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Abstract. In this study, the effect of a high-temperature annealing process on AlN is investigated.

The high-temperature annealing process reduces the screw dislocation density of the AlN film to

2.1 × 107cm−2. The AlN surface is highly flat. Through HRXRD , the stress mode changes in the

sputtered AlN film before and after high-temperature annealing were studied in depth. Based on the

HTA-AlN template, a high-quality, high-Al composition AlGaN epitaxial wafer, with a (0002) plane

rocking curve FWHM of 246 arcsec , was prepared at 1080◦C The growth mode of AlGaN grown

directly on the AlN template at low temperature is summarized.

Introduction

In recent years, deep ultraviolet optoelectronic devices based onAlGaNwith highAl composition

have attracted much attention due to their wide application in sterilization and disinfection, solar blind

detection, high-density optical data storage systems, and biomedicine [1, 2, 3, 4]. Due to the limitations

of the massive AlN substrates and the small size of AlN wafers, the AlN and AlGaN layers of most

deep ultraviolet devices are now fabricated on sapphire substrates; these substrates are transparent to

ultraviolet light heterogeneous epitaxial growth [5, 6]. However, there are many disadvantages with

respect to epitaxial AlN growth on sapphire substrates. For example, Al atoms need to overcome a

large migration barrier on the sapphire surface; there is a large lattice mismatch and thermal mismatch

between the AlN materials and sapphire substrate. Both of these factors lead to the poor quality of the

AlN epitaxial layer grown on sapphire and the high dislocation density of the epitaxial layer [7].

Many methods have been proposed to improve the quality of heteroepitaxial AlN layers on sap-

phire substrates, including molecular beam epitaxy [8], nanopattern etching on sapphire substrates

[9], migration-enhanced metal organic chemical meteorological deposition technology [10], high-

temperatureMOCVD [11] and pulsed laser deposition [12]. Additionally, for the purpose of achieving

low TDD, the effect of increasing the mutual dislocation and extinction with increasing thickness of

the AlN layer can be used. The thicker the AlN layer is, the higher the chance is for climbing disloca-

tions with opposite Burgers vectors meeting each other and disappearing. This effect requires a layer

thickness of a few microns. Therefore, a method must be found to reduce the tensile stress that may

cause cracking after only a few hundred nanometers of continuous, smooth AlN growth.

Until recently, high-temperature (HT) annealing technology for sputtering AlN has been utilized.

The traditional physical sputtering method for growing AlN typically uses a lower sputtering temper-

ature, so the sputtered AlN film usually shows poor crystallinity. The research of Miyake et al. shows

that when post annealing is used at a high temperature, the post-annealing process promotes the co-

alescence of the AlN columnar structure and eliminates the dislocations inside the AlN film, which

can greatly improve the sputtering on sapphire substrates. The crystal quality of the AlN film [13].

After the high-temperature annealing treatment, the columnar structure of the AlN surface contains

some impurities, i.e., oxygen-containing compounds and nitrogen oxide compounds, after conden-

sation [14, 15, 16, 17]. The surface morphology of the film can be further improved by using some
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homoepitaxial methods to ensure that the AlN epitaxial layer has a uniform step structure and a lower

RMS roughness [18]. However, AlN homogeneous epitaxy requires high-temperature equipment ex-

ceeding 1250◦C,which is expensive. Therefore, we studied the use of commercialMOCVDequipment

to directly grow AlGaN layers on two templates before and after annealing.

In this study, the strain evolution state of high-temperature annealing and the low-temperature

regrowth process was studied by comparing the high-temperature annealing and non-high-temperature

annealing of sputtered AlN templates with the same thickness. Then, high Al composition AlGaN was

grown on these templates. Through high-resolution XRD (HRXRD) and atomic force microscopy

(AFM), the crystal quality, surface morphology, and stress mode of the regrown high-Al composition

AlGaN thin films on the two templates were studied.

Experimental Methods

Part of the high-temperature annealing experiment was completed at Ultratrend Technologies

Inc in Hangzhou Zhejiang. A 200-nm-thick AlN film was sputter-grown on three c-plane sapphire

substrates. The RF magnetron reactive sputtering method was used with the following conditions: The

reaction atmosphere was high-purity nitrogen, the distance between the substrate and the target was

6 cm, the substrate temperature was maintained at 620 ◦C, and the RF power was 715 W. After that,

two sputtered AlN epitaxial wafers were bonded ”face-to-face”, and at 1680 ◦C, and Ar and N2 were

mixed for high-temperature annealing for 3 h. The purpose of face-to-face bonding is to prevent the

thermal decomposition of the AlN film during high-temperature annealing. After the high-temperature

annealing was completed, it was quickly cooled to room temperature within 0.5 h.

Next, the growth of the upper layer AlGaN thin film with a high Al composition was completed

at Jiangsu Ginjoy Semiconductor Co., Ltd., using MOCVD (Veeco K465i MOCVD system). Because

the limit temperature of the equipment can only reach 1100 ◦C, the ideal temperature for homoge-

neous epitaxial AlN growth could not be reached. Thus, we adopted a new method for epitaxial Al-

GaN growth directly onto the AlN template under relatively low temperature conditions and obtained

relatively good results. Two sets of epitaxial wafers were placed at the same time on one end of the

same circle of the graphite disk to keep the growth environment completely consistent. Trimethylgal-

lium (TMG) and trimethylaluminum (TMA) were used as class III precursor materials, and NH3 was

used as a nitrogen precursor. In the H2 and NH3 atmospheres, the impurities on the AlN surface were

removed. The columnar crystals on the surface after annealing contained many impurities. Under an

NH3 atmosphere, these columnar crystals can be removed as oxides or nitrogen oxides containing Al

[19]. Afterwards, the growth of the AlGaN transition layer and the AlGaN epitaxial layer composed

of AlGaN was completed at 1080 ◦C.

Results and Discussion

We estimated the dislocation density of the SP-AlN template, HTA-AlN template and regrown

AlGaN layer based on the test results in Fig.1. In-plane diffraction measurement for characterizing

the (10-10) XRC-FWHM value is difficult. Therefore, (10-10) XRC-FWHM is calculated with (0002)

XRC-FWHM and (10-12) XRC-FWHM. Usually, the (0002) plane and (10-12) rocking curves (RCs)

of AlGaN materials are used, and the half-peak width of the rocking curves of the symmetric and

asymmetric planes is used to estimate the dislocation density of the material. There are currently

several formulas that are used for estimating the dislocation density, of which the most commonly

used are the following [20]:

ρscrew =
β2
(0002)

2π ln 2×
∣∣∣~b2c∣∣∣

ρedge =
β2
(10-12)

2π ln 2×
∣∣∣~b2a∣∣∣

(1)
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Fig. 1: XRD test of the AlGaN crystal quality.(a) Two AlN template rocking curves; (b) Two template

AlGaN rocking curves after regrowth is completed.

Among them, the six parameter distributions of ρscrew, ρedge, β(0002) ,β(10-12) , ~ba and ~bc are the
screw dislocation density, edge dislocation density, (0002) plane RC scan half width, (10-12) half-peak

width of the plane RC scan, Burgers vector in c-plane and vertical c-plane Burgers vector, respec-

tively.Usually, in-plane diffraction measurement for characterizing the (10-10) XRC-FWHM value is

difficult. Therefore, (10-10) XRC-FWHM is calculated with (0002) XRC-FWHM and (10-12) XRC-

FWHM. In the calculation of the dislocation density of AlGaN materials, the lattice constant a is often

used in place of the Burgers vector in the c-plane, and the lattice constant c is used in place of the

Burgers vector in the vertical c-plane.

Table 1: Dislocation density of the epitaxial layers of two templates.

RC FWHM Dislocation density

Sample (0002) (10-12) ρscrew/cm
−2 ρedge/cm

−2

SP-AlN 1211 1810 3.2× 109 1.8× 1010

HTA-AlN 98 335 2.1× 107 6.8× 108

SP-AlGaN 810 2347 1.3× 109 3.0× 1010

HTA-AlGaN 246 577 1.2× 108 1.8× 109

Table 1 distincts the calculation results of dislocation density.From the calculation data in the

above table, it can be concluded that the AlN template after high-temperature annealing can signifi-

cantly reduce the dislocation density in the AlN/AlGaN layer bymore than an order of magnitude. This

finding further proves that high-quality and high-Al components can be grown on a high-temperature

annealed AlN template. Feasibility of the AlGaN solution.

Fig. 2.(a)(b) shows the AFM images before and after annealing of the sputtered AlN film. The

surface of the SP-AlN template before annealing was covered with columnar structures with a root

mean square roughness (RMS) of 2.01 nm, and the surface quality was poor. After high-temperature

annealing, the columnar structures coalesced, and the RMS was further reduced to 0.33 nm.

The AFM images after growing AlGaN based on the SP-AlN and HTA-AlN templates are shown

in Fig. 2. (c) (d). From this figure, we can see that the surface of AlGaN based on SP-AlN growth

contains a certain number of V-shaped pits formed by threading dislocations. The AlGaN grown based

on the HTA-AlN template has a more uniform step structure and lower RMS roughness.
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Fig. 2: AFM test 2 × 2µm2 surface topography. (a) Sputtered unannealed AlN; (b) HTA-AlN; (c)

Sputtered unannealed AlN directly epitaxial AlGaN; (d) HTA-AlN epitaxial AlGaN.

Fig. 3. shows the XRD test of 2θ − ω on the (0002) plane of the AlGaN epitaxial layer. First,

it should be clear that when AlGaN grows along the c-axis direction, the lattice constant c calculated

according to the (0002) plane diffraction angle and Bragg’s law is still correct, but the Al composi-

tion cannot be directly calculated using Vergard’s law. The 2θ − ω scan of the asymmetric plane is

required to determine the lattice constant a. Usually, we measure the (10-12) plane to calculate the

lattice constant a. The lattice constants c and a of the hexagonal AlGaN system satisfy the following

quantitative relationship:

1

d2hkl
=

4 (h2 + hk + k2)

3a2
+

1

c2
(2)

According to the above formula, the lattice constant of the AlGaN material can be determined.

After obtaining the in-plane lattice constant, the stress on the AlGaN epitaxial film can actually be

obtained. Based on the assumption of the nitride biaxial strain, a method of calculating the strain

directly using the lattice constant c is used here [21]:

σ =
2C2

13 − C33 · (C11 + C12)

2C13

· cfilm − cbulk
cbulk

(3)

where σ is the in-plane strain, Cij is the elastic coefficient, and Cbulk and Cfilm are the c-axis 
lattice constants of bulk and thin film materials, respectively. The elasticity coefficient of the AlN 
material and the c-axis lattice constant under no stress need to be used here. The values of C11, C12, 
C13 and C33 are 396 GPa, 137 GPa, 108 GPa and 373 GPa, respectively [22], and the value of cbulk 
is 0.4982 nm [23]. After the calculation, the stresses in the SP-AlN and HTA-AlN templates before 
growing the AlGaN layer were 0.4892 GPa and -0.1631 GPa, respectively.

Table 2: Sample lattice constant and strain analysis.

Sample Diffraction maximum Lattice constant

(deg) (
o

A )

SP-AlN 18.0244 4.979

HTA-AlN 18.0061 4.983
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Fig. 3: XRD test of 2θ − ω of the AlGaN epitaxial layer.

Lattice constant and strain analysis results obvious that HTA-AlN after high temperature treat-

ment are in the state of in-plane compressive strain. The compressive strain in HTA-AlN was released

to a certain extent.

The position of the XRD peak reflects the size of the lattice constant of the thin film. For binary

compounds, such as GaN and AlN, the change in the peak position in the strain state depends only on

the magnitude of the stress it is subjected to. For the ternary alloy AlGaN, the change in the peak po-

sition is affected by the changes in the Al composition and stress. It is difficult for XRD to completely

distinguish the effect of the Al composition and stress on the change in peak position. In this study,

we indirectly studied the stress changes in the two AlGaN thin films through the change in the AlN

peak position. It can be seen from Fig. 3 that ∆θA > 0 and ∆θB < 0. This finding indicates that the

SP-AlN film is also subjected to tensile stress from the AlGaN film.

Regarding the source of the tensile stress in this part, we believe that it is related to the growth

mode of the AlGaN material with a high Al composition. Due to the high surface migration barrier

of Al atoms, it is difficult for the atoms to reach the optimal lattice point during growth and form

a two-step flow growth mode, so the growth is basically based on three-dimensional island growth.

The 3D islands on the surface of AlGaN with high Al composition produced a large amount of tensile

stress during the merging process.

Based on the above experimental results and existing research results, we have summarized the

growth model based on the HTA-AlN/sapphire template for the high-temperature growth of high AlN

mole fraction AlGaN in Fig. 4. The high-temperature annealed sputtered AlN template, due to the

low density of the screw and mixed thread dislocations on the surface, will produce sporadic hillock

structure growth.[24]. When grown on sputtered AlN without annealing, three-dimensional growth

is implemented to reduce the large tensile stress. When grown directly on the HTA-AlN layer, the

strain in AlN is further released after high-temperature annealing. The sporadic hillock structure at

the growth interface increases the roughness of the interface. From the beginning of AlGaN growth,

three-dimensional growth begins. Dislocations will bend during three-dimensional growth. In thick

AlGaN growth, AlGaN grows two-dimensionally and has a relatively flat surface shape. Therefore,

AlGaN based on HTA-AlN can be directly grown at high temperature, and the high AlN mole fraction

can still obtain good crystal orientation and surface conditions.
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Fig. 4: The principle of low-temperature growth of AlGaN on HTA-AlN.

Conclusions

In this article, we used a high-temperature annealing process to prepare high-quality AlN thin

films with a surface roughness (RMS) of only 0.33 nm. Through the high-temperature annealing pro-

cess, the dislocation density in SP-AlN is reduced by two orders of magnitude.At relatively low tem-

peratures, high-quality epitaxy of theAlGaNmaterial is achievedwithout using theAlN homoepitaxial

layer. AlGaNmaterials based on high-temperature annealing AlN templates grown at low temperature

have a wide range of application markets.
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