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ABSTRACT: We report a simple and yet effective method to
introduce Mn>" ions into semiconducting nanoclusters with
atomically precise control. Our method utilizes one type of
micrometer-sized crystals, composed of well-defined isolated
supertetrahedral chalcogenide nanoclusters (~2 nm,
[Cdgln,eSs,(SH),]) whose core metal site is unoccupied in
as-synthesized pristine form. This unique model structure with
vacant core site makes it possible to achieve ordered
distribution of Mn** dopants, and at the same time effectively
preclude the formation of Mn*" clusters in the host matrix. A
two-step synthesis strategy is applied to realize an atomically
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precise doping of Mn*" ion into the core site of the nanoclusters, and to achieve uniform distribution of Mn*" dopants in the
crystal lattice. The PL, X-ray photoelectron (XPS), as well as the electron paramagnetic resonance (EPR) spectra reveal the
successful incorporation of Mn** ion into the core site of the nanocluster. Different from the pristine host material with weak
green emission (~490 nm), the Mn*"-doped material shows a strong red emission (630 nm at room temperature and 654 nm at
30 K), which is significantly red-shifted relative to the orange emission (~585 nm) observed in traditional Mn**-doped II—VI
semiconductors. Various experiments including extensive synthetic variations and PL dynamics have been performed to probe
the mechanistic aspects of synthesis process and resultant unusual structural and PL properties. The quaternary semiconductor
material reported here extends the emission window of Mn**-doped II—VI semiconductor from yellow-orange to red, opening up
new opportunities in applications involving photonic devices and bioimaging.

B INTRODUCTION

Metal chalcogenides and nanoclusters are among the most
advanced solid-state materials because of their many
applications.' ™" In addition to the direct synthesis, doping
and postsynthetic modification of host materials to generate
desirable functions are a powerful synthetic strategy in new
materials design, as well as an established technological process
to control and manipulate optical, electronic, and catalytic
prog)erties of solid materials'*~** and molecular-based materi-
als.”>™ Among a variety of host materials, I[-VI semi-
conductors (such as ZnS, CdS, ZnSe, CdSe) have attracted
significant attention because new properties originating from
the dopants can be created through the interaction of dopants
with charge carriers in the semiconductor host frameworks.***!
The early study on semiconductor doping focused on the bulk
ones. With the development of nanomaterials in recent several
decades, considerable efforts have been devoted to doping
semiconductor nanocrystals (NCs) or quantum dots
(QDs)."*#**3*3* 1t is mainly because the dopants can create
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intermediate electronic states, while retaining intrinsic advan-
tages of NCs, through stronger interaction of dopants with
charge carriers in the spatially confined host NCs than that in
bulk counterparts.** Dopants can further change photophysical
relaxation process by altering the charge separation and
recombination dynamics, which are related to the creation of
new optical, photochemical, electronic, and photoexcited
relaxation properties.*’

In addition to composition and size of host materials, the
type of dopants also plays a vital role in tuning the optical and
electronic properties of semiconductors. Doping behaviors by
transition metal ions in chalcogenide NCs are of particular
interest owing to the fact that the transition metal ligand-field
excited states usually reside within the band gap of the host
semiconductors.*®*” In particular, Mn* ion has proved to be
perfect impurity serving as trap state in II—VI semiconductor
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NCs for the following reasons:** (i) Mn?" ion with the 3d°
acting as a half-filled shell is more likely to resemble group IIB
elements (such as the Zn and Cd with d'° shell) in its behavior
than other transition metal elements; (i) paramagnetic Mn**
ions (S = 5/2) can convert nonmagnetic parent semiconductors
into intriguing magnetic materials, called diluted magnetic
semiconductors (DMSs), because of the coupling of the
localized magnetic moments of Mn?* ions with the band
electrons through the exchange interaction;**~*' and (jii) Mn?*
ion, acting as recombination center for the excited electron—
hole pairs, exhibits a strong and typical photoluminescence
(PL) emission centered at a wavelength of ~585 nm (~2.12
eV) originating from the *T;(G) — ®A,(S) transition in 3d
shell of the tetrahedrally coordinated Mn*" ions. Notably, such
special PL property is not observed in Mn”*-containing or
Mn**-doped polyoxometalate.*>** Since the Mn?*-doped Zn$S
semiconductor nanoparticles with intriguing PL property was
first reported almost 20 years ago,”® the Mn?*-doped
semiconductor materials with high emission efficiency and
excellent chemical stability have been at the heart of many
technologies, such as luminescence sensors,* LEDs,* photo-
voltaic cells,"” ~*" spintronics,*® and bioimaging.>' ™ Although
these Mn”*-doped semiconductor emitters have been well
developed through various synthetic strategies, there are still
some limitations. For instance, most Mn**-involved dopin

processes occur in the II—VI system, and few cases on n-v,”

I-II-VL>*® or II-III-VI semiconductors are reported;
Mn?**-related emission wavelength is also confined in the
range of 580—600 nm, and only few examfles with longer
emission wavelength have been reported.”’ > For these
reasons, efforts are needed to pursue larger ensemble Stokes
shifts in Mn>*-doped chalcogenides, which could further reduce
the self-absorption effects and are desirable in the light-emitting
and bioimaging applications.>*"

Moreover, the degree of homogeneity of Mn** ions in the
host lattice is essential for achievinég efficient luminescence and
tailoring the emission position.lg’ Some synthetic strategies
and methods have been developed to seek the elaborate control
of the distribution of dopants in bulk and NC semiconductor
host lattices. Still, for bulk semiconductors with dense phase, it
is difficult to achieve large doping level and the ordered dopant
distribution at the same time, and only a small fraction of the
initially added Mn** ions is incorporated into the crystal lattice,
while a large portion of them remain on the surface (Scheme
1a). When the bulk crystals are shrunk down to NCs, a higher
degree of doping level can be achieved (Scheme 1b). So far, the
use of the “decoupling doping from nucleation and/or growth”
concept has made it possible to do;)e most NCs with controlled
radial distribution of the dopants,6 =% but the radial location of
dopants in the NCs was either random or poorly controlled,
and there are still big challenges in controlling the ordered and
uniform distribution of dopants through the whole lattice in
NCs. Furthermore, most doping processes readily change the
size uniformity of NCs. Therefore, how to realize the high
degree of homogeneity of Mn®* ions in the whole crystal lattice
while avoiding the formation of irregular Mn**-cluster is an
interesting and challenging topic facing materials scientists.
Further research also requires development of new synthetic
technique to realize the uniform distribution of dopants in
either bulky or NCs semiconductors in desirable and
controllable ways.

Recently, we reported a micrometer-sized crystal (denoted as
ISC-10-CdInS) composed of isolated coreless supertetrahedral
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Scheme 1. Distribution of Dopants in Three Different

Crystal Models“
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vacant site

(NC)

Micrometer-sized
crystal composed of
nanoclusters with
ordered “defect™

?(a) Bulk crystal with dense phase, (b) nanocrystals with dense phase,
and (c) micrometer-sized crystal composed of nanoclusters with the
ordered “intrinsic internal defects”. (d) An ideal doping mode with a
uniform distribution of dopants in the whole crystal lattice, which is
obtained through post-synthetic modification (this work).

chalcogenide nanoclusters ([Cdéln%gSSZ(SH)4]) with the
dimension of ~2 nm in edge length.” This material exhibits
semiconducting characteristics with tunable photoelectric
response behavior. Such isolated nanocluster can be treated
as discrete QD separated from each other with ~1.5 nm
intercluster distance by charge-balancing organic species,
analogous to the protective organic ligand in NCs. An unusual
feature of this cluster is that there is a well-defined vacant site at
the core of supertetrahedral nanocluster (denoted as TS-CdInS,
“T” means tetrahedral, “S” is the number of metal layers in the
cluster followed by the composition of cluster) with 34 metal
sites (6 Cd** ions and 28 In** ions). It can thus be regarded as a
“O@CdS@InS core-shell” nanostructure (O means vacant
position). Such vacant position in the nanocluster can be
viewed as ideal “defect”. The micrometer-sized crystal
containing isolated naonocluters exhibits ordered distribution
of “intrinsic internal defects (IID)” throughout the whole
crystal lattice (Scheme 1c). Interestingly, the vacancies have
proved to trap Cu" ions through a facile diffusion process at
relatively low temperature, as confirmed by single-crystal X-ray
diffraction technique. Inspired by this result, we hypothesized
that this unique nanocluster could be a perfect model for the
study on the Mn?*-doped emitters. Although there is a distinct
difference in bond energy between Mn—S (301 kJ/mol) and
Cu—S (274.5 kJ/mol), similar ionic radii (0.80 A for Mn**, 0.75
A for Cu*) and the higher positive charge could facilitate the
trapping of one Mn*" ion at the core site. Compared with both
pure micrometer-sized bulk semiconductor with dense phase
and NCs, this host model shows several potential advantages
for enhancing Mn**-doped emitters: (i) the unique core—shell
nanostructure with well-defined cationic vacancy facilitates the
control of the precise doping by avoiding the formation of Mn-
pairs in the nanocluster; (ii) the uniform size of nanocluster can
exclude the interference of size nonuniformity on PL peak
emission, making it possible to just consider the effect of sulfide
ligands surrounding dopants; (iii) this II-III—VI semi-
conductor serves as a totally new host lattice for Mn** doping,
which could alter Mn**-related emission energy.

Herein, we applied a two-step synthetic strategy to
purposefully introduce a single manganese ion into coreless
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supertetrahedral nanoclusters. A detailed investigation on PL
and EPR of Mn**-doped ISC-10-CdInS sample confirmed the
presence of Mn** ion and its location. This synthetic strategy is
very effective in controlling the doping level and in achieving
uniform distribution of Mn®* ions. In contrast with weak green
emission (~490 nm) and short lifetime (approximate hundreds
of nanoseconds) of pristine materials, the Mn*"-doped sample
shows a strong red emission (630 nm at room temperature and
654 nm at 30 K), which is a dramatic red shift relative to the
orange emission (~585 nm) observed in typical Mn**-doped
II-VI semiconductors. This red emission with long decay
lifetime (~1.1 ms) is ascribed to the energy-narrowed *T; —
®A, transition in 3d shell of Mn?* ion,®”®® which results from of
the “crystal lattice strain” induced by the special super-
tetrahedral “Mn@CdS@InS core-shell” nanostructure with T
symmetry. To our knowledge, this is the first study on the PL
properties of the Mn*'-doped microcrystal composed of
supertetrahedral chalcogenide nanoclusters.

B EXPERIMENTAL SECTION

Chemicals. Cadmium nitrate tetrahydrate (Cd(NO;),-4H,0, AR,
99%), zinc nitrate hexahydrate (Zn(NO,),-6H,0, AR, 99%), indium
powder (In, 99.99%, 200 mesh), sulfur powder (S, 99.99% metals
basis), manganese(Il) acetate tetrahydrate (Mn(Ac),-4H,0, 99.99%
metals basis), piperidine (PR, 99%), and 1,5-diazabicyclo[4.3.0]non-S-
ene (DBN, 98%) were purchased from Aladdin Industrial, Inc. All
chemicals were used as received without further purification.

Syntheses. The microcrystals of ISC-10-CdInS
([CdgInygSs,(SH),]- [H-DBN]g- [H*-PR],) were synthesized follow-
ing literature method.® Its zinc analogue (coded as ISC-10-ZnInS)
was prepared through a similar method, by replacing cadmium salt
with zinc salt. Mn**-doped samples were prepared by adding different
concentrations of Mn(Ac), aqueous solution into a 23 mL Teflon
reaction vessel containing 2.0 g of mixed solvents (DBN and PR with
the mass ratio of 1:1) and undoped sample of 30.0 mg, which was then
sealed in stainless steel autoclave and heated at 150 °C for S days. The
autoclave was subsequently cooled to the room temperature. The
resulting products were taken out of autoclave, and washed with
ethanol three times and deionized (DI) water twice. Finally, pale-
yellow octahedral crystals were obtained with the yield close to 100%
after drying in air. To ensure the complete removal of the unreacted
Mn?* ions or other unknown Mn?*-containing species adsorbed on the
surface of microcrystals, doped samples were washed thoroughly with
dilute HCI acid solution (pH ~ 2.5). &

Physical Characterization. Powder X-ray diffraction (XRD)
measurements were carried out with a diffractometer (X'Pert-Pro
MPD, PANalytical, Holland) using Cu Ka (4 = 1.54056 A) radiation.
Solid-state diffuse reflectance spectra were recorded on a SHIMADZU
UV-3600 UV—vis—NIR spectrophotometer. The absorption spectra
were calculated from reflectance spectra by using the Kubelka—Munk
function: F(R) = a/S = (1 — R)*/2R, where R, @, and S are the
reflection, the absorption, and the scattering coefficient, respectively.
In order to determine the band edge of the direct-gap semiconductor,
the relation between the absorption coefficients () and the incident
photon energy (hv) is exhibited as ahv = A(hv — Eg)l/ 2 where A is a
constant that relates to the effective masses associated with the valence
and conduction bands, and E, is the optical transition gap of the solid
material. By extrapolating the linear region to the abscissa, the band
gap E; can be estimated.”” PL and photoluminescence excitation
(PLE) spectra were recorded by an Edinburgh FLS920 steady state
and time-resolved fluorescence spectrophotometer equipped with a
450 W xenon lamp. In each measurement, the same amount of sample
was used. PL decays were recorded using an Edinburgh FLS920 steady
state fluorimeter with a time-correlated single-photon counting
(TCSPC) spectrometer and a pulsed xenon lamp as the excitation
source. PL quantum-yield (PLQY) was recorded using a Horiba Jobin
Yvon Fluoromax-4 with a quantum-yield accessory. Electron para-
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magnetic resonance (EPR) measurements were carried out on powder
samples at 9.06 GHz using an ER200-SRC Bruker X-band
spectrometer at room temperature. X-ray photoelectron spectroscopy
(XPS) data were collected with a Leeman prodigy spectrometer
equipped with a monochromatic Al Ka X-ray source and a concentric
hemispherical analyzer. The actual Mn®>" doping levels were
determined by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES).

B RESULTS AND DISCUSSION

Doping Process and Structure Characterization. The
model compound (ISC-10-CdInS) was synthe51zed through
solvothermal reaction following previous procedure.”® A 10-
min ultrasonic washing step was carried out to remove
undetectable impurities and small powdery crystals, and only
pure micrometer-sized crystals were collected for the following
experiments. The Mn*"-doping process was carried out by
directly mixing manganese salts with raw host materials via ion
diffusion (Figure la). To prevent possible damage of
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Figure 1. (a) The schematic graph of doping process of one Mn** ion
into one coreless supertetrahedral chalcogenide nanocluster. (b) The
ideal distribution of Mn®* ions in the crystal lattice with separation
distance of 1.53 nm between two adjacent Mn** ions.

nanoclusters from overheating, the diffusion process was
controlled at a relatively low temperature (150 °C). Notably,
among the doping approaches designed to control the dopant
distribution, the present doping protocol using micrometer-
sized crystals with the “intrinsic internal defects” was much
more convenient than the previously reported doping
processes, such as nucleation-dopin ng an and growth-doping for
the creation of semiconductor NCs.

Figure 2a showed the powder X-ray diffraction patterns of as-
synthesized and Mn**-doped ISC-10-CdInS samples. Their
similar diffraction patterns suggested that the overall cluster
structure and packing mode were retained. Compared with the
simulated pattern of the undoped sample, the main peak of
Mn*"-doped sample around the S5° split into several peaks,
likely due to minor lattice distortion during the incorporation
of Mn®" ions into coreless TS nanoclusters. Similarly, the
quality of crystals following the doping became lower so that
other methods (instead of single crystal X-ray diffraction) were
used here to indicate Mn*" ions being located at the core site of
the coreless TS nanoclutster. In addition, the doping process
led to a slight shift of the PXRD peaks to larger angles, which
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Figure 2. The powder XRD patterns of undoped and Mn?>*-doped
samples: (a) unwashed, (b) acid-washed. The simulated diffraction
pattern is based on the single-crystal structure of the undoped sample.

meant that the unit cell volume of the doped sample became
smaller after doping. This slight shrinkage of the crystal lattice
could result from the partial loss of positively charged organic
template molecules, caused by the introduction of positively
charged Mn?* ions, which reduced the negative charge of the
nanocluster.

To eliminate the possible interference on the PL measure-
ments from surface-adsorbed Mn?* ions, the raw Mn?**-doped
samples were washed with diluted HCI acid. This washing step
caused a minor change to the structure of host matrix, as
indicated in Figure 2b. The main diffraction peak around the 5°
for both undoped-washed and doped-washed sample shifted to
the higher angle. On the basis of the lower C/H/N content in
the washed sample, it is suggested that the peak shift may be
caused by partial protonation for sulfide ions on the surface of
nanoclusters, which resulted in the partial loss of positively
charged organic template molecules and further induces the
shrinking of the unit cell.

The Mn**-doping process reported here was distinctly
different from, and more challenging than, the Cu’-doping
process. One reason is that the Cu” ion has stronger affinity for
S~ so that it can strip the corner sulfide out of nanocluster to
accelerate the dissolution process of TS nanocluster into the
reactant solution and facilitate the diffusion of Cu" ion into the
core sites. As observed, addition of extra copper ions could
destroy the nanocluster. From the structural viewpoint, the
Mn** ion (0.80 A) has an ionic radius comparable to that of
Cu’ ion (0.75 A), which permits the diffusion of Mn?* into
coreless nanocluster to form TS5-MnCdInS cluster. Yet,
different from Cu', the addition of extra Mn>' jons would
not lead to the collapse of the structure of host materials, which
is believed to be due to relatively weaker interaction between
Mn*" and S$*. Furthermore, longer reaction time (generally S
days for Mn**-doping and 2 days for Cu*-doping) is needed for
Mn?**-doping to realize the desired doping pattern when all
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coreless TS clusters in the whole crystal lattice encapsulate
Mn?* jon at their core sites, as shown in Figure 1b.

To properly label doped samples with different dopant
concentration, we define the doping level of Mn?* ions as N%,
with N being the moles of Mn*" ions per 100 mols of TS
nanoclusters, which clearly exhibits the doping level of Mn?*
ions relative to the theoretically targeted coreless site in
nanocluster. Naturally, the value of N for the nominal doping
level represents the added number of moles of Mn**. All doped
samples appearing in the text and figures are labeled by this
nominal number. The actual concentration of Mn?** ion in
doped sample is measured from the ICP-AES analysis, as
summarized in Table S1 (Supporting Information). The results
show that the measured molar ratios of Mn:In are smaller than
their corresponding ideal values at low doping levels, and even
smaller than the ideal maximum value of 1:28 (based on the
100% doping level) when excessive dopant concentrations are
applied. These results suggest that not all coreless nanoclusters
are involved in the doping process, and importantly, they
suggest that the incorporated Mn** results from the diffusion of
Mn”" into the empty core sites of the cluster, instead of through
ion exchange with Cd*" ions.

The presence of In, Cd, Mn, and S in the acid-treated sample
with nominal 10% Mn** doping level (corresponding to 3.1%
in the actual number) was also confirmed by X-ray photo-
electron spectroscopy (XPS). As shown in Figure 3, the peaks
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Figure 3. XPS of acid-washed sample with nominal 10% Mn**-doping
level. Inset is Mn 2p spectrum with deconvolution, revealing the
overlap of Cd 3p,/, and Mn 2p,,, peaks.

of S2p, Cd3d and In3d appear at 161.5, 404.6, and 444.2 eV
respectively. The peak around at 653 eV is the result of overlap
between Cd 3p,/, peak and Mn 2p,,, peak, which is clearly
shown in the deconvoluted peak of Mn 2p (Mn 2p;), at 641.1
eV and Mn 2p, , at 652.2 eV).”"

Absorption Spectrum and Optical Band Gap. The
adsorption spectra of unwashed and washed samples of ISC-10-
CdInS derived from the diffuse reflectance spectrum through
Kubelka—Munk function (F(R) = (1 — R)?/2R) are shown in
Figure 4a. The absorption edge of acid-washed sample is shifted
to lower energy compared with that of unwashed raw sample,
which could be attributed to the slight change on surface
structure of nanocluster, as discussed above. For the semi-
conductor with allowed direct transition, the corresponding
band gap (E,) was usually obtained though extrapolating the
linear portion of plot of (ahv)* vs hv to & = 0 value.”” On the
basis of this method, the optical band gap of raw sample, as
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Figure 4. Adsorption spectra of solid sample from the diffuse
reflectance spectra through KM function: (a) raw and acid-washed
ISC-10-CdInS, and inset is plot of (ahv)* vs hv; (b) Mn**-doped
sample with different nominal doping levels. The spectra were
normalized for absorbance at 310 nm (3.8 eV).

shown in the inset of Figure 4a, was calculated to be 3.10 eV,
much higher than that of bulk sample CdIn,S, (2.3 eV) ,” bulk
CdS (2.5 eV), and $-In,S; (2.1 eV), which could be partially
attributed to the quantum confinement effect. The band gap of
acid-washed sample also displays a red shift to 2.87 eV,
consistent with the absorption change. It is worth noting that
the band gap of Mn**-doped sample with various doping levels
is very close to that of undoped sample (Figure 4b), which is
much greater than that of Cu*-doped sample (E, = ~2.11 eV).
The minor impact of Mn>* ion on the band gap of host material
is due to the localized nature of the transition within the 3d°
configuration of Mn**,

Photoluminescence Properties. The PL and photo-
luminescence excitation (PLE) spectra of raw host material
are displayed in Figure Sa. The PLE spectrum monitored at 490
nm has the narrow and symmetric shape centered at 420 nm.
However, a broad and asymmetric spectrum peaked at 490 nm
is observed when excited at 420 nm. Figure 5b shows
excitation-wavelength dependent PL spectra. As observed, the
peak position remains unchanged and only emission intensity
increases with the increasing excitation wavelength (<420 nm).
However, it becomes weaker and gradually shifts to longer
wavelength with the increasing excitation wavelength (>420
nm). This trend, together with the broad and asymmetric
spectral shape, indicates a possible complicated PL mechanism
involving multiple recombination pathways of photoexcited
electrons and holes. Clearly, large Stokes shift between the
absorption onset and the PL peak suggests that band emission
is suppressed, and the dominant green emission is likely from a
radiative recombination of charge carriers at trap states or
defect centers, ie., surface states and intrinsic states.”*

The PL properties of the acid-treated sample are also
investigated. As shown in Figure Sa, the maximum excitation
wavelength for washed sample is red-shifted to 435 nm
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Figure S. (a) Adsorption, photoluminescence (PL) and photo-
luminescence excitation (PLE) spectra of raw host material and acid-
treated sample at room temperature. (b) PL spectra of raw sample
under different excitation wavelength ranging from 350 to 520 nm.

compared with unwashed sample. Correspondingly, the
maximum PL emission peak is red-shifted to S10 nm while
keeping the broad spectral shape. We notice that the maximum
excitation energy (2.85 eV) is in agreement with the band gap
of acid-washed sample (2.87 eV). Thus, the red shift for both
optical absorption and emission band may be ascribed to the
gap change of TS structure caused by acid-washing.

The PLE and PL spectra of Mn**-doped sample are also
investigated. When 1% Mn**-doped sample is excited at the
wavelength of 400 nm, two emission bands are observed, as
shown in Figure 6a. One is a weak green emission band located
at 490 nm, and the other is the dominant red emission band
with Gaussian shape peaked at 630 nm. Obviously, the green
peak is assigned to the emission from host materials, and the
emerging red emission must be related to the Mn**dopants. We
further study excitation-wavelength dependent PL property of
1% Mn**-doped sample by systematically changing excitation
wavelength from 300 nm to 450 nm. As displayed in Figure 6b,
with an increase of 4., from 300 nm from 400 nm, the emission
intensity of both emission bands, with the I,/I, ratio less than 1,
becomes stronger. However, when excited at 420 nm, the L/I,
ratio becomes greater than 1, and the red emission peak even
disappears when excited at 450 nm.

Figure 7 shows the relationship between the intensity/
position of the dominant red emission and Mn**-doping level.
With the increasing Mn>" content, the intensity of red emission
increases, while green emission intensity decreases dramatically.
When the nominal Mn“-doping level reaches to 50%, the host
lattice emission (490 nm) is suppressed to the almost
undetectable level. As shown in the inset of Figure 7, when
excited with 365 nm UV lamp, 50% Mn**-doped sample
exhibits an enhanced red emission with PL quantum yield of
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wavelength ranging from 300 nm to 450 nm.
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Figure 7. Mn**-doping level dependent PL spectra. Insert: optical
images of solid doped sample with different doping levels under 365
nm UV lamp excitation.

0.53%. Notably, the different Mn**-doping levels do not change
peak position of red emission.

To further confirm that the dominant red emission of Mn*'-
doped samples originates from the Mn>' ion in the crystal
lattice, rather than one adsorbed on the surface of the
microcrystal or unreacted metal salt, two comparative experi-
ments are carried out. In the first experiment, the raw ISC-10-
CdInS sample is mechanically mixed with the manganese salt,
and for this mixture no red emission peak in the region of 550—
650 nm is observed (Figure Sla, Supporting Information). In
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the second one, UCR-5-ZnInS sample, composed of super-
tetrahedral T4 nanocluster ([Zn,In;sS;4]) without vacant core
metal site,” is treated in the same way as Mn*"-doped ISC-10-
CdInS. After treatment, only intrinsic blue-green emission
(~460 nm) from host material is observed (Figure S1b,
Supporting Information). These results prove that the intrinsic
vacant site in the nanocluster plays an important role in the
facile diffusion of Mn?* into the host lattice, and the divalent
ions in the original nanocluster are not readily ion-exchanged
by Mn?* ions at relatively low temperature.

To eliminate the possible interference of Mn*'-containing
species attached to the microcrystal surface on the Mn*'-
emission position, we investigate the PL of the acid-washed
50% Mn**-doped sample. The maximum excitation wavelength
is red-shifted to 408 nm compared to unwashed and Mn*'-
doped sample (Figure S2, Supporting Information). This red
shift trend is consistent with that observed in the acid-washed
and undoped sample, being ascribed to the structure-induced
gap change. The dependence of excitation wavelength on the
emission intensity is also observed for this acid-treated sample
(Figure 8). It is notable that, unlike the green emission band,

Energy (eV)
30 28 26 24 22 2.0 1.8 1.6
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Figure 8. The excitation-wavelength dependent PL spectra of acid-
washed 50% Mn?*-doped sample.

the maximum peak for red emission remains at 630 nm and not
changed by acid-washing. This further indicates that any small
amount of Mn’*-containing species attached to the crystal
surface would have little influence on the Mn**-related
emission.

All above PL experiments have unambiguously established
that the red emission for Mn**-doped ISC-10-CdInS is
attributed to Mn”* ions in the TS nanocluster of crystal lattice.
It is generally accepted that, for typical Mn**-doped II—VI
semiconductor, Mn>*-related orange emission peak (~585 nm)
comes from a rapid energy transfer from the host lattice into
the split d-orbital of Mn*" ions and subsequent *T,(*G) —
%A,(°S) transition within the 3d shell of Mn?** ion.®” In this
case, the energy transfer from the photoexcited nanoclusters to
the Mn** ions is also implied due to the fact that excitation
spectra of the red emission for Mn?**-doped ISC-10-CdInS is
consistent with its absorption onset. However, it should be
noted that Mn*-doped ISC-10-CdInS gives a symmetric red
emission centered at 630 nm (1.97 eV) with a large Stokes shift
between excitation and emission wavelengths. Why does it have
a big red shift?

In principle, the peak wavelength of Mn>* emission depends
on crystal field splitting in the host lattice.**”® Size-mismatch-
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induced crystal lattice strain observed in one core—shell NCs is
ever explained as one factor that leads to a large crystal-field
splitting of the Mn*" 3d-orbitals, which correspondingly shrinks
*T, — °A, transition energy gap.77 In this case, when the Mn**
ion is incorporated into the host material, it is perfectly located
at the core site of nanocluster with uniform size and T,
symmetry, and correspondingly, the local “crystal lattice strain”
is created by the profound mismatch of M—S bond lengths in
the “Mn@CdS@InS core-shell” structure, where the Mn—S
bond is suppressed in such small void space. Thus, compared to
traditional Mn2+-doped CdS crystal lattice, the greater local
“crystal lattice strain” occurs in this special nanostructure and
causes a greater splitting of Mn** 3d energy level, which pulls
the *T, level closer to the °A; ground state and consequently
induces a big red shift in the Mn** emission from yellow-orange
to red. Moreover, this structure-induced splitting of Mn*
energy level is independent of the charged species surrounding
the nanocluster, because no variation in Mn*' emission
wavelength is observed for acid-treated sample.

In addition, the exact position of Mn?* *T; — ®A, transition
can also be affected by the variation in the Mn>* concentration.
High Mn*" doping level generally leads to red shift of Mn*"
emission due to magnetic interactions between neighboring
Mn?* ions.”®”” However, in this work, with the increasing
Mn?**-doping level, the spectral shape and the maximum
emission peak (630 nm) stay unchanged, which suggests that
the distance between Mn** ions in doped ISC-10-CdInS is too
far to interact with each other. Such distribution of Mn**
dopants is caused by the special coreless structure model with
only one vacant site in each TS nanocluster, which greatly limits
the degree of doping concentration of Mn>* and effectively
avoids Mn—Mn interactions.

PL Dynamics. To gain further insight into the PL
mechanism of undoped and Mn**-doped ISC-10-CdInS, it is
essential to study their time-resolved PL dynamics. The time-
correlated single photon-counting (TCSPC) experiments are
performed, and all time-dependent PL curves are fitted to a
multiexponential function I(t) = Y Aexp(—t/7;). The average
lifetimgg are determined by the expression 7., = A7’/
YAz,

The PL dynamics for undoped sample at different emission
positions (480, 550, 630, and 700 nm) at the room temperature
is displayed in Figure 9a. All these PL decay curves can be fitted
by triexponential decay curves. Their time constants (7, 7,, and
7;) and normalized amplitudes of the components (4,, A,, and
Aj) at t = 0 obtained by the fitting are summarized in Table S2
(Supporting Information). From this table, we notice that the
two fast decay components for four different monitored
emission positions are in the range of 1 to several tens of
nanoseconds, which are typically derived from the nonradiative
decay and surface trap (or defect) emission. Notably, the slow
decay component with the time constants of several hundreds
of nanoseconds is much greater than the former two fast
components. This abnormal long lifetime may be caused by the
coreless sites in the nanoclusters, which could be regarded as
intrinsic deep trap (or defect) state and serve as new hole trap
state for dominant deexciton process, since the deeper trap
usually gives a longer lifetime than the shallow trap.®' However,
for the acid-washed ISC-10-CdInS, the average lifetimes for the
same four emission positions drop back to the scale of 1 to
several tens of nanoseconds (Figure 9b). The slow components
for the acid-treated sample disappear. This is mainly because
the pathway of excited electrons to deep intrinsic “defects” is

ave
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Figure 9. PL dynamics of emission at different emission center under
interband excitation at 400 nm at room temperature: (a) raw ISC-10-
CdInS, (b) acid-washed ISC-10-CdInS, (c) Mn**-doped sample with
different doping level and monitored at 480 nm, and (d) 100% Mn**-
doped and/or acid-washed sample monitored at 630 nm.

drastically suppressed by the large amount of surface defects of
microcrystals, which is easily created during the acid-washing
step.

Mn?* ion dopant in the TS nanocluster markedly changes the
PL dynamics of host matrix. As shown in Figure 9c and Table
S3 (Supporting Information), the average lifetimes at 480 nm
emission for various Mn**-doped samples are in the range of
35—-55 ns, which indicates the deep defect-related emission
with long lifetime is dramatically suppressed by the
incorporated Mn** ions. In addition, we also notice that the
kinetic decay time at the red emission band (575—700 nm)
reached up to several hundreds of microseconds, similar to
previously reported values for Mn*'-doped II-VI semi-
conductor NCs (Figure 9d). These long decay times in the
Mn?*-doped nanocluster could be originated from the effective
energy transfer process from excitons of TS nanocluster to
Mn?" ions.** Spin and orbitally forbidden “T, (spin 3/2) — ®A,
(spin 5/2) transition in Mn®* ions results in a very long lifetime
in the range of several hundreds of microseconds to several
milliseconds. So, the replacement of intrinsic deep trap state by
Mn?" trap state could explain the short lifetime at 480 nm
emission.

Normally, the lifetime of Mn*" emission is reduced at higher
concentrations in semiconductor NCs because of exchange
interaction of coupled Mn*' pairs partially lifting the spin
selection rule.”>®> However, in our case, the average lifetime of
red emission at 630 nm is close to 0.5 ms, independent of
Mn**-doping level (Table S4, Supporting Information).
Unexpectedly, for 100% Mn**-doped and acid-washed sample
with weak emission intensity caused by surface-trap states, the
average lifetime at 630 nm reaches up to 1.1 ms, more than
double that of unwashed sample. This enhanced lifetime is
attributed to the absolute isolated distribution of Mn** ion in
the nanocluster without any interference of Mn**-pairs attached
on crystal.

Effect of Temperature on Mn?*-Related PL Property.
Temperature-dependent PL of Mn*-doped semiconductor can
provide useful information on crystal field strength of dopant,
energy transfer between excitons and dopants, and electron—

dx.doi.org/10.1021/ja501288x | J. Am. Chem. Soc. 2014, 136, 4769—4779



Journal of the American Chemical Society

phonon coupling. Generally, the temperature quenching mainly
results from the phonon-involved thermal dissociation of the
excitons, which reduces the efficiency of the energy transfer
from the exciton to Mn®* ion. Compared with bulk crystal, NCs
usually exhibit weak temperature quenching of PL due to hard
dissociation of exciton in the confined space. In this work, we
find that 5% Mn**-doped ISC-10-CdInS possesses a strong
temperature quenching behavior for Mn>* emission (Figure
10a), similar to the Mn?>*-doped ZnS bulk sample.** The
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Figure 10. (a) Temperature dependence of emission spectra with
interband excitation wavelength of 360 nm. (b) Temperature
dependence of emission intensity at 630 nm and maximum peak
wavelength for 5% Mn*-doped sample.

observation illustrates that this cluster-molecule-based micro-
meter-sized crystal still behaves like bulk sample, in which the
photogenerated electron—hole pairs in the TS nanocluster are
easily dissociated because of exciton—phonon coupling. It is
also very interesting that the peak wavelength of the Mn?**
emission shifts from 630 to 654 nm when the temperature
decreases from room temperature to 30 K, as seen in Figure
10b. The red shift of the Mn>* emission wavelength is also due
to the enhancement of the crystal field strength caused by
crystal lattice contraction at low temperature. With the
decreasing temperature, the emitting state (*T;) of Mn*" shifts
to lower energy, and consequently shifts the emission to longer
wavelength.®

EPR Signals. To further elucidate the local environment of
Mn*" ion in the crystal lattice of doped ISC-10-CdInS, we
performed X-band electron spin resonance (ESR) spectroscopy
study, which is an ultrasensitive probe to gain insight on sites
having paramagnetic moments.*® A distinctive feature of Mn>*
EPR signals is six-line hyperfine splitting, originating from the
interaction between the spin (S = 5/2) of the unpaired 3d-
electrons and spin (I = 5/2) of the **Mn nucleus. EPR spectra
of undoped and doped solid samples are shown in Figure 11.
For as-synthesized 100% Mn>*-doped sample, there is a broad
EPR signal. The broad background is most likely caused by a
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Figure 11. Electron paramagnetic resonance (EPR) spectroscopic
characterization of Mn**-doped I1SC-10-CdInS.

small amount of Mn**-pairs attached to the microcrystal surface
upon doping process. The Mn—Mn interactions lead to a
reduction of the electron—nuclear spin interactions in an
individual Mn** ion.*” To get rid of the interference from
Mn?**-pairs on the EPR test, we carefully wash this highly doped
sample. When the sample is treated by diluted HCl acid for 4 h,
some weak partially resolved peaks superimposed on a broad
background signal are observed. As we expected, fully acid-
washed sample exhibits an apparent six-line hyperfine splitting
pattern, which is typical for isolated Mn>* ions in the
environment of host crystal. In fact, for the ideal mono-
manganese doping case, the shortest Mn—Mn distance in the
intercluster is around 15.29 A, which is too far to form spin—
spin interaction. The current results further provide solid
evidence on well-dispersed dopant distribution without the
formation of Mn** pairs in one supertetrahedral nanocluster
through cation exchange.

Characterization of the Core Status in T5-ZnInS
Nanocluster. We ever created a zinc-containing analogue of
ISC-10-CdInS by replacing Cd(Ac), with Zn(Ac), during the
preparation. This new compound (coded as ISC-10-ZnInS)
exhibits a similar PXRD pattern with ISC-10-CdInS, indicating
that it is also composed of TS nanocluster (Figure S3,
Supporting Information). Unfortunately, we cannot ascertain
whether the core site in T5-ZnInS nanocluster is vacant or
occupied by one Zn ion, since no good quality crystal is
available for structure refinement. Inspired by above inves-
tigation on Mn?*-related PL of ISC-10-CdInS, we realize that
the characteristic red emission from dopant Mn*" ion could be
used as special feature to probe the defect status in this type of
nanoclusters.

The replacement of Cd*" by Zn*" in TS nanocluster blue
shifts the band gap of ISC-10-ZnInS to 3.23 eV (Figure S4,
Supporting Information). The enhanced energy gap leads to
the corresponding blue shift of defect-related emission (~48S
nm) from ISC-10-ZnInS host, compared with ISC-10-CdInS.
Figure 12 displays the PL spectra of Mn*"-doped ISC-10-
ZnInS. It is clearly noticed that the red emission band appears
and gradually suppresses the green emission with the increasing
Mn?**-doping level. This observation ambiguously proves the
core site in TS-ZnInS nanocluster is still coreless. However,
different from Mn>'-doped ISC-10-CdInS, its maximum
emission position is at 625 nm. This slight blue shift can be
also explained by “crystal lattice strain” theory. The suppression
degree of Mn—S bond in the “Mn@ZnS@InS core-shell”
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Figure 12. The PL spectra of ISC-10-ZnInS at room temperature.

nanocluster is smaller than that in “Mn@CdS@InS core-shell”
because the size of the Zn®* ion (0.74 A) is considerably smaller
than that of the Cd** ion (0.95 A). In other words, there is
more void space for Mn>* ion in TS-ZnInS nanocluster. As a
consequence, the crystal field splitting of Mn?** d-orbitals in TS-
ZnlnS is smaller than that in TS5-CdInS nanocluster and, in
turn, leads to lifted *T, level and the blue-shift of the PL peak
position.76

PL Mechanism. On the basis of above results obtained, we
can tentatively speculate on the complicated PL mechanism on
the recombination process of photogenerated electron—hole
pairs or excitons in the undoped and Mn**-doped microcrystals
of ISC-10-CdInS. Figure 13 shows a schematic representation
of the proposed mechanism for the PL excitation and energy
transfer. Under interband irradiation, electron—hole pairs are
generated in the energy levels of the TS-CdInS nanoclusters in
undoped sample. The direct recombination of the electrons
from the conduction band (CB) and holes from the valence
band (VB) is usually named as the band edge emission (PL1).
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Figure 13. Schematic representation of the proposed mechanism for
the PL excitation, the energy transfer and the PL emission in undoped
and Mn**-doped ISC-10-CdInS. (The orange lines represent energy-
level diagram of the Mn®" ion in a free-ion state and tetrahedrally
coordinated environment in supertetrahedral nanocluster. The solid
arrows represent absorption and radiative transitions. Dotted arrows
indicate nonradiative transitions. ST = surface trap. IIT = intrinsic
internal trap. PL1, PL2, PL3, and PL4 represent different PL emission
pathways: band emission, surface-trap-related emission, internal-trap-
related emission, and Mn?>*-related emission, respectively.)
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It is obviously that such band edge emission is substantially
suppressed as a result of the missing of band emission in the
range of 400 to 420 nm. However, the photogenerated
electrons at CB and holes at VB are more easily transferred
to the level of surface defects state, and the energy can be
relaxed by PL2 pathway. In addition, a number of the holes in
VB could be trapped by “intrinsic internal defects (IID)” at the
core site of TS nanocluster, where the excited electrons will be
de-excited through PL3 pathway. Thus, the broadened green
emission band is associated with the recombination of charge
carriers or donor—acceptor pairs at surface defects of
microcrystals with the lifetime of several tens of nanoseconds
and at “IIDs” with the lifetime of several hundreds of
nanoseconds.

It is generally accepted that the lowest excited state (*G) for
a free Mn®" ion will split into four energy levels (*T,, *T,, ‘E
and *A,) for the tetrahedrally coordinated Mn*" ion according
to the well-known Tanabe—Sugano diagrams.68 These energy
trap states in Mn?* ions will replace the “IID” trap state when
the Mn®" ions are incorporated into the core site of TS
nanocluster. The excited electrons can be rapidly transferred to
the *T, state of the Mn®* ion and decay radiatively to the °A,
state, giving a red emission through PL4 pathway. Therefore,
several competition processes on the exciton dynamics will
happen in this Mn**-doped sample. As previously observed,
with the increasing doping level, more Mn?* ions serve as trap
centers to accept the photoexcited electron, which markedly
makes the PL2/PL3 relaxation pathways suppressed and
enhances the efficiency of Mn**-related emission. It should be
noted that the PL4 relaxation pathway only occurs when the
host matrix is excited under interband irradiation. There will be
no excited electron transferring from CB to *T, energy state if
under intraband excitation. This is why the red emission
gradually disappears and green emission shows up with the
increasing excitation wavelength.

B CONCLUSIONS

In summary, we have successfully realized atomically precise
doping of Mn** ion into coreless supertetrahedral nanocluster
with well-defined structure and uniform size through a two-step
process involving presynthesis of crystalline clusters followed by
diffusion doping. It is the special model structure with long-
ranged ordered intrinsic vacancy in the supertetrahedral
nanocluster that makes Mn>* dopants disperse evenly and
effectively avoids the formation of Mn-cluster in the nano-
cluster-based host matrix. Such atomically precise control is
hard to be observed in traditional Mn**-doped II-VI
semiconductors. This Mn**-doped material further serves as
an ideal model for probing the PL property of Mn**-doped
semiconductor microcrystal. The Mn>" dopants dramatically
change optical properties relative to the pristine host model.
The Mn**-doped sample displays a strong red emission peak
centered at 630 nm at room temperature (even bigger red shift
to 654 nm at 30 K), which is clearly separated from the surface-
defect/internal trap-state emissions with a maximum wave-
length of ~490 nm and is believed to arise from excition-Mn**
energy transfer and subsequent dipole-forbidden *T,—°A;
ligand field transition. The big red shift relative to typical
Mn*" ion in II-VI semiconductor is the result of the local
“crystal lattice strain” induced by the special supertetrahedral
“Mn@CdS@InS core-shell” nanostructure with T, symmetry.
Such ordered distribution of Mn>* dopants in semiconducting
materials would likely enhance other properties such as
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magneto-optical and electroluminescence as well, which will
form the subject of future studies.
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