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Effect of ZnS shell formation on the confined energy levels of ZnSe quantum dots

Amit D. Lad and Shailaja Mahamuni*
Department of Physics, University of Pune, Pune-411007, India
(Received 28 April 2008; revised manuscript received 1 July 2008; published 29 September 2008)

Photoluminescence excitation spectroscopy was employed to investigate the electronic structure of ZnSe/
ZnS core/shell quantum dots. Four excited states viz. 1S"—lS§/2, lSE—ZSg/Z, lPe—lPé’/z, and 15—1559 are
observed in ZnSe and ZnSe/ZnS core/shell quantum dots. The experimentally observed excited states for
ZnSe/ZnS quantum dots are analyzed on the basis of reported “effective mass approximation” calculations. The
photoluminescence quantum efficiency increased from 2% for ZnSe quantum dots to 42% for ZnSe/ZnS
quantum dots. X-ray photoelectron spectroscopic and transmission electron microscopic investigations suggest
formation of uniform ZnS shell on ZnSe. The electron energy levels of ZnSe/ZnS core/shell quantum dots are
investigated as a function of core diameter and ZnS shell thickness, and are compared with bare ZnSe quantum
dots. Seven different sizes (ranging between 20 to 52 A) are probed using size-selective photoluminescence
excitation technique. Upon building a shell of ZnS on ZnSe quantum dots, the transition from three hole states
(1S§/2, 2S’3’/2, 1559) to 15¢ remain well defined and have negligible relative shift, suggesting that the valence-
band offset is larger than the energy of these states. With increasing ZnS shell thickness, an observed increase
in the transition probability of 156—2513’ 1> state is due to modification of hole states caused by ZnS shell. The
relative shift of the P exciton peak (1P¢— ng’ 1») with increase in shell thickness is due to a loss of confinement
energy of P electron state. The energy of 1P°— ng/2 is found to be remarkably independent as a function of

core diameter.
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I. INTRODUCTION

Colloidal II-VI core/shell semiconductor quantum dots
serve as useful fluorescent labels owing to their high photo-
stability, good luminescence efficiency, high oscillator
strength, and large emission tunability. Quantum dots have
very high surface to volume ratio, which suggests that sur-
face plays a vital role in deciding their electronic and optical
properties.! Organic cappants are used to passivate the nano-
crystalline surface, but effective passivation of anionic, as
well as cationic surface sites, is not accomplished by these
organic ligands. Epitaxial growth of inorganic semiconductor
(shell) on quantum dots (core) can passivate both cationic
and anionic dangling bonds and provide better electronic and
chemical surface passivation. Depending on the energy gap
and the relative position of electron energy levels of the in-
volved semiconductors, the shell can have different functions
in core/shell quantum dots.”> Extensive research is focused
toward the type-I core/shell quantum dots for which a shell
of higher energy gap material is coated on the narrower en-
ergy gap core material.>>° Type-I nanoheterostructures typi-
cally provide an order-of-magnitude enhancement in PL
quantum efficiency. The improvement in PL quantum effi-
ciency is due to proper passivation of surface dangling bonds
and nonradiative recombination sites, as well as improved
confinement of electrons and holes to the particle core.
Charge carrier wave function engineering leads to not only
enhanced luminescence quantum efficiency but also useful in
carrier separation to minimize the interaction effects and al-
lows an extension of the range of spectral tunability.

Large number of preparative techniques were developed
to obtain CdSe-based quantum structures®!4!5:17-20 with re-
markable control on size, shape, and size dispersion along
with band offset. Studies on band offset can be carried out on
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colloidal nanocrystal dispersion. The preparative routes for
obtaining high-quality zinc chalcogenide nanoheterostruc-
tures are in their infancy. Consequently, further studies on
wave function engineering are scarce. ZnSe is a promising
material for ultraviolet (UV)-blue light emitting diodes and
lasers. ZnSe/ZnS core/shell quantum dots can satisfy the
need of current trend of safe handling nanotechnology.® The
knowledge of electron energy structure along with tunable
emission and brightness will make ZnSe/ZnS quantum dots a
potential candidate for fabrication of various optoelectronic
devices. ZnSe is nontoxic and environmental friendly mate-
rial. These quantum dots can be useful for biological imag-
ing, DNA analysis, and clinical and therapeutic diagnostics.”!
Along with the linear optical characteristics, the significant
nonlinear optical absorption*> exhibit the importance of
ZnSe/ZnS quantum dots for fabrication of ultrafast switching
and optical limiting devices in a broad spectral region near
infrared. Optoelectronic properties of ZnSe/ZnS quantum
dots*!! have been comparatively less explored, whereas an
extensive research was focused toward CdSe/CdS (Refs.
13-18) and CdSe/ZnS (Refs. 2 and 18-20) quantum dots.
The natural band alignment for ZnSe/ZnS system indicates a
type-I character, with a valence-band offset of 0.55 eV and
conduction-band offset of 0.33 eV.?> The synthesis of ZnSe/
ZnS core/shell quantum dots is state of the art and to date
very few reports have arrived.>~!! Various core/shell quantum
dots such as CdSe/CdS (Refs. 13-18) and CdSe/ZnS (Refs. 2
and 18-20) exhibit the photoluminescence (PL) quantum ef-
ficiency more than 30%. ZnSe/ZnS nanocrystals, having
mixed phase (namely, zinc-blende and wurtzite) crystalline
core, indicated 2.6-fold enhancement in PL intensity.® ZnSe/
ZnS core/shell nanocrystals studied earlier show the PL
quantum efficiency of 17% (Ref. 7) to 32% (Ref. 8). Time-
resolved transient absorption measurements® of ZnSe/ZnS
core/shell nanoparticles exhibited the confinement of hole to
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ZnSe core. The electronic structure of core/shell quantum
dots is found to be governed by the band alignment,!3:16:17:19
strain effect,'® and quantum confinement.>!3161719 Hence,
the knowledge of electronic structure of ZnSe/ZnS core/shell
quantum dots is the prime step in futuristic device-oriented
applications. The band offsets between ZnSe/ZnS nanohet-
erostructure components are determining parameters for their
optoelectronic properties, for example, the degree of charge-
carrier separation, localization, and hence the excited state
dynamics. Due to lack of direct experimental measurements,
a common approach taken in this context so far is to assume
band offset values of the bulk materials.

In the present study, high-temperature wet chemical route
has been adopted to synthesize ZnSe and ZnSe/ZnS quantum
dots. ZnSe quantum dots are coated with a varying ZnS shell
thickness and are thoroughly investigated by means of pho-
toluminescence spectroscopy. The size-selective photolumi-
nescence excitation (PLE) spectroscopy is employed to map
the electronic structure of ZnSe and ZnSe/ZnS quantum dots.
Electron energy levels of ZnSe/ZnS core/shell quantum dots
were studied and compared with that of bare ZnSe quantum
dots. Four excited states in ZnSe/ZnS quantum dots were
observed. The effect of shell thickness on the electron energy
levels of ZnSe quantum dots is discussed. This is a compre-
hensive report on the electronic structures of ZnSe/ZnS core/
shell quantum dots as a function of the core size as well as
shell thickness.

II. EXPERIMENTAL DETAILS

ZnSe quantum dots have been synthesized according to
the method described by Hines and Guyot-Sionnest (Ref. 23)
and modified by the method described by Peng et al.?* to
achieve the different sizes. In typical synthesis, appropriate
amounts of diethylzinc (ZnEt,) and trioctylphosphine (TOP)
selenide were injected in hot 1-hexadecylamine. ZnSe quan-
tum dots were collected in the powder form and redispersed
in hexane.

For ZnS coating ZnEt, and hexamethyldisilathiane in
TOP were used as the Zn and S source, respectively. The
ZnS shell was grown on ZnSe quantum dots according to the
method similar to that of CdSe/ZnS quantum dots described
by Dabbousi et al.'® Here we assume one monolayer ZnS
shell measures 2 A along the radius of spherical ZnSe quan-
tum dots. In the present study, up to four monolayers of ZnS
shell has been overcoated on ZnSe quantum dots. The core/
shell nanocrystals were isolated from the reaction solution,
washed several times with n-butanol and methanol, dried in
vacuum, and dispersed in hexane for various characteriza-
tions.

X-ray diffraction (XRD) measurements were carried out
on Bruker AXS D8 advance powder x-ray diffractometer,
using Cu K, (\=1.5402 A) as an incident radiation. The
average size of quantum dots is estimated using Scherrer
formula by considering the line broadening of the XRD
patterns.?® Transmission electron microscopic (TEM) mea-
surements were carried out using a Philips CM200 micro-
scope operating at 200 kV.

X-ray photoelectron spectroscopic (XPS) measurements
were carried out on an electron spectrometer from VSW Sci-
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entific Instruments Ltd., U. K. The base pressure of the spec-
trometer was about 3 X 10~ mbar. Experiments were per-
formed using Al K, radiation at analyzer pass energy of 40
eV. The typical resolution of the spectrometer is approxi-
mately 0.9 eV.

Optical absorption measurements were carried out on
JASCO V-670 spectrophotometer. The PL emission and PLE
measurements were carried out on Perkin Elmer LS 55 fluo-
rescence spectrometer. Fluorescence spectrometer consists of
pulsed xenon lamp (7.3 W average power at 50 Hz), holo-
graphic grating excitation and emission monochromators,
and well plate reader. The PL quantum efficiency of ZnSe, as
well as ZnSe/ZnS quantum dots in hexane, was estimated
relative to stilbene 420 in methanol of the same concentra-
tion.

The inhomogeneous broadening of the spectral features is
unavoidable due to the finite size and shape distribution. PLE
can be used to select the optical window in order to examine
the absorption of narrow size distributed quantum dots.>>?’
In PLE, a spectrally narrow portion of the emission is moni-
tored, while the excitation energy is scanned. The spectrum
of the emission amplitude as a function of the excitation
energy provides an absorption spectrum for the subset of the
particles which emit at the monitored wavelength. Thus PLE
can be used as a size-selective optical technique. The PLE
data obtained by fixing the emission on the blue edge of the
luminescence peak at different wavelengths with an interval
of 10 nm correspond to sizes ranging from 20 to 52 A. In
PLE, when excitation wavelength approaches the emission
wavelength, excitation features are superimposed on the ex-
ponential increasing background. When excitation and emis-
sion wavelengths match exactly, one can observe large in-
crease in background intensity and is known as the
fundamental diffraction peak of the grating. All PLE spectra
are corrected for an exponentially increasing background
function to eliminate the effect of the fundamental diffraction
peak of the grating.

III. RESULTS AND DISCUSSION
A. Structural characterization

The crystalline phase and average size of quantum dots
was determined by XRD. Three different-sized ZnSe quan-
tum dots (viz. ZnSe-I: 45 A+13%, ZnSe-1I: 35 A= 11%,
and ZnSe-III: 25 A = 16%) were synthesized and overcoated
by ZnS shell up to four monolayers. The XRD patterns of
ZnSe/ZnS quantum dots show broad peaks corresponding to
(111),(220),and (31 1) planes of cubic zinc-blende phase
of ZnSe, suggesting that the diffraction is predominantly due
to ZnSe core. With increase in ZnS thickness, the peak width
remains constant while the position of diffraction features
shift toward higher (ZnS) values as shown in Fig. 1. The
distribution of bond lengths resulting from the strain is re-
sponsible for maintaining the XRD peak width constant,'*
though there is an increase in the quantum dot diameter due
to the shell growth. Absence of peak narrowing with increas-
ing ZnS thickness also rules out the possibility of alloy for-
mation. The lattice mismatch between ZnSe and ZnS is about
4.2% giving the lattice strain throughout the nanohetero-
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FIG. 1. XRD pattern of ZnSe-I quantum dots with varying
monolayers (ML) of ZnS shell thickness. Symbols represent the
experimental data, whereas the solid line is the Gaussian fit to the
experimental data.

structure. ZnSe near the interface experiences a net compres-
sive strain, while ZnS experiences a net expansive strain.
This leads to a consistent increase in the average lattice con-
stants throughout the shell growth. Strain modifies the band
alignment of core/shell structures. It modifies band offset and
is responsible for increase in energy gap of core/shell quan-
tum dots.!® Hence, the presence of strain can alter the elec-
tron energy levels.'®

The thickness of ZnS shell, crystal structure, and shape of
ZnSe/ZnS core/shell quantum dots is precisely determined
by TEM. Figure 2 shows TEM images of ZnSe/ZnS-I core/
shell quantum dots with different monolayers of ZnS shell
thickness. The spherical shape is retained by core/shell quan-
tum dots. TEM indicates the size 48 A=*10%, 52 A +9%,
55 A=11%, and 61 A=13% for 0.5, 1.5, 2.3, and 3.8
monolayers of ZnSe/ZnS-1 core/shell quantum dots, respec-

FIG. 2. TEM images of ZnSe/ZnS-I core/shell quantum dots
with 0.5, 1.5, and 2.3 monolayers (ML) ZnS thickness; and electron
diffraction pattern of ZnSe/ZnS-I: 2.3 ML quantum dots.
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TABLE I. Diameter measured by TEM, thickness of shell deter-
mined by TEM as well as by XPS measurements, and intensity ratio
of S 2p3/, to Se 3p3), obtained by XPS analysis for different build-
ing of ZnS shell over ZnSe-I quantum dots.

Thickness of shell (A) I(S 2ps),)
Diameter by by /
ZnSe/ZnS-I  TEM (A) TEM XPS  I(Se3psy,)
0.0 46+11%
0.5 48+ 10% 1.0 1.4 1.42
1.5 52+9% 3.0 32 3.19
2.3 55+11% 45 4.1 4.08
3.8 61+13% 7.5 7.0 6.95

tively (Table I). The size of ZnSe-1 core quantum dots is
found to be 46 A + 11%.*525 Estimation of the shell thick-
ness in the case of ZnSe/ZnS-I quantum dots helped to opti-
mize the synthesis procedure for ZnSe/ZnS-II and ZnSe/
ZnS-IIT quantum dots to keep the constant shell thickness as
to that of ZnSe/ZnS-I quantum dots. Electron diffraction pat-
tern of core/shell quantum dots shows the diffraction rings
corresponding to (1 1 1), (22 0), and (3 1 1) lattice planes of
zinc-blende phase of ZnSe exclusively. The consistent de-
crease in interplanar distance is observed with increase in
ZnS shell thickness. This observation is also consistent with
the XRD data.

XPS measurements (Fig. 3) were carried out on ZnSe/ZnS
core/shell quantum dots. Survey spectra (not shown here)
show presence of Zn, Se, and S species along with C and O.
The presence of C and O is mostly due to the atmospheric
contamination. The position of C 1s line at 284.6 eV indi-
cates the absence of significant charging. The Se 3p spec-
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FIG. 3. (Left) XPS spectra of bare ZnSe-I core and ZnSe/ZnS-1
core/shell quantum dots. (Right) Intensity ratio of S 2p3, to
Se 3p3), of peaks with respect to shell thickness. Schematic repre-
sentation of ZnSe/ZnS core/shell quantum dot structure used for
XPS analysis. R, is the radius of core, whereas R, is the radius of
core/shell quantum dot.
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trum exhibits a spin-orbit doublet structure corresponding to
3p3, and 3py), signals with binding energy 161.5 and 167.3
eV, respectively. The spin-orbit doublet of S 2p level splits
into 2p3;, and 2p;,, with binding energy 162.4 and 163.3 eV,
respectively. The gradual decrease in the intensity of Se 3p
peak and an increase in the intensity of S 2p peak are ob-
served as the shell thickness increases from 0 to 3.8 mono-
layers, thus indicating a uniform coating' of ZnSe with ZnS
shells.

To calculate the thickness of the shell using XPS investi-
gations, we have used the method suggested by Nanda and
Sarma.?® The intensity ratio of the shell to core can be ex-
pressed as?®

R T
§ - r, 0 .
s f f exp[ i )]rzdr sin 6d6
Lpen Iy~ JR. o0 A

Low 17 f% J exp{ — f(r, )
0 0 )\

where, f(r, 8)=(R?>~r? sin?> 6)">~r cos 6; \ is the mean free
path of photoionized electrons (21 A in case of Se 3p and
S 2[7 levels); IgnS/I%nSe =(pZnS/MZnS)(MZnSe/pZnSe)= 1.12;
p?"S and p?"¢ are the densities and M?"S and M?"S¢ are
molecular weights of ZnS and ZnSe, respectively. The inten-
sity ratio of S 2p;,, to Se 3p;,, (Table I) has been considered
for the evaluation of Eq. (1). The schematic representation of
ZnSe/ZnS core/shell quantum dots is shown in Fig. 3. R,
represents the radius of core, whereas R, represents the ra-
dius of core/shell quantum dot. The above integrals were
computed numerically for varying choices of core/shell ra-
dius (R;). The limits for the integration of the core were kept
constant [23 A for ZnSe-I quantum dots (R,), as determined
from TEM]. To calculate the thickness of the shell the values
of R, were varied so that calculated intensity ratio [from Eq.
(1)] matched the ratio with the experiment (Table I). The
shell thickness calculated by the XPS spectra agrees well
with the TEM investigations (Table I).

. (D)

}rzdr sin 0 d6

B. Influence of ZnS shell on confined energy
levels of ZnSe quantum dots

1. Optical absorption investigations

The optical absorption of ZnSe-1, ZnSe-II, and ZnSe-III is
found to be at 410 nm (3.02 eV), 382 nm (3.25 eV), and 364
nm (3.41 eV), corresponding to the sizes estimated from the
tight-binding calculations® to be 43, 33, and 24 A, respec-
tively. The bulk Bohr exciton diameter of ZnSe is 90 A,
suggesting that all quantum dots studied here are in the
strong confinement regime. The fitting of optical absorption
spectrum was performed to identify various higher excited
states in ZnSe and ZnSe/ZnS quantum dots.” Three excited
states are seen in the optical absorption spectra (Fig. 4).
These transitions are assigned to 1S“’—1S§'/2, 1Se—25§‘,2, and
1P¢~1P%,,, as designated in effective mass approximation
(EMA) formalism.!*132 The optical absorption spectra of
ZnSe/ZnS quantum dots reveal the constant area under the
lowest excitonic transition 15¢—1S%,, indicative of constant
oscillator strength!® for varying ZnS shell thickness (Fig. 4).
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FIG. 4. (Color online) (Left) Optical absorption spectra of ZnSe/
ZnS-I core/shell quantum dots. Various higher excited states are
indicated. All optical absorption spectra are normalized with respect
to 15— 18"%, transition, and are shifted upward [by 0.1, 0.3, 0.5,
and 0.8 for 0.5, 1.5, 2.3, and 3.8 monolayers (ML), respectively] for
the clarity. The solid line indicates the energy gap of bulk ZnSe.
The inset indicates the observed redshift (AE) in the lSe—lSél/2
transition of three different-sized core/shell quantum dots with re-
spect to its corresponding core quantum dots. (Right) Schematic
energetics for ZnSe and ZnSe/ZnS core/shell structures.

With increase in ZnS shell thickness, the redshift in 15¢
—18%, transition is observed (Fig. 4). Inset of Fig. 4 shows
the redshift in the absorption spectra as a function of core
size of quantum dots. The larger redshift in smaller quantum
dots is due to large spreading of electron wave function into
ZnS shell. This effect is also attributed to relaxation of quan-
tum confinement resulting from the growth of the shell.!>!3
A contribution to the redshift in the case of ZnSe/ZnS quan-
tum dots could be partially due to the strain at the core/shell
interface.” Strain modifies the band alignment of core/shell
structure. Li and Wang'® proved that strain changes the band
offset and hence the wave functions and energy eigenvalues.
In type-I quantum dots, the core experiences a net compres-
sive strain near the interface, while the shell experiences a
net expansive strain. This results in increase in the energy
gap of quantum dots, and will be reflected from blueshift in
the optical absorption spectra. The absence of blueshift in the
absorption spectra indicates that strain is not playing the im-
portant role’ in the present case.

2. Photoluminescence investigations

The PL emission maximum at room temperature for
ZnSe-1, ZnSe-1I, and ZnSe-III quantum dots is observed at
420 nm (2.95 eV), 408 nm (3.04 €V), and 400 nm (3.10 eV),
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FIG. 5. (Color online) (Left) PL spectra for ZnSe-I quantum
dots for varying thickness of ZnS shell. Inset shows (a) PL quantum
efficiency variation for three different-sized core/shell quantum
dots; (b) the observed redshift in the PL emission energy (AE) of
the core/shell quantum dots with respect to its corresponding core
quantum dots. (Right) Fluorescence of ZnSe-I quantum dots with
ZnS shell thickness of 0 monolayer (top) and 2.3 monolayers (bot-
tom) excited with UV light.

respectively. ZnSe quantum dots exhibit only band-edge lu-
minescence. The observed size-dependent Stokes shift is dis-
cussed elsewhere.? PL spectra of ZnSe-I quantum dots with
varying thickness of ZnS shell are presented in Fig. 5. The
narrow photoluminescence [full width at half maximum
(FWHM) =30 nm] from the core/shell quantum dots spans
the spectrum from UV through blue. PL FWHM of core/shell
quantum dots is within the experimental error of ZnSe cores.
This demonstrates the good control on size distribution of the
core/shell quantum dots. Inset of Fig. 5 shows the increase in
PL quantum efficiency with shell thickness for three series of
ZnSe/ZnS core/shell quantum dots. The PL quantum effi-
ciency is increased dramatically from 2 to 42%. ZnSe/ZnS
core/shell nanocrystals studied earlier also showed around
twenty times enhancement in PL quantum efficiency as com-
pared to corresponding core nanocrystals.!! In the case of
core ZnSe quantum dots the charge carriers are delocalized
throughout the quantum dot. Whereas in ZnSe/ZnS core/shell
quantum dots, the strong valence-band offset confines hole to
the core and enhances quantum efficiency, while the small
conduction-band offset ensures spectral tunability by the re-
duction of confinement energy of electron. In case of CdSe/
CdS core/shell structures,?? the conduction-band offset is
0.27 eV, whereas the valence-band offset is 0.51 eV. In this
type of quantum dots, it is shown that the electron is delo-
calized throughout the core/shell structure while the hole is
perfectly confined to CdSe core.'* The present results are in
excellent agreement with CdSe/CdS quantum dots. Recent
time-resolved transient absorption measurements’ of ZnSe/
ZnS core/shell nanoparticles also indicated the confinement
of hole to ZnSe core. The hole is confined in quantum dot
due to the built-in nanostructure potential while the electron
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is confined only due to the Coulomb interaction with the
hole.!”3 The electron wave function is distributed over a
core/shell region, and the hole wave function is strongly con-
fined inside a core. The strong hole confinement in ZnSe/ZnS
causes core/shell system to have the large electron-hole Cou-
lomb interaction. First-principles investigations'® also exhibit
large electron-hole Coulomb interaction in CdSe/CdS core/
shell quantum dots due to strong hole confinement. The lo-
calization of hole wave function in ZnSe core is a prime
factor responsible for increase in the PL quantum
efficiency,>® and hence it cannot be involved in oxidation
degradation processes.> The consistent increase in the PL
quantum efficiency up to 2.3 monolayers of ZnSe/ZnS quan-
tum dots is observed (inset of Fig. 5). The maximum PL
quantum efficiency value at 2.3-monolayer-thick ZnS shell
implies the proper passivation of surface dangling bonds and
nonradiative recombination sites. The reduction in the PL
quantum efficiency is observed as shell thickness is in-
creased further (>>2.3 monolayers). This decrease in the PL
quantum efficiency is tentatively attributed to formation of
the defects in ZnS shell.'® A thicker coating (>2.3 monolay-
ers) can produce stacking faults in the layer due to the lattice
mismatch? of ZnSe and ZnS. Stacking faults in the layer can
create radiationless relaxation, which in turn is responsible
for decrease in PL quantum efficiency.> With increase in ZnS
shell thickness the PL spectra show a consistent redshift (in-
set of Fig. 5). The redshift in the PL spectra is slightly larger
than the shift in the absorption spectra.

3. Size-selective photoluminescence excitation study

Seven different sizes (ranging between 20 to 52 A) from
three subsets of samples were probed using size-selective
PLE technique. The PLE spectra are obtained by fixing the
emission on the blue edge of PL peak. The size of quantum
dots is estimated from first excitonic feature (15°~1S5%,) of
the PLE employing reported tight-binding calculations®® for
ZnSe quantum dots. Figure 6 shows PLE spectra of ZnSe/
ZnS quantum dots monitored at 3.10 eV. Four higher excited
state transitions were observed. These transitions are as-
signed to 15¢—15%,, 15°~28% ., 1P°~1P",, and 15°~18%,
as designated in EMA formalism.!31-3

In quantum dots, where the size of the particles is much
larger than the lattice constant of the material, EMA can be
used to give a quantitative description of the size-dependent
electronic properties. ZnSe/ZnS quantum dots studied here
are in the strong confinement regime. Xia’! has used the
spherical quantum well model to simulate the quantum dots
and used the effective-mass envelope function method to cal-
culate the electronic structure of ZnSe quantum dots. The
effective-mass model is combined with spherical boundary
conditions, and the electrons and holes are treated
independently.? In zinc-blende semiconductor, three distinct
valence bands (heavy hole, light hole, and spin-orbit split-
off) were considered.! The spherical symmetry of the quan-
tum dots introduces an orbital angular momentum that
couples with the intrinsic J=3/2 momentum of the valence-
band Bloch functions. Good quantum number is the total
angular momentum, F'=L+J, where L is the angular momen-
tum of envelope function and J is the valence-band angular
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FIG. 6. (Color online) (a) PLE spectra of ZnSe quantum dots
with different thickness of ZnS shell, monitored at 3.10 eV (400
nm). All PLE spectra are normalized with respect to 15¢ —lSm
transition, and are shifted upward [by 0.1, 0.3, 0.5, and 0.7 for 0.5,
1.5, 2.3, and 3.8 monolayers (ML), respectively] for the clarity.
Inset exhibits the schematic of electron energy levels in ZnSe and
ZnSe/ZnS quantum dots. (b) The enlarged portion of PLE spectra
exhibiting only lS"—ng’/2 transition. (c) Variation of electron en-
ergy levels of ZnSe quantum dots having diameter 33 A as a func-
tion of shell thickness. Energies are extracted from PLE spectra (a).
(d) The PLE spectra [shown in (a)] are shifted by energy of 15¢
- IS{;,2 transition.

momentum. As a result, the hole wave functions contain lin-
ear combinations of L and L+2 envelope functions. F is the
good quantum number for valence states of the cubic semi-
conductor with J=3/2 for light-hole and heavy-hole bands,
while J=1/2 for the spin-orbit split-off band. The electron
states are simply given by nL°, where n is the number of the
level in energy ordering. The subscript e implies an electron
state. The hole states are given by nLg. This is a reasonable
approach for wide energy gap semiconductor quantum dots
such as ZnSe,? CdSe,?” and CdTe.** The conduction band of
7ZnSe has Zn 2s character, whereas the valence band has
Se 4p character.3! The first excited state transition 15°

— 18", indicates the electron and hole both in the first S-like
envelope function.! The transition 15°— 2S3/2 arises due to
S-D mixing.3!3? The transition 15¢—15%? involves the spin-
orbit split-off hole state.'-3!

The inset of Fig. 6(a) exhibits the schematic of electron
energy levels in ZnSe and ZnSe/ZnS quantum dots. The
band-edge transition 15¢—1S%, is observed around 3.25 eV
(382 nm) when emission wavelength is monitored at 3.10 eV
(400 nm). This is equivalent to probing?® ZnSe quantum dots
of 33 A in diameter. The first excited state of ZnSe quantum
dots with ZnS shell formation is presented for comparison in
Fig. 6(b). With increase in shell thickness, the small redshift
in the energy of the 15°—18%,, 15°~28%,, and 15°—15%
transitions is observed [Fig. 6(c)]. On the other hand, the
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large redshift of around 130 meV in 1P¢—1P% , transition is
observed with the increase in ZnS monolayer from 0 to 3.8
[Fig. 6(c)].

Xia®! has shown that the transition probability of 1S

ng/2 state for ZnSe quantum dots is 2.4 times larger than
that of the 15°~28%, state. Experimental measurements of
bare ZnSe quantum dots exhibit the similar trend.? The
overlap integrals of radial wave functions Were found to be’!
0.833 and 0.543 for 15°~1S%, and 15¢-2S", transitions,
respectively. As compared to bare ZnSe quantum dots, ZnS
shell has its main effects on the valence energy levels. With
increasing ZnS shell thlckness the increase in the transition
probability of 15°— 253/2 state is observed [Fig. 6(a)]. Loss of
confinement of S state in case of ZnSe/ZnS quantum dots can
alter the S-D mixing and hence the overlap 1ntegrals of radial
wave functions for 15~ 154, and 15~ 2S3,2 transitions will
get modified. This leads to enhancement in the transition
probability of 15¢-25%, state.

These PLE spectra [shown in Fig. 6(a)] are shifted so that
the energy of 1S5° —1S3/2 transition becomes 0 meV [Fig.
6(d)]. Upon building a shell of ZnS on ZnSe, the transition
from three hole states (1575, 255, 15%°) to 15¢ remain well
defined and have negligible relative shift, suggesting that the
valence-band offset is larger than the energy of these states.
Whereas, small conduction-band offset allows electron wave
function to penetrate into ZnS shell, and is responsible for
loss of confinement of S as well as P states. The relative shift
of the P exciton peak (1P°—1P" ,) is indicative of the loss in
the confinement energy of P electron state. The loss of con-
finement of P electron states is greater than loss of confine-
ment of § electron and hence is responsible for the relative
shift of the P (1P°~1P",) exciton peak. Similar effect is
also observed in type-I zinc-blende CdSe/CdS quantum
dots.’? Also, the energies of the hole states are seen to be
remarkably independent of the shell thickness. Electronic
structure of CdSe/CdS nanocrystals was calculated with the
help of EMA.!” For the CdSe/CdS nanocrystals,!” the elec-
tron energy shift was found to be reduced with an increase in
shell thickness due to the spreading electron density distri-
bution. However, the hole energy shift was found to be sig-
nificantly unaltered because of the localization of holes in the
CdSe core.!” The present investigations reveal analogous
trend.

Figure 7 shows the transitions from different excited
states with varying ZnS shell thickness for all different-sized
ZnSe/ZnS core/shell quantum dots. The solid lines in Fig. 7
serve as a visual guide for the various transitions. The ener-
gies are extracted from the PLE data. The redshift in the
energy of 15°—18%,, 15¢=28%,, 1P°~1P4,, and 15¢~15%
transitions is clearly observed with an increase in ZnSe core
diameter. The redshift is a result of decrease in kinetic energy
of the excited electron and hole due to spreading of their
wave functions in the shell. The redshift is more pronounced
in smaller quantum dots due to spreading of electron wave
function into shell and is dominated by the confinement en-
ergies of the charge carriers.

The variation in energy of the excited state transitions
with respect to the energy of the first excited state (15¢
- 15’3’/2) is displayed in Fig. 8. The solid lines in Fig. 8 serve
as a visual guide for the various transitions. Figure 8 indi-
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FIG. 7. PLE energies for various transition states as function of

quantum dot diameter of ZnSe/ZnS core/shell quantum dots. The
solid lines serve as visual guide for the transitions.

cates the relative shift in the excited state transitions. Each
section of Fig. 8 is representative of electronic energy levels
for fixed ZnS shell thickness but varying ZnSe core radius.
The x-axis label, energy of fist excited state, is a strongly
size-dependent parameter. The energy of 1S6—2Sg’,2 transi-
tion is found to be remarkably independent of core radius.
Relative redshift in the energy of 1P¢— ngl/z and 15¢-18%
transitions are observed with decrease in core radius. As de-
scribed earlier, loss of confinement of S and P states of ZnSe
quantum dots is expected due to the formation of shell
growth. Effects of finite spin-orbit splitting (A) on optical
properties of spherical semiconductor quantum dots are thor-
oughly discussed by Richard et al.* A significant influence
of the spin-orbit split-off band is found in cases where spin-
orbit splitting is large, like for ZnSe (A=430 meV).>' The
spin-orbit split-off band has a substantial influence on the
optical properties of spherical semiconductor crystallites.’*
The relative position of 15°—155 is mostly dependent on
spin-orbit split-off energy. In the present case, relative shift
of 18¢—1859 transition is found to be complicated as a func-
tion of ZnSe core diameter. The first-principles calculation
will be extremely helpful in this regard. We are trying to
calculate the energy levels of ZnSe quantum dots as a func-
tion of core diameter and ZnS shell thickness by ab initio
pseudopotential approach. It will form a topic of the future
publication.
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FIG. 8. Transition energies versus energy of the first excited
state. The transition energies have been probed by the PLE spec-
troscopy. The solid lines serve as visual guide for the transitions.

IV. CONCLUSIONS

Two-step high-temperature wet chemical route was
adopted to produce highly luminescent ZnSe/ZnS core/shell
quantum dots. The present study probes effect of ZnS shell
formation on electronic energy levels of ZnSe quantum dots.
Three different-sized ZnSe quantum dots were overcoated by
varying thickness of ZnS shell. The formation of shell on
ZnSe quantum dots is evident from absorption, PL, PLE,
XRD, TEM, and XPS measurements. The absence of blue-
shift in the absorption spectra indicates that strain is not
playing the important role in the present case. The narrow PL
of core/shell quantum dots spans the spectrum from UV
through blue with quantum efficiency of 5 to 42% at room
temperature. Seven different sizes (ranging between 20 to
52 A) from three subsets of samples were probed using size-
selective PLE technique. With increase in shell thickness of
ZnS on ZnSe quantum dots, the transition from three hole
states (184, 28%,, 15%9) to 15¢ remain well defined and
have negligible relative shift, suggesting that the valence-
band offset is larger than the energy of these states. More-
over, the increase in the transition probability of 1S€’—2S§/2
state is also observed. The relative shift of the P exciton peak
is due to a loss of confinement energy of P electron state.
The energies of the hole states are seen to be remarkably
independent of the shell thickness. The knowledge of ZnS
shell formation on the electron energy levels of ZnSe quan-
tum dots will be instructive in the fabrication of various op-
toelectronic devices.
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