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A B S T R A C T   

Growth of Si-doped AlN and of Al0.63Ga0.37N on high quality AlN templates grown by HVPE has been investi
gated. The strain state of Si-doped AlN is thickness-dependent due to the surface-mediated dislocation tilt which 
induces a tensile strain component. At very low dislocation density in the AlN buffer strain relaxation in 
micrometer-thick Al0.63Ga0.37N layers is dominated by generation of additional dislocations. As a result, the final 
threading dislocation density and the surface roughness increase significantly. For a 1.6 μm Al0.63Ga0.37N on 3.4 
μm Si-doped AlN bi-layer structure, the optimal threading dislocation density (TDD) of the AlN:Si buffer is 
estimated to be 7 × 108 cm− 2, where the low TDD can be still transferred from the buffer to the thick AlGaN 
heterostructure without generation of many new dislocations.   

1. Introduction 

For III-nitride optoelectronics, threading dislocations (TDs) in the 
active region are non-radiative recombination centers. TDs with a screw 
component contribute to carrier leakage through devices [1,2]. 
Although the internal quantum efficiency (IQE) of InGaN-based emitters 
is less sensitive to threading dislocation density (TDD) in comparison 
with devices in other III-V materials system [3,4], GaN templates with a 
reduced TDD have brought about improvement in device performance. 
For example, InGaN-based light-emitting diodes (LEDs) were initially 
grown on flat sapphire with low-temperature (LT) GaN and AlN buffer 
layers [5,6]. In the 2000s, patterned sapphire substrate (PSS) technology 
gradually took over in commercial application. GaN-on-PSS templates 
not only promote the light extraction efficiency of LED chips, but also 
further reduce the TDD by the grain coalescence process [7]. In the 
2010s, some groups promoted GaN-on-GaN violet LEDs for high-end 
luminaires [8]. The IQE of GaN-on-GaN LED was estimated to be >90 
% due to the ultra-low TDD from the bulk GaN substrates. 

AlGaN-based deep-UV (DUV) LEDs followed a similar path. Lowering 
the TDD of AlN templates to improve the IQE of DUV LEDs was and is an 
active research topic. Unfortunately, the metal–organic chemical vapor 
epitaxy (MOVPE) of AlN-on-sapphire is more challenging than that of 

GaN due to the high reactivity of Al atoms and their low mobility on the 
growing surface. Although new MOVPE growth techniques were 
developed for AlN templates [9–11], the TDD of AlN was still much 
higher (>2 × 109 cm− 2) than that of conventional GaN templates. 
Epitaxial lateral overgrowth also effectively lowers the TDD of AlN 
[12,13], but the poor Al adatom mobility resulted in a much higher 
coalescence thickness. Although the TDD of bulk AlN substrate was 
demonstrated to be lower than 1 × 107 cm− 2 [14], the limited wafer area 
and high cost still makes general application not feasible. In 2015, H. 
Miyake et al. showed that face-to-face high temperature annealing 
(HTA) of AlN buffer layers can significantly improve the crystal quality 
by recrystallization [15,16]. The TDD reduction in AlN buffer layers is 
significant regardless of deposition method [17,18] and types of sap
phire substrate [19–22]. After HTA technology showed its robustness 
and versatility for the AlN template, the demonstration of a more effi
cient UVC LED was expected. In 2020, C.Y. Huang et. al unraveled the 
difficulty in transferring the low TDD of an AlN buffer layer to the 
subsequent UVC LED layer stack and proposed a simple way to mitigate 
that [23]. In this report, we demonstrate that the optimal threading 
dislocation of the AlN buffer is around 7 × 108 cm− 2 for a 1.6 μm thick 
Al0.63Ga0.37N layer and discuss how we might lower this value for a 
more efficient UVC LED. The relevant defects of AlGaN growth on an 
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ultra-low TDD AlN buffer are also explained with schematic and sup
porting materials characterizations such as atomic force image (AFM), 
transmission electron miscroscope (TEM) image, and cath
odoluminescence (CL). 

2. Experiment 

2.1. MOVPE growth 

The low-TDD AlN templates were grown by hydride vapor phase 
epitaxy (HVPE) by SCIOCS ltd., Japan. The thicknesses were all close to 
300 nm and the initial full-width at half-maximum (FWHM) of X-ray 
rocking curves (XRC) on 102 reflection (102 FWHM, for brevity) ranged 
from 220 arcsec to 320 arcsec. AlN buffers with different 102 FWHMs 
were intentionally chosen for regrowth experiments. For convenience, 
these templates are called”HVPE-AlN” in the following paragraphs to 
differentiate them from AlN buffers grown by MOVPE at low tempera
ture (LT-AlN). 

The HVPE-AlN templates were used for AlGaN/AlN growth in a 
Taiyo-Nippon-Sanso SR-4000 MOVPE system. The growth temperature 
curve is schematically illustrated in Fig. 1. The temperature of AlN 
regrowth was 1220 ℃ with a growth rate of 0.9 μm/hr. If the targeted 
structure included n-AlGaN on top, the temperature was then ramped to 
1060 ℃, and the growth rate of n-AlGaN was around 0.6 μm/hr. The 
precursors were ammonia, tri-methyl aluminum and tri-methyl gallium 
in H2 carrier gas. Silane was injected for Si doping. The Si concentration 
in n-AlGaN and Si-doped AlN was 2.5 × 1019 cm− 3 and 2.0 × 1019 cm− 3, 
respectively. Since the coefficient of thermal expansion (CTE, or α) of 
sapphire is larger than that of AlN, the AlN growth on LT-AlN will be 
tensilely strained, and the regrowth of AlN on HVPE-AlN which has seen 
higher temperatures becomes compressively strained instead [24,25]. 

2.2. Materials characterizations 

The AlGaN/AlN crystal quality was assessed by a Malvern Pan
alytical X’Pert3 high-resolution X-ray diffractometer (HR-XRD) system. 
002 ω-2θ rocking curves (XRC) reveal the lattice constant and strain 
state of HVPE-AlN and the regrown AlN. The TDD was evaluated from 
the 002/102 XRC FWHMs of the AlN or AlGaN diffraction peaks. The 
composition and strain state of AlGaN was assessed by 114 reciprocal 
space mapping (RSM) using the PIXcel3D array detector for fast mea
surement. The detailed extraction procedure of TDD, alloy composition, 
and strain state can be found in the supplement of reference 26. The 
surface was inspected by AFM. CL at low temperature (T = 10 K) was 
used to visualize the threading dislocations in n-AlGaN. A defective 
AlGaN sample was analyzed by crossectional TEM to observe the TDs in 
the epitaxy. 

3. Result and discussion 

3.1. Strain compensation by Si-doped AlN growth 

The schematic structure of (a) 2.26 μm thick unintentionally-doped 
(UID) AlN layers grown on LT-AlN, (b) on HVPE-AlN, and (c) Si-doped 
AlN with varying thickness, h, from 2.17 μm to 2.98 μm grown on 
HVPE-AlN are shown in Fig. 2(a) to (c). 102 FWHMs of HVPE-AlN 
templates ranged from 272 arcsec to 315 arcsec. The in-plane strain 
states of the AlN layers are extracted from the peaks of 002 ω-2θ rocking 
curves (XRC) [26]. The UID AlN on either LT-AlN or HVPE-AlN shows a 
single peak, which implies that the strain state through the AlN layer is 
rather uniform. On the contrary, the Si-doped AlN on HVPE-AlN shows 
two peaks. The left peak with the smaller 2θ value is insensitive to the 
regrowth thickness, so it can be assigned to the HVPE-AlN template, 
while the right peak comes from the Si-doped AlN. The dependence of 
strain states on the regrowth AlN thickness are plotted in Fig. 2(d). 

Note that all strain values are negative due to the cooling from 
growth temperature to room temperature (RT). AlN growth on LT-AlN 
buffer is known to be tensile at growth temperature [24,25]. The 
reference sample with LT-AlN (black square) was crack-free, indicating 
that it was only slightly tensile at growth temperature. The strain of 
HVPE-AlN at RT is more compressive and ranged from − 0.26 % to 
− 0.30 %. However, the strain of the Si-doped AlN top layer becomes 

Fig. 1. Schematic growth temperature curve of AlGaN/AlN growth in MOVPE.  

Fig. 2. The schematic strucutre of (a) 2.26 μm UID AlN on LT-AlN (b) 2.26 μm 
UID AlN on HVPE-AlN (c) 2.17–2.98 μm Si-doped AlN on HVPE-AlN (d) 
Extracted in-plane strains over AlN thicknesses. 
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more tensile than that of the reference sample for h > 2.2 μm. Therefore, 
further increasing the layer thickness bears the risk of cracking at 
growth temperature. The gradual strain evolution with thickness of Si- 
doped AlN is driven by surface-mediated dislocation tilt (SMDT) [27]. 
The schematic of SMDT proccess was illustrated in Fig. 3. SMDT occurs 
when III-vacancies on the growth surface interact with the core of 
threading edge dislocations. As a result, the crystal half-plane behind the 
edge dislocation shortens gradually as the film grows thicker. The 
effective in-plane lattice constant widens, and tensile strain is generated. 
The amount of tensile strain (Δε) can be modeled by: [28]. 

Δε =
1
2

b*ρe*tanθ*h (1)  

ρe is the the density of TDs with an edge component, b is the magnitude 
of the Burger’s vector, and θ is the inclination angle of edge TDs. The 
vacancy concentration is high due to the self-compensation effect in Si- 
doped AlN, so SMDT is facilitated [29,30]. The compressive thermal 
strain from HVPE-AlN was therefore compensated by the tensile strain 
resulting from SMDT. 

Eq. (1) indicates that Δε is proportional to the edge dislocation 
density, ρe. Therefore, strain compensation by SMDT will be inefficient if 
the ρe in AlN is very low. A thicker Si-doped AlN will be required to 
achieve the same amount of strain compensation. Fig. 4 plots the 2-inch 
wafer warpage over the ρe in the AlN layers. According to the Stoney’s 
equation, the film stress is proportional to the curvature, and the cur
vature is proportional to the wafer warpage. Therefore, the wafer 
warpage is also an effective indicator to compare the strain state among 
samples if their overall thicknesses are similar. The reference sample 
with LT-AlN possessed a final ρe of 2.3 × 109 cm− 2 and a warpage of 20 
μm. The final ρe of AlN on HVPE-AlN was less than a quarter of the 
reference sample’s ρe, but the warpage is upto 60 μm due to the higher 
compressive strain. We chose HVPE-AlN templates within a broad range 
of initial 102 FWHMs (220 arcsec to 280 arcsec) for MOVPE growth of 
Si-doped AlN. The warpage of the Si-doped AlN was lower than that of 

the UD AlN layer due to strain compensation by SMDT and shows a 
strong negative correlation with the ρe (R2 = 0.91). These results 
strongly suggest that the strain compensation by SMDT becomes inef
fective if the edge dislocation density is too low. 

3.2. Strain-induced phenomena in AlGaN growth 

According to Vegard’s Law, the mismatch strain of an Al0.63Ga0.37N 
layer on freestanding AlN is − 0.91 %. If the strain from the HVPE-AlN 
template is included, the strain of AlGaN on AlN could exceed − 1.05 
%. Therefore, if HVPE-AlN replaces the conventional LT-AlN buffer, 
strain-induced phenomena in AlGaN will be promoted. This includes: (a) 
TD tilt and misfit dislocation (MD) generation [31], (b) evolution of 
hump-like primary morphologies [32,33], (c) TD half-loop nucleation 
from the surface, and (d) evolution of plateau-like secondary morphol
ogies. The schematic illustration and example AFM images are shown in 
Fig. 5. Although strain-induced TD half-loop nucleation has been 
observed in the InGaN/GaN system [34,35], the half-loop nucleation 
depicted in Fig. 5(c) was not confirmed in compressive AlN until 2022. 
[36] Fig. 5(d) is the AFM image of 2.0 μm Al0.58Ga0.42N on 2.2 μm UID 
AlN on HVPE-AlN. Step flow was pinned by local defects and then ter
races coalesced into macroscopic step bunches with tens of nanometers 
height. Although the plateu-like morphology is related to the film’s 
compressive strain, the formation mechanism requires more detailed 
investigation. Nevertheless, after the secondary morphology with step 
bunches appears, fabrication of a functional LED device is no more 
probable. On the other hand, the phenomena of Fig. 5(a) and (b) are not 
neccessarily detrimental to crystal quality. If there is no interaction 
between the tilted or glided dislocations, the TDD remains invariant 
after strain relaxation; if a pair of tilted/glided TDs with opposite signs 
meet, the TDD is lowered due to mutual annihilation. As a result, a 
micrometer-thick AlGaN layer could be grown without drastically 
increasing the TDD or surface roughness. In other words, the AlGaN 
epitaxial growth is stabilized by strain relaxation via pre-existing TDs. 
However, if the amount of pre-existing TD is too low, TD half-loop 
nucleation from the surface becomes the prevailing relaxation mecha
nism. As a result, the TDD increases and the crystal quality of subsequent 
device layers deteriorates. For example, Fig. 5(e) is a cross-sectional 
TEM image of 1.6 μm Al0.63Ga0.37N on 3.4 μm Si-doped AlN and 
HVPE-AlN. The TDD of HVPE-AlN was estimated to be 4.5 × 108 cm− 2 

by HR-XRD. Although SMDT in Si-doped AlN occured, many nearly- 
horizonal lines defects emerged in the AlGaN layer. We inferred those 
horizontal lines to be segment of TD half-loop injected from the growth 
surface as depicted in Fig. 5(c). 

To suppress the TD nucleation, an intuitive approach is to reduce the 
Fig. 3. The schematic of surfrace-mediated dislocation tilt (SMDT) in Si- 
doped AlN. 

Fig. 4. Plot of the warpage of 2-inch wafers with 2.26 µm AlN on AlN buffer vs 
edge dislocation density in the top layer. The layer structure is schematically 
illustrated at the top-right corner. 
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thickness or Ga content of AlGaN layers in an UVC LED heterostructure. 
However, both a reduced thickness or a wider bandgap of current in
jection/spreading layers compromise the LED’s electrical characteris
tics. A thinner current spreading layer yields a higher sheet resistance, 
and a higher bandgap results in decreased donor activation and usually 
higher contact resistance. Both effects yield a higher forward voltage 
and a compromised wall-plug efficiency (WPE). The more constructive 
approach is to compensate the strain of the AlN template by SMDT. On 
AlN templates with a widened in-plane lattice, the initial mismatch 
strain of the same AlGaN is lowered, so the strain-induced TD nucleation 
will be postponed. As a result, the design window of n-AlGaN compo
sition and thickness is broadened. For example, Fig. 6 shows the CL 

images of the same n-AlGaN grown on similar low-TDD HVPE-AlN 
templates. The regrown AlN is UID and Si-doped in Fig. 6(a) and (b), 
respectively. Only Fig. 6(a) reveals a high TDD. Therefore, we can infer 
that a 1.6 μm n-Al0.63Ga0.37N layer requires prior strain compensation 
by Si-doping and resulting SMDT in the regrown AlN on HVPE-AlN 
template in order to achieve a low TDD for further growth. 

3.3. The optimal dislocation density of the AlN buffer 

In summary, if the TDD of the AlN buffer is high, the TDD in n-AlGaN 
is naturally high due to TD propagation and will decrease with AlGaN 
thickness by dislocation annihilation at the cost of increased wafer bow. 
However, if the TDD of the buffer is very low, strain compensation by 
SMDT become ineffective, and the resulting TDD in the active region 
increases due to TD half-loop nucleation and resulting TD segments. 
Therefore, for a given n-AlGaN spreading layer in an UVC LED, an 
optimal range of TDD of the AlN buffer exists. Fig. 7 plots the edge TDDs 
of the same n-AlGaN on Si-doped AlN buffer over the TDD of the 
employed HVPE-AlN templates. The TDDs of single Si-doped AlN layer 

Fig. 5. Schematic illustration of AlGaN strain relaxation via (a) TD tilt and MD generation and (c)TD half-loop nucleation from surface. 5 μm × 5 μm AFM images of 
(b) primary and (d) secondary morphologies of compressive AlGaN epitaxy. (e) cross-sectional TEM image of a 1.6 μm Al0.63Ga0.37N and 3.4 μm Si-doped AlN on 
HVPE-AlN with a very low initial TDD. 

Fig. 6. The schematic structure and 3.5 μm × 3.5 μm panchromatic CL images 
of Al0.63Ga0.37N on (a) UID AlN and (b) Si-doped AlN on HVPE-AlN template. 
The blue arrows in (a) mark some additional dark spots due to TD nucleation. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. The dependence of edge TDD of n-AlGaN and Si-doped AlN on its initial 
edge TDD of HVPE-template. 
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in Fig. 2 are also included. The TDD in the Si-doped AlN is proportional 
to that in the HVPE-AlN template (blue dashed line). The TDD of n- 
AlGaN on Si-doped AlN becomes unstable and could drastically in
creases when the TDD of the template is less than 6 × 108 cm− 2. 
Therefore, we conclude that the optimal dislocation density in the AlN 
template is around 7 × 108 cm− 2, where the low TDD from the Si-doped 
AlN buffer can be still maintained to the above device epi with a decent 
reproducibility. 

To lower the optimal TDD in UVC LED epitaxy, the straightforward 
approach is still to reduce the thickness and Ga content of the n-AlGaN 
current spreading/contact layer to delay TD nucleation. Whether the 
accompanying cost is worthwhile requires further validation with device 
results. Inserting more tensile strain in the underlying layer might be 
effective. However, as mentioned in section 3.1, the required Si-doped 
AlN thickness will be high, and the extent of compensation will be 
limited by the risk of crack formation in the AlN buffer. One might also 
consider constructing a metamorphic AlGaN multilayer or re-optimize 
the growth conditions to delay the TD nucleation. In general, UVC 
LEDs with a shorter emitting wavelength shall possess a lower limit for 
the optimal TDD of the buffer since less Ga is required for the electron 
injection and spreading layer resulting in lower misfit strain. 

4. Conclusions 

In conclusion, we revealed the limits and possibilities of low-TDD 
AlN templates for UVC LED. The inherent thermal strain in the tem
plates can be compensated by SMDT when using Si-doped AlN buffer 
layers, but the effectiveness of compensation is limited by a low TDD in 
the buffer as well. The small number of pre-existing dislocations avail
able for strain relaxation triggers TD nucleation from the surface, which 
is detrimental to the crystal quality of subsequent device layers. As a 
result, an optimal range of TDD exists for a specific AlGaN/AlN bilayer 
structure on low-TDD AlN templates. Therefore, the utilization of low- 
TDD AlN templates requires careful adjustment of the layer design as 
well as the growth parameters to further improve the IQE and WPE of 
full UVC LED structure simultaneously. 
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