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ABSTRACT: Macroscopic superlattices of tin-doped indium
oxide (ITO) nanocrystals (NCs) are prepared by self-assembly
at the air/liquid interface followed by simultaneous ligand
exchange with the organic semiconductor copper 4,4',4"4"-
tetraaminophthalocyanine (Cu4APc). By using X-ray photo-
electron spectroscopy (XPS), grazing-incidence small-angle X-
ray scattering (GISAXS), and ultraviolet—visible—near-infrared
(UV—vis—NIR) spectroscopy, we demonstrate that the
semiconductor molecules largely replace the native surfactant
from the ITO NC surface and act as cross-linkers between
neighboring particles. Transport measurements reveal an
increase in electrical conductance by 9 orders of magnitude,
suggesting that Cu4APc provides efficient electronic coupling
for neighboring ITO NCs. This material provides the
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opportunity to study charge and spin transport through phthalocyanine monolayers.

KEYWORDS: colloidal nanocrystals, self-assembly, thin films, molecular electronics, nanoparticles, indium tin oxide (ITO),

transparent electrodes, phthalocyanine

1. INTRODUCTION

Exploiting the optoelectronic behavior of molecular monolayers
or individual molecules sandwiched in between two electrodes
bears exciting opportunities for nanoscale electronic devices."”
Such “molecular electronics” is considered a promising means
to continue the increasing miniaturization of memory chips as
the length scale of current transistors is approaching the size of
individual molecules.” The physics of molecular electronics is
typically characterized by different transport mechanisms
compared to conventional bulk crystalline conductors which
holds for new possibilities to e.g. tune electronic coupling and
design novel thermoelectric materials and sensors.”~"" In order
to study these effects, a key question to address is the choice of
the contacts for the molecular junction.''™"* One possibility in
this respect is metal colloidal nanocrystals which are relatively
cheap to synthesize, solution-processable, and tunable in
shape."* ™"
tronics are (doped) metal oxide nanocrystals, which combine
high optical transparencies in the visible regime with metallic
electric conduction.'”** Such transparent electrodes are crucial
in the design of single-molecular devices for photoswitching

Of particular advantage for molecular optoelec-

and light-emitting diodes, which are currently two very
promising target applications of molecular electronics.”***

-4 ACS Publications  © 2017 American Chemical Society

14197

In this work, we replace the native surfactant of tin-doped
indium oxide (ITO) nanocrystals after synthesis by the organic
semiconductor copper 4,4',4”,4"”-tetraaminophthalocyanine
(Cu4APc) to fabricate conductive and optically transparent
thin films of ITO nanocrystals cross-linked with monolayers of
Cu4APc. While previous studies typically applied thermal
annealing to replace the surfactant from the surface of the metal
oxide nanocrystals and/or induce particle sintering, a deliberate
functionalization of these nanocrystals with conductive
molecules has not been demonstrated to the best of our
knowledge.*~*' Metal phthalocyanines with nonzero spin are
actively pursued as molecular magnets for single-molecule
spintronics.”” > As recently suggested, the spin state of copper
phthalocyanine molecules can potentially be manipulated by an
external optical stimulus, holding for a promising combination
of molecular optoelectronics with spintronics.”® While the
single molecule deposition of unsubstituted phthalocyanines is
challenging due to their limited solubility, Cu4APc is easily
soluble in common organic solvents. We show here that this
allows synthesizing a hybrid material consisting of a network of
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Figure 1. Fabrication process of electronically coupled large-area NC superlattice films. (A) The desired substrate is placed at the bottom of the
chamber, and the chamber is filled with DMSO. A controlled amount of MA-capped ITO NCs dispersed in hexane is introduced to the DMSO
surface. (B, C) An ultrathin film of NCs is formed upon spreading the NC dispersion on the liquid subphase and evaporation of hexane. (D) A
solution of Cu4APc in DMSO is injected into the subphase to start the in-situ ligand exchange process. (E) The free-floating ligand-exchanged NC
superlattice is transferred to the substrate by retracting the solution from the bottom of the chamber. (F) Photograph of the macroscopic,
transparent, crack-free film of ITO NC/Cu4APc superlattice on a glass substrate.

isolated ITO nanocrystals, which are electronically connected
by the molecular conductor.

2. METHODS

Synthesis of ITO Nanocrystals. ITO NCs were synthesized
based on a previously reported method.”" Briefly, an octadecene (20
mL of ODE) solution of indium and tin acetate (0.95 mmol of In(Ac),
and 0.05 mmol of Sn(Ac),) with myristic acid (3 mmol of MA) was
degassed at 120 °C for 2 h in a three-neck flask attached to a Schlenk
line. A similar preparation was performed with an ODE (10 mL)
solution of octadecylamine (3 mmol of ODA). The carboxylic solution
was heated to 295 °C under nitrogen in order to yield carboxylate
precursors. Particle nucleation was initiated by rapid injection of the
amine solution. The solution temperature was dropped to 280 °C and
was maintained for 1 h. The solution color gradually changed from
yellow to dark green within 5 min after injection. Afterward, the
temperature was further reduced to 240 °C for 1 h. The NCs were
collected by polarity-mediated precipitation using ethanol/chloroform,
utilizing a high-speed centrifuge. Finally, the NCs were dispersed in n-
hexane.

Synthesis of Copper 4,4',4”,4"-Tetraaminophthalocyanine
(Cu4APc). Cu4APc was synthesized following a previously reported
precedure.””

Self-Assembly of NC Superlattice and In-Situ Ligand
Exchange at the Liquid—Air Interface. Electronically coupled
large-area NC superlattice films were prepared by a Langmuir-type
assembly at the liquid/air interface.’® *' The fabrication process was
carried out in a home-built Teflon chamber which is shown in Figure
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1. In the first stage of the preparation, the desired substrate (TEM grid,
amorphous glass, Au-patterned Si wafer for conductivity measure-
ments, etc.) is placed at the bottom of the chamber, which is then filled
with DMSO as a subphase liquid. 35 uL of MA-capped ITO NCs
dispersed in hexane (with the concentration of approximately 1 mg/
mL) is introduced to the DMSO surface (~200 uL/min) which after
~S min leads to the self-assembly of a 1—2 monolayer thick film after
evaporation of hexane (Figures 1A—C). In the second stage of the
process, a solution of 0.25 mg/mL Cu4APc in DMSO is slowly
injected into the subphase by a syringe in order to start the in-situ
ligand exchange (Figure 1D). By adding the solution of Cu4APc to the
subphase, simultaneous diffusion of phthalocyanine molecules into the
NC superlattice and diffusion of primary organic ligand out of the
floating film completes the ligand exchange process overnight. Finally,
the free-floating ligand-exchanged NC superlattice is transferred to the
substrate by retracting the solution from the bottom of the chamber
and lowering the NC superlattice onto the solid substrate (Figure 1E).

Instrumentation. Particle size and shape were verified by scanning
transmission electron microscopy (STEM) on a Hitachi SU 8030
microscope operating at 30 kV. The crystallographic phase of ITO was
determined by X-ray diffraction (XRD) with an XRD-7000 X-ray
diffractometer, Shimadzu Co., Japan, and Cu Ko radiation with 4 =
1.5405 A. In order to evaluate the dopant incorporation and surface
characteristics, XPS measurements were carried out using a photo-
electron spectrometer which was equipped with a conventional XRS50
X-ray source (Al Ka, working at 12.5 kV and 20 mA, 1486.61 eV) and
a PHOIBOS 100 MCD analyzer (SPECS). The pressure in the
analyzer chamber was maintained below 3 X 107'° mbar during the
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measurements. No changes in the core level signals of the as-prepared
films and the films under X-ray irradiation were observed that
represent the stability of the molecules during the data acquisition
time. The resolution in XPS measurements was determined as 0.8 eV
(calculated from the width of the Fermi edge on the Au substrate).
The binding energies were corrected for electrical charge effects by
referencing to Au 4f and adventitious C 1s peak, which were assumed
to have a binding energy of 84.0 and 284.8 eV, respectively. The
photoelectrons were detected at a takeoff angle of ® = 0° with respect
to the surface normal (normal emission). Each spectrum was corrected
for the satellite peaks (A = 9.8 and 11.8 €V from Al Ka; and Al Ka,,
respectively). Data fitting was performed using Gauss—Lorentz
profiles.** The background was calculated using the Shirley method.
The relative tin content was determined by the ratio of the Sn 3d peak
area to the total area of the In and Sn 3d peaks, scaled by the relative
photoionization cross section for each element. The error introduced
by differences in the escape depth of photoemitted electrons is
neglected, since the binding energies of 3d;, signals for both In and
Sn are close to each other. GISAXS measurements were performed at
a laboratory-based Xeuss 2.0 instrument from Xenocs, France, with a
wavelength of 1.5405 A (Cu Ka). An incident beam of size 0.5 X 0.5
(V X H) mm® was used with a grazing angle of 0.2° onto the surface of
the sample. A two-dimensional Pilatus 300K detector was employed at
a distance of 2.5 m from the sample center to collect the scattering
spectra at low momentum transfer vector (q) value—to resolve the
NPs size. Each sample was measured for 1 h to achieve good statistics.
Optical measurements were performed on solid state films on glass
substrates as well as dilute dispersions in tetrachloroethylene using an
UV—vis—NIR spectrometer (Agilent Technologies, Cary 5000). The
electrical measurements on the 2D NC array were performed using a
Keithley 2634B dual source-meter unit, controlled by the included test
script builder program. The free-floating ligand-exchanged NC
superlattices were deposited on a commercially available bottom-
gate, bottom-contact transistor substrates (Fraunhofer Institute for
Photonic Microsystems, Dresden, Germany) with interdigitated Au
electrodes of 10 mm width and varying channel lengths (2.5, 5, 10, and
20 um; see Figure S3) followed by annealing at 250 °C for 2 h under a
nitrogen atmosphere for further drying and improving the electrical
conductance. Substrates were contacted using a home-built probe
station enclosed in a nitrogen glovebox.

3. RESULTS

Figure 2A shows STEM images of a 1—2 monolayer thick film
of MA-capped ITO NCs self-assembled into 2D close-packed
arrays at the air/liquid interface recorded on a TEM grid. In
contrast to other approaches,”* the interface method yields
1—2 monolayer thick, large-area, free of crack interlinked
nanoparticle arrays which can be easily transferred to the
desired substrate. High-magnification STEM (Figure S1B)
reveals that the NCs are well separated from each other by the
myristic acid chains. The average particle size is found to be 6.8
nm by evaluating several STEM pictures from the same grid
and counting more than 500 particles. The standard deviation
with respect to the size is evaluated to be ~15%. The histogram
for size analysis can be found in the Supporting Information
(Figure S2). Figure 2B displays the XRD patterns for ITO NC
films before and after annealing at 250 °C. First, the highly
crystalline nature of the synthesized NCs is confirmed. The
obtained patterns match very well with those of the standard
cubic bixbyite phase of In,O; (JCPDS no. 06-0416) and are in
good agreement with those reported for ITO NCs in the
literature.”**** Next, the X-ray diffraction pattern and peak
widths remain unchanged after annealing, which provides
supporting evidence that the crystal size remains fixed and the
NCs do not fuse upon annealing.

XPS provides valuable information about compositional
changes in the near-surface region. Figure 3 shows the XPS
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Figure 2. (A) Electron microscopy images of 1—2 monolayer thick
film of myristic acid-capped ITO NC prepared at an air/liquid
interface. (B) XRD patterns of ITO NC films before and after
annealing.

spectra of the ITO NC superlattices prepared by the interface
method before and after ligand exchange. As expected, one can
detect indium, tin, oxygen, carbon (not shown here), and
nitrogen. The latter element is only detected after ligand
exchange. The individual core level spectra of O 1s, In 3d, Sn
3d, and N 1s are presented in parts A, B, C, and D of Figure 3,
respectively. The O 1s core-level spectra could be fitted with
four components of identical peak shape but various intensities
labeled O; (530.2 eV), Oy (531.5 V), Oy (532.5 eV), and Oy
(533.5 eV) (see Figure 3A). After ligand exchange, the intensity
of the Op; component is significantly decreased and the O/
(O; + Oy) intensity ratio is considerably reduced. No change in
the O;/Oy intensity ratio is observed. The spin—orbit split In
3d and Sn 3d signals can be decomposed into two doublet
peaks labeled In; and In; (In 3ds,, component centered at
444.6 and 445.8 eV, respectively) and the peaks labeled Sn; and
Sny (Sn 3ds/, component centered at 486.5 and 487.7 eV,
respectively). No changes in their relative intensities are
detected after ligand exchange (see Figures 3B,C). The relative
tin content is calculated to be ~4.6% by taking the sensitivity
factors of 13.32 and 14.8 for In 3d;,, and Sn 3dy),, respectively,
using the ratio of the Sn 3d peak area to the total area of the In
and Sn 3d signals. The observed line widths and positions of
the main components of the In 3d,, (BE 444.6 eV) and Sn
3ds/, (BE 486.5 V) are in good accordance with earlier reports
on the In* and the Sn** oxidation state in ITO.***® The
second components centered at 445.8 eV for In 3d;,, and 487.7
eV for Sn 3dy, are attributed to surface-bound hydroxide.*”
Figure 3D represents the N 1s core-level signal for the ITO
NCs superlattice film before and after ligand exchange. Before
ligand exchange, no nitrogen signal can be detected in the film,
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Figure 3. Core level XPS spectra of (A) O 1s, (B) In 3d, (C) Sn 3d, and (D) N 1s region of the ITO NCs superlattice films prepared by the interface

method before and after ligand exchange.

but a strong signal appears after the exchange process. The
inset in Figure 3D shows the chemical structure of Cu4APc.
Grazing-incidence small-angle X-ray scattering (GISAXS) is a
very powerful tool for characterizing in-plane density
correlations (i.e., typical distances, etc.) of nanoscale objects
at surfaces or in thin films.***’ The GISAXS technique is highly
surface sensitive as the incidence angle of X-ray is chosen near
the critical angle of the film material, thus leading to a limited
penetration depth (typically down to a few nanometers, if
pushed to the extreme) and therefore reducing the scattering
contribution of the substrate. GISAXS can provide information
such as in-plane structural correlations or ordering among the
assembled objects embedded in thin films and sizes of nano-
objects including nanoparticles and islands.”*~>* This technique
is used here to probe the ITO NC correlations in the prepared
film of hybrid NCs-organic molecule network and to study the
effect of ligand exchange and thermal annealing onto the self-
assembled hybrid structure. For self-assembled monolayer
films, the GISAXS patterns used to have largely vertical rods
spectra whose position along q, direction indicates the in-plane
periodicity between the NCs, whereas the width of these
reflections represents the degree of ordering among the NCs in
the film. For MA-capped ITO NCs, we find an in-plane
correlation “arc-like rod” scattering spectra at g, = 0.0715 A,
which corresponds to the in-plane radial average distance of 8.8
nm between the NCs. We attribute the “arc-like rod” shape of
the GISAXS signal to the presence few bi(multi)layer/buckled
islands on top of a self-assembled hybrid monolayer of NCs
and MA.>® We note that while the relatively broad scattering
patterns and the rather broad size distribution of the ITO NCs
make conclusions on the exact absolute distances difficult, the
relative changes upon sample annealing and ligand exchange as
discussed in the following should be considered reliable. After
thermal annealing of the same film at 250 °C for 2 h, the overall
intensity of the GISAXS pattern is reduced by a factor of 1.4
(Figure 4B), possibly due to coalescence of some of the
nanoparticles. More importantly, the in-plane correlation peak
shifts toward higher g, corresponding to a decrease of the
interparticle spacing along the in-plane direction by ~0.6 nm.
We attribute this contraction to the partial removal of MA. This
also supported by the decreased scattering intensity, indicating
a partial destruction of the superlattice or reduction of domain
sizes. The GISAXS pattern of ITO NCs from the same batch
after ligand exchange with Cu4APc is depicted in Figure 4C.
The first-order correlation peak is found at g, = 0.0785 A7,
corresponding to an average in-plane correlation distance
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between the nanoparticles of about 8.0 nm. In contrast to the
MA-capped NCs, this distance is observed for the sample
before annealing, such that it cannot be explained with thermal
desorption or possible particle fusion. We attribute this to the
significantly smaller size of Cu4APc (~1.1 nm), acting as a
cross-linker between adjacent NCs and establishing the ligand
exchange process. We note that there is no further shift along g,
upon annealing the exchanged film at 250 °C for 2 h other than
a reduction in scattering intensity (Figure 4D). The absence of
significant changes in real-space correlation distances may be
due the very strong interaction between ITO NCs and Cu4APc
ligands and also the high melting point of the Cu4APc ligand
itself.

Figure SA displays the UV—vis—NIR absorption spectra of
as-prepared ITO NC films before and after ligand exchange
(red and black curves, respectively) as well as a dilute
dispersion of MA-capped ITO NCs in tetrachloroethylene
(blue curve). All samples show the interband transition of ITO
at around 400 nm and a strong localized surface plasmon
resonance (LSPR) peak in the near-infrared region indicating a
significant density of free electrons. The position of the LSPR
peak is red-shifted from 1740 nm for ITO NCs in dilute
dispersion to 1984 nm for ITO NCs in thin films. These values
are in good agreement with those reported in the literature.””*’
After ligand exchange with Cu4APc, we observe the appearance
of a new absorption band at 736 nm which is assigned to
Cu4APc. In addition, the LSPR peak is further red-shifted from
1984 to 2016 nm. Figure 5B shows the UV—vis—NIR spectra of
the same two films (MA- or Cu4APC-capping) after annealing
at 250 °C for 2 h under a nitrogen atmosphere. Neglecting the
small change in the shape of the Cu4APc feature, the maximum
remains at 736 nm. In contrast, the LSPR peaks are significantly
red-shifted to 2103 nm, but the effect is the same for both films.

In order to compare the electrical properties of the ITO NC
films before and after ligand exchange, we extract the sheet
resistance by low-field two-point current—voltage (I-V)
measurements on substrates with prepatterned Au contacts in
Figure 6. The sheet resistance is obtained from R, = Rw/],
where R is the measured resistance of the 2D NC arrays, with L
and w the length and width of the channel between two gold
electrodes (2.5 ym and 10 mm, respectively). For the MA-
capped ITO NCs, we find R = 3.72 X 10"* Q/[] (blue circles)
for films prepared at room temperature and R, = 2.45 X 10"
Q/[] (dark-blue circles) after annealing. Ligand exchange with
Cu4APc reduces the sheet resistance to 5.97 X 10’ Q/[] for
films prepared at room temperature. Annealing further reduces
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Figure 4. GISAXS of self-assembled ITO NCs arrays (A) capped with
MA, (B) capped with MA and annealed at 250 °C for 2 h, (C) after
ligand exchange with Cu4APc, and (D) after ligand exchange with
Cu4APc and annealed at 250 °C for 2 h. Right panels: the extracted
line profiles from the corresponding GISAXS images as a function of
in-plane scattering vector q,. To improve the statistics of the line
profiles, the ROI (red dotted box) was integrated along the g,
direction. The footprint of the incident beam is 0.5 mm X 100 mm.

R, by more than 1 order of magnitude (dark-red circles, 1.94 X
10° Q/[1). Thus, a dramatic increase in conductivity of the
films by more than 9 orders of magnitude is observed after
ligand exchange and annealing. A photograph of ITO NC films
after exchange with Cu4APc on a prepatterned substrate for
conductivity measurements is shown in the inset of Figure 6. In
order to evaluate the contact resistance, we measure the total
resistance for varying contact distances (see Fi%ure S3) and
apply the transmission line method (TLM).”**> The y-
intercept of the fitted line gives the contact resistance and
the slop multiply by w yields the sheet resistance. The extracted
contact resistance is at least 2 orders of magnitude lower than
the measured total resistance, indicating that its effect on our
system is negligible.
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Figure S. (A) UV—vis—NIR absorption spectra of ITO NC thin films
before and after ligand exchange with Cu4PAc (red and black curves,
respectively) as well as a dilute dispersion of ITO NCs in
tetrachloroethylene (blue curve). (B) UV—vis—NIR absorption
spectra of the same films after annealing at 250 °C for 2 h under a
nitrogen atmosphere.

4. DISCUSSION

In this section, we first utilize the XPS data in Figure 3 to
develop a chemical understanding of the ITO NC surface
before and after ligand exchange with Cu4APc. We continue
with analyzing the changes in optical (Figure 5) and electrical
properties (Figure 6) upon ligand exchange with respect to the
changes in the dielectric environment as well as structural
changes elucidated by GISAXS in Figure 4. Finally, we
comment on the transport properties of ITO-Cu4APc networks
in the light of other reports on the electrical properties of
metallic NCs.

Chemical Nature of the ITO NC Surface before and
after Ligand Exchange. To elucidate the reactions involved
in the ligand exchange from MA to Cu4APc at the ITO NC
surface, we use our XPS results and previously reported XPS
studies on macroscopic ITO samples to propose a possible
scheme.*~*°7%% ‘With respect to the four different oxygen
species found in Figure 3 (O; to Opy), we make the following
assignments: (Oy, BE 530.2 eV) O*” ions bound to In** atoms;
(Oy, BE 531.5 eV) O>” ions next to vacancies in the In,O,
lattice;****%*? (Oy, BE 532.5 eV) oxygen atoms in hydroxyl
groups;**® and (Oyy, BE 533.5 V) carboxylic oxygen as part
of the CO,” groups in MA and/or adventitious contami-
nations.®” It is well-known that MA readily chemisorbs to ITO
surfaces via its carboxylic acid headgroup, for instance by
protonating the bridging oxides and hydroxyl groups or
bounding to oxygen vacancies.”® Figure 7 shows schematic
views of the possible ITO NC surface before ligand exchange
(part A) and the more complex surface after ligand exchange
(part B). As the film fabrication and the ligand exchange
processes are both carried out in direct exposure to ambient air

DOI: 10.1021/acsami.7b00555
ACS Appl. Mater. Interfaces 2017, 9, 14197—14206


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b00555/suppl_file/am7b00555_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b00555

ACS Applied Materials & Interfaces

Research Article

1072
103 —194X1OSQ/E.
000000000
104 [ .000000‘°°°..
o®®
10 o* =597 X 10" /0
1 0000000000000°‘°"'
6 L ° :
10¢ [ o
<107 f
C .ns| @ Pristine TO Film
@ 10°F o Annealed ITO Film
'5 9 ® Pristine ITO/Cu4APc Film
O 107 F @ Annealed ITOICU4APC Film
10-1% R, = 2.45 X 10° /D0
e000000000
10"} JPPRPTTIL Lt
o"'
10-12 o
R, =3.72X 10" /O
10-13 .......ooo0000000000000000000
10-14|l||||l||]||||||||||
0.00 0.05 0.10 0.15 0.20

Source-Drain Voltage (V)

Figure 6. Current—voltage (I-V) characteristics as well as the sheet
resistance measured for different processing histories of ITO NC films.
Blue circles: MA-capped ITO NC films; dark-blue circles: MA-capped
ITO NC films after annealing; red circles: ITO NC films after ligand
exchange with Cu4APc; dark-red circles: ITO NC films after ligand
exchange and annealing. The graph is plotted on a logarithmic scale for
better comparison. Inset: photograph of a typical ITO NC film after
exchange with Cu4APc on a prepatterned substrate with Au contacts
for I-V measurements.

(A)

Q'-:@’ ®.¢~.®®,GID

s 6908 u@@ﬁs®
6 6900 @@u AQ39®
0093d%6 0@? 69398

& %VOQO 0oL G)Cb\@/o o@

TN NS @uv¢@®9¢9¢@u?m

@ogé o.l oQ Q(b‘@u @
€ 59696%090 Go@oqro o@®
T696090%0 G'wQ 0949694 o

Figure 7. Schematic views of (A) the possible ITO NC surface before
ligand exchange and (B) binding of the new incoming ligand
molecules and the more complex surface after ligand exchange.

out of the glovebox, the residual water vapor can react with
bridging oxygen atoms and also oxygen vacancy sites at the
surface to form hydroxyl groups (Figure 7A).>”>* After ligand
exchange, the intensity of the Oy, signal is significantly
decreased, suggesting that most of the MA molecules have
been replaced from the ITO NC surface. Simultaneously, the
new N 1s core-level signal confirms the presence of a nitrogen-
rich species, such as Cu4APc (Figure 3D), in agreement with
UV—vis—NIR results. This replacement is facilitated by the
rather moderate binding strength of fatty acids to ITO."

With respect to the preferred binding site of Cu4APc at the
ITO surface, we suggest a reaction of the primary amino groups
of the phthalocyanine and the NC surface hydroxyl groups
according to

CuPh(NH,), + (ITONC)M*OH"~
— (NH,),CuPh(NH)-M(ITONC) + H,0

where M is the metal atom (In or Sn) at the surface. This is
corroborated by our XPS results (Figure 3A), which indicate a
substantial reduction of the Oy;/(O; + Oy;) intensity ratio upon
ligand exchange, that is, a loss of OH groups. It is worth
pointing out that Cu4APc might also bind “side-on” to the ITO
surface via its metal center atom (Figure 7B). Although we
detected a very weak signal from the metal center of Cu4APc
(Cu 2p, data not shown), due to the low concentration of
copper atoms (only one atom per ligand molecule) and strong
attenuation of this signal by the surrounding atoms the signal
strength is too small to derive any meaningful information on
the chemical environment of the Cu atom.

Correlation between Structure, Dielectric Environ-
ment, and Optoelectronic Properties. In good accordance
with XPS, our GISAXS results also confirm the successful
ligand exchange. In the as-prepared NC films, the nanoparticles
are separated by MA molecules. The average correlation
distance between neighboring NCs (center-to-center distance)
is reduced by about 0.8 nm upon ligand exchange (Figure 4A vs
4C). This in the interparticle correlation distances matches with
the difference between the molecular lengths of MA (~1.8 nm)
and Cu4APc (~1.1 nm).

Decreasing the distance between two metallic NCs typically
induces a red-shift of the LSPR due to a growing interaction of
the surface electrons of the two NCs. In addition, changes in
the dielectric environment of the surface electrons can also alter
the LSPR.®" We therefore attribute the 88 meV bathochromic
shift of the LSPR for MA-capped ITO NCs obtained upon
drying the NC solution on a substrate (Figure S) to a mixture
of these two effects, as the dielectric medium and the
interparticle distance both change drastically in the process.
In contrast, annealing of the dried ensemble primarily leads to a
decrease in interparticle spacing, such that the additional 35
meV bathochromic shift of the LSPR of the MA-capped ITO
NCs upon annealing are mainly attributed to a structural effect
(Adg;, = —0.6 nm). A comparison of the LSPRs of the dried
NCs before and after ligand exchange indicates that in this case
the different dielectric environment provided by Cu4APc
supposedly causes a hypsochromic shift which competes with
the shift due to the change in structure (Adg = —0.8 nm):
although the volume contraction is even larger than in the first
case, the observed bathochromic shift is only 10 meV.
Annealing of this sample does not lead to further volume
contractions (see Figure 4), but the LSPR experiences another
bathochromic shift by 25 meV which, as one possibility, we
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Table 1. Comparison of Recently Published Electrical Conductivities for Nanocrystalline ITO Thin Films

ref 6 (Scm™)  NC diam (nm) processing history film thickness (nm)  Sn-doping concn (%) surfactant
this work 0.5 6.8 annealed at 250 °C for 2 h 1-2 ML S Cu4APc
ref 29 0.001 10.5 25 °C 350 7 butanoate
ref 27 20 16 annealed at 500 °C 1100 S na.
ref 30 200 11 annealed under 5% H, at 300 °C for 6 h 146 10 none
ref 28 1.7 9.5 as deposited by spin-coating 200 S oleylamine
ref 26 1.0 14.6 350 °C in air for 10 min 165 10 none

attribute to the evaporation of the nonvolatile solvent DMSO
and the associated change in the dielectric environment. Thus,
although the LSPRs of the two annealed samples are practically
identical, this is likely to be a coincidence since the dielectric
environments are quite different.

Charge transport in arrays of metallic NCs is ically
described within the framework of granular metals.”> " For
transport in the dielectric regime, the resistance (R) follows a
temperature-activated behavior according to

2 a
R~ exp| 1

edT (1)
with the elemental charge (¢), the effective dielectric constant
of the material ¢, the effective localization length d, and the
material-/temperature-specific coefficient a. Therefore, the
sheet resistance in ITO NC networks is expected to be
correlated to both the dielectric environment (represented by
€) and the structure (represented by d). In addition, the
effective correlation length depends on the tunneling
probability between adjacent NCs, which is again a function
of structure (via the width of the tunneling barrier) and the
chemical environment (e.g., due to a surrounding matrix with a
nonzero conductance®”). Our results in Figure 6 suggest that all
investigated samples are in the dielectric regime since even for
the most conductive sample (after ligand exchange and
annealing), the estimated conductivity is on the order of 0.5
S cm™' (assuming an average film thickness of 1-2 NC
monolayers). This is 2 orders of magnitude lower than the
expected conductivity for a coherently coupled network of
metallic NCs with diameter a = 6.8 nm according to™®

2
e

o N —
Coher ha (2)

This observation is in line with our GISAXS results which
suggest that even after annealing the NCs remain well-
separated, presumably by a monolayer of MA or Cu4APc.
The slight decrease in R; upon annealing MA-capped ITO thin
films can be understood in terms of a reduction of the
tunneling barrier width (Adg, = —0.6 nm). However, because
of the largely insulating nature of MA, the tunneling probability
increases only slightly due to the very large tunneling barrier
height. The importance of the electronic structure of the
surfactant in this respect is immediately apparent upon
comparing the R, values for ITO NC films before and after
ligand exchange: Although the structural properties of the
annealed MA-capped sample and the pristine Cu4APc-
functionalized material (Figures 4B,C) are quite similar, the
difference in conductivity is 5—6 orders of magnitude. Such a
large change cannot be explained with an alteration of the
dielectric environment alone and points to a dramatically
enhanced tunneling probability between adjacent NCs via the
semiconductor molecule. In contrast, the additional reduction
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of R, after annealing of the Cu4APc-capped sample is probably
mostly due to removal of the nonvolatile solvent DMSO, which
is mainly a dielectric effect. On the other hand, annealing could
also lead to beneficial geometric relaxation of Cu4APc at the
ITO surface. We note that we did not observe any changes in
XPS signals of ITO NCs capped with Cu4APc after annealing,

Comparison of the Transport Properties of Cu4APc-
Capped ITO NCs with Other Reports on ITO NC Thin
Films. Despite the parameters discussed in the section above,
transport in ITO NC networks also strongly depends on the
size of the NCs, the doping concentration, the processing
history/annealing temperature, and the film thickness.””**%

Table 1 summarizes some recent results from the literature in
terms of these additional parameters and demonstrates the
large influence of the surface functionalization on the efficiency
of charge transport between ITO NCs. Removing the surface
molecules by annealing at T > 300 °C and/or under reductive
conditions can lead to transport approaching the quantum
conductance limit.® Here, transport is merely inhibited by the
charging energy associated with injecting a charge into the
confined volume of the NC. In contrast, if the surface
functionalization remains intact, transport is predominantly
limited by tunneling through the molecular layer and not by the
charging energy of the NC. A comparison of the conductivity
and lattice spacings measured in this work (0.5 S cm™'; 1.2 nm)
with that on similar ITO NC layers capped with butanoate
(0.001 S cm™; 0.4 nm) implies that Cu4APc does not merely
act as a molecular spacer but rather as an electronic bridge
which greatly facilitates transport between adjacent NCs. In this
sense, the material in the present work could also be viewed as
an array of ITO contacts, which serve to study transport
through molecular layers of Cu4APc. In the same context, it is
instructive to compare the Cu4APc-ITO system with the vast
literature of noble metal NCs (e.g, Au, Ag) separated by
molecular monolayers,”’”"* such as saturated alkanethiols.
Although the carrier concentration in such real metal NCs is
significantly larger than in degenerately doped ITO, typical
conductivities for molecular lengths of 1.2 nm are on the order
of 107 S cm™". If the molecular layer is a semiconducting
polymer, such as thiolated oligo(phenylene ethylene) (OPE)
with a molecular length of 2.1 nm, a conductivity on the order
of 0.02 S cm™' has been reported.''® These comparisons
strongly suggest that carrier migration through the ITO-Cu4Pc
network is remarkably efficient.

5. CONCLUSION

We have demonstrated that in situ ligand exchange of ITO
nanocrystals at the liquid—air interface with semiconducting
copper tetraaminophthalocyanine yields an electronically
coupled network of well-separated nanocrystals. UV—vis—
NIR, GISAXS, and XPS results demonstrate the presence/
binding of the semiconductor ligand between/to the ITO
nanocrystals. Two-point probe conductivity measurements
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reveal a dramatic decrease in sheet resistance by more than 9
orders of magnitude after ligand exchange, suggesting that the
phthalocyanine derivative acts as an electronic linker. The
synthetic concept pursued in this work enables future testing of
theoretical models for the description of transport through
granular metal systems as well as investigations of the interplay
between organic semiconductor molecules with plasmonic
nanocrystals.
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