disclosed
technology is structured to include silicon core/shell nanostructures (e.g., nanowires) with
heavily compensated p/njunctions to provide an optical region for optical-to-electrical
energy conversion. The optical-to-electrical energy conversion device includes a substrate
formed of a doped semiconductor material, in which the substrate includes afirst region and a
second region. The optical-to-electrical energy conversion device includes an array of
multilayered nanostructures (e.g., such as nanowires) protruding from the first region of the
substrate, in which the nanostructures (e.g., nanowires) are formed of afirst co-doped
semiconductor material covered by alayer of a second co-doped semiconductor material
forming a core-shell structure, and in which the layer covers & least aportion of the doped
semiconductor material of the substrate in the second region. The first and second co-doped
semiconductor materials include electron acceptor dopants and electron donor dopants, in
which the first co-doped semiconductor material is structured to include a greater
concentration of one type of the acceptor or donor dopants than the other type dopants
throughout the first co-doped semiconductor material, and the second co-doped
semiconductor material is structured to include a greater concentration of the other type

dopants than the one type dopants throughout the second co-doped semiconductor material.
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The optical-to-electrical energy conversion device includes an eectrode formed on the layer-
covered portion of the substrate in the second region. The multilayered nanostructures are
structured to provide an optical active region capable of absorbing photons from light a one
or more wavelengths (e.g., including visible light) to generate an eectrical signal presented at

the electrode.

[0033] The exemplary solar cell device is shown in schematics and micrograph images of
FIGS. 1and 2A-2C, depicting etched nanowires and nano ridges standing vertically on the
substrate of the device and having co-doped, heavily compensated p*/n*junction with a

narrow dimension in the direction of the p'/n*junction.

[0034] FIG. 1shows aschematic of aco-doped, heavily compensated p/n junction
structure of an exemplary optical-to-electrical energy conversion device 100. In some
implementations, for example, the device 100 can beused in a solar cell device. The device
100 includes a substrate 110 that is formed of adoped semiconductor material. For example,
the substrate 110 can be configured as a p-type semiconductor, asinthe exemplary
embodiment shown in FIG. 1. In some implementations, for example, the device 100 can
include a substrate base 115 formed of an electrical insulator material coupled to the substrate
110. The substrate 110 is structured to include two operative regions, afirst region 111and a
second region 112. The first region 111 includes an array of multilayered nanowire
structures 120 protruding from the substrate 110. The multilayered nanowire structures 120
are formed of afirst co-doped semiconductor material 121 covered by alayer of a second co-
doped semiconductor material 122, e.g., forming acore-shell structure. For example, in some
implementations of the device 100, the first co-doped semiconductor material 121 can be
engineered as ap+/n type semiconductor material, in which the p+/n type semiconductor
material includes both electron acceptor and electron donor dopants throughout the first
material, and the acceptor concentration is greater than the donor concentration (e.g., where
the acceptor concentration can be on the order of 101 cm™ carrier concentration and the
donor concentration can be on the order of 10%® cm@ carrier concentration). The first co-
doped semiconductor material 121 is controllably doped to a desired doping threshold to
produce a co-doped, heavily compensated p+/njunction structure, e.g., in which the p+/n
doping threshold can be at least 10%* cm™3. Also in such implementations, for example, the
second co-doped semiconductor material 122 can be engineered as a n+/p type semiconductor
material, in which the n+/p type semiconductor material includes both electron acceptor and

electron donor dopants throughout the second material, and the donor concentration is greater
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than the acceptor concentration (e.g., where the donor concentration can be on the order of
1019 cm® carrier concentration and the acceptor concentration can be on the order of 102 cm
3 carrier concentration). The second co-doped semiconductor material 122 is controllably
doped to adesired doping threshold to produce aco-doped, heavily compensated n+/p
junction structure, e.g., in which the n+/p doping threshold can be at least 10** cm3. In some
implementations, for example, the layer of the second co-doped semiconductor material 122
can also cover a least aportion of the doped semiconductor material of the substrate 110 in
the second region 112. The device 100 includes an electrode 130 formed on the layer-
covered substrate in the second region. For example, the electrode 130 can be configured to
include an n type semiconductor material. The multilayered nanowire structures 120 of the
device 100 provide an optical active region capable of absorbing photons from visible light a
particular wavelengths to generate an electrical signal presented at the electrode 130.

[0035]  The optical-to-electrical energy conversion device 100 can be produced by the
following fabrication method. The fabrication method can include aprocess to form an array
of nanostructures (e.g., such as nanowires) in afirst region (e.g., region 111) of a substrate
formed of a doped semiconductor material (e.g., substrate 110). For example, the doping
concentration of the substrate can be e least 1018 cm@ of afirst dopant, e.g., in which the first
dopant includes one type of electron acceptor dopants or electron donor dopants. The
fabrication method can include aprocess to deposit a dopant material on the first region to
form alayer over the array of nanostructures. For example, the dopant material contains a
second dopant of the other type of the electron acceptor dopants or the electron donor dopants
from the first dopant. For example, if the one type of dopants of the first dopant is electron
acceptor dopants, then the other type of dopants of the second dopant is electron donor
dopants. The fabrication method can include aprocess to (i) convert the doped
semiconductor material of the array of nanostructures into afirst co-doped semiconductor
material having both the electron acceptor dopants and the electron donor dopants, in which
there is a greater concentration of the one type of dopants than the other type of dopants.
Concurrently, the fabrication method can include a process to (ii) convert the deposited
material of the layer over the array of nanostructures into a second co-doped semiconductor
material having both the electron acceptor dopants and the electron donor dopants, in which
there is a greater concentration of the other type of dopants than the one type of dopants. For
example, the converting process can include applying heat (e.g., a temperatures greater than

900 °C) for aduration of time (e.g., less than a minute) to control a diffusion process of the
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opposite dopants to diffuse throughout the primary doped materials (e.g., the doped
semiconductor material of the nanostructures and the dopant material of the formed layer
over the nanostructures) to form the first and the second co-doped semiconductor materials.
Implementation of these processes of the fabrication method thereby produces a core/shell
structure of the first co-doped semiconductor material and the second co-doped
semiconductor material, respectively, capable of absorbing photons from light a one or more

wavelengths to generate an electrical signal.

[0036]  In some implementations of the fabrication method, the process to form the array
of nanostructures can include etching the nanostructures from the substrate into a pattern
based on amask. For example, the etching can include an inductively coupled plasma -
reactive-ion etching process with C,Fg and SF4 gases using electron-beam lithographically-
patterned nickel disks asthe mask. In some implementations of the fabrication method, the
process to deposit the dopant material can include coating a dopant solution onto a second
substrate, baking the coated dopant solution on the second substrate, and transferring the
second dopant from the second substrate on the first region of the substrate by applying heat
to evaporate the second dopant to form the layer over the over the array of nanostructures. In
some implementations of the fabrication method, the process to deposit the dopant material
can include forming the layer to cover a least aportion of the doped semiconductor material
of the substrate outside the first region. In some implementations, for example, the
fabrication method can further include producing a contact pad of an electrically conductive

material on the first region of the substrate.

[0037]  FIGS. 2A-2C show exemplary optical and scanning electron micrographs of
exemplary Si nanowire based optical-to-electrical energy conversion devices with the co-
doped, heavily compensated p/njunction structure. The exemplary device 100 is shown in
FIGS. 2A-2C structured to include an array of 30x30 p-core / n-shell silicon nanowire
structures, e.g., having a nanowire diameter in arange of 280 nmto 340 nm. FIG. 2A shows
exemplary optical of the device 100 with the exemplary co-doped, heavily compensated p/n
junction structure. The exemplary scale bar in the optical image of FIG. 2A is5 un. FIGS.
2B and 2C show scanning electron microscopy (SEM) micrographs of the device 100 having
the exemplary co-doped, heavily compensated p/njunction structure. The exemplary scale
bar in the SEM micrograph of FIG. 2B is 10 win, and the exemplary scale bar of the zoomed-
in SEM micrograph of FIG. 2Cis 5 pn.
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[0038] FIG. 2D shows aschematic of an exemplary co-doped p+/n+ junction nanowire
structure 220 of an exemplary optical-to-electrical energy conversion device of the disclosed
technology. Inthis example, ap-doped silicon (p-Si) material 221 is coated by an n-doped
silicon (n-Si) material 222 to form acore-shell structure having ap+/n+ junction with a
narrow dimension in the direction of the p*/n*junction. For example, the p-Si material 221
can be configured in acylindrical, wire-like structure, e.g., having aradius of -66 nm, in
which the n-Si material 222 can be formed in an outer cylindrical geometry encasing the p-Si
material 221 and athickness of -84 nm, e.g., thereby producing the co-doped p+/n-type core
n+/p-type silicon nanowire structure 220 to have a diameter of -300 nm. Inthe example
depicted in FIG. 2D, the interior core region of the co-doped junction nanowire structure 220
is formed of the p+/n type silicon material including both electron acceptor and electron
donor dopants, in which the acceptor concentration is greater than the donor concentration.
For example, the acceptor dopants can be on the order of 10" cm™ (e.g., 2x10" cm™). The
exterior shell region of the co-doped junction nanowire structure 220 is formed of the n+/p
type silicon material including both electron acceptor and electron donor dopants, in which

the donor concentration is greater than the acceptor concentration.

[0039] For example, the device 100 can be configured such that ahigh dosage of donors is
introduced to the p-region and ahigh dosage of acceptors to the n-region, e.g., forming
heavily compensated p/njunction. Through aprocess of "cascaded exciton ionization”

(CEl), which occurs in such aheavily compensated device, under short-circuit conditions, the
absorption of a single photon can produce multiple electron-hole pairs. For example, inthe
short-circuit condition, absorption of one photon can produce alarge number (e.g. 4-10) of e-
h pairs. This then increases the short-circuit current by 400% to 1000%, e.g., asrelative to
state-of-the art devices. Consequently, aconversion efficiency higher than 29% can be
achieved. For example, aconversion efficiency greater than 48% can be achieved in single-

junction Si solar cells, thus nearly doubling the Shockley-Queisser limit.

[0040]  For example, the optical active region is configured to absorb photons of visible
light at wavelengths with energies above the 1.12 €V bandgap energy of Si. In some

implementations of the device 100, for example, the optical active region is configured to
absorb photons from visible light a 630 nm, in which the absorption of red photons at 630

nm wavelengths produce at least 4 electron-hole pairs for generation of the electrical signal.

[0041] Exemplary implementations of the disclosed optical-to-electrical energy

conversion devices were performed. 1n some implementations, for example, photoresponse

10
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measurements were conducted under visible 630 nm light which showed that one 630 nm
photon produces 4 to 10 electron-hole pairs under short-circuit conditions; and this exemplary
result was reproducible. Within the exemplary CEI process of the disclosed technology, ahot
carrier (e.g., ~ 1eV kinetic energy) can ionize abound exciton (A-D+) dueto the high
concentration of co-doped acceptors and donors. Loss of energy through phonon scattering is
limited to ~50 meV given the nanoscale of the core/shell structure. There is no violation of
energy conservation within the model, e.g., electron-hole generation occurs under short
circuit conditions, and since the terminal voltage is zero, the device does not produce more

output power than the input optical power.

[0042] In some embodiments, the disclosed devices can be configured to include alarge
amount (~10?° cm3) of acceptors and donors that are introduced into the semiconductor. In
areas where the acceptor concentration is greater than the donor concentration, the material
becomes p-type semiconductor. In areas where the donor concentration overcompensate for
the acceptor concentration, the material shows the characteristics of n-type semiconductor.
For example, because of the P*/n*junction, the build-in potential isvery close to the bandgap
energy, eg., around 1eV for Si with its room temperature bandgap of around 1.12 eV. For
example, because of co-existence of donors and acceptors in both p- and n- side of
semiconductor, each side forms an impurity band and most important of all, a coupled 3D
matrix of D+/A- bound excitons. The electrons move from the donors to occupy the states in

the nearby acceptors, as shown in FIG. 3.

[0043] FIG. 3 shows exemplary diagrams showing ionization of coupled bound exciton by
energy carriers. When both the donors and acceptors are doped to alevel of the order of

IXIO 9 cm3, for example, the average distance between a donor and an acceptor is less than
2.5 nm (e.g., around 2 nm). Depending on the carrier concentration, the Debye length is
comparable to the donor-acceptor spacing. The exciton spacing is also less than the exciton
radius (e.g., around 3 nm), causing coupled excitons. Thus, for example, it takes lessthan 1
€V to ionize the bound exciton to produce the neutral (A°D°) state. The neutral
donor/acceptor isthermally ionized to become e/h pairs contributing to the current. For
example, because of the core/shell nanostructure, acarrier can see the potential cliff at the p/n
junction within an average distance of 40-60 nm. At athermal velocity of 107 cm/s, it may
take about 0.5 psto cross the potential cliff. Considering the energy relaxation time by
phonon scattering, the carrier may lose less than 50 meV due to the inelastic phonon

scattering. Considering the impurity band tails due to the heavy donor and acceptor
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concentrations, the energy required to "ionize an exciton" can be estimated to be
approximately represented asEQ - e; - €, + [ep|, Where Eg is the bandgap of the bulk crystal, e,
and e, are the ionization energy of donor and acceptor, and [es, is the magnitude of excitonic
binding energy. In practice, for example, the exciton ionization energy in such heavily co-
doped and compensated semiconductor can be over 100 meV below the bandgap of bulk
semiconductor. Asto be discussed next, the lowering of the exciton ionization energy and
the large number of coupled excitons present in such specific p/njunction structure is

important to the high energy conversion efficiency of the solar cells.

[0044]  FIGS. 4A-4F show exemplary schematics illustrating the operation principle of the
cascaded exciton ionization (CEI) in the exemplary optical-to-electrical energy conversion
device 100 of the disclosed technology. For example, the disclosed optical-to-electrical
energy conversion technology can produce multiple electron-hole pairs that contribute to the
short-circuit current of solar cells. For example, assume aphoton is absorbed in the p-side of
the p/njunction to produce the primary electron-hole pair, as depicted in the plot of FIG. 4A,
and the device 100 is connected in a short-circuit configuration. The photogenerated hole
leaves the device rapidly, but the photo-generated electron crosses over a steep potentia cliff
and is accelerated to obtain ahigh kinetic energy of around 1€V, asshown in FIG. 4B. Ina
normal p/njunction solar cell, the kinetic energy of the electron is quickly lost through
phonon scattering and thermalized. However, dueto the very high population of bound
(D*/A") excitons and the reduced exciton ionization energy explained previoudly, there exists
asignificant probability that the energetic electron ionizes an exciton to (D°/A°) state by
collision, in aprocess similar to impact ionization. Before the ionized exciton has achance to
return to its original bound (D*/A") state, it can beionized by thermal energy or by interaction
with other hot electrons to form a secondary electron-hole pair in the conduction and valence
band, as depicted in FIG. 4C. The secondary hole will cross the p/njunction and gain the
kinetic energy, shown in FIG. 4D. This energetic hole also has afinite probability toionize a
bound (D*/A") tothe (D°/A°) state on the p-side of the p/njunction, shown in FIG. 4E. The
(D°/A°) state can be thermalized to produce the third generation of e-h pairs, as shown in

FIG. 4F, and the process can go on.

[0045]  Inan exemplary model, the probability for electron initiated exciton ionization is
Pi, and the probability for hole initiated exciton ionization is P2. The average number of e-h

pairs produced by absorption of a single photon can be represented as:
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145(PLiy,
N = D
1- P1P2

N can betreated asthe 'effective’ quantum efficiency under the short-circuit condition. For
example, if both Pi , P, = 0.5, N=2 according to Eq. 1, indicating that absorption of one
photon can produce 2 electron-hole pairs and the short circuit current istwice of the incoming
photon flux. The short-circuit current of the solar cell of the disclosed technology can be

written as:

2)

142(P; +Py)
Ise = Isec B
where | and I are the short-circuit current of the device of the disclosed technology and

the conventional solar cell, respectively.

[0046] FIG. 5 shows an exemplary |-V characteristic plot showing the qualitative
comparison of solar cell efficiency between aconventional Si singlejunction solar cell device
and an exemplary solar cell device of the disclosed technology. The exemplary I-V
characteristic plot of FIG. 5 shows qualitatively how an exemplary device of the disclosed
technology, e.g., such as device 100, can enhance the overall solar cell efficiency. The
device of the disclosed technology produces asignificant increase in the short-circuit current,
but only a modest effect on the open-circuit voltage. Inthe open circuit configuration, the
accumulated electrons and holes on either side of the p/njunction reduces the magnitude of
the potential cliff across the p/njunction by the amount of V .. Asaresult, the electrons and
holes do not gain enough kinetic energy to produce excitons. When the probabilities of
exciton ionization Pi, and P, approach zero, the device of the disclosed technology produces

the same open-circuit voltage as conventional solar cells.

[0047] The net energy conversion efficiency of asolar cell is determined by the square
efficiency, determined graphically by the largest rectangle within the area defined by the I-V
characteristics under agiven solar energy. It becomes apparent that when the short-circuit
current increases, the square efficiency also increases. Or equivalently, the same amount of

electrical power can be produced under weaker sun light.

[0048] FIG. 6 shows an exemplary plot showing an exemplary result of the disclosed solar
cell under red light (e.g., 635 nm wavelength) illumination. The measured energy conversion
efficiency was shown to be around 65% e the exemplary 635 nm wavelength. The

exemplary result demonstrates the effect of cascaded exciton ionization (CEl). Otherwise,
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even in the most ideal scenario with 100% light capturing efficiency, zero Ohmic loss, and
100% quantum efficiency (i.e., every photon that is absorbed produces one e-h pair), the

maximum achievable efficiency can only be 51% for 635 nm wavelength light.

[0049] FIGS. 7A and 7B show exemplary dataplots depicting the measured wavelength
dependence of responsivity and quantum efficiency of an exemplary solar cell devicein a
short-circuit configuration, respectively, e.g., over the spectra range between 400 nm and
850 nm. Asshown in FIG. 7B, at short wavelength (e.g., 400 nm), one single photon can
produce over 40 electron-hole pairs contributing to the short-circuit current. It is noted that,
for example, this does not violate the law of conservation of energy since the exemplary
deviceis a zero bias, thus delivering no power in the short-circuit configuration. The
contribution of power conversion efficiency from the significant increase in the short-circuit

guantum efficiency is qualitatively illustrated in FIG. 5.

[0050]  FIGS. 8A-8C show schematics of exemplary configurations of the disclosed device
structure. In some exemplary embodiments, the optical-to-electrical energy conversion
devices can be structured to include, but are not limited to, an array of nanoscale wires 820A
shaped in a substantially cylindrical or conical geometry (e.g., 'nanowires), as shown in FIG.
8A. In some exemplary embodiments, the optical-to-electrical energy conversion devices can
be structured to include alinear array of nanoscale lines, ridges, or walls 820B having a
substantially linear rectangular geometry (e.g., 'nanowalls), asshown in FIG. 8B. In some
exemplary embodiments, the optical-to-electrical energy conversion devices can be structured
to include acrisscross of the nanowalls 820C, e.g., substantially perpendicular crisscrosses,
similar to awaffle- or chessboard-like pattern (e.g., 'nanowaffles), asshown in FIG. 8C. In
all these exemplary structures, the cross section of the device has aco-doped, heavily
compensated p/njunction similar to FIG. 1. Also, the nanoscale dimensions of the exemplary
geometries include the diameters or widths of the multilayered nanostructures, while the
height of such nanostructures protruding from the substrate can be configured in nanoscale

dimensions, microscale dimensions, or greater.

[0051] In another aspect, devices, systems, and methods are described for optical to
electrical signal conversion with high efficiency and low noise based on a cascaded exciton
ionization (CEIl) carrier multiplication mechanism. Exemplary CEIl devices and methods can
be implemented in avariety of applications including photovoltaics, communications, and

imaging, among others.
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[0052]  Mechanisms of carrier multiplication can be used to increase the efficiency of
optical to electrical signal and energy conversion, e.g., which can be implemented in
applications including photovoltaics, communications, and imaging, among others. In some
examples, multiple exciton generation (MEG) techniques have been used to create multiple
carriers in low-dimensional semiconductors for photovoltaics. In some instances MEG can
involve issues such as Auger recombination, material degradation, photocharing, and carrier
trapping that limits its efficiency. For example, for optical detection, avalanche
multiplication has been the primary mechanism for signal amplification for decades, but
avalanche gain has its associated problems of excess noise, high operating voltage, and

material dependence.

[0053]  The disclosed techniques, systems, and devices include an engineered carrier
multiplication mechanism, which is referred to as cascaded exciton ionization (CEl), e.g.,
using heavily compensated p+/n+ core-shell silicon nanowires. The disclosed CEI
technology can beused to achieve high efficiency optoelectronic applications. For example,
in some exemplary implementations described herein, dueto the continuous excitation and
ionization of donor-acceptor pair excitons initiated by photon absorption, the quantum

efficiency is found to be substantially greater than 100% even under zero bias voltage.

[0054]  The efficient conversion of light into electrical energy constitutes akey process in
various optoelectronic applications such as communications, imaging, photovoltaics, and
sensing. Using photovoltaics as an example, aprevailing idea of using excitonic effects to
enhance efficiency isthrough multiple exciton generation (MEG). However, the strong
competition of phonon scattering and Auger recombination has severely limited the multi-
exciton generation efficiency, causing difficulties in realization of the concept in solar cells.
Above all, for example, the MEG process may only occur to photons with energies at least
twice the bandgap of the semiconductor material being used. For Si with abandgap energy
of 1.1eV, photons with energy less than 2 eV cannot utilize the MEG effect to produce more
than one e-h pair from absorption of a single photon. For optical detection, on the other hand,
an internal gain mechanism, avalanche multiplication, can be been used in nanostructures to
amplify the optical and exciton signals; however, the avalanche process requires high reverse

bias and is unsuitable for photovoltaics and many low power applications.

[0055]  Described herein are systems, devices, and techniques that apply an engineered
physical mechanism, cascaded exciton ionization (CEl), to amplify the photoresponse of

core-shell semiconductor nanoscale structures (e.g., silicon nanowires) without the constraint
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of the MEG or avalanche mechanism. An exemplary salient feature of the disclosed CEl
technology isthat, unlike avalanche multiplication, the CEIl process can take place at low or
even zero bias. Asaresult, the CEI process can be used for detection of optical signals and
energy conversion such as photovoltaics, or even optical cooling (e.g., to remove heat from
the area under illumination). 1n some implementations, for example, the disclosed CEl
process can be implemented using a nanoscale device having aheavily-doped, partially
compensated p-njunction inwhich the p-region contains a substantial amount of donors and
the n-region contains a substantial amount of acceptors. Exemplary implementations of the
disclosed CEI technology are described herein for applications in acore-shell Si hanowire
structure. For example, partially-compensated p+/n+ core-shell junctions in the radial
direction of the nanowires are created using a solid state diffusion process. For example,
characterized are the nanowire internal gain resulted from the CEIl by photocurrent
measurements in the visible spectrum under zero bias. The exemplary results show that the
guantum efficiency, in the short-circuit configuration, can be significantly greater than unity

for photons of energy lower than 2 E; (e.g., 635 nm wavelength) a room temperature.

[0056]  FIG. 9A shows an exemplary bright-field optical microscope image of an
exemplary device of the disclosed technology containing an array of 30x30 vertical silicon
nanowires with 1 n pitch, fabricated on a 35 pin x 46 win mesa. Inthis exemplary
implementation, the nanowires are configured to have aradius of 340 nm and are 2.5 pn
long. The nanowire array appears to be dark under microscope light as aresult of the well-
known photon trapping effect, which can also be confirmed by the reflection spectra
measurements. A zoomed-in view of the SEM of the exemplary nanowire array device is
also shown in FIG. 9B. The devices show typical p-njunction current-voltage characteristics

with reverse bias current lessthan 0.5 iiA at 1V (as shown in FIG. 13A).

[0057] For example, the exemplary device shown in FIGS. 9A and 9B under illumination
can be connected in a short-circuit configuration (at zero bias). Due to the co-existence of
high concentrations of donors and acceptors in both sides of the radial p*/n*junction of the
silicon nanowires, alarge number of donor-acceptor pairs (D*A™P) are present, providing the
source for donor-acceptor pair exciton (DAP) formation. To elucidate the operating
principle, it can be assumed that aphoton with energy greater than the silicon bandgap is

absorbed in the p-core and creates aprimary electron-hole pair.

[0058]  FIGS. 10A-10F show diagrams illustrating the exemplary operating principle of

the exemplary nanowire device of the disclosed technology. FIG. 10A shows an exemplary
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diagram depicting primary electron-hole pair generation by photon absorption. The primary
electron gains ahigh kinetic energy after crossing the potential cliff. FIG. 10B shows an
exemplary diagram depicting the donor-acceptor pair exciton (DAP) formation by the hot
electron which loses its energy after exciton excitation. FIG. 10C shows an exemplary
diagram depicting the ionization of the donor-acceptor pair exciton (DAP) to create the
secondary electron-hole pair. FIG. 10D shows an exemplary diagram depicting the DAP
formation in the p-core by the secondary hot hole. FIG. 10E shows an exemplary diagram
depicting the creation of the third generation of electron-hole pair by exciton ionization. FIG.
10F shows an exemplary diagram depicting the third-generation electron gains high kinetic
energy to excite another DAP in the n-shell.

[0059] The primary hole leaves the device viathe p-contact and the primary electron
moves toward the n-shell (FIG. 10A). For aheavily doped p/njunction, the built-in potential
is close to the bandgap energy and the depletion region isvery thin (eg., L < 20 nm for a 1019
cm3/ 10%° cm3p/njunction). Asaresult, for example, the photogenerated primary electron is
accelerated within ashort distance by the built-in potential to become ahot eectron entering
the n-shell. In aconventional p/njunction, the hot electron loses its energy and momentum
via phonon emission or electron-electron scattering. However, in aheavily compensated p/n
junction, the hot eectron has ahigh probability to excite adonor-acceptor pair (D*AP) into a
donor-acceptor pair exciton (DAP), asillustrated schematically in FIG. 10B, and in FIGS.
11A and 11B for greater details. The energy required to excite a DAP exciton is given by

E = Eg- (E, + Ey) + \E,\, where, for example, E, (0.044 eV) and E; (0.046 eV) arethe
impurity ionization energies for acceptors (boron) and donors (phosphorous), and E;, isthe
binding energy of the exciton determined by the Coulomb interaction between the donor and
acceptor ions. A simple model gives E, ~e?/ 4mieR, where e isthe free electron charge, ¢ is
the dielectric constant of the material, and R is the exciton radius. For heavily compensated
Si, for example, E, isonthe order of 0.01 eV, thus yielding the required DAP excitation
energy of around 1eV from the above relation. Therefore, the hot electron possesses enough
kinetic energy to excite aDAP exciton in the n-shell of the nanowire and this process can be
expressed as:

D* A~ Pdonor -acceptor pair + €Hot = A Aexciton + €Cold (NT)

17



10

15

20

25

30

WO 2014/165228 PCT/US2014/024866

[0060] Following the exemplary process (NI), there exists two possible paths that the
DAP exciton may take: (@) exciton annihilation by returning to the D*AP state via radiative

or non-radiative process:

DAInexciton = DA™ Pdonor -acceptor pair + AVphoton (N2-1)

Dap +ecoia > D*A™P;op0r-acceptor pair + eHot (N2-2)

exc lton
or (b) thermal ionization to produce afree electron-hole pair:
DAPexCiton + EPhonon - eth (N3)

[0061] Exemplary implementations of the disclosed technology show that the DAP
exciton annihilation via photon emission, process (N2-1), occurs a very low temperatures,
and process (N2-2) isreatively unlikely to happen unless for very low bandgap
semiconductors having large Auger recombination coefficients. Thus, for silicon nanowires
a room temperature, for example, the thermal ionization of DAP exciton, process (N3), isthe

predominant process, which isillustrated in FIGS. 1IA-1 1C.

[0062] FIG. 11A shows an exemplary diagram showing exciton formation and thermal
ionization initiated by ahot electron. FIG. 1I1B shows an exemplary diagram showing donor-
acceptor pair exciton formation and thermal ionization illustrated in acrysta lattice. FIG.
[IC shows an exemplary diagram showing quantum efficiency of nanowires obtained from
direct measurements over wavelengths from 450 nm to 670 nm. The exemplary error bars

show uncertainties of measured optical power impinging upon the nanowires.

[0063] Thethermal ionization of DAP exciton creates the secondary free electron-hole
pair by acquiring thermal energy from the crystal lattice (FIG. 10C) via phonons. The
secondary €electron in the conduction band leaves the device quickly viathe n-contact. On the
other hand, the secondary hole in the valence band acts in asimilar manner to the primary
glectron: e.g., gaining high kinetic energy to generate anew DAP exciton by excitation of
another D*A'P (FIG. 10D) in the p-core. The disclosed exciton can again bethermally
ionized to produce the third generation of free electron-hole pair and such process can take
place in cascade between the p-core and the n-shell asillustrated in FIGS. 10A-10F.
Similarly, carrier multiplication can also beinitiated by a photon absorbed in the n-shell of
the nanowire so that the primary hole becomes the particle that initiates the cascaded exciton

generation and ionization process.
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[0064] Asillustrated in FIGS. 10A-10F, the exemplary device operating principle
suggests that one can achieve quantum efficiency that is significantly greater than unity in the
short-circuit configuration. The quantum efficiency (e.g., the total number of electron-hole

pairs generated from a single photon) can be expressed analytically as:

() = Irll %) +R(l +yp)) +[evedfandad] (N4)

where Fc and Fs are the probability for the photon to be absorbed in the p-core and n-shell,
and X, (y,) isthe probability for the primary electron (hole) to excite the secondary e-h pair.
On the other hand, X (y) represents the probability for the secondary and all future
generations of electrons (holes) to excite e-h pairs (0 < X,y < 1). For example, adistinction
can be made for the probability of the primary electron (hole) and the probability of future
generations of electrons (holes) because the primary electrons (holes) are produced by direct
photon absorption, e.g., thus attaining different characteristics than all other electrons (holes)
in terms of their energies and positions. The most apparent difference isthat the values of X,
andy , are expected to be wavelength dependent whereas the values of Xandy are supposed
to be wavelength independent. The wavelength dependence of X, and y, could also be due to
the location where the photon is absorbed, in the core or in the shell. For the e-h pair
generated in the shell, the value of probability may also depend on its distance from the
surface of the exemplary nanostructure (e.g., such asthe nanowire), being affected by the

surface recombination via surface states.

[0065] In the exemplary implementations of the disclosed CEIl technology, for example,
an optical monochromator setup was used to measure the effect of cascaded exciton
ionization in the heavily compensated p*/n* core-shell nanowire. Optica excitations above
the bandgap of silicon (e.g., 450 nm - 670 nm) were used to measure the photoresponse of an
exemplary device in ashort-circuit configuration. The exemplary device was measured at
zero bias to eliminate the possibility for other carrier amplification mechanisms and to
remove measurement errors due to any leakage current. The amount of light at each
wavelength impinging upon the nanowires was corrected from reflection of the non-
polarized, normal incident light (FIG. 13B). Both an exemplary arrayed nanowire device of
the disclosed technology and aplanar device (without nanowires) were characterized in the
same manner (FIG. 13C). Following the exemplary steps described later this patent
document, the quantum efficiency of nanowires was obtained, asplotted in FIG. 11C based

on the geometry differences between the nanowire and the planar device. For example, the
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guantum efficiency (QE) was found to be greater than unity for wavelengths longer than 488
nm. However, optical diffraction and evanescent coupling effects can trap photons within the
nanowire array. Therefore, for example, the QE values presented in FIG. 11C include

contributions from both the photon trapping effect and the CEI effect.

[0066]  To obtain the contribution from the photon trapping effect, for example, exemplary
implementations were performed using three-dimensional finite element method (FEM)
simulations to study the corresponding electromagnetic field distribution within the nanowire
array, as shown in FIGS. 12A-12B. FIG. 12A shows adata plot of the absorption
enhancement factor over the physical fill factor dueto the photon trapping effect in the main
panel and, in the inset, an exemplary diagram of avertical nanowire structure used for finite
element method (FEM) simulations. FIG. 12B shows an exemplary diagram of the major
transverse electric field (\Ey |) distribution in the y-z plane for the nanowire array at three
representative wavelengths - 450 nm, 532 nm, and 635 nm. FIG. 12C shows an exemplary
dataplot of the quantum efficiency of nanowires originated from the cascaded exciton
ionization effect alone after removing the contribution of the photon trapping effect. FIG.
12D shows an exemplary data plot of the cascaded exciton ionization (CEl) gain in core-shell

silicon nanowires.

[0067] For example, inthe exemplary implementations using the three-dimensional FEM
simulations, an infinite array of 340 nm diameter, 2.5 wn long silicon NWs was used in the
simulations with aperiodic boundary of 1wn x 1wn square. For example, since the
exemplary device was radially symmetric, linearly polarized light (polarized inthe y-
direction, Ey) was used and incident normal to the top surface of the exemplary device.
Complex wavelength dependent refractive indices for Si were used for the nanowires and

n = 1for air was used for the space between the nanowires, asillustrated in the inset of FIG.
12A. According to the exemplary simulations, both the power absorbed by the Si nanowires

(Pyw) and the power absorbed by the bottom Si planar area between the nanowires (Ppi,,

ar)
was calculated. The enhancement factor E.F. due to the photon trapping effect is defined
asE.F.= Pyw!'(Protai X F.F.), where F.F.isthe geometric fill factor being equal to

Tt x (0.17) 2/ 12=0.0908 for nanowires with adiameter of 340 nm in the square array with 1
wn pitch, and Py tai (= Pnw + Ppianar) isthe total absorbed optical power. Within the
measured spectrum, two highest photon trapping enhancement factors were found at 450 nm

and 532 nm, respectively (as shown in FIG. 12A).
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[0068] The diagram of FIG. 12B presents the distribution of the major transverse electric
field (E 1) inthe y-z plane where most of the electric field resides at three representative
wavelengths, e.g., 450 nm, 532 nm, and 635 nm. For example, the significance of the field
distribution is elucidated later in this patent document when wavelength dependent quantum
efficiency originated from the CEI effect is discussed. For example, the true contribution
from the cascaded exciton ionization (CEI) effect to the quantum efficiency can be calculated

according to the equation:

Inw = (@INWM ~ VpianarM ) X + VpianarM (N5)

F.F.XE.F,

where ny, isthe true quantum efficiency of nanowires, 7,i,,arM isth® measured quantum
efficiency of the planar device, and r,,,, is the measured quantum efficiency of the
exemplary arrayed nanowire device (FIG. 13C). Asdefined previoudy, F.F. andE.F. are
the geometric fill factor and the enhancement factor due to photon trapping effect. The
product F.F.X E.F.can thus be considered as the "effective fill factor" of the nanowires.

The calibrated values of n,, for different wavelengths are shown in FIG. 12C. Note that the
guantum efficiency is over 100% for wavelengths longer than 560 nm with the highest QE to
be around 270% at 635 nm. This is an exemplary demonstration of carrier multiplication due
to the effect of the disclosed cascaded exciton ionization (CEl) technology for optoelectronic

amplification that can occur a zero bias condition.

[0069] Further obtained, for example, was the cascaded exciton ionization gain, e.g., by
taking the ratio of ny,, of nanowires and the light absorption of siliconn,,; (n,,; = 1 —
e~al where a isthe wavelength dependent absorption coefficient of silicon, and L isthe
thickness of silicon and equals to 2.5 um). The cascaded exciton ionization (CEIl) gain is
shown in FIG. 12D. The exemplary device shows the highest gain of around 4.5 and
saturates at 635 nm.

[0070] For example, the reduced CEIl gain at shorter wavelength may be attributed to the
surface recombination effect. For example, a 450 nm, as shown in FIG. 12B, the
electromagnetic field is concentrated at the air/nanowire interface so most photogenerated
carriers are produced near the surface of nanowires, experiencing ahigh surface
recombination rate via the surface states. This yields alow value of y, in Eq. (N4) and
lowers the quantum efficiency. In contrast, for example, a 635 nm wavelength the photon
energy is distributed more evenly with a significant fraction of light being in the core of

nanowire. Asaresult, many carriers produced by 635 nm light are located in the core of the
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nanowire, being distant from the surface states and experiencing much less surface
recombination effect than those carriers produced by 450 nm light. This can explain the
different values of CEI gain at different wavelengths. For example, by understanding the role
of surface recombination in CEl gain, one can conceive different device geometries and apply
surface passivation techniques to raise the CEIl gain at shorter wavelengths for optimal device

performance.

[0071]  Asdescribed in the exemplary embodiments and demonstrated in the exemplary
implementations, the disclosed CEI techniques, systems, and devices including heavily
compensated p*/n* core-shell silicon nanostructures can be utilized to achieve >100%
guantum efficiency. The donor-acceptor pairs in the compensated regions provide the
sources for exciton formation. These excitons can be subsequently ionized by phonon
scattering, producing free electron-hole pairs contributing to photocurrent. The disclosed
CElI technology provides avenues to creating multiple electron-hole pairs from a single
photon to enhance the efficiency of optical to electrical energy conversion. For example, the
CEl effect can be applied to many other materials such as compound semiconductors and

polymers besides silicon.

[0072]  The exemplary implementations described herein included the following

exemplary methods.
[0073] Exemplary Device Fabrication Methods

[0074]  The exemplary devices shown in FIGS. 9A and 9B were fabricated on aboron-
doped p+ silicon substrate (doping concentration ~2* 10 cm@). The nanowires were etched
by inductively coupled plasma - reactive-ion etching (ICP-RTE) process with C,Fg and SFs
gases having electron-beam lithographically patterned nickel disks as mask. After nanowire
formation, the nickel mask was removed using Ni etchant. To prepare a source for n-dopant,
phosphorous-containing spin-on-dopant (SOD) solution (Filmtronics, Inc.) was spun on a
separate silicon wafer. After baking at 200 °C for 15 min, the SOD-coated wafer was placed
about 1 mm above the wafer with nanowires in arapid thermal annealing (RTA) furnace.
The phosphorous diffusion process was performed inside the RTA furnace a 950 °C for
about 40 seconds when phosphorous evaporated from the SOD layer and are diffused into the
nanowires, converting p*-Si near the nanowire surfaces into n-shells. At the same time, the
phosphorous diffusion tail penetrated the p*-core, thus forming aheavily compensated p*/n*

core/shell nanowires required for the cascaded exciton ionization process. To reduce the
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contact resistance of nanowires, another run of RTA annealing process was performed
without the SOD-coated wafer. Mesas (~ 350 nm high) were etched to isolate nanowire
arrays, followed by the deposition of a S102 layer (~ 265 nm). Findly, aTi/Au (50/200 hm)
contact pad was deposited to form the top n-contact, and the p-contact shared by all the

devices was formed on the back of the silicon substrate.
[0075] Exemplary Optical Measurements (e.g., & room temperature)

[0076] The exemplary silicon nanowire devices of the disclosed technology and planar
devices were optically excited using ahome-built optical monochromator with a 600 g/mm
grating. A fiber bundled halogen lamp was used asthe light source. The full width at half
maximum (FWHM) of each specific wavelength was 10 nm, verified by the measurement
using a spectrum analyzer (Ocean Optics HR-2000). After transmitting through a series of
optical elements, the light (with a spot size larger than the size of the device) was
perpendicularly directed tothe top of the device. The power of the incoming light was
measured with acalibrated power meter (Newport 1830-C). The light intensity profile and
the total optical power impinging upon the sample were measured using acalibrated detector
and an X-Y trandlational stage. The exemplary device was connected in a short-circuit
configuration with no bias applied between the two contacts, and the photocurrent was
measured using a semiconductor parameter analyzer (Agilent 4155-B). Finally, the quantum
efficiency of each device was calculated taking into account reflections at the nanowire-air

interface.
[0077] Exemplary Device Characterization and Reflection Spectroscopy Measurements

[0078] FIG. 13A shows, inthe main panel, a data plot of the exemplary €electrical
characteristics (e.g., semilogarithmic plot) of the nanowire device in the absence of light
illumination; and in the inset, alinear plot of the current-voltage characteristics. FIG. 13B
shows an exemplary data plot of the reflection spectroscopy of both the nanowire and the
planar devices. For example, as afunction of incident light wavelength, the reflection of the
nanowire device is always significantly smaller than that of the planar device, an indicative of
the photon trapping effect. FIG. 13C shows aplot of the exemplary quantum efficiencies of

the exemplary arrayed nanowire device and the exemplary planar device.

[0079] FIG. 13A showsthe dark |-V characteristics of the nanowire device used in this
exemplary characterization implementation. The exemplary device shows the rectifying

behavior of typical p-njunctions.
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[0080] Reflection spectroscopy has been utilized to determine the amount of light actually
entering the device instead of being reflected or scattered. The exemplary nanowire device
contains a square nanowire array (30 x 30) with apitch of 1 un. The exemplary nanowire
array was situated on a35 pn x 46 wn silicon mesa. The incident light used for reflection
spectrum measurement was focused onto the center of the nanowire array with abeam spot of
around 10 uin in diameter. Also measured was the reflection spectrum of the planar device
using the same experimental setup. The reflection spectra at different wavelengths are shown
in FIG. 13B. The lower reflection from the nanowire device suggests the photon trapping
effect occurs to the nanowire array. A spectra dip a around 525 nm is consistent with the

calculated resonance in FIG. 12A.

[0081] Based on the data from the reflection measurements, the photoresponsivities of
both the nanowire device and the planar device can be obtained since the accurate amount of
light power that is absorbed can be found. FIG. 13C shows the wavelength dependent QE

values for both the nanowire device and the planar device.

[0082] Since the exemplary nanowire device also contains planar area over the mesa, the
net photoresponse includes the response from the nanowires and from the planar area.

Further used isthe following procedure to obtain the true nanowire photoresponse from the
datain FIG. 13C. Defined is P asthe total absorbed optical power, Ry, asthe responsivity
of nanowires to find, Ryi,,arM s th® measured responsivity of the planar device, and Ry
as the measured responsivity of the NW device that contains nanowires and planar aress.
Other useful parameters include: F.F.: fill factor of nanowires and E.F. - enhancement factor
a specific wavelengths due to the photon trapping effect. The following relations can thus be

applied to extract the photoresponse of nanowires:
RNWMP = RywP(F.FX E.F) + Ry anaruP Il - (F.FX E.F)] (NS-1)

[0083]  The responsivity of nanowires can be expressed as:

+ APlanarM (NS-2)

- - D —
Rnw = (RNWM ~ RPlanarM) X #5525

[0084]  Using the relation ny,, = hv/gR
extracted and is shown in FIG. 12C.

nwr the quantum efficiency of nanowires can be

[0085] Derivation of Quantum Efficiency from the Cascaded Exciton lonization (Eg.
(N4))
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[0086] Inthe following, the analytical expression of the quantum efficiency dueto the

cascaded exciton ionization effect is derived.

[0087] FIG. 14 shows an illustrative schematic of an exemplary carrier multiplication by
cascaded exciton ionization process initiated from a single photon incident either on the p-
core or on the n-shell. The schematic of FIG. 14 shows how the photogenerated primary
electron-hole pair initiates the cascaded ionization process. In FIG. 14, each electron and
hole is labelled according to their history of generation. For example, "0" isused to denote
the primary electron and hole generated by photon absorption. The probability that the i, hot
electron/hole can create another free electron-hole pair is defined as X;/Y;.

[0088] Thevalue of X;/Yiisbetween O and land obey the following relations:
Xi- (=123 .) (NS-3)
Yi=zy (i=123 ..) (NS-4)

[0089]  Onthe other hand, X,/Y, represents the probability that the primary free
electron/hole excites the secondary free e-h pair. Sincethe primary free electron/hole is
generated from photon absorption, different from the future generations of free
electrong/holes, their values may depend on the incoming photon energy, the position of light
absorption, etc. Thus, the total humber of electron-hole pairs produced from the absorption

of aphoton in the p-core can be expressed as.

lcore = Fo[1+ Xg + XY, + XoYiXz + Xo i Xo Y5 + XY X, X, + --]1  (NS5)
where F, is the probability of the incoming photon absorbed in the p-core. Using the relations
in (NS-3) and (NS-4), one can simplify (NS-5) into:

xoy(1+x)]

ricore = F,[(1 + x0) + %y

(NS-6)

[0090]  Similarly, the total number of e-h pairs dueto the absorption of a single photon in
the n-shell can be expressed as:

nshe” = FS[I + YO + Y0X1 + YOX1Y2 + Y0X1Y2X3 + YOXA X3Y4 + ] (NS‘?)
where F; is the probability of the photon absorbed in the n-shell. Again, using the relations in
(NS-3) and (NS-4), obtained is:

Yox(1+y)

isneii = F[(1+yg) + 2500

(NS-8)

[0091]  Finadly, thetotal quantum efficiency can bewritten as:
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Fex oy (14+%)+Fsyox(1+y)

n=poore+ ps,e, = [R(1 + Xo) + Fy(l + yo)l + [ o

] (NSo9)

[0092] Assuming F, = F, = 0.5 (equal probability for light to be absorbed in the core and
shell area), plotted isthe CEl quantum efficiency in FIG. 15A and 15B as afunction of x and
y using x, andy, as parameters. For simplicity, further assumed is x = y and x, = y, in

the calculations.

[0093] FIGS. 15A and 15B show data plots of the exemplary quantum efficiency as a
function of the probability of the DAP excitation and ionization by hot electron or hole. The
dataplot of FIG. 15A shows a semi-log scale plot with the value of x/y varying from Oto 1,
when x,=yo=0.1 (waveform 151 1), xo=y0=0.3 (waveform 1512), x,;=yo=0.5 (waveform 1513),
and xo=y0=0.7 (waveform 1514). The data plot of FIG. 15B shows alinear scale plot with
the value of xly varying from 0 to 0.5, when x;=y0=0.1 (waveform 1521), Xx,=y0=0.3
(waveform 1522), x,=y0=0.5 (waveform 1523), and xo=yo0=0.7 (waveform 1524).

[0094]  The disclosed devices, systems, and techniques can be implemented for signal
amplification using the new CEIl physical mechanism. The CEl effect of the disclosed
technology occurs a much lower applied voltage than avalanche process. Also, quite
importantly, it produces extremely low excess noise. Excess noise isthe limiting factor for
the achievable sensitivity for any signal detection systems, and isthe noise associated with
the gain. An exemplary analytical model is elucidated herein to calculate the excess noise
resulted from an exemplary CEl effect, and the exemplary result is also verified by the Monte

Carlo simulations.

[0095] FIGS. 16A and 16B show exemplary noise analysis plots of an exemplary
nanowire cascaded exciton ionization device. The plot of FIG. 16A shows the excess noise
factor as afunction of the quantum efficiency (multiplication) of the exemplary nanowire
CElI device calculated by the exemplary analytical model (red, plot 161 1) and Monte Carlo
simulation (star *' symbols). The excess noise factor vs. avalanche multiplication with
different hole/electron ionization ratios is also plotted in FIG. 16A. For example, the green
curve 1612 (k=0) depicts the characteristics of "ideal" avalanche detector, which can be
referred to the 'quantum limit" of avalanche multiplication. For example, the pink curve
1613 (k=0.1) and the black curve 1614 (k=0.5) depict the characteristics of avalanche

detectors with different ratios of ionization coefficients.

[0096] FIG. 16A shows the dependence of the excess noise factor on the multiplication

factor produced by the CEI effect and avalanche multiplication with different ratios of
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ionization coefficients (e.g., k = a/a, =0,0.1and 0.5.). For example, as shown inthe data
plot, the excess noise factor from the CEl effect iswell below that of the avalanche
mechanism, and is even lower than the quantum limit of "idea" avalanche detectors (i.e.,
k=0). The exemplary results suggest that photoreceivers based on the CEl effect can
potentially achieve higher sensitivity than conventional avalanche photodetector (APD)
receivers. The exemplary nanowire CEIl device generates an excess noise factor lower than 2,

the theoretical limit of an "ideal APD" that does not in fact exist in area world.

[0097] FIG. 16B shows an exemplary Monte Carlo simulated histogram of CEl gain
distribution under the mean multiplication value of 100. For example, exemplary Monte
Carlo simulations were carried out to verify the analytical model and to produce histograms
of CEl gain distribution. As shown in the exemplary plot of FIG. 16B, the Monte Carlo
simulated distribution of CEI multiplication assuming the mean value of the CEl gain was
100. The exemplary results show a much tighter gain distribution than avalanche

multiplication.

[0098] Any amplification process will introduce excess noise and there is no exception for
the cascaded exciton ionization effect. In the following, an analytical model of the excess
noise for the CEl device is developed. Using Eq. (NS-5) as an example, the quantum

efficiency in the core region can be re-written as:
ncore = 1 + XO + XOY1 + XOY1X2 + XOY1X2Y3 + XOY1X2Y3X4 + eee
= (1+ X + Xo W [Tica(l + Xp) Micth XorYigper )] (NS-10)

[0099] Note that Eq. (NS-10) is arandom variable. To calculate the excess noise, both the
mean and the variation of the random variable need to be calculated. The mean of 1 re Can

bewritten as:

(Meore) = T+ Xo+ (1 + x) + (1 + X)xy + (X + XIX2y2 + *

(1+x)

=1+xy+
1-xy

(NS-11)

[0100] For example, using the relations: < (1 + Xp)X,Y, >= 2xyy and < (1 + XO)2 >=

1+ 3x,, one further has:

(Meore?2) == 1 + 3Xg + 4x_01):(xiy+}_) +1+ I (NS-12)

where:
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L = xoy{Xi=1(1 + X20) 2 TI A THZT Xa1Yaie1) XaxYezks1y)

= xo¥{(Tiz1 (1 + X)) * (XFYE)(XZYE) ... (Xzz(i—l)YZZi—l))

= xoy (1 #3903, 09) 4] = Xy 220 (NS-13)
and where:
5 = %Y(z i), (1 + ij) (1 +X21)H H X21Y(21+1) XZkY(2k+1)) (NS—14)

[0101]  Onecan divide I, into two components |, = I21 +122:
Li = x,y(Xi= 1ZJ - 1(1 + ij) 1+ X3;) H l 1 574 Yo, % QY(2k+1)) (N's-15)

Ly = %y(sim1 5y 1 (| +X2) (1 + % ) T TV Xai¥in) %, %c, ) (NS-16)
where, I includes al terms in the double summation wherej <i, and I22 includes all terms
10  inthe double summation where i <j . Sincethe index i andj play an equal role, |, is equal
tolpp. Iy = x,y{i= 1ZJ - 1(1 + ij) (1+X5;) H H XZlY(Zl+1) XZkY(2k+1))
= XY {{@ + XD + X)XpYs + (1+ %) [(1+ X)X 2V X, Y5 + (1 +
%)% YsXawi] + (1 + %)[(1 +3D¥a2/F%: 247, + (1 + YDV yauY, +

(1 + ¥ YarYar Yarg) +- 3> = 2xgy (I +X){xy + 2x?y2 + 3x3y3+- }
15 = 2x0y%¥ (NS-17)

[0102]  As a result, one has:
— — 5 = (I+x)xy
|2 = |21 + |22 - 2/21— 4XOyW (NS-18)
[0103] From Egs. (12), (13) and (18), one can obtain:
—_ (5+7x) (1+x)
(ore = |+ B o B+ XY o (NS-19)

20  [0104] Similarly, in the shell region one can have:

_ (5+7y) (1,)
(Mihen) =1+ 3y, 250 L Ayox T2 (NS-20)
[0105]  Also,
oy (1+x)
(Meore)? = [(1 + xo) + =4~ =]2 (NS-21)
ogen)?2 = [(L+yg) + % 22 (NS-22)
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- Pcxo¥(1 J+Psyox(, ¥)
(1) = [Pe(L1+ *0) + P(l + yo)] + [FEXeXC o iarex V) (n S-23)

(12) = (Icore) + (ishell) + 2{ncore) (Nshell ) (NS-24)

[0106] From Egs. NS-19 - NS-24), the excess noise factor associated with the CEl

multiplication process can be calculated analytically, for example:

p= @ = 1 1 [rcore)-(Veore) 2] +[(Vshell)-(Vshell) 2 fNS-25)
(V)2 ((Veore)+(Vshell)) 2 : ’

[0107]  Toverify the exemplary analytical model, exemplary Monte Carlo simulations
were performed, e.g., using Eq. (NS-26), where all X;'s and Yi'sare treated as independent
random variables with possible values of 0 or 1with assigned probabilities. For example, a
total number of 10,000 trials were used to obtain the mean value of quantum efficiency

(multiplication) and the noise factor.
n = Pc{(1 +X0) +XoNi [Zi%(l + )n;'(_:11X2kY(2fe+1)]}
+ P{(1+Yy) + Y X [zjzl(l + Ya) ntl ?/4X(21+1)]} (NS-26)

[0108] FIGS. 17A and 17B show histogram plots of the exemplary quantum efficiency
distribution with the e-h pair generation probability of p = 0.5 (FIG. 17A) and p = 0.95 (FIG.
17B), e.g., corresponding to the mean value of quantum efficiency (multiplication) of 2.0 and
20.0, respectively. Asshown in the histograms of FIGS. 17A and 17B, the quantum
efficiency distribution is shown with the mean value OIX; (Yj). Both the average gain and the
spread of the gain increase with the mean value 0i X; (Y,). The exemplary simulation results

showed excellent agreements with the exemplary results from the analytical model.

[0109]  While this patent document contains many specifics, these should not be construed
as limitations on the scope of any invention or of what may be claimed, but rather as
descriptions of features that may be specific to particular embodiments of particular
inventions. Certain features that are described in this patent document in the context of
separate embodiments can aso be implemented in combination in a single embodiment.
Conversely, various features that are described in the context of a single embodiment can also
be implemented in multiple embodiments separately or in any suitable subcombination.
Moreover, athough features may be described above as acting in certain combinations and
even initially claimed as such, one or more features from aclaimed combination can in some
cases be excised from the combination, and the claimed combination may be directed to a

subcombination or variation of a subcombination.
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[0110]  Similarly, while operations are depicted in the drawings in aparticular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. Moreover, the separation of various system components in the
embodiments described in this patent document should not be understood as requiring such

separation in al embodiments.

[0111]  Only afew implementations and examples are described and other
implementations, enhancements and variations can be made based on what is described and

illustrated in this patent document.
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CLAIMS
What is claimed is:

1. An optical-to-electrical energy conversion device, comprising:

asubstrate formed of a doped semiconductor material, the substrate including afirst

region and a second region;

an array of multilayered nanostructures protruding from the first region of the
substrate, wherein the multilayered nanostructures are formed of afirst co-doped
semiconductor material covered by alayer of a second co-doped semiconductor material
forming a core-shell structure, the layer covering at least aportion of the doped

semiconductor material of the substrate in the second region; and
an electrode formed on the layer-covered portion of the substrate in the second region,

wherein the multilayered nanostructures are structured to provide an optical active
region capable of absorbing photons from light a one or more wavelengths to generate an
electrical signal presented at the electrode.

2. The device of claim 1, wherein the doped semiconductor materia includes p-type
silicon.
3. The device of claim 1, further comprising:  a substrate base coupled on the side of

the substrate opposite that of the array of multilayered nanoscale structures and formed of an
electrical insulator material.

4. The device of claim 1, wherein the first co-doped semiconductor material includes a
p+/n type semiconductor material, the p+/n type semiconductor including both electron
acceptor and electron donor dopants, in which the acceptor concentration is greater than the

donor concentration.

5. The device of claim 1, wherein the second co-doped semiconductor materia includes
an+/p type semiconductor material, the n+/p type semiconductor material including both
electron acceptor and electron donor dopants, in which the donor concentration is greater than

the acceptor concentration.

6. The device of claim 1, wherein the first and the second co-doped semiconductor

material includes dopants a aconcentration level substantially on the order of 1x 101° cm'3.
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7. The device of claim 1, wherein the electrode includes an n type semiconductor
material.
8. The device of claim 1, wherein the one or more wavelengths includes 630 nm

wavelength, and absorption of ared photon at the 630 nm wavelength produces at least 4

electron-hole pairs to generate to the electrical signal.

9. The device of claim 1, wherein the one or more wavelengths includes wavelengths of

visible light with energies above the 1.12 eV bandgap energy of Si.

10. The device of claim 1, wherein the array of multilayered nanostructures are structured
to have ageometry including one or more of awire-like structure, awall-like structure, or a

waffle-like structure.

11. The device of claim 10, wherein the array of multilayered nanostructures include

nanowires having adiameter of substantially 300 nm and aheight of substantially 2500 nm.

12. The device of claim 1, wherein the device generates an excess noise factor that is
below 2.0.

13.  Anoptical-to-electrical energy conversion device, comprising:

asubstrate formed of a doped silicon material, the substrate including a first region

and a second region;

an array of multilayered nanowire structures protruding from the first region of the
substrate, wherein the nanowire structures are formed of afirst co-doped silicon material
covered by alayer of asecond co-doped silicon material forming acore-shell structure, the
layer covering a least aportion of the substrate in the second region, wherein the first and
second co-doped silicon materials include electron acceptor dopants and electron donor
dopants, in which the first co-doped silicon material includes a greater concentration of one
type of the electron acceptor or the electron donor dopants than the other type dopants, and
the second co-doped silicon material includes a greater concentration of the other type

dopants than the one type dopants; and
an electrode formed on the layer-covered potion of the substrate in the second region,

wherein the multilayered nanowire structures are structured to provide an optical
active region capable of absorbing photons from light a one or more wavelengths to generate
an electrical signal presented at the electrode via a cascaded exciton ionization (CEl)

mechanism.
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14. The device of claim 13, wherein the doped silicon material includes p-type silicon.

15. The device of claim 13, further comprising: a substrate base coupled on the side of
the substrate opposite that of the array of multilayered nanoscale structures and formed of an
electrical insulator material.

16. The device of claim 13, wherein the first co-doped silicon materia includes ap+/n
type silicon materia including both electron acceptor and electron donor dopants, in which

the acceptor concentration is greater than the donor concentration.

17. The device of claim 13, wherein the second co-doped silicon materia includes an+/p
type silicon materia including both electron acceptor and electron donor dopants, in which

the donor concentration is greater than the acceptor concentration.

18. The device of claim 13, wherein the optical-to-electrical energy conversion deviceis

included in asolar cell device.

19. The device of claim 13, wherein the device generates an excess noise factor that is
below 2.0.

20. A method to convert optical energy to electrical energy, comprising:

receiving light on a surface structured to include a doped semiconductor substrate at
least partially covered by an array of multilayered nanostructures formed of afirst co-doped

semiconductor material covered by alayer of a second co-doped semiconductor material;

converting the received light to an electrical signal by acascaded exciton ionization
(CEIl) mechanism a the array of multilayered nanostructures, wherein the electrical signd is

presented a an electrode on the doped semiconductor substrate of the surface; and
conducting the electrical signal to an electrical circuit.

21 The method of claim 20, wherein the received light includes one or more wavelengths
including a 630 nm wavelength, and wherein the converting the received light at the 630 nm

wavelength produces at least 4 electron-hole pairs to generate to the electrical signal.
22. The method of claim 20, wherein:

the first co-doped silicon material includes ap+/n type silicon material including both
electron acceptor and electron donor dopants, in which the acceptor concentration is greater

than the donor concentration, and
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the second co-doped silicon material includes an+/p type silicon material including
both electron acceptor and electron donor dopants, in which the donor concentration is

greater than the acceptor concentration.

23. The method of claim 20, wherein the array of multilayered nanostructures include a

geometry of nanowire structures, nanowall structures, or nanowaffle structure.

24, The method of claim 20, wherein the light includes sunlight and the electrical circuit
isincluded in adevice a least partialy powered by the optical energy converted to the
electrical energy by the method.

25. The method of claim 20, wherein the electrical signal exhibits an excess noise factor
that isbelow 2.0.

26. A method to fabricate asinglejunction optical-to-electrical energy conversion device,

comprising:

forming an array of nanostructures in afirst region of a substrate formed of a doped
semiconductor material, wherein the substrate includes a doping concentration of a |least
10%* cmi@ of afirst dopant including one type of dopants of electron acceptor dopants or

electron donor dopants;

depositing a dopant material on the first region to form alayer over the array of
nanostructures, the dopant material containing a second dopant including the other type of the

electron acceptor dopants or the electron donor dopants from the first dopant; and

converting (i) the doped semiconductor material of the array of nanostructures into a
first co-doped semiconductor material comprising both the electron acceptor dopants and the
electron donor dopants and having a greater concentration of the one type of dopants and (ii)
the deposited materia of the layer over the array of nanostructures into a second co-doped
semiconductor material comprising both the electron acceptor dopants and the electron donor
dopants and having a greater concentration of the other type of dopants than the one type of

dopants,

thereby producing a core/shell structure of the first co-doped semiconductor material
and the second co-doped semiconductor material, respectively, capable of absorbing photons
from light & one or more wavelengths to generate an electrical signal via acascaded exciton

ionization (CEI) mechanism.
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27. The method of claim 26, wherein the forming includes etching the nanostructures
from the substrate into a pattern based on a mask.

28. The method of claim 27, wherein the etching includes an inductively coupled plasma -
reactive-ion etching process with C,Fg and SF4 gases using electron-beam lithographically-
patterned nickel disks as the mask.

29. The method of claim 26, wherein the depositing the dopant material includes:
coating a dopant solution onto a second substrate,
baking the coated dopant solution on the second substrate, and

transferring the second dopant from the second substrate on the first region of the
substrate by applying heat to evaporate the second dopant to form the layer over the over the

array of nanostructures.

30. The method of claim 26, wherein the depositing includes the layer covering & least a

portion of the doped semiconductor material of the substrate outside the first region.

31 The method of claim 26, wherein the converting includes applying heat for a duration
of time to control adiffusion process of the electron acceptor dopants and the electron donor

dopants.
32. The method of claim 26, further comprising:

producing a contact pad of an electrically conductive material on the first region of

the substrate.
33.  Anoptical-to-electrical energy conversion device, comprising:

asubstrate formed of a doped silicon material, the substrate including afirst region

and a second region;

an array of nanowire structures formed in and protruding from the first region of the
substrate, each nanowire structure including afirst co-doped silicon materia as acore and a
shell layer of asecond co-doped silicon materia covering the core and at least aportion of
the substrate in the second region, wherein the core of the first co-doped silicon material and
the shell layer of the second co-doped silicon material form an p-n or n-p interface to convert

light into an electric current; and
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electrodes coupled to the nanowire structures to direct an electric current produced
from absorption of light received in the nanowire structures as an electrical output of the
device,

wherein both the first and second co-doped silicon materials are doped with both first-
type carriers and second-type carriers throughout the first and second co-doped silicon
materials, the first co-doped silicon material includes aconcentration of the first-type carriers
higher than a concentration of the second-type carriers and the second co-doped silicon
material includes a concentration of the second-type carriers higher than a concentration of

the first-type carriers, and

wherein the first-type carriers are one of the n-type and p-type carriers and the
second-type carriers are another one of the n-type and p-type carriers and the second-type

carriers.

34, The device asin claim 33, wherein the array of nanowire structures is structured to

exhibit alight-to-electrical conversion efficiency higher than 29%.

35. The device asin claim 33, wherein the array of nanowire structures is structured to

exhibit a light-to-electrical conversion efficiency near 48%.
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