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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 nanocrystals (NCs). The properties of doped nanocrystals are largely controlled by the 

wavefunction overlap between host lattice and dopant ions, i.e. the host-dopant (H-D) coupling. However, it is 

challenging to fine-tune the H-D coupling of doped NCs after dopant incorporation inside NCs. In this work, we 

have studied dopant behaviors in Mn:CdS/ZnS core/shell quantum dots (QDs) in a wide temperature range (120 

– 300 °C) and found that dopant transport at the nanoscale is very sensitive to factors such as the temperature and 

microenvironments within the QDs, including interfacial alloys and composition gradients. In addition to the 

partial loss of surface dopants during initial ZnS shell passivation of Mn(II)-doped CdS QDs, we have identified 

two well-defined behaviors of incorporated Mn dopants: directional dopant diffusion (i.e. migration) and ejection 

separated by a temperature boundary (Tb) at ~200 °C within CdS/ZnS core/shell QDs. Mn migration toward the 

alloyed interface, below Tb, 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. Therefore, the H-D 

interaction in Mn doped CdS/ZnS QDs can be decoupled and coupled by manipulating dopant movement and 

local composition of host lattice for continuously tunable optical properties. The behavior of incorporated dopants 

inside QDs is fundamentally important for understanding doping mechanisms and the host-dopant interaction-

dependent properties of doped nanomaterials. 

 

Introduction 

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 properties of doped QDs are strongly 

influenced by the dopant sites (i.e. surface, core, or specific depth from the surface) inside the QDs,17-21 which 

determines the host-dopant (H-D) coupling from the overlap between the dopant and exciton wavefunctions of 

the host lattice.5 Tuning the H-D coupling by controlling the dopant sites after incorporation in 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 pre-doped single 

source precursor,7-8, 22 nucleation doping,23-24 growth doping,17, 25-27 as well as ion exchange and diffusion.3, 28-30 

Despite significant developments in the synthesis of doped QDs, limited study has been done on the mass transport 

behaviors of dopants as well as the change in the microenvironment of the host lattice after dopant incorporation 

inside QDs,31-33 or toward a mechanistic understanding of dopant behavior in the host core/shell lattice. 
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In this work, we prepared Mn:CdS/ZnS core/shell QDs utilizing a highly reactive zinc and sulfur containing 

precursor, zinc diethyldithiocarbamate (Zn(DDTC)2, for ZnS shell growth (Figure 1a). The Zn(DDTC)2 precursor 

is thermally unstable at temperatures as low as 100 ˚C in the presence of amines,34 which can rapidly decompose 

and condenses onto the Mn:CdS QDs to form Mn:CdS/ZnS core/shell QDs. This single source shelling precursor 

(SSSP) method allows us to monitor the mass transport of both host cations and dopants in a wider temperature 

range (120 °C to 300 °C in this study) compared with the typical successive ionic layer adsorption and reaction 

(SILAR) method for shell coating. Three distinct stages are observed during the shelling process including: I) 

surface dopant replacement during the initial ZnS passivation; II) dopant migration 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). We found that dopant behavior is highly dependent upon the internal composition of the 

host QDs, primarily related to the presence/extent of alloying (alloyed interface or globally alloyed QDs), and 

temperature. Specifically, dopant migration toward the alloyed interface (Cd1-xZnxS) of the core/shell QDs, 

decreasing H-D coupling, can be initiated by the availability of dopant sites with smaller cationic size mismatch 

inside the QDs below a temperature boundary (Tb, ~200 °C). Above Tb, however, dopant ejection can occur 

accompanied by global alloying of QDs. Surprisingly, re-strengthened H-D coupling was observed even with a 

decreased doping concentration, which could be understood as the nearly flat band alignment of the globally 

alloyed of QDs. The temperature- and lattice micro-composition-dependent dopant behaviors provide new ways 

to fine tune the dopant arrangement inside QDs and consequently the properties of doped QDs. Thermodynamic 

behavior of an incorporated dopant inside a QD is fundamentally important for understanding doping mechanisms 

and host-dopant interactions.  

 

Results 

Micro-composition of Mn:CdS/ZnS core/shell QDs. Mn:CdS QDs were synthesized through a colloidal hot-

injection method, as previously reported.19 The Mn:CdS QDs of 3.0 nm average size (Figure 1b) are in the zinc 

blend phase based on the X-ray diffraction (XRD) pattern (Figure 1e). To monitor the structural and composition 

changes of the host core/shell QDs in a wide temperature range, we synthesized ZnS shell passivated Mn:CdS 

QDs (i.e., Mn:CdS/ZnS core/shell QDs) using a SSSP method by heating Zn(DDTC)2 with purified Mn:CdS QDs 

from 120 °C to 300 °C (See details in Supporting Information). The Zn(DDTC)2 precursor rapidly decomposed 

above 100 ˚C in the presence of oleylamine and condensed onto the Mn:CdS QDs to form Mn:CdS/ZnS core/shell 

QDs. 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 oC, respectively (Figure 1c, 1d and Figure S1 and 

S2). The size of the core/shell QDs remains constant for the proceeding reaction period (260 - 300 °C). 

During the ZnS shell growth, a clear shift of the XRD peaks toward zinc blend phase ZnS was observed in 

Mn:CdS/ZnS QDs (Figure 1e, 1f and Figure S3). As the temperature increased, the diffraction peaks experience 

a systematic shift to higher angles until 200 °C, followed by a small shift to lower angles with increasing 

temperature (Figure 1f and Figure S3b). The diffraction peaks shifting to lower 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). 

To further probe the temperature-dependent composition variation within the Mn:CdS/ZnS core/shell QDs, X-

ray absorption fine structure (XAFS) measurements were conducted to study the atomic bonding parameters of 

the QDs. The Zn K-edge X-ray absorption near edge structure (XANES) consistently decreases in intensity as a 

function of temperature (Figure 1g, Figure S4 and Table S2), suggesting substitution of larger Cd atom into the 

ZnS lattice, which is consistent with Zn K-edge XANES simulations (Figure S5). The fitting of the extended 

XAFS (EXAFS) data (Figure S4) show 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 < temperature boundary (Tb, ~200 °C), and alloyed 

QDs (T > Tb) (Figure 2a insert). The Cd-S bond length, however, from the Cd K-edge EXAFS fitting (Figure S6 

and Table S2) does not initially change and only exhibits a significant shift of 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 lower energy (ca. 1 eV) and the Cd-S bond length gradually decreases, which is consistent with a complete 
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alloy transformation as suggested from the XRD (Figure 1f and 1h, Table S1). We do note that Mn K-edge XAFS 

measurements were also attempted, but due to the low Mn doping concentration, appreciable X-ray absorption 

edge jumps were on the order of ~0.005, and therefore it was not possible to observe any useful signal.  

 

Figure 1. Size, structural, and micro-composition Mn:CdS/ZnS core/shell QDs. (a) Schematic illustration of the 

SSSP method for the composition variation of Mn:CdS/ZnS QDs during ZnS shell passivation. (b-d), TEM 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, 300 °C); (f) zoomed-in 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 versus temperature.  

Temperature and host micro-composition dependent dopant behaviors in CdS/ZnS QDs. Inductively 

coupled plasma-optical emission spectrometry (ICP-OES) measurements indicate 1.4% Mn doping concentration 

(calculated as a ratio of Mn/(Cd + Mn),  Table S3) for Mn:CdS QDs (Figure 2a). The Mn(II) ions exhibit a Poisson 

distribution within the QD ensemble, but on average represents ∼7 Mn(II) ions distributed stochastically between 

the core and surface per 3.0 nm Mn:CdS QD. 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 S6), which are attributed to Mn(II) located within the core lattice and on the QD surface, 

respectively.35-36 In addition, a broad dipolar background of the EPR indicates the presence of short-range Mn−Mn 

interactions in the CdS QDs.37 

The Mn(II) concentration decreases to 0.9% 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 (Figure 2a), indicating partial 

surface dopant removal during the initial shell coating process, which is consistent with previous reports.17, 38 The 

Mn(II) concentration decreases to 0.6% for the core/shell QDs grown at 300 °C (Figure 2a), indicating dopant 

ejection at high temperatures. 
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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 (A = 69.1 G) 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, 

decreased dipolar contribution from 120 to 160 °C (and above) during ZnS shell passivation, indicates larger 

Mn−Mn distances caused by dopant ion migration,37 considering the same doping concentration in those QDs.  

 

Figure 2. Three different dopant behaviors with different dopant concentrations and 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 on top of Figure 2a shows the 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 at temperatures above 120 °C. (c) Zoomed-in view of the first peak of the Mn core EPR signal from (b); 

(d) the linewidth of the first peak of the core Mn EPR signal during the ZnS shell passivation. 

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 

and 2d). The narrower EPR peak line-width indicates weaker Mn−Mn interactions and less local strain on the 

Mn(II) dopant sites.19, 39 For the Mn incorporation inside CdS QDs, large strain can occur due to the 13% cationic 

size mismatch between Cd(II) and Mn(II) ions, as well as additional strain from the 7% lattice mismatch between 

the CdS and ZnS in the Mn:CdS/ZnS core/shell QDs. The strain 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 an intermediate between that of Cd(II) (92 pm) and Zn(II) (74 pm),19, 38, 40 smaller strain 

could be obtained from the Mn doped CdZnS alloyed lattice compared with Mn:CdS QDs. Therefore, the alloyed 

lattice can more readily accommodate Mn ions38 and Mn migration towards the CdZnS alloyed interface (Stage 

II) or globally CdZnS alloyed QDs (Stage III) is thermodynamically favored. The smaller strain on the Mn in 
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CdZnS lattice lead to the narrower linewidth of the Mn EPR peak (Figure 2b-2d) and less nonradiative decay of 

the Mn(II) excited state (See discussion on optical spectra below).  

Figure 3a depicts the evolution of the absorption and photoluminescence (PL) spectra of the QDs during ZnS 

shell passivation, which clearly indicates three different stages of dopant behavior during shell passivation at 

different temperatures, including: I) initial surface dopant replacement; II) dopant migration below Tb; and III) 

dopant ejection above Tb. The first exciton absorption peak of the Mn:CdS is located at 406 nm with a single 

emission peak centered at ~580 nm attributed to the 4T1 to 6A1 transition of the Mn(II) ions, implying strong host-

dopant coupling between the CdS host QDs and the dopants. In Stage I, a narrowing of the Mn(II) PL full width 

at half maxima (~ 70 nm) was observed as the shelling temperature reached 120 oC. When the sample reached 

140 oC a second PL peak emerges at 424 nm which was identified as the CdS band-edge PL. Interestingly, a 

change in the relative intensities between the CdS and the Mn(II) PL was observed during the subsequent ZnS 

shell deposition. As the reaction temperature increases, the PL ratio increases from zero (at 120 ˚C) to a maxima 

value of 2.0 at Tb (~ 200 °C) (Stage II), followed by a rapid decrease with a final PL ratio between CdS and Mn(II) 

reaching 0.13 at 300 °C (Stage III) (Figure 3b). The complete color change of the QDs from Stage I-III can be 

seen in the Commission International de l’Eclariage chromaticity coordinates (Figure 3c), as well as in the optical 

images of the samples under room and UV light (Figure 3d). The wide range of PL ratio of the doped core/shell 

QDs permits a fluorescent color scheme with great variability. 

The energy transfer rate between the exciton and Mn ions can be interpreted quantitatively using the following 

equation 1:41  

𝐼𝑀𝑛

𝐼𝐵𝐺
= 𝑛Ф𝑀𝑛

𝑘𝐸𝑇

𝑘𝑈𝐷−𝑅

𝜆𝐵𝐺

𝜆𝑀𝑛
              (1) 

Where IMn and IBG are intensities of Mn emission and band-gap PL of the 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; ФMn is the emission efficiency of a Mn ion, kUD-R is the radiative relaxation rate constant of an 

undoped QDs; kET is the rate constant for the exciton to transfer its energy to a single Mn ions. Considering the 

small changes in the host and dopant PL position, as well as the same doping concentration below 260 °C, the 

energy transfer rate kET between host QDs and Mn(II) is proportional to the PL ratio of Mn and host lattice 

(IMn/IBG).5, 19, 39 Since kET is related to the overlap between the wavefunctions of exciton and Mn dopants, thus the 

distance between exciton and Mn ions. Therefore, the ratio of Mn(II) and QD emission reflects the degree of the 

energy transfer from QDs to Mn(II), and can be used as an optical “gauge” to monitor dopant sites inside the 

core/shell QDs. The tunable intensity ratio of the two emission bands of the doped QDs (Figure 3a and 3b), 

therefore, could be understood by the change in the H-D energy transfer efficiency. 
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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) the Commission International de l’Eclariage (CIE) chromaticity coordinates, (d) optical 

images of the samples under room (top) and UV (bottom) light, (e) the central of Mn(II) emission peak, (f) the 

derived Mn(II) PL lifetimes, and (g) the central of CdS PL peak of the Mn:CdS/ZnS QDs as a function of shelling 

temperature, inset shows the Mn(II) PL decay kinetics as a function of shelling temperature. 

The increased PL ratio of CdS and Mn from 120 to 200 oC (Stage II, Figure 3b) indicates weakening of the 

host-dopant energy transfer (kET), which can be attributed to less wavefunction overlap between the host QDs and 

Mn dopants due to the dopant outward migration to the alloyed interface (Cd1-xZnxS)., The Mn(II) ion migration 

towards the interface is thermodynamically favored to minimize the lattice stain38, 42 caused by the large size 

difference (13%) between Cd(II) and Mn(II) and will not further migrate to the ZnS shell if the core/shell structure 

can be maintained. 

While the dopant migration toward the alloyed interface below Tb leads to increased PL ratio of CdS to Mn, the 

PL ratio decreases at temperatures above 200 ˚C, indicating strengthened H-D coupling, which cannot be simply 

explained by dopant migration toward the interface or even the surface of the core/shell QDs. The strengthened 

H-D coupling at high temperature can be understood, however, by the global alloying of the core/shell QDs at T 

> Tb, which leads to the formation of alloyed QDs without a distinct boundary between core and shell. Therefore, 

the exciton of the host lattice could largely delocalize throughout the alloyed QDs and lead to stronger host-dopant 

coupling from the efficient overlap between the dopant and exciton wavefunctions. Meanwhile, faster Mn dopant 

diffusion and ejection can occur above Tb, which is evidenced by the decreased dopant concentration and Mn PL 

quantum yield (QY) at 300 ˚C. (Figure S9) 

The temperature-dependent dopant behavior within the core/shell 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.43 The large red-shift in the Mn(II) PL from 575 to 583 nm upon 

shelling at 120 °C indicates the rapid decomposition and deposition of the ZnS precursor onto the core QDs. With 

increasing ZnS shell thickness in Stage II (T < Tb), 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.43 For temperatures above Tb in Stage III, however, a steady blue-shift of the Mn PL is observed, suggesting 

decreased pressure from the ZnS shell applied on the Mn ions as a result ofdopant diffusion towards the surface 

and ejection. In addition, the peak position of PL excitation (PLE) spectra (monitor the Mn PL peak maximum 

position) follows the same trend as absorption and PL spectra (Figure S10), which further confirms that the Mn 

PL originates from the energy transfer from the excited electrons generated in CdS/ZnS core/shell QDs (stage II) 

and alloyed QDs (stage III). 

To further confirm that the temperature-dependent dopant migration and ejection behavior, we studied the Mn 

PL decay dynamics via time-resolved emission measurements. Figure 3f shows a slow increase in the Mn PL 

lifetime of Mn:CdS/ZnS core/shell QDs grown during Stage II, which is consistent with increased Mn-Mn 

distance within the core/shell QDs,3743 due to the relatively slow dopant migration toward the interface below Tb. 

However, a rapid increase in Mn PL decay lifetime, from 2.3 to 5.0 ms (Figure 3f, Figure S8, 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,44-45 which supports fast dopant diffusion and ejection under 

high thermal energy in the alloyed QDs above Tb. In addition, the formation of alloyed interface and alloyed QDs 

can be further evidenced by the blue-shift of the host lattice PL due to the incorporation of Zn ions into the CdS 

core in stages II and III (Figure 3g). Stage II presents a slight blue-shift (~7 nm) of the CdS PL with increasing 

reaction temperature, while stage III experiences a larger PL blue-shift (~20 nm) with a larger negative slope, – 

0.20 nm/°C, compared with – 0.13 nm/°C in Stage II. The sudden increase in slope further supports that global 

alloying is initiated at ~ 200 ˚C for CdS/ZnS core/shell QDs.  

 

Discussion 
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The energy transfer between host QDs and Mn(II) dopants could be interpreted quantitatively using the PL ratio 

of the host and dopants without considering nonradiative relaxation. However, the host-dopant energy transfer 

might compete with defect levels and nonradiative relaxation pathways within the QDs. In doped QDs, the excited 

electron-hole pair could be mainly deactivated via three possible pathways:39 1) radiative recombination at the 

QDs band edge with the rate constant kBG-R; 2) non-radiative recombination at the QD band edge with the rate 

constant kBG-NR; and 3) energy transfer to a Mn ion, with the rate constant n×kET, where n is the number of Mn 

ions doped inside one QD. After the energy is transferred to a Mn ion, the excited Mn ion (4T1) relaxes to its 

ground state (6A1), either radiatively with the rate constant kMn-R, or non-radiatively with the rate constant kMn-NR. 

Therefore, the efficiency of host-to-dopant energy transfer (ФET) can be represented as equation 2:  

ФET =  
𝑛𝑘ET

𝑘BG−R+𝑘BG−NR+𝑛𝑘ET
                 (2) 

To verify that the change of 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 performed a control experiment where undoped CdS/ZnS 

core/shell QDs were synthesized using the same shell coating procedure. It was found that the PL QYs of undoped 

CdS/ZnS QDs are similar to the total PL QYs of Mn:CdS/ZnS QDs from host bandgap PL and Mn PL at the same 

reaction temperatures (Figure S9). Interestingly, slightly higher total PL QYs in Mn:CdS/ZnS QDs compared with 

that of undoped CdS/ZnS QDs at most of the measured temperatures were observed, which could be attributed to 

the fast host−dopant energy transfer that can efficiently compete with nonradiative relaxation pathways.39, 46 

However, the difference in PL QYs between the corresponding doped and undoped core/shell QDs is less than 

10%. Therefore, it is reasonable to assume similar nonradiative relaxation rates (kBG-NR) for the corresponding 

doped and undoped QDs grown at the same temperature.19, 37, 39 During the ZnS shell passivation, at different 

temperatures, changes in QYs of the core/shell QDs could indicate different defect contributions and therefore 

nonradiative relaxation processes. However, it has been reported that the ratio between Mn PL and bandgap PL 

of Mn doped CdS/ZnS core/shell QDs didn’t change after surface zinc stearate treatment to remove surface-trap 

states with higher PL QYs, indicating no significant change of local environment around Mn dopants or energy 

transfer rate from surface trap states.39 Based on the above assumption, the efficiency of H-D energy transfer (ФET) 

can be roughly estimated by a flowing equation using steady-state approximation:39 

ФET = 1 − 
QYBG

QYUD
 ≈

QYMn

QYUD
        (3) 

Where the QYBG and QYMn are the band-gap and Mn PL QY of doped QDs, respectively; QYUD is the band-

gap PL QY of the undoped QDs. We estimated the ФET by the ratio between Mn PL QY of doped QDs and PL 

QY of undoped NCs (QYMn/QYUD) using equation 3. It was found that ФET for the Mn:CdS/ZnS core/shell QDs 

decreased from 1.86 to 0.50 when the shelling temperature increased from 120 °C to 200 °C (Figure 4a). This 

result is consistent with the larger Mn-Mn distance due to the dopant migration toward the alloyed interface. 

However, ФET increases at T > Tb (Figure 4a), which indicates stronger host-dopant coupling after the formation 

of the globally alloyed QDs. The smaller final ФET of Mn:CdZnS alloyed QDs at 300 °C (1.02) compared with 

that of Mn:CdS/ZnS QDs initially formed at 120 °C (1.86) might be due to lower Mn concentrations as the result 

of high temperature dopant ejection as well as the near surface Mn doping in the alloyed QDs.  

 

Figure 4. Energy transfer efficiency (ΦET) and Mn emission efficiency (ФMn) calculated by Eq. 3 and 4 for doped 

QDs as a function of shelling temperature.  
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Based on the ФET data, we further calculated Mn emission efficiency (ФMn). The ФMn is determined by the 

radiative rate constant kMn-R and non-radiative rate constant kMn-NR as indicated by equation 4.  

ФMn =  
𝑘Mn−R

𝑘Mn−R+𝑘Mn−NR
=  

𝑄𝑌Mn

ФET
                                     (4) 

kMn-R is a function of the dipole matrix element between the 4T1 and 6A1 states of the Mn dopants,17, 39 which is 

not significantly affected by its local environment. However, kMn-NR depends on the micro-environment of Mn 

dopants and its local modes.39 Therefore, kMn-NR could change substantially with the Mn location in the QDs. 

Because of the anisotropic distortion of the Mn ligand coordinating environment from the 13% cationic size 

mismatch between Cd(II) and Mn(II) ions, the strain from the Mn incorporation inside CdS QDs would be larger 

compared with that of doped CdZnS alloyed lattice.19, 38 The strain can lead to a larger kMn-NR and consequently a 

lower kMn-R of Mn:CdS/ZnS QDs.39 In contrast, less nonradiative decay of the Mn(II) excited state in Mn doped 

CdZnS alloyed QDs is expected because of reduced local strain on Mn dopant sites inside the alloyed lattice, 

which can provide dopant sites with smaller cationic size mismatch compared to that of CdS QDs. Based on Eq 

4, smaller kMn-NR will lead to higher ФMn. Indeed, the ФMn of the doped core/shell QDs increased dramatically 

during the shell growth, which is consistent with the results from the narrowing of the EPR peaks with decreased 

local strain on Mn dopants during ZnS shell passivation (Figure 2b-2d) and can support the model of Mn(II) 

migration to the alloyed interface of CdS/ZnS core/ shell QDs in stage II as well as further ejection through the 

globally alloyed QDs in stage III. 

It should also be noted that the defect concentration and crystallinity of the core/shell QDs might also be 

temperature-dependent. To further confirm that dopant behavior mainly depends on the temperature and local 

lattice composition, instead of crystallinity, we studied the thermal annealing effect on dopant behavior of the 

doped core/shell QDs grown below, at, and above Tb up to 4 hours (Figure 5a-c and Figure S11-12). Below the 

Tb (120 and 160 ˚C), the continuous increase in the CdS to Mn PL ratio and decreased H-D coupling was observed 

due to the outward dopant migration to the alloyed interface (Figure 5a and 5d). The core/shell QDs annealed at 

the Tb (200 °C) exhibit a nearly constant CdS to Mn PL ratio and Mn PL central peak position throughout the 4 

hr annealing (Figure 5b and 5e), which indicates the same H-D coupling during the annealing process without 

further outward dopant migration. Once the core/shell QDs were annealed above the Tb (220, 240, and 300 ˚C, 

Figure 5c, 5f and Figure S11-12) 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 at T > Tb. 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 the global alloying. 

 

Figure 5. PL, Mn PL peak position, and PL intensity ratio of CdS and Mn of Mn:CdS/ZnS core/shell QDs 

annealed at 120 °C (e and h), 200 °C (f and i), and 300 °C (g and j) from 0 to 4 hrs. 
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The culmination of our data suggests that dopant migration in the presence of alloyed interface in core/shell 

QDs has a lower activation energy than dopant ejection and can occur at relatively low temperatures (T < Tb) 

compared to dopant ejection due to self-purification (T > Tb) (Scheme 1a). 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. 

The dopant migration leads to partial decoupling of CdS-Mn(II) host-dopant interaction with less energy transfer 

efficiency, therefore a new CdS PL can be observed in addition to Mn PL (Scheme 1c) compared with the sole 

Mn PL in Mn:CdS QDs (Scheme 1b). With sufficient thermal energy at T > Tb, global alloying of QDs can occur 

accompanied by dopant ejection (Figure 2a). The global alloying of the QDs results in a largely delocalized host 

exciton wavefunction and therefore strong host-dopant coupling with efficient energy transfer from host QDs to 

Mn dopants regardless of dopant location inside the QDs (Scheme 1d), leading to a more prominent Mn emission 

(Figure 3a). 

 

Scheme 1. Temperature- and composition-dependent dopant migration and ejection inside Mn:CdS/ZnS QDs. (a) 

Schematic of temperature-dependent dopant migration, diffusion, and ejection within the CdS/ZnS cubic lattice. 

Tetrahedron in green, light blue, dark blue and red represent CdS, CdZnS, ZnS and MnS units, respectively. 

Illustrations of (b) core Mn:CdS QDs, (c) Mn:CdS/ZnS core/shell (below Tb) QDs, and (d) Mn:CdS/ZnS 

core/shell (above Tb) QDs energy levels and energy transfer diagrams (not to scale). 

To further confirm the role of cationic size mismatch between dopants and micro-composition of host QDs, 

such as alloyed interface, we studied the dopant behavior in the Mn doped simple CdS QDs without adding the 

shell precursor during thermal annealing. It was found that there is no change in Mn doping environments at 140 

°C, evidenced by the same optical, EPR data and doping concentration (Figure S13a and S15a). While only the 

loss of surface Mn can be observed when Mn:CdS QDs were annealed at 200 °C, evidenced by the narrowing of 

the Mn PL (Figure S13b and S14) and loss of the surface Mn EPR signal (Figure S15b), without further dopant 

migration and ejection, confirming the low activation energy of dopant migration in the presence of alloyed 

interface in the CdS/ZnS core/shell QDs. Furthermore, dopant ejection of Mn:CdS QDs without ZnS shell 

passivation can be observed at higher temperatures of 260 °C and above (Figure S13c-13d and 15c-15d), which 

is consistent with the higher thermal energy required for dopant ejection in core/shell QDs. 

   The thermodynamics of the dopant migration and ejection was also investigated computationally by evaluating 

the relative effective radial Helmholtz free energy ∆𝐴𝑒𝑓𝑓(𝑟) experienced by a Mn dopant ion inside a CdS/ZnS 

QD at lowest (120 °C) and highest temperatures (300 °C) from the experimental study (Figure 6). The core/shell 

QD with the 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. The ∆𝐴𝑒𝑓𝑓(𝑟) can provide key thermodynamic insight 

into effect of the core/shell interface on dopant ions and the experimentally observed temperature dependence of 

the dopant behaviors. The Helmholtz free energy is proportional to the logarithm of the configuration integral48 

𝐴(𝑟, 𝑇) ∝ −𝑅𝑇𝑙𝑛[𝑍(𝑟, 𝑇)]        (5) 

Using radial configuration integral ( , )Z r T , we define the change in the radial Helmholtz free energy ( )A r as 
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∆𝐴𝑒𝑓𝑓(𝑟) = 𝐴(𝑟) − 𝐴(𝑟0) = −𝑅𝑇𝑙𝑛 [
𝑍(𝑟,𝑇)

𝑍(𝑟0,𝑇)
]      (6) 

where r0 is the reference point. The free energy barrier associate with the migration/ejection of the dopant was 

used to calculate the rate constant of the transitions using transition state theory as shown below:  

𝑘(𝑇) =
𝑘𝐵𝑇

ℎ
𝑒−∆𝐴†/𝑘𝐵𝑇         (7)  

where k(T) is the rate constant, ∆𝐴†is the free energy barrier along the transition path and h is the Planck’s 

constant.  

The calculated radial free energy for the movement of 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 S17a and Figure S16b). Therefore, the dopant 

migration from the interior of the core towards the core/shell interface can decrease the overall free energy. 

However, this decrease in the free energy is not monotonic and the minima at the core/shell interface is preceded 

by a free energy barrier within the CdS core (~4.25 * 10-3 eV at r = 0.8 nm at 573 K), which indicates that dopant 

migration still requires thermal activation (Figure 6a). The plot of the relative radial free energy also shows the 

presence of a much higher energy barrier with the height of 1.59 * 10-2 eV in the ZnS shell region (r = 1.5 - 3 nm, 

573 K) for the dopant ejection to solvent minimum. The higher and broader barrier for dopant ejection (Stage III) 

than the dopant migration to the core/shell interface (Stage II) is consistent with fact that higher temperature 

required for dopant ejection than dopant migration observed in our experiments. The rate constant of for the dopant 

migration to the core/shell interface was found to be higher than the dopant ejection in CdS/ZnS QDs (Figure 6b, 

~1.7 times higher at lower temperatures), demonstrating that dopant migration to interface is faster than Mn dopant 

ejection to solvent. This observation indicates that the presence of the core/shell interface has a positive impact of 

increasing the rate constant of the migration of the dopant from the core region.  

 

Figure 6. (a) The average relative free energy of the Mn(II) ion, quantum dot, and solvent system as the 

Mn(II) ion moves radial through CdS/ZnS at the lowest (120 °C) and highest (300 °C ) temperature from 

the experimental study. (b) Rate constants of reactions for Mn(II) ion in both CdS/ZnS and CdS host lattice 

systems as a function of temperature.  

 

Conclusion 

In summary, we have studied the mass transport of both dopants and host lattice in Mn:CdS/ZnS core/shell 

QDs. Three distinct stages of the mass transport can be resolved including: I) surface dopant replacement during 

the initial ZnS passivation; II) dopant migration toward the alloyed interface of CdS/ZnS core/shell QDs 

decreasing H-D coupling at T < Tb; and III) global alloying of host QDs and dopant ejection re-strengthening H-

D coupling at T > Tb. The dopant movement and location inside QDs, therefore the H-D coupling, is highly 

dependent upon the internal composition of the host QDs and temperature. The host lattice micro-composition- 

and temperature-dependent dopant behavior provides an efficient method to fine control the dopant arrangement, 
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and therefore the H-D interaction (decouple and couple) to continuously tune the properties of doped core/shell 

QDs.  

Methods 

Chemicals. Cd(NO3)2·4H2O (≥99.0%, Sigma Aldrich), sulfur (99.998%, Sigma Aldrich), Mn(NO3)2·H2O 

(99.99%, Sigma Aldrich), oleylamine (OAm, 70% technical grade, Sigma Aldrich), 1-dodecanethiol (DDT, 

≥98%, Sigma Aldrich), 1-octadecene (ODE, 90%, technical grade, Sigma Aldrich), zinc diethyldithiocarbamate 

(Zn(DDTC)2, 97%, Sigma Aldrich), ethanol (≥99.5%, VWR), and toluene (≥99.5%, EMD Chemicals) were used 

as received. 

Synthesis of Mn:CdS QDs. Mn(II) doped CdS QDs were synthesized through a colloidal hot-injection technique 

as previously described.19 Briefly, 41.2 mg (0.130 mmol) of Cd(NO3)2·4H2O, 5.82 mg (0.033 mmol) of 

Mn(NO3)2·H2O, 0.167 mL of DDT, and 10 mL of OAm were mixed in a three-neck flask. The mixture was 

degassed for 40 min at room temperature and another 10 min at 100 °C. The mixture was refilled with argon and 

kept at 110 °C for 30 min. Then, 0.667 mL of a 0.2 M solution of sulfur in OAm was swiftly injected into the 

flask at 160 °C. After the injection, the temperature was set at 120 °C and degassed for 10 min. The temperature 

was then raised to 240 °C for 5-10 min. The product was purified by adding toluene/ethanol. 

ZnS Shell Growth for Mn:CdS/ZnS Core/Shell QDs. Mn:CdS/ZnS core/shell QDs were prepared using a single 

source shelling precursor (SSSP) method.34 In a typical SSSP procedure, the premade Mn:CdS nanocrystals (3.0 

nm diameter, 1 × 10-5 mmol of particles, cleaned 3 times) in hexane were mixed with 490 mg of Zn(DDTC)2 (a 

Zn and S containing precursor), 6.0 mL ODE, and 2.0 mL OAm in a 25 mL three-neck flask. The flask was then 

vacuumed at 70 °C for 1 h to remove excess air and hexane. The system was then flushed with Ar three times, 

and the reaction was brought to 300 ˚C at a ramping rate of 15 °C/min with sample being withdrawn every 20 ˚C. 

Thermal annealing of Mn:CdS QDs and Mn:CdS/ZnS core/shell QDs. Thermal annealing of Mn:CdS QDs 

was conducted in the same solvents (OAm and ODE) and the same temperature profile as in the ZnS shell coating 

procedure but without adding Zn(DDTC)2. For thermal annealing of doped core/shell QDs at different 

temperatures, the QDs was cleaned twice to remove unreacted precursors, and redispersed in hexane and added 

to a solution of ODE and OAm, and the reaction was brought to the respective annealing temperature up to 4 hrs.  

Sample Characterizations. Sample size, morphology, and dispersity were analyzed by transmission electron 

microscopy (TEM) using a FEI T12 Twin TEM operated at 120 kV with an LaB6 filament and Gatan Orius dual-

scan CCD camera. Powder X-ray diffraction (XRD) patterns were taken on a Bruker D2 Phaser with a LYKXEYE 

1-dimensional silicon strip detector using Cu Kα radiation (λ =1.5406 Å).  

Inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis was performed on a 

PerkinElmer Optima 3300DV. Room temperature electron paramagnetic resonance (EPR) spectra were recorded 

at a microwave frequency of 9.4 GHz on a Bruker ELEXSYS- II E500 spectrometer. Absorption spectra were 

collected using an Agilent Cary 60 spectrophotometer. The PL measurements were conducted with a Horiba 

FluoroMax Plus spectrofluorometer. Time-resolved emission measurements were conducted using the time 

correlate single photon counting (TCSPC) on an Edinburgh FLS-980 spectrometer equipped with an μF2 60 W 

xenon flashlamp.  

X-ray absorption fine structure (XAFS) analysis. XAFS experiments were performed at Sector 10 on the 

insertion device line. Pellet samples (pure materials/BN) were mounted 45° to the x-ray beam and measurements 

were performed in fluorescence using a Lytle detector. Calibrations were done on Cd(NO3)2 powder or a Zn foil 

for the Cd and Zn edges, respectively.   

XAFS data processing and analysis was done using the IFEFFIT suite of programs. A Hanning window was 

applied to a selected k-range (2-11 Å-1) to obtain the Fourier transformed extended XAFS (EXAFS) data. Using 

either the bulk ZnS or CdS lattice as our fitting model, FEFF6 was used to calculate the photoelectron scattering 

path amplitudes, Fi(k), and phase, (k), and the samples were fit to the EXAFS equation, 

𝜒(𝑘) =
𝑁𝑖𝑆𝑜

2

2𝑘𝑅𝑖
2 𝐹𝑖(𝑘)𝑒−2𝑘2𝜎𝑖

2
sin [2𝑘𝑅𝑖 + 𝜙𝑖(𝑘)]   (8) 
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which allowed for the extraction of pertinent information including the bond lengths (Ri) and the EXAFS Debye-

Waller factors (static disorders, i
2). 

FEFF9 was used for the theoretical simulations of the Zn K-edge XANES spectra.49 The calculations used the 

full multiple scattering approach considering cluster radii ranging from 2.5 to 5 Å, which corresponds to nearest 

neighbor up to next-next nearest neighbor scattering contributions. We first considered calculations of pure ZnS, 

where we investigate the effects that the nearest coordination shells have on the XANES spectra. In two 

calculations, Cd atoms were inserted for the Zn atoms into the next nearest neighbor and/or next-next nearest 

neighbor coordination shells to observe the effects of Cd incorporation on the ZnS Zn K-edge spectrum. For self-

consistency, a 5 Å cluster was used and the effects of core hole was considered using the final state rule. 

Density functional theory (DFT) calculation. 

Computational investigation of the Mn2+ migration in the CdS/ZnS host lattice was performed at quantum 

mechanical level using density functional theory (DFT). The Q-CHEM electronic structure package50 was used 

and the DFT calculation were performed using the B3LYP functional with LANL2DZ effective-core potential 

and basis set. The core/shell QD with the stoichiometric formula of Cd288S288/Zn2488S2488, having a core radius of 

1.5 nm and a dot radius of 3.0 nm was constructed from the bulk crystal structures. 

To calculate ∆𝐴𝑒𝑓𝑓(𝑟), we define the radial configuration integral 𝑍(𝑟, 𝑇) which is mathematically expressed as48 

𝑍(𝑟, 𝑇) = ∫ 𝑑𝒓′ exp [−
𝑈𝑑𝑜𝑝𝑎𝑛𝑡−𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝒓′)

𝑘𝐵𝑇
] 𝛿(|𝒓′| − 𝑟)

+∞

−∞
     (9) 

where, T is temperature, Bk is Boltzmann constant. 

Analysis of the quantum mechanics data revealed that the interaction of the Mn2+ with the host lattice can be 

predominantly described by a pairwise ion-dipole interaction potential as shown in Eq. (10), 

𝑈𝑑𝑜𝑝𝑎𝑛𝑡−𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑟) = − ∑
𝐶

|𝑟𝑑𝑜𝑝𝑎𝑛𝑡−𝑅𝑖
𝑙𝑎𝑡𝑡𝑖𝑐𝑒|

2𝑖       (10) 

where 
lattice

R is the center of the dipole, r is the position of the dopant, and C  is an adjustable parameter 

optimized to fit the DFT data. The integrals needed for calculating eff ( )A r  were evaluated numerically using 

Monte Carlo sampling. Specifically,   

𝑍(𝑟)

𝑍(𝑟0)
≈ ∑

exp[−
𝑈𝑑𝑜𝑝𝑎𝑛𝑡−𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑟ň𝒊)

𝑘𝐵𝑇
]

∑ exp[
𝑈𝑑𝑜𝑝𝑎𝑛𝑡−𝑙𝑎𝑡𝑡𝑖𝑐𝑒(𝑟0ň𝒊)

𝑘𝐵𝑇
]

𝑁𝑆𝑎𝑚𝑝𝑙𝑒
𝑖=1

  
𝑁𝑆𝑎𝑚𝑝𝑙𝑒

𝑖=1
     (11) 

where, ˆ{ }iη is a set of unit vectors distributed randomly on a unit sphere.  The vectors{rňi} uniformly sample 

points that are distance “r” from the center of the dot. For each value of the “r”, a million randomly generated 

points were used for performing Monte Carlo sampling, this procedure was repeated for 10 additional runs to 

provide data to obtain averages for each temperature. The 0r for the Helmholtz free energy ∆𝐴𝑒𝑓𝑓(𝑟), was selected 

at the local minima in the core region of the QD. The calculated values of the relative Helmholtz free energy 

∆𝐴𝑒𝑓𝑓(𝑟) is presented in Figure S16 and S17 as a function of the dopant distance “r” from the center of the QD.  

 

Supporting Information. The Supporting Information is available free of charge on the ACS Publications 

website.  

Experimental details, all characterization data (XRD, TEM, XAFS, and EPR), optical data of the control 

experiments of Mn:CdS QDs and undoped CdS/ZnS core/shell QDs, thermal annealing data (optical and EPR), 

and computational analysis of Mn:CdS QDs and Mn:CdS/ZnS core/shell QDs (PDF) 
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