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Structure—Transport Correlation Reveals Anisotropic Charge
Transport in Coupled PbS Nanocrystal Superlattices

Andre Maier, Dmitry Lapkin, Nastasia Mukharamova, Philipp Frech, Dameli Assalauova,
Alexandr Ignatenko, Ruslan Khubbutdinov, Sergey Lazarev, Michael Sprung,
Florian Laible, Ronny Léffler, Nicolas Previdi, Annika Brdiuer, Thomas Giinkel,

Monika Fleischer, Frank Schreiber, lvan A. Vartanyants,*

The assembly of colloidal semiconductive nanocrystals into highly ordered
superlattices predicts novel structure-related properties by design. However,
those structure—property relationships, such as charge transport depending on
the structure or even directions of the superlattice, have remained unrevealed
so far. Here, electric transport measurements and X-ray nanodiffraction

are performed on self-assembled lead sulfide nanocrystal superlattices to
investigate direction-dependent charge carrier transport in microscopic
domains of these materials. By angular X-ray cross-correlation analysis, the
structure and orientation of individual superlattices is determined, which are
directly correlated with the electronic properties of the same microdomains. By
that, strong evidence for the effect of superlattice crystallinity on the electric
conductivity is found. Further, anisotropic charge transport in highly ordered
monocrystalline domains is revealed, which is attributed to the dominant
effect of shortest interparticle distance. This implies that transport anisotropy
should be a general feature of weakly coupled nanocrystal superlattices.

Semiconductive nanocrystals (NCs) can be self-assembled
into ordered superlattices (SLs) to create artificial solids with
emerging collective properties.”*l Computational studies have
predicted that properties such as electronic coupling or charge
transport are determined not only by the individual NCs but
also by the degree of their organization and structure.*” How-
ever, experimental proof for a correlation between structure

and Marcus Scheele*

and charge transport in NC SLs is still
pending. Previous experimental research
on NC SLs has either focused solely on
the process of self-organization and struc-
tural order® %I or, in separate studies, on
charge transport, and electronic proper-
ties.1% In order to reveal potential trans-
port anisotropy, a correlated investigation
of charge transport and structural order on
the same NC SL is required. This allows
addressing a variety of fundamental ques-
tions. Are the electronic properties of NC
SLs influenced by the SL type and orienta-
tion? Do polycrystalline and monocrystal-
line SLs differ in conductivity? What is the
degree of transport anisotropy in NC SLs?
Here, we address these questions by
a direct correlation of the structural and
electronic properties of SLs composed of
electronically coupled lead sulfide (PDbS)
NCs. We perform X-ray nanodiffraction and apply angular X-ray
cross-correlation analysis (AXCCA)®2%2l to characterize the
structure of the SLs, which are correlated with electric transport
measurements of the same microdomains. By that, we reveal
anisotropic charge transport in highly ordered monocrystalline
hexagonal-close-packed (hcp) PbS NC SLs and find strong evi-
dence for the effect of SL crystallinity on charge transport.
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Figure 1. Microchannels of PbS NC SLs for conductivity and X-ray nanodiffraction measurements. a) Optical microscopy image of an orthogonal
PbS NC stripe connecting adjacent electrodes to form individually addressable microchannels. Scale bar: 40 pm. b) SEM image in sideview (85° from
normal) of a typical microchannel consisting of a =200 nm thick PbS NC SL stripe across two Au electrodes. Scale bar: 300 nm. c¢) High-resolution
SEM image showing self-assembled PbS NCs within a microchannel with near-range order, as indicated by the fast Fourier transform (inset). Scale
bar: 100 nm. d) AFM image of a microchannel on a Kapton substrate. e,f) Schematics of a SL domain on a Kapton device forming a microchannel
with length L =1 um and width W = 4 um to characterize the electronic properties (e) as well as the structural properties with X-ray nanodiffraction by
means of SAXS and WAXS (f). Spatial mapping is performed along Ax and Ay directions.

As a model system we use oleic acid (OA) capped
PbS NCs with a diameter of 5.8 + 0.5 nm, which are self-
assembled and functionalized with the organic 7system
Cu-4,4' 4" 4" -tetraaminophthalocyanine (Cu4APc) at the liquid—air
interface (details in Figures S1and S2, Supporting Information).
This results in long-range ordered and highly conductive SLs,
since the rigid and relatively long ligands reduce the energy barrier
for charge transport without deteriorating structural order, as it
was shown previously.?>?4 Hence, the hybrid system of PbS NCs
and Cu4APc is an ideal compromise between increased electronic
coupling and long-range ordered SLs, which was a fundamental
prerequisite for this study. By means of soft-lithographic micro-
contact printing,®® we transfer stripes of PbS NC-Cu4APc SLs
with a width (W) of roughly 4 um onto trenches of =1 um length
(L) between two gold contacts on X-ray transparent Kapton and
Si/SiO, substrates. This defines individually addressable micro-
channels with L = 1 um, W= 4 um, and thickness h (Figure 1a—e).
Since this area is comparable to the typical grain size of
PbS NC SLs,?! these microchannels enable transport measure-
ments in single-crystalline PbS SLs.

In Figure 2, we display the charge transport characteristics
of the microchannels as well as its dependence on the thick-
ness of the SL and the probed area. The conductivity ois calcu-
lated as o= (G- L)/(W-h) for all individual microchannels from
two-point probe conductance (G) measurements (Figures le
and 2a). Within the approximately two hundred individual
microchannels measured, we observe electric conductivities in
a wide range of values (107°-1073 S m™) (Figure 2b). This distri-
bution correlates with the thickness of the SL (Figure 2c), which
also varies by two orders of magnitude over the large number
of microchannels analyzed here. The correlation is non-linear
with a maximum in o for thicknesses from 70 nm to 200 nm.
Using Si/SiO, as substrate, we performed field-effect transistor
measurements of the PbS NC-Cu4APc SLs, revealing p-type
behavior, which agrees with our previous study (Figure S3,
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Supporting Information).?}l The microchannels show hole-
mobilities up to 4 = 10~ cm? V! s71. Based on these transport
properties and previous reports on the importance of mid-gap
states in PbS NC materials, we believe that transport in the pre-
sent material occurs predominantly via hopping through trap
states close to the valence eigenstate (the 1Sy, state).l>20%7]

We tested the effect of domain boundaries within the SL
on electric transport on the same substrates measuring the
geometry-normalized conductance of PbS NC SLs over large
active channel areas of =10* um? (Figure S4, Supporting Infor-
mation). As shown in Figure 2d, electric transport in this case is
approximately two orders of magnitude less efficient than within
the microchannels of =4 um?, indicating the advantageous
effect of the near single-crystalline channels present in the
latter case (see below).

Further investigations of structural properties of the same
microchannels on Kapton substrates using X-ray nanodiffraction
in correlation with conductivity measurements are the focus of
this study (Figure 1le,f, Figure S5, Supporting Information). We
determined the structural details of all microchannels by X-ray
nanodiffraction (Experimental Section and Figures S6-S9, Sup-
porting Information). Using a nanofocused X-ray beam, we col-
lected diffraction patterns at different positions in each channel
(Figure 1f). Two typical small-angle X-ray scattering (SAXS)
and wide-angle X-ray scattering (WAXS) diffraction patterns
from representative microchannels, averaged over all positions
within these channels, are shown in Figure 3a,g,bh. For some
of the microchannels we observe several orders of Bragg peaks
in SAXS attributed to monocrystalline SLs (Figure 3a), whereas
the rest of the channels demonstrate continuous Debye—
Scherrer rings with low intensity modulations corresponding to
polycrystalline SLs (Figure 3g). From the angular-averaged pro-
files, shown in Figure 3c,i, we revealed two dominant SL struc-
tures: a monocrystalline, random hexagonal-close-packed (rhcp)
lattice mainly oriented along the [0001];, and a polycrystalline,
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Figure 2. Electrical transport measurements of SL microchannels. a) Typical /-V curve of a PbS NC SL within a microchannel showing Ohmic behavior
(red). The leak current through the dielectric substrate is negligible (gray). b) Distribution of the electric conductivities of 200 individual microchannels.
c) Conductivity of the microchannels as a function of PbS NC SL thickness. The error bars represent the standard deviation of conductivity and the
range of thickness determined by AFM, respectively. d) Distribution of geometry-normalized conductance of conventional large area and microchan-
nels, probing effective areas of =10* um? (blue) and ~4 um? (red), respectively. Measured conductance values are normalized to the channel geometry

(L/W). The dark blue color corresponds to the overlap of the distributions.

body-centered-cubic (bcc) lattice primarily oriented along the
[110]sy. (scanning electron microscopy (SEM) images given in
Figure S13, Supporting Information). From the peak positions
in SAXS, we estimated the unit cell parameters (6, and ay)
for each channel and corresponding nearest-neighbor distances
(NNDs), which are dyy = ayp for rthep and dyy = (ﬁ /2) - G for
bec, respectively. The averaged NNDs for all rhep and bece chan-
nels are 78 + 0.4 nm and 6.9 £ 0.2 nm, respectively. In WAXS
(Figure 3b,h), we observe parts of three Debye—Scherrer rings
corresponding to {111} 51, {200} A1, {220} o1 reflections of the PbS
atomic lattice (AL). From the single WAXS pattern analysis we
found different degrees of angular disorder of NCs: roughly
24° for rhep and 16° for bee channels (Figure S9, Supporting
Information).

To study the relative orientation of the NCs inside the SL, we
applied AXCCA 2% which is based on the analysis of the cross-
correlation functions (CCFs), to the measured scattering data
(Figures S10-S12, Supporting Information). We evaluated the
CCFs for the SL and AL peaks for both rhcp and bece structures.
We found that in the rhcp monocrystalline channels (Figure 3d)
the [111]o; and [110],; directions of the NCs are collinear to the
[0001]s; and [2110]s; directions, respectively (Figure 3f). In bcc
polycrystalline channels (Figure 3j), all corresponding SL and
AL directions are aligned (e.g., (100)s; and (100),;), as shown
in Figure 3l. The similarity between the experimental CCFs
and simulated CCFs for these structures confirms the obtained
angular orientation of the NCs in the SL (Figure 3d,e and
Figure 3j,k, respectively).
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Upon correlating the X-ray with the electric transport
measurements, we found that microchannels containing
the polycrystalline bec SLs exhibit higher conductivity than
monocrystalline rhcp SLs over the entire range of thick-
nesses (Figure 4a). This can in part be understood in terms
of the shorter NND which exponentially increases the hop-
ping probability (Figure 4b).*1 The microchannels exhibit
strong characteristic Raman signals for Cu4APc (750 cm™
and 1050-1650 cm™, Figure 4c,d), which vanish for probing
areas outside the microchannels, verifying the specific func-
tionalization of the NCs with the organic 7-system (Figure S14,
Supporting Information). We used the intensity of the two
characteristic Raman bands to compare the relative density
of Cu4APc molecules within different SLs. We found that
polycrystalline bee SLs with the smaller NND exhibit gener-
ally stronger Raman signals from Cu4APc than monocrystal-
line rhep SLs with larger NND (Figure 4c,d and Figure S14,
Supporting Information). This means that in monocrystalline
rhcp SLs fewer native OA molecules have been exchanged
by Cu4APc, resulting in larger interparticle distances, which
adversely affects conductivity. From Figure 4b one can
identify several cases of monocrystalline rhcp SLs having
conductivities as high as those of polycrystalline bcc SLs
(0= 107-10"% S m™), although the NND is much larger. We
consider this as supporting evidence that the degree of SL
crystallinity (poly versus mono) has a significant effect on the
conductivity, which, in the present example, compensates the
effect of the much larger interparticle distance. The SLs with

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Structural investigation of the SL structures. a,b,g,h) Exemplary SAXS (a,g) and WAXS (b,h) patterns averaged over one microchannel for
two typical cases: a,b) a monocrystalline rhcp SL oriented along [0001]s; and g,h) a polycrystalline bce SL oriented along [110]s,. ¢,i) Azimuthally aver-
aged intensity profiles of SAXS (g < 2.5 nm™) and WAXS (g > 15 nm™) signals of the two SL types. d,j) Averaged CCFs for the two SLs, calculated for
the first SAXS peaks (<1 700)s, in the rhep case (d) and (110)s, in the bce case (j)) and the (117)4, or (200)5. WAXS peaks. e,k) Simulated CCFs for the
two models shown in (f]l). f) Schematic drawing of the proposed SL structures: f) [0001]s.-oriented rhcp SL of PbS NCs, where the NCs are aligned
as indicated and I) [110]s.-oriented bcc SL of PbS NCs, where all the corresponding SL and AL directions are aligned. For clarity, ligand spheres are
omitted. Scale bars in (a,g) and (b,h) correspond to 1 nm~ and 5 nm, respectively.

smaller interparticle distance exhibit stronger Raman signals
from Cu4APc compared to larger SLs (Figure S14, Supporting
Information), corroborating a correlation between interparticle
distance and ligand exchange. In fact, the smallest lattice para-
meter of =6.8 nm in Figure 4b corresponds to an interparticle
distance of =1 nm, which is approximately the length of one
Cu4APc molecule or the minimal width of a fully exchanged
ligand sphere. In contrast, residual OA leads to greater inter-
particle distances due to steric interactions of adjacent OA
shells,1?®! explaining the spread of the NNDs (Figure 4b and
Figure S8, Supporting Information). The occurrence of the
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two SL types (rhcp and bec) found here may be related to
the previously observed hcp-bcc transition for OA-capped
PbS NC SLs upon tailored solvent evaporation.?”! Similarly,
our polycrystalline bec SLs are assembled from PbS NCs dis-
persed in hexane, whereas hexane-octane mixtures resulted
in monocrystalline rhcp SLs. This invokes different solvent
evaporation rates, which may lead to distinct SL unit cells.[}*-28]

From the single WAXS pattern analysis (Figure S9, Sup-
porting Information) we found that NCs are aligned in the super-
lattice with different degrees of angular disorder: roughly 16° for
bec channels and 24° for rhep channels. We believe that the NCs

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Parameters for structure-transport correlations. a,b) Conductivity of individual microchannels as a function of SL thickness (a) and NND
(b). The SL type is indicated by the color code. ¢,d) Typical Raman spectra of a monocrystalline rhcp (c) and a polycrystalline bec (d) SL, featuring
characteristic Cu4APc signals at 750 cm™ and 1050-1650 cm™ (highlighted regions). The signal at =950 cm™ originates from the Si/SiO, substrate.

are oriented in the superlattice due to facet-specific ligand-ligand
interactions. The functionalization of NCs with shorter Cu4APc
ligands leads to the formation of a superlattice with higher sym-
metry, such as bec, in which the NCs are highly aligned.?% In
contrast, a large spherical ligand shell leads to a close-packed
structure with a lower degree of NCs orientation, such as rhcp.
In view of the non-monotonic correlation between conductivity
and SL thickness, we note that very thin NC films exhibit holes/
microcracks, which are reduced with increasing thickness.*!

layers close to the contacts. However, the conductivity is calcu-
lated over the entire channel where the full height is used.

We now turn to the key novelty of this work, the transport
anisotropy, that is, the influence of the SL orientation with
respect to the electric field on the electric conductivity. For this,
it is mandatory to account for the effect of SL thickness, incom-
plete ligand exchange and crystallinity, and only compare SLs
which are very similar in this regard. In doing so, we found
strong evidence for a favored angular direction of charge carrier

hopping, indicating anisotropic charge transport within the SL.
Figure 5a,d displays exemplary SAXS patterns averaged over each
microchannel of two monocrystalline rhcp SLs with identical

In contrast, the conductivity in thick films may be affected by
a fringing electric field. The electric field is not homogeneous
along the sample normal, and current flows mainly in the bottom

Figure 5. Anisotropic charge transport in monocrystalline NC SLs. a,d) Exemplary averaged SAXS diffraction patterns of comparable monocrystalline
rhcp microchannels, oriented along [0001]s.. The azimuthal orientation is defined by the relative angle o between the electric field vector E and the
nearest-neighbor direction dyy. SLs with low values of « feature 40-50% higher conductivities than their counterparts with large c. Scale bar: 1 nm™.
b,e) Corresponding real-space SEM images of the SL oriented along (000T)s. with v = 0° and 30°. The hexagon indicates the orientation of the SL.
dyn points along the alignment of the NCs (nearest neighbors). For = 0°, the vector dyy is parallel to E, resulting in enhanced conductivity. Scale
bar: 15 nm. ¢,f) Schematic of the rhcp SL and the favored hopping path for o= 0° (blue arrow) along the dyy direction (red arrow) (c); for an in-plane
offset (= 30°), the larger hopping distance or the zig-zag path are detrimental to charge transport (f). Ligand spheres of NCs are omitted for clarity.
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structure, that is, lattice parameter and thickness (Figure S15a,
Supporting Information). They differ only in terms of the
azimuthal orientation with respect to the applied electric field.
We define the azimuthal angle o between the electric field
vector E (which is oriented vertically due to horizontal elec-
trode edges) and the nearest-neighbor direction dyy (one of
the (2110)s; directions pointing to the nearest-neighbors). The
angle o can vary from 0° to 30° for the sixfold in-plane sym-
metry. For o = 0°, the dyy direction is oriented parallel to the
vector of electric field E, whereas for o = 30°, the angular (in-
plane) offset between the vectors E and dyy is maximized. Our
key result is that for any two otherwise comparable channels,
we observe higher conductivity for the respective channels with
lower angle ¢. The two extremes (= 0° and o= 30°) are shown
in the corresponding real-space SEM images of the (0001)g;
plane of two rhcp SLs in Figure 5b,e. The difference in conduc-
tivity between two otherwise identical SLs is 40-50%. A statis-
tical investigation of other microchannels with monocrystalline
rhep SLs reveals similar a-dependent conductivity differences
(Figure S15, Supporting Information). This correlation between
o and o indicates anisotropic charge transport, for which the
direction of nearest neighbors is assumed to be the most effi-
cient for transport.

In contrast to atomic crystals with transport anisotropy,
which exhibit strong electronic coupling and ballistic trans-
port (e.g., black phosphorus), the NC SLs studied here are in
the weak coupling regime. This implies temperature-activated
hopping as the predominant charge transport mechanism and
invokes a strong dependence on the hopping distance.l*!*] Qur
results suggest that charge transport is most efficient if the
applied electric field is iso-oriented with the nearest-neighbor
direction dyy in the SL plane, since this leads to the shortest
hopping distance (Figure 5c). Any other orientation (Figure 5f)
results either in a larger hopping distance (straight arrow) or
a deviation from the direction of the electric field together
with an increased number of required jumps for electrons to
travel the same distance (zig-zag path), which is detrimental
to charge transport. This implies that transport anisotropy
should be a general feature of weakly coupled, monocrystalline
NC SLs, originating from the dominant effect of the shortest
interparticle distance. Accordingly, one could predict the
favored direction of charge transport within different SL types,
such as simple cubic, face-centered cubic (fcc), or bee, being
the (100), (110), or (111) SL directions, respectively. A similar
charge transport anisotropy was computationally predicted for
bece and fee SLs [ Further, we note that the orientational order of
the NCs observed here might be an additional source for
anisotropic charge transport as different coupling strengths
have been predicted along particular AL directions.>® In the
present case, the most efficient transport occurs if the [110],;
direction of all NCs is iso-oriented with the electric field.

A high degree of control provided over the SL type and ori-
entation would enable the exploitation of such transport ani-
sotropy also with more complex NC assemblies (e.g., binary
NC SLsP2 or honeycomb structures®)) for application in
functional electronic devices with tailored transport anisot-
ropy. Furthermore, these results constitute an important step
toward the understanding of the intrinsic properties and fun-
damental limits of these fascinating new NC-based systems.
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Experimental Section

Superlattice  Microchannel  Fabrication: Oleic-acid-stabilized PbS
NCs were synthesized according to Weidman et al.?¥l and dispersed
in hexane/octane (ratio of 4:1 and 1:0, ¢ = 4 umol L). Sizing-curves
to UV-vis absorption spectra and SEM investigation yield a particle
size of 5.8 £ 0.5 nm (Figure S1, Supporting Information).*> The NCs
were self-assembled at the liquid-air interface according to Dong
et al.?4 and ligand exchanged with the organic 7-system Cu-4,4’,4” 4"
tetraaminophthalocyanine. For microcontact printing, a micropatterned
PDMS stamp was inked with the SL film and stamped onto devices with
pre-patterned Au electrodes (Kapton membranes of 125 um thickness or
Si/SiO, wafer with 200 nm SiO,). Individual microchannels consisting of
an electrode pair and a connecting SL stripe were obtained with L =1 pum
and W = 4 um. The preparation was performed in a nitrogen glovebox.

Transport  Measurements: All devices were measured at room
temperature in a nitrogen flushed probe station (Lake Shore, CRX-6.5K).
Individual electrode pairs were contacted and analyzed by a source-
meter-unit (Keithley, 2636B).

X-Ray  Nanodiffraction:  Nanodiffraction  measurements  were
performed at Coherence beamline P10 of the PETRA Il synchrotron
source at DESY. An X-ray beam with 1 = 0.898 nm (E = 13.8 keV)
was focused down to a spot size of =400 x 400 nm? (FWHM) at the
GINIX nanodiffraction endstation.?® The 2D detector EIGER X4M
(Dectris) with 2070 x 2167 pixels and a pixel size of 75 x 75 um? was
positioned 370 mm downstream from the sample and =9 cm off-center
to allow simultaneous detection of SAXS and WAXS signals. Diffraction
mapping of individual microchannels was performed, collecting 100-200
diffraction patterns on a raster grid in Ax and Ay direction with 250 nm
step size and an acquisition of 0.5 s. From averaged diffraction patterns
for every channel, the SL structure was deduced and from azimuthally-
averaged radial profiles the SAXS peak positions were extracted. AXCCA
was applied and two-point cross-correlation functions (CCFs) for all
channels were calculated, according to Equation (1)

C(qSquALvA)=<I~(qSLv(p)T(qAqu)+A)>(p M

where 7(qSL,(p):I(qSL,(p)—(I(qSL,<0)>(p and I(gs.,¢) is an intensity value
taken at the point (gs.,¢) which are polar coordinates in the detector
plane.B2021 () = denotes averaging over all azimuthal ¢ angles. gs
correspond to SAXS peaks and ga to WAXS peaks.

Microchannel Characterization: SEM imaging was conducted with a
HITACHI model SU8030 at 30 kV and atomic force microscopy (AFM)
investigations with a Bruker MultiMode 8-HR in contact mode and
Raman spectroscopy with a confocal Raman spectrometer LabRAM
HR800 (Horiba Jobin-Yvon) at 1 =632.8 nm (He-Ne-laser).

Details on materials, the self-assembly and fabrication processes,
X-ray nanodiffraction and AXCCA are given in the Supporting
Information.
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Supporting Information is available from the Wiley Online Library or
from the author.
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