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Abstract
Metal-organic chemical vapor depositionwas successfully used to growun-doped nonpolar a-plane
AlGaNon an r-plane sapphire substrate. High-resolution x-ray (HR-XRD), atomic forcemicroscopy,
Polarization IndirectMicroscopic Imaging, andHall effectmeasurement were used to investigate the
effect of the nonpolar a-planeAlGaN layer on the gradedAlGaNbuffer layer. The results reveal that
inserting the AlGaN-graded layer improves the crystalline quality andmorphology of the surface. The
rootmeans the square valuewas less than 1.47 nm,while the background electron concentrationwas
- ´ -3.9 10 cm .17 3 In addition, theHR-XRD full width at halfmaximum indicates improved
crystalline quality.

1. Introduction

In the last decade, AlGaN-based semiconductors have attracted considerable attention.High-power transistors,
laser diodes, and light-emitting diodes (LEDs) in the visible or ultraviolet range are some applications forwhich
it is commonly utilized [1, 2]. Because of the stable physical and chemical characteristics, AlGaN-basedmaterials
have awide application prospect. Significant progress has been achieved in enhancing theworking efficiency of
AlGaN-based LEDs by optimizing the crystalline quality, doping efficiency, and device design [3]. AlGaNwas
also often utilized as a light source in the deep ultraviolet spectrum in applications, includingmedical tools
disinfection [3], purification of water [4], medical diagnostics, and photo-therapy [5]. Nonpolar a-plane AlGaN
LEDs, however, have various challenges with their performance, including low crystalline quality, technical
issues, and threading dislocation densities [6]. Due to the hetero-epitaxial growth of the nonpolar AlGaN-based
LEDs on a substrate of sapphire or SiC, threading dislocations (TDs) and stacking defects [7, 8] are often
generated. Commercial LEDs are prohibitively costly because of the exorbitant cost of the AlGaNprototypes
developed onMOCVDat high temperatures. On the other way, reactivemagnetron sputtering shows attractive
low-cost LEDs for fabricating large-scale AlGaNLEDs. Few groups tried to grow a high-temperature AlN
template with high output light and external quantum efficiency, but the biggest issue for anAlGaNLED is
threading dislocation, external quantum efficiency (EQE), internal quantum efficiency (IQE), etc [9].

It has been found thatmanymethods can change threading dislocation density and enhance crystalline
quality. TheAl composition change leads to the bandgap, spontaneous width, piezoelectric polarization, and
lattice constant of the alloy. These properties [10] can be controlled through alloy composition [11, 12], which is
vastly used to fabricate active and functional layers of electronic nitride devices. Furthermore, Inserting AlGaN
graded layer improves the crystal quality andmorphology of the surface [12, 13].
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The importance of the gradedAlGaNbuffer layer on the un-doped nonpolar a-plane AlGaN layer with
increasing nonpolar a-plane AlGaN layer growth time has been investigated in this study. The structural and
morphological characteristics of the un-doped nonpolar a-plane AlGaN epilayers were studied using high-
resolution x-ray diffraction (HR-XRD), atomic forcemicroscopy (AFM), and Polarization IndirectMicroscopic
Imaging. According to the results, introducing the Al composition gradedAlGaNbuffer layer enhances the
crystalline quality and surfacemorphology of the un-doped nonpolar a-plane AlGaN epilayers.

2. Experimental work

Nonpolar a-plane AlGaN samples A1, A2, A3, andA4, were grown on a 2-inch r-plane sapphire substrate at a low
pressure of 40T usingmetalorganic chemical vapor deposition (MOCVD) technique on a gradedAlGaNbuffer
layer. The graded buffer layer and high-temperatureHT-AlNnucleation layer, on the other hand, were
produced. The sources of Ga, Al, andNwere trimethyl-gallium (TMGa), trimethyl-aluminum (TMAl), and
ammonia (NH3). The carrier gas was hydrogen (H2) [14, 15]. Before the growth, to reduce surface impurities,
the r-plane is heated to 1080 °C for 5 min. Then it was heated for twominutes at a temperature of 1080 °C in
NH3 andH2 ambiance for nitration treatment. Then the 100 nmHT-AlNnucleation layer was deposited on the
sapphire substrate at 1130 °C after the nucleation layer; the graded AlGaN layerwas depositedwith different Al
compositions and the same temperature as a buffer layer. Finally, the graded buffer layer deposited the nonpolar
a-plane AlGaNwith the same composition and different growth times. Specifically, all four samples fromA1 to
A4were grownwith the same graded layer of the un-dopedAlGaNbuffer layer.

On the other hand, the Polarization IndirectMicroscopic Imaging system is developed bymodifying a
traditional optical far-fieldmicroscope. Imagingwas then obtained by analyzing the dependency of the optical
intensity transmitted through or reflected from the sample under test so that the variation of the polarisation
status of incident light could be precisely controlled, because of the intensity variations caused by the polarizer’s
rotation.

The following equation can be used to describe the intensity of the CCD:

[ ( ) ] ( )a f d= + -I
I

2
1 sin 2 sin 10

Where a is the incident angle, I0 is the unpolarized intensity, and f is the polarization angle, usually known as
the angle along the sluggish vibration axis, and d is the optical retardation.

If we trigonometrically extend equation (1), we obtained,
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Following thematching by the defined parameters, wemay be using the equation:
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A total of 360° of polarization can be achieved by rotating it. and then the anglesN=360° a ,0 a ,1 and a2 are
calculated:
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The Stokes parameters were determined by applying equation (6) to the Jones andMullermodel, which is given
by equation (7).
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( ) ( )d f d= + =S I E E2 1 sin sin 2 2 cos 7dp x y3 0 0

Field intensities were acquired at eachCCDpixel after the linear polarization fieldwas impinged from0 to 2
andfitted at each pixel using equation (3). I ,dp dsin , andØhave been calculated from the fitting curve by using
equations (4)–(6) after the curve has beenfitted.We estimated the Stokes parameters using these derived
numbers as stated by equation (7). The electricfield components’ amplitudes in the x and y directions are
denoted by the letters E0x and E0y. Optical retardation, alsoÆ known as the phase shift between these orthogonal
electric field components, occurs. According to equation (6), Idp is the average of all polarisation intensities.

Due to the polarizationmodulation in PIMI, the intensity variation at each spatial point that the PSF
encompasses can be expressed sinusoidally. Additionally, we can verify whether the spatial point of the
experimental data adheres to the coupling principle as stated in equation (3). According to applicable criteria
such as adjusted root square, the data points that follow the near-to-far field coupling principle fit well with
equation (3), and those that do not are filtered out as noise. As a result, the optical diffraction limit is broken, and
the PSF’s breadth is reduced.

The sample was cut into quadrates with a diameter of 1×1 cm2 following the growth.HR-XRDwas utilized
to determine the crystallinity andAl composition, while AFMandPIMIwere employed to examine the surface
roughness and thickness of thematerial. Then a 180 s-long annealing process was conducted at 300 °C in the air
to obtainOhmic contact. TheHall effectmeasurement in this studywas performed using an Ecopia systemwith
amagnetic field of 0.35 T to characterize the electrical properties of the nonpolar a-plane AlGaN epilayers at
room temperature using the van der Pauwmethod. Figure 1 shows the schematic layer diagramwith increasing
nonpolar a-plane AlGaN growth time from6 to 24 min in the different experiments.

3. Results and discussion

Anonpolar a-plane AlGaN layerwas grown for 24 min to study how a graded layer affects the surface and
crystalline quality of the sample. All subsequent samples were grownunder the same circumstances with an
increasing time of 6 min for each sample. HR-XRD, AFM, and PIMI characterization techniques were employed
to check the crystalline quality and surfacemorphology.

Figure 2 describes theHR-XRD2θ–ω curve of sample A1. This curve shows two peakswith different peak
values, q2 = 57.64 degrees and q2 = 59.28 degrees, confirming the oriented nonpolar a-plane AlGaN layer and
nonpolar a-plane AlN layers [16–18]. As a result, theHR-XRD curve representing sample A1 looks verymuch
like the curve representing sample A1–A4, which is excluded from the figure where the composition of Al is 0.27
for all samples. Furthermore, the full width at halfmaximum (FWHM)XRCcurves for samples A1–A4 of

Figure 1.The schematic diagramof a-plane AlGaNwith graded-AlGaN layer.
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nonpolar a-plane AlGaN epilayer are shown infigure 3,measured and summarized in table 1. It can be seen that
the values of A2, A3, andA4 are smaller than the value of A1, indicating that the nonpolar a-plane AlGaN growth
time has a significant effect on the gradedAlGaNbuffer layer. The phenomenonmay be explained by increasing
the growth time of the nonpolar a-plane AlGaN epilayer on the gradedAlGaNbuffer layer, which influences the
climb or slide of the residual strain dislocation and simplifies defect contact and extinction, as a result of the
crystalline quality has improved [19–21]. As shown infigure 3, the FWHMvalue gradually decreased from1101
arcsec to 677 arcsec as the growth time of the nonpolar a-plane AlGaN layer increased. Therefore, the thickness
of this layer also increased from240 nm for sample A1 to 470 nm for sample A2.However, the FWHMvalue of
XRC increased again to 964 arcsec for sample A3when the layer thickness further increased to 545 nmand 595
nm for sample A4when the growth time increased to 24 min. This result demonstrates that the Al-composition-
gradedAlGaN intermediate layer inserted between theHT-AlN buffer layer and nonpolar a-plane AlGaN

Figure 2.TheHR-XRD2θ–ω scanning curve of the A1 a-plane AlGaN sample.

Figure 3.TheXRC curves for all the samples A1–A4 of nonpolar a-plane AlGaN, along the [0001] axis.
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epitaxial filmdirectly links to the dislocations density as a result of the variation in the inserted intermediate layer
thickness. However, the defect density and lattice distortionmay increase when the nonpolar a-plane AlGaN
layer development time on the gradedAlGaNbuffer layer increases. The reduction in anisotropic strain suffered
in the nonpolar a-plane AlGaN epilayer as a result of the enhancement in themigration capacity of theAl ad-
atoms induced by the optimization of the interruption timewas attributed to the remarkable improvement in
crystalline quality and the significant reduction in anisotropy.Meanwhile, as the nonpolar a-plane AlGaN layer’s
growth time increases, the AlGaN epilayer’s thickness can also increase, perhaps contributing to crystalline
quality degradation. As shown in table 1, the FWHMis increasedwith the AlGaN layer’s growth time.

On the other hand, AFMwas used to characterize and investigate all sample’smorphological properties.
Figure 4 shows the larger-scale surfacemorphology change of the sample surface in the first sample. Table 1
shows that the surfacemorphology is likewise highly rough.However, as theAlGaN layer growth period rose
from6 to 12 min, the surfacemorphology of the second sample decreased from18.8 nm to 4.92 nm.
Furthermore, as the growth timewas increasedwith the exact composition of Al and structure, the RMS value
dropped to 1.47 nm inside a surface area of 5×5μm2 [22]. Sample A1 has the smoothest surface of all the
samples, as evidenced in three-dimensional atomic forcemicroscopy photos infigure 3. The decrease of residual
strain in nonpolar AlGaN epilayers is often associatedwith improvements in surfacemorphology [23]. The RMS
value increases again as the growth time is increased from18 to 24 min.However, when compared to samples A2
andA3, the surface roughness of sample A4 increase again, whichmay be explained in principle by an increase in
the thickness of the nonpolar a-plane AlGaN epitaxial layer leading to the transformation of its growthmodel
into a 3-dimension [24]. Table 1 shows sample A3AFM results are the best compared to the other samples. This
demonstrates that increasing the AlGaN layer’s growth time significantly impacts the graded layer.

Figure 4.AFM images of four nonpolar a-plane AlGaN epilayer samples A1–A4 show an area of 5×5μm2.

Table1.XRCFWHMresults for all samples A1–A4 beside [0001] atj=0° and
[ ¯1100] atj=90° , RMS results.

Sample A1 A2 A3 A4

The thickness of the nonpolar

AlGaN layer (nm)
240 470 545 595

FWHM (arc sec) (°) 1101 677 964 820

RMSValue (nm) 18.8 4.92 1.47 4.62
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PIMI (Polarization IndirectMicroscopic Imaging)method is utilized in this experiment to evaluate the
anisotropic characterization of defects. PIMI technology was applied to a nonpolar a-plane AlGaN epilayer to
check the defects in the surface. Thismethod uses a rotating polarizer to excite scattering light from0° to 180° at
a step of 18°. After being reflected from the sample surface, the reflected light will pass a quarter-wave plate
orienting to 90° and a linear analyzer to 45° relative to the polarizer, respectively. Ten images are collected by a
highly sensitive CCD (PiA2400-17gm, Basler)with 5million pixels, which could achieve the pixel resolution of
34.5 nmunder the 100×objective. In recently published articles [24–28], the PIMImethod showed a high
sensitivity for nanostructures like nanoparticles andGaNnanorods.

The sample under PIMI is shown infigure 5.Here I00 represents the average intensity under all polarization
states, which indicates the results under a conventionalmicroscope. Sinδ is the sine of the phase difference
between two orthogonal polarization components of the scattered light, andf is the polarization ellipse
orientation angle of the beam reflected from the sample. The light intensity curve at the red line is shownbelow.
A distinct area has been intercepted for further analysis infigure 6.

We can see that the FWHMfor sinδ is smaller than FWHMfor a conventionalmicroscope, which is 21 pixels
(724.5 nm) and 25 pixels (862.5 nm), respectively. Therefore, the image resolution is enhanced by the sinδ
parameter in the PIMImethod.

According to the curves for Idp and sinδ, we can quickly locate the defect with relatively low background
noise. As a parameter for detecting the fast axis for the birefringence effect, the curve off is very coarsewhen no
birefringence effect occurs on the sample surface with no defect, and the background values are completely
controlled by noise when calculating the phi angle. However, a strong local birefringence effect occurs at two
sides and generates a significant signal due to defect stress. The improved signal-noise ratio raised a smooth
curve forf at the corresponding position for defects in Idp and sinδ. In addition, the defect is in the shape of a
pyramid, whichmeans the stress directions on both sides of the defect are opposite in the X-Y plane. Different
directions of the fast birefringence axis will be produced on two sides of the defect. The PIMI systemwell detects
these sub-wavelength structural characteristics of this defect. It can be seen infigure 5(c) that the defect is divided
into twoparts, which realizes the resolution capability that a traditionalmicroscope can hardly achieve.

The background electron concentration of the nonpolar a-plane AlGaN layer decreases to−3.9×1017

cm−3 as the growth periods of the nonpolar a-plane AlGaN layer increase. In contrast, the native background
electron concentration drops from−1018 to−3.9×1017 cm−3. It is commonly assumed that the inadvertently
high background electron concentrationwas obtained due to oxygen impurities acting as donors to theGaN
epilayers. On the other hand, the first principle predicts that when x> 0.3, oxygenwill undergo aDX transition
inAlxGa1−xN, serving as a big acceptor [25]. Consequently, the high background electron concentration is not
attributable to contaminants in the oxygen. A reduction in background electron concentrationmight cause a
reduction inVNdensity. The decrease in native electron concentrationwas also linked toVN, the primary
carrier inGaN epilayers [26].

Figure 5.Defects images from (a) conventionalmicroscope, (b)PIMI sinδ, and (c)PIMIf.
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4. Conclusion

In This study, we used a nonpolar a-plane AlGaN epilayer with increasing growth time, greatly affecting the
surfacemorphology and crystalline quality. The impact of the insertion of theAl-composition-graded AlGaN
intermediate layer on the crystalline quality and surfacemorphology of the nonpolar a-plane AlGaN epilayers
was thoroughly investigated. As a result, an RMS value as small as 1.47 nmwas obtained for the nonpolar a-plane
AlGaN epilayer due to the reduced defect density and size of the pyramidal defects.Wewere able to detect the
defects at a high resolution using the PIMI technology. The local birefringence effect in detects has also been
detected in PIMIf images. However, background electron concentrations as low as−3.9×1017 cm−3 were
achieved. These results show that increasing the growth time of nonpolar a-plane AlGaN epilayers over a graded
nonpolar a-plane AlGaNbuffer layer can dramaticallyminimize defects andmisfit dislocations.
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