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Manipulating light emission of quantum dots by
simultaneously controlling crystal morphology and
doping†

Hsueh-Shih Chen,*a Bertrand Lob and Jhen-Yu Huangb

This study reports the feasibility of manipulating light emission of spherical and non-spherical ZnSe

quantum dots doped with iodine at the crystal surface or matrix. Experimental results suggested that

photoluminescence of both spherical and non-spherical ZnSe quantum dots was significantly dependent

on the dopant radial position. On the other hand, the crystal morphology was found to affect the doping

state of iodine in the quantum dots. The doped iodine of the spherical and non-spherical quantum dots

was mainly at the crystal surface and matrix, respectively. The spherical quantum dots doped with iodine

exhibited photoluminescence at about 510 nm, while non-spherical ones showed much longer

wavelength (�580 nm) and higher emission efficiency. The results reveal a new way to design

luminescent materials via simultaneously controlling crystal morphology and doping.
Introduction

Since the invention of transistors and the development of
semiconductor industries in the middle of the last century,
doping, a technique that intentionally introduces impurities
into bulk crystals, has been used to manipulate material prop-
erties such as the conductivity and light harvesting for semi-
conductive materials.1 From the 1990s, control over the
dimension of nanostructured materials has drawn much atten-
tion from researchers because it provides a feasible way to
change material properties by simply varying their size, which is
due to so-called the quantum connement effect (QCE).
Semiconductive quantum dot (QD) material, for example, is
considered one of the promising nanomaterials for future
electronic devices due to its unique size-tunable optical
absorption, photoluminescence (PL) and electronic behaviors.2

Recently, doping of QDs has become attractive to scientists for
the study of fundamental theories and the development of new
energy materials and devices.3 Besides the impurity-doping and
the size-control techniques, some studies have also demon-
strated that by controlling the materials morphology it is
possible to adjust the properties of nanomaterials such as
photoluminescence and the carrier distribution.4 So the
morphology-tunable ability has shown potential for adjusting
and creating novel properties for energy materials.
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Bulk ZnSe is a well-known luminescent material with the
emission wavelength �460 nm and the bandgap energy (Eg)
�2.7 eV. Spherical ZnSe QDs have been proved to have size-
dependent bandgap energy with monochromatic emission
wavelength from 400 to 450 nm.5 Besides the size effect, we have
demonstrated that either crystal morphology4a or doping6 can
affect PL properties of ZnSe QDs as well. For example, with
internal doping of iodine, electronic band structure of spherical
ZnSe QDs displayed extra deep states related to iodine, showing
distinct luminescence properties compared with undoped
samples. Regarding the morphological effect of ZnSe QDs, it
was found that PL from intrinsic non-spherical ZnSe QDs
displayed an extraordinarily wide emission band arisen from
the carrier recombination in both core-related states and
surface-related states, which offered a warm colour with good
color rendering for lighting devices.4a As either morphology or
doping are capable of changing the carrier recombination path
of ZnSe QDs, in this paper, we prepare iodine-doped ZnSe QDs
with both spherical and tailored crystal morphology, and
investigate their photoluminescence with respect to varied
morphology, doping and the combination of the two.
Experimental

Syntheses of spherical ZnSe QDs from ZnO were reported
previously.5 In the present study for non-spherical ZnSe QDs,
zinc acetate was used as received. Synthesis, doping and ZnS
passivation of non-spherical ZnSe were carried out in a one-pot
synthesis. Zn precursor was prepared from Zn acetate/hex-
adecylamine (HDA)/lauric acid (LA) (4 mmol/40 mmol/3.8
mmol) at 150 �C. Internally iodine-doped non-spherical ZnSe
QDs were synthesized by the layer-by-layer (LBL) growthmethod
This journal is © The Royal Society of Chemistry 2014



Fig. 1 PL spectra from spherical ZnSe QDs; undoped (curve A),
mix-doped (curve B), and doped by layer-by-layer overcoating with
three I/ZnSe layers (ZnSe:[I/ZnSe]3) (curve C), and five I/ZnSe layers
plus ZnS shell (ZnSe:[I/ZnSe]5/ZnS) (curve D). The inset displayed digital
photos of spherical ZnSe QDs and ZnSe:[I/ZnSe]5/ZnS QDs dispersed
in toluene under 365 nm UV excitation.
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similar to that of spherical ZnSe QDs prepared from ZnO.6

Briey, several sets of the alternating iodine-monomer
(TOP–Se–I) injections and Se-monomer injections (TOP–Se)
were used to grow interlaced dopant–host layers on ZnSe cores.
TOP–Se–I precursor was prepared by 0.04 mmol iodine, 4 mmol
Se and 4 ml TOP. TOP–Se was prepared by dissolving 0.1 mmol
Se into 1 ml trioctylphosphine (TOP). ZnSe cores were rst
produced by injecting 0.2 ml of TOP–Se into hot Zn precursor at
300 �C for couple of minutes depending on a desired size. Then,
alternating TOP–Se–I (0.8 ml) and TOP–Se (0.2 ml) injections
were performed every 30 s. ZnS shell was grown by injecting S
precursor (0.3 mmol S in 1 ml TOP) into the reaction vessel.
Samples prepared by LBL-doping are referred to ZnSe:[I/ZnSe]n
QDs (n ¼ number of the I/ZnSe layers). Surface iodine-doped
ZnSe QDs were prepared by monomers-mixing method
(mix-doping) using a mixture of the TOP–Se–I and TOP–I
precursors. The specimens were characterized by X-ray diffrac-
tometer (XRD, XD-D1 Shimadzu), high-resolution transmission
electron microscope (JEOL JEM-4000EX). Photoluminescence
(PL, Hitachi 4500) from samples dried in vacuum was
performed at 325 nm excitation wavelength.

Results and discussion
Doping of spherical ZnSe QDs

Internal doping of semiconductor II–VI QDs was found to be
difficult. Although some studies have shown that using specic
monomers allows to internally doping II–VI QDs,7 in most of
the cases impurity atoms were predominately bounded on the
surface of QDs.8 This phenomenon has been attributed to the
surface-purication of nanocrystals (impurities are automati-
cally expelled from the matrix) or weak binding between
dopants or the crystal surface.3,9,10 Unfortunately, the electronic
properties of the surface doped QDs could not be completely
manipulated, which can be judged by PL spectra exhibiting
both core-related and surface-related carrier recombination. A
general method of internally doping QDs has been proposed
recently, i.e., in situ layer-by-layer (LBL) growth, in which
impurity layers and host layers are sequentially grown on QDs
cores.6 In the LBL doping method, impurity atoms are kineti-
cally encapsulated with several additional host layers by a series
of impurity and host monomers injections. In that case, either
the self-purication mechanism or the mechanism of weak
binding energy of the dopant–crystal surface could be negligible
in the doping process. Fig. 1 (curve A) shows that PL from
intrinsic spherical ZnSe QDs (dia. �4.5 nm) is monochromatic
at 416 nm (Eg � 3.0 eV), which is larger than that of bulk ZnSe
due to the QCE.11 Surface-doped spherical ZnSe:I QDs prepared
by the conventional mixed-monomers (named mix-doping)
method displays that both of core-related emission (due to QCE)
and impurity-related emission at 512 nm (Eg � 2.4 eV) are
present in the PL spectra (curve B), indicating that surface
dopants only partly alter the electronic band structure of ZnSe
QDs. For the internally iodine-doped spherical ZnSe:[I/ZnSe]n
QDs from the LBL process, the core-related PL could be
completely switched to the impurity-related PL by ve [I/ZnSe]
layers (curves C and D). The impurity-related PL band is broad
This journal is © The Royal Society of Chemistry 2014
(425–700 nm) and peaks at � 512 nm, which has been assigned
to the deep-level emission associated with the lattice defects
caused by the iodine substitution to Se in the ZnSe matrix.
However, the emission from the spherical ZnSe:[I/ZnSe]n QDs
have much shorter wavelength compared with that from ZnSe
epitaxial lm doped by iodine (580–620 nm).12 Indeed, intro-
duction of iodine atoms into a ZnSe matrix could cause various
types of the recombination centers. It is known that the spectral
width of the deep-level recombination in iodine-doped ZnSe
epitaxy lms was related to a strong lattice coupling.13Doping of
iodine in ZnSe could cause deep impurities-related acceptor
levels because of the compensation effect and lattice defects
such as Zn vacancies. The defect centers are able to form some
complexes and interact with the carriers, which are present in
the form of broad band in the 500–700 nm region that is
so-called deep-level emission. The emission directly associated
with iodine is generally in the longer wavelength range. For
instance, iodine-doped ZnSe epitaxial lms prepared by vapor
phase epitaxy (VPE) displayed a broad emission band at around
580 nm, which was attributed to the self-activated (SA) emission
induced by iodine.12 The lattice defects, however, led to
relatively shorter wavelength at around 510–520 nm for ZnSe
QDs in the present case.
Non-spherical ZnSe QDs

Previous study has shown that PL from ZnSe QDs was
morphologically changed.4a,5 For shape-tailored non-spherical
ZnSe QDs (Fig. 2(a)), they exhibited a ultra-broad PL band (400–
700 nm) comprising of a monochromatic blue emission peak
arisen from ZnSe core (maximum � 425 nm) and a broad band
covering green–yellow–red range (maximum � 510 nm) (ESI†).
In those QDs, the distorted lattices may destroy the symmetry
and the periodicity of the crystal structure that perturbs the QDs
energy band structure.
RSC Adv., 2014, 4, 2614–2619 | 2615



Fig. 2 TEM images of non-spherical ZnSe synthesized from ZnO (a),
non-spherical ZnSe synthesized from Zn acetate in low resolution (b)
and in high resolution (c), and ZnSe:[I/ZnSe]5/ZnS QDs from Zn acetate
(d). The inset in image a displays the distorted lattices.
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Thus, extra local energy potentials could exist near the
surface and affect the carrier dynamics in ZnSe QDs. This local
perturbation effect nally results in a series of the deep energy
levels which lie within the band gap and hence a sub-band-gap
broad PL could be observed. By comparing the PL spectra of
spherical ZnSe:[I/ZnSe]5 QDs with that of intrinsic non-spherical
ones, there is a similarity in their deep-level emission bands.
Both QDs samples possess a broad band in the 450–650 nm
range with the maximum at around 510 nm. Presumably, the
lattice defects caused by the iodine substitution in ZnSe QDs and
the surface strained lattice of non-spherical ZnSe QDs are
similar. Deconvolution of the PL spectra with Gaussian function
does show some certain relationship between two QDs samples
(ESI†). Both samples show emission bands from the ZnSe cores,
the donor–pair pair (DAP) recombination, and the deep energy
levels.14 But it may be argued that the deep-level spectrummight
be not in the form of a function (e.g. Gaussian distribution) and
may have an asymmetric shape, especially in highly doped
crystalline semiconductors.15 If the distributions of the deep-
level states of the band diagram in both situations (surface-
strained lattice defects or iodine-induced lattice defects) are
similar, the carrier transitions would not signicantly vary but
the density of states would increase when the deep-level states in
two situations overlaps with each other. This may be observed in
PL spectra if the iodine atoms are introduced to the strained
surface lattice of non-spherical ZnSe QDs (will be discussed
later). The structural defects induced by either the distorted
surface or the doping of the iodine substitution, in any case, play
an essential role in the carrier recombination for ZnSe QDs.

Non-spherical ZnSe QDs in the current study were synthesized
from Zn acetate, as shown in a TEM image (Fig. 2(b)). The
2616 | RSC Adv., 2014, 4, 2614–2619
non-spherical ZnSe QDs have similar morphology to those from
ZnO (Fig. 2(a)) but show a lower degree of aggregation (Fig. 2(c)).
The passivation of ZnS was performed by the last injection of the
sulfur precursor, forming ZnSe:[I/ZnSe]5/ZnS QDs, as shown in
Fig. 2(d). The non-spherical morphology of the ZnSe QDs did not
signicantly change when the growth time increased and/or extra
monomer injections were introduced into the system. This result
suggests that the non-spherical morphology was the result of the
equilibrium shape for ZnSe QDs in the synthetic condition.

The non-spherical morphology for ZnSe QDs is believed to be
dominated by the surfactants used in the synthesis.5 Moreover,
II–VI wurtzite materials are intrinsically anisotropic and have
faster growth rate along the c-axis,16 where metal atoms on the
(001) and (00�1) possess one and three dangling bonds, respec-
tively.17 Taking a well-known example of synthesis of CdSe QDs,
the coordinating surfactants such as TOPO or alkyl phosphonic
acid can not passivate all three dangling bonds of a single Cd
toms of (00�1) that leads to a higher chemical potential and faster
reaction rate on this face. So the non-spherical morphology
could be reasonably obtained for wurtzite ZnSe QDs.

Fig. 3(a) presents XRD data of intrinsic non-spherical ZnSe
(curve A) and iodine-doped non-spherical ZnSe QDs prepared by
conventional monomers-mix-doping (curve B) and LBL-doping
methods (curves C and D). All samples possess the hexagonal
(wurtzite) crystal structure. It has been found that the diffrac-
tion peaks broaden for those iodine-doped samples since the
substitution of iodine in the Se lattice site (ISe) may decrease the
ZnSe crystallinity18 and/or increase the non-uniform strain of
the ZnSe lattice. This may be due to that the ISe ions cause
formation of dangling bonds such as –Zn–I or Zn– vacancies.
The full width at half maximum (FWHM) of the diffraction peak
(inset in Fig. 3(a)) increases up to 22.7% for ZnSe:[I/ZnSe]5 QDs,
while there is only a slight change (<1%) for ZnSe:I QDs,
consistent with the fact that iodine could be only introduced to
the ZnSe surface by the monomers-mix-doping method.6

Moreover, I� ion has larger crystal ionic radius (�2.06 Å) than
that of Se�2 one (�1.84 Å), and the substitution of I to Se is able
to increase the I–Zn distance that expands the ZnSe lattice.
Besides, it is known that Zn anion might react with iodine to
form ZnI2.19 So the diffraction peaks would shi to a lower angle
for the internally iodine-doped ZnSe QDs. Fig. 3(b) gives
the prole tting of (100), (002), and (101) diffraction peaks and
the peak shis with respect to coating layers (upper inset) in the
LBL-doping method. All diffraction peaks shi to lower angles
with increasing overcoats of I/ZnSe layer. It is interesting that
the face (101) has a relatively large shi compared with the
other two. This result implies that the (101) face of the non-
spherical ZnSe QDs plays a certain role for the iodine doping.
One of the possible explanations is that the reaction between
iodine ions and the ZnSe (101) face was more feasible on the
non-spherical ZnSe QDs. It was reported that the {101} faces of
wurtzite CdSe nanocrystals grow more slowly than the (00�1)
ones, which could be eventually replaced by (101) equivalent
faces in the crystal growth.17 In the current study, the (101) facet
on the ZnSe cores is thought to be present and provides a higher
doping probability for iodine. The inset in Fig. 3(b) schemati-
cally shows the lattice images of a wurtzite ZnSe QD. The (101)
This journal is © The Royal Society of Chemistry 2014



Fig. 3 (a) XRD of non-spherical ZnSe (curve A), ZnSe:I (mix-doping,
curve B), ZnSe:[I/ZnSe]3 (LBL-doping, curve C), and ZnSe:[I/ZnSe]5/ZnS
QDs (curve D). The inset shows broadening of FWHM of (110) peak of
ZnSe:I and ZnSe:[I/ZnSe]n (n ¼ 1, 3, 5) QDs relative to pure ZnSe QDs.
(b) Profile fitting of the diffraction peak of ZnSe:[I/ZnSe]3. The insets
show the peak position of the regenerated diffraction peaks (top) and
sketch of the lattice image of a wurtzite ZnSe QD (bottom).

Fig. 4 PL spectra from non-spherical ZnSe QDs undoped (curve A),
mix-doped (curve B), and doped by layer-by-layer overcoating with
three (curve C) and five I/ZnSe layers (curve D), and five I/ZnSe layers
plus ZnS shell (curve E).
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face is shown as a red line and red dashed line represents the
unit cell. Another possibility is that the reaction between iodine
monomers and Se on the (101) is faster than the other faces. The
detailed mechanism needs further investigation. In addition,
the passivation of ZnS shell slightly shis the diffraction peak to
a larger angle, reecting the fact that the sulfur possesses
smaller ionic radius.
Iodine-doped non-spherical ZnSe QDs

Fig. 4 gives PL spectra from non-spherical ZnSe QDs with and
without iodine doping. Intrinsic non-spherical ZnSe QDs
display a broad PL band composed of a blue band and a deep-
level emission one (curve A) similar to those prepared from
ZnO.4 The DAP emission at around 465 nm shows that the
distorted surface lattice could create shallow defect centers
within the band diagram of ZnSe QDs, which is similar to the
impurities in ZnSe epitaxial lms prepared by VPE.18 PL spectra
from non-spherical ZnSe:I QDs synthesized by the monomers-
mixing-doping method are quite similar to that from intrinsic
non-spherical ZnSe QDs (curve B in Fig. 4) but the PL intensity is
signicantly enhanced. This result implies that the distribution
of the deep-level states is not signicantly altered but the
This journal is © The Royal Society of Chemistry 2014
density of states is dramatically increased. Since it is known that
the iodine predominately situated at the surface of non-spher-
ical ZnSe QDs from the monomers-mix-doping method, the
unchanged PL characteristics indicates that the surface-doping
of iodine simply produces more energy states in the band
diagram for the non-spherical ZnSe QDs, inferring the deep-
level emission mechanisms in intrinsic non-spherical ZnSe QDs
and iodine-doped spherical ZnSe QDs are similar.

For internally iodine-doped non-spherical ZnSe QDs prepared
by the LBL-dopingmethod, doping of iodine completely switched
the core-related emission to the longer wavelength range. The
emission associated with the lattice defects is (�510 nm) elimi-
nated by the LBL-doping, while that associated with typical SA
centers of iodine-doped ZnSe (�580 nm) is enhanced. With three
[I/ZnSe] layers, non-spherical ZnSe:[I/ZnSe]3 QDs solely exhibits
an yellow-emitting emission band at �575 nm. This result is
similar to the SA emission from iodine-doped ZnSe epitaxial
lms from VPE. The PL integration intensity of non-spherical
ZnSe:[I/ZnSe]5 QDs is about 13 times of that from the intrinsic
non-spherical ZnSe QDs. Overcoating with an additional ZnS
shell, ZnSe:[I/ZnSe]5/ZnS QDs do not show signicant improve-
ment of PL intensity but emission wavelength slightly red shis
to 582 nm.
Photoluminescence mechanism

Fig. 5 presents the band diagram of spherical and non-spherical
ZnSe QDs in different doping conditions according to the PL
spectra. Intrinsic spherical ZnSe QDs displays a single sharp PL
peak with larger band gap energy (Eg � 3.0 eV) from ZnSe cores
due to the QCE. PL from surface iodine-doped spherical ZnSe
QDs shows both core-related (Eg � 3.0 eV) and deep-level
emissions (Eg � 2.4 eV). The internally iodine-doped spherical
ZnSe QDs possess only a broad deep-level emission band, which
is dominated by the lattice defects induced by iodine doping.
PL from intrinsic non-spherical ZnSe QDs also exhibits both
RSC Adv., 2014, 4, 2614–2619 | 2617



Fig. 5 PL mechanism of ZnSe QDs in different doping conditions.
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core-related (Eg� 3.0 eV) and deep-level emissions (Eg� 2.4 eV),
which resembles that from surface iodine-doped spherical
sample. For the internally iodine-doped non-spherical ZnSe
QDs, peak position of the deep-level band redshis �0.3 eV
(Eg � 2.1 eV) and the emission wavelength changes from green
(�510 nm) to yellow (�580 nm) range.

The non-spherical ZnSe QDs are found to be more dopable.
Compared with spherical ZnSe:[I/ZnSe]5 QDs, most of the
carrier recombinations in non-spherical ZnSe:[I/ZnSe]5 QDs are
directed to the typical SA emission at �580 nm directly associ-
ated with iodine as that observed in iodine-doped ZnSe epitaxial
lms. Also, the emission efficiency of non-spherical ZnSe:[I/
ZnSe]5 QDs was found to be much higher than either spherical
ZnSe:[I/ZnSe]5 or intrinsic non-spherical ZnSe QDs and
approached to that of a commercial YAG:Ce phosphor
(quantum yield �45%). The improved PL efficiency is assigned
to the suppression of the nonradiative recombination. For
spherical ZnSe cores having relatively smooth surface, integra-
tion of iodine atoms into ZnSe matrix is relatively difficult
because less structural defects such as steps or kinks are
present on the crystal surface.20 On the other hand, the
distorted surface lattice of non-spherical ZnSe QDs provides
more high energy sites for monomer adsorption so the inte-
gration of iodine monomers on the ZnSe cores would be more
feasible, and thus formation of defects in the growth process
could be suppressed. Another possible reason is that the
spherical ZnSe QDs were obtained by interrupting the growth of
growing crystals, where the (101) face is not dominant in the
kinetic regime, so doping of iodine becomes more difficult.

Considering the effect of iodine doping on PL efficiency for
non-spherical QDs, it increases with number of the coating layers
(3.2%, 5.5%, 6.5%, 22.9%, 40.3% for bare ZnSe,mix-doped ZnSe:I,
ZnSe:[I/ZnSe], ZnSe:[I/ZnSe]3 and ZnSe:[I/ZnSe]5, respectively). The
enhanced PL intensity could be related to passivation or elimi-
nation of nonradiative centers in the QD matrix by introduced
iodine atoms and I/ZnSe coatings. As the luminescence properties
of ZnSe QDs are strongly dependent on the defects (e.g. Zn
vacancies), incorporated iodine ions might replace the non-
radiative centers and possibly interact with Zn anions to form
some complexes. So additional radiative centers could be created
and thus the PLwas intensied. Further studies will be focused on
mechanism and effect of the doping level on PL properties.
2618 | RSC Adv., 2014, 4, 2614–2619
Conclusions

Internal and surface iodine doping of ZnSe QDs in both
spherical and non-spherical shapes have been investigated in
this study. By varying the shape and the doping of ZnSe QDs,
various carrier recombination paths and photoluminescence of
ZnSe QDs have been demonstrated. It has been found that the
crystal morphology can affect the doping state and photo-
luminescence of ZnSe QDs. For spherical ZnSe QDs, iodine
doping produced photoluminescence at �512 nm (Eg � 2.4 eV)
relating to the lattice defects, which is similar to intrinsic ZnSe
QDs having distorted lattice. For non-spherical ZnSe QDs, the
doping produces distinct photoluminescence results (lem � 580
nm, Eg � 2.1 eV). This study has shown that distinct carrier
dynamics and photoluminescence may be achieved by
combining doping and varied morphology of ZnSe QDs, which
is benecial to develop high efficient luminescent materials.
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