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Colloidal Nanocrystal Assemblies: Self-Organization, Properties, and

Applications in Photovoltaics

Brian William Goodfellow, Ph.D.
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Supervisor: Brian A. Korgel

Colloidal nanocrystal assemblies offer an attractive opportunity for designer
metamaterials. The ability to permute chemical composition, size, shape, and
arrangement of nanocrystals leads to an astounding number of unique materials
properties that find use in an extensive array of applications—ranging from solar cells to
medicine. However, to take full advantage of these materials in useful applications, the
nature of their assembly and their behavior under external stimuli must be well-
understood. Additionally, the assembly of colloidal nanocrystals into thin films provides
a promising pathway to the solution-processing of inorganic materials that are
prohibitively too expensive and/or difficult to deposit by conventional methods.

Nanocrystal superlattices (NCSLs) of sterically stabilized nanocrystals were
assembled by slow evaporation of colloidal dispersions on various substrates. Detailed
analysis of the NCSL structures was carried out using transmission and scanning electron
microscopy (TEM and SEM) and small-angle x-ray scattering (SAXS). Body-centered
cubic (bcc) NCSLs, in particular, were studied in detail and ligand packing frustration
was proposed as a significant driving force for their assembly. The behavior of NCSLs

was also studied by SAXS under mild heating and solvent vapor exposure revealing
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several remarkable order-order, order-disorder, and amorphous-crystalline structural
transitions.

Colloidal Cu(In;xGax)Se; (CIGS) nanocrystals were synthesized by arrested
precipitation and formulated into inks. These inks were spray deposited into thin films
under ambient conditions to serve as the active light absorbing material in printed low-
cost photovoltaic (PV) devices. These devices, which were fabricated without the need
for high temperature processes, have achieved power conversion efficiencies above 3 %
under AM1.5 illumination. While the efficiencies of these devices are still too low for
commercial viability, this work does provide a proof of concept that reasonable efficient
solar cells can be created with a low-cost printable process using nanocrystal inks. Since
high temperatures are not used to form the light-absorbing layer, nanocrystal-based solar
cells were built on flexible light weight plastic substrates. The main obstacle to
achieving high power conversation efficiencies was found to be the ability to extract the
photo induced charge carriers. Nanocrystal films suffer from poor transport that leads to
high recombination rates in thicker films. To date, the best efficiencies have been

achieved with thin light absorber layers that only absorb a fraction of the incident light.
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dimensional representation of a superlattice with Fe,O3 nanocrystals
(orange) in place of Au nanocrystals (blue) at the 8a Wyckoff positions

in the unit cell of space group 226. ........cccoeceeeiiieniienieniieieeieeeee 40
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Figure 2.14: TEM images of phase separated regions of (a) Au and (b) Fe,Os

Figure 3.1:

Figure 3.2:

nanocrystals that formed when oleic acid was not added to the binary
nanocrystal dispersion. Superlattices of Fe,Os resulted as shown in (b),
but no binary superlattices. Image (c) shows the phase separated regions
are N ClOSE PrOXIMILY...cccvieriieeiieiieetie et ettt et 41

(a) 2D SAXS image of a dispersion of dodecanethiol-capped Au

nanocrystals in toluene. (b) radially integrated scattering intensity /(q)
plotted vs ¢ . (c) Porod plot (1(¢)xq"* vs. q) of the data in (b). The data

(red dots) in (b) and (c) are normalized by the value at ¢ = 3.00 nm™

(the position of the first maximum of the Porod plot). The black lines in
(b) and (c) show the best fit to Eqn. (S1) which results when the average
nanocrystal radius, R , is 0.885 nm and the standard deviation, o, is
0.106 nm (12% pOlydiSPErSIty). ...ccverueerrerreriiiiieienieneeie e 57

(a) 2D SAXS image of a dispersion of oleic acid-capped PbS

nanocrystals in toluene. (b) radially integrated scattering intensity /(q)
plotted vs ¢ . (c) Porod plot (1(¢)xq"* vs. q) of the data in (b). The data
(red dots) in (b) and (c) are normalized by the value at ¢ = 1.43 nm™
(the position of the first maximum of the Porod plot). The black lines in
(b) and (c) show the best fit to Eqn. (S1) which results when the average
nanocrystal radius, R, is 1.85 nm and the standard deviation, o, is

0.167 nm (9% pOlydiSPersity)......ccceeeerervuerienieienieneereeeeeeseene 58
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Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

(a) 2D SAXS image of a dispersion of oleic acid-capped PbSe

nanocrystals in toluene. (b) radially integrated scattering intensity /(q)
plotted vs ¢ . (c) Porod plot (1(¢)xq"* vs. q) of the data in (b). The data

(red dots) in (b) and (c) are normalized by the value at ¢ = 0.68 nm™

(the position of the first maximum of the Porod plot). The black lines in
(b) and (c) show the best fit to Eqn. (S1) which results when the average
nanocrystal radius, R , is 3.95 nm and the standard deviation, o, is
0.356 nm (9% POLYdiSPErSity)....c.cecverueeruerrierieniieienieneereee e 59
(a-c) GISAXS patterns and (d-f) TEM images of bece superlattices of
various nanocrystals: (a,d) 1.8 nm diameter dodecanethiol-capped Au
nanocrystals, (b,e) 3.7 nm diameter oleic acid-capped PbS nanocrystals,
and (c,f) 7.9 nm diameter oleic acid-capped PbSe nanocrystals. The spot
indexing (open circles) of the GISAXS patterns correspond to a (110)
oriented bec superlattice with a lattice constant, a, ., of (a) 3.72 nm, (b)
6.80 nm, and (c) 11.2 nm. The solid white dots indicate the direct and
reflected x-ray beam positions and the horizontal lines indicate the
sample horizon (white) and the Yoneda peak for the film (red)....... 60
Unit cells and Wigner-Seitz cells for (a) bee and (b) fec lattices. The W-
S cell is more spherically symmetric for bee than for fec, resulting in a
more uniform thickness of the ligand shell................ccccccooinin. 64
Schematic showing that the surface of beec and fcec Wigner-Seitz cells
can be reduced to right triangles which can tessellate the entire surface
ATCA. ..eeutiteeuiteeeutte e et e e e bt e e abe e e aa e e e bt e e e bt e e e bt e e ettt e et e e ehbeeeehbeesanbeeeaeeas 65
Schematic showing the area dA4 on the Wigner-Seitz surface that is at a

distance R + L from the center of the Wigner-Seitz cell.................. 66
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Figure 3.8:

Figure 3.9:

Plot of the normalized probability density ([d4/dL]/ A,) that an element

of the W-S cell surface exists at a distance, R + L , from the center of the

W-S cell. The total surface area of the W-S cell is denoted by 4,. The

volume of each W-S cell is normalized so that R + L, =1 and
Vio =Viee TV e T 3T et 70
(a) [lustration of a nanocrystal with inorganic core radius, R, coated
with capping ligands that span a length, L, from the nanocrystal core to
the surface of the W-S cell. To fill the space in the W-S cell, the ligands

must extend or compress from their equilibrium length, L, . (b-c) Plots

of the change in ligand conformational entropy per mole of ligands

(AS,, ) in units of the gas constant (N k,) vs. R/ L, as a population of

lig
isolated nanocrystals are arranged into (b) a bce and (c) an fcc
superlattice. The contributions of ligand compression and extension to
the conformational entropy have been shaded. Only the contribution due

to ligand compression can be mitigated by the ability of ligands to

interpenetrate with ligands from a neighboring nanocrystal............. 74

Figure 3.10:(a) TEM image of 9.5 nm PbSe nanocrystals showing the transition from

a 2D hexagonally packed monolayer to a 3D bcc superlattice assembly.
(b) and (c) show higher magnification images of the different structures
in (a) and the corresponding unit cells. (d) and (e) illustrate the 2D W-S
cells of the bee (110) plane and the fee (111) (or hexagonally-packed
monolayer) plane. The 2D W-S cell for a hexagonally packed cell is
more geometrically symmetric than the 2D W-S cell for the bce (110)
plane which minimizes the energetically unfavorable stretching and

compression of organic ligand chains..........cc.ccooceviiiinniiiiene 77
Xx1il



Figure 3.11:(a) TEM image and corresponding FTT of parallel {112} twin planes in

Figure 4.1:

Figure 4.2:

a {110} oriented bcc superlattice of 3.7 nm PbS nanocrystals. A detailed
view of a single twin plane in a bee superlattice of 7.9 nm PbSe
nanocrystals is shown in (b) and represented in the schematic in (c). The
upper 2 rectangles show 2 bece unit cells reflected across the twin plane
and the lower rectangle highlights that the positions of the atoms along
the twin plane are shifted slightly along the <111> direction from where
they are crystallographically expected...........cooceeviiiiiiiniiniienienen. 79
TEM images of PbSe nanocrystals drop-cast from relatively (a) dilute or
(b-c) concentrated dispersions in 1:1 mixture by volume of hexane and
toluene. (a) A monolayer of PbSe nanocrystals with hexagonal order;
(b) a PbSe nanocrystal superlattice film of several nanocrystals thick
(~20 nm) with bce symmetry. (c) A region of sample with the
coexistence of thicker bcc superlattice films and monolayers of
hexagonally ordered nanocrystals. ...........ccoeceeriiiiiiniiiiiienieeeeen 93
Transmission SAXS of a PbSe nanocrystal superlattice. The peak
positions g/q* = Vi, \/2_, \/3_, V4 are consistent with reflections from
the (110), (200), (211), and (220) lattice planes of a bce superlattice.
The inset shows the experimentally measured 2D scattering pattern. The

d-spacings of the first four diffraction peaks correspond to
d=2r/q=7.61 nm, 5.44 nm, 4.40 nm and 3.80 nm, for an average

lattice constant of @, ¢,c =10.79 M. oot 95
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Figure 4.3:

Figure 4.4:

Figure 4.5:

(Left) TEM image of a PbSe nanocrystal superlattice. A (100)
superlattice plane has been imaged. The body-centered positions were
also observed at different focal depths with high-resolution TEM, as
shown in Figure 4.4. (Right) Schematic that shows how certain d-
spacings can be directly measured from the TEM image. The measured
lattice spacings of 10.57 nm, 7.63 nm, and 4.71 nm, correspond to the

(100), (110), and (210) d-spacings of a bee superlattice. The
corresponding lattice constant of a,;,, =10.63 nmis close to that

measured by SAXS, g,y =10.79nm . ..o 96

High resolution TEM images of a bee superlattice of 6.6 nm diameter
oleic acid-capped PbSe nanocrystals as the focal depth was increased.
Beginning with the focused image in (a), the focal depth was gradually
increased in the images (b-d), revealing lattice fringes of the underlying
nanocrystal layers. The red dots in the images mark the same spot in the
SUPCTIALLICE. 1..eeiiiieiiietieee e 98

SAXS of PbSe nanocrystals dispersed in hexane. The radially integrated
2D scattering intensity (inset) is plotted as (a) /(g) vs. g and (b)

1(¢)xq"* vs. g (Porod plot), with the data normalized to the scattering
intensity of the first peak maximum in the Porod plot at ¢ =0.81 nm™"
The best fit of Eqn (4.1) (solid line) to the scattering data (o) gives an

average diameter of 6.60 nm £ 0.79 nMm. ........coooiiiiiiiiiniie. 100
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Figure 4.6:

Figure 4.7:

Contour plot of the SAXS intensity obtained from a PbSe nanocrystal
superlattice with an initial bce structure as it was heated from 28°C to
350°C. Each slice of the contour plot is a radial integration of 2D
scattering profiles (representative patterns shown in upper panel).
Between 25°C and 110°C, the superlattice exhibits bee structure, with
the diffraction peaks shifting to slighter larger ¢—indicating a slight
lattice contraction upon heating. Above 110°C, the superlattice contracts
more significantly with a gradual loss of order as indicated by the
appearance of a second order diffraction peak (denoted by star)
associated with an amorphous assembly. At 150°C, the superlattice
structure has completely disappeared as indicated by the loss of the bcc
(200), (211) and (220) diffraction peaks. At 168°C, all of the diffraction
rings have disappeared, indicating the complete loss of local positional
order and the onset of sintering. Above 168°C, sintered grains grow in
size, as indicated by the shift in scattering intensity to lower g. Between
200°C and 250°C, the scattering intensity increases at low g values,
which is consistent with oxidation of the PbSe nanocrystals into PbSeO;
NANOTOAS. ...ttt ettt 102
Radial integration of the 2D scattering profiles in Figure 4.6 of the PbSe
nanocrystal superlattice at selected temperatures. The bcc peak indexing
is provided. The two diffraction peaks in the blue curve at 150°C

indicate that the superlattice has disordered to an amorphous structure.
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Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

Center-to-center nearest-neighbor spacing and the bee superlattice
constant a, calculated from the bcc (110) Bragg ring plotted as a
function of temperature. The boiling temperatures (b.p.) of hexane and
toluene are indicated. Note that when the temperature exceeds 110°C,
the superlattice begins to lose order..........ccocceeviiiiieniiniienieeenee, 104
Thermogravimetric analysis (TGA) of oleic acid-capped 9 nm diameter
PbSe nanocrystals and pure oleic acid. Data were collected for oleic acid
immediately after receiving it from the supplier and after storing for one
month in the laboratory at room temperature in ambient atmosphere. A
ramp rate of 3°C/min was used, which was identical to that used in the
1N S1tu SAXS eXPeriments. ....cc.eevveeuiirierienienienieereee e 106
Differential Scanning Calorimetry (DSC) curves for oleic acid-capped
PbSe nanocrystals and pure oleic acid. The oleic acid curves exhibit an
endothermic peak near 250°C associated with the evaporation of oleic
acid. The PbSe nanocrystals exhibit an exothermic peak at 300°C
attributed to sintering and oxXidation. ...........ccccceeveeriiienieiiieenieee. 107

a) XRD profiles of 9 nm PbSe nanocrystal films heated in air from room
temperature to the indicated temperature. Oxidation of the PbSe
nanocrystals to PbSeO; begins to occur at around 200°C. Complete
transformation of PbSe to PbSeOs has occurred after heating to 300°C in
AIT. ceteett ettt b ettt a et st e bt et e e naeens 108
TEM images of 9 nm diameter oleic acid-capped PbSe nanocrystal
superlattices at room temperature (a,c,e) and after heating to 300°C in air
(b,d,f). The PbSe nanocrystals oxidize and convert to PbSeO; nanorods
when heated t0 300°C 1N QIT..c...coeeviiriiriiiiirieneeeee e 109



Figure 5.1:

Figure 5.2:

(A) Contour plot of the radially integrated scattering intensity as a
function of ¢ (¢ = \/qxz + qz2 ) and temperature during in situ
transmission SAXS of a nanocrystal superlattice of sub-2 nm
dodecanethiol-capped Au nanocrystals heated from room temperature to
213°C. (B) Indexing of the simulated diffraction peak positions and
schematics of the unit cells of the observed structures. .................. 122
Contour plot of temperature-dependent SAXS profiles of an Au
nanocrystal superlattice zoomed into the temperature range 155 °C — 185
°C. The color scale relates to logjo(Intensity). Overlays represent
simulated diffraction peak positions from the 4 primary superlattice

structures (blue: bec; orange: hep; grey: ico-ABy3; green: hex-ABs).125
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Figure 5.3:

Figure 5.4:

Indexing of the transmission SAXS profile collected from a superlattice
of sub-2 nm dodecanethiol-capped Au nanocrystals heated to 159 °C.
The black curves are a radial integration of the 2D transmission SAXS
pattern. Several diffraction peaks cannot be indexed to the hcp or bee
superlattices (e.g. at q = 0.73 nm™). The extra diffraction peaks can,
however, be explained by the introduction of periodic (001)xc, stacking
faults into the hep lattice such that the stacking sequence of the close-
packed planes is ‘ABABCBCAC’. The green lines correspond to an hep
superlattice with a=b = 6.89 nm and ¢ = 11.25 nm. The red line
corresponds to a bece superlattice with a =b = ¢ = 3.9 nm. The blue lines
correspond to a “complex” hcp superlattice (right panel; isostructural
with Sm; space group 166) with a=b=7.4 nm and ¢ = 51.7 nm. The
lattice constant, c, for the “complex” hep structure is nearly 4.5 times as
large as it is for the original hcp structure, which is expected based on
the stacking sequence of close-packed planes in the “complex” hep
SUPETIATLICE. .ovvvieeeiieeiie ettt e e e e 127
Schematic of the ico-AB;3 structure. Large nanocrystals (orange) sit on
the corners of cubic sub-cells (left) and 13 small nanocrystals (blue)
reside in the center of the sub-cells with Pm-3n symmetry. Each B3
cluster is rotated by 90° with respect to the B3 cluster in adjacent cells
(illustrated by green coloring) such that the full unit cell (middle) must
be composed of 8 cubic sub-cells. While it is convenient for illustration
purposes to define the unit cell as shown in the middle panel, the unit
cell for ico-AB;; crystals is conventionally defined as shown in the right

PANCL ..o e 129
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Figure 5.5:

Figure 5.6:

Indexing of the transmission SAXS profile collected from a superlattice
of sub-2 nm dodecanethiol-capped Au nanocrystals heated to 172 °C.
The black curves are a radial integration of the 2D transmission SAXS
pattern and show a coexistence of 3 different superlattice symmetries:
the ico-AB3 BNSL and 2 others resulting from systematic replacement
of small nanocrystals at the center of the B3 clusters with a larger
nanocrystal. Schematics of these structures are shown in the panels to
the right. Red lines (top) indicate the expected diffraction peaks for a
simple cubic ico-AB3 structure with a =b = ¢ = 16.00 nm. Replacement
of the small nanocrystals with larger nanocrystals at the corners and face
centers of the unit cell transforms the superlattice symmetry and thus the
expected diffraction peaks. The green lines (middle) correspond to the
fcc symmetry with a =b = ¢ = 16.89 nm. Additional replacement of the
small nanocrystals on the edges and at the center of the unit cell
transforms the superlattice symmetry from fcc to bee. The blue lines
(bottom) show the expected diffraction peaks for the bcc symmetry with
Aa=b=C=17.50 M. .cooriiiiiiiiiiii e 130
(a) TEM image and (b) FFT of a bce superlattice of sub-2 nm
dodecanethiol-capped Au nanocrystals. The nanocrystal superlattice is
oriented with the (110) plane parallel to the substrate and results in the
observation of (110) “superlattice fringes.” (c) Illustration of the becc

superlattice and (d) projection of the superlattice along the <110> zone
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Figure 5.7: (a) TEM image and (b) FFT of an hcp superlattice of heated
dodecanethiol-capped Au nanocrystals. The nanocrystal superlattice is
oriented with the (001) plane parallel to the substrate. (c) Illustration of
the hep superlattice and (d) projection of the superlattice along the
<OOT> ZONE AXIS. eveenvieireeniiesieeetiesieeeteesite et et e bt esaeeeabeesaeesneeeneeas 132

Figure 5.8: (a) TEM image and (b) FFT of an ico-AB,3 (NaZn,3-type) superlattice of
heated dodecanethiol-capped Au nanocrystals. The heated nanocrystals
have a bimodal distribution and form a BNSL. The nanocrystal
superlattice is oriented with the (001) plane parallel to the substrate. (c)
Ilustration of the ico-AB;3 superlattice and (d) projection of the
superlattice along the <001> Zone axis. .......ccceeveeriieenieeiieenieeienne 133

Figure 5.9: (a) TEM image and (b) FFT of a hex-ABs (CuCs-type) superlattice of
heated dodecanethiol-capped Au nanocrystals. The heated nanocrystals
have a bimodal distribution and form a BNSL. The nanocrystal
superlattice is oriented with the (001) plane parallel to the substrate. (c)
Ilustration of the ABs superlattice and (d) projection of the superlattice
along the <001> ZONE AXIS. ...eeerveeriieiieeieeiie et 134

Figure 5.10: Low magnification TEM images of (a) an hcp and (b) an ico-AB 3
superlattice of heated dodecanethiol-capped Au nanocrystals. In each

case the superlattice grain extends approximately 2 um on the TEM grid.

Figure 5.11: TEM image of a film of Au nanocrystals heated above 208 °C. The
inorganic gold cores and organic ligand have undergone a phase

segregation resulting in the bicontinuous structure shown in the TEM



Figure 5.12: GISAXS pattern resulting from a body-centered cubic (bcc) superlattice
of sub-2 nm dodecanethiol-capped nanocrystals. The spot overlay was
simulated using the following parameters:a=b=c=3.75nm,a=p =y
=90°, (110) plane parallel to the substrate, incident angle a; = 0.25°,
critical angle for the substrate a5 = 0.18°, and the critical angle for the
film af = 0.10°. The open white circles show the expected positions of
the Bragg spots with the indicated indexes. The white dots denote the
direct and reflected beam positions. The horizontal lines indicate the
sample horizon (red) and the Yoneda peak for the film (white).....138

Figure 5.13: GISAXS pattern resulting from a hexagonal close-packed (hcp)
superlattice of dodecanethiol-capped Au nanocrystals. The spot overlay
was simulated with the following parameters: a=b = 6.5 nm, ¢ = 10.61
nm, o = 3 =90°, y =120°, (001) plane parallel to the substrate, incident
angle a; = 0.25°, critical angle for the substrate a5 = 0.18°, and the
critical angle for the film o= 0.10° .....ccccoiiiiiiiiiee, 139

Figure 5.14: GISAXS pattern resulting from a simple cubic (sc) NaZn,s-type ico-
ABj; binary nanocrystal superlattice (BNSL) of dodecanethiol-capped
Au nanocrystals. The dashed black rings show the expected positions of
the diffraction rings with the indicated indexes from a cubic NaZn,s-type
structure witha=b=c=16.0 nm. The appearance of powder rings in
the GISAXS pattern indicates that there is no preferential orientation of
the superlattice with the substrate. The appearance of strong (531) and
(753) reflections is characteristic of diffraction patterns from NaZn,s-

EYPE SLIUCTULES. ...eeeiuitieeiiieeeiiee ettt ettt s 140

XxXxii



Figure 5.15: GISAXS pattern resulting from a hexagonal CaCus-type ABs BNSL of
dodecanethiol-capped Au nanocrystals. The spot overlays in (a) and (b)
were simulated with the following parameters: a=b = 12.4 nm, ¢ = 6.2
nm, o = 3 =90°, y = 120°, incident angle a; = 0.25°, critical angle for the
substrate o, = 0.18°, and the critical angle for the film ar= 0.10°. The
plane parallel to the substrate was (110) in (a) and (001) in (b). The
green stars denote the positions of the direct and reflected beam. The
horizontal lines represent the sample horizon (white), the Yoneda peak
for the film (solid red), and the Yoneda peak for the substrate (dashed
red). The simulation in (a) accounts for all the observed Bragg spots but
also predicts many other spots which are not observed in the GISAXS
PALEEITL. .ottt s 142

Figure 5.16: GISAXS pattern resulting from a hexagonal CaCus-type ABs BNSL of
dodecanethiol-capped Au nanocrystals. The spot overlays in all images
were simulated with the following parameters: a=b=c =6.2 nm, o =3
=90°, y = 120°, incident angle o; = 0.25°, critical angle for the substrate
as = 0.18°, and the critical angle for the film ar=0.10°. The plane
parallel to the substrate was (001) in (a) and (110) in (b). Not all
observed Bragg spots are accounted for in (a) and (b), but have the same
g-values as identified reflections in (a) and (b) so several other
superlattice orientations were explored that simulate them. In particular,
simulations with the (c) (043) and (d) (144) superlattice planes parallel
to the substrate are shown. A unique characterization of these minority
orientations cannot be given, as in each case only one diffraction spot

Wwas Strong enough t0 ODSEIVE. .....ccueeuieriieiiieiieiieee e 143
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Figure 5.17:(A-D) TEM images of a single layer of nanocrystals heated to the
indicated temperatures and the corresponding nanocrystal core size
distributions measured from TEM images. (E) Porod plots of solution
SAXS data with simulated intensity profiles (solid black lines), (F) in
situ GIWAXS, and (G) absorbance spectra of Au nanocrystals after
heating to the indicated temperature and being redispersed in toluene.
The data show that the growth of the Au nanocrystal cores begins
around 125°C, which corresponds to the appearance of the hcp
superlattice structure as shown in Figure 5.1.......ccccoviiiiinnnnin. 145

Figure 5.18:(A, D, G, J) Model representations, (B, E, H, K) superlattice projections
with the noted orientations, and (C, F, I, L) simplified ligand domains
for observed nanocrystal superlattice structures: (A-C) bece, (D-F) hep,
(G-I), binary sc ico-AB;3, and (J-L) binary hex ABs. The simplified
ligand domains mimic microphase-separated morphologies for
amphiphilic organic molecules: (C) bcc (spherical), (F) hexagonal
(cylindrical), (I) cubic bicontinuous (plumber’s nightmare), and (L)
inverse hexagonal. (M) TEM image of a nanocrystal superlattice that has
been heated above 200°C. Spinodal decomposition of the superlattice

occurs as the ligand completely desorbs from the nanocrystal surface.
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Figure 5.19: TGA data (black curve) and DSC data (red curve) collected

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

simultaneously for sub-2 nm dodecanethiol-capped Au nanocrystals.
The TGA shows that evaporation of the ligand occurs gradually over a
large temperature range. The DSC data shows a narrow exothermic peak
around 200 °C which can be attributed to the rapid coalescence of the
Au nanocrystal cores as they phase separate from the organic ligand.150
TEM images of CulnS, nanocrystals synthesized with varying
OLA:(Cu+In) mole ratios: (a,b) 6:1, 8 nm diameter; (c,d) 3:1, 12 nm
QIAMETET ...t 166
HRTEM images of a CulnS, nanocrystals (a,b) and their respective fast
Fourier transforms (FFTs) (c,d). The d-spacings correspond to
chalcopyrite (tetragonal) CulnSy......cccccoceeviriiniiiiniiiniicniceee 167
XRD and (inset) elemental composition measured by EDS of 8§ nm
diameter CulnS; nanocrystals. The peak labels correspond to those of
chalcopyrite (tetragonal) CulnS,; JCPDS#085-1575)....ccccevveveenene 168
Room temperature absorbance spectrum of 8 nm diameter CulnS;
nanocrystals dispersed in hexane. ...........cccocceviiiiiniiiiienieceeee, 168
TEM images of CulnSe; nanocrystals with an average diameter of 15
TIITL ittt ettt ettt e be e st ettt e ae e et ettt e s en e e s e e eane 170
(a,b) HRTEM images of CulnSe; nanocrystals and (c,d) their FFTs. The
observed d-spacings and the indexed FFTs are consistent with

chalcopyrite (tetragonal) CulnSes........cocevvveviineiiiiniiiniiicniceee 170
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Figure 6.7:

Figure 6.8:

Figure 6.9:

XRD pattern of chalcopyrite CulnSe; nanocrystals (JCPDS#00-040-
1487). The scattering intensity is plotted on a logarithmic scale to
elucidate the (211) peak. Dashed boxes indicate reflections that are
unique to chalcopyrite (CulnSes) ....cocevveveriiiniininiiniceniereeeae 171
(a,b) TEM images of CIS nanocrystals; (c) an SEM image of a film of
CIS nanocrystals spray-deposited from a toluene dispersion; (d) XRD
pattern of CIS nanocrystals indexed to chalcopyrite CIS (PDF#97-006-
8928). The inset in (d) is the average Cu, In and Se composition
determined by EDS of a field of nanocrystals. ..........cccccceriinennnenn 173
XRD patterns of CIGS nanocrystals synthesized with varying In:Ga
ratios: (a) CulnSe; (b) Culng790Gag21Se, (by EDS) (c) Culng s1Gag 49Se
(by EDS) (d) CuGaSe; nanocrystals. The diffraction patterns correspond
to those of the tetragonal chalcopyrite phases of the respective
compounds. The indexing of the peaks noted in (a) correspond to the

expected peaks positions of the chalcopyrite compounds. ............. 175

Figure 6.10: Magnification of the (112) XRD peaks from Figure 8 of the CIGS

nanocrystals: (a) CulnSe; (b) Culng 70Gag21Se; (by EDS) (c)

Culng 51Gaga9Se; (by EDS) (d) CuGaSe; nanocrystals. The reference
positions are for CulnSe; (JCPDS#00-040-1487), Culng;Gag 3Se;
(JCPDS#00-035-1102), Culng sGag sSe; (JCPDS#00-040-1488), and
CuGaSe; (JCPDS#H00-031-0456). ....cccueeieiiiieiieeieeie e 176

Figure 6.11: TEM images of Culn,Ga,.,Se, nanocrystals with (a) x = 0.79, (b) 0.56,

(€) 0.21and (A) 0.eeveeeeieeeee e e 177
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Figure 6.12: Room temperature absorbance spectra of Cu(In,Ga,.,)Se, nanocrystals
dispersed in hexane. The curves correspond to In:Ga stoichiometries of
(a) x=0, (b) x=0.56 and (c) x=1. An extrapolation of the spectra to
identify the band edge is shown in the inset. The small feature at ~1400
nm is related to the absorbance of hexane. .........c..ccoceeeiniininnnnen. 178
Figure 6.13:(a,b) TEM and (c) SEM images of CZTS nanocrystals. In (b), the
nanocrystal is imaged down the [-1 1 0] crystallographic zone axis.179
Figure 6.14: STEM-EDS elemental map of CZTS nanocrystals. ............c.......... 180
Figure 6.15:. XRD of CZTS nanocrystals. The red reference pattern was simulated
using CaRlIne Crystallography 3.1 software using space group 14 and
lattice parameters a=b=5.427 A and ¢=10.848 A for kesterite CZTS
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Chapter 1: Introductiont

The unique properties of nanometer-sized materials have been used for hundreds,
perhaps thousands, of years. For example, the vivid red color of medieval stained-glass
windows is a result of very small gold particles that were formed when gold ions were
reduced during the production of the glass. The red color of these small gold particles
differs significantly from the color of bulk gold due to their size-dependent interactions
with optical electromagnetic radiation. Today, this optical phenomenon is well-
understood. The concept that the properties of a material can dramatically change when
it is sufficiently spatially confined has invigorated scientists in recent years, resulting in a
prolific stream of new discoveries and technologies based on nanomaterials.

In the last several decades, the ability to synthesize colloidal nanomaterials by
arrested precipitation with controlled size, shape, and composition has unlocked a new
materials platform useful for studying fundamental properties at the nanoscale and for
developing new technologies. To date, colloidal nanocrystals of a wide range of
materials—including metals, semiconductors, insulators, and magnetic materials—have
been synthesized and exhibit size-, shape-, and composition-dependent properties which
can be synthetically tuned. Furthermore, if the nanocrystals have a sufficiently narrow
size distribution, they will self-assemble into ordered structures with well-defined
symmetry and spacing upon the evaporation of the solvent in which they dispersed.
These ordered nanocrystal assembles, or superlattices, represent unique metamaterials in
which the nanocrystals serve as modular building blocks for nanostructures with spatial

complexity. Unlike atoms, the nanocrystal components making up the superlattices can

T Portions of this chapter appear in Goodfellow, Brian W.; Korgel, Brian A., “Reversible Solvent Vapor-
Mediated Phase Changes in Nanocrystal Superlattices.” ACS Nano (2011), 5(4), 2419-2424 and Akhavan,
Vahid A.; Goodfellow, Brian W.; Panthani, Matthew G.; Korgel, Brian A., “Towards a Next Generation of
Ultra-ow-cost Photovoltaics Using Nanocrystal Inks.” Modern Energy Review (2010), 2(2), 27-29
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be engineered to exhibit a desired property. Therefore, these so-called “artificial solids”
can be designed with an astounding number of collective properties due to the ability to
permute chemical composition, size, shape, and arrangement of the nanocrystals. The
remarkable versatility and unique properties of nanocrystal assemblies make them
attractive for a variety of applications from solar cells to medicine. However, successful
application of colloidal nanocrystal assemblies will first require a detailed understanding
of how the nanocrystals self-organize and the properties of the nanocrystal superlattices
under various external stimuli.

This dissertation discusses the self-assembly of nanocrystals into superlattices, the
properties of the assemblies at elevated temperature, and the use of semiconductor

nanocrystals as light-absorbing layers in low-cost solar cells.

1.1 SELF-ORGANIZED NANOCRYSTAL ASSEMBLIES

A wide variety of materials self-organize into complex and precisely defined
arrangements.  Perhaps the most elaborate of these are biological materials, like
polypeptides, that encompass only a limited number of individual components and
assemble into a seemingly limitless range of structures, performing countless biological
functions. Many natural non-living materials also exhibit sophisticated organization by
self-assembly. The Brazilian opal is a good example of this, composed of highly
monodisperse collections of sub-micrometer silica particles molded over time and packed
tightly into a lattice. As synthetic methods for nanocrystals of a wide range of materials
have developed—along with an understanding of their unique properties—nanocrystal
self-assembly has been targeted as a route to obtain materials with complicated structure

and unprecedented function.'™ The concept is simple: combine nanocrystals and allow
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(or coax) them to self-assemble into ordered superstructures. In order to harness the
power of self-assembly in artificial, engineered systems, a fundamental understanding of

the forces and processes that control self-assembly are needed.

1.1.1 Energetic Considerations for Nanoscale Assembly

Based on simple packing rules of spheres, a monodisperse collection of spherical,
organic ligand-coated nanocrystals is expected to form a face-centered cubic (fcc) lattice.
When dispersed in a good solvent, the nanocrystals experience a short-ranged steric
repulsion, pretty close to that of hard spheres.* When the nanocrystals are compressed
together and the density of the collection exceeds a critical value—for example when the
solvent is evaporated from the dispersion—the nanocrystals spontaneously order into a
superlattice. This ordering transition is driven by entropy. With negligible energetic
interactions between nanocrystals, only the excluded volume of each particle matters and
the structure with the highest entropy is favored. It is easy to appreciate that the fcc
lattice is the structure with the highest packing entropy by considering the entropy of an

ideal gas of N particles in a volume V: S/N =kInV (k is Boltzmann’s constant). The

free volume entropy depends on the way the particles are arranged. For a collection of

hard spheres of volume v_, the free volume is V' — Ny, =1— (¢/ @, ), expressed in terms of
the volume fraction of particles ¢, and the jamming limit or maximum density of the
spheres ¢ , determined by the specific structural arrangement, and the free volume
entropy is S/N o« kln(l — (¢/ . )) A disordered collection of spheres can only pack to a
limit of @ =64% before becoming jammed. Spheres in an fcc lattice—the densest

possible arrangement of spheres—can achieve much higher densities, up to ¢. =74%. It

is obvious then that the free volume entropy of particles at density of 64% is much higher



when arranged in an fcc lattice than in a jammed configuration (where $=0). Indeed, fcc
superlattices of a wide variety of nanocrystals have been observed.'**

But when the solvent has evaporated, the nanocrystals are clearly not interacting
as hard spheres. The nanocrystals in a “dry” superlattice are held together by strong
cohesive interactions between neighboring ligands and nanocrystals. The melting point
of dodecanethiol for example is about -8°C, but a superlattice of dodecanethiol-capped
gold nanocrystals is a solid at room temperature. Perhaps not surprisingly then, a variety
of superlattice structures in addition to fcc have been observed, including hexagonal
close-packed (hcp),é’7 body-centered cubic (bee), >t body-centered tetragonal (bet)>?
and the simple hexagonal (sh)’ lattice. The bcc, bet and sh lattices are particularly
interesting because they are not close-packed structures and the free volume, or packing,
entropy of the spheres is not maximized. For example, ¢, =68% for a bec lattice. The
situation has become ever more complicated with the study of ordered arrangements of
nanocrystals of two different sizes, so-called binary nanocrystal superlattices. By 2006, a
tremendous structural diversity of binary nanocrystal superlattices had been observed,
many of which do not follow simple space-filling rules expected for hard spheres.’

Nonetheless, most superlattices, even binary nanocrystal superlattices,”"! do not
deviate all that far from expectations based on maximized sphere packing density, and
this concept has served as a pretty good conceptual guideline for understanding
superlattic structure. The challenge has been to understand how the ligand shell
contributes to superlattice order. Unlike sub-micrometer colloidal particles such as those
that form opals in nature, ligand-coated nanocrystals have a significant volume of
deformable soft organic shell material, making them “soft spheres” with an inner rigid
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1.1.2 Multicomponent Nanocrystal Superlattices

When two distinct types of nanocrystals, each with their own size distribution, are
deposited onto a substrate by solvent evaporation, the nanocrystals can arrange into a
complex superlattice containing both types of nanocrystals instead of two separate fcc
superlattices. Some of these binary superlattices, such as the simple hexagonal AB,
superlattice shown in Figure 1.1 are expected to form based on space-filling arguments.
However, many other structures have now been observed with can not be explained by
hard-sphere packing. Therefore, a complex mix of factors to the interparticle potential
have been proposed to account for this behavior, including van der Waals attraction,

steric repulsion, electrostatic and dipolar interactions, and depletion attractions.

Figure 1.1: TEM image of a binary nanocrystal superlattice (BNSL) consisting of
dodecanethiol-capped gold nanocrystals (small) and oleic acid-capped iron
oxide nanocrystals (large). The nanocrystals have arranged into a simple
hexagonal AB, structure which is structurally analogous to the mineral
AlB..



Multicomponent nanocrystal superlattices like the one shown in Figure 1.1 can
provide a platform to design and study materials with unprecedented structural
complexity and unique functions. Unlike conventional composite materials, like fiber
reinforced polymers, in which the constituent materials act in tandem to display a desired
intermediate property, multicomponent nanocrystal superlattices where nanocrystals in
close proximity can induce synergistic processes in each other can exhibit collective

properties that significantly differ from the properties of the individual constituents.

1.1.3 Temperature-Induced Structural Transformations

From a fundamental perspective, nanocrystals are simple molecular models that
can be manipulated and studied to test statistical mechanical and thermodynamic models
of crystallization and disorder. The structural relationship between nanocrystal
superlattices and the atomic crystal structure of minerals have given credence to the idea
that nanocrystal assembles are “artificial solids”. However, these metamaterials are
governed by different forces than their atomic analogues. These forces are tunable in the
case of nanocrystals and can be engineered to study the thermodynamic behavior of
crystals in new ways. Many materials exhibit complex phase behavior based on
temperature, pressure, and composition. The study of the phase behavior of nanocrystal
solids under elevated temperature or pressure is still in its infancy. Further studies can
lead to a greater understanding not only of the forces that contribute to nanocrystal
assembly but also the thermodynamics of crystals in general—advancing the ability of

scientists to engineer materials with new properties.



1.2 NANOCRYSTAL-BASED PHOTOVOLTAICS

h,lz’13 which is about three

The average price of solar power is now $0.29/kW
times higher than the retail cost of electricity in the US.'* At the moment, more than 50%
of the total cost of photovoltaic (PV) electricity is associated with the price of the
module, and grid parity requires significant reductions in solar cell manufacturing costs.
The solar cell market is dominated by crystalline silicon-based modules'” and since 2004,
the cost of these modules has decreased by only 5%." Significant price reductions for
crystalline silicon-based solar cells have been slow because it is both a relatively mature

12,16 .
> and the raw materials costs are

technology with largely optimized device efficiency,
significant. The cost of silicon alone contributes as much as 50% of the module cost and
28% of the total cost'? because very thick silicon layers of more than 500 um are needed
(silicon is a very inefficient light absorber) and the competition for highly purified

electronic grade silicon with the microelectronics industry keeps the price of silicon

high."”
1.2.1 Alternatives to Silicon

A “second generation” of silicon-alternative PV technologies that utilize thin
absorber layers has been developed, utlizing materials like amorphous silicon, CdTe, and
copper indium gallium selenide (CIGS)."® The device efficiencies are not quite as high as
those using crystalline silicon, but the manufacturing costs are significantly lower. The
cost of solar power depends roughly on the ratio of the efficiency to the manufacturing
and installation costs, making these technologies competitive with silicon, and now
garner about one-fourth of the PV market share.””  First Solar’s new CdTe PV
technology has recently been reported with a module sale price of only $0.98/W,," just

below the $1/Wp level that many considered the target for grid parity.



The manufacturing processes for these silicon alternatives nonetheless are still
relatively slow and expensive, requiring high temperature processing steps that make an
order of magnitude reduction in manufacturing cost unlikely. New approaches, with the

potential for dramatic reductions in cost, are desired.

1.2.2 Third-Generation Photovoltaics and the Printed Inorganic Thin-Film Solar
Cell

At the moment, a materials system and processing approach with the potential for
both high efficiency and ultralow cost has not been identified. Such a technology would
most likely need to be compatible with high-throughput roll-to-roll deposition and
inexpensive plastic flexible and light-weight substrates. The “third generation” PV
devices would yield efficiencies above 10%, as needed for commercial viability, but with
dramatically reduced manufacturing costs."®

One target has been to create a technology for fabricating plastic disposable solar
cells. As a step in this direction, photovoltaic devices made with organic light-absorbing
materials have been made—so-called organic photovoltaics (OPVs)— with efficiencies
as high as 7.4%.%° For commercial viability, the device efficiency must still be improved
and the materials costs for these record devices are in fact relatively expensive. And
there is a concern about long-term OPV device stability under the typical operating
conditions in the field.

Another approach to PV fabrication that has the processing attributes of organic
materials, but combines the proven device performance and stability of inorganic
materials, is to formulate nanocrystal inks that can be deposited under mild conditions
using high throughput continuous processes like roll coating, spray-coating, spin coating,

1

dip-coating, drop casting, ink-jet printing, doctor-blading, screen printing, etc.”’ If solar

cells could be made without the need for high temperature or high vacuum processing,
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these inks could dramatically lower solar cell module manufacturing costs. A light-
weight solar cell on plastic would also significantly lower the installation costs. Since the
module price accounts for only half of the total solar energy cost, this is a very important
consideration.'> The conventional solar cell fabrication processes, requiring high
temperature, must be carried out on heavy glass or metal supports, which comprise the
majority of the weight in commercial solar modules. Light and flexible panels would
change the way solar cells are installed, enabling more efficient transportation and
installation. The “panels” could be unrolled like a carpet and mounted on residential

rooftops with no need for mounting brackets and structural reinforcement to the roof.

1.2.3 Nanocrystal Ink Formulation

Chemical methods have been developed to synthesize nanocrystals of many
different materials suitable for PV devices. The nanocrystals are made by a process
called arrested precipitation. Chemical reactants are decomposed in a solvent in the
presence of “capping ligands” that bond to the nanocrystal surface as illustrated in Figure
1. The capping ligands are an integral part of the nanocrystal formulation, enabling good
dispersion in solvents by preventing aggregation. This is important for uniform film
deposition and device fabrication.

Many research teams have now demonstrated that it is indeed possible to print
inorganic layers of light-absorbing semiconductors from nanocrystal inks and make
functioning solar cells. Nanocrystals of cadmium and lead based chalcogenides (i.e. CdS,
CdSe, CdTe, PbS, PbSe, and PbTe) have been incorporated into PV devices with

2226 Cu,S solar cells made from a

reasonable efficiencies between 2% and 5%.
nanocrystal ink has also been made, with efficiencies of up to 1.6%.%” And nanocrystals

of relatively complicated composition have also been synthesized, including tertiary and



quaternary compounds.zg'31 Of these materials, some of the most interesting have been

28,29 30,31

copper indium gallium selenide (CIGS) and copper zinc tin sulfide (CZTS), as
these are proven solar cell materials and do not face the same negative environmental

implications as widespread Cd and Pb incorporation into solar cells.

Inorganic Core

Organic Capping
Ligand

Figure 1.2: (a) Photogrpah of a CIGS nanocrystal ink; (b) a large-area scanning electron
micrograph of a nanocrystal film deposited by spray-coating the ink; (c)
transmission electron micrograph of CIGS nanocrystals; and (d) an
illustration of a nanocrystal, that depicts the inorganic crystalline core
coated by the organic capping ligand layer that stabilizes the nanocrystals.

1.2.4 Copper Indium Gallium Selenide Nanocrystal Inks

To date, the highest device efficiency achieved by a photovoltaic device
fabricated by nanocrystal ink deposition is just over 10%, reported by Hillhouse and

Agrawal for CIGS.*> This work provides an important and encouraging benchmark for
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PV devices made using nanocrystal inks, and has demonstrated that nanocrystal inks can
indeed provide commercially viable efficiencies. There is a catch however, in that these
efficiencies were achieved by annealing the films at rather extreme temperatures,
exceeding 500°C, under Se atmosphere. Such extreme processing conditions make it
impossible to fabricate devices by a roll-to-roll process, or on cheap plastic substrates.
Nonetheless, CIGS is a particularly interesting semiconductor for a nanocrystal ink-based
approach to solar cell fabrication.

Single-junction CIGS cells fabricated using state-of-the-art high temperature
vacuum deposition processes have achieved device efficiencies of nearly 20%.” These
devices are made with polycrystalline films, so these very high efficiencies are rather
remarkable.  Theoretical calculations and experimental analyses have shown that
polycrystalline CIGS films can behave similar to a perfect single crystal in terms of

- . 34,35
minority carrier transport.””

Since nanocrystal-based films inherently have very high
concentrations of grain boundaries, this property of CIGS makes it a promising material
for a nanocrystal ink approach to solar cell fabrication in terms of potentially achieving
commercially viable efficiencies

Quaternary elemental stoichiometry and specific crystal structure of CIGS film

36
In

make the vacuum deposition process very challenging across large substrate areas.
this context, nanocrystal inks can be synthesized with the desired composition and
stoichiometry and then deposited from the ink onto the substrate. In fact, we’ve
demonstrated that that CIGS layers with controlled stoichiometry can be spray-painted in
air at room temperature with nanocrystal inks, and that these films can be used to
construct PVs with efficiencies of about 3% without any high temperature post-
deposition processing (see Figure 1.3). The same concept has been demonstrated with

38, 30

CZTS nanocrystals as well. The inks make it possible to deposit semiconductor
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absorber layers of materials with complicated phase behavior that are difficult or may

even be impossible to deposit effectively by vapor-phase processes.
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Figure 1.3: (a-c) Transmission electron microscopy (TEM) images of CIGS
nanocrystals, (d) CIGS nanocrystal-based “ink” used in making solar cells,
(e) spray-deposition of “ink” to form a light-absorbing layer, (f) image of a
CIGS nanocrystal-based solar cell on a glass substrate and (g) on a flexible
plastic substrate, (h) cross-sectional scanning electron microscopy (SEM)
image of a solar cell made with CIGS nanocrystals, (i) I-V curves of a solar
cell made with CIGS nanocrystals that shows a power conversion efficiency
of more than 3%.
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Thus far, CIGS PVs made from nanocrystal inks without post-deposition
processing have achieved efficiencies of just over 3% (Figure 1.31). The device layers
exhibit the desired compositional uniformity, however, the significant presence of grain
boundaries between particles in the absorber layer limits the device efficiency. These
printed inorganic PVs exhibit open circuit voltage and fill factor near those made by
vapor deposition processes, but the short circuit currents are much less than those of
state-of-the-art CIGS devices (Figure 2). Electrons and holes are trapped at interfaces
between the nanocrystals in the absorber film, leading to losses in efficiency. It is
encouraging, however, that the nanocrystal inks can be deposited on any type of support
(Figure 3g) to fabricate PV devices and achieve similar efficiencies. The key issue to
address is the role of the grain boundaries and how to passivate them. Routes to
improving the electrical properties of nanocrystal films without resorting to high
temperature annealing, still remains and active area of research with much that is not

known.

1.3 DISSERTATION OVERVIEW

The synthesis of simple hexagonal AB, binary nanocrystal superlattices
composed of Au and Fe,Os3 nanocrystals and their structural characterization by TEM,
SEM, and GISAXS is discussed in Chapter 2. Non-close-packed body-centered cubic
(bce) superlattices and the roll of ligand packing frustration in their assembly are
discussed in Chapter 3. The temperature-induced melting, sintering, and chemical

transformations of bcc superlattices of oleic acid-capped PbSe nanocrystals are discussed

13



in Chapter 4. Order-order phase transitions of heated dodecanethiol-capped Au
nanocrystal superlattices are discussed in Chapter 5. The use of Cu(In;Gay)Ses
nanocrystal inks as precursors for light-absorbing layers in low-cost printable solar cells
is discussed in Chapter 6. The mapping of local performance of Cu(In;.\Gay)Se;
nanocrystal-based solar cells by scanning optical microscopy is discussed in Chapter 7.
A summary of the work presented in this dissertation and suggested future research

directions are presented in Chapter 8.
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Chapter 2: Structure of Self-Assembled AB, Binary Nanocrystal
Superlattices: SEM, GISAXS, and Defectst

2.1 INTRODUCTION

Binary nanocrystal superlattices (BSLs)—e.g., periodically-ordered arrays of
nanocrystals with two different well-defined diameters—have been reported with
astonishingly diverse structures, including those that are isostructural with AIB,,'™
CaBe,” CaCus,' 71 CuAu, > CuzAu,” NaZnys,"™"!! FeyC,>* MgNiy,> MgZn,,
NaClL,>*'*!* and NiAs* compounds. Since nanocrystals can be synthesized with a wide
variety of chemical and physical properties, including magnets,”* metals,”

16-25

semiconductors,'® and even more complex multifunctional heterostructures, they

provide a library of assorted materials suited for new technologies in the biological

26-29 14,30

sciences, computing and information storage, photovoltaics,”’  and
thermoelectrics.”> By merging nanocrystals into BSLs, metamaterials may be fabricated
with new, unique characteristics that result from their nanoscale organization and
interplay of their constituent properties.”> For example, magnetic and semiconductor
nanocrystals might be mixed to form new breeds of magneto-optic materials,'' mixtures
of different magnetic nanocrystals may lead to higher energy density magnetic

properties,*’*

and mixtures of semiconductors may be used for optoelectronic
applications, like higher performance photovoltaics.’® In one study that exemplifies this
idea, BSLs of PbTe and Ag,Te nanocrystals were more than 100 times more electrically
conductive than superlattices of only PbTe or Ag,Te nanocrystals."

To design and engineer BSL properties, their assembly must be well understood.

Some BSL structures are expected based on geometrical packing arguments for spheres,

 Portions of this chapter appear in Smith, Danielle; Goodfellow, Brian; Smilgies, Detlef-M.; Korgel,
Brian, “Self-Assembled Simple Hexagonal AB, Binary Nanocrystal Superlattices: SEM, GISAXS and
Defects.” Journal of the American Chemical Society (2009), 131 (9), 3281-3290.
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as in the case of cubic AB (NaCl) and simple hexagonal AB, (AlB;) structures in which
nanocrystals fill space as efficiently as possible.** But many observed BSL structures,
such as cub—AB13,11 CaCu5,1'3’5’7’9’10, Fe4C,2’3 CLI3AL1,2’3 are not closest-packed
arrangements.>  Therefore, a variety of other factors in addition to space-filling
arguments have been proposed to be important in determining BSL structure, including
size- and composition-dependent interparticle forces, including van der Waals
attractions,’®’ ligand-ligand interactions,*® capillary forces,’® electrostatic interactions,’

. 3,9,40
and kinetic factors.””

But the matter is complicated by the fact that the BSL structures
reported thus far have had relatively short-range order (<3 um) and structural
characterization has been carried out almost exclusively by transmission electron
microscopy (TEM) of relatively thin samples. To date, no scanning electron microscopy
(SEM) images or small angle X-ray scattering patterns (SAXS) of BSLs have been
published, and it is therefore possible that some observed BSLs are only metastable or
stabilized/induced by the substrate; thus, making it more complicated to identify the
underlying forces responsible for BSL structure.

Herein, SEM and grazing incidence small-angle X-ray scattering (GISAXS)
measurements of sh-AB, BSLs are presented, which confirm the existence of long-range
order in sh-AB, BSLs. This data provides evidence that the sh-AB, BSL phase is indeed
a thermodynamically stable phase for the nanocrystal size ratio studied here (0.53).
BSLs, however, only formed when nanocrystals were deposited onto a tilted substrate by
controlled slow evaporation from dispersions with excess oleic acid. This indicates that
the forces driving BSL formation are relatively weak. Some diversity in BSL structure
was nonetheless also observed, including (1) uniaxial superlattice shrinkage normal to the

substrate from residual solvent evaporation; (2) nearly periodic dislocations consisting of

inserted half-planes of Au nanocrystals; and in thin BSL layers, (3) an analog of an AB3
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phase in which Fe,Os; nanocrystals have substituted for Au nanocrystals in the 8a
Wyckoff positions in the unit cell of space group 226, and (4) an “expanded” sh-AB;
(100) plane.

2.2 EXPERIMENTAL SECTION

2.2.1 Materials and Supplies

All chemicals were used as received. Iron pentacarbonyl (Fe(CO)s, 99.999%),
oleic acid (99%), hydrogen tetrachloroaurate(IIl) hydrate (99.9+%), tetraoctylammonium
bromide (TOAB, 98%), sodium borohydride (NaBH4, 98+%), and dodecanethiol (=298%)
were purchased from Sigma-Aldrich. Dioctyl ether (>97%) was purchased from Fluka.
Toluene (99.9%) was purchased from Fisher. Doubly-distilled deionized water (DI-H,O)

was used in all preparations.

2.2.2 Au Nanocrystal Synthesis

Dodecanethiol-coated 6.1 nm diameter Au nanocrystals were prepared as

- o 4142
previously described.™”

In a 50 ml Erlenmeyer flask, 0.19 g of hydrogen
tetrachloroaurate(III) hydrate was dissolved in 18 ml of DI water. 1.35 g of TOAB
dissolved in 12.25 ml of toluene was added to the aqueous solution, and the mixture was
stirred for one hour. The aqueous phase was discarded. A solution of 0.25 g of NaBH4
dissolved in 15 ml of DI water was then added to the organic solution. This mixture was
stirred for 20 hours. The aqueous phase was then discarded. 120 pL of dodecanethiol
was added to the organic phase and the mixture was stirred for 1 hour.

The Au nanocrystals were isolated by first centrifuging the solution for 3 minutes

at 8000 rpm and discarding the precipitate, which consists of poorly capped nanocrystals.

The supernatant was collected and excess ethanol was added to precipitate the
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nanocrystals and separate them from molecular impurities in the reaction. After
centrifuging the solution for 8 minutes at 8500 rpm, the precipitate was collected and the
supernatant discarded. The nanocrystals were redispersed in chloroform, followed by
size-selective precipitation using ethanol as an antisolvent.*** 6.1£0.73 (£12%) nm

diameter Au nanocrystals were used for superlattice self-assembly.

2.2.3 Fe;,0O3 Nanocrystal Synthesis

Oleic acid-coated 11.5 nm diameter Fe,Os3 nanocrystals with a 6% polydispersity
were prepared under inert (N;) atmosphere using standard glovebox and Schlenk line
techniques and published procedures.* In a 25 ml three neck flask, 10 ml of dioctyl ether
and 960 uL (4.56 mmol) of oleic acid were heated to 100 °C under N, flow at
atmospheric pressure. 0.2 ml (1.52 mmol) of Fe(CO)s was injected into this solution.
[Caution must be taken when preparing Fe(CO)s, as it is extremely volatile and
potentially hazardous (refer to MSDS before use).] The solution was refluxed at 300°C
for one hour. The reaction flask was removed from the heating mantle and allowed to
cool to room temperature. The flask was then opened to air for 30 minutes to oxidize the
as-made Fe nanocrystals. This reaction solution containing the resulting Fe,O;
nanocrystals was then centrifuged for 5 minutes at 8000 rpm. The supernatant was
collected and the precipitate, which consists of solid byproducts and poorly capped
nanocrystals, was discarded. Excess ethanol was then added to the supernatant to
precipitate the nanocrystals. This mixture was centrifuged for 10 minutes at 8000 rpm.
The supernatant was discarded. The nanocrystals were further purified with two
additional reprecipitation and centrifugation steps using hexane and ethanol as a
solvent/antisolvent pair. 11.54+0.66 (£6%) nm diameter Fe,O3; nanocrystals were used

for superlattice self-assembly.
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2.2.4 Binary Nanocrystal Superlattice (BSL) Preparation

BSLs were assembled on various substrates, including TEM grids (carbon-coated
copper 200 mesh, Electron Microscopy Sciences), Si wafers covered with native oxide
(SEH America), or SizNs-coated Si wafers, by controlled evaporation of a dispersing
solvent as illustrated in Figure 2.1. The substrate is immersed in the dispersion (40 pL
for a TEM grid, 350 pL for a Si or Si3N4 wafer) in a glass vial tilted at approximately
65° from vertical and the solvent is then allowed to evaporate over the course of several
hours at 45°C in air. Table 2.1 shows the optimized solution conditions used to form sh-
AB,; BSLs. Extended BSL formation also required the addition of oleic acid to the
nanocrystal dispersion. BSLs were not observed when dispersions were drop-cast onto

flat TEM grids.

Drying Oven 45 °C

Figure 2.1: BSL self-assembly: A tilted vial with a substrate (black rectangle) immersed
in the nanocrystal dispersion (shown in maroon) is placed in a drying oven
at 45°C in air as shown. The substrate is left undisturbed as the solvent
evaporates over the course of several hours.
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Table 2.1: Binary Superlattice Preparation Parameters

Solvent toluene’
Fe,O; stock solution conc. (mg/mL) 4.0
Au stock solution conc. (mg/ml) 4.0
Targeted total particle conc (mg/ml) 0.5
Targeted Fe,O3: Au Number Ratio 1:2.5
Volume of Fe,03 added (ul) 25
Volume of Au added (ul) 30
Volume of toluene added (ul) 385
Final volume (ul) 440
Number of Fe, O3 particles 1.9%x10"
Number of Au particles 4.7%x10"
Volume of oleic acid solution added (ul) 15.0

" Previous reports indicated that tetrachloroethylene (TCE),*" or mixtures of toluene and

TCE** worked best for BSL formation, but we found that toluene gave BSLs with more
extensive order.

2.2.5 Materials Characterization

Transmission electron microscopy (TEM) was performed on either a Phillips
EM208 TEM with 80 kV accelerating voltage or a JEOL 2010F with the field emission
gun operated at 200 kV. Images were acquired digitally. Electron diffraction patterns
were simulated using JEMS Electron Microscopy Software Package (Version
3.2710U2008, Copyright: P. Stadelmann, 1999-2008). Scanning electron microscopy
(SEM) was performed on a Zeiss Supra 40 SEM with an in-lens arrangement at 10 keV
working voltage and 5 mm lens to detector distance. Samples were grounded using

copper tape to prevent charging.
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Grazing incidence small angle X-ray scattering (GISAXS) measurements were
performed on beam line D1 of the Cornell High Energy Synchrotron Source (CHESS)
using monochromatic radiation of wavelength A = 1.252 A with a bandwidth AA/A of
1.5%. The x-ray beam was produced by a hardbent dipole magnet in the Cornell storage
ring and monochromatized with Mo:B4C multilayers with a period of 30 A. The D1 area
detector (MedOptics) is a fiber coupled CCD camera with a pixel size of 46.9 pum by 46.9
um and a total of 1024 x 1024 pixels with a 14-bit dynamical range per pixel.** Typical
read-out time per image was below 5 sec. The images were dark current corrected,
distortion-corrected, and flat-field corrected by the acquisition software. The sample to
detector distance was 935 mm, as determined using a silver behenate powder standard.
The incident angle of the x-ray beam was varied from 0.05 ° to 0.25° and typical exposure
times were 100 seconds. Scattering images were calibrated and integrated using the Fit2D

46

software.” The GISAXS diffraction peaks were indexed using the software package,

NANOCELL? and our own software.*®

2.3 RESULTS AND DISCUSSION

2.3.1 TEM and SEM

Figure 2.2 shows SEM images of BSLs of (A) 11.5 nm Fe,0O3 and (B) 6.1 nm Au
nanocrystals. The BSLs have a simple hexagonal (sh) AB, (AlB,, space group 191,
P6/mmm) structure as described in previous reports.”” 1In the BSL, the large Fe,Os
nanocrystals occupy a simple hexagonal lattice with the smaller Au nanocrystals filling
the trigonal prismatic interstitial spaces, as shown in Figure 2.3. Selected area electron
diffraction (SAED) verified the presence of both Au and Fe,O3; nanocrystals in the BSLs,

as shown in Figure 2.4. Figure 2.5 shows TEM images of the (100), (110) and (001)
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surfaces of the BSLs. FFTs of the images index to the sh-AB; structure. The (100) and
(001) spacings measured in TEM images were 12.6 nm and 14.1 nm, corresponding to
lattice dimensions, a=14.5 nm and c=14.1 nm. From SEM images, the (100) and (001)
spacings were found to be 12.2 nm and 14.4 nm, corresponding to lattice dimensions

a=14.1 nm and ¢=14.4 nm.

Figure 2.2: HRSEM images of sh-AB, BSLs on SizN4-coated Si substrates with two
different exposed BSL crystallographic surfaces: (a) (001) and (b) (100).
Crystalline domains up to ~9 um in diameter were observed.
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Figure 2.3: Different orientations of the sh-AB, (SG 191) unit cell. Orange spheres
represent 11.5 nm Fe,O3 and blue spheres are 6.1 nm Au nanocrystals.

Figure 2.4: Wide-angle selective area electron diffraction acquired with the beam
positioned down the [100]gs. sh-AB, BSL zone axis. The diffraction rings
index to fcc Au and cubic y-Fe,Os.
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Figure 2.5: TEM images and FFTs of sh-AB, BSLs observed down three different zone
axes to provide images of the corresponding lattice planes: (a,d) [210],
(100); (b,e) [001], (001); and (c,f) [110], (110). The FFTs are indexed to sh-
AB; lattice planes; the zone axes are given in the bottom right of the FFTs.
Crystallographic models of the sh-AB; superlattices are provided in the
insets; blue and orange spheres represent Au and Fe,O3 nanocrystals,
respectively.

2.3.2 Grazing Incidence Small Angle X-ray Scattering (GISAXS)

GISAXS measurements were performed on the BSLs and distinct diffraction
spots were observed, thus confirming relatively long range order in the superlattices.
Figure 2.6 shows examples of GISAXS measurements of the BSLs, along with an
illustration of the experimental system. All of the measured GISAXS patterns indexed to
a sh-AB, BSL structure (with a slight lattice contraction of 8-12% normal to the substrate
as described below). The diffraction spot sizes varied from broad to narrow features,

indicating variability in the size of crystalline BSL grains and their crystallographic

26



superlattice orientations with respect to the substrate. Additional SEM images of BSLs

are included in the supporting information, which clearly show that the BSL samples

consist of multiple crystal grains with a variety of orientations on the substrate.
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Figure 2.6: GISAXS measurements of BSLs assembled with 6.1 nm and 11.5 nm Au
and Fe,O3 nanocrystals. The white circles in (a) correspond to the simulated
diffraction spot pattern for a slightly distorted sh-AB, BSL with lattice
dimensions h=c=13.8 nm, a=12.7 nm, »=123.0°, which corresponds also to a
centered orthorhombic (SG 65, Cmmm) unit cell oriented with the [010]
direction normal to the substrate with dimensions a=c=13.8 nm, 6=21.273
nm. The grey circles in (a) correspond to (011) and (111) spots of an sh-
AB; lattice oriented with the crystallographic direction [001] normal to the
substrate with unit cell dimensions of a=b=13.8 nm, c=12.3 nm. (see Figure
2.8 for a complete simulation and indexing of the (001) orientation) (b)
Simulated diffraction spots for sh-AB2 BSLs oriented on (100) planes with
unit cell dimensions and a uniaxial lattice compression in the [210] direction
of (grey dots) 13.8 nm, 12% and (white circles) 14.3 nm, 8% (which
corresponds to a centered orthorhombic (SG65, Cmmm) lattice oriented in
the [010] direction normal to the substrate with unit cell dimensions of (grey
dots) a=c=13.8 nm, h=21.0 nm, and (white circles) a=c=14.3 nm, b=22.8
nm.) (c) Scattering pattern with rings of small spots indicated with dashed
lines (A-F). (d) Radial integration of the scattering data in (c); Table 2.2
provides the g-values, d-spacings, and indices of the GISAXS data. (e)
Schematic of the GISAXS configuration: incident x-ray beam, sample and
sample manipulation, scattered beams, and area detector.
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The GISAXS measurement in Figure 2.6a exhibits broad Bragg spots. These
broad spots indicate that the scattering BSL grains are relatively small. The diffraction
pattern indexes to a slightly distorted sh-AB, superlattice (AlB, analog, SG 191,
P6/mmm) oriented on its (100) plane on the substrate with unit cell dimensions of
b=c=13.8 nm, a=12.7 nm and »=123.0°. This structure corresponds to a simple
hexagonal lattice with a uniaxial lattice contraction of 11% normal to the substrate in the
[210] direction. This crystal structure is equivalent to a centered orthorhombic lattice
oriented on a (010) plane with unit cell dimensions a=c=13.8 nm, »=21.273 nm (SG 65,
Cmmm).

The GISAXS data in Figure 2.6a indicate that the sh-AB, BSL initially formed on
the substrate with lattice dimensions of 13.8 nm and then contracted unidirectionally
towards the substrate. This type of contraction normal to the substrate has been observed
in other evaporated films as well, of ordered block copolymers,® mesoporous metal

' The lattice contraction results from the

oxides,” and gold nanocrystal superlattices.’
evaporation of residual solvent retained by the capping ligands just after BSL formation.
As the residual solvent evaporates, the superlattice shrinks. But the nanocrystals cannot
move laterally with respect to the substrate because their positions are fixed by adhesion

to the substrate and as a result, the lattice decreases its total volume with a uniaxial

compression towards the substrate.
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Figure 2.7: Depiction of the lattice contraction of a sh-AB, BSL that has contracted in
the [210] direction during the late stages of drying. The BSL is oriented on
its (100) plane and the contraction in the [210] direction changes the lattice
symmetry from hexagonal to centered orthorhombic. The centered
orthorhombic unit cell dimensions, a’, b’, ¢’ are shown in red.

In addition to the diffraction spots in Figure 2.6a that index to sh-AB, BSL
oriented on a (100) plane that has contracted in the [210] direction, there are two
diffraction spots (labeled in gray) corresponding to sh-AB, BSL grains with a different
crystallographic orientation on the substrate. These spots index to sh-AB, BSL grains
oriented on their (001) planes that have contracted in the [001] direction, with unit cell

dimensions of a=b=13.8 nm, ¢=12.3 nm. A full indexing of the diffraction spots

associated with the (001) oriented BSL grains is shown in Figure 2.8.

30



Q : 0. 0 O
(213) (203) (113) (103)

B Lo

02) (112) (102)

(wu/L) %b

(201) (111) (101)

(210) (200) (110) (100)
O o O O

14 12 -1.0 08 -06 04 02 00
qy (1/nm)

Figure 2.8: GISAXS simulation of the diffraction spot pattern produced from a sh-AB,
(SG191; P6/mmm) lattice oriented with the (001) plane parallel to the
substrate ([001] direction normal to the substrate) is overlaid onto GISAXS
data of binary superlattices of 11.5 nm Fe,O3 and 6.1 nm Au nanocrystals.
The lattice constants are a = 13.8 nm, b = 13.8 nm, and ¢ = 12.28 nm, which
corresponds to an 11% shrinkage along the c-axis.

The GISAXS patterns could not be indexed without considering the lattice
contraction and the appropriate crystallographic orientation of the BSL grains on the
substrate. Figure 2.6b provides another GISAXS example that reveals information about
the superlattice orientation on the substrate and the uniaxial lattice compression that
occurs perpendicular to the substrate. Both broad and narrow diffraction spots are present
in Figure 2.6b, corresponding to relatively small and large superlattice grains,
respectively. The broader diffraction spots indexed to a (100)-oriented sh-AB, BSL with
lattice dimensions of 13.8 nm and a uniaxial lattice compression of 12% in the [210]
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direction. One set of the narrower diffraction spots indexed to a (100)-oriented sh-AB;
superlattice with lattice dimensions of 14.3 nm that has contracted by 8% normal to the
substrate in the [210] direction. These data indicate that more lattice shrinkage has
occurred in the smaller BSL grains than in the larger grains.

Figure 2.6c shows another example of a GISAXS pattern obtained from an
Au/Fe,;03 nanocrystal BSL sample. The “rings” of small spots suggest that a coexistence
of many large superlattice grains with varying orientations exists on the substrate. One
set of diffraction spots indexes to an orthorhombic BSL oriented in the [010] direction
normal to the substrate with unit cell dimensions a=c=14.2 nm, 5=22.628 nm
(corresponding to a sh-AB; lattice with initial unit cell dimensions of 14.2 nm that has
been compressed in the [210] direction by 8%). The ring-like diffraction pattern provides
averaged information about the structure of the BSL grains since the grains have various
crystallographic orientations. Indexing this pattern is complicated by the fact that BSL
grains will have slightly different lattice symmetry depending on their orientation on the
substrate due to the difference in the lattice direction of the uniaxial shrinkage.
Nonetheless, the pattern can be approximately indexed to a simple hexagonal lattice, with
the corresponding d-spacings obtained from the g-values of the diffraction rings,
q=2r/d, provided in Table 2.2. Indexing the GISAXS data to a sh-AB; lattice gave
lattice constants between 13.29 nm and 14.01 nm, which are consistent with what was
found by TEM and SEM. But there is also a slight, but noticeable, anisotropy in the
scattering rings. The diffraction features occur at slightly higher ¢ in the x-direction than
in the z-direction, which provides further indication of the lattice shrinkage normal to the
substrate. Therefore, three different values of ¢ (¢., g- and <g>) are provided in Table 2.2
for the scattering peak positions. The difference in these averaged lattice constants shows

that the shrinkage is ~7%.
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Table 2.2: Measured d-spacings from the GISAXS patterns in Figure 2.6¢ compared to
the calculated d-spacings for a sh-AB2 lattice (given in parentheses)

2 27 2

Ring b T T o T e
(nm)* (nm)Jr (nrn)i
A 0.51 (gﬁg) 0.55 (H:Ls%o‘) 0.53 (Higég) 1100;
B 0.68 (gf;‘g) 0.72 (2:%) 0.70 (S:g;g) (on
C 0.90 (gzggé) 0.935 (g:gig) 0.935 (gizg% (110}
D 1.01 (gééé) 1.05 (gzgij) 1.05 (2:8‘2‘;) (a1
E 1.06 (2:(9)23) 1.10 (2;5) 1.10 (gigéi) 1200}
F 1.28 (j:ggi) 1.34 (31223) 1.34 (3:322) (112}

d-spacings calculated for a simple hexagonal lattice (SG191) with lattice constants
a=b=c=14.01nm,* a=b=c=13.29nm," and a=b=c=13.47nm.’

¥ Average ¢ values obtained from the radial integration of the GISAXS data in Figure 4c.

2.3.3 Dislocations in sh-AB, BSLs

Bright stripes of nanocrystals were visible in SEM images of some BSLs formed
on SisN4 wafers, as shown in Figure 2.9. The stripes were observed in superlattices with
the (100) plane parallel to the substrate and were identified to be superlattice dislocations
consisting of gold nanocrystal half-planes inserted into the lattice as illustrated in Figure
2.9. Tilting the sample and imaging by SEM confirmed that the stripes were not step

edges.
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Figure 2.9: SEM images of superlattice dislocations: nearly periodic bright stripes are
observed in these sh-AB, BSLs of 11.5 nm Fe,O; and 6.1 nm Au
nanocrystals oriented with (100) planes parallel to the substrate. The bright
stripes are Au nanocrystal half-planes (dislocations) inserted into the lattice
as illustrated in the inset in (a) as viewed from the side (looking at the (1-20)
plane down the [010] axis) and from the top (looking at the (100) plane or
down the [210] axis as viewed in the SEM images); the blue and orange
spheres represent Au and Fe,Os nanocrystals, respectively.

A correlation between the dislocation direction in neighboring superlattice
islands, like those in Figure 2.9b and Figure 2.10, was observed. The inset in Figure 2.10
shows a histogram of the dislocation orientation measured from many BSL islands that
were deposited on one substrate. The average dislocation orientation relative to the
horizon in the figure is 37.3°. These islands appear to break off from a common BSL
layer that forms at the air/solvent interface to deposit on the substrate. Although the
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drying direction is not known, the dislocation direction most likely occurs at 90° with
respect to the drying direction, as illustrated in the figure, arising from the strain imposed
on the BSL from the curved air/solvent interface as illustrated in Figure 2.11. The

dislocations relieve this strain as the superlattice forms.

%0 -60 -30 0 30 60
Island QOrientation
(Degrees from the Horizon)

Figure 2.10: SEM image of BSL islands with visible inserted Au nanocrystal half-planes
(dislocations). Inset: the orientational distribution of the dislocation
direction with respect to the proposed drying direction indicated in the
figure.
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Figure 2.11: Illustration of the proposed mechanism of dislocation formation in the
BSLs: gold nanocrystal half-planes insert into the crystallizing BSL to
relieve strain at the curved air/solvent interface near the substrate.

2.3.4 Monolayers and Defects

An expansion of sh-AB, superlattice planes was observed in some thin
superlattice layers. Figure 2.12a shows an example of such a sh-AB, superlattice, which
has an unexpectedly large lattice constant of ¢=15.9 nm, compared to c=14.1 nm

observed in thicker sh-AB, superlattice films such as those in Figures 2.12b and 2.12c.

36



The thin nanocrystal layer in the lower right corner of Figure 2.12a corresponds to a

(100) sh-AB; plane.
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Figure 2.12: TEM images of thin sh-AB, BSLs. In (a) and (b) the superlattices appear to
have nucleated on the substrate and crystallized from the bottom of the
image to the top in (a) and from the left to the right in (b). The (100) plane
is parallel to the substrate in image (a) and the (001) plane is parallel to the
substrate in (b). In (c), the nanocrystals on the substrate are disordered and
the BSL (with (100) orientation parallel to the substrate) does not appear to
have nucleated on the substrate.
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The TEM image in Figure 2.12a reveals a case in which the BSL structure (with
the (100) plane parallel to the substrate) appears to assemble from a monolayer on the
substrate into ordered multilayers. Another TEM image in Figure 2.12¢ shows an
example of sh-AB, superlattices with lower nanocrystal layers that are disordered,
suggesting that in this case the superlattices formed in solution and their assembly was
not directed by the solution-substrate interface. Therefore, the influence of the substrate
on BSL nucleation is presently not entirely clear, but perhaps when the superlattices
nucleate on the substrate their lattice dimensions are directed by the substrate, which can
give rise to an “expanded” unit cell like that in Figure 2.12a or a BSL structure different
than the sh-AB, structure.

A new BSL structure was also observed that is similar to a (100) plane of a
cuboctahedron AB;; superlattice (space group 226, Fm3c) with Au nanocrystals
substituted for Fe,O3 nanocrystals at the 8a Wyckoff positions in the unit cell (of space
group 226). Figure 2.13 shows a TEM image of this structure. This BSL structure was
observed only in thin nanocrystal layers. Although this structure is not equivalent to a
cuboctahedron ABj; superlattice, it is structurally very similar and is not surprising that it
coexists with the AB, superlattices since the coexistence of AB, and AB;; superlattices

52-55

has been observed in a number of cases, including hard sphere colloidal particles and

binary nanocrystal superlattices.”?
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Figure 2.13:(a) TEM image of a two-dimensional BSL (a monolayer) with structure
similar to the (100) plane of a cuboctahedron AB; superlattice. The inset
shows a higher magnification image. (b) Three-dimensional model of space
group 226, a cuboctahedron AB; superlattice. (c) Three-dimensional
representation of a superlattice with Fe,O3 nanocrystals (orange) in place of
Au nanocrystals (blue) at the 8a Wyckoff positions in the unit cell of space
group 226.

2.3.5 BSL Formation and Space Filling in the sh AB; Lattice

All of the BSLs were made by slowly evaporating the solvent from concentrated
dispersions with added oleic acid on tilted substrates. Phase segregation of Au and Fe,O3
nanocrystal superlattices was regularly observed, as shown in Figure 2.14, when oleic

acid was not added in excess to the dispersion. Also, when the nanocrystals were
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deposited on flat substrates, BSLs were not observed. These observations indicate that

the forces directing BSL formation are surprisingly subtle.

Figure 2.14: TEM images of phase separated regions of (a) Au and (b) Fe,O;
nanocrystals that formed when oleic acid was not added to the binary
nanocrystal dispersion. Superlattices of Fe,O; resulted as shown in (b), but
no binary superlattices. Image (c) shows the phase separated regions are in
close proximity.

Various driving forces for BSL formation have been mentioned in the
literature,*"* but there is currently no consensus as to which forces are most influential.
Some of this uncertainty probably stems from the complicating interactions of the
deposition substrate, particularly in the case of thin BSL films, which have exhibited a
variety of different structures. Certainly, one of the primary driving forces of BSL
formation is the increase in “free volume” entropy that occurs when the bidisperse

36.37.5256  The sh-AB, lattice is a dense structure and

nanocrystals order into a lattice.
spheres with the right size ratio (the radius ratio of large (R) and small () spheres that
most efficiently fill space in a sh-AB, lattice is 7/R=0.528) occupy 78% of the available

volume when ordered into this lattice—this is denser than a face centered cubic (fcc)

lattice (74%) of monodisperse spheres and nearly as dense as the closest-packed rock salt
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lattice (79%, but only for a radius ratio of 0.414; a rock salt lattice with a radius ratio of
0.528 is much less dense than the sh-AB; structure).

The Au and Fe,O; nanocrystals used in this study are nearly perfectly size-
matched for forming sh-AB, BSLs. From the interparticle spacing measured by
GISAXS, the effective radii of Au and Fe,O; nanocrystals are 3.8 nm and 7.15 nm, which
corresponds to #/R=0.531. The nanocrystals exhibit an effective radius in the superlattice
that consists of the inorganic cores, which are 3.05 nm and 5.75 nm for the Au and Fe,O3
nanocrystals, along with the additional space occupied by the ligands that intervene
between the inorganic surfaces in the superlattice. The volume filled by ligands is
determined experimentally from the combination of the GISAXS measurements that
reveal the BSL unit cell dimensions and electron microscopy, which provides the
inorganic core sizes. The experimentally determined ligand volume in the BSLs
compares well to the expected excluded volume for nanocrystals with monolayer capping
ligand coverage, to within £10%.”” The Au and Fe,O3 nanocrystals pack together into
ordered superlattices of “soft spheres,” as described previously for the case of

superlattices of monodisperse ligand-stabilized nanocrystals.**>’

For these nearly ideal
sh-AB, BSLs, there is no need to believe that exotic forces between nanocrystals, such as
electrostatic charging, is playing a role in their formation; although there is no evidence

here that would discount their presence either.™

2.3.6 Depletion Attraction and its Possible Role in BSL Formation

Additional attractive forces can further enhance BSL formation, as well as disrupt

¥ capillary forces,” and

it. Van der Waals attractions,’®*’ ligand-ligand interactions,’
electrostatic interactions” have been proposed to be important. One force that has not

been discussed to any significant extent with respect to BSL formation is the depletion
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attraction between nanocrystals that can be induced by the excess free oleic acid in the
dispersion. Depletion attraction forces are those that arise between two bodies—such as
two nanocrystals—are immersed in a solution of macromolecules and the interparticle

- - 56,59
separation becomes less than the size of the macromolecule.”™

Depletion attraction
forces are typically important when the macromolecule is less than about one tenth the
size of the nanocrystal and can easily move out of the intervening space between the
particles, which is certainly the case of an oleic acid molecule. When the interparticle
separation is less than the diameter of the macromolecule, it becomes excluded from the
intervening solvent, which leads to an osmotic force that drives the intervening solvent
out from between the particles and pushes them together. Asakura and Oosawa’ first
that an attractive force F, develops between two spheres of diameter D, when the

interparticle separation d, is less than the size of an intervening macromolecule a, that is

also present in the solution:

F:—%po{(Der)z—az}, D<a<D+d; 2.1)
F=0, a>D+d. 2.2)

In Eqn (2.1), p, is the osmotic pressure of the macromolecular solution,
P, =KkTN/V , which in the case of interest is the oleic acid solution. 7 is the thermal

energy and N/V is the concentration. These expressions show how an increasing oleic

acid concentration can enhance the depletion attraction force between nanocrystals. The
depletion attraction between nanocrystals become increasingly significant as the solvent
evaporates and concentrates the nanocrystals and the oleic acid. The fact that depletion
attraction forces are relatively short range is also important for superlattice formation.

These forces help squeeze the nanocrystals together as the solvent evaporates, but do not
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lead to irreversible particle aggregation—once the macromolecule becomes excluded
from between the nanocrystals, the steric repulsion between nanocrystals due to the
adsorbed ligands still prevents flocculation. This is important, as the nanocrystals need

the ability to orient into their lowest energy structure (i.e., the superlattice).

2.3.7 The Evaporative Front

The other question about BSL formation regards the role of the evaporative front
at the liquid-air and liquid-substrate interfaces. Some data indicate that BSLs assemble
by nucleating from the substrate, as in the cases shown in Figures 2.12a and 2.12b. In
other images, like Figure 2.12c, ordered BSL domains are resting on a layer of disordered
nanocrystals, indicating that the BSLs formed in solution first before depositing on the
substrate. The SEM images provided as Supporting Information show that the BSLs
crystallize from solution as grains resting on the substrate. Previous studies of gold
nanocrystals have found that superlattice monolayers can assemble at the air-liquid
interface of an evaporating dispersion.”® Most of the BSLs studied here appear to
crystallize at the air/solvent interface and then deposit onto the substrate as a floating
interfacial layer. The curvature of the air/solvent interface leads to strain in the
superlattice, which in some cases can lead to dislocations of inserted half-planes of Au

nanocrystals in the BSLs with nearly periodic spacing.

2.4 CONCLUSIONS

Simple hexagonal (sh) AB, BSLs of 11.5 nm Fe,0O3; and 6.1 nm Au nanocrystals
were assembled and studied by TEM, SEM and GISAXS. BSL formation required the
slow evaporation of a dispersing solvent with nanocrystal deposition on a tilted substrate.

The addition of excess oleic acid to the dispersion solution was also found to be critically
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important for BSL formation. Excess oleic acid is believed to be inducing depletion
attraction forces between the nanocrystals that help overcome the kinetic barrier to BSL
formation. The solvent-air-substrate interface is also important, as the BSLs form at this
interface.

The GISAXS data showed Bragg spots indicating relatively long-range order in
the BSLs. GISAXS also revealed two predominant crystallographic orientations with of
(100) and (001) lattice planes on the substrate, but (110) oriented BSLs were also
observed by TEM. GISAXS revealed a uniaxial shrinkage of 8 to 12% of the superlattice
normal to the substrate that is not observable by TEM and SEM since these methods
probe the structure by looking perpendicular to the substrate. The lattice shrinkage is the
result of the evaporation of residual solvent that is retained in the superlattice right after
deposition. For BSLs that have oriented on their hexagonal (100) planes on the substrate,
this shrinkage changes the lattice symmetry to orthorhombic.

In addition to the relatively extended sh-AB, BSLs, some defect BSL structures
were also observed. Nearly periodic dislocations of inserted superlattice half-planes of
Au nanocrystals were observed, appearing as bright stripes of nanocrystals in SEM
images. A new thin film BSL structure was also observed that is similar to
cuboctahedron AByj structure with Fe,O3; nanocrystals in place of Au nanocrystals at the
8a Wyckoff positions in the unit cell of space group 226. A relatively large expansion of
the sh-AB; lattice was also observed when deposited as a thin, near-monolayer film.

BSLs provide an exciting avenue for nanomaterials design. As synthetic methods
and self-assembly approaches continue to develop, it is becoming increasingly likely that
new materials might be designed systematically and rationally. Presently, however,
further experiments are needed to elucidate in detail how BSLs nucleate, the driving

forces for BSL formation and the role of the air-solvent-substrate interface on BSL
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formation. In situ GISAXS to follow BSL assembly in real time might be one next step.

The SEM and GISAXS measurements presented here clearly show that BSLs are

amenable to such studies.
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nm’) = 1675 nm’—a difference of ~9%.
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strictly have the simple hexagonal lattice symmetry because of their uniaxial
lattice shrinkage perpendicular to the substrate that results during the late drying
process when residual solvent entrained in the ligands evaporates after the BSL
has formed and deposited on the substrate. This slight lattice distortion to an
orthorhombic lattice itself is not predicted from simple sphere packing arguments,
but easily understood in terms of how the substrate pins the nanocrystals and
prevents their restructuring during this late stage of the drying process.

Asakura, S.; Oosawa, F., J. Chem. Phys. 1954, 22, 1255-1256.
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Chapter 3: The Role of Ligand Packing Frustration in the Formation of
Body Centered Cubic (BCC) Nanocrystal Superlattices

3.1 INTRODUCTION

Colloidal sterically-stabilized nanocrystals of a wide range of materials, from
metals and semiconductors to oxides, can be synthesized with controlled size and shape.'
The nanocrystals consist of an inorganic, crystalline core typically ranging between 1 and
10 nm, coated by a relatively thin—between 0.5 and 3 nm thick—monolayer of adsorbed
organic molecules. Nanocrystals in this size range exhibit unique size-dependent
properties'™ and their self-assembly into ordered arrays, or superlattices, provides one
means of obtaining spatially complex nanostructures with relative ease.” © Therefore,
there has been a tremendous amount of effort to understand the fundamentals of
nanocrystal self-assembly and superlattice formation with a goal of developing new
technologies.

Due to the small diameter of the inorganic nanocrystal core, the chemically-
tethered organic molecules can provide an effective physical barrier to irreversible
aggregation and good dispersibility in compatible solvents. In a good solvent, the steric
repulsion between particles outweighs the van der Waals attraction between inorganic
cores and typical interparticle attractions are much less than the thermal energy, AT’
Brownian motion of the nanocrystals is also significant. The nanocrystals do not settle
due to gravity and their diffusion is as fast as the typical rate of solvent evaporation.’
Therefore, nanocrystals can be assembled into thermodynamically-favored structures by

simply evaporating the solvent.” ® A monodisperse collection of sterically-stabilized
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nanocrystals tends to self-assemble into 2D hexagonal close-packed monolayers’ or 3D
face centered cubic (fcc) superlattices.’

Nanocrystal superlattice assembly is typically treated as a sphere-packing
problem. In the absence of energetic interactions between particles, entropy dictates the

structure of the assemblies and always favors the densest possible packing of the

10, 11 12

particles. For hard sphere particles, this is an fcc lattice. © Since non-close-packed
superlattice structures are commonly observed, the ligand-stabilized nanocrystals are
clearly not simple hard spheres.” The ligand coating creates a much softer interaction
potential due to steric repulsion that depends on the size of the particle, ligand layer
thickness, and the quality of the solvent. In addition to van der Waals attraction and
steric repulsion, a variety of other influences to the interaction potential have been
proposed to account for deviations from hard sphere behavior, including faceting, non-
uniform ligand coverage, electrostatic and dipolar interactions, and depletion

attractions.”” Here, we argue that ligand packing frustration is primarily responsible for

the formation of non-close-packed bcc superlattices.

3.2 EXPERIMENTAL METHODS

3.2.1 Materials

Tetraoctylammonium bromide (TOAB, 98%), gold(Ill) chloride trihydrate
(HAuCl4-3H,0, >99.9%), 1-dodecanethiol (>98%), and sodium borohydride (98%), lead
oxide (99.9%), oleic acid (OA, >99%), 1-octadecene (tech, 90%), lead acetate trihydrate
(Pb(ac),'H,0, 99.999%), diphenyl ether (Fluka, >99.9%), selenium powder (Se, 100
mesh, 99.99%), and trioctylphosphine (TOP, tech., 90%) were obtained from Sigma

Aldrich and used as received. Toluene (99.9%), methanol (99.9%), chloroform (99.9%
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with 0.75% ethanol preservative), were obtained from Fisher Scientific and used as
received. Bis(trimethylsilyl sulfide) (98%) was obtained from Alfa Aesar and used as
received. Ethanol (99.5%) was obtained from Pharmco-Aaper. Deionized (DI) water
with 18 megaohm resistance was obtained from a Barnstead Nanopure Ultrapure

filtration system and passed through a 200 nm filter.

3.2.2 Au Nanocrystal Synthesis and Purification

Sub-2 nm diameter Au nanocrystals were synthesized at ambient temperature and
pressure using the same arrested precipitation procedure previously reported in detail by
Rasch et al.** Briefly, 0.833 mmol of gold(III) chloride trihydrate was dissolved in 20 mL
of DI water. 12.0 mmol of TOAB dissolved in 80 mL of toluene was added to the
aqueous solution and the two-phase mixture was stirred for 1h. The aqueous phase was
then discarded. Then, 2.50 mmol of I-dodecanethiol was injected into the organic
solution and continued to stir for 15 minutes. 10.0 mmol of sodium borohydride
dissolved in 20 mL of chilled DI water (4 °C) was then rapidly poured into the organic
solution and the mixture continued to stir for 12 hours. The aqueous phase was then
discarded. The nanocrystals were precipitated using ethanol antisolvent and high speed
centrifugation. The nanocrystals were redispersed in toluene at a concentration of 50

mg/mL.

3.2.3 PbS Nanocrystal Synthesis and Purification

PbS nanocrystals with 3.7 nm diameter were synthesized following an adaptation
of a procedure previously described by Konstantatos et. al.>' Briefly, 450 mg of lead
oxide, 1.5 mL of oleic acid, and 16.5 mL of octadecene were added to a reaction flask.
The flask was then connected to a Schlenk line and degassed under vacuum at 120 °C.
The flask was then purged with nitrogen and 3.5 mL of a 0.28 M solution of
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bis(trimethylsilyl sulfide) in octadecene was injected into the flask. The heating mantle
immediacy turned off but left in place so that the reaction flask cooled slowly. After
cooling to room temperature, the nanocrystals were precipitated using acetone antisolvent
and high speed centrifugation. After further purifying the nanocrystals with a
chloroform/acetone solvent/antisolvent pair and high speed centrifugation, the

nanocrystals were redispersed in toluene at a concentration of 50 mg/mL.

3.2.4 PbSe Nanocrystal Synthesis and Purification

PbSe nanocrystals with 7.9 nm diameter were prepared following an adaptation of
a procedure previously described by Goodfellow et.al.”’ Briefly, 0.76 g of lead acetate
trihydrate, 2.5 mL of oleic acid, and 10 mL phenyl ether were added to a reaction flask.
The flask was then connected to a Schlenk line and degassed under vacuum at 75 °C for 1
hour. The flask was then purged with nitrogen, heated to 150 °C, left for 30 minutes, and
then cooled to 60 °C. Then, 6 mL of a 1 M solution of Se in trioctylphosphine was
injected into the flask. The solution in the flask was then rapidly injected into 15 mL of
hot phenyl ether (which had been heated to 150 °C under nitrogen after being degassed
under vacuum for 1 hour at 75 °C). The reaction proceeded for 10 minutes, at which point
the heating mantel was removed and the flask was cooled to room temperature. The
nanocrystals were precipitated using ethanol antisolvent and high speed centrifugation.
After further purifying the nanocrystals with a toluene/ethanol solvent/antisolvent pair
and high speed centrifugation, the nanocrystals were redispersed in toluene at a

concentration of 4 mg/mL.

3.2.5 Nanocrystal Film Preparation

All nanocrystal dispersions aged for at least 2 weeks in the dark under an ambient
atmosphere before use. In some cases, nanocrystal dispersions aged for over a year.
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GISAXS samples were prepared by drop-casting 20 pL of the nanocrystal dispersion in
toluene onto a silicon wafer (7 mm x 7 mm square with a native oxide) and allowing the
solvent to evaporate. Samples for TEM imaging were prepared by drop-casting either 2
uL of a 10 mg/mL dispersion of Au or PbS nanocrystals in toluene or 5 pL of a 4 mg/mL
dispersion of PbSe nanocrystals in toluene onto a TEM grid (carbon-coated copper 200

mesh, Electron Microscopy Sciences) and allowing the solvent to evaporate.

3.2.6 GISAXS of Nanocrystal Films

GISAXS measurements were performed at the CHESS D1 beamline as previously

described by Smith et al.?®

Briefly, GISAXS measurements were performed using
monochromatic radiation with wavelength, A = 1.265 A and a sample-to-detector distance
of either 554 mm for Au nanocrystal and PbS nanocrystal samples or 880 mm for PbSe
nanocrystal samples. The incident angle of the x-ray beam was 0.25°. Images were
collected with exposure times of either 0.5 seconds or 1 second. Scattering images were
calibrated using a silver behenate standard and image processing was performed with

Fit2D software.””> The GISAXS spot overlays were simulated using the “indexGISX”

software package.™

3.2.7 Solution SAXS of Nanocrystal Dispersions

Nanocrystal dispersions were diluted with toluene to a concentration of
approximately 1-3 mg/mL and were inserted into glass capillary tubes. These capillary
tubes were placed into the CHESS DI beamline and SAXS measurements were
performed a previously described by Goodfellow et al.** Briefly, SAXS measurements
were performed using monochromatic radiation with wavelength, A = 1.265 A and a
sample-to-detector distance of either 554 mm for Au nanocrystal and PbS nanocrystal
samples or 880 mm for PbSe nanocrystal samples. Images were collected with exposure
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times ranging from 4 to 30 seconds. Scattering images were calibrated using a silver
behenate standard; radial integrations and image processing was performed with Fit2D

32

software.”™ Background scattering of the toluene solvent and experimental setup were

subtracted from the data.

3.3 RESULTS AND DISCUSSION

3.3.1 Size Distribution of Nanocrystal Cores

The size distribution of the Au, PbS, and PbSe nanocrystal cores was determined

by measuring the SAXS profile of a dispersion of the nanocrystals in toluene. The

resulting SAXS data was fit to a model in which the scattering intensity, /(q), was

calculated for a dilute dispersion of non-interacting spherical particles by,

I(q) o j: N(R)P(qR)R°dR (3.1)

where ¢ is the scattering vector, which depends on the x-ray wavelength, A4, and the

scattering angle 6: g =(4x/A)sin(6/2); N(R) is the number fraction of nanocrystals of

radius R, which is assumed to be Gaussian with an average nanocrystal radius R and

standard deviation of o about the mean such that

1 —(R-R)’
O_\/Eexp[ Py }, (3.2)

N(R) =

and P(qR) is the form factor for a solid homogeneous sphere,
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P(gR) = {3 (3.3)

sin(¢R)—qR cos(qR)}2
(qR)’ '

Figures 3.1, 3.2, and 3.3 show that the distribution of nanocrystal core radii of Au,
PbS, and PbSe nanocrystal samples is 0.885 nm + 0.106 nm (12% polydispersity), 1.85
nm + 0.167 nm (9% polydispersity), and 3.95 nm + 0.356 nm (9% polydispersity),

respectively, as measured by solution SAXS.
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(a) 2D SAXS image of a dispersion of dodecanethiol-capped Au
nanocrystals in toluene. (b) radially integrated scattering intensity /(q)
plotted vs ¢ . (c) Porod plot (I(g)xq* vs. g) of the data in (b). The data
(red dots) in (b) and (c) are normalized by the value at ¢ =3.00 nm™ (the

position of the first maximum of the Porod plot). The black lines in (b) and
(c) show the best fit to Eqn. (S1) which results when the average nanocrystal

radius, R, is 0.885 nm and the standard deviation, o, is 0.106 nm (12%
polydispersity).
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Figure 3.2: (a) 2D SAXS image of a dispersion of oleic acid-capped PbS nanocrystals in
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toluene. (b) radially integrated scattering intensity /(g) plotted vs ¢. (c)

Porod plot (I(q)x¢q* vs. q) of the data in (b). The data (red dots) in (b) and
(c) are normalized by the value at ¢ = 1.43 nm™' (the position of the first
maximum of the Porod plot). The black lines in (b) and (c) show the best fit

to Eqn. (S1) which results when the average nanocrystal radius, R , is 1.85
nm and the standard deviation, o, is 0.167 nm (9% polydispersity).
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Figure 3.3: (a) 2D SAXS image of a dispersion of oleic acid-capped PbSe nanocrystals
in toluene. (b) radially integrated scattering intensity /(g) plotted vs ¢ . (¢)

3.3.2 GISAXS and TEM characterization BCC Superlattices
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Porod plot (I(q)x¢q* vs. q) of the data in (b). The data (red dots) in (b) and
(c) are normalized by the value at ¢ = 0.68 nm™' (the position of the first
maximum of the Porod plot). The black lines in (b) and (c) show the best fit

to Eqn. (S1) which results when the average nanocrystal radius, R , is 3.95

nm and the standard deviation, o, is 0.356 nm (9% polydispersity).

Figure 3.4 shows GISAXS and TEM data of bcc superlattices of three different

kinds of nanocrystals: 1.8 nm dodecanethiol-capped Au nanocrystals, 3.7 nm oleic acid-

capped PbS nanocrystals, and 7.9 nm oleic-acid capped PbSe nanocrystals. In all of these

cases, GISAXS and TEM showed that the bcc nanocrystal superlattices are primarily

oriented with the (110) plane parallel to the substrate. The (110) plane has the highest

plane density in the bce lattice and is very similar to the (111) plane of an fcc lattice, with

a slight in-plane distortion. Solution SAXS, as shown in the previous section, was used
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to measure the average radius of the inorganic nanocrystal cores (R ) and GISAXS was

used to determine the lattice constants of the bcc superlattices (a,.). These
measurements were used to calculate the nearest neighbor spacings (ry, ) and the

characteristic ligand lengths (L, ). These values are summarized in Table 3.1.

(200)

=20 -1.5 -1
G [1/nm]

Figure 3.4: (a-c) GISAXS patterns and (d-f) TEM images of bce superlattices of various
nanocrystals: (a,d) 1.8 nm diameter dodecanethiol-capped Au nanocrystals,
(b,e) 3.7 nm diameter oleic acid-capped PbS nanocrystals, and (c,f) 7.9 nm
diameter oleic acid-capped PbSe nanocrystals. The spot indexing (open
circles) of the GISAXS patterns correspond to a (110) oriented bce
superlattice with a lattice constant, a, . , of (a) 3.72 nm, (b) 6.80 nm, and (c)

11.2 nm. The solid white dots indicate the direct and reflected x-ray beam

positions and the horizontal lines indicate the sample horizon (white) and
the Yoneda peak for the film (red).
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Table 3.1: Measurements of nanocrystal sizes and superlattice parameters.

bee nearest- characteristic
core capping core radius® superlattige neighbor ligand
material ligand (R ; nm) constant spacing® length® (L, ;
(@ ;nm)  (ryy;nm) nm)
Au dodecanethiol 0.90 3.72 3.22 0.93
PbS oleic acid 1.85 6.80 5.89 1.50
PbSe oleic acid 3.95 11.20 9.70 1.56
"Determined from solution SAXS (see Figures 3.1, 3.2, and 3.3)

*Determined from GISAXS
T :abcc\/g/z

1/3
11, =a,, (Si] — R (see Equations 3.7, 3.8, and 3.9 below)
7

Nanocrystal superlattices with bce structure have been reported previously.
Whetten et al. first reported bce superlattices of alkanethiol-capped gold nanocrystals in
1996."* Korgel et al. and Henry et al. later observed bec superlattices of alkanethiol-

capped silver nanocrystals.'™ '® Whetten observed that bee superlattices formed when a

critical ratio of the fully-extended capping ligand chain length <L> to the inorganic core

radius R, <L>/R, of 0.7 (for alkanethiol-capped gold nanocrystals) was exceeded.”

Korgel and Fitzmaurice observed a slightly lower critical ratio of 0.6 for alkanethiol-
capped silver nanocrystals.”” Similar structural transitions from fcc to bee superlattices
with increased interparticle separation are in fact well-known to occur in colloidal
dispersions of charge-stabilized particles.'”® Luedtke and Landman employed a purely

geometrical optimal packing model for alkanethiol-capped Au nanocrystals and

calculated a critical <L>/R ratio of 0.664 with the condition that the capping-ligand
chains of one nanocrystal touch that of its next nearest neighbor.'” While the <L> / R ratio

has been useful in predicting bce superlattices of alkanethiol-capped metal nanocrystals,

it fails with other nanocrystal systems. Indeed, we observe a range of <L> / R values for
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the bee superlattices reported here: 1.73 for the Au nanocrystals, 1.23 for the PbS
nanocrystals and 0.58 for the PbSe nanocrystals given that the fully extended chain
lengths,17 <L> =0.12(m+1), for dodecanethiol and oleic acid are 1.56 nm and 2.28 nm,
respectively.

Recently, there have been several reports of bee superlattices of oleic acid-capped
lead chalcogenide nanocrystals.”*** Choi et al. suggested that a bee superlattice of PbSe
nanocrystals formed due to shape anisotropy of the inorganic core and variable ligand
coverage.”! Later, Bain et al. showed that a PbS nanocrystal superlattice could be
reversibly switched from bec to fec by swelling the ligand with solvent vapor.”
Interestingly, this report suggested that greater interparticle separations favored fcc
structure while previous studies on alkanethiol-capped nanocrystals suggested that
increased interparticle separations favored a bcce superlattice. We recently suggested that
the structure of a nanocrystal superlattice should be sensitive to the fact that the
conformational entropy of the ligands is frustrated by packing in the superlattice.'’ The
extent of this ligand packing frustration depends on the superlattice structure. In the case
of sphere-forming block copolymers, chain packing constraints are very influential and
are largely responsible for the preferential formation spherical morphologies with bcc

23
structure over fcc.

3.3.3 Space-Filling Polyhedra Considerations

The ligands tethered to the nanocrystal cores behave like identical springs that
would prefer to distribute uniformly around the nanocrystal cores. Perfect uniformity is
not possible in a superlattice because all of the free volume must be filled and spheres are
not perfect space-filling structures. To maintain a uniform ligand density between

inorganic cores in the superlattice, the ligands must conform to the available volume of
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space-filling polyhedra. Figure 3.5 shows the space-filling polyhedra, or Wigner-Seitz
(W-S) cells of fcc and bec lattices. The W-S cells are Voronoi polygons which represent
the set of space that is closer to one particular lattice point than all other lattice points. W-
S cells are truncated octahedra and rhombic dodecahedra in the bce and fec lattices,
respectively, as shown in Figure 3.5. The sphericity, a quantitative measure of how
spherical a shape is (a perfect sphere having a sphericity of 1), is 0.9099 and 0.9047 for
the W-S cells of bee and fec superlattices, respectively. Therefore, bee superlattices of
nanocrystals are more spherically symmetric and allow for a more uniform thickness of

the ligand shell.
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Figure 3.5: Unit cells and Wigner-Seitz cells for (a) bee and (b) fec lattices. The W-S
cell is more spherically symmetric for bee than for fec, resulting in a more
uniform thickness of the ligand shell.

While the sphericities show that the W-S cell for bcc is more spherically
symmetric than the W-S cell for fcc, a more detailed analysis of the distribution of ligand
lengths in each case is useful. The surface area of the W-S cells consist of 6 square and 8
hexagon faces for bce and 12 rhombic faces for fcc as shown in Figure 3.6. These faces
can be further reduced to right-triangles whose edge lengths can be related to the cubic
unit cell parameter, a, as shown in Figure 3.6. The surface area of the Wigner-Seitz cell at

a particular distance, R+ L from the center of the Wigner-Seitz cell (where Ris the
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nanocrystal core radius and Lis the length of the ligand from the surface of the

nanocrystal core to the surface of the W-S cell) is labeled dA4 in Figure 3.7.

g
’ Q Apec*sqrt(2) Abecsqrt(2)
‘ ’ \' Abce

O 4

o
' BoceSqri(B) Bpecsqrt(2)
\' abcc*Sqrt(2)

O afcc*Sqrt(3)
e 4
O s
Arec"sqri(2)

4

Figure 3.6: Schematic showing that the surface of bee and fcc Wigner-Seitz cells can be
reduced to right triangles which can tessellate the entire surface area.
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Figure 3.7: Schematic showing the area dA4 on the Wigner-Seitz surface that is at a
distance R+ L from the center of the Wigner-Seitz cell.

From Figure 3.7, an expression for d4 can be deduced:

dA:H*r*M. (3.1)
sin
Also, the relationship of the angle a with r, R, and L can be expressed by
sina = (3.2)

R+L
By combining Equations (3.1) and (3.2), an expression for d4 in terms of 8, R, and L can

be found:

dA=0*(R+L)*d(R+1L) (3.3)
Since the radius of the nanocrystal, R, is a constant, d(R+ L)=dL. With this and

rearrangement of Equation (3.3), an expression for dA/dL is found:
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dAldL=0%(R+L) (3.4)

Expressions for @ for the Wigner-Seitz cells of bee and fee are given below:

Body Centered Cubic:
0,.(R+L)=
167, 0<rp, < T
287, e <, < 96 0 < G XS V2
2 2 2
96| Z — arcco M +48 Z _arcco 2 ) 456 <r, < a2 ; /2 <r < oce
6 &r, 4 8r, 8 4 8 4
0, else
(3.5
2 2
3
where, 1, = \/(R +L) - {%j and 7 = \/(R +L)° —(%}
Face Centered Cubic:
J6
247, 0<r < afT
a LL\/E a i'c\/g a ce
0. (R+L)= 48[% —2arccos( fl 5, )], fl—2 <r < % (3.6)
48[arctan(\/§ )— arccos(L)], G <r < Al
12r 4
0 else

2
A2
where, 1 = (R+L)2—(#]
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In order to compare the distribution of ligand lengths for each case, the available

volume per nanocrystal, v, was kept constant. The Wigner-Seitz radius, Rs, can then be

defined by

%
R - (3_Vj , (3.7)

By considering an isolated nanocrystal, it is clear that R, = R + L, where L, is the
characteristic length of the ligand. Since there are 2 nanocrystals in each bcc unit cell
and 4 nanocrystals in each fcc unit cell,

3 3

abcc afCC
y= o Dre 3.8
2 4 S

By combining Equations (3.7) and (3.8) and the relationship R, = R + L,, the

characteristic ligand length, L , can be expressed in terms of the inorganic nanocrystal

core radius, R, and the cubic lattice constant, a,

3 1/3 3 1/3
Lo =ab“,(§j —R=aﬁc(ﬁj —R (39)

both of which can be experimentally determined by SAXS. Table 3.1 summarizes

measurements of R and a,,. for various bec superlattices and the resulting values of L, .

We find that L, is 0.93 nm for dodecanethiol and 1.53 nm for oleic acid.

Figure 3.8 shows the normalized probability density that an element of the W-S

cell surface area is at a distance, R + L, from the center of the nanocrystal. By assuming
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each ligand terminates at the surface the W-S cell, the curves in Figure 3.8 also show the
distribution of ligand lengths when a nanocrystal is isolated or in a bce or fec superlattice.
The distribution of ligand lengths in the W-S cell is significantly different for bcc and fcc
arrangements as can be seen in Figure 3.8. In particular there is more significant
compression of ligand chains in a bcc superlattice while there is more significant
extension of ligand chains in an fcc lattice. Additionally, the standard deviation of the

distribution of ligand lengths can also be calculated by

o

Gz\/L[ﬂ—(RH)]Z *9(R+L;*(R+L)‘”J (3.10)

where,

ﬂ:LH(R+L)*(R+L)2dL G.11)

A

o

and were found to be 0.063(R + L,) for bee and 0.070(R + L,) for fcc (11% greater than
bee). Indeed, the thickness of the ligand shell is more uniform in a bee superlattice than in

an fcc superlattice.
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Figure 3.8: Plot of the normalized probability density ([dA4/dL]/ A,) that an element of

the W-S cell surface exists at a distance, R + L , from the center of the W-S
cell. The total surface area of the W-S cell is denoted by A4,. The volume of

each W-S cell is normalized sothat R+ L,=1 and V,_ =V, =V, =2r.
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3.3.4 Ligand Conformational Entropy Considerations

The extent of chain packing frustration can be expressed more quantitatively in
terms of the conformational entropy of the adsorbed ligands. To fill the space in the
superlattice unoccupied by inorganic cores, the ligands cannot be uniformly stretched, as
they would be in the case of isolated nanocrystals and must deform from their
equilibrium lengths. Since the W-S cells are space filling polyhedra, one may consider
that the ligands extend from the nanocrystal surface to the surface of the W-S cell (Figure
3.5). Figure 3.8 shows the distribution of ligand lengths for an isolated nanocrystal and
nanocrystals packed in a bce and fee superlattice. For an isolated nanocrystal, the ligand

shell has a uniform thickness of L, which corresponds to the equilibrium length of the
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capping ligand molecule. When nanocrystals assemble into an ordered superlattice, the
ligands must compress and stretch in order to fill the corresponding W-S cell.

Any compression or extension of the organic ligand chains from the equilibrium
length leads to a decrease in conformational entropy. The ligand chains can be modeled
with a freely-jointed chain model to calculate the change in entropy associated with their
compression or extension. The relative number of conformations as a function of the

ligand length, L, can be expressed by:

P(L) = 4;{%} et (3.12)

T

where f = 1/L, and L, is the length of ligand that maximizes the number of confirmations.

The conformational entropy of a ligand as a function of L can then be computed:
S(L)=k,In(P(L)) (3.13)

where k,is the Boltzmann constant. The total entropy of the organic ligand layer can

then be computed by summing the entropy of all ligand chains on the nanocrystal surface:

Sy = 2. S(L)n(L) (3.14)

where n(L), the number of chains that have a length L, depends on whether the
nanocrystal is isolated or in an ordered bce or fce superlattice. In order to compare the
conformational entropy of the ligands in various environments, the number of ligand

chains in the ligand shell of one nanocrystal, N, and the volume of the bounding cells,
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V', were kept constant. N was determined from the size of the inorganic nanocrystal

core:

: (3.15)

where ¢, is the packing fraction of ligands on the nanocrystal surface and 4, is the

footprint of a single ligand molecule on the nanocrystal surface.

The total conformational entropy of the ligand shell per nanocrystal is calculated
for three cases: an isolated nanocrystal, a nanocrystal in a bcc superlattice, and a
nanocrystal in an fcc superlattice. The conformational entropy of the ligand layer is

maximized when the nanocrystal is isolated and all ligand chains can extend to a length

L, . For this case, the conformational entropy of the ligand layer can be simply expressed:

S

lig iso

=S(L,)N (3.16)

In an ordered bcc or fcc superlattice, the ligands can not all have a length of L as some

must stretch or compress to fill the W-S cell. Thus, the conformational entropy of the

ligand layer of a nanocrystal in a superlattice, S, ¢y > 18 less than S, In Figures

g ,iso *
3.9b and 3.9c, we plot the change in conformational entropy per mole of ligands as a

collection of isolated nanocrystals assemble into superlattice:

N
ASlig = WA (Slig,NCSL - Slig,iso) (3.17)

where N , is the Avogadro constant.
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Figure 3.9: (a) Illustration of a nanocrystal with inorganic core radius, R, coated with
capping ligands that span a length, L, from the nanocrystal core to the
surface of the W-S cell. To fill the space in the W-S cell, the ligands must
extend or compress from their equilibrium length, L . (b-c) Plots of the

change in ligand conformational entropy per mole of ligands (AS,,, ) in units

of the gas constant (N ,k,) vs. R/ L, as a population of isolated

nanocrystals are arranged into (b) a bce and (c) an fcc superlattice. The
contributions of ligand compression and extension to the conformational
entropy have been shaded. Only the contribution due to ligand compression
can be mitigated by the ability of ligands to interpenetrate with ligands from
a neighboring nanocrystal.
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One important observation is that the entropic penalty to fill the W-S cell is less
for a bec superlattice than for an fcc superlattice. This difference, however, is not
particularly large as can be seen in Figures 3.9b and 3.9c. To fully appreciate the
entropic advantages of the bcc superlattice, one must consider the possibility of
interpenetration of the ligands with those from neighboring nanocrystals. As can be seen
in Figure 3.8, the fcc superlattice requires ligands that are significantly more extended
when than those in the bcce superlattice. Interpenetration can relieve only compression of

ligands since any relaxation of an extended ligand would lead to void space in the

nanocrystal superlattice. By assuming the compressed ligand chains (L < L) can relax to

a length of L,when interpenetration is possible, the component of AS, related to

compression (shaded yellow in Figures 3.9b and 3.9¢) can be eliminated. By comparing
Figures 3.9b and 3.9c, it is clear that the conformational entropy of the ligand layer
significantly favors a bcc superlattice over an fcc superlattice when interpenetration is
considered.

Based on ligand packing frustration, it appears that there can be a strong driving
force for nanocrystals to assemble into a bcc superlattice instead of an fcc superlattice
when significant interpenetration of the ligand is possible. This idea is consistent with

previously observed bcc nanocrystal superlattices. For alkanethiol-capped metal

15, 17

nanocrystals, a <L> /R ratio larger than 0.6-0.7 resulted in a bce superlattice. For

small nanocrystal cores with high-curvature surfaces, the ligands are less densely packed
away from the nanocrystal surface and the possibility in interpenetration increases as R
decreases. Oleic acid-capped lead chalcogenide nanocrystals have a ligand layer that is
less densely packed due to the double bond in the oleic acid molecule. Furthermore, the
surface of PbS and PbSe nanocrystals can easily oxidize leading to ligand desorption—

further decreasing the ligand shell density.?' Therefore, significant interpenetration of the
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ligands can occur with oleic acid-capped PbS and PbSe nanocrystals and assembly can

favor bcc superlattices at lower <L>/R values than alkanethiol-capped metal

20-22
nanocrystals.

3.3.5 Monolayer-to-Multilayer Structural Transitions

Figure 3.10 shows a TEM image of 9.5 nm diameter oleic acid coated PbSe
nanocrystals that have assembled into a 2D hexagonally-packed monolayer next to a
thicker region of a 3D bcc superlattice. The structure of a hexagonal monolayer does not
correspond to any bcce lattice plane. The assembly of sphere-forming diblock copolymer
into hexagonally-packed monolayers in 2D and bcc superlattices in 3D is also well-
known.” This kind of structural transition also results from chain packing frustration and
is readily appreciated by considering the difference in 2D W-S cells between a hexagonal
monolayer and a bce (110) plane, which is the crystallographic plane with the structure
that is closest to a hexagonally packed monolayer. Figure 3.10 compares the 2D W-S
cell of a hexagonal monolayer and the bcc (110) plane. The 2D W-S cell is more
spherically symmetric for a hexagonal monolayer than for any of the individual planes of
a bcc superlattice resulting in less packing frustration of the ligands. Therefore, even
though a nanocrystal system assembles into 3D bcc superlattice, monolayers of the same
nanocrystals prefer to organize into a 2D hexagonal structure due to ligand packing

frustration.
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Figure 3.10:(a) TEM image of 9.5 nm PbSe nanocrystals showing the transition from a
2D hexagonally packed monolayer to a 3D bce superlattice assembly. (b)
and (c) show higher magnification images of the different structures in (a)
and the corresponding unit cells. (d) and (e) illustrate the 2D W-S cells of
the bee (110) plane and the fcc (111) (or hexagonally-packed monolayer)
plane. The 2D W-S cell for a hexagonally packed cell is more geometrically
symmetric than the 2D W-S cell for the bee (110) plane which minimizes
the energetically unfavorable stretching and compression of organic ligand
chains.
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3.3.6 Twinning in BCC Nanocrystal Superlattices

Twin planes are often observed in bec superlattices of nanocrystals. For example,
Whetten et al. observed twinning in bee superlattices of Au nanocrystals in 1996.'* Ye et
al. recently reported twin planes in bcc AB¢ binary superlattices of Au and Fe;O4
nanocrystals.”* Figure 3.11 shows twin boundaries in bee superlattices of 3.7 nm PbS and
7.9 nm PbSe nanocrystals. In all of these cases, the twinned bcc domains share common

{112} planes.
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Figure 3.11:(a) TEM image and corresponding FTT of parallel {112} twin planes in a
{110} oriented bcc superlattice of 3.7 nm PbS nanocrystals. A detailed view
of a single twin plane in a bce superlattice of 7.9 nm PbSe nanocrystals is
shown in (b) and represented in the schematic in (c). The upper 2 rectangles
show 2 bce unit cells reflected across the twin plane and the lower rectangle
highlights that the positions of the atoms along the twin plane are shifted
slightly along the <111> direction from where they are crystallographically

expected.

Twin boundaries can form during crystal formation or when a crystal plastically
deforms due to an applied stress. For nanocrystal superlattices, twinning appears to be

very common in bce superlattices but is only rarely observed in fcc superlattices. In one

79



case, Rupich et al. showed that twinning occurs in large fcc superlattice crystals carefully

» The large superlattice crystals had multiple

grown over long periods of time.
intersecting twin planes that allowed certain low surface-energy shapes of the
macroscopic superlattice crystal. In contrast, the striations in Figure 3.11a, with parallel
alignment of the twin boundaries, are common in plastically deformed crystals as a result
of an applied shear stress. Nanocrystal films formed by solvent-evaporation methods tend
to crack in response to appreciable lateral stresses due to the deposition and drying
process. In addition to fracture, nanocrystal superlattices have also been shown to

26, 27

dissipate mechanical stress through elastic and plastic*’ deformation and by forming

dislocations.® *°

Plastic deformation in atomic crystals can be achieved by either defect-mediated
slip involving dislocation motion or coordinated movements of atoms (e.g. twinning). In
crystal systems with many available slip systems, like fcc, plastic deformation is achieved
primarily by slip; in crystal systems with few slip systems, like hcp, twinning is more
commonly observed. Based on the comparison of the number of slip systems in fcc and
bee, bee is expected to exhibit a higher tendency to form twins. While there are several
observations of dislocations in nanocrystal superlattices,® 2 dislocation motion due to an
applied stress has not been explicitly demonstrated. Instead of dislocation motion,
perhaps coordinated movements—where crystallographic planes slide past one another—
are more common deformation mechanisms for nanocrystal superlattices. Indeed, such
mechanisms are commonly accepted for shear-induced plastic deformation in ordered
assemblies of polymer micelles® and colloidal particles.”’

Nanocrystal superlattices tend to orient themselves such that the highest density

plane—(111) for fcc and (110) for bcc—is parallel to the substrate. A lateral shear stress

can thus result in relative motion of these highest density planes. In fcc lattices, relative
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motion of close-packed (111) planes can result in stacking faults that can transform the
pure fcc lattice into a structure that is intermediate to fcc and hcp which would not be
easily detectable by TEM. The observation of twinning in bcc nanocrystal superlattices is
consistent with ordered assemblies of polymer micelles® and colloidal particles® and
suggests that the bcc (110) planes can not easily slide past one another. Instead, a
continuous deformation of the superlattice by small coordinated movements of
nanocrystals in the <111> direction in response to the lateral shear stress results in {112}
twin planes as shown in Figure 3.11. We note that the highest density plane spacings,

dl-’;"f and df;;‘, are both equal to DQ,/, A2/3 where DQ,/,

is the effective sphere diameter and
this can not be used to explain the observation that {111} planes slide past one another
and {110} planes do not. However, the difference in plane density, 0.91 for {111}
and 0.83 for {110}, may play a significant role in the ability of these planes to slide

past one another and explain the tendency for bcc nanocrystal superlattices to form twins.

3.4 CONCLUSIONS

Body-centered cubic nanocrystal superlattices of 1.8 nm dodecanethiol-capped
Au nanocrystals, 3.7 nm oleic acid-capped PbS nanocrystals, and 7.9 nm oleic acid-
capped PbSe nanocrystals were studied by TEM and GISAXS. By considering the
Wigner-Seitz cells for bee and fee, we show that ligand packing frustration can lead to a
tendency for spherical nanocrystals to assemble into bcc superlattices over fcc. A
calculation of the change in conformational entropy of the ligand chains when a
collection of nanocrystals organize into an ordered superlattice reviled that a bcc
arrangement was significantly favored over fcc when the ligands were allowed to

interpenetrate with ligands from a neighboring nanocrystals. The observation that
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nanocrystals which form 3D bcc superlattices also form monolayers with 2D hexagonal

close-packed symmetry is consistent with the role of ligand packing frustration in their

assembly. Additionally, it was found that bcc nanocrystal superlattices tend to exhibit

{112} twin planes after drying on a substrate. We propose that these twin planes form in

response to lateral shear forces that arise due to the evaporation of solvent and that a

difference in the density of the highest-density planes of bee and fcc may be responsible

for the tendency for bcc nanocrystal superlattices to undergo twinning when fcc

superlattices do not.
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Chapter 4: Melting and Sintering of a Body-Centered Cubic
Superlattice of PbSe Nanocrystals Characterized In Situ by Small Angle
X-ray Scatteringt

4.1 INTRODUCTION

Colloidal nanocrystals with precisely controlled size and shape represent a unique
class of materials with significantly different properties than their bulk analogs.'”

Nanocrystal assemblies have been explored for a variety of applications, including solar

19-22

cells,* ' field effect transistors,g’ 15-18 light emitting diodes, thermoelectric devices,”’

23, 24 13, 25

photodetectors, and chemical sensors.”® The deposition of nanocrystals on

substrates by solution-based processes also provides a low-cost route to forming
inorganic films without the use of high temperature or vacuum.”'**"**  Lead
chalcogenide (i.e. PbS, PbSe, PbTe) nanocrystals, in particular, have received
considerable attention,”*' due in part to a large Bohr exciton radius, a narrow and size-
tunable’>! band gap, symmetric conduction and valence bands,*” and significant
electronic coupling between neighboring nanocrystals in superlattices due to their
relatively low effective electron and hole masses.”” These properties make them
interesting candidates for a variety of electronic and optoelectronic applications.®

13,17,18,22-25

Many applications of nanocrystal films will require device operation or

processing at elevated temperature. The impacts of nanocrystal size,'>***

15,46 13,18,47-50 18,44,48,49

arrangement, surface chemistry, and separation on the electronic and

optoelectronic properties of lead chalcogenide nanocrystal thin films have been

T Portions of this chapter appear in Goodfellow, Brian W.; Patel, Reken N.; Panthani, Matthew G.;
Smilgies, Detlef-M.; Korgel, Brian A., “Melting and Sintering of a Body-Centered Cubic Superlattice of
PbSe Nanocrystals Followed by Small Angle X-ray Scattering.” Journal of Physical Chemistry C (2011),
115(14), 6397-6404.
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extensively studied; however, the influence of heating on the structure and composition
of the nanocrystal films has largely been overlooked. Several reports have shown that
thermal processing can change significantly the electronic properties of PbSe nanocrystal

49 . . .
1.*” observed a dramatic increase in the electrical

films. For example, Law et. a
conductivity of PbSe nanocrystal films, of nearly 10 orders of magnitude, after heating
above 250°C. Based on scanning electron microscopy (SEM), small angle x-ray
scattering (SAXS), and wide angle x-ray scattering (WAXS) data, they suggested that
this was due to nanocrystal sintering; however, a detailed analysis of the structural
changes of the heated PbSe nanocrystal assemblies was not provided. Similarly, Baik et.
al.’! reported significant increases in the electrical conductivity of ethanedithiol-treated
PbSe and PbS nanocrystals when heated to an even lower temperature of 170°C, and
Klem et. al.”® observed improvements in both electrical conductivity and mobility of
ethanedithiol-treated PbS nanocrystal films annealed at still lower temperature of only
90°C in air, which they attributed to surface oxidation and corresponding increases in
hole concentration. Van Huis et. al.”> directly observed nanocrystal fusion in PbSe
nanocrystal assemblies by in situ high resolution transmission electron microscopy
(TEM) of hexylamine-capped PbSe nanocrystal monolayers heated just above 100°C.
One of the problems, however, with in situ TEM to study the structural changes of a
heated superlattice is the presence of the energetic electron beam. The beam can induce
melting of the inorganic cores, which may prematurely destabilize the superlattice, or
decompose the hydrocarbon ligands into a graphitic carbon layer between particles that
stabilizes the superlattice to unusually high temperature.’**® Clearly, there is still much
uncertainty about how heating changes the structure of PbSe nanocrystal superlattices.
Here, we report a detailed study of how the structure and composition of a body-

centered cubic (bce) superlattice of oleic acid-capped PbSe nanocrystals changes as it is
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heated in air to 350°C, relying on real time SAXS measurements with synchrotron
radiation to provide statistically-appropriate structural data with sub-Angstrom spatial
resolution. Complementary X-ray diffraction (XRD), TEM, and SEM measurements of
the heated superlattices were also carried out to provide additional information about the
structural transitions observed by SAXS. In the cases of Ag’®” and Au’®* nanocrystal
superlattices, in situ SAXS measurements of heated superlattices have provided new
insight, for example, revealing that the temperature-dependence of the structural

60-63 In the case here of a PbSe

transitions can be quite complicated and interesting.
nanocrystal superlattice, the SAXS data show that the bce superlattice is stable up to only
110°C, and then above this temperature the periodic superlattice order collapses. There is
first a loss of long-range translational order between 110°C and 150°C and then a loss of
local positional order at 168°C. Above 168°C, the nanocrystals undergo a gradual

sintering process accompanied by an oxidative conversion of the PbSe nanocrystals to

PbSeOs nanorods, which has not been previously observed.

4.2 EXPERIMENTAL METHODS

4.2.1 Chemicals

Lead acetate trihydrate (Pb(ac),"H,O, 99.999%), oleic acid (OA, >99%), diphenyl
ether (Fluka, >99.9%), selenium powder (Se, 100 mesh, 99.99%), and trioctylphosphine
(TOP, tech., 90%) were purchased from Aldrich and used as received. TOP was stored in
a Np-filled glovebox. A stock solution of 1M Se in TOP was prepared by dissolving 20

mmol Se powder in 20 mL TOP overnight in a glovebox.
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4.2.2 PbSe Nanocrystal Synthesis and Purification

PbSe nanocrystals were prepared following an adaptation of a procedure
described by Cho et.al.*® In a 25 mL 3-neck flask, 10 mL phenyl ether, 2.5 mL oleic
acid, and 0.76 g Pb(ac),-H,O were combined. The flask was attached to a Schlenk line,
heated to 75°C under vacuum, and held there for one hour to begin the formation of a
lead oleate precursor and to completely remove the acetic acid and water byproducts
from the reaction flask. The flask was then heated to 150°C under a N, atmosphere and
held there for 30 minutes to complete the formation of the lead oleate complex. The flask
was then cooled to 60°C and 6 mL of the TOP-Se stock solution was injected into the
flask. Separately, in a 50 mL three neck flask, 15 mL of phenyl ether was dried and
degassed by heating to 75°C under vacuum for one hour. This flask was then heated to
150°C under N, flow. At this point, 13 mL of the lead-oleate and TOP-Se mixture in
phenyl ether was rapidly injected into the hot flask. Once the temperature in the flask
regained 120°C, the remaining 5.5 mL was injected dropwise over the course of 4
minutes. The temperature was then increased to 150°C, where it was allowed to react for
10 minutes. The heating mantle was then removed and the flask was allowed to cool to
room temperature.

Excess ligand and unreacted precursors were removed from the crude reaction
product by redispersion and precipitation of the nanocrystals using toluene and ethanol as
a solvent/antisolvent pair. Initially, ethanol was added to the crude reaction solution to
precipitate the nanocrystals. The mixture was centrifuged at 8000 rpm for 5 min to
isolate the nanocrystals as a precipitate. The supernatant was discarded and the
precipitate was redispersed in toluene. This procedure was repeated once more. After

redispersing the nanocrystals in toluene, the dispersion was centrifuged at 8000 rpm for 5
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minutes to separate any poorly-capped nanocrystals or agglomerates. The precipitate was

discarded and the supernatant was collected and used for the experiments in this study.

4.2.3 PbSe Nanocrystal Film Preparation

PbSe nanocrystals were dispersed in hexane and then diluted with an equal
volume of toluene. It is important to point out that the choice of solvent used for
deposition can significantly affect the microstructure of the nanocrystal film.*** The
dispersion was drop-cast onto a TEM grid (carbon-coated copper 200 mesh, Electron
Microscopy Sciences) for TEM imaging or a soda-lime glass cover slide (Fisherfinest
Premium, 25mm x 25mm, 0.13 to 0.17mm thick, Fisher Scientific) for SAXS. The
nanocrystal films were stored under ambient atmosphere at room temperature for

approximately 5 days prior to characterization by in situ SAXS.

4.2 .4 Materials Characterization

TEM was performed on a Phillips EM208 TEM with 80 kV accelerating voltage.
Images were acquired digitally. Small angle x-ray scattering (SAXS) was performed on
dilute dispersions (~0.5 mg/mL) of PbSe nanocrystals in hexane in a stainless steel cell
with kapton windows using a Molecular Metrology instrument with a rotating copper
anode X-ray generator (Bruker Nonius; A = 1.54 A) operating at 3.0 kW. The scattered
X-rays were collected on a 2D multiwire gas-filled detector (Molecular Metrology, Inc.).
A silver behenate (CH3(CH,)20COOAg) standard was used to calibrate the scattering
angle of scattered photons. Radial integrations of scattering intensity were performed
using Datasqueeze.®® Background scattering of the hexane solvent and the experimental

setup were subtracted from the data.
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4.2.5 In Situ SAXS of a Heated PbSe Film

A glass cover slide containing a PbSe nanocrystal film was placed into a Mettler
Toledo FP82HT hot stage between 2 aluminum spacers specifically fabricated for this
experiment. The hot stage was then placed into the D1 beam line at the Cornell High
Energy Synchrotron (CHESS) in transmission mode with the side containing the
nanocrystal film facing the detector. While much of the beamline is under vaccum or
helium atmosphere, the x-ray beam transmits though a 10 cm section of ambient
atmosphere and that this section was used to mount the hot stage. The hot stage was
controlled with a Mettler Toledo FP80 processing unit to heat the sample from 28°C to
350°C at a rate of 3°C/min. SAXS measurements were performed using monochromatic
radiation of wavelength A=1.252 A with a bandwidth AA/A of 1.5%. The x-ray beam was
produced by a hard-bent dipole magnet in the Cornell storage ring and monochromatized
with Mo:B4C multilayers with a period of 30 A. The D1 area detector (MedOptics) is a
fiber coupled CCD camera with a pixel size of 46.9 um by 46.9 um and a total of 1024 x
1024 pixels with a 14-bit dynamical range per pixel. Typical read-out time per image
was below 5 sec. The images were dark current corrected, distortion-corrected, and flat-
field corrected by the acquisition software. The sample to detector distance was 852 mm,
as determined using a silver behenate powder standard. The exposure time for each
collected scattering image was 4 seconds and was followed by a 16 second delay
(including detector readout). Considering the heating rate, this resulted in the collection
of a scattering image about every 1°C. Scattering images were calibrated and integrated

using the Fit2D software.®’
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4.3 RESULTS AND DISCUSSION

4.3.1 PbSe Nanocrystals and BCC Superlattice Formation

Figure 4.1 shows TEM images of oleic acid-capped PbSe nanocrystals drop-cast
from 1:1 hexane:toluene dispersions. The nanocrystals are sufficiently monodisperse to
order into superlattices. The inorganic PbSe cores of the nanocrystals remain separated
by the oleic acid capping ligand layer coating each particle. The superlattice structure
was observed to vary depending on the concentration of the nanocrystals in the dispersion
deposited on the substrate. Nanocrystals deposited from relatively dilute dispersions to
form monolayers assembled with hexagonal order as shown in Figure 4.1a. In contrast,
nanocrystals deposited from more concentrated dispersions as thicker superlattice films—
as in Figure 4.1b—assembled into superlattices with bcc structure. Some regions of the
sample showed the coexistence of thin monolayers with hexagonal order and thicker
superlattices with bcc structure. The origin of this difference in superlattice symmetry
and its dependence on the layer thickness is presently not understood and is under
investigation. The thicker nanocrystal superlattice films with bee structure were the

focus of this study and were heated and probed by in situ SAXS.
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Figure 4.1: TEM images of PbSe nanocrystals drop-cast from relatively (a) dilute or (b-
¢) concentrated dispersions in 1:1 mixture by volume of hexane and toluene.
(a) A monolayer of PbSe nanocrystals with hexagonal order; (b) a PbSe
nanocrystal superlattice film of several nanocrystals thick (~20 nm) with bcc
symmetry. (c) A region of sample with the coexistence of thicker bec
superlattice films and monolayers of hexagonally ordered nanocrystals.
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Figure 4.2 shows transmission SAXS data for a sample of PbSe nanocrystal
superlattice. The radial X-ray scattering intensity profile is obtained by integrating the
experimentally-measured 2D scattering pattern in the inset. The observation of relatively
sharp Bragg peaks confirms that there is long-range periodic superlattice ordering of the
nanocrystals, as was observed by TEM. Most commonly, monodisperse nanocrystals
have been observed to assemble into superlattices with face centered cubic (fcc)
structure;** however, in this case, the diffraction peaks appear with relative positions of
q/q*:\/f:\/i:\/g:\/z, where ¢*=0.825nm™ is the location of the lowest order
reflection, indicating that the superlattice has either bce or simple cubic (sc) symmetry.
An independent measure of the superlattice d-spacings by TEM confirmed that the
superlattice is bcc and not sc.  As illustrated in Figure 4.3, the d-spacings observed by

TEM between (100), (110), and (210) planes of 10.57 nm, 7.63 nm, and 4.71 nm,

respectively, correspond to an average lattice constant of a,,, ;,, =10.63nm, which is

very close to the bec lattice constant determined from SAXS of a,,, ¢, =10.79nm. If

the superlattice had sc symmetry, the lattice constant determined by SAXS would be

a, sxs = 7.63nm, which is not consistent with the lattice constant determined by

TEM—i.e., a,, ;, =10.63nm. A full comparison of the d-spacings measured by SAXS

and TEM is provided in Table 4.1.
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Figure 4.2: Transmission SAXS of a PbSe nanocrystal superlattice. The peak positions
q/q*= Vi, \/2_, \/3_, V4 are consistent with reflections from the (110),

(200), (211), and (220) lattice planes of a bce superlattice. The inset shows
the experimentally measured 2D scattering pattern. The d-spacings of the
first four diffraction peaks correspond to d =27/g =7.61 nm, 5.44 nm,

4.40 nm and 3.80 nm, for an average lattice constant of a,,, g, =10.79 nm.
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s d-spacing measurements

d100 =10.57 nm = 0.25 nm
d,,.=7.63nm#*0.14 nm
d,..=4.71nm+£0.12 nm

110
210

Figure 4.3: (Left) TEM image of a PbSe nanocrystal superlattice. A (100) superlattice
plane has been imaged. The body-centered positions were also observed at
different focal depths with high-resolution TEM, as shown in Figure 4.4.
(Right) Schematic that shows how certain d-spacings can be directly
measured from the TEM image. The measured lattice spacings of 10.57 nm,
7.63 nm, and 4.71 nm, correspond to the (100), (110), and (210) d-spacings
of a bee superlattice. The corresponding lattice constant of
Ay =10.63 nmis close to that measured by SAXS, ag,y =10.79 nm.
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Table 4.1: Comparison of bce superlattice d-spacings determined by TEM and SAXS.

d(hkl) (nm)

(hkD) from TEM from SAXS

(100) 10.57

(110) 7.63 7.61

(111) 6.14*

(200) 5.32% 5.44

(210) 4.71

(211) 4.34% 4.40

(220) 3.76* 3.80
(300),(221) 3.54*

* These values were calculated from the average lattice constant of a,,, z, =10.63 nm
determined from the d(100), d(110), and d(210) spacings observed by TEM.
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Figure 4.4: High resolution TEM images of a bcc superlattice of 6.6 nm diameter oleic
acid-capped PbSe nanocrystals as the focal depth was increased. Beginning
with the focused image in (a), the focal depth was gradually increased in the
images (b-d), revealing lattice fringes of the underlying nanocrystal layers.
The red dots in the images mark the same spot in the superlattice.

The center-to-center interparticle separation between nearest neighbor PbSe
nanocrystals in the bee superlattice measured by SAXS and TEM are D, g,y =9.34 nm
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and D, ;, =9.21nm. This separation corresponds to a “soft sphere” nanocrystal

diameter that includes the inorganic PbSe core of the nanocrystals and part of the ligand
shell.’”” To obtain an estimate of the volume that is excluded in the superlattice by the
ligands, the diameter of the inorganic PbSe cores was determined independently from

solution SAXS measurements of the nanocrystals dispersed in hexane, shown in Figure
4.5. By fitting the data to a model for the X-ray scattering intensity, /(q), from a dilute

. . . . . . 69.70
dispersion of non-interacting spherical particles,

1(q) j: N(R)P(qR)R°dR (4.1)

the average radius of the inorganic PbSe cores R, can be determined. In Eqn (4.1), ¢ is
the scattering vector, which depends on the X-ray wavelength (1= 1.54 A) and the
scattering angle @: q=(47/2)sin(d/2). Since the scattering intensity depends on the
nanocrystal radius R, the data are very sensitive to the size distribution, N(R), which is

the number fraction of nanocrystals of radius R, in the sample. P(gR) is the form factor

for a solid homogeneous sphere:”"" *

sin(qR) — gR cos(¢R) T _ (4.2)

P(qgR)=|3
(gR) [ (R

Relatively monodisperse nanocrystals prepared by arrested precipitation, such as the
PbSe nanocrystals studied here, typically exhibit a Gaussian size distribution with an

average nanocrystal radius R and standard deviation of o about the mean,””

N(R) = _(R_E)T . (4.3)

1
ex
o2 p[ 207
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The average diameter (i.e., 2R) of the crystalline PbSe cores of the nanocrystals

determined by fitting Eqns (4.1-43) to the data in Figure 4.5 is
D.,,.sis =6.60nm+0.79nm (+12%). Therefore, the corresponding “soft sphere”

ligand shell thickness is 0 = };(D,; g5 — D,

C

ore,SAXS) =1.37nm.
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Figure 4.5: SAXS of PbSe nanocrystals dispersed in hexane. The radially integrated 2D
scattering intensity (inset) is plotted as (a) (g) vs. ¢ and (b) I(g)xq"* vs.
q (Porod plot), with the data normalized to the scattering intensity of the
first peak maximum in the Porod plot at ¢ = 0.81 nm™. The best fit of Eqn
(4.1) (solid line) to the scattering data (o) gives an average diameter of 6.60

nm £ 0.79 nm.
The interstitial void space between the soft sphere particles in the superlattice—
corresponding to 32% of the total volume for a bcc superlattice—is also filled by ligand.
Therefore, by knowing the lattice constant of the bce unit cell and the PbSe core diameter

independently, the total volume in the superlattice that must be occupied by the capping
100



ligands can be compared to the ligand excluded volume that is expected for each
nanocrystal. The total volume excluded by the adsorbed oleic acid chains on each
nanocrystal can be estimated by assuming that each ligand molecule attaches to the PbSe
surface with a circular footprint of 0.16 nm” with a close-packed density on the surface of
91%, and taking an excluded volume of 0.5116 nm’ for each oleic acid molecule.®

Based on the total surface area of a 6.6 nm diameter PbSe nanocrystals, the total volume

excluded by the capping ligand layer around each nanocrystals is V, =398nm”.

igand / particle

There are two nanocrystals per bcc unit cell, where the volume of the bec unit cell is

Vo = a,mSAXS3 =1256nm’. The inorganic PbSe cores occupy only 2xV, ~=301nm’, or

24% of the unit cell. The remaining volume in the superlattice of 955 nm” is higher than
the  estimated excluded volume occupied by the capping ligands

(2xV,

igand | particle = 190 nm®). This leaves a remainder of 159 nm’, or 13% of the unit cell,
that is not accounted for by the nanocrystal cores or their capping ligands. This space is

most likely occupied by unbound oleic acid or trapped solvent, as discussed later.

4.3.2 In Situ SAXS of the Heated Superlattice

Figure 4.6 shows in situ transmission SAXS data collected from a bcc superlattice
of PbSe nanocrystals as it was heated at 3°C/min from 28°C to 350°C. Figure 4.7 shows
a radial integration of the data at select temperatures. The data reveal four predominant
transitions as the superlattice was heated from room temperature: (1) a contraction of the
superlattice until reaching about 140°C; (2) a loss of long-range translational order (i.e.
amorphization) between about 110°C and 150°C; (3) a loss of local, short-range,

positional order at around 168°C; and (4) nanocrystal sintering above 168°C.
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Figure 4.6: Contour plot of the SAXS intensity obtained from a PbSe nanocrystal
superlattice with an initial bcc structure as it was heated from 28°C to
350°C. Each slice of the contour plot is a radial integration of 2D scattering
profiles (representative patterns shown in upper panel). Between 25°C and
110°C, the superlattice exhibits bec structure, with the diffraction peaks
shifting to slighter larger g—indicating a slight lattice contraction upon
heating. Above 110°C, the superlattice contracts more significantly with a
gradual loss of order as indicated by the appearance of a second order
diffraction peak (denoted by star) associated with an amorphous assembly.
At 150°C, the superlattice structure has completely disappeared as indicated
by the loss of the bee (200), (211) and (220) diffraction peaks. At 168°C, all
of the diffraction rings have disappeared, indicating the complete loss of
local positional order and the onset of sintering. Above 168°C, sintered
grains grow in size, as indicated by the shift in scattering intensity to lower
g. Between 200°C and 250°C, the scattering intensity increases at low ¢
values, which is consistent with oxidation of the PbSe nanocrystals into
PbSeO5 nanorods.
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Figure 4.7: Radial integration of the 2D scattering profiles in Figure 4.6 of the PbSe
nanocrystal superlattice at selected temperatures. The bcc peak indexing is
provided. The two diffraction peaks in the blue curve at 150°C indicate that
the superlattice has disordered to an amorphous structure.

Figure 4.8 shows the center-to-center nearest neighbor spacing in the superlattice
determined from SAXS as it was heated from room temperature up to 160°C. In this
temperature range, the superlattice contracts upon heating, while maintaining the bcc
structure. The data in Figure 4.8 show that the lattice contraction became more
significant when the temperature reached the boiling points of hexane (69°C) and toluene
(110°C)—the solvents used to disperse the nanocrystals. Therefore, it would appear that
the superlattice contraction is related to the evaporation of solvent trapped in the
superlattice after deposition. In previous reports of heated superlattices, heating has
either increased,”®” decreased,>" or left unaffected,” the interparticle spacing; the
lattice expansion or contraction of a nanocrystal superlattice in this temperature range
appears to depend on the details of the system, such as the presence of trapped solvent
and the thermal expansion of the ligands. In our case, TGA of a sample of oleic acid-
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capped PbSe nanocrystals (9 nm diameter) confirmed that there was indeed significant
solvent trapped in the superlattice, equivalent to about 2% of the total sample weight after
heating from room temperature to 190°C, as shown in Figure 4.9. The amount of
superlattice contraction that is actually observed corresponds to an amount of trapped
solvent that would be about 4-5 times higher than this.”* Therefore, it appears that
solvent evaporation is indeed partly responsible for the superlattice contraction, but
cannot completely explain it. Perhaps there is a cooperative effect between the ligand
packing density (i.e. conformational changes or interdigitation) in the superlattice and the
amount of residual solvent between particles. This issue requires further study, but it is
clear that in this case of oleic acid-capped PbSe nanocrystals, the superlattice contracts
significantly as it is heated from room temperature to its disordering transition, by more
than 20%, and that this is somehow related to solvent trapped in the superlattice during

solvent deposition.
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Figure 4.8: Center-to-center nearest-neighbor spacing and the bcc superlattice constant
a, calculated from the bee (110) Bragg ring plotted as a function of
temperature. The boiling temperatures (b.p.) of hexane and toluene are
indicated. Note that when the temperature exceeds 110°C, the superlattice
begins to lose order.
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When the temperature is increased to just above 110°C, a broad diffraction ring
begins to appear at slightly lower ¢ than the position of the bee (220) Bragg ring (labeled
in Figure 4.6 by a star). This diffraction ring is a second order reflection corresponding
to an average nearest neighbor distance in an amorphous assembly and signifies the loss
of long-range translational order of the superlattice. As shown in Figure 4.7, the Bragg
peaks have disappeared completely by 150°C and the diffraction pattern consists of two
broad diffraction peaks characteristic of an amorphous assembly of nanocrystals.”” The
two diffraction rings associated with the amorphous assembly are present in the scattering
data up to 168°C, indicating that the nanocrystals have not sintered and remain intact, but
are no longer ordered in a periodic superlattice.

At 168°C, the scattering rings disappear, which indicates that complete
disordering of the nanocrystals has occurred and marks the onset of the sintering process.
Thermogravimetric analysis (TGA) (Figure 4.9) and differential scanning calorimetry
(DSC) (Figure 4.10) of oleic acid-capped PbSe nanocrystals showed no observable
transitions below 168°C aside from the evaporation of some residual solvent. This
suggests that structural transformations of the PbSe nanocrystal superlattice below 168°C
are not directly influenced by the thermal behavior of the capping ligand. However, TGA
of pure oleic acid showed that oleic acid begins to evaporate at around 150°C, so it is
possible that superlattice disordering and nanocrystal sintering may be related to the

evaporation of “free”, or unbound, oleic acid from the superlattice.
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Figure 4.9: Thermogravimetric analysis (TGA) of oleic acid-capped 9 nm diameter
PbSe nanocrystals and pure oleic acid. Data were collected for oleic acid
immediately after receiving it from the supplier and after storing for one
month in the laboratory at room temperature in ambient atmosphere. A ramp
rate of 3°C/min was used, which was identical to that used in the in situ
SAXS experiments.
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Figure 4.10: Differential Scanning Calorimetry (DSC) curves for oleic acid-capped PbSe
nanocrystals and pure oleic acid. The oleic acid curves exhibit an
endothermic peak near 250°C associated with the evaporation of oleic acid.
The PbSe nanocrystals exhibit an exothermic peak at 300°C attributed to
sintering and oxidation.

There is also a noticeable increase in scattering intensity at lower g-values as the
temperature increased above 168°C. This is a signature of sintering and grain growth.
We found that heating PbSe nanocrystals in air led to oxidation and the formation of lead
selenite (PbSeOs3) nanorods (see Supporting Information). Figure 4.11 shows XRD
profiles and Figure 4.12 shows TEM images of PbSe nanocrystal films heated in air.
There is no evidence of PbSeOs in the initial sample, but at 200°C, a mixture of PbSe and
PbSeOs is clearly present. By 300°C, all of the PbSe has oxidized to PbSeO;. TEM of
PbSe nanocrystal films heated to 300°C in air revealed that the PbSe nanocrystals had

transformed into PbSeOs; nanorods. A transformation from spherical nanocrystals into
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nanorods, with an elongation of the nanocrystal size in one direction, is consistent with
the observed increase in scattering intensity at low g after the temperature was increased
from 200°C to 250°C. Micrometer-size PbSe particles have also been observed to oxidize

to PbSeO; when annealed in an oxygen-containing atmosphere.”
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Figure 4.11:a) XRD profiles of 9 nm PbSe nanocrystal films heated in air from room
temperature to the indicated temperature. Oxidation of the PbSe
nanocrystals to PbSeO; begins to occur at around 200°C. Complete
transformation of PbSe to PbSeO; has occurred after heating to 300°C in air.
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Figure 4.12: TEM images of 9 nm diameter oleic acid-capped PbSe nanocrystal
superlattices at room temperature (a,c,e) and after heating to 300°C in air
(b,d,f). The PbSe nanocrystals oxidize and convert to PbSeO; nanorods
when heated to 300°C in air.
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4.4 CONCLUSIONS

The heating-induced structural changes of a PbSe nanocrystal superlattice with
bee structure were followed by in situ SAXS. The bec superlattice is stable up to a
temperature of 110°C with a slight lattice contraction. At 110°C, the lattice contraction
becomes more pronounced and is accompanied by disordering of the superlattice. By
150°C, the nanocrystal film has lost long-range translational order and is completely
amorphous. The amorphous assembly of nanocrystals persists to a temperature of 168°C,
at which point the weak diffraction peaks from the amorphous nanocrystal assembly
disappear, indicating loss of local, short-range, positional order. Above 168°C, the
nanocrystals sinter. XRD revealed that the sintering of neighboring nanocrystals is
accompanied by the oxidative transformation of the PbSe nanocrystals to PbSeO;
nanorods when the superlattice is heated in air. These results are valuable as many
practical applications of semiconductor nanocrystal superlattices will require operation at

elevated temperatures.
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0.6548 g/em’, and 0.8669 g/cm’, respectively. The relative weight fractions of
PbSe, oleic acid, and solvent in the bcc superlattice at room temperature were
calculated by assuming that the volume (and weight) of 6.6 nm diameter PbSe
nanocrystal cores is fixed in the bee unit cell and that the volume contraction of
the superlattice as it was heated to 140°C was due to the evaporation of the

solvent (Vi =(ap: sivs)’ =1256 nm*; ¥, = (ayis)’ =979 nm?). The

bce bee

remainder of the unit cell volume (e.g. V, Vores = Veomen: ) Was assumed to be

bee,cell cores

filled by a constant volume of ligands. The exact ratio of hexane to toluene
trapped in the superlattice is not known, so the expected weight fraction of solvent
in the superlattice at room temperature was calculated for the two extreme cases
of pure hexane and pure toluene, expecting that the actual case lies somewhere in
between. If all of the trapped solvent is hexane, the superlattice at room
temperature would consist of 76.0 wt% PbSe, 18.5 wt% oleic acid, and 5.5 wt%
hexane. If all the trapped solvent is toluene, the superlattice would consist of 74.6
wt% PbSe, 18.2 wt% oleic acid, and 7.2 wt% toluene.
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Chapter 5: Phase Transitions in Heated Gold Nanocrystal
Superlatticest

5.1 INTRODUCTION

Materials respond to changes in environmental conditions, like temperature,
pressure, mechanical force, electric fields, etc., by changing structure. Relatively minor
environmental differences may lead to subtle effects, like an expansion or contraction
without a change in packing symmetry or geometrical arrangement of the atoms. More
extreme environmental variations can weaken bonds and lead to a phase transition. Phase
transitions of solids can involve a change in state, to a liquid or a gas for example, or
from one crystal structure to another. Most solids exhibit structural polymorphism and
solid-solid phase transitions. For example, graphite and diamond are well-known
polymorphs of carbon; iron can exist with body-centered cubic (bcc) or face-centered
cubic (fcc) crystal structure depending on temperature and pressure. Soft molecular
materials, like amphiphilic diblock copolymers and surfactants, will assemble into
various ordered structures under various conditions, ranging from micellar cubic, to
hexagonal (cylindrical), to bicontinuous cubic to lamellar structures, to name a few.'?
Dense colloidal dispersions of charge-stabilized particles and spherical block copolymer
micelles can also exhibit structural polymorphism, forming either fcc and bcce lattices
depending on temperature and solvent parameters.”® Here, we report that ordered
assemblies of ligand-stabilized nanocrystals can also exhibit temperature-dependent
solid-solid phase transitions.

Ordered assemblies of ligand-stabilized nanocrystals, or superlattices, are
interesting because of their unique optical and electronic properties. Nanocrystals in the

quantum size regime, i.e., less than about 10 nm in diameter, can be produced with very

T Portions of this chapter have been submitted for publication
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monodisperse size distributions, exhibiting physical properties that are fundamentally
different from their bulk counterparts and can be tuned synthetically by manipulating the
particle size.’” In the assemblies, collective electronic coupling between neighboring
nanocrystals can give rise to new physical properties that depend on their superlattice
structure.® These self-assembled materials have therefore been called “artificial solids”
or “metamaterials” since the fundamental “building blocks” are nanocrystals instead of
atoms. These superlattices can also exhibit structural polymorphism like atomic and
molecular solids. This contrasts the solvent-free colloidal crystals of sub-micrometer
hard-sphere particles (similar to opals) that are like collections of rigid marbles, forming
only the thermodynamically favored close-packed lattices (like fcc) at high density.”®
The soft organic ligand coating of the nanocrystals occupies a significant volume of the
superlattice—up to 90% in the case of dodecanethiol-coated sub-2 nm diameter Au
nanocrystals—and responds rather sensitively to environmental factors. For example,
exposure of oleic acid-coated PbSe and PbS nanocrystal superlattices to the vapor of a
solvent that swells the ligands has been shown to reversibly change the superlattice
structure from beec to  fec.’ Different superlattice structures—i.e., packing
polymorphism—has been observed in binary nanocrystal superlattices composed of the
same large and small nanocrystals formed under different deposition conditions.'®"
However, temperature-dependent phase transitions in nanocrystal superlattices have
never been observed. This remains surprising, as theoretical and computer simulations
have anticipated thermally driven structural transformations—including melting—of
nanocrystal superlattices.'*

The issue relates to the fact that the ligand-stabilized nanocrystals of the

superlattices are generally considered as robust, discrete self-assembled units. For

example, nanocrystals in a superlattice readily redisperse in solvent and then recrystallize
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when the solvent is removed. The superlattice structure is reversibly restored without a
change in the nanocrystals—this process of recrystallization is entirely reversible.
Therefore, self-assembly of ligand-stabilized nanocrystals has typically been viewed as a
close-packing of spheres composed of a rigid inorganic core with a chemisorbed layer of
flexible, yet incompressible, ligands that fill space as efficiently as possible in the
superlattice.'™® However, under more extreme conditions, the ligand shell will in fact
desorb. This is why temperature-dependent phase transitions have never been observed
for ligand-stabilized nanocrystal superlattices: organic ligand-coated nanocrystals have
simply not been thermally stable. Heating has led to the coalescence of inorganic
material within a matrix of organic material'™'® or in some cases, chemical
transformation or decomposition of the superlattice composition.””  Therefore, the
observation of order-order phase transitions of dodecanethiol-coated Au nanocrystal

superlattices at elevated temperature, reported here, was quite unexpected.

5.2 EXPERIMENTAL METHODS

5.2.1 Materials

Tetraoctylammonium bromide (TOAB, 98%), gold(Ill) chloride trihydrate
(HAuCl4-3H20, >99.9%), 1-dodecanethiol (>98%), and sodium borohydride (98%) were
obtained from Sigma Aldrich and used as received. Toluene (99.9%), methanol (99.9%),
chloroform (99.9% with 0.75% ethanol preservative), hydrochloric acid, and nitric acid
were purchased from Fisher Scientific and used as received. Ethanol (99.5%) was
purchased from Pharmco-Aaper. Deionized (DI) water with 18 megaohm resistance was

obtained from a Barnstead Nanopure Ultrapure filtration system and passed through a
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200 nm filter. Glassware and Teflon stir bars were cleaned with aqua regia, rinsed five

times with DI water, and dried in an oven prior to use.

5.2.2 Au Nanocrystal Synthesis and Purification

Au nanocrystals were synthesized using the same arrested precipitation procedure
described in detail in Rasch et al.*® The purified nanocrystals were redispersed in toluene
at a concentration of 50 mg/mL and stored under ambient conditions for at least 5 weeks
prior to use in the SAXS experiments. In some cases, the nanocrystal dispersions had

been stored for more than a year prior to use.

5.2.3 Nanocrystal Superlattice Film Preparation

Transmission SAXS samples were prepared by drop-casing approximately 100
pL of a 50 mg/mL dispersion of Au nanocrystals in toluene onto a glass cover slide
(Fisherfinest Premium, 25 mm x 25 mm, 0.13 to 0.17 mm thick, Fisher Scientific) and
allowing the solvent to evaporate. GISAXS samples were prepared by drop-casting 20 uL
of a 50 mg/mL dispersion of Au nanocrystals in toluene onto a silicon wafer (7 mm x 7
mm square with a native oxide) and allowing the solvent to evaporate. Samples for TEM
imaging were prepared by drop-casting 2 pL of a 10 mg/mL dispersion of Au
nanocrystals in toluene onto a TEM grid (carbon-coated copper 200 mesh, Electron

Microscopy Sciences) and allowing the solvent to evaporate.

5.2.4 In situ SAXS of Heated Nanocrystal Films

Transmission SAXS and GISAXS measurements were performed as previously
reported.'®"”  Transmission SAXS samples were placed into a Mettler-Toledo FP82HT
hot stage between 2 aluminum spacers specifically fabricated for this experiment. The
hot stage was then placed into the D1 beam line at the Cornell High Energy Synchrotron

(CHESS) in transmission mode with the side of the sample containing the nanocrystal
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film facing the detector. The hot stage was controlled with a Mettler Toledo FP80
processing unit to heat the sample from 30 °C to 215 °C at a rate of 3 °C/min. GISAXS
samples were placed on a brass heating block with an electric rod heater and
thermocouple inserted into holes that had been bored into the heating block. The
temperature and heating rate of the brass block was maintained by a temperature
controller and a variac. Transmission SAXS measurements were performed using
monochromatic radiation of wavelength A = 1.230 A and a sample-to-detector distance of
691 mm; images were collected with exposure times ranging from 0.1 sec to 6 sec in
order to maximize the intensity resolution of the detector. GISAXS measurements were
performed using monochromatic radiation of wavelength A = 1.265 A and a sample-to-
detector distance of 554 mm; images were collected with exposure times ranging from
0.1 sec to 1 sec. Scattering images were calibrated with a silver behenate standard; image

processing and radial integrations were performed with Fit2D software.”

5.2.5 Additional X-ray Scattering Characterization

In situ GIWAXS measurements were performed by placing a Fuji image plate
into the scattered x-ray beam at various times during the in situ GISAXS experiment. The
image plates were exposed for either 1 or 2 sec and were read by a GE Typhoon FLA
7000 imager. The scattering images were calibrated using a CeO2 standard. Solution
SAXS samples were prepared by heating an Au nanocrystal film to various temperatures,
cooling the sample back to room temperature, and then redispersing the nanocrystals in
toluene to a concentration of approximately 1-5 mg/mL. These dispersions were inserted
into glass capillary tubes and placed into the CHESS D1 beamline. In situ GIWAXS
measurements were performed using monochromatic radiation of wavelength A = 1.222

A and a sample-to-detector distance of 151 mm. Solution SAXS measurements were
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performed using monochromatic radiation of wavelength A = 1.265 A and a sample-to-
detector distance of 554 mm with exposure times ranging from 8§ sec to 30 sec. Solution
SAXS data was calibrated with a silver behenate standard, background subtracted using
scattering data from pure toluene, and fit to a model as previously reported.”. All image

processing and radial integrations were performed with Fit2D software.”

5.2.6 Additional Materials Characterization

Low-resolution TEM images were acquired digitally using a FEI Tecnai Spirit
Bio Twin operated at 80 kV. Scion Image software (Scion Corporation) was used to
measure the diameters of 765 nanocrystals in three 300kx magnification TEM images for
each temperature studied. Optical images of the nanocrystal films were acquired during
the in situ GISAXS experiments using a Navitar motorized zoom and focus module with

on-axis lighting and a Sony CCD camera.

5.3 RESULTS AND DISCUSSION

A marked series of structural transitions were observed in the in situ SAXS
measurements of Au nanocrystal superlattices heated to increasing temperature. A
dodecanethiol-coated sub-2 nm diameter Au nanocrystal superlattice heated from room
temperature to 213°C progressed through at least four different structures before finally
decomposing at high temperature. These transitions were not reversible and transmission
electron microscopy (TEM) showed that the nanocrystals were ripening as the
temperature increased, but in a surprisingly controlled way. The changing Au core size
was then accommodated by changes in superlattice symmetry, maintaining positional
order of a superlattice. These observations suggest that ligand-stabilized nanocrystals

have much in common with amphiphilic diblock copolymer assemblies, as the structure
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appears to be closely related to the micro-phase separation of inorganic and organic

domains evolving with increasing temperature.

5.3.1 In Situ SAXS and Temperature-Induced Superlattice Phase Transitions

The SAXS data in Fig. 5.1 shows a series of temperature-induced structural phase
transitions of the Au nanocrystal assembly. Initially, the 1.8 nm dodecanethiol-capped
Au nanocrystals are organized into a bee superlattice with a cubic lattice constant, ap, of
3.72 nm. As the bee superlattice was heated from room temperature, there was a slight
thermal expansion, with the diffraction peaks shifting to slightly lower g (g is inversely
related to the d-spacing: ¢ =27/d). The linear coefficient of thermal expansion of the
bee superlattice was found to be approximately 3x10™ °C™” between 30°C and 120°C.
This is consistent with the thermal expansion of the ligands, as shown previously for

dodecanethiol-coated silver nanocrystal superlattices.'’
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Figure 5.1: (A) Contour plot of the radially integrated scattering intensity as a function
ofg(qg= w/qxz + qz2 ) and temperature during in situ transmission SAXS of

a nanocrystal superlattice of sub-2 nm dodecanethiol-capped Au
nanocrystals heated from room temperature to 213°C. (B) Indexing of the
simulated diffraction peak positions and schematics of the unit cells of the
observed structures.

122



At 125°C, extra Bragg rings appear in the diffraction patterns. These new
features index to an hcp superlattice structure with hexagonal lattice constants ap, = 6.32
nm and cyep = 10.3 nm. The ratio chep/ancp 1S equal to m which is the expected ratio for
a hep arrangement of perfect spheres. Initially, the spacing of the hcp (112) planes is
identical to the spacing of the bee (110) planes (i.e. d(112)nep = d(110)pec = 2.31 nm). As
the nanocrystals are heated further, the hcp superlattice expands faster than the bcc
superlattice. The linear coefficient of thermal expansion of the hcp lattice was found to
be approximately 2.7x10~ °C™' (about 9 times larger than for bcc) between 130°C and
160°C. The bce and hep superlattice structures coexisted until reaching 160°C, at which
point, the bee superlattice peaks disappeared.

At 167 °C, the hcp structure disappeared and another new superlattice structure
emerged. Indexing of the SAXS data showed that this new superlattice structure is in fact
an ordered array of nanocrystals with two different sizes—a binary nanocrystal
superlattice (BNSL)—with an icosahedral AB;; (ico-ABj3) structure with simple cubic
symmetry (isostructural with NaZn;; (PDF#01-071-9884); space group 226; Wyckoff
sequence: iba) and a large cubic unit cell (a = 16 nm). One distinguishing feature of the
ico-AB;; structure in the SAXS data is the strong (531) diffraction peak at ¢ = 2.3 nm™'
which is typically forbidden for simple cubic symmetry.® The ico-AB3 structure is a
well-known BNSL assembled by solvent evaporation and observed by TEM,* but is very
surprising in this case because the Au nanocrystals have an initially monodisperse size
distribution which then evolves into a collection of nanocrystals with two specific sizes at
elevated temperature. Like the bcc and hep superlattices, the ico-AB,; superlattice
expands as it is heated. The linear coefficient of thermal expansion of the ico-ABi3
superlattices was found to be 2.4x10~ °C”' which is comparable with the hcp superlattice

and about 8 times greater than the value for the bcce superlattice.
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At 177 °C, the superlattice structure changed yet again and the new Bragg
reflections index to a structure with hexagonal symmetry. At 181 °C a structurally
similar yet slightly more compact hexagonal superlattice appears whose Bragg reflections
outshine those from the original hexagonal structure. These superlattices are also
BNSLs, but with ABs structure (isostructural with CaCus; space group 191; Wyckoff
sequence: gca). The superlattice structure finally collapses at 208 °C. The scattering
signal shifted rapidly to low g at 208 °C, characteristic of spinodal decomposition and

phase separation between Au and the organic ligands.

5.3.2 Minor Superlattice Structures Observed During Heating

Figure 5.2 shows a zoomed-in region of Figure 5.1 with temperature-dependent
SAXS intensity profiles between 155 °C and 185 °C. Simulated Bragg peaks have been
overlaid onto the image to show where the peaks associated with the 4 primary
superlattice structures (bcc, hep, ico-AB;3, and hex-ABs) occur. In this temperature
range, several relatively week Bragg peaks occur which cannot be attributed to the

previously described superlattice structures.
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Figure 5.2: Contour plot of temperature-dependent SAXS profiles of an Au nanocrystal
superlattice zoomed into the temperature range 155 °C — 185 °C. The color
scale relates to log;o(Intensity). Overlays represent simulated diffraction
peak positions from the 4 primary superlattice structures (blue: bee; orange:
hcp; grey: ico-ABy3; green: hex-ABs).

At 158°C, an additional diffraction peak emerges at ¢ = 0.73 nm™ (Figure 5.2).
This peak does not correspond to either the hcp or the ico-ABj3 superlattices.
Interestingly, this peak disappears at approximately 167°C along with the peaks that are
associated with the hcp lattice. This suggests that the minor structure that generated the
diffraction peak at ¢ = 0.73 nm™' is somehow related to the hep structure. Because there
are few peaks associated with this minor superlattice and the intensity of these peaks is
relatively low, it is difficult to determine exactly the structure of this superlattice. One

possibility is that the additional diffraction peak at ¢ = 0.73 nm™' can be explained by the
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introduction of periodic (001)n, stacking faults in the hep superlattice (Figure 5.3). The
resulting structure depicted in Figure 5.3 is isostructural with Samarium (Sm, space group
166) and is a hexagonal structure consisting of a repeat stacking of nine close-packed
planes with stacking sequence ABABCBCACA and commonly called R9. The spacing
of the (001) close-packed planes is nearly identical to those in the more dominate hcp
structure. The extra peak at ¢ = 0.73 nm™ is then the (006) reflection for the R9

superlattice structure, as shown in Figure 5.3.
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Figure 5.3: Indexing of the transmission SAXS profile collected from a superlattice of
sub-2 nm dodecanethiol-capped Au nanocrystals heated to 159 °C. The
black curves are a radial integration of the 2D transmission SAXS pattern.
Several diffraction peaks cannot be indexed to the hep or bee superlattices
(e.g. at ¢ =0.73 nm™). The extra diffraction peaks can, however, be
explained by the introduction of periodic (001)n, stacking faults into the
hcp lattice such that the stacking sequence of the close-packed planes is
‘ABABCBCAC’. The green lines correspond to an hcp superlattice with a =
b =6.89 nm and ¢ = 11.25 nm. The red line corresponds to a bcc superlattice
with a =b =c =3.9 nm. The blue lines correspond to a “complex” hcp
superlattice (right panel; isostructural with Sm; space group 166) witha=>b
=7.4 nm and ¢ = 51.7 nm. The lattice constant, c, for the “complex” hcp
structure is nearly 4.5 times as large as it is for the original hcp structure,
which is expected based on the stacking sequence of close-packed planes in
the “complex” hcp superlattice.

The NaZn;s-type ico-AB;3 BNSL exists between 163 °C and 182 °C as can be

seen in Figure 5.1 and 5.2. The ico-AB; structure consists of cubic sub-cells where the
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large nanocrystals sit on the corners of the sub-cells and a cluster of 13 small
nanocrystals resides in the center of the sub-cell, as shown in Figure 5.4. This cluster of
13 small nanocrystals is arranged as if 12 of the nanocrystals sit on the corners of an
icosahedron and the 13" small nanocrystal resides at the center of the icosahedron. Other
arrangements of the B3 clusters in the cubic sub-cells have also been observed.!! To
distinguish the NaZn;s-type BNSL structure from other AB;3 BNSLs, it is typically
referred to by the term “ico-AB;3.” In the ico-AB; structure, the B,; clusters are rotated
by 90° with respect to the B3 clusters in adjacent cubic sub-cells. Thus, the full unit cell
must include 8 sub-cells to fully capture the symmetry structure. The unit cell for ico-
ABj; crystals is conventionally defined such that that the “A” components reside at the
positions (1/4, 1/4, 1/4), (3/4, 1/4, 1/4), (1/4, 3/4, 1/4), (3/4, 3/4, 1/4), (1/4, 1/4, 3/4), (3/4,
1/4,3/4), (1/4, 3/4, 3/4), and (3/4, 3/4, 3/4) in the unit cell as shown in Figure 5.4.
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Figure 5.4: Schematic of the ico-ABy3 structure. Large nanocrystals (orange) sit on the
corners of cubic sub-cells (left) and 13 small nanocrystals (blue) reside in
the center of the sub-cells with Pm-3n symmetry. Each B3 cluster is rotated
by 90° with respect to the B3 cluster in adjacent cells (illustrated by green
coloring) such that the full unit cell (middle) must be composed of 8 cubic
sub-cells. While it is convenient for illustration purposes to define the unit
cell as shown in the middle panel, the unit cell for ico-AB; crystals is
conventionally defined as shown in the right panel.

As can be seen in Figure 5.2, there are several diffraction peaks that exist between
167 °C and 177 °C that cannot be indexed to the ico-AB;3 BNSL. These extra reflections
can be explained by considering systematic replacements of the small nanocrystals at the
centers of the B; clusters with larger nanocrystals (see Figure 5.5). In particular, the
replacement of the small nanocrystals at the corners and face centers of the unit cell (i.e.
positions (0, 0, 0), (1/2, 1/2, 0), (1/2, 0, 1/2), and (0, 1/2, 1/2)) transforms the superlattice
symmetry from sc to fcc. Additional replacements of the small nanocrystals on the edges
and at the center of the unit cell (i.e. positions (1/2, 0, 0), (0, 1/2, 0), (0, 0, 1/2), and (1/2,
1/2, 1/2)) transform the superlattice symmetry from fcc to bee. Similar replacements of
small nanocrystals for larger nanocrystals in very thin BNSLs have been previously

reported.'®
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Figure 5.5: Indexing of the transmission SAXS profile collected from a superlattice of
sub-2 nm dodecanethiol-capped Au nanocrystals heated to 172 °C. The
black curves are a radial integration of the 2D transmission SAXS pattern
and show a coexistence of 3 different superlattice symmetries: the ico-AB3
BNSL and 2 others resulting from systematic replacement of small
nanocrystals at the center of the B, clusters with a larger nanocrystal.
Schematics of these structures are shown in the panels to the right. Red lines
(top) indicate the expected diffraction peaks for a simple cubic ico-AB;
structure with a =b = ¢ = 16.00 nm. Replacement of the small nanocrystals
with larger nanocrystals at the corners and face centers of the unit cell
transforms the superlattice symmetry and thus the expected diffraction
peaks. The green lines (middle) correspond to the fcc symmetry witha=b =
¢ = 16.89 nm. Additional replacement of the small nanocrystals on the edges
and at the center of the unit cell transforms the superlattice symmetry from
fce to bee. The blue lines (bottom) show the expected diffraction peaks for
the bcc symmetry witha=b=c¢=17.50 nm.
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5.3.3 TEM Characterization of Heated Superlattices

The nanocrystal superlattices observed by SAXS during the heating of a film of
1.8 nm dodecanethiol-capped nanocrystals were also studied by TEM. Figures 5.6, 5.7,
5.8, and 5.9 show TEM images of the bcc, hep, ico-ABi3, and hex-ABs nanocrystal

superlattice, respectively.

Figure 5.6: (a) TEM image and (b) FFT of a bcc superlattice of sub-2 nm
dodecanethiol-capped Au nanocrystals. The nanocrystal superlattice is
oriented with the (110) plane parallel to the substrate and results in the
observation of (110) “superlattice fringes.” (c) Illustration of the bcc
superlattice and (d) projection of the superlattice along the <110> zone axis.
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Figure 5.7: (a) TEM image and (b) FFT of an hcp superlattice of heated dodecanethiol-
capped Au nanocrystals. The nanocrystal superlattice is oriented with the
(001) plane parallel to the substrate. (c) Illustration of the hcp superlattice
and (d) projection of the superlattice along the <001> zone axis.

132



Figure 5.8: (a) TEM image and (b) FFT of an ico-AB;3 (NaZn,s-type) superlattice of
heated dodecanethiol-capped Au nanocrystals. The heated nanocrystals have
a bimodal distribution and form a BNSL. The nanocrystal superlattice is
oriented with the (001) plane parallel to the substrate. (c) Illustration of the
ico-AB3 superlattice and (d) projection of the superlattice along the <001>
zone axis.
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Figure 5.9: (a) TEM image and (b) FFT of a hex-ABs (CuCs-type) superlattice of heated
dodecanethiol-capped Au nanocrystals. The heated nanocrystals have a
bimodal distribution and form a BNSL. The nanocrystal superlattice is
oriented with the (001) plane parallel to the substrate. (c) Illustration of the
ABs superlattice and (d) projection of the superlattice along the <001> zone
axis.

While the SAXS data showed clearly that the 1.8 nm dodecanethiol-capped Au
nanocrystals were initially organized into a bcc superlattice, the positions of the
nanocrystals in the bcce superlattices are difficult resolve, as shown in Figure 5.6. Instead,
superlattice “fringes” corresponding to the bce (110) planes can be observed in the TEM
image resulting in the spots shown in the FFT. As shown in Figure 5.9, the hex-ABs
superlattice did not appear to form large grains on the TEM grid. However, grains as
large as 2 um were observed by TEM for the hep and ico-ABs superlattices. Figure 5.10

shows low magnification TEM images of large superlattice grains from the heated Au

nanocrystals.
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Figure 5.10: Low magnification TEM images of (a) an hcp and (b) an ico-AB 3
superlattice of heated dodecanethiol-capped Au nanocrystals. In each case
the superlattice grain extends approximately 2 pm on the TEM grid.

At 208 °C, the scattering intensity from the superlattices disappeared and the
scattering signal rapidly shifts to low angles. This is due to the rapid phase separation of
the inorganic and organic material in the film. The bicontinuous network of coalesced
Au and organic is clear in the TEM image of a film of Au nanocrystals heated above 208

°C shown in Figure 5.11.
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50 nm

Figure 5.11: TEM image of a film of Au nanocrystals heated above 208 °C. The
inorganic gold cores and organic ligand have undergone a phase segregation
resulting in the bicontinuous structure shown in the TEM image.

5.3.4 GISAXS Characterization of Heated Superlattices

Transmission-mode small angle x-ray scattering (SAXS) was used to probe the
structural transformations of heated nanocrystal superlattices for a number of reasons: 1)
the temperature and heating rate can be precisely controlled with commercially available
instrumentation, 2) thermal expansion of the experimental apparatus during heating does
not result in misalignment of the sample with the incident x-ray beam, 3) since the x-ray
beam only probes an area of the sample equal to the beam cross-section, an accurate

picture of the transition kinetics can be obtained, and 4) radial integrations of 2D
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transmission SAXS data can be used to observe weak diffraction peaks that would
otherwise be lost in the detector noise.

While grazing incidence small angle x-ray scattering (GISAXS) requires a more
complicated experimental approach and data interpretation, it can provide
crystallographic detail not accessible with the transmission SAXS geometry including,
but not limited to, preferential orientation of the superlattice with the substrate and
distortions of the superlattice along the direction normal to the substrate. Figures 5.12
through 5.16 show GISAXS patterns from the nanocrystal superlattice structures that are
observed during the heating a film of sub-2 nm Au nanocrystals. The GISAXS patterns
are overlaid with spot patterns that were simulated with the “indexGIXS” software

package.*
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Figure 5.12: GISAXS pattern resulting from a body-centered cubic (bcc) superlattice of
sub-2 nm dodecanethiol-capped nanocrystals. The spot overlay was
simulated using the following parameters:a=b=c=3.75nm,a=F=y =
90°, (110) plane parallel to the substrate, incident angle o; = 0.25°, critical
angle for the substrate o, = 0.18°, and the critical angle for the film af =
0.10°. The open white circles show the expected positions of the Bragg
spots with the indicated indexes. The white dots denote the direct and
reflected beam positions. The horizontal lines indicate the sample horizon
(red) and the Yoneda peak for the film (white).
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Figure 5.13: GISAXS pattern resulting from a hexagonal close-packed (hcp) superlattice
of dodecanethiol-capped Au nanocrystals. The spot overlay was simulated
with the following parameters: a=b = 6.5 nm, ¢ = 10.61 nm, a = =90°, y
=120°, (001) plane parallel to the substrate, incident angle a; = 0.25°,
critical angle for the substrate a5 = 0.18°, and the critical angle for the film
ar=0.10°.
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Figure 5.14: GISAXS pattern resulting from a simple cubic (sc) NaZn;;-type ico-ABy3
binary nanocrystal superlattice (BNSL) of dodecanethiol-capped Au
nanocrystals. The dashed black rings show the expected positions of the
diffraction rings with the indicated indexes from a cubic NaZns-type
structure witha=b =c¢=16.0 nm. The appearance of powder rings in the
GISAXS pattern indicates that there is no preferential orientation of the
superlattice with the substrate. The appearance of strong (531) and (753)
reflections is characteristic of diffraction patterns from NaZn,;-type
structures.

The GISAXS patterns for the hexagonal CaCus-type ABs BNSL could not be
indexed such that all observed Bragg spots were accounted for with no additional
expected spots. We explored 2 different simulation schemes, one with the hexagonal
lattice parameters a = b = 2¢ (which can be inferred from the TEM image of the ABs
BSNL; Figure 5.9) and the other with a =b = c. In the first case (Figure 5.15), nearly all
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Bragg spots can be accounted for but many additional spots are also expected and not
observed. In the second case (Figure 5.16), not all spots can be explained using common
crystallographic orientations of the superlattice and several high index orientations are
presented to account for the other spots. It is important to note that our simulation only
predicts whether a spot is expected or not and does not calculate the relative strengths of
the reflections. Thus, it is possible that many spots that are expected from our simulations
may be too weak to observe in the data. In considering a CuCus-type structure (space
group 191; Wyckoff sequence: gca) with a = b = 2c, it is interesting to note that if the
nanocrystals in the 2¢ Wyckoff were similar in size to those in the 1a Wyckoff positions
(and thus possessed a similar scattering factor) then the structure would resemble a

simple hexagonal structure witha=b =c.
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Figure 5.15: GISAXS pattern resulting from a hexagonal CaCus-type ABs BNSL of
dodecanethiol-capped Au nanocrystals. The spot overlays in (a) and (b)
were simulated with the following parameters: a=b = 12.4 nm, ¢ = 6.2 nm,
a =P =90°v=120° incident angle a; = 0.25°, critical angle for the
substrate o5 = 0.18°, and the critical angle for the film ar= 0.10°. The plane
parallel to the substrate was (110) in (a) and (001) in (b). The green stars
denote the positions of the direct and reflected beam. The horizontal lines
represent the sample horizon (white), the Yoneda peak for the film (solid
red), and the Yoneda peak for the substrate (dashed red). The simulation in
(a) accounts for all the observed Bragg spots but also predicts many other
spots which are not observed in the GISAXS pattern.
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Figure 5.16: GISAXS pattern resulting from a hexagonal CaCus-type ABs BNSL of
dodecanethiol-capped Au nanocrystals. The spot overlays in all images were
simulated with the following parameters:a=b=c¢=6.2 nm, a =03=90° vy
=120°, incident angle o; = 0.25°, critical angle for the substrate o = 0.18°,
and the critical angle for the film ar= 0.10°. The plane parallel to the
substrate was (001) in (a) and (110) in (b). Not all observed Bragg spots are
accounted for in (a) and (b), but have the same g-values as identified
reflections in (a) and (b) so several other superlattice orientations were
explored that simulate them. In particular, simulations with the (c) (043) and
(d) (144) superlattice planes parallel to the substrate are shown. A unique
characterization of these minority orientations cannot be given, as in each
case only one diffraction spot was strong enough to observe.
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5.3.5 Temperature-Induced Growth of Nanocrystals

The temperature-dependent phase transitions of the Au nanocrystal superlattice
derive from the growth of the Au nanocrystal cores, the accompanying partial desorption
of the ligand shell, and the tendency towards Au-organic phase segregation (that is
frustrated at lower temperature due to bonding). It was very surprising to find that the
nanocrystal size distribution changes with increasing temperature while remaining
sufficiently well-defined to retain order during this ripening process. Figure 5.17 shows
TEM, SAXS, grazing-incidence wide angle X-ray scattering (GIWAXS) and optical
absorbance spectra of the Au nanocrystals after being heated to various temperatures. All
of the data confirm the increased nanocrystal size that was observed in TEM and SAXS
data from the heated superlattices. This kind of “controlled” ripening of alkanethiol-
coated Au nanocrystals, however, is not unprecedented, as Shimizu et al. has observed
similar ripening behavior*' in heated films of Au nanocrystals. The nanocrystal assembly
retains a high degree of order, but changes symmetry to accommodate the difference in
interfacial curvature at the interface between the inorganic nanocrystal cores and the
ligand shell. Additionally, there is a decrease in the total nanocrystal surface area in the
system as the nanocrystal cores grow; thus, a change in the relative amount of “bound” to
“unbound” ligand is also potentially important. These observations suggest similarities

between nanocrystal superlattices and microphase-segregating diblock copolymers.'*
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Figure 5.17:(A-D) TEM images of a single layer of nanocrystals heated to the indicated
temperatures and the corresponding nanocrystal core size distributions
measured from TEM images. (E) Porod plots of solution SAXS data with
simulated intensity profiles (solid black lines), (F) in situ GIWAXS, and (G)
absorbance spectra of Au nanocrystals after heating to the indicated
temperature and being redispersed in toluene. The data show that the growth
of the Au nanocrystal cores begins around 125°C, which corresponds to the
appearance of the hcp superlattice structure as shown in Figure 5.1.
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5.3.6 Influence of Nanophase-Separation

Typically, the assembly of ligand-stabilized nanocrystals into superlattices is
considered similar to hard-sphere packing whereby the constituents assemble into the
most efficient space-filling structure in order to maximize free volume entropy. The
densest arrangement of hard spheres are fcc and hep, both having a space filling fraction
of 0.74. However, fcc is observed significantly more than hcp in assemblies of
micrometer-sized colloidal particles and ligand-stabalized nanocrystals—presumably due
to the very small (about 10~ kgT) difference in free energy.’' It is interesting, then, that
none of the four ordered structures observed in this heated nanocrystal system were fcc.
The structures must be influenced by something besides packing fraction considerations.

In fact, there is a distinct similarity between the Au nanocrystal superlattice
structures and those of microphase-separated diblock copolymers. As illustrated in
Figure 5.18, columns of ligand extend from the substrate in a 2D hexagonal array in an
hep superlattice (Figure 5.18F) like the cylindrical (or hexagonal) morphology of diblock
copolymer melts. The ligand network in the simple cubic ico-AB;3 NaZn;s-type
superlattice is similar to the cubic bicontinuous “plumber’s nightmare,” which is triply

3 In the case of the BNSL, the three domains correspond to the large

periodic.”
nanocrystals, the small nanocrystals, and the ligand (Figure 5.181). In the hexagonal
CaCus-type superlattice (Figure 5.18K), the ligands have a 2D hexagonal arrangement of
hollow tubes extending up from the substrate (Figure 5.18L). While this topology is
closely related to inverse hexagonal morphology for diblock copolymers, the simple
hexagonal nanocrystal superlattice® is the direct analog of the inverse hexagonal
morphology of diblock copolymers. Strong evidence of this nanophase separation is the

spinodal decomposition that occurs at 208 °C. As the dodecanethiol ligand desorbs from

the nanocrystal surface, the Au cores phase segregate from the organic ligand as shown in
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Figure 5.18M. The phase segregation occurs rapidly, as shown in the TGA and DSC data
in Figure 5.19. While the DSC data shows a very narrow peak that corresponds to the
rapid coalescence of the Au nanocrystals, the TGA data shows that the organic ligand
does not evaporate in such a narrow timeframe. In fact, only about 2 % of the ligand has
evaporated at the time when the Au nanocrystal cores coalesce (the ligand makes up

about 25% of the sample weight).
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Figure 5.18:(A, D, G, J) Model representations, (B, E, H, K) superlattice projections
with the noted orientations, and (C, F, I, L) simplified ligand domains for
observed nanocrystal superlattice structures: (A-C) bce, (D-F) hep, (G-1),
binary sc ico-ABj3, and (J-L) binary hex ABs. The simplified ligand
domains mimic microphase-separated morphologies for amphiphilic organic
molecules: (C) bee (spherical), (F) hexagonal (cylindrical), (I) cubic
bicontinuous (plumber’s nightmare), and (L) inverse hexagonal. (M) TEM
image of a nanocrystal superlattice that has been heated above 200°C.
Spinodal decomposition of the superlattice occurs as the ligand completely
desorbs from the nanocrystal surface.
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Figure 5.19: TGA data (black curve) and DSC data (red curve) collected simultaneously
for sub-2 nm dodecanethiol-capped Au nanocrystals. The TGA shows that
evaporation of the ligand occurs gradually over a large temperature range.
The DSC data shows a narrow exothermic peak around 200 °C which can be
attributed to the rapid coalescence of the Au nanocrystal cores as they phase
separate from the organic ligand.

The phase separation of the inorganic cores and the organic ligand dictates the
nanostructure of the dodecanethiol-capped Au nanocrystal film as it is heated. Initially,
all the ligand is bound to the nanocrystal surface and the nanocrystal cores are unable to
phase segregate from the organic ligand. The chemical bond between the ligand and the
nanocrystal core frustrates the system and the nanocrystals arrange into a bce superlattice

as do amphiphilic sphere-forming block copolymers. As the nanocrystals are heated, the

nanocrystals grow which reduces the surface area in the system and liberates some of the
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ligand from the nanocrystal core. This decreases the frustration in the system and the

nanocrystals rearrange to in order to further segregate the inorganic and organic material.

5.4 CONCLUSION

Our findings show a strong conceptual link between the self-assembly of
nanocrystal superlattices and microphase-separated amphiphilic soft materials like
diblock copolymers. Indeed, there are analogs of some of the most complex nanocrystal
superlattice structures™ in diblock copolymers.”® This work also shows that nanocrystal
superlattices can undergo a surprisingly diverse range of structural transitions with only
subtle changes in nanocrystal size and ligand content. An initial bec superlattice
transformed to a hexagonal close-packed (hcp) lattice, then to binary superlattices with
simple cubic (sc) symmetry (isostructural with NaZn;3;) and hexagonal (hex) structure
(isostructural with CaCus). The phase transitions were not reversible and resulted from
changes in nanocrystal size. One common perception of nanocrystal superlattices is that
they are assemblies of discrete units—i.e., “artificial atoms”—yet, here we show that
nanocrystal superlattices are essentially metastable nanophase-separated ordered arrays of
inorganic and organic domains. The self-assembly of soft materials is well understood
based on microphase-separation and molecular packing constraints.”’  There is
opportunity to leverage the extensive theoretical understanding of microphase-separated
organic systems to enable greater understanding of nanocrystal self-assembly.
Additionally, nanocrystals can offer a unique fundamental test bed for exploring the self-
organization of microphase separated systems, since nanocrystals assemble on rapid time
scales and several parameters like interfacial curvature and the “block™ volume fraction

can be independently controlled.
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Chapter 6: Copper Chalcogenide Nanocrystal Inks for Low-Cost
Printable Photovoltaics?

6.1 INTRODUCTION

[-III-VI, chalcopyrite compounds, particularly copper indium gallium selenide
(Cu(InyGa,)Sez; CIGS), are effective light-absorbing materials in thin film solar cells.'
These materials possess advantageous properties for solar applications, including that
their band gap energy at the red edge of the solar spectrum; they are direct band gap
semiconductors with correspondingly high optical absorption coefficients;*” and CIGS
materials, in contrast to other candidate materials for thin-film solar cells such as CdTe
and amorphous silicon (a-Si), are stable under long-term excitation.* High efficiency
CIGS-based devices are typically fabricated using polycrystalline films,” and single-
junction CIGS solar cells have demonstrated nearly 20% solar energy conversion
efficiency,’ which is significantly higher than either CdTe or a-Si based devices.’
Furthermore, CIGS devices and manufacturing processes may provide have less
environmental impact than those with thin film materials with large amounts of Cd and
Pb, like CdTe and PbSe based solar cells, although to date the highest efficiency CIGS
PV devices have nonetheless required CdS buffer layers.®

One of the hurdles currently impeding widespread commercialization of CIGS-

based solar cells is the difficulty in achieving controlled stoichiometry over large device

T Portions of this chapter appear in Panthani, Matthew G.; Akhavan, Vahid; Goodfellow, Brian; Schmidtke,
Johanna P.; Dunn, Lawrence; Dodabalapur, Ananth; Barbara, Paul F.; Korgel, Brian A., “Synthesis of
CulnS,, CulnSe,, and Cu(In,Ga,4)Se, (CIGS) Nanocrystal "Inks" for Printable Photovoltaics.”, Steinhagen,
Chet; Panthani, Matthew G.; Akhavan, Vahid; Goodfellow, Brian; Koo, Bonil; Korgel, Brian A.,
“Synthesis of Cu,ZnSnS, Nanocrystals for Use in Low-Cost Photovoltaics.” Journal of the American
Chemical Society (2009), 131(35), 12554-12555., Akhavan, Vahid A.; Goodfellow, Brian W.; Panthani,
Matthew G.; Reid, Dariya K; Hellebusch, Danny J.; Adachi, Takuji; Korgel, Brian A., “Spray-deposited
CulnSe, Nanocrystal Photovoltaics.” Energy and Environmental Science (2010), 3, 1600-1606., and
Akhavan, Vahid A.; Panthani, Matthew G.; Goodfellow, Brian W.; Reid, Dariya K; Korgel, Brian A.,
Thickness-limited Performance of CulnSe, Nanocrystal Photovoltaic Devices. Optics Express (2010),
18(S3), A411-A420.
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areas, leading to high manufacturing costs and poor device yield.” CIGS layers in state-
of-the-art devices are deposited by a multi-stage co-evaporation of depositing alternate
copper, indium, and gallium layers followed by reacting with a selenium source, Se or

11" This process is time-consuming and the CIGS

H,Se gas, in the chamber.
stoichiometry is difficult to control—intermetallic phases can form and the Se content
can vary significantly in the films.”'* Large materials losses on the deposition chamber
walls also increases cost. For all of these reasons, alternative CIGS layer deposition
strategies are desired.

One approach with the potential to produce CIGS layers with controlled
stoichiometry without the need for high temperature annealing is to chemically
synthesize CIGS nanocrystals with controlled stoichiometry and crystal phase and
disperse them in solvents, creating a paint or ink. Such an approach—of printable CIGS
inks—make accessible a range of solution-based processing techniques and may lead to

A chemical, solution-

inexpensive fabrication routes for CIGS light-absorbing layers.
based approach alleviates the need for a high temperature annealing step under selenium
atmosphere and may solve the CIGS “selenium problem”—i.e., avoiding Se loss and
achieving the correct CIGS stoichiometry in films covering large substrate areas.'*
Photovoltaic devices incorporating nanocrystalline-based CdSe/CdTe' and CuS'
absorber layers have been reported and demonstrated solar energy conversion efficiencies
as high as 2.9%, although a high temperature anneal at 400°C was required.
Semiconductor nanocrystals have also been combined with polymers to produce solution-
processed photovoltaics, such as hybrid CdSe nanocrystal/poly-3(hexylthiophene) solar

cells, which yield reported efficiencies of up to 1.7%.""

Many different semiconductor
nanocrystals can be synthesized by colloidal routes, including Groups II-VI'®, I1I-V," I-

VI.2%*? IV-VL,> and IV**?® semiconductors, but the synthesis of I-I[I-VI, nanocrystals is
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much less developed. Nonetheless, there are literature reports of the synthesis of ternary
chalcopyrite compound nanocrystals, such as CulnS,, CulnSe;, and other I-1I-VI,
semiconductor nanocrystals such as AgInS,.”>* These nanocrystals, however, generally
suffer from relatively low yields, and poor crystallinity”> and poor uniformity in
composition and phase.’** This is not surprising considering that many of these systems
have very complicated phase diagrams and nanocrystals can exhibit greater phase
complexity than the corresponding bulk materials, which furthermore can depend on how

the nanocrystals are made.*

6.2 EXPERIMENTAL SECTION

6.2.1 Materials

All chemicals were used as received without further purification unless otherwise
noted. Copper(I) acetylacetonate (Cu(acac),; 99.99+%), copper(I) chloride (CuCl;
99.995+%), indium(III) chloride (InCls; anyhydrous 99.99%), indium(I1I) acetylacetonate
(In(acac)s; 99.99+%), zinc acetate (Zn(O,CCHj3),, 99.99%), tin(IT) chloride dihydrate
(SnCl,+2H,0, 99.99+%), elemental sulfur (99.98%), tributylphosphine (TBP; 97%), o-
dichlorobenzene (DCB; 99%), and cadmium sulfate (CdSOs, 99.999%) were obtained
from Aldrich Chemical Co.; elemental selenium (99.99%) was obtained from Aldrich
Chemical Co. or Strem Chemicals; gallium(III) chloride (GaCls; 99.9999%) was obtained
from Strem Chemicals; oleylamine (OLA; >70%) was obtained from Aldrich Chemical
Co. or Fluka and, in some cases, was degassed by three cycles of freeze-pump-thaw;
thiourea (99.999%) was obtained from Fluka; chloroform (99.99%), toluene (99.99%),
ethanol (absolute), tetrachloroethylene (TCE; spectrophotometric grade 99+%), and

ammonium hydroxide (18M NH4OH, ACS certified) were obtained from Fisher
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Scientific; N, and forming gas (7% Ha, 93%N,) were received from Matheson Tri-Gas.
Copper(I) chloride, indium(IIl) chloride, and gallium(IIl) chloride, TBP and degassed
OLA were stored in a nitrogen-filled glovebox to prevent degradation.

Soda lime glass (25 x 25 x 1.1 mm polished float glass) was obtained from Delta
Technologies; kapton was obtained from DuPont; chromium (Cr 99.999%) and gold (Au,
99.95%) and aluminum (Al, 99.99%) metal for thermal evaporation and molybdenum
(Mo, 99.999%), zinc oxide (Zn0O, 99.9%) and indium tin oxide (ITO, 99.99% In,03:SnO;
90:10) sputtering targets were obtained from Kurt J. Lesker Co.; ultrapure Ar gas

(99.999%) and 0.5% O, in Ar gas (99.95%) were obtained from Praxair.

6.2.2 CulnS, Nanocrystal Synthesis

0.26 g (1 mmol) of Cu(acac), and 0.41 g (1 mmol) of In(acac); are added to 7 mL
of DCB in a 25 mL three-neck flask in air In a separate 25-mL three-neck flask, 0.064 g
(2 mmol) of elemental sulfur is dissolved in 3 mL of DCB in air. Both flasks are then
attached to a Schlenk line and purged of oxygen and water by pulling vacuum at room
temperature for 30 minutes, followed by N, bubbling at 60°C for 30 minutes. Between
0.5 and 2 mL (1.5 to 6 mmol) of OLA are added to the (Cu, In)-DCB mixture and both
flasks are heated to 110°C and combined, maintaining a N, flow. The reaction mixture is
refluxed (~182°C) for one hour under N, flow. The reaction is allowed to cool to room
temperature, and the nanocrystals are separated by adding excess ethanol. The yield of

solution-stable nanocrystals after purification was ~90%.
6.2.3 CulnSe, Nanocrystal Synthesis

6.2.3.1 One-Pot Synthesis

In a nitrogen-filled glove box, 1 mmol of CuCl (0.099 g), 1 mmol of InCl; (0.221

g), and 2 mmol of elemental Se (0.158 g) are combined in a 25-mL three-neck flask with
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an attached condenser and stopcock valve. The stopcock valve is closed before removing
the flask from the glove box, where it is attached to a Schlenk line and placed on a
heating mantle. 10 mL of OLA stored in air is injected into the flask. The flask is purged
of oxygen and water by pulling vacuum at 60°C for one hour, followed by N, bubbling at
110°C for one hour while stirring. The mixture is then heated to 240°C and the reaction
proceeds for 4 hr under vigorous stirring. The reaction is cooled to ~100°C, where ~10
mL of chloroform is added to quench the reaction, and ~5 mL of ethanol is added to
precipitate the nanocrystals. After adding the ethanol, the reaction mixture is
immediately removed and placed in a centrifuge tube. Reactions carried out for less than
four hours yielded nanocrystals with a larger size distribution and more agglomeration
when dispersed after purification. A significant amount of poorly-capped and large (up
to 200 nm diameter) nanocrystals are found in the crude reaction product, which is
separated from the well-capped nanocrystals. The typical product yield of the well-

dispersed CulnSe; nanocrystals was ~15%.

6.2.3.2 Hot-Injection Synthesis

In a nitrogen-filled glove box, 5 mmol of CuCl (0.45 g) and 5 mmol of InCls
(1.11 g), 50 ml of degassed OLA and a magnetic stir bar are sealed in a 100-mL three-
neck flask with septa, and an attached condenser-stopcock valve combination. The
reaction flask is taken outside the glovebox and mounted on a conventional Schlenk line
setup. The flask is purged of oxygen and water by pulling vacuum at 110 °C for 30 min,
followed by N, bubbling at 110 °C for 5 min while stirring.

A 1M TBP:Se solution is separately prepared in the glovebox by dissolving 10
mmol of Se (0.79 g) in 10 ml TBP in a 25 ml vial under magnetic stirring. The resulting

Se reactant solution is drawn into a syringe and taken outside the glovebox in preparation

159



for injection into the reaction flask on the Schlenk line. At this point, the temperature of
the reaction flask is raised to 240 °C at a heating rate of approximately 50°C/min. When
the temperature in the flask reaches 180°C, the TBP:Se stock solution is injected into the
flask. The reaction mixture is then maintained at 240°C for 10 minutes. The heating
mantle is removed and the reaction is allowed to cool to room temperature. The contents
of the reaction vessel and 10 ml of ethanol are mixed in a glass centrifuge tube, and the
nanocrystal product is precipitated by centrifugation at 4000 rpm for 5 minutes. The
supernatant is discarded. The nanocrystal product is redispersed in 5 mL of toluene and
centrifuged at 4000 rpm for 5 minutes to remove the larger and poorly capped product.
The supernatant is added to a new glass centrifuge tube and the precipitate is discarded.
Ethanol is then slowly added to the nanocrystal dispersion until the mixture becomes
slightly turbid. The mixture is centrifuged at 4000 rpm for 5 minutes to again precipitate
the nanocrystal product. The supernatant is discarded, and the solid product is

redispersed in toluene to a final concentration of 20 mg/ml.

6.2.4 Cu(InyGay.x )Se, (CIGS) Nanocrystal Synthesis

A typical reaction is carried about by adding 1 mmol of CuCl (0.099 g), 2 mmol
of elemental Se (0.158 g), and 1 mmol total of InCl; (0.00 to 0.221 g) and GaCl; (0.00 to
0.111 g), to a 25-mL three-neck flask with attached condenser and stopcock valve in a
nitrogen-filled glove box. The stopcock valve is closed before removing the flask from
the glove box, where it is attached to a Schlenk line and placed on a heating mantle. 10
mL of OLA is injected into the flask. The flask is purged of oxygen and water by pulling
vacuum at 60°C for one hour, followed by N, bubbling at 110°C for one hour while

stirring. The mixture is then heated to 240°C and the reaction proceeds for 4 hr under
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vigorous stirring. The product yield of Culn,Ga,,Se, nanocrystals with x < 1 ranged

from 20%-60% after purification.

6.2.5 CuZnSnS, (CZTS) Nanocrystal Synthesis

In a typical reaction, 0.52 g of Cu(acac),, 0.29 g of zinc acetate, 0.18 g of SnCl,,
0.13 g of elemental S are added to 40 mL of oleylamine in a 100 mL three-neck flask on
a Schlenk line. After degassing under vacuum for 2 hours and purging with N, for 30
min at 110 °C, the reaction mixture is heated to 280 °C for 1 hr. After cooling to room
temperature, the nanocrystals are isolated by precipitation with ethanol, followed by
centrifugation. Solid reaction byproducts and poorly capped nanocrystals are removed by
redispersion in chloroform and centrifugation at 8,000 rpm for 2 min. The nanocrystals
are washed three more times by solvent/antisolvent precipitation with

chloroform/ethanol. A typical reaction yields approximately 200 mg of nanocrystals.

6.2.6 Materials Characterization

The nanocrystals were characterized using a range of analytical techniques,
including transmission electron microscopy (TEM), energy-dispersive x-ray spectroscopy
(EDS), inductively coupled plasma mass spectrometry (ICP-MS), scanning electron
microscopy (SEM), X-ray diffraction (XRD), and UV-Vis-NIR absorbance spectroscopy.

TEM imaging was performed on nanocrystals drop-cast from chloroform, hexane,
or toluene dispersions on carbon-coated 200 mesh copper or nickel TEM grids (Electron
Microscopy Sciences). TEM images were acquired on either a Phillips 208 TEM with 80
kV accelerating voltage or a JEOL 2010F TEM operating at 200 keV. EDS was carried
out using an Oxford INCA EDS detector mounted on the JEOL2010F TEM or a Bruker
Quantax 200 detector mounted on a Hitachi S-5500 STEM. The nanocrystal composition
was also measured using inductively coupled mass-spectrometry (ICPMS) for
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nanocrystal films and powders using a GBC Optimass 8000 ICP-TOF-MS. The ICPMS
samples were prepared by digesting a dried nanocrystal powder or thin film in
concentrated HNO3. SEM images were acquired using either a LEO 1530 or Zeiss Supra
40 VP SEM operated between 1 and 10 keV. Images were collected through the in-lens
or SE2 detector. SEM samples were prepared by depositing a thin layer of the
nanocrystals on a conductive surface and were grounded to the SEM base using a strip of
copper tape to prevent charging of sample surface. XRD data was acquired using a
Bruker-Nonius D8 Advance 0-20 Powder Diffractometer equipped with a Bruker Sol-X
Si(Li) solid-state detector and a rotating stage. Cu Ka (A= 1.54 A) radiation was used.
For XRD, the nanocrystals were evaporated from concentrated dispersions onto quartz
(0001) substrates as ~0.5 mm thick films. Diffraction data was collected by scanning for
4 to 12 hours with an angle increment of 0.01° or 0.02° at a scan rate of 6°/min or
12°/min and a sample rotation speed of 15 rpm. UV-vis-NIR absorbance spectra were
obtained with a Varian Cary 500 UV-Vis-NIR spectrophotometer using hexane-dispersed
nanocrystals in a quartz cuvette. Film thicknesses were found using a Veeco Dektak 6M
stylus profiler. Absorbance was also measured for thin, optically transparent nanocrystal

films deposited by spray coating on a quartz substrate.
6.2.7 Nanocrystal Film Deposition

6.2.7.1 Drop-Casting

Thick films (~1 pum) of nanocrystals were deposited onto 12 x 25 mm glass or
Mo-coated glass substrates by dropping 150 puL of TCE dispersions with nanocrystal
concentrations of 5 mg/mL. The film was fully dried by placing the substrate in a

vacuum chamber at room temperature for 12 hours.
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6.2.7.2 Spray-Deposition

Nanocrystal films were deposited onto substrates by spray deposition of 20
mg/mL nanocrystal dispersions in toluene using a commercial spray gun (Iwata Eclipse
HP-CS) operated at 50 psig head pressure. The gun head was held approximately 10 cm

from the substrates.

6.2.8 Photovoltaic Device Fabrication

Conductive back contacts (Mo, Au, or ITO) were deposited on polished soda lime
float glass (25 mm x 25 mm x 1.1 mm) or kapton using conventional vapor deposition
techniques. Mo and ITO were deposited using radio frequency (RF) sputtering in
ultrapure Ar at SmTorr. RF sputtering was used instead of DC sputtering because it has
been reported to provide a film with a better combination of substrate adhesion and good
conductivity.”> Back contact layers of a 5 nm Cr adhesion layer with 60 nm of Au were
deposited by thermal evaporation from a tungsten boat. Nanocrystals films were
deposited onto the conductive back contacts as described in sections 6.2.7.1 and 6.2.7.2.
In a typical deposition, a 20 mg/ml dispersion of nanocrystals were prepared for spray
deposition and nanocrystal layers were spray-deposited with a commercial airbrush
operated at 50 psig of head pressure. A CdS buffer layer was then deposited from
solution following procedures and parameters described by McCandless and
Shafarman.*® Stock aqueous solutions of 0.015 M cadmium sulfate, 1.5 M thiourea, and
14.28 M ammonium hydroxide were made and used in preparation of working solutions
by mixing 1.25 mL of the CdSOy solution, 2.2 mL of the CS(NH>); solution, and 2.8 mL
of the NH4OH solution. Substrates were placed on a hot plate for 10 min that had been
preheated to 90°C, after which 0.5-1.0 mL of the working solution was deposited on each
substrate. The substrates were immediately covered to reduce the loss of ammonia from

the solution. After 2 minutes the substrates were removed from the hot plate, rinsed with
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DI water, and dried in a clean air stream. 1-ZnO/ITO top contacts were deposited by RF
sputtering. First, a layer of 1-ZnO approximately 50 nm thick was sputtered from a target
of ZnO in an atmosphere of 0.5% O, in Ar. Then, a layer of ITO approximately 300 nm
thick was sputtered from a target of ITO in an Ar atmosphere. The final active region of
the device was 8 mm” (a 4 mm x 2 mm rectangle). Completed devices were placed in a
vacuum oven at 200°C for up to 40 minutes to improve the device performance.

Stacked PV devices were made by placing the active areas directly on top of each
other, and then connecting the stacked devices in parallel using conductive silver paint
(SPI Supplies). There was less than 5% area offset between multiple stacked devices.
Mott-Schottky measurements were performed on PV devices with slightly different
architectures. Approximately 300 nm of sputtered ITO was used as a substrate to deposit
CulnSe, nanocrystal films as described above in 6.2.7.2. A top contact layer of Al
approximately 40 nm thick was thermally evaporated from an alumina-coated tungsten

. . 2
boat. The active device area was & mm".

6.2.9 Photovoltaic Device Testing

Current-potential (I-V) characteristics were collected using a Keithley 2400
General Purpose Sourcemeter and a Xenon Lamp Solar Simulator (Newport) equipped
with an AML.5 optical filter. The intensity of the light source was calibrated using a
NIST calibrated Si photodiode (Hamamatsu, S1787-08). Different fractions of solar
spectrum were generated by placing a colored glass, cutoff filters (Newport) directly in
the path of light beam emanating from the solar simulator. Incident photon conversion
efficiency (IPCE) measurements were performed at zero bias between 300 and 1100 nm
in 10 nm steps using an in-house fabricated spectrophotometer. Monochromatic light

was generated using a commercial monochromator (Newport Cornerstone 260 1/4M).
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Generated light was chopped at 213 Hz and was focused to a spot size of 1 mm in
diameter on the active region. The response of the device was recorded using a lock-in-
amplifier (Stanford Research Systems, model SR830). The light intensity was calibrated
using calibrated photodiodes of silicon (Hamamatsu) and germanium (Judson).
Impedance characteristics was measured by applying a 50 mV A-C waveform at
frequencies between 0.1 Hz and 10" Hz with 5 steps per decade, using a Solartron 1260A

Frequency Response Analyzer coupled with a Solartron 1296 Dielectric Interface.

6.3 RESULTS AND DISCUSSION

6.3.1 CulnS; Nanocrystals

CulnS; nanocrystals were synthesized using a variation of the procedure

122

developed by Ghezelbash and Korgel“” for CuS nanocrystals, by adding In(acac); as an In

source to the reaction:

o-dichlorobenzene, 180° C

Cu(acac), + In(acac), + 2S > CulnS, nanocrystals + byproducts  (6.1)

oleylamine

Elemental sulfur dissolves in dichlorobenzene and could be used directly as the
sulfur source. Figure 6.1 shows TEM images of CulnS, nanocrystals synthesized using
the reaction scheme in Eqn (6.1). The nanocrystal size could be roughly controlled by
varying the OLA:metal ratio. Figure 6.1 shows CulnS; nanocrystals with two different
average diameters obtained by varying the OLA:metal ratio in the reaction. The average
nanocrystal diameter was increased from 6 to 12 nm as the OLA:metal ratio by
decreasing the ratio from 6:1 to 3:1. The nanocrystal shape was not perfectly spherical,

which contributed to the relatively broad size distributions of the nanocrystals. High
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resolution TEM (Figure 6.2) showed the crystallinity of the nanocrystals, with lattice
spacings corresponding to tetragonal CulnS,. XRD (Figure 6.3) confirmed that the
nanocrystals are chalcopyrite (tetragonal) CulnS; and that no other phases are produced
in the reaction. EDS from fields of nanocrystals gave an average Cu:In:S composition of
0.29:0.25:0.46, which is near the target 0.25:0.25:0.5 ratio, considering the error of the
EDS detector (approx. £2 at. %) and that Cu is slightly overrepresented in the EDS
spectra due to signal from the Cu sample holder. There was no compositional variation
from particle to particle within the error of the EDS detector. The band gap energy
determined from absorbance spectra (Figure 6.4) of optically-clear (i.e., non-scattering)
dispersions of nanocrystals was found to be 1.29 eV (960 nm), which is within the range

of the CulnS, band gap energy (which has been reported to lie between 1.2 and 1.5 eV)

3,37

reported in literature.

Figure 6.1: TEM images of CulnS, nanocrystals synthesized with varying OLA:(Cu+In)
mole ratios: (a,b) 6:1, 8 nm diameter; (c,d) 3:1, 12 nm diameter.

166



Figure 6.2: HRTEM images of a CulnS; nanocrystals (a,b) and their respective fast
Fourier transforms (FFTs) (c,d). The d-spacings correspond to chalcopyrite
(tetragonal) CulnS,.
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6.3.2 CulnSe, Nanocrystals

6.3.2.1 Synthesized With One-Pot Method

CulnSe; nanocrystals could not be synthesized using an approach similar to
CulnS; because unlike S, Se does not dissolve in dichlorobenzene. After exploring a
variety of different reaction approaches, one effective route was a direct combination of
Cu and In salts and solid Se in a flask with oleylamine followed by heating to 240°C for

four hours (Equation (6.2)).

CuCl + InCl, + 28e%”;ﬁ—>CuInSe2 nanocrystals + byproducts (6.2)

Figure 6.5 shows TEM images of a typical CulnSe, nanocrystal preparation. The
nanocrystals are approximately 15 nm in diameter. Both high-resolution TEM (Figure
6.6) and XRD (Figure 6.7) confirmed that the nanocrystals are crystalline with tetragonal
chalcopyrite CulnSe; structure. The d-spacings observed in TEM and the FFTs of the
TEM images are also consistent with tetragonal CulnSe,. No other crystal phases were
observed in the XRD patterns of the product. Compositional analysis by ICPMS showed
that the average composition of the nanocrystals in the sample has a molar Cu:In:Se ratio
of 1:1:2 and the composition of individual particles measured by EDS was 1:1:2 with a
variation from particle to particle less than the experimental error of approximately 42

at.%.
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Figure 6.6: (a,b) HRTEM images of CulnSe, nanocrystals and (c,d) their FFTs. The
observed d-spacings and the indexed FFTs are consistent with chalcopyrite
(tetragonal) CulnSe,.
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Figure 6.7: XRD pattern of chalcopyrite CulnSe, nanocrystals (JCPDS#00-040-1487).
The scattering intensity is plotted on a logarithmic scale to elucidate the
(211) peak. Dashed boxes indicate reflections that are unique to
chalcopyrite (CulnSe,).

Like the CulnS, nanocrystals, the CulnSe, nanocrystals are not spherical and
exhibit significant faceting. The faceting has thus far been difficult to control, but this
might be addressed by the optimization of several factors, including the capping ligand
chemistry and the way reactants are added to the reaction. The relatively broad size

distribution of the nanocrystals (ranging from as small as 5 nm to as large as 25 nm) is

largely the result of this irregularity in particle shape.

6.3.2.2 Synthesized With Hot-Injection Method

Figure 6.8 shows TEM, SEM and XRD data for the oleylamine-capped CIS
nanocrystals. The nanocrystals are composed of chalcopyrite CIS with an average
diameter of 12 = 4 nm, and a slightly irregular, faceted shape. The atomic ratio of
Cu:In:Se in the nanocrystals determined by EDS is nearly 1:1:2, with a tendency to be

slightly Cu rich, with a Cu/(Cu+In) ratio of 52%. Using the approach reported here for
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nanocrystal synthesis, it has not been possible to vary the Cu:In ratio. The nanocrystals
disperse in various organic solvents, including chloroform, hexane, toluene and acetone.
Toluene was used as the dispersing solvent for the nanocrystal inks used to fabricate
devices, as it provided the most uniform coatings of the solvents that were tested. An
SEM image of a spray-deposited 300 nm thick nanocrystal film is shown in Figure 2c.
The film has uniform thickness and is nearly free of drying cracks, which is crucial for
obtaining functional PVs without electrical shorts. In practice, it is very difficult to
completely eliminate drying cracks, and even the film in Figure 6.8c has some observable
cracks. However, much thicker films were much more prone to cracking, and films
thicker than about 800 nm tended to be electrically shorted due to significant cracking
during the drying of the films. Film uniformity is still one aspect of the device

fabrication process that requires further optimization.
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Figure 6.8: (a,b) TEM images of CIS nanocrystals; (c) an SEM image of a film of CIS
nanocrystals spray-deposited from a toluene dispersion; (d) XRD pattern of
CIS nanocrystals indexed to chalcopyrite CIS (PDF#97-006-8928). The
inset in (d) is the average Cu, In and Se composition determined by EDS of

a field of nanocrystals.

6.3.3 Cu(InyGaix)Se, (CIGS) Nanocrystals

CIGS nanocrystals were synthesized following the approach developed for

CulnSe; nanocrystals, but with the addition of GaCl; to the reaction mixture in the

desired In:Ga mole ratio:

173



oleylamine

CuCl + xInCl, + (l — x)GaCl, + 2Se —devlamine Cu(InxGal_r )862 nanocrystals 6.3)
240°C :
+ byproducts

The In:Ga ratio could be tuned across the entire stoichiometric range with x from
0 to 1 using this approach. Figure 6.11 shows TEM images of Culn,Ga;Se, with x
ranging from 0.79 to 0. Figures 6.9 and 6.10 show XRD data of CIGS nanocrystals
synthesized with Ga:In ratios varying from 0 to 1. All of the patterns are consistent with
chalcopyrite (tetragonal) crystal structure and exhibit the expected amount of peak
broadening due to their nanoscale crystal domain size. The diffraction peaks shift to
higher 26 with increasing Ga content, due to the decreased lattice spacing with smaller
Ga atoms substituting for larger In atoms. The In:Ga ratio of the nanocrystals determined
by ICPMS and EDS were consistent with the In:Ga mole ratio in the reaction mixture.
Additionally, EDS measurements on different nanocrystals on the substrate did now show
any noticeable variation in Cu:In:Ga ratio from particle to particle in the sample. Table
6.1 summarizes the synthesis results. The band gap energies of the Cu(InyGa;x)Se;
nanocrystals determined from room temperature absorbance spectra (Figure 6.12)
(CulnSe,: 0.95 eV; CulngssGagasSer: 1.14 eV; CuGaSe;: 1.51 eV) of nanocrystal
dispersions were also consistent with energies of the corresponding bulk compounds:
0.95 eV, 1.23 eV, and 1.6 eV.*® The only noticeable difference in the nanocrystals with
varying In:Ga ratio was that nanocrystals with higher Ga content were more difficult to
stabilize in solution without aggregation. Particularly the CuGaSe; nanocrystals were not
easily dispersible after isolation from the reaction mixture. More effective capping

approaches to Ga-rich nanocrystals are desirable.
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Figure 6.9: XRD patterns of CIGS nanocrystals synthesized with varying In:Ga ratios:
(a) CuInSez (b) CuIno,79Gao,21Sez (by EDS) (C) CuIn0,51G30,49S€2 (by EDS)
(d) CuGaSe; nanocrystals. The diffraction patterns correspond to those of
the tetragonal chalcopyrite phases of the respective compounds. The
indexing of the peaks noted in (a) correspond to the expected peaks
positions of the chalcopyrite compounds.
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Figure 6.10: Magnification of the (112) XRD peaks from Figure 8 of the CIGS
nanocrystals: (a) CulnSe; (b) Culng 79Gag2;Se; (by EDS) (c)
Culng 51Gag49Se; (by EDS) (d) CuGaSe; nanocrystals. The reference
positions are for CulnSe, (JCPDS#00-040-1487), Culny;Gag 3Se;
(JCPDS#00-035-1102), Culng sGag sSe, (JCPDS#00-040-1488), and
CuGaSe; (JCPDS#00-031-0456).
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Figure 6.11: TEM images of Culn,Ga,.,Se, nanocrystals with (a) x = 0.79, (b) 0.56, (c)
0.21 and (d) 0.

Table 6.1: Measured CIGS nanocrystal composition.

Precursor Composition Composition
Tareet Compound Composition (at. measured by EDS” (at. measured by
g P Ratio % Ratio % Cu:In:Ga:Se) ICPMS" (at. Ratio %
Cu:In:Ga:Se) Cu:In:Ga:Se)
CulnSe, 25:25:50 29:25:0:46 25:25:0:50
(1:1:0:2) (1.16:1.00:0:1.84) (1:1:0:2)
Culng 75Gag25Se, 25:19:6:50 25:18:5:52 26:15:9:50
(1:0.76:0.24:2) (1:0.72:0.20:2.08) (1.04:0.60:0.36:2.00)
Culng 50Gag s0Se; 25:13:12:50 27:14:12:47 26:13:11:50

(1:0.52:0.48:2)  (1.08:0.56:0.48:1.88)  (1.04:0.52:0.44:2.00)

*EDS measurements have an error of ~ 2 at.%.
® [CPMS measurements have an error of +0.1 at.% for Cu, +0.2 at.% for In, +0.1 at.% for
Ga, +0.5 at.% for Se

177



L) | I .' L) L) L)
1.0 ° 0.08+ \a \b C N
o [ hexane J
S 0'06.' ) absorption
0.8 20.04 N
S 2002f '\
0.6} 27T NN\ N\
o .00 |
e [ 600 800 1000 1200 14007
Q0.4 Wavelength (nm) _
é::' X |
a
0.2} b c .
- Ve
OO

400 600 800 1000 1200 1400
Wavelength (nm)

Figure 6.12: Room temperature absorbance spectra of Cu(In,Ga,.,)Se, nanocrystals
dispersed in hexane. The curves correspond to In:Ga stoichiometries of (a)
x=0, (b) x=0.56 and (c) x=1. An extrapolation of the spectra to identify the
band edge is shown in the inset. The small feature at ~1400 nm is related to
the absorbance of hexane.

6.3.4 Cu,ZnSnS, (CZTS) Nanocrystals

Cu,ZnSnS, (CZTS) is another promising new material for photovoltaics.*** Its
crystal structure and optical properties (~1.5 eV band gap energy; absorption coefficient
of ~10* cm™) are similar to Cu(In,Ga)Se, (CIGS), but unlike CIGS, which requires
relatively rare In and Ga, CZTS is composed of abundant elements.””* Figure 6.13
shows transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) images of a typical CZTS nanocrystal sample. The particles are crystalline and

have an average diameter of 10.6 + 2.9 nm, with slightly irregular, faceted shape.
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Figure 6.13:(a,b) TEM and (c) SEM images of CZTS nanocrystals. In (b), the
nanocrystal is imaged down the [-1 1 0] crystallographic zone axis.

The average composition of the nanocrystals determined by energy dispersive X-
ray spectroscopy (EDS) analysis of 225 nanocrystals was Cuy0sZn;01Sn;20S370. The
nanocrystals are slightly tin-rich and sulfur-deficient. Scanning transmission electron
microscopy (STEM)-EDS elemental mapping of a field of nanocrystals (Figure 6.14)
confirmed that Cu, Zn, Sn and S are evenly distributed among the nanocrystals and that
there is no noticeable compositional distribution between the nanocrystals. The band gap
energy determined from absorbance spectra of a nanocrystal dispersion (Figure 6.16,

inset) is 1.3 eV, which is close to the bulk literature value of ~1.5 eV for CZTS."
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Figure 6.14: STEM-EDS elemental map of CZTS nanocrystals.

XRD (Figure 6.15) showed that the nanocrystals are composed of CZTS with
kesterite structure.*** Kesterite has a tetragonal unit cell, with sulfur atoms located in a
face-center cubic sublattice. The Cu, Zn and Sn atoms occupy half the tetrahedral
interstitial sites within the S sublattice, with compositional order.'  Similar to
chalcopyrite CIGS, kesterite CZTS exhibits diffraction peaks in addition to those
observed from the compositionally disordered sphalerite compound, such as the (101)

and (211) peaksf“’43
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Figure 6.15: . XRD of CZTS nanocrystals. The red reference pattern was simulated using
CaRlIne Crystallography 3.1 software using space group 14 and lattice
parameters a=b=5.427 A and ¢=10.848 A for kesterite CZTS (JCPDS #26-

0575)

PV devices were fabricated with the CZTS nanocrystals. Like CIGS, CZTS films
are typically p-type,* and test devices were fabricated with a layered structure composed
of Au/CZTS/CdS/ZnO/indium tin oxide (ITO). The CZTS layer was deposited by spray
coating of toluene dispersion. The nanocrystal layer was not annealed. Figure 6.16 shows
the PV response of a typical device, having an open circuit voltage (Voc) of 321 mV, a
short circuit current density (Js¢) of 1.95 mA/cm?, fill factor (FF) of 0.37, and a power

conversion efficiency #, was 0.23% under AM 1.5 conditions.
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Figure 6.16: Current-Voltage characteristics of a CZTS nanocrystal PV device. (Inset)
Room temperature UV-vis-NIR absorbance spectrum of CZTS nanocrystals
dispersed in toluene.

While the efficiency of these devices is relatively low, the absorber layers were
not processed after deposition with any high temperature or chemical means. Further

optimization of the synthesis and device fabrication should lead to increases in PV

efficiency.

6.3.5 Photovoltaic Devices From Drop-Cast CulnSe, Nanocrystal Films

As a proof-of-concept, films of OLA-coated 15 nm CulnSe, nanocrystals were
tested as the absorber layer in PV devices fabricated with a conventional layered
Mo/CulnSe,/CdS/ZnO/ITO configuration. Figure 6.17 shows the device configuration.
Typical PV devices require relatively thick absorber layers (>1 pum) and therefore a
strategy was first developed to deposit uniform, crack-free nanocrystal films.

Dip-coating worked well to deposit uniform, crack-free nanocrystal films, but
only up to a maximum thickness of ~300 nm. The maximum film thickness of ~300 nm

appeared to be related to the thickness of the fluid layer that formed on the vertically
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dipped substrate as it was pulled from the solvent. Multiple dipping steps could not
improve the film thickness either as it appeared that previously deposited nanocrystals
would redisperse as a new layer of particles was deposited. This fluid layer thickness
depends on the substrate wettability and the dispersion viscosity and perhaps could be
further improved with more study.

Uniform nanocrystal films in the appropriate thickness range could be formed by
drop-casting from dispersions in high boiling point organic solvents. Nanocrystal films
as thick as 3 um could be deposited by drop-casting from concentrated TCE dispersions
and the film thickness could be controlled by varying the nanocrystal concentration in the
dispersions as shown in Figure 6.17. Figure 6.18 shows pictures of a TCE dispersion of
CulnSe; nanocrystals and the deposition process used to make multiple films of CulnSe;

nanocrystals on 12 mm X 25 mm soda-lime glass or Mo-coated glass substrates.
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Figure 6.17: The thickness determined by profilometry of CulnSe; nanocrystal films
drop-cast from TCE dispersions with different concentrations. The SEM
image shows a cross-section of a 1.7 um thick nanocrystal film on Mo-
coated soda lime glass.
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Figure 6.18: Photograph of (a) a CulnSe, nanocrystal dispersion and (b) the deposition of
thin films on an array of glass substrates. After depositing the films, the
substrates were placed in a vacuum oven at room temperature for 12 hours.

The current-voltage characteristics and the incident photon conversion efficiency
(IPCE) of a typical PV device made with CulnSe; nanocrystals are shown in Figure 6.19.
The measured power conversion efficiencies (1) of 32 devices ranged in value from 0.01
to 0.24%. The IPCE matches approximately the absorbance spectra of the CulnSe,
nanocrystals (Figure 6.19b), confirming that the device response results from the
nanocrystals. The relatively high IPCE of ~9% for wavelengths between 400 and 500 nm

tails off at higher wavelengths. The long-wavelength IPCE cutoff at ~1050 nm
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corresponds approximately to the optical gap of the CulnSe; nanocrystals as it should and
the sharp drop in IPCE at wavelengths <400 nm is the result of ZnO light absorption—

the ZnO layer is essentially serving as a photon cutoff filter in the device.
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Figure 6.19:(a) Current-voltage characteristics and (b) IPCE spectra of a CulnSe;
nanocrystal photovoltaic device (solid line) with absorbance curves of
CulnSe; and ITO/ZnO layers (dashed). The IPCE spectrum was measured
at zero bias. The nanocrystal absorber layer was 700 nm thick, consisting of
oleylamine-capped CulnSe; nanocrystals with an average diameter of 15
nm. The measured short circuit current density in (a) corresponded to
within a few percent of the integrated IPCE spectra in (b) multiplied by the

AM 1.5 solar spectrum (i.e., the total number of photons converted to
electrons by the device) as it should.
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The photovoltaic response of devices made from CulnSe; nanocrystal layers was
reproducible and demonstrated that these nanocrystals have potential as light absorbing
materials in PVs. However, the PV efficiencies in these particular devices are relatively
low and require significant improvement for practical applications. Device efficiencies
might be improved increasing the CulnSe; film thickness to absorb more photons and the
device structures themselves are relatively complicated with many factors that can
decrease efficiency. The open circuit voltages (V,.) of the CulnSe, nanocrystal devices
were actually quite reasonable, typically near 300 mV, which is getting close to the high-
efficiency vapor-deposited CulnSe, devices (typical V,. values are ~400 mV).** The
short circuit current densities (Ji.) and fill factors (FF), however, were quite low, with
typical J,. values of ~3 mA cm (compared to Jy,. of ~35 mA cm? for the highest
efficiency (19%) vapor-deposited CIGS device)'” and FF’s close to 0.25. The diode
response was also relatively poor, with an ideality factor (4) much larger than 1,
revealing that the device has high series and low shunt resistances.** The high series
resistance is partly attributed to high ITO sheet resistances (>300 /o) and relatively
resistive nanocrystal films—four-point probe measurements gave resistivities of
approximately 1 kQ-cm, which are about three orders of magnitude more resistive than
conventional CIGS films with good photovoltaic efficiencies.”® High shunt conductance
(or low shunt resistance) in the devices can result from many factors, including holes or
cracks in the nanocrystal film and penetration of the CBD CdS or sputtered ZnO layers to

the back contact.
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6.3.6 Photovoltaic Devices From Spray-Deposited CulnSe, Nanocrystal Films
6.3.6.1 Device Architecture Diversity

Figure 6.19 shows a cross-sectional SEM image of a PV device made by spray-
depositing a CIS nanocrystal layer. The device has a similar architecture as those with
the highest reported efficiency for CIGS,” consisting of layers of
glass/Mo/CIS(nc)/CdS/ZnO/ITO. No high temperature annealing or selenization of this
device was carried out. This particular device had a power conversion efficiency under

AM 1.5 simulated sunlight of 1.18%.
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Figure 6.19:(a) SEM image of a cross-section of the PV device built using the
conventional device architecture with spray coated CIS nanoparticle layer in
place of vapor deposited CIS layer and (b) the I-V characteristics and power
conversion efficiency of a typical PV device with this structure.

Since the absorber layers are not processed at high temperature, alternative
substrates and contacts can be used, including transparent conductive ITO or

mechanically flexible plastic. Figure 6.21 shows photographs of different kinds of PV
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devices that could be prepared by spray-depositing CIS nanocrystal absorber layers. The
devices generally consist of a sandwiched construction of the p-type light-absorbing
nanocrystal layer interfaced with an n-type semiconductor (CdS, ZnO) positioned
between two planar conducting contacts. The thin CdS layer (5-10 nm) also helps protect

the CIS nanocrystal layer during sputtering of the window layer.
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Figure 6.21:(Top) Photographs of PVs fabricated by spray depositing CIS nanocrystals
on various substrates: (top left and right) glass and (top, middle) plastic
(kapton). (Bottom) Illustration of the device layer structure as viewed from
the top and from the side.

Conventional vapor-deposited CIGS PVs are fabricated on soda lime glass
substrates with Mo back contacts because it can withstand the high selenization/annealing
temperatures used to process the CIGS layer. The work function of Mo, however, is not
well suited for the devices, as it creates a Schottky barrier with the CIS layer. During the
selenization process, a thin MoSe, layer is created that provides ohmic contact to the
CIGS layer, so this is not a problem.** However, without annealing, the Schottky barrier
between Mo and CIS significantly limits device performance.

Gold (Au) has a higher work function than Mo and should make a better back

contact metal for the p-type CIS nanocrystal layer. Au is not used in conventional CIGS
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PVs because it cannot withstand the high temperature annealing conditions. We have
found that CIS nanocrystal PVs made with Au contacts on glass outperform those made
with Mo contacts. Au contacts are also easy to deposit on plastic substrates for flexible
devices. Figure 6.22 shows device characteristics of PV devices made from spray-

deposited CIS nanocrystal layers on Au contacts on (6.22a) glass and (6.22b) plastic

substrates.
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Figure 6.22:1-V characteristics of spray-deposited CIS nanocrystal PVs with gold back
contacts on (a) soda lime glass and (b) plastic (kapton). The power
conversion efficiencies (PCE) were measured under AM1.5 illumination.

6.3.6.2 Influence of CIS Layer Thickness on Device Efficiency

The relatively modest power conversion efficiency (up to 2% PCE under AM1.5
illumination) of the nanocrystal-based PVs is primarily related to the lower short circuit
current (Jsc) compared to the conventional vapor-deposited devices. Vapor-deposited CIS
layers are capable of producing J. in excess of 40 mA/cm?;'® whereas, we have not been
able to achieve Js. values greater than 10 mA/cm® from the CIS nanocrystal PVs.

Interestingly, the nanocrystal PVs with the highest Ji. have been made with relatively thin
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absorber layers that are less than 200 nm thick—far too thin to absorb all of the incident
light. Incomplete absorption of the incident light leads to losses in the power conversion
efficiency. Devices made with thicker nanocrystal layers absorb more light, but do not
have improved efficiency. Figure 6.23 summarizes performance data for devices made
with varying nanocrystal layer thickness, showing the trends in power conversion

efficiency with nanocrystal layer thickness.
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Figure 6.23: Device characteristics measured for PVs made with spray-deposited CIS
nanocrystal layers of varying thickness. 7,,,, s is the PCE under AM1.5

illumination, V. is the open circuit voltage, and J. is the short circuit

current density.

Figure 6.24a shows the optical absorbance spectra for a 200 nm thick CIS
nanocrystal film. The layer absorbs only a limited fraction of incident light, especially at
the longer wavelengths near the band edge. It is also worth noting that the optical

absorption of the nanocrystal layer is weaker than a dense CIS film due to the presence of
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the ligands—approximately 30% of the volume in the film is occupied by ligands, which
only absorb very short wavelength blue and UV light. Devices made with thicker
nanocrystal films absorb proportionally more light, but do not perform better. In fact, Jg
was found to decrease with increasing CIS film thickness, as shown in Figure 6.24. This
means that the nanocrystal films have a high charge carrier trap density with significant

electron-hole recombination that lead to losses in efficiency.
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Figure 6.24:(a) UV-vis-NIR absorbance spectra of a 200 nm thick CIS nanoparticle film
on a quartz substrate and the corresponding fraction of incident light that is
absorbed. (b) External and internal quantum efficiency (EQE and IQE) of a
PV device made with a spray-deposited CIS nanocrystal layer. EQE is
determined from the incident photon conversion efficiency (IPCE) spectra,
which is a measure of short circuit current as a function of light wavelength.
The IQE is then determined from the EQE by accounting for the fraction of
light that is absorbed by the CIS layer at each wavelength (i.e., the
absorbance spectra). It should be noted that these IQE calculations do not
account for additional absorption in the active layer that might occur due to
internal reflections within the device, and the absorbance of light by CdS at
wavelengths of 500 nm and less are also not accounted for in the IQE
calculation.
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Figure 6.24b shows the external and internal quantum efficiencies of a CIS
nanocrystal device as a function of photon wavelength. The external quantum efficiency
(EQE)—also known as incident photon conversion efficiency (IPCE) spectra—are
determined by measuring the short circuit current (at zero bias) when the device is
illuminated with varying photon wavelength. The EQE are not equivalent to power
conversion efficiencies, but nonetheless provide revealing data about internal losses due
to electron-hole recombination. The EQE is lowest near the CIS optical gap due to low
light absorption, but extends across all visible wavelengths, indicating that the devices are
functioning via light absorption by the nanocrystals.

Another way to examine the losses in the device due to electron-hole
recombination is to calculate the internal quantum efficiency (IQE). The IQE is obtained
by normalizing the EQE with the optical absorption in the nanocrystal layer and does not
depend on how much light the layer absorbs. The devices made with thin nanocrystal
layers had reasonably high values of IQE, of about 25% across the visible spectrum. The
peak in IQE at about 450 nm is related to light absorption by the CdS buffer layer.
Clearly, the PCE of the nanocrystal devices could be significantly improved if losses due
to recombination could be reduced. Perhaps this could be accomplished by improving
capping ligand passivation of traps on the nanocrystal surfaces and by reducing the

energy barrier to interparticle charge transport with thinner ligand layers.

6.3.6.3 Improved Efficiency by Device Stacking

One other way to improve overall PCE, given the significant amount of
recombination in the device is to stack multiple devices with thin absorber layers and
transparent contacts to combine the efficiency of each device layer. Figure 6.25 shows

the device characteristics of a spray-deposited CIS nanocrystal PV with ITO back
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contacts. Such a device configuration is not possible with conventional vapor deposition
due to the high temperature annealing and selenization. The CIS nanocrystal layer in this

device absorbs less than 50% of the AM1.5 solar spectrum (Figure 6.25b).
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Figure 6.25:(a) I-V characteristics of a device prepared with a transparent ITO back
contact, and (b) the fraction of the incident light absorbed and transmitted by
the device on ITO determined from the UV-vis absorbance spectra of the
device.

Figure 6.26 shows the device performance of stacked PV structures with two and
three junctions compared to a single junction device. The stacked devices have enhanced
Jse. For example, the triple-stacked, spray-deposited CIS nanocrystal PV device had a
70% improvement in J, compared to a single junction device. However, in these
particular devices, V,. and the fill factor also decreased when the devices were stacked,
reducing the gains in enhanced Js. enough that the PCE did not increase. Nonetheless,
stacked devices could be made that also exhibited higher PCE. Figure 6.27 shows a
stacked PV device with significantly enhanced PCE compared to the single junction

devices. This device was made by layering a semi-transparent device with ITO top and

bottom contacts over a device with an ITO top contact and a Au bottom contact, which
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yielded a power conversion efficiency of 2.1% under AM 1.5 simulated sunlight. Table
6.2 summarizes the device parameters for the two different stacked PV structures.
Combining the Au back contact junction with an ITO back contact junction resulted in

20% improvement in PCE over the single junction devices (Figure 6.27).
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Figure 6.26:1-V characteristics of nearly transparent devices prepared with ITO back and
top contacts placed in a stacked device configuration.
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6.27:1-V characteristics of two CIS nanocrystal PVs measured independently and
in a stacked configuration under AM1.5 illumination.

Table 6.2: Summary of device characteristics obtained from stacked junction spray-
deposited CIS nanocrystal devices with transparent back contacts.
Multiple Transparent Junctions Highest Efficiency Stacked
Device
One Two Three Bottom Top Stacked
Junction  Junctions Junctions  Device Device Device
NAMLS 1.1% 1.11% 0.97% 1.79% 1.01% 2.10%
J (mA/cm?) 5.34 7.907 8.87 7.96 4.62 10.88
Voc (mV) 467 371 349 468 458 465
Fill Factor 0.442 0.379 0.349 0.479 0.478 0.414

device

The reason that all of the gains in Ji have not translated directly into higher

efficiency is that the ITO contacts have suffered from a relatively low shunt

resistance.

nanocrystal devices prepared with Au and ITO back contacts.

Figure 6.28 shows a comparison of the dark I-V characteristics of CIS

The series resistance (R;)
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and shunt resistance (Ry,) of the devices were estimated by fitting the data to a diode
equation,
VIR R

I=J,A e ™ +——>—1
0 JOARsh . (6.4)

A is the area, Jj is the saturation current density under reverse bias, and 7 is the
ideality factor of the device, with k£ and T representing Boltzmann’s constant and the
temperature. Devices made with Au back contacts have significantly higher shunt
resistance than the devices with ITO back contacts. Lower shunt resistance leads to
reduced V.. and FF and power conversion efficiency and must be improved in order to
realize the full benefit of stacking the semi-transparent PVs. The stacked device structure
used in Figure 6.27 is an example of a structure in which the use of lower performance
ITO contacts is minimized by using a Au bottom contact, which also provides a reflective

back contact to help increase the total amount of light absorption by the device.
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Figure 6.28:1-V characteristics of typical diodes used for the stacked structure devices
that were prepared on Au and ITO back contacts. Measured data (open
circles) were modeled (solid lines) using Eqn (6.4). The best fit of Eqn (6.4)
to the data gives the diode parameters tabulated in the inset.

6.3.6.4 Diode Behavior in the Dark and Light

To date, the highest power conversion efficiencies from photovoltaic devices with
CulnSe; nanocrystal absorber layers occur by spray-coating the CulnSe, nanocrystal ink
onto Au back contacts on glass substrates. Spray-deposited nanocrystal films by spray-
deposition have relatively uniform thickness with few pinholes or cracks and devices
made from these films have demonstrated power conversation efficiencies under AM 1.5
illumination up to 3.1 %. Figure 6.29 shows the dark and light I-V curves for the device

with highest power conversion efficiency (PCE).
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Figure 6.29:1-V characteristics of a device with power conversion efficiency of 3.1%
under AM1.5 illumination. Dark conditions (black) and under AM1.5
irradiation (red). The device parameters are obtained by a best fit of Eqn
(6.5) (solid lines) to the data (o). The parameters from the best fit are listed
in table 1.

The device in Figure 6.29 exhibits a “crossover” between the dark and the light I-
V curves at forward bias, which is commonly observed in our devices. This crossover is
undesirable as it leads to a decrease in device efficiency, and ideally should be prevented.
The reason for this crossover can be deduced by modeling the device current density, J,

based on a single junction diode model:

V—-JAR,

. V_JAR

J:Jo(e nkl +W_lj_Jpll (65)
0 sh

In Eqn (6.5), Jy is the reverse bias saturation current density, A is the device area,
n is the ideality factor of the diode, R; is the series resistance of the diode, Ry, is the shunt
resistance of the diode, J,, is the photogenerated current density, k is Boltzmann’s
constant and T is temperature. Table 6.3 lists the device parameters obtained by fitting
Eqn (6.5) to the device data in Figure 6.29. The large value of n, greater than 3, suggests

that the devices are dominated by recombination current and illumination with light
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increases the non-ideality of the diode. R, and Ry, both decrease under illumination and J,
increases by two orders of magnitude, indicating that the crossover is an outcome of
photoconductivity of the materials in the device—mostly likely the CdS layer (see
discussion in next paragraph). A reduction in R; is desirable, as it lowers the barrier for
current extraction, but reduced R;;, and increased Jj are undesirable and result from higher

recombination within the device.

Table 6.3: Diode performance parameters for the highest efficiency PVs

Dark AM1.5 illumination
Jo (WA/cm®) 3.2 200
n 3.1 3.8
R, (Q) 57 29
R (kQ) 1300 2.0
Jon (mA/cm?) 16.5

The origin of the photoconductivity effect leading to the crossover of the light and
dark curves in the devices discussed above was examined by shining light on the device
with different ranges of wavelengths. The CulnSe, nanocrystals have a band gap of
about 1 eV, corresponding to a wavelength of 1236 nm. ZnO and CdS have much wider
band gaps of 3.3 eV and 2.4 eV, corresponding to wavelengths of 375 nm and 515 nm,
respectively. Figure 6.30A shows the -V response of the device when it was illuminated

with light with the high energy photons filtered out, as shown in Figure 6.30B.
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Figure 6.30:(A) I-V measurements of a CulnSe, nanocrystal PV device with a crossover
between the light and the dark curves. Using light with wavelength higher
than 515 nm, the crossover is still present. By using only low energy
photons above 630 nm wavelength, however, the cross over between the
dark and light curves is eliminated. (B) Spectra of light used for each
illuminated measurement.

As shown in Figure 6.30A, the amount of crossover between the light and dark
curves decreased when the shorter wavelength light was filtered, and it was completely
eliminated when the illumination had wavelengths larger than the absorption edge of the
CdS (515 nm) layer. Similarly, the shunt current in the reverse bias is reduced as longer
wavelength light is used. These data show that it is the CdS buffer layer that leads to the
high leakage current under illumination. .

Elimination of the shorter wavelength light and higher series resistance also
significantly changed the fill factor of the device. The devices performed well under
AML.5 illumination, with a fill factor of 0.56. With a 515 nm cutoff filter, the fill factor
decreased to 0.29, and with a 630 nm cutoff filter, it decreased to 0.24. Low fill factors
in vapor-deposited CulnSe,*® have been attributed to type-I band alignment between the
CulnSe,; and CdS layers. Figure 6.31 shows the expected band alignment at the
CulnSe,/CdS/ZnO heterojunction.”” The CulnSe, nanocrystals are p-type, and there is

expected to be a “spike” in the conduction band alignment with the CdS buffer layer that
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creates a barrier to electron extraction under forward bias. The CdS buffer layer has a
significant concentration of low energy donors that lead to its n-type behavior. There are
additional deep electron traps, however, that reduce the concentration of mobile carriers
present in the n-type CdS layer. When excitons are generated in the CdS layer, the deep
traps are compensated by “photo-doping”,*’ which increases the number of mobile
carriers, reduces the barrier to electron transport across the CdS layer and leads to an
increased junction conductance (Figure 6.31).*** Increased conductance is the reason
for the observed crossover of the dark and light I-V curves. Additionally, as the
concentration of mobile carriers in the CdS layer is increased, the Schottky barrier

between the n-type CdS layer and the Au back contact is reduced, that can lead to higher

leakage current through pinholes and cracks in the nanocrystal film when illuminated.

Thermal Equilibrium E¢

No illumination or

only with hv <E > Egc

g Cd5

Figure 6.31:Band alignment of CulnSe,/CdS/ZnO heterojunction with or without the
photo-doping of the CdS buffer layer. Modified from Poduv, et. al. [2]

6.3.6.5 Device Performance Limitation

Device efficiencies of 3% are too low for commercialization and need to be
improved.* The highest efficiency devices are actually composed of relatively thin
nanocrystal layers that are only about 150 nm thick. We have found that increasing the

nanocrystal layer thickness enhances light absorption but it does not improve device
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efficiency. Figure 6.32 shows I-V characteristics of devices made with nanocrystal films
of increasing thickness. Js actually decreased when the nanocrystal films were made
thicker, even though more electrons and holes are being photogenerated. This indicates
that the photogenerated carriers cannot be extracted from the nanocrystal layer unless

they are relatively close to the junctions.
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Figure 6.32:(A) I-V measurements of devices with varying thickness of spray deposited
CulnSe; nanocrystal film and (B) calculated device parameters associated
with these devices.

Measurements of the incident photon-to-electron conversion efficiency (IPCE)
provide additional insight into how well the devices are performing and what the limiting
factors are. In IPCE measurements, the short circuit current is measured as a function of
the wavelength of the incident illumination. Figure 6.33 shows IPCE measurements for
devices with varying nanocrystal layer thickness. The IPCE data is essentially an
external quantum efficiency (at zero bias) that does not account for how much light is
absorbed by the device—it is a measure of charge carriers extracted based on the number
of photons that are illuminating the device. Another useful quantity is the internal

quantum efficiency, which provides an accounting of the photon absorption and tells

what fraction of the photogenerated carriers are actually extracted from the device.
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Figure 6.33:(A) IPCE measurements of a set of devices with different thicknesses of the
CulnSe2 nanocrystal film thickness shows similar trend between the
different thicknesses. (B) Internal quantum efficiency data of the same
devices reveals how thinner devices extract photogenerated carriers at a
better efficiency.

The internal quantum efficiency of the devices, IQE(4), is the ratio of the
wavelength-dependent IPCE, IPCE(Z), to the fraction of the incident light at that
wavelength that is absorbed by the CulnSe, nanocrystal films, f(4). f(4) is determined

from the transmittance of the top window layer, T;,,(4); the transmittance of the CulnSe,

nanocrystals layer, 7;(4); and the reflectivity of the back contact, Rzc(7).

F(A) =T, (A)[1-T,(2) Ry (2)] (6.5)

It should be noted that this estimate of the /QFE(4) does not account for internal
reflection or optical interference effects that may also contribute to f(4) and represents an
upper bound. Figure 6.33 shows the device /QFE(7) for devices with different nanocrystal
layer thickness. Consistent with the reduced J;. for devices with thicker nanocrystal
films, the thinner devices have much higher IQE, indicating that they are much better at
extracting photogenerated carriers, across a wide range of wavelength, than the thicker

devices.
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The higher IQE and more efficient device performance of the thinner devices is
also enhanced by light reflection from the back contact. Especially, the thinner films
benefit from a “second pass” of light reflected off the back contact. This is evident in the
IPCE measurements at longer wavelegths (600 nm to 1200 nm) where only a very small
fraction of the incident light is absorbed by the thinner layers on the first pass. As the
films get thicker, a large fraction of the incident photons are absorbed deeper in the
nanocrystals layer and the resulting photogenerated carriers are unable to be efficiently
extracted. This data also indicates that the photogenerated carriers can only be extracted

efficiently when they are generated close to the CulnSe2/CdS/ZnO heterojunction.

6.3.6.6 Impedance Spectroscopy

The thickness of the active region in the nanocrystal layer in the device was
determined by measuring the impedance of the devices. Figure 6.34C shows typical
impedance data on a CulnSe, nanocrystal PV device with slightly modified structure.
The device geometry (shown in Figure 6.34A) was devised to ensure that carrier
depletion was limited to the spray deposited CulnSe, film. The circuit model shown in
Figure 6.34B was found to provide the best fit to the impedance data. The capacitance of
the space charge region C;., was extracted to determine the majority carrier density and
an effective depletion width in the nanocrystal layer using a Mott-Schottky analysis. Ci.

is related to the doping level Ny, and applied voltage V-

1 2 kT
= V-v, —=
C 2 [QNAESSOAZJ( bi q j (6.6)

In Eqn (6.6), V3, is the built-in voltage of the junction, ¢ is the elementary charge
of an electron, ¢ is the vacuum permittivity and & is the relative permittivity of CulnSe,

(= 10). Figure 6.34D shows C~ plotted against V. Values of N, and V) were
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determined by fitting Eqn (6.6) to the data. The depletion layer width can be estimated

from the relation:

q 2 2
V. = N,x " +N,x
bi 25380 I: A% p D*"n j| (67)

N4 and Np are acceptor and donor concentrations in the p-type and n-type layers,
respectively, and x, and x, are the depletion layer widths of the p-type and n-type layers,
respectively. With the device design shown in Figure 6.34A, depletion occurs only in the
p-type nanocrystal layer, and Eqn (6.7) simplifies to

_ qNApo (6 8)

bi
2¢.8,

In a typical device the depletion region thickness was found to be 55 nm in the
dark. When the device was illuminated, the depletion region thickness was found to
decrease to 45 nm (under AMI.5 illumination). The change in doping level in the CdS
layer under light leads to a noticeable change in the device properties, as discussed above.
Further work is underway to gain a more detailed understand about the band alignment

between layers in the nanocrystal devices.
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Figure 6.34:(A) Device architecture used for C-V measurements consists of a simplified
junction. (B) One diode model considered for this type of junction to

analyze the impedance data. (C) Sample Nyquist plot illustrating the

response of the junction at a certain bias; inset provides the parameters
gathered from the model fit (solid line) for the equivalent circuit to the raw
data (marked by o). (D) Linear plot of inverse square capacitance of the
junction versus applied voltage across the junction, inset provides the
gathered parameters based on Mott-Schottky approximation. Area of this
device was isolated to 8 mm®. (E) I-V characteristics of this junction show
that it shows a very similar response to the more complex conventional
devices, inset lists the device parameters.

6.4 CONCLUSIONS

Synthetic methods for producing CulnS,;, CulnSe,, Cu(InyGa;x)Se,, and

Cu,ZnSnS4 nanocrystals by arrested precipitation in solution are described. Oleylamine

was found to be an effective capping ligand for all these nanocrystals.
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nanocrystals were formulated into inks that could be spray-deposited into films.
Photovoltaic devices with reproducible and reliable power output were fabricated by
spray-coating CulnSe, nanocrystals without post-deposition annealing.  Layered
Au/CIS/CdS/ZnO/ITO devices exhibited power conversion efficiencies of up to 3.1% for
single-junction devices. The device efficiency still requires significant improvement;
however, it is similar to that of other nanocrystal devices that have been fabricated
without post-deposition high temperature annealing. For example, Cd-containing, Pb-
containing, and Cu,S or CuyZnSnS4 nanocrystal devices have exhibited efficiencies as
high as 3.6%," 6%, and 1.5%,'*>*> respectively. Nanocrystal-based devices in
general have suffered to date from low Ji. The extraction of photogenerated carriers
from deep within the CulnSe; nanocrystal film remains a major challenge. The high
concentration of crystal interfaces leads to high recombination. A Mott-Schottky analysis
of the space-charge capacitance in the device revealed that the active region of the device
is only about 50 nm thick, which is consistent with [PCE and IQE measurements on
devices with varying nanocrystal film thickness. One approach to improving Js is to
perform a post-deposition high temperature anneal to sinter the films and reduce the grain
boundary density in the film, as Hillhouse and Agrawal have demonstrated for Culn;.
«Gay(SiySey)> PVs, in which they have achieved power conversion efficiency of more
than 10%.*7 Stacking single-junction nanocrystal devices provides a potential route for
improved light harvesting and increased J. for significantly improved power conversion
efficiency without the need for high temperature annealing. For single-junction devices,
future efforts must focus on increasing the thickness of the space charge region to extract
carriers deeper in the nanocrystal layer in order to improve device efficiency.

A nanocrystal ink that could be used to fabricate high efficiency PVs without the

need for high temperature processing would change the way PVs are made. New contact
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and substrate combinations could be used, with high throughput roll-to-roll processing on

lightweight, flexible plastic substrates. At the moment, however, nanocrystal-based PVs

require higher efficiency. This means that a better understanding of how to passive

defects and traps in the nanocrystal layers and at materials interfaces in the devices,

without resorting to high temperature sintering, is needed and remains an ongoing topic

of research.
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Chapter 7: Spatial Heterogeneity in Cu(ln;,Gay)Se, (CIGS)
Nanocrystal-Based Photovoltaics Mapped with Scanning Photocurrent
and Fluorescence Microscopy?

7.1 INTRODUCTION

The widespread use of photovoltaic devices (PVs) to harvest energy from the sun
requires significant reduction in the cost of solar cell technology.'” One approach to
lowering manufacturing cost is to use solution-processable materials that can be printed
onto various substrates, including plastics, under ambient conditions with high
throughput techniques like roll-to-roll printing.”* While many soluble photovoltaic
materials have been developed in recent years, the efficiency of these devices is still too
low for commercial viability.”” In order to improve efficiency, a more detailed
understanding of PV performance is needed. One factor that can limit the performance of
thin film PVs is structural, chemical and electronic heterogeneity in the device.>®'° These
variations can occur on the sub-micrometer length scale, thus requiring microscopic
techniques that can examine functioning devices with sufficient resolution to observe
these kinds of effects. Here, we present a microscopy technique, capable of studying as-
fabricated PV devices, that allows local PV performance to be measured with sub-micron
resolution and correlated with the optical properties of the materials. The technique is
used here to examine PV devices fabricated with Cu(In;Gay)Se, (CIGS) nanocrystal
“inks”.

Numerous microscopy techniques have been developed to study local variations

in PV performance. Scanning-probe techniques, such as conductive probe atomic force

T Portions of this chapter appear in Ostrowski, David P.; Glaz, Micah S.; Goodfellow, Brian W.; Akhavan,
Vahid A.; Panthani, Matthew G.; Korgel, Brian A.; Vanden Bout, David A., “Mapping Spatial
Heterogeneity in Cu(In; 1Ga,)Se, Nanocrystal-Based Photovoltaics with Scanning Photocurrent and
Fluorescence Microscopy.” Small (2010), 6(24) 2832-2836.
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microscopy (AFM) and kelvin force microscopy (KFM), have been used to relate
morphology to local variations in properties, including photoresponse and surface
potential.”'"** Since these tools operate by monitoring tip-sample interaction, the
measurements are localized to the region of the sample directly below the metalized
cantilever. These techniques however cannot be applied to as-fabricated PV devices, and
are instead useful for measuring the electrical properties of model thin films.

One way to probe the local photovoltaic response of devices, is to only illuminate
small regions of a device with a microscopically focused beam of light. Only the light-
induced electrical properties of the illuminated region contribute to the measured
performance; this technique maps the induced photocurrent and is known as light beam
induced current microscopy (LBIC).*****! The spatial resolution depends on the size of
the illumination spot, which through focusing the incident light via a microscope
objective can reach the diffraction limit and beyond with near-field techniques. By raster-
scanning the focused light spot across the device, a map of local PV response can be
generated, highlighting spatial heterogeneities in photocurrent generation present in the
device.

LBIC measurements have been used primarily to test for both fabrication defects

and performance quality in silicon-based PVs®’*?

and to study heterogeneity in organic
bulk heterojunction PVs.****3!'3 Most of these studies have utilized conventional
microscopy; a few of studies achieved higher spatial resolution on the order of 200 nm
utilizing near-field scanning optical microscopy.”>***

Here we report a novel approach of LBIC microscopy coupled with fluorescence
microscopy that we apply to study the response of as-fabricated, functional PV devices.

As this technique illuminates the PV through the transparent electrode, there is no need

for constructing planar devices™ or ones with a thin, semi-transparent metal electrode.*®"
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3% Simultaneous collection of fluorescence and PV response enables spatial correlation of
the optical and electronic properties with the morphology of the device. It should also be
possible to couple other optical microscopy techniques with the LBIC method, such as
time-resolved fluorescence, polarized fluorescence, and absorption or reflection modes,
which can yield valuable information into specific PV characteristics such as charge
separation, molecular orientation, local crystallinity and absorption.'*'*'%*! For example,
LBIC coupled with Resonance Raman spectroscopy has recently been demonstrated.”’ In
addition to imaging, the technique presented here is capable of collecting local voltage-
dependent photocurrent data. Here, the technique is applied to a solution-processed CIGS

nanocrystal-based PV device.

7.2 EXPERIMENTAL SECTION

7.2.1 Synthesis of CIGS Nanocrystal Inks

Cu(In; xGay)Se; (x=0.25 targeted) nanocrystals were synthesized by arrested
precipitation using standard Schlenk line techniques as previously reported.”* The washed
and purified CIGS NPs were dispersed in toluene at a concentration of 20 mg/mL to

make the ‘ink’ used in device fabrication.

7.2.2 CIGS Nanocrystal-Based PV Device Fabrication

Polished float glass substrates with dimensions 25 x 25 x 1.1 mm (Delta
Technologies, Ltd.) were cleaned by sonication in a 50/50 mixture of acetone and
isopropanol followed by sonication in deionized water. Each sonication lasted 5 min and
was followed by drying in a nitrogen stream. The glass substrates were then exposed to a
100 W oxygen plasma for 5 min to remove any organic residue on the surface. After

cleaning, 5 nm of chromium and 60 nm of gold was thermally evaporated which served
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as the metal back contact of the devices. A 600 nm CIGS nanocrystal absorber layer was
then deposited by spray coating from an ink (described above) using a commercially
available airbrush (iwata Eclipse HP-CS) operated at 50 psig of head pressure. A CdS
buffer layer was deposited by a modified chemical bath deposition following procedures
outlined by McCandless and Shafarman.’” The device was placed on a hotplate at 90°C
for 5 min after which an aqueous solution of 3 mM cadmium sulfate (CdSO4, Aldrich,
99.999%), 0.53 M thiourea (Fluka, 99.999%), and 8.1 M ammonium hydroxide (NHs3,
Fisher, ACS certified) was deposited onto the device which was then covered with a glass
petri dish to prevent evaporation. After 2 min, the device was removed from the hotplate
and rinsed with DI water and then left flat to dry. Next a window layer consisting of i-
ZnO and ITO were deposited by RF sputtering. A 50 nm layer of ZnO (target 99.9%,
Lesker) was first sputtered in an atmosphere of 0.5% O; in Ar (99.95%, Praxair) with a
150 W plasma. This was followed by a 300 nm of ITO (target 99.99% In,O3: SnO; 90:10,
Lesker) sputtered in an Ar atmosphere (research grade, Praxair) with a 180 W plasma.
The final active area of the device was 8 mm? (a 4 x 2 mm rectangle). A small dab of
conductive silver paint (SPI supplies) was placed on all contact pads to improve contact

with the testing apparatus.

7.2.3 ‘Bulk’ Photovoltaic Characterization

PV characterization was performed with a Keithley 2400 General Purpose
Sourcemeter for current-voltage measurements using a Xenon Lamp Solar Simulator
(Newport) equipped with an AM1.5 filter as an illumination source. External Quantum
Efficiency (EQE) spectra were gathered using a chopper (Stanford Research Systems,
model SR540), a lock-in amplifier (Stanford Research Systems, model SR830), a
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monochromator (Newport Cornerstone 260 1/4M), and a Si photodiode calibrated by the

manufacturer (Hamamatsu).

7.2.4 Morphological and Spectral Characterization

Scanning electron microscopy (SEM) images were acquired using a Zeiss Supra
40 VP SEM operating at 10 keV accelerating voltages and using an in-lens detector.
Atomic force microcopy (AFM) images were acquired using a Digital Instruments
multimode AFM (model MMAFM-2). UV-VIS spectra were collected using an Agilent

8453 UV-VIS.

7.2.5 Local Photocurrent and Fluorescence Characterization

Photocurrent and Fluorescence maps were obtained using a Coherent 408 nm
diode laser as the excitation light source, which was focused through a 50x Olympus
objective. The size of the focal spot was ~ 275 nm in diameter as determined by
scanning across a step edge in a patterned metal film. The typical incident laser power
was 1.5 uW, which yields a power density of ~ 2.53 kW/cm® after the light is focused
through the objective. For sample scanning capabilities a Physik Instrumente (PI)
piezoelectric stage (model E-501.00) was mounted onto a Nikon Diaphot 300 inverted
microscope. The excitation beam was chopped at 174 Hz using a Digirad chopper (model
C-980) and the photocurrent of the device was amplified 10* times using a
transimpedance amplifier built in house. The fluorescence was collected using a Perkin
Elmer APD (model SPCM-CD290) and the amplified current was collected using an
EG&G DSP lock-in amplifier (model 7220). The LVPC curves were obtained by
sweeping the applied voltage across the device, sourced from a serial digital to analog

(D/A) converter built onto the circuit board of the pre-amplifier, and recording the output
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signal from the lock-in with a Keithley 2400 General Purpose Sourcemeter. The serial

D/A was controlled with LabVIEW.

7.3 RESULTS AND DISCUSSION

7.3.1 CIGS Nanocrystal PV Device and Bulk Photovoltaic Characterization

Figure 7.1A shows the structure of the CIGS nanocrystal PV device that was
studied. The device consists of a light-absorbing layer of CIGS nanocrystals deposited
on a gold back-contact. Cadmium sulfide (CdS) is added as a buffer layer on top of the
nanocrystal layer by chemical bath deposition, followed by a 50 nm thick zinc oxide
(ZnO) window layer and 300 nm of indium tin oxide (ITO) deposited by RF sputtering.
Figure 7.1B shows the device response in the dark and under AM 1.5 illumination. The
short-circuit current density (Js), open-circuit voltage (V,.), fill factor (FF) and power
conversion efficiency (PCE) were 3.5 mA/cm?, 0.38 V, 0.41 and 0.51%, respectively.
Figure 7.1C shows the wavelength-dependent external quantum efficiency (EQE)
measured for the same device. The EQE is a measure of zero-bias current generated per
incident photon on the device. The excitation source for the LBIC measurements had a
wavelength of 408 nm, on the blue edge of the EQE spectrum. The shape of the EQE
curve is a result of the optical characteristics of both the CIGS nanocrystal absorber layer

and the ZnO/ITO window layer as previously discussed.*
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Figure 7.1: (A) Schematic of a CIGS nanocrystal (NC) based PV device. (B) J-V
measurements performed under dark and AM1.5 illumination conditions.
(C) External Quantum Efficiency (EQE) measured as a function of

wavelength (vertical dotted line marks the laser excitation wavelength used
for LBIC, 408 nm).

7.3.2 Local Photovoltaic Characterization

Figure 7.2 shows a schematic of the LBIC microscopy setup. The sample is

illuminated with 408 nm laser-light focused to a 275 nm diameter spot size. The
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photogenerated current is measured, along with fluorescence from the sample. As the
illumination spot is raster-scanned across the sample, measurements are collected at each

step to generate an image map of the measured, local properties.

lock-in amplifier

dichroic
mirror

chopper

scanning and
imaging
electronics

avalanche
photodiade

Figure 7.2: Schematic of the scanning Light Beam Induced Current (LBIC) and
fluorescence microscopy experimental setup.

One challenge of mapping the photocurrent is that the entire device is active but

only a microscopic region is being illuminated. The induced photocurrent (IPC) signals
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from the focused laser spot are on the order of 1 and 40 nA. However, these signals are
on top of a comparatively large background from the dark current of the full device,
which also varies non-linearly with applied bias voltage. As such, current amplification
and lock-in detection were necessary to obtain sufficient signal to noise. Signal
amplification was accomplished with a transimpedance amplifier (or current to voltage
converter) built in-house with a gain of 10,000x. For noise filtering, the incident light
beam is chopped and output signal of the device is measured with a lock-in amplifier.
Therefore, the IPC that is measured represents the difference between the current
measured during illumination and the dark current.

An LBIC image map of a CIGS nanocrystal based PV is shown in Figure 7.3A.
There is significant heterogeneity in device response, with micrometer-scale regions of
both increased and decreased IPC generation compared to the average response of the
device. The higher performance regions appear filamentary (Region B), while the lowest
performance regions have a circular shape with typical diameters of 1-2 microns (Region
C). These regions of high and low response are scattered throughout relatively
homogeneous regions with average device response (Region A). From the image it is
observed that regions A, B and C correspond to 75%, 20% and 5% of the device, as
shown in Figure 7.4. Figure 7.3B shows the fluorescence microscopy image that was
acquired simultaneously with the LBIC measurement. It is clear that the local variations
in IPC have corresponding variations in fluorescence. The fluorescence intensity, which
relates to the local chemical composition and the extent of radiative charge
recombination, is inversely correlated with the IPC signal in the image. For instance,
areas of the device like Region A have high fluorescence intensity with low IPC, and
areas like Region B show lower fluorescence and exhibit higher IPC, as shown in Figure

7.5. This is consistent with what one would expect: regions with higher fluorescence
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have higher radiative recombination and fewer charge carriers available for extraction as

IPC.

w
w

— 4000

= 3500

w
o

3000

2500

™~
o

2000

Photocurrent (nAmps)
(sjunog) asuaossaion|4

w
-
wu
=]
(=]

Figure 7.3: Image maps of (A) zero-bias induced photocurrent (IPC) and (B)
fluorescence intensity for a CdS-capped CIGS nanocrystal PV device.
Overlay in upper right corner of (B): that area of the fluorescence image
shown at a different, non-saturated contrast scale of 1,500 to 27,000 counts.
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Figure 7.4: Image map of (A) zero-bias induced photocurrent (IPC) from Figure 7.3,
and images with a threshold set to highlight areas of (B) high photocurrent
and (C) low photocurrent and are 20% and 5% respectively of the image
area.
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Figure 7.5: Image maps of (A) zero-bias induced photocurrent (IPC) and (B)
fluorescence intensity for a CdS-capped CIGS nanocrystal PV device.
Overlay in lower right corner of (B): that area of the fluorescence image
shown at a different, non-saturated contrast scale of 3,500 to 20,000 counts.
The units for image (A) are not exact due to use of non-calibrated lock-in
amplifier. (C) Line scans of the IPC and fluorescence images taken at the
location of the line shown on the images of (A) and (B), this analysis
highlights the anti-correlation of IPC with fluorescence.

This technique provides another useful feature: after an image map is collected,

the beam can be repositioned to illuminate a selected region of the sample to measure the
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local voltage-dependent photocurrent (LVPC). Figure 7.6 shows the local photocurrent
traces obtained at points labeled A, B, and C in Figure 7.3; the traces are representative of
the three distinct types of regions found across the device. The main difference between
regions is the magnitude of the photocurrent at zero bias. The general shape of the LVPC
curve is similar for the three different regions. There is a slight decrease of ~0.06 V for
region C in the bias at which the LVPC is zero, however, the decrease is close to the error
in the voltage measurement of +£0.05 V. This difference may result from lower charge
carrier densities in these regions as they have an associated high fluorescence intensity,

which is shown to be from CdS (see further discussion below).
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Figure 7.6: Local voltage-dependent photocurrent (LVPC) measured with the focused
light beam positioned at locations A, B and C labeled on the images shown
in Figure 7.3. These LVPC measurements are representative of the response
from regions of the device with average, high and low IPC.

It is important to note the LVPC is not the same as the conventional I-V response

measured with the device exposed to light. As a result of the lock-in detection, the
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measured current reflects only the additional current induced by the local illumination
since the dark current has been subtracted from the signal. This means that the bias at
which the LVPC is zero (induced photocurrent is zero) is not the same as the V, (total
current is zero). As a result, a local power conversion efficiency cannot be calculated.
However, relative efficiencies can be estimated since the only significant difference
between the LVPC response of the different regions is the current at zero bias.

From the data in Figure 7.6, the LVPC at zero bias in regions A, B and C are 18.3,
31.6 and 11.6 nA, respectively, with an error of 1.5 nA. Thus, the regions of higher
photocurrent are nearly a factor of two greater than the average, while the regions of low
response are over one-third decreased from the average. It is interesting to consider that if
the device was composed entirely of the regions of greatest photocurrent (region B), there
would be more than 50% enhancement in the power conversion efficiency of the device.
While this would still be far below other reported CIGS device efficiencies,” these
results identify specific pathways for substantially improving the performance of this

emerging, solution-deposited photovoltaic system.

7.3.3 Origins of Performance Heterogeneity

The high IPC regions in the device, regions B, have a filamentary morphology. As
shown in Figure 7.7 and Figure 7.8A, cracks in the nanocrystal films observed by SEM
have a similar morphology. Therefore, it appears that these cracked regions are giving
rise to the observed increased photocurrent in the device. Higher IPC is most likely due to
the fact that the nanocrystal film is thinner in this region and therefore, more of the
photogenerated carriers can be extracted from the layer before being eliminated by
recombination. Increased photocurrent could also stem from increased interfacial contact

area between the CdS layer and CIGS nanocrystal film, as a result of CdS penetrating
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into the cracks. This type of structure would also require shorter distances for minority
charge carriers to travel to reach the interface. These regions also have lower
fluorescence (see Figures 7.3 and 7.5), indicating that there is less radiative charge

recombination.

Figure 7.7: Scanning electron microscope image of the CIGS nanocrystal layer of the
device capped with the CdS layer.
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Figure 7.8: (A) Scanning electron microscope image of the CIGS nanocrystal layer of
the device. (B) Fluorescence image of a CdS layer deposited on glass,
intensity scale is 10,000 to 50,000 counts.

AFM images of the CdS buffer layer showed that occasionally large aggregates
form in the thin film as a result of homogeneous nucleation in the deposited solution
(Figure 7.9). To investigate if region C areas corresponded to CdS aggregates,
fluorescence image maps were separately collected from each layer of the device on
glass: ZnO/ITO, CdS, CIGS nanocrystal and blank glass. While the fluorescence image

of the CdS showed highly fluorescent features, Figure 7.8B, none of the other layers
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showed fluorescence contrast. The similarity between the fluorescence images of the CdS
films (Figure 7.8B) and the fluorescence from the device (Figure 7.3B) confirms that
regions C correspond to places in the device in which the CdS aggregates are present. As
the illumination must pass through the CdS layer before reaching the photoactive layer,
one possibility for the lower response of these regions is that the aggregate may absorb
most of the incident light, limiting transmission to the photoactive CIGS nanocrystal
layer. The thickness of the CdS aggregates was assessed with a height analysis of the
AFM topography images and the aggregates were found to range from 250 nm to greater
than 1000 nm in height. The transmission of the aggregates was estimated to be at most
1.7% for the 250 nm aggregates and even as low as 10% transmission for aggregates at
1000 nm.*® Thus, when the aggregates are present, essentially no light is reaching the
photoactive CIGS nanocrystal layer and one may expect the IPC in these regions to drop
to zero. However, the IPC in these regions fall by at most half the IPC from that of region
A (average IPC). This could be a result of fluorescence from or incident light scattered
off of the aggregates being reabsorbed by the CIGS nanocrystal layer and generated into
IPC. Alternatively, light absorbed by the CdS layer may also generate current, albeit not

as efficiently as the CIGS nanocrystal layer.
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Figure 7.9: (A) Beer’s Law plot of CdS absorbance at 408 nm wavelength light,
constructed from theoretically calculated data from Derkaoui and co-
workers.*® (B) Topographic AFM image of CdS layer deposited on a glass
substrate. (C) Line scan (section analysis) of the AFM topography taken
along the white line in (B).

7.4 CONCLUSIONS

Microscopic imaging of a CIGS nanocrystal-based PV device has revealed

substantial spatial heterogeneity in the photoresponse. Distinct regions of both higher and
229



lower photocurrent could be observed on a variety of length scales ranging from
hundreds of nanometers to tens of microns. Two morphological features were found to
cause the heterogeneity: CdS aggregates that lowered IPC and cracks in the CIGS
nanocrystal absorber layer that produced higher IPC. The performance differences
between regions could be quantified using LVPC measurements and show the cracked
regions had a zero bias photocurrent that was nearly double that of an average region.
This information along with the photocurrent maps allow for an estimation of efficiency
from a theoretical device composed entirely of the high IPC regions; such a device would
have an increase of more than 50% in power conversion efficiency compared to the
device studied. Efforts are currently underway to leverage this information to design new
fabrication techniques that will improve the device efficiency of CIGS nanocrystal PVs.
The coupling of microscopy, spectroscopy and electrical characterization presented here
is applicable not only to these systems but any PV device. As such, direct measurements
of how morphology affects performance can be used to guide device design and

fabrication in the development of future high efficiency PVs.
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Chapter 8: Conclusions and Future Research Directions

8.1 CONCLUSIONS

This dissertation has focused on the self-assembly of colloidal ligand-stabilized
nanocrystals, the behavior of nanocrystal assemblies with exposure to mild heating and
the use of colloidal nanocrystals in printable light-absorber layers for low-cost solar cells.
The work presented in this dissertation provides an important step to 1) understanding the
behavior of colloidal nanocrystal assembly and the rational design of nanocrystal-based
materials with spatial complexity and unique properties and 2) realizing the ability to use

nanocrystal-based inks to make printable low-cost inorganic solar cells.

8.1.1 Binary Nanocrystal Superlattices

Binary superlattices (BSLs) of sterically-stabilized, hydrophobic, large (A; 11.5
nm diameter) iron oxide and small (B; 6.1 nm diameter) Au nanocrystals were assembled
by slow evaporation of colloidal dispersions on tilted substrates. A detailed analysis of
the BSL structure was carried out using transmission and scanning electron microscopy
(TEM and SEM) and grazing incidence small angle X-ray scattering (GISAXS). The
BSLs were simple hexagonal (sh) AB; superlattices (isostructural with the compound
AlBy; space group 191, P 6/mmm) of large nanocrystals occupying a simple hexagonal
lattice with small nanocrystals in the interstitial spaces. SEM and GISAXS confirmed
long range order of the BSLs and GISAXS revealed that the superlattice is slightly
contracted (8~12%) perpendicular to the substrate as a result of solvent drying in the
deposition process. When the sh-AB, superlattice deposits on a (100) plane, this
shrinkage occurs in the [210] direction and changes the lattice symmetry to centered
orthorhombic.  Additionally, nearly periodic superlattice dislocations consisting of

inserted half-planes of gold nanocrystals were observed by SEM in some BSLs.
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8.1.2 Non-Close-Packed Nanocrystal Superlattices

Dense collections of hard sphere particles order into close-packed face-centered
cubic (fcc) lattices to maximize free volume entropy. Sterically-stabilized nanocrystals
have relatively short-range repulsive interaction potentials and also tend to order into fcc
superlattices. However, here we have shown that superlattices with non-close-packed
body-centered cubic (bcc) structure are also relatively common, and presented grazing
incidence small angle X-ray scattering (GISAXS) and transmission electron microscopy
(TEM) data for bee superlattices of 1.8 nm dodecanethiol-capped Au nanocrystals, 3.7
nm oleic acid-capped PbS nanocrystals, and 7.9 nm oleic acid-capped PbSe nanocrystals.
We argued that bee superlattices can be favored over fcc when entropic ligand packing
frustration overcomes the packing entropy of the spheres. By considering the Wigner-
Seitz cells for fcc and bee and the distribution of ligand lengths needed to fill the cells, it
was shown that the bcec arrangement of nanocrystals allows for a more uniform thickness
of the ligand shell. By considering the change in conformational entropy as a collection
of isolated nanocrystals assembles into a bee or fcc superlattice, it was shown that the bee
arrangement of nanocrystals can be strongly favored over fcc when the ligands are
allowed to interpenetrate with the ligands of a neighboring nanocrystal. This role of
ligand packing frustration is consistent with our observation of a superlattice thickness-
dependent change in structure from hexagonally close-packed monolayers to bcc
superlattices in nanocrystal films. We also find that {112} twin planes are common to

bce superlattices.

8.1.3 Structural Transformations of Heated Nanocrystal Superlattices

The structural evolution of a body-centered cubic (bcc) superlattice of 6.6 nm
diameter organic ligand-coated PbSe nanocrystals was studied in situ by small angle X-

ray scattering (SAXS) as it was heated in air from room temperature to 350°C. As it was
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heated above room temperature, the superlattice contracted slightly, but maintained bcc
structure up to 110°C. Once the temperature rose above 110°C, the superlattice began to
disorder, by first losing long-range translational order and then local positional order. At
temperatures exceeding 168°C, the nanocrystals sintered and oxidized, transforming into
PbSeO; nanorods.

Small angle X-ray scattering (SAXS) data reveal that superlattices of organic
ligand-stabilized gold (Au) nanocrystals undergo a series of structural phase transitions at
elevated temperature. A body-centered cubic (bcc) superlattice evolves into a hexagonal
close-packed (hep) structure, followed by the formation of simple cubic (sc) AB;3 and
hexagonal (hex) ABs binary superlattices before ultimately decomposing at high
temperature to bicontinuous domains of Au and hydrocarbon. Transmission electron
microscopy (TEM) revealed that these transformations result from Au nanocrystal growth
during heating, which combined with partial desorption of the ligand shell, forces the
observed changes in superlattice symmetry. These observations suggest a similarity
between organic ligand-coated nanocrystals and microphase-segregating diblock
copolymers: in this case, the thermally-induced nanophase-segregation of Au and organic

determines the ordered arrangements in the superlattice.

8.1.4 Nanocrystal Inks for Photovoltaics

All-inorganic solar cells consisting of CdTe/CdSe,! PbSe/PbTe/PbS,>> CIGS,*’
CusS,” and Cu,ZnSnS,”' absorber layers have been fabricated by printing nanocrystal
inks. Efficiencies as high as 10% have been achieved, however, only when relatively
high temperature annealing has been utilized."" CIGS nanocrystal film devices fabricated
by spray-coating the absorber layer, without high temperature annealing, have achieved

just over 3% efficiency. The mild processing conditions also enabled fabrication of
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alternative device structures that are not compatible with conventional high temperature
PV processing, including substrate and superstrate designs, and devices with transparent
back contacts of conducting indium tin oxide (ITO) and plastic substrates. Device
performance is observed to be limited by poor charge extraction from the nanocrystal
films, with the highest efficiencies being obtained from PVs with relatively thin absorber
layers. To improve light absorption without sacrificing internal quantum efficiency,
stacked PVs were fabricated, which exhibited improved short-circuit current and power
conversion efficiency compared to stand-alone single junction devices. At this point it is
clear that nanocrystal inks can be formulated and used to construct PV devices with
reasonable efficiency. The challenge is now to determine if low temperature printing of
the nanocrystal inks can yield device layers that can meet the required 10% efficiency for
commercialization. At the moment, it is not clear if this will be possible, as the large
number of grain boundaries in the film serve as carrier traps that can significantly limit
the device efficiency. Materials like CIGS, in which electrical conduction is relatively
immune to the presence of grain boundaries, are going to be needed for the approach to
work. There are ways to chemically passivate electrical traps at grain boundaries, and an
understanding of how to do this and of what is possible in nanocrystal films is needed. If
such an approach can be developed, the manufacturing of solar cells using nanocrystal

inks will have tremendous commercial potential.

8.2 FUTURE RESEARCH DIRECTIONS

8.2.1 Predicting Self-Assembled Nanocrystal Superlattice Structures

One challenge of using complex ordered assemblies in useful applications is the

lack of ability to accurately predict and control the self-assembled structure of
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nanocrystal superlattices. While the discovery of many complex structures in recent
years has garnered considerable attention, a detailed understanding of the important
forces leading to such complex phase behavior has lagged significantly behind. In
Chapters 3 and 5 of this dissertation, the contribution of the organic ligand shell of the
nanocrystals was shown to be very important in determining the arrangement of the
nanocrystals. In particular, it appears that the nanocrystals are behaving like a
microphase-separated system where one phase is the inorganic cores and the other is the
organic ligand. The self-assembly of other microphase-separated materials, like
amphiphilic block copolymers, is well understood based on self-consistent field theory.
Perhaps the established theory for microphase-separated organic materials could be
applied to colloidal nanocrystals in order to understand and predict their complex phase
behavior. This would be an important step to advancing the field of nanocrystal

assembly from empirical to predictive.

8.2.2 Amorphous-Crystalline Transitions in Au NCSLs

As shown in Chapter 5, an initially bcc superlattice of sub-2nm Au nanocrystals
undergoes order-order structural transformations when mildly heated. In some cases, the
initial superlattice is amorphous. Upon mild heating or solvent vapor exposure, the
amorphous nanocrystal assembly will crystalize into a crystalline bcc superlattice.
Furthermore, when the amorphous-crystalline transition is induced by heating, the
nanocrystal assembly does not revert back to amorphous. In other words, the transition is
non-reversible. On the other hand, when the amorphous-to-crystalline transition is
induced by exposure to solvent vapor, the assembly reverts back to amorphous when the
solvent vapor is removed. In other words, the transition is completely reversible.

GISAXS patterns of an assembly of sub-2nm dodecanethiol-capped Au nanocrystals
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undergoing an amorphous-to-crystalline structural transition with exposure to heat and

solvent vapor are shown in Figures 8.1 and 8.2, respectively.
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Figure 8.1: (A-I) GISAXS patterns from a heated Au nanocrystal superlattice and (J)
radial integrations and indexing of the Bragg peaks in the GISAXS patterns.
At approximately 65 °C, the nanocrystal assembly undergoes an amorphous-
to-crystalline transition as shown by the emergence of the (110) and (200)
Bragg spots of the bce superlattice.
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Figure 8.2: (A-I) GISAXS patterns from an Au nanocrystal superlattice as it is exposed
to toluene vapor and (J) radial integrations and indexing of the Bragg peaks
in the GISAXS patterns. As the nanocrystals are exposed to the solvent
vapor, they crystalline into a bee superlattice. Removal of the toluene vapor
causes the nanocrystal assembly to revert back to the original amorphous
structure.

It is interesting that the amorphous-to-crystalline transitions shown here are either
non-reversible or reversible depending on the method in which they are induced. Further
study of these transitions might lead to a better understanding of the role that the ligand
plays in the assembly of the nanocrystals.

8.2.3 Selenization of CIGS Nanocrystal Layers and Composition Control

One potential method for increasing the efficiency of CIGS nanocrystal-based

solar cells it to grow very large grains using a high temperature anneal under a selenium
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rich atmosphere, or “selenization”. Figure 8.3 shows TEM images of a nanocrystal film
before and after selenization. While the nanocrystals are initially only 15-20 nm in
diameter, the grains after selenization are on the order of 1 um in size. Furthermore, XRD
of a bilayer of CulnSe, and CuGaSe, showed that the composition of the CIGS film after
selenization was uniform and intermediate between CulnSe, and CuGaSe,. Since the
band gap of Cu(In;«Gayx)Se; can be tuned from about 1.0 eV to 1.7 eV by varying the
composition (in particular the value of x), selenization of a mixture of nanocrystal inks to
might be an attractive avenue for composition control and bandgap engineering in CIGS
photovoltaic. Of course, selenization is a high temperature process which can limit the

types of materials used in the solar cell (e.g. the substrate and back contact material).
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CIS/CGS bilayer SEM
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Figure 8.3: (left) XRD profiles of a bilayer of CulnSe, and CuGaSe, nanocrystals
before and after selenization. (right) TEM images of a CIGS nanocrystal
film before (top) and after (bottom) selenization.
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