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Abstract

The influence of external dielectric environments is well understood for 2D semiconductor
materials but is overlooked for colloidally-grown 11-VI nanoplatelets (NPLs). In this work, we
synthesize MX (M=Cd, Hg; X= Se, Te) NPLs of varying thicknesses, and apply a modified Elliott
model to fit excitonic absorption features and report exciton binding energies for cadmium
telluride and mercury chalcogenides for the first time. Our observations indicate that the exciton
binding energy is modulated by the dielectric screening of semiconductor material by the external
ligand environment. Furthermore, NPL binding energies show a dependence on the number of
monolayers consistent with relative effect of internal vs. external dielectric. To describe this, we
derive an analytical electrostatic model, reinforcing the hypothesis that the external environment
increases the exciton binding energy relative to the bulk—due to the distortion of the Coulombic
potential across the NPL surface. We further confirm this effect by decreasing and recovering the
exciton binding energy of HgTe NPLs through washing in polarizable solvents. Our results
illustrate that NPLs are colloidal analogues of Van der Waals 2D semiconductors and point to

surface modification as an approach to control photophysics and device properties.



l. Introduction

Colloidal nanoplatelets (NPLs) are an emerging class of optoelectronic substrates, useful due

to their high absorptivities, near unity quantum yields, and narrow tunable quantum confined

emission.%* Another appealing aspect of these NPLs is the atomic precision over their growth

anisotropy: 11-V1 cadmium chalcogenide NPLs can be synthesized with precisely 2-11 monolayer

(ML) thicknesses, and show increasing control over their 2D lateral extent.>° Such structures can

also template other 1I-VI NPLs, including core-shell and core-crown Cd/Zn S/Se/Te

heterostructures and mercury chalcogenide infrared emitters, which demonstrate comparable

synthetic control.’®*2 With increased tunability of the NPL thickness, colloidal 2D materials

warrant further exploration of the extent of synthetic modulation over their photophysical
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Figure 1. (a) Simplified crystal structure of 3 ML
MX (M=Cd, Hg; X= Se, Te) NPL, including organic
ligands as an example. (b) TEM image of 3 ML
HgSe NPLs, showing nanoscale lateral dimensions.
(c) Normalized absorbance spectra MX NPLs of
varying thickness, offset for clarity.

properties and device applicability. In this work, we
measure the absorption spectra of zinc-blende 11-VI
NPLs, which consist of alternating M-X atomic
layers (M=Cd, Hg and X=Se, Te), as shown in Fig.
la. The NPLs have thicknesses of 0.7-1.9 nm and
lateral dimensions of 50-200 nm (Fig. 1b).23° The
synthesis procedures for individual NPLs and
material characterization can be found in the
Supporting Information (S1 Sec. I-11). Motivated by
their ~ similarity to other 2D excitonic
semiconductors, such as quantum wells and
transition metal dichalcogenides (TMDCs), we use

the distinct room temperature features of the



absorption spectra (Fig. 1c) to understand band gap and excitonic properties. In this work, we
apply the Elliott model to fit excitonic absorption features.62® We extract light and heavy hole
exciton binding energies (Eg) that are in excellent agreement to the prior limited available
experimental results for the heavy hole exciton binding energy in CdSe NPLs.2%2 In all NPLs we
observe high exciton binding relative to bulk semiconductors.

In layered Van der Waals (VdW) semiconductors, high binding energies are attributed to the
strong influence of the external dielectric on Eg.?? To test whether external dielectric plays a
similar role in 2D NPLs we study the thickness and solvent dependence on exciton binding energy.
We observe that as NPL thickness increases, exciton binding energy decreases, a result that we
can recover gquantitatively through a minimal electrostatic model of variable thickness dielectric
slabs. We further demonstrate dielectric modulation of binding energy by shifting and recovering
HgTe E through exchange in polarizable solvent. Our results expand upon established colloidal
NPLs’ excitonic properties and emphasize the importance of the dielectric environment in

modulating the photophysical properties.

Il. Results and Discussion

To establish factors influencing colloidal NPL excitons, we use the absorbance spectra to
derive photophysical constants, such as exciton binding energy and band-to-band gap energy (E;),
through Elliott model fits. This straightforward method allows for high-throughput measurements

to determine Ey values as well as easily monitor solvent dielectric effects on Ej.

A. Multiband Elliott Model of Colloidal NPL Systems

The Elliott model describes absorption spectra of 2D and 3D semiconductors, accounting for

excitonic resonances and oscillator strengths. The model yields optical transitions, corresponding



to excitations from the ground state (valence band electrons) to bound electron-hole excitonic

states, followed by a higher energy valence-band to conduction-band continuum of free electron

transitions. The absorption features depend on the dimensionality of the semi-conductor as shown

in Eq. 1:
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Figure 2. (a) Left: Band diagram, showing both light
hole (LH) and heavy hole (HH) valence bands.
Right: general transition diagram for a HH or LH
exciton. (b) Absorption spectra of 2 ML CdTe and 3
ML CdSe NPLs, showing the excitonic features of
the modified Elliott model, offset for clarity. The Xn
transitions and the onset of the conduction band (C)
are shown.
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where w is the excitation frequency, D is the
dimensionality of the model system, n is the

number of discrete excitonic peaks, E is the band

gap energy, B = /hwE_BEG, rn) = (n—1)!is the

gamma function, §(a — b) is the Dirac delta

function, and @ is the Heaviside step function.!®%
The model reproduces the intensity and absolute
positions of absorption features using only Ez and
E; as inputs, for a given dimensionality constant D.
The Elliott model has been used to describe inter-
band transitions, TMDCs, quantum wells, and 2D
layered perovskites—but has not been applied to

NPLS.16’24_28



In Fig. 2a, we illustrate the electronic structure of 11-VI NPLs and highlight the transitions that
are well-described by the Elliott model. The valence band is split into non-degenerate heavy hole
(HH) and light hole (LH) bands, which are offset due to spin-orbit coupling.?®*° In excitonic
materials, the exciton binding energy is greater than thermal energy at room temperature (Ez >
kT). This results in the observed excitonic transition peaks (Fig. 2a: GS— X,,) within the absorption
spectrum, appearing at lower energy than their corresponding band-to-band continuum HH and
LH transitions (Fig. 2a: E; yy and Ej ;).

We extract the Ep and E;; values for our I1-VI NPLs with various ML thicknesses by fitting
our observed absorption spectra with the Elliott model (a more detailed explanation of the fitting

procedure can be found in SI Sec. I11). To account for the linewidth broadening, we convolve Eq.

1 (where D=3) with a tunable hyperbolic secant function (sech ( %“’)) resulting in the following
expression:
d 2E; hw — E; + E—g
a(w) OCZ—3$ech N
n Y
n=1
)
@ hw —1 1
+ f sech( ) dw'
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where ay is either ayy or a,y, v is the linewidth broadening factor, and Aw' is the convolution
integration energy variable (step-by-step process of the convolution in SI Sec. 1V). We observe
that the 3D Elliott model generates a better fit than 2D, which we hypothesize is the result of the
finite thickness of NPLs. In SI Sec. V, we provide a comparison between the two- and three-

dimensional Elliott models and fits. We account for HH and LH absorption by fitting the sum



Aroral = Ay + apy. 232 In Fig. 2b, we show examples of typical NPL absorption spectra, the Eq.
2 fit, and fit components corresponding to HH and LH transitions. The spectra are broken down
into contributions from continuum and excitonic features with labelled transitions. This
straightforward application of the Elliott model determines the absolute positions of HH/LH
excitonic transitions from the onset of the continuum. Thus, the modified Elliott model fits the
absorption spectra using only 8 parameters—Iline-broadening as well as bandgap and exciton

binding energies for light and heavy holes and amplitudes.

TABLE I. Bandgap and exciton binding energies extracted from room-temperature absorption data, using a modified
Elliott model. The CdX NPLs are passivatd by oleic acid ligands, whereas HgX NPLs are passivated by oleylamine.
Both NPLs are suspended in haxane.

NPL MLs EgnH (eV) EB,HH (meV) Ec,LH (eV) Eg,LH (meV) Bulk Eg (EV)

CdSe 2 3.540.1 430+30 3.6+0.1 220+40 1.7
3 2.91+0.05 22020 3.1£0.1 190430
210°
4 2.65+0.05 195+20 2.7+0.1 170+30
1902
5 2.45+0.05 17520 2.5+0.1 120+30
1702P
CdTe 2 3.51+0.05 620+30 3.6+0.1 370+35 1.54¢
3 2.67+0.05 210+30 2.9+0.1 200+30
HgSe 3 1.92+0.05 300+25 1.9+40.1 190435 0°
HgTe 2 2.13+0.05 450+30 2.5+0.1 300430 of
3 1.77+0.05 350+25 1.940.1 26030

aRef. 20, PRef. 21, °Ref. 33, “Ref. 34, °Ref. 35, ‘Ref. 36

B. Bandgap and exciton binding energies of CdX and HgX NPLs (X=Te, Se)

The E; and E values for the cadmium and mercury NPLs are shown in Table 1. We note
reported values of binding energy in 3-5 ML CdSe NPLs, for which our measurement shows
excellent agreement. As expected, the bandgap energy increases as the number of MLs decreases
due to increasing quantum confinement. Furthermore, the exciton binding energy also increases as
the number of MLs decreases. Interestingly, for the same number of MLs, HgX NPLs have higher

Eg values (with the exception of 2 ML CdTe and HgTe), which is unexpected as mercury



chalcogenides have larger dielectric constants than the cadmium ones.®”* This discrepancy may
be explained by differences in surface lattice strain between 2 ML CdTe and HgTe, changing
valence and conduction band structures and electron-hole interactions.3%4° Alternatively, our
previous work suggests HgTe NPLs have their outer metal atomic layer stripped off during the
cation exchange process, resulting in decreased charge density on the surface and a lower
dielectric.'® This would potentially result in a larger exciton binding energy in comparison to the
metal terminated CdTe NPLs. In the next section we explore how layer number influences the

effective dielectric felt by the bound electron-hole pair.

C. Dielectric Screening

We hypothesize that exciton binding energies will increase with decreasing NPL thicknesses.
To demonstrate this, we model the excitonic interactions in the NPL with an electron and a hole
as point charges within a dielectric slab modelled after the dielectric constant of the NPL’s (eyp, =
10). This region is sandwiched by an external dielectric equal to that of organic ligand environment
(€ext = 2), illustrated in Fig. 3a. We utilize the method of images to determine the excitonic

electrostatic potential at one of the charges:*

V= Z[ ENPL Eext q 3)
47T€03NPLT EvpL T gext Amegenp VT2 + n2t?
where q is the magnitude of the point charge, ¢, is the vacuum permittivity, eyp;, IS the dielectric
(i.e. relative permittivity) of the NPL, ¢,,; is the effective dielectric of the external environment,

r is the exciton Bohr radius, t is the NPL thickness, and N is the number of image charges (figure



a b 500 3a). The derivation of this potential equation and

et *Uy ;]L — Semil—empi‘rical model
' O Elliott fit FRE :
9 400 « Magneto-optical the effect of n on the extracted binding energy is
oq, g 2ML spectroscopy®
fwie—o |t ";00 | explored in SI Sec. VI, where we show N = 20
«d, 200 5 | :
ML T | image charges reproduce the full potential.
-q, 5ML
: 10—
q, 06 08 10 12 14 16 1.8 _ o
Thickness t (nm) We equate this potential in Eq. 3 to an

Figure 3. (a) Visualization of the exciton in the

colloidal NPL system as represented in the method of  affective two-point charge Coulombic potential,
images. (b) The relationship between exciton binding

energy and CdSe NPL thickness, indicating the . . . . .
predicted trend of our semi-empirical electrostatic Verr, With an overall effective relative dielectric

model, extracted values from absorption spectra
using the modified Elliott model, and measured constant. €.+
values from magneto-optical spectroscopy. efs
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Solving for &, 57 allows us to determine the exciton binding energy through the Rydberg equation:

eZ

. a—
B 87‘[£02£eff2r (5)

The Bohr radius value is taken from magneto-optical spectroscopy performed by Brumberg et al.
on 3 ML CdSe NPL, which we assume to be constant across all thicknesses.?® The Ex values for
CdSe NPLs of varying thicknesses are shown in Fig. 3b. The electrostatic model captures the trend
of decreasing E with thickness t, consistent with our Elliott fit and literature values of Ey for 3-
5 ML CdSe NPLs. We note the discrepancy between the fit and model E at 2 ML, which we
attribute to a stronger quantum confinement, resulting in an inaccurate estimation of the Bohr
radius used in the model. This discrepancy warrants future investigation with more sophisticated
modeling, accounting for wavefunction confinement effects and the interplay between 2D and 3D

semiconductors.

D. Controlling Exciton Binding Energy by Modulating External Dielectric
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Figure 4. (a) Shift in the Xy nn transition peak as 3
ML HgTe NPLs are vortexed with MeCN mixture
and then washed back into hexanes. The baseline
increases due to increased Rayleigh scatter. (b) The
minimal change in band gap energy as it corresponds
to 1. suspension in hexanes, 2. mixing with MeCN,
and 3. washing in hexanes steps, as indicated in (a).
(c) The exciton binding energy as it corresponds to
steps 1-3, showing a significant decrease in Eg with
constant E¢ as the NPLs experience a higher solvent
dielectric in step 2.

To confirm the extent to which external
dielectric contrast modulates exciton binding
energy, we change the solvent environment,
similar to previous work in TMDCs and 2D
perovskites.?84243 We measure E; and E; using
the above Elliott model fit of the absorption
spectrum of 3 ML HgTe NPLs (Fig. 4a-1), initially
suspended in hexanes (&yexanes = 1.9). Then,
acetonitrile (also known as MeCN, &pecny = 38) 1S
added to the hexane layer, and the solutions are
vortexed for 1 minute. After letting it settle, the
hexane layer is taken out and its absorption
spectrum is measured (Fig. 4a-2; the exact
procedure can be found in Sl Sec. VII). Finally, the
NPLs are returned to their initial hexane
environment, after thoroughly washing away the

MeCN, and we observe the recovery of the exciton

absorption peak, but with increased Rayleigh scatter baseline (Fig. 4a-3). Altogether, Fig. 4a shows

the resultant shift and recovery of the X, ;5 peak of the HgTe spectrum as the NPLs are exposed

to a higher dielectric environment and returned to hexanes. Figs. 4b and 4c demonstrate

corresponding Elliott fit values that indicate an unchanged E,; in comparison to a 65 meV decrease

in Ep yy and a 50 meV decrease in Eg ; 5, supporting the hypothesis that we have increased the

effective dielectric and thus lowered the E without changing the structure of the NPL. From the



decreasing Ep’s, we calculate the corresponding increase in .7 from 13.8 to 15.1, due to the
MeCN (Eg. 5). Using Eq. 3, we can infer the increase in &,,; from 2.0 to 3.3; this is notable as the
dielectric of MeCN is 38. The small change in &,,; suggests the continued dominance of the
aliphatic ligands on the dielectric environment, meaning MeCN only has limited access to the
excitonic field lines. Therefore, the shift in HgTe Ep can be attributed to the change in the effective
dielectric—suggesting more significant impact of the external dielectric on NPL excitonic
behavior, than previously recognized. However, we note that this procedure did not appear to alter
the binding energy in cadmium telluride nanocrystals (SI Sec. VI1I-C), which we attribute to the
apparent cadmium termination and more dense ligand coverage in the cadmium chalcogenide

nanocrystals.°
I11.  Conclusion

Exciton binding energies are important experimental parameters which govern absorption,
emission, and energy and charge transport. Using a modified Elliott model, we extract binding
energies for many NPLs—several of them for the first time—which also show excellent agreement
to prior limited measurements. This model represents a simple and accessible tool to probe
excitonic and continuum transitions from absorption measurements, complementing sophisticated
techniques such as magneto-optical spectroscopy or opto-acoustic methods which were previously

used 20,44

We also explore the effect of dielectric screening on NPL excitons using a simple semi-
empirical electrostatic model, which produced calculated E’s that are in excellent agreement to
measured binding energies for 3-5 ML CdSe NPLs. The model confirmed that unlike their bulk

and 0D counterparts, nanoplatelet excitonic electrostatic field lines extend beyond the



semiconductor itself and are modulated by the external environment. We experimentally confirm
the effect of dielectric confinement by modifying NPL external environment and showing a
noticeable shift in exciton binding energy, consistent with similar measurements in 2D TMDCs
and perovskites.?24244 Uncovering the exciton binding energies of NPLs and understanding how
external dielectric screening modulates these resonances further establishes the distinct properties

of nanoplatelets that distinguish them from their quantum dot counterparts.
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