ORIGINAL PAPER

W) Check for updates

physica
status
solidi
[+))

Www.pss-a.com

Improved Efficiency of Ultraviolet B Light-Emitting Diodes

with Optimized p-Side

Tim Kolbe,* Arne Knauer, Jens Rass, Hyun Kyong Cho, Anna Mogilatenko,
Sylvia Hagedorn, Neysha Lobo Ploch, Sven Einfeldt, and Markus Weyers

The effects of design and thicknesses of different optically transparent
p-current spreading layers [short-period superlattice, superlattice (SL), and bulk
p-Aly33Gag 6;N] as well as the type and thickness of the p-GaN cap layer on the
electrical and optical characteristics of 310 nm ultraviolet light-emitting diodes
(LEDs) are investigated. Scanning transmission electron microscopy measure-
ments display self-organized composition variations in the nonpseudomorphi-
cally grown SLs, reducing the effect of increased hole injection efficiency of a SL.
In addition, the effect leads to an increased operation voltage. In contrast, the
bulk p-AlGaN layer has a uniform composition and the corresponding LEDs show
only a slightly lower output power along with a lower operating voltage. If the
thickness of the p-AlGaN bulk layer in the LED is reduced from 150 nm to 50 nm,
the output power increases and the operating voltage decreases. Finally, LEDs
with a nonuniform p™-GaN cap layer from a 3D island-like growth mode feature
the highest output power and operating voltage. In contrast, the output power
and operating voltage of LEDs with a smooth and closed cap depend on the
thickness of p™-GaN. The highest output power and lowest operating voltage are

1. Introduction

The development of efficient ultaviolet B
(UVB) light-emitting diodes (LEDs) based
on the (In)AlGaN material system is essen-
tial to leverage their vast commercial poten-
tial. UVB LEDs are expected to not only
replace traditional mercury lamps in applica-
tions such as curing of polymers and photo-
therapy but also establish new applications in
the fields of plant growth and sensing.™”
However, despite the enormous progress
that UVB LEDs have made, the performance
characteristics of these devices still suffer
from low efficiencies due to high defect den-
sities and a poor carrier injection compared
with LEDs operating in the visible wave-
length range.> Today, the best UVB
LEDs exhibit external quantum efficiencies
of only a few percent.*

achieved for LEDs with the thinnest p™-GaN cap.
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The optimization of the current spread-
ing layers, the active region, the electron
blocking layer (EBL), and the contact layers
is very important to improve the power

and operating voltage of UV LEDs. We have previously exten-
sively discussed the influence of the n-layer heterostructure
design,!'? the quantum-well (QW) and quantum-barrier compo-
sition,"! the QW numbers,™ and the QW width"™ as well as
the EBL design™®'” on the emission characteristics and effi-
ciency of UV LEDs. The p-layer heterostructure design and
the p-doped cap layer are further key challenges to realize effi-
cient UV LEDs with a low operating voltage. Therefore, in the
majority of cases, an optically transparent p-doped bulk
AlGaN layer or an AlGaN/AlGaN short-period superlattice
(SPSL) (to enhance the ionization of magnesium acceptors by
polarization fields) in combination with a p*-GaN cap layer!'®'"!
is used in UVB and ultraviolet C (UVC) LEDs to realize layers
with a high conductivity and minimal contact resistivity. In pre-
vious studies also other concepts have been realized, for example,
a thick absorbing p-GaN layer,?” a fully transparent p-side con-
sisting of an AlGaN layer®?! without any p-GaN cap, or the use
of an AlGaN/AIN SPSL.[*>?3

In this article, we will present a systematic investigation of
the influence of the design [SPSL vs. superlattice (SL) versus bulk
p-Aly33Gage;N] and the thickness of the bulk p-Alj33Gage,N
current spreading layer as well as the morphology and thickness
of the p™-GaN cap layer on the optical power and operating
voltage of 310 nm LEDs. To realize the optical transparency of the
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p-current spreading layer for the 310 nm emission wavelength,
its average aluminum mole fraction was set to 38%. The resis-
tivity of the p-side current spreading layer in our UVB LEDs
is expected to be significantly larger than in UVA LEDs where
the corresponding aluminum mole fraction is below 25%.
In contrast, for an aluminum mole fraction below 60%, high
compressive strain and nonpseudomorphic growth on the
AlN/sapphire template are to be expected. Thus, electro-optical
performance will be discussed in combination with scanning
transmission electron microscopy (STEM) and scanning electron
microscopy (SEM) measurements, giving information on the
structural properties.

2. Results and Discussion

In the next three subsections, the effect of design and the
thickness of the current spreading layer as well as the growth
conditions and thickness of the p*-GaN cap layer on the emis-
sion characteristics of 310 nm UV LEDs are discussed. It should
be noted that only the samples of one subsection were grown on
the same LED template batch and processed in the same batch,
so that only LEDs from one subsection can be compared directly
with each other.

2.1. Design of p-Current Spreading Layer

In a first series of samples, the influence of the p-current
spreading layer design was investigated. Therefore, LEDs with
a nonpseudomorphic nominally 30-period SPSL or 6-period
P-Aly4,GagsgN/Aly 3,Gag 6N SL as well as a nonpseudomorphic
p-Aly33Gage N bulk layer were compared. The total nominal
thickness of the p-current spreading layer (150 nm), the magne-
sium supply, and the p™-GaN cap (3D grown) were kept constant.

Figure 1 shows the associated values of the electrolumines-
cence measurements at 20 mA. The LED wafers with the two
different p-SLs show a similar output power and operating
voltage of 0.88 mW and 5.4V, respectively. However, the LED
wafer with the bulk p-AlGaN current spreading layer exhibits
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Figure 1. Output power and voltage of 310 nm LEDs with 30-period and
6-period p-Alg 4,Gag ssN/Alg3,GagesN SLs as well as a p-Aly 33Gag e, N bulk
layer (each 150 nm thick) measured on wafers at 20 mA. On top of the
figure, the wall plug efficiency (WPE) values calculated from the average
output power and voltage are shown.
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only a slightly lower average output power of 0.84 mW (with over-
lapping error bars to the SL samples) but also a lower operating
voltage of 5.1 V. These results do not agree with findings from
the literature that SLs yield a higher conductivity of the p-current
spreading layer than a bulk layer as it was found for low-
aluminum-content relaxed SLs.[*22

During the growth of the SLs, the in situ reflectometry at
405 nm did not indicate any surface roughening as a result of
relaxation processes during nonpseudomorphic growth. To clar-
ify the reason for the higher forward voltage, cross-sectional
STEM was carried out on different LED heterostructures. The
STEM image intensity increases with increasing gallium content
and so provides a direct, qualitative assessment of composition
across the SL. Figure 2a shows an exemplary STEM image of an
LED heterostructure with a p-AlGaN layer of uniform composi-
tion. In addition, magnified images of the p-AlGaN region,
marked by the dashed line in Figure 2a, are shown for different
heterostructures: the  30-period p-AlGaN/AlGaN SPSL
(Figure 2b), the 6-period p-AlGaN/AlGaN SL (Figure 2c), and
the bulk p-AlGaN layer (Figure 2d). The cross-sectional STEM
image of the nominally 30-period p-Al4,GagssN/Aly3,GagesN
SPSL (Figure 2b) does not show the targeted SL periodicity.
Instead, it shows partly nonperiodic layers with different
thicknesses and varying STEM intensities, which indicate vary-
ing aluminum mole fractions between the individual layers. A
conformity of the target and the real p-SL structure can be only
observed in the top region near the p*-GaN cap. Such variations
in the thickness and composition of individual layers have so far
not been reported in SLs with a high aluminum mole fraction,
when the strain of the SL grown on AIN is lower. In contrast, for
higher gallium contents, the formation of SLs with such dis-
turbed periodicities and varying compositions takes place repro-
ducibly. This fact suggests a stress-driven compositional change
in our samples. The cross-sectional STEM image of the p-current
spreading layer with a reduced number of SL periods (six peri-
ods) and a simultaneously increased period thickness is shown in
Figure 2c. In this case an unintended self-organized periodic var-
iation of the composition is formed in the layers with the higher
aluminum mole fraction of the SL and the whole SL has a
nonuniform period thickness (increase in layer thickness with
low aluminum mole fraction and decrease in layer thickness with
high aluminum mole fraction in growth direction). In contrast,
in the case of the p-Alj33Gage; N bulk current spreading layer,
the corresponding cross-sectional STEM image, in Figure 2d,
shows nearly no intensity variations. This indicates growth of
a uniform and reproducible p-AlGaN current spreading layer.

The observed self-organized compositional pulling during SL
growth is known from the highly mismatched AlGaN wells on
AIN or GaN templates!®® and even in pseudomorphic distributed
Bragg reflectors,?°8 if the gallium content is high, i.e., if there
is strong compressive stress. One common explanation was that
gallium adatoms with their large atomic radius are rejected at
the growth front to minimize compressive stress.>*°) Newer
investigations”®**" revealed that such compositional variations
can be also triggered by the surface morphology, i.e., the sub-
strate off-cut (the number and height of steps), species supersat-
uration (gallium coverage), and dislocation density. The effect
can be prevented by ensuring uniform step-flow growth.*!
The explanation agrees with the observed decreasing
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Figure 2. a) Exemplary cross-section STEM image of a 310 nm LED with magnified images of the p-AlGaN region for b) a nominal 30-period SPSL and
c) a nominal 6-period p-Alg4,GagssN/Aly3,GagesN SL as well as d) a p-Aly33Gage, N bulk layer.

compositional variations toward the p*-GaN cap as the SL struc-
ture increasingly relaxes and variations of the growth rate disap-
pear. The relaxation of the compressive stress of the SL layers is
caused by the formation of new dislocations. All these effects
may contribute to the fact that the forward voltage of LEDs with
SLs as the p-current spreading layer is not lower than that of
LEDs with a bulk layer and that it is unreproducible in contrast
to the properties of the fully relaxed p-SLs reported in previous
studies.”*** As the dislocations represent traps for holes, they
can also reduce p-conductivity of the SLs.'>?*?l In addition,
due to the large thickness and composition fluctuations of the
SL layers, the enhanced ionization of the magnesium acceptors
by polarization fields doesn’t take place which destroys the
possibly better conductivity of a SL. Therefore, for further inves-
tigations of the p-side design, the p-doped SL in the 310 nm LEDs
was replaced by a p-Alj33Gag N bulk layer.

2.2. Thickness of p-AlGaN Bulk Layer

Based on the optimizations of the preceding paragraph, the thick-
ness of the p-Aly33Gags N bulk current spreading layer was
reduced to investigate its influence on the output power and
operating voltage. The rest of the LED heterostructure was kept
constant.

Figure 3 shows the output power and operating voltage that
depend on the p-AlGaN current spreading layer thickness. It
was found that the output power increases by 40 % from 1.0
to 1.4mW and the operating voltage decreases by 8 % from
6.3 to 5.8V when decreasing the p-AlGaN current spreading
layer thickness from 150 nm to 50 nm. The data show a large
influence of the current spreading layer thickness on the electri-
cal and optical characteristics of UV LEDs. The effect can be
attributed to the high sheet resistance of the p-Alj 33Gag ¢, N layer,
i.e., a large fraction of the operating voltage drops at this layer.
This effect can be minimized with a reduced p-AlGaN layer thick-
ness. The dependence of the output power on the layer thickness
suggests that the hole injection is enhanced with a reduced p-
AlGaN layer thickness because transmission measurements
show that the p-AlGaN layer is transparent for the emitted
310nm light, i.e., absorption effects can be excluded. Based
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Figure 3. Output power and voltage of 310nm LEDs with different
p-Alg33Gage;N bulk layer thicknesses measured on wafers at 20 mA.
On top of the figure the WPE values calculated from the average output
power and voltage are shown.

on these results and better reproducibility of a p-AlGaN bulk cur-
rent spreading layer growth, this p-layer heterostructure design is
used for further optimizations. For thicknesses below 50 nm, a
breakthrough of the LED was observed because a too thin
p-AlGaN layer results in minor current spreading and hence a
very high local current density.

2.3. p-GaN Cap Layer

After the optimization of the p-current spreading layer, the
p"-GaN cap layer was optimized. The highly magnesium-doped
p-GaN cap layer is intended to support the realization of
low-resistance p-metal contacts. Therefore, LED wafers with
p"-GaN cap layers grown under different conditions have been
investigated.

The p*-GaN cap grown in a 3D growth mode consists
of islands for the use of reflective metal contacts (see the
bird’s-eye view SEM image in Figure 4a). Cross-sectional
STEM reveals a variation of the p-GaN layer thickness between

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. SEM images taken as a bird’s eye view of epitaxial structures for 310 nm LEDs with a) 3D island-grown and b) 2D-grown p*-GaN cap layer.

2 nm (in the valley area) and 40 nm of the islands. The 3D growth
is attributed to the strong compressive stress of the p™-GaN layer
on the p-Alj33Gay ;N current spreading layer. Most likely, the
GaN island growth starts at nuclei at the surface formed by
the end points of dislocation lines or some other morphological
disturbances. This results in an inhomogeneous coverage of the
surface with p™-GaN in the form of islands which coalesce only at
much larger layer thicknesses of 150 nm and beyond (not shown
in this article). A big disadvantage of a thick p-GaN cap layer is
reduced output power because of its strong UVB light absorp-
tion. In contrast, an uncovered p-AlGaN contact layer would
be best as it avoids any absorption but it would also result in
high-resistance p-contacts and high operation voltages. To find
a good compromise between output power and operating voltage,
the growth conditions and the thickness of the p*-GaN cap layer
were varied. Therefore, LEDs with a p*-GaN cap grown with a
strongly reduced 3D growth have been fabricated. The SEM
image of the smooth wafer surface, as shown in Figure 4b, shows
a much better wettability compared with the 3D grown cap and
confirms this approach. By a variation of the growth time, two
samples with nearly uniform layer thicknesses of (18 +5) nm
and (35 +5) nm can be compared.

The corresponding output power and operating voltage mea-
sured at 20 mA are shown in Figure 5. LEDs with a non-uniform
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Figure 5. Output power and voltage of 310nm LEDs with different
p*-GaN cap layers measured on wafers at 20 mA. On top of the figure
the WPE values calculated from the average output power and voltage
are shown.
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pT-GaN cap layer, which consists of islands, show the highest
output power and highest operating voltage of 1.22mW and
5.24V, respectively. This is due to low absorption and partial
reflection at the metal contacts in the areas of a thin p-GaN
cap, on the one hand, and only limited areas with a low contact
resistivity in the areas of a thick p*-GaN cap, on the other hand.
In contrast, the LEDs with the smooth and closed p™-GaN cap
layer show a lower operating voltage (below 5 V) because the uni-
form p*-GaN layer results in a uniformly low contact resistivity.
In contrast, the output power is reduced presumably by the
increased absorption of UVB light in the uniform p*-GaN cap
layer. The output power of LEDs with the 35nm pt-GaN
cap layer is reduced by around 34% (0.81 mW) compared to
the LEDs with p™-GaN islands. In this case, a reduction of
the absorbing p"-GaN layer thickness leads to an increase in
output power, which can be observed for LEDs with half the
thickness of the uniform p*-GaN cap layer. These LEDs show
an increased output power of 1.05mW, which is a reduction
of only around 14% in comparison to the LEDs with the 3D
pt-GaN cap. A further reason for the higher output power of
LEDs with a nonuniform cap layer could be also a local higher
carrier concentration in the p*-GaN islands, which may shift the
recombination dynamics toward a higher radiative recombina-
tion efficiency at same nominal current density. In addition,
the reduction of the thickness of the presumably highly resistive
uniform p*-GaN layer leads to a lower forward voltage at
unchanged low contact resistivity. A further reduction in the
layer thickness showed an increase in contact resistivity, as
magnesium concentration in the topmost part of the layer is
too low (< 2 x 102 cm™3), as magnesium has to accumulate
at the surface during growth before its incorporation is
maximum (not shown in this article).

3. Conclusion

The influence of the design and the thickness of the p-AlGaN
current spreading layer as well as the growth conditions and
thickness of the p*-GaN cap layer on the emission characteristics
of 310nm LEDs have been investigated. Nonpseudomorphic
p-AlGaN SLs are proposed to enhance the hole injection and
increase vertical conductivity. However, self-organized vertical
variations of the SL composition were observed. This led to unre-
producible properties of the SLs and increased the LED forward
voltages in comparison with LEDs with bulk p-AlGaN as current
spreading layer. Using a uniform p-AlGaN bulk layer, the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Electrical and optical characteristics of a flip-chip-mounted
310nm LED measured under DC. Inset: the corresponding emission
spectrum measured at 350 mA.

corresponding LEDs show a slightly lower output power but also
a lower operating voltage. A thinner p-AlGaN bulk current
spreading layer increases the output power and decreases the
operating voltage. Finally, LEDs with a nonuniform p*-GaN
cap layer, which consists of islands, feature the highest output
power but also the highest operating voltage. In contrast, the out-
put power and the operating voltage of LEDs with a smooth and
closed p*-GaN cap depend on the thickness of the cap, which can
be attributed to its absorption and limited conductivity.

Based on a combination of all these optimization steps, flip-
chip-mounted 310 nm LEDs with an output power of 59 mW and
an operating voltage of 7.8 V at an operation current of 350 mA
were realized. The corresponding electrical and optical character-
istics as well as the emission spectrum are shown in Figure 6.

4. Experimental Section

The LED heterostructures were grown on 2 in. (0001)-oriented sapphire
substrates by metal-organic vapor phase epitaxy (MOVPE) in a Thomas
Swan 6 x 2 in. closed coupled showerhead reactor equipped with in situ
metrology. Trimethylaluminum, trimethylgallium, triethylgallium, trime-
thylindium, ammonia, disilane, and biscyclopentadienylmagnesium were
used as source materials. After the deposition of a 1600 nm-thick AIN layer
at an elevated temperature, a 200 nm AIN/GaN SPSL was grown, followed
by a 500 nm undoped and 4.5 pm silicon-doped AlgssGagqsN contact
layer, a threefold (In)AlGaN/(In)AlGaN multiple QW active region, a
16 nm-thick Mg-doped EBL, a p-current spreading layer, and a heavily
magnesium-doped GaN contact layer as cap. The AIN base layer on sap-
phire showed a typical full width at half maximum of the omega X-ray rock-
ing curves of 80 arcsec for the (00.2) reflection and 550 arcsec for the
(10.2) reflection. The corresponding threading dislocation density was
about (3 —4) x 10°cm~2B** The dislocation density in the active
region, determined by counting the dark spot density in monochromatic
cathodoluminescence images of the QWs, was (1—2) x 10°cm2.
The layer thicknesses were determined by insitu reflectometry and
SEM or STEM on the cross section of the device structures. The degree
of relaxation and layer compositions were determined by high-resolution
X-ray diffraction (HRXRD), using @ — @/26 reciprocal space maps (RSM)
of the (00.4) and (11.4) reflections as well as XRD omega rocking curves of
the (00.2) and (10.2) reflection in a Malvern PANanalytical X’Pert3 system.
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For rocking curve measurements, the aperture on the source side was
0.5mm x 5mm and the acceptance angle in front of the detector
was 1°. For RSM measurements, an array detector was used.

In a first series of samples, the influence of the p-current spreading layer
design was investigated. Therefore, LEDs with a nominal 30-period (2.5 nm/
2.5nm) or 6-period (12.5nm/12.5 nm) p-Alg4,GagsgN/Aly3,GagesN SL
as well as a p-Aly33Gage,N bulk layer were compared. The nominal
magnesium doping level and the total thickness of the current spreading
layer of all samples were kept constant at 2 x 10" cm~3 and 150 nm,
respectively. The layer composition and growth rate of the AlGaN layers
used for SLs were determined at bulk layers on calibration samples. Due
to the large lattice mismatch, the p*™-GaN cap layer grew in a 3D island
mode with thickness fluctuations of 2-40 nm.

In a second series of samples, the thickness of the p-Aly 33Gag g, N bulk
layer was reduced. LEDs with 150, 100, or 50 nm p-Aly33Gage, N bulk
layers and a 2-40 nm 3D p*-GaN cap layer were analyzed.

Finally, in a third set of samples, the growth conditions and the
thickness of the p*™-GaN cap layer were varied based on the LED
heterostructure with a 50 nm p-Aly33Gage,N bulk layer. LEDs with a
2-40 nm-thick 3D p*-GaN cap layer were compared with LEDs with
2D-grown p*-GaN cap layers with thicknesses of 18 and 35nm,
respectively.

After MOVPE growth, the samples were annealed in nitrogen ambient
to activate Mg dopants. LEDs were fabricated using standard chip-
processing technologies. Mesa structures were defined by inductively
coupled plasma etching to expose the n-AlGaN surface. Platinum-based
p-contacts and vanadium-aluminum-based n-contacts were deposited to
form the p-electrode and the n-electrode, respectively.

The electrical and optical characteristics of the LEDs were measured on
wafers under direct current (DC) injection. For that purpose, the wafers
were placed episide up on a sample holder without any active cooling. The
emission spectra and the optical power versus current (L—I) characteristics
were measured by collecting the light emitted through the substrate
with an optical fiber spectrometer and a calibrated silicon photodiode,
respectively. In addition, cross-sectional STEM and SEM measurements
of the LED heterostructures were used to explain the observations more
in detail.
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