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Monolayer Suppression of Transport Imaged
in Annealed PbSe Nanocrystal Arrays
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ABSTRACT We use correlated electrostatic force, transmission electron, and atomic force microscopy (EFM, TEM, and AFM) to visualize
charge transport in monolayers and up to five layers of PbSe nanocrystal arrays drop-cast on electrode devices. Charge imaging
reveals that current paths are dependent on the locally varying thickness and continuity of an array. Nanocrystal monolayers show
suppressed conduction compared to bilayers and other multilayers, suggesting a departure from linear scaling of conductivity with
array thickness. Moreover, multilayer regions appear electrically isolated if connected solely by a monolayer. Partial suppression is
also observed within multilayer regions that contain narrow junctions only several nanocrystals wide. High-resolution TEM structural
imaging of the measured devices reveals a larger reduction of inter-nanocrystal spacing in multilayers compared to monolayers upon
vacuum-annealing, offering a likely explanation for the difference in conductivity between these two cases. This restriction of transport
by monolayers and narrow junctions is an important factor that must be addressed in future designs of optoelectronic devices based

on nanocrystals.
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rrays formed by self-assembled semiconductor nano-

crystal (NC) quantum dots are compelling as both

model systems to study artificial solids with control-
lable Hamiltonians described by the Hubbard model and as
tunable platforms for electrical, thermal and optical applica-
tions.' Progress on both of these fronts requires a solid
understanding and control over their charge transport prop-
erties, and over the past decade significant advancement has
been achieved in revealing and manipulating the fundamen-
tal processes governing these systems.?> However, the role
of assembly disorder and local thickness variations in con-
tributing or inhibiting current through the arrays has not
been well established.

NC arrays have been generally found to be in the weak
inter-dot coupling regime and conventional current—voltage
(I—V) measurements on untreated NC arrays in electrode
gap devices have shown them to be highly resistive, with or
without photoexcitation. Thermal annealing at moderate
temperatures and chemical treatments have been shown to
dramatically increase conduction in these arrays by increas-
ing inter-dot coupling.* ' Despite these advances, there still
remain the outstanding issues of how various NC array
properties scale with the number of NC layers and, ulti-
mately, what the practical thickness limits are with regard
to performance in a device configuration. For example, NC
monolayers were found to be more efficient than multilayers
for electroluminescence applications in sandwich geometry
devices resulting from inefficient radiative recombination
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processes in multilayers attributed to charge trapping on the
quantum dot sites and overall inhibited charge conduction.**
In contrast, NC transistor behavior in planar geometries has
been realized only in thicker films with tens of layers.>”'”
In such transport studies it remains to be established whether
the first monolayer adjacent to the substrate carries most
of the current compared to the rest of the film, as might be
expected from simple arguments of capacitor charging.”
Previous measurements in CdSe nanocrystal arrays found
the assumption of current proportionality with film thickness
to be only partly successful in explaining transport data,
showing a deviation of the voltage dependence of current
transients in the thin film regime at around 20 layers.** So
far, film thickness and device size scaling of NC array
conductivity remains an open question that is particularly
interesting as the two-dimensional limit is approached.
While traditional transport measurements reveal the
global or averaged electronic properties and can overlook
microscopic variations, scanning probe methods are more
suitable to directly measure the local parameters, such as
inter-NC barriers and spacing, and address their effects on
macroscopic behavior.>**~?® For example, delocalization of
electron and hole wave functions across neighboring NCs
has been observed in scanning-tunneling currents measured
in vacuum-annealed PbSe NC arrays on conducting sub-
strates.*® Correlated atomic-force, electrostatic-force, and
transmission-electron microscopy (AFM, EFM, and TEM)
offers high-resolution spatial mapping of the charge distribu-
tion in NC arrays over large areas of a device as a function
of the electric field generated by the device electrodes. We
have previously used this imaging approach to reveal local
variations in the charge distribution in NC arrays in a device
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configuration and map them to nanometer-scale array dis-
continuities.®

In this Letter, we report on applying combined micros-
copy (AFM/EFM/TEM) on in situ vacuum-annealed PbSe NC
arrays within two-terminal electrode geometries that locally
vary in thickness from monolayers up to five layers. We
observe strong suppression of EFM signals in monolayer
regions and generally find that monolayers are insulating.
We also scan complex networks of superlattices that branch
throughout a fragmented monolayer background and find
that multilayer regions connected solely via a monolayer
region are electrically isolated, further demonstrating the
insulating behavior of monolayers. High-resolution TEM
imaging of these devices shows that NCs in multilayer
regions become more closely packed due to annealing than
NCs in monolayer regions, consistent with the contrast in
charging efficiency. Small variations of inter-particle spacing
can lead to large variation of tunneling probabilities across
the arrays, thus offering a likely explanation of the observed
effects.

EFM has been employed in various manifestations to
study spatially dependent electronic characteristics in nano-
structures.”®~*° We used an established DC-EFM method’®”"
in our study of NC arrays, where a conductive AFM tip is
used to first measure the topography (tapping mode) of NC
arrays between electrodes and then rescan the same area
at a fixed height above the surface to measure shifts in the
cantilever oscillations, which yield information regarding
electrostatic forces acting on the tip.® The EFM scanning
mode records either the frequency shift, Av, or the phase
shift, A¢, of the cantilever. These images can be scaled onto
one another through the relation A¢ ~ (20/v,)Av, where v,
is the cantilever resonance frequency and Q is the quality
factor.’®>' Though a fully accurate quantitative analysis of
the EFM signals is complicated due to convoluted effects of
capacitive coupling between the tip and the sample, together
with the effects of static charges and the particular details
of the tip and sample geometries,”® the EFM images never-
theless allow one to clearly distinguish between NC array
regions of higher or lower capacity for charge transport.

The AFM used in this EFM study of PbSe NCs was a Veeco
EnviroScope, which offers an environmentally controlled
sample chamber that allows samples to be kept under
vacuum or inert gas flow to minimize oxidation. Two-
terminal ~1.5 x 1 um? large electrode gaps were fabricated
on the 40 nm thick SiN, membrane window regions of
etched SiN,/Si+ chips using electron beam lithography and
metal evaporation of a 30 nm Au layer on top of a 3 nm Ni
adhesion layer.’” Up to six gaps were patterned onto each
chip within the ~50 x 50 um? window region. Voltages were
applied to device electrodes with a LabVIEW controlled
Yokogawa DC power supply connected through a BNC
breakout box to a socket on the back of the AFM sample
chamber. Devices were wire bonded to terminals on the
stage that were themselves wired to a PCB insert that
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plugged into the AFM socket. Standard /—V measurements
could be performed in parallel to EFM scanning, but leakage
currents in the AFM hardware made low-level (<20 pA)
current measurements impossible. In addition to providing
compatible surfaces for high-resolution TEM imaging, the
use of suspended SiN, window devices eliminated undesir-
able contributions to the EFM signals otherwise possible in
devices with underlying Si substrates, such as screening of
the sample by the doped Si substrate and effects caused by
charges typically located at the dielectric/Si interface. PbSe
NCs, 6.8 nm in diameter (<5 % size dispersion), with ~2 nm
oleic acid capping were drop-cast from a diluted 9:1 hexane/
octane solvent onto the devices. Before drop-casting, all bare
devices were imaged with EFM at a range of electrode
voltages (fields up to ~107 V/m) to ensure that substrate
charging did not contribute to the background EFM signal
(see Figure S1 in Supporting Information). Immediately after
drop-casting the NCs, devices were placed into the AFM
measurement chamber, which was then quickly evacuated
to pressures <107° Torr. Exposure of NCs to air was kept
under ~2 min to minimize oxidation or degradation of
the NCs. Similar drop-casting and drying procedures have
been also used in many NC transport measurements to
date. *>!171%:15:21.23.52.35 Ag.deposited PbSe NC arrays were
first imaged with EFM and subsequently annealed under
vacuum to 130 °C. After slowly cooling to room tempera-
ture, EFM studies were carried out under N, gas for a range
of voltages applied to device electrodes. Only postanneal
imaging yielded appreciable charging signals from the NCs,
without requiring prolonged voltage exposure® to induce
slow charging (see Figure S2 in Supporting Information). Tips
used for EFM imaging were Antimony n-doped Si coated
with 20 nm Pt/Ir on top of 3 nm Cr. The cantilevers had
resonance frequencies v, = 60—100 Hz and spring constants
k=1—5N/m. Images were acquired at a 1 Hz scan rate with
tip—surface distances ranging from 10—50 nm for the EFM
scans. After the EFM measurements were completed,
samples were imaged with a JEOL 2010F TEM operating at
200 kV.

Figure 1a shows an AFM height scan of an electrode pair
after depositing PbSe NCs and annealing the device in
vacuum at 130 °C for ~12 h. As seen in the image, the PbSe
NC film ranges in thickness from approximately 1 to 5 NC
layers and is highly structured. TEM imaging of the device
revealed that the NCs assembled into complex networks of
superlattices (Figure 1c,d) branching throughout a frag-
mented monolayer background. The formation of the su-
perlattice network structure, which extended throughout the
membrane surface, was facilitated by rapidly reducing the
chamber pressure to ~107* Torr immediately after drop-
casting to increase the solvent evaporation rate and was not
altered noticeably by annealing. In contrast, we observe that
slower drying conditions at atmospheric pressures result in
more uniform structures. Complex nanocrystal assembly
patterns form during the nonequilibrium drying dynamics
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the surface. (b) An EFM (phase) image (15 x 15 um?) taken of this gap corresponding to 5 V applied to the upper electrode and —5 V applied
to the lower electrode. (c) TEM image showing superlattice (dark regions) branching across a monolayer background (scale bar = 200 nm). (d)
TEM image showing interface between NC superlattice and monolayer (scale bar = 50 nm).

of an evaporating solvent upon drop-casting®* and they offer
a convenient means for probing the influence of array
thickness on conductivity within a single device. Figure 1b
shows the corresponding EFM (phase) image for this elec-
trode gap, taken immediately after applying 5 V to the upper
electrode and —5 V to the lower, while keeping the AFM tip,
other metal features on the Si* substrate, and the Sit at 0 V.
This measurement configuration achieves an electric field
of ~7 x 10° V/m in the gap region, compared to an order of
magnitude lower field (~5 x 10° V/m) from these electrodes
to other neighboring grounded electrode pairs on the chip
surface. It should be noted that the dominant term in the
EFM signal is proportional to (Vsample = Viip)* = Veample*» Since
Vip = 0 V in our case and is therefore mostly sensitive to
the voltage magnitude and not polarity.’®>" Furthermore,
because the electrostatic force on the tip is always attractive,
the phase and frequency shifts are displayed as magnitudes.
The highly branched structure in the EFM image is well
correlated with the cluster-network topography of the NC
film seen in the height image. EFM images for a range of
other voltages applied displaying the EFM signal evolution
with increasing electric field are shown in Figure S3 in the
Supporting Information. Figure S4 in the Supporting Infor-
mation shows additional AFM and EFM scans of another
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electrode pair on the same chip surface, displaying a similar
example of a branched structure in the EFM signal.

TEM characterization of electrode gaps revealed further
insight into the role of NC film structure in charging behavior
and was critical for identifying transport suppression by
monolayer regions. Figure 2 focuses on the area around the
upper-right edge of the lower electrode shown in Figure 1a,b.
This region was chosen for detailed analysis because of the
high degree of local structure seen in its corresponding EFM
image. Figure 2a,b shows magnified AFM and EFM images
of this area. Topographic structure can be seen to correlate
strongly with EFM features, though there are many NC
structures in the height image that do not appear strongly
in the EFM image. One important observation is that there
are multilayer structures through which charge does not
propagate even though they seem structurally well con-
nected to the voltage source. The suppression of charge
propagation into these regions may have a number of
reasons including larger density of local charge traps in the
NCs, the substrate or at interfaces, larger local disorder and
larger offsets in neighboring NC energy levels, and energy
barrier bottlenecks along conduction paths that cannot be
overcome at the field strengths applied in this study. EFM
and TEM imaging however did not clearly reveal static
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FIGURE 2. (a) Height image of a region along the right edge of the lower electrode shown in Figure 1a, where the highly structured PbSe NC
film is in direct contact (height scale: 0 nm (black) to 55 nm (white)). Portions of the height structure match structure in (b) the corresponding
EFM (phase) image (phase shift scale: 0 (blue) to 3° (red)). (c) A collection of about 25 TEM images taken in this same region and sewn together
to recreate the full area seen in (a) and (b). The edge of the electrode appears as the black slab (image left). The darker gray regions in the TEM
image correspond to the NC superlattice networks and the patterns match the AFM and EFM structure. (d) Higher-magnification TEM image
of the middle of the region in (c). (e,f) TEM zoom-in corresponding to the regions indicated by arrows in (a,b,d). Charge was able to propagate
through the few-layer channel (f) but not through the monolayer (e). () EFM image of the same area shown in (d). Scale bars are 500, 500,
500, 200, 50, 50, and 200 nm from (a) to (g).

charges in these regions or obvious structural differences. corresponding AFM and EFM images. The electrode edge
More sensitive probing methods are therefore needed to can be seen as the large dark structure along the left edge
fully understand all of the factors responsible for restricting of the TEM image. Figure 2d shows a higher maghnification
transport in regions expected to be conducting based on the TEM image of a region corresponding to the middle of the
structural (AFM and TEM) characterization only. However, EFM image, where a fingerlike charged structure is seen
the role of monolayers in the suppression of transport was extending ~25° upward and to the right. Figure 2g shows
revealed by correlated imaging. Figure 2¢ shows a collection the corresponding EFM image of this region, magnified from
of roughly 25 TEM images that were sewn together to Figure 2b. The TEM image shows that this charged structure
recreate the full region (~4.5 x 4.5 um? shown in the is a ~150 nm wide superlattice that extends ~1 um from
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FIGURE 3. (a) Height image (8 x 8 um? scan) of 6.8 nm PbSe NCs assembled in a complex pattern, touching a horizontal electrode (bottom of
the image). (b) Corresponding EFM image (frequency shift) with the electrode at —5 V. (c) Zoom-in of the EFM image in (b) in the region
indicated by green squares in (a,b), showing two regions (1 and 2) that are of roughly equivalent height but different EFM signal. (d) TEM
image showing NC bottleneck (red arrow) that is responsible for the reduced EFM signal in region 2. (Scale bar = 100 nm.)

the lower-left corner of the image. Along its length, the height
varies between ~16 and ~25 nm, corresponding to ap-
proximately 2 and 3 NC layers. Comparison with the EFM
image shows that charging was significantly interrupted by
the transition from multilayers to monolayer (Figure 2e).
Furthermore, another adjacent superlattice region in the
upper-right region of the TEM image does not appear
charged in the EFM image even though it is directly con-
nected by monolayer patches to the highly charged super-
lattice. These observations indicate that charge transport
through NC monolayer regions is very inefficient. In contrast,
nearby regions only 2 and 3 NC layers thick became
significantly charged, as demonstrated in Figure 2f. Cor-
related image analysis of over 30 regions displaying strong
EFM features revealed conclusively that monolayer regions
are a significant source of transport restriction. In this
analysis, we never observed clear evidence of propagation
of charge into a monolayer region, whereas in most cases
we observed efficient charge propagation in multilayer
regions. In cases where propagation in multilayers was poor,
it was usually attributable to weak coupling between the
multilayer region and any neighboring charged regions, as
the example shown in Figure 3 demonstrates.

Figure 3 shows evidence that, in addition to array thick-
ness, array width is an important factor in the limitation of
charge propagation if the width is sufficiently small. Figure
3a shows the height image of NCs assembled into various
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shapes and thicknesses, where a complex assembly struc-
ture is coupled strongly to an electrode at —5 V, as demon-
strated by the EFM image of the same region in Figure 3b.
Figure 3¢ shows a zoom in of the EFM signal from a region
of this array structure enclosed by the indicating squares in
Figure 3a,b, where the multilayer is roughly “C” shaped.
Interestingly, the upper and lower halves of the shape are
of roughly the same height, ~3—4 NC layers thick, but
different EFM signal strength. These are labeled as regions
1 and 2 in Figure 3c. Figure 3d shows the corresponding TEM
image of this region. As indicated in the TEM image, the
lower region (region 2) is weakly connected to the larger
array structure through a narrow bottleneck only several NCs
wide, marked by the red arrow in Figure 3d, whereas the
upper region (region 1) is significantly better coupled to the
larger array through a junction over 10 NCs wide, and
therefore also to the energized electrode. This effect of
bottlenecks limiting the propagation of charge is seen in a
large number of cases across the measured devices and
largely explains the suppressed propagation of charge in
regions that are not limited by monolayers. Another ex-
ample of a 7 NC-wide transport bottleneck between two ~50
nm thick superlattice regions in a different, parallel-plate
electrode geometry containing mostly highly ordered hex-
agonally packed domains is shown in Figure S5 in the
Supporting Information. This example also demonstrates
that charge propagation was not hindered across superlattice
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FIGURE 4. (a) TEM image of the PbSe NCs, as-deposited. (b) TEM image taken of PbSe NCs on the device after annealing at 130 °C, showing
reduced inter-NC spacing. (c,d) Multilayers (2—3 layers) of well-ordered PbSe NCs after annealing showing substantially reduced inter-NC
spacing. The lattice orientations of individual NCs can be seen. Scale bars are all 10 nm.

domain boundaries and the domains coupled electrically to
the metal electrodes regardless of their specific domain
orientation relative to the electrodes (see Supporting Infor-
mation Figure S5a).

To investigate the origins of transport suppression by
monolayer regions, we used high-resolution structural imag-
ing of the measured devices to inspect the variation of inter-
dot separations and interfacial boundaries between different
regions of the NC film. By zooming-in to the single-particle
level with the TEM, it is possible to observe that NCs in the
multilayer regions became more closely packed due to
annealing than the NCs in the monolayer regions, consistent
with the contrast in charging efficiency. Because the tunnel-
ing probability increases exponentially as the inter-particle
spacing decreases,” small variations of inter-particle spacing
in the array can have a large effect on the overall transport.
For example, a decrease of inter-particle separations, that
is, the widths of the tunneling barriers, by 0.6 nm in CdSe
NC arrays is expected to increase the tunneling probability
by a factor of ~400.* Figure 4a shows a PbSe NC monolayer
as-deposited, before annealing. The inter-NC spacing is ~2.5
nm on average in an unconstrained monolayer, larger than
the nominal length of the ligand molecules (2 nm). Figure
4b—d shows TEM images of monolayers and multilayers on
the device surface after annealing at 130 °C for 12 h. Figure
4b shows that the annealing treatment did reduce the inter-
NC spacing, down to ~1.8 nm on average. The remaining
images show that the inter-NC spacing was reduced much
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more significantly in multilayer regions to under 1 nm. We
note that NCs retain a high degree of crystallinity after
annealing and lattice orientations are clearly visible in TEM
images (Figure 4c,d and Figure S6 in the Supporting Infor-
mation). The enhanced reduction of NC spacing in multilay-
ers compared to monolayers offers a likely explanation for
the difference in conductivity between the two cases. TEM
images in Figures 1d and 2e,f show several examples of
interfaces between NC superlattices and monolayers. Be-
cause of the long-range of the Coulomb interactions that
make up the EFM signals, the edges of charged regions
appear to blur beyond their true spatial extent on the order
of 100 nm. Consequently, the resolution of EFM is insuf-
ficient to rule out the possibility of limited charge propaga-
tion across multilayer—monolayer interfaces.

In conclusion, correlated transport (EFM) and structural
(AFM and TEM) imaging of PbSe NC arrays in electrode
devices shows that monolayer regions and narrow array
bottlenecks suppress the lateral propagation of charge and
contribute to defining the overall shape of the charge
distribution in the arrays. Furthermore, variable topography
and inter-NC spacing can lead to current flow patterns quite
different from those predicted assuming a uniform film.
Because small thickness variations by one monolayer can
have a large effect as the two-dimensional limit is ap-
proached, this may further explain the apparent absence®?
so far of simple or universal transport scaling laws with film
thickness and device size in drop-cast NC films. Though there
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are other important factors governing charge transport in
these systems, such as charge traps and array disorder, the
restriction of transport by monolayers is an important factor
that must be addressed in future designs of electronic
devices based on NCs.
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of the electrode pair prior to PbSe nanocrystal deposition,
AFM and EFM scans after PbSe nanocrystal deposition but
before the in situ vacuum-annealing, EFM scans of the
annealed NC array showing EFM signal evolution for a range
of electric fields applied, AFM and EFM scans of another
electrode pair on the same chip surface showing a similarly
branched structure in the topography and EFM signals, AFM,
EFM, and TEM scans of another sample with a different,
parallel-plate electrode geometry containing highly ordered
superlattice domains showing efficient electrical coupling of
superlattices to the electrodes, efficient transport through
domain boundaries, and an example of a conduction bottle-
neck, zoomed-in high-resolution TEM image of a single PbSe
nanocrystal on the chip surface after in situ annealing in the
AFM chamber showing a high degree of crystallinity. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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