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ABSTRACT: Doping through the incorporation of transition metal ions allows for the
emergence of new optical, electrical, and magnetic properties in quantum dots (QDs).
While dopants can be introduced into QDs through many synthetic methods, the control
of dopant location and host−dopant (H−D) coupling through directional dopant
movement is still largely unexplored. In this work, we have studied dopant behaviors in
Mn:CdS/ZnS core/shell QDs and found that dopant transport behavior is very sensitive to
the temperature and microenvironments within the QDs. The migration of Mn toward the
alloyed interface of the core/shell QDs, below a temperature boundary (Tb) at ∼200 °C,
weakens the H−D interactions. At temperatures higher than the Tb, however, dopant
ejection and global alloying of CdS/ZnS QDs can occur, leading to stronger H−D
coupling. The behavior of incorporated dopants inside QDs is fundamentally important for
understanding doping mechanisms and the host−dopant interaction-dependent properties
of doped nanomaterials.

Incorporation of transition metal ions as dopants into
semiconductor quantum dots (QDs) can introduce new

optical, electronic, and magnetic properties,1−11 making the
doped QDs valuable components for applications in light-
emitting devices, bioimaging, solar cells, and spintronics.12−16

The dopant sites (i.e., surface, core, or specific depth from the
surface) inside the QDs determine the host−dopant (H−D)
coupling from the overlap between the dopant and exciton
wave functions of the host lattice.5 Therefore, the properties of
doped QDs are strongly influenced by the dopant sites and/or
location as demonstrated in Mn-doped CdS/ZnS core/shell
QDs17−21 as well as Ag/Mn co-doped CdS/ZnS core/shell
QDs22 with the Mn dopants grown at a specific surface layer
during synthesis. Tuning the H−D coupling by controlling the
dopant sites after incorporation into the host lattice, however,
is challenging.
In the past two decades, many synthetic methodologies have

been developed for introducing dopants inside QDs. Successful
doping by dopant incorporation up to its solubility limit can be
achieved by a predoped single-source precursor,7,8,23 nuclea-
tion doping,24,25 growth doping,17,26−28 and ion exchange and
diffusion.3,29−31 Despite significant developments in the
synthesis of doped QDs, there has been limited study of the
mass transport behaviors of dopants as well as the change in
the microenvironment of the host lattice after incorporation of
the dopant inside QDs,32−34 or toward a mechanistic
understanding of dopant behavior in the host core/shell lattice.

Recently, we found that the local composition of the host
core/shell lattice, specifically at the core/shell interface, has a
profound effect on the behavior of incorporated dopants inside
the core/shell nanocrystals. We presented evidence that
Mn(II) dopants migrate toward the alloyed interface of
CdS/ZnS core/shell QDs19 and ZnSe/CdS/ZnS core/multi-
shell nanowires35 during shell passivation using the successive
ion layer adsorption and reaction (SILAR) method. This
directional dopant diffusion (i.e., dopant migration) can be
initiated by the availability of dopant sites with smaller cationic
size mismatch at the cation-alloyed interface of the core/shell
nanocrystals and lead to weakened H−D interaction and
decreased energy transfer efficiency. However, how to
strengthen the H−D coupling by controlled dopant move-
ments inside the QD lattice in unknown. Furthermore, it is still
unclear if the outward dopant migration is a process similar to
dopant ejection initiated during the self-purification process,
which causes the removal of dopant ions from the host lattice
during high-temperature annealing.33,34

In this work, we have studied the mass transport of both
dopants and the host lattice in Mn:CdS/ZnS core/shell QDs.
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Three distinct stages with different H−D couplings are
observed during the ZnS shelling process, including (I) surface
dopant replacement during the initial ZnS passivation, (II)
migration of the dopant toward the alloyed interface of CdS/
ZnS core/shell QDs, and (III) global alloying of host QDs and
dopant ejection above a temperature boundary (Tb, ∼200 °C).
Mn:CdS QDs of 3.0 nm average size (Figure 1b) were

synthesized through a colloidal hot-injection method.19 We
prepared Mn:CdS/ZnS core/shell QDs utilizing a highly
reactive zinc- and sulfur-containing precursor, zinc diethyldi-
thiocarbamate [Zn(DDTC)2],

36 for ZnS shell growth (Figure
1a and the Supporting Information). This single-source
shelling precursor (SSSP) method allows us to monitor the
mass transport of both host cations and dopants over a wider
temperature range (120−300 °C in this study) compared with
that of the typical SILAR method for shell coating. The size of
the core/shell QDs increases gradually, with the diameters of
the core/shell QDs being 3.8 ± 0.3, 4.6 ± 0.3, 5.1 ± 0.4, and
5.5 ± 0.5 nm at 120, 160, 200, and 260 °C, respectively
(Figure 1c,d and Figures S1 and S2). The size of the core/shell
QDs remains constant for the following reaction period (260−
300 °C). During ZnS shell growth, the X-ray diffraction
(XRD) peaks experience a systematic shift to larger angles
toward zinc blend phase ZnS until 200 °C, followed by a small
shift to smaller angles with an increase in temperature (Figure
1e,f and Figure S3). The shift of the diffraction peaks to smaller
angles indicates the formation of globally alloyed QDs

(Cd1−xZnxS) with intermediate lattice parameters (Table
S1), as the result of high-temperature annealing (>200 °C).
Using the peak position of the (111) diffraction peak of the
core and core/shell QDs, the d(111) spacing and the average
metal−sulfur (M−S) bond length were calculated (Figure S3
and Table S1). Analyzing the M−S bond length, we found an
initial length of 2.503 Å for the Mn:CdS core QDs followed by
a continuous drop upon shelling until the reaction mixture
reached 200 °C (2.353 Å), which is caused by the addition of
ZnS with a lattice parameter (a = 5.41 Å) that is smaller than
that of CdS (a = 5.82 Å) atop the Mn:CdS core. Once the Tb
had been crossed, a slight increase in the average bond length
occurred due to the global alloying, resulting in a final bond
length of 2.362 Å. It should be noted that the final bond length
is much closer to the standard Zn−S bond length rather than
an intermediate X−S bond length from globally alloyed
Mn:Cd1−xZnxS QDs, which might indicate a ZnS-rich surface
of the alloyed QDs.
To further probe the temperature-dependent composition

variation within the core/shell QDs, X-ray absorption fine
structure (XAFS) measurements were conducted to study the
atomic bonding parameters of the QDs. The intensity of the
Zn K-edge X-ray absorption near-edge structure (XANES)
consistently decreases as a function of temperature (Figure 1g
and Figure S4 and Table S2), suggesting substitution of a
larger Cd atom into the ZnS lattice, which is consistent with
Zn K-edge XANES simulations (Figure S5). The fitting of the

Figure 1. Size, structure, and microcomposition of Mn:CdS/ZnS core/shell QDs. (a) Schematic illustration of the variation of the composition of
Mn:CdS/ZnS QDs during ZnS shell passivation. (b−d) Transmission electron microscopy images of Mn:CdS core and selective Mn:CdS/ZnS
core/shell (200 and 300 °C) QDs. (e) Powder XRD patterns of Mn:CdS core and selective Mn:CdS/ZnS core/shell QDs (120, 160, 200, 260, and
300 °C). (f) Close-up of XRD patterns of the (111) diffraction peak. (g) Zn K-edge XANES and (h) Cd K-edge XANES for Mn:CdS/ZnS QDs as
a function of temperature. (i) Cd−S and Zn−S bond lengths as obtained from EXAFS fits vs temperature.
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extended XAFS (EXAFS) data (Figure S4) shows an
immediate increase in Zn−S bond length during shell
passivation (Figure 1i), which is consistent with the
incorporation of surface Cd cations from the CdS core into
the ZnS lattice, as expected for the formation of the alloyed
surface/interface (T < Tb; ∼200 °C) and alloyed QDs (T >
Tb) (Figure 2a, inset). The Cd−S bond length, however, from

the Cd K-edge EXAFS fitting (Figure S6 and Table S2) does
not initially change and exhibits a significant shift of only the
Cd K-edge XANES onset (Figure 1h) above Tb. This is due to
the CdS core being largely undisturbed with only a small
fraction of the surface Cd actually alloying with Zn to form the
alloyed interface below Tb. Above Tb, the Cd K-edge XANES
shifts to a lower energy (∼1 eV) and the Cd−S bond length
gradually decreases, which is consistent with a complete alloy
transformation as suggested via XRD (Figure 1f,h and Table
S1).
Inductively coupled plasma optical emission spectrometry

(ICP-OES) measurements indicate a 1.4% Mn doping

concentration [calculated as the Mn/(Cd + Mn) ratio
(Table S3)] for Mn:CdS QDs (Figure 2a). The Mn(II) ions
exhibit a Poisson distribution within the QD ensemble, but on
average this represents ∼7 Mn(II) ions distributed stochasti-
cally between the core and surface per 3.0 nm Mn:CdS QD.
The Mn(II) concentration decreases to 0.9% [∼5 Mn(II) ions
per QD] after the growth of the ZnS shell at 120 °C (stage I,
initial surface dopant replacement) and remains unchanged for
core/shell QDs grown up to 260 °C, indicating partial surface
dopant removal during the initial shell coating process.17,37

The Mn(II) concentration decreases to 0.6% [∼3 Mn(II) ions
per QD] for the core/shell QDs grown at 300 °C, indicating
dopant ejection at high temperatures.
Two sets of electron paramagnetic resonance (EPR)

hyperfine splitting patterns were observed in the Mn:CdS
QDs with hyperfine constants (A) equaling 69.1 and 94.0 G
(Figure 2b and Figure S7), which are attributed to Mn(II)
located within the core lattice and on the QD surface,
respectively.38,39 In addition, a broad dipolar background of
the EPR indicates the presence of short-range Mn−Mn
interactions in the CdS QDs.35 During ZnS shell passivation,
both the dipolar term and the surface hyperfine in EPR spectra
are largely quenched, resulting in the presence of a single core
hyperfine term at high temperatures (Figure 2b and Figure
S7). A weaker dipolar contribution in EPR for the QDs grown
at 120 °C can still be observed. However, the decreased dipolar
contribution from 120 to 160 °C (and above) during ZnS shell
passivation indicates larger Mn−Mn distances caused by
dopant ion migration,35 considering the same doping
concentration in those QDs.
In addition, the linewidth of the Mn EPR hyperfine peak

during ZnS shell passivation continually narrowed from 11.7 G
for Mn:CdS QDs to 3.6 G for the doped globally alloyed
CdZnS QDs grown at 300 °C (Figure 2c,d). The narrower
EPR peak linewidth indicates weaker Mn−Mn interactions and
less local strain on the Mn(II) dopant sites.19,40 For Mn
incorporation inside CdS QDs, a large strain from the 13%
cationic size mismatch between Cd(II) and Mn(II) ions can
introduce an anisotropic distortion of the Mn ligand-
coordinating environment, leading to a broad Mn EPR peak
linewidth. However, considering the size of Mn(II) ions (80
pm) as being intermediate between those of Cd(II) (92 pm)
and Zn(II) (74 pm),19,37,41 a smaller strain could be obtained
from the Mn-doped CdZnS alloyed lattice compared with that
of Mn:CdS QDs. Therefore, the alloyed lattice can more
readily accommodate Mn ions,37 and migration of Mn toward
the CdZnS-alloyed interface (stage II) or globally CdZnS-
alloyed QDs (stage III) leads to a smaller strain and a narrower
Mn EPR peak (Figure 2b−d).
Figure 3a depicts the absorption and photoluminescence

(PL) spectra of the QDs during ZnS shell passivation. The
Mn:CdS QDs have a single emission peak centered at ∼580
nm from the Mn(II) 4T1 to 6A1 transition (Figure 3a),
implying strong coupling between the CdS host and Mn(II)
dopants. When the sample reached 140 °C in stage I, a second
PL peak emerges at 424 nm, which was identified as the CdS
band-edge PL. Interestingly, as the reaction temperature
increases, the PL ratio of the CdS and the Mn(II) increases
from zero (at 120 °C) to a maximum value of 2.0 at Tb (∼200
°C) (stage II), followed by a rapid decrease reaching 0.13 at
300 °C (stage III) (Figure 3b). The complete color change of
stages I−III can be seen in the Commission International de
l’Eclariage chromaticity coordinates (Figure 3c), as well as in

Figure 2. Three different dopant behaviors with different doping
environments during ZnS shell passivation at different temperatures.
(a) Mn doping concentration in Mn:CdS core and Mn:CdS/ZnS
core/shell QDs throughout the shelling process. The inset shows
temperature-dependent dopant replacement (stage I), migration
(stage II), and ejection (stage III) during ZnS shell passivation. (b)
Room-temperature X-band EPR spectra of Mn:CdS core and
Mn:CdS/ZnS core/shell QDs (a). Two discrete sites for the Mn(II)
occupying a substitutional Cd(II) site within the core (Acore = 69.1 G)
and surface (Asurface = 94.0 G) are labeled for the Mn:CdS QDs. Only
the Mn core site (Acore = 69.1 G) is observed for Mn:CdS/ZnS core/
shell QDs grown above 120 °C. (c) Close-up view of the first peak of
the Mn core EPR signal from panel b. (d) Linewidth of the first peak
of the core Mn EPR signal during ZnS shell passivation.
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the optical images of the samples under room and ultraviolet
(UV) light (Figure 3d).
The rate of energy transfer between the exciton and Mn ions

can be interpreted quantitatively using eq 1:42

λ
λ

= Φ
‐

I
I

n
k
k

Mn

BG
Mn

ET

UD R

BG

Mn (1)

where IMn and IBG are intensities of the Mn emission and band
gap PL of doped QDs, respectively, n is the number of Mn ions
doped inside one QD, λBG is the wavelength of the exciton
emission, λMn is the wavelength of the Mn emission, ΦMn is the
emission efficiency of a Mn ion, kUD‑R is the radiative relaxation
rate constant of an undoped QD, and kET is the rate constant
for the transfer of energy from the exciton to a Mn dopant.
Considering the small changes in the host and dopant PL
position, as well as the same doping concentration below 260
°C, the host-to-dopant energy transfer rate kET is proportional
to the PL ratio of Mn and the host lattice (IMn/IBG).

5,19,40

Because kET is related to the overlap between the wave
functions of exciton and Mn dopants, the distance between
exciton and Mn ions, the ratio of Mn(II) and QD emission
could be used as an optical “gauge” to monitor H−D coupling
and dopant sites inside the core/shell QDs. The increased CdS
to Mn PL ratio from 120 to 200 °C (stage II, Figure 3a,b)
indicates weakening of the host−dopant energy transfer (kET),
which can be attributed to less wave function overlap between
the host QDs and Mn dopants due to the outward migration of
the dopant to the alloyed interface (Cd1−xZnxS). Surprisingly,
the PL ratio decreases at temperatures above 200 °C,
indicating strengthened H−D coupling, which cannot be
simply explained by migration of the dopant toward the
interface or even the surface of the core/shell QDs. The
strengthened H−D coupling at high temperatures can be
understood, however, by the global alloying of the core/shell
QDs at T > Tb, which leads to the largely delocalized exciton

throughout the alloyed QDs and the efficient overlap between
the dopant and exciton wave functions.
It should be noted that the host−dopant energy transfer

might compete with defect levels and nonradiative relaxation
pathways within the QDs. To verify that the change in the PL
ratio between the host QDs and Mn is dominated by H−D
coupling rather than the changes of the surface traps during
ZnS coating, we synthesized undoped CdS/ZnS core/shell
QDs using the same shell coating procedure. It was found that
the PL quantum yields (QYs) of undoped CdS/ZnS QDs are
similar to the total PL QYs of Mn:CdS/ZnS QDs from host
and Mn PL at the same reaction temperatures (Figure S8).
Interestingly, slightly higher total PL QYs in Mn:CdS/ZnS
QDs compared with that of undoped CdS/ZnS QDs at most
of the temperatures were observed, which could be attributed
to the fast H−D energy transfer that can efficiently compete
with nonradiative relaxation pathways.40,43 However, the
difference in PL QYs between the corresponding doped and
undoped core/shell QDs is <10%. Therefore, it is reasonable
to assume similar nonradiative relaxation rates for the
corresponding doped and undoped QDs.19,35,40 On the basis
of the assumption described above, the efficiency of H−D
energy transfer (ΦET) can be estimated by a flowing equation
using steady-state approximation:40

Φ = − ≈1
QY

QY

QY

QYET
BG

UD

Mn

UD (2)

where QYBG and QYMn are the band gap and Mn PL QY of
doped QDs, respectively, and QYUD is the band gap PL QY of
the undoped QDs. It was found that ΦET for the Mn:CdS/ZnS
QDs decreased from 1.86 to 0.50 when the shelling
temperature increased from 120 to 200 °C followed by an
increased ΦET at T > Tb (1.02 at 300 °C) (Figure S9a). This
result is consistent with the weakening and strengthening of
the H−D decoupling below and above Tb, respectively. The
smaller final ΦET of Mn:CdZnS-alloyed QDs at 300 °C (1.02)

Figure 3. Optical properties of Mn:CdS core and Mn:CdS/ZnS core/shell QDs. (a) Normalized optical absorption (dotted lines) and emission
(solid lines) of Mn:CdS QDs and Mn:CdS/ZnS core/shell QDs. (b) PL intensity ratio of CdS and Mn. (c) Commission International de
l’Eclariage (CIE) chromaticity coordinates. (d) Optical images of the samples under room (top) and UV (bottom) light. (e) Central portion of the
Mn(II) emission peak. (f) Derived Mn(II) PL lifetimes. (g) Center of the CdS PL peak of the Mn:CdS/ZnS QDs as a function of shelling
temperature. The inset shows the Mn(II) PL decay kinetics as a function of shelling temperature.
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compared with that of Mn:CdS/ZnS QDs initially formed at
120 °C (1.86) might be due to lower Mn concentrations as a
result of high-temperature dopant ejection as well as the near
surface Mn doping in the alloyed QDs.
On the basis of the ΦET data, we further calculated the Mn

emission efficiency (ΦMn) using eq 3.

Φ =
+

=
Φ

‐

‐ ‐

k
k k

QY
Mn

Mn R

Mn R Mn NR

Mn

ET (3)

The radiative rate constant kMn‑R is a function of the dipole
matrix element between the 4T1 and 6A1 states of the Mn
dopants.17,40 The nonradiative rate constant kMn‑NR depends
on the microenvironment of Mn dopants and its local modes.40

Therefore, kMn‑NR could change substantially with the location
of Mn in the QDs. Because of the 13% size mismatch between
Cd(II) and Mn(II) ions, the strain on Mn dopant sites inside
CdS QDs can lead to a larger kMn‑NR

19,37,40 than in the CdZnS-
alloyed lattice. Indeed, the calculated ΦMn of the doped QDs
using eq 3 increases dramatically during shell growth (Figure
S9b), which can support the migration of Mn(II) to the

alloyed interface in stage II and further ejection through the
globally alloyed QDs in stage III.
The temperature-dependent dopant behavior within the

QDs can also be supported by the analysis of the Mn PL peak
position (Figure 3e). Ithurria et al. have reported that the Mn
PL can be used as a radial pressure gauge in core/shell QDs,
and additional pressure arising from shell passivation can
induce a Mn PL red-shift using a spherically symmetric elastic
continuum model.44 The large red-shift in the Mn(II) PL from
575 to 583 nm upon shelling at 120 °C indicates the rapid
deposition of ZnS onto the Mn:CdS QDs. With an increasing
ZnS shell thickness in stage II, the Mn(II) emission peak
continues to red-shift until it reaches a maximum wavelength
of 591.5 nm at 200 °C, which is consistent with the increasing
pressure from thicker ZnS shells.44 In stage III, however, a
steady blue-shift of the Mn PL suggests decreased pressure
from the ZnS shell applied on the Mn ions as a result of
outward dopant ejection. The PL excitation (PLE) spectra
(monitoring the Mn PL peak maximum) follow the same trend
as absorption and PL spectra (Figure S10), further confirming

Figure 4. (a) Temperature-dependent dopant behavior and microenvironments of the host lattice within the CdS/ZnS cubic lattice. Green, light
blue, dark blue, and red tetrahedra represent CdS, CdZnS, ZnS, and MnS units, respectively. Illustrations of (b) core Mn:CdS QD, (c) Mn:CdS/
ZnS core/shell (below Tb) QD, and (d) Mn:CdS/ZnS core/shell (above Tb) QD energy levels and energy transfer diagrams (not to scale). PL, Mn
PL peak position, and PL intensity ratio of CdS and Mn of Mn:CdS/ZnS core/shell QDs annealed at (e and h) 120 °C, (f and i) 200 °C, and (g
and j) 300 °C from 0 to 4 h.
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that the Mn PL originates from the transfer of energy from the
host core/shell QDs (stage II) and alloyed QDs (stage III).
Time-resolved emission measurements show a slow increase

in the Mn PL lifetime of Mn:CdS/ZnS core/shell QDs grown
during stage II (Figure 3f), which is consistent with an
increased Mn−Mn distance,35 due to the relatively slow
migration of the dopant toward the interface below Tb.
However, a rapid increase in the Mn PL decay lifetime, from
2.3 to 5.0 ms (Figure 3f, Figure S11, and Table S4) for the
QDs grown in stage III, indicates more isolated Mn centers
from the reduction of the “concentration quenching” from
short-range Mn−Mn interactions,45,46 which supports fast
dopant ejection under high thermal energy in the alloyed QDs.
The formation of the alloyed interface and alloyed QDs are
further evidenced by the gradual blue-shift of the host lattice
PL (∼7 nm, −0.13 nm/°C) in stage II and a rapid shift (∼20
nm, −0.20 nm/°C) in stage III (Figure 3g).
The culmination of our data suggests that dopant migration

in the presence of the alloyed interface in core/shell QDs has
an activation energy that is lower than that of dopant ejection
and can occur at T < Tb compared to dopant ejection due to
self-purification (T > Tb) (Figure 4a). At T < Tb, the doped
Mn ions can migrate toward a thin alloyed interface of the
core/shell QDs, most likely mediated by cation vacancies,19,47

considering that half of the tetrahedral sites and all octahedral
sites are empty in the cubic close packed S anions. Dopant
migration leads to partial decoupling of CdS−Mn(II)
interaction with a lower energy transfer efficiency; therefore,
a new CdS PL can be observed in addition to Mn PL (Figure
4c). With sufficient thermal energy at T > Tb, global alloying of
QDs can occur, accompanied by dopant ejection. The global
alloying of the QDs results in a largely delocalized host exciton
wave function and therefore strong H−D coupling with
efficient energy transfer from host QDs to Mn dopants
regardless of the location of the dopant inside the QDs (Figure
4d).
To further confirm the temperature-dependent dopant

behaviors and H−D coupling, we thermally annealed the
doped core/shell QDs grown below, at, and above Tb up to 4 h
(Figure 4e−g and Figures S12 and S13). Below the Tb (120
and 160 °C), the continuous increase in the CdS:Mn PL ratio
and weakened H−D coupling were observed due to the
outward migration of the dopant to the alloyed interface
(Figure 4e,h). The core/shell QDs annealed at the Tb (200
°C) exhibit a nearly constant CdS:Mn PL ratio and Mn PL

central peak position throughout the 4 h annealing (Figure
4f,i), which indicates the similar H−D coupling during the
annealing process without further outward dopant movement.
Once the core/shell QDs were annealed above the Tb [220,
240, and 300 °C (Figure 4g,j and Figures S12 and S13)] a
slight blue-shift in Mn peak position was observed, which is
consistent with dopant ejection leading to less overall pressure
being applied to Mn ions. In addition, a decreased PL ratio
with more prominent Mn PL confirms the continued
delocalization of the host exciton throughout the QDs,
activating the Mn PL relaxation pathway, due to global
alloying.
The thermodynamics of the dopant migration and ejection

was also investigated computationally by evaluating the relative
effective radial Helmholtz free energy ΔAeff(r) experienced by
a Mn dopant ion inside a CdS/ZnS QD (Figure 5). The core/
shell QD with a stoichiometric formula of Cd288S288/
Zn2488S2488, having a core radius of 1.5 nm and a core/shell
radius of 3.0 nm, was constructed from the bulk crystal
structures. Using radial configuration integral Z(r, T), we
define the change in the radial Helmholtz free energy ΔA(r) as

Δ = − = −
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
A r A r A r RT

Z r T
Z r T

( ) ( ) ( ) ln
( , )
( , )eff 0
0 (4)

where r0 is the reference point. The free energy barrier
associated with the migration/ejection of the dopant was used
to calculate the rate constant of the movement k(T) using
transition-state theory:

= −Δ †
k T

k T
h

( ) e A k TB / B

(5)

where ΔA† is the free energy barrier along the transition path
and h is Planck’s constant.
The calculated radial free energy for Mn dopants in CdS/

ZnS QDs exhibits a local minimum at the core/shell interface
of −0.111 eV at 300 °C [r = 1.5 nm (Figure S14)]. Therefore,
the migration of the dopant from the core toward the core/
shell interface can decrease the overall free energy after
overcoming a small energy barrier within the CdS core (∼4.25
× 10−3 eV at r = 0.8 nm and 300 °C). However, a much higher
energy barrier with a height of 1.59 × 10−2 eV presents in the
ZnS shell region (r = 1.5−3 nm at 300 °C) for the dopant
ejection to solvent minimum. The higher and broader barrier
for dopant ejection than for dopant migration to the core/shell

Figure 5. Density functional theory (DFT) calculation of dopant behavior. (a) Average relative free energy of the Mn(II) ion, quantum dot, and
solvent system as the Mn(II) ion moves radially through CdS/ZnS at the lowest (120 °C) and highest (300 °C) temperature from the experimental
study. (b) Rate constants of reactions for the Mn(II) ion in both CdS/ZnS and CdS host lattice systems as a function of temperature.
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interface is consistent with the higher temperature required for
dopant ejection than migration observed in our experiments.
The rate constant of for the migration of the dopant to the
core/shell interface was also found to be higher than that of
dopant ejection (Figure 5b), demonstrating that the core/shell
interface has a positive impact of increasing the rate of
migration of the dopant from the core region.
In summary, we have studied the mass transport of both

dopants and the host lattice in Mn:CdS/ZnS core/shell QDs.
It was found that the dopant movement and location inside
Mn:CdS/ZnS QDs are highly dependent upon the micro-
composition of the host lattice and temperature. Three distinct
stages of mass transport can be resolved, including (I) surface
dopant replacement during the initial ZnS passivation, (II)
migration of the dopant toward the alloyed interface of CdS/
ZnS core/shell QDs weakening H−D coupling at T < Tb, and
(III) global alloying of host QDs and dopant ejection
restrengthening H−D coupling at T > Tb. The temperature-
and lattice microcomposition-dependent dopant behaviors
provide new ways to fine-tune the arrangement of the dopant
inside QDs and consequently the H−D coupling-dependent
properties of doped QDs.
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