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Abstract: Silver nanowire (Ag NWs) networks with high transparency and low resistivity are widely
used as promising candidates for the replacement of indium tin oxide (ITO)-based transparent
conducting oxides (TCOs) in light-emitting diodes (LEDs). However, LEDs with Ag NW electrodes
are less efficient than those with ITO electrodes because of their low electrical properties, such as high
contact resistance and strong absorption in the visible region. In this work, we tried to improve the
efficiency of LEDs with transparent conducting electrodes of Ag NWs networks via localized surface
plasmons (LSPs) by adopting silver nanoparticles. We studied the effect of the thickness of the p-GaN
layer on surface plasmon coupling. When a 45 nm thick p-GaN layer was used, the internal quantum
efficiency was improved by LSP coupling between a dipole of QW and Ag NW/NP, and the light
extraction was improved because the NPs afforded a leakage mode and acted as scattering centers.

Keywords: GaN; light-emitting diode; surface plasmon; silver nanowire; transparent conducting electrode

1. Introduction

Transparent conducting electrodes (TCEs) are widely used in optoelectronic devices
such as light-emitting diodes (LEDs), solar cells, liquid crystal displays, and touch screens.
Owing to increasing demand for these products, significant research is being conducted to
enhance their performance by manufacturing process optimization. Among many candidate
materials, indium tin oxide (ITO) is generally used in many applications. However, ITO
has drawbacks, such as having a high cost, unsatisfactory light transmission, chemical in-
stability, and a weak ion barrier effect [1,2]. In addition, ITO exhibits strong absorption in
the ultraviolet (UV)/blue spectral range [3]. Therefore, it is necessary to find more suitable
materials to applicate transparent electrode. Metal nanowires (NWs) such as silver NWs and
carbon nanotubes have been studied as promising candidates for replacing ITO in optoelec-
tronic devices [3–14]. Among them, Ag NWs are especially promising because of their high
conductivity (σAg = 6.3 × 107 S m−1) compared to other metals commonly used as electrode
materials for LEDs [15]. In addition, Ag is well known as a good material for obtaining surface
plasmon (SP) resonance with a GaN LED, which increases the IQE and LEE [16–20]. Our
group recently demonstrated the near-UV LEDs with high-quality solution-processed Ag NW
TCEs with sheet resistances of 30–40 Ω/sq and optical transmittances of over 85% to replace
ITO-based TCEs [3]. This fabrication process is quite simple and relatively inexpensive, like
that for ITO-based TCEs, suggesting that Ag NWs are promising candidate materials for use
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in next-generation TCEs in LEDs. However, many groups have only focused on replacing
ITO-based TCEs with Ag-NW-based TCEs [3–12]. By contrast, to enhance the properties of
Ag-NW-based TCEs, our group recently reported TCEs based on Ag NWs and nanoparticles
(NPs) in which localized surface plasmons (LSPs) are excited; consequently, the internal
quantum efficiency (IQE) is improved by dipoles of quantum well (QW) and SP coupling of
Ag metal, and the light extraction efficiency (LEE) is improved by NPs working as a leakage
mode and act as scattering centers [16]. However, the optimal structure for adopting the
Ag-NW/NP-based TCE in III-nitride LEDs is still unknown.

In this work, we studied the improvement of the efficiency of LEDs with Ag-NW/NP-
based TCEs. In addition, the use of Ag NWs and NPs also increases the IQE and LEE [14]. To
improve the efficiency of LEDs with the Ag-NW/NP-based TCE, we attempted to control the
spacing between NW and NP and the thickness of the p-GaN layer between the TCE and QWs.
When a 45 nm thick p-GaN layer and 35 nm NPs at a high density of 8 × 1010 cm−2 were used,
the efficiency of the LED was significantly improved, owing to the phenomena described
above.

2. Experimental Section

InGaN-based blue LEDs with a dominant emission peak of 450 nm were grown on
sapphire substrates using metal–organic chemical vapor deposition. The LEDs consisted of a
4 µm thick n-GaN layer (Si = 1× 1019 cm−3), a seven period multiple-QW (MQW) active layer
consisting of undoped InGaN QWs (3 nm) and undoped GaN barriers (7 nm), and a p-GaN
layer. The SP fringing field penetration depth for metal film into the dielectric materials such
as GaN was given by Z = λ/2π[(ε′GaN − ε′metal)/ε′GaN

2]1/2, where ε′GaN and ε′metal are the
dielectric constants of GaN and Ag, respectively [16].

The penetration depth was calculated as ~45 nm for coupling between the dipole of
QW and SP of Ag at 2.75 eV for the blue emission. We first attempted to identify a mech-
anism for improving the LED efficiency by using an SP-enhanced TCE based on Ag NWs.
For that, we used an LED with a 45 nm thick p-GaN layer to study the improvement in
the IQE due to QW–LSP coupling, whereas we used an LED with a 120 nm thick p-GaN
layer to study the increase in LEE due to LSP–TM light coupling without QW–SP cou-
pling. The 45 nm thick p-GaN consisted of 15 nm (magnesium (Mg) = 3 × 1019 cm−3),
15 nm (Mg = 1 × 1018 cm−3), and 15 nm (Mg = 1 × 1020 cm−3) layers, whereas the 120 nm
thick p-GaN consisted of 15 nm (Mg = 3 × 1019 cm−3), 90 nm (Mg = 1 × 1018 cm−3), and
15 nm (Mg = 1 × 1020 cm−3) layers, respectively. Then, to improve the LEE by increasing the
light output by QW–SP coupling, we combined NPs with the NWs, where the NPs afford a
leakage mode and act as scattering centers.

Figure 1 shows a schematic diagram of blue LEDs with the Ag-NW/NP-based TCE.
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Figure 1. Schematic illustrations and images corresponding to steps for the fabrication of GaN LEDs 
with Ag-NW/NP-based TCE. (a) To fabricate LEDs 500 × 500 µm2 in size, the p-GaN and MQWs 
were sequentially etched using inductively coupled plasma with boron trichloride gas until n-con-
tact layer was exposed. (b) Ag films with thicknesses of 1 nm were selectively deposited by e-beam 
evaporation on the p-GaN and annealed at 500 °C for 1 min in nitrogen ambient to form Ag NPs. 
(c) Ag NWs were chemically synthesized according to a previously reported method [19], dispersed 
in deionized water, and deposited by spin-coating method to obtain a flat film. After photolithog-
raphy to form TCE region, the Ag NWs were etched using a dilute diluted nitric acid solution of 
HNO3/H2O (10:1). For a comparative study, a Ag NW layer without NPs was deposited. To form an 
Ohmic contact, the coated Ag NW layers were annealed at 150 °C for 10 min in nitrogen ambient. 
(d) Cr/Au was deposited on TCE and n-GaN by e-beam evaporation to obtain n- and p-pads. 

3. Results and Discussion 
Figure 2 shows field-emission scanning electron microscopy (FE-SEM) images of Ag 

NP/NW TCEs with NP sizes and the transmittance of Ag NW and Ag NP/NW TCEs. To 
form Ag NW TCEs with high conductivity, we used Ag NWs that were 35 nm in diameter 
and 25 µm in length [3,16]. The sheet resistance of the 200 nm thick Ag NWs and Ag 
NW/NP TCEs was measured as 30 ± 5 Ω/sq. The contact resistance did not change after 
NPs were added to the TCE. The contact resistance between the TCE with Ag NWs and 
p-GaN is 2.5 × 10−3 Ω cm2. This is sufficient to form an Ohmic contact on p-GaN [3]. 

To obtain the leakage mode and scattering centers, we fabricated Ag NPs with sizes 
of 35 ± 13 nm, as shown in Figure 2b,c, respectively. The density of the Ag NPs with a size 
of 35 ± 13 nm was 8 × 1010 cm−2. We found that the transmittance of the Ag NWs exceeded 
90% in the visible region. When the NPs were added, the TCE exhibited strong absorption 
that corresponds to SP resonance. This result may be caused by the enhancement of local-
ized surface plasmon resonance by Ag NPs [21–23]. The oxidation of Ag affected the elec-
trical properties of the LED and the SP effect. To confirm that Ag NW and NP was not 
oxidized, we performed X-ray photoelectron spectroscopy, as shown in Figure 2d. Figure 
1d shows that the Ag3d5/2 peak was 368.3 eV. This indicated Ag NP and NW were not 
oxidized [24]. 

Figure 1. Schematic illustrations and images corresponding to steps for the fabrication of GaN LEDs
with Ag-NW/NP-based TCE. (a) To fabricate LEDs 500× 500 µm2 in size, the p-GaN and MQWs were
sequentially etched using inductively coupled plasma with boron trichloride gas until n-contact layer
was exposed. (b) Ag films with thicknesses of 1 nm were selectively deposited by e-beam evaporation
on the p-GaN and annealed at 500 ◦C for 1 min in nitrogen ambient to form Ag NPs. (c) Ag NWs
were chemically synthesized according to a previously reported method [19], dispersed in deionized
water, and deposited by spin-coating method to obtain a flat film. After photolithography to form
TCE region, the Ag NWs were etched using a dilute diluted nitric acid solution of HNO3/H2O (10:1).
For a comparative study, a Ag NW layer without NPs was deposited. To form an Ohmic contact,
the coated Ag NW layers were annealed at 150 ◦C for 10 min in nitrogen ambient. (d) Cr/Au was
deposited on TCE and n-GaN by e-beam evaporation to obtain n- and p-pads.

3. Results and Discussion

Figure 2 shows field-emission scanning electron microscopy (FE-SEM) images of Ag
NP/NW TCEs with NP sizes and the transmittance of Ag NW and Ag NP/NW TCEs. To
form Ag NW TCEs with high conductivity, we used Ag NWs that were 35 nm in diameter
and 25 µm in length [3,16]. The sheet resistance of the 200 nm thick Ag NWs and Ag
NW/NP TCEs was measured as 30 ± 5 Ω/sq. The contact resistance did not change after
NPs were added to the TCE. The contact resistance between the TCE with Ag NWs and
p-GaN is 2.5 × 10−3 Ω cm2. This is sufficient to form an Ohmic contact on p-GaN [3].

To obtain the leakage mode and scattering centers, we fabricated Ag NPs with sizes
of 35 ± 13 nm, as shown in Figure 2b,c, respectively. The density of the Ag NPs with
a size of 35 ± 13 nm was 8 × 1010 cm−2. We found that the transmittance of the Ag
NWs exceeded 90% in the visible region. When the NPs were added, the TCE exhibited
strong absorption that corresponds to SP resonance. This result may be caused by the
enhancement of localized surface plasmon resonance by Ag NPs [21–23]. The oxidation of
Ag affected the electrical properties of the LED and the SP effect. To confirm that Ag NW
and NP was not oxidized, we performed X-ray photoelectron spectroscopy, as shown in
Figure 2d. Figure 1d shows that the Ag3d5/2 peak was 368.3 eV. This indicated Ag NP and
NW were not oxidized [24].
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Figure 2. (a) Transmittance of Ag NW and Ag NW/NP TCEs for different NP sizes. FE-SEM images
of Ag NW/NP TCEs with NP size with (b) 2 µm scale bar and (c) 500 nm scale bar, (d) XPS spectrum
of Ag NW/NP TCE.

To determine the optimal structure for improving the efficiency of LEDs with Ag NW
or Ag NW/NP TCEs, the enhancement mechanism first had to be identified. Considering
that the penetration depth was estimated as ~45 nm for QW–SP coupling at an emission
energy of 2.75 eV in the blue LED, the Ag NW or Ag NW/NP TCE was deposited on 45 nm
thick p-GaN for coupling between dipoles of QW and LSP of Ag NW/NP. To study the
effect of LSP–transverse magnetic (TM) or LSP–transverse electric (TE) light coupling on
the LEE in the absence of QW–LSP coupling, the Ag NP, Ag NW, or Ag NW/NP TCE
was deposited on a 120 nm thick p-GaN layer. Figure 3a shows the photoluminescence
(PL) spectra of InGaN/GaN MQW LEDs with Ag NW, Ag NP, or Ag NW/NP TCEs and
45 nm or 120 nm thick p-GaN layers. QW–SP coupling cannot be expected in the LEDs
with a 120 nm thick p-GaN layer. Thus, the efficiency of the LED may be improved by
the extraction of TE and TM light. However, when we used NPs alone, the PL intensity
decreased. This result indicates that the increase in LEE due to LSP–TM/TE light coupling
does not compensate for the absorption of photons in Ag NWs or NPs. However, when the
NWs were combined with NPs, the PL intensity was 30% higher than that obtained using
Ag NWs alone. This result shows that NPs can improve the LEE for TE/TM polarization.

The PL intensity of LEDs with a Ag NW TCE and 45-nm-thick p-GaN layer is similar
to that of the LEDs without a TCE, whereas that of LEDs with a Ag NW/NP TCE is higher
than that of the LEDs without TCEs, as shown in Figure 3b. Because the p-GaN layer
is 45 nm thick, QW–SP coupling is possible, and the IQE is improved. When the dipole
energies in the InGaN QWs and the SP energy of the Ag are similar, the exciton dipole
energies excited in the QWs is transferred to the SP modes of the Ag.
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process occurs much more rapidly than the radiative recombination of exciton dipoles in 
the InGaN QWs [16], and thus the PL intensity of QW can be improved. Although the PL 
intensity was significantly higher when only Ag NPs were used owing to increases in the 
IQE and LEE, Ag NPs alone cannot be used as the TCE. In addition, we found that the PL 
intensity did not increase when we used TCEs with only Ag NWs. Ag NWs can act as 
waveguides in nanoscale regions to localize the electromagnetic energy arising from the 
hybrid nature of SP polaritons (SPPs), which are electromagnetic (EM) waves. EM waves 
coupled to charge oscillations at the Ag–GaN interface and SPP waves can be optically 
excited at the distal ends of the NW. However, the intensity of the excited light decreases 
significantly with increasing propagation distance [25]. Because 20 µm long NWs were 
used to obtain TCEs with good electrical properties, many electromagnetic waves were 
absorbed during propagation in the NWs. Therefore, the higher PL intensity exhibited by 
the LED with the Ag NW TCE cannot be attributed to photon absorption in SPPs. When 
Ag NPs were used with Ag NWs, the PL intensity increased by 20%. 

The SPPs propagate along to interface between the NW and GaN with a momentum 
higher than the free-space wavelength used for dipole excitation. The momentum of SPPs 

Figure 3. PL spectra of GaN LEDs with (a) 120 nm thick and (b) 45 nm thick p-GaN layer without
TCE and with Ag NW, Ag NP, and Ag NW/NP TCEs and (c) schematic diagram of light extraction
by plasmon leakage radiation and PL spectra with GaN LED (45 nm thick p-GaN layer) (d) without
TCE and (e) with Ag NW/NP TCE at 10 K and 300 K.

The nanostructure and roughness of the Ag layer allows SPs with high momentum to
scatter. Then, they lose their momentum, and become coupled to the radiated light. This
process occurs much more rapidly than the radiative recombination of exciton dipoles in
the InGaN QWs [16], and thus the PL intensity of QW can be improved. Although the PL
intensity was significantly higher when only Ag NPs were used owing to increases in the
IQE and LEE, Ag NPs alone cannot be used as the TCE. In addition, we found that the
PL intensity did not increase when we used TCEs with only Ag NWs. Ag NWs can act as
waveguides in nanoscale regions to localize the electromagnetic energy arising from the
hybrid nature of SP polaritons (SPPs), which are electromagnetic (EM) waves. EM waves
coupled to charge oscillations at the Ag–GaN interface and SPP waves can be optically
excited at the distal ends of the NW. However, the intensity of the excited light decreases
significantly with increasing propagation distance [25]. Because 20 µm long NWs were
used to obtain TCEs with good electrical properties, many electromagnetic waves were
absorbed during propagation in the NWs. Therefore, the higher PL intensity exhibited by
the LED with the Ag NW TCE cannot be attributed to photon absorption in SPPs. When
Ag NPs were used with Ag NWs, the PL intensity increased by 20%.

The SPPs propagate along to interface between the NW and GaN with a momentum
higher than the free-space wavelength used for dipole excitation. The momentum of
SPPs propagated along to interface between the NW and GaN must be removed from
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the surface-bound SPP wave to convert the SPPs back to photons at a desired location.
NPs close to Ag NWs act as a radiative center to overcome this momentum mismatch and
facilitate the momentum of SPPs to free-space photons [25,26]. In addition, all Ag NPs can
work as scattering centers because the nanostructure of the Ag layer allows the scattering
of SPs with high momentum, as described above. Therefore, the increased PL intensity
of the LED with a Ag NW/NP TCE can be attributed to the increase in light extraction
at the NW/NP junction and the increase in scattering by Ag NPs, as shown in Figure 3c.
Emission can be excited at both ends of the NW by propagation at the interface between
the p-GaN layer and TCE.

To assume the improvement of IQE by Ag NW/NP TCE, we tried to measure
temperature-dependent photoluminescence with a 25 mW 325 nm He-Cd laser. By com-
parting the ratio of the integrated PL intensity between 300 K and 0 K, it was possible
to find the increase in IQE [27]. The ratio of PL intensities (I300K/I10K) of LED without
TEC and with Ag NW/NP TCE were 27.2% and 34.8%, respectively. Based on this result,
we found that the IQE can be increased by 30% with Ag NW/NP compared to that of
IQW without TCE, shown in Figure 3d,e. This result indicated that the improvement of
PL intensity can be attributed to the increase in IQE by SP + QW coupling without the
quenching of light extraction.

To elucidate the light outcoupling effects of metal layer, three-dimensional finite-
difference time-domain (FDTD) simulations were studied, and the results were compared
with the experimental results, as shown in Figure 4. The LED structures with the Ag
NW/NP TCE were used in the FDTD simulation. To understand the effects of the geometric
configuration on QW–SP coupling in the LEDs, a numerical calculation was performed
based on a genetic algorithm by setting a periodic boundary condition. In this investigation,
pulse emission sources with TE and TM polarization were used by propagating light to
the slab representing the LED. As shown in Figure 4, light propagates along the interface
between GaN and Ag NW, and the PL is significantly enhanced by LSP–QW coupling
when the thickness of the p-GaN layer is 45 nm. In addition, many photons with TE and
TM polarization are radiated by the leakage mode at the NW–NP junction, as shown in
Figure 4a,c,e,g. These results indicated that the enhanced PL intensity afforded by the Ag
NW/NP TCE can be attributed to an enhancement in the leakage and scattering rate by Ag
NPs in LSP–QW coupling. However, when the distance between the Ag NWs and NPs is
large, the light extraction is not significantly improved, as shown in Figure 4b,d,f,g. From
FDTD simulation, in Ag-NW-based TCE, NP can act as a light scattering point to improve
the extraction of photons. So, to improve the light extraction, it is desirable to increase the
of density of NPs.

Figure 5a,b show the time-resolved PL spectra of the LEDs without TCEs and with Ag
NW and Ag NW/NP TCEs for p-GaN thicknesses of 120 and 45 nm at the temperature of
room temperature (300 K), respectively. As expected, the penetration of SP–QW coupling
was observed only in the samples with a 45 nm thick p-GaN layer, and there was no change
in decay time in the LEDs with a 120 nm thick p-GaN layer. However, the decay time
decreased significantly in the LEDs with Ag NW TCEs and Ag NW/NP TCEs when the
p-GaN thickness was 45 nm. In Figure 5, all decay curves were fitted with an exponential
decay model. In the LED with a 45 nm thick p-GaN layer, the calculated decay times were
10, 1, and 0.5 ns for LEDs without a TCE, with the Ag NW TCE, and with the Ag NW/NP
TCE, respectively. The Purcell effect is defined as the ratio of the classical radiated power to
the dipole of the cavity to the dipole emission power of the bulk material, thus predicting
the rate of spontaneous emission of an LED [28]. The Purcell factor is be calculated
numerically using a commercial grade finite-difference time-domain (FDTD) simulation
with suggested method by M. Nami et. al. The Purcell factor of LED with Ag NW/NP
TCE was calculated to 37 at 465 nm. This value is reasonable in QW-SP-coupled LEDs to
improve the spontaneous emission [29]. Therefore, the spontaneous rate of LED with Ag
NW/NP-based TCEs can be increased by strong coupling between the QWs and TCE.
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The current–voltage (I–V) characteristics and the optical output power of a blue
LED without TCEs, with Ag NW, and with Ag NW/NP TCEs were studied. We found
that the electrical properties of LEDs is improved by adopting Ag NP in both LED with
45 nm and 120 nm thick p-GaN, as shown in Figure 6a. This result can be attributed to
the improvement of the Ohmic behavior with atomic inter-diffusion during the thermal
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annealing process to form NP [30]. As shown in Figure 6b, the output power of LEDs with
120 nm thick p-GaN are decreased with Ag NW or Ag NW/NP TCE. This result can be
attributed to light absorption by the metal nanostructrure. However, the optical output
power of LEDs with 45 nm thick p-GaN is slightly improved by Ag NW/NP-based TCEs.
These results are consistent with the PL measurements and simulation results. A large
enhancement in the optical output power of the LED is expected if the size, uniformity and
density of Ag NW/NPs are optimized.
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