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We simultaneously surface-functionalize PbS nanocrystals with
Cu 4,4',4",4""" -tetraaminophthalocyanine and assemble this hybrid
material into macroscopic monolayers. Electron microscopy and X-ray
scattering reveal a granular mesocrystalline structure with strong
coherence between the atomic lattice and the superlattice of nano-
crystals within each domain. Terahertz spectroscopy and field-effect
transistor measurements indicate efficient coupling of holes throughout
the hybrid thin film, in conjunction with a pronounced photoresponse.
We demonstrate the potential of this material for optoelectronic
applications by fabricating a light-effect transistor.

Combining semiconductor nanoctystals (NC) and organic semi-
conductor molecules into coupled organic-inorganic nanostructures
(COIN) gives access to hybrid materials with entirely new
properties.'™ To name only a few, some key questions in COIN
materials involve the nature of the exciton (Frenkel or Wannier-
Mott type), the speed of charge transfer across the organic/
inorganic interface, the tunability of electronic coupling via the
quantum size effect as well as the efficiency of singlet fission.®™
In particular, COINs based on PbS nanocrystals have demonstrated
excellent potential for applications as photodetectors.” " In the
same context, the photoconductivity in metal phthalocyanines, its
selective response to vapour and the application as molecular noses
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have been extensively studied.'>"* Thus, we see great potential
for a hybrid material comprising of well-dispersed PbS NCs and
phthalocyanines with many frequent interfaces for optoelectronic
applications. In addition, the energies of the first excited hole
state in PbS NCs and the highest occupied molecular orbital in
Pcs are rather similar which bears the prospect of resonant
coupling for holes in this hybrid material."*">

In this work, we develop a chemical procedure to fabricate
ordered monolayers of PbS NCs surface-functionalized with
Cu 4,4’ 4" 4"""-tetraaminophthalocyanine (Cu-4APc). We monitor
the ligand exchange at the NC surface, characterize the structure
of the hybrid film, measure important electric transport parameters
and assess the potential of this COIN for photodetection.

Thin films of oleic acid-capped PbS NCs are assembled at
the liquid/air interface and simultaneously ligand-exchanged
with Cu-4APc in a closed cell, using acetonitrile as the liquid
substrate. (For details, the reader is referred to the ESIT unit.)
The surface-functionalization with Cu-4APc is verified via X-ray
photoemission spectroscopy (XPS) and vibrational spectroscopy
(FT-IR) (see Fig. S1 in the ESIT unit).

The real-space structure of Cu-4APc functionalized PbS
NC thin films is characterized by transmission and scanning
electron microscopy (TEM and SEM) in Fig. 1. The fast Fourier
transform (FFT) of a single superlattice domain (Fig. 1a and
inset) indicates structural coherence between the (200) atomic
lattice planes of the PbS NCs (3.4 nm™ " in reciprocal space).
This is supported by the high-resolution TEM image in Fig. 1b
bearing mainly the typical (200) lattice spacing of 3 A. The low-
magnification SE micrograph in Fig. 1c indicates that structural
coherence is also preserved over length scales on the order of
micrometers. In terms of the film morphology, the TE micro-
graphs in Fig. 1a and b indicate a mostly mono-layered struc-
ture with average particle spacing of 1.3 nm to 1.5 nm, which
matches the estimated length of a Cu-4APc molecule. Fig. 1d
depicts a typical PbS-Cu4APc thin film with an area of approx.
100 pm?, smooth surface and almost no voids.

For a macroscopically averaged characterization of the
structural properties of Cu-4APc functionalized PbS NC thin
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Fig. 1 (a) Transmission electron micrograph of a typical Cu-4APc functiona-
lized PbS NC film. The inset represents the FFT of the same image; the four white
spots at 3.4 nm™! represent the 200 PbS lattice planes. (b) High-resolution TEM
of the same NC film. (c) Scanning electron micrograph of a similar NC film
showing long-range structural coherence. (d) Low-magnification micrograph of
a thin film.

films, we perform simultaneous grazing incidence small-angle
and wide-angle X-ray scattering (GISAXS and GIWAXS) as well
as X-ray reflectivity (XRR) measurements. The GISAXS image
(Fig. 2a) and its extracted line profile (Fig. 2b) as a function of
the in-plane wave vector g, show in-plane correlation peaks at
gy = 0.0475 A", and its higher order at g, = 0.0953 A",
indicating the formation of a highly ordered two-dimensional
(2D) cubic superlattice. These values correspond to an average
lattice spacing and domain size of approx. 13.2 nm ({ = 2m/q,)
and 110 nm, respectively. GIWAXS data (Fig. 2c) and its extracted
line profile (Fig. 2d) shows the 111, 200 and 220 diffraction peaks
of the PbS atomic lattice. The “arc” like 200 Bragg peak and its
finite azimuthal angular distribution (inset of Fig. 2d) indicates
significant angular correlation between the planes in the super-
lattice and the atomic lattice of PbS. This supports the real-space
analysis in Fig. 1, but on a much larger scale (the typical
footprint is on the order of 500 um). In addition, XRR data on
the same film (ESI{ unit, Fig. S3) is in good agreement with a
single layer of PbS-Cu4APc.

The electrical transport properties of Cu4APC functionalized
PbS NC monolayers are assessed by AC and DC transport
characterization, using transient terahertz (THz) spectroscopy
and field-effect transistor (FET) measurements, respectively, in
Fig. 3. The laser system used for THz conductivity measurements
has been described earlier and data acquisition and evaluation is
briefly discussed in the ESIf unit.'®® Fig. 3a shows time-
resolved THz measurements of Cu-4APc functionalized PbS NC
films. The plotted function S(z) = ®.(t)ue + Pp(¢)un with the time ¢
after photoexcitation at 800 nm includes the sum of the product
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Fig. 2 (a) GISAXS of a typical Cu-4APc functionalized PbS NC film. The image
is indexed on the assumption of a [001] zone axis. (b) The extracted line profiles
from the GISAXS image as a function of in-plane wave vector gy, (red dotted
box). Inset: Background subtracted 010 peak and its Lorentz fit. (c) GIWAXS
image of the same film obtained by employing a 100 K Pilatus detector. The
peaks are indexed according to the atomic lattice of rock salt PbS. (d) The
extracted line profile of the GIWAXS image along the out-going angle o (red
dotted box). Inset: Azimuthal profile of the 200 atomic lattice peak.
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Fig. 3 (a) Sum of the product of the quantum yield @ of electrons and holes in
PbS NCs functionalized with Cu-4APc and the real part of the mobility,
averaged over a frequency range of 0.3-0.7 THz at photoexcitation density
of 33 x 10% cm™2 (b) Frequency dependence of the charge mobility in
photoexcited PbS-Cu-4APc films. (c) Linear and semi-log presentation of the
transconductance of a typical Cu-4APc functionalized PbS NC film at a
constant drain voltage of +5 V. The negligible gate leakage is also displayed.
(d) Plot of the total resistance vs. channel length in a typical FET. The contact
resistance is extracted by a linear fit to this data as detailed in the text.

of the quantum yield of electrons, ®.(t) and holes, @y(¢), and the
real mobility component of their mobility, (x. and uy,), averaged
over a frequency range of 0.3-0.7 THz. After peaking at early
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times of the measurement during which hot charge carriers
relax to the band edge (<4 ps), the THz conductivity yields
S() = 1 em® V' s7' (photoexcitation density N, = 3.3 x
10" photons per cm?). The sum of the electron and hole mobility
as a function of frequency (after relaxation of hot charges, time
interval 8-12 ps) is additionally shown in Fig. 3b. The increase of the
mobility with frequency is a typical sign for backscattering of mobile
charges.

FET gate sweeps between —40 V to 40 V (Fig. 3c) reveal mostly
unipolar hole conduction with threshold voltages of 10-20 V. Using
the gradual channel approximation in the linear regime, we derive
an FET hole mobility on the order of 1072 em® V™" s, The typical
concentration of free holes is on the order of 10" em™>.

Significantly higher mobilities probed by time-resolved
THz spectroscopy can be explained by the short time- and
length-scales over which the THz conductivity is determined
(~1 ps, <5 nm)."” In this respect, THz conductivity is not
sensitive to charge carrier scattering over longer distances and
represents the intrinsic upper limit for charge transport.”’
Possible reasons for carrier scattering under the conditions
applied in FET measurements include contact resistance,
defect/trap state-mediated scattering as well as scattering at
grain boundaries. To verify whether contact resistance inhibits
the FET performance, we apply the transmission line method
(TLM) by measuring and linear fitting of the total resistance for
varying contact distances. The y-axis intercept and slope in
Fig. 3d yield the contact resistance and channel sheet resistance of
the FET, respectively.”' The extracted contact resistance is orders of
magnitude lower than the active layer’s sheet resistance, indicating
that its effect on the device is negligible.

The large extinction coefficients of PbS NCs and Cu4APc lead to
strong optical absorption through the visible regime (400-700 nm)
with various resonances, which we seek to exploit for constructing a
Light Effect Transistors (LET).>* Such a device works similarly to an
FET but instead of a gate voltage, light illumination is used to
modulate the current flow.>® Fig. 4 displays photocurrent measure-
ments performed on PbS-Cu-4APc thin films with a stage-scanning
confocal microscope equipped with a 633 nm laser (for more
details see the ESIf unit).”* The luminescence image (Fig. 4a)
shows the two electrodes and the illuminated channel. On gold,
the luminescence of the NC monolayer is quenched and the
electrodes appear dark, while on glass a weak signal is detected.
We assume that the very low quantum efficiency of the optically
excited states on glass is due to efficient charge carrier separa-
tion inside the NC monolayer. This phenomenon is a promising
property for the optical driven current flow. For each point in the
optical image the current is measured as well, resulting in a
current image (Fig. 4b). We find that the current undergoes
strong modulation by illuminating the junction. To verify this,
we measure charge carrier transport across the channel with
different optical intensities (Fig. 4c) at a constant bias of 3 V. For
each intensity, an image is taken and a line section at the same
location is displayed. We also determine the dark current for the
junction by blocking the laser. With the confocal microscope,
only a small sample area (500 nm?) is illuminated. Furthermore,
the current is fluctuating along the junction, due to contact
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Fig. 4 Confocal photocurrent measurement on a Cu-4APc functionalized
PbS NC film, deposited on gold electrodes with a separation of ~250 nm.
Simultaneously to the photoluminescence image (a) a current image is
acquired (b). Both images clearly show the channel and an increased current
flow when the trench is illuminated. (c) Plot of linecuts over the channel with
different illumination intensities. (d) Averaged current over a single spot and
integrated current flow over the whole junction.

discrepancies from the NC monolayer to the gold electrodes.
Therefore, we calculate the averaged current and in addition the
integrated current for the complete device (Fig. 4d). For the full
device we obtain an Iy,/Iog ratio of <250.

Simultaneous self-assembly and ligand exchange of NCs at
the liquid-air interface is a powerful means to obtain macroscopic
monolayers with pronounced long-range order of NCs. On a shorter
range (approx. 110 nm on average), strong iso-orientation of the
atomic lattices of individual NCs with the superlattice of NCs is
achieved such that these films can be described as granular
mesocrystals.>>*® While such structural coherence has been
studied extensively for PbS NCs functionalized with their native
ligand oleic acid, preserving the coherence during ligand
exchange is typically very challenging.>”~** This is a clear advantage
of the liquid/air assembly procedure. In contrast to most other
phthalocyanines, tetraaminophthalo-cyanines are soluble in
organic solvents, which allows us to apply Cu-4APc directly as part
of the liquid substrate. This holds for a statistical distribution of the
molecule within the NC thin film and the fabrication of a truly
hybrid material with a maximized number of organic/inorganic
interfaces. The potential merits of such a material are plentiful
and have been reviewed previously.’* Our electrical and photo-
conductance data in Fig. 3 and 4 is only one example for a future
application to highlight the advantages of coupled organic-
inorganic nanostructures and the challenges to overcome in
the future. The AC mobility on the order of 1 cm* V' s " shows
that efficient carrier transport in NC films with sizable tunneling
barrier widths of 1.5 nm is feasible. While THz spectroscopy cannot
reveal the type of mobile carrier directly, our FET measurements
suggest that holes are the majority carriers, which fits the picture of
resonant alignment of hole states at the interface between PbS NCs

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6cc07878h

Published on 12 January 2017. Downloaded by UNIVERSITAET TUEBINGEN on 01/02/2017 11:51:07.

Communication

and Cu-4APc. The DC-mobility of 10* cm® V' s™" underlines that
carrier scattering over time and length scales relevant for devices is
still an issue. In consideration of our structural characterization
in Fig. 1 and 2, we believe that transport within individual
mesocrystalline domains is indeed efficient and responsible for
the high AC mobilities. For a probing length exceeding the average
grain size of 110 nm, scattering at grain boundaries and/or voids or
cracks in the film inhibits carrier motion. In addition, future
studies will address the question of the electronic structure at the
organic/inorganic interface in PbS-Cu4APc which may not only give
rise to efficient charge transfer but also to carrier trapping. If
trapping is slower than ~10 ps, it would only affect the FET- but
not the THz-mobilities. Carrier trapping would also explain the
elevated hole concentration extracted by the FET measurements.
We therefore expect that further improvements of the structural
coherence in the NC films and/or suppressing carrier trapping will
also increase the modulation of the LET device. For the latter, the
presented material is particularly appealing as variations of the NC
diameter and substituting the metal center of the phthalocyanine
offer many opportunities for tuning.

We use the soluble organic semiconductor Cu 4,4',4",4""'-
tetraaminophthalocyanine to functionalize PbS nanocrystals at the
liquid/air interface. These hybrid nanocrystal films are mostly mono-
layered and consist of mesocrystalline domains. THz spectroscopy
reveals AC mobilities on the order of 1 em® V™" s™" over length
scales similar to a typical domain size. For larger length and
time scales for which carrier scattering is relevant, the mobility
is substantially reduced. We demonstrate the potential of
phthalocyanine-capped PbS nanocrystal films for Light Effect
Transistors and obtain an Io,/Iog ratio of <250 for an unoptimized
device.
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