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ABSTRACT

Semiconductor nanoplatelets, which offer a compelling combination of the flatness of two-
dimensional semiconductors and the inherent richness brought about by colloidal nanostructure
synthesis, form an ideal and general testbed to investigate fundamental physical effects related to
the dimensionality of semiconductor. With low temperature scanning tunnelling spectroscopy
and tight binding calculations, we investigate the conduction band density of states of individual
CdSe nanoplatelets. We find an occurrence of peaks instead of the typical step-like function
associated with a quantum well, that rule out a free in-plane electron motion, in agreement with

the theoretical density of states. This finding, along with the detection of deep trap states located



on the edge facets, which also restrict the electron motion, provides a detailed picture of the

actual lateral confinement in quantum wells with finite length and width.
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In condensed matter physics, a stepwise reduction of the dimensionality from bulk to the
nanoscale is known to lead to striking electronic and optical properties such as the giant
oscillator strength transition for two-dimensional (2D) semiconductor quantum wells' and the
spin-charge separation in one-dimensional (1D) systems.” However, in contrast to metals, the
lateral confinement in semiconductor materials competes with the exciton Coulomb interaction,
which can be magnified by dielectric mismatch. Due to the complexity of these interactions,’ the
degree of freedom in the electron motion remains poorly understood, whereas its clear
circumscription could significantly improve the optoelectronic performances of quasi-2D
systems such as CdSe colloidal nanoplatelets (NPLs).

Since the distribution of the quantized states, the so-called density of states (DOS),
reflects the restrictions of the electron motion with dimensionality, it can serve as a genuine
fingerprint to unambiguously disclose the confinement experienced by the charge carriers. A
unique way to probe the DOS consists in measuring single-particle excitation spectra with
scanning tunnelling spectroscopy (STS)*’. Here we used this technique to study electron
confinement in colloidal CdSe nanoplatelets (NPLs), which have a quantized thickness d due to a
discrete number of monolayers (ML) and a rectangular shape with finite length L and width W.
Recently, Ji et al. have demonstrated that the hole DOS is consistent with a free in-plane motion,
while the electrons have a more complex DOS that deviates from the simple 2D model®. When
W or/and L are smaller than ten to five times the exciton Bohr radius, the electron behavior,
which has a smaller effective mass than the hole, becomes affected, with a significant impact on
its interaction with the hole and the dielectric image charges. The already present complexity in
understanding electron-hole correlation in these box-shaped nanostructures is further enhanced

with the existence of electrical surface traps, which are caused by the sporadic absence of



ligands. It makes the electron confinement in the NPLs still unknown, leading to intense debates
about their true dimensionality.”"

In this study, two sets of CdSe NPLs capped with oleate ligands having thicknesses of 5.5
ML (dss =1.65 nm) and 7.5 ML (d-s = 2.25 nm) were synthesized.'"'> While transmission
electron microscopy (TEM) shows the overall rectangular shapes of the NPLs and yields their
lateral sizes, (21+2) x (7+1) nm?® for the 5.5 ML-thick NPLs, (45+10) x (9+1) nm? for the 7.5
ML-thick NPLs (Figure la and Figure S1), the thickness of the NPLs is directly obtained from
their optical properties. The optical absorption spectra measured at room temperature are
dominated by two absorption lines (Figure 1d), attributed to the formation of excitons composed
of the 1S electron (e;) in the conduction band (CB) and the 1S3/, heavy holes (hh) and light holes
(1h) in the valence band."? At room temperature, the photoluminescence (PL) spectra consist of a
single sharp Lorentzian line from the radiative recombination of hh excitons (Figure 1e). As the
NPL thickness decreases, the hh exciton energy steadily increases because of stronger vertical
quantum confinement."> The additional feature observed at 2.13 eV in the PL spectra of 7.5 ML
NPLs is due to the presence of a small fraction of 6.5 ML NPLs. At cryogenic temperature
(Figure 1f), the PL spectra of the NPLs exhibit an emission doublet, with decreasing separation
for larger NPL thicknesses, which is attributed to the radiative recombination of the hh exciton
(high energy peak) and its negative trion (low energy peak).'* The PL spectra measured at T =
4.2 K reveals the presence of a small and broad band in an energy range extending below the
band gap energy. It is attributed to the recombination through trap states in the band gap,™ which

are caused by the incomplete passivation of surface dangling bonds (DB) with organic ligands.

While insightful, optical transitions do not provide a direct access to the energy levels of

the NPLs. In particular, the relative positions of the trap states with respect to the Fermi level



remains unknown. To this aim, the NPLs were drop-casting on gold surfaces to be studied with
STS. Their arrangement was first observed with scanning electron microscopy (SEM) and
atomic force microscopy (AFM). As shown in Figures 1b and c, the 5.5 ML NPLs stack to form
columnar assemblies. Only a small number of 5.5 ML NPLs adsorb in a flat-lying geometry. For
this configuration, the apparent height measured from the scanning tunnelling microscopy (STM)
image yields 4.2 nm (Figure 2b and c). This value is consistent with a NPL thickness of 1.65 nm
surrounded by tilted oleate ligands (around 2 nm in length) on top and bottom Cd-rich (100)
facets. In contrast to the 5.5 ML NPLs, the majority of the 7.5 ML NPLs were found flat on the
Au surface (Figure S2). We attribute this change to dichloromethane that was used as a solvent

for the 7.5 ML NPLs to reduce clustering effects.

For the sake of clarity in the data interpretation, tunnelling spectroscopic measurements
were first acquired on the isolated and flat-lying NPLs (Figure 2a), which show the typical
configuration of resonant tunneling across a double tunneling junction. In this geometry, by
choosing tunnelling currents smaller than 100 pA as setpoints, the width of the STM tip-NPL
junction is usually larger than the one of the NPL-gold junction and limits the current. In such a
situation, where an electron tunneling from the tip to the NPL leaves the NPL before a second
electron arrives, the zero-conductance region (ZCR), surrounded by peaks at positive and
negative sample voltages, gives access to the quasiparticle band gap of the NPLs.'®'” The peaks
occur at voltages that correspond to the energy levels of the NPLs plus the polarization energy of
the charge carriers divided by the capacitance ratio of the two junctions, the so-called lever
arm.'® Examination of the ZCRs in Figures 2d and e shows larger apparent band gaps for thinner
NPLs, with values consistent with those measured in Ref. 8. While the lever arm is close to one

for the 7.5 ML NPLs with partially chloride-passivated facets, smaller lever arms of 0.80~0.85



are occasionally found for 5.5 ML NPLs, due to the smaller in-plane dimensions and the thicker
NPL-gold junction consisting of long oleic acid ligands only. For these few spectra exhibiting
apparent band gaps much larger than the optical gap, two neighboring peaks, separated by 200
mV, are clearly seen at negative bias (Figure 2d, 5.5 ML NPL). They are attributed to the heavy
hole (hh) and light hole/split-off (Ih/so) states, the mixing between the lh and so bands arising
from a 2D confinement.® Most importantly, whatever the size of the NPLs that are probed, the
STS measurements consistently reveal the presence of one or several peaks in CB, in agreement
with a recent STS work.® This behaviour clearly depart from the typical step-like function
observed in the tunneling spectra of semiconductor quantum wells.”'” Its observation rules out

the simple picture of an electron moving freely in two dimensions.

We now turn to the tunnelling spectra measured on the stacks. As shown in the STM
topography of Figure 3a, the NPLs are individually resolved within a stack. An average
separation of 4.3+0.1 nm between the NPLs (Figure 3b) suggests an entwinement of the ligands
for the largest facets which are face-to-face. The thickness of the whole junction reaches about
7.5 nm in STM, in agreement with the average width of the NPLs and a disordered layer of
ligands on the side facets (inset Figure 3c). Based on the height profiles (see also Figure S2), the

NPLs lie along their longest edge, 2%

providing another access to the DOS from the side facets.
Tunneling spectra fall into two classes. Some NPLs show a ZCR similar to the one observed for
the flat-lying NPLs (Figure 3c). In this case, the gap is surrounded by an intense peak at positive
bias and a doublet peak at negative bias. As the ZCR increases with higher setpoint current,'****’
we unambiguously identify the intense peak as an electron level in CB and the doublet peak in

VB as the hh and Ih/so states. Notice that the peaks in CB are usually more intense in

comparison with the peaks found for the flat-lying NPLs, while the apparent band gap in



unchanged, as discussed in the Supporting Information. In other cases, the spectra still exhibit
the highly intense peak at positive bias, yet the ZCR is inconsistently smaller than the optical gap
of the 5.5 ML NPLs. For example, in Figure 3d, the ZCR is a mere 1.63 eV, while the optical
gap measured in Figure 1f was 2.33 eV. Such a behavior was not seen for the flat-lying NPLs.
Moreover, recording hundreds of consecutive spectra over 30 minutes with the same feedback
parameters reveals the occurrence of sudden shifts in the onset of the current at positive bias
(Figure S3). This result mirrors the typical spectral diffusion phenomenon obtained on the PL
emission linewidth of individual nanocrystals attributed to charge fluctuation in the local
environment of the NCs.?*® Altogether, these results point toward the presence of states within

the band gap of CdSe NPLs (Figure S4).

In the literature, the trap states at the surface of colloidal semiconductor nanocrystals
have been designated as the main source of in-gap states.?®?” These trap states stem from the
DBs of unpassivated atoms at the nanoparticle surface. For CdSe nanocrystals, it has been
predicted that selenium DBs at the surface of the nanocrystal would be the main source of
electrical traps.'*?®*# In contrast with spherical nanocrystals, NPL facets are very well defined
upon their orientation. Top and bottom facets are pure Cd {100} facets, while the side-facets can
consist of Se rich facets. Here, the comparison between the spectra acquired on the flat-lying
NPLs and those acquired on NPL within stacks indicates that traps states are only detected when
NPLs rest on their edge. This finding is consistent with conclusions drawn from macroscopic
analyses of the NPLs, which pinpointed a preferred localization of trap states at the NPL edges.
On these facets, the ligands are the most labile and their desorption favours the formation of 2-
coordinated selenium surface atoms.'*?® The nature of the DBs in CdSe NPLs, is further

supported by the relative energetic position of the trap state in the band gap. These deep states,



that lay below the Fermi level, are found almost midgap, in agreement with DFT calculations

assuming Se DBs.™

When tunnelling charge carriers are captured or released by a deep level, clear stepwise
changes occur in single real-traces signatures of charging or discharging events (Figure S3).
These sudden variations of the tunnelling current are seen at positive bias only and they are
found to be distributed over a few hundreds of meV. Several charging events can even take place
during the same trace. These charges dramatically affect the potential distribution between the tip
and the Au surface, which has been shown to result in a substantial shift of the CB states.**%
Similar to Ref.30 we attribute a sudden decrease of the current to the release of one electron by a
trap state to the gold substrate, since the next trace shows a clear shift towards smaller positive
bias. Starting with N excess of electrons, the NPL loses one electron and changes its charge state
to N-1. As a result, a larger portion of the CB becomes accessible. For electrostatic shifts

exceeding 500 meV, the differential conductance unveils a wealth of features that, again, are not

compatible with the ones of a 2D quantum well.

In order to get deeper insight into these features, tight binding calculations were
performed to determine the CB structure of the NPLs (see Supporting Information). Starting with
the geometry of an infinitely long NPL and a finite width (W = 6 nm), the calculations yield the
typical DOS of a quantum wire for any NPL thickness from 2.5 ML to 8.5 ML (Figure 4a). It
consists of Van Hove singularities, that can be gathered within subbands. The transitions
between the lowest subbands are clearly identified when the band structure is plotted in the
Brillouin zone (Figure S5). They correspond to a change of the peak intensity and spacing in the

DOS. As expected, the position of the first peak, which corresponds to the lowest subband, shifts



towards higher energy as the thickness of the NPL decreases because of strong confinement

(Figure 4a).

In contrast, the energy difference between subsequent peaks is directly linked to the
width of the NPL (Figure 4b). For increasing widths and consequent reduction of lateral
confinement, the peak spacing decreases, revealing a step-like function modulated by closer and
closer singularities. Ultimately, the DOS converges to a pure step-like function, the fingerprint of
a quantum well. Based on our calculations, a peak spacing of the order of 25 meV is obtained for
the lowest subbands of infinitely long NPLs with a width of 30 nm. While such NPLs could be
approximated as 2D systems at room temperature, the NPLs that are considered here, and more
generally in the literature, definitely deviate from this simple picture. The tight binding
calculations also reveal a strong influence of the NPL length. Reducing the length to realistic
lengths of 20-30 nm leads to the formation of oscillations in the DOS between the reciprocal
square root singularities (Figure 4c). This feature indicates the loss of a free electron motion in
the plane of the NPLs. As the motion becomes more and more restricted, the 1D DOS vanishes
in favour of an oscillating DOS. Therefore, the van Hove singularities and the strength of the
oscillating DOS are the signature of the electron behaviour in the NPLs: their respective
contribution to the DOS provides a direct insight into the lateral extend of the electron wave

function.

In order to compare the theoretical DOS with experiments, we selected NPLs, where tens
of successive traces were measured without any stepwise changes of the current at positive bias.
This condition ensures the absence of any significant electrostatic change in the environment of
the NPLs. Two examples of spectra acquired on the stacked 5.5 ML NPLs are shown in Figure

4d. They exhibit both features of the calculated DOS: the singularities superimposed to a small



oscillation. Note that the energy difference between the maxima of amplitude in the small
oscillation is too large to be attributed to a polaron contribution of optical phonons (26 meV for
CdSe) as measured on nanocrystals.®* Instead, the experimental DOS observed here indicates a
large delocalization of the electron wave function in the NPLs, where the boundaries of the NPLs

act as potential barriers that laterally confine the electron wave function.

Notwithstanding the qualitative agreement with the experimental results, the tight binding
calculations quantitatively reproduce the experimental data for realistic dimensions of NPLs (d =
5.5 ML; W =5 nm; L= 30 nm). As the calculations do not include any corrections for the self-
energy, our results suggest a weak self-energy of the tunnelling electron. We explain this effect
by the substantial dielectric screening that arises from the proximity of the NPLs in the stack and
the presence of top and bottom metal electrodes. This quantitative agreement further emphasizes
the structural quality of NPLs: any localization potential, scattering with phonons, or defect in
the lattice would dramatically alter the DOS by notably inducing a strong broadening or even the
vanishing of the Van Hove singularities. We note however that the degree of delocalization must
be slightly alleviated. The agreement between the experimental spectra and the theoretical DOS
shown in Figure 4d is only obtained when comparing the DOS of 5 nm wide NPLs with STS
spectra recorded on 7 nm wide NPLs. This difference indicates that the electron wave function
does not fully extend up to the boundaries. Despite the presence of traps on the edge of the NPLs
that modify the confining potential when they are negatively charged, we assign the existence of
the small depleted layer along the side-facets of the NPLs to a dipole layer arising from ligands

and/or surface reconstruction, which can account for a very localized potential.*

In summary, the CB structure of CdSe NPLs has been investigated with STS. The

observation of Van Hove singularities imply a paradigm shift on the electronic structure of
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typical CdSe NPLs considered in the literature. As the electron DOS exhibits a striking
modulation that is directly related to the length of the NPLs, delineating the in-plane electron
motion at low temperature has important consequences for a deeper understanding of the exciton
dissociation, diffusive transport and annihilation in NPLs. Moreover, it is shown that the side-
facets of NPLs host electronic deep trap states, which cause Coulomb blockade in the tunnelling
current. As they could be fully removed by the formation of core-crown NPL, our results
anticipate a genuine boost for NPL-based lateral heterostructures that will notably allow for the

mixing of the dimensionalities to favour specific electronic or optical properties.
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FIGURE 1. a) TEM, b) SEM and ¢) AFM images of 5.5 ML-thick NPLs deposited on Au
surface. d) Absorption and e) photoluminescence spectra at room temperature of 5.5 and 7.5 ML
NPLs in solution. f) Photoluminescence spectra at T = 4.2 K of 5.5 ML and 7.5 ML NPLs drop
casted on glass substrate. Spectra are offset for clarity. The dashed line indicates the baseline for
7.5 ML. The contribution of 6.5 ML NPLs in the PL spectrum is enhanced by a factor of 6 for

clarity. The arrow indicates the deep trap emission in the PL spectra of 5.5 ML NPLs.

FIGURE 2. a) Illustration of the STS on individual flat-lying NPL. b) STM image of two flat-
lying CdSe NPLs with a thickness of 5.5 ML and c) corresponding height profiles. Tunneling
conditions: Vsample = -1.5 V, It =5 pA. STS of a 7.5 ML NPL (black) and a 5.5 ML NPL (red)
measured at d) T = 77 K and e) 5 K respectively. The separation between the lowest peak in the
conduction band and the highest peak in the valence band, labeled e; and hh respectively, is

indicated. The light hole/split-off state is labelled Ih/so.

FIGURE 3. a) STM image of a stack of CdSe 5.5 ML NPLs. Tunneling conditions: Vsampie = -5.0
V, I = 10 pA. b) (top) Height profile measured at the position of the horizontal segment in a),
across a larger area image than the one shown in the STM image. (Bottom) Height profile on top
of the stack pointing out the inter NPL distance. ¢) STS of a trap-free NPL within a stack
measured at different setpoint currents as indicated in the graph. Feedback voltage: Vsample =-1.5
V. Arrows point to the shift observed with increasing setpoint currents for the lowest peak in the
conduction band e; and the highest peaks in the valence band labeled hh and Ih/so, respectively.
Inset: schematic of a stack of NPLs probed with a STM tip. d) Sequence of three differential
conductance spectra acquired on a stacked NPL bearing a trap state and averaged over a few

successive curves between charging and discharging events. e; indicates the position of the first
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electron subband, while the downward arrow indicates the highest trap state in the band gap of

the NPL. The curves are offset for clarity. Feedback conditions: Vsgmpe = -1.8 V, It = 80 pA.

FIGURE 4. Theoretical conduction band density of states of CdSe nanoplatelets. a) DOS of
infinitely long NPLs with a width of 6 nm and varying thicknesses. b) DOS of infinitely long
NPLs with a fixed thickness of 5.5 ML and different widths. Due to the higher number of states
contributing to the DOS for larger widths, the calculation becomes quickly limited to the lowest
states. ¢c) DOS of NPLs with a thickness of 5.5 ML, a width of 4 nm and different lengths. d)
Comparison between two differential conductance spectra (black, labeled Exp.) and the
theoretical DOS (red, labeled Theo.) of 5.5 ML NPLs with L = 30 nm and W = 5 nm.
Experimental conditions: Vsampie = -1.8 V, Iy = 100 pA , temperature 5K. The curves are offset for

clarity.
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