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Abstract: High-quality and crack-free aluminum nitride (AIN) film on sapphire substrate is the
foundation for high-efficiency aluminum gallium nitride (AlGaN)-based deep ultraviolet light-
emitting diodes (DUV LEDs). We reported the growth of high-quality and crack-free AIN film on
sapphire substrate with a nanometer-scale-thick AIN nucleation layer (NL). Three kinds of
nanometer-scale-thick AIN NLs, including in situ low-temperature AIN (LT-AIN) NL, oxygen-
undoped ex situ sputtered AIN NL, and oxygen-doped ex situ sputtered AIN NL, were prepared
for epitaxial growth of AIN films on sapphire substrates. The influence of nanoscale AIN NL
thickness on the optical transmittance, strain state, surface morphology, and threading dislocation
(TD) density of the grown AIN film on sapphire substrate were carefully investigated. The average
optical transmittance of AIN film on sapphire substrate with oxygen-doped sputtered AIN NL was
higher than that of AIN films on sapphire substrates with LT-AIN NL and oxygen-undoped
sputtered AIN NL in the 200-270 nm wavelength region. However, the AIN film on sapphire
substrate with oxygen-undoped sputtered AIN NL had the lowest TD density among AIN films on
sapphire substrates. The AIN film on sapphire substrate with the optimum thickness of sputtered
AIN NL showed weak tensile stress, a crack-free surface, and low TD density. Furthermore, a 270-
nm AlGaN-based DUV LED was grown on the high-quality and crack-free AIN film. We believe
that our results offer a promising and practical route for obtaining high-quality and crack-free AIN
film for DUV LED.
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1. Introduction

Aluminum gallium nitride (AlGaN)-based deep ultraviolet light-emitting diodes (DUV LEDs) have
numerous applications, including sterilization, polymer curing, secure communication, and
biochemical inspection [1-5]. For AlGaN-based DUV LEDs, aluminum nitride (AIN) film is usually
used as the template for the epitaxial growth of the AlGaN layer due to its similar in-plane lattice
constant and thermal expansion coefficient [6-9]. The quality of the AIN film is essential for the
epitaxial growth of high-quality AlGaN and high-efficiency DUV LEDs. These AIN films are
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generally grown on sapphire substrates because sapphire substrates are low-cost and have high
DUV-transparency [10-16]. However, the mismatches of lattice constants and thermal expansion
coefficients between AIN film and sapphire substrate induces stress and dislocations, thereby
reducing the internal quantum efficiency and degrading the optical and electrical performance of
DUV LEDs [17-19].

To overcome the problems caused by large lattice and thermal mismatches between AIN and
sapphire substrate, the in situ low-temperature AIN (LT-AIN) nucleation layer (NL) has been used
as initial growth step before the epitaxy of AIN film on sapphire substrate. The characteristics of AIN
film are closely related to the growth condition of AIN NL, which modifies the growth-mode of the
subsequent AIN film [20-22]. The ex situ nanometer-scale-thick sputtered AIN NL has also been
widely applied for the growth of high-quality AIN film on sapphire substrate [23-26]. However, the
sputtering chamber may have contaminants such as oxygen, which can be incorporated into the AIN
NL during the sputtering process, impacting the physical properties of sputtered AIN NL [27-29].
Understanding the effect of oxygen-doped sputtered AIN NL on the subsequent AIN film is
important to the realization of high-efficiency DUV LEDs. On the other hand, the crystalline structure
of AIN film is closely related with the thickness of sputtered AIN NL [30-34]. The characteristics of
AIN film on sapphire substrate with different thicknesses of sputtered AIN NL is of significant
interest for DUV LEDs.

In this study, nanometer-scale-thick LT-AIN NL, oxygen-undoped sputtered AIN NL, and
oxygen-doped sputtered AIN NL were prepared for the epitaxial growth of AIN films on sapphire
substrates. The influence of nanoscale AIN NL thickness on the optical transmittance, strain state,
surface morphology, and threading dislocation (TD) density of AIN film on sapphire substrate was
investigated in detail. The optical transmittance, strain state, surface morphology, and crystal quality
of AIN films were investigated by UV/Vis/NIR spectrometer, Raman spectroscopy, optical
microscopy, atomic force microscopy (AFM) and high-resolution X-ray diffractometer (XRD). By
optimizing AIN NL, we successfully grew a high-quality and crack-free AIN film on sapphire
substrate and fabricated a 270-nm DUV LED.

2. Materials and Methods

2.1. Growth of AIN Films on Sapphire Substrates

Prior to the growth of LT-AIN NL, the sapphire substrate was thermally cleaned in H2 ambient
at 1100 °C for 15 min. Trimethylaluminum (TMAI) and ammonia (NHs) were used as precursors for
aluminum and nitrogen, respectively. The 25-nm-thick LT-AIN NL was grown on sapphire substrate
using an AIXTRON metal-organic chemical vapor deposition (MOCVD) system with a close-coupled
showerhead reactor at 1000 °C and 50 mbar under the conditions of H2, NHs, and TMAI flow rates of
6 slm, 3 slm, and 22 pmol/min, respectively. Nanometer-scale-thick sputtered AIN NL was deposited
on c-plane sapphire substrate using the NAURA iTops A330 sputter system. An aluminum disk
(99.999%) was used as sputtering target. For the deposition of oxygen-doped sputtered AIN NL, the
flow rates of N2, Ar, and Oz were 180 sccm, 60 sccm, and 2 scem, respectively. The O:2 was not
introduced in the sputtering chamber during the deposition of oxygen-undoped sputtered AIN NL.
The sputtering conditions were given as follows: An RF power of 700 W, chamber pressure of 6.7 x
10 mbar, and heater temperature of 650 °C. The thickness of sputtered AIN NL was controlled by
changing the sputtering duration. The epitaxy of AIN film was carried out in an AIXTRON MOCVD
system using the same growth condition. The AIN film with thicknesses of approximately 2 um were
grown at 1230 °C under chamber pressure of 50 mbar with V/III ratio of 500.

2.2. MOCVD Growth of DUV LED

Trimethylaluminum (TMALI), trimethylgallium (TMGa), and ammonia (NHs) were used as Al,
Ga, and N precursors, respectively. Bis(cyclopentadienyl)magnesium (Cp2Mg) and silane (SiH4) were
used as p- and n-type dopants. The AlGaN-based DUV LED was grown on AIN film on sapphire
substrate with 25-nm-thick oxygen-undoped sputtered AIN NL by MOCVD, including a 15-period
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AIN (8 nm)/AlossGao.1sN (12 nm) superlattices (SL) at 1160 °C, a 20-period AIN (4 nm)/AlossGao17N (6
nm) SL at 1160 °C, a 290-nm-thick AlossGao1zN layer at 1160 °C, a 200-nm-thick AlossGaossN layer at
1140 °C ,and a 1.4-um-thick heavily doped n*AlossGaossN layer (Si doping = 1.5 x 10 cm™) at 1140
°C, a six-period AlossGaoesN (1.5 nm)/AlossGaosN (12 nm) multiple quantum wells (MQWSs) at 1000
°C, a 6-period p-AlosGao2N (3 nm)/AlosGaosN (7 nm) SL, and a 80-nm-thick p-GaN layer (Mg doping
=1 x 102 cm=3) at 1000 °C. After the epitaxial growth, the DUV LED wafer was annealed at 800 °C
with Nz flow to activate the Mg acceptors.

2.3. Characterization

The cross-sectional structure of AIN film on sapphire substrate was characterized by field
emission scanning electron microscope (SEM, Oxford Instruments, London, UK) under an
acceleration voltage of 5.0 kV. The optical transmittance of AIN film on sapphire substrate was
measured using an UV/Vis/NIR spectrometer (PerkinElmer, Waltham, Massachusetts, USA). The
glass microscope slide was used as reference sample for optical transmittance characterization. The
AIN film on sapphire substrate with 25-nm-thick oxygen-doped sputtered AIN NL was selected for
secondary ion mass spectroscopy (SIMS, Cameca, Paris, France) analysis. The stress state of AIN film
on sapphire substrates was evaluated by means of Raman spectroscopy (Renishaw, London, UK).
Raman measurement was performed using confocal Raman microscope (Renishaw, London, UK) at
room temperature. A He-Ne laser with a 633-nm line was used for excitation and was focused on
sample surface to a spot size of 1 pm by an objective lens with magnification of 100 times and high
numerical aperture of 0.85. The Raman spectrum was recorded in back scattering geometry with laser
beam incident on the (0001) surface. The surface morphology of AIN film on sapphire substrate was
taken by Nomarski differential interference contrast (DIC) microscopy (Leica, Wetzlar, Germany).
The optical DIC microscopy image of AIN film on sapphire substrate was conducted at the
magnification of 1000 times. The crystal quality of AIN films on sapphire substrates was characterized
by high-resolution XRD (BEDE, Durham, UK) with Cu Kal radiation source (A = 0.15405 nm) and
Ge(004) monochromator operated at 40 kV and 40 mA. The AFM (JPK, Berlin, Germany), performed
on NanoWizard 4 in tapping mode, was used to determine the etch pit densities of AIN film. Cross-
sectional transmission electron microscopy (TEM) images of DUV LED epitaxial structure were taken
with a FEI Tecnai F20 system (FEL Hillsboro, OR, USA) at 200 kV, and the TEM sample was prepared
by focus ion beam milling using Ga ions at 30 kV. The photoluminescence (PL) measurement were
carried out by exciting the AlosGaoesN/AlossGaossN MQWs with a 248 nm KrF laser at room
temperature. A semiconductor parameter analyzer (Keysight, Telford, UK) was used to measure
current-voltage (I-V) characteristic of DUV LED.

2.4. Device Fabrication

For fabrication of the DUV LED chip, a mesa depth of about 0.9 um was etched to expose the n-
AlossGaossN layer using inductively coupled plasma (ICP) etching system (SPTS, Palo Alto, CA, USA)
based on BCls/Clamixture gas [35]. Ti/Al metal stack was deposited on the n-AlossGaossN layer, which
was then annealed in N2 for 1 min at 900 °C. The Ni/Au current spreading layer was deposited on p-
GaN and then annealed in Oz for 5 min at 550 °C. Finally, the DUV LED wafer was thinned to
approximately 150 pm and diced into chips with size of 950 pm x 550 pm.

3. Results and Discussion

Figure 1a depicts schematic of AIN film on sapphire substrate with AIN NL. The cross-sectional
SEM image in Figure 1b exhibited a very sharp heterointerface between AIN and sapphire substrate.
The thickness of AIN epilayer was measured to be 2.0 um. Figure 1c shows the photograph of 2-in.
AIN film on sapphire substrate. The AIN film on sapphire substrate had a smooth and crack-free
surface, which benefitted the performance of DUV LED.
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Figure 1. (a) Schematic illustration of aluminum nitride (AIN) film on sapphire substrate. (b) Cross-
sectional scanning electron microscopy (SEM) image of AIN film on sapphire substrate with an AIN
nucleation layer (NL). (c) Photograph of the 2-in. AIN film on sapphire substrate showing a crack-free
surface.

We analyzed the optical property of AIN films on sapphire substrates with LT-AIN NL, oxygen-
undoped sputtered AIN NL, and oxygen-doped sputtered AIN NL using an UV/Vis/NIR
spectrometer. The AIN films on sapphire substrates with 25-nm-thick LT-AIN NL, 25-nm-thick
oxygen-undoped sputtered AIN NL, and 25-nm-thick oxygen-doped sputtered AIN NL were labelled
as Sample Al, Sample B1, and Sample Cl1, respectively. Figure 2a shows the optical transmittance
spectra of Sample A1-C1 in the 200-270 nm wavelength region. The average optical transmittance of
Sample A1-C1 were 64.3%, 64.7%, and 69.8%, respectively. The average optical transmittance of
Sample C1 was about 8% higher than that of Sample Al and Sample B1. As shown in the inset of
Figure 2a, the average optical transmittance of oxygen-doped sputtered AIN NL on sapphire was
about 7% higher than that of oxygen-undoped sputtered AIN NL on sapphire in the wavelength
region (A =220-270 nm). Based on the comparison of optical transmittance between the AIN film and
sputtered AIN NL, we assumed that the AIN NL was directly responsible for the variation of the
optical transmittance. The incorporation of oxygen into the AIN layer would affect the optical
properties of the AIN film on sapphire substrate [27-29]. The incorporation of oxygen into the
growing AIN layer was inevitable during the high-temperature MOCVD growth process [36,37].
Carryover of oxygen into the 2-pm AIN film from the oxygen-doped sputtered AIN NL was also
possible during the growth process. Compared with oxygen-undoped sputtered AIN NL, oxygen-
doped sputtered AIN NL had a greater probability of carrying over of oxygen into the 2-um AIN
film. As a result, the optical transmittance of Sample C1 was higher than that of Sample Bl in
wavelengths ranging from 200 nm to 270 nm. However, the underlying physical mechanism which
caused the oxygen dopant to increase the optical transmittance of AIN film in the DUV wavelength
range is unclear and will need further investigation. Figure 2b shows the SIMS depth profiles of
oxygen in Sample C1. The measured concentration of oxygen atoms in the oxygen-doped sputtered
AIN NL and 2-um-thick AIN film was about 1 x 10 cm=?and 2.5 x 107 cm3, respectively.
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Figure 2. (a) Optical transmittance spectra of Sample Al, Sample B1, and Sample C1. (b) SIMS depth
profiles of oxygen in Sample C1.

We used Raman spectroscopy to ascertain the stress states of Sample A1-C1. Figure 3 shows
normalized Raman spectra of E2 (high) mode for these samples. The vertical dotted line shows the E:
(high) peak position for the stress-free bulk AIN with a wavenumber of 657.4 cm™. Raman peaks of
E2 (high) mode in Sample A1-C1 were located at 653.4 cm™, 657.1 cm™, and 655.2 cm™, respectively.
The Raman frequency shifted to the higher-frequency side of the stress-free position (blue shifts) due
to the existence of residual compressive stress and to the lower-frequency side (red shifts) due to the
existence of residual tensile stress [38]. Compared with the Raman peak of E: (high) mode in the
stress-free bulk AIN located at 657.4 cm™, these samples exhibited red shifts of Raman peaks,
indicating the existence of tensile stresses in the AIN films. It has been reported that the stress in
crystal has a linear relationship with frequency shift [39]. In the linear approximation, the stress can
be given by

M

where Aw is the shift of frequency of phonon, k is the Raman stress coefficient (3 cm™/GPa) for E:
(high) mode of AIN, and o is the stress. From Equation (1), the tensile stresses of Sample A1-C1 were
determined to be 1333 MPa, 100 MPa, and 733 MPa, respectively.
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Figure 3. Normalized Raman spectra of E2 (high) mode for Sample A1, Sample B1, and Sample C1.

We examined the role of stress states in affecting the surface morphologies of Sample A1-C1 by
DIC microscopy. Figure 4a—c show the plan-view optical DIC images of Sample A1-C1, respectively.
Cracks in Sample Al, as shown in Figure 4a, were caused by excessive tensile stress. The cracks were
found along the [1-210] directions, which corresponded to the {10-10} cleavage planes. Due to lower
surface energy for the {10-10} planes as compared to the {1-210} planes, the strain energy can be
released in the form of crack along {10-10} planes in the AIN film on sapphire substrate [40]. As
depicted in Figure 4b, the smooth and crack-free surface of Sample B1 was obtained, revealing that
tensile strain was effectively relaxed in the AIN film on sapphire substrate. Cracks were also
generated in the surface of Sample C1 along the [1-210] directions, as illustrated in Figure 4c. The
plan-view DIC images of AIN films were consistent with the results obtained from calculated tensile
stresses of AIN films in Figure 3.
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Figure 4. Plan-view optical differential interference contrast (DIC) images of (a) Sample Al, (b)
Sample B1, and (c) Sample C1 conducted at the magnification of 1000 times.

We studied the TD densities of Sample A1-C1 using high-resolution XRD. It was previously
reported that the full width at half maximum (FWHMSs) of symmetric (002) and asymmetric (102)
rocking curves are mainly influenced by screw and edge dislocation density, respectively [41,42].
Generally, the smaller FWHM values of rocking curves, the lower TD densities of sample. Therefore,
we adopted the measured FWHM values of symmetric (002) and asymmetric (102) rocking curves to
compare the TD densities of these samples. Figure 5a,b depict symmetric (002) and asymmetric (102)
w-scan rocking curves of these samples. As shown in Figure 5a, the FWHMSs of symmetric (002)
reflection plane for Sample A1-C1 were measured to be 497 arcsec, 45 arcsec, and 60 arcsec,
respectively. As shown in Figure 5b, the FWHMs of asymmetric (102) reflection plane for Sample A1-
C1 were measured to be 1641 arcsec, 552 arcsec, and 695 arcsec, respectively. Compared with LT-AIN
NL, sputtered AIN NL was composed of smaller and more uniform grains with better c-axis
orientation, leading to better growth-mode modification in the subsequent growth process [43,44].
Therefore, both screw and edge dislocation densities of Sample B1 and Sample C1 were lower than
those of Sample Al. Since oxygen may form complexes with Al, Al atoms involved in the formation
of these complexes distorted the Al sublattice [45,46]. As a result, the TD density of Sample B1 was
lower than that of Sample C1.
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Figure 5. (a) Symmetric (002) and (b) asymmetric (102) w-scan rocking curves of Sample A1, Sample
B1, and Sample C1.

We obtained the TD density of Sample Al, Sample B1, and Sample C1 by counting the number
of etch pits in the 5 x 5 um? AFM images. The etch pits on the top surface of these samples were
formed by chemical etching in a molten KOH at 185 °C for 10 min. It has been reported that TDs are
associated with etch pits [44]. Figure 6a—c shows the 5 x 5 um? AFM images of etch pits in Sample
A1-C1. From the AFM images of Figure 6a—c, the etch pit densities of Sample A1-C1 were calculated
tobe 7.4 x 108cm2, 4.8 x 107cm™, and 5.9 x 108 cm2, respectively. Owing to non-uniform grains, the
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TD density of Sample Al was higher than that of Sample B1 and Sample C1. The TD density from
AFM measurement was in good agreement with the results of XRD analyses.

a

0 nm

Figure 6. Atomic force microscopy (AFM) images (5 x 5 um?) of etching pits in (a) Sample Al, (b)
Sample B1, and (c) Sample C1 after molten KOH etching at 185 °C for 10 min.

We explored the effect of thickness of oxygen-undoped sputtered AIN NL on the stress in AIN
film on sapphire substrate by Raman spectroscopy. The AIN film on sapphire substrate with 15-nm-
thick and 35-nm-thick oxygen-undoped sputtered AIN NL were labelled as Sample B2 and Sample
B3, respectively. Figure 7 shows normalized Raman spectra of the Ez (high) mode for Sample B1-B3.
Raman peaks of E2 (high) mode in Sample B2, Sample B1, and Sample B3 located at 654.8 cm™, 657.1
cm™, and 658.2 cm™, respectively. Sample B2 exhibited red shifts of Raman peak, indicating the
existence of tensile stress in Sample B2. The tensile stress of Sample B2 was calculated to be 867 MPa.
However, Sample B3 exhibited blue shifts of Raman peak, indicating the existence of compressive
stress in Sample B3. The compressive stress of Sample B3 was calculated to be 267 MPa.
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10l Sample B3 (35 nm)

0.8
0.6

0.4

Normalized Intensity (a.u.)

0.2
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Figure 7. Normalized Raman spectra of E2 (high) mode for Sample B1, Sample B2, and Sample B3.

We analyzed the effect of residual stress on the surface morphologies of Sample B1, Sample B2,
and Sample B3 using optical microscopy. Figure 8 shows optical microscopic surface morphologies
of these three samples. A crack network, which was caused by excessive tensile stress, can be
observed in Sample B2 shown in Figure 8a. Sample B1 exhibited a smooth surface, as shown in Figure
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8b. As illustrated in Figure 8c, the surface of Sample B3 was covered with hillocks. Compared with
25-nm-thick oxygen-undoped sputtered AIN NL, the decrease or increase in thickness of oxygen-
undoped sputtered AIN NL had a negative effect on the surface morphology of AIN film.

a b C
Sample B2 (15 nm) Sample Bl (25 nm) Sample B3 (35 nm)

Figure 8. Plan-view optical DIC images of (a) Sample B2, (b) Sample B1, and (c) Sample B3 conducted
at the magnification of 1000 times.

We investigated the influence of nanoscale oxygen-undoped sputtered AIN NL thickness on the
crystal quality of AIN film on sapphire substrate by XRD. Figure 9a,b show symmetric (002) and
asymmetric (102) w-scan rocking curves with normalized peak intensity for these three samples,
respectively. The FWHMSs of the symmetric (002) reflection plane for Sample B2, Sample Bl, and
Sample B3 were 47 arcsec, 45 arcsec, and 207 arcsec, respectively, as shown in Figure 9a. The FWHMs
of the asymmetric (102) reflection plane for Sample B2, Sample B1, and Sample B3 were 593 arcsec,
552 arcsec, and 613 arcsec, respectively, as shown in Figure 9b. Both the screw and edge dislocation
densities of Sample B1 were lower than those of Sample B2 and Sample B3.
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Figure 9. (a) Symmetric (002) and (b) asymmetric (102) w-scan rocking curves with normalized peak
intensity for Sample B1, Sample B2, and Sample B3.

We studied the effect of nanoscale oxygen-doped sputtered AIN NL thickness on the residual
stress of AIN film on sapphire substrate using Raman spectroscopy. The AIN film on sapphire
substrate with 52-nm-thick, 78-nm-thick, 104-nm-thick, and 130-nm-thick oxygen-doped sputtered
AIN NL were labelled as Sample C2, Sample C3, Sample C4, and Sample C5, respectively. Figure 10
shows normalized Raman spectra of the Ez (high) mode for these samples. The Raman peaks of E:
(high) mode in Sample C1-C5 located at 655.2 cm™, 654.8 cm™, 655.7 cm™, 655.2 cm™, and 655.1 cm™,
respectively. The tensile stresses of Sample C1-C5 were calculated to be 733 MPa, 867 MPa, 567 MPa,
733 MPa, and 767 MPa. Sample C3 had the weakest tensile stress.
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Figure 10. Normalized Raman spectra of the E: (high) mode for Sample C2, Sample C3, Sample C4,
and Sample C5.

We analyzed the influence of residual stress on the surface morphologies of Sample C2, Sample
C3, Sample C4, and Sample C5 using optical microscopy. Figure 11a-d show surface morphologies
of these samples. The density of cracks in the surface of AIN film decreased as the thickness of
oxygen-doped sputtered AIN NL was increased from 25 nm to 78 nm but increased as the thickness
of oxygen-doped sputtered AIN NL was increased from 78 nm to 130 nm. Among these samples,
Sample C3 had a crack-free surface. The trend of changes in density of cracks was consistent with the
variation of calculated tensile stresses shown in Figure 7.

a b

Sample C2 (52 nm) Sample C3 (78 nm)

Sample C4 (104 nm) Sample C5 (130 nm)

Figure 11. Plan-view optical DIC images of (a) Sample C2, (b) Sample C3, (c) Sample C4, and (d)
Sample C5 conducted at the magnification of 1000 times.
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We investigated the effect of nanoscale oxygen-doped sputtered AIN NL thickness on crystal
quality of these samples by XRD. Figure 12a,b illustrate symmetric (002) and asymmetric (102) cw-
scan rocking curves of these four samples. The FWHMs of the symmetric (002) reflection plane for
Samples C1-C5 were 60, 435, 568, 757, and 914 arcsec, respectively, as illustrated in Figure 12a. The
FWHMs of the asymmetric (102) reflection plane for Samples C1-C5 were 695, 713, 911, 1130, and
1362 arcsec, respectively, as shown in Figure 12b. Sample C1 had the lowest TD density.

a
14 —— Sample C2 (52 nm) et —— Sample (_‘2 (52 nm)
| — Sample C3 (78 nm) 1.2 | — Sample '3 (78 nm)
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Figure 12. (a) Symmetric (002) and (b) asymmetric (102) w-scan rocking curves with normalized peak
intensity for Sample C2, Sample C3, Sample C4, and Sample C5.

Based on the results mentioned above, a high-quality and crack-free AIN film on sapphire
substrate was obtained by employing 25-nm-thick oxygen-undoped sputtered AIN NL. Uesugi et al.
reported that the FWHMs of the symmetric (002) reflection planes for the AIN films were lower than
12 arcsec before and after high-temperature annealing, and that the FWHMs of the symmetric (102)
reflection planes for the AIN films were about 3000 arcsec and 150 arcsec before and after high-
temperature annealing [41,47-49]. The FWHM of AIN (102) X-ray rocking curves for our sample is
lower when compared to the previously reported result before high-temperature annealing.
However, the FWHM of AIN (102) X-ray rocking curves for our sample is higher when compared to
the previously reported result after high-temperature annealing. Hence, sputtered AIN NL in
combination with high-temperature annealing is a promising technique for growing high-quality
AIN films on sapphire substrate with a low TD density [41].

The AlGaN-based DUV LED was grown on the crack-free AIN film on sapphire substrate with
25-nm-thick oxygen-undoped sputtered AIN NL. Figure 13a depicts the schematic of the DUV LED
structure. Figure 13b shows a cross-sectional TEM image of Alo3sGao.ssN/AlossGaossN MQW and p-
AlosGaoaN/AlosGaosN SL. Figure 13c shows a cross-sectional TEM image of AIN/AlossGao.1sN SL and
AIN/AlossGao1zN SL. The AIN/AlossGao1sN SL and AIN/AlossGao17N SL served as a strain release
layer. The TEM images show that the heterointerface was abrupt, even in the very short period SL,
suggesting a high-quality epitaxial growth of DUV LED structure. Figure 13d shows the PL spectrum
of the DUV LED. The peak emission wavelength of DUV LED was 270 nm. The FWHM of PL
spectrum of the DUV LED was 14 nm, which is close to the reported FWHM value in previous work
[50]. Figure 13e shows the current versus voltage characteristic of DUV LED. At an injection current
of 20 mA, the forward voltage of DUV LED was 5.4 V.
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Figure 13. (a) Schematic representation of the deep-ultraviolet light-emitting diode (DUV LED)
structure. (b,c) Cross-sectional transmission electron microscopy (TEM) images of the DUV LED
epitaxial structure. (d) Photoluminescence (PL) spectrum (T = 300 K) of the DUV LED. (e) Current
versus voltage characteristic of DUV LED.

4. Conclusions

In summary, we studied the effect of AIN NL (LT-AIN NL, oxygen-undoped sputtered AIN NL,
and oxygen-doped sputtered AIN NL) on the optical transmittance, strain state, surface morphology,
and crystal quality of AIN films on sapphire substrates. Owing to the addition of oxygen to sputtered
AIN NL, the average optical transmittance of AIN film on sapphire substrate with oxygen-doped
sputtered AIN NL was about 8% higher than that of AIN films on sapphire substrates with LT-AIN
NL and oxygen-undoped sputtered AIN NL in the wavelength range of 200-270 nm. However, the
AIN film on sapphire substrate with oxygen-undoped sputtered AIN NL had the smoothest surface
morphology and lowest TD density. Moreover, the effect of nanoscale sputtered AIN NL thickness
on strain state, surface morphology, and crystal quality of AIN film on sapphire substrate with
sputtered AIN NL were analyzed. The AIN film on sapphire substrate with the optimum thickness
of sputtered AIN NL showed weak tensile stress, a crack-free surface, and low TD density. We
successfully grew a 270-nm DUV LED on the high-quality and crack-free AIN film. These findings
present a simple technique for the production of high-quality AIN film on sapphire substrate with
AIN NL, which has great potential for applications in high-performance DUV LED.
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