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Abstract 

Structural and electrical properties of a- and a+c-type threading dislocations in metal organic 

vapor phase epitaxy grown Si-doped GaN (0001) were determined by combining multiple 

scanning probe microscopy approaches. The analysis examines the space charge region (SCR) 

formed around dislocation cores and clarifies the role it plays in influencing the local 

recombination, the surface potential characteristic and even the conductivity. The direct evidence 

of the SCR was obtained from a differential capacitance (dC/dV) measurement at dislocation sites 

on the (0001) surface. Experimental dC/dV (V) measurement results supported by Technology 

Computer-Aided Design calculations of capacitance accounting for the theoretical deep levels 

related to different atom core-structures of the identified dislocations revealed quantitative 

differences in their respective trap densities. This study was extended to p-n GaN vertical diodes 

to analyze doping distribution across the active layers. Through a correlated cross-sectional 

investigation combining electron channeling contrast imaging microscopy, the underlying 

dislocations within the depth limited by the screening of their SCRs were found to severely impact 

the homogeneity of the cross-sectional dC/dV contrast in the low-doped n-type drift layer of the 

diodes. This raises serious concern regarding any quantification effort by differential capacitance 

measurements in GaN-on-Si, where the dislocation density is in the order of 109 cm-2.  
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I. INTRODUCTION 

Energy efficient III-nitride power devices benefit from GaN’s superior intrinsic properties that 

include a wide band gap, a high electron saturation velocity, and a high thermal conductivity [1]. 

Its compatibility with complementary metal-oxide-semiconductor technology and cost-effective 

fabrication on 6- and 8-inch Si substrates have attracted market attention for high-power and high-

frequency  GaN-on-Si devices which are already reaching 1.2 kV applications [2–4]. However, 

even today threading dislocations (TDs) on such substrates are still present in quantities reaching 

109 cm-2, nearly an order of magnitude higher in comparison to SiC and sapphire substrates. Hence, 

their electrical properties must be better understood for improved device design and simulation 

calibration. Since the 1990s, their electrical activity has been a subject of debate due to the 

incoherence of the findings obtained from different characterization techniques probing leakage, 

recombination, and charge state. This was partly attributed to a lack of a database of all stable 

atom-core structures and associated electronic structures. For example, techniques such as 

conductive-atomic force microscopy (C-AFM), which measures local current, prominently 

assigned leakage paths in n-type GaN to open-core screw-type dislocations [5–8], and also to full-

core and mix-type dislocations [5,6]. Emission microscopy analysis in GaN p-n diodes, on the 

other hand, associates them solely to full-core screw dislocations [9,10] while claiming nanopipes 

(or open-core structures) to be electrically inactive [11]. In regards to their recombination 

properties, authors in references  [12–15] determined the other types of TDs , mainly edge- and 

mixed-types, as non-radiative recombination centers using cathodoluminescence (CL) 

microscopy. Optical technique, confocal microscopy, employing two-photon excitation with 

below band gap wavelengths corroborated their non-radiative nature along the dislocation length, 

although with a diffraction-limited resolution  [16]. Kaganer et al. pointed out that exciton 
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dissociation is likely to occur in the sub-surface region around TDs with an edge character due to 

the  polarization-induced field (or charges) at the (0001) surface termination [17]. Despite being 

non-radiative in nature, this form of recombination differs from Shockley-Read-Hall 

recombination, where traps play a critical role. Therefore, further knowledge of the charge state or 

charge-induced field at TDs can be crucial for understanding the recombination dynamics in the 

bulk. Using electron holography, Cherns et al. determined the line charge density of edge-type 

TDs, but from such an analysis shallow or deep nature of traps cannot be implicated [18]. They 

also pointed out the difficulties in extending this study to mixed- and screw-type dislocations due 

to the influence of surface relaxation associated with the screw component. Besides, microscopic 

defects formed during sample preparation (e.g., ion milling) for such an analysis had not been 

considered for charge quantification. Overcoming these limitations and the challenge associated 

with making statistical analysis, Simpkins et al. revealed that both edge- and mixed-type 

dislocations are negatively charged in as-grown n-type GaN buffers by assessing the surface 

potential build-up around them using Kelvin probe force microscopy (KPFM) [19]. Similar 

KPFM-based study was later extended to InGaN alloys [20]. In these studies, surface potential 

variation corresponding to only few tens of millivolts has been observed at charged dislocation 

sites. Another non-destructive technique involving differential capacitance (dC/dV) measurements 

is scanning capacitance microscopy (SCM) which can also reveal space charge regions around 

dislocations [21–23]. Unfortunately, neither a quantitative dependence of surface potential values 

on local charges at TDs was made (or vice versa) nor a dC/dV analysis led to the quantitative 

determination of a dislocation-related parameter. 

Furthermore, this kind of an in-depth analysis of TDs is highly desired in a fully fabricated p-n 

diode, where access to the lightly doped n-type drift layer is prohibited by the overgrown layers 
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(highly doped p-type layer, n+ layer, metallic contacts, and passivation layer). As the entire GaN 

stack undergoes multiple treatments such as high-temperature annealing steps (Mg-activation, 

ohmic contacts, passivation, etc.), the availability of an investigative methodology to monitor the 

alteration in the electrical characteristics of TDs can be decisive. In this regard, the method 

employed by Ebert et al. to probe TDs through non-polar cleavage planes  has been adopted in this 

work as a solution to this problem [24,25]. 

The discrepancy stated above over electrical properties of TDs partly arises from assuming their 

dependence on the Burgers vector b rather than on their core structure. Even though several core 

structures can exist for the same b, the electronic properties are strictly defined by the core 

structures, which depend on the growth stoichiometry, and can be altered during device processing 

steps. Our study clarifies how the space charge at TDs in Si-doped GaN correlates to local 

recombination, surface potential, and conductivity characteristics. It elaborates a methodology 

based on the analysis of dC/dV (V) via computational effort to confirm their deep acceptor nature 

(i.e., energy levels in the mid-gap and below) and to extract the trap density without inducing 

damage to the sample. For the extracted occupied trap density, typically measured small surface 

potential values across dislocations in KPFM can be justified. Eventually, the nature of their 

electrical behavior can be reliably associated with identified core-structures of the most 

statistically dominant TDs, namely edge- and mixed-type. 

 

II. EXPERIMENTAL SECTION 

A. Description of the samples 

Three types of semi-vertical GaN p-n diodes, which differed primarily by the structural 

characteristics of their n-GaN drift layers, were investigated on their cross-sections by scanning 
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probe microscopy (SPM). The GaN epitaxial stacks were grown by metal-organic chemical vapor 

deposition (MOCVD) on 200 mm substrates, where for two of them (samples A-Si and B-Si) Si 

(111) substrates and for the third one (sample C-QST) Qromis Substrate Technology (QST®) 

substrate were used [26]. The QST substrate is an engineered wafer with poly-AlN core and a 

conductive monocrystalline Si(111) layer at the frontside, on top of a buried oxide. All the active 

layers of the diode, p-type, n-type, and n+ layers, were separated from the substrate by a 1 µm 

thick u-GaN buffer and strain management layers (SMLs). Both samples A-Si and B-Si consisted 

of a stack with a limited drift layer thickness of 750 nm and with a Si doping concentration of 

3x1016 cm-3 and 1x1017 cm-3, respectively, while sample C-QST had a 3 µm thick drift layer with 

a Si doping of 4x1016 cm-3. The GaN stacks were terminated by an n+ layer, right above the p-type 

layer, which was etched off during the post-growth processing of the diode structure. The 

description of the drift layers in the three samples are summarized in table 1. The complete 

structural details of the as-grown stack on Si substrates and the processed diodes are schematically 

shown in Figure 1(a). Nominal values of Si and Mg concentration were determined by secondary 

ion mass spectrometry (SIMS) on as-grown stacks. Cross-sectional electrical measurements were 

carried out on the cleaved plane (11-20) under the p-contact (cathode) of the fully fabricated 

devices, where both cathode and anode electrodes were accessible from the top. The cleaving was 

done in ambient conditions. The active area of the p-n diode under study is ~ 100x100 µm2. A 

fourth sample, D-Si, consisting of a 1.7 µm thick n-GaN layer with Si doping of ~4x1016 (similar 

to that of the drift layer in A-Si) grown on a AlGaN/AlN buffer on Si, was used for plane-view 

investigation emulating a common SPM approach. 

 

Sample 

Drift layer  

Substrate Thickness 

(nm) 

Doping concentration 

(cm-3) 

A-Si 750 3x1016 Si 

B-Si 750 1x1017 Si 
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C-QST 3000 4x1016 QST® 

 

Table 1: Description of the drift layers in the three samples consisting of p-n junction that were 

used for cross-sectional investigation. 

 

B. Methodology 

The SCM analysis was done on a Park Systems NX-Hivac tool on the sample cross-sections 

prepared both by cleaving and by chemical mechanical polishing (CMP) and on the as-grown 

surface. For cross-sectional analysis, an AC bias in the range of 0.25 – 3 V at 17 kHz was used to 

obtain the dC/dV amplitude (or | dC/dV |) and phase maps across the GaN stack under the p-contact 

electrode and for the planar analysis on the (0001) n-GaN surface, 5 V was used. dC/dV versus 

bias curves (or dC/dV spectroscopy) acquired locally were also analyzed by sweeping the sample 

DC bias within the ±5 V limit. The following scheme for the bias sweep was used in every 

spectroscopy; 0 V → maximum positive bias → minimum negative bias → 0 V, with a total 

acquisition time of 5 s. Further details of the SCM setup are described in Ref. [27]. KPFM 

measurements were carried out in the same tool in the side-band frequency modulation mode with 

an applied AC bias of 1.5 V at 2.5 kHz at a tip-sample separation of approximately 10-12 nm. Pt/Ir 

coated Si cantilevers with nominal spring constant (resonance frequency) of 7.4 N/m (150 kHz) 

and 2.8 N/m (75 kHz) were used for KPFM and SCM measurements, respectively. C-AFM 

measurements were made using in-house highly doped full diamond tips (spring constant ~ 3 N/m). 

Electron channeling contrast imaging (ECCI) and cathodoluminescence (CL) imaging were 

executed on a Thermo Fisher Scientific Apreo SEM system equipped with a retractable solid-state 

backscattered electron detector and a retractable RGB CL detector. The former was used to localize 

the crystalline defects both in the cross-sectional view of the p-n diodes and in the planar-view of 

the as-grown n-GaN (0001) surface, while the latter was implemented to investigate local 
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recombination properties. ECCI was carried out  at an accelerating voltage (AV) of 5 kV with a 

beam current (Ibeam) of 0.8 nA at a working distance (WD) of 5 mm. Detailed information on the 

experimental setup can be found in Ref. [28]. As the electron channeling contrast can be affected 

by strong morphological changes, the cleaved cross-sectional device surface was smoothened out 

by CMP. To avoid the influence of carbon contaminations, introduced by the electron beam during 

ECCI measurement on the SCM analysis, SCM was carried out prior to ECCI to ensure that the 

correlative investigation using the two methods can be conducted. The CL imaging conditions 

were AV = 7 kV, Ibeam = 0.8 nA and WD = 7.0 mm. The panchromatic CL imaging mode is used, 

which collects the emitted light with a wavelength ranging from 300 to 1100 nm. 

 

III. RESULTS AND DISCUSSIONS 

A. Cross-sectional study of p-n diodes 

Figure 1 (b,c) shows an overview of the SCM analysis of sample A-Si and B-Si. Under the lock-

in amplifier configuration, dC/dV phase maps consistently reveal p-type and n-type regions in the 

Si reference samples at phases of ~ 30 degrees and ~ -150 degrees respectively. This relation of 

absolute phase value to doping type allows us to identify the Mg-doped region as p-type and all 

the three Si-doped layers (drift layer, two degenerately doped n+ layers) as n-type in all the GaN 

epitaxial stacks under investigation. The two oppositely doped regions are easily deducible from 

the black and white contrast regions in the phase map (Fig. 1b, shown only for A-Si). The absolute 

phase values can be seen in the phase profile obtained across the stack in Fig. 1c. In the n+ layers 

and in the p-GaN layer, the |dC/dV| strength is much lower than in the drift layer, which is well 

aligned with the work of Lamhamdi et al.  [29], who conducted a similar analysis on semi-vertical 

GaN stacks grown on an Al2O3 substrate. This can be understood from the dependence of |dC/dV| 
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on the carrier density as described in the numerical calculations by Giannazzo et al.  [30], where 

the |dC/dV| monotonously decreases with the carrier density exceeding 1016 cm-3. This trend was 

also confirmed in the experimental work by Sumner et al. for a doping concentration higher than 

1017 cm-3 [31]. The phase contrast in the 1 µm thick region consisting of the u-GaN buffer and the 

SMLs appears with a seamless texture noise effect contrast, which is due to a negligible signal 

strength. This implies that the carrier density in the unintentionally doped buffer layer is much 

lower than 1014 cm-3, an upper limit determined for the lowly doped region of the imec calibration 

Si sample T8/3 [32] for the RF resonant capacitance sensor used (see Figure S1 in the 

Supplemental Material [33]). 

 

 

Figure 1: (a) Schematic of the structural detail of the as-grown GaN-on-Si stack (above) used in 

the semi-vertical p-n diodes, sample A-Si and B-Si (below). (b) Local |dC/dV| and phase maps 

obtained in SCM analysis on A-Si at AC bias = 2.5 V. (c) Extracted and averaged |dC/dV| and 

phase profiles across the semi-vertical diodes for A-Si (in black) and B-Si (in red). Phase value of 
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~ -150 degrees corresponds to all electron-dominated regions and ~30 degrees to hole-dominated 

regions. 

 

The dC/dV spectroscopies obtained over multiple points (1 spectroscopy per 40 nm along the 

growth direction) across the p-n junction are shown in figure 2a. The formation of the peak 

(typically seen here for negative biases) is indicative of the typical high-frequency capacitance-

voltage relation for an n-type MOS structure, which is formed here by the metallic Pt/Ir tip, native 

oxide and GaN. As the acquisition progresses from the region in the bulk of n+ GaN to n-GaN and 

then towards the p-n junction, a distinct trend can be seen in the progression of the spectroscopies. 

The magnitude of the |dC/dV| peak is initially small in the n+ region (positions 1 to 7 in Figure 2b) 

but can be seen increasing drastically as one approaches and enters the n-GaN layer (positions 8 

to 10). Then, within the bulk of the n-GaN drift layer region, all the dC/dV curves almost overlap 

with each other (positions 9 to 22), which indicates homogeneity in the electron density along the 

growth direction in this layer. However, near the p-n junction, this trend interrupts and the peak 

magnitude increases monotonically within 80 nm in the Si-doped side. Typically, the dependence 

of |dC/dV| on doping concentration is not entirely monotonic over a broad range of concentrations 

(~1012 cm-3 to ~1020 cm-3). When starting from a very low carrier density, |dC/dV| tends to increase 

with the carrier density reaching a maximum at nmax and then monotonically reduces with a further 

increase in the carrier density. From the computation by Giannazzo et al.  [30] this value appears 

to be below 1x1016 cm-3. Our Synopsys technology computer-aided design (TCAD) simulation 

(see Figure 2c) shows that while approaching the p-n junction the electron density drops from 

~3.3x1016 cm-3 (close to the bulk n-GaN density) to ~9.6x1015 cm-3 within ~80 nm. This spatial 

extent coincides well with the drastic increase of |dC/dV| peak observed between position 22 and 
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24. As one moves further 40 nm towards the metallurgical junction, the calculated electron density 

drops to ~1.3x1015 cm-3, which is accompanied with the lowering of the |dC/dV| peak (position 25) 

indicating that the concentration surpasses nmax. This suggests that nmax is somewhere between 1015 

cm-3 to 1016 cm-3 for GaN. Using the experimental |dC/dV| peak magnitude across the p-n/n+ layers 

and analyzing it against the corresponding calculated bulk electron density (Figure 2c), a non-

monotonic dependence could be envisaged (see Figure 2d). The data points related to n/n+ are 

scattered outside this monotonic dependence, which is possibly related to a sharp decline in the 

carrier density from the n+ to n- region and a poor SCM resolution. From position 25 onwards, a 

non-negligible |dC/dV| is seen for positive biases (1.5 V – 2.5 V) which indicates that the net 

capacitance is influenced by the space charge region of the adjacent p-type region as well. A 

similar duality of the tip-sample capacitance sensitivity to the space charge regions of both n-type 

and p-type regions has been previously reported for Si p-n junctions [34]. In the bulk of the p-GaN 

layer, where the calculated hole density for the given Mg concentration is ~ 9.4x1017 cm-3, the 

SCM signal strength is expected to be small. As one further approaches towards and into the p-

type region, the |dC/dV| component of the n-type region recedes and disappears (position 25 to 

27), while the component of the p-type region remains almost unchanged in the positive bias range. 

In positions from 28 to 35, which corresponds to the bulk of p-GaN layer, the |dC/dV| is completely 

screened from the junction within the given bias range. As seen in the |dC/dV| map, we also 

consistently observe an unusual increment in |dC/dV| near the n+ GaN/u-GaN interface despite 

low |dC/dV| in the two adjacent layers. This can be simply explained by the carrier diffusion 

(electrons in this case) from the n+ layer into the u-GaN layer, thus locally reducing the electron 

density in the n+ layer while enhancing the electron density in the u-GaN buffer near the interface. 

Even though, the |dC/dV| contrast analysis up to this point is in line with the work of Lamhamdi et 
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al.  [29], a significant difference in the homogeneity of the |dC/dV| distribution in the drift layer 

can be seen at a larger scale. This is due to the threading dislocation density, which is one order of 

magnitude higher in GaN-on-Si stacks used in this investigation and is explained next. 

 

Figure 2: (a) |dC/dV| spectroscopies at discrete positions, 1 – 35, across the cleaved cross-section 

of A-Si. (b) Positions 1-35 schematically shown correspond to indicated locations in the stack and 

on the |dC/dV| map. (c) Trend of |dC/dV| peak and calculated electron density between position 0 

(in n+ bulk) and position 25 (in p-n space charge region) or equivalently between 0.20 and 0.96 

µm (top horizontal axis). (d) Non-monotonic dependence of |dC/dV| on electron density extracted 

from the calculated n profile and experimental |dC/dV| profile across the GaN stack. 
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QST® substrate in Figure 3. For sample A-Si, the |dC/dV| distribution was non-uniform in the drift 

layer with a Si doping of ~3x1016 cm-3. Here, the contrast is formed by the appearance of skewed-

funnel type local features representing a significant drop in |dC/dV| and it extended across the drift 

layer. We verified that there were no hints of similar features in the topography (indicated with a 

dashed curve), thus ruled them out as a morphology-induced artifact. Interestingly, this contrast 

characteristic was less evident for sample B-Si where the Si doping (~1x1017 cm-3) was ~3.3 times 

higher. Usually, a diminishing |dC/dV| is associated with the presence of a depletion /space charge 

region (which is why at the p-n electrical junction |dC/dV|→ 0) or high metallicity. Here, for low 

doping concentration in the drift layer, diminishing |dC/dV| around a dislocation strongly suggests 

that it is surrounded by a larger depletion region (equivalently a smaller capacitance). One may 

expect the local Mg diffusion from the p-GaN layer into the drift layer to result in the formation 

of a local junction within the drift layer. Although Mg diffusion into the drift layer as evidenced 

by TOF-SIMS technique (see depth-dependent chemical analysis of the Mg-dopant in Figure S2 

the Supplemental Material [33]) is highly exaggerated by the bombardment of primary ions, it is 

identical within the two samples. Despite this, the local depletion regions were less evident in B-

Si in the SCM analysis. Therefore, the contrast seen for low doping concentration is less likely to 

relate to Mg diffusion. In sample C-QST with a thicker drift layer (~3 µm) and a Si doping (~4x1016 

cm-3) similar to sample A-Si, the |dC/dV| spatial distribution also included skewed-funnel type 

features with a diminished signal strength (see Figure 3c). Due to a larger thickness of the drift 

layer, the tail of these features can be fully seen extending across the drift layer to the underlying 

n+ GaN layer. This extended tail-like feature, therefore, could be attributed to those threading 

dislocations, which are usually encountered in a GaN stack. The formation of a funnel-type 

contrast can be understood from the conjunction of space charge regions of the p-n junction and 
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around the dislocation. This is clearly seen in the TCAD simulation of a dislocation (see Figure 4) 

along a p-n/n+ diode structure where the calculated space charge density around the dislocation 

reaches 4x1016 cm-3. The simulation was done using the parameters given in Ref.  [35]. 

Equivalently, one may also interpret that this region is fully depleted i.e., with negligible electron 

density and therefore, it would result in a dC/dV signal close to noise level. 

 

 

Figure 3: Simultaneously acquired morphologies, |dC/dV| and phase maps for (a) sample A-Si at 

1 V AC bias, (b) B-Si at 1 V AC bias and (c) C-QST at 0.5 V AC. DC bias = -0.5 V and the lock-
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in frequency is fixed at 17 kHz in (a)-(c). Morphology related artifacts in the |dC/dV| map are 

enclosed in white boxes in (b). 

 

Figure 4: (a) Schematic of the structure used in the simulation of a dislocation (located at the left 

edge, x = 0) across p-n/n+ diode (1.4 µm x 0.5 µm) and the calculated (b) space charge density. 
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In addition, CMP also introduced some curvature in the surface. Routine SCM analysis was carried 

out on this very same area and the |dC/dV| maps also feature a funnel-like contrast due to the 

diminished signal. Such features are found exactly at the locations of dislocations identified in the 

ECCI analysis (Figure 5b). Thus, this confirms a strong association of local depletion regions 

around threading dislocations. It also explains why such contrast was not observed in a similar 

study by Lamhamdi et al.  [29] as their GaN stacks were grown on an Al2O3 (0001) substrate, 

which had a ~ 10x lower TD density. 

 

Figure 5: (a) ECCI and (b) |dC/dV| map at AC bias of 1 V at 17 kHz on the same area of CMP 

prepared cross-section of B-Si.  

 

In order to understand why the contrast related to the depletion region around the threading 

dislocations was not evident in cleaved cross-section of sample B-Si, one can refer to the work of 

138 µV

1 µmECCI

|dC/dV|
1 µm

p

n

n+

0



 17 

Baghani et al. on the screening of charged dislocations by background electron carriers [36]. They 

calculated the space charge density profile around dislocations acting as deep acceptors (charged 

at 1e/unit cell) in GaN, which shows a significant screening of charged dislocations as the 

background carrier density goes from 1016 cm-3 to 1017 cm-3. Correspondingly, the fully depleted 

radius reduces from ~150 nm to ~50 nm, whereas, for a higher concentration in the order of 1018 

and 1019 cm-3, fully depleted radii can reach values lower than 10 nm [36,37]. Because of the poor 

screening for a low carrier density, the capacitance formed by the depletion region of the 

dislocations adds to the tip-sample junction capacitance in series, thereby reducing the net 

capacitance and consequently, the |dC/dV|. It is for an improved screening by carriers that the local 

regions with dislocation induced |dC/dV| drop appear with a much lower density on CMP prepared 

cross-section of B-Si (Figure 5b) when compared to the one on the cleaved cross-section of A-Si 

(Figure 3a). It is expected that the contrast formed by dislocations in B-Si are located close to the 

surface, where background carriers are fewer in density. The capacitive behavior of the depletion 

region can also be further corroborated from the bias dependence of the net capacitance (or net 

dC/dV) in SCM analysis. As explained earlier in the spectroscopy analysis in Figure 2, the forward 

bias regime in the n-type (p-type) region is seen for negative (positive) voltages applied to the 

sample, while the reverse bias regime is for the opposite polarity of this voltage. At a DC bias of 

0 V, dislocation-related tail features can be seen running across the drift layer in the |dC/dV| map 

(see Figure 6a). But as one goes into the forward bias regime (i.e.-0.5 V), the space charge region 

around the dislocations shrinks, thereby narrowing the lateral width of the tail-like features in the 

|dC/dV| map and improving the sharpness of such features (see Figure 6b). Interestingly, at this 

bias condition, tail-like features can be seen extending into the undoped GaN buffer, which was 
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not visible at the 0 V bias condition. In the next section, electrically active TDs are identified and 

their role as recombination centers is discussed. 

 

 

Figure 6: |dC/dV| acquired in a single scan measurement (a) at DC bias = 0 V and (b) at -0.5 V 

using trace and retrace directions of the scan, respectively. The measurement area is indicated in 

the schematic of the stack in (a). Note that (b) corresponds to Figure 3(c) but in order to emphasize 

the dislocation related contrast also in the n+ and undoped GaN buffer, its color contrast is 

saturated by clipping the maximum signal strength to 143 µV. 

 

B. Investigation of TDs in n-GaN(0001): space charge, recombination, surface potential 

and leakage paths 

I. Space charge and leakage analysis 

Further analysis to investigate any distinction in electrical properties or potentially the depletion 

behavior around dislocations owing to their structural type, a- (pure edge), c- (pure screw) or a+c- 
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ECCI neither on the cross-section nor on the (0001) surface because of the limited field of view, a 

morphological analysis of the (0001) surface of a 1.7 µm-thick n-GaN layer was instead relied 

upon. Here, the n-GaN layer was Si doped with ~4x1016 cm-3, similar to that in the drift layer of 

A-Si. A transmission electron microscopy analysis using diffraction vectors <11-20> and <2-1-
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11> estimated the pure-screw dislocations to be 3-5% of the total dislocation density. The 

morphology of the as-grown (0001) surface exhibited well-known step-terrace features and pits 

with two distinct characteristics (see Figure 7a). a+c-type dislocations, because they possess the 

c-component, tend to terminate the terraces and open in the form of pits, while the a-type ones do 

not interact with the terraces and terminate at the surface with minimal effect on the morphology. 

It is evident in the SCM analysis (see Figure 7b) that |dC/dV| tends to reduce around both a-type 

and a+c-type TDs but with different strengths. The comparison of |dC/dV| profiles across both 

types of dislocations is shown in Figure 7c. Although it is subtle, this difference can be seen. As 

explained earlier in the cross-sectional study, a diminished |dC/dV| indicates the presence of a 

space charge region around the dislocations. As |dC/dV| diminishes more severely at a-type TDs, 

it implies that the space charge induced around their negatively charged core is more prominent 

than at a+c-type dislocations. This is determined by the position of the unoccupied states in the 

forbidden gap at the dislocation core, their density of states and occupation probability, which 

comes down to the atomic arrangement of the core. As these dislocations can be associated with 

deep level states and it is the mid-gap states rather than shallow states that can result in non-

radiative recombination, a recombination assessment was further investigated using CL and is 

discussed in detail in the next section. The root cause of why |dC/dV| diminishes profoundly around 

a-type TDs requires complete structural analysis of the core and its surroundings. Our results, 

however, confirm that both types of dislocations are electrically active as inferred in Refs. [13,15].  

The characteristic of the space region around a-type TD was further comprehended from the 

acquired dC/dV spectroscopy. This is shown in Figure 7(d) alongside the reference dC/dV(V) of a 

dislocation-free zone. As expected in the reference area, the dC/dV increases in the forward bias 

with reducing surface depletion width. At the a-type TD, the onset of dC/dV(V) is shifted by ~1.76 



 20 

V with respect to the reference area. The net capacitance sensed under the tip at the a-type TDs is 

due to the space charge region of the dislocation which extends radially as well as along the 

dislocation across the entire n-GaN layer. Therefore, the local capacitance at the TD is negligible 

at 0 V. As the tip-sample junction goes under forward bias, the depletion region at the dislocation 

shrinks, increasing the local capacitance only gradually initially. It is not until the onset voltage 

(Vth) at ~ -1.57 V that the depletion region is narrow enough such that non-negligible dC/dV can 

be acquired. At this onset, the dC/dV (V) characteristic eventually becomes similar to that of the 

reference area at its respective onset voltage of ~0.19 V. The Vth is indicative of the junction 

potential due to a charged dislocation, which can be understood from the typical C(V) 

characteristic of a Schottky junction diode. The depletion width 𝑧𝑑 and the resulting capacitance 

C at an applied bias V for such a junction is given by 

 𝑧𝑑 = √
2𝜖0𝜖𝐺𝑎𝑁(𝜑𝑖−𝑉)

𝑞𝑁𝑑
 ... (1) and 𝐶 =

𝐴𝜖0𝜖𝐺𝑎𝑁

𝑧𝑑
 ... (2) 

where 𝜖𝐺𝑎𝑁 is the relative permittivity of GaN, 𝑁𝑑 the doping density, 𝜑𝑖, the electrostatic 

potential from band bending, A, the contact area, and q, the elementary charge, and 𝜖0, the vacuum 

permittivity. Further solving (1) and (2) yields 

𝑑𝐶

𝑑𝑉
∝

1

(𝜑𝑖−𝑉)3/2 ... (3) 

As experimentally observed in the dC/dV spectroscopy, for 𝑉 ≤  𝑉𝑡ℎ at the dislocation and in the 

dislocation-free region, 

𝑑𝐶

𝑑𝑉
|

𝑉≤𝑉𝑡ℎ,𝑇𝐷

~
𝑑𝐶

𝑑𝑉
|

𝑉≤𝑉𝑡ℎ,𝑓𝑟𝑒𝑒

, 

where 𝑉 = 𝑉𝑡ℎ,𝑇𝐷 and 𝑉 = 𝑉𝑡ℎ,𝑓𝑟𝑒𝑒 stands for onset voltages at dislocation and dislocation-free 

region, respectively. 

∆𝜑 = 𝜑𝑖,𝑇𝐷 − 𝜑𝑖,𝑓𝑟𝑒𝑒~𝑉𝑡ℎ,𝑇𝐷 − 𝑉𝑡ℎ,𝑓𝑟𝑒𝑒 = 1.76𝑉 
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The obtained ∆𝜑 corresponds to a band bending of ~ 1.76 eV around the dislocation. However, 

it must be noted that the resulting ∆𝜑 reflects the band bending in the sub-surface region rather 

than on the surface. Even though equation (3) can be applied to a tip-sample junction as if it were 

to behave as a planar capacitor without fringe effect or if it were a spherical capacitor (provided, 

tip contact area << depletion width), they should only be used here as an approximation. One will 

require numerical modelling to correctly extract the band bending from Vth shifts. 

Similar to our observations, a diminishing |dC/dV| signal strength and a similar magnitude of Vth 

shift were also reported by Hansen et al. [21] at the edge-type threading dislocation, though no 

distinction was made between a-type and a+c-type. In their dC/dV analysis, they only associated 

this shift to the presence of a positive charge around the dislocation. Here, for the a+c-type 

dislocations, the observed Vth shift was much smaller (~1.10 V) than for the a-type. This clearly 

indicates a significant difference in the electronic properties of these two types of dislocations with 

the a- component. Several computational investigations have shown that their electronic properties 

in terms of local density of states are closely linked to the structural configuration of their core. In 

scanning transmission electron microscopy analysis (see Figure S3 in the Supplemental 

Material [33]), the 5/7 atom-core structure was seen at a-type dislocations while both 

undissociated (5/6 double atom-core) and dissociated (5/7/4/8/9 atom-core) dislocations were 

observed for a+c-type dislocations. These findings are in good agreement with the work of Rhode 

et al. [38], who concluded that all a-type dislocations occur with the 5/7 core-structure and while 

the a+c-type can occur both as dissociated (5/6 double) and undissociated (5/7/4/8/9 and 5/7/4/8/9 

core-atoms) in MOCVD grown Si doped GaN. DFT calculations by Belabbas et al. [39] predict 

deep acceptor states located ~ 1 eV from the valence band for both a-type TD with 5/6 atom-core 

and for undissociated a+c-type dislocations with 5/6 double atom-core structure. Unfortunately, 
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there are no theoretical studies available yet on the observed dissociated dislocations, but both our 

SCM contrast analysis and CL analysis suggest them to be deep acceptors. Since the Vth shift is 

clearly different for the two types of dislocations despite having the trap state around the same 

energy position, this can be understood in terms of difference in their electron trap density. We 

calculated a high frequency C-V characteristic of the nano-size metallic contact located on the top 

of the dislocation and on the free surface by TCAD simulation. Parameters relevant to the 

GaN/vacuum interface used here are discussed in the next section. An EC-ET of 2.5 eV was 

assigned for both types of dislocations, but the electron trap density was varied from 0.1 e/u.c. to 

4 e/u.c. where e/u.c. is the electron traps per unit cell. As shown in the calculated |dC/dV| curves 

in figure 8(a), the experimental Vth shift of the a-type dislocation can be explained for a trap density 

of ~ 0.25 – 0.5 e/u.c., while for the a+c-type dislocation, this is around 0.25 e/u.c. These 

dislocations were further investigated by C-AFM analysis for their contribution towards leakage 

path as it cannot be reliably inferred from SCM analysis alone. In figure 9, simultaneously acquired 

morphology and the C-AFM maps obtained at sample bias of -1.5 V are shown. The current 

magnitude drops significantly and preferentially around both a- and a+c-type dislocations. Some 

of these dislocations are also encircled. Since morphology change at a-type dislocations are 

minimal, they were not observable in topography obtained by the diamond tip but knowing that 

they exist as a bunch/chain from other microscopy techniques discussed above and allowed their 

identification in the current-map. It must be pointed out that the leakage or the current flow is 

suppressed by the potential barrier formed in the depletion region. C-AFM measurements were 

also carried out for the positive bias range up to +30 V but no current contrast was observed around 

dislocations. One must note that there was no sign of higher current at any dislocation considering 

up to 5% of the total dislocations could be pure-screw type. This observation is not in agreement 



 23 

with the assertions made in the reports suggesting pure-screw type dislocations in n-GaN as 

leakage paths. On careful observations, such screw-type dislocations were associated with a V-

shape opening [40], where work function and surface states of the semi-polar surfaces could play 

an important role in defining the local barrier height. In our case, we do not expect any notable 

differences in the surface morphology of mix-type and pure-screw dislocations. This scenario is 

also different from n-GaN  [5–8] and Al(Ga,In)N/GaN heterostructures [41] where dislocations 

with screw component have been determined as the cause of leakage in heterostructures. 

 

 

Figure 7: (a) Morphology and the corresponding (b) |dC/dV| at DC bias = -2 V. Line profiles of (c) 

|dC/dV| across three a-type and eight a+c-type or c- type TDs. The vertical scales are the same in 

the two graphs. (d) |dC/dV| spectroscopy at two a-type TDs (marked as 1, 2), at a+c-type TD 

(marked as 3) observed in the |dC/dV| map (inset) and in a dislocation-free region (averaged from 
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the box indicated in the inset), which is in black curve. The two vertical lines in green on the x-

axis indicate the onset voltages Vth. 

 

Figure 8: (a) Calculated |dC/dV| (V) of a metallic tip on a dislocation for varying defect level 

and electron trap density and dislocation-free region. (b) Calculated electric field (V) on metallic 

tip separated by 10 nm from the GaN (0001) surface with and without a dislocation.  

 

Figure 9: (a) Morphology and the corresponding (b) current map for a sample DC bias of -1.5 

V. Some of the a+c-type and a-type dislocations are encircled in white and yellow, respectively, 

for the reader’s aid. 
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The panchromatic CL micrograph acquired on this sample at 7 kV (see Figure 10b) is dominated 

by isolated dark spots and dark thread-like features, which are associated with severely diminished 

intensities. ECCI on the same area reveals that all a-type TDs are located at the thread-like 

structure, while the a+c-type can be found at the isolated spots (Figure 10a). Similar to the 

morphology analysis, ECCI was used here to identify the dislocation type based on their size and 

how they interact with the terrace-steps, which are also present in the micrograph. Our 

observations are in good agreement with other CL studies that report dark CL spots at all TDs, 

irrespective of their type as shown by Naresh-Kumar et al.  [15], and for a- and a+c-type TDs 

shown by Albrecht et al.  [13]. Even though it is generally understood that the dark spots in CL 

micrographs are due to local non-radiative recombination via electronic relaxation at dislocation-

related traps, intrinsic polarization property of GaN can potentially affect how the recombination 

process occurs near the dislocation, even in the absence of traps. As a- and a+c-type TDs terminate 

at the (0001) surface, the discontinuity in the associated polarization results in bound charges 

forming high in-plane and out-of-plane piezoelectric fields in their vicinity. If the strengths of these 

fields are high enough, they can instantly dissociate the free excitons generated by the electron 

beam during the CL measurement and cause dark spots. Kaganer et al. [17] provided a simplified 

analytical expression for the electrostatic potential V(x,y,z) around such type of dislocations 

(located at the center of x-y plane along z) in GaN, from where the strength of the fields can be 

derived. V(x,z,z) is described as  

𝑉(𝑥, 𝑦, 𝑧) = 𝑉0
𝑦𝑧2

(𝑥2+𝑦2+𝑧2)3/2 ... (5) 

where V0 = 0.139 V, x and y are the in-plane axes and z is along the dislocation line parallel to 

[0001]. 
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And the dissociation of exciton by the electric field is considered in terms of its characteristic 

dissociation time (𝜏𝐸), which is given by 

1

𝜏𝐸
∝

1

𝐸
𝑒𝑥𝑝 (−

2𝐸0

3𝐸
)... (6) 

where E is the piezoelectric field and E0 = 193 kV/cm is a factor dependent on the free exciton 

A binding energy, its reduced mass of exciton and the Bohr radius. 

According to (6), 𝜏𝐸 monotonically decreases with the electric field, which means that a higher 

electric field facilitates a faster dissociation of an exciton. So, following the argument of Kaganer 

et al., one could roughly consider an E = 10 kV/cm as the cut-off field above which all excitons 

dissociate instantaneously as the equivalent 𝜏𝐸 ~0.12 ns from (6) is much smaller than the typical 

effective exciton lifetime in GaN [42,43]. Using (5) this cut-off field leads to a volume, which is 

enclosed radially within 70 nm from the dislocation and up to a depth of 140 nm from the surface. 

Any generated excitons within this volume should not contribute to the CL signals. The validity 

of 10 kV/cm as the cut-off electric field can be verified from the characteristic length of the dark 

spots in the CL analysis. 

One factor that was not considered in their study, is the electric field of the typically present 

space charge region under the surface, even in the absence of a dislocation. To take this into 

account, a TCAD simulation of a dislocation across a GaN/vacuum interface was carried out. The 

parameters related to TDs used in this calculation are from Ref. [35]. Normally, in the absence of 

surface states, the calculated polarization induced field can be unrealistically high, therefore, 

surface donor traps were included in accordance with the experimental surface band bending [44]. 

The band bending was determined by analyzing the valence band spectra obtained from X-ray 

photoelectron spectroscopy, which revealed that the Fermi-level was located at ~ 2.61 eV above 

the valence band minimum near the surface (see Figure S4 in the Supplemental Material [33]) and 
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the bulk Fermi-level position is determined from the known value of free electron concentration. 

The surface donor trap density was accordingly tuned to bring the Fermi-level to lie at the 

experimentally determined position with a deviation of ~0.1 eV. The calculations reveal the 

existence of a sufficiently high electric field > 10 kV/cm up to the depth up of ~140 nm in the 

space charge region under the surface (Figure 11b,f), there will be no contribution to the CL 

signals. However, the Monte Carlo simulation, which does not account for the space charge region, 

shows that a moderate contribution to the CL generated (Figure 11f) from an electron beam energy 

of 7 keV comes from a much lower depth up to ~240 nm. Therefore, the CL imaging contrast at 7 

keV mainly arises from the depth between z = 140 nm and z = 240 nm. Also, at these depths (Figure 

11c,e), the in-plane electric field strength resulting solely from a charged dislocation (trap density 

~ 1e/u.c.) is still high enough to dissociate excitons within a radius of 112±10 nm from the 

dislocation core. The observed full width at half maximum of the dark spot associated to an isolated 

dislocation in the CL map of ~ 218±102 nm is comparable to the calculated diameter (~224±20 

nm) of the region enclosed within the boundary E = 10 kV/cm around a charged dislocation. 

Conversely, it also validates our assumption of 10 kV/cm as the cut-off electric field for exciton 

dissociation in GaN. 
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Figure 10: (a) ECCI micrograph at 5 kV and (b) panchromatic CL micrograph at 7 kV obtained on 

the same region. Electron channeling pattern and CL intensity line profile across an isolated TD 

are shown in the inset of (a) and (b), respectively. Some of the a- and a+c-type TDs are indicated 

by arrows. 

 

Figure 11: Calculated distribution of (a) conduction band minimum energy EC and electric field E 

(b) E∥[0001] and (c) E⊥[0001] with dislocation line located at x = 0 along the z-axis and with 

vacuum/GaN interface at z = 0 µm. (d) Their corresponding EC profiles in the bulk (z = 0.5 µm) 

and at the surface (z = 0 µm). (e) E⊥[0001] profiles at z = 0.5 µm, z = 0.2 µm and z = 0 µm. (f) 

E∥[0001] profile away from the dislocation at x = 0.5 µm (left axis) and CL by depth distribution 

(right axis) obtained from Monte Carlo simulation. And offset is included in -eCPD profile for a 

better clarity. 
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As a positive space charge formed around the a- and a+c-type TDs results in an upward band 

bending, it is also reflected in the contact potential difference (CPD) or in a surface potential 

measurement by KPFM (see Figure 12b). In the KPFM technique, the CPD is measured by 

nullifying the electrostatic force induced on the metallic tip of the probe by a DC bias (Vdc) applied 

between the probe and the sample. Instead of a static electrostatic force, the dynamic component 

of the electrostatic force, Fω, modulating at frequency ω due to an applied bias 𝑉𝑎𝑐sin (𝜔𝑡) is 

measured. This component is generally described as 

𝐹𝜔 =
1

2

𝜕𝐶

𝜕𝑧
(𝑉𝑑𝑐 − 𝐶𝑃𝐷)𝑉𝑎𝑐sin (𝜔𝑡) ... (7) 

The CPD is generally expressed as follows in terms of the difference of work function between 

the metallic probe and the sample under investigation 

−𝑒. 𝐶𝑃𝐷 = (𝐸𝐶,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝐸𝐹 + 𝜒) − 𝜑𝑚𝑒𝑡𝑎𝑙 

= 𝐵𝐵 + (𝐸𝐶,𝑏𝑢𝑙𝑘 − 𝐸𝐹 + 𝜒 − 𝜑𝑚𝑒𝑡𝑎𝑙) ... (8) 

where 𝜑𝑚𝑒𝑡𝑎𝑙 is the probe work function, 𝐸𝐶,𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝐸𝐶,𝑏𝑢𝑙𝑘, are the conduction band minima 

at the surface and in the bulk, respectively, 𝐸𝐹, the Fermi-level, 𝜒, the electron affinity and 𝐵𝐵, 

the surface band bending (BB is positive if bending is upward) and e the elementary charge.  

Because the second term in (8) is constant, any variation in the band bending across the surface 

is proportionally reflected in the change in -eCPD. This means, for an upper band bending, the 

change in -eCPD is positive, which should appear with brighter contrast in the -eCPD map. Such 

a map is shown in figure 12(b) where across most of the dislocations, both a- and a+c-type, the 

upper band bending can be confirmed.  It is worth noting that the in-plane band bending (or 

equivalently potential variation) deduced by this method differs significantly from the electrostatic 

potential profiles obtained from electron holography as done for across a-type TDs by Cherns et 

al. [18]. The former is sensitive only to the surface/near-surface region, thus impacted by the 
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surface depletion, while the latter probes the average potential in the bulk and at the surface. The 

CPD difference between the TDs and the background is found in the range of ~0.09 V– 0.15 V 

(see Fig. 12c). However, quantitatively this value is significantly smaller than the calculated band 

bending of ~2.42 eV in the bulk (Figure 11a, d) and ~ 1.56 eV near the surface (Figure 11d). The 

latter, which accounts for the charged surface states, is 10 - 17 times larger than the measured -

eCPD. A similar or even smaller magnitude of CPD difference has been previously reported for 

TDs [8,19,45,46]. Even though equations (7) and (8) are often used to interpret CPD for a parallel 

plate capacitor configuration of a tip-sample system, they cannot be simply extended to the case 

when charged defects are present as is the case here for charged dislocations. One needs to 

incorporate the potential induced on the tip by the dislocation line charge and the space charge 

around it. Rosenwaks et al. [47] calculated the CPD for a similar case. They have shown that the 

CPD change across a sub-surface single charged defect in n-type semiconductor coincides with 

the band bending or surface potential only for a zero tip-sample surface distance, and it tends to 

diminish significantly with increasing tip-sample distance. In their calculation, the CPD difference 

already dropped to 60% of the surface potential at a tip-sample distance of only 1 nm. So, in our 

case where the tip-sample distance is ~10-12 nm it is not surprising that KPFM is showing a small 

CPD change across charged dislocations. To showcase this, we additionally carried out a TCAD 

simulation of a metal sphere (radius = 25 nm) separated by 10 nm from the GaN (0001) surface 

with and without a dislocation. The electric field on the metallic sphere was calculated for varying 

bias. This was to determine the CPD value at which the electric field on the metallic sphere is 

nullified. Two cases of dislocation were considered: with an electron trap density of (1) 1 e/unit 

cell and (2) 0.25 e/unit cell. As shown in figure 8b, a CPD difference of 0.8 V is expected for the 

first case, while 0.3 V for the second case. The latter comes close to our experimental value. In our 
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KPFM experiments, the charging effect was also observed due to this low doping of the GaN layer, 

which further contributed to a weaker contrast in the -eCPD map. This charging effect was 

confirmed as the CPD contrast continued to become weaker with consecutive KPFM scans of the 

same area.  

 

 

Figure 12: (a) Morphology and the corresponding (b) -eCPD maps on n-GaN (0001) surface, 

respectively. a-type and a+c/c-type TDs are enclosed in smaller and bigger circles, respectively.  

(c) -eCPD line profiles across 4 a-type TDs (marked as a- 1, 2, 3, 4) and 8 a+c-type or c- type TDs 

(marked as a+c-/c- 1, 2, 3...8). The latter are described here as a+c- or c-type as it is not possible 

to distinguish the two types by mere morphology. All the curves have been shifted along the y-

axis by an offset for clarity. 

 

 

IV. CONCLUSIONS 

We carried out a comprehensive study of a-type with 5/7 atom-core structure and a+c-type TDs 

with 5/6 double (undissociated) and 5/7/4/8/9 atom-core structures (dissociated) in n-type GaN 

(0001) by independently probing the space-charge capacitance, recombination properties, 
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conductivity, and surface potential around them by different techniques: SCM, CL microscopy, C-

AFM and KPFM. Correlative CL and ECCI analysis confirm both types of TDs as non-radiative. 

To understand this, a cut-off field of ~ 104 V/cm was used to borderline the non-radiative region 

where the exciton dissociation can take place instantly. Because of the polarization discontinuity 

alone at the site of dislocation termination on surface, this region is confined within ~140 nm in 

depth from the surface and ~112 nm radially from the dislocation core. Even in dislocation-free 

zones, for the given band bending the field of the surface depletion region is sufficiently high for 

exciton dissociation within ~142 nm in depth. Therefore, at a high electron beam energy (7 keV), 

the CL contrast observed is mainly caused by the dislocation segments enclosed between the depth 

of ~ 140 nm and 260 nm. As found in the SCM analysis, diminished |dC/dV| and Vth shift of ~ -

1.76 V (~ -1.10 V) in dC/dV curves at a-type (a+c-type) TDs (with respect to the reference area) 

confirm positively charged depletion around them. TCAD calculation revealed that these Vth shifts 

correspond to trap density of ~0.25-0.5 e/u.c. and ~0.25 e/u.c. for a- and a+c-type dislocations, 

respectively, with their energy level lying below the mid-gap. These findings also explain the small 

surface potential variation usually measured across TDs in KPFM measurements. With the charges 

trapped at dislocations, the cut-off condition for non-radiative recombination is satisfied in their 

surroundings within 120 nm from their core, which agrees well with the FWHM of the CL dark 

spots. Coherently, it is confirmed in C-AFM analysis that depletion around TDs inhibits local 

conduction, which must be considered while estimating device area or carrier concentration from 

capacitance-based measurement. As direct access to TDs is not readily available in fully fabricated 

devices, our correlated SCM-ECCI analysis on the cross-sectional surfaces of the diodes could 

potentially be a more advantageous approach, as it benefits from the absence of polarization effects 

and allows access to depth information as well.  Our cross-sectional analysis on p-n diodes shows 
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a good agreement between the electrical characteristics obtained on the entire dislocation segment 

in the n-type drift layer and that assessed from multiple characterization techniques on a (0001) 

surface. 
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