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ABSTRACT  
Formation of Mn2+-doped ZnSe quantum dots (Mn:ZnSe d-dots) with both branched and nearly spherical 
shapes has been studied. Structure analysis indicates that the Mn2+ dopants were localized in the core of a 
branched nanocrystal. The growth of branched d-dots, rather than spherical ones, was achieved by simply 
varying the concentration of two organic additives, fatty acids, and fatty amines. The photoluminescence 
properties of the branched nanocrystals were explored and compared with those of the nearly spherical 
particles.  
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Doping plays the central role in many areas of 
modern semiconductor science and technology, such 
as light-emitting diodes, solar cells, and spintronics. 
In the field of nanomaterials, it is expected that 
doped nanostructures will also have unprecedented 
properties. For instance, semiconductor nanocrystals 
doped with transition metal ions (d-dots) may 
offer a new generation of emissive nanocrystals 
[1, 2], with high efficiency, high temperature 
stability [3], zero self-quenching due to absence 
of self-absorption and Foster-energy transfer, and 
furthermore they are heavy metal-free. Efforts on 
developing semiconductor nanostructures doped 
with magnetic centers are also being actively pursued 
with the aim of developing nanomaterials with both 

semiconductor and magnetic properties [4 8]. Recent 
progress in synthetic chemistry allows essentially all 
the colloidal nanocrystals in a sample to be doped 
with a small amount of a dopant [2, 9 12]. Success of 
the doping chemistry, however, has been limited to 
nearly spherical d-dots. This report will demonstrate 
that, by simply varying the concentrations of organic 
additives fatty acids and fatty amines formation 
of branched Mn-doped ZnSe (Mn:ZnSe) d-dots with 
the center of the branched nanocrystals being doped 
is possible. 

Shape control of high quality colloidal semi-
conductor nanocrystals has been studied extensively 
in recent years [13 15]. The anisotropic growth of 
thermodynamically meta-stable shapes, such as the 
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formation of elongated shapes in II VI semiconductor 
nanocrystals with hexagonal and zinc-blende crystal 
structures, is governed mainly by two factors. The 
fi rst requirement is that a few of the facets of a given 
nanocrystal become chemically more active than the 
others, which is usually achieved by discriminating 
interactions between organic ligands and the surface 
atoms. The second requirement is that the monomer 
activity of the system must be sufficiently high 
to offer the metastable nanocrystals a compatible 
solution environment [13]. The results described 
below reveal that these two factors can be controlled 
independently in the formation of metastable shapes 
of d-dots by simply varying the concentrations of 
fatty amines and fatty acids usually needed for the 
formation of high quality ZnSe host [16] and related 
doped nanocrystals [2]. 

The synthetic scheme for the shape-controlled 
Mn:ZnSe d-dots followed a modified procedure 
reported previously [10] (see Experimental section 
for details).  Briefl y, manganese fatty acid salts, zinc 
fatty acid salts and elemental selenium were used 
as the manganese, zinc and selenium precursors, 
respectively. The solvent used 
was 1-octadecene (ODE),  a 
common non-coordinat ing 
solvent. The concentrations of 
two organic additives, fatty 
amines and fatty acids, were 
varied in order to manipulate 
the surface passivation and 
the activity coefficients of the 
monomers. 

Controlling the reactivity of 
the zinc precursor was shown 
in an earlier work to be the key 
to ensuring a uniform coating 
of the ZnSe layers on the MnSe 
core [10]. The reactivity of the Zn 
precursor was kept sufficiently 
high to ensure overcoating of 
the precursor MnSe dots but low 
enough to avoid homogeneous 
nucleation of ZnSe nanocrystals. 
This was achieved by maintaining 
a balance between the fatty 

amines, as activation reagents, and the fatty acids, as 
inhibitors. It should be pointed out that fatty amines 
are thought to be activation reagents in this system 
and in other related systems. 

Figure 1 shows representative TEM images of the 
nanocrystals formed in the current system. The small 
quasi-spherical d-dots (Fig. 1(a)) were synthesized 
following the standard core-doping strategy [2]. 
Addition of aliquots of a zinc fatty acid salt precursor 
dissolved in ODE with given amounts of amine 
and acid to the MnSe particles enabled the growth 
of the host semiconductor (pure ZnSe) overcoating 
layer. The resulting d-dots obtained with different 
amounts of fatty acid but a fixed amount of amine 
are depicted in the right-hand column in Fig. 1. The 
left-hand column in Fig. 1 shows the TEM pictures of 
the resultant d-dots formed with different amounts of 
amine and a fi xed concentration of fatty acid.

The presence of free fatty acids is known to 
slow down the incorporation of the fatty acid salts 
[17], which act as the Zn precursor in the current 
system, into the nanocrystals.  When the fatty acid 
concentration was low, the Zn precursor reacted 

Figure 1   TEM images of Mn:ZnSe d-dots formed by varying the amounts of stearic acid (right) 
and octadecylamine (left)
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completely within the time period for each reaction 
cycle. As a result, large spherical d-dots were obtained 
(Fig. 1(b)). With increasing concentration of the fatty 
acid, the deposition of the zinc precursor onto the 
surface of the existing d-dots slowed down, and the 
precursors were thus accumulated in the system after 
each injection of the precursor mixture. As a result, 
the high monomer concentration at the end of each 
injection cycle offered the system a high chemical 
potential environment for the growth of branched 
d-dots. Consistent with this hypothesis, the degree 
of branching of the resulting d-dots increased as 
the concentration of the fatty acid increased (Fig. 1, 
right-hand column). As pointed out above, similar 
observations were reported earlier for intrinsic II VI 
semiconductor nanocrystal systems. 

Fatty amines were originally exploited as the 
activation reagents for the formation of intrinsic 
ZnSe nanocrystals using zinc fatty acid salts as 
the zinc precursor [16]. It was observed that zinc 
fatty acid salts are not very reactive at the typical 
reaction temperatures employed for the formation of 
ZnO [18] and ZnSe nanocrystals [16]. Fatty amines 
activate the zinc fatty acid salts by the formation of 
amides. However, amines are also known to act as 
surface ligands for the resulting II VI semiconductor 
nanocrystals. Thus, an excess of amines may not 
only activate the zinc precursors, but also affect the 
ligand distribution on the surface of the nanocrystals. 
The latter effect, in principle, may in turn change the 
morphology of the resulting d-dots by breaking the 
symmetry. However, up to this point, there has been 
no report of amine-modulated shape control for II
VI semiconductor nanocrystals in non-coordinating 
solvents. Conversely, formation of elongated II
VI semiconductor nanocrystals in coordinating 
solvents, such as nearly pure amines, was reported 
even in the early stages of the study of shape-
controlled synthesis of intrinsic semiconductor 
nanocrystals [16]. This contrast is probably a result 
of the highly dynamic nature of the amine ligands, 
as reported recently, which indicates that the surface 
coordinating effects of amine ligands should be more 
observable for a high concentration of amines [19]. 
This argument is consistent with our results in Fig. 1 
(right-hand column). In comparison to the relatively 

small increases in concentration of fatty acid required 
to produce branched dots (left-hand column, Fig. 1), 
similar branched d-dots could only be formed with a 
substantially higher concentration of amine roughly 
5 10 fold higher than that of the fatty acid. 

To further confirm the above hypothesis, we 
compared the growth pattern of d-dots using fatty 
amines with different chain lengths (octadecylamine 
(ODA) vs decylamine (DA)). It has been previously 
observed that the surface ligand dynamics in the 
amine CdSe ligand nanocrystal system changed 
drastically around the boiling point of the fatty 
amine employed [19]. This is so because the bonding 
dynamics of fatty amines, as weak ligands for 
II VI semiconductor nanocrystals, are dominated 
by the ligand ligand interactions on the surface. 
Consequently, as the temperature is raised above 
the boiling point (bp), the ligand dynamics are 
drastically accelerated from a quasi-liquid state to 
a quasi-vapor state. Since the chain length of the 
amine determines their boiling points, at any given 
temperature the surface amine ligand becomes more 
dynamic as the chain length decreases. Hence, if the 
proposed mechanism is valid in the present case, 
we should observe a ligand chain length-dependent 
morphology change of the resulting d-dots. 

To compare the amine chain length effect, Mn:
ZnSe d-dots were grown under the same conditions 
for the two different amines. After addition of the Zn 
precursor, equimolar amounts of either decylamine 
(DA) (bp 217 ˚C) or octadecylamine (ODA) (bp 361 ˚C) 
were added into the reaction flask. The overcoating 
temperature was similar that usually employed [10], 
between 275 ˚C and 290 ˚C, which is higher than 
the boiling point of DA and lower than the boiling 
point of ODA.  The fi nal d-dots produced in the two 
comparative reactions were examined using TEM 
(Fig. 2). The morphologies of the resulting d-dots in 
the two cases were different. The reaction with DA 
(low boiling point amine) yielded nearly spherical 
nanocrystals, whilst under identical conditions, 
the reaction with ODA (high boiling point amine) 
produced branched ones. This is consistent with the 
proposed surface ligand dynamic argument.

The branched d-dots were found to be single 
crystal in nature by high-resolution transmission 
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electron microscopy (HRTEM).  An HRTEM image 
of a typical branched d-dot is shown in Fig. 3(a). 
The crystal structure analysis of the HRTEM 
image suggests that the core as well as all the 
branches crystallized in the zinc blende structure 
(see a detailed lattice analysis in the Electronic 
Supplementary Material (ESM)).  For the image 
in Fig. 3(a), while the core is oriented [110] in the 
viewing direction, two of the branches with twinning 
relations to the core are oriented [ 1 10] to the 
viewing direction. As for the other two branches, one 
has its (111) plane lying essentially along the (001) 
plane of the core (misoriented by 5˚), while the other 
has its (001) plane lying essentially along the (1

11) plane of the core (misoriented by 9˚). It should 
be pointed out that the d-dots were not found to be 
regularly branched as has been previously observed 
for II VI semiconductor tetrapod nanocrystals with 
the wurtzite crystal structure, such as CdSe and CdTe 
tetrapods [15].

Figure 3(b) shows a high-angle annular dark-fi eld 
(HAADF) scanning transmission electron microscopy 
(STEM) image and the spatially resolved electronic 
data systems (EDS) analysis of a branched d-dot.  
Examples of the EDS spectra of the core (A) and 
branch (B) areas are provided in the ESM, and the 
Mn to Zn molar ratio (Mn:Zn) calculated from the 
background-subtracted counts are shown as an inset 

Figure 2   TEM images of the Mn:ZnSe d-dots synthesized using ODA and DA showing branched and 
spherical nanocrystals, respectively
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Figure 3   (a) HRTEM image of a typical branched d-dot.  (b) High-angle annular dark-field (HAADF) 
scanning TEM image of a branched d-dot with EDS results (inset)
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in Fig. 3(b). It is noteworthy that although Mn was 
detected in the core area of the branched d-dot, it was 
not found in the branches.  

The local structure of Mn ions in the spherical 
dots as well as branched particles was further 
probed using electron paramagnetic resonance (EPR) 
spectroscopy. Figure 4(a) shows the EPR spectra of 
the Mn ions in d-dots with different morphologies.  
The spectra exhibit well-resolved hyperfi ne splitting, 
characteristic of isolated Mn ions. This suggests that 
a significant portion of the Mn ions, at least, were 
not involved in strong Mn Mn interactions and 
were intercalated with the Zn ions. Interestingly, the 

observed hyperfine coupling constant was not the 
same as that of either interior-doped Mn ions with a 
low dopant concentration or surface-doped Mn ions 
in bulk samples [4]. However, EXAFS measurements 
(data not shown) indicated that the Mn ions in the 
d-dots were interior-doped by replacement of some 
of the zinc sites in the ZnSe lattice. The reason for this 
interesting EPR spectrum is not known and deserves 
further study. For the current work, it is important 
to note the close similarity of the EPR spectra for the 
d-dots with different shapes. This indicates that the 
local environment of Mn ions did not change during 
the growth process. This further implies that the Mn 

centers were introduced into a unique local 
environment in the initial stage, i.e., in the 
core of the d-dots. It should be noted that 
this result is in agreement with the spatially 
resolved EDS discussed earlier (Fig. 3(b) 
and the related text).

The photoluminescence (PL) spectra 
of d-dots with different shapes were all 
dominated by the Mn dopant emission and 
the emission from the host ZnSe nanocrystals 
was essentially not detectable (Fig. 4(b) 
(inset)). This result was expected as the 
branched d-dots are single crystal in nature as 
shown in Fig. 3(a). However, the PL quantum 
efficiency was found to decrease drastically 
as the shape of the d-dots deviated from 
nearly spherical (Fig. 4(b)). This observation 
is consistent with the structural features of 
the branched d-dots. When an excition is 
generated by photo-excitation of the host 
semiconductor, it must travel a reasonable 
distance before it can be trapped by the Mn 
centers located only in the core (Fig. 3(b)). As 
a result, an exciton generated in the branched 
d-dots has a greater chance of being trapped 
by the surface defects than an exciton in 
the nearly spherical d-dots. In addition, the 
surface to volume ratio for the branched 
d-dots is much higher than that of a nearly 
spherical one. These two factors are both 
consistent with the decreased PL quantum 
effi ciency of the branched d-dots. Figure 4   (a)EPR spectra of the Mn ion of different shaped d-dots. (b) PL 
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Experimental 

Materials: Zinc stearate (ZnSt2), stearic acid (SA, 
95%),  selenium powder (200 mesh, 99.999%), 
manganese stearate (MnSt2), decylamine (DA), 
octadecylamine (ODA, 95%), and tributyl phosphine 
(TBP, 95%) were purchased from Alpha Aesar. 
1-Octadecene (ODE), was purchased from Aldrich. 
All chemicals were used without further purifi cation

Stock solutions: TBPSe solution was prepared 
inside a glovebox by adding Se (1.9 g) to TBP (8 
g). The zinc precursor solutions were prepared by 
dissolving ZnSt2 (0.36 g) and a given amount of stearic 
acid in 2.4 g of ODE. The amount of the free acid (y g) 
for each reaction was varied depending on the shape 
of the particles desired as discussed in the text.

Typical synthesis of d-dots: The synthesis of the 
d-dots was similar to the earlier reported procedure 
[10]. MnSt2 (0.02 g) in ODE was briefl y degassed at 
120 °C and heated to 280 °C under Ar flow. ODA 
(0.2 g) and TBPSe stock solution (0.2 mL) were 
heated to 70 °C and injected into the above reaction 
flask at 280 °C. After the injection, the mixture 
was cooled to 260 °C and annealed for 20 min. The 
reaction temperature was then set at 290 °C for ZnSe 
overcoating. The zinc precursor solution was warmed 
and 1 mL of the stock solution was injected into the 
reaction fl ask followed by a given amount of heated 
ODA or DA in ODE (0.5 g). The amount of the amine 
was determined by the targeted shape of the d-dots 
as discussed in the text. The temperature was then 
reduced to 275 ˚C. The ZnSt2 stock solution (1 mL) 
was again injected into the reaction mixture after 10 
min interval, followed by ODA or DA injection and 
the temperature was further decreased to 270 ˚C. The
remaining ZnSt2 solution was then injected after 
a 10-min annealing step. The growth process 
was monitored by taking aliquots for UV-visible 
absorption spectroscopy, PL measurements, and 
TEM studies. Finally, the reaction was cooled to room 
temperature, and the nanocrystals were precipitated 
using acetone.

Characterization: UV-visible spectra were recorded 
on an HP 8453 UV-visible spectrophotometer. 
Photoluminescence spectra were taken using a Spex 
Fluorolog-3 fluorometer. The PL quantum yield 

(QY) was measured using a similar method to that 
described in the literature [10]. Low resolution 
TEM images were taken on a JEOL X-100 electron 
microscope using a 100-kV accelerating voltage. 
Specimens were prepared by dipping a Formvar-
coated copper grid into a toluene solution of the 
nanocrystals, and the grid with the nanocrystals 
was allowed to dry in air. High-resolution TEM 
images of branched d-dots were obtained with a 
JEOL 2010F TEM at 200 kV accelerating voltage. The 
specimen was prepared by dispersing the samples 
in chloroform and pipetting them onto a copper 
grid with an ultrathin carbon film supported by a 
lacey carbon film, purchased from Ted Pella, Inc.  
EDS was performed using a 300-kV FEI Titan TEM 
at Texas Instruments by Dr. Guoda Lian, and the 
corresponding images were taken using high-angle 
annular dark-fi eld (HAADF) STEM. The EPR spectra 
of the powder samples were recorded on Bruker 
EMX spectrometer at 9.85 GHz frequency at room 
temperature.  
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