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Abstract

We highlight results of a broad spectrum of efforts on lower-
temperature processing of nanomaterials, novel approaches to
energy conversion, and environmentally rugged devices. Solu-
tion-processed quantum dots of copper indium chalcogenide
semiconductors and multiwalled carbon nanotubes from lower-
temperature spray pyrolysis are enabled by novel (precursor)
chemistry. Metal-doped zinc oxide (ZnO) nanostructured com-
ponents of photovoltaic cells have been grown in solution at
low temperature on a conductive indium tin oxide substrate. Ar-
rays of ZnO nanorods can be templated and decorated with var-
ious semiconductor and metallic nanoparticles. Utilizing ZnO
in a more broadly defined energy conversion sense as photo-
catalysts, unwanted organic waste materials can potentially be
repurposed. Current efforts on charge carrier dynamics in na-
noscale electrode architectures used in photoelectrochemical
cells for generating solar electricity and fuels are described. The
objective is to develop oxide nanowire-based electrode archi-
tectures that exhibit improved charge separation, charge collec-
tion and allow for efficient light absorption. Investigation of the
charge carrier transport and recombination properties of the
electrodes will aid in the understanding of how nanowire archi-
tectures improve performance of electrodes for dye-sensitized
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solar cells. Nanomaterials can be incorporated in a number of
advanced higher-performance (i.e., mass specific power) pho-
tovoltaic arrays. Advanced technologies for the deposition of
4H-silicon carbide are described. The use of novel precursors,
advanced processing, and process studies, including modeling
are discussed from the perspective of enhancing the perfor-
mance of this promising material for enabling technologies
such as solar electric propulsion.

Nomenclature

AAO anodized aluminum oxide

AMO air mass zero (space solar spectrum)

CBD chemical bath deposition

CNT carbon nanotube

CulnS(e), copper indium disulf(selen)ide

DFT density functional theory

DGM dusty gas model; mathematical model of gas
transport in porous media

DSSC dye-sensitized solar cell

E, bandgap energy

FTO fluorin-doped tin oxide

HR-TEM  high resolution-transmission electron microscopy

HW-CVD  hot wall-chemical vapor deposition



IMPS integrated microelectronic power supply

LEO low Earth orbit

MWNT multiwall (carbon) nanotube

SEM scanning electron microscopy

SEP solar electric propulsion

SiC silicon carbide; wide-bandgap semiconductor
(cubic (3C) and hexagonal (4H) polymorphs)

TEMPO (2,2,6,6-tetramethylpiperidin-1-yl)oxy

TiO, titanium dioxide; typically found in either anatase
or rutile phases

TOPO trioctylphosphine oxide
XRD x-ray diffraction
ZnO zinc oxide; a wide-bandgap semiconductor

1.0 Introduction and Background

Ready and reliable power is an essential cornerstone of any
successful space exploration venture—both manned and robotic.
Solar array designs have undergone a steady evolution since the
Vanguard 1 satellite. Early satellites used silicon solar cells on
honeycomb panels that were body mounted to the spacecratft;
early space solar arrays only produced a few hundred watts of
power. Satellites today require low-mass solar arrays that pro-
duce several kilowatts of power. Several new solar array struc-
tures have been developed over the past 40 years to improve the
array specific power and reduce the stowed volume during
launch. The solar arrays presently in use can be classified into six
categories: (1) body-mounted arrays; (2) rigid panel planar ar-
rays; (3) flexible panel array; (4) flexible roll-out arrays; (5) con-
centrator arrays; and (6) high temperature/intensity arrays.

In addition, several proposed space missions have put other
constraints on solar arrays. Several proposed Earth orbiting
missions designed to study the Sun require “electrostatically
clean” arrays. Inner planetary missions and mission to study the
Sun within a few solar radii require solar arrays capable of with-
standing temperatures above 450 °C and functioning at high so-
lar intensities. Outer planetary missions require solar arrays that
can function at low solar intensities and low temperatures. In
addition to the near-Sun missions, missions to Jupiter and its
moons also require solar arrays that can withstand high radia-
tion levels (Ref. 1).

On Earth, the need for alternative energy is a high priority
given the constant increase in worldwide population and despite
recent advances in exploiting such resources, the fact that fossil
fuel reserves are finite. For important applications involving
terrestrial uses, price per watt will clearly be a critical driver.
Conversely, the challenges of aerospace and defense have
spurred the development of advanced technologies. Over the
past half-century, researchers at the NASA Glenn Research
Center (GRC) and their academic and industrial partners have
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researched and developed a number of novel processing tech-
nologies, materials, devices, and energy conversion solutions
for the challenges posed by surviving and even thriving in near-
Earth space and non-terrestrial surface operations (Ref. 2).

We highlight several examples of advanced materials, pro-
cessing and devices in this overview with examples of power
technologies for space exploration and end with a discussion of
their long-term potential for terrestrial applications. It is im-
portant to keep in mind the fact that solar cell materials and de-
vices, regardless of the specific class of material(s) or device
structure, are made to generate electricity or facilitate energy
conversion processes. An important take-home lesson is that a
wide array of power generation technologies exists, each tech-
nology with its unique ability to meet the difficulties posed by
challenging mission power requirements (Ref. 3).

2.0 Inorganic Nanomaterials for Energy
Conversion and Environmental
Applications

The inclusion of nanocrystalline materials in photovoltaic de-
vices has been proposed as a means to improve the efficiency
of photon conversion (quantum dot solar cell) (Ref. 4), enable
low-cost deposition of thin-films (Ref. 5), provide sites for ex-
citon dissociation (Ref. 6), and pathways for electron transport
(Ref. 7). With respect to their use in quantum dot solar cells and
exciton dissociation, the size of the nanoparticle is an important
factor in determining the optoelectronic properties of the mate-
rial. When the size of a semiconductor quantum dot drops be-
low that of the exciton Bohr radius (of the bulk material) the
energy levels become quantized and the bandgap increases as
the particle size decreases. In this size regime the bandgap can
be “tuned” to a desired energy by adjusting the particle size.
Quantum dots are also expected to be resistant to degradation
from electron, proton, and alpha particle radiation, a require-
ment for use in space solar cells (Refs. 8 to 10). However, new
generation solar cells based on nanostructured materials prom-
ise to enhance light harvesting efficiencies, greatly increasing
their utility for future energy needs.

2.1 CulnE: (E =S, Se) and Related
Nanomaterials From Single-Source
Precursors

The chalcopyrite semiconductors copper indium disulfide
(CulnS;) or diselenide (CulnSe;) have seen steady improve-
ments in efficiency for thin-film photovoltaics. The bandgap of
CulnS, (E; = 1.5 eV) is a good match to the AMO solar spec-
trum, and CulnSe; (E; = 1.1 eV) is a promising low-cost
electro-optical material (Ref. 11). Thin-film Cu(In,Ga)S, cells



with efficiencies of 12.8 percent have been successfully pro-
duced (Ref. 12), while Cu(In,Ga)Se; cells have been recorded
with over 20 percent efficiency (Ref. 13). Earlier work in pro-
ducing quantum dots of I-III-VI, materials relied on reactions
involving CulnS; or CulnSe; nanoparticles from the chlorides
and trioctylphosphine oxide (TOPO) (Ref. 14), treatment of a
Cu'-P(OPh)3/In"-P(OPh); mixture in acetonitrile with (TMS),S
(Ref. 15), or treatment of an aqueous mixture of CuCl and
Iny(SO4)3 with hydrogen sulfide or hydrogen selenide, respec-
tively (Ref. 16).

Controlled synthesis of a desired size nanoparticle is not al-
ways simple, especially for the higher-order ternary and tertiary
materials. If separate sources are used for the different metals
and chalcogenides, binary materials are often preferentially
formed as a result of the different solubility of the products and
reactivity of the precursors. A promising method to circumvent
the formation of undesirable reaction products researched at
GRC involved the use of single-source precursors. Single-
source precursors are small molecules that include all the ele-
ments required in the final material. These precursors can be
designed with many properties in mind including stoichiome-
try, solubility, and volatility.

A simple molecular precursor (PPh;),Culn(SEt)s (1)
(Figure 12) was first described by Prof. M. Kanatzidis’s group
(Ref. 17). This neutral complex comprises a copper(I) ion
bound by two triphenylphosphine ligands, an indium(III) ion
with two terminal ethanethiolate ligands, and two bridging
ethanethiolate ligands between the metal centers. This molecule
was found to decompose to produce CulnS; powders as de-
picted in Figure 1. Further work with this class of molecules has
yielded analogous precursors with desirable properties such as
lower melting points (including the liquid precursor

(P"Bus),Culn(SEt)4) and higher solubility in organic solvents
(Refs. 18 to 20). Note that this molecular structure is quite “tun-
able” and affords the ability to substitute for any of the ternary
(Group 11, Group 13, or Group 16) elements in the I-III-VI,
formula, as shown in Figure 2.

300-450 °C

CulnSs

Figure 1.—Diagram of pyrolysis of [{PhaP}2Cu(SEt)2In(SEt)z]
precursor (1) to produce semiconducting CulnS:.
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We briefly describe work with the precursors for the synthe-
sis of CulnS; or CulnSe; nanoparticles (Refs. 21 and 22). The
reactions are outlined in Figure 3. The stepwise method of syn-
thesis, isolating the red intermediates, is required for the purest
products. If the precursor is brought directly to 250 or 300 °C,
the final black powder is predominantly CulnS,, but impurity
peaks are evident in the XRD pattern. X-ray powder diffraction
patterns (Figure 4) clearly show that pure CulnS; is the product
of the reaction at 250 and 300 °C, and CulnSe; at 275 and
300 °C. The powder diffraction patterns of the red powders
from the 200 °C reactions exhibit unusual splitting of the (112)
peaks into two peaks centered about the expected (112) posi-
tion; the remaining two peaks (204/220) and (116/312) are in
their expected positions. In all powder patterns, significant
broadening of the diffraction lines is apparent; particle sizes of

R= aIkyI,F\\
aryl, Si, F

LR' = alkyl,
aryl, Si, F

Figure 2.—Tunable sites for [{RsE}2M(QR")2M’(QR’)z] architec-
ture using [{PhsP}2Cu(SEt)2In(SEt)2] as an example.

Synthesis of nanocrystalline CulnSz and CulnSe2
from single-source precursors

i 2 (R=CgHs; R"=—CH,CH3;E=S
(PR3),CUINER )4 Dioctyl phcthalate '( 6Hs ' 2CH3 )
200°C 2' (R=CgHs; R’ =—CgHs; E =Se)
2 and 2' are red-brown powders. Each is washed with toluene and methanol
to remove unreacted precursor, dried under vacuum, and stored in a glove
box for future use.

Dioctyl phthalate , Dioctyl phthalate ,
2 250°C 3 2 275°C 3
Dioctyl phthalate , Dioctyl phthalate )
2 300°C 4 2 250°C 4

Figure 3.—Reaction scheme for the conversion of the single-
source precursors to CulnSz or CulnSe:.



counts/s

2500 \

10 20 30 40 50 60 70 80 80
“ZTheta

o | ‘ | |‘ I | i (T | I | || I |
T T T T T T T T T T T T T
10 20 30 40 50 60 7l &0
*ZTheta

Figure 4—Powder XRD patterns for a) 2, 3, and 4, the reac-
tion products of [{PPhz}2Cu(SEt)2In(SEt)z] at 200, 250, and
300 °C, and b) 2/, 3, and 4, the reaction products of
[{PPhs}2Cu(SeEt)2In(SeEt)2] at 200, 275, and 300 °C.

2.1, 2.8 and 7.4 nm are calculated by the Scherrer formula for
the 200, 250, and 300 °C CulnS, powders, and 1.8, 4.4, and
9.8 nm for the 200, 275, and 300 °C CulnSe; powders, respec-
tively. The precise identity of the red-brown materials (2 for S
and 2’ for Se) has not been determined.

The powders were examined by transmission electron mi-
croscopy (TEM); typical TEM images are shown in Figure 5.
Large particles seen (left image) are in fact aggregates of nano-
particles. From the high-resolution TEM (HRTEM) images, it
appears that the size distribution of the samples is quite large,
therefore, the sizes calculated by the Scherrer formula from the
x-ray diffraction data are to be taken as only approximate. In
conclusion, decomposition of single-source precursors at mod-
erate temperatures affords nanoparticles of CulnS, and CulnSe;
in good yield. These materials have nanometer-sized dimen-
sions and may find utility in hybrid thin film or quantum dot
solar cells. Future work includes altering the surface of the na-
noparticles to enable dispersion in solvents, narrowing of the
size distributions, and controlling the quantum dot bandgap as
a function of size. A further observation to make
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Figure 5.—Medium (top) and high-resolution (bot-
tom) TEM images of sample 4' (CulnSe).

is that this same approach utilizing single-source precursors
and/or low-temperature processing can be used to produce
quantum dots of the recently discovered perovskite solar cell
materials that have shown much promise over the past several
years (Ref. 23).

2.1.1 Low Temperature Growth of ZnO Nanorods
Doped with Metals and Quantum Dots

In recent years, the wide-bandgap, semiconducting material
zinc oxide (ZnO) has received significant attention; it has at-
tractive electronic properties, it is relatively inexpensive, it is
easy to prepare, and it is an environmentally friendly alternative
to other semiconductors. As a result, it is used for a wide array
of applications such as photovoltaics (Ref. 24), photoacoustic
wave devices (Ref. 25), UV transceivers (Ref. 26), and photo-
catalysis (Ref. 27).

A method for manufacturing metal-doped ZnO nanostructured
components of photovoltaic cells grown in solution at low
temperature on a conductive indium tin oxide substrate (ITO)
developed at the University of Tulsa (TU) is described. The
growth of nanorods was achieved using a low-temperature,
chemical bath deposition (CBD) procedure. Optimal growth



parameters were varied and tested with the goal of obtaining the
greatest nanorod density, uniformity, and light absorption
properties. Growth temperature, growth time, precursor concen-
tration, cobalt dopant amount, and growth pH were each varied.
Typically, ZnO based nanostructures and thin films absorb light
in the UV region. By doping ZnO nanorods with cobalt and other
metals, we can shift the absorption spectrum of ZnO from UV to
the visible region. Arrays of ZnO nanorods can be templated us-
ing anodized aluminum oxide (AAO) membranes and then dec-
orated with various semiconductor and metallic nanoparticles for
comparison to doped and undoped ZnO thin films.

The CBD method (Ref. 28) developed at TU to incorporate
metallic ions into ZnO structure holds great promise as a simple
scalable, low temperature and cost effective method compared
to pulsed laser deposition and chemical vapor deposition
methods for fabricating ZnO nanorods and nanowires. In this
method 1:1 ratio of 98 percent zinc nitrate hexahydrate
(Zn(NO3),°6H,0) and hexamethylenetetramine were added to
125 mL of High Purity water, then placed in the oven at 95 °C
for 24 h. Cobalt (II) nitrate hexahydrate, 98+ percent was incor-
porated into the solution before the hydrothermal process to
dope at 5 percent. Finally, prepurchased cadmium selenide
(CdSe) quantum dots in solution were dropped onto grown na-
norods. In an attempt to increase efficiency, AAO membranes
were sputter coated with 25 nm of Ag then adhered to ITO glass
substrate using silver paste. The same growth procedure was
followed as the non-spaced nanorods. SEM images were taken
to verify growth of nanorods through the membrane pores.
Once verified the membranes were dissolved in dilute NaOH
leaving behind spaced and ordered nanorods. They could later
be decorated with quantum dots (Ref. 29).

The synthesized ZnO nanorods grown via low temperature
hydrothermal method are demonstrated in Figure 6. Experi-
ments that contained Co doped nanorods were submitted to
XRD and photoluminescence to assure absorption. ZnO nano-
rods with CdSe quantum dots are shown in Figure 6. The SEM
image demonstrates a large amount of quantum dots that had
adsorbed onto the surface. Photoluminescence was performed
to demonstrate the shifting wavelength. The AAO membranes
did space out the nanorods; however, the density of their growth
is still lacking. Studies involving the impact of concentration
and temperature adjustments are underway in order to demon-
strate rational growth (Ref. 30).

2.2 Photocatalysis with Zinc Oxide
Nanopowders
Particle size and shape influences the chemical, physical and
electronic properties of the zinc oxide and its usefulness in

the above-mentioned applications. As a result, many have in-
vestigated ways of controlling or modifying the size and
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Figure 6.—(Top) SEM image of ZnO nanorods
grown on ITO; (Bottom) SEM image of ZnO na-
norods grown on ITO covered in CdSe Quantum
dots.

morphology of ZnO particles by using different synthetic tech-
niques, and modifying synthesis conditions (Refs. 31 to 34).
The research group at Northwest Nazarene University (NNU)
has been studying the bulk synthesis of zinc oxide nanoparticles
and working to control both size and morphology of the nano-
particles prepared by sol-gel synthesis using [Zn(acetate),] in
the presence of a variety of amines according to Equation (1)
(Ref. 35).

[Zn(acetate):](aq) + amine(aq) + NaOH(aq) — ZnO(s) )

The ZnO powders formed from the sol-gel process are then
air dried and annealed in a nitrogen atmosphere at temperatures
ranging from 150 to 300 °C for 2 h. X-ray powder diffraction
confirmed formation of phase pure, wurtzite ZnO. X-ray pow-



der diffraction data for five samples prepared using five differ-
ent amines are provided in Figure 7. All of the samples are
phase pure and highly crystalline.

Although all of the samples are wurtzite ZnO, the presence
of the different amines profoundly affects both the size and
morphology of the resulting ZnO powders. Morphologies

produced include: spheres, rods, needles, plates, and small rice-
shaped nanoparticles. Scanning electron microscope images of
six of the powders are provided in Figure 8. Synthesis condi-
tions also impact the size and shape of particles. In general, we
have found that higher synthesis temperatures yield larger par-
ticles, and faster rates of NaOH addition yield smaller particles.

(o02) (004)
(100}(002] - (1) (103) (112)

ZnO using tris ( n ) A y (200) (201} [ (202
3
8 | ZnO using ethylenediamine A\ 1 \ !
2
g ZnO using butylamine
|5 using butyl & A A o
=

Zn0 using ammonia g

ZnO using benzylamine A A A A

10 20 30 40 50 60 70 80
20 (degrees)

Figure 7.—Powder X-ray diffraction data for ZnO powders obtained by sol-gel
synthesis at 75 °C using different amines. All products were annealed at
200 °C for 2 h in a nitrogen atmosphere.
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Figure 8.—SEM images of ZnO powders grown using different amines at different temperatures:

(A) tris(hydroxymethyl)aminomethane) (tris) at 95 °C, (B) ethylenediamine at 95 °C, (C) hydrazine at 95°C,
(D) t-butylamine at 95 °C, (E) triethanolamine at 65 °C, (F) 1,6-hexanediamine at 65 °C.
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Figure 9.—Normalized absorbance at 558 nm verses time of ultraviolet irradiation
(254 nm) of aqueous phenol red solutions in the presence of ZnO powders. The
amine in the legend corresponds to the amine used in the synthesis of the ZnO.

The NNU research group has also been exploring the photo-
chemical properties of the ZnO powders prepared using the dif-
ferent amines. We have found that the different size and
morphologies of the powders influences the material’s ability
to catalyze photochemical reactions. For example, we have
recently studied the different ZnO powders ability to photocata-
lyze the decomposition of the dye phenyl red under ultraviolet
radiation. A summary of photocatalysis data for several of the
powders is provided in Figure 9.

The plot is the normalized absorbance verses time for irradia-
tion of phenol red solutions in the presence of ZnO powders pre-
pared using four different amines. In general, it was found that
smaller particles yielded faster decomposition rates than larger
particles. Additionally, morphologies with a high surface area-to-
volume ratio, such as rods or small, rice shaped crystals, also ap-
pear to increase the photocatalytic effectiveness. Therefore, by
introducing different amines in the same synthetic protocol, we
are able to modify both size and morphology of the prepared ZnO
nanoparticles, and in turn impact ZnO’s chemical reactivity.

3.0 Novel Production of Dye-Sensitized
Solar Cells and Carbon Nanotubes

By the year 2050, the world’s energy utilization will have dou-
bled while fossil fuels utilization may continue to challenge our
ability to exploit new sources. Fortunately, if just 0.2 percent of
the Earth’s surface were covered in 10 percent efficient solar cells
by 2050, our energy needs would be met. The only significant
barrier to such widespread deployment is cost. There are several
third generation photovoltaics technologies that could make
widespread solar cell deployment economically feasible.

NASA/TM—2015-218866

Important technologies to enable advanced lightweight solar cells
include dye-sensitized solar cells (DSSCs) (Ref. 7) and new car-
bon nanomaterials, such as carbon nanotubes (CNTs) (Ref. 36).
These have both generated intense interest amongst scientists and
engineers for fundamental insights into energy conversion and
practical applications (Ref. 37). We outline several efforts geared
towards advancing these technologies and enabling their inclu-
sion in new, lightweight low-cost solar cells or other power de-
vices for future dual-use applications.

3.1 Efficient Inkjet Printed Dye Sensitized
Solar Cells

With current DSSC efficiencies peaking at 13 percent
(Ref. 38), the focus of research needs to shift to mass produc-
tion. As DSSC are a relatively new technology that is constantly
changing, any factories necessarily need to be flexible to remain
competitive. Inkjet printing has the flexibility to accommodate
materials changes and allows for the facile deposition of intri-
cate patterns (Figure 10) without the expensive retooling and
downtime associated with making new screens for screen-print-
ing. To date, the group at University of Louisville (UofL) has
printed DSSCs with efficiencies as high as 4.23 percent and can
consistently produce 4 percent efficient DSSCs. While UofL’s
4 percent efficient DSSCs are among the highest efficiency
inkjet printed DSSCs in the world, there are still numerous
gains to be made by optimizing the ink design and printing pro-
cesses (Ref. 39).

The ink used by UofL to conduct their preliminary device
fabrication trials and to develop printing strategies for the
smooth nonporous substrates like fluorine-doped tin oxide
(FTO) glass, conductive plastics, and stainless steel that are



likely to be used in industrial DSSC fabrications was unsuited
for long term use and was determined to ultimately be the cause
of the reduction in fill factor as seen in the IV curve of the nom-
inally 15 pm 12 layer cell in Figure 10. This is due to a smaller
than ideal titanium dioxide or titania (TiO,) nanoparticle size,
uneven drying forcing the use of many thin layers and heat
treatment cycles resulting in larger crystallite sizes and de-
creased porosity in the lower layers, and low overall porosity
due to lack of a structure directing agent combined with the
small particle size preventing dye absorption. To improve de-
vice efficiency and move towards industrially viable inks, our
research has focused on developing TiO; inks from the rela-
tively inexpensive P25 nanopowder that are suitable for print-
ing and designed to rectify the issues in the previous ink.

For an ink to be suitable for printing with the Dimatix DMP
and related print heads, it must be stable for at least 24 h to

prevent particle agglomeration and nozzle clogging during print-
ing, have a pH of 6-8 to prolong print-head life, have a surface
tension in the 28 to 32 mN/m? range, a viscosity in the 6 to 12 cP
range, good drop formation, deposit the suspended TiO, as
evenly as possible, and preferably use relatively non-toxic sol-
vents. These requirements eliminated all of the traditional TiO»
colloidal dispersions due to their pH or use of large polymers.
Two dispersions were produced with traditional bead milling
techniques, a 5 wt% TiO, 1:2 1-butanol: cyclohexanol that was
designed to air dry thin layers quickly and an extremely environ-
mentally friendly 10 wt% TiO; 60:33:7 water:glycerol:1-butanol
dispersion using 1 mM NayP,07 and 1 wt% ZetaSperse-1200 to
improve dispersion stability. Initial tests of these dispersions in-
dicate much better dye absorption than the previous inks (see
Figure 11); UofL anticipates that efficiencies of cells made from
these dispersions should improve accordingly.
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