Three-Dimensional Self-Assembly of
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ABSTRACT (CulnSe,, which is one of the highest efficiency thin-film solar cell
active layer materials, has been an attractive target for nanocrystal synthesis and
manipulation. Here, we report unprecedented, simultaneous control of the
synthesis and self-assembly behavior of CulnSe, nanocrystals. These nanocrystals
are solution-processable, monodisperse tetragonal bipyramids that exhibit photo-
conductivity and self-assemble into crystallographically oriented thin films.
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Structural characterization indicates that these nanocrystals are tetragonal phase, as is used in high-efficiency, second-generation, thin-film solar cells.

Elemental analysis indicates that approximately 1:1:2 Cu/In/Se stoichiometry can be achieved, and that the elemental composition can be adjusted from

copper-rich to indium-rich with reaction time.
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opper indium diselenide (CulnSe,) is

one of the most promising materials

for solar cell active layers." Its band
gap is ideally located within the solar spec-
trum (1.04 eV), and it has a high absorp-
tion coefficient on the order of 10° cm™' 23
Already, efficiencies of 20% have been
achieved in thin-film devices based on
Cu(In,Ga;_,)Se, (CIGS) materials.*® State of
the art methods for thin-film deposition
require high temperature, vacuum condi-
tions, and the overconsumption of expen-
sive precursor materials due to inefficient
deposition processes.® An approach to in-
creasing the efficiency-to-cost ratio for solar
cell production is the formation of active
layer materials from arrays of solution-
processable semiconducting nanocrystals
synthesized from simple metal salts. To
date, several reports have detailed the for-
mation of active layers from chalcopyrite
“nanocrystal inks”, colloidal suspensions of
nanocrystals with the desired phase com-
position but less than optimal control of the
shape and size dispersion.”~® This report is
intended to bridge the gap between what
has been achieved with nanocrystal inks
and the control of active layer composi-
tion and morphology that will be possible
with uniform particles. Here, we report the
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synthesis of CulnSe, nanocrystals with dra-
matically improved uniformity and their
integration into oriented films through
self-assembly. With these materials, it will
be feasible to direct the assembly of nano-
crystals in active layer films. This work opens
up the possibility for intentionally designed,
nanoarchitectured active layer morpholo-
gies, which are composed of high-efficiency
solar energy conversion materials.

A growing number of superstructures
formed from colloidal nanocrystals have
been reported in the literature. From the
earliest reports of nanometer-sized colloid
assembly (e.g., iron oxide'® and CdSe'") to
multicomponent superlattices,'® this has
been a route toward controlling superstruc-
ture and film morphology and of patterning
materials at nanometer length scales. In
the case of inorganic nanocrystals, this phe-
nomenon has given rise to a great diversity
of structures, including crystalline’"'? and
quasicrystalline thin films,'® aligned nano-
rod films formed with'* and without'®
electric field, and colloidal supercrystals.'"'6"”
The formation of these structures has been
related to the uniformity of the nanocrystals,'°
the temperature of formation,'® the molecular
interactions between ligand molecules on
nanocrystal surfaces, and the solvent—ligand
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Figure 1. Electron microscopy of CulnSe, nanocrystals. (A) TEM image of a nanocrystal monolayer (scale bar 100 nm). (B) SEM
image of an oriented CulnSe, nanocrystal film, displaying a thick, cracked region and a portion of the flat, ~100 um? self-
assembled area adjacent to it (scale bar 1 um). (C) STEM image of a monolayer of oriented nanocrystals (scale bar 30 nm). (D)
High-resolution TEM image of a single nanocrystal, displaying (112) lattice plane spacings (scale bar 5 nm). (E) FFT of

nanocrystal shown in (D). (F) Model of self-assembled monolayer of CulnSe, nanocrystals as shown in B and C.
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Figure 2. (A) EDS spectrum of approximately 500 CulnSe, nanocrystals (stoichiometry Cu/In/Se 25:21:54; Ni signal is from the
Ni TEM grid used as a support) and (B) UV—visible absorption spectrum of CulnSe, nanocrystals.

interactions.'® Forming films that are ordered creates
an advantage because it makes systems easier to
model and physically understand than disordered
systems,?® and more importantly, assembly of nano-
scale building blocks has led to new, collective proper-
ties in thin films.2"?2 With building blocks of sufficient
uniformity, new film geometries have become possi-
ble, including examples where self-assembled arrays
and lithographic patterning are combined.?

So far, simultaneously controlling the shape, stoichi-
ometry, and crystal structure of CulnSe, nanocrystals
has proven difficult. In order to assemble nanocrystals
into superlattices, they must be uniform enough to
become the building blocks of a periodic superstructure.
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Recent progress in sulfide chalcopyrites is encourag-
ing;?* 3" yet, despite a number of advances in composi-
tional or structural control>?~3°> development of the
selenium analogues, which have higher demonstrated
efficiencies in conventional thin-film solar cells, has
been less yielding. Recent successes in CulnSe, synth-
esis have produced various crystal phases formed as
nanorings,® trigonal pyramids,*® small (~3 nm) quan-
tum-confined nanocrystals,®” and hexagonal plates.®®
Here, we present a method to synthesize chalcopyrite
phase CulnSe, nanocrystals that are derived from
simple metal salt precursors and an air- and room-
temperature-stable chalcogen source (selenium(IV)
oxide). The successful application of selenium(IV) oxide
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TABLE 1. Quantitative EDS Results of Several Batches of Cu—In—Se Nanocrystals

Result Cu atomic %  In atomic % Se atomic %  Reaction time
Very copper-rich 43 15 42
Copper-rich 35 19 46
Nearly-stoichiometric 25 21 54 Increasing
Nearly-stoichiometric 24 27 49
Indium-rich 22 31 47

to quantum dot synthesis, combined with its ease
of handling, makes it an attractive precursor.3%4
This work builds on the success of others in applying
this approach to quaternary compounds of the
I,—1l—IV—VI, family and opens up new opportunities
to build nanoscale control into thin films for high-
efficiency solar cell active layers.*’*? As a result, we
are able to produce nanocrystals that form extended,
oriented, three-dimensional films. In order to produce
films with the highest quality electronic and optical
properties, strategies to control grain size and orienta-
tion must be established. Our monodisperse tetrago-
nal bipyramids allow for formation of films with well-
defined interparticle spacing, composition, grain size,
and packing. In contrast to most thin-film deposition
techniques, with our methods, it is also possible to gain
control over crystal orientation at low temperature via
solution processing.

RESULTS AND DISCUSSION

Electron Microscopy Characterization of CulnSe, Nanocrystal
Shape and Structure. The synthesized CulnSe, nanocryst-
als (Figure 1D) are tetragonal bipyramids with di-
mensions of 16.5 nm x 23.4 nm. As shown in Figure 1A,
the transmission electron microscopy (TEM) projection
of a predominantly disordered monolayer indicates
that, without ordering, the nanocrystals appear almost
spherical with only slight visible faceting. The scan-
ning electron microscopy (SEM) image of a large-area,
self-assembled film in Figure 1B also does not elucidate
the shape; however, when oriented nanocrystals are
imaged by scanning TEM (STEM, Figure 1C), their
bipyramidal shape becomes apparent (model shown
in Figure 1F). In the high-resolution TEM (HRTEM)
image (Figure 1D) and its fast Fourier transform (FFT,
Figure 1E), this shape can also be observed in projec-
tion along the [20—1] zone axis.

Synthesis and Elemental Analysis of CulnSe, Nanocrystals.
CulnSe; nanocrystal growth is accomplished by inject-
ing the selenium source into a hot mixture of the
copper and indium precursors. During growth, a
copper-rich seed particle grows, and over time, indium
incorporates into the structure, forming CulnSe,
(Supporting Information Figure S1A,B and Figure 2A).
This copper selenide quasi-seeded growth mechanism
is similar to what has been observed in successful syn-
theses of uniform l,—Il—IV—VI, materials.*'** In the
case of CulnSe,, the product eventually becomes
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nearly stoichiometric, and with longer growth time, it
becomes slightly indium-rich (Table 1). The nanocryst-
als shown in Figure 1 are nearly stoichiometric CulnSe,
nanocrystals, as measured by energy-dispersive spec-
troscopy (EDS, Figure 2A). Their absorption is shown in
Figure 2B.

Structural Characterization of CulnSe, Nanocrystals by X-ray
Scattering. CulnSe; is known for its diversity of crystal
structures.*® In the bulk, it is mainly known for its
tetragonal phase (a-CIS, space group /42d), which is
analogous to the chalcopyrite phase of CuFeS, (from
which this class of ternary materials, the chalcopyrite
family, derives its name). This phase is based on the
cubic zinc blende unit cell (derived from the diamond
structure) but is tetragonal due to cation ordering in
the c-direction. Its c-axis approximately equals twice
the length of the a-axis, with slight tetragonal distor-
tion. This distortion results from the unequal valence of
Cu(l) and In(lll) cations and the corresponding unequal
lengths of Cu—Se and In—Se bonds, which are not
isotropically distributed around the tetrahedral Se
sites. Under some conditions (especially high-tempera-
ture growth), however, the Cu(l) and In(lll) cations are
disordered, resulting in the sphalerite structure (6-CIS,
space group F42m). When the cations are disordered,
the structure reverts back to a face-centered cubic (fcc)
unit cell.

Other indium-rich phases fall into the classifications
of 8-CIS and y-CIS, which are largely derived from the
diamond lattice, similarly to the sphalerite and chalco-
pyrite phases. Even in equilibrium structures, defects
are very common. Due to its ternary nature, CulnSe,
has a much greater accessible range of defect struc-
tures than related binary compounds.** In some cases,
indium-rich phases have been uniquely identified,
whereas some can also be considered as ordered
defect/vacancy compounds (ODCs or OVCs) of the
more common a-CIS phase.*> A metastable tetragonal
CuAu phase (space group P4m2) has also been ob-
served, primarily in coexistence with o-CIS since its
energy of formation is very similar to that of a-CIS.*®
Under high pressure, a NaCl cubic structure has been
reported in CulnSe, samples, appearing at 60 kbar
when tested in a diamond-anvil cell.*® In nanostruc-
tured materials, an additional hexagonal phase has
been reported.?>*#4” This cation-disordered phase is
wurtzite, with a 50% probability that cation sites will be
occupied by either Cu(l) and In(lll).
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Figure 3. X-ray diffraction of CulnSe; nanocrystals. (A) Small-angle experimental pattern overlaid with simulation for CulnSe,
tetragonal bipyramidal nanocrystals with a c-axis of 21.8 nm and a size dispersion of 8% (inset: nanocrystal model). (B)
Experimental WAXS pattern overlaid with simulated wide-angle pattern (inset: experimentally observed characteristic
chalcopyrite peak at 35°) with tetragonal CulnSe, JCPDS #01-081-1936 shown below.

Figure 3 shows X-ray diffraction (XRD) data for
nearly stoichiometric CulnSe; nanocrystals. Figure 3A
shows small-angle X-ray scattering (SAXS) from a dis-
persion of CulnSe;, nanocrystals in a film of polyvinyl
butyral resin (PVB), along with the SAXS pattern simu-
lated for a sample with the dimensionsa=15.4nmand
¢ = 21.8 nm and a size dispersion of 8%. The SAXS
ringing pattern and the high quality of the fit confirm
that the sample is as uniform at the bulk level as it
appears over selected areas by electron microscopy.
Figure 3B shows the experimental and simulated wide-
angle X-ray scattering (WAXS) patterns. The data match
the standard CulnSe, pattern (JCPDS #01-081-1936)
well, and the intensities of the observed peaks corre-
spond to the intensities fit with a tetragonal bipyrami-
dal model (c-axis = 21.8 nm), supporting our observa-
tions of the morphology.

Since the CulnSe, tetragonal and sphalerite pat-
terns are almost identical, in order to differentiate
between them, it is important to observe a unique
chalcopyrite peak? The low-intensity, characteristic
chalcopyrite (211) peak is visible in both the experi-
mental data and the simulation (inset: (211) peak). This
peak clearly exists in the as-synthesized nanocrystal
sample and proves the existence of the chalcopyrite,
cation-ordered structure. Partial coexistence of the
sphalerite and CuAu phases cannot be ruled out,
however, since the XRD signatures of these struc-
tures are very similar.** A low-intensity peak at 32.7°
is marked with an asterisk, which matches the NaCl
CulnSe; phase but could also arise from a small amount
of CuSe.

While most of the above-mentioned phases are
fundamentally stoichiometric 1:1:2, a variety of indium-
rich ordered defect compounds based on the tetragonal
structure are stable in the bulk and often occur.*® Several
observed stoichiometries are 1:3:5, 1:5:8, 2:4:7, and
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3:5:9. Some of these structures likely result from re-
duced formation energies of cation vacancy sites in
chalcopyrites and others as the result of energetically
stabilized defect pairs. However, all of these ordered
defect structures are significantly indium-rich, which
we do not observe here. Our samples are nearly stoi-
chiometric, slightly indium-rich, or copper-rich. This
could be due to nanoscale stabilization of copper-
rich structures, but it could also be a direct result of
the synthetic pathway, in which a predominantly
copper selenide-rich seed particle is formed, which
gradually incorporates indium as the reaction pro-
ceeds (Supporting Information Figure S1AB and
Figure 2A). Indium-rich phases are also often difficult
to distinguish by XRD, so elemental analysis must be
employed to aid in differentiation. For the experimen-
tal XRD pattern shown (Figure 2A), however, elemental
analysis indicates near stoichiometry.

Photoconductive Response of CulnSe, Nanocrystal Thin Films.
As potential solar cell active layer materials, it is impor-
tant that the CulnSe, nanocrystals reported here can
be incorporated into thin films that exhibit photo-
conductivity.**3> Therefore, we demonstrate that a
spin-casted, ligand-exchanged film of CulnSe;, nano-
crystals shows dark conductivity under applied
bias and enhanced photocurrent under incident
30 mW/cm? 488 nm radiation. Films were spin-
casted onto (3-mercaptopropyl)trimethoxysilane-treated
quartz substrates with prepatterned gold electrodes.>®
These films were alternately spin-casted from chloro-
form and soaked in an ammonium thiocyanate solu-
tion in acetone to achieve ligand exchange.®' Figure 4
shows the device geometry used (Figure 4A), an SEM
image of a ligand-exchanged film, which indicates
that the nanocrystals are still distinct and undistorted
after treatment (Figure 4B), and the photoconduc-
tive response of the ligand-exchanged CulnSe, film
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Figure 4. Photoconductivity of CulnSe, nanocrystal films. (A) Device geometry used to measure photoconductivity,
(B) SEM image of a ligand-exchanged film (scale bar 100 nm), and (C) /—V curves of a CulnSe; film, in the dark (black) and

under 30 mW/cm? 488 nm excitation (blue).

Figure 5. Scanning electron microscopy (SEM) images (scale bars 100 nm) and high-resolution SEM images (insets, scale bars
50 nm) of (A) ordered CulnSe;, nanocrystal film and (B) disordered CulnSe, nanocrystal film.

(Figure 4C). Across the 150 um channel measured, the
photocurrent showed a 10—15-fold increase over the
dark current for most of the voltage range studied,
depending on the applied bias. For example, at 20 V,
the current increased from 1.2 to 18 nA (15-fold in-
crease), and at 80 V, the current increased from 10.5 nA
in the dark to 105 nA (10-fold increase) under illumina-
tion. With optimization of film deposition and treat-
ment conditions, it should be possible to further improve
the photoconductive response of these CulnSe, nano-
crystal films.

Self-Assembly of CulnSe, Nanocrystals into Oriented, Single-
Crystalline, Multilayer Structures. When nanocrystals are
able to self-assemble, an avenue is opened for
construction of films, which can be structurally modu-
lated at the nanoscale. Self-assembled structures form
when particle size and shape are uniform enough that
nanocrystals can become the individual building
blocks in a regular, often periodic, structure. Many
examples of nanocrystal assembly have been ob-
served, but this area is largely unexplored in the case
of CulnSe; nanocrystals. Occasionally, CulnSe, samples
have been reported to form regularly packed mono-
layers, but never ordered, multilayer structures.3%3®
Here, we present results of nearly stoichiometric
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nanocrystals that form large, multi-micrometer-sized
domains of oriented nanocrystals (Figure 5). Forming
large-area, close-packed structures of CulnSe; has im-
portant implications for the construction of solar cell
active layers since it not only assures dense packing
and close contact between edges of neighboring
nanocrystals for charge transport but also allows for
structural and electronic modulation to be built into
the film.

Figure 6 shows TEM and SEM images and a se-
lected-area wide-angle electron diffraction (SAWED)
pattern of three-dimensional arrays of ordered CulnSe,
nanocrystals. The end-to-end packing motif shown is
similar to that of In,05°2 and Pt>3 octahedra, as well as
CoFe,0, truncated octahedra.”* When CulnSe, nano-
crystals self-assemble, their anisotropic, faceted nature
creates a structure that takes on single-crystalline
behavior (Figure 6A). The electron diffraction pattern
in Figure 6A shows almost complete transition to
single-crystalline-like packing. While this phenomenon
has been observed in phosphorescent nanocrystals,>
it is particularly interesting for semiconducting nano-
crystals because crystal anisotropy and orientation
have an effect on the directionality of energy levels
and therefore have implications for charge transport.

A \ 72n
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Figure 6. Electron microscopy of self-assembled, oriented films of CulnSe, nanocrystals. (A) TEM image of self-assembled
CulnSe; nanocrystals with SAWED inset showing a diffraction pattern like that along the [20—1] zone axis of a single-crystal
bulk, tetragonal sample (scale bar 50 nm) and (B) high-magnification SEM image of a cracked, oriented film, showing the
smooth film surface and uninterrupted ordering of nanocrystals through the thickness of the film (scale bar 150 nm).

Figure 6A shows a single-domain superlattice, the
electron diffraction of which produces a spot pattern
like that along the [20—1] zone axis of a single-crystal,
bulk tetragonal sample. The SEM image in Figure 6B
shows that the film is both smooth across its surface
and ordered throughout its depth.

CONCLUSIONS

In summary, we have presented a method to make
oriented films of self-assembled CulnSe, nanocrystals.
This provides a way to control composition and film
morphology that should lead to the ability to make

EXPERIMENTAL SECTION

Chemicals. All chemicals were used as received: selenium(lV)
oxide (Se0,, Acros, 99.8%), 1-octadecene (ODE, Aldrich, 90%
technical grade), hexadecylamine (HDA, Aldrich, 90%),
n-octadecylphosphonic acid (ODPA, PCl Synthesis, >99%), oleic
acid (OlAc, Aldrich, 90% technical grade), copper(l) chloride
(CuCl, Sigma-Aldrich, >99%), indium(lll) chloride (InCls, Aldrich,
99.999%), Butvar-B98 (PVB (polyvinyl butyral resin), Sigma),
chloroform (CHCls, Fisher Scientific, ACS reagent grade), iso-
propyl alcohol (IPA, Fisher Scientific, ACS reagent grade), tetra-
chloroethylene (TCE, Sigma-Aldrich, =99%), toluene (Fisher
Scientific, ACS reagent grade), and ethanol (Decon Laboratories,
190 proof). For work under nitrogen atmosphere, solvents were
dried on an alumina column or over calcium hydride (Acros
Organics, ca. 93%, extra pure, 0—2 mm grain size).

Nanocrystal Synthesis. All precursor preparation and synthesis
was carried out on a Schlenk line under nitrogen environment.
First, a 0.8 M stock solution of SeO, in ODE was prepared by
adding 1.775 g (16 mmol) of SeO, to 20 mL of ODE. While
stirring under nitrogen atmosphere, this mixture was heated to
180 °C overnight (~12 h). This Se—ODE solution was then
cooled to 120 °C prior to injection, which kept it homogeneous
and unsolidified. Separately, 0.050 g of CuCl (0.5 mmol), 0.111 g
of InCl3 (0.5 mmol), 1.230 g of HDA (5 mmol), 0.066 g of ODPA
(0.2 mmol), and 10 mL of ODE were loaded into a 50 mL three-
neck flask. Before use, InCl; was stored under nitrogen to
prevent water adsorption. This reaction flask was heated to
200 °C for 1 h under nitrogen atmosphere and then subse-
quently heated to 290 °C. At 290 °C, 4 mL of the 120 °C Se—ODE
solution was rapidly injected into the reaction flask containing
the metal precursors. Upon injection, the temperature fell as
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efficient solar cell active layers from CulnSe; nanocryst-
als. We simultaneously control the structural uniformity,
crystal phase, and composition of CulnSe, nano-
crystals and demonstrate that these nanocrystals are
photoconductive and able to self-assemble into three-
dimensional, oriented films. With these building blocks,
it should be possible not only to deposit high-quality
CulnSe; films but also to build structural complexity into
ordered, multicomponent films. This work should open
up new avenues to increase the efficiency of photo-
voltaic devices by deliberately patterning high-
efficiency photovoltaic materials at the nanoscale.

low as 250 °C but recovered to 285—290 °C. At 10—12 min after
injection, the heating mantle was removed to allow the reaction
mixture to cool to room temperature. As the reaction cooled,
5 mL of room-temperature OlAc was injected at 200 °C. For the
reaction vessel, a glass-coated, type K thermocouple was used
to avoid reaction of the precursors with the metal thermocouple
surface. All temperatures were calibrated by heating a flask of
ODE that simultaneously contained both a glass-coated and an
uncoated thermocouple.

Isolation of Nanocrystals. The contents of the reaction flask
were transferred into a 50 mL centrifuge tube, to which 10 mL of
CHCI5 was added. This mixture was sonicated in a warm water
bath for 5 min and centrifuged at 4000 rpm for 5 min to
precipitate nanocrystalline products. The light brown super-
natant was discarded, and the dark brown precipitate was
redispersed in 20 mL of CHCls. This suspension was sonicated
in a warm water bath for 5 min and centrifuged for 1 min at
2000 rpm to precipitate any insoluble, bulk-like side products.
The precipitate was discarded, and 10 mL of IPA was added to
the supernatant. The IPA mixture was centrifuged at 4000 rpm
for 3 min to precipitate the nanocrystals. The final precipitate
was then redispersed in 20 mL of CHCl3, sonicated in a warm
water bath for 5 min, and filtered through a 0.2 um PTFE filter.
Nanocrystals used for photoconductivity measurements were
centrifuged in the glovebox under nitrogen. This required
addition of CHCl; directly to the reaction flask, upon cooling
to 70 °C, and a cannula transfer to a nitrogen-filled flask that
could be introduced into the glovebox.

Preparation of Nanocrystal Films. Disordered films and mono-
layers were prepared by placing a drop of CHCl; solution onto a
carbon-coated copper or nickel transmission electron micro-
scopy (TEM) grid. Allowing a drop to slowly collapse onto the
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grid resulted in domains of multilayer self-assembly at higher
concentrations. Larger self-assembled films were prepared by
precipitating the nanocrystals from CHCl; and redispersing
them in TCE for slow evaporation. Best results were obtained
when a portion of freshly prepared solution was precipitated
with IPA and directly redispersed in TCE for deposition. A TEM
grid was placed on the bottom of a 20 mL vial into which 40 uL
of CulnSe, solution was added. This vial was tilted by 45° from
the vertical, placed in a vacuum oven set at 60 °C, and left under
vacuum overnight. Films for photoconductivity measurements
were deposited under nitrogen atmosphere by spin-casting
from CHCl; onto prepatterned, pretreated photoconductivity
substrates. For photoconductivity substrate preparation, gold
electrodes (channel length 150 um, channel width 2.25 mm)
were thermally evaporated onto a quartz substrate, and then
the substrate was soaked in a 5% v/v solution of (3-mercapto-
propyl)trimethoxysilane in toluene at 40 °C for 4 h.° It was then
rinsed successively in toluene, a 1:1 toluene/ethanol mixture
and ethanol. CulnSe, films were spin-casted from CHCl; at
2500 rpm for 30 s and then soaked successively in an ammo-
nium thiocyanate in acetone solution (0.1 g/10 mL) for 1 min
and two acetone rinses for 30 s each.>’ Nanocrystal deposition
and treatment was repeated up to 15 times. After film deposi-
tion, the electrodes were isolated and a glass coverslip was
epoxied over the channels, encapsulating them in nitrogen
atmosphere.

Characterization. Nanocrystals were drop-cast from CHCl;
onto 300 mesh carbon-coated copper and 200 mesh carbon-
coated nickel transmission electron microscopy (TEM) grids for
analysis. The copper grids were used for larger-area imaging,
performed on a JEOL JEM1400 TEM with a LaBg filament,
operating at 120 kV and equipped with an SC1000 ORIUS
CCD camera. Selected-area wide-angle electron diffraction
(SAWED) was performed using a camera length of 25 cm and
also on a JEOL JEM1400 TEM. The nickel grids were used for
high-resolution TEM (HRTEM) imaging, scanning TEM (STEM)
imaging, and energy-dispersive spectroscopy (EDS) for elemen-
tal analysis, which were performed on a Philips CM300FEG/UT
TEM with a field emission gun (FEG) and low spherical aberra-
tion (Cs = 0.60 mm), operating at 300 kV; on a CM200/FEG TEM/
STEM, operating at 200 kV; and on a JEOL 2010F TEM/STEM,
equipped with a FEG, operating at 200 kV. EDS quantitative
elemental analysis was performed using Bruker Espirit software
on the 2010F and Oxford Inca software on the CM200. Wide-
angle X-ray scattering (WAXS) was performed on a Rigaku
Smartlab diffractometer equipped with a 2.2 kW sealed tube
generator, using a Cu Ka. (A = 1.54056 A) source. For WAXS,
nanocrystal solutions in CHCl; were concentrated several times
and drop-casted onto Si(100) wafers, gently tilting the substrate
back and forth while drying to ensure formation of disordered
films for analysis and modeling. WAXS nanocrystal modeling
was performed using the discretized form of the Debye equa-
tion with atomic form factors derived from Cromer-Mann
coefficients.*® Small-angle X-ray scattering (SAXS) was per-
formed on a multiangle X-ray diffractometer system equipped
with a Bruker Nonius FR591 rotating-anode X-ray generator,
Osmic Max-Flux optics with pinhole collimation, and a Bruker
Hi-Star multiwire detector. Samples for SAXS were prepared by
mixing 10% w/v PVB in chloroform, mixing with nanocrystals
dispersed in chloroform, and spreading on a glass slide to dry.
SAXS samples were dried under ambient conditions for approxi-
mately 1 h and then at 40 °C for 2 h, after which time, they were
peeled off of the glass slide as a flexible film. Photocurrent
measurements were performed by illuminating samples with
the 488 nm line of an Innova 70C Spectrum Ar:Kr laser. The
intensity at the sample was 30 mW/cm?, and the beam diameter
was 3.1 mm. Photo- and dark current were recorded by a digital
electrometer (Keithley 6517b). The voltage was scanned in 1V
increments from 0 to 100 V.
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