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Abstract: The localized states in ZnO nanowires (NWs)
through the growth of ZnS shell have been introduced in
this paper. Morphology and optical properties of the ZnO/
ZnS core-shell heterostructured NWs after different rapid
thermal annealing (RTA) treatments are investigated.
Transmission electron microscopy measurements show
the gradual disappearing of the jagged boundary between
ZnO and ZnS with the increase of RTA temperature, while
a decrease of interfacial composition fluctuation and a
formation of ZnOS phase can be found after a RTA treat-
ment of 300°C. Temperature-dependent photolumines-
cence exhibits the features of “S-shape” peak positions
and a “valley shape” for the emission width, implying
the existence of localized excitons in the core-shell NWs,
Moreover, it is noted that the RTA treatments can lower
the localized degree which is confirmed by optical meas-
urement. The results indicate that the optical behavior of
excitons in ZnO/ZnS core-shell heterostructured NWs can
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be manipulated by appropriate thermal treatments, which
is very important for their practical device applications.

Keywords: excitons; core-shell heterostructured nanow-
ires; rapid thermal annealing; laser spectroscopy.

1 Introduction

Free excitons can be easily trapped by the spatially
localized potential fluctuations in a certain small area
to become localized excitons in crystals or films [1]. The
localized states can expand the electronic density of state
(DOS) to form an exponential tail instead of the sharp
conduction and valance band edges. Localized states
can be found in the semiconductor quantum structures
and has become one of the characteristics which have
been demonstrated to be responsible for the high emis-
sion efficiency of a variety of semiconductor composites
[2-4]. For example, in the case of dilute nitride semi-
conductors, the localized excitons always present a so-
called “S-shape” peak position feature obtained from
the temperature-dependent photoluminescence (TDPL)
measurement and a “valley shape” of full width at half
maximum (FWHM) [1, 5]. These typical features can be
described by a quantitative model proposed by Li et al.
[5] and are widely used to verify the existence of localized
excitons. It has been confirmed that the localized effect
can prevent the generated carriers from defusing to non-
radioactive recombination centers, thus enhancing the
emission and the response range of light. Therefore, at
present, the localized states in the semiconductor nano-
material have stimulated intensive research attention for
high-performance excitonic optoelectronic devices, such
as light-emitting diodes (LEDs), lasers, solar cells, and
photodetectors [6-12].

The ZnO (Eg= 3.37 eV) semiconductors, which possess
a large exciton binding energy of 60 meV, are widely used
for ultraviolet (UV) photoelectric devices [13-19]. However,
the room temperature emission from ZnO nanostructures
always display a broad deep level emission (DLE) in the
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visible region along with the weak near-band edge (NBE)
emission in the UV region. These greatly affect the perfor-
mance of ZnO materials, especially for nanostructures that
have a large surface-to-volume ratio. To solve the problem,
strategies of new nanocomposite structures or passivating
the surface of ZnO (such as the surface coating of organic
polymers or epitaxial growth of heterogeneous semicon-
ductors) have been proposed and carried out [20-24].
Among them, one of the most effective ways is the core-
shell heterostructures. Chen et al. have fabricated ZnO-
based core-shell nanowire (NW) structure by the surface
modification technique [7]. They found that the enhanced
UV emission after high-energy argon ion (Ar*) milling can
be ascribed to the localized excitons from the ZnO-based
core-shell NW structure. Recently, in our group, ZnO/
ZnS core-shell NWs were successfully synthesized by wet
chemical method, in which localized exciton phenomena
were found after the ZnS growth on ZnO NWs. The ZnO/
ZnS nanocomposite structures exhibit remarkable UV
photoresponse and enhanced electroluminescence from
LEDs, which have been ascribed to the existence of local-
ized states in the material system [6, 8].

According to the previous reports, the localized states
have a great impact on the optical properties of the nano-
material. Therefore, how to introduce and regulate local-
ized states has aroused widespread interest. To the best
of our knowledge, there have been very few literature
reports about controlling of localized excitonic behaviors,
especially for ZnO core-shell nanostructures. Hence, it
is highly desirable and significant, as well as a big chal-
lenge, to develop an effective and convenient method to
manipulate the localized excitons and their correspond-
ing properties. In this paper, through the growth of ZnO/
ZnS core-shell heterostructured NWs, we have introduced
localized states in the core-shell interface between the
ZnO and ZnS. After subsequent thermal treatments, the
optical properties of the localized excitons have been dis-
cussed based on laser spectroscopy [1-8]. The underlying
physical mechanism of the change of localized excitons
after thermal treatments has also been proposed and dis-
cussed in detail.

2 The experimental system

2.1 Materials synthesis

Zinc acetate dehydrate [Zn(CH,CO0),-2H,0], hexamethyl-

enetetramine (C.H_N,), sodium sulfide (Na,S), and zinc

nitrate hexahydrate [Zn(NO,),-6H,0] were of analytical

grade. All chemicals were supplied by Guangfu Chemical
Reagent Factory in Tianjin, China, and the reaction device
of teflon-lined a stainless steel autoclave was provided by
YiChuang company from Xi’an, China. They were used
without further purification. Synthesis of ZnO NWs: In our
synthetic system, the ZnO seeds were deposited on sap-
phire substrate by atomic layer deposition. Subsequently,
the nucleations of ZnO NWs were synthesized by typical
solvothermal reactions. The detailed processes of synthesis
are provided in our previous reports [6]. Synthesis of ZnO/
ZnS core-shell heterostructured NWs: To prepare ZnO/ZnS
core-shell heterostructured NWs, the as-grown ZnO NWs
were immersed in 0.16 mol/l sodium sulfide (Na,S) and
zinc nitrate [Zn(NO,),] solution for 2 h at 60°C. Finally, the
samples of the ZnO/ZnS NWs were cleaned with deionized
water and were dried under normal conditions.

2.2 Rapid thermal annealing

The synthesized ZnO/ZnS core-shell heterostructured
NWs were annealed at 200, 250, and 300°C in a flowing N,
gas ambient for 30 s. For easier reading, the correspond-
ing samples after the treatments are indexed as RTA-200,
RTA-250, and RTA-300, respectively.

2.3 Materials characterization

A Hitachi S-4800 field emission scanning electron micro-
scope and X-ray diffraction (XRD) with a Bruker D8
advance X-ray powder diffractometer with Cu K radiation
(A=1.5406 A) were used to characterize the composition of
the samples. The transmission electron microscopy (TEM)
images were obtained using a FEI Tecnai G2 F20 microscope
operated at 200 kV. Photoluminescence (PL) measurements
were performed with a ZoLix Omni A 500 spectrograph, and
a conventional backscattering geometry was used to collect
the emission. Moreover, the temperature of the samples was
controlled between 10 and 300 K by a closed-cycle helium
cryostat. During the measurement, an excitation source of
He-Cd laser with laser line of 325 nm was used.

3 Results and discussion

To discuss the morphologies of the ZnO/ZnS core-shell
heterostructured NWs after thermal treatments, scan-
ning electron microscopy (SEM) images are shown in
Figure 1la—d. Compared with the core-only ZnO NWs (in
the supporting information Figure S1), the surface of the
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RTA-200

200 nm

Figure 1: SEM images of Zn0/ZnS core-shell heterostructured NWs, the annealed 200°C (RTA-200), the annealed 250°C (RTA-250), and the
annealed 300°C (RTA-300) NW samples. Insets show the individual NWs of samples’ SEM images.

Zn0/ZnS NWs becomes rough, indicating the success-
ful growth of ZnS shell structure. We can see from the
sectional views that the surface roughness of the samples
gradually decreases. A more clear description of the mor-
phologies of the samples on the rapid thermal annealing
(RTA) will be discussed below.

XRD measurements were performed to investigate
the annealing-induced change of crystalline structures.
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Figure 2: X-ray diffraction patterns of Un-RTA, RTA-200, RTA-250,
and RTA-300, respectively.

Figure 2 shows the XRD patterns of the samples before and
after annealing. We can observe that the peak at 34.44°
and 28.83° can be identified to be the ZnO (002) and ZnS
(111) of the core-shell NWs [25-27]. Among them, the peak
intensity of ZnS (111) is weak along with a strong peak
intensity of ZnO (002), indicating that the as-grown ZnO/
ZnS core-shell heterostructured NWs have a better crystal
quality for the ZnO core. The inset of Figure 2 clearly shows
the annealing-induced evolution of the ZnS (111) and ZnO
(002) diffraction peak. With the increase of annealing
temperature, the diffraction peak intensity of ZnS (111)
became stronger, implying that the crystal quality of ZnS
shells have been improved after the annealing treatments.
In addition, it is important to note that the (002) peak
position of ZnO slightly blueshifts, while the peak posi-
tion of ZnS (111) slightly redshifts for the sample RTA-300
as shown in Figure 2. The peak position shifting can be
ascribed to formation of the ZnOS ternary alloy at the ZnO/
ZnS NWs interface [26, 27]. Other supporting information
for this claim will be provided and discussed later.

To investigate the influence of thermal treatments on
the optical properties of the ZnO/ZnS core-shell hetero-
structured NWs, room temperature photoluminescence
(RTPL) measurements were performed. As shown in
Figure 3, the peak position of UV emission from Un-RTA
7Zn0/ZnS NWs is located at 3.284 eV, which is ascribed
to the NBE emission from ZnO, and the peak position
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Figure 3: Room temperature PL spectra of Un-RTA, RTA-200, RTA-
250, and RTA-300 samples. The inset is the peak intensity of the UV
emission for different samples.

centered at approximately 2.2 eV is from the DLE [6, 20, 28].
Comparing with the Un-RTA sample, the UV peak posi-
tions of the RTA samples slightly change, while the UV and
DLE intensity increase firstly and then decrease. As will
be discussed later, the slight shifting of the UV emissions
is due to the change of exciton-phonon coupling strength
in the samples. According to the XRD results, the crystal-
line quality of ZnO/ZnS NWs is improved after anneal-
ing, and the RTA-300 sample shows the best crystalline
quality. Generally speaking, semiconductor samples with
a better crystalline quality can give rise to a stronger UV
emission and a weaker DLE. However, from Figure 3, the
RTA-250 has the strongest emission intensity of PL, and
the RTA-300 has the weakest one in both UV emission and
DLE. These abnormal trends are not consistent with the
general rules of thermal treatments, and therefore, there
must be other physical mechanisms caused by annealing.
Compared with previous reports [6], the main reason for
this abnormal trend is most likely the localized states at
the ZnO/ZnS interface.

It is reported that the localized states can prevent
excitons from diffusing to non-radioactive recombina-
tion centers and thus enhancing the light emission effi-
ciency. Therefore, the abnormal trend of the PL from the
Zn0/ZnS NWs after thermal treatments can be ascribed
to the presence of localized states near the ZnO and ZnS
interface. To understand the annealing-induced struc-
tural transformation at the interfaces, detailed TEM
and high-resolution TEM (HRTEM) experiments have
been carried out. As shown in Figure 4A, compared to
the smooth surface of ZnO core (the inset), the Un-RTA
Zn0/ZnS NWs have a clear rough surface after coating

the ZnS layer. The surface roughness of RTA-200, RTA-
250, and RTA-300 become smoother with the increase
of annealing temperatures, which are consistent with
the SEM results. In the HRTEM image of Un-RTA (Figure
4B), there is a clearer jagged boundary (the yellow solid
line) at the interface between the ZnO core and ZnS shell.
This boundary still clearly exists after thermal treatment
at 200 and 250°C (supporting information Figure S2).
However, with the increase of annealing temperature
up to 300°C, the boundary of ZnO/ZnS NWs disappears
(Figure 4C and D). The disappearing of jagged bound-
ary was ascribed to the inter-diffusing of oxygen and
sulfur atoms that lead to the formation of ZnOS ternary
alloy, which is consistent with the XRD result. From the
close-up region of corresponding areas (colored boxes)
in Figure 4B, well-defined lattice fringes with planar
d-spacing of 0.26 and 0.32 nm can be indexed as ZnO
(002) plane (Figure 4E) and ZnS (111) plane (Figure 4F),
demonstrating the successful construction of the core-
shell heterostructure [28-30].

The evolution of the ZnO and ZnS atoms at the inter-
face after the thermal treatments is important to confirm
the formation of ZnOS. For this purpose, the close-up
TEM image of the corresponding region at the interface
of Un-RTA and RTA-300 samples were shown in Figure 4G
and H. The ZnO and ZnS atoms are marked with differ-
ent colors, and it is used to visually analyze the interface
arrangement of two kinds of atoms. From Figure 4G, the
ZnO and ZnS atoms at the interface can be clearly seen
to form staggered arrangements with some atom clusters.
This atom cluster may be the cause of localized states and
is ascribed to their different lattice fringes with planar
d-spacings. After the ZnO/ZnS NWs annealed in 300°C, as
shown in Figure 4H, the staggered arrangements of ZnO
and ZnS atom disappeared and gradually became orderly
ones. The decrease of interfacial composition fluctua-
tions and an inter-diffusion of oxygen and sulfur atoms
resulted in a formation of ZnOS phase near the interface.
These transformations can give rise to phenomena of the
abnormal trend, which have already been described in the
RTPL measurement.

To further investigate the influence of thermal treat-
ments on the emission of localized excitons at the ZnO/
ZnS NWs interface, TDPL measurement was carried out
(supporting information Figure S3). The changes of peak
positions and the FWHM of the TDPL spectra for ZnO/ZnS
NWs with temperature were plotted, as shown in Figure 5.
The “S-shape” feature of the peak position for the Un-RTA
is more significant than the RTA samples. Moreover, it is
worthy to note that the RTA-300 exhibits a totally different
trend compared with other samples (Figure 5A). As shown
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Figure 4: TEM images of individual NWs of (A) Un-RTA (the inset is the ZnO NWs) and (C) the RTA-300; (B) and (D) show the corresponding
HRTEM images. The solid line in the HRTEM image in (B) and (D) marks the ZnO/ZnS NWs interface. The left half of the ZnO core is marked
out with a blue square, and the right half of the ZnS shell is marked out with a green square; (E) and (F) are the enlarged phase images of the
ZnO core and the ZnS shell from the marked area of image (B). (G) and (H) Close-up HRTEM images of the interface between the ZnO core and
the ZnS shell, showing the stacking grain boundaries and fluctuations of atoms in space as well as the ZnOS phase at the interface area.

120
A 336 B
60 M
- 120
< 3.36f |
) 5 60 W
5 3.30 ; S o
'g 3I36 m l“hh1_ g 120 »
~ k!..‘ I 60 b a— e
< 3.30 "o = e
L e o o0
3.36 120 s
(PRTA-300
3.30 60 “\‘uw/ /ARTA-250
. 0 »RTA-200

0 40 80 120 160  MunRmA
Temperature (K)

0 100 200 300
Temperature (K)

Figure 5: (A) Temperature-dependent peak position of the ZnO/
ZnS NWs before and after annealing. (B) The FWHM parameter of
the ZnO/ZnS NWs before and after annealing vs. temperature. The
solid lines represent theoretical curve according to the proposed
luminescence model of the LSE.

in Figure 5B, the curves of FWHM show the “valley-shape”
features that gradually disappear after thermal treat-
ments. The “S-shape” and “valley-shape” characteristics

obtained from the samples’ emission have further con-
firmed the existence of localized states, which is consist-
ent with previous reports [1, 2, 6-8].

The model for the luminescence of localized-state
ensemble (LSE), which can be used to depict the thermal
redistribution of localized carriers within the localized
states, is used to analyze the behavior of localized exci-
tonic emission at different temperatures [5]. According to
the model, the temperature-dependent emission peak is
given by

E(T)=E, - /‘;‘I; —x-k,T )

The first two terms of the formula describe the tradi-
tional bandgap shrinking. The value of « is the Varshni
parameter, and f is the Debye temperature, which are
material dependent. The third term of the formula
is an environment-dependent parameter and repre-
sents the effect of thermal redistribution of localized
carriers. The value of k, is the Boltzman constant, and
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Table 1: The fitting parameters obtained from LSE luminescence model for the four samples.

Zn0/ZnS NWs Ez(eV) E,—E"(meV) 7/t (ps/ps) 0° (meV) a® (meV/K) B (K)
Un-RTA 3.37872 40.37 0.00208/293.1 111 0.636 300
RTA-200 3.37337 16.77 0.00387/369.4 7.1 0.671 300
RTA-250 3.37610 14.54 0.00484/381.7 6.3 0.666 300
RTA-300 3.37830 7.58 0.027593/438.4 5.2 0.662 356

°E, and o are the central energy and broadening parameter for the distribution of the localized states, respectively; °E - E, is in effect the
thermal activation energy of the carriers; z_is the ratio of the escape time constant, and 7, is the radiative recombination time constant; this
value is considered by Ref. [31]; Y« is the Varshni parameter, and 8 is the Debye temperature; this value is considered by Ref. [32].

the dimensionnless coefficient x(T) can be obtained by
numerically solving the following equation [5]:

o T,

2
xe'=|| — | -x ||+~
(kBTJ [

T

tr

Je(En-Ea )/l T Q)

where E  and o are the peak energy position and the stand-
ard deviation of distribution of the DOS, respectively. The
term 1/rtr is the escape rate, and 1/7, is the radiative recom-
bination rate of the localized carriers. It is noted that the
value of E, - E_ is one of the most important parameters for
the system and representes the degree of the localization.
For the case of E >E , the luminescence peak positions
show the typical “S-shape” characteristics. The larger the
absolute value of E, - E , the deeper the localized states,
and the less likely for the carriers to escape from the local-
ized state.

At high temperatures, the solution of equation (2) can
be found to be x= (0/k,T)? and equation (1) becomes

al?>  o°

p+T kT

B

E(T)=E,-

®)

which can be used to estimate the value of o.

FWHM height is another parameter for a lumines-
cence spectrum, which is embedded in the localized exci-
tons distribution function of n(E, T):

7(5750)2 /202

Poe

n(E, T)=
’ e(EfEa)kBT +T“/Tr

(4)

2 2
E-E,)* 20

where p(E)= poe’( represents the LSE system
with a Gaussian-type DOS. p, is the amplitude of DOS in
T=0 K, which is a material-dependent constant and is
independent of the half-line-width value. The FWHM of
n(E, T) can be obtained by numerically solving the follow-
ing equations.

n(E, ,T)= n(Epk,T)/Z (5)

(6)

2,1°

FWHM=E, - E,

where E,is the peak position. As shown in Figure 5, the
variation of FWHM with temperature exhibits a “valley
shape”.

As can be seen in Figure 5A and B, the solid lines are
the curves obtained from the LSE model for Un-RTA and
RTA-samples, respectively. The above results confirm the
existence of localized states at the ZnO/ZnS NWs. The
fitted parameters obtained from LSE luminescence model
for the four samples are shown in Table 1. It is noted that
the fitted E - E_ value decrease from 40.37 to 7.58 meV
for the Un-RTA to the RTA-300 samples, which indicates
that the localized degree gradually reduces after thermal
treatments. Besides, according to the reduced localized
degree, both the radiative recombination rate of the local-
ized carriers 1/r, and the escape rate of l/ttr decrease,
which implies that the carriers can more likely escape
from the localized traps. The broadening parameter o is
essentially related to the distribution width of the local-
ized states, which is closely related to the localized degree
in the material system. It is noted that a bigger localized
degree will lead to a wider distribution width of the local-
ized states, so the values of ¢ are getting smaller after the
thermal treatments. Moreover, the RTA-300 sample has
different values of § compared with other ones, indicat-
ing that a new phase of ZnOS is formed at the Zn0O/ZnS
interface. Therefore, the above phenomena imply that the
thermal treatment is one of the effective ways to reduce
the localized degree.

4 Conclusions

In conclusion, the localized states were introduced at
the Zn0O/ZnS NWs through the core-shell structure con-
structed via the wet chemical method. The morphological,
structural, and optical properties of the ZnO/ZnS core-
shell heterostructured NWs are sensitive to the thermal
treatments. It was found that the staggered arrangement
of ZnO and ZnS atoms at the interface of ZnO/ZnS NWs
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gradually became ordered ones, and the roughness of
surface becomes smoother with the increase of thermal
treatment temperatures. The characteristics of the “S
shape” and “valley shape” gradually disappeared after
thermal treatments, indicating that most of the localized
excitons are de-trapped and show delocalized excitonic
emission. Therefore, the thermal treatment is an effec-
tive way to manipulate the localized states at the Zn0O/ZnS
NWs interface and is very important for their potential
device applications.
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