Hydrothermal synthesis of ZnSe:Mn quantum dots and their optical properties
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Water-soluble Mn**-doped ZnSe quantum dots (QDs) were synthesized using a
hydrothermal method. The characteristics of the precursor solutions greatly affected the
photoluminescence (PL) properties of the ZnSe:Mn QDs. In QDs synthesized with
alkaline precursor solutions, a PL band originating from the intra-3d shell transition of
Mn?" is clearly observed, indicating that Mn** ions are thoroughly doped inside the ZnSe
QDs. The PL quantum yield of the ZnSe:Mn QDs synthesized under the optimum
conditions reached 20%. By introducing a ZnS shell at the surface of the ZnS:Mn QDs,

the PL properties were improved and the PL quantum yield was further increased to 30%.



I. INTRODUCTION

Solar power generation is an important renewable energy source and silicon-based
solar cells are currently the most widespread type of solar cell used. In general, however,
silicon solar cells have low spectral sensitivity to ultraviolet light. As a method to solve
this problem, the development of a wavelength conversion material that converts light in
the ultraviolet wavelength region to visible light at the high spectral sensitivity of a
silicon-based solar cell is desired [1-8]. Recently, the application of organic dyes [1-5]
and semiconductor quantum dots (QDs) [3,6-9] as wavelength conversion materials has
attracted much attention. Because organic dyes can only absorb light in a limited
wavelength range corresponding to their intrinsic absorption characteristics, the range of
wavelengths that can be used in such a wavelength conversion material is also limited
[3,10,11]. Conversely, semiconductor QDs can absorb light in all wavelength regions
shorter than their absorption onset and it is possible to control the onset wavelength via
the QD size owing to quantum size effects [12,13]. Furthermore, when compared to
organic dyes, QDs are more stable against light irradiation [10,11]. Therefore, it is thought
that they have great potential as a wavelength conversion material.

So far, studies on the optical properties of semiconductor QDs have primarily been
conducted on Cd-chalcogenide materials, such as CdSe [14-17] and CdTe [18-21]. From
the viewpoint of the application of QDs, the preparation of QDs from Cd-free materials
is desired. In recent years, chalcopyrite semiconductors such as CulnS, [22,23] and
AgInS; [24,25] as well as the II-VI semiconductor of ZnSe [26-28] have attracted
considerable attention as promising candidates for Cd-free QDs. The absorption onset of
CulnS; and AgInS> QDs is in the near-infrared to visible region, whereas the absorption

onset of ZnSe QDs is in the blue to ultraviolet region. In this study, we focus on ZnSe



QDs doped with Mn?* impurities (ZnSe:Mn QDs) because ZnSe absorbs light in the blue
to ultraviolet region and shows orange emission due to the d-d transition in the emission
center of Mn?" [29-31]. Therefore, ZnSe:Mn QDs are thought to be suitable as a
wavelength conversion material for improving the conversion efficiency of silicon-based
solar cells.

ZnSe:Mn QDs possessing high photoluminescence (PL) quantum yield (QY) have
been synthesized via the hot-injection method using chemical reactions in an organic
solvent. Gan et al. successfully synthesized ZnSe:Mn QDs with a PL QY of 50% [30].
Zeng et al. reported that the PL QY reaches 60% at maximum for ZnSe:Mn/ZnS core/shell
QDs [31]. In recent years, attempts have been made to apply Mn-doped semiconductor
QDs having high PL QY to bioimaging [32,33]. For applications to bioimaging, water-
soluble QDs are necessary. It is well known that oil-soluble QDs prepared using the hot
injection method can be dispersed in water via ligand exchange [34,35]; however, the PL
intensity usually decreases due to the ligand exchange. Therefore, directly synthesizing
water-soluble ZnSe:Mn QDs having good optical properties is still an important subject.

Water-soluble QDs can be prepared using hydrothermal and/or reflux methods.
Aboulaich et al. reported the synthesis of water-soluble ZnSe:Mn and ZnSe:Mn/ZnS
core/shell QDs with PL QYs of 3.5% and 9%, respectively, using a reflux method [36].
Hardzei et al. successfully synthesized ZnSe:Mn/ZnS core/shell QDs with PL QYs of
10% using a hydrothermal method [37]. Consequently, the PL QYs of water-soluble
ZnSe:Mn QDs reported so far are not very high.

In this study, we aim to improve the PL QY of water-soluble ZnSe:Mn QDs. In the
hydrothermal synthesis of water-soluble QDs, the selection of the ligand greatly affects
the PL properties of the QDs. We previously reported that N-acetyl-L-cysteine (NAC)-
capped CdTe and ZnSe QDs have PL QYs of 60% or higher [21,38,39]. Therefore, the
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optimum preparation conditions of NAC-capped ZnSe:Mn QDs were investigated by
changing the synthesis conditions such as the pH of the precursor solutions, the Mn**
concentration, and the Se/Zn molar ratio. We successfully prepared ZnSe:Mn QDs with a
PL QY of 20% by optimizing the synthesis conditions. Furthermore, the PL QY was

increased to 30% for ZnSe:Mn/ZnS core/shell QDs.

II. EXPERIMENTS

ZnSe:Mn QDs were synthesized using a hydrothermal method [37,39]. A Zn-source,
Zn(Cl0O4)2:-6H>0 (1.0 mmol), and NAC (4.8 mmol) were dissolved in 50 mL of deionized
(DI) water, followed by the addition of an Mn-source, Mn(ClO4)2-6H>0 (0.02 mmol), to
this solution. The aqueous solution was adjusted to a pH of 8.5 via the stepwise addition
of 1.0 M NaOH; then, a freshly prepared NaHSe solution (0.2 mmol) was added. Finally,
the precursor solution was adjusted to a pH of 10. To deduce the optimum conditions, we
prepared various precursor solutions with different molar ratios of Zn?>" and Mn**. The
influence of the pH of the precursor solutions was also investigated. In addition, 10 mL
of the precursor solution was loaded into an autoclave and incubated at 200°C for
specified periods of time.

To improve the PL QY, ZnSe:Mn/ZnS core/shell QDs were synthesized. First, a ZnS
precursor solution was prepared as follows. Zn(Cl0O4)>-6H20 (0.4 mmol) and NAC (1.92
mmol) were dissolved in 20 mL of DI water followed by an adjustment of the pH to 5.
Then, Na>S-9H>O (0.12 mmol) was added and the precursor solution was adjusted to a
pH of 6. The ZnS precursor solution was added to the already prepared ZnSe:Mn QD
solution, and ZnSe:Mn/ZnS core/shell QDs were synthesized under microwave
irradiation.

The crystal structures of the prepared QDs were investigated via X-ray powder
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diffraction (XRD) with Cu Ka (4 = 0.154 nm) as the incident radiation. Transmission
electron microscopy (TEM) images were obtained using a JEOL JEM-2100. For the X-
ray photoelectron spectroscopy (XPS) measurements, the monolayer structure of the
ZnSe:Mn and ZnSe:Mn/ZnS QDs was prepared as follows. The Si substrates were
cleaned via immersion in a fresh piranha solution (1/3 (v/v) mixture of 30% H>O> and
98% H2S04) for 20 min (caution: piranha solutions react violently with organic materials).
The substrates were then rinsed with water and used immediately after cleaning. At the
beginning of the sample preparation, an adhesion layer of polyelectrolytes of positively
charged poly(diallyldimethylammonium chloride) (PDDA) was deposited to enhance the
binding of the QDs. The thickness of the PDDA layer is ~0.5 nm [40,41]. The monolayer
structure of the ZnSe:Mn and ZnSe:Mn/ZnS QDs was then deposited onto the PDDA
layer. A Shimadzu ESCA-3400 with a Mg Ka (1.253 keV) source was used for XPS
experiments.

The absorption and PL spectra were measured using a JASCO V-650 UV-Vis
spectrophotometer and an FP-8300 spectrofluorometer, respectively. In measurements of
the PL decay profiles, the third-harmonic-generation (THG) light (355 nm) of a laser-
diode-pumped yttrium aluminum garnet (YAG) laser with a pulse duration of 20 ns was
used as the excitation light. For the measurements in the millisecond time region, the
THG-YAG laser was operated with a repetition rate of 50 Hz and the PL-decay curves
were observed using a 500-MHz digitizing oscilloscope. For the measurements of the PL
decay profiles in the microsecond time region, the excitation source was operated at 20
kHz and the PL-decay profiles were obtained using a time-correlated single-photon

counting method.

III. RESULTS AND DISCUSSION



In the synthesis of semiconductor QDs using a hydrothermal method, the pH of the
precursor solutions is an important parameter [39,42] and the optimum pH value for the
preparation of ZnSe QDs has been reported to be a pH of 6 [39]. Therefore, the ZnSe:Mn
QDs were first prepared from a ZnSe:Mn (2% Mn) precursor solution with a pH of 6.
Figures 1(a) and 1(b) show the absorption and PL spectra of the ZnSe and ZnSe:Mn QDs,
respectively, prepared with a reaction time of 30 min using a precursor solution with a pH
of 6. It is obvious that the spectra in Figs. 1(a) and 1(b) coincide. In the absorption
spectrum, an absorption peak is clearly observed with higher energy than the band gap
energy (2.67 eV) of a ZnSe bulk crystal, and band-edge (BE)-PL is observed to be the
main PL band in the PL spectrum.

It is well known that Mn-related PL (Mn PL) originating from the intra-3d shell
transition of Mn?* in Mn-doped II-VI semiconductors such as ZnS:Mn, CdS:Mn, and
ZnSe:Mn appears near ~2.1 eV. However, in Fig. 1(b), no PL band having a peak near 2.1
eV is observed and a defect-related PL band is observed on the low energy side of BE-
PL. This result suggests that Mn ions are not doped to the ZnSe QD in the synthesized
ZnSe:Mn QDs.

Defect-related PL usually has a decay time of hundreds of nanoseconds to a
microsecond, while Mn PL shows a slow decay in the order of milliseconds. Therefore,
we measured the PL-decay profiles to confirm the possibility of Mn-doping. Figure 2
shows the PL-decay profiles detected at 2.68 eV in the ZnSe and ZnSe:Mn QDs. Both
profiles are coincident and show decay in the order of a microsecond. From the above
results, it is concluded that Mn ions are not doped inside the ZnSe QDs prepared from the
ZnSe:Mn precursor solution with a pH of 6. Mn PL was not observed even in samples
prepared at reaction times of 5 min, 10 min, and 20 min.

In previous studies, water-soluble Mn-doped QDs, such as ZnS:Mn [32,33] and
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ZnSe:Mn QDs [36,37], in which Mn PL was clearly observed, have usually been
synthesized from precursor solutions in the alkaline pH range. Therefore, ZnSe:Mn QDs
were prepared again from alkaline precursor solutions. Figure 3 shows the absorption and
PL spectra of the ZnSe:Mn QDs prepared from a ZnSe:Mn (2% Mn) precursor solution
with a pH of 9. Focusing on the PL spectrum, a PL band with a peak near 2.1 eV is clearly
observed, which is quite different from the result shown in Fig. 1(b).

The PL-decay profile detected at the PL peak of 2.1 eV is shown in Fig. 4. This profile
is much longer than that of the defect-related PL shown in Fig. 2. The PL band has a slow
decay component of ~1 ms, which is consistent with the intrinsic nature of the intra-3d
transition in Mn?" [29,42-45]. These results suggest that the doping of Mn ions succeeded
in the ZnSe:Mn QDs prepared from the precursor solution with a pH of 9. Therefore, it is
confirmed that the pH value of the precursor solution is a very important parameter in the
preparation of ZnSe:Mn QDs. Compared with the absorption spectrum shown in Fig. 1,
the absorption spectrum in Fig. 3 is broad. This is because that the size distribution of the
ZnSe:Mn QDs prepared from the precursor solution with a pH of 9 is broad. Zhang et al.
demonstrated that interparticle electrostatic repulsion greatly affects the agglomeration
growth of aqueous QDs in the initial state and that they depend on the pH of the precursor
solutions [46]. It is noted that although the size distribution of QDs becomes broad, it is
necessary to prepare QD from precursor solutions in the alkaline pH range to observe Mn
PL.

Next, to investigate the optimum pH value of the precursor solution, ZnSe:Mn QDs
were systematically prepared from precursor solutions whose pH was varied between 5
and 11. Figures S1-S8 show the reaction time dependence of absorption and PL spectra
in the ZnSe:Mn QDs prepared from the various precursor solutions with different pH
values. The dependence of the maximum Mn-PL intensity in each sample on the pH of
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the precursor solutions is shown in Fig. 5. Mn PL was not observed in the ZnSe:Mn QDs
prepared from precursor solutions with pH values of 5 and 6. From Fig. 5, the optimum
pH value of the ZnSe:Mn precursor solution was found to be 10.

Next, we discuss the dependence of the Mn-PL intensity on the Mn concentration.
ZnSe:Mn QDs were prepared while varying the Mn concentration between 0.5% and
10%; here, we define the Mn concentration as the mixing ratio of Zn ions and Mn ions in
the precursor solutions. The pH of the precursor solution was fixed to the optimum pH of
10. Figure 6(a) shows the PL spectra of the ZnSe:Mn QDs prepared with Mn
concentrations of 1%, 2%, 3%, and 7%. It was found that the Mn-PL intensity strongly
depends on the Mn concentration. Figure 6(b) shows the dependence of the Mn-PL
intensity on the Mn concentration. The Mn-PL intensity reaches a maximum in the
samples prepared with Mn concentrations of 1.5% and 2.0%. When the Mn concentration
becomes greater, the Mn-PL intensity decreases, presumably due to concentration
quenching [47].

The molar ratio of anions to cations (Se/Zn) is also an important factor in the synthesis
of semiconductor QDs [39]. We synthesized ZnSe:Mn QDs under various conditions
while changing the Se/Zn molar ratio in the range of 0.1-0.6, where the Mn concentration
was fixed at 2%. Figure 7 shows the Se/Zn molar ratio dependence of the Mn-PL intensity.
It is obvious that the Se/Zn molar ratio has a large influence on the PL intensity. As the
Se/Zn molar ratio becomes greater than 0.2, the PL intensity decreases drastically. From
the results discussed above, the optimum conditions for the preparation of the precursor
solutions of ZnSe:Mn QDs were found to be an Se/Zn molar ratio of 0.2, an Mn
concentration of 2%, and a pH of 10. The maximum PL QY of the obtained ZnSe:Mn
QDs was 20%. To the best of our knowledge, this QY is the highest value ever reported

for a water-soluble ZnSe:Mn core QD.



The XRD pattern of the ZnSe:Mn QDs prepared with the optimum conditions is
shown in Fig. 8(a). Three diffraction peaks at 28.6°, 47.8°, and 55.8° corresponding to
the (111), (220), and (311) lattice planes of the cubic zinc blende structure of ZnSe
(JCPDS Card No. 80-0021) were observed. Figure 8(b) shows a typical TEM image of
the ZnSe:Mn QDs. The growth of spherical particles with a mean diameter of 3.2 nm can
be confirmed from the TEM image.

To further improve the PL QY, ZnSe:Mn/ZnS core shell QDs were prepared. It is well
known that the formation of a shell layer on core QDs suppresses the nonradiative
recombination rate, and an improvement in the PL QY can be expected. Figures 9(a) and
9(b) show the absorption and PL spectra of the ZnSe:Mn and ZnSe:Mn/ZnS QDs,
respectively. In the ZnSe:Mn/ZnS QDs, an additional absorption structure is observed at
~4.3 eV, which is higher than the band-gap energy of ~3.7 eV in a ZnS bulk crystal. This
transition is due to the higher excited state of the electrons and holes spreading throughout
the core/shell QD [48,49].

Figures 10(a), 10(b), and 10(c) show the Zn 2p, Se 3d, and Se 3p XPS spectra,
respectively, of the ZnSe:Mn core QDs. The signals observed at 1024 eV and 1048 eV
correspond to those of Zn 2p3» and Zn 2pi2, respectively [47]. In addition, the signals
observed at 51.7 eV, 158 eV, and 164 eV correspond to those of Se 3ds/2, Se 3p3.2, and Se
3pin, respectively [50]. The results of the XPS measurements for Zn 2p, Se 3d, and S 2p
for the ZnSe:Mn/ZnS core/shell QDs are shown in Figs. 10(d), 10(e), and 10(f),
respectively. For Zn 2p, similar XPS spectra are observed in the ZnSe:Mn core and
ZnSe:Mn/ZnS core/shell QDs. Conversely, a large change in the signal intensity of Se is
observed. In ZnSe:Mn/ZnS core/shell QDs, the signal intensity of Se 3d greatly decreases
and the signal of S 2p is clearly observed. These results clearly demonstrate the growth
of the ZnS shell on the surface of the ZnSe:Mn core QDs.
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From Fig. 9(b), it is obvious that the PL properties were improved by preparing
core/shell QDs. In ref. [51], Li ef al. reported that the intensity ratio of BE-PL and Mn PL
strongly depends on potential structures in type-I ZnSe:Mn/ZnS and quasi type II
ZnSe:Mn/CdS/ZnS nanowires. Therefore, a further improvement of PL properties in
ZnSe:Mn QDs can be expected by controlling shell material and shell thickness. It is
recognized that the PL band with a peak at 2.6 eV is still observed after the ZnS shell
coating. It might be attributed to a defect-related PL from ZnSe QDs containing no Mn**
ions. The growth of inorganic shells usually reduces defect-related PL intensity because
the nonradiative recombination processes at the surface of core QDs are suppressed by
the growth of the shells. However, the defect-related PL was still clearly observed even
after the growth of the ZnS shell. One possible explanation is that the origin of the defect-
related PL in the present QDs is not a surface defect but might be an internal defect. In
the case of a defect-related PL caused by an internal defect, it is considered that the PL
intensity does not decrease even if the nonradiative recombination processes at the surface
of core QDs are suppressed by the formation of the ZnS Shell.

The PL QY of ZnSe:Mn/ZnS QDs was improved to ~30%. In ref. [52], Zhao et al.
successfully synthesized mercaptopropionic acid-capped ZnSe:Mn/ZnO QDs with a PL
QY of 31%, which is the highest value reported for Mn-doped QDs prepared via an
aqueous route. The PL QY of the NAC-capped ZnSe:Mn/ZnS QDs prepared in the present

study is therefore nearly the same as the current maximum value.

IV. CONCLUSIONS

We investigated the synthesis conditions for water-soluble NAC-capped ZnSe:Mn
QDs using a hydrothermal method. The optimum conditions for the preparation of the
precursor solutions were found to be a Se/Zn molar ratio of 0.2, a Mn concentration of
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2%, and a pH of 10. The PL QY of the obtained ZnSe:Mn QDs reached 20%, which is
the highest value ever reported for a water-soluble ZnSe:Mn core QD. Further, the PL QY

was increased to 30% by preparing ZnSe:Mn/ZnS core/shell QDs.

SUPPLEMENTARY MATERIAL

See supplementary material for the reaction time dependence of absorption and PL
spectra in ZnSe:Mn QDs prepared using precursor solutions with different pH values and
for XRD patterns of ZnSe and ZnSe:Mn QDs prepared from the precursor solutions with

pH = 6 and 9, respectively.
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FIG. 1. Absorption and PL spectra of (a) ZnSe and (b) ZnSe:Mn QDs prepared with a

reaction time of 30 min using a precursor solution with a pH of 6.
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FIG. 2. PL-decay profiles detected at 2.68 eV in ZnSe and ZnSe:Mn QDs prepared with

a reaction time of 30 min using a precursor solution with a pH of 6.
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FIG. 3. Absorption and PL spectra of ZnSe:Mn QDs prepared from a ZnSe:Mn (2% Mn)

precursor solution with a pH of 9.
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FIG. 4. PL-decay profile detected at the PL peak of 2.1 eV in ZnSe:Mn QDs prepared

from a ZnSe:Mn (2% Mn) precursor solution with a pH of 9.
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FIG. 5. The dependence on the pH of the precursor solutions of the maximum PL intensity

of Mn PL in each sample.
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FIG. 6. (a) PL spectra of ZnSe:Mn QDs prepared with Mn concentrations of 1%, 2%, 3%,

and 7%. (b) The dependence of the Mn-PL intensity on the Mn concentration.
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FIG. 7. The Se/Zn molar ratio dependence of the Mn-PL intensity.
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FIG. 8. (a) XRD pattern and (b) Typical TEM image of ZnSe:Mn QDs prepared with the

optimum conditions.
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FIG. 9. (a) Absorption and (b) PL spectra of ZnSe:Mn and ZnSe:Mn/ZnS QDs.
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FIG. 10. XPS spectra for (a) Zn 2p, (b) Se 3d, and (c) Se 3p of ZnSe:Mn core QDs and

for (d) Zn 2p, (e) Se 3d, and (f) S 2p of ZnSe:Mn/ZnS core/shell QDs.
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