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Nanotube Array on Conducting Glass
Substrates for Solar Cell Application
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ABSTRACT Highly ordered arrays of Cu-rich and -deficient CulnSe, nanotubes as well as Zn0/CulnSe, core/
sheath nanocables have been synthesized on glass substrates by using Zn0 nanorod arrays as sacrificial templates
via a low-cost solution method. Chemical conversions from hexagonal Zn0 to cubic ZnSe, hexagonal CuSe and
tetragonal CulnSe, are demonstrated as a novel means for synthesis of | —1ll—VI nanomaterials. Large differences
in their solubility product constant (K;,) are crucial for direct exchange in the conversions. In solvothermal reaction
of Zn0/CuSe core/shell nanocables with InCl;, the triethylene glycol solvent serves as a reducing agent for the
reduction of cupric (Cu?*) to cuprous (Cu*) ions and also as an agent for the dissolution of Zn0 cores. The
absorption coefficient of the CulnSe, nanotubes in the visible region is on the order of 10* cm™".
Photoelectrochemical solar cells were fabricated with arrays of Zn0/Cu; 5710l 630.105€; and Zn0/CuSe
nanocables. It was found that power conversion efficiency of the Zn0/Cu; 57.+9.10INg s3+0.105€; cell is about two
times higher than that based on Zn0/CuSe.
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ue to their unique structural and

outstanding optoelectronic prop-

erties, such as controllable energy
band gap by incorporation of Ga and/or S,
high absorption coefficient, and long-term
stability, chalcopyrite copper indium se-
lenide (CIS) and related materials (CulnSe,,
Cu(In,Ga;—,)Se,, Culn(S,Se;_,),) have been
considered to be promising alternatives to
polycrystalline silicon for photovoltaic
applications." ~® While high-power conver-
sion efficiency of about 20% has been dem-
onstrated in polycrystalline Cu(In,Ga; —,)Se,
(CIGS) thin film solar cell,®” its wide applica-
tions have not yet been realized. This is
mainly due to the relatively high manufac-
turing cost involved in their vacuum co-
evaporation/sputtering processes, the diffi-
cultly in achieving controllable and uniform
composition over a large area, and the toxic
environment involved on using Se or H,Se
gases.® ° Recently a low—cost coating
technique has been developed to fabricate
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CIGS nanocrystals films on transparent con-
ducting substrates. In this process, CIGS
nanocrystals were first dispersed in solvents
to create paints for coating onto substrates
to form CIGS films upon heat
treatments.'®”'2 However, energy conver-
sion efficiency of devices based on such
films is rather low due to high serial resis-
tances attributed to poor electrical contacts
between the CIGS nanocrystals and the sub-
strate. One possible approach to alleviate
this problem is to directly grow CIGS nano-
structures on transparent conducting
substrates.

Arrays of one-dimensional (1D) core/
shell nanocables have recently attracted in-
tense attention and are considered as
promising structures for photovoltaic appli-
cations as they may rival traditional planar
solid-state p—n junction devices and
nanocrystalline dye-sensitized solar cells in
three aspects: (i) Arrays of 1D nanostruc-
tures often have superior optical absorp-
tion due to their light-scattering and
-trapping morphologies;'? (ii) Core/shell
nanocables provide an additional advan-
tage of large donor/acceptor junction area.
Their unique geometry allows long enough
cable lengths for adequate light absorption,
while ensuring all photogenerated charge
carriers are close to the acceptor/donor
junction."*" (jii) Core/shell nanocables pro-
vide direct 1D conduction pathways en-
abling efficient charge transport along the
cables."*%"” For example, arrays of ZnO/
CdTe core/shell nanocables on indium—tin
oxide (ITO) glass substrates have been syn-
thesized and used as photoelectrodes for
solar energy applications, yielding a photo-
current density of 5.9 mA cm™2 under AM
1.5G illumination with an intensity of 100
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nanotubes can also be prepared, respec-
tively, by dissolving the inner ZnO nanorod
cores of the ZnO/ZnSe and the ZnO/CuSe
nanocables in an acetic acid solution. Arrays
of CIS nanotubes can be prepared by using
the CuSe nanotubes as self-sacrificial tem-
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Scheme 1. Schematic illustration for the formation process of the CIS

nanotube arrays.

mW cm 2" Yang et al. have demonstrated solar cells
based on n—p core—shell silicon nanocable arrays with
short circuit current and power conversion efficiency
reaching 4.28 mA cm 2 and 0.46% respectively under

1 sun illumination."® They also reported that high-
density Si/TiO, core/shell nanocable arrays exhibited
2.5 times higher photocurrent than planar Si/TiO, struc-
tures.'® Based on these considerations, arrays of ZnO/
CIS core/shell nanocables grown on transparent con-
ducting substrates are believed to be a promising
configuration for photovoltaic applications.

Many recent efforts have been devoted to the
preparation of CIS nanostructures with various mor-
phologies, such as nanocrystallites,?*2' nanorods,?>%*
nanowires,”*?> nanoparticles with trigonal pyramidal
shape,?® nanorings with hexagonal shape,’’ etc. How-
ever, to the best of our knowledge, the synthesis of CIS
nanotubes has never been reported. Also there has
been no report on the growth of 1D CIS nanoarrays on
transparent conducting substrates. Herein, we report a
simple and low-cost approach for synthesizing highly
ordered arrays of CIS nanotubes and of ZnO/CIS core/
shell nanocables with controllable Cu/In ratios on
fluorine-doped tin oxide (FTO) or indium—tin oxide
(ITO) coated glass substrates by using ZnO nanorod ar-
rays as templates. Solar cells based on the arrays of
ZnO/CIS core/shell nanocables were fabricated and
characterized.

RESULTS AND DISCUSSION

Synthesis Scheme of CIS Nanotubes. The synthesis of ar-
rays of ZnO nanorods/nanowires on various substrates
has been successfully achieved via dip-coating under
mild conditions.'”?” Our strategy for the synthesis of
the arrays of CIS nanotubes is illustrated in Scheme 1.
The solubility product constant, K, of ZnO (6.8 X 10~")
is much larger than those of ZnSe (3.6 X 1072°) and
CuSe (7.94 X 10~*). This implies that the arrays of ZnO
nanorods can be used as sacrificial templates to synthe-
size more stable ZnSe by anion exchange and further
convert into CuSe by cation exchange to obtain ZnO/
CuSe core/shell nanocables. Arrays of ZnSe and CuSe
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plates to react with In** via a polyol reduc-
tion process (the ZnO cores are slowly dis-
solved by the H* ions produced in the
reaction if ZnO/CuSe core/shell nanocables
are used instead).

Morphologies and Structures. Figure 1a and b
shows, respectively, top- and cross-sectional
views of SEM images of the highly ordered ar-
ray of CIS 1D nanostructures with diameters
of 50—100 nm and lengths of 2—3 pwm prepared in an
InCl; triethylene glycol (TEG) solution (2.0 mM) at 200 °C
for 30 h. Some broken nanostructures (marked with ar-
rows) in higher magnification SEM images in Figure 1c
and d reveal these 1D closed-tip nanostructures have
hollow interiors in the form of a sheath-like nanotube
array. Figure 1e shows a high-resolution TEM image of
a nanotube. Wall thickness of the polycrystalline nano-
tube is about 15 nm. The fringe spacing of 0.34 nm in
Figure 1e matches well to the interplanar spacing of the
{112} planes of the chalcopyrite CulnSe, crystal struc-
ture. Figure 1f shows a selected area electron-diffraction
(SAED) pattern of a nanotube, indicating that the nano-
tube is polycrystalline.

The sample was further characterized by elemental
electron energy loss spectroscopy (EELS) mappings. Fig-
ure 2b—d are, respectively, Cu, In, and Se elemental
EELS mappings of a typical nanotube shown in Figure

116/312
220/204

Figure 1. (a—d) SEM images of arrays of CIS nanotubes pre-
pared in an InCl; TEG solution (2.0 mM) at 200 °C for 30 h; (e)
a high-resolution TEM image; and (f) an SAED pattern of a
tetragonal CIS nanotube.
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50 nm

Figure 2. (a) TEM image of a CIS nanotube prepared in an
InCl; TEG solution (2.0 mM) at 200 °C for 30 h, and (b—d) are,
respectively, Cu, In, and Se elemental EELS mappings of the
same region.

2a. The EELS results show that Cu, In, and Se are homo-
geneously distributed through the nanotubes.

It should point out that the ability to fine tune the
Cu/In ratio in CIS is very important as the compound
shows, respectively, p- and n-type conductivity when it
is Cu or In rich.?8 In the present process, the Cu/In ra-
tio can be controlled by the reaction time of CuSe in
InCl; TEG solution. Figure S1 (in Supporting Informa-
tion) shows energy-dispersive X-ray (EDX) spectra of CIS
nanotubes obtained with different reaction durations.
For each sample, EDX data were collected from at least
five randomly selected areas to obtain an average com-
position. It can be seen that Cu-rich CIS nanotubes can
be prepared with reaction times shorter than 20 h,
while Cu-deficient CIS nanotubes are obtained when
the reaction time is longer than 24 h.

Phase compositions of the samples were further ex-
amined by XRD analysis. Figure 3a shows an XRD spec-
trum of the nanotube array on ITO glass. All the diffrac-
tion peaks match well to those of tetragonal CulnSe,
(JCPDF 75-0107), except the peaks marked with an as-
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Figure 3. XRD spectra of (a) an array of CIS nanotubes on ITO
glass; (b) an ITO-coated glass substrate; (c) an array of CIS nan-
otubes on FTO glass; and (d) a FTO-coated glass substrate.
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Figure 4. (a) SEM image of an array of ZnO nanorods; (b)
SEM image of an array of ZnO/ZnSe core/shell nanocables;
(c) TEM image of a ZnO/ZnSe core/shell nanocable; (d) TEM
image of ZnSe nanotubes; (e) SAED pattern of a ZnSe nano-
tube; and (f) EDX spectrum of ZnSe nanotubes. For EDX
measurement, the samples were removed from the FTO sub-
strates and deposited on Si wafers. The Si peaks come from
the Si wafers.

terisk, which comes from the ITO glass, as shown in Fig-
ure 3b. Figure 3¢ shows an XRD spectrum of the CulnSe;
nanotube array grown on FTO glass. The peaks marked
with a black dot come from FTO glass, as shown in Fig-
ure 3d. Abnormal intensity of the peak located at
26.6—26.7° in Figure 3c is attributed to the overlap-
ping of the (112) peak of tetragonal CulnSe, and the
(110) peak of tetragonal SnO, (JCPDF 41-1445).
Formation Mechanisms. To understand the phase trans-
formation and formation mechanisms of the CIS nano-
tubes array, we tracked the evolution process of the
nanotube. Figure 4a shows a typical SEM image of an
array of ZnO nanorods grown on FTO glass. The lengths
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Figure 5. (a) SEM image and (b) TEM image of ZnO/CuSe
core/shell nanocables; and (c) TEM image, (d) SAED pattern
and (e) EDX spectrum of CuSe nanotubes.

of the ZnO nanorods typically range from 2—3 pum,
and the diameters are in the range of 50—100 nm.
Upon immersion into a Se?™ ion solution, ion-exchange
reaction between Se?~ and ZnO will form a continuous
layer of ZnSe on the nanorods resulting in the forma-
tion of ZnO/ZnSe core/shell nanocables (Figure 4b). A
TEM image of the ZnO/ZnSe core/shell nanocable is
shown in Figure 4c. Across the rod, the intensity pro-
file shows a clear variation, and the edge surfaces shows
lighter contrast. The formation of the sheath-like ZnSe
nanotubes have been further confirmed by complete
dissolution of the inner ZnO cores by immersing the ar-
ray of ZnO/ZnSe core/shell nanocables in an acetic
acid solution as shown in Figure 4d. An SAED pattern
in Figure 4e reveals the cubic ZnSe nanotubes are poly-
crystalline. Figure 4f shows an EDX spectrum of the
nanotubes demonstrates that the nanotubes only con-
sist of zinc and selenium with an atomic ratio of 47:53.
When the array of ZnO/ZnSe core/shell nanocables
was immersed in the Cu?* ion solution, Cu?* ions will re-
place the Zn?" ions to form a CuSe sheath, resulting in the
formation of ZnO/CuSe core/shell nanocables, as shown
in Figure 5a and b, due to the smaller K, value of CuSe
than that of ZnSe. After immersing the array of ZnO/
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CuSe core/shell nanocables in an acetic acid solution,
CuSe nanotubes are obtained, as shown in Figure 5c. An
SAED pattern in Figure 5d reveals the hexagonal CuSe
nanotubes are polycrystalline. An EDX spectrum in Fig-
ure 5e reveals that the nanotubes consist of copper, zinc,
and selenium with an atomic ratio of 43:5:52, suggesting
the CuSe nanotubes mixed with a trace amount of re-
sidual ZnSe due to the incomplete replacement.

When such ZnO/CuSe core/shell nanocables were
used as a precursor to react with enough In** ions in
TEG, formation of CIS sheaths coupled with the gradual
dissolution of ZnO cores is demonstrated, as shown in
Figures S2 and S3 (Supporting Information). EDX results
in Figure S1 (Supporting Information) reveal that no
zinc was detected from the CIS sheaths after removing
the ZnO cores in acetic acid solution. The CuSe (mixed
with ZnSe) nanotube precursor is considered to un-
dergo redissolution to enable the growth of a pure
phase of CIS nanotubes. For mass conversion, the cop-
per and selenium atomic ratio of 1:2 in the precursor
will fulfill the requirements to prepare CulnSe,. In our
case, the Cu?" ions are in surplus. These surplus cop-
per ions and the unwanted zinc ions would diffuse out-
ward from the nanotubes into the solvent during the
conversion process.

In the present work, the formation of CIS nano-
tubes might have taken place via the following steps:

Preparation of Se*~ ion solution:

Se + 2BH, — Se’” + H, + 2BH, Q)
Formation of ZnSe sheaths:

ZnO + Se’” + H,0 — ZnSe + 20H~ )
Formation of CuSe sheaths:

ZnSe + Cu*" — CuSe + Zn*" 3)
Formation of the CIS nanotubes:

HO(CH,CH,0),CH,CH,0H — HO(CH,CH,0),CH,CHO + 2H

(4)

2CuSe + In** + H — CulnSe, + Cu®* + H' (5)
Dissolution of the ZnO nanorods:

ZnO + 2H" — zn** 4+ H,0 (6)

When the arrays of the ZnO/CuSe core/shell nano-
cables react with enough In3" in the TEG solvent, the
conversion of CuSe to CIS is considered to result
from a polyol reduction process.?° 32 TEG
(HO(CH,CH,0),CH,CH,0H) has two hydroxy groups in
each molecule. At high temperatures, a hydroxy group
can denote two hydrogen atoms and convert to an
analdehyde group.®* 3® The hydrogen atoms will de-
note electrons to become H* ions, and the cupric ions
(Cu?™) obtained the electrons are reduced to cuprous
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Figure 6. (a) Optical transmittance T (%) spectra of CuSe
(red dashed line) and CIS (black solid line) nanotube arrays,
and (b) UV—vis-NIR absorption spectra of the CuSe (red
dashed line) and CIS (black solid line) nanotube arrays.

ions (Cu™). At the same time, the cores of ZnO nano-
rods in the nanocables are simultaneously dissolved by
the as-produced H* ions.

Optical Properties. Optical properties of the arrays of
the CIS nanotubes and CuSe nanotubes were character-
ized by UV—vis-NIR spectrophotometry. Figure 6a
shows optical transmittance spectra of the CIS (black
solid line) and CuSe (red dashed line) nanotubes with
length of ~2 wm revealing the transmittance of the CIS
nanotubes is less than 8% in the visible region, which
is much smaller than that of the CuSe nanotubes. In Fig-
ure 6b, the optical absorption spectrum of the CIS
nanotubes shows a broad absorbance peak centered
at ~516 nm, which is considered to originate from the
nonbonding copper d localized states.?' The array of
CIS nanotubes displays absorption properties mainly
over the visible region with a high absorption coeffi-
cient of the order of 10*cm ™', which is comparable with
the reported values of 10* and 10° cm ™" for thin films
and the bulk sample, respectively.>*3” The absorbance
of the CuSe nanotubes shows a broad maximum from
400—500 nm and a local minimum at ~800 nm. It rises
again over longer wavelengths in the NIR region, which
is considered to be the result of free-carrier intraband
absorbance.>® This phenomenon is similar to those re-
ported in CuSe thin film and Cu,_,S nanocrystals.394°

Photoelectrochemical (PEC) Solar Cells. Using the nano-
array as the photoanode, we fabricated PEC solar cells
to evaluate their PV performances. PV test for all cells,
with an active cell area of 0.5 X 0.5 cm?, was carried out
under AM 1.5G simulated sunlight with an intensity of
100 mW cm™2 Figure 7 shows the current density —
voltage (J—V) characteristics of the cells. The cell based
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Figure 7. Current density—voltage (J—V) characteristics of
PEC solar cells based on (a) ZnO/CuSe nanocables (0 h in

TEG); (b) ZnO/Cu; 57+0.10lN0.68+0.105€2 Nanocables (2 h in TEG);
and (c) ZnO/Cu, 360.10lN0g9+0.105€2 Nanocables (4 h in TEG).

Current Density (mA cm'z)

on an array of ZnO/CuSe nanocables gives a short-
circuit current density (Jsc) of 2.58 mA cm™2, an open-
circuit voltage (Voc) of 0.46 V, and a fill factor (FF) of 0.21,
yielding a power conversion efficiency (n) of 0.25%.
When an array of ZnO/Cuj 57+0.10lNoss=0.105€2 core/shell
nanocables is used as the photoanode, which was ob-
tained by reacting ZnO/CuSe nanocables in the InCl;
TEG solution for 2 h, the corresponding values are Jsc
=3.16mAcm 2 Voc =049V, FF=031,and nm =
0.48%. Comparing the PV performances of the two
cells, it is clear that, while the Voc is similar, there is a sig-
nificant improvement in both Jsc and FF for the cell
based on ZnO/Cu; 57+0.10lNoes+0.105€, core/shell nanoca-
bles, leading to about 2-fold increase in the power con-
version efficiency. Increased content of CIS in the shell
with a larger absorption coefficient in the visible region
is favorable for PV performance. However, when the
samples obtained by reacting ZnO/CuSe nanocables
with InCl; in TEG solution for longer time, a decreased
PV performance was observed. The solar cells based on
an array of ZnO/Cuj 36=0.10lN0g9+0.105€2 core/shell nano-
cables, which are obtained with reaction time of 4 h,
yield a Voc = 038V, Jsc = 1.76 mA cm ™2, FF = 0.28, and
1 = 0.19%. The reason for this decreased PV perfor-
mance is considered to be the result of the decreased
p—n junction areas in the nanocables as the ZnO cores
are gradually dissolved in the CIS evolution process,
which is demonstrated by XRD results in Figure S2 and
SEM images in Figure S3 (Supporting Information). No
PV performance of the devices is observed when the
ZnO cores are completely dissolved. Compared with the
traditional planar CIS solar cells with a typical Voc value
of 0.3—0.4 V,"° "2 the V¢ of our device is greatly im-
proved, although the Jsc is low. In our core/shell nano-
cable configuration, when electron—hole pairs are gen-
erated by visible light excitation in p—n junction, the
photoelectrons can be transferred to the conduction
band of the ZnO nanorods without the presence of
grain boundaries, which facilitates a charge separation
process of electron—hole pairs before they recombine.
On the other hand, it has been reported that the elec-
trolyte used here can cause mild corrosion to ZnO.*'
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This might be a possible cause for the lower Jsc in the
present solar cells. Our devices provide a baseline per-
formance and demonstrate as a proof of concept that
such ZnO/CIS core/shell nanocables can be used in PV
devices. The PV performance can be improved in sev-
eral ways, including synthesizing ZnO/CIS nanocables
with a solid ZnO core, incorporating Ga into CulnSe; to
form Culn,Ga;_,Se; with a suitable bandgap for longer
wavelength absorption, and coating a CdS buffer layer
in the ZnO—CISG solar cell for better energy level align-
ment. All these are ongoing for further studies.

CONCLUSIONS
Arrays of copper indium selenide (CIS) nanotubes
with controllable Cu/In ratios were directly grown on

EXPERIMENTAL SECTION

Synthesis of Arrays of Zn0 Nanorods on ITO/FT0-Coated Glasses. Arrays
of ZnO nanorods on ITO or FTO coated glasses were prepared
by a dip-coating method."”%” ITO or FTO glasses were first
cleaned with acetone, ethylene glycol, and ethanol by ultrasoni-
cation for several times. The substrate was wetted with a drop
of zinc acetate ethanol solution (5.0 mM) and then dried with a
nitrogen blow. This coating step was repeated three to five
times. The substrate was then heated at 350 °C in air for 20 min
to form a layer of ZnO seeds. ZnO nanorods were then grown by
immersing the seeded substrates in an aqueous solution con-
taining zinc nitrate hydrate (25.0 mM), hexamethylenetetramine
(25.0 mM), and polyethylenimine (5.0 mM) at 90 °C for 6—12 h.
The samples were then taken out from the solution, washed with
deionized water and absolute ethanol, and then dried in air.

Synthesis of Arrays of Zn0/ZnSe Core/Shell Nanocables and ZnSe
Nanotubes. A Se?~ source solution was first prepared by dissolv-
ing 0.015 g of Se and 0.05 g of NaBH, in 30 mL of water. Arrays
of ZnO/ZnSe core/sheath nanocables were prepared by immers-
ing the ZnO nanorod arrays in the Se?~ source solution and
kept at 50 °C for 3 h. This process was repeated two times. The
prepared ZnO/ZnSe core/shell nanocable arrays were then im-
mersed in an acetic acid solution (5 wt %) for about 20 min to
completely remove the inner ZnO cores to produce arrays of
ZnSe nanotubes. The samples were then washed with deion-
ized water and absolute ethanol and finally dried in air.

Synthesis of Arrays of Zn0/CuSe Core/Shell Nanocables and CuSe
Nanotubes. In 20 mL of triethylene glycol (TEG), 1.0 mmol of
Cu(NOs); - 3H,0 was first dissolved. Arrays of ZnO/ZnSe core/
shell nanocables were immersed in the above solution and kept
for 3—6 h at room temperature to prepare arrays of ZnO/CuSe
core/shell nanocables. After immersing the obtained arrays of
Zn0O/CuSe core/shell nanocables in an acetic acid solution (5 wt
%) for about 20 min, arrays of ZnSe nanotubes were prepared.
The samples were then washed with deionized water and abso-
lute ethanol and finally dried in air.

Synthesis of Arrays of Zn0/CIS Nanocables and CIS Nanotubes. In a
Teflon-lined stainless steel autoclave, 0.02—0.04 mmol of InCl3
was first dissolved in 20 mL of TEG. Arrays of ZnO/CuSe core/shell
nanocables were immersed in the above solution. The auto-
clave was then sealed and maintained at 200 °C. Typically, ar-
rays of ZnO/CIS nanocables were obtained in 2—4 h, while ar-
rays of CIS nanotubes were obtained when the reaction duration
is extended to 12—30 h. After being naturally cooled to room
temperature, the samples were washed with deionized water
and then absolute ethanol for several times and finally dried in
air.

Fabrication of Solar Cells. Arrays of ZnO/CIS core/shell nano-
cables and ZnO/CuSe nanocables grown on FTO glasses were
first annealed at 400 °C in argon for 30 min. The samples were
then sandwiched and bonded with a platinum-coated (~30 nm)
FTO counter electrode. The two electrodes were separated by a
60 wm thick polypropylene spacer, and the internal space of the
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transparent conducting substrates with a low-cost, low-
temperature solution process by using ZnO nanorods
as sacrificial templates. Large differences in the solubil-
ity products of the source and the product materials fa-
cilitate efficient ion exchanges for the chemical conver-
sion. The array of CIS nanotubes was shown to have
an absorption coefficient of 10* cm™" in the visible re-
gion which is much higher than that of CuSe, resulting
in about a 2 times increase in the power conversion ef-
ficiency in photoelectrochemical (PEC) solar cells. Fur-
thermore, this synthetic strategy may be extended to
fabricate other functional I—I1ll—VI one-dimensional
nanoarrays on transparent conducting substrates,
which is beneficial for their applications in various opto-
electronic devices.

cells was filled with a liquid electrolyte (0.1 M Lil, 50 mM I,, and
0.6 M DMPII (Solaronix)) in acetonitrile by capillary action. Solar
cells were immediately tested under AM 1.5G simulated sunlight.
The active area of the solar cells was 0.5 X 0.5 cm?.

Characterization of Samples. As-prepared samples were charac-
terized with X-ray diffraction (XRD) using a Siemens D-500 dif-
fractometer with Cu Ka radiation. Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were carried
out, respectively, with a Philips XL30 FEG SEM and a Philips CM
20 (or a Philips CM200 FEG or a JEOL JEM-2100F, all operated at
200 kV) TEM. Electron energy loss spectroscopy (EELS) data were
acquired with a Gatan Tridiem imaging filter attached to the
JEOL TEM. Absorption spectra were recorded with a lambda-
750 UV—vis-NIR spectrophotometer. Current density—voltage
(J=V) characteristics of the solar cells were measured under AM
1.5G illumination with an intensity of 100 mW cm™2
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