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ABSTRACT: In the pursuit of high injection current diode nanodevices, entire
one-dimensional (1D) ZnO coaxial nanostructures with p—n homojunctions is
one of the ideal structures. In this study, we synthesized entire 1D ZnO-based
coaxial homojunction diodes with p-type Ag-doped ZnO (SZO) nanostructure
shells covering n-type Ga-doped ZnO (GZO) nanopagoda (NPG) cores by a
metal—organic chemical vapor deposition (MOCVD) technique. The entire 1D
SZO—GZO and SZO—ZnO coaxial nanostructures exhibit better diode character-
istics, such as lower threshold voltage, better rectification ratios, and better ideality
factor n, than that reported for either 2D or 2D—1D p—n heterojunction and/or
homojunction diodes. The binding energies of Ga and Ag were evaluated by low-
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temperature and temperature-dependent photoluminescence. In comparison, the
SZO—GZO coaxial p—n nanostructures display better diode performance than the SZO—ZnO ones.
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1. INTRODUCTION

Zinc oxide, a II-VI n-type semiconductor with a direct energy
gap of 3.37 €V and a large exciton binding energy of 60 meV,'
is a good candidate material to substitute silicon for the pursuit
of the next generation electronic and photonic devices. Many
efforts had been devoted to develop ZnO nanostructures for
various applications such as laser diodes,"” light—emittin§
diodes,>* solar cells,® field effect transistors,®’ field emitter,
photodetectors,”'® and photocatalysts.” Among them, diodes
and light-emitting diodes attracted global interest recently due
to the energy saving and environmental issues.

ZnO is an intrinsic n-type material due to its native defects
like oxygen vacancies and zinc interstitials. The fabrication of
reproducible p-type ZnO is relatively difficult. Hence, most of
the ZnO-based diodes and light-emitting diodes used GaN,*!!
polymer,'>"* $i,'"* graphene,”> CuAlO,,"® and CuAICN' as p-
type materials. However, as heterojunction devices, they
exhibited lower efficiencies than homojunction devices due to
the energy barriers formed at the junction interfaces, which
decreased the carrier injection efficiency with a large band
offset.*

Recently much progress has been made in ZnO-based p—n
homojunction devices. Most of them are two-dimensional
(2D), filmlike, ZnO-based p—n homojunctions. Although the
carrier injection efficiency was improved by forming homo-
junctions instead of heterojunctions, the drawbacks include fair
crystal qualities, nonsingle crystalline, and small junction areas.
On the contrary, one-dimensional (1D) nanostructures such as
wires, rods, tubes, rings, belts, needles, and pagodas are
fascinating materials due to their unique properties like high
aspect ratio and high surface area.'® Diodes and light-emitting
diode devices with high injection current and quantum effect
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light emission could be obtained using nanosized junctions
formed by crossing p- and n-type nanowires.""

To obtain the aforementioned advantages and to pursue the
next generation high injection current diode nanodevices,
employment of entire 1D ZnO nanostructures with p—n
homojunctions is one approach. It will maximize the junction
areas and improve the crystal qualities.

Nowadays, only a few works about entire 1D ZnO-based p—
n homojunction diodes or light-emitting diodes were reported.
These works focused on using the group V* elements, P and
Sb,”"** as well as group I* elements, K,*> as the p-type
dopants. In contrast, group I” elements, which are quite
different from group A elements as selective p-type dopants,
have not been reported yet. A few reports predicted
theoretically that Ag is a more efficient p-type acceptor than
Cu and Au in ZnO due to its much shallower levels. The
formation energy of Ag in favorable O-rich conditions (~0.85
eV) and the ionization energy of Ag (~0.4 V) predicted by
generalized gradient approximation with U values corrections
(GGA+U) calculation are relatively lower than those for Cu
and Au*"%¢

In this study, we successfully synthesized 1D, p-type, Ag-
doped ZnO nanowires (NWs) using the group I® p-type
dopants for the first time. We demonstrated entire 1D ZnO-
based p—n homojunction diodes with p-type, Ag-doped, ZnO
(SZO) nanostructure shells covering n-type, Ga-doped ZnO
(GZO) nanopagoda (NPGs) cores by a metal—organic
chemical vapor deposition (MOCVD) technique. The
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Figure 1. Typical SEM images of the (a) GZO NPGs (Ga/Zn precursor ratio =0.308); (b) SZO NWs (Ag/Zn precursor ratio = 0.360); and (c)
SZO—GZO coaxial nanostructures. The insets in parts a and b are the experimental and fitting curves of the Ga 2p;,, and Ag 3ds,, XPS signals,
respectively. (d) GIXRD patterns carried out under a 0.5° grazing angle. (e) Position and integrated area of the ZnO (0002) peak for ZnO NWs,

GZO NPGs, SZO NWs, and SZO—GZO coaxial nanostructures.

fabricated SZO NWs were characterized by low-temperature
photoluminescence and electrical current—voltage (I-V)
measurements, demonstrating that SZO possessed prominent
p-type behavior. Finally, the influence of Ga content on the
performances of p—n SZO—GZO coaxial nanostructure
homojunction diodes was discussed.

2. EXPERIMENTAL SECTION

2.1. Deposition of the GZO Seed Layer. The GZO seed layer
was deposited on Si (100) substrates by radio frequency (RF)
magnetron sputtering at room temperature using a 1 % GZO target.
The silicon substrates were cleaned by a method usually used in
semiconductor technology before loading into the chamber. The
sputtering power was kept at 45 W; working pressure 10 mTorr;
sputtering gas 100 % Ar; and the deposition time 1 h. The as-
deposited GZO seed layer was characterized by the Hall measurement.
Its carrier concentration was 1.07 X 10%° 1/cm?, mobility 65.22 cm?/
(V's), and resistivity 8.96 X 10™* Q cm. The electrical properties of the
GZO seed layer are excellent to serve as back electrodes for further
optoelectronic device measurements and applications.

2.2. Growth of SZO—-GZO Coaxial Core—Shell Nanostruc-
tures. GZO nanostructure cores were fabricated on the predeposited
GZO seed layer with a mask covered on the edge of the bottom
electrode by MOCVD. Zinc acetylacetonate hydrate [Zn(acac),-
xH,0] (Aldrich, powder), oxygen gas, and gallium acetylacetonate
[Ga(acac),] (Aldrich, 99.99 %) were used as the Zn, O, and Ga
sources. Nitrogen was introduced as the precursor carrier gas.
Zn(acac),'xH,0 and Ga(acac); powders were placed together in an
outer glass vessel. The fabrication process was carried out in a
horizontal quartz furnace at 750 °C; the outer precursor vessel was
heated at 135 °C. The O, and N, flow rates were kept at 300 and 500
sccm, respectively; the working pressure was maintained at 3—4 Torr
by a mechanical pump; and the reaction time was 30 min. For GZO
nanostructures, the Ga/Zn precursor molar ratios were controlled to
be 0.103, 0.308, 0.615, and 0.819. The fabricated GZO exhibits a
pagoda shape. Pure ZnO NWs were also prepared by the same
procedure without Ga doping.

The SZO nanostructure shells were grown onto the as-grown ZnO
or GZO nanostructures by substituting silver pivalate [Ag(piv)]
(Multivalent, 99.99 %) for Ga(acac);. The Zn(acac),«H,0 and
Ag(piv) powders were placed separately in an outer glass vessel. The
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fabrication process was also carried out in a horizontal quartz furnace
at 750 °C. The outer precursor vessel with Zn(acac),«H,0O and
Ag(piv) was heated at 135 and 200 °C, respectively; the reaction time
was 1 h. Other reaction parameters were the same as the fabrication of
GZO nanostructures. For SZO nanostructures shells, the Ag/Zn
precursor molar ratio was kept at 0.360. The obtained SZO has a wire
shape.

2.3. Characterization of SZO-GZO Coaxial Core-Shell
Nanostructures. The surface morphologies and crystal phases of
the as-grown nanostructures were examined by field emission scanning
electron microscope with an accelerating voltage of 15 kV (FESEM,
JEOL JSM-6500) and by a grazing incident X-ray diffraction technique
with Cu Ka radiation (GIXRD, PANalytical X'Pert Pro MRD),
respectively. The chemical compositions and binding states of GZO
NPGs and SZO NWs were investigated by X-ray photoelectron
spectroscopy (XPS, PHI-1600). The crystal structures of SZO—GZO
coaxial nanostructures were observed by a spherical-aberration
corrected field emission atomic resolution analytical electron micro-
scope at an accelerating voltage of 200 kV (Cs-corrected FE-STEM,
JEOL JEM-ARM200F). Low-temperature photoluminescence (PL)
measurements were carried out using the 325 nm line excitation from
a He—Cd laser under 10 K with a cyclic liquid He cooling system
(HORIBA iHRS50). Temperature-dependent PL measurements were
also carried out between temperatures from 10 to 300 K using the
same instrument.

2.4. Electrical Properties of Two-Terminal SZO—GZO Coaxial
Core—Shell Nanodevices. To determine the influences of the Ga
content on the performances of the SZO—GZO coaxial p—n
homojunction diodes, two-terminal nanodevices based on p—n
homojunction diodes were fabricated by the following processes.
Firstly, a poly(methyl methacrylate) (PMMA) film was spin-coated
onto the as-grown SZO—ZnO or SZO—GZO coaxial nanostructures
with a protecting film covered on the edge of the defined bottom
electrode area, followed by a hard baking carried out at 70 °C for 30
min in an oven. Then, to remove the excess PMMA on top of the
SZO—ZnO or SZO—GZO coaxial nanostructures, oxygen plasma
treatment was employed by a plasma stripper system with an RF
power of 25 W, O, flow rate of 30 sccm, and working pressure of 0.1
Torr. Next, a top conducting indium tin oxide (ITO) film was
deposited by RF magnetron sputtering under room temperature using
commercial 99.99 % ITO. After the ITO sputtering, the protecting film
on the edge of the bottom electrode was stripped off for the next
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Table 1. I-V Characteristics of SZO—ZnO and SZO—GZO with Different Ga/Zn Precursor Ratio Coaxial Nanostructures

Ga/Zn precursor Ga contents Vr forward bias current (10 V)
ratios [%]* v]® [nA]
0 0 322 12.6
0.103 29 1.46 37.6
0.308 4.9 1.28 102.5
0.615 6.6 11§ 23.6
0.819 8.0 2.08 10.6

“Quantification by X-ray photoelectron spectroscopy (XPS).
current of 1 pA.

reverse bias current (—10 V)  rectification ideality series resistance
[nA] ratio factor [kQ]
1.44 8.8 5.9 47.7
2.88 13.1 3.8 18.6
4.19 24.5 2.9 10.2
6.05 3.9 9.3 323
2.46 4.3 7.9 60.4

bV;: the threshold voltage is defined as the electric voltage producing forward bias
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Figure 2. TEM images of a single SZO—GZO coaxial nanostructure: (a) high-magnification image; (inset) low-magnification image. HR-TEM
images of (b) GZO core (region A in part a) and (c) SZO shell (region B in the inset of part a); (insets) their corresponding FFT diffraction

patterns.

deposition of Ag electrode. Finally, patterned Ag electrode was RF
magnetron sputtered with a hard mask using 99.99 % Ag target on the
sample. I-V characteristics of the as-fabricated two-terminal nano-
devices were measured by a semiconductor analyzer (Agilent B1S00A)
at room temperature.

3. RESULTS AND DISCUSSION

3.1. Characteristics of GZO NPGs, SZO NWs, and
SZ0O-GZO Coaxial Nanostructures. 3.1.1. Morphology,
Chemical Composition, and Crystal Structure. Figure la
shows the typical SEM image of the GZO NPGs cores (Ga/Zn
precursor ratio = 0.308). The GZO NPGs cores are vertically-
aligned with corrugated lateral surfaces similar to a pagoda
shape. When the Ga/Zn precursor ratio was higher than 0.103,
the shape of NPGs did not change significantly.® Pure ZnO
nanostructures fabricated under the same process have a wire
shape (ZnO NWs). The inset shows the Ga 2p;, core-level
XPS signal obtained from the GZO NPGs shown in Figure 1la.
The peak is located at 1117.7 eV. The determined Ga content
by XPS ranges from 2.9 to 8.0% for the Ga/Zn precursor ratio
changing from 0.103 to 0.819 (Table 1). Figure 1b shows the
SEM image of the SZO nanostructures, exhibiting a wire-shape.
The diameters and densities of the SZO NWs are similar to
those of the GZO NPGs. The inset in Figure 1b shows the Ag
3ds), core-level XPS signal obtained for the SZO NWs. The
peak located at 367.1 eV is without any component around
368.4 eV. This means that the Ag signal is due to Ag,, only and
is without the presence of Ag metal or Ag,0.>” The Ag content
was determined to be about 1.5%. The relatively low value of
the Ag content as compared with the Ga content might be
attributed to the larger ionic size mismatch: Ga®* ions (0.47 A),
Zn®* jons (0.60 A), and Ag" ions (1.00 A).*® The mismatches
between ionic radii were about —21.6 and 66.7% for the
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substitution of Ga and Ag for Zn, respectively. Figure 1c shows
the SEM image of the SZO—GZO coaxial core—shell
nanostructures. Noticeably, the corrugated pagoda shape of
the GZO NPG cores almost disappeared when they were
covered by SZO shells. The SZO—GZO coaxial nanostructures
lengthened and coarsened as compared with GZO NPGs,
indicating that the SZO—GZO coaxial nanostructures grew not
only along the fastest axial c-axis but also along the radial
directions.

To characterize the top 1D nanostructure rather than the
bottom seed layer and substrate, GIXRD was employed to
reveal the crystal structures of the 1D nanostructure. Figure 1d
shows the GIXRD patterns carried out under a 0.5° grazing
angle for nanostructure samples. All GIXRD patterns show an
intensive, sharp (0002) diffraction peak of ZnO at ca. 34.52°
accompanying with two very weak diffractions, ie. 36.32°
(10T1) and 47.52° (1012). It indicates that the ZnO NWs,
GZO NPGs, SZO NWs, as well as SZO—GZO coaxial
nanostructures are almost vertical to the substrates with only
a slight tilt. The appearance of the (0002) preferred orientation
of these nanostructures is partly due to the (0002) preferred
orientation of the GZO seed layer and partly due to the fact
that polar Zn**-terminated (0001) and O”-terminated (0001)
planes possess higher surface energies than other planes.*”*°
Therefore, the fastest growth direction occurs along the c-axis
so that the (0002) preferred orientation is commonly found in
wurtzite ZnO nanostructures. The peak intensity decreases
noticeably with the Ga or Ag doping. The integrated intensities
of the (0002) peak of the ZnO NWs, GZO NPGs, SZO NWs,
and SZO—GZO coaxial nanostructures are plotted in Figure le,
demonstrating that the integrated intensity decreases rapidly
with the doping of either Ga or Ag. The full width at half
maximum (FWHM) values are 0.45, 0.45, and 0.47° for ZnO

dx.doi.org/10.1021/am500470y | ACS Appl. Mater. Interfaces 2014, 6, 5183—5191
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Figure 3. Low-temperature PL spectra of (a) the entire region, (inset) magnified plot of the DL region; (b) magnified plot of the NBE region; and
() highly magnified plot of the NBE region of GZO NPGs (Ga/Zn precursor ratio = 0.308) and SZO NWs (Ag/Zn precursor ratio = 0.360) carried

out at 10 K.

NWs, GZO NPGs, and SZO NWs, respectively, indicating that
their crystal qualities are similar. Since the diameters and
densities of the GZO NPGs and SZO NWs are not significantly
different from those of the ZnO NWs, the decreased integrated
intensities of the GZO and SZO NWs are attributed to the
decreased axial growth rate caused by Ga or Ag doping.® The
integrated intensity of the (0002) peak of the SZO NWs is
slightly higher than that of the GZO NPGs because the SZO
NWs possess a faster axial growth rate and thus higher volume
than GZO NPGs. Moreover, the (0002) peak of the GZO
NPGs shifts to higher angles, indicating that the decrease of
lattice parameter ¢ is due to the smaller Ga** ions (0.47 A)
substituting for larger Zn** ions (0.60 A). In contrast, the
shifting of the (0002) peak of the SZO NWs to lower angles is
due to the larger Ag* ion (1.00 A) substituting for the Zn** ion.
Similar phenomenon is also observed in SZO—GZO coaxial
nanostructures.

Furthermore, to determine the change of the orientation of
ZnO-based nanostructure samples obtained by gonio scan XRD
analysis, the Lotgering factor (F) is calculated. The Lotgering
factor (F) is defined as follows:>"**

R)OOZ - R)

B =
0002 1 — PO

(1)

where, Poooy = Ioooz/ Zlhkl and Py = Igo,/ Zlgkl} with Ipgg, and
00, being the intensities of (0002) peak for the textured and
randomly (JCPDS No. 36-1451) oriented samples, respectively.
The calculated Fyy, are 0.97, 0.97, 0.97, and 0.96 for ZnO
NWs, GZO NPGs, SZO NWs, and SZO—-GZO coaxial
nanostructures, accordingly. The (0002) preferred orientation
was almost not changed for all the ZnO nanostructures.

Figure 2a displays a TEM image of a single SZO—-GZO
coaxial nanostructure shown in Figure 1c. The inset is a low-
magnification image. The contour between the GZO core and
the SZO shell is well-defined. Figure 2b shows the HR-TEM
image taken from region A marked in Figure 2a, demonstrating
the excellent crystal quality of the GZO core. The lattice
spacing of the (0001) planes is measured as 0.523 nm. Crystal
planes as well as directions could be deduced by fast Fourier
transform (FFT) as a diffraction pattern with a [2110] zone
axis (inset).

Figure 2c¢ also shows the HR-TEM image taken from region
B marked in the inset of part a, demonstrating that the lattice of
the SZO shell is slightly distorted. Defects like vacancy (V) and
stacking faults (SF) are denoted by yellow arrows. These
defects could be attributed to strains resulting from the much
larger Ag" ions substituting for Zn*" ions. The lattice spacing of
the (0001) planes is measured as 0.538 nm, which is slightly
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larger than that of the GZO core. The diffraction pattern shown
in the inset has a [2110] zone axis as deduced by FFT,
demonstrating that the SZO shell is also single crystalline. The
crystallographic orientation relationships between the GZO
core and the SZO shell are identified as below:

[ZT TO]GZO,COIE // [ZT TO]SZO,S}]EH

(OOOZ)GZO,core // (0002 )SZO,sheH

This demonstrates the epitaxial nature of the SZO—-GZO
coaxial homojunction.

3.1.2. Photoluminescence, Binding Energy, and Activation
Energy. Low-temperature (10 K) PL spectra shown in Figure 3
could provide useful insights into the energy levels of either
donors in the GZO NPGs or acceptors in the SZO NWs.
Figure 3a shows the low temperature (10 K) PL spectra of the
GZO NPGs (Ga/Zn precursor ratio = 0.308) and the SZO
NWs. Both nanostructures show only a prominent near-band-
edge (NBE) peak near 3.360 eV, which is attributed to the
emission by free excitons, polaritons, and bound excitons,
revealing that these two nanostructures possess excellent crystal
qualities. Broad deep-level emission (DL) around 2.5 eV which
is usually contributed by defects like oxygen vacancies and zinc
interstitials is not observed. If the DL region is enlarged (inset),
a very weak DL peak is found in SZO NWs while none is
observed in GZO NPGs. This is consistent to the TEM
observations shown in Figure 2.

Figure 3b is a magnified plot of the NBE region with a log
scale intensity, demonstrating that GZO NPGs possess
dominant donor bound excitons (D° X) at 3.360 eV, while
SZO NWs possess dominant acceptor bound excitons (A’ X) at
3.353 eV. This suggests that GZO NPGs and SZO NWs are n-
and p-type, respectively. In GZO NPGs, other peaks could be
indexed as DY X-TES (3.318 eV) in the two-electron satellite
(TES) transition region and as D° X-1LO (3.291 eV), TES-
1LO (3.248 eV), DAP (3.217 eV), and DAP-1LO (3.146 V)
in the donor—acceptor pair (DAP) transition and longitudinal
optical (LO) phonon replicas region. If we examine the donor
bound excitons (D° X) peak further, it splits into two
component peaks: DI X and D} X at 3.360 and 3.363 eV,
respectively, as shown in Figure 3c.*® The DY X line at 3.360 eV
is very close to the I line at 3.359 eV, which is associated with
the recombination of exciton bound to neutral Ga-donor
observed by Meyer et al>* The TES transitions involve
irradiative recombination of an exciton bound to a neutral
donor, leaving the donor in the excited state. The energy
difference between the ground-state neutral donor bound
excitons and their excited states (TES) can be used to

dx.doi.org/10.1021/am500470y | ACS Appl. Mater. Interfaces 2014, 6, 5183—5191


http://pubs.acs.org/action/showImage?doi=10.1021/am500470y&iName=master.img-003.jpg&w=392&h=108

ACS Applied Materials & Interfaces

Research Article

(a) (b) (c)
10K DX —4 10K ax—>., SZ0- Exp
{20k S ] —20x LN\ 24 . — SZO-Fitting
Sl e—A]3= A 3 - szoew.
[ T 50K __—————-—’—‘/N_‘ ;4 50K — ~—— itting
< — 70K ! < S R 1 o % 0 b S
2 | L P - S wun__‘__._.--f‘\\‘ - =
o | —150K T ‘B | —150K = -
3 200K — = |_ znoK_._.——--"—"“"%..._._ -]
£ 11— 280K ——— —t—— 8 3 sk = 5
= {—a00K T = [—300K——_'_"V"‘———— =
3.1 3.2 3.4 3.4 3.2 3.3 3.4 0.00 0.01 002 0.03 0.04 0.05
Energy le\” Energy (eV) /T (1/K)

Figure 4. Temperature-dependent PL spectra of (a) GZO NPGs (Ga/Zn precursor ratio = 0.308). (b) SZO NWs (Ag/Zn precursor ratio = 0.360).
(c) Experimental data and the fitted Arrhenius plots of the PL intensities of D® X and A° X as a function of the reciprocal temperature for the GZO

NPGs and SZO NWs, respectively.
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Figure S. (a) Schematic of the SZO—ZnO and SZO—GZO coaxial nanostructures p—n homojunction diodes. (b) I-V characteristic of the n-type
GZO NPGs (Ga/Zn precursor ratio = 0.308) and p-type SZO NWs (Ag/Zn precursor ratio = 0.360). (c) I-V, (d) In(I)-V, and (e) Y(I)-I
characteristics of the SZO—ZnO and SZO—GZO coaxial nanostructures with different Ga/Zn precursor ratios. The straight line in part d shows the

region in which the ideality factor n values are calculated.

determine the donor binding energies (the donor excitation
energy from the ground state to the first excited state equals to
3/4 of the donor binding energy, Ep).** Herein, the Ga binding
energy in GZO NPGs is calculated as 56 meV using the ground
stare DI X line at 3.360 eV and the first excited state DI X-TES
line at 3.318 eV. This value is comparable to the 54.6 meV
reported by Meyer et al.>* and 60 meV reported by Zhu et al.*®

On the other hand, we can also identify several other peaks
in the SZO NWs as free electron-to-acceptor (eA°) (3.310 eV)
in the TES transitions region; and as DAP (3.217 V), DAP-
1LO (3.146 eV), and DAP-2LO (3.093 eV) in the DAP
transitions and LO-phonon replicas region. Similarly, if we
further examine the acceptor bound excitons (A” X), it is found
to split into at least three component peaks as A X, A} X, and
free excitons (FX) emission at 3.353, 3.357, and 3.372 eV,
respectively, as shown in Figure 3¢.***° Defects like oxygen
vacancies (O,) and zinc interstitials (Zn;) usually appeared at
about 3.333 and 3.366 eV, respectively.””*® From Figure 3¢, no
obvious peaks of oxygen vacancies (O,) and zinc interstitials
(Zn;) could be found. When the temperature was raised (Figure
4), the PL emission intensity exhibited remarkable decrease. It
is more difficult to find these defects in the temperature-
dependent PL spectra. Therefore, the concentrations of oxygen

5187

vacancies (O,) and zinc interstitials (Zn;) are very low in these
nanostructures.

To estimate the acceptor binding energies (E,) of the Ag
dopant, the eA° transition at 3.310 eV is useful. The E, is
evaluated by eq 2:*

1

By =E, = e + kT 2
where, E, is the band gap energy (3.437 eV at 10 K); ky is the
Boltzmann constant. The binding energy of Ag is calculated as
127 meV for the SZO nanostructure. This value is lower than
the theoretically calculated results 400 meV**** but is
comparable with the reported data which varied from 117 to
158 meV. >

Figure 4a and b shows the temperature dependence of the
PL spectra of GZO NPGs and SZO NWs, respectively, with
temperatures ranging from 10 to 300 K. The remarkable
decreasing of the D° X or A” X emission intensities near 3.360
eV and their concomitant shifting to lower energy (depicted by
red dash arrows) with increasing temperature are due to the
thermal dissociation of D° X and A° X to FX.

Figure 4c reveals the Arrhenius plots of the intensities of the
D® X and A’ X emissions as a function of reciprocal
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temperature for the GZO NPGs and SZO NWs, respectively.
The temperature-dependent activated behaviors of D° X and A°
X emission are described as follows:*®

I=1 /[1 + (_E"" )]
= aexp| —
0 kBT (3)

where, I, is the intensity at zero temperature, which is
approximately the same as that at T = 10 K; a is a proportional
constant; E, is the activation energy; and kg is the Boltzmann
constant. Equation 3 can be rearranged as below:

[( IO) :l Ea
Inf| =] -1]|=a—-
I kg T 4)

Either donor or acceptor activation energies can be obtained
from the line slopes shown in Figure 4c. The Ga and Ag
activation energies are estimated to be about 18.41 and 11.28
meV, respectively. Furthermore, the Haynes factor (f) is
defined as follows:*""*

ﬂ = Ea/EB

©)

where, E, is the activation energy and Ej is the binding energy.
Taken from the values obtained above, we can deduce the f for
Ga donors to be 0.33, using E, = 18.41 meV and Ej, = 56 meV,
and deduce the f for Ag acceptors to be 0.09, taking E, = 11.28
meV and E, = 127 meV. These f values are very close to the
value 0.3 for neutral donors (D° X) and 0.1—0.15 for neutral
acceptors (A’ X) in the ZnO system.*”

3.2. Diode Performance of SZO—ZnO and SZO—-GZO
Coaxial Nanostructures. 3.2.1. |-V Characteristics. To
investigate the influences of the Ga content on the p—n
characteristics of SZO—GZO coaxial nanostructures, two-
terminal nanodevices based on p—n homojunction diodes
were fabricated. The schematic diagram of the SZO—ZnO and
SZO—GZO coaxial nanostructures is illustrated in Figure Sa.
To make it easier to read, only one island of Ag electrode was
drawn in Figure Sa. The linear ohmic I-V characteristics of the
n-type GZO NPGs (Ga/Zn precursor ratio = 0.308) and the p-
type SZO NWs are shown in Figure Sb. Both samples possess
the same measuring arrangement as SZO—GZO coaxial
nanostructures.

Figure Sc shows the I—V characteristic of the SZO—ZnO and
SZO—GZO (with various Ga content in the GZO cores)
coaxial nanostructures, exhibiting apparent nonlinear rectifying
I-V behavior. The forward bias current increases dramatically
with increasing Ga content and reach a maximum value at Ga/
Zn precursor ratio = 0.308. Increasing Ga content raises the
electron concentration in the n-region and enhances the
electrical conductivity (o,) in SZO—GZO coaxial nanostruc-
tures. Higher forward bias current is obtained in SZO—GZO
than in SZO—ZnO coaxial nanostructures. The forward bias
current decreases when the Ga/Zn precursor ratio is higher
than 0.308. It is partly due to the Burstein—Moss effect
occurring in the high electron carrier concentration regime and
partly due to the formation of complex defects (trap centers) at
high Ga content. The threshold voltage (Vr), defined as the
electric voltage producing a forward bias current of 1 yA, is also
found to decrease significantly when increasing Ga is doped
into ZnO. The Vi is about 1.28 and 3.22 V for SZO—-GZO
(Ga/Zn precursor ratio = 0.308) and SZO—ZnO coaxial
nanostructures, respectively. Theoretically, the built-in potential
would be increased by the increase of the donor concentration;
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nevertheless, we observed that the V decreased with the Ga
content. It might be attributed to the band gap narrowing
effect. The band of the impurity state widens, overlaps, and
moves up toward the bottom of the conduction band. As the
band gap narrows, the built-in potential decreases, resulting in
smaller V. The decreased Vi with donor concentration was
also found for GZO ultraviolet photodetectors and field
emitters in our previous works,*” and in diodes reported by
Kim et al. and Ahn et al.*** In heavily Ga doped SZO—GZO
coaxial nanostructures such as the one with Ga/Zn precursor
ratio = 0.819, the V. was observed to increase again; this can be
attributed to the Burstein—Moss effect. Zener breakdown
occurring in heavily doped p—n junctions through a tunneling
mechanism or Avalanche breakdown occurring in sufficient
electrons or holes through a colliding mechanism is not
observed when the applied reverse bias voltage is —10 V. The
rectification ratio (RR) exhibited the same trend as the forward
bias currents with a maximum RR of 24.5 (Ga/Zn precursor
ratio = 0.308), which was approximately 2.8 times higher than
that of the SZO—ZnO (RR = 8.8). Typical characteristics of
SZO0—-GZO and SZO—-ZnO coaxial nanostructures are
summarized in Table 1.

3.2.2. Ideality Factor (n). Figure 5d shows the semi-log plot
of I-V curves measured for SZO—Zn0O and SZO—GZO coaxial
nanostructures. Short linear regions are observed in the low
voltage range. At high applied voltages, the devices deviate from
the diodelike behavior. The diode I—V relationship can be
written as follows:

i)

nky

(6)

where, I is the reverse saturation current; n is the ideality
factor; e is the elementary charge; ky is the Boltzmann constant;
and the (—1) term is negligible when V > 0.1 V. Equation 6 can
be rearranged as below:

eV

InI=InI +
nkgT

?)

By fitting the slope of the linear region at the low voltage
range, the ideality factor n can be estimated as 5.9 and 2.9 for
SZO—ZnO and SZO—GZO (Ga/Zn precursor ratio = 0.308)
coaxial nanostructures, respectively (Table 1). High ideality
factor (n > 2) in wide band gap semiconductor materials such
as ZnO and GaN were usually reported. This high ideality
factor suggests that the I—V characteristic is not limited by
thermionic emission of the conventional p—n junction. It may
also be attributed to several effects: (i) interface states at a thin
oxide between the metal and the semiconductor; (i) tunneling
currents in highly doped semiconductors (also considered as
deep-level-assisted tunneling); (iii) image force lowing of the
Schottky barrier in the electric field at the interface; and (iv)
generation/recombination currents within the space-charge
region (also considered as space-charge-limited conduction
(SCLC)).**

Factor iii can be ruled out due to the reasons that SZO—ZnO
and SZO—GZO coaxial nanostructures are not Schottky diodes
and the device has Ohmic contacts as demonstrated in Figure
5b. These secondary mechanisms cause the inhomogeneities at
the interface within the device. Charge traps (or complex
defects) may lead to a lateral inhomogeneous distribution of
barrier heights, which then results in larger ideality factors and
the charge transport across the interface is no longer due to
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Table 2. Reported Performances of ZnO-Based p—n Heterojunction/Homojunction Diodes

Vi forward bias current
p—n structures v] [uA] reverse bias current [uA] rectification ratio ideality factor ref
2D polymer—ZnO film 3.45 30 (5 V) 70 (=5 V) 04 (£5V) 2.93 13
2D polymer—ZnO film 0.12 (10 V) 0.03 (—10 V) 4 (£10V) 8.74 54
2D SZO—ZnO film 7 70 (20 V) 40 (=20 V) 1.75 (£20 V) 55
2D SZO-GZO film 3 0.06 (5V) 0.01 (-5 V) 6 (£5V) 56
1% SZO nanowires—2D GZO 38 300 (10V) 300 (—10 V) 1 (x10 V) 1-7 57
m
2D MgGaN film—1D CuZO 2 20 (2 V) 28 (=2 V) 0.7 (£2V) 58
nanorods
1D SbZO—ZnO nanorods 33 160 (S V) 105 (£5 V) 28 (<1V) 19
18 (>1V)
1D PZO—ZnO nanorods 0.8 53V) 1(-3V) 5(+3V) 3.8-17.5 20
1D PZO—-ZnO single nanowire 1.37 0.5 (3V) 2 X 10* (=3 V) 2500 (+3 V) 228 22
1D SZO—ZnO nanowires 322 12.6 (10 V) 144 (-10V) 8.8 (x10V) 59 this work
1D SZO—GZO nanopagodas 1.28 102.5 (10 V) 4.19 (-10V) 24.5 (¥10 V) 29 this work

thermionic emission only. The inhomogeneities may play an
important role and have to be considered in the evaluation of
experimental [—V characteristics. The high ideality factors can
be attributed to the presence of a wide distribution of low-
barrier-height patches caused by laterally barrier inhomoge-
neity.*® Comparing the ideality factors of the SZO—ZnO and
SZO—GZO coaxial nanostructures with reported results, which
were summarized in Table 2, our coaxial nanostructures
exhibited relatively small ideality factors than those reported
for heterojuction nanostructures.

3.2.3. Series Resistance (R,). Series resistance (R,) is also
one of the key parameters that determine the electrical
properties of the diode system. An alternate approach
developed by Cheung et al.*’ is applied to calculate the R of
diode in the downward curvature (nonlinear region) of the
forward bias I-V characteristics. In this approach, eq 8 shows
the relation between I and R:*"*!

- IS[EXP( )] (8)

where, the IR is the voltage drop across the series resistance of
diode. Equation 8 can be reorganized as follows:

k. T
y() = -~ = 4 e
dIn(I) e

(V- IR)
nkgT

©)

Figure Se shows the variation of the Y(I) function with I
There is a linear relation between I and the Y(I) function. By
calculating the slopes, the R, values are evaluated and listed in
Table 1. The result shows that series resistance R, exhibits the
inverse trend with the Ga/Zn precursor ratio as the forward
bias current. The variation of series resistance R, and forward
bias current are compatible with each other and can be
explained by the variation of conductivity with the Ga/Zn
precursor ratio, which was discussed above.

The I-V characteristics of the SZO—ZnO and SZO—-GZO
coaxial nanostructures are summarized in Table 2. The much
low reverse bias current accompanying with the much high RR
reported by Li et al.>* was due to the device to be a single 1D
PZO—-ZnO nanowire. In contrast, the I—V characteristics of the
1D SZO-ZnO and SZO—GZO coaxial nanostructures in this
work were contributed by all coaxial nanostructures between
top and bottom electrodes. Due to variations existing among
coaxial nanostructures, the RR values are usually lower than
that obtained for a single nanowire. These two coaxial
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nanostructures performed better diode characteristics, such as
lower Vi, better RR, and better ideality factor n, than that
reported for 2D and 2D—1D nanostructures, either p—n
heterojunctions or homojunctions. This is partly due to the
presence of homojunctions instead of heterojunctions and
partly due to the increased area of nanosized junctions as well
as the better crystal qualities of both the p and n 1D
nanostructure.

In comparing these two coaxial nanostructures, the SZO—
GZO possess smaller Vi (1.28 relative to 3.22 V), larger
forward bias currents (102.5 respect to 12.6 uA), better RR
(24.5 relative to 8.8), better ideality factor n (2.9 respect to
5.9), and smaller series resistance R, (10.2 relative to 47.7 kQQ)
than the SZO—ZnO coaxial nanostructures. It could be
attributed to the much shallower levels of the Ga donor (56
meV) and the Ag acceptor (127 meV) than those of the
intrinsic defects: 0.08—1.03 eV for zinc interstitials (Zn;), 0.25—
3 eV for oxygen vacancies (V,), 0.26—0.35 eV for zinc vacancies
(V4,), and 0.38—2.67 eV for oxygen interstitials (O;).>*>* The
schematic energy levels are shown in Figure 6.

m— Ec
3314

035

0349 26

—Ev

Vin Van Vi, 0 i Vy Vy Vg i Znj Zn; Zni Gag,

Figure 6. Schematic energy band diagram for ZnO-based nanostruc-
tures. All the energy levels are referred to as the valence band (Ey),
and the unit of energy levels is electronvolts.

4. CONCLUSIONS

Entire 1D ZnO-based coaxial p—n homojunction diodes were
fabricated by MOCVD. The n-type GZO NPGs cores were
grown on GZO seed layers first, then the p-type SZO shells
were deposited sequentially on the GZO NPGs. Entire 1D
SZO—-GZO and the SZO—ZnO coaxial nanostructures exhibit
better diode characteristics, such as lower Vi, better RR, and
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better ideality factor #, than that reported for 2D and 2D—1D
p—n nanostructures, either heterojunctions or homojunctions.
It is partly due to the presence of homojunctions instead of
heterojunctions and partly due to the increased area of
nanosized junctions and the better crystal qualities of both
the p and the n 1D nanostructure. The binding energies of Ga
and Ag were determined to be about 56 and 127 meV,
respectively, by low-temperature and temperature-dependent
photoluminescence. The SZO—GZO coaxial p—n nanostruc-
tures show better diode properties than those of SZO—ZnO.
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