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ARTICLE INFO ABSTRACT

Article history:

AlGaN-based UVC light-emitting diodes (LED) were fabricated on high-quality AIN templates with an en-
gineerable in-plane lattice constant. The controllability of the in-plane strain originated from the vacancy
formation in Si-doped AIN (AIN:Si) and their interaction with edge dislocations. The strain state of the
Si:AIN top interface could be well depicted by a dislocation-tilt model depending on the buffer strain
state, threading dislocation density (TDD), and regrown Si:AIN thickness. The validity of the model was
verified by cross-sectional TEM analysis. With a gradually widened lattice constant of regrown Si:AIN
layer, strain-induced defects of subsequently grown n-AlGaN was suppressed. Therefore, growing a cur-
rent spreading layer which possesses a moderate Al content (<65%), decent thickness (>1.5 pm), and
a low TDD (<10 x 10° cm~2) simultaneously becomes possible. Additionally, the idea of an optimal
edge TDD (peop) in the AIN buffer was revealed for growing high-quality n-AlGaN layers with a tar-
geted thickness. After a deliberate strain-TDD engineering for Si:AIN and n-AlGaN, high-power UVC LEDs
(A =275 nm, P > 200 mW) with a low forward voltage (Vi = 5.7 volt) were demonstrated at I = 1.35 A.
The low forward voltage under high current injection density was attributed to the success in preparation
of a low series resistance and high-quality n-AlGaN current spreading layer.
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1. Introduction

AlGaN-based light-emitting diodes (LED) in the UVC spectral
region (A = 200-280 nm) are promising devices for the next-
generation of sterilization and disinfection applications [1-4]. Al-
though the external quantum efficiency (EQE) and wall-plug ef-
ficiency (WPE) of AlGaN-based UVC LEDs still have much room
for improvement, they start to enter the consumer market due to
their inherent advantages of compact size, fast turn-on, and envi-
ronmental friendliness. The possibility of fast disinfection of per-
sonal protective equipment and environmental sterilization with
UVC light modules have been intensely explored during the COVID-
19 pandemic [5-10]. Studies also revealed that SARS-COV-2 virus
can be efficiently inactivated by a high flux of UVC light irradia-
tion. Liu et al. utilized a 15 x 13 UVC LED array to disinfect SARS-
COV-2 samples within one second [10]. To achieve the same dosage
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of UVC radiation with less LED chips, one might either enhance
the EQE of the LEDs or operate them under higher injection cur-
rent. The state-of-the-art UVC-LED EQE has increased up to 20% af-
ter incorporating different light extraction efficiency improvement
techniques such as nano-patterned sapphire substrates, transpar-
ent p-AlGaN contact layer and UV-transparent resin packaging [11].
However, the high forward voltage (Vf = 16 V under I = 20 mA)
hampered the high-power applications. The high forward voltage
was attributed to the extremely challenging electrical contacts on
p-AlGaN layers. To date, the forward voltage of UVC-LEDs with p-
AlGaN contacts ranges from 8 to 50 V regardless of the injection
current level and electrode materials [11-16]. With such high for-
ward voltage, one might obtain a benchmark EQE under low in-
jection current, but the final output power from a single chip is
still limited. The strong accompanying Joule heating also imposes
difficulties in thermal management for packaging. As a result, UVC
LEDs with p-GaN contact layer remain mainstream unless a new
breakthrough in p-AlGaN contact technology occurs.

Improving the internal quantum efficiency (IQE) by a better
quality of the AIN template is also a great interest in research.
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The threading dislocation density (TDD) of AIN layers is usually
assessed by the full-width at half-maximum (FWHM) of the X-
ray rocking curves (XRC) of the 002 and 102 reflections (or the
002/102 FWHM). The densities of dislocations with screw or edge
component can be extracted from the 002 and 102 FWHMs as in
reference [17]. The accuracy of the model was verified by plan-
view transmission electron microscopy, defect selective etching
and counting dark-spots in cathodoluminescence images [18-20].
In most reported cases, the edge dislocations dominated the AIN
template quality. According to the theoretical model, the IQE of
AlGaN quantum wells is less than 10% if the TDD is 2 x 10°
cm~2, which corresponds to 002/102 FWHM of around 100/450
arcsec [21]. In early development, the quality of AIN templates
on sapphire was improved by growth parameter modulation in
metalorganic vapor phase epitaxy (MOVPE) [22-24]. Growing AIN
on nPSS allows to terminate threading dislocations (TDs) via lat-
eral growth and film coalescence [25-28]. However, the AIN qual-
ity improvement via above techniques faces challenges like film
cracking, low wafer throughput, or complicated growth procedures.
Miyake et al. proposed high-temperature annealing (HTA) to signif-
icantly reduce the TDD of pre-deposited AIN buffer layers and sim-
plify the regrowth process of AIN [29-32]. The buffer deposition
method could be MOVPE, sputtering, or hydride vapor phase epi-
taxy (HVPE), and it can be applied on flat sapphire substrate (FSS)
along various orientations as well as nPSS [27,33-35]. State-of-the-
art 102 FWHM of AIN was reported to be less than 150 arcsec after
multiple HTA [32]. The functionality and versatility of HTA tech-
nologies attracted much attention. Although AIN quality improve-
ment by HTA was intensively studied, reports of actual LED device
performance improvements are scarce. The 002 and 102 FWHM
of AlGaN epitaxy on HTA AIN buffers was rarely discussed nei-
ther. For example, Susilo et al. demonstrated 265 nm UVC LEDs
on HTA-AIN [36,20]. The EQE after lens packaging reached 3.6% at
I = 50 mA, and 2.9% at I = 350 mA, which gave the maximum
output power of 47 mW under 350 mA current injection. The for-
ward voltages (V) increased from 6 V to 13 V when current was
increased from 50 mA to 350 mA, and the WPE dropped from
2.8 to 1.0%. The significant deterioration of EQE and WPE with in-
creasing injection current could be attributed to self-heating due
to the large series resistance (Rg). Part of the high Rs stems from
the design trilemma between the alloy composition, total thick-
ness, and the crystalline quality of the n-AlGaN current spread-
ing layers. The ideal n-AlGaN shall have a moderate Al content,
a sufficient thickness, and a low TDD to suppress non-radiative
recombination and to lower the forward voltage simultaneously.
As the Al mole fraction of AlGaN increases from 70 to 100%, the
maximum available carrier density (nmax) degrades drastically due
to the high activation energy (E;) of the Si dopant and the self-
compensation by parasitic vacancy-related point defects [4,37-39].
According to theoretical calculation by Harris et al., npax is be-
low 1 x 106 cm~3 for Si-doped AIN [37]. Due to the high E, and
low nmax, decent n-contacts and current spreading become criti-
cal for Al content above 70% in n-AlGaN. Therefore, a moderate Al
content in n-AlGaN electron injection layer is desired for improv-
ing the WPE and the droop behavior of UVC LEDs. Unfortunately,
the capability of growing a thick n-AlGaN with moderate Al con-
tent is strongly limited by its lattice mismatch to the AIN template.
High compressive strain in AlGaN eventually results in a low criti-
cal layer thickness through which new dislocations would nucleate.
The nucleation of new dislocations in AlGaN will be promoted if
pre-existing dislocations fail to accommodate the mismatch strain.
Therefore, the TDD of a micrometer-thick n-AlGaN grown on low
TDD AIN templates was often still high [40,41]. For example, Y.
Kawase et al. directly grew Alys5Gag4sN on HTA-AIN with 3D-2D
growth mode transition to fully relax the strain. However, the TDD
of 1 ym AlGaN layer was above 3.0 x 10° cm~2, which makes the
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purpose of using high-quality AIN buffers questionable [40]. A de-
sign trilemma among the composition, thickness and the TDD of
n-AlGaN layer exists. However, such design trilemma was rarely
discussed. Huang et al. firstly demonstrated strain relaxation by in-
troduction of high Si-doping to the AIN template [41]. However,
the strain relaxation mechanism was not explained with details. In
this report, we demonstrate that the strain state of the AIN tem-
plates can be actively engineered by the thickness of the regrown
AIN:Si. We also revealed the concept of the “optimal initial thread-
ing dislocation density” for growing high-power UVC LEDs. It sug-
gests that we shall not pursue AIN templates with a TDD as low as
possible. A low forward-voltage (V¢ = 5.6 v) UVC LED (A = 275 nm)
with a high output power under I = 1.35 A was demonstrated as
the proof of the importance for deliberate strain engineering.

2. Method

The AIN/AlGaN epitaxial process was conducted in an MOVPE
system (TNSC SR-4000) on AlN/sapphire templates with a thick-
ness of 0.31 &+ 0.03 pm grown by HVPE. Conventional trimethyla-
luminum, trimethylgallium, NHs, and SiH4 were used as the pre-
cursors in MOVPE. Both Si:AIN and n-AlGaN were grown under H,
ambient. Prior to the introduction of the precursors, the HVPE AIN
template was baked in the MOVPE system under H, for 30 min at
growth temperature of the Si:AIN. The growth temperature of the
Si:AIN was 1220 °C under a pressure of P = 10 kPa. The V/III ratio
was around 530 and the growth rate of Si:AIN was 0.9 pm-h—,
The Si-concentration [Si] in Si:AIN was 2.0 x10° cm=3. With a
high-quality HVPE buffer, the crystal quality of Si:AIN is rather ro-
bust to the growth conditions. The crystal quality of Si:AIN does
not show significant variation on growth temperature from 1200
to 1240 °C,and on growth rate from 0.6 pm-h~! to 1.2 pm-h~1.The
growth temperature and growth rate of n-AlGaN was 1080 °C and
0.6 pm-h~1, respectively.

The buffer and n-AlGaN epitaxy were analyzed by high-
resolution X-ray diffractometer (HR-XRD). 002/102 w-scans, fine-
scale 002 w-26 scans were conducted in a Malvern Panalytical
X'Pert3 system with a four-fold 220 Ge monochromator and a
0.5 x 5 mm? aperture before the light source (Cu-Ka1) and a
triple axis configuration on the detector side. To depict XRD recip-
rocal space maps, a PIXcel3D array detector was used. The lattice
constant, strain states and alloy composition of each layer were
extracted from HR-XRD measurements. Parameter extraction from
the HR-XRD measurements is explained in the supporting informa-
tion.

A field-emission gun transmission electron microscope (FEI
TECNAI G2 F20) was used to determine the characteristics of dis-
locations in the materials. The TEM samples were prepared by lift-
out technique with a focused ion beam system (FEI Helios Nanolab
600i). The dislocation inclination angle was evaluated from exact-
zone DF images. The type of dislocation was determined by weak
beam dark-field images under two-beam condition.

Full UVC LED wafer was fabricated into 1.07 x 1.07 mm? (or
42 %42 mil?) flip-chips. The LED epilayer structure is analogue to
those in reference [16], but the growth conditions were further op-
timized. The p-contact layer consists of 80 nm p-GaN with con-
ventional indium-tin oxide (ITO) electrode. The [Mg] in p-GaN was
estimated to be 4.0 x10" cm~2. The n-electrode was made of a
Ti/Al/Ni/Au multilayer on n-Alyg3Gag37N. [Si] in n-AlGaN was 2.5
x101 cm=3. A SiO,-based lens was bonded to the flip-chip for
LEE enhancement. Flip-chips were bonded on a 3.5 x 3.5 mm? ce-
ramic sub-mount with AuSn. The submount was fixed on a metal
stage designed for the Teflon-coated integrated sphere. Although
the stage worked as a heat reservoir, the temperature of the stage
was not controlled externally. The integration time for each point
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Fig. 1. (a) Schematic epilayer structure of n-AlGaN on AIN:Si. XRD 002 w-26 fine-scan of the AIN/ Si:AIN layer of samples (b) with the same Si:AIN thickness h, but a broad
range of 102 FWHMs in the buffer x; (c) with similar 102 FWHMs in buffer x, but varying thickness h the AIN:Si. The @-26 scans were normalized and vertically shifted for

image clarity.

in Fig. 6 was 10 ms under DC injection. The width of DC continu-
ous injection was also 10 ms.

3. Results and discussion
3.1. AIN template with an engineerable lattice constant

HVPE AIN buffers on sapphire were first overgrown with Si:AIN
layers and then with 1.6 pm n-AlGaN layers by MOVPE as illus-
trated in Fig. 1(a). The epitaxial growth parameters of Si:AIN and
n-AlGaN were identical, but the initial buffer quality and the re-
grown thickness of the Si-doped AIN varied. The 102 FWHMs of
the buffer are denoted as x and the Si:AIN thickness as h. Ac-
cording to secondary ion mass spectrometry measurements, the
Si-concentration [Si] in Si:AIN and n-AlGaN was 2.0 x10° cm—3
and 2.5 x10' c¢cm~3, respectively. In series A, x varied from 225
arcsec to 319 arcsec while the thickness was kept constant at
h = 3.45 pm. Series B had a closer distribution of x, but h ranged
from 1.61 pm to 3.55 pm. In Fig. 1(b) and (c) the w-26 fine-scans
of the 002 reflection of the AIN layers are shown. Two peaks are
observed in all samples. The peak with the lower 26 value refers
to the HVPE buffer while the other one at higher 260 value repre-
sents the top interface of the Si:AIN layer. The out-of-plane lattice
constant of the HVPE buffer and Si:AIN can be directly calculated
by Bragg’s Law, then the in-plane strain states (€x,puffer» €x-AIN:Si)
can be evaluated by assuming a biaxially strained layer and tak-
ing the elastic constants of AIN into account. It's worth noticing
that ex,si.ay Only represents the strain state of the Si:AIN top in-
terface, not the averaged strain state of the bulk AIN:Si. The esti-
mated dislocation densities of the buffer, the regrown Si:AIN thick-
nesses, the strain states of both layers are summarized in Table I
Detailed strain states and TDD of every layers can be found in sup-
porting information. ex,pufer €xhibits compressive strain ranging
from -0.260% to -0.293%, which stems from the thermal mismatch
between sapphire and AIN [42]. The density of threading disloca-
tions with an edge component (p.) was two orders of magnitude
higher than that of those with a screw component (ps). Hence,
the strain-related phenomena in this report are dominated by pure
edge TDs. The exs5.ay IS strongly dependent on both the initial
edge TDD from the buffer (o, pysfer) and the thickness h of the re-

Table I

Summary of the buffer threading dislocation densities (TDD), in-plane strain states
of the buffer (&ypusfer), regrowth thickness (h), and in-plane strain states of the top
interface of the Si:AIN layer(ey ain:si)-

TDD (x 108 cm2) Exbuffer h EXAIN:S
Sample Ps Pe (%) (um) (%)
A-1 0.14 491 -0.286 3.45 -0.179
A-2 0.09 5.78 -0.291 -0.165
A-3 0.04 6.72 -0.277 -0.059
A-4 0.09 8.04 -0.274 -0.059
A-5 0.19 8.91 -0.293 -0.056
A-6 0.14 10.16 -0.284 -0.001
B-1 0.03 7.67 -0.271 1.61 -0.178
B-2 0.01 7.58 -0.269 2.18 -0.138
B-3 0.08 8.02 -0.260 2.42 -0.112
B-4 0.02 9.53 -0.269 2.66 -0.079
B-5 0.02 10.20 -0.260 2.99 -0.019
B-6 0.09 7.59 -0.265 3.45 -0.014
B-7 0.02 8.26 -0.274 3.56 0.009

grown AIN:Si. The higher the o, p, s fer, the more efficient the com-
pressive strain is relaxed. Similarly, the thicker the regrown AIN:Si,
the less compressive is the film. In samples A-6 and B-7, the strain
state of the Si:AIN top interface is like that of free-standing bulk
AIN (ex,an:si~0) or slightly tensile (ex,an.si>0). Considering that
the thermal expansion coefficient of sapphire is higher than that
of AIN, the strain states at growth temperature were more ten-
sile than those values measured at room temperature. The grad-
ual change of the strain state with thickness implies that the lat-
tice constant of the AIN template can be actively controlled by
the thickness of the Si:AIN layer from compressive to tensile strain
state.

To quantitively model the strain states, we define the in-plane
strain state variation of the AIN by (fyy) by:

(1)

and the gradient of the in-plane strain along the [001] direction
(&) by:

. dex  fan
= = (2)

fAIN = Ex AIN:Si — Ex.buf fer

-z =
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Fig. 2. The in-plane strain variation (fyy) versus (a) initial edge TDD of buffer (e pyfrer) Of series A (b) Si:AIN thickness (h) of series B. (c) The in-plane strain gradient along
C-axis VS. Peputrer Of all samples. Dashed line is the linear regression with R? values marked beside it. (d) Schematic illustration of vacancy-mediated dislocation inclination

in AIN:Si.

In Fig. 2(a) foy VS. Pepusrer Of series A is plotted while in 2(b)
fanv vs. h of series B, and in 2(c) € vs. pepusrer Of all samples is
shown. The trends are in good agreement with a simple linear fit
passing through the origin. The equation for the linear fit can be
written after combining (1) and (2):

fAlN = EXAIN:Si — Ex.buf fer = ¢h (3)

According to Fig. 2(c), we can write:

€= Ape,buffer, (4)

while A is a proportional constant, which was estimated to be
8.1 x 10~2nm by regression. Following that, the strain states of the
Si:AIN top interface can be modeled by:

Ex AIN:Si = Ex,buf fer JrA:Oe.bufferh (5)

In this study, the in-plane strain varied up to 0.3% in the
Si:AIN layer. In other words, the in-plane lattice constant of the
AIN template was expanded by up to 0.3% of its nature value.
This mismatch is equivalent to the mismatch between freestanding
AlpggGagoN and AIN. The reduction of 0.3% in compressive strain
is crucial for growing a micrometer thick AlGaN with Al content
<65%. As long as the Si:AlN film does not crack due to the increas-
ing amount of tensile strain, the engineerable range of the lattice
constant can be further extended.

The physical mechanism of the lattice-engineerable AIN tem-
plate is illustrated in Fig. 2(d). As aforementioned, the carrier den-
sity of Al-rich n-AlGaN is strongly limited by vacancy compensa-
tion. The higher the Al content, the higher the concentration of
vacancies. Every edge TD is attached to an extra half-plane in the
AIN epitaxial film. When a vacancy interacts with the core of an
edge TD, the half-plane withdraws one atom near the growth front.
As the film grows, the accumulated atomistic recess results in the
mesoscopic dislocation inclination. The extra half-planes shorten
h-tanf, as depicted in Fig. 2(d), where 0 is the inclination angle

of the edge TD from the surface normal. Therefore, the average in-
plane lattice constant of AIN is widened due to the reduced ef-
fective number of planes in the same area. This vacancy-mediated
dislocation tilt was proposed and observed on n-GaN and n-AlGaN
|43,44]. However, noticeable strain relaxation only occurred in n-
GaN with a very high TDD (>1 x10'9=cm~2) [43]. This might be
explained by a lower tendency for vacancy formation in n-GaN.
Dislocation tilt and bending were commonly observed in n-AlGaN,
but they are not only driven by the vacancy-TD interaction, but
also lattice mismatch strain between AlGaN and AIN. Therefore, it
is difficult to decouple the parallel mechanisms and predict the fi-
nal strain state by structure design.

According to the mechanical model by A. Romanov and J. Speck,
the strain evolution with TD inclination can be written as [45]

1
Ex.top = Ex,bottom T ib -tanf - poh (6)

where &x.top/€x pottom 1S the strain state of top/bottom interface
of the epitaxial film, p. is the edge dislocation density, and b is
the magnitude of the Burgers vector of the edge TD. For AIN,
b = a = 03111 nm. The 1/2 originates from the equal probabil-
ity of half-plane shortening in orthogonal directions. In compari-
son with Eq. (5), we obtain A = %b -tand = 8.1 x 102 nm, which
gives tanf = 0.521 and 6 = 27.5°.

To verify Eq. (6), we conducted cross-sectional transmission
electron microscopy (TEM) to observe the actual TD inclination an-
gle in AIN:Si. Without knowing the exact orientation of the TD in-
clination, two TEM samples were fabricated along both a-axis [110]
and m-axis [100] by focused ion beam preparation. The exact-zone
dark field (DF) images of the a-axis sample and the m-axis sam-
ple are shown in Fig. 3(a) and (b), respectively. The type of dis-
locations (edge, screw or mixed) was further confirmed by weak-
beam dark-field images (not shown here). The edge dislocations in
either Fig. 3(a) and (b) can be categorized into three groups ac-
cording to the inclination angle: (1) high-tilt TDs marked in red
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Fig. 3. Exact-zone DF TEM image on samples cut along (a) a-axis [110] direction (b) m-axis [100] direction of the wurtzite crystal. The orientation and diffraction patterns
are written below the DF image. The white scale bars at the corner represents 1 um length. (c) Schematic illustration of the relative orientation between TEM sample, extra

half-plane, and projected TD line.

Table II

Summary of average inclination angles in Fig. 3.
0(°) sample //a  sample [/ m  of both
High-tilt TD  27.8 25.5 26.4
Low-tilt TD 15.9 9.4 14.9

(2) low-tilt TDs marked in blue, and (3) orthogonal TDs marked
in white. The averaged 6 of high/low-tilt TDs are summarized
in Table II.

The relative geometric orientation between the shortening half-
planes and the TEM sample is illustrated in Fig. 3(c). If the half-
plane is parallel to the TEM sample, the edge TD projection to the
TEM sample would exhibit the largest & and the longest length.
Therefore, the inclination angle of high-tilt TDs shall best reflect
the real inclination angle of TDs in the solid. On the other hand, if
the extra half-plane is orthogonal to the TEM sample, the TD pro-
jection only yields a short vertical segment. Since the orthogonal
TDs were observed on both samples, the TD inclination could be
either toward the a-axis or the m-axis. The low-tilt TDs suggest
the half-plane is oblique to the TEM samples. The currently avail-
able information is not sufficient to determine the detailed struc-
ture. It might be TDs inclining towards oblique a-axis and m-axis,
or more complex structures as revealed in n-GaN [42]. Since the
vacancy-mediated TD inclination is a mesoscopic phenomenon of
probabilistic half-plane recess, the inclination angle is not a deter-
ministic value in the crystal. If we average 0’s of the 13 high-tilt
TDs from Fig. 3, the result is #=26.4°, which is in good agreement
with the value extracted from Fig. 2(c) and Eq. (6) (=27.5°).

3.2. Optimal dislocation density for thick ALGaN/AIN heteroepitaxy

XRD w-scans were conducted on the Si:AIN and n-AlGaN lay-
ers to monitor the evolution of p. and ps through the subsequent
epitaxial layers. The dependence of the TDD in Si:AIN (0 ain:si»
Ps.an:si) and n-AlGaN (pe aigan: POs.aican) ON Pe puffer 1S plotted in
Fig. 4(a) and (b); that of p, gigov and ps aigan ON Expuffer 1S Plot-
ted in Fig. 4(c) and (d), respectively. From Fig. 4(a), the crystal
quality was well transferred from the buffer to the regrown Si:AIN
layer. The slightly lower TDD can be attributed to the pair annihi-
lation of edge TDs with opposite burgers vectors during regrowth.

However, the good quality of AIN was not necessarily transferred
to the subsequently grown n-AlGaN. For Qg pyffer > 8 x 108 cm=2,
the 0, aigen 1S still close to the pg p,ffer- However, as pe pyffer T€-
duces to a lower value, the final p, ¢y Starts to deviate from it. In
sample A-1, the final p, gcey Tises to 2 x 10% cm~2, which is four
times higher than that of its buffer (g pyffer =4.9 x 108 cm=2).
Therefore, the excess TDs are ascribed to new ones nucleated dur-
ing n-AlGaN growth. From Fig. 4(b) and (d), ps in Si:AIN and Al-
GaN ranges from 8.1 x 107 cm~2 to 3.4 x 108 cm~2, which is 10
to 100 times higher than pg p, e in Table I. Therefore, the dislo-
cations with a screw component in Si:AIN and AlGaN are unlikely
the extension of original screw dislocations in the buffer. In the Al-
GaN/AIN epitaxial system, strain can also be relaxed via prismatic
gliding along the (1011) plane. The prismatic gliding will produce
misfit dislocations (MDs) at the AlGaN/AIN interface, which are
attached to a mixed TD as described in reference [46]. Under a
higher compressive strain, more pure edge TDs will be rendered
into mixed TDs with MDs for strain relaxation. This explains why
ps 1s higher for samples with the lowest p, p,rer (A-1 and A-2) and
the least h (B-1). According to Eq. (5) and Fig. 4(d), the Si:AIN top
interface of A-1, A-2 and B-1 were the most compressive ones. In
particular, pg aigqv Of A-1 approached e s rer» Which implies most
of pre-existing edge TDs have evolved into mixed TDs. Since the
number of pre-existing TDs was insufficient to accommodate the
compressive strain, nucleation of new TDs became inevitable. In
practice, the rising ps 4y €an be regarded as a warning sign of
AlGaN epilayer instability in terms of relaxation by nucleation of
new TDs.

Therefore, for a given thickness and composition of an AlGaN
layer, an “optimal” initial edge dislocation density (e op:) exists. If
Pe buf fer > Pe.opt, the IQE will be low due to the high TDD from
the buffer; if O pysser < Pe.opr. the IQE might eventually still be
low due to the critical nucleation of new TDs during n-AlGaN
growth. In this study, the pe op for 1.6 pm Alg g3Gag 37N was within
7.0 x 108 cm=2 to 8.0 x 108 cm~2 while the final p, gcoy Was in
the same range. Fig. 5 shows the reciprocal space maps (RSM) of
samples A-1 and B-1. We extracted the strain states of each layer
based on their coordinates (Qx,Q;) in the 114 RSM plot. (See sup-
porting information) The in-plane strain variation during AlGaN
growth (facan) is defined by:

P .
faican = & pigan = Exican: (7)
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(a) and (b) are guides to the eye to highlight the trends. The dependence of (c) edge and (d) screw dislocation densities of n-AlGaN on the strain state of the Si:AIN top
interface. AlGaN data points of specific samples (A1, A2, and B1) are directly marked in the figures.
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Fig. 5. X-ray RSM plot of 114 (left) and 004 (right) reflection of sample (a) B1 and
(b) Al

where 8){AlGaN is the strain state evaluated from the present Al-

GaN peak in the RSM plots and ef{AlGaN is the initial strain state

assuming Qy ajcan=Qx aIN:si- It turns out that fajc,y is 0.078% in A-1
and 0.145% in B-1. According to Table I, the &, 4y.; between A-1
and B-1 was close, and so was siyAlGaN(=-1.048% + 0.002%). There-
fore, the significantly higher o, s;conv in A-l cannot be attributed to
the absolute value of lattice mismatch to the Si:AIN template. The

higher fa g,y indicates that the compressive strain is better accom-

modated with a higher initial edge TDD in B-1, so the critical TD
nucleation was prevented during n-AlGaN epitaxy.

3.3. High power UVC LED with a low forward voltage

Finally, full LED growth was performed on a B-7-like n-AlGaN/
Si:AIN structure with g s rer~7.0 x 108 cm=2. According to the
theoretical model [21], such TDD shall give a 16-20% IQE. The pho-
tographs of the on-wafer quick-test and a chip operating under
I = 1000 mA are shown in Fig. 6(a). The L-I-V, EQE, WPE, and
electroluminescence (EL) characteristics curves are summarized in
Fig. 6(b)-(d). Under standard operation condition of I = 350 maA,
the output power is P = 60 mW, which yields an EQE of 3.8%.
The UVC LEDs demonstrate a remarkably low forward voltage of
V= 5.2 V under I = 350 mA. The corresponding WPE is 3.4%. Due
to the suppressed Joule-heating, the LED shows low droop in both
EQE and WPE under high current injection. When I = 1350 mA, we
observed P = 212 mW while V; = 5.7 V. Under these conditions
the EQE and WPE was still 3.5% and 2.8%, respectively, while the
dynamic resistance was only 0.4 2. The superior electrical charac-
teristics is not only attributed to the decent electrical contacts on
the p-GaN and n-AlGaN, but also the low sheet resistance due to
a moderate Al content and decent thickness of the n-AlGaN layer.
Another evidence of low self-heating is the stable EL characteristics
with rising injection current density (J). The peak wavelength was
around 275.8 nm and FWHM was 10.1 nm under low current in-
jection. The peak wavelength and FWHM variation were all within
0.3 nm from J = 20 A-cm~2 to 135 A-cm~2. Although the absolute
EQE values are still below the benchmark due to the limited LEE
with the p-GaN/ITO contact scheme, the capability of high current
injection makes it a practical choice for sterilization applications
which requires a high absolute power density.
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Fig. 6. (a) The upper image is a photograph of a packaged flip-chip under I = 1000 mA injection. The lower image is the TEM image of LED near its active region. The
white bar represents 50 nm. The LED heterostructure epilayers faced down and the probes were buried in the bottom. (b) L-I-V curves (c) EQE and WPE curves (d) EL peak

wavelength and FWHM vs. current density (J) for selected LED chips.
4. Conclusion

In conclusion, we revealed the difficulty in fabricating a n-
AlGaN current spreading layers simultaneously with a moderate Al
content (<65%), a low TDD (<1 x 10° cm~2), and a sufficient thick-
ness (>1.5 pm) in UVC LEDs. The pre-existing edge dislocations
play a dual role in the n-AlGaN epitaxy. Although edge TDs act as
non-radiative centers in the active region, they also delay disloca-
tion nucleation induced by the high compressive strain. Therefore,
an optimal range for the initial edge dislocation density (pe,opt) of
the buffer exists. To lower the limit of pe op, we introduced high
Si-doping in the AIN template to engineer its final in-plane lattice
constant. As long as the strain state and the edge dislocation den-
sity of the buffer are given, the final strain state of the Si:AIN can
be manipulated by the regrowth thickness. The top in-plane lat-
tice constant of AIN can be increased until layer cracking. On top
of a slightly tensile Si:AIN template, UVC LEDs with a 1.6 pum thick
n-Algg3Gags7N spreading layer and final p, zigen~7.0 x 108 cm—2
were fabricated. For any targeted thickness and composition of the
n-AlGaN spreading layer, the peop can be deduced systematically
with the methodology presented in this report. Finally, we demon-
strated a high-power (=200 mW) UVC LED chip, which could op-
erate under J >100 A.cm~2 while keeping a low V¢ < 5.8 V. This
AlGaN strain-engineering development methodology with Si:AIN
templates is expected to boost the performance of future UVB/UVC
LEDs, especially for those which require a relatively higher amount
of Ga in the device epitaxy.
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