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ABSTRACT: Transparent conducting electrodes are impor-
tant components of highly efficient ultraviolet light-emitting
diodes (UV LEDs). Indium tin oxide (ITO) is commonly used
to form a current spreading layer, but its UV-range optical
transparency is limited with a low sheet resistance. We
demonstrate a simple solution-based coating technique to
obtain large-area, highly uniform, and conductive silver-
nanowire-based electrodes that exhibit UV-range optical
transparency better than that of ITO for the same sheet
resistance. The UV LEDs fabricated using this current
spreading layer showed improved optical power emission as
well as improvement in electrical properties.
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■ INTRODUCTION

GaN-based ultraviolet light-emitting diodes (UV LEDs) have
attracted much attention for applications in fluorescence-based
chemical sensing, sterilization, water/air purification, flame
detection, and high-density optical data storage.1,2 In addition,
UV LEDs can be used as the source of high-color rendering
index white light, and they are therefore one of the most
promising candidates for solid-state lighting. However, the
luminous efficiency of InGaN based or AlGaN based UV LEDs
is still not sufficient for practical application. It is reported that
the efficiency of InGaN-based UV LEDs is lower than that of
blue LEDs because of the lack of indium-rich regions that act as
localized recombination sites, because the indium content in
the InGaN active layer is much lower in UV LEDs.3 In addition,
although AlGaN based UV LEDs with emission wavelength
shorter than 360 nm have been reported by several groups, the
LED quantum efficiency drops dramatically with increasing Al
content in order to decrease the wavelength, because of the
difficulty in achieving high crystalline quality and doping
efficiency in AlGaN at high Al content, suppressing electron
overflow from the QW and low extraction efficiency. So, the
efficiency of AlGaN-based UV LED is much lower than that of
the InGaN blue LED. To improve the efficiency with reducing
defect, InGaN-based or AlGaN-based LED have been grown on
bulk GaN or AlN substrate. However, the high cost of these
methods limits their commercial use. Therefore, one of the
problems associated with conventional UV LEDs is the use of
nonconductive sapphire as the substrate because it causes the
current crowding effect near the p-contact by lateral carrier
injection. To solve these problems, researchers have widely
used indium tin oxide (ITO) as a transparent conductive
electrode (TCE) in InGaN-based LEDs with the advantages of

high electrical conductivity and high optical transparency;
however, ITO is costly and shows low transparency in the UV
range and instability in the presence of acids or bases.4,5

Therefore, there is a significant need for a novel electrode
material that can replace ITO. Promising candidates for ITO
replacement in UV LEDs include metal nanowires, single-
walled carbon nanotubes (CNTs), and graphene.6−19 Among
these candidates, the silver nanowire (Ag NW) is especially
promising because its conductivity (σAg = 6.3 × 107 S m−1) is
higher than that of carbon-based CNTs and graphenes. In
addition, low contact resistance on the order of 1 × 10−5 Ω cm2

has been obtained from Ag-based Ohmic contacts annealed in
ambient oxygen.20−22 Graphene was reported to have a sheet
resistance of >1000 Ω/sq for single layers, 800−900 Ω/sq for
bilayers, and 450−600 Ω/sq for trilayers with a transmittance
of 95−80% and CNT was reported to have a sheet resistance of
200 Ω/sq at an average transmittance of 80%.6−13 This
comparison shows that the sheet resistance of TCEs made of
CNT or graphene with optical transmittance above 85%, is at
least 1 order of magnitude higher than that obtained by using
an ITO-based TCE, resulting in a decrease in the current
injection efficiency and current crowding. However, it is
reported that the Ag NW-based TCE resulted in an electrical
and optical performance comparable to that of the ITO-based
TCE, a result that is relevant to overcome the above-mentioned
limitations of ITO: For example, a large-area Ag NW-based
TCE with a sheet resistance of ∼50 Ω/sq at a transmittance of
∼90% was realized by Scardaci et al. and Wu et al.9,10 In
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addition, Ag NW-based TCEs shows higher transparency in UV
range than ITO. Ag NW-based TCEs could also be created
from simple methods such as drop casting, spray coating, and
spin coating, processing costs that are significantly lower than
those of ITO-deposition methods can be realized. Despite the
many advantages of Ag NWs as ITO replacement for
fabricating TCEs, there are few reports on the characteristics
of LEDs with a Ag NW-based TCE. Seo et al. reported the
hybrid AgNW/graphene TCE for UV LED.18,19

In this study, we demonstrate an UV LED with a single Ag
NW-based TCE deposited by the simple solution based coating
method. After optimization of deposition condition, the Ag
NW-based TCE showed a sheet resistance of 30−40 Ω/sq and
an optical transmittance of over 85% at UV wavelength, which
are better than the characteristics of ITO. The electrical and
optical properties of a UV LED with a Ag NW-based TCE were
better than those of a UV LED with an ITO-based TCE.

■ EXPERIMENTAL SECTION
Fabrication of UV LED with Ag NW TCE. Ag NWs were

synthesized according to a reported procedure18 and dispersed in DI
water (0.5 wt %). The GaN-based UV LED structure (operating at a
dominant emission peak of 385 nm) was grown on c-plane (0001)
sapphire substrates using metal−organic chemical vapor deposition.
The LEDs consisted of the following layers: a 4 μm thick Si-doped n-
GaN layer, multiple-quantum-well (MQW) active layer consisting of
five periods of undoped InGaN wells and undoped GaN barriers, and a
0.15 μm thick Mg-doped p-GaN layer with a hole concentration of 3 ×
1017 cm−3. Figure 1 shows a schematic of the fabrication process for

the UV LED with the Ag NW-based TCE: (a) Ag NWs were
deposited by spin coating over p-GaN to obtain a TCE. For a
comparative study, a 200 nm thick ITO layer was deposited to form a
TCE. (b) The spin-coated Ag NW layer was annealed at 150 °C for 10
min to form a Ohmic contact. (c) The region to be patterned was
covered with a protective photoresist (PR) as an etch mask. (d) To
fabricate the LEDs, which were 500 × 500 μm in size, Ag NW and
ITO layers were etched using a dilute HNO3/H2O (10:1) and HCl/
H2O (10:1) mixture, respectively. The p-GaN and MQW active layer
was subsequently etched using an inductively coupled plasma from
Cl2/BCl3 source gases until the n-GaN layer was exposed for n-type
contact. (e) The PR was then removed using hot acetone. (f) Cr/Au,
as n- and p-pad electrode, was deposited by e-beam evaporation.
Instruments and Measurements. Field-emission scanning

electron microscopy (FE-SEM) and high-resolution transmission
electron microscopy (HR-TEM, JEOL-2100F operated at 200 kV,
KBSI Gwangju Center) were used to examine the geometry and

morphology of the Ag NWs deposited on the p-GaN surface. The
circular pad was patterned on the 1.5-μm-thick p-GaN layer using a the
standard photolithography technique for measurement of specific
contact resistances using a circular-transmission line model (CTLM).
The inner dot radius was 100 μm, and the spacing between the inner
and the outer radii were 10, 20, 30, 40, and 50 μm. X-ray
photoemission spectroscopy (XPS, ESCALAB 250, KBSI Busan
Center) was carried out using Al Ka X-ray source in an ultrahigh
vacuum system with chamber-based pressure of ∼1 × 10−10 Torr.

Optical and electrical performances of the spin-coated Ag NWs
under various deposition conditions were measured using a UV−vis
spectrometer (8453, Agilent) and a four-point probe, respectively.

■ RESULTS AND DISCUSSION

To form the conductive Ag NW-based TCE, which was
comparable to ITO, individual Ag NWs with average 35 nm in
diameter and 25 μm in length were used, as shown by TEM
images in Figure 2a, b. The figure also shows the network of
one or two randomly oriented Ag NWs. The TEM image in
Figure 2b shows several nanowires with uniform diameter along
their lengths. Optical transmittance over the UV range is an
important parameter for TCE application in UV LED. The
transmittance was measured using a double polished sapphire
as the reference. Figure 2c shows the transmittance of the Ag
NW-based TCE with various sheet resistances and the ITO-
based TCE on a glass substrate. The transmittance of the ITO-
based TCE is dramatically decreased with decreasing wave-
length, especially in the UV range. This result shows that ITO
is not a suitable material for fabricating the TCE of UV LEDs as
shown in Figure 1c. The transmittance of the ITO-based TCE
at a wavelength of 385 nm was 81% when the sheet resistance
was 33 Ω/sq, whereas that of the Ag NW-based TCEs was 94.3,
92.2, 87.3, and 71.8% when the sheet resistance was 103, 57, 32,
and 10 Ω/sq, respectively, as shown in Figure 2c. The
transmittance of the ITO-based TCE is slightly lower than that
of the Ag NW-based TCE of similar sheet resistance. In
addition, as expected, the transmittance was higher when a
small volume of Ag NW solution was spin-coated, but this also
resulted in higher sheet resistance because a smaller number of
NWs connected to form the network.
Figure 2d shows that transmittance of the Ag NW-based

TCE decreased dramatically with decreasing sheet resistance
because the number of NWs forming the network increased.
Figure 2c also shows that optical transmittance of the films was
essentially constant across all measured wavelength regions
because the optical transmittance of the metal NW film is only
dependent on the density of the metal NW network. However,
a decrease in the transmittance around short wavelengths of
350 nm can be attributed to the localized surface plasmon
resonance.23 These plasmonic effects can be helpful to improve
the light extraction efficiency and tailor the propagation
direction.24,25 In addition, the wavelength-dependent trans-
mittances of Ag NW with different resistances show peak
transmittance in wavelength range of 300 nm to 350 nm. This
peak transmittance in wavelength range of 300−350 nm can be
attributed to the constructive interference with respect to the
surface area uncovered by the Ag NW networks.26 To study the
stability of Ag-based TCE, we exposed Ag NW TCE in vacuum
and air ambient for 350 h at a room temperature. Figure 2e
shows that the sheet resistance was almost the same after 350 h.
This result indicates that Ag-based TCE is stable without
oxidation.
The dependence of the number of Ag NWs on the sheet

resistance can be more clearly seen in the SEM image shown in

Figure 1. Schematic of the fabrication process for the LED with the Ag
nanowire-based transparent conductive electrode.
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Figure 3. As the Ag NW density increases, fewer voids remain
in the films, leading to more uniform electrical field distribution
realized using the Ag NW-based TCE. By tuning the density, a
sheet resistance of ∼30 Ω/sq can be achieved, which is
comparable to the performance of ITO on GaN for LED
application. As shown in Figure 3, the holes in the Ag NW films
are in the range of 1−2 μm for 156 Ω/sq, whereas that in the

Ag NW films are in the rage of 50−100 nm for 30 Ω/sq or vice
versa. So, decrease in sheet resistance with increasing NW
density can be attributed to the increase in conducting paths.
Although the Ag NW-based TCE itself has shown excellent

performance in LEDs, it requires a high-quality contact with the
p-GaN layer, i.e., ohmic contact. It is reported that the Ag NW
mesh electrode with coating of surfactant molecules of

Figure 2. (a) Transmittance electron microscope image, (b) magnified transmittance electron microscope image, (c) transmittance of the Ag
nanowire (NW)-based transparent conductive electrode (TCE) with various sheet resistance values, (d) transmittance of the Ag NW-based TCE as
a function of the sheet resistance, and (e) sheet resistance of Ag NW-based TCE as a function of exposure time in vacuum and air.

Figure 3. SEM images of Ag nanowire networks corresponding to different sheet resistance values: (a) 10, (b) 33, (c) 57, and (d) 103 Ω/sq.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am509116s
ACS Appl. Mater. Interfaces 2015, 7, 7945−7950

7947

http://dx.doi.org/10.1021/am509116s


polyvinylpyrrolidone (PVP) can result in high initial resistance
to prevent the formation of Ohmic contact.8 To create an
Ohmic contact between the Ag NW-based TCE and p-GaN, it
is important to decrease the contact resistance by promoting
out-diffusion of Ga atoms at the interface.27 To analyze the
current−voltage (I−V) characteristics, a lithography process
was used to define circular structures by the circular
transmission line model (CTLM) method. The inner circular
contact had a diameter of 100 μm, and gaps between inner and
outer contacts were 20 μm. In general, to form the Ohmic
contact of Ag to p-GaN, high temperature above 300 °C was
used.20−22 However, we found that the Ag NWs are
agglomerated above 300 °C as shown in Figure 4a−c, resulting
in an increase in sheet resistance. With optimization of
annealing condition, it was found that after annealing at 150
°C for 10 min, the measured I−V curves of Ag NW-based TCE
exhibit fairly good Ohmic behavior while that of Ag NW-based
TCE before annealing shows Schottky behavior, as shown in
Figure 4d. The specific contact resistance is 2.5 × 10−3 Ω cm2.
The specific contact resistance of Ag NW is still lower than the
reported value for the Ag film.20−22 This can be attributed to a
low annealing temperature and PVP-coated Ag NW. However,
this value is comparable to that of ITO/p-GaN (1 × 10−4 to 1
× 10−3 Ω cm2).27,28 To clearly understand improve Ohmic
behavior after annealing, we added the XPS measurement. To
characterize the chemical bonding state of Ga, we made an XPS
examination of the Ag NW contact on p-GaN before and after
annealing. Before starting analysis, the Ag NW was sputtered
using Ar+ ions to expose the interface region between the
contact layer and GaN. Figure 4e shows the Ga 3d core level
for the conact/p-GaN interface regions before and after
annealing. It is evident that the Ga 3d core level for the
annealed sample shifts toward the lower energy side by 0.3 eV
compared to the as-deposit sample. This indicates that
annealing causes a shift of the surface Fermi level toward the

valence bandedge and hence, the reduction of band bending in
p-GaN, resulting in improvement of Ohmic behavior.
To clearly understand the improvement in electrical

properties as a result of annealing, we measured the cross-
sectional TEM images. As expected, images a and b in Figure 5
show the 3 nm thick insulating coating of PVP on the side of
Ag NW, resulting from the strong interaction between PVP and
Ag.29 Although PVP was strongly adsorbed on side surfaces of
Ag NWs, it is readily decomposed by the annealing process.
Therefore, it is expected that Ag and Ga atoms can easily

Figure 4. SEM images of Ag nanowire networks corresponding to different annealing temperatures of (a) 100, (b) 200, and (c) 300 °C. (d)
Current−voltage characteristics of Ag nanowire network after and before annealing (gap = 10 μm), and (e) the Ga 3d core level for the Ag NW/
GaN interface regions before and after annealing.

Figure 5. (a) Cross-sectional TEM image at the interface between p-
GaN and Ag nanowires (NW). (b) Magnified cross-sectional TEM
image at the interface between p-GaN and Ag NW. (c) Atomic
concentration of Ga and Ag as a function of distance, as determined by
energy-dispersive spectroscopy analysis.
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interdiffuse during the annealing process at the interface
between p-GaN and the Ag NW mesh. Figure 5b also shows
the single-crystalline nature of the Ag NW. The lattice spacing
is measured to be 0.24 nm, agreeing well with that of [11−1]
plane of face centered cubic (fcc) Ag. To understand the
decrease in the contract resistance by interdiffusion process, we
performed the energy-dispersive spectroscopy (EDS) at the
interface between the Ag NW mesh and p-GaN after thermal
annealing. EDS−scanning transmission electron microscopy
(STEM) was utilized to characterize the distribution of Ag and
Ga ath the interface between p-GaN and Ag NW TCE. Figure
5c shows the considerable amount of intermixing at the
interface. In addition, some amount of Ga out-diffused into the
metal layer. These results indicate a possible reaction between
Ga and Ag, resulting in the formation of interfacial gallide.
Therefore, the contact resistance decreased with increasing hole
concentration because of the increasing number of Ga
vacancies that act as acceptors.30

Figure 6a displays the I−V curves of InGaN/GaN LEDs with
and without the Ag NW-based TCE, and with the ITO-based
TCE. When the injection current was 20 mA, the forward
voltages of the LEDs with and without the Ag NW-based TCE
and with the ITO-based TCE were measured to be 3.47, 4.6,
and 3.55 V, respectively. These results indicate that the
electrical properties of the LED did not deteriorate when the
Ag NW-based TCE was used, because the electrical character-
istics of Ag NWs are comparable to those of ITO. The inset of
Figure 6a shows the electroluminescent emission image of
LEDs with the Ag NW- and ITO-based TCEs, and without a
TCE. This figure clearly indicates that the current injection and
current spreading in the case of the UV LED with the Ag NW-
and ITO-based TCEs were better than those in the case of the
LED without the TCE. Figure 6b displays the light output
power of the InGaN/GaN LEDs with and without the Ag NW-
based TCE and with the ITO-based TCE. The light output
intensity (at an injection current of 100 mA) of the LED with
the Ag NW-based TCE was three times higher than the output
intensity of the LED without a TCE. Light output power
enhancement of the GaN-based UV LEDs with Ag NW
compared to that of with ITO is 7.4 and 20.1% at an input
current of 100 mA and 350 mA. The optical output power of
the LED with the Ag NW-based TCE was slight higher and
degraded more slowly than that of the LED with the ITO-based
TCE and p-GaN. This can be attributed to improvement of
heat spreading by high thermal conductivity of Ag NW-based
TCE, compared to that of ITO.31

The results of this study demonstrate that the Ag NW-based
TCE meets the most important criteria related to conductivity
and transparency, necessary to replace ITO in LEDs. In
addition, the electrical and optical properties of a UV LED with
the Ag NW-based TCE were better than those of a UV LED
with an ITO-based TCE. A significant improvement in the
electrical and optical properties of the LED is expected after
optimization of conductivity and transparency through the
control of density, size, and method of deposition of Ag NWs,
improvement of Ohmic behavior and optimization of
plasmonic effect for light extraction in AlGaN-based UV
LED, suggesting that the use of a Ag NW-based TCE is a very
promising way to develop high-efficiency UV LEDs as a solid-
state light source.

■ CONCLUSION

In this work, we demonstrate the UV LED with a Ag NW-based
TCE deposited by a simple spin-coating method. After
optimization of the deposition conditions, the Ag NW-based
TCE shows a sheet resistance of 30−40 Ω/sq and an optical
transmittance of >85%, which is comparable to the character-
istics of ITO-based TCEs. The UV LED with the Ag NW-based
TCE has slightly better electrical and optical properties than
ITO-based TCEs. We anticipate the application of the Ag NW-
based TCE to a wide variety of devices, including UV LEDs,
with lower fabrication costs and improved performances.
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