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Diffusion of atoms or ions in solid crystalline lattice is crucial in many areas of solid-state technology.

However, controlling ion diffusion and migration is challenging in nanoscale lattices. In this work, we

intentionally insert a CdZnS alloyed interface layer, with small cationic size mismatch with Mn(II) dopant

ions, as an “atomic trap” to facilitate directional (outward and inward) dopant migration inside core/

multi-shell quantum dots (QDs) to reduce the strain from the larger cationic mismatch between dopants

and host sites. Furthermore, it was found that the initial doping site/environment is critical for efficient

dopant trapping and migration. Specifically, a larger Cd(II) substitutional site (92 pm) for the Mn(II) dopant

(80 pm), with larger local lattice distortion, allows for efficient atomic trapping and dopant migration;

while Mn(II) dopant ions can be very stable with no significant migration when occupying a smaller Zn(II)

substitutional site (74 pm). Density functional theory calculations revealed a higher energy barrier for

a Mn(II) dopant hopping from the smaller Zn substitutional tetrahedral (Td) site as compared to a larger

Cd substitutional Td site. The controlled dopant migration by “atomic trapping” inside QDs provides

a new way to fine tune the properties of doped nanomaterials.
Introduction

At the heart of materials chemistry is the ability to control
materials' properties by tuning their chemical composition as
reected by the importance of alloying in metallurgy and
doping in modern semiconductor technology.1–3 Incorpo-
rating dopants inside a nanocrystal (NC) lattice is a fascinating
method to modify and improve the optical, electrical, and
magnetic properties of the NCs.1–16 In addition to the chemical
and physical properties of dopants, the dopant location and
distribution can also have profound effects on the nal
properties of doped NCs because of the distance-dependent
host-dopant coupling from the wavefunction overlap.17,18 For
example, in Mn doped metal chalcogenide NCs, the dopant
photoluminescence (PL) peak around 600 nm arising from
host-to-dopant energy transfer, is strongly inuenced by the
dopant locations inside the NCs as the energy transfer relies
on the spatial overlap between the wavefunctions of the host
exciton and dopants.19–24 Therefore, the quantum yield (QY) of
the Mn dopant PL peak is heavily dependent on the radial
position and distribution of Mn ions inside the host
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lattice.4,17,25 Despite signicant developments in the synthesis
of doped NCs, dopant behavior aer incorporation inside NCs
is not well understood. Specically, the control of dopant
location and distribution inside NCs through directional
dopant migration is still largely unexplored. Therefore, it is
fundamentally important to understand the spatial distribu-
tion of dopants in NCs from a synthetic control aspect, and
a necessity to understand how dopant manipulation affects
the resulting properties.

Theoretically, facilitated dopant diffusion is possible, espe-
cially at relatively high temperatures, since the high thermal
energy of dopant ions leads to higher hopping frequencies
inside the host lattice.26 In addition, dopant behaviors could be
complicated in the host lattice, considering that thermal self-
annealing effects can also induce outward movement of
dopants in NCs. For example, dopant ejection could happen
with extended thermal annealing of Mn doped QDs at high
temperatures.17,27 However, manipulating dopant location by
migration or diffusion inside NC lattice aer dopant incorpo-
ration is challenging due to the high activation energy of ion
diffusion.4,28 Additional challenges to control and study the
dopant migration behavior pertains to limited analytical tech-
niques available to the detection of the location and distribu-
tion of low concentration dopant ions (generally less than ve
percent) in NCs with high spatial and temporal resolution at the
nanoscale.20,29–31 Dopant ions inside NC lattice are extrinsic
point defects, which could entail a signicant local distortion of
Chem. Sci., 2023, 14, 14115–14123 | 14115
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Scheme 1 Schematic of (a) core-doped and (b) shell-doped core/multi-shell QDs with directional (outward and inward) dopant migration by
inserting an alloyed “trap” for Mn dopants.
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the structure, especially with a large size mismatch with the
host substitutional sites. Therefore, thermodynamically, the
point defects can migrate to more ideal substitutional sites with
smaller size mismatch.26 However, whether the directional
dopant migration can be controlled by intentionally inserted
dopant “trap” layers with less size mismatch is unknown.

In this work, we systematically control the Mn dopant
migration by inserting an alloyed interface with a smaller
cationic size mismatch withMn as an “atomic trap”within core/
shell QDs for directional Mn dopant migration and therefore
dopant location and distribution inside QDs. Both outward and
inward Mn dopant migration behaviors were achieved by
intentionally inserting a CdZnS alloyed layer into the core- and
shell-doped core/shell QDs, respectively (Scheme 1). More
importantly, it was found that the initial doping site is critical
for efficient “atomic trapping” and dopant migration. Speci-
cally, a larger initial Cd(II) substitutional site (92 pm) for Mn(II)
dopants (80 pm) allows for efficient atomic trapping and dopant
migration, while Mn(II) dopant ions can be very stable with no
signicant migration occurring when occupying a smaller Zn(II)
substitutional site (74 pm). Theoretical simulations indicate
a signicantly high energy barrier for dopant hopping through
a smaller substitutional tetrahedral (Td) site. It is fundamentally
important to understand the mechanism of directional dopant
migration behavior within NC lattices, which plays a critical role
in nely manipulating the properties of the doped NCs.
Results and discussion

In this work, Mn core-doped and shell-doped core/multi-shell
QDs were designed and the directional migration behaviors of
Mn ions in the QD lattice were studied under the inuence of an
inserted CdZnS layer as an “atomic trap”within core/multi-shell
QDs. The outward dopant migration was studied by inserting
alloyed interface layer (CdZnS) in Mn core-doped CdS/ZnS (i.e.,
Mn:CdS/CdZnS/ZnS) core/multi-shell QDs (Scheme 1a). While
the inward dopant migration was investigated by inserting
alloyed interface (CdZnS) in Mn shell-doped CdS/Mn:CdS/ZnS
(i.e., CdS/CdZnS/Mn:CdS/ZnS) core/multi-shell QDs (Scheme
1b).
14116 | Chem. Sci., 2023, 14, 14115–14123
Controlled outward dopant migration in Mn core-doped core/
multi-shell QDs

To facilitate the outward Mn dopant migration, Mn core-doped
CdS QDs (i.e., Mn:CdS QDs) were synthesized rst, followed by
the growth of the CdZnS alloyed trap layer and up to 4 mono-
layers (MLs) ZnS shell (i.e., Mn:CdS/CdZnS/ZnS(1–4 MLs) core/
multi-shell QDs) using a successive ionic layer adsorption and
reaction (SILAR) method.32 Mn:CdS/ZnS core/shell QDs without
the alloyed shell were also synthesized in control experiments to
verify the effect of the alloyed trap layer for dopant migration
behavior (see Experimental section in the ESI†). The Mn:CdS
QDs have an average size of 3.0 ± 0.3 nm from transmission
electron microscopy (TEM) data. Aer additional 1 ML CdZnS
and 4 ML ZnS shell growth, the size of the Mn:CdS/CdZnS/ZnS
core/multi-shell QDs increased to 5.6 ± 0.3 nm (Fig. 1a–c and
S1a†). On average, there is ∼0.5 nm increase in diameter for the
addition of each shell ML for both Mn:CdS/CdZnS/ZnS and
Mn:CdS/ZnS core/multi-shell QDs (Fig. S1†).

Powder X-ray diffraction (XRD) measurements reveal that the
Mn:CdS core, Mn:CdS/ZnS(1–5 MLs) core/shell, and Mn:CdS/
CdZnS(1 ML)/ZnS(1–4 MLs) core/multi-shell QDs possess a cubic
phase (Fig. 1d and S2a†). XRD patterns of the samples show
a gradual peak shi from the cubic CdS to the cubic ZnS phase
as the growth of the successive ZnS shell of the QDs (Fig. 1d and
f). A dampening of the shi toward the ZnS cubic phase
occurred when the CdZnS shells were grown on top of the core
QDs (i.e., Mn:CdS/CdZnS(1 ML) QDs) due to the intermediate
lattice parameters of the CdZnS, when compared to pure CdS or
ZnS lattice based on the Vegard's law,33 resulting in a smaller
total shi (Fig. 1d and f). In addition, gradual narrowing of the
full width at half maximum (FWHM) of the (111) diffraction
peaks of the QDs during the successive shell growth (Fig. S2b†)
is consistent with the larger QDs obtained aer shell
passivation.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) measurements indicate the Mn doping concentra-
tion is 1.2% for Mn:CdS QDs, which represents ∼6 Mn(II) ions
on average in a 3.0 nm Mn:CdS QD distributed statistically
between the core and surface of the QD. The Mn(II) concentra-
tion decreases to 0.6% aer the addition of the ZnS shell and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a–c) TEM images of Mn:CdS core, Mn:CdS/CdZnS core/shell,
and Mn:CdS/CdZnS/ZnS(4 MLs) core/multi-shell QDs. (d) XRD patterns
and (e) X-band EPR spectra of Mn:CdS/CdZnS/ZnS(1–4 MLs) core/multi-
shell QDs. (f) The (111) diffraction peak position of the Mn:CdS/ZnS and
Mn:CdS/CdZnS/ZnS core/multi-shell QDs as a function of the ZnS
shell thickness. (g) The representative first sextet EPR hyperfine peak to
display decreasing spectral linewidth with increasing shell thickness,
inset shows the EPR hyperfine peak linewidth (in G) as a function of
shell monolayers.
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remains unchanged for the remainder of the CdS/ZnS core/shell
QDs. The sudden drop could be attributed to the detachment of
the loosely bound surface Mn(II), resulting in ∼3 Mn(II) ions per
QD.21 Interestingly, the Mn:CdS/CdZnS/ZnS(1–4 MLs) samples
showed a slightly higher Mn(II) concentration of ∼0.9%, which
represents ∼4 Mn(II) ions per core/multi-shell QD with an
inserted CdZnS alloyed layer. The increased doping concentra-
tion for QDs with an added alloyed layer compared to Mn:CdS/
ZnS core/shell QDs with pure, unalloyed ZnS shells can be
understood by the CdZnS alloyed shell layer having a more
accommodating lattice size for the Mn(II) to assimilate into.34,35

It has been reported that the increased Mn(II) dopant concen-
tration within the ZnxCd1−xS alloyed host lattice compared with
that in CdS and ZnS QD lattice is due to the reduced cationic
size mismatch between the Mn ion and alloyed host lattice.34,35

Electron paramagnetic resonance (EPR) spectrum indicates
that Mn ions substitute into both the core and surface lattice of
Mn:CdS core QDs with hyperne splitting constants (A) of 69.3
G and 95.1 G, respectively20,34,36 (Fig. 1e). During shell passiv-
ation, the surface peaks disappeared and only one six-line
pattern spectrum with A = 69.3 G remains which indicates
successful surface passivation of the Mn:CdS QDs. Interest-
ingly, the linewidth of the EPR hyperne splitting decreases
from 10.0 G for Mn:CdS, to 8.4 G for Mn:CdS/CdZnS, to 7.5 G for
Mn:CdS/CdZnS/ZnS(4 MLs) (Fig. 1g). Considering no signicant
change in the average Mn–Mn distance before and aer dopant
migration in the QDs (∼1.6 nm, see ESI† for the calculation,
© 2023 The Author(s). Published by the Royal Society of Chemistry
Tables S1, S2 and Scheme S1†), the narrower linewidth of the
hyperne splitting indicates less local strain on the Mn(II)
dopant sites during shell passivation,17,23 which could imply the
change of dopant location to the cationic sites with less cationic
size mismatch and strain in the core/multi-shell QDs. EPR
spectra of the control Mn:CdS/ZnS(1–5 MLs) samples show similar
core and surface Mn signals with hyperne splitting constants
of 69.1 G and 96.3 G, respectively (Fig. S3a†). However, there is
little change of the linewidth of the EPR hyperne peak (from
10.0 G for the Mn:CdS core to 9.8 G for the Mn:CdS/ZnS core/
shell QDs) (Fig. S3b and c†), which indicates a less dramatic
change in the Mn dopant bonding environment in Mn:CdS/
ZnS(1–5 MLs) compared to the Mn:CdS/CdZnS/ZnS(1–4 MLs)

samples with an inserted alloyed layer.
Fig. 2a and b displays the absorption and PL spectra of the

Mn:CdS core, Mn:CdS/ZnS(1–5 MLs) core/shell, and Mn:CdS/
CdZnS(1 ML)/ZnS(1–4 MLs) core/multi-shell QDs. The rst exciton
absorption peak for Mn:CdS core QDs at 405 nm experiences
a slight redshi (2 nm) upon the addition of the rst ZnS ML
onto the core in Mn:CdS/ZnS core/shell QDs (Fig. 2a). The small
spectrum shi could be attributed to the delocalization of the
core electrons into the thin CdZnS alloyed interface that is
formed between the CdS core and the ZnS shell lattice to reduce
the surface strain for the epitaxial growth of the ZnS shell. A
larger redshi of the rst exciton absorption peak (20 nm shi,
from 405 to 425 nm) is observed with the intentional growth of
one CdZnS ML directly onto the Mn:CdS QDs for the Mn:CdS/
CdZnS/ZnS core/multi-shell QDs (Fig. 2b), which is consistent
with the increased delocalization of the core electrons to the
CdZnS alloyed shell with a smaller bandgap compared to that of
ZnS lattice.37

A single broad emission peak centered at 575 nm (FWHM:
112 nm) is observed in the emission spectrum of the Mn:CdS
core QDs (Fig. 2a and b), indicating the presence of surface trap-
states overlapping with the Mn(II) emission. An immediate
narrowing of the Mn(II) PL FWHM was observed aer the rst
ML shell passivation in both CdS/ZnS and CdS/CdZnS/ZnS QDs
(Fig. S4†), indicating the successful surface passivation to
remove surface trap-states in the core/shell QDs. A new PL peak
from the core CdS QDs at around 420 and 438 nm was observed
aer the growth of the rst ZnS and CdZnS shell for Mn:CdS/
ZnS and Mn:CdS/CdZnS/ZnS QDs, respectively.

Interestingly, the PL ratio of the CdS host and Mn dopants
continually changes during shell passivation. Prior to the
shelling, the host-dopant coupling is strong as indicated by the
single emission band (i.e., ICdS/IMn = 0). Aer the growth of 5
shell MLs, the nal CdS to Mn PL ratio (ICdS/IMn) reached 2.08
and 3.40 for the Mn:CdS/ZnS(1–5 MLs) and Mn:CdS/CdZnS(1 ML)/
ZnS(1–4 MLs) QDs, respectively (Fig. 2c). The changes in the PL
ratio of CdS QDs and Mn reects different energy transfer rates
between the excitons and Mn ions, which can be understood
using eqn (1):28

IMn

IQD

¼ nFMn

kET

kUD-R

lQD

lMn

(1)

where IMn and IQD are intensities of Mn and host band-gap PL
of the doped QDs, respectively; n is the number of Mn ions
Chem. Sci., 2023, 14, 14115–14123 | 14117
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Fig. 2 (a and b) Normalized absorption (dotted lines) and PL (solid lines) spectra of Mn:CdS/ZnS(1–5 MLs) and Mn:CdS/CdZnS/ZnS(1–4 MLs) core/
multi-shell QDs, respectively. (c) The PL Intensity ratio of CdS host lattice and Mn(II) and (d) the changes of Mn(II) PL peak position as a function of
ZnS and CdZnS/ZnS shell thickness for Mn:CdS/ZnS(1–5 MLs) and Mn:CdS/CdZnS/ZnS(1–4 MLs) core/multi-shell QDs, respectively. (e) Schematic of
the dopant outward migration by inserted CdZnS alloyed trap layer and (f) the band alignment of the Mn:CdS/CdZnS/ZnS core/multi-shell QDs.
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doped inside one NC; lQD is the wavelength of the host QD PL,
lMn is the wavelength of the Mn emission; FMn is the emission
efficiency of a Mn ion; kUD-R is the radiative relaxation rate
constant of undoped NCs; and kET is the rate constant for the
energy transfer from an exciton to a Mn ion. Considering small
changes in the host and dopant PL position, and constant
doping concentrations in core/shell NCs, the kET between host
QDs and Mn(II) dopants can be held proportional to the PL
ratio amid the Mn and host lattice (kET f IMn/IBG).20,23,38 kET is
related to the overlap between the wavefunctions of the
exciton and Mn dopants,38 and thus the distance between
exciton and Mn ions. Therefore, the ratio of Mn(II) to host PL
reects the degree of host-to-dopant energy transfer rate and
can be used as an “optical gauge” to monitor dopant location
and dopant migration behavior inside core/shell QDs.39 The
dramatically increased PL ratio of CdS and Mn in Mn:CdS/
CdZnS(1 ML)/ZnS(4 ML) core/multi-shell QDs (from 0 to 3.40)
indicates the decreased energy transfer efficiency (kET) and the
host-dopant coupling due to the larger separation between the
core and dopant ions during outward dopant ion migration
(Fig. 2e and f).

The driving force of Mn(II) ions migration to the CdZnS shell
is that the size of the Mn(II) ions (80 pm) is between that of Cd(II)
(92 pm) and Zn(II) (74 pm).40 Considering the nearly linear
composition-dependent lattice parameter of the alloy phase
based on Vegard's law,33,41 the alloyed shell would then have
intermediate lattice parameters with a cation size between that
of Cd(II) and Zn(II). The Mn(II) migration from the CdS core to
the alloyed shell is thermodynamically favored since it mini-
mizes the lattice strain caused by the large size difference (13%)
between Cd(II) and Mn(II) (Fig. S5†).35 The moderately increased
ICdS/IMn (2.08) in the Mn:CdS/ZnS(5 ML) core/shell QDs without
inserting the CdZnS alloyed layer could be understood by Mn
14118 | Chem. Sci., 2023, 14, 14115–14123
migration to a thin alloyed interface (CdxZn1−xS) formed by ion
diffusion and exchange to release the strain caused by lattice
mismatch (7% between CdS and ZnS), which is consistent with
a small blueshi of the host PL. The elevated ICdS/IMn ratio in
Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) core/multi-shell QDs can be
attributed to the greater distance travelled by the dopant ions in
the presence of an inserted alloyed “trap” shell.

It should be noted that the nonradiative relaxation and
surface defect emission could compete with the host-dopant
energy transfer.42 To verify that the change of the Mn-to-host
PL ratio (as an “optical gauge” for dopant location) is due to
dopant migration inside core/shell QDs instead of simple
elimination of surface traps on the core QDs during shell
coating, we performed a control experiment of undoped core/
multi-shell QDs with the same core and shell composition
and sizes. During the ZnS shell passivation, PL QYs for both the
doped and undoped QDs increased from∼5% to∼30%with the
increase of the shell thickness (Fig. S6†). The total PL QYs of Mn
doped CdS/CdZnS/ZnS and CdS/ZnS QDs are similar to that of
undoped QDs with the same shell thickness. Therefore, the
changes in the ratio between host and Mn PL in the Mn:CdS/
CdZnS/ZnS QDs can be explained by the different host-dopant
energy transfer efficiency within the core/shell QDs due to the
dopant migration towards alloyed layer, as the distance and
wavefunction overlap between the core CdS andMn dopant ions
changes (Fig. 2e). Interestingly, it was found that the PL QYs of
Mn doped core/shell QDs are slightly higher than their undoped
counterparts regardless of the presence of the CdZnS alloyed
trap layer. The slightly higher PL QY of Mn doped QDs
compared with undoped ones is attributed to the fast host-
dopant energy transfer that efficiently competes with non-
radiative relaxation pathways, which is consistent with
a previous report.24
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–c) TEM images of CdS/CdZnS, CdS/CdZnS/Mn:ZnS, and
CdS/CdZnS/Mn:ZnS/ZnS core/multi-shell QDs. (d) XRD patterns and
(e) normalized absorption (dotted lines) and PL (solid lines) spectra of
CdS core and CdS/CdZnS/Mn:ZnS/ZnS(1–5 MLs) core/multi-shell QDs.
(f) The PL Intensity ratio of Mn(II) and CdS host lattice (IMn PL/ICdS PL) and
(g) the Mn(II) PL peak position as a function of ZnS shell thickness.
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The radial position of the Mn dopants inside the core/shell
QDs can also be monitored by the Mn PL peak position
because Mn PL is very sensitive to the shell applied pressure
(proportional to shell thickness) based on the spherically
symmetric elastic continuum model.43 Dubertret et al. found
that the additional pressure from the outside ZnS shell on the
Mn dopants in Mn doped CdS/ZnS core/shell QDs slightly
narrows the crystal eld splitting of the Mn(II) d–d transition
(from 4T1 to

6A1), causing a redshi in the Mn(II) PL.43 The Mn
PL of the Mn:CdS/ZnS core/shell QDs exhibit a rapid red-shi
(∼30 nm) followed by gradual plateauing during the shelling
process. However, no signicant red-shi of Mn PL peak
occurred aer initial CdZnS alloyed shell passivation, and had
a smaller total Mn PL red-shi of 28.5 nm for the ZnS shelled
Mn:CdS/CdZnS(1 ML)/ZnS(4 ML) core/multi-shell QDs (Fig. 2d).
The decreased red-shi caused by the inserted CdZnS shell
indicates a decrease in total shell-induced pressure on the
dopants, which is consistent with “outward” dopant migration
within the core/multi-shell QDs.

Controlled inward dopant migration in Mn shell-doped core/
multi-shell QDs

To expand the atomic trapping strategy for directional dopant
migration, we then explored the inward Mn migration behavior
by inserting CdZnS alloyed shell in Mn shell-doped core/multi-
shell QDs. The Mn(II) dopant behaviors when doped into both
smaller substitutional Zn sites and larger substitutional Cd sites
in the shell lattice were tested.

Mn doping into ZnS shell with smaller initial substitutional
Zn sites (74 pm)

We rst synthesized undoped CdS core QDs, followed by
inserting a CdZnS alloyed shell before the dopant growth in the
ZnS shell (i.e., CdS/CdZnS(1 ML)/Mn:ZnS/ZnS(1–3 MLs) core/multi-
shell QDs) using a SILAR method. Successful shell growth was
evidenced by the gradual size increase of QDs from 3.0± 0.3 nm
of the CdS core QDs to 6.4± 0.3 nm aer 1 ML CdZnS and 5MLs
ZnS shell coating from TEM images (Fig. 3a–c), as well as
gradual XRD peak shi from cubic CdS to cubic ZnS phase with
the increase of the ZnS shell thickness (Fig. 3d, and S7†).

Fig. 3e shows the absorption and PL spectra of CdS/CdZnS/
Mn:ZnS/ZnS core/multi-shell QDs. The CdS core QDs exhibit
an absorption peak around 404 nm and a broad defect emission
peak centered around 580 nm. A new bandgap emission peak
from CdS QDs at around 420 nm was observed aer the growth
of the rst CdZnS shell. 1 ML ZnS shell on the surface of CdS/
CdZnS/Mn:ZnS QDs leads to a Mn PL around 587 nm. As the
ZnS shell MLs increase, the Mn PL peak redshis indicating the
shell thickness-dependent pressure applied on the Mn dopants
(Fig. 3e, g and S8†). Surprisingly, no signicant change in the PL
ratio of Mn and CdS (IMn/ICdS) of the core/multi-shell QDs with
different ZnS shell thickness occurred (Fig. 3f), which indicates
no signicant dopant migration towards the inserted alloyed
shell when Mn(II) dopants were directly doped into ZnS shell.
Based on this result, we hypothesized that there might be a high
energy barrier for dopant hopping when dopants occupy
© 2023 The Author(s). Published by the Royal Society of Chemistry
a smaller Zn(II) substitutional site (74 pm) for a Mn(II) dopant
(80 pm). In contrast, a larger initial substitutional site could
lead to a lower energy barrier for dopant hopping, which allows
for efficient atomic trapping and dopant migration.

Mn doping into larger substitutional Cd sites (92 pm) in shell

To study the initial substitutional site-dependent dopant
behavior under the inuence of the alloyed “trap” layer, Mn(II)
ions were doped in CdS shell with larger substitutional Cd(II)
cationic sites (92 nm) in CdS/CdZnS/Mn:CdS/ZnS core/multi-
shell QDs. TEM images indicate the size of the core/multi-
shell QDs increases ∼0.5 nm upon the addition of each shell
layer (Fig. 4a–c), which is similar to that of CdS/CdZnS(1 ML)/
Mn:ZnS/ZnS core/multi-shell QDs (Fig. S9†). XRD diffraction
peaks gradually shied from cubic CdS to cubic ZnS phase as
the function of the ZnS shell thickness (Fig. 4d and S10†). ICP-
OES measurements indicate that the Mn doping concentration
is 0.4% for CdS/CdZnS/Mn:CdS QDs, which represents ∼5
Mn(II) ions per QD with an average diameter of a 3.8 nm. Aer
the 1st ML of ZnS coating onto the QDs, the Mn doping
concentration dropped to 0.3% which represents ∼4 Mn(II) ions
per QD with an average diameter of 4.3 nm.

EPR data illustrates the hyperne peaks with hyperne
splitting constants of 91.4 G and 68.5 G from surface and core
Mn dopants for the CdS/CdZnS/Mn:CdS QDs, respectively
(Fig. 4e). For the CdS/CdZnS/Mn:CdS/ZnS QDs core/multi-shell
QDs, all surface hyperne terms were removed through ZnS
shell coating. Interestingly, the linewidth of the core Mn
hyperne splitting peaks of the CdS/CdZnS/Mn:CdS/ZnS(1–5 MLs)

QDs decreased from 8.6 G (1st ZnS ML) to 5.0 G (5th ZnS MLs)
(Fig. 4f and g). Considering a slightly larger average Mn–Mn
Chem. Sci., 2023, 14, 14115–14123 | 14119
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Fig. 4 (a–c) TEM images of CdS/CdZnS, CdS/CdZnS/Mn:CdS, and
CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs. (d) XRD patterns of
CdS and CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs. (e) X-band
EPR spectra of CdS/CdZnS/Mn:CdS and CdS/CdZnS/Mn:CdS/ZnS(1–5
MLs) core/multi-shell QDs. (f) The representative first sextet hyperfine
peak of EPR spectra to display general decreasing spectral linewidth
and (g) the EPR hyperfine peak linewidth as a function of shell
monolayers.
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distance aer the inward dopant migration in the core/multi-
shell QDs (from ∼1.7 nm to ∼2.1 nm. See ESI† for the calcula-
tion, Table S3, and Scheme S1†), the decreasing hyperne peak
linewidth could indicate more diluted Mn doping inside the
inserted alloy trap layer, as well as narrower and more
Fig. 5 (a and b) Normalized absorption and PL spectra of (a) CdS/CdZnS
shell QDs. (c) The PL Intensity ratio of Mn(II) and CdS host lattice and (d) th
(e) Schematic of the dopant inward migration by inserted CdZnS alloyed
core/multi-shell QDs.

14120 | Chem. Sci., 2023, 14, 14115–14123
homogeneous Mn bonding environments, as the result of
dopant migration towards the alloy trap layer with the smaller
cationic size mismatch with Mn dopants.

To further prove the role of the alloyed trap layer for dopant
migration, we used a CdS layer to replace CdZnS in the core/
multi-shell QDs (i.e., CdS/CdS/Mn:CdS/ZnS) without an
“atomic trap” in the core/shell interface (Fig. S11 and S12†). Two
similar sets of EPR hyperne splitting from surface and core Mn
dopants (A: 96.0 and 69.1 G) from CdS/CdS/Mn:CdS QDs and
only core hyperne peaks were observed aer the following ZnS
shell coating in CdS/CdS/Mn:CdS/ZnS QDs (Fig. S13†). However,
no change in the linewidth of the Mn core hyperne peaks (7.5
G for QDs from the 1st to 5th ZnS shell) was observed (Fig. S13b
and c†), which indicates no signicant changes in the dopant
bonding environment and location inside the QD lattice
without the CdZnS alloyed trap layer.

The absorption and PL spectra of the selected CdS/CdZnS/
Mn:CdS/ZnS and CdS/CdS/Mn:CdS/ZnS core/multi-shell QDs
are shown in Fig. 5a and b, respectively (full set optical data in
Fig. S14†). The PL QYs of the QDs gradually increased during
the ZnS shell passivation, which is similar to undoped core/
multi-shell QDs with the same core and shell lattice
(Fig. S15†). Signicantly, the PL intensity ratio of Mn(II) and CdS
host lattice (IMn/ICdS) increases from 1.22 to 2.50 during the ZnS
shell growth (1–5 MLs) in the CdS/CdZnS/Mn:CdS/ZnS core/
multi-shell QDs (Fig. 5c), which is in contrast to the lack of
a change in IMn/ICdS when doping Mn in the ZnS lattice of CdS/
CdZnS/Mn:ZnS/ZnS core/multi-shell QDs. (Discussed in Mn
doping into ZnS shell with smaller initial substitutional Zn sites
above.)

Based on eqn (1), the increased PL ratio between Mn(II) and
CdS host lattice represents increased rate of energy transfer
(kET), which indicates the enhanced host-to-dopant energy
/Mn:CdS/ZnS(1–5 MLs) and (b) CdS/CdS/Mn:CdS/ZnS(1–5 MLs) core/multi-
e changes of Mn(II) PL peak position as a function of ZnS shell thickness.
trap layer and (f) the band alignment of the CdS/CdZnS/Mn:CdS/ZnS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfer due to the inward Mnmigration to the alloyed interface
(Fig. 5e and f). Furthermore, there was no signicant change in
the PL ratio of Mn(II) and CdS host QDs when a CdS layer is used
to replace the “atomic trap” CdZnS layer in the CdS/CdS/
Mn:CdS/ZnS core/multi-shell QDs (Fig. 5b and c), which indi-
cates there was no signicant dopant migration in the absence
of the alloyed interface even though Mn dopants substitute in
larger Cd sites. In addition, a rapid redshi of the Mn PL
position (23 nm) was observed in the CdS/CdZnS/Mn:CdS/ZnS
QDs with the inserted alloy trap (Fig. 5a and d). In contrast,
the Mn dopant PL peak position of CdS/CdS/Mn:CdS/ZnS QDs
experienced a lesser redshi (20 nm, Fig. 5b and d). The larger
Mn PL peak shi indicates larger pressure applied from the
thick outer shell in CdS/CdZnS/Mn:CdS/ZnS QDs, which can
support that the alloy trap layer could facilitate the inward
dopant migration (Fig. 5e).

Mechanism of initial dopant site-dependent dopant
migration behavior and DFT calculations

Our experimental results indicate signicant dopant migration
when Mn(II) ions were doped at larger Cd(II) substitutional
cationic sites (92 pm) in Mn:CdS/CdZnS/ZnS (outward migra-
tion) and CdS/CdZnS/Mn:CdS/ZnS core/multi-shell QDs (inward
migration) under the inuence of inserted CdZnS “atomic trap”.
The large size mismatch (13%) between a Mn(II) dopant and
a larger Cd(II) substitutional site (MnX

Cd) entails signicant local
distortion of the structure, therefore, thermodynamically, the
dopant migration to the alloyed shell with smaller size
mismatch (MnX

Cd/Zn) to reduce the cationic size strain between
Mn(II) ions and host sites is favored. However, no signicant
dopant migration towards inserted alloyed shell occurred when
Mn(II) dopants were directly doped into ZnS shell with smaller
Zn(II) cationic sites (74 pm) as in CdS/CdZnS/Mn:ZnS/ZnS core/
multi-shell QDs. Therefore, the initial doping environment can
Fig. 6 Schematic of dopant migration behaviors when a Mn dopant
occupies a larger substitutional Cd site in QD lattice (a) and a smaller
substitutional Zn site in QD lattice (b). (c) DFT calculation of the
minimum energy path as a function of the reaction coordinate (Z) at
0 K. (d) Ratio of rate constant for dopant migration in ZnS and CdS
lattices as a function of temperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
affect the dopant behavior, which can be understood as the
different energy barriers for the Mn dopants hopping between
the Td sites formed in the cubic close packing of S ions. In
general, the dopant ions will follow the lowest energy path
available in the host lattice during migration, in which the
dopant ion rst passes through one of the triangular faces of the
Td site, then through one of the triangular faces of an adjacent
tetrahedron, before arriving at the vacant tetrahedral site
(V

00
Cd=Zn, Fig. 6a and b).
In the case of Mn doped at a smaller Zn(II) substitutional site

(74 pm, MnXZn), a high activation energy for dopant hopping is
expected since the dopant needs to move through a small trian-
gular face from the host ZnS4 tetrahedron (Fig. 6b). The high
activation energy for dopants escaping from the small tetrahe-
drons leads to inactive dopant trapping of the alloyed Td site.
Therefore, no notable dopant migration occurs in our experi-
ments even though with the inserted “alloyed trap” layer. In
contrast, a larger initial substitutional Cd(II) site (92 pm) in CdS
lattice with larger triangular faces of the host CdS4 tetrahedron
could lead to a lower energy barrier for dopant hopping (Fig. 6a),
which allows for active/efficient atomic trapping and directional
dopant migration towards alloyed lattice under moderate
temperatures ðMnX

Cd þ V
00
Cd=Zn/MnX

Cd=Zn þ V
00
CdÞ.

To further conrm the initial doping site-dependent dopant
behaviors, the minimum energy path (MEP) of the Mn dopant
hopping to escape from the Td site in ZnS and CdS lattice was
calculated using DFT. The transition-state structure for the Mn
migration was obtained by constraining the Mn to be co-planar
with one of the triangular faces of the Td site (Fig. 6a and b). The
direction normal to the plane, dened by the three S and theMn
atoms, was identied to the unbound reaction coordinate
which was used to construct the MEP for Mnmigration (Fig. 6c).
The zero of the hopping distance (x-axis in Fig. 6c) corresponds
to the minimum-energy structure of the Mn in the Td site. The
barrier height (Ea) is dened as the energy difference between
the transition-state and the minimum-energy structure for both
CdS and ZnS Td sites. The results from the MEP analysis show
that the Ea is 0.71 and 0.47 eV at 0 K for ZnS4 and CdS4 Td sites,
respectively, which represents a 52% higher energy barrier for
the Mn hopping in the ZnS lattice as compared to the CdS
lattice.

The barrier height (Ea) was further used to calculate the
temperature-dependence relative rate constant of dopant
migration using transition-state theory44 (Fig. 6d). The relative
temperature dependence of the mobility of the ions can be
expressed by an Arrhenius-like equation.

kZnS

kCdS
¼ exp

��Ea
ZnS

�
kBT

�

exp
��Ea

CdS

�
kBT

� (2)

Analysis of the relative rate constants show that the rate of
Mn dopant migration is about three-orders of magnitude
smaller (0.0018–0.004) in the ZnS lattice as compared to CdS for
the temperature range investigated in this study (180–230 °C,
blue region in Fig. 6d). It should be noted that higher thermal
energy of dopant ions at elevated temperatures (>230 °C) could
Chem. Sci., 2023, 14, 14115–14123 | 14121
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lead to fast dopant migration due to the increased hopping
frequencies of the dopants inside the host lattice.26 However,
the rate of Mn dopant migration in the ZnS lattice as compared
to CdS is still more than two-orders of magnitude smaller
(0.005–0.01) at 230–320 °C shown in Fig. 6d, which can support
the different dopant behaviors when dopants initially substitute
in Cd and Zn sites in the core/multi-shell QDs.
Conclusions

In this work, directional dopant migration behaviors including
outward and inward migration were achieved using an alloyed
layer with a small cationic size mismatch with the dopant ions
in Mn core-doped and shell-doped core/multi-shell QDs,
respectively. The inserted alloyed shell (CdZnS) with smaller
cationic sizemismatch with the dopants can serve as an “atomic
trap” to the dopant ions to reduce the strain from the larger
cationic mismatch between Mn(II) ions and host sites. In
addition, the initial dopant substantial site is critical for the
dopant migration behavior. Specically, larger Cd(II) substitu-
tional sites for Mn dopants in the core (shell)-doped core/multi-
shell QDs with inserted CdZnS “active atomic trap” facilitate
either the outward or inward dopant migration, while smaller
initial substitutional sites inhibit dopant movement due to
higher energy barrier for dopant hopping even through more
stable alloyed substitutional sites are available (i.e., “inefficient
atomic trap”). This work represents the rst directional dopant
migration behavior in NC lattice by inserting an “atomic trap”
for dopant ions. Controlled dopant migration inside NC lattice
provides a new way to ne tune the properties of doped QDs.
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