Silver Nanoplate Array for Vertically Aligned P-type ZnO Nanorods
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ABSTRACT

A monolayer of silver nanoplate was introduced as an
epitaxial template and doping source for vertically aligned
p-type ZnO nanorods. During the hydrothermal process for
the growth of ZnO nanorods, the silver nanoplate was
dissolved to generate silver ions in the reaction solution.
These silver ions can be doped in the wurzite structure of
ZnO. And also the (111) plane of silver nanoplate can be
the epitaxial template for the (0001) plane of ZnO.
Therefore, using this idea, Ag-doped p-type ZnO nanorods
were successfully grown on the substrate, which can be an
electrode or n-type semiconductor for the device
application. The process to synthesize silver nanoplate was
optimized to get high yield for changing the number of the
monolayer on a substrate modulated nanoplate and doping
concentration. To show the capability of this idea, Schottky
and p-n diodes were fabricated and flexible organic-

inorganic hybrid lighting emitting diode was also fabricated.
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BACKGROUND

Vertically aligned zinc oxide (ZnO) nanorods (NRs)
grown on a substrate by using a low temperature
hydrothermal process have firstly been introduced [1]. They
have been applied to electronic devices for examples, light
emitting diode [2], ultraviolet sensor [3], gas sensor [4],
nanogenerator [5], solar cell [6] and so on. The process for
the growth of the ZnO NR has been developed and
designed to meet the requirements for good performance in
the applications [7]. There are two critical problems, which
are remained in growing the ZnO NRs on a substrate;
controlling growth density and obtaining p-type
semiconducting property.

For the device using vertically aligned ZnO NRs, they
should be grown on a defined electrode. The ZnO NR does
not prefer to densely grow on typical electrodes in a
conventional low-temperature hydrothermal process using a
hexamethylenediamine, a seed layer which is deposited
using a spin-coating ZnO sol-gel solution or a sputtering
ZnO thin film has been used to initiate the growth of the
ZnO NRs on an electrode defined on a substrate in
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applications [8]. The ZnO NRs can grow on any substrate on
which the seed is coated. However, the crystallographic defects
in the seed layer cause to increase in the electrical junction
resistance, which degrades the carrier transportation of a device
from the electrode to the NRs. To solve this problem, we
introduced a unique epitaxial-template, a cobalt hydroxide
nanoplate, in our previous work for the growth of ZnO NRs
forming electrical contact with an electrode on a substrate [9].

In aspect of an extended concept of the sacrificial epitaxial-
template, we designed a process to simultaneously achieve p-
type doping and growth initiation of the ZnO NRs in a single
step. The fundamental principle in our process is based on that
an epitaxial-template is dissolved and the dissolved ions are
then contributed to doping for p-type ZnO NRs. We selected
silver as a short-term epitaxial-template and dopant source for
vertically aligned p-type ZnO NRs in this work because silver
can basically be dissolved in high pH aqueous solution and be a
p-type doping element in a crystal ZnO [10].

CURRENT RESULTS

Ag nanoplate was synthesized with AgNO; in water and
aniline (100 pl) mixed polyvinylpyrrolidone(PVP) (MW =
29000) solution in Ethanol. Then the product was prepared in
Butanol solution for assembling the monolayer of Ag nanoplate.
The monolayer was scooped on a p-type Si (100) substrates
(having the resistivity of 0.005 Qcm). Ag-doped ZnO NRs were
synthesized through a hydrothermal process with zinc acetate
[Zn(AC) , * 2H,0, 0.02 M], NH; aqueous solution [NH4,OH, 1
vol%, pH 13.9] at 90 C. At this time, the source for the
production of ZnO nanorods is the same as the previous
concentration. Ga-doped ZnO thin film was formed using a
rotatable cylindrical ZnO target including diameter of 45 nm,
length of 250 nm, containg Ga of 3 wt %. And they were
deposited at 3 x 10~ mtorr and temperature of 230 C with the
Ar flow rate of 30 sccm.

The shape and length of Ag-doped ZnO NRs was
determined by using the field-emission scanning electron
microscope (FESEM, JSM-6701F). Also, the crystalline
characteristics of the Ag-doped ZnO NRs was determined using
a x-ray diffractometer (XRD). The optical properties were
analyzed at room temperature micro-photoluminescence (p-PL)
spectroscopy using a He-Cd laser (A = 325 nm). The O 1s and
Ag 3d core level binding energy spectra were evaluated using
x-ray photoelectron spectroscopy (XPS) to analyze a
composition change of the surface. After 100 nm-thick Au and



Al were deposited on top surface using an electron beam
evaporation, respectively, the current-voltage (I-V)
characteristics of ZnO homo-junction diode were measured
using a semiconductor parameter analyzer. Fig.1 shows a
camera image of a Ag monolayer on a water surface. The
monolayer was formed by dropping method of alcohol
solution in our previous work.[9] After scooping the
monolayer on a silicon wafer, its microstructure was
observed by SEM as shown the Fig. 1(b). There were
nanoparticles and nanoplates simultaneously because of
various shaped nucleation in the polyol process. Therefore,
to control the yield of the nanoplate, we varied the
concentration of Ag ion sources.
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Figure 1. (a) A monolayer of Ag nanoplate on a water
surface and (b) a SEM image of a monolayer of Ag
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Figure 2. Optimization of the yield of Ag nanoplate

As shown in Fig. 2, the number of nanoparticle and the
side length of the nanoplate were determined with the
concentration of AgNO;. As the concentration increased,
the number of nanoparticle decreased and the size of the
nanoplate’s side increased. So we chose the 800 mM to
synthesize Ag nanoplate for the future use of it as a growth
template.
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Figure 3. Temporal growth of ZnO NRs on Ag nanoplates

The Ag nanoplate was designed as a doping source and
epitaxial template for the growth of ZnO NRs, respectively.
Actually this idea is based on that Ag is easily dissolved in
ammonia solution and Zn (OH),” can form a crystal structure of
wurzite having (0001) direction on the Ag (111) surface as an
epitaxial growth.

To observe these procedures, we pictured SEM image
during the growth process of ZnO NRs on a Ag nanoplate under
the ammonia solution and the results were shown in Fig. 3.
Cleary, the Ag nanoplate was dissolved and the ZnO NRs was
epitaxially grown on a remained nanoplate. As shown in Fig.3,
SEM images of the growing Ag-doped ZnO NRs reflect the
temporal growth of the NRs, respectively. At 25 minutes, a
small ZnO seed was formed on a dissolving Ag film. After 35
minutes more, the density of the Ag-doped ZnO nanorods are
increased up to 55 minutes. After 55 min, Ag nanoplates were
fully dissolved and ZnO NRs were densely grown on them. And,
to determine how much the Ag ion can dope into the ZnO NRs
in our work, we investigated the surface electronic and
chemical structure of Ag-doped ZnO NRs using PL and XPS
analyses. Fig. 4 shows SEM, XRD, PL and XPS characteristics
of Ag-doped ZnO NRs.
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Figure 4. (a) SEM (b) XRD, (c¢) PL, and (d) XPS characteristics
of Ag-doped ZnO NRs
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The (0002) peak of Ag-doped ZnO was shifted from the
original one, 34.2° for (0002) pure ZnO’s the wurzite
structure, by Ag doping as shown in Fig 4(b). By the
calculation of the lattice parameter based on the shift, the
inter-planar distance of (0002) changed from 2.5937 nm to
2.6085 nm. The increase of c-axis lattice constant is caused
by substitution Zn>" ions with Ag’* ions. Fig. 4(c) shows
PL spectra of ZnO NRs and Ag-doped ZnO NRs. The
intensity of peak depends strongly on Ag concentration
with the increase of Ag doping concentration into ZnO
lattice. By increasing the doping concentration, the average
distance between the donor and acceptor was decreased and
the PL peak position showed blue shift. Thus, the partial
substitution of Zn with Ag caused the overall Ag-O bond
length to be shorten which means that the lattice spacing of
whole plane is reduced. As a result, the band edge peak of
Ag-doped ZnO was shifted to the left. Fig. 4 (d) represents
XPS analysis results of O 1s peak from the Ag-doped ZnO
NRs. We identified XPS O 1s peak by the defective fitting
and coupling of ZnO, Zn-OH bonds, the adsorbed oxygen
species and Ag-O. The quantitative atomic fractions of the
bondings were 50.3%, 22.3%, 26.3% and 1.2%,
respectively. Therefore, from this result, the formation of
Ag-0 in ZnO crystal structure was confirmed.
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Figure 5. (a) Schematic diagram of Schottky diode
consisting of Ag-doped ZnO NRs, n"* Si and (b) I-V
characteristics of the Schottky diode

To prove electrically p-type characteristics of Ag-doped
ZnO NRs, a Schottky diode was fabricated as shown in Fig.
5(a). Ag nanoplate was scooped on a n"" Si wafer and then
Ag-doped ZnO NRs were grown. For the Ag deposition, the
void between the NRs was filled with a PMMA. Finally,
Ag was deposited as a top electrode. Rectifying
characteristics in this device configuration were clearly
shown in Fig. 5(b).
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Figure 6. (a) Schematic diagram of p-n homo-junction diode (p-
type : Ag-doped ZnO NRs, n-type : ZnO NRs), (b) cross
sectional SEM image of the device and (c) I-V characteristics of
the p-n diode

Furthermore, p-n diode based on the homo-junction between
ZnO NR and Ag-doped ZnO NR was fabricated on a GZO-
coated glass substrate as shown in Fig. 6(a). N-type ZnO NR
was grown on the GZO which acts as a bottom electrode. GZO
can be epitaxial template for the growth of ZnO NRs. The Ag
nanoplate was scooped on the n-type ZnO NRs and then Ag-
doped ZnO NRs were grown. For the formation of a continuous
Au film, the void between the NRs was filled with a PMMA.
Finally, Au was deposited as a top electrode. The cross-
sectional SEM image of this device configuration was shown in
Fig. 6(b). The ZnO NRs and Ag-doped ZnO NRs were
successfully stacked on a GZO substrate, and they showed a
typical p-n diode’s I-V characteristics as shown in Fig. 6(c).

Finally, we demonstrated the capability of our Ag-doped
ZnO NRs as a p-type material for the organic—inorganic hybrid
light emitting diode. We adopted poly (9,9-dioctyl-2,7-fluorene)
(PFO) as a n-type light emitting material. On an ITO-coated
glass substrate, Ag nanoplate was scooped and then Ag-doped
ZnO NRs were grown. PFO was coated using a drop casting on
this structure. Finally, LiF and Al electrode were deposited by a
thermal evaporator. The full configuration of the device was
illustrated in inset of Fig. 7(a). The I-V characteristic of the
device when it emitted reddish light was demonstrated in Fig.
7(a). The color of light emitting from this device was reddish
green. It is thought that the red color comes from Ag-doped
ZnO and green color from PFO.
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Figure 7. (a) Schematic diagram and I-V characteristics of the
organic lighting emitting diode (p-type : Ag-doped ZnO NRs,
n-type : PFO) and (b) Lighting image of the diode
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In this work, a monolayer of Ag nanoplate is introduced
as an epitaxial template and doping source for vertically
aligned p-type ZnO nanorods. Ag nanoplates were
synthesized through room temperature polyol process and
the monolayer consisting of the nanoplates was assembled
on the water surface to be scooped on a substrate. For the
growth of ZnO nanorods, ammonium hydroxide was used
as a mineralizer under the hydrothermal process. During the
hydrothermal process, the Ag nanoplate was dissolved to
generate Ag ions in the reaction solution. The Ag ions can
be doped in the wurzite structure of ZnO and also the (111)
plane of Ag nanoplate can be the epitaxial template for the
(0001) plane of ZnO. Therefore, using this idea, Ag-doped
p-type ZnO nanorods were successfully grown on the
substrate, which can be an electrode or n-type
semiconductor for the device application. Experimentally,
the process to synthesize Ag nanoplate was optimized to get
high yield of Ag nanoplate. The fact of Ag-doping was
successfully proved through XRD, XPS, PL analyses and
the electrically p-type characteristics of Ag-doped ZnO
NRs were demonstrated through the fabrication of a
Schottky and p-n diodes. Furthermore, to show the
capability of this idea, organic-inorganic hybrid lighting
emitting diode was also fabricated and the light emitting
property was demonstrated.

REFERENCES

[1] S. Baruah and J. Dutta, “Hydrothermal growth of
ZnO nanostructures,” Sci. Technol. Adv. Mater., 10,
013001, 20009.

[2] X. Fang, J. Li, D. Zhao, D. Shen, B. Li, and X.
Wang, “Phosphorus-Doped p-Type ZnO Nanorods
and ZnO Nanorod p-n Homojunction LED
Fabricated by Hydrothermal Method”, J. Phys.
Chem. C., 113, 21208-21212, 2009.

[3] H. Chang, H. Sun, K. Ho, X. Tao, F. Yan, W.-M.
Kwok and Z. Zheng, “A highly sensitive ultraviolet
sensor based on a facile in situ solution-grown ZnO
nanorod/graphene heterostructure”, Nanoscale, 3,
258-264,2011.

[4] J.X. Wang, X.W. Sun, Y. Yang, H. Huang, Y.C. Lee,
O.K. Tan and L. Vayssieres, “Hydrothermally
grown oriented ZnO nanorod arrays for gas sensing
applications”, Nanotechnology, 17, 4995-4998,
2006.

[5] ZL. Wang and J. Song, “Piezoelectric
Nanogenerators Based on Zinc Oxide Nanowire
Arrays”, SCIENCE, 312, 242-246, 2006.

[6] B.-K. Shin, T.-I. Lee, J. Xiong, C. Hwang, G. Noh,
J.-H. Cho, J.-M. Myoung, “Bottom-up grown ZnO
nanorods for an antireflective moth-eye structure
onCulnGaSe?2 solar cells”, Sol. Energy Mater. Sol.
Cells, 95, 2650-2654, 2011.

[7]1 Y. Wei, L. Ke, J. Kong, H. Liu, Z. Jiao, X. Lu, H.
Du and X.W. Sun, “Enhanced photoelectrochemical
water-splitting effect with a bent ZnO nanorod
photoanode decorated with Ag nanoparticles”,
Nanotechnology, 23, 235401, 2012.

[8] S. Xu, N. Adiga, S. Ba, T. Dasgupta, C. Wu, and Z. L.
Wang, “Optimizing and Improving the Growth Quality
of ZnO Nanowire Arrays Guided by Statistical Design of
Experiments”, ACS Nano, 3, 1803-1812, 2009.

[9] T. Lee, S.H. Lee, Y.-D. Kim, W.S. Jang, J.Y. Oh, HK.
Baik, C. Stampfl, A. Soon, and J.M. Myoung, “Playing
with Dimensions: Rational Design for Heteroepitaxial
p—n Junctions”, Nano Lett., 12, 68—76, 2012.

[10] J. Fabrega, S.R. Fawcett, J.C. Renshaw, J.R. Lead,
“Silver Nanoparticle Impact on Bacterial Growth: Effect
of pH, Concentration, and Organic Matter”, Environ. Sci.
Technol., 43, 7285-7290, 2009.

12 NSTI-Nanotech 2014, www.nsti.org, ISBN 978-1-4822-5830-1 Vol. 3,2014





