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ZnSe-Based Longitudinal Twinning Nanowires**

By Jing Xu, Aijiang Lu, Chunrui Wang,* Rujia Zou, Xiaoyun Liu, Xing Wu, Yuxi Wang, Sijia Li,
Litao Sun,* Xiaoshuang Chen,* Hongseok Oh, Hyeonjun Baek, Gyu-Chul Yi* and Junhao Chu

Zinc blende ZnSe longitudinal twinning nanowires and a sandwich structure with the wurtzite ZnSe
inserting into the zinc blende ZnSe longitudinal twinning nanowires are fabricated via a simple thermal
evaporation method. The high-resolution transmission electron microscope images of the two types of
nanowires match well with simulated atomic models of them. The growth of them might be caused by the
crystal plane slip during the phase transformation process between the wurtzite and the zinc blende
ZnSe nanowire. The vibrating and luminescence properties of the as-grown longitudinal twinning
nanowire are investigated by room-temperature Raman and low-temperature (10 K) photoluminescence
spectroscopy, respectively. The electrical transport properties of the two types of longitudinal twinning
ZnSe nanowires and the monocrystal ZnSe nanowires were compared using in situ measurement in

transmission electron microscope.
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1. Introduction

One-dimensional (1D) nanostructures have become the
focus of intensive research owing to their unique thermal,
mechanical, electron transport, phonon—transport, optical, and
field-emission properties.!!! Especially 1D semiconductor
nanowires, which have tremendous impacts on the develop-
ment of modern science and technology, have been a hotspot.
ZnSe (bulk crystal E;=2.7eV at 300 K),"?! as one of the key
semiconductor materials for applications such as green laser
diodes,®! photodetectors,[4] field effect transistors (FETS),[S]
and solar cells!® has been widely investigated in recent years.
ZnSe nanowires can be prepared by various methods, such as
thermal evaporation,'®®! solution-based,”! pulsed laser depo-
sition,® and so on. Among them, thermal evaporation method
based on vapor-liquid-solid (VLS)!*! growth mechanism has
been generally employed,**'%! because the nucleation sites,
structures, compositions, and sizes of 1D nanostructures can be
well controlled by preformed metal catalysts.'] Moreover, the
nanostructures grown by the VLS growth mechanism often
appears to be different in many experiments for multiple
different growth modes,'?! which was even proved theoreti-
cally by the VLS growth of a hexagonal crystal in two
dimensions for a single set of experimental conditions.*!

During the growth of ZnSe nanowires, various defects such
as point defects, stacking faults, and twinning defects, are
formed, indicated in the related emission in photolumines-
cence spectra.[14] Among them, twinning is a kind of important
defects in nanowires, as it could affect the migration of atoms
and electrons in polycrystalline solids, thus influencing optical,
electronic, and mechanical properties of the materials,!'™ such
as interrupting dislocation glide,!'®! and strengthening the
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material™”!  without loss in electronic conductance.'®'®!

Therefore, twinning, if suitably controlled, could add a new
dimension in nanostructure device design.[lg] Up to now, there
are mainly two types of twinning nanowires reported:
201 and longitudinal twinning,®"!
which, the twin plane is vertical and parallel to the axis of

transverse twinning, in
the nanowire, respectively. Transverse twinning nanowires,
especially periodical or quasi-periodical twinning ZnSe nano-
wires have been investigated extensively.>*?! However, the
discontinuous electron wavefunctions at stacking faults might

(203l of transverse

lead to smaller mobility of charge carriers
twinning nanowires than that of the longitudinal twinning
nanowires. Thus, introducing the longitudinal twinning into
nanowire through a reasonable design is a perfect methodology
to tailor the properties of nanowires. Allowing for ZnSe, two
phases, wurtzite (WZ) and zinc blende (ZB), exist, and the (001)
faces of WZ phase are indistinguishable from and can match up
with the (111) faces of ZB phase,[23] the subtle structural
differences of which lead to the attendant small difference in the
internal energies (5.3 meV atom™! for ZnSe?*). Therefore, it is
conceivable to introduce the longitudinal twinning into ZnSe
during the phase transformation process between ZB phase
ZnSe and WZ phase ZnSe, and at the same time, by analyzing
the twinning nanowire, the phase transformation process of ZB
and WZ will be more clearly demonstrated.

In present work, by a simple thermal evaporation method, we
designed and observed the phase transformation process from
WZ ZnSe nanowire to ZB ZnSe nanowire by using the high
resolution-transmission electron microscope (HRTEM), which
can be explained by the periodic slip mechanism. During the slip,
the twinning would occur spontaneously in the nanowire. Once
the twinning process was completed in the nanowire, the
longitudinal twinning ZB ZnSe nanowire (Type I) was obtained;
otherwise, the sandwich-structural nanowire, with WZ ZnSe
subnanowire inserting into the out layers of the ZB ZnSe
longitudinal twinning subnanowires at the twin plane (Type II),
would be formed. The HRTEM images of the
two types of nanowires match well with the
simulated atomic models of them. Interesting-
ly, the room-temperature Raman and low-
temperature (10K) photoluminescence (PL)
spectroscopy of ZnSe-based longitudinal twin-
ning nanowires confirm the influences of
twinning on them, while the current-voltage
curve of individual longitudinal twinning
ZnSe nanowire demonstrate that the existence
of longitudinal twinning in the ZnSe nano-
wires had no influence on the electrical
transport properties of the ZnSe nanowires.

2. Results and Discussion

2.1. Morphology and Phases of the As-
Grown Products

After the synthesis, yellow products were
grown on the silicon substrates. Figure 1a and

b show the FESEM images of the products under different
magnifications. From the images, the nanowires, with
diameters of several tens of nanometers along the growth
orientation and lengths of several micrometers, were observed.
The tops of the nanowires have spherical particles, demon-
strating the growth of the nanowires might follow the VLS
growth mechanism.! Figure 1c shows the XRD pattern of the
as-synthesized products. The diffraction peaks can be indexed
to ZB (1 =5.6688 A, JCPDS No. 37-1463) and WZ (2=3.996 A,
c=6.55 A, JCPDS No. 15-0105) ZnSe, respectively. The strong
peak near 69° belongs to the Si substrate.

2.2. Crystal Structural Analysis
There are two kinds of longitudinal twinning nanowire in
the products, named as Type I and Type II.

2.2.1. Type I: ZB ZnSe Longitudinal Twinning Nanowire

Figure 2a shows the TEM image under low magnification of
the nanowire of Type I, from which, a distinct interface on the
nanowire can be observed. The energy dispersive spectrometer
(EDS) patterns of the two sides of the interface marked as 1 and
2 are presented in Figure 2b, which demonstrate that the main
compositions of the two sides are Cu, C, Si, and ZnSe. The
signal of C and Cu might come from the TEM copper grid, and
the Si signal may come from the Si substrate.

In order to get a clear understanding of the structure
relationship of the twinning nanowires, HRTEM image
(Figure 2¢) and SAED pattern (Figure 2d) of the nanowire
are obtained. From Figure 2¢, a longitudinal twinning
nanowire, with symmetrical lattice fringes indexed as (111)
plane and (111), plane (subscript t stands for the correspond-
ing twinning) of ZB ZnSe, could be observed. The angle
between (111) plane (and (111), plane) and the twin plane was
measured to be 70.1° (and 70.9°), and the growth direction was
calculated to be along (211). SAED pattern (Figure 2d)
confirms the ZB ZnSe structure, which can be indexed as
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Fig. 1. FESEM images under different magnifications (a and b) and XRD pattern (c) of the products.
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Fig. 2. (a) TEM image (scale bar: 20 nm), (b) EDS patterns of 1 and 2 in (a), (c) HRTEM
image (scale bar: 5nm), with (111) twin plane and growing along (211), (d) SAED
pattern (scale bar: 5 nm), and (e) The simulated atomic model of the nanowire of Type I.

Intensityl a.u.

(d) ZB <0-11>

(022)," :
y A =
(111),
(022), _ Yo,
\ .
(-111) ~4

Fig. 3. (a) TEM image (scale bar: 20 nm), (b) EDS patterns of 3 and 4 in (a), (c) HRTEM image (scale bar: 5 nm),
with WZ ZnSe core and ZB twinning ZnSe shell, (d) SAED pattern (scale bar: 5nm), and (e) The simulated

atomic model of the nanowire of Type II.

\(111),

the (011) zone axis diffraction pattern, and the twin plane
is (111). Figure 2e demonstrates the corresponding atomic
model of the nanowire of Type I, projected along the (011)
zone axis of ZB ZnSe, from which, the twin plane, the angle
between (111) plane (and (111), plane) and the twin
plane (111), and the growth direction confirm the results in
Figure 2c and d.

2.2.2. Type II: Sandwich-Structural Longitudinal Twinning
ZnSe Nanowires

Figure 3a shows the low magnification TEM image of the
nanowire of Type II, from which, two distinct interfaces on the
nanowire can be observed. The EDS patterns in Figure 3b
indicate that the main compositions of the nanowire are Cu, C,
Si, and ZnSe. The signal of C and Cu might come from the TEM
grid, and the Si signal may come from the Si substrate.

From the HRTEM image in Figure 3c, the sandwich
structural twinning nanowire can be clearly observed. The
two outer subnanowires of the nanowire of Type II is
symmetrical ZB ZnSe, with the twin plane of (111) and the
growth direction of (211). The inner subnanowire of the
nanowire is WZ ZnSe, growing along (210) direction, inserting
into the ZB ZnSe twinning nanowire along the twin boundary.
From SAED pattern (Figure 3d), two sets of diffraction spots
can be indexed as ZB (011) zone axis, and WZ (010) zone axis
of ZnSe, respectively, which confirms the symmetrical outer ZB
ZnSe twinning subnanowires and the inner WZ ZnSe
subnanowire. The atomic model of Type 1II is illustrated in
Figure 3e, projected along the (010) axis of WZ ZnSe and (011)
axis of ZB ZnSe, which confirms the results of the HRTEM
image in Figure 3c and the SAED pattern in Figure 3d.

However, the inner WZ ZnSe subnanowire in the atomic
model seems to be a little different from that in the HRTEM
image, i.e. there are (002) layers between every two adjacent
(001) layers in the atomic model, while only
(001) layers can be seen in the HRTEM image.
This could be explained via the bottom-right
inset of Figure 3e, which is the atomic model
of the WZ ZnSe core projected along the
growth direction (210). On the surface of the
hexagonal ZnSe, Se atoms are suspended on
the edges of the (001) layers, and there is no
additional Se atoms hanging on the edges of
(002) layers, which are in the middle of two
adjacent (001) layers. That is the reason why
the (002) plane cannot be seen in Figure 3c.
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2.3. Possible Growth Mechanism of ZnSe-
Based Longitudinal Twinning Nanowires

The as-grown longitudinal twinning nano-
wires in present work were considered to be
caused by the crystal plane slip during the
WZ-ZB phase transformation process. Struc-
turally, the (001) planes of WZ and the (111)
planes of ZB are their corresponding close
packing planes. ABAB stacking for WZ and
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—

WZ

At the same time, the newborn nuclei might
be wurtzite phase since it is reported that
i . the wurtzite phase is more stable at higher
WZ+ZB \ temperature. During the cooling period (after

t3), the source material is exhausted and no

more nucleation would occur. Some of the

WZ products would transform to ZB phase
ZB when the temperature was lower than Ty,

(after t4). During the process, it is reasonable

Fig. 4. (a) The arrangement of atoms in WZ phase; (b) The arrangement of atoms in ZB phase; (Se is shown with
the bigger sphere and Zn is shown in little one.) (c) The stacking sequence schematic model showing the phase
transformation process from WZ phase to ZB phase; (d) The growth process of the two types of twinning
nanowires: 0—t,), temperature-rising period; t,—t3), heat preservation period; after t3), cooling period. (t; and t, are

the points in time when the temperature reaching Ty,).

ABCABC stacking for ZB were shown in Figure 4a and b,
respectively. It was worth noting that the arrangement of
atoms in A/B packing planes was different in WZ phase. So
the phase transition could not be realized until the Zn atoms
(the smaller ones) moved to the interspaces provided by three
neighboring Se atoms (the bigger ones), within the plane B.
Thus, the new layers B’ were obtained, and then the slip occur
between neighboring planes A and B’ by 34 —0—%5, ie. (120)
direction, indicated in Figure 4a.

Generally, there are three equivalent directions to realized
the slip, which are (120), (210), and (110). Figure 4c indicates
such a displacement, and the ZB structure could be obtained
through the slip between every second close-packed layer in
the WZ sequence to form the ABC stacking.*! In present work,
the plane slip was along the WZ (210) direction, and the
interface characterized in experiments (Figure 2c and 3c) was
consistent with the structural model (Figure 2e and 3e).
Consequently, if the plane slip and movement of Zn atoms
took place reversely, ZB to WZ phase transition should be
completed.

The WZ-ZB phase transition temperature (T}) of bulk ZnSe
is about 1411 °C.*! It was even predicted that, the transition
temperature could be decreased effectively through decreasing
the particle size”! and the vapor pressure of the source
material.?*® Therefore, the phase transition temperature of
ZnSe nanowire in the present work (with diameters <100 nm
and pressure around 230 Pa) should be much <1411 °C, and
might be lower than 1250 °C undergone in our experiment.

Thus a possible growth process of ZnSe-based longitudinal
twinning nanowires is proposed in Figure 4d. During the
temperature rising period (0-t,), before the temperature
approached to Ty (0-t1), ZnSe in ZB phase might begin to
nucleate and grow (Although we have no direct evidences to
confirm the ZB phase ZnSe during the temperature rising
period (0-f;) due to our present experiments settings, it was
reported that ZB phase ZnSe would form at lower deposition
temperature, while WZ phase ZnSe mainly grow at relatively
high deposition temperature during the VLS growth proc-
ess!209272 28]y " Once the temperature is higher than Ty, (f—ty),
the zinc blende products would transform to wurtzite phase.

t, Time

that the ZB phase begins to form from
the outer sides of an individual nanowire.
Once the process completes, the longitudinal
twinning ZB nanowire (Type I) would be
obtained; otherwise, the sandwich-structured
nanowire (Type II) forms.

2.4. Raman Spectrum

To obtain the lattice vibrational properties of the as-grown
products, Raman scattering spectra of ZnSe-based longitudinal
twinning nanowires and single ZnSe-based longitudinal
twinning nanowire are demonstrated in Figure 5. Curve a is
the Raman spectrum of ZnSe-based longitudinal twinning
nanowires. The strongest peak (251 cm™') corresponds to the
LO phonon mode of ZnSe.?”! The other strong peak located at
204 cm ™! is assigned to the TO phonon mode of ZnSe.”! The
two other weaker peaks (139 em ™, 290 em™!) are attributed to
the 2TA(X) mode®" and defect related mode,*?! respectively.
Those two peaks could not be observed in the Raman of defect-
free ZnSe nanowires.*® In addition, a shoulder (241ecm™Y on
the strongest peak may be indexed as surface mode of ZnSe.*’!
Curve b is the Raman spectrum of single ZnSe-based
longitudinal twinning nanowire. Another two peaks located
at around 187 and 500 cm™! are observed except for the TO,
LO, 2TA(X) and defect related modes. The peak of 500 cm ™' is
attributed to 2LO phonon mode of ZnSe. As for the peak
located at 187 cm ™!, it may be attributed to the LA(X) mode of
undoped ZnSel' or the lower-branch (w_) of the plasmon-
LO-phonon coupled mode of Al-doped n-ZnSe.*'™ The LO

Curve a: ZnSe-based longitudinal
twinning nanowires

251
204
241f 590
|
139

Intensity | a.u.

Curve b: single ZnSe-based
longtidunal twinning nanowire

~500

100 200 300 400 500 600
Ramanshift / cm™

Fig. 5. Room-temperature Raman spectra of (a) ZnSe-based longitudinal twinning
nanowires; (b) individual ZnSe-based longitudinal twinning nanowire.
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and TO modes of ZnSe-based longitudinal twinning nanowire
have 1-2 cm™' red-shift in comparison with those of the
corresponding bulk counterpart ZnSe, which might be caused

B4 or the internal stresses’® in the

by the stacking faults
products.

Interestingly, the 2TA(X), LA(X), and defect related mode
are absent in the Raman spectrum of defect-free ZnSe
nanowires.***! Generally speaking, Raman techniques is
sensitive to the optical phonons close to the center of the
Brillouin zone (g = 0), the selection rule of which is essentially a
consequence of the infinite periodicity of the crystal lattice.
However, if the periodicity of the crystal is interrupted, as in
the case of defects existing in the nanometer-sized materials,
this rule is relaxed.l*”)

2.5. Photoluminescence (PL)

Figure 6 shows the low-temperature PL spectrum (10K) of
the as-synthesized ZnSe-based longitudinal twinning nano-
wires. Two strong and broad emission peaks, centered at 1.974
and 2.329 eV, together with a series of sharp near-band-edge
(NBE) emission peaks at high-energy region, were observed.
The strongest red deep-level (DL) emission of 1.974eV is
confirmed due to a donor—acceptor-pair (DAP) recombination
mechanism®®! or the self-activated-center (SA) lumines-
cencel??! involving Vg, as the acceptor species and Vs, or
Zn,; as the donor species. The strong peak at 2.329 eV is usually
attributed to the DL emission of unintentional incorporation of
CuP or A1 but also sometimes attributed to an exciton at a
Vzn acceptor center.®™ In the present case, it should be
attributed to Al impurity, because a trace amount of Al
impurity (from the alumina substrate) may diffuse into the
nanowire through surface diffusion during the growth of the
products.[zl

The peaks at the high-energy region come from the NBE
emission.'#2% The 2.769, 2.738, and 2.707eV peaks are
attributed to radiative recombination of an exciton bound to a
neutral acceptor (A®X) with zero-phonon peak, the first
phonon replica and second phonon replica of ZnSe, respec-

1.974 eV FE ues
10K LPB,

2.82 2.84
Energy (eV)

AX

Intensity (a.u.)

150 1.75 2.00 225 250 275 3.00
Energy (eV)

Fig. 6. Low-temperature (10K) PL spectrum of ZnSe-based longitudinal twinning
nanowires.

tively,[40] due to the LO-phonon (251 cm ™) energy of ZnSe,
howro =31.4 meV. It is notable that, a weak free exciton peak at
around 2.826 eV can be observed, which consists of two peaks
(2.829 and 2.822 eV) demonstrated in the inset of Figure 6. They
are attributed to the upper polariton branch (UPB) and the
lower polariton branch (LPB) of the resonant luminescence of
free exciton—polaritons, respectively.*!! Using the energy of
free exciton (E; — Ex =2.826 eV) and the bound exciton energy
(hv=2.769 V), the dissociation energy of the exciton binding
at the acceptor Egx = Eg — Ex — hv=57 meV.

2.6. Electrical Properties

To study the electrical behavior of the twinning nanowires,
the electrical measurements were carried out using a STM—
TEM holder commercialized by Nanofactory Instruments AB,
which is sketched in Figure 7a, as described in detail
elsewhere.*? A gold (Au) cantilever was attached to a fixed
electrical sensor, whereas a platinum (Pt) cantilever placed on
the piezo-movable side of the holder, was attached with the as-
grown two types of nanowires (Figure 7b and c). The current-
voltage (I-V) curves of them were plotted according to the I-V
data obtained when the voltage was ramped up, as shown in
Figure 7e and f, which were recorded with a voltage ranging
from -20 to 20V for 1000ms. The two -V curves showed
typically asymmetrical Schottky characteristic which might be
caused by the lower work function of ZnSe than those of Pt and
Au. By comparison, under the same conditions, the as-grown
individual monocrystal ZnSe nanowire was also measured
(Figure 7d). The obtained I-V curve (Figure 7g) also showed
asymmetrical Schottky characteristic and the current varied
from -1.5 to 1.5nA, with no obvious differences from the
curves obtained from the two types of twinning nanowires,
which demonstrated that the existence of longitudinal
twinning in the nanowires had no influence on the electrical
transport properties of the nanowires. Moreover, the low
current from the three ZnSe nanowires (Figure 7e—g) implied
the high resistivity of ZnSe.

3. Conclusion

Two types of ZnSe-based longitudinal twinning nanowires,
i.e. Type I) ZB longitudinal twinning ZnSe nanowires, and
Type II) sandwich structures with WZ ZnSe subnanowires
embedded between the two symmetrical outer ZB ZnSe
longitudinal twinning nanowires, with diameters of several
tens of nanometers along the growth orientation and lengths
of several micrometers, were obtained through a simple
thermal evaporation. The HRTEM images of the two kinds
of longitudinal twinning nanowires match well with the
simulated atomic models of them. The formation of them could
be explained by the periodic slip mechanism during the WZ-
ZB phase transformation process of ZnSe nanowires. In the
room-temperature Raman spectra, the LA(X) phonon can be
observed in the single ZnSe-based longitudinal nanowire,
except for the commonly observed TO, LO, and 2TA(X) modes
in the ZnSe-based longitudinal nanowires. From the low-
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Fig. 7. (a) Schematic of the experimental set-up within a STM-TEM holder; (b)~(d) TEM views of individual Type 1, Type II, and monocrystal ZnSe nanowires, respectively (Scale
bars: 100 nm; 200 nm; 200 nm); (e)—(g) the corresponding current—voltage (I-V) curves of individual Type I, Type I, and monocrystal ZnSe nanowires, respectively.

temperature PL spectroscopy, two strong and broad emission
peaks caused by DL emission, together with a series of sharp
NBE emission peaks and a weak peak of free exciton at high-
energy region, were observed. The existence of longitudinal
twinning in the ZnSe nanowires had no influence on the
electrical transport properties of the ZnSe nanowires. This
quantitative study on the ZnSe-based longitudinal twinning
nanowire’s structure, morphology, formation mechanism,
electrical and optical behavior lends strong support to the
feasibility of future 1D nanostructure fabrication, paving way
for high performance optoelectronic devices.

4. Experimental Section

ZnSe-based longitudinal twinning nanowires were synthe-
sized by a high-temperature vacuum-tube furnace, which were
described in detail elsewhere.**! Briefly, the commercial ZnSe
(99.99%, Alfa Aesar) powder was placed on alumina boats in
the central region of the alumina tube. While silicon substrates,
covered with chloroauric acid hydrated dissolved in the ethyl
alcohol, were placed in downstream 12-22 cm from the furnace
center to collect the products in the alumina tube. The furnace
was then pumped down to a base pressure of ~1.2 x 10> Pa.
Argon gas was introduced into the tube at a constant flow rate
of 50sccm (standard-state cubic centimeter per minute). The
total pressure was kept at ~2.3 x 10° Pa during the experiment

process. The furnace was maintained at 1250°C for 2h
before it cooled down to room temperature naturally.

The as-products were characterized by X-ray powder
diffraction (XRD; Rigaku D/Max-2550), field emission scan-
ning electron microscopy (FESEM; Hitachi S-4800), high-
resolution transmission electron microscopy (HRTEM;
TECHAI G? S-TWIN) equipped with an EDS. The Raman
spectra were recorded on at room temperature inVia-Reflex
micro-Raman spectroscopy system from Renishaw with
532nm radiations. PL spectroscopy was performed at low
temperature (10K) using the 325nm line of the He-Cd laser,
as described elsewhere.'! The electrical measurements were
carried out using a new scanning tunnel microscope—
transmission electron microscope (STM-TEM) holder com-
mercialized by Nanofactory Instruments AB, which was
arranged within a 200kV field emission high-resolution
TEM (HRTEM; JEM-2010F, JEOL Ltd., Tokyo, Japan).
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