Dislocation core structures in Si-doped GaN
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Abstract:
Aberration-corrected scanning transmission electron microscopy was used to investigate the core structures of threading dislocations in plan-view geometry of GaN films with a range of Si-doping levels and dislocation densities ranging between (5 ± 1) × 108 and (10 ± 1) × 109 cm-2. All a-type (edge) dislocation core structures in all samples formed 5/7-atom ring core structures, whereas all (a+c)-type (mixed) dislocations formed either double 5/6-atom, dissociated 7/4/8/4/9-atom or dissociated 7/4/8/4/8/4/9-atom core structures. This shows that Si-doping does not affect threading dislocation core structures in GaN. However, electron beam damage at 300 keV produces 4-atom ring structures for (a+c)-type cores in Si-doped GaN.
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Introduction
Group III nitride semiconductors are widely used in blue, green and ultraviolet light-emitting diodes (LEDs) and laser diodes (LDs) [1], and are of growing interest in high-electron mobility transistor applications.  LEDs are based on a p-n junction, where the majority of group III-nitride material in the device is doped either n-type (using Si) or p-type (using Mg). GaN films are usually grown on lattice-mismatched substrates (usually sapphire, Si or SiC) [2], which produces a high density (as high as 5 × 109 cm-2) of threading dislocations (TDs) in these films. TDs which originate in the nucleation layer [2] near the GaN/sapphire substrate in our case, thread along [0001], through the Si-doped GaN junction, and into the active (InGaN) layer of the device. The efficiencies [1], lifetimes [3] and leakage currents [4] of GaN-based LED devices can be degraded severely by these one-dimensional crystal defects. Both microscopy [5] [6] [7] and theoretical predictions [8] have indicated that TDs in n-type doped GaN are negatively charged and can act as scattering centres in the material [8] [9] [10]. This is attributed to acceptor states that trap electrons and are introduced into the band gap by broken, under-coordinated or wrong bonds or by impurity segregation to the TD core [5] [7] [8] [10] [11]. 

It is therefore necessary to study both the core and near-core region of the dislocation to determine the core structure type and to investigate impurity segregation at TDs in the material, to better understand the electronic properties of dislocations in Si-doped GaN. High tensile stresses are also known to develop during the growth of Si-doped GaN layers, which can lead to cracking and difficulties in growth of device structures. The development of these stresses, although not fully understood, has been associated with the inhibition of dislocation climb [12], SiNx masking [13] [14], strain relaxation [15] [16], the interaction of bent dislocations with planar defects [17], surface roughness [18], electronic effects [19] [20] and surface-mediated climb [21]. Further study of dislocations is therefore needed to develop routes to overcome these technologically-important phenomena of carrier scattering and stress development in Si-doped GaN films.

The atomic arrangements at dislocation cores in GaN have been studied previously [22] [23] [24] [25] [26] [27]. Three types of TDs are found in GaN-based films and devices: those with a-type Burgers vectors (usually edge), (a+c)-type Burgers vectors (usually mixed) and c-type Burgers vectors (usually screw). For a-type dislocations in GaN, all recent theoretical and experimental work has revealed that the most stable core structure is one that includes adjacent 5- and 7-atom rings in the (0001) plane [23]. Previous experimental data from GaN films [23] also showed two (a+c)-type core structures, a double 5/6-atom ring structure and a dissociated core with two (a+c)/2 partial dislocations joined by an extended planar stacking-fault lying on the (11-20) plane with repeating 4/8 rings and a displacement vector R = 1/6  [27]. Furthermore, theoretical studies have predicted structures including 4- [28], 5/7- [29] and 8- [30] atom rings as stable core structures for a-type dislocations in pure InN films. 
As the majority of group-III nitride material in a device is doped n-type (using Si) or p-type (using Mg), it is important to study detailed core structures of TDs in doped GaN to understand the effect of dopant interaction with TDs. Although experimental studies [23] have been carried out to study dislocation core structures in Mg-doped GaN where all a-type TD cores formed 5/7-atom rings and all (a+c)-type TD cores observed were either double 5/6-atom or dissociated 7/4/8/4/9-atom rings, the study revealed that the dissociation of (a+c)-type threading dislocations was suppressed in Mg-doped GaN due to the significant interaction of Mg with threading dislocations. On the other hand, no experimental studies on TD core structures in n-doped GaN films with doping levels similar to those used in devices are available in the literature.
Theoretical studies [31] [32] are available and predict that TD cores containing Ga vacancies (i.e. 8-atom ring structures with Ga atoms missing at the core) are the most stable for a-type dislocations in n-type GaN grown under nitrogen-rich conditions. Moreover, the only experimental study reported for n-type doped GaN was undertaken on a Si-doped sample with a medium doping level of ∼ 2 × 1018 atoms/cm3. The study reported a core structure with a single 8-atom ring in the (0001) plane for an a-type dislocation [33], although the authors later acknowledged that the dislocation was an (a+c)-type rather than an a-type dislocation [34]. The authors also correlated the resultant scanning transmission electron microscopy-high angle annular dark-field (STEM-HAADF) intensity at the dislocation core with the number of atoms at the column location. Their calculations predicted a Ga-vacancy concentration between 0 and 15 % per c-axis repeat at the core. As devices contain Si-doping levels of ~ 1019 atoms/cm3 and medium doping levels of 2 × 1018 atoms/cm3 do not introduce as much tensile stress as observed in commercial devices, studies on medium-doped samples are not a true representation of the effect of Si-doping on TD core structures in actual GaN devices. Thus, we present a statistically-valid STEM-HAADF study comparing the core structures of 200 dislocations in undoped and Si-doped GaN (up to 1 × 1019 atoms/cm3 as used in devices) to determine the effect of Si-doping on dislocation core structures in GaN. 

All samples were grown in a Thomas Swan 6 × 2” close-coupled showerhead metalorganic vapour phase epitaxy (MOVPE) reactor. Trimethylgallium (TMG), silane (SiH4) and ammonia (NH3) were used as precursors for Ga, Si and N, respectively. Four samples; high dislocation density (HDD) undoped, low dislocation density (LDD) undoped, LDD low Si-doped and HDD high Si-doped GaN samples were investigated in this study. Details of undoped and Si-doped GaN epilayer growth on sapphire have been described in a previous publication [12]. Both Si-doped films included an initial 200 nm of undoped region, followed by an 800 nm region doped with Si, to ensure that Si doping does not influence the nucleation layer or the island coalescence step during the early stages of film growth. The Si-dopant concentration was chosen to be as high as possible without causing cracking or surface roughening [35]. 

Electron-transparent TEM specimens were prepared by mechanical polishing, dimpling and back-thinning with Ar+ ions at 5 keV, and final ion milling was performed at 2 keV to minimize specimen damage. Plan-view STEM-HAADF imaging was then performed at 300 keV using a Titan3 80–300 aberration-corrected electron microscope, where at least fifty dislocations for each sample were observed for statistical reliability. This provided high-quality images for TDs aligned parallel to the [0001] direction. However, some TDs were inclined away from the [0001] direction for the HDD high Si-doped sample (as in [27]) and as shown in the supplementary material [36], so that the cores could not be observed clearly in a single plan-view image. Therefore, for each of these TDs, a through-focal series technique was used to obtain a depth-dependent set of images in order to locate a region of the core without kinks or jogs, similar to the method followed by Lozano et al. [37] and Yang et al. [38]. This was done using an aberration-corrected Nion Ultrastem 100 TEM operated at 100 keV. All geometric aberrations in the electron beam probe were corrected up to the third order and fifth order for the Titan3 80-300 and Nion UltrastemTM 100 TEM respectively. All experimental images were processed using an average background subtraction filter with a cycle of 20 and 5 steps. More details on the basic characterization of these films can be found in the supplementary materials [36]. 

Plan-view high-resolution STEM-HAADF images of TD cores acquired along the [0001] zone axis indicated that all a-type dislocations in all samples formed 5/7-atom ring cores, independent of growth conditions or Si-doping (as shown in Figure 1). The a-type dislocations could be distinguished clearly from (a+c)-type dislocations, as the latter show surface relaxation due to the Eshelby Twist of the lattice [37]. 

In addition, in all samples, 50 % of (a+c)-type dislocations dissociated into extended core structures (e.g. 7/4/8/4/8/4/9- or 7/4/8/4/9-atom rings), whereas the rest retained the undissociated double 5/6-atom ring core structure (as shown in Figure 1), consistent with previous theoretical predictions and corresponding STEM-HAADF images acquired for undoped GaN [23] (full details in Table 1). Si-doping produced no detectable differences in dislocation core structures for either a-type or (a+c)-type dislocations in all undoped and Si-doped GaN samples. 

In addition to the statistically-valid HRSTEM-HAADF study, molecular dynamics (MD) simulations were also performed on the HDD high Si-doped GaN film to investigate the effect of the tensile stress introduced by Si-doping on TD core structures in GaN. The application of an in-plane tensile stress (of 1.18 GPa calculated using the modified Stoney's formula [39] on in-situ wafer curvature measurements reported previously by Moram et al. [12]) to large simulation cells was not found to alter the core morphology and resulting core structures. A detailed explanation of the technique is given in the supplementary material [36]. Thus, both MD simulations and the statistically-valid HRSTEM-HAADF study show that even high Si-doping levels of ~ 1 × 1019 atoms/cm3 (as used in devices) do not affect TD core structures in GaN.

Although a-type TDs have previously been observed to have the 5/7-atom ring structure for GaN-based films, independent of threading dislocation density [23], Mg-doping level [23] and In-alloying [40], previous studies have shown that different Mg-doping and In-alloying levels affect the stability of (a+c)-type cores in GaN [23] [40]. This is because the solute-dislocation interaction is also an important factor that affects TD core structures in doped and alloyed GaN. Therefore, initial impurity-dislocation binding energy calculations according to the model of Fiore and Bauer [41] were also performed to predict whether silicon interacts with TD cores in Si-doped GaN. The relative degree of Si segregation to the strain fields around dislocations in GaN with a Burgers vector containing an a-component was estimated (as shown in Figure 2), assuming that the relative difference between the radii of SiGa+ compared to that of Ga is the main driver of Si segregation. Figure 2 shows an approximate two-fold increase in the Si concentration at a distance of 0.3 nm (be), and perpendicular to the Burgers vector, assuming a background Si concentration of 1 × 1019 atoms/cm3 occurring at a film growth temperature of 1050 oC. Since these binding energies are predicted to be sufficiently larger than the thermal energy available during growth, this result strongly suggests that there is a high probability of Si substituting for Ga near the compressive region of the TD core with an a-type component consisting of both tensile and compressive lobe regions, thereby validating the work of Hull and Bacon [42] which states that impurities/solute atoms with size lower than that of solvent atoms segregate to the compressive lobe of an edge dislocation.

Although our calculations predict a high probability of solute atom-dislocation interaction in the high Si-doped GaN sample, our STEM-HAADF results clearly show that both a- and (a+c)-type TD core structures are unaffected by high Si-doping. This means that although segregation of Si or Si-atmosphere formation at (a+c)-type TD cores is highly probable, any change in the core structures in GaN is inhibited. This could be attributed to the inhibition of climb caused by Si-atmosphere formation at TDs with a-components, as previously predicted by Moram et al. [12]. Si-atmosphere formation could inhibit TD climb, prevent strain relief, and thus result in high tensile stresses in Si-doped GaN [12]. Although it can be argued that the calculated additional tensile stress of 1.18 GPa introduced by Si-doping should drive (a+c)-type TD core dissociation in Si-doped GaN, the dissociation of (a+c)-type TD cores into ½(a+c)-partials is climb-driven. Therefore Si-atmosphere formation at TD cores inhibits the climb-driven dissociation, resulting in all (a+c)-type core structures in the top 800 nm of the high Si-doped GaN film exhibiting the same core structures as in the 200 nm of the undoped GaN film on which it was grown. This explains why Si-doping does not affect the TD core structures in GaN. 

Furthermore, evidence of beam damage affecting (a+c)-type TD core structures at 300 keV was also observed by our study (as shown in Figure 3), where an (a+c)-type core in the HDD high Si-doped GaN sample changed from a double 5/6-atom to a 4-atom ring after 25 s of beam exposure. Our observations are in line with a previous study where an a-type (b = 1/3<>) core exhibited glide motion (on the (0001) basal- and the [image: C:\Users\srhode\Desktop\drawing.png] pyramidal-plane) at room temperature under the influence of the electron beam used for TEM observations [11]. As 4-atom cores form by the glide motion of an 8-atom (or double 5/6-atom) core in GaN [43], glide introduced by the 300 keV electron beam could easily change the core structure of (a+c)-type TD cores from 8- (double 5/6-atom rings) to 4-atom rings as shown in Figure 3 (c), (g) and (h) which were acquired after 35, 45 and 155 s of 300 keV beam exposure. Moreover, beam damage could also result in N-deficient or non-stoichiometric cores, similar to the structure of 4-atom rings. Further investigation is required to understand the core structure type obtained after prolonged beam damage at 300 keV. As TDs in the HDD high Si-doped GaN sample were tilted, it was necessary to study these structures by the optical sectioning technique [37] [38] which resulted in cumulative beam exposures of up to 150 s to the TD core. This is in contrast with small beam exposures of up to 10 s for each TD core imaged by HRSTEM-HAADF in the statistically-valid study undertaken on undoped GaN [23], as only one or two images of each TD core were acquired to minimise electron dosage time to below 10 s to limit any beam damage to the core.

Our results show that even high Si-doping levels do not affect TD core structures in GaN even though our binding energy calculations clearly suggest that Si segregates to the a-components of TDs in GaN. This is attributed to TD climb inhibition caused by Si-atmosphere formation at TD cores. High Si-doping not affecting TD core structures in GaN is further evidence that Si segregates to TD cores, forms atmospheres which inhibit climb and prevent strain relief, which ultimately results in high tensile stresses and cracking observed in thick highly Si-doped GaN films. Moreover, prolonged 300 keV electron beam exposure of (a+c)-type cores results either in non-stoichiometric cores (resembling 4-atom rings) or electron beam induced TD glide forming 4-atom (a+c)-type cores. Thus, prolonged beam damage is an important parameter to be considered while conducting statistically-valid studies on TD core structures in GaN.
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	5/7-atom ring a-cores %
	Dissociated (a+c)-cores %
	Double 5/6-(a+c)-cores %
	Dislocation lengths (nm)

	LDD undoped
	100
	50 ± 5
	50 ± 5
	1.85 ± 0.06

	LDD Si-doped
	100
	54 ± 9
	48 ± 9
	1.76 ± 0.05

	HDD undoped
	100
	50 ± 5
	50 ± 5
	1.62 ± 0.05

	HDD Si-doped
	100
	43 ± 3
	57 ± 3
	1.59 ± 0.03


Table 1: The total percentage of dissociated and undissociated (a+c)-type dislocations, and the dissociation lengths of the dissociated (a+c)-type dislocations in both HDD and LDD undoped and Si-doped GaN samples. 
	1.502762

	1.58996

	1.697992

	1.631752

	1.566646

	1.481236

	1.602737

	1.393902

	1.645972

	1.436106

	1.542847

	1.616409

	1.488564

	1.310816

	1.445049
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Figure 1: Typical plan-view STEM-HAADF images for (a) 5/7-atom ring a-type TD cores acquired along the [0001] zone axis of HDD undoped GaN and (b) high Si-doped GaN, and LDD (c) undoped GaN and (d) low Si-doped GaN, (e) (a+c)-type 7/4/8/4/8/4/9-atom dissociated core and (f) double 5/6-atom undissociated core in LDD low Si-doped GaN. (g) Typical plan-view STEM-HAADF images from a through-focal series acquired for an (a+c)-type 7/4/8/4/9-atom dissociated and (h) double 5/6-atom undissociated (a+c)-type core in HDD high Si-doped GaN. The bright dots in all figures correspond to atomic columns containing both Ga and N atoms. 
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Figure 2: 10 nm × 10 nm section in the (0001) plane around a dislocation with an a-component showing the relative Si concentration profile using initial impurity-dislocation binding energy calculations, where 0 denotes the bulk Si concentration of 1 × 1019 atoms/cm3. The white circle in the centre has a radius of 1 be and indicates the region where the analytical expressions used in the model no longer apply. The colour scale shows the relative Si concentration.
[image: ]
Figure 3: Typical plan-view STEM-HAADF images acquired for an (a+c)-type dislocation core from a single focal-series stack acquired at 300 keV for an HDD high Si-doped GaN sample showing a (a) double 5/6-atom undissociated core after 10 s beam exposure, (b) a damaged double 5/6-atom core after 25 s electron beam exposure, (c) 4-atom ring after 35 s electron beam exposure, (g) 4-atom ring after 45 s of beam exposure and (h) 4-atom ring after 155 s of beam exposure. (d), (e), (f), (i) and (j) show the corresponding images shown in (a), (b), (c), (g) and (h) with the dislocation core highlighted.
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