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Dislocation densities in nonpolar GaN films were determined using atomic force microscopy (AFM) by counting pits in the GaN surface revealed by a SiH 4 surface treatment. This treatment increased the number of pits detected by a factor of 2 compared to the untreated surface. AFM and transmission electron microscopy analysis of a series of SiH 4 -treated calibration samples indicated that surface pit and dislocation densities corresponded well up to a dislocation density of ~6 x 10 9 cm -2 , above which surface pit overlap meant that dislocation densities determined by AFM were underestimated. For all samples with dislocations densities below 6 x 10 9 cm -2 , spatial analysis of the surface pit positions showed that dislocations typically accumulated in bands at island coalescence boundaries.

Since the development of the first efficient GaN-based blue light-emitting diode (LED) [1], wurtzite-structure GaN films with the polar c-plane crystal orientation have been used for LED production. These films are typically under significant levels of residual strain, as they are grown on non-native substrates with different lattice parameters and thermal expansion coefficients such as sapphire, silicon carbide or silicon. However, spontaneous polarization (due to the non-centrosymmetric wurtzite crystal structure) and piezoelectric polarisation (due to the presence of strain) occurs along the [0001] direction in all the hexagonal III-nitride materials, producing electric fields directed across the quantum wells in an LED based on c-plane material. This causes bending of the band structure in the region of the quantum wells and produces spatial separation of the electron and hole wavefunctions, giving rise to a reduced radiative recombination efficiency and an LED emission wavelength which is redshifted and which depends on the drive current. This effect (known as the quantum confined Stark effect [2,3]) can be avoided if quantum wells are grown on GaN films having alternative crystalline orientations [4]. In the case of nonpolar (a-plane) GaN, the electric fields should be directed parallel to the quantum wells and should thus have little effect on the band structure across the quantum wells, giving flat band conditions and potentially allowing greater device efficiencies to be reached. Therefore, interest in the growth of GaN in the nonpolar a-plane (11)(12)(13)(14)(15)(16)(17)(18)(19)(20) and m-plane (1-100) orientations is increasing. Recent results for InGaN/GaN quantum wells grown on low defect-density m-plane GaN substrates show that high efficiencies and minimal wavelength dependence on drive current can indeed be achieved [5].

However, in order to achieve those results, small-area slices had to be cut from expensive, thick HVPE-grown GaN pseudo-substrates. In order to produce these devices at a reasonable cost, nonpolar GaN films must be grown on cheaper conventional substrates such as sapphire. Currently, defect densities for heteroepitaxially grown nonpolar GaN films are extremely high, and these defects are thought to dominate the performance of devices fabricated from nonpolar heteroepitaxial GaN films; for example, radiative recombination at energies below that of the band gap can occur at basal-plane stacking faults and at impurities decorating partial dislocations [6,7]. Defect reduction in nonpolar GaN is thus a topic of considerable current research interest [8,9,10], and accurate dislocation density determination is crucial for optimising material quality for LED production. [11,12]. The stacking fault energy increases and the probability of fault formation decreases on progressing from I 1 through I 2 and I 3 to extrinsic BSFs, due to the increasing number of mis-stacked bilayers involved in each case. As a result, only I 1 -type BSFs are usually observed [13]. BSFs in gallium nitride are known to be optically active; a strong emission at 3.14 eV has been reported from BSFs [14], which are thought to act like quantum wells of cubic (zinc-blende) GaN embedded in a hexagonal (wurtzite) GaN matrix [15]. Electronically, BSFs are thought to act as anisotropic scattering centres for electrons and holes [16] and are associated with band discontinuities [16] and local electric fields oriented along the [0001] direction [13], producing in-plane carrier separation and junction leakage currents [17].

Prismatic stacking faults (PSFs) along the (-12-10) plane with a displacement vector R = ½ [10][11] can also be present, along with perfect edge-type dislocations with b = 1 / 3 [11-20] [11]. The partial dislocations (PDs) which terminate BSFs may also be associated with increased junction leakage currents [17] and are thought to act as nonradiative recombination centres [18]. Total threading dislocation densities in heteroepitaxial films are typically 10 9 -10 10 cm -2 and total BSF densities are typically 10 5 -10 6 cm -1 [11,12]. The high defect densities and the wide variety of possible defect types make defect density determination in nonpolar GaN more challenging than in conventional c-plane GaN. So far, defect densities have been determined using transmission electron microscopy (TEM, which involves expensive equipment and which requires time-consuming, skillful sample preparation [8,9]) and it has proven very difficult to relate data obtained using more rapid techniques (such as XRD) to defect densities [19,20,21,22].

It is well-known that small pits typically form where threading dislocations intersect the surface of c-plane GaN films, with the pits due to mixed or screw dislocations being wider and deeper than those due to edge dislocations. Previous studies have shown that such pits can be enlarged using an in-situ post-growth SiH 4 treatment, allowing total dislocation densities to be determined accurately using atomic force microscopy (AFM) [23]. AFM studies of laterally overgrown nonpolar films have also revealed that a high pit density is present in the seed regions of the film, whereas a low pit density is present in the wing region of the films [24]. In this paper, we investigate the possibility of using the surface pits present on nonpolar GaN films as a guide to defect densities.

A series of a-plane (nonpolar) GaN films were grown on r-plane sapphire using a Thomas Swan close-coupled showerhead metal-organic vapour phase epitaxy reactor.

For Samples A, B and C, the V-III precursor ratio was varied at the initial stages of growth [10]. For Sample D, multiple SiN x interlayers were used [25] and for Sample E, a single 5 nm ScN interlayer was used [8,26]. These different growth techniques produced a range of defect types and densities in the films, as summarised in Table 1.

Following growth, a SiH 4 treatment (860 o C, 4 min) was applied to highlight the pits formed where the PDs intersected the film surface, according to the method employed in Ref. 17 for highlighting surface pits in c-plane films. AFM studies of the film surfaces were carried out in tapping mode using a Digital Instruments Dimension 3100 microscope, using standard Si tips with a radius of 30 -40 nm. Subsequent AFM data analysis was carried out using the WSxM software [27]. Spatial analysis techniques were used to investigate the spatial arrangement of the PDs, as revealed by the locations of the surface pits in AFM amplitude images [START_REF] Fortin | Spatial Analysis, A Guide For Ecologists[END_REF][START_REF] Perry | [END_REF]30]. Plan-view transmission electron microscopy (TEM) was used to investigate the defect densities of the samples. Plan-view TEM samples were prepared using mechanical polishing, followed by ion beam thinning to electron transparency. Subsequent analysis was carried out using a 300 kV Philips CM30 electron microscope. Dislocation densities were determined from plan-view TEM images taken using g = 0002, in which partial dislocations (PDs, b = 1 / 6 <20-23>), pure (a+c)-type dislocations (b = 1 / 3 <11-23>) and pure c-type dislocations (b = <0001>) are in contrast. The basal plane stacking fault (BSF, R = 1 / 6 <20-23>) density in each sample was also determined from plan-view TEM images taken using g = 1-100. BSF densities were calculated by measuring the total length of stacking faults per unit area [10].

In practice, due to the long length-scale roughness found in most of these samples, it is found that the pits associated with dislocations can be located and counted with greater ease using AFM amplitude data, although pit depths must be measured using AFM topography data. The AFM amplitude images shown in Fig. 1 illustrate the effects of the SiH 4 surface treatment. Prior to treatment, some shallow surface pits can be detected. However, following SiH 4 treatment, the pits appear enlarged and the number of pits that can be detected increases by a factor of two. Fig. 2 shows a histogram of the pit depths for a SiH 4 -treated film, indicating an average detected pit depth of 1.2 nm for the standard AFM tip used (of course, the apparent pit depths will vary depending on the radius of the AFM tip used, as sharper tips will penetrate more deeply into the pits). In contrast to the bimodal pit depth distribution observed following SiH 4 treatment of c-plane GaN films (where both a-type and (a+c)-type dislocations are present), a skewed unimodal distribution of pit depths is observed for a-plane GaN films. A comparison of TEM images showing BSFs with TEM images of the same area showing dislocations indicated that most dislocations terminated BSFs, meaning that they were PDs. More specifically, an average of 92% of the dislocations across all samples analysed were PDs, whereas 8% were pure a-type dislocations; little variation between samples was seen. As over 1000 dislocation pits were counted for each film, the statistics employed would have been sufficient to distinguish an 8 % difference between the total dislocation densities detected by TEM and the dislocation pit densities detected by AFM. For lower dislocation densities, no significant discrepancy between the two measurements was detected: the surface pits can be resolved easily and their densities correspond well to the dislocation densities measured using TEM. Therefore, we conclude that the SiH 4 treatment highlights all types of dislocations, not just PDs. This is in contrast to conventional KOH treatment, which etches micron-sized anisotropic features into the film surface and which does not reveal PDs successfully [31]. However, for nonpolar films with high PD densities, the pits in some regions of the film begin to merge together, limiting the accuracy with which pit densities can be obtained. The extent of such apparent pit merging is also affected by the surface topography (which is in turn dependent upon film growth conditions), with pits being particularly difficult to distinguish on films having significant nanoscale surface roughness. As a result, for samples with a high PD density approaching 10 10 cm -2 the detected pit density was lower than the known PD density, as determined using TEM. These data are summarised in the calibration plot shown in Fig. 3.

For the SiH 4 -treated samples, we find that the surface pits are elongated parallel to the [0001] direction, with the pit length being approximately twice the pit width (the tip scan direction was changed and the data were re-checked to ensure that this was not a tip-related anomaly). This is in contrast to the symmetrical dislocation pits that are observed following SiH 4 treatment of c-plane GaN films. As the dislocation pits are enlarged after exposure to SiH 4 , some etching must occur during this treatment.

Micron-sized anisotropic pits have previously been observed during the coalescence of nonpolar GaN films [32] and these were attributed to different growth rates on different crystal facets. The different bonding configurations at the crystal facets exposed where the dislocation intersects the sample surface are also likely to lead to anisotropic etching rates around the pit when the film is treated with SiH 4 at elevated temperatures, producing enlarged, anisotropic dislocation pits. Even though it is possible for their Burgers vectors to point in different directions, the individual Burgers vector of the dislocation does not have any detectable effect on the shape of the dislocation pits. This is similar to the case of dislocations in c-plane GaN, which produce rotationally symmetrical surface pits regardless of the individual Burgers vector of the dislocation. Furthermore, it has been observed experimentally that surface pit densities correspond well to PD densities for SiH 4 -treated films where the film is smooth enough to permit linear features (extended linear 'dips' in the surface) running perpendicular to the [0001] direction to be seen (e.g. Fig. 1(b)). The extended linearity and crystallographic orientation of these additional features revealed by the SiH 4 treatment suggests that they might occur where BSFs intersect the film surface. Indeed, close inspection shows that these linear features are generally terminated by dislocation pits, as expected for BSFs. Other authors have also observed these features, and attributed them to BSFs, although no comparison to TEM data was made [33].

However, we find that the density of these linear features is approximately one order of magnitude less than the total BSF density (as determined by TEM). Although four types of BSF could occur in these wurtzite-structure films, the possibility that the striations are related to a different, less prevalent type of BSF can be ruled out, as only I 1 -type BSFs have been observed in these samples [13,34]. Instead, it is likely that such features arise only where I 1 -type BSFs happen to be closely spaced.

For SiH 4 -treated samples where the PD densities corresponded well to surface pit densities, the locations of the surface pits were recorded and spatial analysis was used to detect whether the PDs were randomly distributed or whether spatial ordering or clustering was present. Fig. 4 shows the corrected radial distribution function relating to pit locations obtained for Sample E, in which the very smooth surface allows the easy identification and location of pits over large-area AFM scans. Monte Carlo simulations were used to determine the 99% confidence intervals; where the data exceed these confidence intervals, spatial clustering is indicated. Such clustering of PDs occurs on length scales extending as far as 600 nm, though a peak at 100 nm can be distinguished; inspection of the original data indicates that the clustering takes the form of PDs concentrated around the edges of broad regions with significantly lower PD density. For samples with a rougher surface, such as Sample C (Fig. 5), the PD distribution is clearly related to the surface morphology, with PDs being more abundant at the boundaries of the surface striations. Bands of PDs can also be seen crossing the striations at intervals. These data provide insight into the microstructural development in these samples, suggesting strongly that the islands present during the early stages of film growth nucleate and grow outwards until they coalesce, whereupon the PDs terminating the BSFs are 'locked' into place at the coalescence boundaries.

Overall, it is clear that defect densities in these nonpolar heteroepitaxial films are still too high for practical use in devices. Although it is widely accepted that for c-plane GaN, a threading dislocation density of less than 10 7 cm -2 is needed for optoelectronic devices (ideally less than 10 6 cm -2 for laser diodes), the partial dislocations found in nonpolar GaN do not have the same properties as the edge, mixed or screw dislocations found in c-plane GaN and the dislocation density might need to be lower for nonpolar devices due to the leakage currents associated with BSFs and PDs [17].

While the combination of multiple SiN x or ScN interlayers is likely to improve the quality of the material further, growth conditions would need to be optimised in order to achieve rapid coalescence, so as to avoid the build-up of excessive strain. In particular, conditions favouring the growth on the Ga-face (0001) GaN planes should be used, as growth on the N-face (0001) planes is associated with BSF formation [35].

Surface roughnesses must also be controlled, both for good device performance and for ease of dislocation density quantification. However, in the search for the most successful defect reduction method, the dislocation density quantification method presented in this paper will be useful for monitoring the effectiveness of defect reduction strategies.

In conclusion, AFM studies of the surfaces of nonpolar a-plane GaN films grown using different defect reduction methods have revealed the presence of surface pits elongated along the [0001] direction which are associated with threading dislocations, consistent with previous work [25,31,33]. However, the density of these pits (as detected by AFM) is lower than the true dislocation density, as revealed by TEM. In order to enlarge the pits and allow all dislocations to be detected, a post-growth SiH 4 treatment can be applied, which enables dislocations to be detected, for dislocation densities below ~6 x 10 9 cm -2 . A comparison with plan-view TEM images of the same films indicates that surface pits are associated with both partial dislocations (PDs) and pure a-type dislocations, enabling the total dislocation density to be assessed. This method is much more effective for monitoring dislocation densities than conventional KOH etching, which does not reveal PDs clearly [31]. However, at PD densities above ~6 x 10 9 cm -2 , the density of pits that can be detected using AFM becomes less than the true density of PDs. This is attributed to the overlap of pits which occurs in regions of locally high PD densities, for example, near island coalescence boundaries. The SiH 4 treatment also reveals linear surface features which run perpendicular to [0001] with a density approximately one order of magnitude lower than the BSF density. These features probably arise from closely spaced I 1 -type BSFs. For samples with lower PD densities, studies of the spatial distribution of the surface pits associated with PDs reveal that PDs are not randomly distributed but tend to cluster together in bands, a finding which is consistent across films grown using different defect density reduction techniques. These data are consistent with the accumulation of PDs at island coalescence boundaries. 

  The predominant defect types in nonpolar GaN are basal-plane stacking faults (BSFs), which include intrinsic BSFs of the I 1 (stacking sequence ABABCBCBC), I 2 (stacking sequence ABABCACAC) or I 3 (stacking sequence ABABCBABA) types, along with extrinsic SFs with a stacking sequence of ABABCABAB. I 1 -type SFs are bounded by sessile Frank partial dislocations with b = 1 / 6 <20-23>, I 2 SFs are bounded by dislocations with b = 1 / 3 <1-100> and extrinsic SFs are bounded by Frank partials with b = ½[0001]
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 caption1 Defect densities (from plan-view TEM) and surface roughnesses (from AFM) of the samples investigated in this study. The roughness values were obtained from line-flattened 20µm x 20µm AFM topography scans.

	Table			
	===========================================
	Sample	Dislocation BSF	r.m.s. surface
	ID	density	density	roughness
		(x 10 10 cm -2 ) (x 10 5 cm -1 ) (nm)
	________________________________________________
	A	2.5 ± 0.3	11 ± 2	24
	B	2 ± 0.		
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