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Complex Wurtzite ZnSe Microspheres with High Hierarchy
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Abstract: Complex wurtzite ZnSe mi-
crospheres with hierarchical fractal
structure and showing strong quantum-
size effects can be prepared easily by a
mild solvothermal reaction in a diethy-
lenetriamine (DETA)-deionized water

[a]

structures are formed by the attach-
ment of flexible, uniform nanofibers to
the exposed faces of each nanosheet
pair. The surface morphology of the
nanosheets changed as reaction time
increased and the detailed phase-trans-

formation and shape-evolution process-
es were studied. This approach could
provide an effective strategy for tuning
the electronic and optical properties of
semiconductors, with special advantag-
es over the traditional high-tempera-

(DIW) binary solution. The ZnSe mi-
crospheres are made up of nanosheets,
each formed by the face-to-face pairing
of two individual nanosheets. In addi-
tion, high-order, flowerlike hierarchical

Introduction

The landmark discovery of the first blue-emitting laser
diodes based on zinc selenide led to further development of
zinc selenide as an optoelectronic material.’l As one of the
Zn-based II-VI compounds, ZnSe is a direct band-gap semi-
conductor, with a room-temperature band-gap energy and
an emission at 2.7 eV, suggesting it to be a potentially good
material for blue-diode lasers and other photoelectronic de-
vices.>! Therefore, ZnSe is of great interest as a model ma-
terial for thin films,® quantum wells or qutantum dots,”
bulk crystals,® and ZnSe-based optoelectronic devices.”!
Stimulated by the novel properties of ZnSe, various mor-
phologies of ZnSe nanostructures have been synthesized by
diverse methods and various synthesizing systems, which are
expected to offer new opportunities for applications in
emerging fields of nanoscience and nanotechnology. Several
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ture approach, and could be extended
to access other semiconductor materi-
als with unusual morphologies and
structures.

nano-

ZnSe low-dimensional nanostructures, such as nanocrys-
tals,>'” nanorods,'! nanowires and nanoribbons,'? and
monodispersed ZnSe microspheres!>! have been reported.
Diamines have also been used for the synthesis of semicon-
ductor nanoparticles™ and organic-inorganic hybrid struc-
tures containing two-dimensional II-VI slabs, such as
ZnSe(en),s and ZnTe(en),s, which often act as intermedi-
ates for the synthesis of II-VI nanoparticles.>"'" Recently,
we synthesized flexible wurtzite-type ZnS nanobelts by
using a solvothermal approach and a diamine/water binary
solution."® We also synthesized an inorganic—organic hybrid
semiconductor nanobelt [ZnSe](DETA),s (DETA =diethy-
lenetriamine) in ternary solution.!"”!

Here, we report a controllable solution strategy for the
synthesis in a binary solution of a new kind of wurtzite
ZnSe microsphere with complex structure. These novel mi-
crospheres with fractal structures were formed by branched
nanosheets. Each nanosheet is composed of twinned nano-
sheets, with ZnSe nanofibers attached to the exposed, non-
facing nanosheet surfaces. We investigated the effects of re-
action conditions on the formation and phase evolution of
these structures, as well as their optical properties.

Results and Discussion

Time-dependent phase transformation: The composition of
the product is strongly dependent on reaction time. Figure 1
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shows the time-dependent phase transformation and transi-
tion under the present solvothermal conditions. At the early
stage of reaction, after about 2-3 h, only the hexagonal Se
phase is observed (Figure la and Supporting Information
Figure S1), which is in good agreement with the literature
(JCPDS card number 06-0362).
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Figure 1. XRD patterns showing the time-dependent phase formation
and transformation processes of the products prepared by the solvother-
mal reaction at 180°C, with volume ratio Vpgra:Vpw=3:1. a) Pure Se
3h,b)4h,c)6h,d)12h,e)24h, ) 5d. *: ZnSe-(DETA), 5 phase.

After a reaction time of 4 h, the product is a mixture of
cubic ZnSe (JCPDS card number 37-1463), hexagonal Se,
and ZnSe-(DETA),s (Figure 1b). After 6 h, the amount of
Se decreases and the product transforms gradually into a
cubic ZnSe phase (Figure 1c). After 12 h, the product is a
mixture that can be indexed as a ZnSe phase and a small
amount of ZnSe-(DETA),; (Figure 1d), corresponding to a
wurtzite ZnSe phase (JCPDS card number 15-0105)"!?! and
a phase previously reported by Li and co-workers,'™¥ re-
spectively. After increasing the reaction time to 1-5 days,
the ZnSe-(DETA),s phase disappears and a pure wurtzite
ZnSe phase is obtained (Figure 1e,f).

Complex wurtzite ZnSe structures with high hierarchy:
SEM images show that complex flowerlike wurtzite ZnSe
structures are formed after 12 h (Figure 2a). These struc-
tures are composed of branched nanosheets. The magnified
SEM images in Figure 2b—d indicate that each nanosheet is
in fact made up of twinned nanosheets, and numerous nano-
fibers are growing on the surface of each single nanosheet.
A small gap is observed within each nanosheet pair, as indi-
cated by the white arrow in Figure 2b. The yield of these
ZnSe complex microspheres can reach as high as 90 %.

Time-dependent shape evolution upon growth of complex
ZnSe structures: The nucleation and growth processes of
these microspheres and their intermediates were investigat-
ed by performing time-dependent experiments. SEM was
used to examine the morphology of the products. After re-
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Figure 2. SEM images of the products prepared by the solvothermal reac-
tion at 180°C for 12 h, Vppra:Vpw=3:1. a) A general-view image, b)-d)
higher-magnification images showing the detailed surfaces of the fractur-
al ZnSe microspheres. White arrows in b) indicate the twinned nano-
sheets with a gap in the middle part of the microsheet. White arrows in
c) and d) indicate that the nanofibers are standing on the microsheets.

action for 2 h, irregular Se spheres with smooth surfaces and
large diameters ranging from 3.5 to 5.5 um were produced
(Supporting Information Figure S2). After 3 h, Se spheres
with rough surfaces and diameters ranging from 1.5 to
3.5 um were observed (Figure 3). If the reaction is pro-

4 ym

Figure 3. SEM images of the product prepared at 180°C for 3h,
Vpera:Vpiw=3:1.

longed to 4h, a black-yellow product composed of three
phases is obtained (Figure 1b). The SEM images reveal two
kinds of dominant morphologies; flowerlike ZnSe micro-
spheres with rough surface structure, and Se spheres (Fig-
ure 4a). Magnified images of a single ZnSe microsphere
show that its surface is very rough (Figure 4b). The HRTEM
images in Figure 5a,b were taken from the fractural part of
the nanosheets, and indicate that each nanosheet is com-
posed of many nanoparticles with diameters ranging from 3
to 13nm. The lattice-resolved HRTEM images in Figure
Sa,b show that the spacing of the observed lattice planes is
approximately 3.0 and 3.3 A, which is consistent with the
spacing for the (101) planes of hexagonal Se and the (111)

www.chemeurj.org — 2067


www.chemeurj.org

CHEMIST

S.-H. Yu et al.

A EUROPEAN JOURNAL

Figure 4. SEM images of the products prepared by a solvothermal reac-
tion at 180°C for 4 h, Vppra:Vpw=3:1. a) A low-magnification image,
b)-d) higher magnification images of the surface of the products. White
arrows in a) indicate the single ZnSe microspheres.

planes of cubic ZnSe, respectively. The energy-dispersive X-
ray (EDX) analysis of the local area of the sample prepared
at 180°C for 4 h shown in Figure 5c suggests that the atom
ratio of Zn:Se is 1:12.7. This confirms that selenide is more
abundant than zinc, and is also consistent with the XRD re-
sults shown in Figure 1b. The peaks of Cu and C originate
from the Cu grids. Thus, the nanosheets are built from tiny
nanoparticles, and these nanosheets tend to aggregate to-
gether and form branched flowerlike microspheres (Fig-
ure 4b—d).

Prolonging the reaction time results in a significant
change in the morphology of the ZnSe microspheres.
Figure 6 shows SEM images of the products that were ob-
tained after the reaction proceeded for 6 h, 12 h, 24 h, and
5 d. These images clearly demonstrate the evolution of ZnSe
nanostructures from balls of sheets to more complex flower-
like aggregates with a delicate
surface structure. After 6 h, all
the microspheres became frac-
tal (Figure 6a and Supporting
Information Figure S3). A cer-
tain specific distance is main-
tained between the pairs of
twinning nanosheets because
the charged nanosheets strongly
repulse each other to neutralize
the interface charges. The gap
between two polar crystal faces
could be due to a combination
of Coulomb repulsion interac-
tions, intermolecular forces, or
Van der Waals attraction forces
between two (001) polar surfa-
ces. Recently, Wang et al. dem-
onstrated that the polar nano-
wires/nanobelts can be self-as-
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Figure 5. a), b) HRTEM images of nanosheets of the product prepared at
180°C for 4h, Vpgra:Vpw=3:1. ¢) The corresponding EDX spectra
taken from the nanosheet shown in a). The Cu signals are due to the
copper TEM grid.

sembled into more complex nanoarchitectures, such as ZnO
nanorings, nanohelices, or nanosprings.””! Their results show
that the surface polarity adds an important parameter in
controlling the shapes of ZnO nanostructures. Similarly, it is
possible that the growth of nanostructures on the ZnSe
nanosheets can be induced on polar surfaces.

The growth of the complex ZnSe microspheres was fol-
lowed carefully. The surface of each nanosheet becomes
coarser (Figure 4a), and many thin and short delicate nano-
fibers are formed. As the reaction time is extended to 12 h,

Figure 6. SEM images of the products prepared after different reaction times at 180°C, Vppra:Vpw=3:1. a)
6h,b) 12h, c), d) 24 h, e), f) 5d. A typical spherical aggregate is composed of twinned nanosheets, as shown
in a).
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24 h, and 5 d, the fractal structure of the microspheres does
not change, however, the surface structure of the micro-
sheets changes dramatically. After 12 h, a hierarchical struc-
ture forms, in which long, flexible nanofibers are attached to
the nanosheets (Figure 6b). Over the next 12 h, these nano-
fibers then tend to change gradually into nanosheets (Fig-
ure 6¢,d), until the final hierarchal structure is formed, in
which these newly formed nanosheets are standing on the
surfaces of the initially formed nanosheets (Figure 6e,f).

If the volume ratio of deionized water (DIW) and DETA
is greater or less than 3:1, the fractal ZnSe structure cannot
form. If the ratio reaches 4:1 or 2.5:1, hollow ZnSe micro-
spheres or ZnSe(DETA),s; nanosheets develop, indicating
that the volume ratio of DIW and DETA plays a crucial
role in the formation of such complex ZnSe nanostructures.
Under the same conditions, if the reaction temperature is
lower than 180°C, for example, 120°C or 160°C, the phase
is not pure and a large amount of Se appeared. This indi-
cates that at low temperatures, the basic thermodynamic
and kinetic energy requirements to produce pure hexagonal
ZnSe complex microspheres cannot be met.

Figure 7a,c show HRTEM images of nanofibers growing
on the surface of the nanosheets that are also reported in
Figure 2c,d. The selected-area electron-diffraction (SAED)
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Figure 7. a), c) HRTEM images of nanofibers growing on the nanosheets
prepared at 180°C for 12 h. b) The corresponding electron diffraction
pattern.

pattern confirmed that the nanofibers are single crystalline,
and can be indexed as the [010] zone axis of the hexagonal
ZnSe phase (Figure 7b). A lattice-resolved HRTEM image
in Figure 7c indicates that the spacing of the observed lattice
planes is approximately 3.27 A, which is consistent with the
spacing for the (002) planes of wurtzite ZnSe. The results
suggest that the nanofibers grow preferentially along the ¢
axis.
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Composition analysis of complex ZnSe structures: The mi-
crospheres obtained at 180°C for 12 h were characterized by
using the X-ray photoelectron spectroscopy (XPS) tech-
nique (Figure 8). The binding energies of Se 3d and Zn 2p’
were identified at 55.05 and 1023.20 eV, respectively. The
signals at 10.3 and 990.10 eV can be attributed to the bind-
ing energy of Zn 3p and the kinetic energy of Zn LMM. No-
tably, the signal of Zn 2p® which is easily affected by the
chemical environment, is stronger than that of Zn 3p. This
result implies that the surface of the ZnSe obtained is not
exposed to air, due to the good passivation of DETA. The
Auger parameter, which is derived from the binding energy
of Zn 2p’ and the kinetic energy of Zn LMM, is approxi-
mately 2011.60 eV, which is consistent with that of ZnSe.
Quantitative analysis gives the atom ratio of Zn:Se as 1:1.20
and proves that the selenide content is greater than that of
zinc. The signal at 400.95eV can be attributed to N 1s,
which originates from diethylenetriamine (DETA) adsorb-
ing in the microspheres.

The FTIR spectra in Figure 9 show that the vibration
bands of —CH,—, -NH,, C—N, and —NH belonging to DETA
can be observed clearly, suggesting the existence of DETA
in the product. Compared with the IR spectrum of pure
DETA, the vibration band of C—N at 1126.84 cm™! shifted
toward a lower wavenumber (1060.17 cm™') in the micro-
spheres, and —NH at 908.72cm™' and 698.53cm™ also
changed and became almost invisible. Furthermore, the in-
tensities for almost all vibration bands are weak and several
bands are even missing.

Figure 10 shows a typical room-temperature Raman spec-
trum of the ZnSe microspheres. The Raman peaks at 204.21
and 250.80 cm™' are attributed to the transverse optic (TO)
and longitudinal optic (LO) phonon modes, respectively, of
ZnSe. No vibration modes due to impurities are observed.
From previous reports,? the LO phonon frequency of
single-crystalline ZnSe film is 254 cm™, and that of single-
crystal ZnSe is 255cm™ at room temperature. For ZnSe
nanoparticles, the TO and LO phonon frequencies are 210
and 255 cm!, respectively, and both give a broad Raman
peak due to the high surface-to-volume ratio of the structur-
es.ladell Both the LO and TO phonon peaks of the com-
plex ZnSe structures are shifted toward lower frequency,
which is probably due to the effects of special fine nano-
structures.

Optical properties: The photoluminescence (PL) emission
spectra of the products synthesized after different reaction
times are shown in Figure 11. Figure 11a,b show strong
narrow emission bands with maxima at 350 nm (3.55¢eV),
corresponding to a band-edge emission similar to that re-
ported for cubic ZnSe nanoparticles synthesized by using a
reverse-micellar approach.’” In addition, a broad emission
band centered at 372nm (3.34eV) (Figure 11a,b) is also
similar to that observed for the sphalerite ZnSe nanocrystals
or ZnSe quantum dots synthesized by using trioctylphos-
phine (TOPO) and hexadecylamine (HAD) capping re-
agents.>>>1%=3] Compared with the bulk band gap of the
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Figure 9. FTIR spectra of a) pure DETA and b) the products prepared at
180°C for 12 h, Vpw:Vprra=3:1.

ZnSe, there is a large blue-shift in emission band.”* The ap-
pearance of emission bands at 350 and 372 nm may be due
to two size distributions in the samples shown in Figure 11a.
During prolonged reactions, the emission band at 372 nm is
weakened and finally disappears, as shown in Figure 11c,d.
This is accompanied by the appearance of the strong and
broad emission bands at 415nm (2.99¢eV), 435nm
(2.85¢eV), and 460 nm (2.7 eV), which could be due to the
increase in nanoparticle size. The emission band at 460 nm
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(2.70 V) corresponds to the bulk band emission of ZnSe
(Figure 11c).?*® As the reaction time reached 48h, the
350 nm emission band disappeared (Figure 11d), and as the
reaction continued further, the emission band shifted toward
a lower energy level of 540-700 nm. The lower-energy emis-
sions of about 595nm (2.09eV) (Figure 11b), 592 nm
(2.10eV), and 606 nm (2.04 eV) (Figure 11e) were usually
assigned to self-activated luminescence, probably as a result
of some donor—acceptor pairs related to Zn-vacancy and in-
terstitial states, 122! which are possible in the present
case because the XPS data proves that the molar content of

Chem. Eur. J. 2006, 12, 2066 —2072
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Figure 11. Photoluminescence (PL) emission spectra of the products ob-
tained at 180°C after different reaction times, Vpera:Vpw=3:1. a) 6 h,
b) 12 h, ¢) 24 h, d) 48 h, e) 5 d. Excitation wavelength was 260 nm.

selenide is greater than that of zinc. In addition, such emis-
sions at lower energy levels are usually attributed to doped
ion emission for ZnSe crystals or thin films.['*

These results suggest that the optical properties of ZnSe
nanostructures synthesized by the present approach in a
binary solution are quite sensitive to the detailed reaction
conditions. The origination of the different emission compo-
nents achieved under different conditions warrants further
investigation.

Conclusions

Complex ZnSe microspheres with high hierarchy that are
composed of fractal nanosheets decorated with delicate
wurtzite nanofibers can be grown easily by mild solvother-
mal reaction in a binary solution of diethylenetriamine
(DETA) and water. Such complex structures display quan-
tum-size effects and strong band-gap emission. Although the
mechanism of formation of the ZnSe fractal structure is still
unclear, it is apparent that the content of either the DETA
template or water in such a binary solution plays a crucial
role in the formation of these complex structures. This route
is expected to afford various forms of ZnSe microstructures
with complexity and special structural features. Further-
more, this approach could provide an effective strategy for
tuning the electronic and optical properties of semiconduc-
tors, with special advantages over the traditional high-tem-
perature approach, and could be extended to provide other
semiconductor materials with unusual morphologies and
structures.

Experimental Section

Materials and preparation: All chemicals were of analytical grade and
were used as received without further purification. In a typical procedure,
ZnSO,7H,0 (0432 g, ~1.5mmol) and Na,SeO; (0.259 g, ~1.5 mmol)
were added to a mixture of deionized water (DIW) and diethylenetria-

Chem. Eur. J. 2006, 12, 20662072
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mine (DETA) with a volume ratio of 3:1. The mixed solution was then
transferred to a Teflon-lined autoclave (at 80% of its total capacity of
50 mL). The autoclave was sealed and maintained at 180°C for 12 h, and
then cooled naturally to room temperature. After the reaction was com-
pleted, the solution was filtered, washed sequentially with deionized
water and absolute ethanol, and dried in a vacuum at 80°C for 6 h.

Characterization: XRD patterns of the products were obtained by using
a Japan Rigaku DMax-yA rotation anode X-ray diffractometer equipped
with graphite monochromatized Cuy, radiation (A=1.54178 A). The
SEM images were taken by using a field-emission scanning electron mi-
croscope (JEOL JSM-6700F, 15 kV). TEM photographs were taken by
using a Hitachi Model H-800 transmission electron microscope at an ac-
celerating voltage of 200 kV. HRTEM photographs and selected-area
electron-diffraction (SAED) patterns were obtained by using a JEOL
JEM 2011 microscope at an accelerating voltage of 200 kV. Energy-dis-
persive X-ray (EDX) analysis was performed by using an EDAX detec-
tor installed on the same HRTEM. The X-ray photoelectron spectra
(XPS) were collected by using an ESCALab MKII X-ray photoelectron
spectrometer with nonmonochromatized Mgy, X-ray as the excitation
source. FTIR spectra were measured by using a Bruker Vector-22 FTIR
spectrometer from 4000 to 400 cm™' at room temperature. Raman scatter-
ing spectra were recorded by using a Renishaw System 2000 spectrome-
ter using the 514 nm line of Ar™ for excitation. Photoluminescence (PL)
spectra were recorded by using a Fluorolog3-TAU-P at room tempera-
ture.
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