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In this work, the ZnO/Ag-doped ZnO core—shell nanowires were obtained through a facile three-
step method, including the hydrothermal process for ZnO nanowires growth, DC sputtering for silver
particles deposition on ZnO nanowires and atom layer deposition for ZnO shell layer deposition. The
p-type ZnO shell layer was achieved by annealing treatment under oxygen-rich condition. Compared
with ZnO and ZnO/Ag/ZnO samples, (002) diffraction peak position of ZnO/Ag-doped ZnO core—
shell nanowires shifted to small angle side, which indicated that Ag diffused into ZnO lattice as
shell layer. Meanwhile, low-temperature photoluminescence (PL) was used to investigate the p-
type emission behavior, which can be observed by exciton bound to a neutral acceptor (A°X) at
3.354 eV and the recombination of free electron to the acceptor transition (FA) at 3.315 eV in such
the Ag-doped ZnO shell layer. In addition, the calculated acceptor binding energy was 124 meV.
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1. INTRODUCTION

As a wide band gap semiconductor material, ZnO can
be used to fabricate ultraviolet light-emitting diodes, laser
and biosensor. Generally, the defects and impurities are
the key factors to dominate semiconductors’ optoelec-
tronic behaviors.'™ For better expanding the applications
of ZnO,>”® metal ion doping is an active and leading
method currently. Considerable works have been reported
on the doping of ZnO with several dopants to tailor its
electrical and optical properties by different methods.* %1
Due to its own existence of zinc vacancy and O interstice,
Pure ZnO materials show a natural n-type characteristic.
However, in order to obtain p-type ZnO, the I group ele-
ments substitute for zinc site from ZnO lattice to form the
acceptor level in ZnO. Ag-doping in ZnO is able to change
the optoelectronic properties of ZnO thin films and nano-
structures, while early researches showed that Ag incorpo-
ration in ZnO reduced the donor density.!!*'? Beacuse of
the calculated formation energy was much lower for Ag,,
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substitutional site than interstitial ones, which made Ag
an effective acceptor in ZnO.!* And many research works
confirm the p-type conductivity is stable in Ag-doped ZnO
samples.

For practical application, compared with ZnO hetero-
junction, ZnO homojunction has lower mismatch degree
of the interface to avoid low quantum efficiency from
quantum traps or recombination centers, especially for
ZnO based nanostructures devices. And in this paper, a
ZnO core—shell nanowires with Ag-doped ZnO layer were
obtained, which were formed by direct current sputter-
ing and atomic layer deposition (ALD).'" The structure
and optical properties of the samples were investigated in
details. From the low-temperature and temperature depen-
dent PL spectra, the emission related to the Ag accep-
tor was detected, which indicate the type conversion from
n-type to p-type in such Ag-doped ZnO shell structure.

2. EXPERIMENTAL DETAILS

Figure 1 is the schematic of the formation process of
ZnO/Ag-doped ZnO core—shell nanowires. First, ZnO
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Fig. 1.

nanowires were synthesized on quartz substrate coated by
ZnO seed films using hydrothermal method, 0.01 mol/L
Zn(CH,;COO), 2H,0 and 0.01 mol/L hexamethylenete-
tramine (HMT) were dissolved in 100 ml deionized water
well and removed the high-pressure reaction kettle with
15 ml aqueous solution into the drying oven at 90 °C
for reacting 6 h. After the reaction, the autoclave was
taken out of the oven and cooled to room temperature.
Later the sample was washed thoroughly with by deionized
water and dried at 60 °C for 1 h. Then, Ag nanoparticles
were deposited on ZnO nanowires under 6 mA discharge
current for 60 s by DC sputtering. The shell layer ZnO
were grown using LabNano™ 9100%* ALD system from
Ensure Nanotech (Beijing). Water and Diethyl zinc (DEZn,
Zn(C,Hs),) were used as precursors and were kept at room
temperature. High purity nitrogen (N,) was used as the
purging gas. Water and DEZn were introduced into the
growth chamber separately. N, purge was introduced after
precursors pulse to remove the residues and byproducts.
The pulse time of water and DEZn was 20 ms and the
purging time was 8 s. The growth temperature was 170 °C.
The cycles of growth were 500 cycles. At last, the samples
were annealed in tube furnace under O-rich condition for
1 h, the temperature was 700 °C.

All samples were investigated by scanning electron
microscopy (SEM, JEOL-6010LA). And the crystal struc-
ture of the ZnO nanowires and ZnO/Ag-doped ZnO core—
shell nanowires were characterized by X-ray Diffraction
(Bruker AXS D8 DAVINCI) with Cu-Ka radiation (A =
1.5406 A). Photoluminescence (PL) measurements were
performed using a He—Cd laser line of 325 nm as the exci-
tation source.

3. RESULTS AND DISCUSSION

The SEM images of ZnO nanowires are shown in
Figure 2(a). We observe that ZnO nanowires have a
smooth hexagonal shape surface, the nanowires have a
typical diameter of about 100 nm and a length of a few
micrometers. The SEM image of ZnO/Ag/ZnO nanowires
and annealed samples are shown in Figures 2(b) and (c).
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The schematic representation of the formation process of ZnO/Ag-doped ZnO core—shell nanowires.

Compared with ZnO nanowires, the surface of the two
samples become roughness (from the inset of Figs. 2(b)
and (c)). In addition, the diameter of the two samples are
about 500 nm. And after annealing treatment, the core—
shell structure could be obtained, which can be seen in
the inset of Figure 2(c). In Figure 2(d), the EDX spectrum
presents the existence of Ag element at the ZnO/Ag-doped
ZnO core—shell nanowires.

The changes of crystal phase structure of the sam-
ples were investigated by X-ray diffraction. In Figure 3,
based on standard PDF card (No.36-1451), For ZnO
nanowires, the (100), (002) and (101) diffractive peaks cor-
respond at 34.31°, 34.40°, 34.52° could be observed which
were indexed to ZnO wurtzite structure. For ZnO/Ag/ZnO
nanowires, we merely observe Ag,O (111) diffraction peak
at 32.853° (PDF No.75-1532) while no other impurity
phases peak, which meant the Ag particles were existed
by Ag,0O phase. For core—shell nanowires, this samples
exhibited the better c-axis orientation and narrower full
width at half maxima (FWHM). And compared with ZnO
and ZnO/Ag samples, a slight shift of (002) diffraction
peak can be observed. The magnification of (002) peak
of three samples are shown in the inset of Figure 3. The
(002) peak of ZnO/Ag-doped core—shell samples moved
0.07°, which confirms Ag successfully diffused into the
ZnO crystal lattice.

Figure 4 indicated the room temperature PL spectra
of ZnO, ZnO/Ag, ZnO/Ag-doped ZnO core—shell sample,
respectively. In ZnO sample, the near the band-edge (NBE)
emission peak at 379 nm and deep level defects emission
peak at 450 ~ 650 nm can be detected.'>™"” Compared with
ZnO sample, ZnO/Ag has a stronger NBE emission. This
phenomenon is caused by surface plasmon enhancement of
Ag particles.?® And NBE emission of ZnO/Ag-doped ZnO
core—shell samples is also enhancement.'* Meanwhile, due
to the annealing treatment under O-rich condition, the
green light excitation from deep level defects emission is
attenuated. In Kim et al. report,®! annealed ZnO:Ag thin
film have a drastic enhancement at NBE emission while a
slight decrease in the deep level emission, which support
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Fig. 2. The SEM images of (a) ZnO nanowires, (b) as-grown ZnO/Ag/ZnO sample; (c) ZnO/Ag-doped ZnO core—shell sample; (d) EDX spectrum

of ZnO/Ag-doped ZnO core—shell nanowires sample.

that the existence of holes and electrons easily arrived at
interface between Ag,O and ZnO film. Ag particles was
not placed at the interstitial sites or as defects in ZnO while
after annealing process, which were the main reasons of
NBE emission enhancement and the largely suppression of
deep level emission.

Low-temperature PL spectroscopy is a useful tool for
characterizing acceptor/donor impurities. Low-temperature
PL spectra of ZnO and ZnO/Ag-doped ZnO core—shell
nanowires sample can make us to understand the optical
performances deeply. Figure 5 shows the Low-temperature
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Fig. 3. XRD patterns of (a)ZnO, (b)ZnO/Ag, (c)ZnO/Ag-doped ZnO

core-shell, respectively. Inset showes the (002) diffraction peak of
(a)ZnO, (b)ZnO/Ag, (c)ZnO/Ag-doped ZnO cole-shell, respectively.
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PL spectra of ZnO (Fig. 5(a)) and annealed core-shell
ZnO nanowires (Fig. 5(b)) at 85 K. In Figure 5(a), For
ZnO sample, we can find a emission peak at 3.364 eV.
The emission peak of 3.364 eV is assigned to the radiative
recombination of neutral donor-bound exciton (D°X).'
In Figure 5(b), annealed ZnO/Ag-doped ZnO core—shell
nanowires sample, the low temperature PL spectrum shows
that emission peak at 3.243 eV, 3.315 eV, 3.354 eV,
3.367 eV, respectively. The peak at 3.367 eV assigned
to D’X. The peak at 3.354 eV comes from the neutral
acceptor-bound exciton (A°X) emission in ZnO.* Accord-
ing to the previous reports of doped ZnO nanowires, ! 222
we know the origination of 3.315 eV and 3.243 eV are
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Fig. 4. Room temperature PL spectra of ZnO, ZnO/Ag, ZnO/Ag-doped
ZnO core-shell, respectively.
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Fig. 5. Low-temperature PL spectra of (a) ZnO and (b) ZnO/Ag-doped
ZnO core-shell at 85 K.

related to acceptors in ZnO. The emission at 3.315 eV
is assigned to the recombination of free electron to the
acceptor transition (FA) and the emission at 3.243 eV is
assigned to the recombination of the donor-acceptor pair
(DAP)."? We observed the new peak of 3.354 €V, 3.315 eV
and 3.243 eV, which were related to acceptor-bound exci-
ton peaks in annealed ZnO shell layer.

According to the previous report,>*?% FA is often
observed at p-type doped ZnO sample. To further under-
stand the origination of the emissions, temperature-
dependent PL spectra and temperature fitting curve of FA
emission peak of annealed ZnO/Ag-doped ZnO core—shell
nanostructures were investigated (shown in Fig. 6). In
Figure 6(a), the temperature-dependent PL spectra of FA
emission 3.315 eV (85 K). With the temperature increas-
ing, FA emission transition energy indicated a continuous
red-shift. The FA binding energy peak is fit using the fol-
lowing expression (1).

Een(T) = Ey(T) = Ex+ Ko T/2 (1)

E, and Ep, is the binding energy of the acceptor involved
and free electron to acceptor energy, respectively. Eg(T)
is the temperature-dependent band gap energy, Kg is
Boltzmann’s constant, and T is temperature. E,(T) corre-
sponding to expression of Varshni’s formula (2)

E,(T) = E,(0)—aT*(T +B) (2)

E,(0) is the band gap energy at 0 K and « and B were
determined to be 1.0%107* eV/K and 925 K. The accep-
tor binding energy of E, is approximatively 124 meV. In
Figure 6(b), the FA emission sampling points of annealed
sample is coincide with theoretical fitting peak curve
approximately. The above results are agreed with previous
reports.* This is another proof that Ag was introduced
into the ZnO crystal lattice.

In a word, the new peaks of ZnO/Ag-doped
ZnO core-shell nanowires are related to accepters.
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Fig. 6. (a) Temperature-dependent PL spectra of annealed ZnO/Ag-
doped ZnO core-shell nanowires; (b) FA emission peak curve fitting with
temperature.

The low-temperature PL spectra show a main NBE emis-
sion at 3.354 €V, which is attributed to A°X. The peaks
located at 3.315 eV and 3.243 eV are attributed to free
exciton to the accepter transition and DAP transition,
respectively. With increasing temperature, FA emission
peak is continuing red-shift and DAP transition is van-
ishing in high temperature. The temperature-dependent
PL spectrum of ZnO/Ag-doped ZnO core-shell nanowires
prove that D°X and FA emission are primarily composition
of room-temperature UV emission.

4. CONCLUSIONS

In summary, ZnO/Ag-doped ZnO core-shell nanowires
were  synthesized, a series of characterization
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measurements demonstrate that Ag ions have been diffused
into ZnO lattice, and such ZnO/Ag-doped ZnO core—shell
nanowires have a good crystalline quality. Through ana-
lyzing and comparing the crystal structure and optical
properties, we found that the XRD peaks of ZnO/Ag-
doped ZnO core—shell nanowires had a small-angle shift
of 0.07° from 34.43° to 34.36°. Low-temperature PL
measurement show the neutral acceptor related emission
at 3.354eV (A°X) and 3.315 eV (FA). The calculated
acceptor binding energy is 124 meV. The experiences
obtained from this research will be a useful for subsequent
study in the preparation of p-type ZnO and functional
ZnO/metal nanocomposies, as well as a valuable reference
for researchers of nanodevices engineering.?’°
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