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Abstract

:

The thermally activated blistering and exfoliation of GaAs wafers and SiO2/Si3N4/GaAs wafers after H+ and He+ implantation is systematically investigated. Surface morphologies and microscopic defects are detected and analyzed by various measurements, such as optical microscopy (OM), atomic force microscopy (AFM), and transmission electron microscopy (TEM). Blistering and exfoliation are obtained on the surfaces of the GaAs and SiO2/Si3N4/GaAs wafers by either the exclusive implantation of 5 × 1016 He+/cm2 alone or by co-implantation of 0.5 × 1016 He+/cm2 and 4 × 1016 H+/cm2. Our experimental results show that the blistering and exfoliation of the SiO2/Si3N4/GaAs layer occurred when the concentration of He+ was relatively low, where fewer dislocations and nanocavities were created near the interface between the Si3N4 and GaAs layers.
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1. Introduction


Composite semiconductor materials have been widely used in many kinds of microelectronic and optoelectronic devices, such as laser diodes, high-frequency transistors, light-emitting diodes, and so on [1,2,3]. In most cases, it is necessary that the epitaxial layers of such devices be grown on lattice-mismatched substrates [4]. At present, relatively large-area (up to 150 mm in diameter) and high-quality bulk GaAs substrates are available [5]. However, these wafers are much more expensive than Si wafers [6]. Therefore, the epitaxy of GaAs-based devices is often grown on cheap substrates [7]. Because of lattice mismatch, heteroepitaxial growth on foreign substrates usually gives rise to extended, mismatch-induced, stress-relieving defects, which are detrimental to the performance and life of these devices [8]. Based on the development of the Smart CutTM technology and wafer bonding process [9], composite wafers are gradually becoming more promising, by reducing device costs and simultaneously providing a high-quality structural substrate [10,11,12]. The composite wafers can not only be quite inexpensive, but greatly reduce the defect density of epitaxial layers.



The layer transfer process generally plays an important role in the fabrication of composite wafers, and can be achieved by optimizing implantation parameters such as implantation fluence, flux, and actual implantation temperature [13,14,15,16]. Tong et al. [17] were the first to underline the importance of temperature during ion implantation and pointed out that the implantation temperature window for GaAs was about 160–250 °C. Radu et al. [18] found that it was difficult to obtain blisters and craters in GaAs with only H+ implantation. However, in the case of exclusive He+ implantation and He+ + H+ co-implantation, blistering and exfoliation appeared on the GaAs surface. Webb et al. [19] investigated the influence of implantation flux and temperature on the smart-cut process; with the increment of flux, the area of exfoliation and mean size of blisters both increased. Woo et al. [20] studied the blistering and exfoliation kinetics of GaAs (100) wafers implanted with H+ and He+. They showed that the optimum implantation temperature lies in the 120–160 ℃ interval. Therefore, it can be concluded that the exfoliation and blistering of the GaAs wafer require the participation of He+ and H+. However, most studies only focus on the blistering and exfoliation of the GaAs wafer.



In this paper, both SiO2 and Si3N4 are used as intermediate insulation layers to pave the way for the fabrication of GaAs-on-insulator wafers. The evolution of surface morphology in the GaAs wafer and SiO2/Si3N4/GaAs wafer after post-implantation annealing without bonding to the handle wafer is systematically analyzed. According to the results of cross-sectional TEM, the origin of blister formation is located and the mechanism of blisters formation is also comprehensively explained.




2. Experiments


In this experiment, four samples, denoted A, B, C, and D, were prepared using semi-insulating (100) oriented GaAs (Freiberger Compound Materials, Saxony, Germany) as the substrate. Sample A was implanted with only 25 keV, 5 × 1016 He+/cm2, while Sample B was co-implanted with 25 keV, 5 × 1015 He+/cm2 and 15 keV, 4 × 1016 H+/cm2. These two samples were set as reference points to see if the blistering and exfoliation could occur on the surface of the GaAs wafer under two kinds of implantation conditions. For Sample C and Sample D, a 200 nm Si3N4 layer followed by a 600 nm SiO2 layer using plasma-enhanced chemical vapor deposition (PECVD) was firstly deposited on the GaAs substrate to form SiO2/Si3N4/GaAs composite wafers. Sample C was implanted with only 300 keV, 5 × 1016 He+/cm2. Sample D was co-implanted with 300 keV, 5 × 1015 He+/cm2 and 160 keV, 4 × 1016 H+/cm2. The specific implantation parameters are listed in Table 1. Note that the axis of the incident ion beam was tilted 7° off relative to the normal axis of the GaAs surface before implantation in order to minimize the channeling effect. According to the calculation results of SRIM [21], the relationship between ion concentration and implantation depth at room temperature in the SiO2/Si3N4/GaAs samples is shown in Figure 1. After implantation, the GaAs wafer and SiO2/Si3N4/GaAs wafer were cut into smaller samples and subjected to furnace annealing at 300 °C in a flow of N2 for 1 h.



An Olympus OM (Olympus, Shibuya-ku, Japan) was used to detect blister cavities, while the morphology of craters and blisters was characterized by a Bruker AFM (Bruker, Santa barbara, CA, USA) in tapping mode. JEM-2100 cross-sectional TEM (JEOL, Otemachi, Japan) under out-of-Bragg and out-of-focus conditions was used to image bubbles and micro-cracks in the SiO2/Si3N4/GaAs samples [22]. Before TEM observations, the samples were thinned to less than 100 nm by a TESCAN LYRA3 FIB (Focused Ion Beam)–SEM (Scanning Electron Microscope) (TESCAN, Libusina trida, Czech Republic) to meet the observation requirements of TEM.




3. Results and Discussion


3.1. Ion Implantation into the GaAs Wafer


Figure 2 shows the surface morphology of the GaAs wafer after 300 °C annealing for 1 h. Figure 2a,b shows the surface morphology of Samples A and B, as detected by OM, and Figure 2c,d shows the corresponding AFM images, respectively. Surface features such as blisters and craters were clearly observed in two samples. According to the calculation results of SRIM, the implantation depths of He+ and H+ were 167 nm and 146 nm in the GaAs wafer, respectively. As shown in Figure 2c,d, the average depths of the craters in Samples A and B were 172 nm and 153 nm, which were consistent with the calculated results. The mean diameter of the blisters and average size of the craters were 2.4 μm and 3.5 μm in Sample A, and 2.2 μm and 3.2 μm in Sample B, respectively. The diameter and size of the blisters and craters on the surface of Sample A were larger than those on the surface of Sample B. Moreover, the densities of the craters and blisters on the surface of Sample A were also higher than those of Sample B.




3.2. Ion Implantation into the SiO2/Si3N4/GaAs Wafer


Figure 3a shows the OM image of the surface morphology of Sample C. Some ring-shaped blisters were observed with a mean diameter of 60 μm. Severe exfoliation was obtained on the surface. However, the surface morphology of Sample D was more complex after annealing, as shown in Figure 3b. No craters, but many blisters with the different sizes appeared on the surface. The blisters tended to grow and coalesce with those adjacent to them. Compared to the surface morphologies of Samples A and B, as shown in Figure 2, the diameter of the blisters and the size of the craters in Samples C and D were relatively larger. The critical radius of surface blisters was proportional to the depth of ion implantation [23].



Cross-sectional TEM measurements were carried out for Samples C and D to analyze the involved mechanism for the observed exfoliation and blisters. As shown in Figure 4a, a well-defined defect band was created at a depth range of 400 to 620 nm from the surface in the sample C. The position of the defect band was approximately consistent with the projected range of He+ calculated by SRIM. The band mainly consisted of isolated cavities and dislocation-like defects. As shown in Figure 4b, the cavities, regarded as high-pressure He bubbles, usually behaved like spherical shapes and had sizes ranging from 4 to 30 nm with a mean diameter of 15 nm. The bubbles and dislocations in the GaAs layer evolved into a complex synergistic effect during the He+ implantation process [24]. When He+ was implanted into the initially defect-free matrix, the He+ and vacancies resulting from the lattice dislocation attracted each other. The vacancies and their clusters may have been the nucleation sites for the bubbles [25]. With the accumulation of extra He+, the pressure of bubbles also increased accordingly. The pressure was relieved through the formation of platelet-like dislocations, as shown in Figure 4c,d. In our work, He+ was implanted at 300 keV, which made the distribution of He+ deeper and broader. During the 300 °C annealing process, more isolated He+ located in the lattice or trapped at the point defects was able to move into the bubbles, which augmented the compressive stress in the damaged zone and weakened the bond strength in the damaged layer. However, no micro-cracks appeared in the damaged zone, which indicates that the exfoliation that appeared on the surface of Sample C was not from the GaAs layer. Besides this, no cavities or defects were observed in any other regions.



As shown in Figure 5, before cutting the edge of the blister, Pt was deposited on the edge of the blister to protect the surface of Samples C and D from ion beam damage. As shown in Figure 5b, the blister in Sample C did not occur in the GaAs layer, but rather in the above Si3N4 layer. The formation of blisters was attributed to the fracture of the Si3N4 layer. However, the blisters bulging from the Si3N4 layer were not what we wanted. We wanted the exfoliation from the depth position of the He+ projected range.



As shown in Figure 5c, the blister on the surface of Sample D was cut by the FIB. When the cross section of the sample was observed, obvious voids and cracks were recognized at the edge of the blister. The cross-sectional TEM image of the edge of the blister showed that the blistered layer mainly consisted of a 600 nm SiO2 layer, a 200 nm Si3N4 layer, and a more than 600 nm-thick GaAs layer. It was totally different from the image of Sample C, where the blistered layer was only composed of a 600 nm SiO2 layer and a 200 nm Si3N4 layer. As shown in Figure 5d, a thin film of GaAs layer separated from the bulk GaAs substrate was tightly bonded to the Si3N4 and SiO2 layers. In addition, it was found that the thickness of the GaAs layer in the blister was larger than that in the damaged zone. During annealing, the rapid expansion of the blisters inevitably broke the lattice order of the GaAs layer at the implantation depth, which made the GaAs layer split in a more disorderly way and caused burrs at the edge of the GaAs layer.



As shown in Figure 6, the cross-sectional morphology in Sample D, sequentially co-implanted with He+ and H+, was different from that in Sample C. The sample showed significant cracks at the implantation depth after 300 °C annealing for 1 h, as shown in Figure 6a. The width of the gap formed in the damaged zone was approximately 100 nm. However, as shown in Figure 6b, the elongated crack (larger than 600 nm) was not completely separated in some areas. As shown in Figure 6c,d, a closer observation of the damaged layer can reveal all kinds of defect microstructures. Two families of platelets, {100} and {111}, both appeared at the projected range of He+ and H+. Besides this, isolated spherical cavities with diameters of 4–10 nm were also detected. Moreover, relatively few defect microstructures occurred in Region B. Most cracks and cavities were mainly distributed in Region A. After He+ implantation, vacancies and defects were created at the projected depth range of He+. He+ co-precipitated with the vacancies to form bubbles. When H+ was implanted into the SiO2/Si3N4/GaAs wafer, H+ preferentially reacted with the vacancies and formed into an H-terminated internal surface, which was used to trap H2 and increase the internal pressure. According to our TEM observations in Figure 6, the cracks were mainly distributed at the bottom of the damaged layer. The edge profile of GaAs in Region A was just like a microscopically zigzagging path, but parallel to the interface of the Si3N4 layer on the whole.



When only He+ was implanted into the sample, the exfoliation and blisters that appeared on the surface only consisted of the SiO2 and Si3N4 layers. However, in the case of the co-implantation of He+ and H+, the dose of H+ was greater than that of He+. H+ played a major role in the entire process of blistering and exfoliation. Combined with the calculation results shown in Figure 7, it can be found that the vacancies and defects caused by He+ were more than those caused by H+ under the same number of ion implantations. In Figure 7a,b, target displacement refers to the number of atoms knocked off their target sites; target vacancies indicates the number of vacancies in the target sites; and replacement collisions refer to instances where a target atom was knocked out, before being replaced in the lattice [7]. During the simulation, 10,000 ions were set to bombard the surface of the sample. The exclusive implantation of H+ gave rise to 13 target displacements, 13 target vacancies, and 0 replacement collisions. The exclusive implantation of He+ alone caused 170 target displacements, 166 target vacancies, and 5 replacement collisions in the SiO2/Si3N4/GaAs sample. For the Si3N4 layer, the maximum values for target displacements, target vacancies, and replacement collisions in the Si3N4 layer caused by H+ and He+ were 1.6 × 10−4, 1.55 × 10−4, 6.8 × 10−5 and 0.0145, 0.014, 5.56 × 10−4 ions/Angstrom, respectively. Energy to recoils, as shown in Figure 7c,d, indicates the energy absorbed by Si and N atoms. Compared with the exclusive implantation of H+ alone, the energy absorbed by Si atoms and N atoms in the sample implanted with only He+ was much higher. The maximum values of energy absorbed by single Si and N atoms were 0.35 eV/Angstrom and 0.27 eV/Angstrom, respectively. Moreover, the Si and N atoms that absorbed the maximum energy were located in the interface of the Si3N4 and GaAs layers. After obtaining the energy, the Si and N atoms were no longer stable and they wanted to get rid of the original constraints. In addition, after implantation, the ions’ profile was calculated as shown in Figure 1. Comparing Figure 1a,b, more He+ remained in the Si3N4 layer than H+ after implantation. During 300 °C annealing for 1 h, He+ close to the interface of the Si3N4 and GaAs layers accumulated and co-precipitated with vacancies to form cavities. These cavities were further coalesced and formed bubbles, which created a gap between the Si3N4 and GaAs layers. More H+ were implanted into the GaAs layer and less into the Si3N4 layer. Therefore, with regards to the co-implantation of H+ and He+, the ion implantation of H+ as the main part could play an effective role in the exfoliation of the SiO2/Si3N4/GaAs layer.





4. Conclusions


In summary, we investigated the surface morphology and defect microstructures of a GaAs wafer and a SiO2/Si3N4/GaAs wafer after the implantation of H+ and He+. The experimental results showed that both the implantation of He+ alone and the co-implantation of H+ and He+ can give rise to the exfoliation and blistering of the GaAs wafer and the SiO2/Si3N4/GaAs wafer. According to the calculation of the SRIM, more He+ can stay in the Si3N4 layer than H+. Moreover, during the implantation process, defects such as vacancies and dislocations caused by the implantation of He+ were more numerous than those caused by the implantation of H+ in the Si3N4 layer. After 300 °C annealing for 1 h, the blisters in the sample implanted with only He+ stemmed from the Si3N4 layer and the blisters in the sample co-implanted with H+ and He+ stemmed from the inside of the GaAs layer. By comparison, the implantation of more H+ was beneficial to the blisters and exfoliation of the SiO2/Si3N4/GaAs layer.
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Figure 1. Ion concentration as a function of implantation depth in Samples C (b) and D (a). 
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Figure 2. Surface morphology images of Samples A and B after 300 °C annealing for 1 h. (a) Surface morphology of Sample A; (b) Surface morphology of Sample B; (c) AFM image of the local surface morphology in Sample A; (d) AFM image of the local surface morphology in Sample B. 
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Figure 3. The surface morphology of blisters and craters in Samples C (a) and D (b) after 300 °C annealing for 1 h. 
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Figure 4. Cross-sectional TEM images of Sample C. (a) An overall cross-sectional morphology of Sample C; (b) Partial morphology of the damage zone; (c) Dislocation-like defects; (d) Enlarged view of dislocation-like defects and bubbles. 
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Figure 5. Cross-sectional diagram of blister in Samples C and D. (a) Schematic diagram of blister edge cut by FIB (focused ion beam) in Sample C; (b) Cross-sectional diagram of blister in sample C; (c) Schematic diagram of blister edge cut by FIB (focused ion beam) in Sample D; (d) Cross-sectional diagram of blister in sample D. 
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Figure 6. Cross-sectional TEM images of Sample D. (a) An overall cross-sectional morphology of Sample D; (b) Partial micro-cracks of the damaged zone; (c) Dislocation-like defects; (d) A close view of dislocation-like defects. 
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Figure 7. Damage due to H+ and He+ implantation into the SiO2/Si3N4/GaAs wafer calculated by SRIM. (a) Vacancies and defects caused by implantation with only H+ into the SiO2/Si3N4/GaAs wafer; (b) Vacancies and defects caused by implantation with only He+ into the SiO2/Si3N4/GaAs wafer; (c) The energy absorbed by N and Si atoms in the Si3N4 layer when only H+ was implanted; (d) The energy absorbed by N and Si atoms in the Si3N4 layer when only He+ was implanted. 
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Table 1. Implantation parameters for the four samples.
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	Sample No.
	Materials
	He+ Dose

(1016/cm2)
	H+ Dose

(1016/cm2)
	He+ Implantation

Energy (keV)
	H+ Implantation

Energy (keV)





	A
	GaAs
	5
	—
	25
	—



	B
	GaAs
	0.5
	4
	25
	15



	C
	SiO2/Si3N4/GaAs
	5
	—
	300
	—



	D
	SiO2/Si3N4/GaAs
	0.5
	4
	300
	160











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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