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METHODS FOR FORMING NANOCRYSTALS 
WITH POSITION-CONTROLLED DOPANTS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional application of U.S. 
patent application Ser. No. 12/376,371, filed Feb. 4, 2009, 
which is a national stage application of International Appli 
cation No. PCT/US2007/077263, filed Aug. 30, 2007, which 
claims the benefit of U.S. provisional patent application No. 
60/841,118, filed Aug. 30, 2006, all of which are hereby 
incorporated by reference in their entirety. 

FIELD OF THE INVENTION 

0002 The present invention relates to nanocrystals and 
methods of doping nanocrystals. 

BACKGROUND OF INVENTION 

0003. In past decades, advances in synthetic strategies 
have resulted in the preparation of a variety of high-quality 
colloidal semiconductor nanocrystals with well-controlled 
size, shape, and surface passivation." These nanocrystals 
range from II-VI (e.g., CdSe and CdTe), IV-VI (e.g., PbS 
and PbSe), and III-V (e.g., InAs and GaP) semiconductors. 
'' Their novel properties have led to nanocrystals being 
used as biological fluorescent labels, chemical catalysts, 
separation reagents, structural building blocks, critical com 
ponents in single-electron tunneling devices, Solar cells, 
lasers, light-emitting diodes, as well as in many other 
applications.'' 
0004. The potential for using nanocrystals in a wide 
variety of applications has stimulated research efforts to 
develop synthetic methods to incorporate dopants into a 
variety of colloidal semiconductor nanocrystals.''''''' 
58.59,60,61,62. It has been found that nanocrystals with dop 
ants inside their crystal lattice can exhibit different proper 
ties from those with dopants on their surface.'''''''' 
59,60,6162 

0005. In bulk semiconductors, the ability to precisely 
control impurity doping has enabled most modern semicon 
ductor applications.” Doping with conventional impurities 
(donors and acceptors) allows the control of the number of 
carriers (electrons and holes) in semiconductors, which 
builds the foundation for p-n-junction-based semiconductor 
devices. In addition, doping with magnetic impurities 
(e.g., Mn) allows the production of paramagnetic or even 
ferromagnetic semiconductor crystals, which are impor 
tant to spintronics applications. Compared with conven 
tional charge-based devices, spintronic devices allow faster 
data processing, less power consumption, and higher inte 
gration densities.” However, impurity doping in colloidal 
semiconductor nanocrystals remains to be fully mastered.' 
0006. Despite decades of experience in doping bulk semi 
conductors with conventional impurities, the extension of 
Such doping to semiconductor nanocrystals has proved very 
difficult. So far, n- and p-type doping of semiconductor 
nanocrystals by conventional methods has been unsuccess 
ful in colloidal nanocrystals, in part, because of the diffi 
culties in introducing the impurities. Alternatively, n- and 
p-type nanocrystals have been made by carrier injection.’’ 
Such doped nanocrystals exhibit very high collective con 
ductivity (e.g. ~10 siemens per centimeter) in thin films. 
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0007 Because of the difficulties in conventional-impurity 
doping, most efforts to date have focused on doping semi 
conductor nanocrystals with magnetic impurities. Such 
efforts are inspired by the progress in bulk diluted magnetic 
semiconductors (DMS), which are potentially useful in 
magnetic Switching and spintronics.’ Typically, these 
magnetic impurities do not influence nanocrystal properties 
by introducing extra carriers, but by interacting with the 
quantum-confined electron-hole pair.'" In addition, these 
magnetic impurities can act as paramagnetic centers in the 
semiconductor lattice. 

0008 So far, a variety of II-VI and III-V semiconductor 
nanocrystals have been doped with magnetic impurities, 
such as Mn, Co, Ni, Eu, and Tb.'" A very large Zeeman 
effect, where atomic energy levels are split into a larger 
number of energy levels and the spectral lines are split into 
several components, has been observed in Mn-doped CdS 
and ZnSe nanocrystals.’" The interpretation of such a 
large Zeeman effect is that the quantum-confined electron 
hole pair feels an effective magnetic field up to 400 Tesla, 
which is caused by the presence of a few Mn ions in 
nanocrystals.’ 
0009. In addition to magnetic properties, some magnetic 
dopants (e.g., Mn" and Eu") can also introduce new 
luminescence properties to nanocrystals.”''' Doping 
wide-gap II-VI semiconductor nanocrystals (e.g., ZnS and 
ZnSe) with these dopants can lead to the synthesis of 
nanocrystals with photoluminescence (PL) in the visible 
spectral region. These doped particles are much less toxic 
than the widely studied CdSe-based nanocrystals, and there 
fore they can be more important in nanocrystal-based appli 
cations such as biomedical diagnosis. However, the typical 
PL quantum yield (QY) of these doped nanocrystals is lower 
than that of CdSe-based nanocrystals.’ The low PL QY 
could limit the applications of these doped nanocrystals." 
To date, synthesizing doped nanocrystals with a high PL QY 
remains a challenge. 
0010. Two types of synthetic methods have been used to 
make doped nanocrystals.’" The first method is based on 
aqueous-phase coprecipitation or inverse micelle. This 
method often suffers from low crystallinity and broad size 
distributions. The second method is organic-phase high 
temperature growth, which can produce monodisperse and 
highly crystalline colloidal nanocrystals. In many cases, 
the impurity atoms only exist at the Surface of the nanoc 
rystals but not inside the core, therefore minimizing the 
impurity’s effects on the nanocrystal’s properties. An 
isocrystalline shell-growth method has been introduced to 
incorporate these surface impurities inside the cores.'' 
Despite Such progress, the synthesis of doped nanocrystals 
has not been fully understood. For example, manganese 
cannot be easily incorporated into a wurtzite CdSe nanoc 
rystal even though manganese atoms have near 50% solu 
bility in bulk CdSe crystals. Recently, Erwin et al. 
Suggested that surface kinetics play a key role in impurity 
doping of nanocrystals." According to Erwin et al., the 
doping efficiency is determined by the initial adsorption of 
impurities on the nanocrystal Surface during growth, and the 
binding energy of the impurity atom to specific Surface 
facets is important to the adsorption. However, very 
recently Chelikowsky et al. has suggested that self-purifi 
cation is an intrinsic property of defects in semiconductor 
nanocrystals, and nanocrystal shape is not critical for incor 
porating dopants." 
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0011 
absorbed into the nanocrystals during their growt 
Therefore, impurity atoms are randomly located inside a 
nanocrystal made by the current syntheses.’” In addition, 
the current doping syntheses use a one-pot method.' The 
impurity precursor (the precursor containing impurity 
atoms) and intrinsic precursor (the precursor for making the 
major semiconductor lattice of the nanocrystals) are mixed 
during the entire doping synthesis.' Therefore, 
impurity doping may occur during both nanocrystal nucle 
ation and growth stages. The complexity of the nanocrystal 
nucleation' makes it very difficult to control doping levels 
in Such a synthesis. Specifically, a high concentration of the 
impurity precursor (e.g., for making nanocrystals with a 
high doping level) could lead to nucleation of pure dopant 
materials. The nucleation of pure dopant materials would 
result in a broad distribution of doping levels among the 
nanocrystals (the amount of impurity atoms varies between 
different nanocrystals) in the same growth solution. 

Furthermore, impurity atoms are just randomly 
h37.50 

BRIEF SUMMARY 

0012. The present invention provides nanocrystals hav 
ing position-controlled dopants and methods for producing 
same. The materials and methods of the subject invention 
address and/or Substantially obviate one or more problems, 
limitations, and/or disadvantages of the prior art. 
0013 Advantageously, in one embodiment, the present 
invention provides a method for controlling the position of 
dopants in nanocrystals. The ability to precisely control the 
doping of semiconductor nanocrystals facilitates the produc 
tion of functional materials with new properties, which are 
of importance to applications including, but not limited to, 
biomedical diagnosis, Solar cells, and spintronics. For 
example, nanocrystals of the invention having high-emis 
sion quantum yield are important to such applications as 
nanocrystal-based biomedical diagnosis. Furthermore, the 
ability to control dopant positions inside semiconductor 
nanocrystals allows the precise control of the optical, elec 
tronic, and magnetic properties of the doped nanocrystals. 
0014. In one embodiment of the subject invention, there 

is provided a nanocrystal that comprises a core material; a 
plurality of dopant atoms radially positioned either within 
the core material, at the Surface of the core material, and/or 
a distance from the Surface of the core material; and an 
intrinsic shell Surrounding the core material and plurality of 
dopant atoms, whereby the plurality of dopant atoms are 
embedded within the nanocrystal. 
0015. In another embodiment of the subject invention, 
there is provided a nanocrystal that comprises a spherical 
homogeneous structure and a plurality of dopant atoms 
radially positioned within the spherical homogenous struc 
ture and/or at the Surface of the spherical homogenous 
structure. Additional material of the same type as the spheri 
cal homogenous structure can be provided Surrounding the 
plurality of dopant atoms, whereby the additional material 
maintains the spherical homogenous structure. 
0016. In another aspect of the present invention, there is 
provided a method for forming a nanocrystal having posi 
tion-controlled dopants, the method comprising synthesis of 
starting host particles; dopant growth; and host shell growth. 
0017. In yet another aspect of the present invention, there 

is provided methods for controlling dopant level and dopant 
position within nanocrystal particles. One method for con 
trolling dopant level and dopant position comprises control 
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ling the size of a starting host particle and the thickness of 
the host shell. A method for controlling dopant level, or 
concentration of dopant atoms in their host materials, 
includes selection of the amount of doping precursors in a 
doping Solution, the reactivity of the doping precursors, the 
molar ratio of doping precursors to host precursors, reaction 
temperature, reaction time, and solvent. 

BRIEF DESCRIPTION OF DRAWINGS 

0018 FIGS. 1a and 1b show a graphic representation of 
a nanocrystal containing radial-position-controlled dopants. 
FIG, 1a shows a spherical nanocrystal with a homogeneous 
structure; and FIG. 1b shows a spherical nanocrystal with a 
core/shell structure. 

0019 FIG. 2 shows a scheme of a three-step synthesis for 
doping colloidal semiconductor nanocrystals according to 
an embodiment of the present invention. FIGS. 3a-3g show 
a scheme of Mn-doped CdS/ZnS core/shell nanocrystals 
with different Mn positions and their corresponding PL and 
EPR spectra according to embodiments of the subject inven 
tion. FIG. 3a shows Mn position inside the CdS core, FIG. 
3b shows Mn position at the core-shell interface, and FIG. 
3c shows Mn position in ZnS shell; FIGS. 3d-3f show 
corresponding Mn position dependent PL spectra; and FIG. 
3g shows the corresponding EPR spectra with an inset of the 
third peak. 
0020 FIGS. 4a-4e show the effects of Mn-doping level of 
CdS/ZnS core/shell nanocrystals according to embodiments 
of the subject invention. FIG. 4a shows a normalized PL 
spectra of Mn-doped CdS/ZnS core/shell nanocrystals with 
different doping levels: FIG. 4b shows a typical TEM image 
of the Mn-doped core/shell nanocrystals: FIG. 4c shows a 
plot of Mn QY as a function of doping level for these 
nanocrystals: FIG. 4d shows a plot of Mn QY as a function 
of Mn position (6) in the ZnS shell of the core/shell 
nanocrystals with a doping level of 0.36%; and FIG. 4e 
shows a plot of the EPR-peak line width (LW) as a function 
of Mn position (6) in the ZnS shell of the core/shell 
nanocrystals with a doping level of 0.36% and Mn located 
at 1.6 ML in the shell. 
(0021 FIGS. 5a-5c show absorption spectrum and TEM 
images for indium doped and undoped CdS/ZnS core/shell 
nanocrystals. FIG. 5a shows Absorption and PL spectra of 
indium-doped (top) and un-doped (middle) CdS/ZnS core/ 
shell nanocrystals, and the difference in the absorption 
spectra (bottom); and FIGS. 5b and 5c show TEM images of 
an indium-doped nanocrystal and an un-doped nanocrystal, 
respectively, with a CdS core diameter of 3.1 nm (O ~10%), 
ZnS-shell thickness of ~1.5 nm, and indium-doping level of 
O.8%. 

(0022 FIG. 6 shows a UV-Vis spectra of Mn-doped CdS 
nanocrystals made by using the less-active precursors (Mn 
(Ac) and S at 280° C.) and the active precursor (Mn 
(SCNEt) at 220° C.), respectively. 
(0023 FIGS. 7a and 7b show XRD patterns. FIG. 7a 
shows a XRD pattern of a CdS core being 3.1 nm in 
diameter; and FIG. 7b shows a XRD pattern of a Mn-doped 
CdS/ZnS core/shell nanocrystal having ZnS-shell thickness 
of 4.8 monolayers and Mn-doping level of 0.36%. 
0024 FIG. 8 shows graphical representation of a scheme 
of controlled-chemical etching of a doped nanocrystal. A) 
The original particle; (B), (C), and (D) the particle after 
chemical etching i at different steps. 
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0025 FIG. 9 shows a graphic representation of an Mn 
doped CdS/ZnS core/shell nanocrystal (right) and a typical 
TEM image of the Mn-doped core/shell nanocrystals (left). 
The doping process disclosed in the Subject application 
allows precise control over the Mn radial position and 
doping level in the core/shell nanocrystals. 
0026 FIGS. 10A-10D show plots of Mn-doping levels of 
nanocrystals at different stages. FIG. 10A shows a plot with 
Mn(OAc) and S as precursors and a reaction temperature of 
220° C.; FIG. 10B shows a plot with Mn(OAc), and S as 
precursors and a reaction temperature of 280° C.; FIG. 10C 
shows a plot with Mn(SCNEt) as precursor and a reaction 
temperature of 220° C.; and FIG. 10D shows a plot with 
Mn(SCNEt) as precursor and a reaction temperature of 
280° C. 
0027 FIGS. 11A-11D show Mn-replacement yield 
(RPY) and growth yield (GY) of Mn-doped CdS/ZnS nanoc 
rystals during ZnS shell growth. FIG. 11A shows a sche 
matic representation of Mn-replacement; FIG. 11B shows a 
plot of Mn-replacement yield and growth yield as a function 
of temperature: FIG. 11C shows photoluminescence excita 
tion spectra and photoluminescence spectra of Mn-doped 
CdS/ZnS nanocrystals with different doping levels, which 
were prepared at T temperature=280° C.; and FIG. 11D 
shows photoluminescence excitation spectra and photolu 
minescence spectra of Mn-doped CdS/ZnS nanocrystals 
with different doping levels, which were prepared at T. 
temperature=240° C. 
0028 FIGS. 12A-12C show Mn-doping growth yield 
(GY) for Mn-doped CdS/ZnS nanocrystals. FIG. 12A shows 
a scheme of a CdS/ZnS nanocrystal with Mn dopants on the 
surface (right) and with Mn dopants embedded in a ZnS 
shell (left); and FIGS. 12B and 12C show plots of Mn 
doping GY as a function of the Zn/Mn ratio and the S/Mn 
ratio, respectively, for Mn-doped CdS/ZnS nanocrystals 
when Mn dopants are on the Surface of nanocrystals (top 
line) and when Mn dopants are embedded in ZnS shell 
(bottom line). 

DETAILED DISCLOSURE 

0029. The present invention provides nanocrystals hav 
ing position-controlled dopants and methods for producing 
same. In one embodiment, the present invention provides a 
method for controlling the position of dopants in nanocrys 
tals. The ability to precisely control dopant positions inside 
nanocrystals, such as semiconductor nanocrystals, allows 
the precise control of the optical, electronic, and magnetic 
properties of the doped nanocrystals. Furthermore, the abil 
ity to precisely control the doping of nanocrystals facilitates 
the production of functional materials with new properties, 
which are of importance to applications including, but not 
limited to, biomedical diagnosis, Solar cells, and spintronics. 
0030. In one embodiment of the subject invention, there 

is provided a nanocrystal that comprises a base structure 
material; a plurality of dopant atoms radially positioned 
either within the base structure material, at the surface of the 
base structure material, and/or a distance from the Surface of 
the base structure material; and a shell material Surrounding 
the base structure material and plurality of dopant atoms, 
whereby the plurality of dopant atoms are embedded within 
the nanocrystal. In one embodiment, as illustrated in FIG. 
1a, the shell material can be the same material as the base 
structure material for a nanocrystal having a homogeneous 
structure. In another embodiment, as illustrated in FIG. 1b, 
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the base structure material can be a core material for a 
nanocrystal having a core/shell structure. The host materials 
for the base and shell structures of either above described 
embodiments can be selected from, for example, semicon 
ductor materials such as CdS, CdSe, CdTe., ZnS, ZnSe, 
ZnTe HgS, HgSe, HgTe, PbS, PbSe, PbTe, InP, InAs, GaP. 
and GaAs; metal oxides such as ZnO, SiO, TiO, ZrO. 
FeO, Fe-O, SnO, and In-O; rare earth oxides such as 
Gd2O, CeO, and TbO, or metals such as Au, Ag, Cu, Pt. 
Fe, and Pt, Fe. This listing is intended to be illustrative and 
not exhaustive. 
0031. In another aspect of the present invention, there is 
provided a method for forming a nanocrystal having posi 
tion-controlled dopants, the method comprising synthesis of 
starting host particles; dopant growth; and host shell growth. 
0032 Because the intensity of exciton wave functions 
and crystallinity of materials depend on the radial positions 
in a spherical nanocrystal, the ability to control the radial 
position of dopants is important in synthesizing impurity 
doped nanocrystals with homogeneous optical, electronic 
and magnetic properties. In addition, the ability to control 
dopant positions and doping levels in a nanocrystal provides 
an opportunity to systematically study nanocrystal proper 
ties as a function of these two parameters (dopant position 
and doping level), which is of fundamental interest to 
functional nano-material design. 
0033 Advantageously, the methods of the subject inven 
tion can be used to create impurity-doping-based nanocrys 
tal materials with new optical and magnetic properties, 
which are important to applications such as Solar cells, 
light-emitting devices (LED), and spintronics. 
0034. The nanocrystals of the present invention can have 
a variety of advantages. In one embodiment, a three-step 
synthesis is used to produce high-quality Mn-doped CdS/ 
ZnS core/shell nanocrystals. This approach allows the pre 
cise control of Mn radial position and doping level in 
core/shell nanocrystals. This precision facilitates control of 
the optical properties of Mn-doped nanocrystals because the 
optical properties can depend on Mn radial positions inside 
the nanocrystal. In addition, nanocrystals produced accord 
ing to the subject invention have shown a RT Mn-emission 
QY of 56%, which is nearly twice as high as that of the best 
Mn-doped nanocrystals reported previously. ''''''''' 
59,60,616 Such a high QY is very important to applications 
Such as nanocrystal-based biomedical sensing.'' 
0035. In addition, high quality II-VI semiconductor 
nanocrystals can be made without precursor injection. 
0036 Furthermore, the three-step synthesis approach of 
the present invention can be used for position-controlled 
doping in other nanocrystals, including, for example, Mn 
doping of CdTe nanocrystals and Cl-doping of CdSe nanoc 
rystals. In addition, Cd-free nanocrystals doped with other 
impurities such as Eu", producing nanocrystals with a 
high-emission QY at different colors, may be synthesized 
0037 Reference will now be made in detail to the 
embodiments of the present invention, certain examples of 
which are illustrated in the accompanying drawings. Wher 
ever possible, the same reference numbers will be used 
throughout the drawings to refer to the same or like parts. 
0038 FIG. 2 shows a graphic representation of a nanoc 
rystal with radial-position-controlled dopants. A method is 
provided to control the position, e.g. radial position, of 
impurity atoms in a nanocrystal. The preferred approach to 
the radial-position-controlled doping of nanocrystals is 
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based on a three-step colloidal synthesis: (I) synthesis of 
“starting host particles.” (II) dopant growth, and (III) host 
shell growth. A representation of this three-step approach for 
a nanocrystal having a core/shell structure can be seen in 
FIGS. 3a-3c, the steps being labeled as I, II, and III. In one 
embodiment, the same materials can be used to grow both 
the core and the shell, i.e. for a homogeneous structure. 
0039. The architecture of a doped nanocrystal can be 
controlled by these three steps. In the first step, the radial 
position of impurity atoms in a nanocrystal can be controlled 
by the size of the starting core particles, and the use of 
different-sized starting core particles will lead to different 
impurity positions in a final doped nanocrystal. The starting 
host particles can be spherical, pure semiconductor nanoc 
rystals or core/shell nanocrystals. 
0040. In the second step, the doping levels can be deter 
mined. The following parameters can be used to control the 
doping level: (1) the amount of impurity-doping precursors, 
(2) the reactivity of the impurity-doping precursors, (3) the 
molar ratio of the impurity-doping and host precursor, (4) 
the reaction temperature, (5) the reaction time, and (6) the 
Solvents. For dopant growth, a mixture of impurity-doping 
and host precursors can be used. A host precursor is a 
precursor used to grow host shells. According to a preferred 
embodiment, high-reactivity compounds are used as the 
impurity precursors, and mild-reactivity compounds are 
used as the host precursors. The high-reactivity compounds 
for the impurity precursors can be used to minimize the 
effects of Ostwald ripening of starting-host particles and 
nucleation of new particles. Reaction temperature and pre 
cursor concentrations can also be selected to further mini 
mize the adverse affects of Ostwald ripening and nucleation 
of new particles. The reaction temperature can be, for 
example, in the range from about 20°C. to about 350° C. In 
an embodiment, the reaction temperature is not more than 
300° C. Example 2, below, provides an illustrative embodi 
ment for the minimization of the Ostwald ripening of 
starting host particles and nucleation of new particles. 
0041. In the third step, the final shell growth can deter 
mine the size of a final doped nanocrystal. This third step can 
also change the relative position of the impurity atom in the 
final particles. 
0042. Accordingly, the diameter of the starting host par 

ticles and the thickness of host shells can be used to 
determine the radial positions of the dopants inside the host 
core/shell nanocrystals. 
0043. During host-shell growth of the third step, Ostwald 
ripening and nucleation of new particles may also occur and 
growth conditions can be optimized to minimize Such occur 
rences. Moreover, two additional effects could occur during 
the shell growth: (a) replacement of dopant atoms by host 
atoms and (b) dopant diffusion from the doped shell. To 
minimize these two effects, reactivity, concentration of the 
host precursors, and the reaction temperature can be opti 
mized. A faster shell growth at a low temperature may 
inhibit these two effects. A faster kinetics in the host shell 
growth is expected to minimize the replacement of dopant 
atoms, while a lower temperature is expected to inhibit 
diffusion of dopant atoms. Accordingly, a high-reactivity 
precursor, high precursor concentration, and low growth 
temperature can be selected for final shell growth. Precursor 
concentration may be selected to be between 0.1 umol and 
10 mmol depending on the host material for the shell 
growth. A high precursor concentration can be, for example, 
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between about 20 umol and 10 mmol. Conversely, a low 
precursor concentration can be, for example, between about 
0.1 umol and 20 umol. 
0044 FIGS. 10A-10D show plots of Mn-doping levels of 
nanocrystals at different stages during ZnS shell growth of 
an Mn-doped CdS/ZnS core/shell nanocrystal according to 
embodiments of the present invention. The Mn-doping lev 
els shown in the plots are determined by using inductively 
coupled plasma (ICP) atomic emission. In FIGS. 10A and 
10B, shell growth is performed using a less-active precursor, 
Mn(OAc), and S, and a reaction temperature of 220° C. and 
280° C., respectively. In FIGS. 10C and 10D, shell growth 
is performed using a high-activity precursor, Mn(SCNEt) 

and a reaction temperature of 220° C. and 280° C. 
respectively. According to these plots, it can be seen that Mn 
atoms can be replaced by Zn atoms during ZnS shell growth. 
004.5 FIGS. 11A-11D show plots of Mn-replacement 
yield (RPY) and growth yield (GY) of Mn-doped CdS/ZnS 
nanocrystals during ZnS shell growth according to embodi 
ments of the present invention. As illustrated in FIG. 11A, 
Mn-replacement of Mn-doped CdS/ZnS nanocrystals during 
ZnS shell growth can occur based on the reaction tempera 
ture. FIG. 11B shows a plot of Mn-replacement yield and 
growth yield as a function of temperature: FIG. 11C shows 
photoluminescence excitation spectra and photolumines 
cence spectra of Mn-doped CdS/ZnS nanocrystals with 
different doping levels, which were prepared at T tempera 
ture=280°C.; and FIG. 11D shows photoluminescence exci 
tation spectra and photoluminescence spectra of Mn-doped 
CdS/ZnS nanocrystals with different doping levels, which 
were prepared at T temperature=240° C. 
0046 FIGS. 12A-12C show Mn-doping growth yield 
(GY) for Mn-doped CdS/ZnS nanocrystals. FIG. 12A shows 
a scheme of a CdS/ZnS nanocrystal with Mn dopants on the 
surface (right) and with Mn dopants embedded in a ZnS 
shell (left); and FIGS. 12B and 12C show plots of Mn 
doping GY as a function of the Zn/Mn ratio and the S/Mn 
ratio, respectively, for Mn-doped CdS/ZnS nanocrystals 
when Mn dopants are on the Surface of nanocrystals (top 
line) and when Mn dopants are embedded in ZnS shell 
(bottom line). 
0047. Furthermore, no measurable changes in doping 
levels were found in the Mn-doped CdS/ZnS core/shell 
nanocrystals at an annealing temperature of 280° C. for 5 
hours. However, at a higher temperature (e.g., 360° C.), 
thermal annealing would affect the Mn positions inside the 
doped nanocrystals." Therefore, preferably, growing the 
host shell is performed at a growth temperature of not higher 
than about 350° C. 
0048. Accordingly, no detectable effects of host atoms 
replacing dopant atoms, nor dopant diffusion from the doped 
shell in Mn doping of CdS/ZnS core/shell nanocrystals 
according to embodiments of the Subject invention was 
found. 
0049 Many types of doped nanocrystals can be synthe 
sized according to the Subject invention. For example, 
magnetic-impurity doped, conventional-impurity doped, 
and magnetic and conventional impurity co-doped nanoc 
rystals can be synthesized. 
0050. In addition to the Mn doping described in the 
below examples, indium-doped CdS/ZnS core/shell nanoc 
rystals can be synthesized. Indium is a conventional impu 
rity, which is an electron donor for the CdS and ZnS 
semiconductors. FIG. 5 illustrates optical spectroscopy, 



US 2016/035.1387 A1 

inductively coupled plasma atomic emission spectroscopy 
(ICP), and TEM characterizations of an embodiment of the 
present invention providing indium-doped CdS/ZnS nanoc 
rystals. Referring to FIG. 5, the indium-doped core/shell 
nanocrystals have a nearly identical size to those un-doped 
(or natural) nanocrystals. The absorption spectra show that 
indium-doping Substantially decreases the strength of elec 
tronic transitions to the 1S. state of the CdS core. This result 
might indicate the n-doping of the nanocrystals. FIG. 5b 
shows that CdS/ZnS core/shell nanocrystals with indium 
dopants in the shell can be synthesized with size distribution 
O of 8%. 
0051. In yet other embodiments, for example, phospho 
rus-doped CdS/ZnS nanocrystals, Cd-doped InAS nanocrys 
tals, and Se-doped InAS nanocrystals can be synthesized. 
The choices of conventional impurities and some of their 
precursors are listed in Table 1. In Table 1. D is for donor and 
A is for acceptor. 

TABLE 1. 

Choice of dopants and their precursors 

II-VI (D) In (trimethyl indium); Cl (CdCl2, or ZnCl2); 
and Br (CdBr, or ZnBr2) 
P (tris(tri-methylsilyl) phosphide), Na 
(sodium stearate); and Li (lithium Stearate). 
S (S); Se (Se-tributylphosphine); Te (Te 
tributylphosphine); Sn (tin acetate, or tin 
acetylacetonate) 
Cd (dimethyl cadmium); and 
Zn (dimethyl zinc) 

II-VI (A) 

III-V (D) 

III-V (A) 

0052 Accordingly, the choices of the host precursors for 
CdS/ZnS doping can be dimethyl cadmium or cadmium 
myristate (for Cd), dimethyl Zinc or zinc stearate (for Zn), 
and elemental sulphur (for S). The choices of the host 
precursors for InAS doping can be trimethyl indium or 
indium acetate (for In), and tris(tri-methylsilyl) arsenide (for 
AS). In addition, according to certain embodiments of the 
present invention, the choices of solvents are (a) octadecene 
with varying amounts of octadeylamine' and (b) trioctyl 
phosphine. In other embodiments, oleyamine, or oleic acid 
can be used as solvents. The three-step synthesis for doping 
these nanocrystals can be further optimized according to the 
different chemical natures of dopants and host particles. 
0053 Other dopant atoms that can be used according to 
the Subject invention, include, but are not limited to, Ag, Au, 
Cu, Cr, Co, Fe, Ni, Tb, Gd, Er, Ce, Nd, Dy, Pm, and Eu. 
0054 Furthermore, nanocrystals can be synthesized with 
dopants at two or more radial positions. The dopants can be 
of the same type, or of different types for use in optical and 
magnetic applications. Recent reports have shown that 
p-doped DMS, such as GaP:Mn thin film' and InAs: Mn self 
organized quantum dots' can exhibit ferromagnetic behav 
ior with Tc values near or above room temperature. Accord 
ingly, in an aspect of the present invention, co-doped nanoc 
rystals, including GaP (Mn:Zn), GaP (Mn:S), InAs— 
(Mn:Cd), and InAs—(Mn:Se) can be used to provide 
ferromagnetic or Superparamagnetic free-standing colloidal 
nanocrystals. According to certain embodiments, the choices 
of host precursor for GaP can be gallium acetate or trimethyl 
gallium (for Ga), and tris(tri-methylsilyl) phosphide (for P). 
0055. The GaP (Mn:S) and InAs (Mn:Se) nanocrys 
tals can be formed following the basic three step approach 
with the addition of a second or more doping step. When 
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synthesizing the GaP (Mn:Zn) and InAs—(Mn:Cd) nanoc 
rystals, it may be difficult to incorporate many cations (i.e., 
Mn and Cd) with valences that differ from the host cations 
(i.e., Ga and In). If such a difficulty occurs, additional 
co-dopants can be included to increase the solubility of Mn 
and Zn in GaP nanocrystals and Mn and Cd in InAs 
nanocrystals. In one embodiment, the choices of the addi 
tional co-dopant are S for GaP and Se for InAs. These 
additional co-dopants act as donors for GaP and InAs. The 
amount to add of these additional co-dopants should be less 
than the amount of the acceptors. 
0056 Specifically exemplified herein is a method for 
colloidal synthesis of high-quality CdS/ZnS core/shell 
nanocrystals with radial-position-controlled Mn dopants. 
0057 The following are example embodiments for form 
ing three types of CdS/ZnS core/shell nanocrystals with Mn 
dopant at different positions: inside the CdS core (shown at 
Ma of FIG. 3), at the core/shell interface (shown at Mb of 
FIG. 3), and in the ZnS shell (shown at IIIc of FIG. 3). 
0058. Following are examples that illustrate procedures 
for practicing the invention. These examples should not be 
construed as limiting. All percentages are by weight and all 
Solvent mixture proportions are by Volume unless otherwise 
noted. 

EXAMPLE 1. 

Synthesis of the Core/Shell 
0059. The three-step synthesis of Mn-doped core/shell 
nanocrystals begins with the synthesis of starting host par 
ticles. Ia and Ib of FIG.3 show starting host particles of CdS 
nanocrystals, while Ic of FIG. 3 shows starting host particles 
of CdS/ZnS core/shell nanocrystals. The starting host par 
ticles of CdS/ZnS core/shell nanocrystals can have a thin 
ZnS Shell. 
0060. The synthesis of CdS nanocrystals can be a modi 
fication of a literature method. In a particular example, 
cadmium myristate (0.1 mmol) and S (0.05 mmol) were 
loaded into a three-neck flask with 1-octadecene (ODE, 5 g). 
In embodiments, the cadmium myristate can be made 
according to the literature method. After degassing under 
vacuum (~20 mTorr) for 10 min, the vacuum was removed. 
Then, under argon flow, the temperature was raised to 240° 
C. The growth was monitored by taking the absorption 
spectra of aliquots extracted from the reaction solution. 
When reaching the desired size, the reaction mixture was 
allowed to cool to room temperature, and the nanocrystals 
were precipitated by adding acetone. The as-prepared CdS 
crystals have a zinc-blende crystal structure. 
0061 The synthesis of CdS/ZnS core/shell nanocrystals 
can be a modification of the literature methods. In a 
particular example, CdS nanocrystals (3.8 nm for FIGS. 3c 
and 3.1 nm for FIG. 4) were dissolved in a mixture solution 
of ODE and oleylamine (3.6 mL of ODE and 1.2 mL of 
oleylamine). Then, under argon flow, the nanocrystal solu 
tion was heated to 220° C. Subsequently, zinc-stearate 
solution (0.04M in ODE) and S solution (0.04M in ODE) 
were alternatively introduced by dropwise addition. The 
amount of the precursor Solution of shell materials was 
calculated according to the literature methods. The reac 
tion was stopped when the demanded shell thickness (~1.6 
monolayers) was reached, and the nanocrystals were pre 
cipitated by adding acetone. The nanocrystals were re 
dispersed in hexane as a high-concentration solution. 
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EXAMPLE 2 

Dopant Growth 
0062 Once the starting particles are synthesized, the 
three-step synthesis of Mn-doped core/shell nanocrystals 
continues with Mn-dopant growth. In this second step, 
Mn-doping can be achieved by the growth of partial MnS 
shells onto the starting host particles. Mn-doping levels (i.e., 
concentration of the dopants) of the nanocrystals can be 
controlled in this step in direct proportion to the amount of 
MnS-growth precursors added (e.g., Mn(Ac) and S). 
0063. In one example, for Mn-dopant growth using the 
active precursor Mn(SCNEt), a hexane solution of start 
ing host particles (CdS or CdS/ZnS) was added into a 
mixture solution of ODE and oleylamine (3.6 mL of ODE 
and 1.2 mL of oleylamine), and then hexane was removed 
under vacuum. Under argon flow, the nanocrystal Solution 
was heated to 220° C., and then an oleylamine solution of 
the active Mn precursor (Mn(SCNEt3)2) (0.005 M) was 
introduced into the hot solution by dropwise addition. After 
a further 20-min reaction, the synthesis was stopped by 
quenching the reaction system to room temperature, and the 
nanocrystals were precipitated by adding acetone. The 
nanocrystals were re-dispersed in hexane as a high-concen 
tration solution. 
0064. In one embodiment, the Mn(SCNEt) used for 
dopant growth can be synthesized by a modification of a 
literature method. In a particular example, under argon 
flow, 0.002 mmol of Mnac, and 0.044 mmol of NaSCNEt, 
were dissolved into 2 ml of oleylamine, respectively. Then 
the NaSCNEt solution was added into the MnAc solution 
at 60° C. with stirring under argon flow. After 10 min, a 
slightly yellow solution of Mn(SCNEt) was used directly 
for dopant growth. 
0065. In another example for Mn-dopant growth using 
the less-active precursors Mn(Ac) and S., a hexane solution 
of starting host particles (CdS or CdS/ZnS) was added into 
a mixture solution of ODE and oleylamine (3.6 mL of ODE 
and 1.2 mL of oleylamine), and then hexane was removed 
under vacuum. Under argon flow, the nanocrystal Solution 
was heated to 280°C., and then Mn(Ac), solution (0.005 M 
in oleylamine) and S solution (0.01 M in ODE) were 
alternatively introduced into the hot solution by dropwise 
addition. After a further 20-min reaction, the synthesis was 
stopped, and nanocrystals were precipitated by adding 
acetone. The nanocrystals were re-dispersed in hexane as a 
high-concentration solution. 
0066 FIG. 6 shows the relationship of precursor type and 
absorption spectrum. Referring to FIG. 6, the absorption 
spectrum of Mn-doped CdS nanocrystals made by the less 
active precursors does not exhibit sharp exciton-absorption 
features as compared with the spectrum made by using the 
active precursors. This result indicates that ripening of CdS 
nanocrystals is much more pronounced in the former case at 
higher temperature than in the latter case at lower tempera 
ture. As shown in these examples, the high-temperature 
reaction is critical for the dopant growth using the less 
active precursors. 
0067. One issue in the second step lies in Ostwald 
ripening of the nanocrystals, which can lead to a broadening 
of their size distributions. When the starting host particles 
are pure CdS (i.e., Ia and Ib in FIG. 3), the Mn-dopant 
growth led to significant ripening of nanocrystals at high 
temperatures (e.g., 280° C.), and the size distribution of 

Dec. 1, 2016 

nanocrystals quickly broadened. To minimize Ostwald rip 
ening of the nanocrystals, an active single molecular pre 
cursor (i.e., Mn(SCNEt)) can be used for low-tempera 
ture dopant growth (e.g., 220° C.). In contrast to CdS 
nanocrystals, when the starting host particles are CdS/ZnS 
core/shell particles (Ic in FIG. 3), no substantial ripening 
occurred during Mn-dopant growth, even at 280° C. This 
chemical nature allows the use of less-active precursors (i.e., 
Mn(Ac), and S) for Mn-dopant growth on these core-shell 
nanocrystals. These less-active precursors are exchangeable 
with the active precursor during the dopant growth on 
CdS/ZnS core/shell nanocrystals at 280° C. 

EXAMPLE 3 

Growing the Host Shell 
0068 Finally, the three-step synthesis can be completed 
by growing the host-shell. 
0069. Referring to IIIa of FIG. 3, for Mn dopant inside 
the CdS core of CdS/ZnS core/shell nanocrystals, a hexane 
solution of Mn-doped CdS nanocrystals was added into a 
mixture solution of ODE and oleylamine (3.6 mL of ODE 
and 1.2 mL of oleylamine), and then hexane was removed by 
vacuum. Under argon flow, the nanocrystal Solution was 
heated to 240° C., and cadmium myristate solution (0.04M 
in ODE) and S solution (0.04 M in ODE) were alternatively 
introduced by dropwise addition. The shell growth was 
monitored by using UV-Vis spectroscopy. After two mono 
layers (increasing the diameter to 3.8 nm from 2.4 nm), the 
reaction solution was cooled down to 220° C. Then zinc 
stearate solution (0.04M in ODE) and sulfur solution (0.04M 
in ODE) were alternatively introduced into the hot solution 
by dropwise addition. When ZnS-shell thickness reached 
about 1.6 monolayers, the reaction solution was heated to 
280° C. for further ZnS shell growth. After the desired shell 
thickness was achieved, a zinc-Stearate Solution (0.12 mmol. 
0.04M in ODE) was added to the reaction system. Then the 
synthesis was stopped by cooling the reaction solution to 
room temperature, and the nanocrystals were precipitated by 
adding acetone. In an embodiment, the nanocrystals can be 
re-dispersed into non-polar organic Solvents. 
(0070 Referring to IIIb of FIG. 3, for Mn dopant at the 
interface of CdS/ZnS nanocrystals, a hexane solution of 
Mn-doped CdS nanocrystals was added into a mixture 
solution of ODE and oleylamine (3.6 mL of ODE and 1.2 
mL of oleylamine), and then hexane was removed under 
vacuum. Under argon flow, the nanocrystal Solution was 
heated to 220° C. Then zinc-stearate solution (0.04M in 
ODE) and sulfur solution (0.04M in ODE) were alterna 
tively introduced into the hot solution by dropwise addition. 
When ZnS-shell thickness reached about 1.6 monolayers, 
the reaction solution was heated to 280° C. for further ZnS 
shell growth. After the desired shell thickness was achieved, 
a zinc-stearate solution (0.12 mmol, 0.04M in ODE) was 
added to the reaction system. Then the synthesis was 
stopped by cooling the reaction solution to room tempera 
ture, and the nanocrystals were precipitated by adding 
acetone. In an embodiment, the resulting nanocrystals can be 
redispersed into non-polar organic solvents. 
(0071 Referring to IIIc of FIG. 3, for Mn dopant in the 
ZnS shell of CdS/ZnS core/shell nanocrystals, a hexane 
solution of Mn-doped CdS/ZnS nanocrystals was dissolved 
in a mixture solution of ODE and oleylamine (3.6 mL of 
ODE and 1.2 mL of oleylamine), and then hexane was 
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removed under vacuum. Under argon flow, the nanocrystal 
solution was heated to 280° C. Zinc-stearate solution (0.04M 
in ODE) and sulfur solution (0.04M in ODE) were alterna 
tively introduced into the hot solution by dropwise addition. 
After the desired shell thickness was achieved, a zinc 
stearate solution (0.12 mmol, 0.04M in ODE) was added to 
the reaction system. Then the synthesis was stopped by 
cooling the reaction solution to room temperature, and the 
nanocrystals were precipitated by adding acetone. In an 
embodiment, the nanocrystals can be re-dispersed into non 
polar organic solvents. 
0072 According to these three examples, the final core/ 
shell particles (i.e., IIIa, IIIb, and IIIc) have CdS core 
diameter of 3.8 nm (with a standard deviation O of -8%) and 
ZnS shell thickness of 1.5 nm (O -8%). 

EXAMPLE 4 

Analysis of Nanocrystals Produced According to 
the Subject Invention 

0073 Elemental analysis of as-prepared nanocrystals 
using inductively coupled plasma atomic emission spectros 
copy (ICP) shows that only around 30% of the Mn in the 
precursors can grow onto the starting host particles. To 
achieve a more precise control of the Mn position inside the 
nanocrystals, a separation can be carried out to remove the 
un-reacted Mn-species from the growth solution before 
host-shell growth in the third step. 
0.074 The nanocrystal properties introduced by position 
controlled impurities can be identified by using structural, 
optical, and magnetic characterization techniques. In addi 
tion, it can be demonstrated that the room-temperature (RT) 
photoluminescence (PL) quantum yield (QY) of Mn dopants 
strongly depends on their radial positions inside the host 
core/shell nanocrystals. 
0075. In particular, photoluminescence (PL) and photolu 
minescence excitation (PLE) experiments were performed 
using a spectrofluorometer (Fluorolog-3, Horiba Jobin Yvon, 
Irvine, Calif.). Room-temperature fluorescence quantum 
yields (QY) of the Mn-doped nanocrystals were determined 
by using literature methods.’ Quinine sulfate in 0.5M of 
HSO, was used as the fluorescence standard." 
0076 Referring to FIG. 3, the data from transmission 
electron microscope (TEM) and IPC show that these three 
types of Mn-doped core/shell nanocrystals have a nearly 
identical CdS-core size, ZnS-shell thickness, and Mn-dop 
ing level (0.10%, ~4 Mn atoms per particle). These Mn 
doped nanocrystals exhibit two PL bands: the blue band is 
assigned to the emission from exciton recombination in the 
core/shell nanocrystals, and the red band is assigned to the 
emission from Mn dopants (T, to A, FIG.3d-3?). The 
PL excitation spectra of these CdS/ZnS nanocrystals indi 
cate that energy transition from the exciton in the nanoc 
rystals to the Mn dopants gives rise to the red emission." In 
addition, these nanocrystals exhibit a nearly identical 
absorption peak position for their first exciton band. This 
result is consistent with TEM measurements that the CdS 
core size is nearly identical for these Mn-doped core/shell 
nanocrystals. 
0077 Importantly, these Mn-doped nanocrystals exhibit 
dopant-position-dependent optical properties (FIGS. 3d, 3e 
and 3f). The QY of the blue-exciton emission is similar for 
these nanocrystals, but the QY of the Mn emission is 
substantially different for the nanocrystals with Mn dopants 
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inside a CdS core (8%), at the core/shell interface (16%), 
and in the ZnS shell (24%). These results indicate that the 
non-radiative decay of the Mn excited state (T,)—not the 
overlapping between the Min and excitonic wave-functions 
(i.e., energy transfer from the exciton to the Mn)—plays the 
dominant role in controlling the Mn-emission QY. There 
fore, the position-dependent Mn-emission QY would be 
caused by the following two factors: (1) the Mn Mn 
interactions inside a doped core/shell nanocrystal, and (2) 
the local crystal-field strain on the Mn dopants. 
0078. The Mn positions inside the core/shell nanocrystals 
were identified using electron paramagnetic resonance 
(EPR) spectroscopy. The EPR measurement was performed 
in CW mode on an X-band Bruker Elexsys 580 spectrometer 
(9.5 GHZ and 6K). The samples were treated by pyridine 
exchange twice according to literature methods.’" The 
purified nanocrystals were dissolved in a toluene Solution 
with 10% polystyrene to form a glass upon freezing. 
(0079 Referring to FIG.3g, these three types of core/shell 
nanocrystals exhibit a six-line spectrum with a similar 
hyperfine splitting constant of about 69.4 G. Such a hyper 
fine splitting constant indicates that the Mn dopants are at 
cubic CaS or ZnS lattice sites, and thus the dopants are 
indeed located inside the core/shell nanocrystals. This 
result is consistent with X-ray powder diffraction (XRD) 
measurements shown in FIG. 7 that these core/shell nanoc 
rystals have a Zincblende (i.e., cubic) crystal structure. 
0080 Referring to FIG. 7, Powder X-ray diffraction 
patterns were measured on a Philips PW 3720 X-ray dif 
fractometer with Cu KO. radiation. Approximately 10 mg of 
nanocrystals were dispersed in 0.5 mL of toluene. The 
nanocrystal solution was deposited onto low-scattering 
quartz plates, and the solvent was evaporated under mild 
vacuum. Accordingly, both CdS core and Mn-doped CdS/ 
ZnS core/shell nanocrystals exhibit a zinc-blende crystal 
structure. With ZnS growth, the diffraction peaks shift to 
larger angles consistent with the Smaller lattice constant for 
ZnS, compared with CdS crystals. In addition, the diffraction 
peaks narrowed. This narrowing indicates that the crystal 
line domain is larger for the core/shells, providing direct 
evidence for an epitaxial growth mode of the shell. 
I0081. In addition, referring back to FIG. 3g, the line 
width of the EPR peaks is different for the nanocrystals with 
Mn dopants in the CdS core (12 G), at the core/shell 
interface (12 G), and in the ZnS shell (7.4G, inset of FIG. 
3g). The narrower EPR-peak line-width indicates weaker 
Mn Mn interactions and less local strain on the Mn dop 
ants in the ZnS shell. Both effects can lead to less non 
radiative decay of the Mn excited state, and therefore, a 
higher Mn-emission QY for the core/shell particles with Mn 
in the shell. It is consistent with the results from optical 
measurements (FIG. 3d-3?). Taken together, the results from 
both optical and EPR measurements Suggest that radial 
position-controlled Mn-doping of CdS/ZnS nanocrystals is 
achieved by the three-step synthesis. 
I0082 Mn-doping levels of the doped nanocrystals were 
determined by using inductively coupled plasma atomic 
emission spectroscopy (ICP) with controlled chemical etch 
ing of nanocrystals. Recent progress in the chemical etching 
of nanocrystals allows the controlled reduction of particle 
size by peeling off a nanocrystal’s Surface atoms without 
substantial changes in particle size distribution. In the 
embodiment examples, the nanocrystal samples were treated 
by pyridine exchange twice according to literature methods. 



US 2016/035.1387 A1 

'' The purified nanocrystals were digested by concen 
trated HNO, and organic remainder was removed from the 
digested solution by filtration. Then the solution was diluted 
by a HNO solution with a final HNO, concentration of 
about 1-2%. The ICP measurements were carried out using 
a Vista RL CCD Simultaneous ICP-AES (Varian, Inc.). 
Mn-doping levels were calculated by the following formula: 

Doping Level= oping Level= 

0083 FIG. 8 shows the steps for identification of doping 
level and radial position of impurities of the experiments. 
The doped nanocrystals can be sequentially etched to a 
series of Small particles, according to the literature method. 

Therefore, the doping level of these small particles (B, C, 
and D in FIG. 8) and the original nanocrystals (A in FIG. 8) 
can be measured. Then, the position distribution of impuri 
ties in the doped nanocrystals can be obtained by analyzing 
the doping levels in these nanocrystals. 
0084. Referring to FIG. 4, the core/shell nanocrystals 
were synthesized according to the examples with Mn dopant 
in the ZnS shell of CdS/ZnS core/shell nanocrystals. FIG. 4a 
shows a normalized PL spectra of Mn-doped CdS/ZnS 
core/shell nanocrystals with different doping levels. These 
core/shell nanocrystals have a CdS core diameter of 3.1 nm 
(O ~6%), ZnS-shell thickness is 1.5 nm (~4.8 monolayers), 
and the Mn dopants are located at 1.6 monolayers in the 
shell. 

Example 5 

Systematic Study of Effects of Mn-Doping Level 
0085. The three-step synthesis allows a systematic study 
of the effects of Mn-doping level of CdS/ZnS core/shell 
nanocrystals (FIGS. 4a-4c). Nine types of core/shell nanoc 
rystals were synthesized with Mn-doping levels from 
0.013% to 1.8%. These nanocrystals have a 3.1-nm CdS core 
coated with a ZnS shell of 4.8 monolayers (ML), and Mn 
dopants are at 1.6 ML in the shell. The Mn-doping levels 
were determined by ICP measurements. Referring to FIG. 
4b, the TEM image of a typical nanocrystal sample shows 
that the Mn-doped core/shell nanocrystals are highly 
monodispersed with a standard deviation of 6%. Referring 
to FIG. 4a, with the increase of the Mn-doping level, the QY 
of the Mn emission increases, while the QY of blue-exciton 
emission decreases. The exciton emission appears to be 
totally quenched when the doping level reaches 0.44%. This 
result further demonstrates that Mn-emission originates 
from the energy transfer from exciton of the core/shell 
particles to the Mn. In addition, as shown in FIG. 4c, the 
QY of Mn emission reaches a maximum of around 44% 
when the doping level is 0.36%. According to FIG. 4c., a 
maximum QY up to 56% is achieved at 8 of 3.2 ML. With 
a further increase of the Mn-doping level, the QY of the Mn 
emission decreases. This further increase in Mn-doping 
level could cause stronger Mn-Mn interactions and/or create 
greater crystal-field strain in ZnS shells. Both cases can 
increase non-radiative decay of the Mn excited State, and 
thus lead to a decreased Mn-emission QY. 
I0086 To produce nanocrystals with a higher Mn-emis 
sion QY, FIG. 4d shows the effects of detailed Mn positions 

Dec. 1, 2016 

inside the ZnS shell of the core/shell nanocrystals. Keeping 
the core size and shell thickness unchanged (as those in the 
study of doping-level effects, FIG.4c) a Mn-doping level of 
0.36% was used for this study. Six types of nanocrystals 
were synthesized with Mn position (6) varying from 0 to 4.0 
ML inside the ZnS shell. As shown in FIG. 4d, the QY of the 
Mn emission strongly depends on the Mn position. The 
Mn-emission QY increases with the increase of 8. A maxi 
mum QYup to 56% is achieved at 8 of 3.2 ML, and then the 
QY decreases with the further increase of S. This position 
dependent Mn emission could be, in part, caused by the 
inhomogeneity of local crystal-field strain inside the ZnS 
shell caused by the 7% lattice mismatch between the CdS 
and ZnS crystal lattice. This result is consistent with EPR 
measurements shown in FIG. 4e, in which the narrower 
line-width of EPR peaks indicates less local-crystal-field 
strain on MN dopants. 
I0087. According to the plots shown in FIG. 4, doped 
nanocrystals have a RT Mn-emission QY of 56%, which is 
nearly twice as high as that of the best Mn-doped nanoc 
rystals reported previously. Such a high QY is very 
important to applications such as nanocrystal-based bio 
medical diagnosis.' 
I0088 All patents, patent applications, provisional appli 
cations, and publications referred to or cited herein are 
incorporated by reference in their entirety, including all 
figures, to the extent they are not inconsistent with the 
explicit teachings of this specification. 
I0089. It should be understood that the examples and 
embodiments described herein are for illustrative purposes 
only and that various modifications or changes in light 
thereof will be suggested to persons skilled in the art and are 
to be included within the spirit and purview of this appli 
cation. 
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What is claimed is: 
1. A doped nanocrystal, comprising: 
a base material; 
a plurality of dopant atoms radially positioned about the 

base material; and 
a host shell Surrounding the base material and the plurality 

of dopant atoms. 
2. The doped nanocrystal according to claim 1, wherein 

the base material and the host shell provide a spherical 
homogeneous structure. 

3. The doped nanocrystal according to claim 2, wherein 
the spherical homogeneous structure comprises CdS, CdSe, 
CdTe., ZnS, ZnSe, ZnTe HgS, HgSe, HgTe, PbS, PbSe, 
PbTe, InP, InAs, GaP. GaAs, ZnO, SiO, TiO, ZrO, Fe2O, 
Fe-O, SnO, InO, Gd2O, CeO, TbO), Au, Ag, Cu, Pt. 
Fe, or Pt, Fe. 

4. The doped nanocrystal according to claim 1, wherein 
the base material and the host shell provide a core/shell 
Structure. 

5. The doped nanocrystal according to claim 4, wherein 
the base material is a core comprising CdS, CdSe, CdTe. 
ZnS, ZnSe, ZnTe, HgS, HgSe, HgTe, PbS, Pb Se, PbTe, InP, 
InAs, GaP. GaAs, ZnO, SiO, TiO, ZrO, FeO, FeO, 
SnO2. In O, Gd2O, CeO, TbO), Au, Ag, Cu, Pt, Fe, or 
PtFe. 

6. The doped nanocrystal according to claim 4, wherein 
the host shell comprises CdS, CdSe, CdTe., ZnS, ZnSe, 
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ZnTe HgS, HgSe, HgTe, PbS, PbSe, PbTe, InP, InAs, GaP. 
GaAs, ZnO, SiO, TiO, ZrO2, Fe2O, FeO4, SnO2. In O, 
Gd2O, CeOs, TbO4), Au, Ag, Cu, Pt, Fe, or Pt, Fe. 

7. The doped nanocrystal according to claim 1, wherein 
the plurality of dopant atoms includes dopant atoms selected 
from the group consisting of In, P, Cd, Mn, Zn, S, Se, Br, Li, 
Sn, Te. Ag., Au, Cu, Cr, Co, Fe, Ni, Cl, Tb, Gd, Er, Ce, Nd, 
Dy, Pm, and Eu. 

8. The doped nanocrystal according to claim 1, wherein 
the plurality of dopant atoms comprises dopant atoms that 
are magnetic impurities, conventional impurities, or a com 
bination of magnetic and conventional impurities. 

9. The doped nanocrystal according to claim 1, wherein 
the plurality of dopant atoms are radially positioned within 
the base material, at the surface of the base material, and/or 
at a distance from the surface of the base material. 

k k k k k 


