
RGB Emitting ZnSe Based Nanocrystals  Bull. Korean Chem. Soc. 2014, Vol. 35, No. 12     3601

http://dx.doi.org/10.5012/bkcs.2014.35.12.3601

RGB Light Emissions from ZnSe Based Nanocrystals: ZnSe, ZnSe:Cu, and ZnSe:Mn

Byungkwan Song, Jeongho Heo, and Cheong-Soo Hwang*

Department of Chemistry, Institute of Nanosensor and Biotechnology, Center for Photofunctional Energy Materials (GRRC), 

Dankook University, Gyonggi-Do 448-701, Korea. *E-mail: cshwang@dankook.ac.kr

Received August 5, 2014, Accepted August 26, 2014

RGB light emitting ZnSe based nanocrystals: ZnSe (blue), ZnSe:Cu (green) and ZnSe:Mn (red) were

synthesized by capping the surface of the nanocrystals with oleic acid. The obtained nanocrystal powders were

characterized by using XRD, HR-TEM, ICP-AES, FT-IR, and FT-Raman spectroscopies. The optical

properties were also measured by UV/Vis and photoluminescence (PL) spectroscopies. The PL spectra showed

broad emission peaks at 471 nm (ZnSe), 530 nm (ZnSe:Cu) and 665 nm (ZnSe:Mn), with relative PL

efficiencies in the range of 0.7% to 5.1% compared to a reference organic dye standard. The measured average

particle sizes from the HR-TEM images for those three nanocrystals were 4.5 nm on average, which were also

supported well by the Debye-Scherrer calculations. The elemental compositions of the ZnSe based

nanocrystals were determined by ICP-AES analyses. Finally, the drawn CIE diagram showed the color

coordinates of (0.15, 0.16) for ZnSe, (0.22, 0.57) for ZnSe:Cu, and (0.62, 0.35) for ZnSe:Mn respectively,

which were fairly well matched to that of the RGB color standards. 
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Introduction

Low dimensional semiconductor nanocrystals are very
important and essential components of next generation
advanced devices.1 Since they offer very unique physical,
chemical and optical properties, these materials have been
widely applied in the area of non-linear optics and electronic
luminescence devices2 and, more recently, in the advanced
biomedical area.3 Most known semiconductor nanocrystals
showed their size dependent optical properties which
resulted from the different band gap energies between even
the materials of identical chemical composition.4,5 Zinc
selenide (ZnSe) based semiconductor nanocrystals have
attracted substantial interest due to their intense UV blue
luminescence properties with a band gap of 2.7 eV, which
was rarely observed in other nanocomposite materials such
as CdSe and ZnS.7,8 Additionally, the ZnSe/ZnS core-shell
type modified nanocrystal showed a much higher quantum
efficiency and thermal stability at ambient temperature than
that of the bare ZnSe nanocrystals, which are very important
for further applications in commercial electro-luminescence
devices.9,10 

White light emitting phosphors are important for their use
in photoelectric devices such as solid state light emitting
diodes (LEDs).11 In such devices, the white light emission
used to be obtained by mixing complementary color emitt-
ing phosphors such as GaN (blue) and YAG:Ce (yellow).12

In addition, recent research regarding the white light emitt-
ing nanocrystals have focused mainly on CdSe quantum dot
which can emit both blue and yellow light by precisely
controlling the particle sizes.13 Previously, in this lab, we
reported the synthesis of white light emitting ZnSe:Mn
nanocrystals formed by a thermal decomposition reaction of

diethyl zinc, manganese (II) cyclohexabutylate, and elemental
selenium dispersed in TOPO solvent.14 The obtained PL
spectrum of the ZnSe:Mn nanocrystals showed two broad
emission peaks at 445 and 572 nm, and the resulting white
light emission is produced by combining these comple-
mentary color emissions. Moreover, in this lab, the white
light emitting nanocrystal mixture of ZnS based nano-
crystals in aqueous solvent has been reported.15 Even though
we were able to obtain white light emission by mixing those
ZnS based nanocrystals in the proper ratio, it was not
successful to obtain the perfect RGB color combinations
from the ZnS based nanocrystals. In this research, we
intended to develop novel RGB nanophosphors for a three-
band white light emitting diode, in which the parent crystals
contained the same elemental compositions of ZnSe. It has
been known that a three-band white light emission system
can offer much better quality and purity of the color than that
from the two-band (yellow-blue) system.16 

Experimental

Instrumentation. For optical characterizations of the
resulting nanocrystals, UV/Visible absorption spectra were
obtained by using a Perkin Elmer Lamda 25 spectrophoto-
meter equipped with a deuterium/tungsten lamp. The room
temperature solution photoluminescence (PL) spectra were
taken by a Perkin Elmer LS-45 spectrophotometer equipped
with a 500 W Xenon lamp, 0.275 m triple grating mono-
chrometer, and PHV 400 photomultiplier tube. The present-
ed HR-TEM images were taken with a JEOL JEM 1210
electron microscope with a MAG mode of 1,000 to 800,000.
The accelerating voltage was 40-120 kV. The samples for
TEM were prepared via dispersion in methanol and place-



3602     Bull. Korean Chem. Soc. 2014, Vol. 35, No. 12 Byungkwan Song et al.

ment on a carbon-coated copper grid (300 Mesh) followed
by drying under vacuum. The FT-IR spectra were taken
using a Perkin Elmer spectrophotometer equipped with an
attenuated total reflection (ATR) unit. The presented FT-
Raman spectra were recorded by Bruker FRA106/s spectro-
photometer with a resolution of 1 cm−1. In addition, the
elemental compositions of the nanocrystals were determined
by ICP-AES elemental analyses, which were performed by
an Optima-430 (Perkin Elmer) spectrometer equipped with
an Echelle optics system and a segmented array charge
coupled device (SCD) detector.

Syntheses of ZnSe:M (M=Cu and Mn) Nanocrystals.

To synthesize the ZnSe based nanocrystals, we followed a
previously reported preparation method by Flamee et al. to
synthesize the CdSe nanocrystal using heterogeneous Cd
and Se precursors in a solvent mixture that was composed of
several organic solvents and with slight modificaitons.17

0.24 g (0.4 mmol) of zinc (II) stearate was dissolved in a 50
mL mixture solution of octadecene (ODE, 30 mL) and oleic
acid (OA, 20 mL). The resulting solution was heated up to
ca. 300 oC under argon flow. In a separate flask, the hetero-
geneous Se precursor was prepared by mixing 0.32 g of
selenium powder with 4 mL of tri-n-butyl phosphine (TBP)
and 10 mL of ODE. Upon the fast addition of the Se
precursor mixture to the flask containing zinc (II) precursor
complexes, a very vigorous reaction occurred. For the dop-
ing process, the reaction flask was cooled to ca. 200 oC, and
the pre-made TBP/ODE stock solution containing 0.008
mmol of copper (II) acetate or manganese (II) acetate was
added to the reaction flask via a glass syringe. The temper-
ature was slowly raised to ca. 240 oC, and the mixture was
kept at that temperature for 2 h for the aging process. The
slow cooling to ambient temperature and the addition of
anhydrous methanol resulted in a yellow-white precipitate at
the bottom of the flask. Finally, the obtained solids were
separated by centrifuging and decanting the supernatant. The
solids were further washed with a mixture of toluene and 2-
propanol and then dried for 24 h in a vacuum oven. The
obtained experimental data are summarized in Table 1.

Photoluminescence (PL) Efficiency Measurements. The
PL efficiencies for the ZnSe based nanocrystals were mea-
sured and calculated by the method previously reported by
Williams et al.18 This method calculated a relative quantum
yield by comparing it to that of a standard material in
literature,19 1.0 × 10−5 M ethanol solution of Rhodamine 6G

(Fluka) in our case. The emission wave length and reported
absolute quantum yield are 566 nm and 0.95 (at 22 °C)
respectively, for the Rhodamine 6G standard. In these
experiments, the employed excitation wavelengths for the
standard were obtained from the UV/Vis spectrum from
ZnSe based nanocrystals. The emission spectra for both the
standard and the comparing nanocrystals were recorded at
five different concentrations in ethanol solvents. We then
plotted a graph of the integrated fluorescence intensity
versus absorbance for both samples obtained at different
concentrations. As a result, we were able to obtained straight
lines with fairly constant gradients, and their intercepts were
at zero. Finally, the relative PL efficiencies were calculated
using the following equation:

In this equation, Ф represents PL efficiency. The subscript
ST and x denote the standard and the corresponding nano-
crystal respectively. Additionally, ‘Grad’ indicates the gradi-
ent from the plot of the integrated fluorescence intensity
versus absorbance, and ‘η’ represents the refractive index of
the solvent, a factor which we eliminated by using the same
solvent (ethanol) for both the standard and the nanocrystal.

Results and Discussions

The average particle sizes of the ZnSe based nanocrystals
were measured from the HR-TEM images presented in
Figure 1. These images show fairly homogeneous spherical
particle shapes in the solid state. To measure the particle
sizes, we enlarged the images to a maximum and measured
about 20 identifiable particles to obtain the average particle
size for the ZnSe based nanocrystals. As a result, the
measured particle sizes were 4.46 ± 1.10 nm (ZnSe), 4.20 ±
0.75 nm (ZnSe:Cu), and 4.93 ± 0.83 nm (ZnSe:Mn), respec-
tively, which are very close to that for the TOPO ligand
capped ZnSe:Mn nanocrystal (4.2 nm in average).14 To
support our measurements through the TEM images, we also
performed Debye-Scherrer calculations using the obtained
XRD data, which will be described in detail later. In the
figures, small agglomerations between the particles were
observed due to the evaporation of the solvents during the
sample preparation. However, the appearance of the distinct
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Table 1. Experimental Data summary of the ZnSe based nanocrystals

ZnSe ZnSe:Cu ZneS:Mn 

UV/Vis absorption wavelengths (λmax, nm) 420 420 420 

PL emission wavelengths (λmax, nm) 471 530 665 

PL efficiency (%) 7.60 5.10 0.73 

HR-TEM (average particle size, nm) 4.46 ± 1.10 4.20 ± 0.75 4.93 ± 0.83 

XRD (average particle size, nm) 4.12 3.93 4.24 

ICP-AES Amount of dopant ions (%) N/A 1.16 0.80 

CIE color coordinates (x, y) (0.15, 0.16) (0.22, 0.57) (0.62, 0.35) 
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lattice planes in the HR-TEM image with about 3 Å lattice
spacing indicate that the obtained solids are made of single
crystals rather than poly-crystalline aggregates for all of the
nanocrystal samples.

To determine the elemental compositions of the prepared
ZnSe based nanocrystals and the doping concentration of the

copper and manganese ions precisely, Inductively Coupled
Plasma-Atomic Emission Spectrometry (ICP-AES) analyses
were performed. Three trials of the sample measurements
revealed that the average elemental proportions of the
copper and manganese ions relative to the ZnSe parent
crystal were 1.16 (ZnSe:Cu) and 0.80 (ZnSe:Mn) atomic %,
respectively. The intended dopant concentrations in the
ZnSe based nanocrystals were about 1% for both transition
metal ions. In the literature, these concentrations had been
reported as the optimum dopant amount for most ZnS and
ZnSe based nanocrystals to obtain maximum luminescence.20

As shown in Figure 2, the wide-angle X-ray diffraction
(XRD) pattern diagrams of the ZnSe based nanocrystal
powders were obtained to confirm the formation of the ZnSe
parent crystal lattices. In the diffraction pattern diagrams, the
apparent peaks at the (111), (220), and (311) planes for the
ZnSe based nanocrystal powder samples are identical to
those for the reported bulk ZnSe solid in a cubic zinc blende
crystalline phase (JCPDS 80-0021).21 In addition, we also
performed Debye-Scherrer calculations for the ZnSe based
nanocrystals by using the obtained XRD peaks to compare
with the particle size measured from the HR-TEM images.22

From the measured full width at half maxima (FWHM) of
the selected XRD peaks, we obtained the calculated average
particle sizes for ZnSe, ZnSe:Cu, and ZnSe:Mn nanocrystals,
which were 4.12 nm, 3.93 nm, and 4.24 nm respectively.
The calculated results showed very good agreements with
those from the HR-TEM images in the solid state.

For optical characterizations for the ZnSe based nano-
crystals, the absorption and emission spectra were taken

Figure 1. HR-TEM images of: (a) ZnSe (b) ZnSe:Cu and (c)
ZnSe:Mn nanocrystals. 

Figure 2. XRD pattern diagrams of : (a) ZnSe (b) ZnSe:Cu and (c)
ZnSe:Mn nanocrystals and (d) reference bulk ZnSe solid in a cubic
zinc blende phase. 
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using UV-visible and PL spectrophotometers. Figure 3 shows
the UV-Visible absorption spectra of the oleic acid capped
ZnSe based nanocrystals. In the diagram, the broad absorp-
tion peaks appeared from 400 to 450 nm and the maxima
were located at 420 nm for all of the ZnSe based nano-
crystals. Since these nanocrystals have the same parent
crystal, they showed very similar absorption wavelengths
and peak shapes to each other. Figure 4 presents the room
temperature solution photoluminescence (PL) emission
spectra obtained from the ZnSe based nanocrystals. For the
ZnSe based nanocrystals, the broad emission peaks appeared
at 471 (ZnSe), 530 (ZnSe:Cu), and 665 (ZnSe:Mn) nm
wavelengths, respectively. The corresponding emission
spectra were obtained by fixing the light source at the
maximum absorption wavelengths in the UV-Visible spectra.
The maximum absorption wavelengths were the same at 420
nm for all of the nanocrystals as shown above. The dominant
absorption shown in the UV-Vis spectra were probably
caused by the fundamental band-to-band absorption in the
ZnSe host.23 The increased band gap of the ZnSe based
nanocrystal compared to that for the bulk ZnSe solid (2.70

eV) is due to the quantum confinement effect for the nano-
sized materials.24 The observed large Stoke shifts for the
transition metal ions doped ZnSe nanocrystals, which were
in the range of 110 to 245 nm, are among the typical features
that appeared in nano-sized semiconductor crystalline
materials.25 These phenomena were mostly due to the re-
combination of the trapped charge carriers as opposed to the
free carriers. The trapping of the charge carriers occurs at the
surface defects that lie between the band gap states.26 The
surface defects on the ZnSe based nanocrystals probably
resulted from the incomplete capping by the surfactant oleic
acid molecules, or from the zinc metal cation or selenide
anion vacancy on the surface of the ZnSe crystal lattice. 

Synthesis of the ZnSe nanocrystal using different surfac-
tants has been reported by Hines et al.27 The authors obtain-
ed ZnSe nanocrystal by pyrolysis (300 oC) of the Zn and Se
containing organometallic precursor complexes in TOP (tri-
n-octyl phosphine) or TOPO (tri-n-octyl phosphine oxide)
solvents. Usually, the ZnSe exists in one of the two crystal-
line phases, i.e. cubic zinc blende or hexagonal wurtzite.
They showed that choosing a certain precursor can direct the
formation of a certain crystalline phase. The obtained UV-
blue light emissions with wavelengths of 326 nm (cubic
ZnSe) and 368 nm (wurtzite ZnSe) showed significantly
blue shifted emissions from our zinc blende ZnSe-OA (471
nm) nanocrystals. It is known that having more surface
defects such as a zinc ion vacancy on the surface of ZnSe
nanocrystal induces a stronger emission of the blue color
light.28 Therefore, one can conclude that the oleic acid ligand
creates more crystal defects than the TOP or TOPO ligand
during the nanocrystal formation process, and it is ironically
more important to obtain natural blue color emission from
the ZnSe nanocrystal. 

The green light emission from the ZnSe:Cu nanocrystal
with different ligand has been reported by Xue et al.29 The
green light emission at 530 nm arises from the recombi-
nation between the shallow donor level created by a sulfur
vacancy and the t2 level of the Cu2+ ions. It is also known
that the doping concentration of Cu2+ plays a critical role for
the luminescence property of the ZnSe:Cu nanocrystal. For
the oleic acid capped ZnSe:Cu nanocrystal, when the doping
concentration of the Cu ion was reduced to 0.25% (deter-
mined by ICP-AES), the ZnSe:Cu nanocrystal yielded two
broad emission peaks at 434 nm and 491 nm as shown in
Figure 5. The small peak appeared at 434 nm was one of the
characteristic emissions resulted from a Zn ion vacancy in
the ZnSe crystal lattice,23 while the broad emission peak at
491 nm majorly caused the overall blue-green color of the
ZnSe:Cu nanocrystal. In fact, the emission band gap tuning
by the concentration of the dopant Cu ions using different
ligand capped ZnSe:Cu nanaocrystal has been reported by
Gul et al.30 They observed gradual changes of the emission
colors from blue (0.1%, 470 nm) to blue-green (0.7%, 510
nm) by increasing the doping concentration of the Cu ions.
This phenomenon was explained that increase of the
concentration of the Cu2+ (d9) ions induced more severe
Jahn-Teller distortions in the ZnSe lattices, and the band gap

Figure 3. UV-visible absorption spectra of: ZnSe (blue), ZnSe:Cu
(green) and ZnSe:Mn (red) nanocrystals. 

Figure 4. PL emission spectra of: ZnSe (blue), ZnSe:Cu (green)
and (c) ZnSe:Mn (red) nanocrystals. 
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between 2T2 state and 2E state was reduced to afford more
red-shifted emission from the nanocrystal. In fact, we
observed similar trend in the oleic acid capped ZnSe:Cu
nanocrystal. However, when we added more Cu2+ ions, in
which the concentration of the Cu ions reached to 1.16 %,
the ZnSe:Mn-OA nanocrystal produced an emission light of
530 nm wavelength, which is much closer to the natural
green color standard for a LED lamp than that of 510 nm
from other ZnSe:Cu nanocrystals. Further increasing the Cu
concentration can push the t2 level of Cu2+ ions farther away
from the valence band; therefore, the emission was signifi-
cantly quenched when the dopant ion concentration reached
over 2 atomic % against the ZnSe host. 

In the ZnSe:Mn nanocrystal, the red light emission at 665
nm is attributed to the 4T1–6A1 transition of Mn2+ ions.31 The
most commonly obtained emission wavelengths from man-
ganese doped semiconductors, such as CdSe:Mn, ZnS:Mn,
and other ligands capped ZnSe:Mn nanocrystals, were in the
range from 570 to 590 nm (yellow-orange color).32 How-
ever, it has been shown that the emission wavelengths can be
slightly shifted by changing the ratio of [Zn]/[Mn] in these
nanocrystals.33 For instance, increasing the concentration of
the Mn dopant ions for the ZnSe:Mn nanocrystal can induce
more internal doping of the Mn ions in the parent crystal
lattice, and this can result in more red-shift of the emission
wavelengths in PL spectrum than expected. This phenomenon
resulted from the creating strong exciton-phonon coupling
between the doped Mn metal ions to form additional Mn-Mn
emission centers in the nanocrystal. In fact, this does not
occur often since the probability of the direct formation of a
Mn-Mn center without any interruption by neighboring Zn
or Se ions in the ZnSe:Mn nanocrystal is very low. This lead
to produce an exceptionally low quantum yield as shown in
the OA capped ZnSe:Mn nanocrystal. In other cases,
increase of the Mn dopant concentration induced blue-shift
in the emission wavelengths by creating Zn or Se ion
vacancies in the nanocrystal lattices during the doping
process.34 Moreover, sometimes increase of the concent-

ration of the dopant metal ions (over 3-5%) caused a drastic
luminescence quenching. Similar phenomena had been
reported for several transition metal ions doped ZnS nano-
crystals that if the concentration of the dopant ions reached
to about 3% in the parent nanocrystal, the dopant metal ions
with empty valence orbitals also acted as electron trapping
centers which results into non-radiative recombination
process of the photo-excited electrons.35 We also observed
that further increase of the concentration of the dopant Mn
ions resulted in significant decrease of the PL intensity or
complete quenching of the red emission from the ZnSe:Mn-
OA nanocrystal. In addition, Peng group reported that they
had obtained two broad emission peaks from their ZnSe:Mn
d-dot, in which a small shoulder peak of red emission at 610
nm had appeared along with the major orange emission peak
at 595 nm.36 They similarly explained that the red emission
resulted from the formation of additional Mn-Mn emission
center in the d-dot, and it could be formed when the
concentration the Mn ion was very high against Zn or Se
ions in the crystal lattice. However, in this system, we were
able to obtain the pure red emission peak without over-
lapping of any orange emission peak. Moreover, we didn’t
have to increase the concentration of the Mn ions to obtain
the red light emission from our ZnSe;Mn nanocrystal. In a
special case, a direct white light emission from a manganese
ion doped ZnSe nanocrystal with different capping ligand
has been observed.14 However, we were not able to observe
such phenomenon from our ZnSe:Mn nanocrystal sample,
which also shows the surface capping ligand dependent
properties of the ZnSe based nanocrystals. 

As described in the previous experimental section, the PL
efficiencies for the ZnSe based nanocrystals were measured
and calculated by following the same method as that report-
ed by Williams et al.18 This method calculated the relative
quantum yield by comparing it to a standard material in the
literature, a 1.0 × 10−5 M ethanol solution of Rhodamine 6G
(Fluka) in our case. For this standard, the reported emission
wave length and absolute quantum yield are 566 nm and
0.95 (at 22 oC) respectively.19 The excitation wavelength
(420 nm) used for the standard solution was obtained from
the UV/Visible spectra for the ZnSe based nanocrystals. As a
result, the calculated relative PL efficiencies for the ZnSe
based nanocrystals were 7.60% (ZnSe), 5.10% (ZnSe:Cu),
and 0.73% (ZnSe:Mn), respectively . In fact, the relative PL
efficiency for the red emitting ZnSe:Mn nanocrystal is quite
low for further application in electronic devices. However, it
is notable to mention that obtaining the red light emission
from the ZnSe:Mn nanocrystal is an extremely rare case in
the literature. As described before, the most common or
typical emission light from manganese ion doped semi-
conductor nanocrystal was yellow-orange color. For instance,
previously reported ZnS:Mn-MAA nanocrystal in this lab
showed strong emission wavelength at 590 nm, even with a
higher quantum yield (7.20%) than the undoped ZnS-MAA
nanocrystal (4.38%). The obtained exceptionally low PL
efficiency of the ZnSe:Mn nanocrystal was probably caused
by the fact that the probability of the direct formation of a

Figure 5. PL emission spectra of: undoped ZnSe (blue), ZnSe:Cu
(0.25% Cu, blue-green), and ZnSe:Cu (1.16% Cu, green) nano-
crystals.
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Mn-Mn center without any interruption by neighboring Zn
or Se ions in the ZnSe:Mn nanocrystal is very low.

As shown before, the concentration factor of the dopant
metal ion is very important for optical properties of the
nanocrystals. For other ligands capped ZnSe based nano-
crystals, it has been also reported that the emitting colors
were slightly changed by varying the concentration of the
dopant ions.29,30 Even though we could observe similar trend
in the ZnSe:Cu-OA nanocrystal, we did not actually observe
such emission wavelength changes from the ZnSe:Mn-OA
nanocrystal. Instead, by changing the dopant concentrations,
we only observed decrease or vanishing of the intensity of
the emission peaks for the ZnSe:Mn-OA nanocrystals in
their PL spectra. This indicated that the initial concentrations
of the dopant metal ions, associated with the surface capping
abilities of the oleic acid ligand, were right combinations to
achieve the optimum [Zn]/[Mn] ratio to induce the formation
of the Mn-Mn emission centers in the doped ZnSe based
crystals to yield the red light emission. In addition, the
capping ligand molecules probably well inhibited the formation
of additional cation or anion vacancies in the crystal lattice,
which can also seriously affect the optical properties of the
ZnSe:Mn nanocrystal.

Previously, in this lab, undoped ZnSe nanocrystals with
various capping ligands have been synthesized at various
reaction temperature conditions (250-320 oC).10,14 From these
experiments, we could obtain the optimum emission wave-
length which is the most close to the natural blue color
standard from the ZnSe nanocrystal prepared at 300 oC, with
the highest PL efficiency. Therefore, the reaction temper-
ature for the formation of the parent ZnSe nanocrystal was
fixed at 300 oC. For the Cu and Mn doping into the ZnSe
nanocrystals, however, once the temperature condition for
the parent ZnSe crystal formation is fixed, the temperature
for the doping process did not really affect the emission
wavelengths for the metal ion doped ZnSe nanocrystals.
Instead, we could only observe decrease of intensities of the
emission light (250 oC) or complete vanishing of emissions
(150 oC) in the PL spectra obtained from the both ZnSe:Cu
and ZnSe:Mn nanaocrystals. Similar intensity changes of the
ZnSe nanocrytals by varying the doping temperatures have
been shown by Chen et al.37 They stated that the copper
containing precursors were not activated enough under 200
oC, and they only observed insufficient doping of the Cu
ions into the ZnSe nanocrystal. Therefore, taken together, we
concluded that 200 oC is an optimum temperature for the
doping process of Cu and Mn ions into the ZnSe parent
nanocrystals. In addition, once the primary band gap is fixed
by formation of the parent ZnSe nanocrystal, the doping
concentration factor is more critical for affecting the emi-
ssion wavelengths for the ZnSe based nanocrystals than the
doping temperatures.

The CIE chromaticity diagram presented in Figure 6
shows the positions of the color coordinates for each ZnSe
based nanocrystal. The obtained color coordinates were
(0.15, 0.16) for ZnSe, (0.22, 0.57) for ZnSe:Cu, and (0.62,
0.35) for ZnSe:Mn respectively, which were fairly well

matched to those for the RGB color standards.38 
Finally, the surface capping oleic acid molecules (OA)

onto the ZnSe based nanocrystals were characterized by FT-
IR and FT-Raman spectroscopy. To remove any uncoordi-
nated or unreacted organic or inorganic salt molecules, the
centrifuged white solids were rapidly washed several times
with cold alcohol/water mixture solutions. As a result, the
peaks that could be resulted from the free oleic acid or other
precursor materials were completely removed from the pre-
sented FT-IR and FT-Raman spectra. Figures 7 and Figure 8
present the FT-IR and FT-Raman spectra obtained from the
synthesized ZnSe:Cu nanocrystal overlapped with that of the
uncoordinated free OA molecule for direct comparison. In
fact, the FT-IR spectra obtained from the three different
ZnSe based nanocrystals were almost identical to each other.

Figure 6. CIE chromaticity diagram of the ZnSe based nano-
crystals; (0.15, 0.16) for ZnSe, (0.22, 0.57) for ZnSe:Cu, and (0.62,
0.35) for ZnSe:Mn nanocrystals. 

Figure 7. FT-IR spectra of the ZnSe:Cu-OA (red) and neat OA
(black) molecule.
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This similarity was probably caused by having a similar
reduced mass and binding affinity for Zn-S, Cu-S and Mn-S
moieties; in addition, the amounts of the different metal ions
in the crystal lattices were less than 2%.39 Therefore, we
presented only the ZnSe:Cu case in this figure to charac-
terize the OA ligand bound on the surface of the nanocrystal,
that yielded the best resolution in the spectrum. All of the
obtained FT-IR and FT-Raman peak data are listed in
Table 2 and Table 3. In these tables, the specific vibrational
mode assignments were provided and are based on the two
reference articles that had performed spectral analyses on the
uncoordinated free oleic acid molecule with DFT calcula-
tions40 and the oleic acid capped Fe3O4 nanoparticle.41

The overall peaks in the FT-IR and FT-Raman spectra of
the ZnSe:Cu nanoparticles were slightly red shifted from
that of the neat oleic acid molecules except for the very high
frequency region around 3000 cm−1 and the very low fre-
quency region below 900 cm−1. In the FT-IR spectrum, the
most distinguishable peak changes between the neat OA and
the nanoparticle coordinated OA were that the C=O stretch-
ing band of the neat OA at 1710 cm−1 was significantly red

shifted to 1535 cm−1 for the ZnSe:Cu-OA. A similar phen-
omenon has been reported for oleic acid coordinated to the
Fe3O4 nanoparticle. In this case, the C=O stretching band
was shifted and split into two bands of 1639 cm−1 and 1541
cm−1 which were characteristics of asymmetric COO stretch-
ing modes . Furthermore, in the FT-Raman spectra, the C=O
stretching band of neat OA at 1660 cm−1 was also signifi-
cantly shifted to 1606 cm−1 for the ZnSe:Cu nanocrystal.
Taken together, these results can be explained that the
carboxylic acid moiety of the OA ligand was attached onto a
heavier elemental frameworks, which is the surface of the
ZnSe based nanocrystals.42 The data analyses of the low
frequency region of the vibrational spectra are rather chall-
enging since the binding between the ZnSe and the OA
molecule restrict low frequency bending, twisting, and tor-
sional motions.43 As a result, these bands are considerably
red shifted compared with those of the free OA molecule.
According to the literature, the peak that appeared at 340
cm−1 can be assigned to the transverse and longitudinal
optical phonon of the Zn-Se lattice.44 

Conclusion

In summary, we have successfully synthesized three
different ZnSe based nanocrystals that share the same parent
crystal but emit lights of different wavelengths by changing
the dopant materials. The nanocrystals were optically charac-
terized by UV/Vis and room-temperature PL spectroscopy.
The further physical analyses were performed by XRD, HR-
TEM and ICP-AES. The PL spectra showed emission peaks
at 471 nm (ZnSe), 530 nm (ZnSe:Cu) and 665 nm (ZnSe:Mn).
These emission peaks are fairly good color matches for the
RGB light sources for a three-band white LED, which were
not easily achieved in other systems. In this lab, further
application studies such as the fabrication of electronic
illumination devices using these ZnSe based nanocrystals

Figure 8. FT-Raman spectra of the ZnSe:Cu-OA nanocrystal (red)
and neat OA (black) molecule. 

Table 2. FT-IR data and assignments of the ZnSe:Cu nanocrystal
(unit in cm−1)

Neat Oleic acid

(ref. 36,37) 

Fe3O4-OA 

(ref. 37) 
ZnSe:Cu-OA 

Assignments

(ref. 36,37) 

613 δ(CCO)/ρ(OCO) 

710 719 ω (C=CH) 

950 945 δ(C=CH) 

1050 1010 ν(C-O) 

1277 ν(CC) 

1288 1285 1280 ν(CC) 

1405 1397 ν(CH3) 

1460 1462 1459 ρ(CH2) 

1541 1535 ν(COO) 

1710 1639 ν(C=O) 

2852 2849 ν(CH2) 

2918 2924 2915 ν(CH2) 

Table 3. FT-Raman data and assignments of the ZnSe:Cu nano-
crystal (unit in cm−1)

Neat Oleic acid

(ref. 36) 
ZnSe:Cu-OA 

Assignments 

(ref. 36) 

340 Zn-Se phonon 

620 δ(CCO)/ρ(OCO) 

855 786 ω(C=CH) 

971 δ(C=CH) 

1063 1004 ν(C-O) 

1084 ν(CC) 

1120 ν(CC) 

1300 1207 ν(CH3) 

1442 1376 ρ(CH2) 

1660 1606 ν(C=O) 

2850 ν(CH2) 

2980 2912 ν(CH2) chain disordered 

3006 ν(C=CH) 

3010 3058 ν(C-H) 
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are in progress.
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