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Abstract

:

We have designed and then grown a simple structure for high electron mobility transistors (HEMTs) on silicon, where as usual two transitional layers of AlxGa1−xN (x = 0.35, x = 0.17) have been used in order to engineer the induced strain as a result of the large lattice mismatch and large thermal expansion coefficient difference between GaN and silicon. Detailed x-ray reciprocal space mapping (RSM) measurements have been taken in order to study the strain, along with cross-section scanning electron microscope (SEM) images and x-ray diffraction (XRD) curve measurements. It has been found that it is critical to achieve a crack-free GaN HEMT epi-wafer with high crystal quality by obtaining a high quality AlN buffer, and then tuning the proper thickness and aluminium composition of the two transitional AlxGa1−xN layers. Finally, HEMTs with high performance that are fabricated on the epi-wafer have been demonstrated to confirm the success of our strain engineering and above analysis.
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1. Introduction


In the last decade, III-nitride devices have been widely used in many applications, such as general illumination [1], radio-frequency communication [2] and power conversion [3], etc. Especially for electronic applications, GaN high electron mobility transistors (HEMTs) are expected to demonstrate a number of major advantages, such as a fast switching speed, low switching loss and high power conversion efficiency in comparison with silicon based counterparts [4]. Thus far, a number of substrates have been explored for the growth of GaN HEMTs, such as sapphire (Al2O3), silicon, silicon carbon (SiC) and free-standing GaN, among which silicon substrates are becoming more attractive to the semiconductor industry due to the mature silicon technology, good thermal conductivity and scalability. However, there is a large lattice mismatch and a large thermal expansion coefficient (TEC) difference between GaN and silicon, typically causing extensive cracks in the post-growth cooling down process [5,6,7,8,9], and thus posing a great challenge for growing GaN HEMTs on silicon substrates.



Until now, a number of approaches have been proposed, such as AlN/GaN super-lattice layers [10,11], AlxGa1−xN-based interlayers [8,12,13,14], patterned silicon substrate [15,16] and step-graded AlxGa1−xN strain-release layers [17,18,19,20]. The idea is to use the compressive strain that is built due to the GaN on these Al(Ga)N layers to compensate the tensile strain between GaN and silicon generated during the post-growth cooling down process. Among these methods, the graded AlxGa1−xN method is very popular due to its easiness to achieve and analyze the strains in each layer. In detail, for the graded AlxGa1−xN buffer layers, a large number (>4) of AlxGa1−xN layers [21] and different Al compositions (from 0.75 to 0.25) have been reported [22]. However, the growth procedures are quite time-consuming, leading to a high manufacturing cost [12]. On the other side, due to the complex epi-structure design, the strain-released mechanism is still not explicitly explained yet.



In this paper, we design a very simple HEMT epi-structure with one AlN buffer layer, only two graded transitional AlxGa1−xN layers and then a GaN/Al0.2Ga0.8N heterostructure. This simple structure allows us to analyze the strain more clearly for the graded AlxGa1−xN transitional layers with different compositions and thicknesses. By measuring X-ray reciprocal space mapping (RSM), the strain components in our AlxGa1−xN layers can be obtained and then feed back into epi-wafer growth. Finally, the HEMTs with high performance have been demonstrated, verifying the quality of our GaN HEMT epi-wafers.




2. Materials and Methods


Figure 1 schematically displays the GaN HEMTs epi-structure used. First, a standard 2-inch (111) silicon wafer is loaded into a low-pressure metalorganic vapour-phase epitaxy (MOVPE) system (Aixtron, Herzogenrath, Germany) and subjected to a high temperature (1320 °C) annealing process under H2 ambiance to remove any contaminants and native oxides. Subsequently, the temperature is decreased to 1000 °C and a trimethylaluminium (TMA) pre-flow is conducted without any NH3 flowing for 40 s. A thin low-temperature AlN (LT-AlN) layer is then grown, followed by a high temperature AlN (HT-AlN) layer grown at 1297 °C. The thickness of the AlN layer is 260 nm in total. Next, two layers of Al0.35Ga0.65N and Al0.17Ga0.83N have been further grown as strain-compensation transitional layers. After finishing the growth of the two AlxGa1−xN transitional layers, a 1.2 µm (0001) GaN layer was then grown, followed by a final 25 nm Al0.2Ga0.8N barrier layer. During the cooling down procedure, N2 and NH3 are used as cooling gases in order to eliminate any micro cracks generated on the final AlxGa1−xN layer which has been accepted as a result of H2 enhanced surface etching [23].




3. Results and Discussions


The whole wafer has been examined across two inches by optical microscopy, confirming that it is crack-free except for the edge region of the wafer, as shown in Figure 2c,d. Furthermore, cross-sectional scanning electron microscope (SEM, Raith, Dortmund, Germany) measurements have been taken as shown in Figure 2a,b, taken from the central part and the edge part, respectively, indicating that the thicknesses for the AlN buffer layer, the Al0.35Ga0.65N layer, the Al0.17Ga0.83N layer and the GaN layer are 258 nm, 180 nm, 290 nm and 1.18 µm, respectively.



By comparing Figure 2a,b, the AlN layer in the central part is flat and crack-free, which eventually leads to a crack-free region for the final device structure. In contrast, at the edge region, most cracks generated in the AlN layers merge into the second AlxGa1−xN layer, thus filtered by the AlxGa1−xN layers. However, there are still a few cracks penetrating the GaN layer which extend to the surface, as shown in Figure 2d. The differences of the crack densities in the AlN layers between the central and the edge regions may be caused by the differences in wafer bowing, which are measured to be 121 m and 63 m for the wafer centre and wafer edge, respectively. At the same time, we also note that our wafer centre bowing is comparable and even smaller than the reported 119 m in [18].



The crystal quality has been further characterized by X-ray diffraction (XRD, Bruker, Billerica, MA, USA) measurements as shown in Figure 3b–d, demonstrating that the full-width half-maximum (FWHM) values for the AlN and the GaN layers measured across the (002) reflection are 0.3783° and 0.1348°, respectively. The FWHM value for the GaN layer measured across the (102) GaN reflection is 0.2533°. Our (002) direction XRD result is better than the reported 0.294° and 0.2° in References [18,19], and close to the reported 0.122° and 0.132° in References [12,22]. Moreover, our (102) GaN direction XRD result is also comparable to the reported 0.24° in Reference [19]. This represents that a high crystal quality has been achieved by our method, and also implies that it is crucial to obtain an AlN buffer with high quality, which is one of the factors leading to our high quality GaN grown on top.



According to Reference [24], the screw dislocation density (   D  s c r e w    ) and edge dislocation density   (  D  e d g e    ) in the GaN layer can be calculated by using the below equations:


   D  s c r e w   =    β   (  0002  )   2    4.35  b  s c r e w  2     



(1)






   D  e d g e   =    β   (  10  1 ¯  2  )   2  −  β   (  0002  )   2    4.35  b  e d g e  2     



(2)




where,    β   (  0002  )      and    β   (  10  1 ¯  2  )      are the FWHM of symmetric (0002) and asymmetric (10  1 ¯  2)  ω  scan. Burgers vector lengths for screw-type and edge-type are 0.5185 nm   (  b  s c r e w   )   and 0.3189 nm   (  b  e d g e   )  , respectively.



Thus, we can get


   D  s c r e w   =    β   (  0002  )   2    4.35    (  0.5185   nm  )   2    = 4.733 ×   10  8     cm  − 2    










   D  e d g e   =    β   (  10  1 ¯  2  )   2  −  β   (  0002  )   2    4.35    (  0.3189   nm  )   2    = 3.167 ×   10  9     cm  − 2    











With our growth method, the edge dislocation density is almost 7.3 times the screw dislocation density, thus edge dislocation dominates all the dislocations. In future, we will focus on reducing the edge dislocation to further optimize the GaN buffer layers.



To further analyze the strain and Al composition effects on the strain compensation layers separately [25], reciprocal space mapping (RSM, Bruker, Billerica, MA, USA) measurements have been taken from the central part and the edge part along the [0002] and [11  2 ¯  4] directions, which are shown in Figure 4. The golden dash line indicates the coordinates of GaN, AlxGa1−xN and AlN layers in RSM maps. The solid white line shows the fully relaxed AlxGa1−xN layers grown AlN. In Figure 4a,c, in the (0002) Bragg reflection plane, three epitaxial layers overlap with each other at Qx = 0, making it difficult to investigate the in-plane strain distribution of AlxGa1−xN transitional layers. We rotated certain angles to the (11  2 ¯  4) Bragg reflection plane to better analyze the in-plane strain, as shown in Figure 4b,d.



Based on the RSM measurements, the compressive in-plane strain components accumulated in each AlxGa1−xN layer have been calculated according to the below equations:


  a =     4  (   h 2  + h k +  k 2   )    3  q x 2       



(3)






  c =  l   q z     



(4)






  tan  [  α  ( x )   ]  =    q x  − q  (   x 0   )     q z  − q  (   z 0   )     



(5)






   ε  z z   = − D  ( x )   ε  x x    



(6)






  D  ( x )  = 2    C  13    ( x )     C  33    ( x )     



(7)




where (qx,qz) is the coordinates in the map, corresponding to the latticed constants (a,c); (h,k,l) is the Bragg reflection direction; (q(   x 0   ),q(   z 0   )) is the coordinates of the fully relaxed reciprocal lattice points (RLPs) with the same Al composition as the (qx,qz);   α  ( x )    is the angle between the Qz axis and the extended line interpolated from the two points described above;    ε  z z   =    [  c −  c 0   ( x )   ]     c 0   ( x )    ,  ε  x x   =    [  a −  a 0   ( x )   ]     a 0   ( x )      are in-plane and out-plane strain components, respectively, among which c and a are measured lattice parameters, where c0 and a0 are the relaxed parameters from Vegard’s law; Ci,j(x) are the elastic constants.



For the GaN and AlN lattice constant, aGaN = 3.189 Å, cGaN = 5.185 Å, aAlN = 3.112 Å, cAlN = 4.982 Å are used. For the elastic constants, C13 = 103 GPa, C33 = 405 GPa for GaN [24] and C13 = 108 GPa, C33 = 373 GPa for AlN [26] are used for calculation. We first calculate initial   D  ( x )    values for the first and second AlxGa1−xN layer, then use these initial   D  ( x )    values to obtain an initial   α  ( x )    value and Al composition value. After several steps of iterative operations using the least-square method for error-minimization, we can finally get accurate values of the in-plane strain component    ε  x x    , as listed in Table 1.



From Table 1, we can see that, the strain components in the wafer central region are larger than the one in wafer edge region. According to Reference [12], there are three strains causing the cracks formation. Namely, the lattice mismatched strain, the grain size growth strain (or dislocation relaxation-related strain) and the thermal expansion coefficient mismatched strain. For the former two strains, they exist during the growth. For the thermal strain, it occurs during the cooling down procedure. At the growth temperature, initial tensile strain accumulates during AlN growth. After AlxGa1−xN growth, compressive strain accumulated. Finally, during the GaN growth, compressive strain increases at first then decreases due to the dislocation relaxation. Given that the GaN thicknesses and dislocation densities are almost the same for the wafer centre and edge, an equal amount of compressive strain accumulated in GaN layers and was consumed by dislocations during the growth procedure for wafer centre and edge. However, cracks form only at the wafer edge after cooling down, so we can conclude that not enough initial compressive strain accumulated during the AlxGa1−xN transitional layers for the wafer edge leads to the cracks formed at the edge region when cooling down to room temperature.



To evaluate the whole HEMT epi quality, Hall measurements have also been conducted. The Ti/Al/Ti/Au (20/150/50/80 nm) alloys have been deposited as pads and thermally annealed in order to form Ohmic contacts. The Hall result shows that a carrier mobility of the two-dimensional electron gas (2DEG) is as high as 1600 cm2 V−1 S−1, which is less than, but still comparable to the reported 2150 cm2 V−1 S−1 in Reference [12]. The high carrier mobility confirms the success of the strain compensation and a low dislocation density in the GaN channel layer, otherwise carrier scattering is expected to lead to a low mobility.



To further verify the epi quality, GaN HEMT devices are also fabricated on the HEMT epi-wafer. The fabrication process is described as below: A 300 nm depth mesa is etched down to define the active region for the HEMT by inductive coupled plasma (ICP) etching, then the metal stack of Ti/Al/Ti/Au (20/150/50/80 nm) is deposited and then annealed under a 850 °C N2 ambient atmosphere for 30 s in order to form Ohmic contacts for the source and drain of the HEMT. Finally, a Ni/Au (50/150 nm) alloy is deposited in order to form a Schottky gate for the HEMT.



Figure 5a shows a schematic configuration of the HEMT device. Figure 5b shows a typical current-voltage (I-V) as a function of gate voltage, measured by a two-channel Keithley 2612B source meter (Cleveland, OH, USA). For the HEMT device with a gate length, gate-to-drain distance, gate-to-source distance and gate width of 2 µm, 3 µm, 15 µm, 120 µm, respectively, it shows a maximum current density of 290 mA/mm at Vgs = 1 V and Vds = 8.8 V and specific-on resistance of 0.427 Ω·mm2, comparable to the reported value of 688 mA/mm at Vds = 9 V in Reference [12], considering the large active area of our HEMT. These results indicate a high mobility and carrier density of the channel layers of our HEMT epi.




4. Conclusions


To conclude, we have achieved a crack-free GaN HEMT epi-wafer grown on silicon by properly tuning two AlxGa1−xN transitional layers. The compressive strain of GaN on the Al0.35Ga0.65N and Al0.17Ga0.83N layers on the AlN buffer is good enough to compensate the tensile strain between GaN and silicon. As a result of a high crystal quality AlN buffer layer, high quality GaN HEMTs on silicon with a mobility of 1600 cm2 V−1 S−1 and a current density of 290 mA/mm for 120 µm-gate HEMTs have been achieved.







Author Contributions


T.W. conceived and designed the experiments; Y.C. and C.Z. conducted the experiments; L.J. contributed to the reciprocal space mapping measurement; V.E. contributed to the HEMT I-V and transfer curves measurement; C.Z. and X.Y. and Y.G. grew the samples; J.B. provided professional advices on device fabrication.




Funding


This research was funded by the Engineering and Physical Sciences Research Council of United Kingdoms under Grant EP/P006973/1.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Nakamura, S.; Krames, M.R. History of gallium–nitride-based light-emitting diodes for illumination. Proc. IEEE 2013, 101, 2211–2220. [Google Scholar] [CrossRef]

	



Mishra, U.K.; Shen, L.; Kazior, T.E.; Wu, Y. GaN-based RF power devices and amplifiers. Proc. IEEE 2008, 96, 287–305. [Google Scholar] [CrossRef]

	



Wu, Y.; Jacob-Mitos, M.; Moore, M.L.; Heikman, S. A 97.8% Efficient GaN HEMT boost converter with 300-W output power at 1 MHz. IEEE Electron Device Lett. 2008, 29, 824–826. [Google Scholar] [CrossRef]

	



Millán, J.; Godignon, P.; Perpiñà, X.; Pérez-Tomás, A.; Rebollo, J. A survey of wide bandgap power semiconductor devices. IEEE Trans. Power Electron. 2014, 29, 2155–2163. [Google Scholar] [CrossRef]

	



Watanabe, A.; Takeuchi, T.; Hirosawa, K.; Amano, H.; Hiramatsu, K.; Akasaki, I. The growth of single crystalline GaN on a Si substrate using AIN as an intermediate layer. J. Cryst. Growth 1993, 128, 391–396. [Google Scholar] [CrossRef]

	



Marchand, H.; Zhao, L.; Zhang, N.; Moran, B.; Mishra, U.K.; Speck, J.S.; DenBaars, S.P.; Freitas, J.A. Metalorganic chemical vapor deposition of GaN on Si (111): stress control and application to field-effect transistors. J. Appl. Phys. 2001, 89, 7846–7851. [Google Scholar] [CrossRef]

	



Raghavan, S.; Redwing, J.M. Growth stresses and cracking in GaN films on (111) Si grown by metal-organic chemical-vapor deposition. I. AlN buffer layers. J. Appl. Phys. 2005, 98, 023514. [Google Scholar] [CrossRef]

	



Fritze, S.; Drechsel, P.; Stauss, P.; Rode, P.; Markurt, T.; Schulz, T.; Albrecht, M.; Bläsing, J.; Dadgar, A.; Krost, A. Role of low-temperature AlGaN interlayers in thick GaN on silicon by metalorganic vapor phase epitaxy. J. Appl. Phys. 2012, 111, 124505. [Google Scholar] [CrossRef]

	



Shane, C.; Lin, L.W.; Tien, T.L.; Ching, C.; Li, C. Threading dislocation reduction in three-dimensionally grown GaN islands on Si (111) substrate with AlN/AlGaN buffer layers. J. Appl. Phys. 2017, 122, 105306. [Google Scholar]

	



Jang, S.H.; Lee, C.-R. High-quality GaN/Si(111) epitaxial layers grown with various Al0.3Ga0.7N/GaN superlattices as intermediate layer by MOCVD. J. Cryst. Growth 2003, 253, 64–70. [Google Scholar] [CrossRef]

	



Feltin, E. Crack-Free Thick GaN layers on silicon (111) by metalorganic vapor phase epitaxy. Phys. Status Solidi A 2001, 188, 531–535. [Google Scholar] [CrossRef]

	



Cheng, J.; Yang, X.; Sang, L.; Guo, L.; Zhang, J.; Wang, J.; He, C.; Zhang, L.; Wang, M.; Xu, F.; et al. Growth of high quality and uniformity AlGaN/GaN heterostructures on Si substrates using a single AlGaN layer with low Al composition. Sci. Rep. 2016, 6, 23020. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zhang, L.; Tan, W.; Westwater, S.; Pujol, A.; Pinos, A.; Mezouari, S.; Stribley, K.; Whiteman, J.; Shannon, J.; Strickland, K. High brightness GaN-on-Si based blue LEDs grown on 150 mm Si substrates using thin buffer layer technology. IEEE J. Electron Devices Soc. 2015, 3, 457–462. [Google Scholar] [CrossRef]

	



Armin, D.; Jürgen, B.; Annette, D.; Assadullah, A.; Michael, H.; Alois, K. Metalorganic chemical vapor phase epitaxy of crack-free GaN on Si (111) exceeding 1 µm in thickness. Jpn. J. Appl. Phys. 2000, 39, L1183. [Google Scholar]

	



Sawaki, N.; Hikosaka, T.; Koide, N.; Tanaka, S.; Honda, Y.; Yamaguchi, M. Growth and properties of semi-polar GaN on a patterned silicon substrate. J. Cryst. Growth 2009, 311, 2867–2874. [Google Scholar] [CrossRef]

	



Chen, C.H.; Yeh, C.M.; Hwang, J.; Tsai, T.L.; Chiang, C.H.; Chang, C.S.; Chen, T.P. Stress relaxation in the GaN/AlN multilayers grown on a mesh-patterned Si(111) substrate. J. Appl. Phys. 2005, 98, 093509. [Google Scholar] [CrossRef]

	



Ibbetson, J.P.; Fini, P.T.; Ness, K.D.; DenBaars, S.P.; Speck, J.S.; Mishra, U.K. Polarization effects, surface states, and the source of electrons in AlGaN/GaN heterostructure field effect transistors. Appl. Phys. Lett. 2000, 77, 250–252. [Google Scholar] [CrossRef]

	



Cheng, K.; Leys, M.; Degroote, S.; Van Daele, B.; Boeykens, S.; Derluyn, J.; Germaian, M.; Van Tendeloo, G.; Engelen, J.; Borghs, G. Flat GaN epitaxial layers grown on Si(111) by metalorganic vapor phase epitaxy using step-graded AlGaN intermediate layers. J. Electron. Mater. 2006, 35, 592–598. [Google Scholar] [CrossRef]

	



Kim, M.-H.; Do, Y.G.; Kang, H.C.; Noh, D.Y.; Park, S.-J. Effects of step-graded AlxGa1−xN interlayer on properties of GaN grown on Si(111) using ultrahigh vacuum chemical vapor deposition. Appl. Phys. Lett. 2001, 7, 2713–2715. [Google Scholar] [CrossRef]

	



Able, A.; Wegscheider, W.; Engl, K.; Zweck, J. Growth of crack-free GaN on Si(111) with graded AlGaN buffer layers. J. Cryst. Growth 2005, 276, 415–418. [Google Scholar] [CrossRef]

	



Leung, B.; Han, J.; Sun, Q. Strain relaxation and dislocation reduction in AlGaN step-graded buffer for crack-free GaN on Si (111). Phys. Status Solidi C 2014, 11, 437–441. [Google Scholar] [CrossRef]

	



Perozek, J.; Lee, H.P.; Krishnan, B.; Paranjpe, A.; Reuter, K.B.; Sadana, D.K.; Bayram, C. Investigation of structural, optical, and electrical characteristics of an AlGaN/GaN high electron mobility transistor structure across a 200 mm Si (1 1 1) substrate. J. Phys. D 2017, 50, 055103. [Google Scholar] [CrossRef]

	



Kotani, J.; Tomabechi, S.; Miyajima, T.; Nakamura, N.; Kikkawa, T.; Watanabe, K.; Imanishi, K. Tensile strain-induced formation of micro-cracks for AlGaN/GaN heterostructures. Phys. Status Solidi C 2013, 10, 808–811. [Google Scholar] [CrossRef]

	



Lee, H.-P.; Perozek, J.; Rosario, L.D.; Bayram, C. Investigation of AlGaN/GaN high electron mobility transistor structures on 200-mm silicon (111) substrates employing different buffer layer configurations. Sci. Rep. 2016, 6, 37588. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Pereira, S.; Correia, M.R.; O’Donnell, K.P.; Alves, E.; Sequeira, A.D.; Franco, N.; Watson, I.M.; Deatcher, C.J. Strain and composition distributions in wurtzite InGaN/GaN layers extracted from x-ray reciprocal space mapping. Appl. Phys. Lett. 2002, 80, 3913–3915. [Google Scholar] [CrossRef]

	



Wright, A.F. Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN. J. Appl. Phys. 1997, 82, 2833–2839. [Google Scholar] [CrossRef]








[image: Materials 11 01968 g001 550] 





Figure 1. Epi-structure designed for our GaN high electron mobility transistors (HEMTs) with two graded AlxGa1−xN strain-compensation transitional layers grown on (111) silicon. 
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Figure 2. Cross-sectional SEM images of the epi-structure of GaN HEMT on silicon (a) in the central region and (b) in the edge region; Optical microscope images of the wafer surface (c) in the central region and (d) in the edge region. 
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Figure 3. XRD results: (a) ω-2θ scan aligned on AlN and XRD rocking curves of (b) (002) AlN, (c) (002) GaN and (d) (102) GaN. 
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Figure 4. RSM results: (a) (0002) plane, (b) (11  2 ¯  4) plane for central region, (c) (0002) plane and (d) (11  2 ¯  4) plane for edge region. 
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Figure 5. A schematic configuration of the HEMT device (a); current–voltage (I-V) as a function of gate voltage (b). 






Figure 5. A schematic configuration of the HEMT device (a); current–voltage (I-V) as a function of gate voltage (b).



[image: Materials 11 01968 g005]







[image: Table] 





Table 1. Calculated in-plane strain components of the two strain-compensation AlxGa1−xN layers for both the wafer central and edge regions measured along the [11  2 ¯  4] direction.
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	Location
	1st layer Al0.35Ga0.65N
	2nd layer Al0.17Ga0.83N





	central
	−0.00227
	−0.00189



	edge
	−0.00174
	−0.0011











© 2018 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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