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Among colloidal nanocrystals, 2D nanoplatelets (NPLs) made of cadmium chalcogenides have led

to especially well controlled optical features. However, the growth of core shell heterostructures

has so far been mostly focused on CdS shells, while more confined materials will be more

promising to decouple the emitting quantum states of the core from their external environment.

Using k�p simulation, we demonstrate that a ZnS shell reduces by a factor 10 the leakage of the

wavefunction into the surrounding medium. Using X-ray photoemission (XPS), we confirm that the

CdSe active layer is indeed unoxidized. Finally, we build an effective electronic spectrum for these

CdSe/ZnS NPLs on an absolute energy scale which is a critical set of parameters for the future inte-

gration of this material into optoelectronic devices. We determine the work function (WF) to be

4.47 eV while the material is behaving as an n-type semiconductor. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4980065]

Colloidal nanocrystals are attracting more research and

industrial efforts because of their tunable optical features from

UV to THz.1 Among them, colloidal quantum wells,2 also

called nanoplatelets3,4 (NPL), are a special class of colloidal

nanocrystals, which offers an improved control on the absorp-

tion and emission properties.5 NPLs are strongly anisotropic

objects with a large lateral extension (i.e., above the Bohr

radius) and a perfectly controlled thickness. Because of their

atomic scale control of the only confined direction,6 NPLs

present a narrow photoluminescence (PL) linewidth. The PL

can be as narrow as 10 nm for an emission in the green

(510 nm), which is two to three times narrower than the value

conventionally obtained for spherical nanoparticles whose

properties are limited by the size distribution. Such narrow

luminescence is interesting for the design of light emitting

diodes (LEDs)7,8 and displays with enhanced gamut. In addi-

tion, the 2D dielectric screening9,10 leads to a large binding

energy (BE), which prompts the luminescence lifetime and

has led to lasing properties11 with reduced threshold.12,13

Soon after their first synthesis, the possibility to revisit the

growth of heterostructures with 2D objects has emerged. It

thus became possible to grow core-shell14,15 and core-crown16

heterostructures with type I and type II17 band alignments.

With the aim of obtaining a strong luminescence, the

current efforts have been focused on CdS and CdZnS shells

with a low Zn content (<30%). CdS offers the possibility to

grow a larger shell because of the vicinity of the CdS and

CdSe lattice constant and leads to a reduced blinking.18

However, in CdSe/CdS heterostructures, the electron gets

delocalized all over the two materials because of the limited

conduction band-offset of CdSe and CdS. As a result, the

protection toward the environment remains limited. To

obtain a stronger exciton confinement, materials with a wider

band offset are necessary. Here, we investigate the electronic

properties of CdSe/ZnS nanoplatelets using X-ray photo-

emission and numerical simulations. In particular, we aim to

determine the effective electronic levels of these NPLs on an

absolute energy scale. This step is crucial for the design of

future devices such as LED based on the CdSe/ZnS NPL, in

particular, for the fabrication of ohmic contacts injecting

efficiently holes and electrons.

To motivate the growth of CdSe/ZnS NPLs, we first

investigate their electronic structure using numerical simula-

tions based on a k�p method. For such nanocrystals, it has often

been argued that the tight binding approach leads to more

accurate determination of the electronic spectrum;8 however,

tight binding methods are difficult to apply to heterostructures,

while their treatment by k�p simulation is quite straightforward.

Since the lateral extension of the NPL is larger than their mate-

rial Bohr radius, we conduct 1D simulation along the NPL

thickness. We solve the time independent Schrodinger equa-

tion ½� �h2

2
d
dz

1
m�ðzÞ

d
dzþ VðzÞ�nðzÞ ¼ EnðzÞ thanks to a shooting

method19 (see Section I of the supplementary material for

details) for the heavy hole and conduction band and determine

the electronic spectrum and the associated wavefunctions n.

Here, �h is the reduced Planck constant, m* the effective mass,

V the band profile, and E the eigen energy of the system. The

parameters given in Table I have been used as input material
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parameters. We apply this model to the case of an alloy barrier

with Cd1-xZnxS content. In this case, the band parameters are

taken as a linear extrapolation of the CdS and ZnS parameters,

which neglects any possible bowing effects.

Figure 1(a) presents the typical energy profile of the

CdSe/ZnS NPLs and the first two wavefunctions for elec-

trons and holes. In Figure 1(b), we present the ground state

wavefunction for the conduction band as we tune the Zn con-

tent in the barrier. As the zinc content increases, the electron

wavefunction is more and more localized in the CdSe core.

Thanks to this simulation, we can now quantify how much of

the wavefunction is actually experiencing the surface. To do

so, we plot the magnitude of the wavefunction at the inter-

face between the shell and the surrounding medium (Figure

1(c)). For both electrons and holes, we observe a decrease in

the magnitude of the wavefunction at the surface. The decay

is particularly striking for the electron with a decrease by a

factor 10. This electron/hole asymmetry results from the fact

that the hole is already confined whatever is the Zn content,

while the electron is partly delocalized in the shell at a low

Zn content. As a result, with CdSe/ZnS NPLs, we can expect

a lower sensitivity to the environment and a higher stability

of the performances.

The CdSe/ZnS NPLs have been provided by Nexdot.

They come under the form of parallelepipeds with a lateral

extension of 15 nm � 40 nm and a thickness of �5 nm (Figure

2(b)). Their absorption presents two main features attributed to

the heavy hole to conduction band transition and the light hole

to conduction band transition (see Figure 2(a)). The lowest

energy peak is at 600 nm. The photoluminescence signal is

peaked at 615 nm (2 eV) and presents a full width at half

maximum (FWHM) of 29 nm. This absorption is quite shifted

compared to the core only structure, which presents a PL sig-

nal at 510 nm. This means that the wavefunction is partly delo-

calized within the ZnS, as expected from Figure 1. However,

this delocalization is weaker than that for CdS shell for which

the PL signal is observed above 635 nm,11 as expected from

our simulation. Since these materials are designed typically to

be used as phosphor for displays and LED, their integration

into a matrix is critical to prevent the air oxidation of the parti-

cle and provide thermal extraction of the generated heat. In the

supplementary material, we compare the behavior of the

CdSe/ZnS NPL with the CdSe/CdS NPL obtained through the

conventional way of the literature.13,14 We observe a signifi-

cant drop of PL efficiency for the CdS shell, while the Zn con-

taining material remains very bright. In addition, the PL

efficiency keeps decreasing as a function of time with the CdS

shell, while for the ZnS shell, the PL intensity is almost dou-

bled (Figure S4 in the supplementary material). To better

understand this material with enhanced stability, we now

investigate experimentally its electronic structure.

X-ray photoemission (XPS) experiments were carried out

at Synchrotron SOLEIL on the TEMPO beamline.25 During

the XPS measurements, the photoelectrons were detected at

normal emission and at 46� from the polarization vector ~E.

We first prepare a conductive substrate by depositing 80 nm

of gold on a Si wafer. The NPLs are then dropcasted on the

TABLE I. Band structure parameters used to solve the Schr€odinger equation.

Material CdSe CdS ZnS

Band gap (eV) 1.66 (Ref. 20) 2.4 (Ref. 17) 3.7 (Ref. 17)

m*e (m0) 0.11 (Ref. 21) 0.14 (Ref. 22) 0.37 (Ref. 23)

m*h (m0) 0.44 (Ref. 21) 0.51 (Ref. 19) 0.57 (Ref. 20)

Valence band offset

with CdSe (eV)

0 �0.42 (Ref. 24) �0.6 (Ref. 21)

FIG. 1. (a) Conduction and valence band profiles of the CdSe/ZnS NPL along the confined direction. The two first wavefunctions of the valence and conduc-

tion bands have also been displayed. Each of them has been shifted from its Eigen energy. (b) Wavefunctions associated with the conduction band fundamental

state for different Zn contents. (c) Magnitude of the electron and hole wavefunctions at the interface with a surrounding medium as a function of the Zn content

in the shell.

FIG. 2. (a) Absorption and luminescnce spectra of the CdSe/ZnS NPL. (b)

TEM image of the CdSe/ZnS NPL.
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substrate. Due to the inelastic mean free path of photoelec-

trons, most of the XPS signals will come from the alkane

chain (2 nm long) of the ligand. We consequently chose to

make a ligand exchange toward ethanedithiol (EDT) capping

(0.5 nm long) to maximize the contribution coming from the

NPL. To do so, the film is dipped in a 1% mass solution of

EDT in ethanol and then rinsed with fresh ethanol. Several

deposition steps are repeated to build a 100 nm thick film.

We also take care to let a part of the gold substrate uncoated to

use it as an energy reference. In particular, the binding energies

(BE) were calibrated using the Au 4f7/2 peak (Au4f7/2 at

BE¼ 84 eV). The accuracy of the BE calibration was esti-

mated to be around 0.1 eV. One should note that the NPL film

remains luminescent in spite of this ligand exchange. The spec-

tra were acquired with a photon energy of 600 eV in order to

be surface sensitive.26 The signal overview is presented in

Figure 3(a). In addition to the Au substrate contribution, we

observe contribution of C and O coming from the ligands, as

well as peaks from Cd, Se, Zn, and S.

In CdSe/ZnS, the wavefunctions are mostly localized

within CdSe. It is of utmost importance that the emissive

material is indeed the one expected and that no additional

contribution such as oxide gets involved in the electronic

states. We hence focus on the CdSe contribution. The Cd 3d

peak can be fitted by a doublet with a 6.7 eV spin orbit split-

ting (Figure 3(b)). For the fit, we use a pseudo-Voight curve

with a Gaussian weight of 80%. Only one contribution is

observed, and the Cd 3d5/2 peak appears at 404.91 eV with a

FWHM of 0.89 eV. In fact, we do not find evidence for the

presence of CdO, whose Cd 3d5/2 binding energy is 404.2 eV

(a rare case in which the binding energy of the oxide is

smaller than that of the metallic state, namely, 404.9 eV).27

The Se 3d peak is also coming under the form of a single

contribution, which is a doublet with a 0.86 eV spin orbit

splitting. The Se 3d5/2 peak presents a binding energy of

53.77 eV for a 0.72 eV FWHM. The presence of Se oxide28

(SeO2) is expected to come under the form of a broad peak

in the 57–60 eV range and is not observed here. We can thus

conclude that the CdSe of the CdSe/ZnS heterostructure is

not oxidized in spite of the air processing of the NPL and in

spite of the ligand exchange. In this sense, the ZnS plays its

protective role.

Finally, we use XPS to determine the work function and

absolute energy of the valence band in order to determine

the absolute energy (i.e., vs vacuum) spectrum of the CdSe/

ZnS heterostructure. The work function (WF) of the sample

was determined via the measurement of the secondary elec-

tron (SE) edge. In order to ensure that the SE has a kinetic

energy (KE) higher than the analyzer vacuum level, the sam-

ple is negatively biased (�9 V) with respect to the analyzer.

The position of the secondary electron cut-off (KEcutoff) is

measured by extrapolating the edge of the peak to the zero

FIG. 3. (a) Overview of the X-ray pho-

toemission signal for a thin film of the

CdSe/ZnS NPL deposited on a gold

substrate. The incident photon energy

is equal to 600 eV. (b) Zoom of the

X-ray photoemission spectrum of the

area of the Cd 3d peak. (c) Zoom of

the X-ray photoemission spectrum of

the area of the Se 3d peak.
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baseline (Figure 4(a)). The photon energy hv is calculated

precisely by measuring the 1st and 2nd order spectra of the

Au 4f core level. The kinetic energy of the Au 4f7/2

(KEAu4f7/2 (polarized)) and its known binding energy (84 eV

according to the literature) BE Au 4f7/2 are used as referen-

ces. Then, the work function of the sample is given by

WF¼ hvþEk(cut off) � (KEAu4f7/2 (polarized)þBEAu 4f7/2).

We found a value of 4.47 eV 6 0.1 eV for the work function

of the CdSe/ZnS NPL sample.

The valence band energy with respect to the Fermi energy

is determined by fitting the low binding energy part of the

spectrum. We determine that the valence is 1.3 eV 6 0.1 eV

below the Fermi level. Given the fact that the CdSe/ZnS

presents a 2 eV (615 nm) band gap according to their photolu-

minescence signal (Figure 2(a)), we conclude that the material

is slightly n-type with a Fermi level located at �2/3 of the

band gap. This n-doping is consistent with previous trans-

port29 and optical30 measurements conducted on cadmium

chalcogenide nanocrystal materials.

Thanks to the obtained band structure, we would like to

propose possible electrodes for the design of electron and

hole injecting contact. Given the energy of the valence band

(5.77 eV vs vacuum) and of the conduction band (3.77 eV vs
vacuum), electron and hole injection can be efficiently

achieved using respectively arsenic (WF(As)¼ 3.75 eV) and

platinum electrodes (WF(Pt)¼ 5.65 eV). However, such cou-

ple presents two main drawbacks which are the toxicity and

the lack of transparency. If transparent electrodes are neces-

sary, we rather suggest the use a MoO3 (WF (MoO3)>6 eV)

or a NiO (WF(NiO)¼ 5.4 eV) layer coupled with an ITO

transparent electrode as a hole injector. For the electron

injection, the [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM), a fullerene derivative, can be used as an electron

transport layer because of its conduction band energy of

3.8 eV.31

The growth of well confined 2D heterostructured NPL is

critical to achieve high PL efficiency and well defined cut

off wavelength with materials poorly sensitive to their envi-

ronment. Our numerical simulation shows that a ZnS shell

reduces by a factor 10 the magnitude of the wavefunction at

the interface compared to CdS, which makes the ZnS shell

promising to design materials with enhanced stability. It is

critical to probe the electronic structure of these new colloi-

dal materials, which has been done using X-ray photoemis-

sion. We first confirmed that the optically active layer of the

heterostructure comes under a non-oxidized form. In addi-

tion, we determine the work function of the material to be

4.47 eV, while the Fermi level is located at 2/3 of the band

gap, suggesting an n-type nature of this semiconductor. This

work will pave the way for the integration of the CdSe/ZnS

NPL into optoelectronic devices with well-designed ohmic

contact.

See supplementary material for discussion about the

numerical resolution of the Schr€odinger equation and the

comparison of the optical properties of CdSe/CdS NPLs with

CdSe/ZnS NPLs.
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