J. Am. Ceram. Soc., 97 [7] 2177-2184 (2014)
DOI: 10.1111/jace.12941
© 2014 The American Ceramic Society

Journal

Sodium-Doped ZnO Nanowires Grown by High-pressure PLD and their

Acceptor-Related Optical Properties

Zhiwen Qiu,* Xiaopeng Yang,* Jun Han,* Peng Zhang,* Binggiang Cao,*" Zhengfei Dai,’

Guotao Duan,® and Weiping Cai®

#Key Lab of Inorganic Functional Material in Universities of Shandong, School of Material Science and Engineering,

University of Jinan, Jinan 250022, China

¥Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China

Sodium-doped ZnO (ZnO:Na) nanowires were grown with a
high-pressure pulsed-laser deposition process on silicon sub-
strates using sputtered gold particles as catalysts. The introduc-
tion of sodium dopants into ZnO nanowires was confirmed by
both X-ray diffraction spectrum and X-ray photoelectron spec-
troscopy. The morphology and microstructural changes in ZnO
nanowires due to sodium doping were investigated with scanning
electron microscope, high-resolution transmission electron
microscope, and Raman spectrum. Detailed photoluminescence
studies of ZnO:Na nanowires revealed characteristic sodium
acceptor-related peaks, for example, neutral acceptor-bound
exciton emission (A’X, 3.356 eV), free-to-neutral-acceptor
emission (e, A°, 3.314 eV), and donor-to-acceptor pair emission
(DAP, 3.241 eV). This indicated that sodium doping induces
stable acceptor level with a binding energy of 133 meV in ZnO:
Na nanowires.

I

Z INc oxide (ZnO), a direct wide band-gap (3.37 eV) mate-
rial with a relatively large exciton binding energy
(60 meV), is an important II-VI oxide semiconductor.’? Tt
has been considered a promising candidate for optoelectronic
devices such as light-emitting diodes and laser diodes operat-
ing in UV or short-wavelength region.>*

Typically, ZnO is of n-type conductivity due to native
point defects.”” So the lack of control over p-type conductiv-
ity hampers the development of optoelectronic devices.”
There have been several attempts to achieve p-type doping in
the past few years.”!© Researchers have focused a lot of
attention on group Vs dopants, such as N, P, and As. In
contrast, only a few reports about group I, dopants have
been mentioned, especially about Na. Theoretically, Na has a
relative shallower acceptor level of 170 meV in 7Zn0.° Also,
it has a ionic radius of 0.102 nm, which is slightly larger than
that of Zn (0.074 nm) and will not cause obvious lattice dis-
tortion in doped crystal. These properties make it to be a
potential acceptor dopant. Lee e al.'' demonstrated the pos-
sibility of p-type doping of ZnO with group I elements based
on first-principles calculations. Ye er al.'*> prepared reliable
p-type ZnO thin films doped with Na on quartz and glass
with hole concentration up to 3 x 10" cm™. Recently, Liu
et al."® reported the first demonstration of single-crystalline
sodium-doped p-type ZnO microwires synthesized by
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chemical vapor deposition (CVD). Thus, ZnO nanowires are
ideal to study the p-type doping due to their high crystal
quality and easy growth. He ez al.'* prepared single-crystal-
line sodium-doped p-type ZnO and ZnMgO nanowires. To
form core-shell nanowires, Na-doped ZnO and ZnMgO
layers were deposited by pulsed-laser deposition using ZnO
nanowires as templates. In addition, single-nanowire field-
effect transistors were also fabricated to verify the p-type
conductivity.

Pulsed-laser deposition (PLD) is now one of the most suc-
cessful growth techniques to obtain high-quality oxide thin
films and nanostructures.'>™'” It generally facilitates stoichi-
ometric transfer of the chemical composition of a multiele-
ment source target into the grown samples.'®!? Premkumar®
has synthesized ZnO nanorods and nanowalls by high-pres-
sure pulsed-laser deposition on the Al,Oz substrates. We
have developed a novel high-pressure PLD growth method
to grow undoiped ZnO and phosphorus-doped ZnO (ZnO:P)
nanowires.!”>' Based on these experiences, the syntheses and
characterization of sodium-doped ZnO (ZnO:Na) nanowires
grown by high-pressure PLD were discussed in this study.
X-ray photoelectron spectroscopy (XPS) was measured to
detect the signal of Na in doped nanowires and detailed mor-
phology and microstructures were also investigated by SEM,
HRTEM, and Raman spectrum. Moreover, the acceptor-
related emission peaks of ZnO:Na nanowires due to the
sodium doping were also clearly observed by low-tempera-
ture Photoluminescence (PL) spectra and temperature-depen-
dent PL spectra.

II.

A home-built high-pressure pulsed-laser deposition (HP-
PLD) system was schematically illustrated in Fig. 1. PLD
method is versatile for preparing oxide material or complex
component thin films with excellent doping controllability
and high reproducibility. CVD is a very powerful tool for
oxide nanowire growth. Thus, this HP-PLD is a combination
of conventional PLD and CVD, which would be an ideal
tool for doped nanowire growth. In this study, Na-doped
ZnO nanowires were grown on p-type Si (100) substrates
(1 em x 1 cm) covered with gold catalyst layer of 4 nm. The
Si substrates were first etched by a mixture of concentrated
ammonia water, 30% H»O, and deionized water with a ratio
of 1:1:3 at 50°C for 30 min in an ultrasonic bath. After
washing in water, the substrates were etched with another
mixture of hydrochloric acid, 30% H,O, and deionized water
with a ratio of 1:1:5 at 50°C for 30 min. Finally, the silicon
substrates were washed and dried with N,. ZnO targets
doped with Na,CO; of different atomic concentration
(0~5 mol%) made from 5N powders were first pressed at
10 MPa and then sintered at 1200°C for 10 h. KrF excimer
laser (Coherent, CompexPro 205; Santa Clara, CA) pulses
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Fig. 1. Schematic diagram of the high-pressure pulsed-laser
deposition system for doped nanowire growth.

with 5 Hz repetition frequency was applied for one growth
run. The laser energy density on the target was about 2.5 J/cm®.
A series of experiments have been done to study the effect
of growth temperature on nanowire morphology and a
temperature window of 870°C—885°C is found. In this manu-
script, we adopted a growth temperature of 875°C. The sam-
ples were grown at this temperature for 40 min. The distance
between target and substrate was 30 mm. High-purity nitro-
gen was used as the carrier gas at a pressure of 250 Torr and
a constant flow rate of 120 sccm.
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The sample morphology, structure, and crystallinity were
characterized with a field-emission scanning electron micro-
scope (SEM; QUANTA FEG250, Hillsboro, OR), high-
resolution transmission electron microscope (HRTEM;
JEOL-2010, Musashino, Tokyo, Japan), X-ray diffraction
(XRD; D8-ADVANCE, BRUKER, Karlsruhe, German). X-ray
photoelectron spectroscopy (XPS; ESCALAB 250, THER-
MOFISHER SCIENTIFIC, Houston, TX) was also mea-
sured to detected the composition of the ZnO:Na nanowires.
Raman scattering spectroscopy measurement at room tem-
perature was excited with a 785 nm diode laser (Renishaw
inVia, Gloucestershire, UK). The optical properties of ZnO:
Na nanowires were investigated with room-temperature PL
and low-temperature PL under excitation of Xenon lamp
and 266 nm UV diode laser, respectively. A photomultiplier
(PMTH-S1-CR131; ZOLIX INSTRUMENTS, Beijing,
China) with a lock-in amplifier (SR830; SRS, Sunnyvale,
CA) was used to detect the PL signal. A cryostat (ARS;
DE202A1, Macungie, PA) was used for cooling samples.

III. Result and Discussion

Figures 2(a—d) exhibit the SEM images of ZnO nanowires
doped with the concentration of Na varied from 0 to 5 mol
%, respectively. Figure 2(a) shows the ZnO nanowires with a
narrow size distribution, mainly at a diameter of ~100 nm
and a length of several micrometers. The intrinsic and
Na-doped nanowires with 0.5, 1 mol% Na concentration
grow vertically on the Si substrates. Compared with the und-
oped nanowires, Na-doped ZnO nanowires at low concentra-
tion are tapered at the tips. However, the higher Na
concentration doping leads to a more random growth of
nanowires mixed with nanosheets, as shown in Fig. 2(d). So

Fig. 2. SEM images of ZnO nanowires grown on Si substrates with different Na concentration. (a) undoped ZnO nanowires sample, (b) ZnO:
Nay.g95s nanowires sample, (c) ZnO:Nag o; nanowires sample, and (d) ZnO:Na, o5 nanowires sample.
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the existence of Na atoms could play a vital role for the
nanowire morphology change, as the growth conditions are
all same.

XRD was measured to further identify the phase and ori-
entation of the ZnO:Na nanowires as shown in Fig. 3. It
shows a strong (0002) orientation, which means that ZnO:Na
nanowires are highly preferentially oriented along the ¢ axis,
and the result is consistent with the SEM observations. Fur-
thermore, several weak ZnO diffraction peaks, for example,
(10-10), (10-11), (10-12), and (10-13), have been observed,
which are all from the wurtzite ZnO phase. The (0002) peaks
of ZnO:Na samples in Fig. 3(b) obviously shift to lower
angle as compared with that of undoped ZnO sample.
According to the Bragg formula for XRD, it indicates that
the lattice constant along ¢ axis increases. When Na substi-
tutes Zn in ZnO, the bond length of Na-O (0.210 nm) is a
little larger than that of Zn—O (0.193 nm). So a lattice expan-
sion would be induced, which results in the shift of XRD
peaks to lower angles.>> When Na concentration increases to
3 mol%, the diffraction peak does not shift further to a
lower angle. However, it moves back toward a larger angle,
as indicated in Fig. 3(b), and lattice spacing along c-axis
shrinks.?> This phenomenon indicates that not all Na atoms
occupy the Zn lattice sites when its concentration is higher in
the targets. Instead, some of the Na atoms prefer to stay in
the interstitial state and release part of the stress.* The sec-
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Fig. 3. (a) Full-range of XRD pattern taken from the ZnO and
ZnO:Na nanowires; (b) Peak position of ZnO (002) diffraction with
different Na doping content. Inset is the step scanning of the 26
angle from 34.30 to 34.2 degree.
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ond phase found in the XRD pattern is identified as Na,CO;
(JCPDS: 72-0628; American Society for Testing Material
(ASTM), West Conshohocken, PA). When the sodium con-
centration is too high (3~5 mol%), sodium carbonate
fippg;dl‘s as a second phase that is detrimental to ZnO dop-
ing.”

Transmission electron microscope (TEM) gives us more
details about the microstructure of ZnO and ZnO:Na
nanowires, as shown in Fig. 4. Figures 4(a,c,e,g,i) show low-
magnification TEM images of ZnO and ZnO:Na nanowires,
respectively, and the nanowire morphology evolution is dem-
onstrated clearly. Intrinsic ZnO nanowire in Fig. 4(a) shows
a flat top with diameter around 100 nm. When Na concen-
tration increases to 0.5 mol%, nanowires are slightly tapered
at the tip. With increasing Na concentration [Fig. 4(e)],
nanowires show more tapered shape with diameter of around
240 nm at the root and 20 nm at the tip. When the Na con-
centration is further increased, ZnO nanowires are not
tapered anymore and their surface become rough. This phe-
nomenon may be an indicative of different Na concentration
in ZnO nanowires.’® Na atoms in the ZnO matrix may play
an important role for these morphological changes. The cor-
responding high-resolution TEM images are shown in
Figs. 4(b,d,f,h,j). HRTEM image of a single ZnO nanowire,
shown in Fig. 4(b), reveals well-resolved lattice with an inter-
spacing of 0.2618 nm, which corresponds to the (0002) plane
of ZnO wurtzite structure.”’” The growth axis is along the
[0001] direction. The (01-10) lattice fringe of ZnO:Nag o5
nanowire in Fig. 4(d) has a lattice spacing of 0.2856 nm,
which is larger than that of pure ZnO (0.281 nm).*® The
growth direction marked with an arrow is the c-axis direc-
tion. The atomic layer distance of (0002) planes of ZnO:
Nago; nanowire is 0.2687 nm in Fig. 4(f), which is larger
than that of intrinsic ZnO (0.2618 nm). This indicates the
lattice expansion due to the substitution of Na for Zn, as
reported recently.'? The corresponding selected-area electron
diffraction (SAED) pattern confirms a highly crystalline nat-
ure of nanowires in Fig. 4(e). Figures 4(h1-h3) are high-reso-
lution TEM images taken from different parts of the ZnO:
Nag o3 nanowire, corresponding to the marked regions 1-3 in
Fig. 4(h). The lattice spacing of (0002) planes from the nano-
wire top [region hl in Fig. 4(h)] to bottom [region h3 in
Fig. 4(h)] changes little. Figure 4(h4) is a SAED pattern
taken from the body of ZnO:Na, o3 nanowire, confirming the
single crystal structure. From the HRTEM observations, we
find that the lattice spacing of (0002) planes increases to
0.2687 nm first and then decreases to 0.2643 nm. However, it
is still a little larger than that of the ZnO nanowires. These
results are well in agreement with XRD pattern. Upon Na
doping, the growth direction of nanowires have not changed.
It should be mentioned that it is hard to detect Na element
by EDS. Because the Nag signal (1.01 KeV) overlaps with
the Zn;_ signal (1.01 KeV)."* So, XPS is adopted to verify the
doping of Na in the following.

Figure 5(a) shows a full-range XPS spectrum of ZnO:
Nag o; nanowires. Only elements of Zn, O, Na, and C were
detected. It means that there is no impurity in doped nano-
wires. A weak peak at 1071.2 eV in the inset of Fig. 5(a) cor-
responds to the binding energy of Naj,, which can be
attributed to the Na—O bonding."? Tt suggests that Na atoms
enter into the ZnO matrix by occupying Zn sites. In
Fig. 5(b), O;s has two peaks at the binding energy of
530.1 eV and 531.8 eV, respectively.”® The peak at 530.1 eV
is related to the Zn—-O bond and the peak at 531.8 eV is
ascribed to chemisorbed oxygen.***! In Fig. 5(c), the peaks
at 1043.9 eV and 1020.8 eV correspond to the bonding ener-
gies of Zn,y» and Zn21,3/2,32 which are attributed to Zn-O
bonds. The two peaks about Zn,, also move toward the high
energy side with an increase in Na concentration. Chemical
impurities different from ZnO can cause XPS peak shift and
asymmetry.**** The peak intensity of Znyp3), reduced sharply
in doped ZnO because Na atom takes place of Zn atom.
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Fig. 4. TEM images of ZnO and ZnO:Na nanowires with identified crystal directions. (a-b) TEM and HRTEM images of a single
ZnO nanowire; (c-d) TEM and HRTEM images of a single ZnO:Nay oos nanowire; (e-f) TEM image, SAED pattern and HRTEM images of a
single ZnO:Nag; nanowire. Inset of (f) is HRTEM image take from the body of another ZnO:Nag; nanowire; (g-h) TEM and HRTEM
images of a single ZnO:Na, 3 nanowire together with a corresponding SAED pattern; (i-j) TEM and HRTEM images of a single ZnO:Nay o5
nanowire.
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Fig. 5. (a) X-ray photoelectron survey spectrum of ZnO:Na
nanowires and Na,g in the top-left corner; (b—c) High-resolution X-
ray photoelectron spectra of O;s and Zn,,, respectively.

Figure 6 shows the Raman scattering spectra of ZnO and
ZnO:Na nanowires, which were excited by a 785 nm diode
laser. The E, (high) mode of ZnO, observed at about
437 cm™', demonstrates that the ZnO:Na nanowires have the
wurtzite structure.>>’ The longitudinal optical (LO) phonon
modes (A;) appear at 575 ecm™'. According to Raman-scat-
tering selection rule, A;(LO) and E,(high) mode can only be
observed in ZnO samples with c-axis orientation, which is
consistent with the XRD results.*®*° Moreover, with increas-
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Fig. 6. Raman scattering spectra of the ZnO:Na nanowires under
the excitation source of 785 nm.

ing Na concentration, the intensity of the A;(LO) phonon
mode decreases drastically. The crystallinity of ZnO:Na can
be deteriorated because more Na atoms substitute for Zn
atoms.***' When the Na concentration is 1 mol%, the
A(LO) peak has the weakest intensity. However, with higher
Na concentration, the A;(LO) peak becomes stronger again
as more sodium form carbonate.

Figure 7(a) shows the PL spectra of undoped ZnO nano-
wires and four different ZnO:Na nanowires measured at
room temperature. For undoped ZnO sample, a sharp PL
peak appears in the UV region centered around 380 nm,
which is attributed to a near-band-edge (NBE) recombina-
tion, namely the emission through an electron-hole recombi-
nation process.*> Almost no signal is detected in the visible
region. With increase in Na concentration, the intensity of
the deep level emission (DLE) around 503 nm increases dra-
matically. The DLE is related to the defects of ZnO, such as
oxygen vacancies, hydrogen complexes, or zinc interstitials.**
It indicates that Na doping introduces more defects.**

Low-temperature and temperature-dependent PL spectra
were further measured to get more information on the
sodium acceptor doping effect in ZnO nanowires. Figure 7(b)
exhibits a typical PL spectrum at 15 K of ZnO:Na(o; nano-
wires. The peak at 3.356 eV dominates the whole PL spec-
trum. It can be attributed to the emission of excitons bound
to neutral acceptors (A°X),**® which is also observed for
Na doped ZnO films and mircowires.**’ The peak at
3.283 eV has an energy of 73 meV lower than A°X, which is
almost identical to the LO-phonon energy of ZnO (72 meV).
So it can be attributed to the phonon replica of A°X.
Although the exact origin of the 3.314 eV peak is still under
debate, the acceptor-related mechanism is widely accepted
and the most likely optical transition here is to be conduc-
tion-band-to-acceptor (e, A%). Then, according to its energy,
the 3.241 eV peak 1is assigned to donor-acceptor pair
(DAP).*® A broad weak is located at 3.168 ¢V, whose energy
difference with the DAP peak is 72 meV and, therefore, it
can be considered as its phonon replica. Three acceptor-
related emission peaks at 3.356 (A°X), 3.314 (e, A%, and
3.241 eV (DAP) including their phonon replicas are detected,
showing that these emission peaks are due to the intentional
Na doping.*” On the high energy side of the 3.356 eV peak,
there is a small shoulder at 3.377 eV, which can be assigned
to the free-exciton recombination.

To further study the dopant concentration effect on the
optical properties, low-temperature PL spectra of the ZnO:
Naggos and ZnO:Nag s nanowires were also measured, as
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Fig. 7. PL spectra of the as-prepared nanowires. (a) Normalized PL spectra of ZnO:Na nanowires at room temperature, (b) PL spectra at 15 K
of ZnO:Nag ; nanowires, (c¢) PL spectra of ZnO:Na; nanowires at different temperatures. (d) PL peak energies versus temperatures taken from
(c). solid symbols(m and A) are experimental data and solid lines are fitted with equation (1) and (2), respectively. Parameters are given in the text.

shown in Fig. S1. The low-temperature PL spectrum of the
ZnO:Nag o5 nanowires exhibits essentially similar optical
properties as those of the ZnO:Nag,; nanowires. At low
temperature, the sg)ectrum is composed of 3.372 (FX), 3.356
(A’X), 3.312 (e, A%, 3.233 (DAP), and their phonon replicas.
While the intensity of these peaks is rather weaker than that
of ZnO:Na 3, nanowire, this probably suggests a low accep-
tor doping concentration. But only the peaks centered at
3.355 (A°X) and 3.232 (DAP) were observed in ZnO:Nag s
nanowires, shown in Fig. S1 (c). The line width of the DAP
becomes rather broad and not obvious. When Na doping
concentration is high, part of Na atoms occupy the intersti-
tial site as donors. Substitutional Na acceptors are mostly
self-compensated by coexisting Na interstitials.!' So the dop-
ant concentration plays an importance role on the optical
properties.

To further confirm the spectral fingerprints related to ac-
ceptors, temperature-dependent PL spectra between 15 K
and 300 K were measured for ZnO:Nay,, nanowires, ZnO:
Nag gos,» and ZnO:Nag o5 nanowires, as shown Fig. 7(c), and
Fig. S1(b,d), respectively. The peak of A°X shifts to lower
energy position due to the bandgap shrinkage with increasing
temperature. It can be well fitted by Bose—Einstein model.*’

EAOX(T): EAoX(O)—2aB®B |:C0th<§)—;) —l:| (1)

with  E\% (0)=13.356¢eV, op=12x 107*eV/K, and
Op =306 K, as shown in Fig. 7(d). With temperature
increases, the intensity of peak decreases gradually because
of the ionization of excitons from acceptor. Figure 7(d) also

depicts the peak energy of (e, A°) and a fit with equation (2),
1
EeA(T) = Eo(T) — En+5ks T )

where E.A(T), Eo(T), and E4 are the peak position of (e, A9,
the bandgap, and the binding energy of the acceptor, respec-
tively. Eqo(T) = Eq(0) — o T? /(T + B), T is the temperature
(in K), and o and B are 1 x 107" eV and 700 K, respec-
tively. We chose Ey(0) = 3.437 eV.* The fitted Ex of the
sodium acceptor was 133 meV, which is typically similar to
the phosphorous- and nitrogen-related acceptors in ZnQ.% >

After confirming the assignment of the above peaks, the
binding energy of the donor (Ep) involved in the DAP
emission can be estimated by formula (3).3

Epap = Eg —(Ep + Ea) +aN'/3 3)

where o N'/3 is the Coulomb interaction between holes and
electrons, N is the density of carriers and o = (47/3)"(e?/
4negy) is material-dependent constant (for example ZnO,
o =27 x 1075 eV cm). Suppose N lies in the typical range
of 10" cm 3,473 the binding energy of donors involved in
the DAP is calculated to be 95 meV. This dominant donor
level was usually labeled El, detected by thermal admittance
spectroscopy and deep level transient in PLD ZnO film.>

In theory, the Na atoms doped into the ZnO lattice can
exist in two ways. One kind of Na atoms occupies the site of
Zn, and the others could stay at the interstitial sites. By
XRD, TEM, XPS, Raman, and PL analysis, we demon-
strated Na mainly located at the position of Zn. In a physical
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picture, the valence-band maximum consists mainly of the
anion p orbitals with some mixing of the cation p and d orbi-
tals, which gives only small perturbations when Zn is
replaced with Na.’ Also, Nay, induces small outward lattice
relaxations of about 0.2 A for the surrounding O atoms,'!
which is consistent with XRD and TEM results. Despite the
fact that Na is a good shallow acceptor, p-type doping diffi-
culty remains due to self-compensation by donors generated
by occupying the interstitial site. That means Naz, compete
with Na;. So it is necessary to identify the appropriate con-
tent of Na doping. We found that when Na doping concen-
tration is low, Na atoms prefer to substitute Zn atoms. With
the increase in Na concentration, part of the Na would be in
the interstitial site, even as a second phase precipitation, as
proved by XRD and Raman results. This is unfavorable for
realizing p-type. The optimal dopant concentration is about
1 mol% in our case.

IV. Conclusion

In summary, well-controlled Na-doped ZnO nanowires were
successfully grown with the Na contents of 0-5 mol% via a
high-pressure pulsed-laser deposition process. In contrast
with the undoped nanowires, Na-doped ZnO nanowires (0.5,
1 mol%) at low concentration exhibited tapered tips. The
higher Na concentration doping leads to a more random
growth of nanowires mixed with nanosheets. The (0002)
peaks of ZnO:Na samples shifted to lower angles compared
with that of undoped ZnO sample. They were in good accor-
dance with TEM. The growth directions of nanowires have
not changed after Na doping. The XRD, TEM, and Raman
results prove that, for a low Na concentration, most of the
incorporated Na ions occupy ZnO lattice sites by substitu-
tion of Zn ions, and for a high concentration of doping,
some of the sodium ions form a second phase as sodium car-
bonate. With the Na contents of 1 mol%, the optical prop-
erty of ZnO:Na nanowires is the best. Clear acceptor-related
optical fingerprints, for example, acceptor-bound exciton
emission, free-electron to neutral-acceptor emission and
donor-to-acceptor pair emission, indicates that stable
acceptor levels with binding energy of 133 meV have been
introduced in the ZnO:Na nanowires. The clear observation
of acceptor-related emissions is another important proof of
p-type ZnO nanowire doping.
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