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Abstract

:

The growth of AlGaN has been extensively studied, but corresponding research related to the effect of AlN substrate surface has rarely been reported in literature. In this article, the effects of AlN substrate surface on deposition of AlGaN films were investigated by molecular dynamics (MD) simulations. (0001) Al-terminated and    (  000  1 ¯   )    N-terminated AlN were considered as substrates. The quality of surface morphology and atomic scale structure of deposited AlGaN film are discussed in detail. The results show that the surface morphology and crystal quality of AlGaN film grown on (0001) Al-terminated AlN surface are better than for that grown on    (  000  1 ¯   )    N-terminated AlN surface under various growing temperatures and Al/Ga injection ratios between Al and Ga. This can be attributed to the higher mobility of Al and Ga adatoms on the (0001) Al-terminated AlN surface. These findings can provide guidance for the preparation of high-quality AlGaN thin films on AlN substrate.
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1. Introduction


III-Nitrides have attracted much attention over the past decades due to their excellent optoelectronic and physical properties [1,2,3]. Benefitting from an adjustable band gap (3.4 eV to 6.2 eV), AlGaN alloys are widely used in the area of optical devices such as laser diodes (LDs) [4], light emitting diodes (LEDs) [5] and photodetectors [6]. Especially in deep ultraviolet LED (DUV-LEDs), AlGaN/AlN superlattices (SLs) are used for filtering dislocations and relieving stresses [7]. Moreover, it is applied in n and p electrodes as the container of negative and positive carriers, respectively [8,9]. In addition, it is a component of multiple quantum wells (MQWs), which serve as the active region for the recombination of carriers [10].



The growth of AlGaN film has been extensively studied for its wide application and AlN often serves as the buffer layer for growing AlGaN due to the small lattice mismatch between them [11]. So far, the growth of AlGaN film on AlN buffer layers has mainly been investigated by experimental studies. Growing temperature [12], pressure [13], Al concentration [14] and V/III ratio [15] during the growth of AlGaN film have been frequently investigated. However, little attention has been paid to exploring the effect of the AlN surface on the growth of AlGaN film, while the GaN surface has been systematically studied [16,17]. Moreover, characters such as surface morphology, atomic structure, defects and migration process during the growth process can be visualized directly by MD simulations instead of experiments. These characteristics provide fundamental and principal understanding of the growth process, and may guide the practical experiments.



Recently, MD simulation has been extensively employed to systematically investigate the growth of III-V binary [18,19] and ternary compounds [20,21]. The growth of GaN on polar surfaces [18] and AlN on non-polar surfaces [19] were investigated; additionally, the growth of ternary InGaN film on polar [20] and non-polar [21] GaN surfaces was also discussed. The formation of defects on these planes was explored.



However, MD simulation of AlGaN film grown on AlN has rarely been reported, particularly with regard to the substrate surface effect. AlN is typically grown along the c-plane [22,23]. C-plane AlN has two kinds of polarities ((0001) and    (  000  1 ¯   )   ) and two kinds of terminal surfaces (Al-terminated and N-terminated surfaces), resulting in four combinations: (0001) Al-terminated, (0001) N-terminated,    (  000  1 ¯   )    Al-terminated and    (  000  1 ¯   )    N-terminated AlN. In this paper, we chose two of them—the (0001) Al-terminated and    (  000  1 ¯   )    N-terminated AlN surfaces—to analyze the effect of the substrate surface on the growth of AlGaN film. AlGaN films with different growth temperatures and injected Al concentrations were deposited. The surface morphology and atomic structures are discussed in detail. Furthermore, the migration process of adatoms is compared.




2. Calculation Methods


2.1. Interatomic Potential


The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [24] with SW potential [25,26] has been adopted. So far, there have been many potentials developed for GaN [27,28,29] and AlN [30,31], but few potentials describe the interatomic potentials of Al-Ga-N. In this work, the SW potential is chosen to describe the interatomic interaction in Al-Ga-N. It can accurately characterize the elastic, structural and dynamical properties of AlN and GaN, and can well describe the interatomic interaction between Al-Ga. Similar SW potentials have already been successfully applied to investigate InGaN film grown on GaN surface [20,21]. The parameters of Al-Ga-N SW potential are shown in Table 1. More details can be found in References [25,26]. And the SW potential file are uploaded as Supplementary Material.




2.2. Simulation Details


The 3D model of the AlN substrate is shown in Figure 1a, x, y and z represent the directions    (  1  1 ¯  00  )   ,    (  11  2 ¯  0  )    and (0001) (or    (  000  1 ¯   )   ), respectively. The AlN substrate consists of 5400 Al atoms and 5400 N atoms with Al-terminated plane (shown in Figure 1b) or with N-terminated plane along the z axis (shown in Figure 1c). The specific data files have been uploaded as Supplementary Materials. The AlN substrate is divided into three groups: two pairs of atoms at the bottom of the substrate make up the fixed group to prevent movement of the substrate due to the deposition of atoms. Two pairs of atoms on the top of the substrate constitute the free group, in which the atoms are entirely free to interact and transmit energy with the deposited atoms. The rest of the atoms in the middle of the substrate act as the thermal control group, where the NVT ensemble is used to perform time integration on Nose-Hoover style non-Hamiltonian equations of motion to update the positions and velocities of the atoms to obtain the prescribed substrate temperature. Periodic boundary conditions (PBCs) are applied in the x and y directions to create a seemingly infinite boundary, while a free boundary condition (FBC) is applied to the z direction to enable the deposition of Al, Ga and N atoms. The growth of AlGaN is simulated by periodically injecting an Al atom, a Ga atom or a N atom from a 25-fold lattice height toward the AlN substrate surface with an incident angle of 0° (perpendicular to the substrate), which is indicated by the black arrow in Figure 1. The injected atoms are all assigned a kinetic energy of 0.17 eV [18]. The time interval of injected N atoms is kept at a constant 2.5 ps per atom, and the total number of injected N atoms is 8000. Meanwhile, the time interval and number of injected Al and Ga atoms are varied to get different injected Al:Ga ratios, but the injected (Al + Ga):N ratio remains 1 under all conditions. The deposition process takes 20,000 ps. After the deposition, a relaxation process of 5000 ps is carried out to equilibrate the system.




2.3. Analysis Methods


The visualization is realized using the open visualization tool (OVITO) [32]. Identify diamond structure (IDS) [33] in OVITO is used to identify the atoms arranged in hexagonal (wurtzite) or cubic diamond (zinc blende) lattice. The algorithm analyzes the local environment of each atom up to the second neighbor shell to determine the local structural type. To classify a central atom, the second nearest neighbors are taken into account to discriminate between cubic and hexagonal diamond structures. This method involves the characterization of the geometrical arrangement of the second nearest neighbors.





3. Results and Discussion


3.1. Surface Morphology


A smooth surface is a critical indicator of high-quality AlGaN film. Figure 2 shows the surface evolution process of deposited AlGaN films on two different terminal surfaces at 1350 K with injected Al:Ga ratio = 3:5. Four snapshots are presented to describe the growth process. At the initial stage of growth (t = 5000 ps), Al, Ga, and N atoms are injected toward the AlN substrate and bond to each other, then they overspread the substrates as shown in Figure 2a,e. A smoother surface is observed in Figure 2a than in Figure 2e, although the distinction is ambiguous. As the deposition continues, the AlGaN films grow thicker as shown in Figure 2b,c,f,g. Relatively smooth surfaces can still be observed in Figure 2b,c. Compared to Figure 2b, Figure 2f shows island-like structures on the surface, and the island structures are strengthened in Figure 2g. At the final deposition stage, Figure 2d still shows a comparatively 2D surface, while a deteriorated 3D surface is observed in Figure 2h. We find that adatoms are more likely to find an ideal lattice site before the impacting of other atoms when grown on the (0001) Al-terminated surface, so a smooth film surface is achieved. In contrast, when growing on the    (  000  1 ¯   )    N-terminated surface, adatoms are less able to move away from their initial deposited positions, and the subsequently impacting atoms soon bury the deposited atoms before they move. Consequently, the 3D growth mode is formed.



To further explore the surface morphology of AlGaN film on two different AlN substrates, the surface morphology of the deposited AlGaN films grown on AlN substrates after relaxation is shown in Figure 3 and Figure 4, in which the atoms are colored by height along the z axis. Figure 3 shows the surface morphology of the deposited AlGaN film under different temperatures and substrate surfaces. From Figure 3, we easily find that when growing on the    (  000  1 ¯   )    N-terminated surface, AlGaN films show a rough surface under all temperatures. On the other hand, AlGaN films exhibit a smooth surface when growing on the (0001) Al-terminated surface. Moreover, the surface gets smoother when the temperature increases from 950 K to 1350 K.



Figure 4 shows the surface morphology of the deposited AlGaN film under different injected Al:Ga ratios and substrate surfaces at 1250 K. It is obvious that AlGaN film grown on (0001) Al-terminated surface exhibits a relatively smooth surface and displays a rough surface on the    (  000  1 ¯   )    N-terminated surface under all injected Al:Ga ratios. In addition, the surface gets rougher when increasing the injected Al:Ga ratio on the (0001) Al-terminated surface. The fact that at low Al contents, Ga adatoms with high surface mobility dominate the growth mechanisms, leading to smooth surface morphologies, has also been proven by experiment [34].



Taken together, AlGaN film grown on the (0001) Al-terminated surface has much better surface morphology than that grown on the    (  000  1 ¯   )    N-terminated surface. The growth mode of AlGaN on the (0001) Al-terminated surface trends towards a 2D mode, while that on    (  000  1 ¯   )    N-terminated surface trends towards 3D.




3.2. Atomic Structure


Crystal lattice perfection is essential for AlGaN film. Deviation from ideal lattice configuration can change the coordinates of atoms and overstretch bonds, resulting in changed electron populations in the valence and conduction bands. In addition, the existence of defects and even polytypism seriously affects the electrical and optical properties of AlGaN [35]. Thus, high-quality AlGaN film with low lattice deformation and low defect concentration is required for such applications.



The atomic arrangement of the deposited AlGaN films at 950K, 1150 K and 1350 K with injected Al:Ga ratio of 1:1 are investigated to explore lattice perfection, as shown in Figure 5. For a perfect lattice, the hexagonal mesh structure can be observed when looking along the x axis, as the substrate atoms show. When growing on the (0001) Al-terminated AlN surface (shown in Figure 5a–c), the deposited atoms are arranged in a very orderly fashion; the regular pattern of the deposited atoms can still be observed. Meanwhile, we can also see there are lattice distortions due to the deviation from the ideal lattice sites of some atoms. However, the overall atomic arrangement is orderly. The hexagonal mesh structure can be observed in most parts of the deposited film. In general, the overall arrangement of deposited atoms is comparatively good. Compared with Figure 5a–c, the deposited atoms in Figure 5d–f are much more disordered. Many atoms pile up together, while some other atoms loosely bond with each other, leading to massive interstitial atoms and vacancies. The arrangement of atoms can hardly be detected. It is obvious that AlGaN grown on (0001) Al-terminated AlN surface has a better crystal lattice arrangement. Moreover, the arrangement of atoms gets more orderly as the temperature increases from 950 K to 1350 K when growing on (0001) Al-terminated AlN surface.



Figure 6 shows the atomic arrangement of deposited AlGaN films at 1350 K with injected Al:Ga ratio of 3:5, 1:1 and 5:3 at 1350 K under different AlN substrates: (a)–(c) (0001) Al-terminated AlN; (d)–(f)    (  000  1 ¯   )    N-terminated AlN. We can easily find that the deposited atoms are in great disorder when growing on    (  000  1 ¯   )    N-terminated AlN surface under all injected Al:Ga ratios. When growing on (0001) Al-terminated AlN, the arrangement of deposited atoms is relatively good and gets a little worse as the injected Al:Ga ratio increases from 3:5 to 5:3.



Generally, better surface morphology and atomic scale structure of AlGaN film is achieved when grown on (0001) Al-terminated than on    (  000  1 ¯   )    N-terminated AlN. When increasing the temperature from 950 K to 1350 K, the surface morphology and atomic scale structure of AlGaN film grown on (0001) Al-terminated surface get better. This is due to the increased mobility of deposited atoms as the temperature increases [36], which facilitates the deposited atoms finding their ideal lattice sites. Increasing temperature improves the surface morphology and atomic scale structure of deposited AlGaN film. The surface morphology and atomic scale structure of AlGaN film grown on (0001) Al-terminated surface deteriorate as the injected Al:Ga ratio increases from 3:5 to 5:3, because the mobility of Al atoms is lower than that of Ga atoms [37]; it is more difficult for Al atom to move than for Ga atom. The low surface mobility of Al atoms prevents Al atoms from finding the ideal lattice site, which leads to bad surface morphology and atomic scale structure. Thus, increasing the injected Al:Ga ratio degrades the surface morphology and atomic scale structure of deposited AlGaN film.



The atomic structures of deposited AlGaN film at 1150 K on two different terminal surfaces are further investigated, and the structural constituent and corresponding distribution of potential energy (PE) is shown in Figure 7. In order to show more clearly the defect region, the local lattice structures are indicated by colors. From Figure 7a,b, we find that there are more hexagonal (wurtzite) structures in AlGaN grown on (0001) Al-terminated surface, while more US (unidentified structures) are found in AlGaN grown on    (  000  1 ¯   )    N-terminated AlN surface. In addition, we can see that there are cubic diamonds (zinc blende) in both Figure 7a,b. The wurtzite and zinc blende structures appear alternately along the film thickness direction, bounded horizontally by stacking faults. This may be exaggerated because the energy differences between wurtzite and zinc blende are both small for AlN and GaN [38], and the SW potential ensures the lowest energies for the equilibrium wurtzite and zinc blende phase for both AlN and GaN. In general, AlGaN grown on (0001) Al-terminated AlN surface has a better atomic structure than that grown on    (  000  1 ¯   )    N-terminated AlN surface. Comparing Figure 7a,c, we find that PE in the region of the defects is higher than that in the region with the ideal lattice structure, which is in accordance with the theoretical calculation [39]. The correspondence between defects and PE distribution provides us with another method to locate defects.




3.3. Atomic Migration Mechanisms


Taking the above results into consideration, we can easily find that (0001) Al-terminated AlN is a better template for growing AlGaN to get better surface morphology and crystal quality. Because Al and Ga adatoms have lower diffusion barriers on (0001) Al-terminated than on    (  000  1 ¯   )    terminated [36]. This means that Al and Ga adatoms are more mobile on (0001) Al-terminated AlN surface than on    (  000  1 ¯   )    AlN N-terminated surface, which facilitates the movement for Al and Ga adatoms to find the ideal lattice site. As a result, better surface morphology and crystal quality are expected. (0001) Al-terminated surface substantially improves the surface roughness and crystal quality of deposited AlGaN film. Similarly, J. Gruber et al. chose (0001) Ga-terminated GaN template for the growth of InGaN [20]. Ponce et al. [40] examined smooth MOCVD films grown on sapphire with a low-temperature GaN buffer layer and reported them to be (0001) Ga-polar. Rouvière et al. [41] studied MOCVD films with various growth conditions. They reported that the smooth films typically obtained with a low temperature buffer layer are predominantly Ga-polar. Meanwhile M. Sumiya [42] and M. Stutzmann [43] proved that Ga-polar GaN surface is the surface of choice for growing III-Nitrides and its related applications. They are all consistent with our study here.



To further verify the different mobility of Al and Ga adatoms on two different surfaces, the time-resolved processes for migration of adatoms on the substrate surfaces at 1450 K and injected Al:Ga = 1:1 are displayed in Figure 8. Figure 8a–d shows the migration process of adatoms on (0001) Al-terminated AlN surface, while Figure 8e–h shows the migration process of adatoms on    (  000  1 ¯   )    N-terminated AlN surface. In Figure 8a,b, the adatoms successively approach the substrate then start to bond with appropriate atoms. We can see in Figure 6c that the N adatom bonds with Al atom on the substrate and another N adatom moves toward the Al adatoms. The next moment, in Figure 8d, the bond between the first N adatom and substrate Al atom breaks up and the N adatom moves toward the Ga adatom to find a new lattice site. Meanwhile, another pair of Al and N adatoms also move towards each other. A similar process can be observed in Figure 8e–h. However, when we carefully compare the migration processes on different surfaces, we find that Al and Ga adatoms gradually move away from their initial position after they approach the (0001) Al-terminated surface. By comparison, Al and Ga adatoms have little movement from their initial position after they approach the    (  000  1 ¯   )    N-terminated surface. Apparently, Al and Ga adatoms have a longer migration length on (0001) Al-terminated AlN surface than on    (  000  1 ¯   )    N-terminated AlN surface, facilitating the movement of Al and Ga adatoms to find the ideal lattice site.





4. Conclusions


We have studied the effect of substrate surface on the deposition of AlGaN film on two AlN surfaces: (0001) Al-terminated and    (  000  1 ¯   )    N-terminated AlN surface. Growth temperatures and injected Al:Ga ratios were varied to comprehensively explore the effects. The surface morphology and atomic structure of deposited AlGaN film were discussed in detail. The results show that AlGaN film grown on (0001) Al-terminated surface has better surface morphology and crystal quality than that grown on    (  000  1 ¯   )    N-terminated surface under all conditions. The reason was further explored, and we find that Al and Ga adatoms are more mobile on (0001) Al-terminated surface, which facilitates the movement of Al and Ga adatoms to find their ideal lattice sites. Thus, better surface morphology and crystal structure are expected. In addition, when growing on (0001) Al-terminated AlN surface, AlGaN film shows the better surface morphology and atomic scale structure as the temperature increases from 950 K to 1350 K. The surface morphology and atomic scale structure deteriorate when increasing the injected Al:Ga ratio from 3:5 to 5:3. The result that (0001) Al-terminated AlN is a better candidate for growth of AlGaN film agrees well with previous theoretical research. Furthermore, our simulation suggests that MD simulation offers new possibilities to probe into the growth process and mechanisms of AlGaN alloy. Based on the results obtained, we foresee further practical study on the growth of AlGaN film.
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Figure 1. Model of AlN substrate: (a) 3D model of AlN substrate; (b) side view of (0001) Al-terminated AlN; (c) side view of    (  000  1 ¯   )    N-terminated AlN. 
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Figure 2. AlGaN growth at 1350 K with injected Al:Ga ratio = 3:5 on (0001) Al-terminated AlN (a–d) and    (  000  1 ¯   )    N-terminated AlN (e–h). The green, red and yellow indicate the Al, Ga and N atoms in the deposited film, respectively. In addition, the dark blue and light blue ball indicate the Al and N atoms in the substrate. 
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Figure 3. Surface morphology of deposited AlGaN film with injected Al:Ga ratio of 3:5 at 950 K, 1150 K and 1350 K on: (a–c) (0001) Al-terminated AlN; (d–f)    (  000  1 ¯   )    N-terminated AlN. 
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Figure 4. Surface morphology of deposited AlGaN film at 1250 K with injected Al:Ga ratio of 3:5, 1:1 amd 5:3 on: (a–c) (0001) Al-terminated AlN; (d–f)    (  000  1 ¯   )    N-terminated AlN. 
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Figure 5. Atomic scale structure of deposited AlGaN films at 950 K, 1150 K and 1350 K under different AlN substrates: (a–c) (0001) Al-terminated AlN; (d–f)    (  000  1 ¯   )    N-terminated AlN. The red, green and yellow indicate the Al, Ga and N atoms in the deposited film, respectively. In addition, the dark blue and light blue balls indicate the Al and N atoms in the substrate. 
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Figure 6. Atomic scale structure of deposited AlGaN films at 1350 K with injected Al:Ga ratio of 3:5, 1:1 and 5:3 under different AlN substrates: (a–c) (0001) Al-terminated AlN; (d–f)    (  000  1 ¯   )    N-terminated AlN. The red, green and yellow indicate the Al, Ga and N atoms in the deposited film, respectively. In addition, the dark blue and light blue balls indicate the Al and N atoms in the substrate. 
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Figure 7. Atomic structure and potential energy distribution of deposited AlGaN film with growth temperature of 1150 K and injected Al:Ga = 5:3. (a,b) shows the structural constituent of AlGaN films grown on (0001) Al-terminated and    (  000  1 ¯   )    N-terminated AlN, while (c,d) shows the corresponding distribution of PE. 
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Figure 8. Adatom migration process on different substrate surfaces: (a–d) on (0001) Al-terminated AlN surface and (e–h) on    (  000  1 ¯   )    N-terminated AlN surface with growth temperature of 1450 K and injected Al:Ga = 1:1. The deep blue and light blue atoms represent Al and N atoms in the AlN substrate while the green, red, and yellow atoms represent Al, Ga and N atoms in the deposited film correspondingly. 
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Table 1. SW potential parameters.
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	Parameter
	GaGa
	NN
	AlAl
	GaN
	GaAl
	NAl





	ε (eV)
	1.2000
	1.2000
	0.5650
	2.1700
	0.5223
	2.2614



	σ (Å)
	2.1000
	1.3000
	2.6674
	1.6950
	2.7322
	1.7103



	α
	1.60
	1.80
	1.55
	1.80
	1.55
	1.80



	λ
	32.5
	32.5
	0.0
	32.5
	0.0
	40.5



	γ
	1.2
	1.2
	1.2
	1.2
	1.2
	1.2



	A
	7.9170
	7.9170
	17.8118
	7.9170
	17.8118
	7.917



	B
	0.72
	0.72
	0.72
	0.72
	0.72
	0.72
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