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Abstract ZnSe nanoparticles with the cubic zinc blende
structure were synthesized by a triethanolamine (TEA)-as-
sisted solvothermal method without surfactants and tem-
plates. The effects of the TEA on the growth mechanism of
ZnSe nanoparticles were analyzed. Photoluminescence
measurements showed that the intensity of the defect-re-
lated emission band varied with the volume of TEA, as
different types of defects were dominant in the ZnSe
nanoparticles. Moreover, the emission band centered at
545 nm was attributed to the recombination of a donor—
acceptor pair involving Zn vacancies, while the emission
band centered at 668 nm was due to the stacking faults,
twinning defects and some point defects. In Raman spectra,
a clear shift of the transverse and longitudinal optical
phonon modes, as well as a broadening of the longitudinal
optical phonon peak were observed for ZnSe nanoparticles.

1 Introduction

Inorganic semiconductor nanocrystals have been studied
extensively from experimental and theoretical viewpoints,
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owing to their potential applications in solar energy con-
version, photocatalysis, and other applications in the op-
toelectronic industry [1-5]. Nanomaterials of different II—
VI semiconductors have also attracted much attention due
to their promising characteristics for electronic, optical,
photonic and catalytic applications [6—8]. Wide band-gap
Zn based semiconducting materials are very efficient
emitters in the blue—green spectral region and consequently
their yield is expected to be greater than that of usual III-V
devices [9, 10]. In the past decades, the majority of re-
search on II-VI semiconductors has focused on ZnO, ZnS,
CdSe, and CdS, with a very limited number of reports on
ZnSe nanostructures. For example, ZnO nanostructures are
considered to be one of the most investigated materials for
different nanotechnological applications [11-14]. Gedamu
et al. [15] reported that ZnO nanostructure-based UV
photodetectors had been synthesized by a rapid fabrication
technique, making such ZnO nanotetrapods potential can-
didates for various nanosensor applications. Recently, the
wide-band-gap II-VI semiconductor material, zinc se-
lenide, has been studied extensively due to wide-ranging
applications in the fields of light-emitting devices, short-
wavelength lasers, blue laser diodes, solar cells, sensors,
and optical recording materials [16, 17]. In particular, ZnSe
has a direct band gap of 2.67 eV and a large exciton
binding energy of 21 meV at room temperature [18-20].
Moreover, ZnSe is of strong interest as a potential material
for fabricating short-wavelength devices, as ZnSe nano-
materials exhibit a tunable blue-ultraviolet (UV) lumines-
cence [21, 22]. For cadmium-based systems such as CdSe,
this UV range is practically unobtainable, this in addition
to the toxicity of cadmium, reiterates the desire to syn-
thesize high quality ZnSe nanocrystals [23].

Various methods have been used to synthesize ZnSe
nanoparticles with controlled morphology and structure
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[24-26]. For example, Quinlan et al. [27] utilized the re-
verse micelle technique using an ion exchange reaction that
produced cubic ZnSe nanoparticles. Zhu et al. [28] reported
that ZnSe nanoparticles of about 3 nm in size had been
prepared by sonochemical irradiation of an aqueous sele-
nourea and zinc acetate solution under argon. The sono-
chemical method has been used extensively to generate
novel materials with unusual properties, as the method
allows the formation of particles of a much smaller size and
higher surface area. However, most of these methods in-
volve the use of sophisticated equipment with toxic and
sometimes explosive starting materials, which are not en-
vironmentally benign [29]. Xiong et al. [30] reported
synthesis of spherical ZnSe nanoparticles of cubic struc-
ture. However, the reaction required a longer time and the
selenium precursor used was unstable at room temperature.
In order to attain an environmentally friendly technology, it
is necessary to use greener methods to synthesize ZnSe
nanomaterials in mild reaction conditions. Solvothermal
synthesis has become a facile and promising approach to
solve the above problems. The chemicals used in
solvothermal synthesis are commercial standards,
relatively inexpensive and the reaction can be completed
under relatively moderate conditions. The solvothermal
synthesis approach is considered as an effective and eco-
nomical route for large scale production. Moreover, several
groups have synthesized ZnSe nanostructures by the ad-
dition of triethanolamine (TEA) in aqueous solution. TEA
has gained interest in metal coordination chemistry and has
been proven to be beneficial in controlling particle growth
[31]. Moreover, the size of the ZnSe nanoparticles can be
controlled by using different amounts of TEA. The exact
mechanism of the origin and variation in PL emission
properties is still unclear, due to the complexity of the
photochemistry in inorganic semiconductor nanocrystals.
For ZnSe nanoparticles with large surface to volume ratios,
PL properties are generally related to their surface structure
[32]. The intensity of PL signals typically receives most of
the attention in the analysis of interfaces. This is due to its
dependence on the rate of radiative and non-radiative
events, which in turn depend on the density of non-radia-
tive interface states [33]. Dynamic growth processes play
an important role in defining the surface structure of ZnSe
nanoparticles and hence the PL properties.

In this paper, we synthesize the cubic ZnSe nanoparticles
with different particle size, by only changing the amount of
TEA. The growth mechanism of the ZnSe nanoparticles is
investigated. TEA has been proven to be beneficial in
controlling the particle growth. The solvothermal method is
advantageous, as it can be executed within a short period of
time and under ambient environmental conditions, making
it efficient and economical. The optical properties of the
ZnSe nanoparticles obtained by using different amounts of

TEA are discussed in detail. Analysis of the deep defect-
related emission is done for ZnSe nanoparticles obtained by
using different amounts of TEA.

2 Experimental section
2.1 Preparation

All chemicals were of analytical grade and used as received
without further purification.

The synthesis of ZnSe precursor was carried out by the
following procedures: Zn(NO;3),-6H,O (0.5 mmol) was
dissolved in NaOH to form a transparent solution, after
which anhydrous TEA was added to the solution and stir-
red for 30 min, before the addition of selenium powder
(99.95 %) (0.5 mmol). Then, the mixed solution was
transferred into an 80-ml stainless steel Teflon-lined auto-
clave, which was filled to 75 % of its capacity. A range of
mixed solvents composed of TEA at the volumes of 40 and
50 ml and deionized water were produced. The autoclaves
were heated to 180 °C for 24 h and then cooled to room
temperature. Products were then washed with distilled
water and absolute alcohol three times before being dried
in a vacuum at 60 °C for 1h. To obtain the ZnSe
nanoparticles, the products were calcined in a tube furnace
under an argon atmosphere.

2.2 Characterization

The crystal structure and phase of the synthesized products
were characterized by a MAC Science MXP-18 X-ray
diffractometer (XRD) (with 40 kV and 200 mA, Cu Ka
radiation with A = 1.5406 A). Transmission electron mi-
crograph (TEM) was taken with a JEM-2100 transmission
electron microscope at an accelerating voltage of 200 kV.
The specimen was prepared by depositing a drop of the
dilute sample solution in 2-propanol on a carbon-coated
copper grid and drying at room temperature. The PL
measurement was carried out at room temperature, using
325 nm as the excitation wavelength, and a He—Cd laser as
the excitation source. The Raman scattering studies were
performed with a 1000B Renishaw micro-Raman system in
the back-scattering configuration, and the excitation source
was the 514.5 nm line of an Ar + laser for which ZnSe
was transparent. The beam was focused through a micro-
scope objective on the samples as a 1 pum circular spot.

3 Results and discussion

X-ray diffraction is widely used as a conventional and
routine technique to determine the crystal structure of
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powder samples. The X-ray diffraction patterns of the
prepared ZnSe samples with different concentrations of
TEA are shown in Fig. 1. For the samples obtained by
using 40 ml of TEA as shown in Fig. 1a, the characteristic
diffraction peaks centered at 27.22°, 45.18°, 53.54°, 65.82°
and 72.62° closely match the typical (111), (220), (311),
(400) and (331) crystal planes of the cubic zinc blende
ZnSe (F43m, JCPDS file #37-1463). For the samples ob-
tained by using 50 ml TEA as shown in Fig. 1b, the peaks
centered at 27.18°, 45.16°, 53.52°, 65.82° and 72.58° also
match the corresponding diffraction planes of the cubic
zinc blende ZnSe. The intensities of the peaks in Fig. la is
stronger than that of the peaks in Fig. 1b, which indicates
that the samples obtained by using 40 ml of TEA have
better crystallinity. Moreover, the lattice constant ‘a’ for
the cubic structure can be determined from the
relationships:

Cubic : 1/dy, = (h* +k* + 1) /a’

The average lattice constant of ‘a’ for ZnSe nanoparti-
cles obtained by using 40 and 50 ml of TEA is found to be
5.671 and 5.673 A, respectively. Both are slightly larger
than the standard value of 5.668 A. These results indicate
that the ZnSe nanoparticles are under tensile strain. No
other diffraction peaks can be found in the pattern, indi-
cating no impurity is present in the as-synthesized samples.
The formation of the zinc-blende rather than the wurtzite
phase ZnSe originates from the fact that the formation of
this phase is more thermodynamically favorable at low
temperatures [34, 35].

Figures 2 and 3 show the TEM images of the ZnSe
samples obtained by using different volumes of TEA.
Uniform small nanoparticles (average size about 20 nm)
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Fig. 1 XRD patterns of ZnSe nanoparticles synthesized using TEA,
a 40 ml and b 50 ml
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are yielded when 40 ml of TEA is introduced into the
system as shown in Fig. 2a. Figure 2b, ¢ are the high
resolution transmission electron microscope (HRTEM) of
the ZnSe nanoparticles obtained by using 40 ml of TEA,
which exhibits some point defects and some structural
defects in the form of stacking faults. And the point defects
are obvious and dominant. Figure 2d displays the corre-
sponding SAED pattern for ZnSe nanoparticles obtained by
using 40 ml of TEA. This figure shows a set of sharp spots
that clearly reveal the single crystalline nature and cubic
phase of the ZnSe nanoparticles, as confirmed by the be-
haviour of the lattice fringes.

Figure 3a shows the typical TEM morphologies of the
ZnSe samples obtained in the solvothermal system with
50 ml of TEA. The TEM image indicates that the
nanoparticles are well dispersed and spherical in shape.
The average particle size is approximately 10 nm. The
particle size decreases with the volumes of TEA increasing.
Figure 3b, c are the high resolution transmission electron
microscope (HRTEM) of the ZnSe nanoparticles obtained
by using 50 ml of TEA, which exhibits a high density of
stacking faults, twinning defects and some point defects.
Most defects are in the form of stacking faults. The crys-
talline nature of the ZnSe nanoparticles obtained by using
50 ml of TEA is confirmed by their electron diffraction
patterns, as presented in Fig. 3d. These diffraction rings
can be identified as those from the zinc-blende phase of
ZnSe, which is consistent with the results from the XRD
pattern. Nanomaterials have, in general large surface to
volume ratio. Hence, large numbers of defects are inher-
ently present in nanocrystalline materials. These defects
may include dislocations, vacancies, interstitials and
substitutionals.

Different size of ZnSe nanoparticles can be achieved by
using different amounts of TEA. During the entire process,
TEA plays an important dual role, which not only serves as
a complexing reagent to influence the size of the ZnSe
nanoparticles but also releases OH™ ions to change the
alkaline environment [36]. In the TEA-assisted hy-
drothermal process, TEA, being a cationic surfactant, in-
teracts with [Zn(OH),]*~ to form TEA ligands, due to
Coulomb force action. The formed TEA ligands have the
ability to selectively adsorb onto specific crystal planes and
restrain the anisotropic growth of ZnSe crystallites, thereby
driving the ZnSe nuclei to form sufficiently stable and
uniform nanoparticles in the solution. When 40 ml of TEA
is used in the reaction, the ZnSe nanoparticles become ir-
regular in shape and relatively large in size, typically
around 20 nm. This is most likely due to there being in-
sufficient TEA to stabilize the nanocrystals as they grow.
When 50 ml of TEA is used, the nanoparticles are almost
spherical, with an average size of 10 nm. In this case, it is
likely that the competing reaction is more dominant with
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Fig. 2 TEM image (a), high-resolution TEM image (b) and (c), SAED patterns (d) of ZnSe nanoparticles obtained by using 40 ml of TEA

the higher TEA concentrations. The reaction process can be
mainly expressed as follows:

Zn*" + 20H" — Zn(OH),

OH OH

)

1o NS N\/\OH +H,0 = Ho/\/+NH\/\OH +OH"

Zn(OH), +20H™ + TEA — [Zn(OH),]>” — TEA
Zn’* + nTEA = [Zn(TEA),]*"

[Zn(TEA),]*" +Se*~ — ZnSe + nTEA

A schematic illustration of the growth procedures of
ZnSe nanoparticles obtained by using 40 and 50 ml of TEA
is shown in Fig. 4. The [Zn(TEA), > " complex is in-
creasingly stable with higher amounts of TEA. Therefore,
when the Se source is added, only a small amount of ZnSe

will nucleate, and grow gradually over time as Zn>" is
released from the complex. Accordingly, point defects and
structural defects are observed in the ZnSe nanoparticles
when using different volumes of TEA. The larger the
quantity of TEA, the slower the releasing rate of Zn>™.
Consequently, the more structural defects are present in the
obtained ZnSe nanoparticles. In addition, there are more Zn
vacancies in the ZnSe nanoparticles when 40 ml of TEA is
used, while there are more structural defects in the ZnSe
nanoparticles when 50 ml of TEA is used.

To investigate their optical properties, the room-tem-
perature photoluminescence spectra of the as-prepared
ZnSe samples obtained by using different volumes of TEA
are recorded and compared in Fig. 5. Figure 5a shows the
PL spectrum for ZnSe nanoparticles obtained by using
40 ml of TEA. The spectrum exhibits a weak blue emission
band centered at 448 nm, a much wider and stronger
emission band from 470 to 630 nm which is centered at
545 nm, and a very weak emission peak centered at
674 nm. The emission band at 448 nm is usually attributed
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ZnSe

Fig. 4 A schematic illustration of the growth procedures of ZnSe nanoparticles obtained by using different quantities of TEA
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to the near-band edge (NBE) emission for ZnSe [37], while
the emission band from 470 to 630 nm and the very weak
emission peak centered at 674 nm represent the defect-
related emission [38]. As the diameters of ZnSe nanopar-
ticles are significantly larger than the exciton Bohr di-
ameter, the band gaps are similar to that of the bulk ZnSe
materials. Geng et al. [39] reported that the ZnSe
nanoparticles showed a weak blue emission band at ap-
proximately 450 nm and a strong orange emission band at
about 560 nm. These results are relatively consistent with
our findings. In fact, the PL of ZnSe crystals is usually
reported to be centered at 442 nm for the band gap emis-
sions and 500-560 nm for the doped ion emissions [38].
Therefore, we conclude that the strong emission from the
prepared ZnSe nanoparticles demonstrates the influence of
the Zn-vacancies. For the defect-related emission band in
PL spectra in Fig. 6, the black line denotes the ex-
perimental data (part of curve (a) in Fig. 5), the red circles
represent the fitting curves, and the deconvoluted indi-
vidual peaks are depicted by green lines. The PL spectrum
in Fig. 6 shows a broad emission band that can be de-
composed into four peaks. These can be attributed to the
following origins: 502 nm to Zn vacancies [40], 545 nm to
7Zn vacancies and interstitials [41], 590 nm to lattice de-
fects [41], 672 nm to stacking faults [42]. Previously,
Panda et al. reported that the PL spectrum of ZnSe nano-
wires emits at approximately 500 and 546 nm at room-
temperature. As well as the nature of the rods, this emission
is associated with the vacancies of Zn in ZnSe [40]. Weli
et al. reported that the emission at 550 nm of ZnSe hollow
microspheres is related to deep-defects, which are at-
tributed to the recombination of a donor—acceptor pair in-
volving Zn vacancies and interstitials as well as surface
emission. The weak yellow—orange emission at 600 nm are
associated with the Zn/Se vacancies and interstitial sites of
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Fig. 5 Room-temperature PL spectrum (excited at 325 nm) of ZnSe
nanoparticles synthesized using TEA, a 40 ml and » 50 ml
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Fig. 6 Defect-related emission band in PL spectrum of ZnSe nanopar-
ticles synthesized using 40 ml of TEA where four components (green
curves) are used to deconvolute the experimental peak (Color figure online)

ZnSe, or lattice defects, such as dislocations, stacking
faults and nonstoichiometric defects [41]. The difference
between these and our results is most likely due to the
difference in crystal structure between bulk ZnSe crystals
and the synthesized nanoparticles.

In contrast, the PL spectrum for ZnSe nanoparticles
obtained by using 50 ml TEA, as shown in Fig. 5b, ex-
hibits two defect-related emission bands, one of which is
centered at 545 nm and the other centered at 668 nm, none
of which appear at the near-band edge emission peak [43,
44]. Tt is noted that the NBE emissions of ZnSe nanopar-
ticles do not exist. Xiang et al. [45] found that the photo-
luminescence of ZnSe samples demonstrated a strong
green emission from room temperature down to 10 K.
Moreover, Pol et al. [42] reported that ZnSe nanoparticles
showed a broad red emission band extending from 550 to
760 nm. In these reports, there is no NBE emission of ZnSe
nanomaterials, which is consistent with our results.

Three main changes are observed in the emission in-
tensity for the prepared ZnSe nanoparticles when the TEA
volumes increase from 40 to 50 ml. First, the peak at
448 nm, attributed to the near-band edge emission of ZnSe,
disappears. Second, the intensity of the peak centered at
545 nm becomes weaker. Third, the intensity of the peak
centered at 668 nm becomes stronger.

The defect-related emission is often attributed to
stacking faults, twinning defects and nonstoichiometric
defects, such as intrinsic point defects (vacancies and in-
terstitials). The defect-related emission centered at 545 nm
is attributed to recombination of a donor—acceptor pair
involving Zn vacancies [40], while the emission centered at
668 nm is ascribed to stacking faults, twinning defects and
some point defects [42]. For ZnSe nanoparticles obtained
by using 40 ml of TEA, the Zn vacancies are dominant, as
shown by the TEM images. However, for ZnSe nanopar-
ticles obtained by using 50 ml TEA, there are lots of
stacking faults, twinning defects and some point defects as

@ Springer



3212

J Mater Sci: Mater Electron (2015) 26:3206-3214

shown in Fig. 3. Thus, the intensity of the defect-related
emission of ZnSe nanoparticles obtained by using different
volumes of TEA varies due to the different types of defects
which are dominant in the ZnSe nanoparticles. The pres-
ence of low energy luminescence bands (the defect-related
emission band) in “unintentionally” doped ZnSe provides
evidence that stacking faults play a significant role in the
emission. Consequently, ZnSe nanoparticles obtained by
using 40 ml of TEA with a higher concentration of Zn
vacancies show a higher defect-related emission, centered
at 545 nm. However, ZnSe nanoparticles obtained by using
50 ml of TEA with a higher concentration of stacking
faults have a stronger deep-defect emission band centered
at 668 nm.

Raman spectroscopy, which has been recognized as an
important structural probe, provides a fast convenient
method for study of vibrational and structural properties of
nano-sized materials. Many factors can influence the vi-
brational properties [46]. Disorder, size and shape distri-
bution all affect the phonon spectrum. Figure 7 shows a
typical room-temperature Raman spectrum of ZnSe
nanoparticles obtained by using different volumes of TEA.
This indicates the presence of transverse optical (TO) and
longitudinal optical (LO) phonon modes. ZnSe nanoparti-
cles obtained by using 40 ml of TEA show two Raman
peaks centered at 206 and 253 cm™ ', as shown in Fig. 7a.
These are attributed to the TO and LO phonon modes of
ZnSe, respectively. In Fig. 7b, the obtained dominant Ra-
man bands at 206 and 252 cm ™' are attributed to the TO
and LO phonon modes of ZnSe nanoparticles obtained by
using 50 ml of TEA, respectively. No vibration modes due
to impurities are observed.

From previous reports, the LO phonon frequency of
single crystalline ZnSe films was 254 cm™' and that of
single crystal ZnSe was 255 cm ™' at room temperature and

Intensity(a.u.)

T T T T T T T M T T
200 220 240 260 280 300
Raman shift(cm™)
Fig. 7 Raman spectrum of ZnSe nanoparticles synthesized using

TEA, a 40 ml and 5 50 ml, 514.5 nm excitation
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for ZnSe polycrystalline nanoparticles, the TO and LO
phonon frequencies were observed at 210 and 255 cm™'
respectively, and gave a broad Raman peak due to the high
surface to volume ratio of small particles [47]. In com-
parison of this result, the LO and TO phonon peaks of the
synthesized ZnSe nanoparticles using different volumes of
TEA are shifted towards the lower frequency, which may
be due to the effect of small size and high surface area of
the synthesized nanoparticles [48]. The spectral position of
Raman modes has been shown to be sensitive to strain.
Consequently, changes in the peak position can be used to
measure residual stress [49]. For ZnSe, there are relatively
few reports on the relationship between stress and the
spectral position of the Raman peaks. Lin et al. [50] re-
ported that the position of the LO mode, o o, was related
to the applied hydrostatic pressure, p, by the relation:
oo = 251.9 + 3.44p — 0.02p”. This implies a LO peak
position of 251.9 cm ™" for stress free ZnSe, which is on the
lower side of the theoretically predicted range values
(252-253 cm ™! [51]). This is in consistent with our results.

The LO and TO Raman band line widths are known to
be very sensitive to the crystalline order of the material. In
nanocrystals, finite-size effects have to be taken into ac-
count, and it is assumed that disorder and boundary scat-
tering in finite-size crystals lead to a broadening of the
phonon lines. The full width at half-maximum (FWHM) of
the first-order LO band of our samples are 7.8 and
8.0 cm™" at room temperature for the sample obtained by
using 40 and 50 ml of TEA. These are corrected for the
instrument resolution. The TO and LO phonon modes of
ZnSe nanoparticles obtained by using 50 ml TEA are a
little broader than their counterparts of ZnSe nanoparticles
obtained by using 40 ml of TEA. The broadening of the TO
and LO phonon modes may be due to the crystalline quality
and the defects in the nanoparticles obtained by using
different volumes of TEA. The crystalline quality can be
inferred from the peak width of the LO mode. The intro-
duction of defects into the crystal structure leads to a de-
crease in phonon lifetime and a subsequent broadening of
the Raman mode [52]. Thus, we consider that the broad-
ening of the LO-phonon peak of ZnSe nanoparticles, ob-
tained by using 50 ml compared to 40 ml of TEA, is due to
the decrease in LO-phonon lifetime, as a result of disorder,
defects and boundary scattering. These results are in
agreement with the results of TEM.

4 Conclusions

In conclusion, the present TEA-assisted hydrothermal
process offered a facile method to synthesize ZnSe
nanoparticles with cubic zinc blende structure. TEM im-
ages showed that the average size of the synthesized ZnSe
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nanoparticles decreases from 20 to 10 nm when the amount
of TEA increased from 40 to 50 ml. A calibrated quantity
of TEA was vital for the formation of ZnSe nanoparticles
with different particle size. The PL spectra exhibited an
NBE emission peak centered at 448 nm and a much wider
and stronger defect-related emission band centered at
545 nm, when 40 ml of TEA was introduced into the re-
action system. However, the PL spectra exhibited no NBE
emission peaks, and two defect-related emission bands, one
centered at 545 nm, and the other centered at 668 nm were
observed when the TEA quantity increased to 50 ml. The
Raman analysis results showed that the TO and LO phonon
peaks in the ZnSe nanoparticles shifted towards lower
wavelengths, and the LO-phonon peak of ZnSe nanopar-
ticles obtained by using 50 ml of TEA were broader than
the counterpart of ZnSe nanoparticles obtained by using
40 ml of TEA. This TEA-assisted hydrothermal method
can be expanded to produce other semiconductors with
controlled morphologies and size for various potential
applications.
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