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We report the development of complete structural AlGaN-based deep-ultraviolet light-emitting diodes with
an aluminum thin layer for increasing light extraction efficiency. A 217% enhancement in peak
photoluminescence intensity at 294 nm is observed. Cathodoluminescence measurement demonstrates that
the internal quantum efficiency of the deep-UV LEDs coated with Al layer is not enhanced. The emission
enhancement of deep-UV LEDs is attributed to the higher LEE by the surface plasmon-transverse magnetic
wave coupling. When the proportion of the TM wave to the Al layer increases with the Al content in the
Al,Ga; N multiple quantum wells, i.e., the band edge emission energy, the enhancement ratio of the
Al-coated deep-UV LEDs increases.

eep-ultraviolet light-emitting diodes (deep-UV LEDs) with emission wavelength ranging from 200 nm to

350 nm have been a subject of great interest due to their various applications, such as in biological

detection, water purification, and optical catalysis' . Although the output power of deep-UV LEDs based
on nitride materials have greatly increased**, deep-UV LED sources still suffer from relatively low external
quantum efficiency (EQE) and emission power. Currently, the maximum EQE of deep-UV LEDs with emission
wavelength from 280 nm to 320 nm (UV-B) is approximately 2%'. Thus, further enhancing the EQE perform-
ance of deep-UV LEDs which depends on internal quantum efficiency (IQE) and light extraction efficiency (LEE)
is necessary. One important limitation for achieving high efficiency III-Nitride emitters is related to the existence
of charge separation issue in the QWs resulting in significant reduction in spontaneous emission rate and internal
quantum efficiency”®. Recent works by using non-polar III-Nitride QWs” and polar III-Nitride QWs with large
optical matrix elements”'® have been used for suppressing the charge separation issues. Recently Shatalov et al.
found that the upper IQE limit increases to 70% at room temperature at a wavelength of 280 nm*. Therefore, the
relatively low LEE has become the critical issue in improving EQE. The large difference in refractive indices results
in majority of the emission light generated in the active layers being reflected back to the device'"'">. With a
refractive index as high as 2.5, the LEE of the planar GaN-based LED structure only achieves approximately 5%".
Another reason for the low LEE in Al,Ga; (N materials lies in the optical anisotropy of Al,Ga; \N alloys. The
emission light generated in the active layers can only escape from the top and bottom surfaces when inside an
escape cone'’. The emitted photons in this cone can escape since the polarization of emitted light is mainly
perpendicular to the crystal axis within this cone (E_Lc)"""”. However, for deep-UV LEDs using Al,Ga; ;N
(x>0.25) as active layers, the most dominant emission will be photons with polarization parallel to the ¢ axis
(E||c), implying that deep-UV photons can no longer be extracted easily from the escaping cone'*. Recent work
showed that the incorporation of high Al-content in the Al,Ga; (N QW active region led the crossover of CH and
HH valence subbands resulting in dominant TM polarized spontaneous emission and optical gain'®, which was
also in agreement with recent experimental works". Recent works by using AlGaN-delta-GaN QW active regions
had also been used for achieving dominant TE-polarized spontaneous emission and optical gain in the deep/mid
UV spectral regimes**'. Thus, the UV emitters with Al;Ga; (N alloy as active layers show very poor LEE.
Numerous schemes have been developed to enhance the LEE of LEDs, such as photonic crystal LEDs*>?,
patterned substrate***’, and integrated microlens array'**°. Recent works by using large index contrast photonic
crystal’””?* and self-assembled microlens arrays*-° had also been implemented in achieving significant improve-
ment in light extraction in GaN-based LEDs. By employing optimized designs, the selective polarization excita-
tion for modes in LEDs had also been demonstrated for photonic crystal LEDs*** and self-assembed microlens
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Figure 1| A schematic illustration of the SP enhanced deep-UV LED in
this study.

arrays LEDs”. However, for Al,Ga, N materials mostly used in
deep-UV LEDs, these methods can lead to reduction of the total
internal reflection caused by the high refractive index only.

Surface plasmons (SPs) have drawn great attention for their ability
to enhance the light emission efficiency of LEDs, especially blue LEDs,
which are waves that propagate along the surface of a conductor
(usually a metal)** . The use of surface plasmon-based III-Nitride
LEDs had resulted in improved IQE of the LEDs with various con-
figurations as follow: single metallic layer”’, double metallic layers®,
and 2-D lattice arrays structures®. The uses of double-metallic layers
and 2-D lattice arrays in surface plasmon LEDs had resulted in more
than 7-times increase and 2.5 times increase in IQE in green spectral
regime. For SP-enhanced LEDs, the spontaneous emission rate can be
dramatically enhanced and lead to enhanced IQE by surface plasmon-
quantum well (SP-QW) coupling***'. The InGaN QW emission is
dramatically enhanced after coatings with silver and gold, which are
the best metals for SPs propagation®~*. The SP energy hwy,of silver
and gold on GaN are approximately 2.76 eV (450 nm) and 2.2 eV
(560 nm), respectively”. Thus, most reports related to SP-enhanced
LEDs are focused on the visible light region***”. However, for SP-
enhanced LEDs using the SP-QW coupling mechanism, the distance
of the metal-semiconductor interface and the active layers must be
shorter than the SP fringing field penetration depth into the semi-
conductor”’. However, for deep-UV LEDs, a high-quality p-type layer
is generally 100 nm thick. The penetration depth is much shorter than
the distance between the metal-semiconductor interface and the active
layers. Thus, enhancing deep-UV LED performance using the SP-QW
coupling mechanism is extremely difficult.

In this paper, we demonstrated that the LEE of complete structural
deep-UV LEDs can be enhanced using the metal aluminum (Al) for
SP coupling. The SP energy of Al on LEDs is higher than 5 eV
(~250 nm). The real part of the dielectric constant is negative over
the whole wavelength region for UV light. Thus, Al is the most ideal
metal for SP coupling to deep-UV emission. Although the IQE of the
LEDs are not enhanced by the SP-QW coupling, the LEE of the LEDs
is enhanced by the SP-transverse magnetic (TM) wave coupling. An
enhancement ratio of 217% is acquired at the wavelength of 294 nm.
The enhancement ratio is higher when the band edge emission
energy becomes higher. The difference of the enhancement ratio
can be attributed to two effects. First, the TM wave ratio is higher
at a shorter wavelength. Second, stronger coupling is expected when
the photon energy is closer to the SP energy of Al on LEDs.

Results

Fig. 1 shows the designed scheme of the SP-enhanced deep-UV LED
structure. A layer of 5-nm-thick Al was deposited on top of the as-
grown complete structural deep-UV LED. The distance of the Al
layer and the multiple quantum wells (MQWs) is approximately
100 nm, which is far beyond the SP fringing field penetration depth
into the semiconductor. The penetration depth is given as follows:
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where ¢, and s/m represent the real permittivity of dielectric material
and metal, respectively*. In our case, Z=36 nm is calculated as the
wavelength of 294 nm for Al on GaN. Obviously, the calculated
penetration depth is unable to match the SP-QW coupling require-
ment. Thus, the energies of electron-hole pairs in MQWs cannot
transfer to the interface of the Al/GaN layer to generate SPs.
Therefore, the IQE of the light emitters cannot increase by SP-QW
coupling. The electron-hole pairs will recombine and produce
photons in the MQW:s directly. The dominant band edge emission
in high Al-content Al,Ga,_ N alloys has an E||c polarization orienta-
tion'®, which implies that UV light extracted from the escaping cone
is very weak. As Fig. 1 shows, only part of the light wave with E_L¢
polarization orientation can be extracted from the escaping cone.
The other part of the light wave with E_Lc¢ polarization orientation
and the entire light wave with E||c polarization orientation transmits
along a perpendicular direction to the ¢ axis, i.e., parallel to the Al
layer deposited on top of the LED. These light waves are TE and TM
waves for the Al layers, respectively. Thus, the dominant band edge
emission in high Al-content Al,Ga; _,N alloys is the TM wave for the
Allayer*>*. The top surface of the deep-UV LEDs is not perfectly flat
because of the large mismatches of the sapphire substrate, the
Al,Ga; N layers, and the p-GaN contact layer. The AFM image
of the top surface of the deep-UV LEDs is shown in Fig. 2 (a). The TM
wave with photon energy close to the electron vibration energy of SP
at the metal-semiconductor surface can be coupled by the Al layer
and generate SPs'. The Al layer is extremely thin and the top surface
of the Allayer is not perfectly flat either (As shown in Fig. 2 (b)), thus
the SPs will propagate through the Allayer, recombine, and then emit
light efficiently. Through these steps, the LEE of the deep-UV LEDs is
enhanced by the SP-TM wave coupling.

9.11 8.06
[nm] [nm]
0.00 0.00

Laser (KrF)

©

’ /Q%/— Detector
4

Sample
- Computer

Figure 2 | The AFM images and the scheme of the PL measurement. The
AFM image of the top surface of the deep-UV LEDs (a), the AFM image of
the top surface of the Al layer (b) and the scheme of the PL measurement
(c). The surface mean roughness of the top surface of the deep-UV LEDs
and the top surface of the Al layer were 0.98 and 1.19 nm, respectively,
measured by AFM over a scan area of 4 pm’.
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Figure 3 | Photoluminescence measurements. PL spectra of the deep-UV LED samples without (black line), with (red line) a 5-nm-thick Al layer
deposited on the surfaces, with an oxidized Al layer with a 5-nm Al thickness before oxidation (blue line), and dispersion diagram of surface plasmons

generated on Al/GaN surface (gray line). k is the SP wave vector.

Fig. 3 demonstrates the typical photoluminescence (PL) spectra of
our grown deep-UV LED samples without (sample A) a 5-nm-thick
Al layer deposited on the sample, with (sample B) a 5-nm-thick Al
layer deposited on the sample, and with an oxidized Al layer with a 5-
nm Al thickness before oxidation (sample C). As Fig. 3 shows, all the
spectra contain strong emission peaks at approximately 294 nm.
Weak emission peaks at 365 nm representing the band emission of
the GaN capping layer are also present in the spectra. The emission
peak of sample A at 294 nm is normalized as 1, and a 217% enhance-
ment in peak PL intensity at 294 nm is observed from sample B. For
the peaks at 365 nm, an enhancement of 136% is observed from the
spectra. The oxidization process of Al layer is unavoidable in air, so

1.2 —

Photon energy (eV)

sample C was fabricated to determine the influence of the Al oxide
layer on top of the LEDs. A suppressed PL was observed in sample C.
Thus, the enhanced PL of sample B is attributed to the metal Al layer
on the wafer instead of aluminum oxide. The SP dispersion diagrams
on the Al/GaN interfaces calculated from the dielectric functions are
also shown in Fig. 3 (right axis). At the wavelengths of 294 and
365 nm, the SP wave vectors /ikof the Al/GaN surface coating are
12.8 and 9.9 eV/c, respectively. It has been reported that the higher
the SP wave vector, the stronger the SP coupling’*. Thus the SP
coupling at 294 nm is higher than that at 365 nm. However, the GaN
capping layer is much closer to the Allayer than the MQWs. Thus the
discrepancy of SP wave vectors at different wavelength might not be
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Figure 4 | Photoluminescence measurements. PL spectra of the deep-UV LED samples without (black line), with a 5-nm-thick Ag (green line) and Ni
(magenta line) layer deposited on the surfaces, and dispersion diagrams of surface plasmons generated on Ag/GaN (green line) and Ni/GaN surfaces

(magenta line). k is the SP wave vector.
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Figure 5 | Cathodoluminescence measurements. CL spectra of sample A (black line), and sample B (red line) for 84 (a) and 300 K (b). The emission
peaks of sample A at 289 nm for 84 and 300 K are normalized as 1 separately.

the only reason for the difference of the enhancement ratio. The
higher proportion of the TM wave at 294 nm should be another
reason.

Fig. 4 shows the PL spectra of Ag- and Ni-coated deep-UV LEDs
and the related dispersion diagrams of SPs on Ag/GaN and Ni/GaN.
At the emission wavelength of 294 nm, the Ag-coated LED presents
13% suppression, whereas the Ni-coated LED presents 54% suppres-
sion (left axis). At the emission wavelength of 365 nm, the PL sup-
pressions are almost the same for the Ag- and Ni-coated LEDs. These
results can be explained by the SP dispersion diagrams. At the emis-
sion wavelength of 365 nm, the SP and photon energies are not
matched on the Ag/GaN and Ni/GaN interfaces. At the emission
wavelength of 294 nm, the SP and photon energies are not matched
on the Ni/GaN interface. However, for the Ag/GaN interface, the SP
wave vector fik is calculated as 2.6 eV/c (right axis), indicating that
weak coupling exists between the photons and the Ag layer. At the

emission wavelength of 294 nm, the suppression of the Ag-coated
LED is not as much as that of the Ni-coated LED, whereas at the
wavelength of 365 nm, the suppressions are the same. The clear
correlation between the enhancement ratio of metal-coated LEDs
and the SP wave vector /k shown in Figs. 3 and 4 suggests that
the obtained emission enhancement with Al coating is due to SP
coupling.

Fig. 5 presents the cathodoluminescence (CL) spectra of samples A
and B for two temperatures, 84 and 300 K. The difference of the peak
wavelengths and the peak shape of CL emission versus PL emission
can be attributed to the different carrier injection mechanisms. The
radiative recombination efficiency of samples at 84 K is much higher
than that at 300 K. If the IQE of sample B is enhanced, the enhance-
ment ratio at 84 K should be smaller than that at 300 K*”. As shown
in Fig. 4, the enhancement ratios of sample B to sample A are almost
the same at 84 and 300 K. Thus, the IQE of sample B is not enhanced.
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Figure 6 | Photoluminescence measurements. PL spectra of three deep-UV LEDs without (black line), with a 5-nm-thick Al (red line) layer deposited on
the sample, the band edge emission wavelengths are 280 (left), 294 (middle), and 310 nm (right), respectively. The emission peak intensities at 365 nm of

all Al-coated and uncoated LEDs were normalized as 1.
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It’s well known that nzqr =150p X 1 pe". The enhanced emission of
sample B must be attributed to the higher LEE. Weak emission bands
are also present in the wavelength range of 310 nm to 400 nm. This
band might be ascribed to the deep-level emission associated with
Mg acceptors or other impurities and defects”*. In reference®,
emission bands exist in the wavelength range of 310 nm to
450 nm shown in the TE polarized and TM polarized in-plane elec-
troluminescent (EL) emission of 288 nm AlGaN MQW LEDs. For
the emission bands of 310 nm to 450 nm, the TM polarized EL
emission is much stronger than the TE polarized EL emission, which
indicates that the dominant deep-level emission is dominantly TM
polarized. From the CL spectra in our experiment, the enhancement
ratio of the emission bands of 310 nm to 400 nm is much larger than
that of the band edge emission peak. This may indicate that the TM-
polarized emission light generated in the MQWs is extracted by SP-
TM wave coupling.

The proportion of the TM wave to the Al layer increases with the
Al content in the Al,Ga; ;N MQWs, i.e., the band edge emission
energy. For conventional deep-UV LEDs, this feature prevents most
photons generated in the active layers from being extracted from the
escaping cone. Thus, LEE is extremely low for deep-UV LEDs.
However, for SP-enhanced deep-UV LEDs by SP-TM wave coupling,
this feature can be an advantage. Only TM waves can be coupled with
the metal layer and generate SPs, whereas TE waves cannot, thus the
enhancement ratio increases with the Al content x in the Al,Ga; _ N
MQWs.

Fig. 6 shows the PL spectra of Al-coated deep-UV LEDs with dif-
ferent Al contents, i.e., corresponding to different emission energies.
Based on the spectra, different emission peaks exist at 281, 294, and
311 nm for different LEDs. The emission peak at 365 nm can be seen
in all the PL spectra of the three LEDs. For the emission at 365 nm of
the three LEDs originating from the GaN band emission with the
same LED structure, the enhancement ratios at 365 nm should be the
same. Thus, we normalized the emission peak intensities at 365 nm
of all Al-coated and uncoated LEDs as 1 to compare the enhance-
ment ratios of the other emission peaks. For the LED with an emis-
sion wavelength of 311 nm, the enhancement ratio is 1.23 times
higher than the enhancement ratio at 365 nm. For the LEDs with
an emission wavelength of 294 and 280 nm, the enhancement ratios
are 1.59 and 2.36 times as strong as the enhancement ratio at 365 nm.
The enhancement ratio of the Al-coated deep-UV LEDs increases
when the emission wavelength becomes shorter. The wavelength-
dependent enhancement ratio is attributed to two effects. First, the
proportion of the TM wave of all emission light generated in the
active layers is higher at a shorter wavelength, in agreement to the
previous findings'®*°. Second, coupling is stronger when the photon
energy is closer to the SP energy of Al on LEDs, i.e., higher SP wave
vectors at shorter wavelengths.

Discussion

In summary, this study focused on SP-enhanced, complete structural
LEDs in deep-UV region, and exhibited enhancement of PL intens-
ities using Al layers. A thin layer of Al coating can enhance the LEE of
AlGaN-based deep-UV LEDs. A 217% enhancement in peak PL
intensity at 294 nm is observed. CL measurement demonstrates that
the IQE of the deep-UV LEDs coated with Al layer is not enhanced
and the emission enhancement of sample B is attributed to the higher
LEE. For the proportion of TM waves to the Al layer increases with
the Al content in the Al,Ga; _,N MQWs and the higher SP coupling
efficiency, the enhancement ratio of the Al-coated deep-UV LEDs
increases when the emission wavelength becomes shorter. Compared
with the other SP-enhanced LED structures using SP-QW coupling,
our experiment can prevent the difficulty of meeting the metal-
MQWs distance and the SP fringing field penetration depth into
the semiconductor.

Methods

Fabrication. Complete structural deep-UV LED samples with emission wavelength
of 294 nm (sample B) were grown on a sapphire (0001) substrate by metal-organic
vapor phase epitaxy (MOVPE) in a vertical Thomas Swan system (3X2-inch CCS
Aixtron). The sources were trimethylgallium (TMG), trimethylaluminum (TMA),
trimethylindium (TMI), ammonia (NH3), and H; as the carrier gas. Silane (SiH,) and
bis-cyclopentadienylmagnesium (Cp,Mg) were introduced during growth for n-type
and p-type doping, respectively. Based on a 1-um-thick AIN buffer template, the LED
structure consists of an approximately 1.5-um-thick Si-doped Aly 4Gao 6N cladding
layer, a three-period Al,Ga; N MQWs with 5-nm Al 3;Gag 60N well layers separated
by 10-nm Al 35Gag 65N barrier layers, followed by an 80-nm-thick p-type superlattice
Al 3Gag 7N/Al 4Gag ¢N with Mg and Si d—doped, and a 10 nm p-type GaN contact
layer (sample A). Subsequently, a 5-nm-thick Al layer was evaporated on top of the
wafer surfaces by vacuum electron-beam deposition system (VPT CITATION ITM)
for LEE enhancement (sample B). Part of sample B was annealed in O, atmosphere
for 30 min at 450°C for comparison (sample C) to investigate the influence of the Al
oxide layer. Approximately 5-nm-thick Ag and Ni coatings were deposited by a
vacuum electron-beam deposition system to investigate the relationship of the SP
dispersion diagrams and the enhanced PL. Deep-UV LEDs with emission
wavelengths of 281 and 311 nm with and without 5-nm Al layers were also fabricated
with similar structures to sample A, except for the Al composition in the active layers.

Measurements. PL measurements were carried out by exciting the MQWs with a
248 nm KrF laser at room temperature. The measurements were performed from the
front surface of the metal/epitaxy layer surface. Luminescence from the front surface
was collected with a spectrometer (Avaspec-2048X14). The scheme of the PL
measurement is shown in Fig. 2 (c). The surface morphologies of the epilayers were
investigated by an atomic force microscope (AFM, SPA400, Seiko Instruments Inc.,
Shizuoka, Japan). The oxidation treatment was performed in a rapid thermal
annealing processor (RTP300). CL (UNISTMLT1009SEMCL) spectra of samples
with and without Al layer were measured at 84 and 300 K, respectively, and were
excited by an electron beam with acceleration voltages at 10 kV. The luminescence
was measured with a Horiba Jobin Yvon model iHR320 imaging spectrometer
system.
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