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ince 1993, InGaN light-emitting diodes (LEDs) have been

improved and commercialized'?, but these devices have not

fulfilled their original promise as solid-state replacements for
light bulbs as their light-emission efficiencies have been limited?.
Here we describe a method to enhance this efficiency through the
energy transfer between quantum wells (QWs) and surface plasmons
(SPs). SPs can increase the density of states and the spontaneous
emission rate in the semiconductor®~, and lead to the enhancement of
light emission by SP-QW coupling'®''. Large enhancements of the
internal quantum efficiencies (7,,) were measured when silver or
aluminium layers were deposited 10 nm above an InGaN light-
emitting layer, whereas no such enhancements were obtained from
gold-coated samples. Our results indicate that the use of SPs would
lead to a new class of very bright LEDs, and highly efficient solid-state
light sources.

Surface plasmons, excited by the interaction between light and metal
surfaces'>" are known to enhance absorption of light in molecules'® and
increase Raman scattering intensities'”'®. Since 1990, SPs have also
received much attention when used in LEDs*”. Although coupling of
spontaneous emission from InGaN QWs into the SP modes of thin,
silver films was indirectly observed through increased absorption at
the SP frequency'’, and time-resolved measurements confirm that the
recombination rate in QWs can be significantly increased"!, light has
not yet been efficiently extracted from SP-enhanced InGaN emitters at
visible wavelengths. Here we report large photoluminescence (PL)
increases from InGaN/GaN QW material coated with metal layers.
By polishing the bottom surface of sapphire-substrate-grown InGaN
samples, QW emission can be photoexcited and measured through the
back of the substrate, permitting the rapid comparison between PL
from QWs in proximity with different metal coatings and at different
distances from the metal film (Fig. 1a).

Figure 1b shows typical luminescence spectra from an InGaN/GaN
QWs separated from silver, aluminium and gold layers by 10 nm GaN
spacers. For Ag coatings, the luminescence peak of the uncoated wafer at
470 nm is normalized to 1, and a 14-fold enhancement in peak PL
intensity is observed from the Ag-coated emitter. The luminescence
intensity integrated over the emission spectrumisincreased by 17 times,
whereas eightfold peak intensity and sixfold integrated intensity
enhancements are obtained from Al-coated InGaN QW. The PL is not
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Figure 1 Photoluminescence measurements. a, Sample structure and
excitation/emission configuration of PL measurement. b, PL spectra of InGaN/GaN QWs
coated with Ag (red line), Al (blue line) and Au (green line). a.u. - arbitrary units. The distance
between the metal layers and QWs was 10 nm. The PL peak intensity of uncoated
InGaN/GaN QW (black line) at 470 nm was normalized to 1.
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Figure 2 PL enhancement ratios. a, PL enhancement ratios at several wavelengths for the same samples as Fig. 1b. b, Dispersion diagrams of surface plasmons generated on Ag/GaN
(red line),Al/GaN (blue line) and Au/GaN (green line) surfaces. kis the SP wave vector. The dashed line is the PL spectrum of InGaN/GaN. ¢, Integrated PL enhancement ratios for samples
with Ag (red square), Al (blue triangle), and Au (green circle) are plotted against the thicknesses of GaN spacers. The dashed lines are the calculated penetration depths.

increased after Au coating. A small increase in the luminescence
intensity might be expected after metallization because the metal
reflects pump light back through the QW, doubling the effective path of
the incident light, but differences between Au and Ag reflectivities at
470 nm cannot explain the large difference in the measured
enhancement alone.

Figure 2ashows the enhancementratios of PL intensities with metal
layers separated from the QWs by 10 nm spacers as a function of
wavelength. We find that the enhancement ratio increases at shorter
wavelengths for Ag samples, whereas it is independent of wavelength for
Al-coated samples. The PL enhancement after coating with Ag and Al
can be attributed to strong interaction with SPs. Electron—hole pairs
excited within the QW couple to electron vibrations at the
metal/semiconductor interface when the energies of electron-hole
pairsin InGaN (7 wy,,) and of the metal SP (71 wy;,) are similar, where
h and o are the reduced Planck constant and the frequency,
respectively. Then, electron—hole recombination produce SPsinstead of
photons, and this new recombination path increases the spontaneous
recombination rate.

Figure 2b shows the dispersion diagrams of SP on metal/GaN
surfaces calculated from reported dielectric functions'* The plasmon
energy (f1 w,) of silver is 3.76 eV (ref. 19), but this energy must be
modified for Ag/GaN surface coatings to 7 wg, =3 eV (=410 nm) when
using the dielectric constant of Ag (ref. 19) and GaN (ref. 20). Thus, Agis
suitable for SP coupling to blue emission, and we attribute the large
increases in luminescence intensity from Ag-coated samples to such
resonant SP excitation. In contrast, the estimated 7 wy, of gold on GaN is
below~2.2 eV (~560 nm)?!,and no measurable enhancementis observed
in Au-coated InGaN emitters as the SP and QW energies are not
matched. Inthe case of Al, the 7 wgpishigher than~5eV (~250 nm)*,and
the real part of the dielectric constant is negative over a wide wavelength
region for visible light. Thus, a substantial and useful PL enhancement is
observed in Al-coated samples, although the energy match is notideal at
470 nm and a better overlap is expected at shorter wavelengths. The clear
correlation between Fig. 2a and b suggests that the obtained emission
enhancement with Agand Al is due to SP coupling.

PL intensities of Al- and Ag-coated samples were also found to
depend strongly on the distance between QWs and the metal layers, in
contrast to Au-coated samples. Figure 2c compares integrated PL
enhancement ratios for three different GaN spacer thicknesses (of 10,
40, and 150 nm) for Ag, Al and Au coatings. Al and Ag samples show
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exponential increases in the luminescence intensity as the spacer
thickness is decreased, whereas no such improvement was measured in
Au-coated QWs. This spacer-layer dependence of the PL enhancement
ratios matches our models of SP-QW coupling, as the SP is an
evanescent wave that exponentially decays with distance from the metal
surface. Only electron—hole pairs located within the near-field of the
surface can couple to the SP mode, and this penetration depth (2)
of the SP fringing field into the semiconductor is given by
Z= M2 (€' o€ meta) € mera’] 7> Where €' gpand €', are the real parts
of the dielectric constants of the semiconductor and metal,and Z can be
calculated as Z = 47, 77, and 33 nm for Ag, Al and Au, respectively.
Figure 2c shows a good agreement between these calculated penetration
depths (dashed lines) and measured values of the PL enhancement
(symbols) for Agand Al coated samples.

If the metal/semiconductor surface were perfectly flat, it would be
difficult to extract light from the SP mode, a non-propagating
evanescent wave. However, roughness and imperfections in evaporated
metal coatings can efficiently scatter SPs as light. Such roughness in
the metal layer was observed from topographic images obtained by
shear-force microscopy of the original GaN surface (Fig. 3a) and the Ag-
coated surface (Fig. 3b). Figure 3¢c,d shows the depth profile along the
dashed lines in Fig. 3a,b, respectively. We measured a modulation depth
of the Ag surface of approximately 30-40 nm whereas the GaN surface
roughness was below 10 nm. Higher-magnification scanning electron
microscopy (SEM) images of the Ag and GaN surfaces are shown in
Fig. 3e,f. The length scale of the roughness of the Ag surface was
determined to be a few hundred nanometres. Figure 3g shows a
fabricated metal grating, a geometry that has previously been used to
couple SP and photons*-*. Microluminescence images of uncoated,
coated and patterned grating structures of Ag on InGaN QWs with
10 nm spacersare shown in Fig. 3h. We found a doubling of the emission
from 133-nm-wide Agstripes forminga400 nm period grating, whereas
such an emission increase was not observed from 200-nm-wide Ag
stripes within a 600 nm period grating. This measurement suggests that
the size of the metal structure determines the SP—photon coupling and
light extraction.

As spontaneous emission rates are increased, so are the internal
quantum efficiencies, 1,,. The external quantum efficiencies (1, of
light emission is given by the light-extraction efficiency (C,,,) and 7,
which is given by the ratio of the radiative (k,,4) and non-radiative (k,,)
recombination rates of electron—hole pairs:
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Figure 3 Topographic and luminescence images. a, Topographic image of the uncoated GaN surface. b, Topographic image of a 50-nm-thick Ag film evaporated on GaN.
¢, The depth profile along the dashed line in Fig. 3a. d, The depth profile along the dashed line in Fig. 3b. e, SEM image of the uncoated GaN surface. f, SEM image of the 50 nm Ag film
evaporated on GaN. g, SEM image of the grating structure with 33% duty cycle fabricated within a 50-nm-thick Ag layer on GaN. h, Microluminescence image including the areas of e—g.

All samples used were coated onto InGaN/GaN QWs with 10 nm GaN spacers.
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In order to obtain the 1, to separate the SP enhancement from
other possible effects, we have measured the temperature dependence of
the PL intensity. Figure 4a shows Arrhenius plots of the integrated PL
intensities from InGaN QWs separated from Ag and Al films by 10 nm
spacers, and compares these to uncoated samples. 1,,, values from
uncoated QWs were estimated as 6% at room temperature by assuming
Nine = 100% at 4.2 K (ref. 23). These n;,, values increased 6.8 times (to
41%) after Ag coating and 3 times (to 18%) after Al coating, explainable
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by spontaneous recombination rate enhancements through SP
coupling. The 6.8-fold increasing of 1, means that 6.8-fold
improvement of the efficiency of electrically pumped LED devices
should be achievable because 7, is a fundamental property and does
not depend on the pumping method. Such improved efficiencies of the
white LEDs, in which a blue LED is combined with a yellow phosphor,
are expected to be larger than those of current fluorescent lamps or light
bulbs. The luminous efficacy of commercial white LEDs is 25 Im W
under a current of 20 mA at room temperature*. This value is still lower
than that of fluorescent tubes (75 Im W). A threefold improvement
is necessary to exceed the current fluorescent lamps or light bulbs.
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Figure 4 Temperature dependence and Purcell enhancement factors. a, Arrhenius plots of the integrated PL intensities of InGaN/GaN QWs with Ag (red square), Al (blue triangle) and
uncoated sample (black circle) with 10 nm GaN spacers. PL integrated intensities at 4.2 K were normalized to 1. b, Wavelength-dependent emission efficiencies (1;,*(c)) of the InGaN/GaN
with Ag layer with 10 nm GaN spacers (red dashed line). The Purcell enhancement factor £(c) estimated by #,.,*(cw) was also plotted (blue solid line). The dotted black line is the PL

spectrum of the same sample.

We expect that the SP coupling technique is very promising for even

larger improvements of solid-state light source.
Wavelength-dependent enhanced efficiencies 1, *(w) can be related

to the coupling rate kg,(w) between QWs and SPs by the relationship:

kg (0)+ o (@) ksp (@)
kg (@)t (@) + kgp (@) @

T non

where C' () is the probability of photon extraction from the SP’s
energy, and is decided by the ratio of the light scattering and dumping
of electron vibration. C',,,(®) depends on the roughness and structure
of the metal surface (Fig. 3h). Figure 4b shows the 1, *(w) of Ag-coated
sample estimated from the PL-enhancement ratio (Fig.2a) by
normalizing the integrated 1,,* should be 41%. We find that n,,* ()
increases at shorter wavelengths where the plasmon resonance more
closely matches the QW emission,and reaches almost 100% at 440 nm.
The Purcell enhancement factor” F, quantifies the increase in
spontaneous emission rate into a mode of interest, and can be
described by n,,,(w) and 1,,* (@) when C' = 1:

krad ((D) + knon ((0) +kSP(w) ~ 1 _T]int ((D)
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Figure 4b also shows F, () estimated at each wavelength by assuminga
constant 1, (w) = 6%. F,(w) is significantly higher at wavelengths
below 460 nm, well in agreement with previous work'!'. The PL
spectrum shape, plotted as a black dotted line, also indicates that F,(w)
values are higher for shorter wavelengths, a possible reason for the
asymmetryin theluminescence peak of Fig. 1b. Figure 4b suggests that
InGaN QWs with peak positions around 440 nm should be matched
with SPs from silver layers, yielding enhanced 1,,*(w) approaching
100% throughout the luminescence spectrum. The SP could be
geometrically tuned to match our A = 470 nm QW by fabricating
nanostructures (for example, using a grating structure®>-#).

The SP enhancement of InGaN QW emission provides a promising
method for developing highly efficient solid-state light sources.
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The significant 1), increases are due to higher spontaneous
recombination rate, and the distance and choice of patterned metal
films can be used to optimize light emitters. Even when using
unpatterned metal layers, the SP energy can be extracted by the
submicrometre-scale roughness on the metal surface. SP couplingis one
of the most interesting methods for developing efficient LEDs, as the
metal can be used both as an electrical contact and for exciting
plasmons. We believe that this work provides the foundation for rapid
development of highly efficient solid-state light emitters, not only
limited to ITI-V materials.

METHODS

In,;Ga, ;N QWs 3 nm thick were grown onto GaN (4 um thick)/sapphire (0001) substrates by
metal-organic chemical vapour deposition. To investigate the influence of the distance between the metal
and the QW, 10,40 and 150 nm thick GaN spacers were grown onto these QWs, and 50 nm thick Ag, Al or
Au layers were then evaporated on top of the wafer surfaces (Fig. 1a). PL measurements were performed
by exciting the QWs with a 406 nm diode laser (Edmond Industrial Optics) from the back of the
substrates, and collecting luminescence with a multichannel spectrometer (Ocean Optics USB2000).

The excitation power was 4.5 mW. The temperature dependence of the luminescence intensity was
determined by cooling the samples in a cryostat (Oxford Microstat) to ~4.2 K during such measurements.
Topographic measurements were performed by a twin near-field optical microscope system
manufactured by OMICRON. Fluorescence microscopy (Olympus IX71) was used with x40 objective, a
mercury lamp, and a colour charge-coupled device camera. Metal grating structures were fabricated by
electron-beam lithography on a 50-nm-thick polymethylmethacrylate mask coated on the 50-nm-thick
Ag surface. Electron-beam lithography was performed in a converted Hitachi S-4500 field-emission SEM
operated at 30 kV. The pattern was transferred through the top metal layer by argon-ion milling, resulting
in 400 nm and 600 nm period gratings on InGaN/GaN QWs with 10 nm GaN spacers. The duty cycle of
these silver gratings was ~33%.
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