ECS Journal of Solid State Science and Technology, 2020 9 016003

Quantum Efficiency Enhancement Depending on the Thickness of
p-GaN Spacer Layer in Localized Surface Plasmon-Enhanced
Near-Ultraviolet Light-Emitting Diodes by Using Colloidal Silver
Nanoparticles

Sang-Hyun Hong,! Na-Yeong Kim,! Jang-Won Kang,? Jae-Joon Kim,* Yen-Sook Jung,*
Dong-Yu Kim,* Sang-Youp Yim, ®!* and Seong-Ju Park ©3-*

! Advanced Photonics Research Institute, Gwangju Institute of Science and Technology, Gwangju 61005, South Korea
2Department of Emerging Materials Science, Daegu Gyeongbuk Institute of Science and Technology, Daegu 42988,
South Korea

3School of Materials Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 61005, South
Korea

4Department of Nanobio Materials and Electronics, Gwangju Institute of Science and Technology, Gwangju 61005,
South Korea

We demonstrated the dependence on thickness of p-GaN spacer layer in the localized surface plasmons (LSPs)-enhanced near-
ultraviolet light-emitting diodes (NUV-LEDs) by pneumatic spray process using colloidal silver (Ag) nanoparticles (NPs). The
LSPs-enhanced NUV-LEDs with 10- and 20-nm-thick p-GaN spacer layer showed enhanced internal quantum efficiency (IQE) and
reduced effective exciton lifetime by introducing the colloidal Ag NPs. The IQE of LSPs-enhanced NUV-LEDs with 10- and 20-nm-
thick p-GaN spacer layer was increased by 18.8% and 24.2%, respectively. These results indicate that the spontaneous emission rate
is increased by LSPs-excitons resonant coupling. However, the NUV-LEDs with 40- and 100-nm-thick p-GaN spacer layer showed
decreased IQE and extended exciton lifetime due to the evanescent wave property of LSPs field from colloidal Ag NPs.
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Recently, near-ultraviolet light-emitting diodes (NUV-LEDs) are
being applied in fields of medical devices, counterfeit detectors, chem-
ical sensors, light source of photometric detectors and pumping source
for white LEDs.'"® However, the NUV-LEDs in GaN-based LEDs
show relatively lower internal quantum efficiency (IQE) compared
to blue and green LEDs due to the low indium composition of In-
GaN quantum well (QW) layers.®-'> Many research groups have stud-
ied to improve the IQE of LEDs by improving GaN-based epilayer
quality.'"!3-1> Meanwhile, to overcome the lower IQE problem, the
surface plasmon (SP) coupling effect with excitons in multiple quan-
tum wells (MQWs) has been proposed as an efficient IQE improve-
ment by diverse metal structures such as film, grating, protrusion ar-
rays, disks and nanoparticles (NPs). These metal structures are mainly
formed through a complex process such as a high vacuum and anneal-
ing system (sputter), electron-beam evaporator, lithography, induc-
tively coupled plasma reactive ion etching, thermal furnace and rapid
thermal annealing system.'®? As an alternative method of metal de-
position, the pneumatic spray process is also used for fabricating lo-
calized surface plasmons (LSPs)-enhanced LED devices.?* This LSPs
field from metal NPs has evanescent wave property which exponen-
tially decays with the increasing distance between metal NPs and
MQWs. Therefore, for the strong LSPs-MQWs resonant coupling,
a spacer layer between metal NPs and MQWs plays a prominent role.
A thickness of spacer layer for efficient LSPs-MQW:s coupling should
be thin as tens of nanometers, whereas LSPs-MQWs coupling effect
showed weak field intensity in longer thickness of spacer layer more
than 40 nm.'® Several research groups reported the numerical calcula-
tion of LSP field variation with various thickness of spacer layer.’**
However, there had not been any report of experimental results for
practical devices, which require optimized engineering.

In this paper, we investigate the dependence of thickness of
p-GaN spacer layer in LSPs-enhanced NUV-LEDs by pneumatic spray
process using colloidal silver (Ag) NPs. Temperature dependent (TD)
photoluminescence (PL) and time-resolved (TR)-PL measurements
are used to observe the LSPs-excitons coupling effect with the various
thickness of p-GaN spacer layer. The LSPs-enhanced NUV-LEDs with

“E-mail: syim@gist.ac.kr; sjpark @gist.ac.kr

10- and 20-nm-thick p-GaN spacer layer showed enhanced IQE and
reduced effective exciton lifetime by introducing the colloidal Ag NPs.
These results indicate that the spontaneous emission rate is increased
by LSPs-excitons resonant coupling. However, the NUV-LEDs with
40- and 100-nm-thick p-GaN spacer layer showed decreased IQE and
extended exciton lifetime due to the evanescent wave property of LSPs
field from colloidal Ag NPs. The optical output power of LED device
is proportional to the external quantum efficiency (EQE) and the EQE
is expressed as follows,

T]EQE = ninj X Nrad X Next

Mgk is the external quantum efficiency, n;,; is the injected current,
Nrqa 1 Tadiative efficiency and 1., is extraction efficiency. n;,j X Nyaa
is referred to as IQE. It can be estimated that the change of IQE in
MQWs would affect LED device performance. These practical results
will help further studies of structure design in LSP-enhanced NUV-
LEDs.

Experimental

Fabrication of LSPs-enhanced NUV-LEDs.—The NUV-LEDs
were grown on a c-plane sapphire (0001) substrate by metal organic
chemical vapor deposition (MOCVD). A 25-nm-thick GaN nucleation
layer was grown at 550°C. Subsequently, a 2-pm-thick un-doped GaN
layer and a 2-pm-thick Si-doped n-GaN layer were grown at 1020°C.
Then, five pairs MQWs consisting of 3-nm-thick un-doped InGaN
wells and 12-nm-thick Si-doped GaN barriers were grown at 770°C.
And then, a p-GaN spacer layer with the thickness of 10, 20, 40, and
100 nm was grown on the MQWs at 950°C, respectively. The reference
sample was grown 200-nm-thick p-GaN layer on MQWs structure at
950°C. The colloidal Ag NPs were deposited on each p-GaN spacer
layer by pneumatic spray process. After the spray process, a 30-nm-
thick low temperature p-GaN (750°C) as a capping layer and a p-GaN
layer (950°C) were regrown on the sprayed colloidal Ag NPs, which
were embedded in the 200-nm-thick p-GaN layer.

Preparation of solution-based colloidal Ag NPs.—The solution-
based Ag NPs fabricated by using chemical solution method was
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commercially available and we purchased the pre-synthesized
10-nm-sized Ag NPs solution from SIGMA ALDRICH, USA. The
concentration and average diameter of colloidal Ag NPs in solution
are 0.02 mg/mL and 10 nm in aqueous buffer (deionize water) with
sodium citrate stabilizer, respectively. And, the density of colloidal Ag
NPs in solution is 0.997 g/mL at 25°C.

Preparation of deposition of colloidal Ag NPs by pneumatic spray
process.—We employed a pneumatic spray nozzle (two-fluid type)
which uses the pressurized N, gas to break up the liquid bulk (colloidal
Ag NPs in aqueous solution). The pre-synthesized colloidal Ag NPs
solution (1 mL) consisting of Ag NPs, stabilizer (sodium citrate), and
aqueous buffer (deionize water) was injected into fluid cup and sprayed
at a N, gas pressure of 0.3 MPa using a flow rate of 0.15 mL/min. The
size of spray nozzle (IWATA air-brush HP-SBP, Japan) is 0.2 mm. The
distance between the nozzle of the spray apparatus and the sample was
maintained at 180 mm. After the spray process, we rinsed the samples
in running isopropyl alcohol for 30 sec to remove the residual stabilizer
which prevents the agglomeration of deposited Ag NPs during the
evaporation of the solvent.

Characterization of the LSPs-enhanced NUV-LEDs with vari-
ous thickness of p-GaN spacer layer—TD-PL spectra of the LSPs-
enhanced NUV-LEDs with various thickness of p-GaN spacer layer
and reference sample were observed using a UV-Vis spectrome-
ter (USB4000, Ocean Optics, USA) with a 325 nm He-Cd laser
(KIMMON KOHA, Japan) as the excitation source. Cryogenic system
is used for TD-PL measurement (CCS-150, JANIS, USA). The light
source of TR-PL measurement is a 710 nm-wavelength of Ti:sapphire

(a)

p-GaN (10, 20, 40, 100 nm)

laser (MaiTai, Spectra Physics, USA) with 100 fs pulse width and rep-
etition rate of 80 MHz, which is additionally reduced to 4.44 MHz by
pulse picker to obtain a temporal widow as 200 ns. The frequency of
laser is doubled to 355 nm by p-BaB,0, crystal. To observe TR-PL
decay graph, a 30 cm monochromator dispersed the collected PL and
a streak scope (C10627, Hamamatsu K. K., Japan) detected it. The ab-
sorbance spectra were measured by using a UV-Vis spectrophotometer
(Agilent 8453, Agilent Technologies, USA). The structural analysis
was observed by using a field emission scanning electron spectroscopy
(FE-SEM) (JSM-7500F, JEOL, USA).

Results and Discussion

Figures la—1c show a fabrication process of the LSPs-enhanced
NUV-LEDs with the various thickness of p-GaN spacer layer. Fig-
ure 1d shows the schematic diagram of LED A, B, C, D and reference
LED as a function of p-GaN spacer layer thickness, respectively. The
LED A, B, C and D have 10-, 20-, 40- and 100-nm-thick p-GaN spacer
layer with colloidal Ag NPs and metal NPs are embedded in 200-nm-
thick p-GaN layer as shown in Figs. 1b and 1c. The reference LED
is conventional LED structure (200-nm-thick p-GaN layer) without
colloidal Ag NPs.

Figure 2a shows the schematic diagram of pneumatic spray pro-
cess. We used a pneumatic spray nozzle which the pressurized N, gas
to break up the solution-based colloidal Ag NPs as explained in de-
tail above. A high-velocity gas from pneumatic spray nozzle collides
with the liquid bulk, leading to disintegration of the liquid into small
droplets by high frictional forces between gas and liquid surface. Fig-
ure 2b shows the FE-SEM image of colloidal Ag NPs on the p-GaN
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Figure 1. Fabrication process of the LSPs-enhanced NUV-LEDs with the various thickness of p-GaN spacer layer. (a) 10-, 20-, 40-, and 100 nm-thick p-GaN
spacer layer on the InGaN/GaN NUV-MQWs. (b) Deposited colloidal Ag NPs by spray process on the p-GaN spacer layer. (c) Regrown p-GaN layer on the
colloidal Ag NPs, which were embedded in the p-GaN layer (totally 200 nm). (d) Schematic diagram of cross-sectional LED A, B, C, D and reference LED as a

function of p-GaN spacer layer thickness, respectively.
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Figure 2. (a) Schematic diagram of pneumatic spray process. (b) FE-SEM image of deposited colloidal Ag NPs on the p-GaN spacer layer by spray process. (c)

Absorbance spectrum of colloidal Ag NPs as a function of wavelength.

spacer layer after the spray process. The diameter and density of col-
loidal Ag NPs are in the range of 5-19 nm and 2 x 10" ¢cm™!, re-
spectively. The surface coverage of colloidal Ag NPs is ~ 6.32% and
it is optimized condition for the regrowth of p-GaN layer and leak-
age currents compared to the previous results.”»*%*” Figure 2c shows
the absorbance spectrum of colloidal Ag NPs embedded in p-GaN
(180-nm-thick p-GaN/colloidal Ag NPs/20-nm-thick p-GaN on sap-
phire) and the main peak of absorbance is 396 nm. This SP charac-
teristic peak is close to the 398 nm of emission wavelength of the
NUV-LEDs. Therefore, a strong LSPs-excitons resonant coupling is
expected in LSP-enhanced NUV-LEDs.

Figures 3a and 3b show the temperature-dependent photolumines-
cence (PL) spectra of LED A, B, C, D and reference LED at 300 K
and 10 K, respectively. The IQE of each LED samples was calculated
by comparison of the integrated PL intensities, supposing that the IQE
is 100% at 10 K.'® In Figure 3a shows PL peaks (398 nm) of LED A
and B were slightly blue-shifted from reference LED (399 nm). Note
that the difference of main peaks is not significant, but the shape of
spectra is slightly blue-shifted due to the SP characteristic peak of
396 nm. The resonant coupling by local electric fields in metal NPs
influence on the wavelength of LSP-enhanced MQWs. The IQEs of
LED samples are calculated to be 52.6% (LED A), 55.1% (LED B),
18.2% (LED C) and 17.9% (LED D), respectively, and that of refer-
ence LED is 44.3%. The IQE enhancement ratios of LED samples had
increased by 18.8% (LED A) and 24.2% (LED B), whereas the those
of LED C and D are decreased by 58.9% and 59.6% as increasing the
thickness of p-GaN spacer layer above 40 nm as shown in Fig. 3c.
For the LED A and B, LSPs-excitons resonant coupling effect has
influence to enhanced IQE compared to LED C and D due to the rel-
atively thinner p-GaN spacer layer. And, the IQE enhancement ratios
of LED C and D indicate that LSPs-excitons coupling process shows
weak behavior in 40- and 100-nm-thick p-GaN spacer layer due to the

evanescent wave property of LSP field. This local electric field is ex-
ponentially decayed as increasing the distance between colloidal Ag
NPs and MQWs. In addition, the intensity of laser light reduced due
to absorption, scattering and reflection by colloidal Ag NPs embedded
in p-GaN layer, turning the incident laser light toward the top side of
NUV-LED structure. Absorption, scattering, and reflection effects are
expected to occur once again in the process of radiative recombination
of excitons in MQWs. At the same time, absorption of NUV wave-
length is also expected to occur in the low temperature regrown p-GaN
capping layer due to the crystal quality of low temperature (750°C)
p-GaN layer is lower than that of high temperature (950°C) p-GaN
layer. However, LSPs-excitons coupling effect overcomes these prob-
lems for LED A and B due to the 10- and 20-nm-thick p-GaN spacer
layer compared to LED C and D. This is because a thin spacer layer
of less than 20-nm-thick are easily to grow into a 3D-like structure
during p-GaN regrowth process by MOCVD. This inclement crystal
quality of spacer layer is expected to act as an optical loss of exciton
in MQWs.

Figure 4 show the TR-PL spectra of the NUV-LEDs with colloidal
Ag NPs as a function of p-GaN spacer layer thickness. The TR-PL
measurements were conducted at 10 K to exclude non-radiative recom-
bination process from excitons that contends with the LSPs resonant
coupling. The radiative decay of exciton can be shown as following
double exponential decay calculation.

Iy =Are™M + Ae™,

where ¢ is the time, A; and A, are the normalization constant and T;
and T, are decay lifetime. To calculate the LSPs-excitons resonant
coupling between colloidal Ag NPs and MQWs, the fast and slow
decay regions of each decay curve are fitted by a double exponential
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Figure 3. (a) PL spectra of LSPs-enhanced NUV-LEDs with various thickness of p-GaN spacer layer and reference LED (without colloidal Ag NPs) (a) at 300 K
and (b) 10 K. (c) IQE enhancement ratios of LSPs-enhanced NUV-LEDs with various thickness of p-GaN spacer layer compared to reference NUV-LED.

decay calculation. The fast decay region (t;) indicates the fast exciton
recombination process corresponding to the effective exciton lifetime,
whereas the slow decay region (t;) indicates the localized carrier re-
combination process.?*3? The 1, values of NUV-LEDs with colloidal
Ag NPs are 0.628 ns (LED A), 0.592 ns (LED B), 0.672 ns (LED C),
and 0.728 ns (LED D), respectively, and that of reference LED (with-
out colloidal Ag NPs) is 0.656 ns as shown in Fig. 4. The decreased
decay time in LED A and B compared to reference LED indicate that
the spontaneous emission rate can be increased by efficient LSPs-
excitons coupling via a new SP recombination channel.?®-3! Further,
the t; of LED C and D are longer decay time than that of reference
LED due to weak LSP field in the range of relatively thicker thickness
of p-GaN spacer layer. In Figure 4, the effective exciton lifetime of
LED C and D compared to reference LED represent decreased spon-
taneous emission rate alike as IQE enhancement ratio from TD-PL
results shown in Fig. 3c. In these results, the difference in the decay
lifetimes between reference LED and LED A is —0.028 ns, while that
between reference LED and LED C is +0.016 ns. In spite of that, the
IQE differences in LED C is larger than LED A compared to refer-
ence LED. The lifetime of excitons affects to the spontaneous emission
from MQWs. This result comes from difference in the measurement
methods of TD-PL and TR-PL. In case of TD-PL, incident laser light
irradiated toward the top side of LED structure, whereas, in case of
TR-PL, incident laser light irradiated toward the bottom side of LED
structure. Thereby, it is estimated that the effect on absorption on the
low temperature p-GaN layer has been relatively small for the results

of TR-PL measurements. In general, the local electric fields from metal
NPs has a characteristics of evanescent wave, but in Figures 3 and 4,
the LED B (20-nm-thick spacer layer) shows higher performance than
the LED A (10-nm-thick spacer layer). This is because a thin spacer
layer than 20 nm have an adverse effect on the regrowth layer. There-
fore, the optimized distance between metal NPs and MQWs is 20 nm
due to the characteristics of SP and growth technique by MOCVD in
GaN-based LEDs.

Conclusions

We demonstrated the LSPs-enhanced NUV-LEDs with diverse
thickness of p-GaN spacer layer. The solution-based colloidal Ag
NPs for LSP coupling effect are deposited by pneumatic spray
process. The IQE of LSPs-enhanced NUV-LEDs with 20-nm-thick
p-GaN spacer layer is increased by 24.2% than that of NUV-LEDs
without colloidal Ag NPs. In GaN-based LEDs, the optimized dis-
tance between metal NPs and MQWs is 20 nm due to the characteris-
tics of SP and growth technique. The TR-PL measurements indicate
the effective exciton lifetime is decreased in LSPs-enhanced NUV-
LEDs with 10-nm (t; = 0.628 ns) and 20-nm (t; = 0.592 ns) thick
p-GaN spacer layer compared with reference LED (t; = 0.656 ns).
In general, metal NPs are loss channels due to absorption, scatter-
ing, and reflection of light emission, however, the improved spon-
taneous emission rate by LSPs coupling effect overcomes loss rate
when the distance between metal NPs and MQWs is 20 nm and
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Figure 4. TR-PL spectra of the NUV-LEDs with and without colloidal Ag
NPs at LED A, LED B, LED C and LED D, compared with reference LED.

below. These optical properties lead us to the conclusion that the
optimized thickness of spacer layer is 20 nm in NUV-LEDs for effi-
cient LSPs-excitons coupling between colloidal Ag NPs and MQWs.
In addition, we expected to effective design of LED structure with
LSPs coupling.
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