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Bright type-Il photoluminescence from Mn-doped
CdS/ZnSe/ZnS quantum dots with Mn?* ions as
exciton couplers+

Ruilin Xu,? Chen Liao,? Yanging Xu,” Chunfeng Zhang,* Min Xiao,” Lei Zhang,?
Changgui Lu,? Yiping Cui ©? and Jiayu Zhang @ *2

Mn2* ions were introduced as exciton couplers to enhance the quantum yield (QY) of type-Il photo-
luminescence (PL) from CdS/ZnSe/ZnS quantum dots (QDs) with slow hot-exciton cooling and low radia-
tive rate. Transient absorption spectroscopy verifies the faster bleach recovery and faster peak red-shifting
at the charge-transfer state. And the transient PL peak of the QDs changes from blue-shifting to red-shift-
ing due to Mn®* doping. The QY of type-II PL can be enhanced from ~35% to ~60% by Mn®* doping. As
the energy-transfer-stations of hot excitons during rapid ET (~100 ps), Mn®* ions transform more excitons
from hot to cold for emission. As the couplers of cold excitons during long thermal equilibrium (~100 ns),
Mn2* ions further decrease exciton trapping by strong bidirectional coupling. This work provides a unique
way of acquiring high QY of type-Il PL, and highlights the general law of PL enhancement in Mn-doped

rsc.li/nanoscale QDs.

Introduction

Owing to the spatial separation of photo-generated carriers,
type-Il quantum dots (QDs) with low self-absorption have
potential applications in photovoltaics, lasing and solid-
state lighting.” But they usually exhibit a low photo-
luminescence (PL) quantum yield (QY)* which is attributed to
both the slow hot-exciton cooling® " and the slow radiative
recombination®'**® resulting from the weak electron-hole
coupling due to charge transfer (CT). First, hot excitons are
more easily captured by traps'® during their slow cooling. Due
to the “phonon bottleneck” in QDs,>”'® a hot electron can
cool by transferring its energy to the hole with higher state
density that then relaxes via phonons.” For type-Il QDs with
the electron strongly confined in cores, hot electron cooling
can be markedly slowed down with the increasing shell extract-
ing the hole to a remote state; even for the CdSe/ZnS/ZnSe/
CdSe QDs with a weak type-II alignment, the slow time con-
stant of intraband relaxation increases from ~10 ps to ~1.7 ns
with ZnSe-shell thickness increasing from 0 to ~3.5 nm.’
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Second, the slow radiative recombination is a disadvantage
when competed with exciton trapping.**’

Recently, Mn-doped QDs with tunable dual emission was a
hot topic because of QDs’ potential application in nanoscale
temperature sensors.”*>® In these systems, thermal equili-
brium is achieved in the limit of rapid population exchange
between excitons and Mn>" *T; by the bidirectional energy
transfer (ET) between them.?*® Due to the internal strong
exciton-Mn** coupling, the ratio of excitons to Mn*>* emission
intensities is independent of nonradiative effects.>'* Notably,
previous related studies mainly focused on the internal compe-
tition between two transitions, while our work firstly focuses
on the fact that the strong exciton-Mn>" coupling can be used
to enhance CT exciton emission by decreasing exciton trap-
ping. Such an idea of enhancing exciton emission by exciton-
Mn*" coupling is actually implied by the photo- and thermal
stability of dual-emitting QDs**>*?*® than undoped QDs.*”°
Especially, for the dual-emitting QDs with the small energy
difference (AE) between exciton and excited dopant ions, they
showed the intriguing total emission containing an intriguing
exciton emission at high temperatures, which probably
resulted from the fact that the nonradiative trapping was
decreased by the strong bidirectional coupling (due to the
small AE) at high temperatures; but the corresponding
undoped QDs showed a complete thermal quenching of their
emission at high temperatures.>®

Due to the competition between Mn** ions and traps,
exciton trapping is decreased, leading to a higher total PLQY
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than that of corresponding undoped QDs.***® Specially, in
such strongly coupled systems, Mn>" ions possess an extremely
low radiative rate due to the spin-forbidden,***! leading to the
fact that excitons could emit with near-unity probability
despite their being ~100 meV above the Mn** T, state.’’ In
other words, the enhanced emission by the competition
between Mn>" ions and traps can be mainly distributed to exci-
tons by internal competitions of several processes.’’>
Additionally, unlike type-I QDs, type-II QDs possess a fairly
slow cooling of hot excitons, partly accounting for their low
PLQY. By Mn** doping, the energy of hot excitons is rapidly
transferred (~100 ps) to Mn>" ions, accompanied with a faster
redshifting in transient absorption (TA) spectra, which
decreases the trapping of hot excitons. Based on these mecha-
nisms, Mn>" ions with a higher QY of radiative recombination
were probably introduced to improve the PLQY of type-II QDs
with fairly pure exciton emission.

Additionally, a thick shell of type-II QDs can enhance the
PL and the photostability, besides diminishing nonradiative
Auger recombination.>*”*® But the PL enhancement is limited
by the decreased radiative rate,"*”*® in spite of introducing
further ZnS capping. Accordingly, Mn** ions, as exciton cou-
plers, were introduced to improve the QY of type-II PL (from
~35% to ~60%) of CdS/ZnSe/ZnS QDs with a thick ZnSe shell
of ~10 monolayers (MLs) (~3 nm) with small oscillator
strength. By the way, for core/shell1l/shell2 CdS/ZnSe/ZnS (or
ZnSe/CdS/ZnS) QDs, there were only a few reports on high QYs
of type-Il PL (>60%)."%*®*? Most interesting was one fact that
the enhancement in brightness was due to an increase in the
radiative rate’® and was from the thin-shelll QDs, corres-
ponding to the quasi type-II (or type-I'?) regime.'**® This
study reveals an interesting and effective effect of Mn>" ions
on the enhancement of type-II PL, and provides a good oppor-
tunity of summarizing the general law of PL enhancement in
Mn-doped QDs.

Experimental

Chemicals

Cadmium oxide (CdO, 99.99%), zinc stearate (ZnSt,, 12.5%-
14% ZnO), selenium powder (Se, 99.999%), 1-octadecene
(ODE, 90%), stearic acid (SA, 99%), and tri-n-octylphosphine
oxide (TOPO, 98%) were purchased from Alfa Aesar.
Manganese(1) stearate (MnSt,, >95%) was purchased from
Wako. Zinc oxide (ZnO, 99.9%), oleic acid (OA, 90%), oleyl-
amine (OAm, 70%), sulfur (S, 99.98%), 1-dodecanethiol (DDT,
>98%) and tri-n-octylphosphine (TOP, 97%) were purchased
from Sigma-Aldrich. All chemicals were used directly without
any further purification.

Synthesis of undoped and Mn-doped CdS QDs as seeds

To obtain high-quality QDs with monodisperse and good crys-
tallinity, both undoped and Mn-doped CdS quantum dots
were synthesized by a hot-injection strategy.’*' Mn-doped
CdS QDs were prepared by the effective nucleation-doping
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strategy, following the method of Yang et al.** For QD growth
by using a designed structure of MnS/ZnS/CdS (Nz, & 2Ny, ~
0.1Ngq; also called CdS:Mn QDs), a thin ZnS interlayer (~1
ML) was introduced to reduce the lattice mismatch between
MnS and CdS, just avoiding the introduction of additional
strain in Mn-doped QDs prepared by nucleation doping.** The
PLQY of these Mn-doped QDs, prepared by us, can be as high
as ~65%. Besides surface ligands, the high PLQY of these Mn-
doped cores depends on good Mn>" diffusion, which needs a
precise control. The high PLQY of Mn-doped QDs shows no
obvious sensitivity to the PLQY of these Mn-doped seed cores,
because optimized “flash” synthesis at high temperature
(320 °C) matches well with nucleation doping, improving the
crystallinity®*** and further favoring the diffusion of the Mn>**
ions.""" Undoped CdS QDs with similar size and size distri-
bution were prepared using a similar hot-injection strategy.
Dosage of precursors and the reaction time were controlled to
obtain nearly the same first exciton absorption (Abs) peak at
~450 nm. Finally after purification both undoped and Mn-
doped seed cores were redispersed in small amounts of ODE
for the next “flash” synthesis.

Optimized “flash” synthesis of undoped and Mn-doped CdS/
ZnSe/ZnS QDs

2.5 mmol of ZnO and 12.5 mmol of OA were mixed with 4 g of
TOPO in a three necked flask. The reaction mixture was heated
to 100 °C while flushing with argon for one hour. The tempera-
ture was then increased to ~350 °C.***> After the solution
became colorless, the temperature was set to 320 °C. At
~320 °C, a solution containing 80 nmol of seed QDs was
injected, which was followed by a sudden temperature drop (to
~280 °C). Unlike the typical “flash” synthesis,"® the single
rapid injection of the precursor solution was changed to mul-
tiple slow injections; usually, the optimized “flash” synthesis
can lead to narrower size distribution, higher QY, and break-
through of the size limitation.*> At 300 °C, 0.5 mmol (for ~10
ML ZnSe shells) of TOP-Se in ODE was slowly dropped in
~2 min, followed by annealing for ~5 min. And then the temp-
erature was increased to 320 °C, followed by annealing for
~5 min. At 320 °C, the S precursor solution was slowly
dropped within ~2 min, followed by annealing for ~10 min.
For these QDs with ZnS shells of ~10 and ~5 MLs, the amount
of S was 3.25 and 2 mmol, respectively. For these QDs with
ZnS shells of ~2 MLs, the amount of S was 0.75 mmol and the
annealing time was 3 min. And then the reaction was stopped
by natural cooling to room temperature. The QDs were washed
by precipitating ~3 times with acetone and finally were redis-
persed in toluene or hexane.

Optical measurements

The Abs and PL spectra were measured with a Shimadzu
UV3600 spectrophotometer and an Edinburgh F900 fluo-
rescence spectrophotometer, respectively. Transmission elec-
tron microscopy (TEM) images were recorded with one Tecnai
G2 Transmission Electron Microscope and another JEM-2100
transmission electron microscope. The PLQYs were measured

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7nr05670b

Published on 30 October 2017. Downloaded by NANJING UNIVERSITY on 22/12/2017 01:37:06.

Nanoscale

using a standard dye, CdS:Mn/ZnS QDs (one-pot growth
doping: ~50%),** or CdS:Mn QDs (hot-injection nucleation
doping: ~65%)** of known QY as the reference material.
Carrier dynamics, analyzed by TP and TA spectroscopy, was
acquired at low excitation density (average QD occupancy Nep:
~0.1). For TP spectroscopy, the TP spectra were obtained by a
streak camera (Hamamatsu C5680). The ultrafast pump pulses
were from a femtosecond laser (Legend-F-1k, Coherent, 1 kHz,
100 fs). Excitation pulses at 400 nm were obtained by doubling
the fundamental wavelength in a f-barium borate (BBO)
crystal. For TA spectroscopy, the carrier dynamics was probed
by a broadband supercontinuum light source, generated by
focusing a small portion of the femtosecond laser beam onto a
sapphire plate. The chirp of the probe supercontinuum was
corrected with error to be less than 100 fs over the whole spec-
tral range. The TA signal was then analyzed by a fast charge-
coupled device (511071-1104, Hamamatsu) with a monochro-
mator (Acton 2358, Princeton Instruments). The composition
of the samples was measured by means of inductively coupled
plasma optical emission spectroscopy (ICP-OES, Optima 5300
DV, PerkinElmer).

Results and discussion

Fig. 1 shows similar evolutions of Abs spectra, PL spectra and
TEM images in the synthesis of undoped (Fig. 1(a-d)) and Mn-
doped (Fig. 1(e-h)) CdS/ZnSe/ZnS QDs. The undoped and Mn-
doped CdS seed QDs exhibit a sharp PL peak at 463 nm (band-
edge emission) and a wide PL peak at ~580 nm (Mn>" emis-
sion), respectively, but they show almost the same first exciton
Abs peak at ~450 nm. During ZnSe shell coating, both
undoped and Mn-doped CdS/ZnSe QDs exhibit obvious red-
shifts in the Abs edge and PL peak, which is attributed to
type-II confinement of the CdS/ZnSe system (see the ESI,
Fig. S11)."**® During ZnS shell coating, both undoped and
Mn-doped CdS/ZnSe/ZnS QDs exhibit obvious blueshifts in the

a Abs PL
168 e ——CdS Cores

........ ——— CdS/ZnSe-1
vvvvvv ——— CdS/ZnSe-2
L e —— CdS/ZnSe/ZnS-1
L e —— CdS/ZnSe/ZnS-2

Abs & PL Intensity (a.u.)

-l

300 400 500 600 700
Wavelength (nm)

View Article Online

Paper

PL peak, which may originate from the compressive lattice
strain.”® The optimized “flash” synthesis favors the easy acqui-
sition of high-quality QDs with high crystallinity*>™*> and
narrow size distribution;**> and under precise control, undoped
QDs and their corresponding Mn-doped QDs possess close
sizes, shown by the TEM images in Fig. 1.

The full width at half maximum (FWHM) of the PL spec-
trum of Mn-doped CdS/ZnSe/ZnS QDs (ZnS shell: ~2 MLs;
FWHM: 38 nm), is not only smaller than the FWHM of the
Mn*" emission spectrum (~70 nm), but also smaller than that
of the corresponding undoped QDs (44 nm). Combined with
the next analysis of PL decays (~100 ns), the PL from these
Mn-doped CdS/ZnSe/ZnS type-II/type-I (regarded as type-II in a
broad sense) QDs is mainly attributed to type-II emission.
Although there is nearly no Mn>* emission, there is no doubt
that Mn>" ions were effectively doped into the CdS/ZnSe/Zn$S
QDs because of several strong proofs, for example: (1) the seed
cores are effectively inner-doped (see the ESI, Fig. S2t) with
certain Mn”* concentration (see the ESI, Table S11); and (2)
there are strong contrasts in both transient Abs and PL spectra
between Mn-doped and undoped QDs. Additionally, for the
Mn-doped CdS/ZnS type-I QDs with the same Mn-doped seed
cores and the similar shell growth, the PL from them is mainly
attributed to Mn*" emission (see the ESI, Fig. S3t). That is
because in Mn-doped QDs the energy difference between exci-
tons and Mn>" *T; (AE) acts as the thermodynamic driving
force for net ET.>> A small AE will lead to a strong bidirectional
exciton-Mn** *T; coupling but nearly no Mn>* emission due to
the spin-forbidden. Importantly, the type-II PL is redshifted
and significantly enhanced by Mn** doping, suggesting a
strong exciton-Mn** coupling.

The transient PL (TP) spectra of undoped and Mn-doped
CdS/ZnSe/ZnS QDs (ZnS shell: ~2 MLs) were measured by a
streak camera under the same conditions. Fig. 2(a and b)
exhibit a distinct contrast between these undoped and Mn-
doped QDs. Compared to the undoped QDs possessing the
wider and shorter TP spectrum with a blueshifting PL peak,
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Fig. 1 Evolutions of Abs spectra, PL spectra and TEM images in the synthesis of undoped (a—d) and Mn-doped (e—h) CdS/ZnSe/ZnS QDs, respect-
ively. Both undoped and Mn-doped CdS cores (b and f) possess a diameter of ~4 nm. ZnSe-2 denotes the QDs with a ZnSe shell of ~10 MLs (dia-
meter: ~10.5 nm, c and g), while ZnS-1 and ZnS-2 denote the QDs with a ZnS shell of ~2 MLs and ~5 MLs (diameter: ~14 nm, d and h), respectively.
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Fig. 2 (a—b) Streak camera images of time-resolved PL spectra of undoped and Mn-doped CdS/ZnSe/ZnS QDs, respectively. (c) Normalized inte-
grated transient PL spectra of the undoped and Mn-doped QDs. (d) Evolution of the peak wavelength of the undoped and Mn-doped QDs. (e) Time
resolved PL decay spectra of the undoped and Mn-doped QDs monitored at the peak wavelength. (f—g) Time resolved PL decay spectra of the
undoped (f) and Mn-doped (g) QDs monitored at ~525 nm and ~565 nm, respectively.

the Mn-doped QDs possess the narrower and longer TP spec-
trum with a redshifting PL peak. Additionally, for the undoped
QDs, a small amount of additional rapidly decaying high-
energy emission (~500 nm) is attributed to an upper bright
state showing even at low pump intensities, which was firstly
demonstrated as an intrinsic feature of the QDs by I. Moreels
and R. F. Mahrt in 2011.*”** In 2016 H. M. Zhu and X.-Y. Zhu
further related it to hot fluorescence emission."" For the Mn-
doped QDs, a wider more rapidly decaying high-energy emis-
sion (530-480 nm) leads to additional sharp contrast in spec-
trum, originating from the rapid ET from higher energy exci-
tons to Mn”" ions.

As shown in Fig. 2c¢, the integrated TP spectra, similar to
stable PL spectra (see the ESI, Fig. S4t), show the peak red-
shifting, linewidth narrowing and PL enhancement (PLQY:
from 37% to 63%) due to Mn>" doping. Both undoped and
Mn-doped QDs have the PL peak at ~550 nm at the beginning,
but afterwards these undoped and Mn-doped QDs exhibit a
blueshifting and a redshifting in the PL peak, respectively,
shown in Fig. 2d. The PL lifetime of Mn-doped QDs (244 ns) is
longer than that of undoped QDs (119 ns), shown in Fig. 2e
(see the ESI,f multi-exponential fitting parameters listed in
Table S1t), but they are both in the timescale of ~100 ns.
Accordingly, the PL from Mn-doped QDs cannot be assigned
to Mn*" emission (“T; to °A,) with the intrinsic PL lifetime in
the timescale of milliseconds (ms),**° but instead it should
be assigned to type-II PL.*"*"'®> According to the detailed ana-
lysis (see the ESI, Table S1f), the radiative rate®' of the Mn-
doped QDs is just slightly changed owing to a rapid population

18284 | Nanoscale, 2017, 9, 18281-18289

exchange between excitons and Mn>" *T;,>' which is
achieved by a strong exciton-Mn** coupling. Thus, the
increased PL lifetime is mainly attributed to the decreased
nonradiative rate, which is also achieved by the strong
coupling.

Additionally, for the undoped QDs, the PL decay monitored
at ~525 nm is slightly slower than that monitored at ~565 nm,
which may originate from the intrinsic feature of type-II QDs
that CT excitons with better spatial separations, reducing the
exciton binding energy,’* possessed higher energy and longer
PL lifetime. While for the Mn-doped QDs, the PL decay moni-
tored at ~525 nm is much faster than that monitored at
~565 nm, which implies that Mn>" ions tend to capture higher
energy excitons but feed energy back to lower energy exciton
states, leading to the change in a transient PL peak from blue-
shifting to redshifting. Briefly, the abovementioned sharp con-
trast suggests a strong exciton-Mn>* coupling.

TA spectra were acquired using 350 nm excitation of both
undoped and Mn-doped CdS/ZnSe/ZnS samples (ZnS shell: ~5
MLs for the stability; PLQY: 26% and 50%, respectively) in
methylbenzene. As shown in Fig. 3(a-d), two clearly separated
bleach signals have been detected. These signals are assigned
to a CT state, 1S.(CdS)-1S,(ZnSe) (1Scds-znse), and a localized,
Cds-based exciton, 1S.(CdS)-1S,(CdS) (1Scas), respectively.’>®
Both undoped and Mn-doped QDs possess nearly the same
time of bleaching growth (1Scgs: ~1.7 Ps; 1Scds-znse: ~3.6 PS)
(see the ESI, Fig. S51) and the close contour plots of TA spectra
at an early stage (see the ESI, Fig. S61), showing the similarity
between the two samples. But they show a sharp contrast in

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7nr05670b

Published on 30 October 2017. Downloaded by NANJING UNIVERSITY on 22/12/2017 01:37:06.

Nanoscale

>
=Y
N’
[}
£ -
=
450 500 550
Wavelength (nm)
0.006-C CdS/ZnSe/ZnS e
g oo =]
2 ——500 ps
1 0.002 i
— 1800 ps
0.000
400 500 600
Wavelength (nm)
8 i (& CdS/ZnSe/ZnS
4? = 1Sc4st ~450 nm
3 e CT State: ~505 nm
s
s |
z §
s
0 500 1000 1500
Time (ps)

View Article Online

Paper

450 500 550

Wavelength (nm)
0.006 d CdS:Mn/ZnSe/ZnS_ .
8 0.004 — fg Opls)s
——500 ps
<|1 0.002 — ¢
0.000 — 1800 ps
400 500 600
Wavelength (nm)
8 f CdS:Mn/ZnSe/ZnS
1F
<|] = 1S5t ~450 nm
B e CT State: ~505 nm
s
]
g
1
Z o8 . | |
0 500 1000 1500
Time (ps)

Fig. 3 (a—b) Contour plots of the experimental TA spectra of undoped (a) and Mn-doped (b) CdS/ZnSe/ZnS QDs (Apump = 350 nm). (c—d) Evolution
of the TA spectra of the undoped (c) and Mn-doped (d) QDs. (e—f) TA dynamics of the undoped (e) and Mn-doped (f) QDs monitored at 1Scqs

(~450 nm) and 1Scys_znse (i.e. CT state: ~505 nm), respectively.

contour plots of TA spectra within 1800 ps because of Mn>*
doping. For these undoped QDs, the bleach recovery probed at
1Scgs is only faster than that probed at the CT state at an early
stage, but later they are similar, shown in Fig. 3e. While for
these Mn-doped QDs, bleach recovery probed at the CT state is
faster than that probed at 1Scqs, shown in Fig. 3f, which indi-
cates that there must be a rapid ET mainly from CT excitons to
Mn>* ions that increases the bleach recovery rate at the CT
state.

Fig. 4a shows the TA dynamics of bleach recovery of
undoped and Mn-doped CdS/ZnSe/ZnS QDs at a type-II Abs

0 500 1000 1500
Time (ps)
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450

peak (~505 nm). The TA decay curves are fitted by multi-expo-
nential functions, and the fitting parameters are listed in
Table S2 (see the ESIf). Decay curves of undoped and Mn-
doped QDs show a distinct contrast at an early stage (<300 ps),
which can be used for calculation of the ET time. The fast
components are calculated by 7gg = (A7 + A275)/(Ar + A5).>°
They are 168 ps and 96 ps carrying about 50% and 70% of the
amplitude for undoped and Mn-doped QDs, respectively.
Accordingly, the ET time gy is calculated as 224 ps by***?

1/TET = (1/Tfa5t)doped - (1/Tfast)undoped'

0 200 400 600 800 1000
Time (ps)

Fig. 4 (a) TA dynamics of undoped and Mn-doped CdS/ZnSe/ZnS QDs monitored at the CT Abs peak (~505 nm) and (b) evolutions in the peak

wavelength and FWHM of TA spectra of the CT state.
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Fig. 4b shows evolutions of the peak wavelength and the
FWHM of the TA spectra of the CT state. For the undoped QDs,
there are no obvious changes in both of them. Usually, the TA
peak gradually redshifts toward longer wavelengths.’ The fairly
slow redshift suggests that the high-energy carriers decay to the
bottom of the band very slowly,” resulting from the weak elec-
tron-hole coupling.>®° Such slow cooling of hot excitons is
against the high QY of type-II PL, whereas for the Mn-doped
QDs, the peak of the TA spectra of the CT state is redshifted
obviously, and the FWHM of the TA spectra of the CT state is
decreased significantly, which are also vividly depicted in Fig. 3
(a and b). Both changes mainly occur within 300 ps, consistent
with the ET time (~220 ps), which suggests that the faster
cooling of hot excitons is attributed to the ET from hotter exci-
tons to Mn>" ions, favoring a higher QY of type-II PL.

For TA spectra monitored at ~505 nm, Mn-doped CdS/
ZnSe/ZnS QDs exhibit faster bleach recovery and faster peak
red-shifting at the CT state than those the corresponding
undoped QDs exhibit. While for TP spectra monitored at
~550 nm, these Mn-doped QDs exhibit slower PL decay than
that the corresponding undoped QDs exhibit. The slower PL
decay is partly attributed to the back feeding to the lower
energy exciton states. The back energy transfer does not show
in the TA spectra (~2 ns) obviously because the back ET is in
the longer timescale of >10 ns. A back ET in the timescale of
~1 ps was reported in the Mn-doped QDs (PL peak: ~520 nm)
with larger energy difference between excitons and Mn** *T;
(AE).*® The back ET in these Mn-doped CdS/ZnSe/ZnS QDs
(bright type-II PL peak: ~550 nm) is in the timescale of
~10-100 ns corresponding to a certain range of AE values. In
conclusion, for these Mn-doped QDs, there is a strong contrast
between the faster decay in the TA spectra (~505 nm) and the
slower decay in the TP spectra (~550 nm), which reveal the
rapid ET to Mn>" ions (~100 ps) and the slow back ET to
exciton states (~10-100 ns), respectively.

Fig. 5 shows the schematic diagram of energy evolution in
Mn-doped type-II QDs. The “strongly coupled” scenario shows
two exciton-Mn>" couplings: the rapid ET from hot CT excitons
to Mn®>" ions as coupling-1 and the strong bidirectional coup-
ling between cold (“relaxed”) CT excitons and Mn*" *T; as
coupling-2, i.e. forward (kgr) and thermally assisted back (kggr)
ET between the host and Mn?" ions.**">* The strong coupling-2
leads to a rapid population exchange between two emissive
states, i.e. cold excitons and Mn*" “T;, which establishes the
thermal equilibrium of these two excited states.”> With the
increasing population of Mn** *T; (Nyy+) and the increasing
kger (back coupling to colder exciton states), the bidirectional
coupling reaches the strongest value at thermal equilibrium
(kgrNexe & kpprNyn+). Usually type-II QDs possess a large
Stokes-shift and slow hot-exciton cooling. Accordingly, in Mn-
doped type-1I QDs the slow intrinsic cooling of hot CT excitons
provides a chance that the energy of some hot CT excitons
transfers to Mn>* ions, followed by the establishment of
thermal equilibrium between cold excitons and Mn>* *T,. This
scenario is different from the “strongly coupled” scenario in
Mn-doped type-I QDs with fast hot-exciton cooling that the
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Fig. 5 Schematic diagram of energy evolution in Mn-doped QDs with
the slow intrinsic cooling of hot CT excitons; inset: undoped and Mn-
doped CdS/ZnSe/ZnS QDs in n-hexane under a UV lamp.

thermal equilibrium between excitons and Mn*" *T; can estab-
lish mainly after the hot-exciton cooling. Further, our work
focuses on the fact that strong exciton-Mn>" coupling can be
used to enhance CT exciton emission by decreasing the trap-
ping of both hot and cold excitons. Additionally, the ET from
CT excitons to Mn>" ions (~100 ps) is orders of magnitude
faster than the slower radiative decays of CT excitons (~100 ns)
and Mn>" *T; (~1 ms); accordingly, these two excited states of
CT excitons and Mn>" T, are strongly coupled.?” As shown in
the inset of Fig. 5, Mn-doped CdS/ZnSe/ZnS QDs exhibit a dis-
tinctly brighter and redshifted PL than the corresponding
undoped QDs, verifying a strong exciton-Mn>* coupling.

Due to the strong coupling, exciton trapping is decreased,
resulting in a higher PLQY than the undoped QDs.***° The
enhancement of PLQY is attributed to the whole system of
excitons and Mn>" *T;. But in the system, the enhanced emis-
sion will be distributed to excitons and Mn** *T; according to
the internal ratio of two PL intensities; and they can be mainly
distributed to excitons (>95%) at room temperature, despite
their being ~100 meV above Mn>" T, with extremely low radia-
tive rate due to the spin-forbidden.?® The thermal equilibrium
in Mn-doped type-I QDs has been systematically studied, while
there is still a divergence on the population statistics of the
strongly coupled excited states. A parameter of a (a < 1) was
introduced into the Boltzmann equation by W. Y. Liu and
V. L. Klimov to agree with the experiments,> and then the
relationship between populations of excitons (Ney) and Mn**
*T, (Nym+) can be expressed as

—aAE/kT
Nexe = Ny ™ / 5

“a < 1” means that the decrease in the population of higher
energy excited states in a coupled system is suppressed when
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compared with the decrease governed by classical Boltzmann
statistics. In the article with the introduction of “a”, a rigorous
physical interpretation of a is not yet available, and it was
assigned as a materials-specific constant. Probably, a
Schrodinger cat lives in the strongly coupled system, which
leads to the divergence and unclarity. Factually, the “strongly
coupled” system with rapid population exchange should be
governed by the superposition principle of quantum mech-
anics, and the strong coupling probably suppresses the
decrease in the population of higher energy states, which can
be depicted by “a”. Importantly, this hypothesis also agrees
with the literature from D. R. Gamelin’s group, where Mn*" *T,
coupled to the exciton states with higher energy in experi-
ments than that in stimulation by classical Boltzmann stat-
istics.>®*" To conclude, the strong bidirectional coupling
favors the nearly unchanged radiative rate (see the ESI,
Fig. S77) and the fairly pure exciton emission.

In detail, from the formation of hot CT excitons to the
established thermal equilibrium between cold CT excitons and
Mn>** *Ty, there are two competing paths for transferring the
energy into the thermal-equilibrium-system, shown in Fig. 5:
one is the direct slow cooling of hot excitons, and the other is
the rapid ET from hot excitons to Mn** ions by the coupling
between hot excitons and high excited states of Mn**, followed
by the cooling of excited Mn>" ions. Usually, hot excitons were
more easily captured by traps during their slow cooling.® The
latter path is an effective one for transferring more energy into
the system due to the competition between Mn>" ions and
traps. Slow cooling of hotter CT excitons is replaced by the
latter through the rapid ET from hotter excitons to Mn>" ions.
Accordingly, more energy will be transferred into the thermal-
equilibrium-system. Furthermore, due to the strong bidirec-
tional coupling between excitons and Mn®*" *T; in such a
system, the competition between Mn>* ions and traps con-
tinues to decrease the nonradiative exciton trapping. In
summary, Mn>" ions as exciton couplers enhance the PLQY by
the strong coupling of rapid ET (coupling-1) and the strong
bidirectional coupling (coupling-2). As the ETSs of hot exci-
tons, Mn*" ions transform more excitons from hot to cold for
emission. As the couplers of cold excitons, Mn”" ions further
decrease the exciton trapping by coupling-2. The PLQY is
enhanced by the continuous competition between Mn** ions
and traps in both processes of rapid ET and long thermal equi-
librium. In this sense, the competition between Mn** ions and
traps during thermal equilibrium with strong exciton-Mn** *T,
coupling is similar to that during rapid ET from hot excitons
to Mn>" ions. But differently, the first competition during
rapid ET is just for more potential Mn>" emission by decreas-
ing both exciton trapping and potential exciton emission.
However, the second competition during the strong bidirec-
tional coupling is mainly for more exciton emission (with
slightly changed radiative rate) by decreasing exciton trapping,
which means a decreased nonradiative rate. By the way, it has
been reported that the nonradiative rate can also be sup-
pressed by a strong localized-plasmon coupling.**™®
Obviously, for an exciton, the trapping by defects will be sup-

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

pressed by the strong couplings from several Mn** ions, each
of which acts as a potential exciton coupler.

According to the kinetic models containing energy dia-
grams (see the ESI, Fig. S81), the detailed analysis is discussed.
In brief, the PL enhancement factor (PEF) due to coupling-1
(PEF1) can be estimated by the analysis of TA. The PEF due to
coupling-2 (PEF2) cannot be measured separately, but can be
deduced by the combination of TA and TP (or the corres-
ponding PLQY). That is because the PL decay can also be
slowed down by feeding back the energy from Mn** *T; to
exciton states (a slow shift in thermal equilibrium), besides by
reducing nonradiative transition due to coupling-2. The PEF
for the above-mentioned two successive processes equals the
product of PEF1 and PEF2 (see the ESI, Fig. S97). For the Mn-
doped QDs with an ultra-large AE, the total PEF is mainly
attributed to coupling-1, which means that PEF2 is approxi-
mately equal to 1. However, for the Mn-doped QDs with a
small AE, the total PEF is mainly attributed to coupling-2,
which means that PEF1 is approximately equal to 1. For the
former situation, the PL lifetime is long, and Mn** ions act as
energy storage; while for the latter situation, the PL lifetime is
short, and Mn>" ions act as exciton couplers (in a narrow
sense); and for the third situation in between the previous two,
Mn>" ions act as exciton storage sites.>*>® To make it more
understandable, we firstly summed up the general law of PL
enhancements in Mn-doped quantum dots, which is clearly
shown in Fig. S10 (see the ESIT).

Usually, it is hard to prepare defect-free core/shell1l/shell2
type-Il/type-1 QDs; so Mn”>" doping is an effective method to
improve the QY of type-II PL. To decrease the defects, the hot-
injection synthesis and optimized “flash” synthesis were used
to obtain seed cores (diameter: ~4 nm) and ZnSe/ZnS shells
(znSe shell: ~10 MLs), respectively. For the undoped CdS/
ZnSe/ZnS QDs with ZnS shells of ~5 MLs and ~2 MLs, respect-
ively, the QYs of type-1I PL were ~25% and ~35%, respectively
(acceptable). And then the QYs of type-II PL were easily
enhanced to ~50% and ~60%, respectively, by Mn** doping.
Probably, optimizations of Mn** doping will further favor a
more significant increase in PLQY. Additionally, we firstly
observed more significant PL enhancements (from <10% to
~35%) in similar QDs with different seed cores prepared by a
one-pot strategy. For higher PLQYs, in this careful study we
improved the seed cores’ quality by a hot-injection strategy,
accompanied with a change from growth doping to another
effective nucleation doping.**>*®

Conclusions

In conclusion, Mn®" ions as exciton couplers enhance the type-II
PL from CdS/ZnSe/ZnS QDs. During the rapid ET (~100 ps),
Mn-doped QDs show a faster peak redshifting at the CT state,
which reveals that Mn>" ions promote the cooling of hot CT
excitons. Furthermore, the transient PL peak of the QDs
changes from blueshifting to redshifting due to exciton-Mn**
coupling. As the ETSs of hot excitons, Mn*" ions transform
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more excitons from hot to cold for type-II emission; as the cou-
plers of cold excitons, Mn*>* ions further decrease exciton trap-
ping by strong bidirectional coupling between excitons and
Mn>" *T,. The enhancement of exciton emission is not due to
the increase in the radiative rate, but to the suppression of the
nonradiative rate by the continuous exciton-Mn>" coupling.
This work provides a unique way of acquiring high QY of type-II
PL and highlights the general law of PL enhancement in
Mn-doped QDs.
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