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ABSTRACT: We report white-light-emitting Mn-doped ZnSe
nanocrystals (NCs) that are synthesized using modified
nucleation doping strategy. Tailoring three distinct emission
mechanisms in these NCs, which are MnSe-related blue
emission (410 and 43S nm), Zn-related defect state green
emission (520 nm), and Mn-dopant related orange emission
(580 nm), allowed us to achieve excitation wavelength
tailorable white-light generation as studied by steady state
and time-resolved fluorescence spectroscopy. These NCs will
be promising as single component white-light engines for
solid-state lighting.
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1. INTRODUCTION

White-light emission (WLE) from nanocrystals (NCs)' is
presently a research area of intense interest, especially for the
purpose of generation of photometrically high quality white
light while maintaining the energy efficiency for solid-state
lighting. One of the most common ways to generate white-
emitting NC-based phosphors is to combine red-, green-, and
blue-emitting NCs in an appropriate ratio."”> However, when
one simply mixes together the NCs of different color emission
to generate white light, these systems suffer from various
drawbacks including self-absorption by the small-bandgap NCs,
scattering of the light at the boundaries of color conversion
layers, and undesired nonradiative energy transfer among the
nanoemitters.® This also contributes to undesirable changes in
the chromaticity coordinates and photometric performance of
the light-emitting diodes (LEDs) due to the different relative
temporal stabilities of the components of the white-LEDs.*
Current research on white-light emission has heavily focused on
cadmium based NCs (e.g., by mixing red, green, and blue light
from core NCs such as CdS, CdSe, CdTe, or core/shell NCs
including CdSe/ZnS and CdSe/CdS)*~” and magic-sized CdSe
NCs.® Recently, Rosson et al.” reported a bright white-light
emission from ultrasmall CdSe nanocrystals treated with
carboxylic acids. However, due to the intrinsic toxicity of
cadmium, the long-term practical applications of Cd-based NCs
have been forecasted to be limited.'® Therefore, single-
component white-light generating NCs are highly desirable
and gaining increasingly more importance in the recent years.
These single component white light emitters could address the
issues that have been mentioned above, along with the potential
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to improve the color stability, to reduce the device complexity
and to lower the cost as compared to utilizing multi-NC-based
color conversion layers for white-LEDs. To this end, Mn-doped
NCs (e.g, ZnSe,"' ™" ZnS,'*'* CdS,'¢ etc.) are considered to
be potential candidates as single white-light generating
phosphors avoiding the issues of toxicity and self-absorption.
Mn-doped ZnSe NCs were already reported as white-light
generating nanophosphors. For the means of achieving WLE,
tuning of Mn-dopant concentration along with the wide band-
edge emission from the semiconductor host was utilized,
surface modification (i.e., surface-chelating) was employed to
create blue-green emitting surface states, co-doping of the NCs
with other dopants such as Cu was proposed,” and hybrid-
ization with organic molecules was demonstrated.!” However,
in all of the previous reports, the tunability of WLE from the
Mn-doped NCs has not been possible, and the temporal
stability of the WLE states was poor and depended on
environmental conditions.*'! In this paper, we report the
generation of WLE from Mn-doped ZnSe NCs that is achieved
via utilization of three distinct emission states in these NCs,
which are here shown to be tunable as controlled during the
synthesis of these NCs. These three distinct emission states are
MnSe-related blue emission at 410 and 435 nm, Zn-related
green emission at 520 nm, and Mn-dopant-related orange
emission at 580 nm. Furthermore, we have shown that, by
employing these distinct states that have different photo-
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Figure 1. HAADF-STEM images of (a) MnSe cores and Mn-doped ZnSe NCs obtained after the (b) first, (c) second, and (d) third injections of Zn

precursor. The scale bars are S0 nm.

luminescence excitation spectra, WLE can be tailored by
changing the wavelength of the excitation source. Here, we
show that, by tuning the excitation wavelength from 325 to 400
nm, different shades of white light can be reproducibly
generated, which is technologically promising for solid-state
lighting. To the best of our knowledge, this type of tunable
WLE from monoemitter Mn-doped ZnSe NCs has not been
reported earlier.

2. EXPERIMENTAL SECTION

Mn-doped ZnSe NCs are synthesized using nucleation doping
stra’cegy10 with slight modifications to obtain white light, and the
NCs are purified using a new methodology as described in detail in the
Supporting Information. UV—vis spectra were obtained using a UV—
vis spectrophotometer (Varian - Cary 100). Photoluminescence (PL)
spectra (both excitation and emission) of the NCs were obtained with
a fluorescence spectrophotometer (Varian - Cary Eclipse). The
quantum yield of the NCs was measured using Horiba Jobin Yvon
Time resolved fluorescence setup using an integrating sphere F-3018.
The time-resolved fluorescence measurements were taken with a Pico
Quant Fluo Time 200 setup using an excitation wavelength of 375 nm.
HAADF-STEM and HR-transmission electron microscopy (TEM -
Tecnai G2 F30) images were obtained using TEM operating at 300
kV. Elemental analysis was carried out using energy dispersive X-ray
spectroscopy (EDS).

3. RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) was performed to
understand the morphology and crystal structure of the Mn-
doped ZnSe NCs. Figure 1 shows high-angle annular dark-field
(HAADF) scanning transmission electron microscope (STEM)
images of Mn-doped ZnSe NCs obtained after the first, second,
and third injections of Zn precursor on the MnSe cores. Figure
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la shows HAADF-STEM images of MnSe cores with two
different sizes of ~2 and 4 nm, both having a spherical
geometry. Almost 90% of the NCs are of small size (i.e, 2 nm),
and the rest are bigger NCs (i.e,, 4 nm) as observed from the
zoomed in image of MnSe cores, as shown in Figure S1 of the
Supporting Information. Figure 1b shows Mn-doped ZnSe NCs
obtained after first injection of Zn precursor, exhibiting an
average size ~4.8 nm with a nearly spherical (i.e., tetrapod with
very short branches) shape. As the number of Zn precursor
injections is increased, the shape of the NCs deviates from
nearly spherical to branched. The branched Mn-doped ZnSe
NCs obtained after the third injection of Zn precursor have a
uniform size of ~9.5 nm, with a core diameter of ~4.3 nm and
a branch length of ~5.2 nm. The number of NCs with a
tetrapod shape is almost 95%; there are also some bipods, as
seen in Figure 1lc. There are few reports on the shape control of
Mn-doped ZnSe NCs.'®' Peng et al.'’ synthesized both
branched and spherical Mn-doped ZnSe NCs by tuning the
ratio of fatty acids and fatty amines. They observed that both
the branches and the core crystallize in the zinc blende
structure. We also carried out a detailed HR-TEM investigation
to understand the growth mechanism of our branched Mn-
doped ZnSe NCs. The HR-TEM images of Mn-doped ZnSe
NCs obtained after the (a) first (nearly spherical NCs) and (b)
third (branched NCs) injections of Zn precursor are shown in
Figure S2 of Supporting Information. For nearly spherical Mn-
doped ZnSe NCs, the interplanar spacing obtained is ~3.26 A
(Figure S2a), which corresponds to the (111) plane of zinc
blende (ZB) structure and lies between ~3.36 A (MnSe cores)
(JCPDS 73-1742) and ~3.24 A (ZnSe) (JCPDS 80-0021). The
value is closer to that of the ZnSe ZB structure because of the
thicker ZnSe shell over MnSe core. These results were further
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Figure 2. PL (a) and absorption spectra (b) of MnSe cores and Mn-doped ZnSe NCs obtained after first, second, and third injections of Zn
precursor. In the inset of part a, the zoomed in PL spectra of MnSe cores are shown for clarity. PL spectra are recorded at an excitation wavelength of

300 nm for all cases.

verified by energy dispersive X-ray spectroscopy (EDS). For the
branched Mn-doped ZnSe NCs, the interplanar d spacing
obtained from the branches is ~3.49 A (Figure S2b). This value
corresponds to the (100) plane of wurtzite ZnSe having a
standard value ~3.44 A (JCPDS 80-0008). Therefore, in our
case, we observe that the core crystallizes in the zinc blende
structure, whereas the branches crystallize in the wurtzite
structure. Furthermore, we observed the transformation from
nearly spherical to branch NCs after the second injection of Zn
precursor on the MnSe core, with no variation in stearic acid
concentration, which is in contrast to ref 19. Recently, Wu and
Warner'® reported shape control of Mn-doped ZnSe NCs by
varying Zn precursor and the temperature of the injection (i.e.,
ZnSt,/290 °C/branched NCs and ZnCl,/220 °C/spherical
NCs). But the maximum photoluminescence quantum
efficiency reported for the branched NCs remained only at
1%; in contrast, here we report an efficiency of 13.6% for the
branched Mn-doped ZnSe NCs. The detailed elemental
analysis done by using EDS also supports the growth
mechanism revealed by HR-TEM data. The elemental
concentration obtained for the spherical NCs is Mn = 1.39
atom %; Zn = 56.22 atom %; and Se = 42.37 atom %, whereas
for the branched NCs the values are Mn = 1.20 atom %; Zn =
66.36 atom %; and Se = 32.43 atom %. As the number of Zn
precursor injections is increased, the Zn content is enhanced in
the NCs as expected. Using EDS, Mn was detected only in the
core area of the branched Mn-doped ZnSe NCs. The HR-TEM
and elemental analysis of Mn-doped ZnSe NCs suggested that,
in our case, the proposed atomic model for the branched Mn-
doped ZnSe NCs structure consists of zinc blende (111) plane
of ZnSe core jointly with wurtzite (100) plane of ZnSe arms,
Mn atoms being embedded in the core only.*’

The photoluminescence (PL) spectra of MnSe cores and
Mn-doped ZnSe NCs obtained after the first, second, and third
injections of Zn precursor excited at 300 nm are shown in
Figure 2a. PL spectra of Mn-doped ZnSe NCs were dominated
by the Mn dopant emission at 580 nm, accompanied with two
weak emissions at 410 and 435 nm. Mn-doped emission at 580
nm is independent of the shape of Mn-doped ZnSe NCs with a
fwhm of 52 (+ 1) nm. For the emission of the Mn dopant, we
observe a decrease in the PL intensity with the increasing
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number of Zn precursor injections on the MnSe core. The
decrease in the PL intensity can be accounted for by the
deviation in shape from the spherical to the branched with the
increasing number of Zn precursor injections. This change in
the PL behavior is analyzed and verified with the structural
features of our Mn-doped ZnSe NCs (Fi§ure 1). These results
are consistent with the previous reports.'™'” A gradual red shift
in the excitonic absorption band from 410 to 420 nm is
observed in the UV—vis absorption spectra with increasing the
number of Zn precursor injections, as shown in Figure 2b.
While considering the Mn-dopant emission at 580 nm, the
Stokes shift of ~160—170 nm is achieved as compared with the
first exciton absorption peak of the ZnSe NCs. In Figure 2a, the
emission peaks at 410 and 43S nm are observed for all the
samples. These blue emission peaks are attributed to the MnSe
core of the Mn-doped ZnSe NCs. This is substantiated by
measuring the PL spectra of the only MnSe cores that were
used as the seed for the Mn-doped ZnSe NCs as shown in the
inset of Figure 2a.

The UV—vis spectrum of the MnSe cores does not show any
observable features at visible wavelengths up to the UV region
(350 nm) in accordance with the previous study.'® On the basis
of the UV—vis data, the optical band gap (E,) was estimated to
be approximately 3.5—3.8 V. This value is significantly larger
than that for rocksalt-type MnSe (E, ~ 2.5 eV)?! but is
consistent with the band gap of ZB-type MnSe (Eg ~34eV)>?
This observation is also supported by the HR-TEM analysis of
the ZB-type MnSe core as discussed above. HR-TEM image of
the MnSe core is shown in the inset of Figure S1 of the
Supporting Information. In the PL spectrum, there are two
observable emission peaks at ~410 and 435 nm. Since the
characteristic emission peaks do not belong to octahedrally and
tetrahedrally coordinated MnSe,> these vibronic-like emission
peaks possibly originate from the defects in the NC cores,
presumed to be caused by the metastability of MnSe in the zinc
blende structure. The exact origins of these emissions are,
however, not clear. Similar emissions were also reported by Zhu
et al.”* from the ZB-type MnSe cores while studying MnSe/
CdSe core shell nanocrystals.

In our Mn-doped ZnSe NCs PL spectra (Figure 2a), we
observe emissions both from Mn-dopant and MnSe cores,
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Figure 3. (a) PL spectra of the modified Mn-doped ZnSe NCs under excitation at various wavelengths. (b) PLE spectra of all emissions in Mn-

doped ZnSe NCs.

simultaneously. These emissions cannot be explained by
nucleation doping strategy alone. In our case, on the basis of
optical and structural characterization, there are two possible
reasons for these emissions. First, there is a possibility that,
rather than a nucleation doping synthesis, in our case we have a
two-step nucleation synthesis. In a two-step nucleation model,
the amorphous polynuclei or polymolecules aggregate together
in the first step, and in the second step, these amorphous
structures start to adjust the positions of atoms and reorganize
these clusters into the crystalline form.*® If two regions on the
surface crystallize at the same time in the second step of surface
nucleation, then they could not fuse into one single crystal and
a twin boundary is formed. We also observed twinning in our
synthesized Mn-doped ZnSe NCs as shown in Figure S3 of
Supporting Information. For a second possibility, in our
synthesis we found MnSe cores of two sizes with 90% of the
MnSe cores being smaller (2 nm) and the remaining being
larger (4 nm). By coating these NCs with ZnSe, the smaller and
bigger MnSe cores both lead to Mn-doped ZnSe NCs but with
thicker and thinner ZnSe shells, respectively. For the thinner
shells there are emissions from MnSe cores, too. This
hypothesis is also supported by the PL spectra in Figure 2a;
as the ZnSe coating on MnSe core increases, the intensity of
emission from MnSe cores decreases. PL spectra of Mn-doped
ZnSe NCs normalized at 580 nm also support our hypothesis
as shown in the Figure S4 of Supporting Information. Also, it is
observed that as we increase the concentration of Mn in the
synthesis the intensity of the PL emission (410 and 435 nm)
from the MnSe cores increases, which is not shown here.
Therefore, in our case we have emissions both from Mn-dopant
and MnSe cores simultaneously for the Mn-doped ZnSe NCs.

In this study, we further utilize Mn-doped ZnSe NCs as
monoemitter WLE agents. In addition to the blue emission
from MnSe cores and the orange emission from Mn-dopant, a
green emission was required to achieve high-quality white light.
By tuning the zinc stearate to stearic acid ratio simultaneously
with the Zn to Se ratio, we were able to obtain the green
emission in addition to the blue and orange emission using a
modified recipe (hereafter called as modified synthesis,
described in detail in the Experimental Section). Thus, the
white light generation was realized from the modified synthesis
of Mn-doped ZnSe NCs as a result of the combination of light
emission in orange (Mn-dopant emission), in green (Zn related
defects), and in blue (MnSe cores emission) simultaneously.
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These three emissions can be controlled to achieve high-quality
white light. The modified Mn-doped ZnSe NCs demonstrated
excitation wavelength dependent emission color tunability,
which was studied at room-temperature as shown in Figure 3a.
The HAADF-STEM images of these NCs obtained using the
modified synthesis exhibits tetrapode shape with an average size
~8.5 nm as shown in Figure S5 of the Supporting Information.

We observe that PL spectra obtained from the modified
synthesis of Mn-doped ZnSe NCs shows four emission peaks;
two blue emission peaks at 410 and 435 nm, one green
emission peak at 520 nm, and one orange emission peak at 580
nm. The blue emission peaks at 410 and 435 nm are the
emissions from MnSe cores as discussed above. The green
emission around 520 nm is attributed to “self-activated”
luminescence, as a consequence of donor—acceptor pairs that
are related to Zn vacancy and crystal defects (interstitial states
or associated with dislocations, stacking faults, and non-
stoichiometric defects).”**” The green band is observed in
the samples annealed in Zn vapor, vacuum, or reducing
atmosphere, resulting in Zn excess.”® Green emission was also
reported in both undoped and Mn doped ZnS nonorods by
Biswas et al,” and they concluded that this emission is due to
zinc-vacancy related defect states. Our samples were grown in
Zn-rich conditions; thus, we believe that the strong emission
may be ascribed to the interstitial Zn defect and non-
stoichiometric defects. The orange emission at S80 nm is due
to the *T;—°A, transition of the Mn impurity excited by energy
transfer from the ZnSe lattice.

To investigate the origin of these emission bands, PLE
spectra of Mn-doped ZnSe NCs were recorded. Figure 3b
shows the PLE spectra for the emission at 410, 435, 520, and
580 nm. The PLE peak position for the 580 nm emission
wavelength is 310 nm, indicating that the orange emission is
from Mn-doped ZnSe NCs.'” PLE spectra of the orange
emission have a bump at 430 nm, which is similar to the first
exciton peak in the absorption spectra of Mn-doped ZnSe NCs
shown in Figure S6 of Supporting Information. We observed
that in this case the absorption peak is 10 nm red-shifted in
comparison to the branched one due to thicker ZnSe coating.
In contrast, the PLE spectrum recorded for the 520 nm
emission exhibits a maxima at 310 nm along with a shoulder
bumping at 360 nm. The 360 nm PLE peak is associated with
Zn-related defects as reported previously.*® The green emission
observed at 520 nm, which is new in our case, is attributed to
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Figure 4. TRPL spectroscopy of Mn-doped ZnSe NCs.
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the modified synthesis of these NCs. Thus, the green emission
is due to zinc related defects (excess Zinc) in the Mn-doped
ZnSe NCs.”® The green emission (520 nm) has a maximum at
310 nm, but immediately afterward the emission decreases with
increasing wavelength. Thus, the green emission is not related
to Mn-doping in ZnSe. Also, in Figure 3b, we have recorded
PLE plots for 410 and 435 nm, both having their maximum at
365 nm. After 330 nm the blue emission (410 and 435 nm)
starts to increase and reaches its maximum at 365 nm. Thus,
PLE results indicate that all these emissions have different
origins which are further confirmed via time-resolved photo-
luminescence (TRPL) spectroscopy.

Figure 4 shows the fluorescence decay curves for all four
(410, 435, 520, and 580 nm) emissions of Mn-doped ZnSe
NCs excited at 375 nm. The PL decay profile of the orange
emission (580 nm) is found to be single exponential with an
average lifetime of 0.59 ms. Such a slow decay further
confirmed the attribution of this emission band to the spin
forbidden doped Mn?* *T| to ®A, transition. Then, we studied
the emission kinetics for the blue emission at wavelengths of
410 and 43S nm, which exhibited a single exponential decay
with fast emission decay lifetimes of 0.61 and 0.63 ns,
respectively. Generally for semiconductor NCs, the fluores-
cence lifetimes are of the order of a couple of nanoseconds or
longer; thus, these fast decay kinetics for the blue emission at
410 and 43S nm (arising from MnSe cores emission) is due to
trap state emission of the MnSe cores together with possible
competition with other nonradiative channels such that overall
PL decay lifetime is quite short, or the other explanation to
these vibronic-like blue emissions would be the formation of
very small MnSe nanoclusters. Having similar lifetimes for 410
and 435 nm indicates that there exists excitons which are highly
bound to each other (similar to Frenkel excitons rather than
Wannier-Mott excitons) since the MnSe core is too small (like
a nanocluster) before the ZnSe shell growth. Also, these two
emission states were observed from the steady state PL of only
MnSe cores (Figure 2b). Also, relatively good PL QY of these
blue emission states supports the fact that nonradiative decay
channels cannot be highly dominant. Moreover, PLE of these
states (see Figure 3b) has a resonance feature around 365 nm
that supports the hypothesis that the blue emission is more
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likely to be arising from the MnSe nanoclusters rather than
highly inefficient trap states.

For the green emission at 520 nm, the average lifetime of
1.72 ns is obtained, which is attributed to zinc related defects
introduced in our system by the modified synthesis. The value
1.72 ns is the amplitude weighted average lifetime of the 520
nm emission obtained after fitting the curve with three
exponentials (reduced y* ~ 1). These lifetime components
are 0.804 ns (92.96%), 3.74 ns (3.37%), and 23.02 ns (3.67%).
The fastest lifetime component is attributed to the direct
recombination lifetime of the 520 nm emission state. Longer
lifetime components may be related to the shallow trap state
mediated emission causing a delayed emission with longer
fluorescence lifetime components.>" There is a possibility that,
since the sample has excess Zn, the cleaning process may
produce some oxidized Zn, which may be a reason for the green
emission in PL.>* The lifetime of the green emission is slower
than the blue emission and much faster than the orange
emission suggesting that these three emission states are distinct
and have different emission mechanisms that are independently
controlled as shown by PLE spectra in Figure 3b. Therefore,
the above results indicate that, by controlling the synthesis
parameters, we can tune the WLE from the Mn-doped ZnSe
NCs, thus making it possible to be used as versatile
monoemitters for WLE. The intensity of these relative
emissions can be tuned by varying the excitation wavelengths;
thus, white light generation can be easily controlled and tuned.

Figure S shows the chromaticity coordinates of the emission
from modified Mn-doped ZnSe NCs excited at 300 nm (P1),
325 nm (P2), 350 nm (P3), 375 nm (P4), and 400 nm (P5),
where these different excitation wavelengths lead to chroma-
ticity coordinates of (0.34, 0.46), (0.33, 0.40), (0.30, 0.30),
(0.28, 0.26), and (0.34, 0.37), respectively. The photometric
color properties (LER, CCT, CRI) are calculated for all
excitation wavelengths and are listed in Table 1. Here the
chromaticity coordinates corresponding to the excitation
wavelengths 325, 350, 375, and 400 nm fall within the white
region of the 1931 CIE (Commission Internationale de
L’Eclairaged) diagram33 (Figure S). Through excitation source
tuning, white light from the NCs can be tuned to its different
shades with luminous efficacy up to 400 Im/W and correlated
color temperature in the range of 5000—11000 K. Therefore,
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Table 1. Color Properties of Mn-Doped ZnSe NCs

Ay (nm) €%) LER (Im/W,,) CCT (K) CRI
300 (P1) (0.3456, 0.4615) 401 5213 48
325 (P2) (0.3311, 0.4057) 354 5556 51
350 (P3) (0.2993, 0.3010) 265 7769 60
375 (P4) (0.2834, 0.2677) 236 11170 64
400 (P5) (0.3458, 0.3758) 357 5049 50

WLE with high color quality is successfully achieved for Mn-
doped ZnSe NCs.

4. CONCLUSIONS

In this paper, we report WLE from the Mn-doped ZnSe NCs
that are synthesized with a modified synthesis reported here. As
a result, we achieve three controllable distinct emission states
from these NCs; blue emission from the MnSe cores, orange
emission from the Mn dopant, and green emission from the
Zn-related defect states. All these emissions are reproducibly
controlled by small variation in the synthesis parameters. The
tailoring of the white emission via excitation source wavelength
owing to the distinct PLE characteristics of the three emission
states enabled us to tune the white light from the same NCs for
the first time in the literature. These Mn-doped ZnSe NCs are
promising as versatile light emitting materials suitable for
various applications ranging from solid-state lighting to

bioimaging.
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HAADF-STEM and HR-TEM images of MnSe cores (Figure
S1); HR-TEM images of Mn-doped ZnSe NCs obtained after
the (a) first and (b) third injections of Zn precursor (Figure
$2); HR-TEM image of Mn-doped ZnSe NCs showing twin
boundary (Figure S3); PL spectra of Mn-doped ZnSe NCs
obtained after the first, second, and third injections of Zn
precursor normalized at 580 nm (Figure S4); HAADF-STEM
image of the Mn-doped ZnSe NCs that generates white light
(Figure SS); absorption spectra of Mn-doped ZnSe NCs that
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generates white light (Figure S6). This material is available free
of charge via the Internet at http://pubs.acs.org.
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