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(54) Title: SCHOTTKY UV SOLAR CELL AND APPLICATIONS THEREOF
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TITLE: SCHOTTKY UV SOLAR CELL AND APPLICATIONS THEREOF

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This invention was made with government support under grant number 1143570
awarded by the National Science Foundation. The Government has certain rights in the

nvention.

TECHNICAL FIELD
The present disclosure relates to ultraviolet solar cells configured with Schottky
junctions, and in particular to use of ultraviolet solar cells in connection with electrochromic

systems.

BACKGROUND

Conventional solar cells are desirably utilized to generate electrical current from
sunlight. However, such cells are generally opaque to visible light, and as such cannot be
deployed on or in windows or other areas. In particular, combining electrochromic or
“smart” windows with self-powering capabilities, for example by coupling to a solar cell,
results in devices capable of significant energy savings for buildings.  Accordingly,
improved ultraviolet solar cells and related materials remain desirable, as such solar cells may

be generally transparent to visible light and thus integrated on or in a window.

BRIEF DESCRIPTION OF THE DRAWINGS

With reference to the following description and accompanying drawings:

FIG. 1 illustrates a conceptual diagram for a transparent solar cell in accordance with
an exemplary embodiment;

FIG. 2A illustrates efficiency limit vs. bandgap energy for Zinc Oxide (ZnO) in
accordance with an exemplary embodiment;

FIG. 2B illustrates current density vs. voltage for various quality ZnO materials in
accordance with an exemplary embodiment;

FIG. 3 illustrates an energetic band diagram before contact and after contact in
accordance with an exemplary embodiment;

FIG. 4 illustrates calculated Schottky barrier height for various metals on ZnS in
accordance with an exemplary embodiment;

FIG. 5 illustrates availability and cost information for various materials utilized in

-1-
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exemplary systems in accordance with an exemplary embodiment;

FIG. 6 illustrates structure of an exemplary system incorporating electrochromic and
photovoltaic components in accordance with an exemplary embodiment;

FIG. 7 illustrates scanning electron microscope (SEM) views of ZnO thin films in
accordance with an exemplary embodiment;

FIG. 8 illustrates SEM views of ZnO structures in accordance with an exemplary
embodiment;

FIG. 9 illustrates x-ray diffraction patterns of ZnO thin film after sulfurization to
partially convert ZnO film to ZnS in accordance with an exemplary embodiment;

FIG. 10 illustrates current-voltage curves for an Ag on ZnO film metal-Schottky
diode in accordance with an exemplary embodiment;

FIGS. 11A and 11B illustrate simulated behavior of an exemplary Schottky solar
device in accordance with an exemplary embodiment;

FIGS. 12A and 12B illustrate device configuration of a Schottky contact formed by
depositing an interdigital pattern of Cr-Au onto a ZnO-ZnS heterojunction in accordance with
an exemplary embodiment;

FIG. 13 illustrates current-voltage curves for an exemplary device illuminated with
UV light having a wavelength of 302 nm in accordance with an exemplary embodiment;

FIG. 14 illustrates a series of Raman spectra of ZnO nanowires grown at different
temperatures indicating peak shift due to different morphology in accordance with an
exemplary embodiment;

FIG. 15 illustrates DLTS spectrum of sputtered Mn-ZnO thin film in accordance with
an exemplary embodiment;

FIG. 16A illustrates SEM images of solution-grown Cu nanowires in accordance with
an exemplary embodiment;

FIG. 16B illustrates UV-vis-NIR transmission spectra for CU nanowires of various
concentrations in accordance with an exemplary embodiment; and

FIG. 16C illustrates an exemplary device incorporating a Schottky contact formed by
percolating Cu nanowire network into a ZnS/ZnQO heterojunction in accordance with an

exemplary embodiment.

DETAILED DESCRIPTION
The following description is of various exemplary embodiments only, and is not

intended to limit the scope, applicability or configuration of the present disclosure in any
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way. Rather, the following description is intended to provide a convenient illustration for
implementing various embodiments including the best mode. As will become apparent,
various changes may be made in the function and arrangement of the elements described in
these embodiments without departing from the scope of the present disclosure.

For the sake of brevity, conventional techniques for semiconductor materials and/or
device fabrication and testing may not be described in detail herein. Furthermore, the
connecting lines shown in various figures contained herein are intended to represent
exemplary functional relationships and/or physical couplings between various elements. It
should be noted that many alternative or additional functional relationships or physical
connections may be present in practical photovoltaic devices configured with a Schottky
junction.

With reference now to FIGS. 1 through 16C, principles of the present disclosure
disclose integration of visible wavelength-transparent, UV-absorbing and voltage generating
photovoltaic (PV) devices, comprised of Metal-ZnS/ZnO Schottky junctions onto a well-
established electrochromic stack. This enables, for example, autonomous (or self-powered)
photo-electrochromic systems at low cost. Because the PV device operates in the ultraviolet
(UV) region with relatively low photovoltaic power conversion efficiency in comparison to
conventional solar cells, an important consideration is the open circuit voltage (Voc) to drive
the electrochromic stack. Accordingly, principles of the present disclosure facilitate (a)
synthesis of ZnO thin films by low temperature, low cost solution deposition technique, (b)
partially converting the ZnO to ZnS in a sulfurizing environment to form the ZnO/ZnS
heterojunction, (¢) fabricating structures via the use of Au, Ag, and/or or Cu on ZnS/ZnO
heterojunction, (d) characterizing the materials and devices in each step of the processing and
fabrication cycles, (e) maximizing the Voc (~ 2V) and short circuit current of the devices via
feedback from device simulations, and (f) integration of the PV device onto a photo-
electrochromic system.

Principles of the present disclosure contemplate an integrated approach which is
transformative in a number of areas. In addition to the realization of smart windows that are
self-powered, and utilization of earth-abundant materials and simple design, exemplary
embodiments open up numerous opportunities using ZnS/ZnO film-based devices. For
example, optical devices, such as light-emitting diodes, optically pumped lasers, and
transparent thin-film transistors may be realized. Also, chemical, gas, and bio sensing, as
well as solar cell applications may be exploited. Furthermore, novel integration strategies

bring innovation from concept-to-commercialization at an accelerated pace in this rapidly
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growing field of transparent metal oxide-based applications.

Principles of the present disclosure are in harmony with the following objectives: 1.
Uses sustainable and renewable energy source of sunlight; 2. Discloses a cost effective,
solution-based process, including the synthesis of ZnQ/ZnS heterostructure and Cu Schottky
barrier contacts, which can be readily scaled up for large-scale production; 3. Utilizes earth-
abundant materials: Zn, S, O, and Cu; and 4. Materials, system design, and processing
strategies may be wused to retrofit existing and vast amounts of windows on
buildings/vehicles.

Principles of the present disclosure facilitate development of transformative
ZnS/ZnO-based, energy saving devices. Smart windows have received much attention over
the years for the potential to dramatically reduce energy consumption. The US Department of
Energy (DOE) estimates that advanced dynamic window technologies, or smart windows, in
buildings could save as much as 1.5 quadrillion BTUs of energy, or more than $15 billion in
cost each year. A reduced energy demand for buildings leads to lower energy needs currently
dependent on foreign sources, as well as decreases the amount of greenhouse gas emissions.

Within the past few decades, the DOE has served as the guide and motivator for
standardizing public knowledge of both energy conservation and surveying new sources for
energy. In fact, the DOE maintains a list of techniques for conserving power in homes and
commercial buildings. Within that list, it is estimated that 20-50% of heat absorption occurs
from sunlight radiation through windows. However, more specifically, it is projected that
removing cooling loads from windows totals about 1.5 quadrillion BTUs per year, which
equates to a cost of almost $15 billion. Additionally, a staggering 2 billion square meters of
flat glass is produced worldwide each year for the purposes of both residential and
commercial windows. While a small fraction of these windows encompass energy-saving
design features (such as low-emissivity coating, argon filling, and vacuum insulation), these
solutions still ultimately render the window passive. Such large areas have massive potential
for power generation and integration of self-powered electronics, sensors, and displays while
retaining nearly identical optical properties.

The US government has already invested millions on “smart” windows, i.e., windows
in which light transmission properties can be controlled by an external stimulus. Funded
research has included electrochromics and phase-changing glasses that respond to heat
pulses. However, these techniques require external power to generate the desired effect.
Therefore, desire for autonomous or self-powered smart-window systems is obvious,

appealing, and urgent. Recent work on integrating smart window designs with photovoltaics
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to increase energy savings has demonstrated significant promise. However, these prior
techniques vary in success and their feasibility is in question—predominantly lacking a
production-worthy process that is reproducible and cost-effective. Also, such prior systems
typically employ multiple materials in complex designs, and are fabricated on rigid and
inflexible surfaces with the inability to conform or perhaps retrofit to windows that are
contoured (e.g., car windshield or the like).

In recent years, a field of major interest has been the fabrication of integrated circuits,
not onto conventional substrates such as silicon (Si), but rather onto flexible and transparent
substrates. Indeed, tremendous progress has been made in flexible and transparent
electronics, as demonstrated by the emergence of exciting flexible displays, e-papers, and
radio frequency identification (RFID) devices. This has been feasible due to light weight,
compact form factor, conformable, low cost, shock-resistance, and versatility of
multifunctionality. Beyond just information display, integrated multifunctionality on flexible
and transparent substrates will certainly drive capabilities further.  For example,
electrochromic windows around a residence are usable to partially block visible light and
prevent it from entering a building. By itself, the material is simply a passive element, but
possesses the capability of integrating many more features, including complex transparent
circuitry and photovoltaic devices. The flexibility of the electrochromic device also allows it
to be attached to a variety of complex surfaces, for example for smart window applications
and energy harvesting. Coupled with the task of reducing a structure’s internally absorbed
heat, a completely self-powered smart window eliminates the need for external power sources
and further alleviates future energy demands. For example, a 1 KW PV device can remove
heat at approximately 3 W from a building envelope during cooling, whereas the same device
can be used to drive smart windows so as to avert an estimated electricity consumption of 110
KW:; resulting in enormous energy savings.

Previously, smart windows with integrated photovoltaic capabilities have been made
with dye sensitized TiO, nanoparticles, which run into a tradeoff between electron transport
resistance (through particle hopping) and exposed surface area, when the film thickness is
varied. In addition, most “side-by-side” design structures, which include separate
electrochromic and photovoltaic components built upon rigid glass substrates, reduce the
overall surface area of the PV. Zinc Oxide (ZnO) is a promising alternative to TiO; because
the film morphology can serve as a direct conduction path for electrons from the point of
injection to the collection electrode while maintaining high surface area for absorption.

Furthermore, ZnO films are transparent in the visible spectral range, mechanically flexible,
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and can be produced at low cost. Previous work has been done on ZnO nanowire (NW)-
based photovoltaics, and quantum efficiency and energy conversion efficiency of 40% and
1.5%, respectively, have been reported, but this field of research is still at an early stage of
development. Evaluation of the energy conversion efficiency of ZnO, as illustrated in FIG.
2A, indicates a theoretical limit of 2.2%, which may be quite suitable for large-area
applications. Furthermore, due to its large bandgap (3.34 eV), ZnO and related materials
possess the ability to generate a large open circuit voltage (up to 2.8 V, as shown in FIG. 2B),
which is very desirable because the switching of electrochromic smart windows is voltage
driven. Additionally, since prior approaches on smart windows have focused on the
fabrication using rigid substrate materials, use of flexible substrates opens new opportunities.

The economic viability of flexible electronics is enhanced by the advent of fabrication
techniques such as printing. Various techniques such as contact printing and direct printing
have allowed large-scale integration of films, in particular, through low cost processes, to be
directly placed in specific locations. These methodologies include low temperature solution-
processed thin films that offer a low thermal budget, and therefore, the promise of being one
of the most cost-effective ways to create a large volume of solar cells and many other devices
on flexible substrates.

Thus, it remains desirable to achieve self-powered and flexible smart windows via
fabrication of a reliable, low cost and reproducible visible-transparent window layer with
built-in junctions for harvesting solar energy. These devices are desirably robust (especially
when subject to mechanical strain from bending), as well as suitable for large-scale, cost
effective integration for potential commercialization.

Smart windows have received much attention over the vears for the potential to be a
completely transformative force in reducing energy consumption. Smart windows based on
electrochromic techniques allow the variation of transmittance through electrical current, and
while the energy required to power and maintain a smart window is typically only about 1/15
the power consumed by a standard nightlight, smart windows account for an even smaller
fraction of total windows manufactured worldwide. Part of the small demand is attributed to
the fact that the product still represents an extremely niche market. The use of an external
power source to operate each window ultimately reduces the freedom of architectural
designs. However, a solution to this problem arises from application of principles of the
present disclosure: the attachment of a UV solar cell to the smart glass, truly allowing off-the-
grid use. While the UV solar cell may (or may not) ultimately power a smart window, the

amount of solar energy produced by the UV solar cell may be used to power a variety of
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other devices. Consider the following: at AM1.5, a power density (P4) of up to about 1000
W/m’ is available at sea level. As a conservative estimate, for energy conversion efficiency
(n) of only 1%, a 1 meter by 1 meter window will potentially generate the following power
density:

P41 meter x 1 meter = P, X77

1000 W/m?® x 1% = 10 W/m?

i.e., a 1 m> window (which is still a relatively small area) can generate 10 W/m®. As
previously mentioned, since billions of square meters of glass for windows are manufactured
worldwide, the potential payoffs for the incorporation of this smart technology are
significant.

Additionally, conventional solar cells on windows suffer from aesthetic problems—
their cold, bulky feel may be one issue and the fact that they ultimately destroy the very
purpose of a window (to see what is outside) is a more pressing issue. Thus, regardless of
whether the solar cell is used to power a smart window or simply harvest energy, a UV solar
cell is desirably relatively transparent to visible light, so as to retain the optical properties of
the smart window. Prior approaches for optically transparent or semi-transparent Si-based
photovoltaics have run into a problem of overall size reduction to less than about 100 nm and
60 nm; both indicate that this reduced thickness contributes to electrical shorts from the top
contact with the PV, making the fabrication of large area devices extremely difficult.
Furthermore, the conventional approaches concentrate fabrication on rigid Si substrates, a
material that is already so brittle that with the added thickness constraints, something as
simple as weather conditions may cause problems in these devices if no external protection is
in use. Thus, the need for a flexible, visible transparent solar cell becomes more imperative.
Flexible PVs with the required material characteristics certainly further the freedom of
architectural designers. The inclusion of a self-powered stand-alone smart window or solar
cell becomes a post-design thought of retrofitting, rather than a burden at the outset.
Additionally, the mechanically flexible nature of the device substrate allows for contouring to
complex surfaces such as curved windows or even soft fabrics such as a camping tent.

In the large and mature field of silicon photovoltaics, Schottky barrier (or surface
barrier) solar cells have had a long historical development, and have reportedly measured cell
performances showing comparable Ji, V,.. and power conversion efficiencies in both

simulation and experimental efforts. Metal Semiconductor (MS) Schottky barrier Si-based
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solar cells were the only choice in photovoltaics up until the early 1950s. This became
discarded in favor of homojunction-based solar cells which progressed in lockstep with
advances in homojunctions for the microelectronics industry. For example, a MIS Si
Schottky barrier solar cell that had a power conversion efficiency of 16% was demonstrated;
a dramatic improvement over the 6% in MS cells prior to this discovery. Since then,
Schottky solar cells have been realized with a variety of all solid-state material systems
including GaAs, InAIN, Graphene, Cu,0, CdS, and SnO,.

Schottky barrier photovoltaics have retained interest for a number of reasons,
including the fact that they are usually fabricated with fewer processing steps, and therefore,
cost less than a typical homojunction solar cell. As is well understood, a similar barrier forms
when a metal (Ag or Au) of high work function contacts a high band gap semiconductor such
as ZnO. Under illumination of this contact with photons of higher energy than the
semiconductor band edge, carriers generated at the surface diffuse into the semiconductor,
where electrons and holes are separated by the field within the depletion layer. Band bending
between the metal and semiconductor reduces with the application of forward bias, thereby
shifting the state of the device to an open-circuit condition; here, the recombination rate is
equal to the generation rate. Historically, Schottky barrier devices have had their own set of
challenges including improper formation of a barrier afterprocess treatment, as well as a
number of other loss mechanisms that occur at the surface. Many reports have discussed the
importance of surface passivation and a thin insulation layer.

Voltage-tunable light transmission characteristics of switching, inorganic
electrochromic devices utilize a high drive voltage (>2 V), and for autonomous systems, a
simple architecture of the power supply module is also important. Therefore, single metal-
semiconductor junction devices that convert ultraviolet (UV) photon energy into high open
circuit voltage (Vo) are highly desirable. At 300 K, the highest reported Schottky-barrier
height for Pt-ZnO contact is 0.75 V, whereas barrier heights of ZnS (sphalerite)-Au and ZnS
(sphalerite)-Cu contacts are found to be as high as 2.00 V and 1.75 V, respectively, as shown
in FIG. 4. ZnS is a wide band gap semiconductor material that exists in two different
polymorphs, namely zinc Blende (or Sphalerite) and Wurtzite. The former, with a band gap
of =3.72 eV, is the stable phase at room temperature (T), whereas the high temperature
Wurtzite exhibits a band gap of = 3.77 eV. Moreover, since kinetics and presence of
impurities, such as oxygen in ZnS, play roles in promoting the metastable formation of
Waurtzite, control of the oxygen ion activity during low-temperature growth of ZnO may

facilitate the formation of Wurtzite. Note, although the limited flux of photons in the sunlight
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spectrum may be detrimental for conventional photovoltaic devices, the specific requirement
of electrochromic devices makes the abundant and environmentally-friendly ZnS and ZnO
compositions rather appealing. Principles of the present disclosure disclose that ZnS can be
grown on ZnO films with high quality. The high barrier heights for novel ZnS/ZnO
heterojunctions translate to much higher V4 than either ZnO-based or ZnS-based (films and
nanowires) Schottky contacts.

In order to make a significant contribution to satisfy global energy requirements,
issues of sustainability and cost, including materials abundance and cost of extracting those
materials, and cost of processing methods, are important. As can be seen in FIG. 5, the
energy-material elements of Cu, Zn and S are among the most abundant in the Earth’s crust
and have the lowest costs. Therefore, in various exemplary embodiments, through use of
these materials coupled with solution deposition, monolithic integration of Cu/ZnS/ZnO
photovoltaic cells onto electrochromic stacks may be achieved using a flexible polymer as the
substrate. As illustrated in FIG. 6 and further disclosed in various exemplary embodiments,
the characteristics of the materials, devices, and hybrid photo-electrochromic system are
presented.

In accordance with various exemplary embodiments, nanostructures of undoped ZnO
(i.e., thin films and nanowires) may be grown on ZnO-seeded silicon substrate using a
solution growth technique. A 10 nm thick, sputtered ZnO seed layer on highly doped n-Si
substrate exhibits conductivity comparable to the bare substrate. The chemical bath may
comprise an aqueous solution of Zinc Nitrate (Zn(NOs),) and hexamethylenetetramine
{HMTA). The interrelationship between the effects of the reactant concentration and growth
time on the resulting ZnO nanostructure is summarized in FIG. 7. The typical growth
temperature can be controlled between 80-100°C in aqueous solution. FIG. 8 illustrates SEM
images ZnO vertical pillars grown on ZnO seeded rigid Si substrate using solution technique
with different concentrations of 0.01 M and 0.1M, respectively. It indicates the size and
length of the ZnO pillars can be controlled by the solution concentration. FIG. 8 also
llustrates a SEM image illustrating the growth of ZnO vertical pillars on ZnO seeded
polymer substrate polyethylene terephthalate (PET), highlighting the capability to grow ZnO
on polymer substrates.

In accordance with an exemplary embodiment, partial conversion of ZnO materials
into ZnS nanomaterials may be achieved by sulfurization under H,S gaseous atmosphere at

about 400° C. In various exemplary embodiments, ZnO/ZnS film is synthesized using this
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approach, as shown in XRD plot in FIG. 9, where diffraction peaks from ZnO and ZnS can be
seen clearly. This strategy is extendable to ZnO films prepared through various techniques,
such as CBD and VLS to evaluate the sulfurization process and optimal conditions.

In an exemplary embodiment, as a first step of verification of large open circuit
voltage Schottky diode solar cell on large band gap material, a ZnO Schottky diode may be
fabricated. ZnO thin films may be deposited on both Silicon and SiO»/ITO microslides, for
example using a RF Magnetron sputtering system. Approximately 1 um of ZnO may be
deposited across each set of devices and this active layer thickness may be established and
optimized with absorption depth analysis. Photovoltaic industry-standard grid patterns may
be utilized to optimize carrier collection on the entire illuminated surface. In order to
increase short circuit current, a greater area is desirable to be utilized to facilitate carrier
collection, after generation, without recombination effects dominating this process. A grid
device pattern of Ag may be deposited on the ZnO film and compared to with the Ag dot
device structures. Current-voltage curves for Ag on ZnO film metal-Schottky diode under
dark condition and under 365 and 254 nm UV exposure, show open circuit voltage of up to
1.2 'V (as shown in FIG. 10), a voltage close to the value to start driving electrochromic thin
film to change its transmittance. However, in order to be able to change color, or the
transmittance even further for practical applications, an even larger open circuit voltage is
desired, such as 2V.

Principles of the present disclosure contemplate the capabilities of ZnO as an
absorber; exemplary device systems may be modeled as a perfect Schottky barrier exposed to
a constant power illumination directly at the band-edge wavelength of ZnO. In various

exemplary embodiments, the analytical expression for the total current (Jioq) i given by:

Jtotar = J1 —]f

4dmem,, k? , Z9%mn)( 4Va
]f= TTe KT {ekT—l}

where, Ji is the reverse bias illuminated current density, and J; is the forward bias
Schottky diode current density. The results verify the limits of the photovoltaic effect in
ZnO, and confirm that ZnO alone, as an absorber exhibiting the right barrier height, has the
capability to provide the necessary power output for an electrochromic stack.

A numerical simulation may also be utilized, for example one initiated in the PC1D
solar simulation package. Using material parameters obtained from the literature, and

considerations of the effects impurity concentrations and recombination densities, a realistic
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device simulation is featured in FIG. 11B. Here, an open circuit voltage of 1.16 V and a short
current density of 10.40 mA/cm’ and a power conversion efficiency of 11.83% are
realistically modeled for an exemplary device.

In an exemplary embodiment, a heavily phosphorous-doped n-Si wafer is usable as
the substrate. A Mn-doped ZnO thin film (1 pm) may be sputtered using plasma-assisted
sputter deposition technique. The wafer may be sealed into H,S atmosphere, and ZnO is
partially converted to ZnS at about 350 °C for about 1 hour. The resultant wafer may be
further processed using photolithography to deposit an interdigitated pattern of chrome (Cr)-
Gold (Au) to form the Schottky contact. The entire procedure can be described in several
important steps: hex amethyldisilazane (HMDS) spin coating, photoresist spin coating,
photolithography using an interdigital mask, and finishing with Cr-Au metal deposition using
thermal evaporation. The electrical and the photovoltaic properties of the resultant sputtered
ZnO thin film on n-Si substrate and the solar cell device may be tested, for example by [-V
measurements under dark, and UV-illuminated conditions.

An exemplary device configuration is shown in FIG. 12A. In various exemplary
embodiments, Cr/Au contacts the ZnS layer on sputtered ZnO thin film/Si substrate. The
metal pattern, shown in FIG. 12B, is configured for light to reach the photon-absorbing
region, i.e., a Schottky ZnO/ZnS heterojunction. The corresponding energy diagram of the
device is similar to the one illustrated in FIG. 3.

The I-V measurements demonstrate suitable operation of a Schottky heterojunction;
the Vo was about 1.35 V. However, as shown in FIG. 13, the J. was very low since the
sputtering target, consisting of Mn-doped ZnO, rendered the ZnO thin film fairly insulating.
Therefore, in order to fabricate low cost, high V., UV-absorbing solar cells, principles of the
present disclosure also contemplate solution grown ZnO as the core material.

Principles of the present disclosure integrate visible wavelength-transparent, UV-
absorbing and voltage generating photovoltaic (PV) devices, comprised of Metal-ZnS/ZnO
schottky junctions, onto a well-established electrochromic stack to demonstrate autonomous
(or self-powered) photo-electrochromic systems at low cost on glass and/or polymer-based
substrates. The advantages of wet chemical processing over vacuum techniques include
compositional control, low cost, and capacity for producing materials on large areas.
Exemplary embodiments demonstrate controllability on the solution synthesis of ZnO and
ZnS on several substrates (i.e., Si, PET, glass, and the like). Moreover, since the PV device
operates in the ultraviolet (UV) region with relatively low photovoltaic power conversion

efficiency in comparison to conventional solar cells, the important metric here will be the
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open circuit voltage (Voc) and power to drive the electrochromic stack.

In various exemplary embodiments, exemplary devices and systems may be created
and characterized, as follows: 1) Synthesize ZnO thin films by a low temperature, low cost
solution deposition technique. 2) Partially convert the ZnO to ZnS in a sulfurizing
environment to form the ZnO/ZnS heterojunction. The conversion may be monitored by
surface analytical and electron microscopic techniques, in order to account for the multiple
defect equilibria, dopant compensations, and partial pressure and temperature dependences
for process and product reliability and reproducibility. 3) Fabricate device structures via the
use of metals on ZnS/ZnO heterojunction. In various exemplary embodiments, ultrathin
metallic contacts (M = Cu, Au, Pd, and Pt), of the order of 1-10 nanometers, on such
heterojunctions devices may be used to determine the photovoltaic and optical properties. 4)
Characterize the materials and devices in each step of the processing and fabrication cycles.
Desirable metrics here include high open circuit voltage, low dark current, and high
photocurrent.  5) Integrate the PV ZnS/ZnO film photovoltaic devices onto available
electrochromic stacks and test the photo-electrochromic system for its efficacy. Specifically,
this hybrid, monolithically-integrated system may be characterized for transparency and
switching times and self-powering capability.

In various exemplary embodiments, ZnO nanomaterials (i.e. thin film and nanowires)
are grown on various ZnO seeded substrates (i.e. glass, silicon and PET substrate) using a
solution growth technique. The morphology may be controlled through the concentrations of
the precursors in the bath and the growth time. The resulting nanostructures are annealed in
H,S atmosphere to form the ZnO/ZnS heterojunction. In order to gain control of extent of
conversion, nanostructure, and phase evolution, the ZnO/ZnS conversion process may be
optimized using the founding principles for the determination of processing-nanostructure-
property relationships via:

(a) Determination of the mildest reaction environment, i.e., annealing temperature,
partial pressure of H,S and O, in two-step annealing atmospheres, and rapid thermal
annealing duration using statistical design of experiments. The partial conversion of ZnO to
ZnS may be carried by sulfurization under H,S gaseous atmosphere at about 400 °C.
Additionally, for a low-cost, low-temperature approach, use of various sulfur containing
solutions, such as NH4S and Na,S, may be implemented.

(b) Utilization of materials characterization techniques including x-ray diffraction,

scanning and transmission electron microscopy, optical absorption, photoluminescence,
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cathodoluminescence, photovoltaic I-V response to monitor the evolution of the crystalline
phase, general morphology, interface quality and property of the ZnS/ZnO heterojunctions.

Reliable and reproducible processes for the synthesis of ZnO films and ZnO/ZnS
heterojunctions are disclosed herein. The initial solution processing parameters include the
concentration of Zn precursor, growth time, and solution temperature, and for the ZnO to ZnS
conversion process, time, sulfur activity, and temperature. For both ZnO thin films and
formation of ZnO/ZnO heterojunctions, an exemplary optimization approach consists of three
stages; (i) screening with all parameters, (ii) a full factorial or fractional factorial (with main
effects and interaction effects using coded parameters), and (iii) determination of the
responses” surface curvature. The appropriate responses may be selected from data of x-ray
diffraction, electrical and optical characterization, photoluminescence, cathodoluminescence,
photovoltaic response, device simulations, and/or the like. To determine the response
surfaces, a second-order regression model expresses the effects of quadratic and interaction
terms in the response polynomial as follows:

k k
y=2, "'Z:lel +Z:,B”xl2 +22ﬂyxlxj +&
i=1 i=1

i<j

where j’s are the number of parameters, x’s are coded parameters representing the
natural variables, 5’s are regression coefficients, and ¢ is a random error term. In order to fit
this model, additional experiments including center points, i.e., a central composite design
(CCD) may be performed. The analyses of the resulting response surface plot, in terms of the
process parameters, may determine the optimum processing conditions.

In various exemplary embodiments, fabrication of ultrathin metallic contacts (M =
Cu, Au, Pd, and Pt), of the order of 1-10 nanometers, is performed on such heterojunctions
devices to determine the photovoltaic and optical properties.

In various exemplary embodiments, after ZnS/ZnO films are synthesized and
deposited on appropriate substrates, a series of fabrication steps is undertaken to complete the
device structures. Three main components to fabrication include 1) surface treatments prior
to processing, 2) device patterning, and 3) metallization.

Surface treatments (1) and preparation strategies for ZnO have largely been
expounded on, and have ranged from cleaning techniques, oxygen plasma, and ozone-based
treatments. One strategy that has not received much attention in terms of creating Schottky
based solar cells for oxide based material systems is surface passivation and formation of an

ultrathin insulating layer to serve as an electron blocking layer. Patterning considerations (2)
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had been optimized to create a grid structure that best exposed the right amount of area for
carrier generation and shaded the right area for collection. Metallization (3) is carried out on
a combination of thermal and electron-beam evaporators, of which source materials of known
reported large Schottky barrier heights (Cu, Au, Pd, and Pt) may be deposited.

In various exemplary embodiments, it is desirable to closely monitor the materials and
Schottky diode property in each step of the processing and fabrication cycles, starting from
ZnO synthesis, partial conversion to ZnS and Schottky contact formation, to ensure high open
circuit voltage, low dark current, and high photocurrent. The impediments to achieving these
metrics are mainly defects in the film. Both optical and electrical characterization techniques
are useable for this purpose.

In various exemplary embodiments, optical analysis techniques are usable to
understand the quality of the ZnS/ZnO films. ZnO belongs to the space group C*sy. Here Al
and E1 are polar modes and are both Raman and infrared active, whereas the two E2 modes
(involving mainly Zn motion and characteristic of the wurtzite phase) are nonpolar and
Raman active only. Both Al and E1 split into transverse (TO) and longitudinal optical (LO)
phonons. Therefore, Raman spectra for the ZnO films may be recorded in the 10-1200 cm™
spectral range. Several common low-frequency features are assigned to the second order
Raman spectrum arising from zone boundary phonons 3Ey-E;;, Ajr, and the envelope of
bands above 1095 cm™ attributed to overtones and/or combination bands. The peaks of ZnO
at 331, 388, 436, and 584 cm—1 are assigned to Fry-E>;, A7, Ery, and Ej of bulk ZnO,
respectively. Since the E>x mode involves only oxygen atoms and the £z mode is associated
with oxygen deficiency, a strong E; mode and a low E; mode would be indicative of a lower
oxygen vacancy density and films of high quality; its intensity has been observed to depend
on crystallinity, crystal orientation, and on the synthesis method. If £,z mode of ZnO films is
shifted toward lower frequency by a small amount (1 cm™"), it will be attributed to strains and
defects, as illustrated in FIG. 14.

In various exemplary embodiments, exemplary devices may be characterized via deep
level transient spectroscopy (DLTS) and electron beam induced current (EBIC), after
Schottky contacts are fabricated. However, any suitable characterization approach and/or
devices may be utilized.

DLTS is a powerful tool that is often used to measure the relative density of trap
states in the active material. Trap states represent recombination centers which translate to
reduced performance. DLTS can uncover systematic issues with bulk material and strategies

can be undertaken afterwards to reduce the concentration of trap states.
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To gain further understanding of the ZnO thin-film device, as well as for future
considerations of relevant information in a DFT model of a ZnO device, preliminary DLTS
measurements may be carried out. In this manner, one can identify active defects, such as
traps, that lead to the formation of recombination centers, and to reconcile why performance
and yield may be low. FIG. 15 illustrates a DLTS spectrum of an exemplary device. A
transition peak is observed at approximately 170 K, which has been reported to be linked to
the presence of Mn, as the sputtering target contains a small amount of Mn. The spectrum
also exhibits a peak at approximately 120 K, which has been assessed from Arrhenius plots of
existing literature. Therefore, further studies on the frequency and temperature dependences
of the DLTS signal are warranted so that a deeper understanding of why the photovoltaic
responses of the Mn-ZnO cells have been markedly inconsistent. = Moreover, by
unambiguously identifying the source of these defect peaks, coupled with DFT modeling,
controlled experiments can be designed and implemented to improve the performances of
these devices. DLTS may be used on solution deposited thin films to identify likely defects in
the film and in tumn, the result optimizes the solution synthesis to reduce or eliminate the
defects thus improve the film quality that would lead to large open circuit voltage.

EBIC: Induced current based measurements can better inform device performance
under low levels of injected carrier densities, comparable to that of solar irradiation. Varying
injection density can elucidate a number of factors in the exemplary material system
disclosed herein, including grain boundaries at the threshold of beam current as well as
images to get an illuminated sense of majority carrier distribution along the film.
Additionally, identification of various types of shunt have been reported and identified
through EBIC measurements for crystalline Si based solar cells. Works on CdTe solar cells
have also made great use of EBIC to spatially resolve and map grain boundaries for improved
device performance.

Principles of the present disclosure contemplate that, in order to make a Schottky-
based photovoltaic transparent to visible light, in addition to the use of large band gap
semiconductors, i.e. ZnO/ZnS heterojunction, the metallic contact should also be transparent.
One exemplary approach is to deposit a very thin metallic film onto the heterojunction.
Typically, the thickness needs to be under 10 nm. For example, an average visible
transmittance between 40-80% is found in Ni thin films with a thickness of 2-10 nm.
However, as a film becomes more transparent with its thickness approaching 20 nm, the sheet
resistance significantly increases due to electron scattering from the surface, and the

conductivity differs significantly from its bulk counterpart. Another exemplary approach is to
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use nanomaterial-based metallic transparent electrodes, which have demonstrated excellent
performance. However, the fabrication involves expensive vacuum deposition techniques,
making them cost prohibitive for many practical applications, such as smart windows. In
various exemplary embodiments, exemplary methods deposit a low cost solution grown Cu
nanowire network, as the fully transparent electrode, onto ZnO/ZnS heterojunction to form a
Schottky-based photovoltaic, as shown in FIG. 16C. In certain exemplary embodiments, the
synthesis may be carried out using a simple reduction of Cu** by Ni*" under Ar atmosphere to
form Cu nanowires in the presence of surfactants. The morphology and transmittance of the
resulted Cu nanowires at various concentration are shown in FIGS. 16A and 16B,
respectively. Principles of the present disclosure incorporate good conductivity of the Cu
nanowire network, and identify suitable processing conditions to achieve good Schottky
contact between Cu nanowire network and ZnS surface, including 1) low temperature
annealing to ensure the process is compatible with plastic substrate, and/or 2) chemical
solution treatment.

In various exemplary embodiments, there are several ways Cu-ZnS/ZnO Schottky UV
solar cells can be integrated with EC layer, either side by side of the two devices, or having
the solar cell positioned at the peripheral of the EC device. These strategies will either limit
EC controlled area in the first case, or the solar cell area in the second case. Therefore, to
maximize the performance, the third choice of monolithically integrating a solar cell with an
EC layer is desirable. In addition, in order to explore the feasibility of potentially retrofitting
such self-powered smart window onto a vast amount of existing windows, exemplary
methods contemplate fabricating these devices on flexible substrate.

In an exemplary embodiment, similar to the fabrication of Cu-ZnS/ZnO Schottky
diodes, an exemplary method first deposits ITO electrode layer on PET substrate, followed
by the deposition of ZnO film through solution synthesis. After defining the ITO contacts
with the ZnO films using photolithography, an insulating layer, such as SiO; is sputter-
deposited on top of the device to pride electrical insulation between the two contacts. On top
of the insulating layer, an EC cell is fabricated. Another ITO contact layer is deposited on the
insulating layer, followed by the thermal evaporation of WO; (EC layer), LiAlF, (ion
conductor) and V,0s (the ion-storage layer), respectively. A third layer of ITO film is
deposited on top to serve as the top electrode for the EC cell. One of the contacts of the Cu-
ZnS/ZnO UV solar cell is connected to the bottom electrode of the EC cell, while the other
contact from the UV solar cell is connected to the top ITO contact. An exemplary finished

device is illustrated in FIG. 6. Because all the processes involved are at low temperature, it is
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compatible with polymer substrate.

In an exemplary configuration, the photovoltage produced by the Cu-ZnS/ZnO solar
cell electrode drives electrons and compensating Li" cations from the WO film, resulting in a
colored electrochromic film. When illumination ceases, the potential of the charged WO; film
causes the coloration process to reverse, expelling Li' from the WOs film and transferring
electrons, via the external circuit, back to the oxidized iodine species in solution.

To characterize such self-powered smart window structure, a AM1.5 light source may
be shined on the device and the light intensity may be varied to examine under what
conditions the electrochromic layer will undergo a coloration process. In particular, the
voltage generated by the solar cell after an exemplary hybrid device is fabricated determines
the additional process steps, if any, that will degrade the UV solar cell characteristics. As the
desired voltage for driving ionic conduction in such EC material is in the range of 0.5 — 3V,
such monitoring assists in evaluating the device performance. Furthermore, the coloration
switching time may be monitored in order to evaluate the EC device performance. Thickness
of the EC layer will be used to optimize the switching time for fast response. Optical
transmission, especially in the visible range, through the entire device during the coloration
and de-coloration process, may be measured to evaluate the performance of such self-
powered smart window in reducing the visible light transmission.

While the principles of this disclosure have been shown in various embodiments,
many modifications of structure, arrangements, proportions, the elements, materials and
components, used in practice, which are particularly adapted for a specific environment and
operating requirements may be used without departing from the principles and scope of this
disclosure. These and other changes or modifications are intended to be included within the
scope of the present disclosure.

The present disclosure has been described with reference to various embodiments.
However, one of ordinary skill in the art appreciates that various modifications and changes
can be made without departing from the scope of the present disclosure. Accordingly, the
specification is to be regarded in an illustrative rather than a restrictive sense, and all such
modifications are intended to be included within the scope of the present disclosure.
Likewise, benefits, other advantages, and solutions to problems have been described above
with regard to various embodiments. However, benefits, advantages, solutions to problems,
and any element(s) that may cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical, required, or essential feature or element

of any or all the claims.
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As used herein, the terms "comprises," "comprising," or any other variation thereof,
are intended to cover a non-exclusive inclusion, such that a process, method, article, or
apparatus that comprises a list of elements does not include only those elements but may
include other elements not expressly listed or inherent to such process, method, article, or
apparatus. Also, as used herein, the terms “coupled,” “coupling,” or any other variation
thereof, are intended to cover a physical connection, an electrical connection, a magnetic

connection, an optical connection, a communicative connection, a functional connection,

and/or any other connection.
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CLAIMS
What is claimed is:
1. A system integrating photovoltaic components and electrochromic components,
comprising:
a glass substrate;
an electrochromic film disposed atop the glass substrate; and

a UV solar cell disposed atop the electrochromic film.

2. The system of claim 1, wherein a voltage generated by the UV solar cell is utilized to

power the electrochromic film.

3. The system of claim 1, wherein, when the system is illuminated by sunlight, the UV

solar cell absorbs less than 20% of the visible light.

4, The system of claim 1, wherein the UV solar cell incorporates a Schottky junction.
5. The system of claim 4, wherein the Schottky junction comprises a ZnS/ZnO
heterojunction.

6. The system of claim 5, further comprising a Cu nanowire network disposed atop the
7ZnS/Zn0 heterojunction.

7. The system of claim 1, further comprising a control switch coupled between the UV

solar cell and the electrochromic film.

8. A method of reducing electricity usage, the method comprising:

disposing an electrochromic film atop a glass substrate, wherein the glass substrate is
usable as a window;

disposing a UV solar cell atop the electrochromic film; and

operating, via a voltage supplied by exposure of the UV solar cell to sunlight, the
electrochromic film to reduce at least one of visible light transmission or infrared

transmission through the glass substrate.

9. The method of claim 8, wherein the UV solar cell incorporates a Schottky junction.
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10. The method of claim 9, wherein the Schottky junction comprises a ZnS/ZnQO

heterojunction.

11. The method of claim 10, wherein the UV solar cell further comprises a Cu nanowire

network disposed atop the ZnS/ZnO heterojunction.

12. A method for forming a UV solar cell on a glass substrate, the method comprising:
forming a layer of ZnO on the glass substrate;
forming a layer of ZnS on the layer of ZnO to form a heterojunction; and

forming a layer of solution-grown Cu nanowires on the layer of ZnS.

13. The method of claim 12, wherein the solution-grown Cu nanowires are formed by

reduction of Cu®" by Ni*" under an argon atmosphere in the presence of surfactants.

14. The method of claim 12, wherein the layer of ZnS is formed by sulferization under an

H,S gaseous atmosphere at about 400 degrees Celsius.

15. The method of claim 12, wherein the layer of ZnS is formed via use of at least one of

NH,S or Na,S.
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