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We report on the performance of AlGaN-based deep ultraviolet light-emitting diodes (UV-LEDs) emitting
at 265 nm grown on stripe-patterned high-temperature annealed (HTA) epitaxially laterally overgrown (ELO)
aluminium nitride (AlN)/sapphire templates. For this purpose, the structural and electro-optical properties of
ultraviolet-c light-emitting diodes (UVC-LEDs) on as-grown and on HTA planar AlN/sapphire as well as ELO
AlN/sapphire with and without HTA are investigated and compared. Cathodoluminescence measurements reveal
dark spot densities of 3.5 × 109 cm−2, 1.1 × 109 cm−2, 1.4 × 109 cm−2, and 0.9 × 109 cm−2 in multiple quantum
well samples on as-grown planar AlN/sapphire, HTA planar AlN/sapphire, ELO AlN/sapphire, and HTA ELO
AlN/sapphire, respectively, and are consistent with the threading dislocation densities determined by transmission
electron microscopy (TEM) and high-resolution X-ray diffraction rocking curve. The UVC-LED performance
improves with the reduction of the threading dislocation densities (TDDs). The output powers (measured
on-wafer in cw operation at 20 mA) of the UV-LEDs emitting at 265 nm were 0.03 mW (planar AlN/sapphire),
0.8 mW (planar HTA AlN/sapphire), 0.9 mW (ELO AlN/sapphire), and 1.1 mW (HTA ELO AlN/sapphire),
respectively. Furthermore, Monte Carlo ray-tracing simulations showed a 15% increase in light-extraction effi-
ciency due to the voids formed in the ELO process. These results demonstrate that HTA ELO AlN/sapphire
templates provide a viable approach to increase the efficiency of UV-LEDs, improving both the internal quantum
efficiency and the light-extraction efficiency. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.385275

1. INTRODUCTION

AlGaN-based ultraviolet-c light-emitting diodes (UVC-LEDs)
with an emission wavelength below 280 nm are suited to ap-
plications such as water disinfection, biochemical agent detec-
tion, and gas sensing [1–3]. However, the external quantum
efficiency (EQE) of UVC-LEDs is still modest compared
with that of LEDs emitting in the visible spectral range
[3,4]. With its UV transparency as well as its low cost, sapphire
substrates are commonly used for UV-LEDs. One limiting fac-
tor is the large lattice mismatch between aluminium nitride
(AlN) and sapphire [5], typically resulting in threading dislo-
cation densities (TDDs) in the range of 1010 cm−2 [6]. To real-
ize UV-LEDs with a high internal quantum efficiency (IQE),
dislocation densities below 109 cm−2 are necessary [3,7]. In the

past years, several publications have demonstrated the benefi-
cial effect of high-temperature annealed (HTA) process on the
crystal quality of AlN layers on sapphire, resulting in TDD
below 109 cm−2 mainly by eliminating the twist components
between the buffer layer grains [8,9]. A different technique
successfully applied for dislocation reduction is the epitaxial lat-
eral overgrowth (ELO) of patterned sapphire substrates [6,10].
Additionally, using patterned sapphire substrates, an increase in
light extraction efficiency (LEE) is expected by reducing the
loss of light by total reflection at the AlN–sapphire interface
and subsequent absorption in the quantum wells (QWs) and
at the contacts [11–14]. In this paper, we report on the
combined beneficial effects of HTA process and of a pat-
terned AlN–sapphire interface on the crystal quality and the

Research Article Vol. 8, No. 4 / April 2020 / Photonics Research 589

2327-9125/20/040589-06 Journal © 2020 Chinese Laser Press

https://orcid.org/0000-0002-5583-629X
https://orcid.org/0000-0002-5583-629X
https://orcid.org/0000-0002-5583-629X
https://orcid.org/0000-0002-5341-7032
https://orcid.org/0000-0002-5341-7032
https://orcid.org/0000-0002-5341-7032
https://orcid.org/0000-0002-4697-3145
https://orcid.org/0000-0002-4697-3145
https://orcid.org/0000-0002-4697-3145
https://orcid.org/0000-0001-7431-4166
https://orcid.org/0000-0001-7431-4166
https://orcid.org/0000-0001-7431-4166
https://orcid.org/0000-0003-1476-598X
https://orcid.org/0000-0003-1476-598X
https://orcid.org/0000-0003-1476-598X
mailto:norman.susilo@physik.tu-berlin.de
mailto:norman.susilo@physik.tu-berlin.de
mailto:norman.susilo@physik.tu-berlin.de
mailto:norman.susilo@physik.tu-berlin.de
https://doi.org/10.1364/PRJ.385275


performance characteristics of AlGaN-based UVC-LEDs emit-
ting at 265 nm. We will compare and investigate UVC-LEDs
grown on as-grown planar AlN/sapphire and on HTA planar
AlN/sapphire as well as ELO AlN/sapphire with and without
HTA process.

2. EXPERIMENT

All templates were grown on (0001) c-plane sapphire sub-
strates [15]. Thermal in situ cleaning of the sapphire substrates
was performed by an annealing step at 1150°C in hydrogen
ambient. The AlN starting layers were grown at susceptor
temperatures of 1350°C, measured by in situ pyrometry. Planar
templates were fabricated by growing 1.5 μm AlN on (0001)
sapphire substrates [15]. The planar HTA templates are based
on 0.9 μm metal organic chemical vapor phase epitaxy
(MOVPE) grown AlN layers. These layers were then face-to-
face annealed at 1700°C in nitrogen ambient as described in
Ref. [16]. ELO templates were fabricated by first growing
0.5 μm AlN on planar sapphire. Subsequently, these layers were
patterned into stripes by photolithography and dry-etching
steps and overgrown by MOVPE with a 5 μm thick AlN layer
[17]. The HTA ELO templates were fabricated similar to the
ELO template. However, the first 0.5 μm AlN layer was face-
to-face annealed at 1700°C in nitrogen ambient before pattern-
ing to reduce the TDD in the AlN seed layer on the etched
stripes.

AlGaN-based LED heterostructures with an emission wave-
length of 265 nm were grown simultaneously onto these differ-
ent AlN templates using a close-coupled showerhead MOVPE
system. A 600 nm thick homoepitaxial AlN buffer layer and
a 25 nm thick transition layer from AlN to Al0.76Ga0.24N is
followed by the side. The side consists of a 900 nm thick
Al0.76Ga0.24N:Si current spreader, a 100 nm thick AlGaN:Si
transition layer, and a 200 nm thick Al0.65Ga0.35N:Si contact
layer [18]. The active zone contains a threefold Al0.62Ga0.38N∕
Al0.48Ga0.52N multiple quantum well (MQW) followed by a
10 nm thick Al0.85Ga0.15N electron blocking layer (EBL),
allowing for an emission wavelength of 265 nm [19,20], a
25 nm thick Mg-doped Al0.75Ga0.25N EBL, and a 200 nm
thick GaN:Mg contact layer. For the on-wafer measurements,
UVC-LEDs were processed from the different wafers using
palladium-based contacts and vanadium-based contacts [21].

High-resolution X-ray diffraction rocking curve (HRXRD-
RC, open-detector) measurements were performed to estimate
the TDD of the AlN/sapphire templates. Plane-view panchro-
matic cathodoluminescence (CL) measurements were carried
out at low temperature (80 K, 5 kV) on AlGaNMQW samples
with a heterostructure identical to the UVC-LEDs except for
the omitted p-layers. Furthermore, cross-section transmission
electron microscopy (TEM) imaging on MQW samples under
different diffraction conditions was performed. The output
power and voltage characteristics of the UVC-LEDs were mea-
sured on-wafer in a bottom-emission configuration using a cali-
brated large-area silicon photodiode and a compact UV-VIS
StellarNeT EPP 2000 spectrometer. The on-wafer LEE of the
UVC-LED devices was estimated by Monte Carlo ray-tracing
simulations [14]. Furthermore, flip-chip bonding was carried
out to mount the UVC-LED chips on an AlN-based planar
package. Pt-based electrodes were used for the contacts, and
the output powers were measured in a calibrated integrating
sphere and at a controlled temperature of 288 K. In addition,
a silicone-based material, with a refractive index of 1.45 and
an absorption coefficient less than 2 cm−1 at the LED emission
wavelength, was used for the encapsulation of the high-
efficiency UVC-LED chips.

3. RESULTS AND DISCUSSIONS

Prior to the AlGaN growth, the rocking curve full width at
half maximum (RC-FWHM) of the symmetric (0002) and
the skew-symmetric (101̄2) or (303̄2) AlN reflection of the
AlN/sapphire templates was determined. Note that, for the
ELO templates, the (303̄2) was used to reduce the broad-
ening of the AlN reflection by wing tilt due to the stripe pat-
tern. The estimated TDDs from the RC-FWHM [22] are
4.0 × 109 cm−2 for the planar, 0.8 × 109 cm−2 for the HTA
planar, 1.5 × 109 cm−2 for the ELO, and 0.8 × 109 cm−2 for
the HTA ELO templates. It is worth mentioning that, due
to the large X-ray spot size, the estimated TDDs of the ELO
templates include both the reduced TDD region above the
ELO trenches and the region above the ELO ridges with higher
TDD. Hence, an improved crystal quality of the AlN layer on
the planar as well as on the stripe-patterned sapphire substrate is
achieved by HTA treatment.

Fig. 1. AFM images of the MQW samples on (a) planar, (b) HTA planar, (c) ELO, and (d) HTA ELO templates.
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After 400 nm, AlN overgrowth of the different AlN/
sapphire template surfaces with bilayer steps with a step
height of c/2 is achieved for all templates. Figure 1 shows
atomic force microscopy (AFM) images of the surface of the
MQW samples on the different AlN/sapphire templates. The
AFM images reveal a spiral-growth-dominated morphology,
which develops during AlGaN overgrowth, in contrast with
the step flow growth that is observed on the surfaces of the
AlN/sapphire templates. Similar surface morphologies were re-
ported [23–25]. The MQWs have similar surfaces with roughly
the same hillock density of 2 × 107 cm−2. However, the MQW
sample on top of the HTA ELO template shows a reduced hill-
ock density of 1 × 107 cm−2 caused by a lower screw dislocation
density.

The TDDs of the AlGaN-based MQWs on the different
templates were estimated by plane-view CL performed at
80 K, as nonradiative recombination occurring at the TDs
causes dark spots in the CL image (Fig. 2). The MQW samples
exhibit a dark spot density (DSD) of 3.5 × 109 cm−2 (planar),
1.1 × 109 cm−2 (HTA planar), 1.4 × 109 cm−2 (ELO), and
0.9 × 109 cm−2 (HTA ELO). These values reveal the same

trend as the TDDs estimated by HRXRD. The dark spots
are distributed evenly for all samples except for the MQW
on the ELO template, which shows regions of higher and lower
dark spot density [25] caused by a variation of TDD induced
by the patterned ELO process, whereas it cannot be clearly
identified on the HTA ELO template. This is most likely
attributed to the already low TDD of the HTA layer before
overgrowth, which reduces the DSD contrast between the
regions above the ELO trenches and ridges.

To analyze the microstructure of the MQW samples, cross-
sectional TEM diffraction contrast images of the MQW sam-
ples on HTA planar, ELO, and HTA ELO templates were
selected. Figure 3 shows the cross-sectional TEM images re-
corded under two different and orthogonal two-beam diffrac-
tion conditions with ~g � h0002i and ~g � h1120i, respectively.
Due to the different contrast of the same TD-type in the
two cases (proportional to ~g · ~b, where ~b is the Burgers vector
of the associated dislocation), TDs with a c-component in
their Burgers vector (usually screw-type with b � h0001i
or with mixed screw/edge character) are observable with
~g � h0002i, and TDs with an a-component in their Burgers
vector (usually edge-type with b � 1∕3h12̄10i or mixed) are
observable with ~g � h1120i. First, the ELO growth is similar
with and without HTA treatment and forms nearly identical
ELO voids, i.e., the same effect on the LEE is expected.
The TDD is significantly reduced above the ELO trenches,
and a further TDD reduction occurs by dislocation annihila-
tion with increasing AlN thickness. The average total TDD of
the MQW samples on HTA planar, ELO, and HTA ELO tem-
plates is determined to be 1.3 × 109 cm−2, 1.7 × 109 cm−2, and
0.9 × 109 cm−2, respectively. Since the screw- and mixed-dislo-
cation densities are about one order of magnitude lower than
the edge dislocation densities, a further reduction in the screw
dislocation densities approaches the TEM detection limit, lead-
ing to unreliable statistics. However, Fig. 3(d) indicates a higher
screw- and mixed-type dislocation density compared with the
HTA-based templates.

Figure 4(a) shows the current-voltage (IV) and current-
output power (IL) curves of the UVC-LEDs on planar (green),
HTA planar (blue), ELO (red), and HTA ELO (black) tem-
plates. At 20 mA, output powers of 0.1, 0.8, 0.9, and 1.1 mW
at operation voltages of 6.1, 6.7, 6.1, and 5.8 V are achieved for
UVC-LEDs grown on planar, HTA planar, ELO, and HTA

Fig. 2. Panchromatic CL topograms at 80 K of the MQW samples
on (a) planar, (b) HTA planar, (c) ELO, and (d) HTA ELO templates.

Fig. 3. Cross-sectional TEM images of the MQW samples on (a) and (b) HTA planar, (c) and (d) ELO, and (e) and (f ) HTA ELO templates
under different diffraction contrast conditions (~g vector displayed in each image).
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ELO templates, respectively. It should be noted that, due to
lower series resistances of the UVC-LEDs on top of the ELO
templates, lower operating voltages for currents beyond 60 mA
are observed. The lower series resistances are ascribed to a lower
n-side sheet resistivity (confirmed by transfer length measure-
ments). However, the lower n-side sheet resistivity on top of
the ELO templates needs further investigation. Although the
MQW on the HTA planar template showed a slightly lower
TDD in comparison with the MQW on the ELO template,
the output power is lower, which reflects the enhanced LEE
on ELO template due to the stripe-patterned AlN–sapphire
interface [14].

The LEEs of the UVC-LED devices on the different tem-
plate technologies were estimated by Monte Carlo ray-tracing
simulations [14]. The degree of optical polarization of the
EL emission [27] P � �TE − TM�∕�TE� TM� [ratio be-
tween transversal magnetic (TM) and transversal electric (TE)
modes] was determined by in-plane emission from cleaved fac-
ets (perpendicular to the ELO voids) to be 0.62, 0.86, 0.76,
and 0.79 on the planar, HTA planar, ELO, and HTA ELO

templates, respectively. However, the degree of polarization
of the UVC-LEDs on the ELO templates is underestimated
due to light scattering at the ELO voids. Therefore, in the ray-
tracing simulations, a 10% higher degree of polarization of the
UVC-LEDs on the ELO templates is assumed. Roughness of
the corresponding sapphire substrates was determined by
atomic force microscopy. The on-wafer LEE of the UVC-
LEDs was estimated to be 3.2% on top of the planar template,
3.4% on top of the HTA planar template, and 3.9% on top of
the ELO templates. Accordingly, the simulations show a 22%
and 15% improvement in the LEE due to the stripe-patterned
voids at the AlN–sapphire interface of the (HTA) ELO tem-
plates. Due to the higher degree of polarization on the HTA
planar template, the LEE is higher compared with the UVC-
LED on the planar template. The higher degree of polarization
can be explained by a higher compressive strain of the HTA
planar template and the MQW active region on top [27]. The
higher compressive strain of the AlN templates and the MQWs
was measured by HRXRD reciprocal space maps near the
(101̄5) AlN reflection and is consistent with previous publica-
tions that reported a smaller a-lattice constant after annealing
due to relaxation of the AlN layer at annealing temperature
[8,16,28]. Several publications have shown that compressive
strain in the growth plane is beneficial for enhanced TE-polar-
ized light and increases the degree of polarization [27,29,30].

Figure 4(b) compares the TDD determined by the FWHM
of the HRXRD [22] (blue squares) and cross-sectional TEM
(gray stars) as well as the DSD determined by the panchro-
matic CL topograms (yellow triangles). Furthermore, the
IQE is estimated by SiLENSe simulations (open red circles)
using the model of Karpov et al. [26] at j � 13 A∕cm2,
μe � 120 cm2∕�V · s�, and μh � 6 cm2∕�V · s�. The TDD
is based on the cross-sectional TEM evaluation. However,
since TEM was not performed on the planar AlN/sapphire
templates, CL-DSD was used instead. Consequently, TDDs
of 3.5 × 109 cm−2, 1.3 × 109 cm−2, 1.7 × 109 cm−2, and
0.9 × 109 cm−2 were assumed for the MQW samples on planar,
HTA planar, ELO, and HTA ELO templates. Other nonradia-
tive recombination pathways, e.g., point defects, have not been
considered in the simulation. The IQEs are estimated to be
14% (planar), 31% (HTA planar), 26% (ELO), and 40%
(HTA ELO) and are in agreement with the IQEs obtained
from the ray-tracing simulations and the EL results at a current
density of j � 13 A∕cm2 (red circles). Hence, due to HTA
treatment, a reduced TDD within the MQW is achieved,
resulting in an improved IQE on planar as well as on ELO
templates.

Finally, the improved output power of the UVC-LED on
HTA ELO template was also reproduced on the chip level.
Figure 5 shows the LIV characteristics of the 1 mm2 UVC-
LEDs on ELO (red) and HTA ELO (black) flip-chip mounted
on AlN-based planar packages and encapsulated with a UV-
transparent polymer material. The LI characteristics of the
LED chips were measured in a calibrated integrating sphere
and at a controlled temperature of 288 K. Due to the enhance-
ment of the light extraction and the active cooling, output
power of 42 mW and 47 mW at 350 mA and 13 V on ELO
and HTA ELO templates was achieved. The LEE is improved

(a)

(b)

Fig. 4. (a) LIV characteristics of the UVC-LEDs on different tem-
plates, measured on-wafer, in bottom emission configuration under cw
operation. (b) TDD determined by HRXRD and cross-sectional TEM
and DSD determined by CL topograms. The IQE was estimated by
SiLENSe simulations using the model of Karpov et al. [26] and from
the EL results at j � 13 A∕cm2.
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by about 75% using a UV-transparent polymer encapsulation
and by about 100% due to roughening of the LED chip side-
walls from the dicing process. The EQEs of the UVC-LED
chips using ELO and HTA ELO templates were 3.0% and
3.6% corresponding to wall-plug efficiencies of 2.2% and 2.7%
at 50 mA and 6.3 V. These results agree well with other pub-
lications when compared to the EQE summarized and reported
by Kneissl et al. [4]. The highest reported EQE of UVC-LEDs
with an emission wavelength below 270 nm is 6.3% at 200 mA
(λ � 265 nm) using an AlN bulk substrate [31]. The highest
reported EQE between 270 and 300 nm is 20% (wall-plug
efficiency 5.7% at 16 V and 20 mA, λ � 275 nm) achieved
on an AlN/sapphire template [32].

4. CONCLUSIONS

In conclusion, UVC-LEDs emitting at 265 nm on stripe-
patterned HTA ELO AlN/sapphire templates were realized.
The dislocation density was determined to be below 109 cm−2

by HRXRD, plane-view CL, and cross-sectional TEM. This
value is lower compared with as-grown and HTA planar
templates and ELO templates. In addition, the LEE of the
UVC-LEDs improves with the stripe-patterned AlN–sapphire
interface. Monte Carlo ray-tracing simulations showed an in-
crease of 15% in the LEE. Finally, the UVC-LED output
power also improves with the combination of HTA and a pat-
terned AlN–sapphire interface. These results indicate that HTA
ELO templates improve both the IQE and the LEE, making
them ideally suited for high-power UVC-LEDs.
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