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A measurement technique combining Kelvin-Probe Force Microscopy (KPFM) with substrate bias is developed and 

demonstrated on AlGaN/GaN-on-Si device structures, under conditions relevant to the effect of off-state drain bias stress in 

transistors. For high substrate bias, the measurements show a significantly lowered surface potential surrounding a small 

proportion of the dislocations imaged with atomic force microscopy (AFM), laterally extending on a scale of up to a 

micrometer. Both the density and the size of those features increase with substrate bias, however, conductive AFM 

measurements under the same bias conditions showed no leakage reaching the surface associated with those features. Our 

model considers localized conductive paths that end a certain distance below the 2DEG electrically “thinning” the epitaxy and 

therefore deforming the potential and increasing electric field under off-state stress bias. The conclusion is that the vertical 

electric field in the buffer is laterally highly non-uniform, with an enhanced vertical field in the vicinity of those dislocations. 

This non-uniformity redirects substrate bias stress from the buffer to the channel with potential consequences for breakdown. 

 

With its excellent material properties, Gallium Nitride (GaN) is highly suitable for power switching and radio frequency 

amplifying applications1. The AlGaN/GaN High Electron Mobility Transistor (HEMT) already achieved significant 

commercialization owing to the high electron mobility as well as high breakdown field2. However, devices are still subject to 

inherent problems like reversible and irreversible degradation processes, particularly when grown on Si3, 4. Point defects or 

extended defect paths such as threading dislocations allow charge carrier trapping and leakage currents5, 6. Both are known to 

have a crucial impact on device reliability and performance7. Large efforts have been spent on reducing the dislocation density 

to decrease vertical leakage in the devices8. Dislocation density for AlGaN/GaN grown on Si is typically around 109 cm-2 9-13, 

of which the screw and mixed type (screw + edge) dislocations are known to act as leakage paths in Schottky diodes under 

high voltage reverse bias conditions14-16. Reported densities of conductive dislocations, often correlated to device breakdown 

behavior, are in the range 3 - 4 × 107 cm-2 6, 12, 17-19. However, correlating device leakage characteristics and breakdown values 

to the density of dislocations is not that straightforward as bulk leakage also depends on other parameters such as carbon (C) 

doping. Measuring the density of conductive dislocations, typically by conductive AFM, is often flawed as a leakage spot at 

the surface does not necessarily mean an underlying vertically conductive dislocation through the entire buffer due to shunting 



 

 

 

 

effects of the 2DEG20. It is also not understood how a single, potentially partially conductive dislocation with certain current-

voltage (IV) characteristics contributes to overall device breakdown21. Therefore, neither measuring buffer leakage nor 

investigating dislocation density or conductivity of different types is sufficient to characterize and model device breakdown. 

On the other hand, leakage along threading dislocations is also known to facilitate efficient discharging of the buffer following 

trapping under stressed conditions, particularly when C-doped buffer layers are involved. This hugely benefits dynamic device 

performance following switching from off-state to on-state22-25. This ultimately leads to a tradeoff between a low density of 

conductive dislocations to ensure low high field leakage impacting breakdown, and sufficient dislocation-originated leakage to 

achieve good dynamic device performance26. Therefore, a good understanding of dislocations as well as the associated electrical 

properties and leakage currents is important for device reliability. 

In this work, we introduce a measurement technique which demonstrates that leaky threading dislocations induce large 

potential deformations during off-state substrate bias, and by extension drain bias. During substrate bias stress, this shows an 

apparent depletion region in the 2D electron gas (2DEG) surrounding dislocations and extending up to a micrometer scale. The 

approach combines two methodologies: Kelvin-Probe Force Microscopy (KPFM) and substrate bias. KPFM is a surface-

sensitive technique that allows the mapping of the surface potential represented as contact potential difference (CPD) with 

respect to the probe work function27. Substrate bias probes electrical buffer characteristics and yields information about vertical 

leakage and charge storage mechanisms in AlGaN/GaN HEMTs23. Combining both techniques allows imaging of the impact 

of the whole buffer leakage path on the 2DEG under close-to-operating conditions with sub-micrometer lateral resolution. 

The sample studied was grown using MOCVD and consists of about 2.5 𝜇m graded (Al,Ga)N buffer on a Si substrate 

followed by 500 nm C doped GaN, an unintentionally doped 250 nm thick GaN channel, a 25 nm thick AlGaN barrier with 

25% Al composition as well as a 2 nm GaN cap. The sample was processed with Ti/Al/Ni/Au ohmic contacts alloyed at 800 

°C in nitrogen ambient with Ti/Au top metal layer using circular Transfer Length Method (TLM) structures with a shared outer 

ohmic contact, as shown in the inset of Fig. 1. The TLM gap spacing used here was 25 𝜇m. The channel resistance was 600 𝛀/sq. The circular TLMs allow measurement of the 2DEG conductivity as a function of negative Si substrate (back-gate) bias, 

while the absence of passivation allows simultaneous access to the GaN cap surface. This allows KPFM in the TLM gap, as 

well as visualization of atomic steps and surface dislocation pits using AFM as can be seen in Fig. 2. The area of the outer 

ohmic contact, electrically grounded, was deliberately as large as possible, extending to 5 mm × 5 mm to reduce KPFM noise 

by maximally shielding the KPFM detection system (sitting above the sample and operating in the millivolt range) from large 

substrate biases of hundreds of volts. The grounded source contact and therefore grounded 2DEG also reproduces the vertical 

field magnitude and sign used during substrate voltage ramps and regular positive drain bias operating conditions. 



 

 

 

 

 

FIG. 1.  Substrate ramp of the investigated sample with a shared downward sweep and return sweeps from different maximum voltages. The 

inset shows the test structure used. It is a set of circular TLMs with shared outer ohmic contact and varying gap spacing to the inner 100 𝜇m 

diameter ohmic contact. There are three circular TLMs each for gap spacing of 10 (top), 15, 20, and 25 𝜇m (bottom). This TLM assembly 

sits embedded in a large 5 mm × 5 mm outer ohmic contact to shield the AFM probe from substrate fields. 

 

Scanning probe was used in the dual-pass (lift mode) amplitude-modulated (AM) KPFM mode paired with tapping mode28-

30. In this study, the lift height for the reverse trace was 20 nm. Conductive AFM was measured with a substrate voltage up to 

-200V using highly doped diamond probes (Nanosensors CDT-NCHR) while keeping the probe grounded. In substrate ramps, 

the channel conductivity was monitored by applying a small bias (typically 1 V) between two ohmic contacts on the top of the 

AlGaN/GaN-on-Si stack while a bidirectional negative substrate voltage sweep was applied to the Si (Fig. 1). The channel 

conductivity is related to the 2DEG concentration which acts as a sensor of the electric field directly below the 2DEG. 

Depending on the maximum sweep voltage and resulting current hysteresis loop, different buffer transport mechanisms are 

probed. Capacitive coupling happens if the buffer behaves as an insulator and the leakage in the entire buffer is smaller than 

the displacement current. Depending on which layer starts to conduct, charge can either be redistributed within that layer to 

form a dipole, or alternatively charge can flow from the contacts, with either case leading to charge accumulation in depletion 

regions or at blocking interfaces23. This charging causes a deviation from pure capacitive behavior and its linear relationship. 

Fig. 1 shows a fairly normal substrate ramp characteristic for a good quality epitaxy, with positive charge storage when 

sweeping to -100 V that gets neutralized on the return sweep when approaching 0 V. When sweeping to −300 V, a deviation 

occurs in the opposite direction representing small negative charge storage which is still present when the bias is removed31. 

 

   

FIG. 2.  AFM topography scan of GaN surface. The marked dislocations are spots that are analyzed in terms of surface potential in Fig. 3. 

 

Fig. 3a shows a sequence from CPD measurements taken in -25 V substrate bias steps down to -200 V. After each voltage 

step, the sample was allowed 2 min to stabilize at the new bias conditions before measuring the CPD. At substrate biases down 

to -100 V, the surface potential was uniform with no apparent features. Past this voltage, spots appeared with lower surface 

potential becoming more pronounced and increasing in size, with further spots appearing the more negative the voltage. 

Approaching a substrate voltage of -200 V, two-thirds of the pinch-off voltage (Fig. 1), the size of the spots reached up to 1 𝜇m in diameter. At a substrate voltage of -200 V, the signal-to-noise ratio for the CDP signal increased. The maximum sweep 



 

 

 

 

voltage was also limited by the presence of a large series resistor (33 M𝛀) in the bias line, required to prevent damage to the 

KPFM instrument in the event of sample breakdown. Beyond -200 V the increase in substrate leakage started to result in a 

significant voltage drop across the series resistor. Stepping the substrate bias back towards 0 V, the trend was reversed with 

some latency. The features gradually disappeared, however, a center spot as a superposition of several CDP features remained 

weakly present at 0 V (Fig. 3a). In Fig. 3b, the CPD is plotted at the three marked spots in Figs. 2 and 3a. The potential is 

referenced to a location far away from any dislocation feature to account for potential drift associated with fringing fields 

coupling the substrate voltage to the AFM head. The surface potential is initially substrate bias independent, but above a specific 

substrate bias (-100 V), the surface potential starts to decrease rapidly. 

 

        

FIG. 3.  a) Selection of contact potential difference (CPD) images with decreasing substrate voltage to -200 V and the return to no substrate 

bias in increments of 25 V from top left to bottom right (quadruple scale at -200 V). The reference spot is chosen far away from apparent 

dislocation features. b) Quantitative analysis of spots 1, 2, and 3 relative to the respective reference values for the downward and return sweep 

of substrate voltage. CPD values for the analyzed spots were averaged over a diameter of 200 nm. The inset shows a schematic of the 

conductive AFM measurement with different types of leakage paths (a: substrate to surface, b: substrate to 2DEG, c: substrate to buffer). 

 

All CPD spots appearing for high negative substrate voltages can clearly be correlated to the location of a screw dislocation 

in the topography image (Fig. 2). Threading edge dislocations typically form small depressions whereas threading screw 

dislocations lead to larger depressions9. The density of the observed features in Fig. 3a showing a significantly lower surface 

potential is ~4 × 107 cm-2 which is consistent with reported densities of 3 - 4 × 107 cm-2 for conductive dislocations6, 12, 17-21. 

Interestingly, measuring conductive AFM under the same conditions as the CDP measurements with a grounded 2DEG, a 

grounded AFM probe, the large series safety resistor (33 M𝛀) present, and a bias applied to the substrate does not reveal any 

leakage paths reaching the surface. This was the case for measurements covering the entire substrate voltage range to the pinch-

off voltage of -300 V with high contact force using high spring constant AFM probes to ensure good electrical contact between 

probe and sample. The conductive AFM result was somewhat unexpected since previous reports of conductive AFM using 

lower biases on GaN epitaxy revealed local leakage spots reaching the surface6, 12, 17-21. However, those studies were conducted 

with a floating 2DEG, hence allowing the full applied voltage to be dropped across the top barrier layer. The conductive AFM 

measurement reported here suggests that the presence of the grounded 2DEG clamps the dislocation potential and connects any 

electrically conductive dislocations in the buffer to ground, similar to the suggestion in some previous reports17, 21. Fig. 3b inset 

schematically shows the possible leakage paths. The latency between down-sweep and return-sweep observed in Fig. 3b 



 

 

 

 

indicates a charging effect associated with the screw dislocation. This effect may represent a previously unreported localized 

mechanism for dynamic RON. 

 

FIG. 4.  Schematic of the electrostatics around a conductive path as opposed to a pristine buffer with KPFM measurement on the surface and 

higher electric field in the gap between conductive dislocation and 2DEG. 

 

The observed change in CPD in the 2DEG can be explained using a model that considers the electrostatics as illustrated 

schematically in Fig. 4.  Far away from the dislocation, the potential is dropped linearly and vertically between 2DEG and 

substrate along 𝑅𝐵𝑢𝑓𝑓𝑒𝑟 establishing an electric field  𝐸𝐵𝑢𝑓𝑓𝑒𝑟 (assuming no charge trapping or accumulation). However, with 

a conductive path along the dislocation core to the 2DEG, the distribution of potential is strongly dependent on the specific 

conductive properties of the dislocation. A lower resistivity along the dislocation (𝑅𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑡ℎ < 𝑅𝐵𝑢𝑓𝑓𝑒𝑟) extending 

partway through the epitaxy leads to a more negative potential at the top of the dislocation compared to the surrounding buffer. 

The conductive path has effectively electrically “thinned” the epitaxy at the location of the dislocation. This leads to a more 

concentrated electric field (𝐸𝐴𝑏𝑜𝑣𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑡ℎ > 𝐸𝐵𝑢𝑓𝑓𝑒𝑟) from the top of the dislocation across the gap (𝑅𝐺𝑎𝑝) to the 2DEG 

causing a localized depletion in the 2DEG (𝑅𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛) region. This results in a reduced potential at the surface across the barrier 

(𝑅𝐵𝑎𝑟𝑟𝑖𝑒𝑟) at the location of the dislocation (𝑉𝐴𝑏𝑜𝑣𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑡ℎ < 𝑉𝐴𝑏𝑜𝑣𝑒 𝑏𝑢𝑓𝑓𝑒𝑟) as observed in the KPFM measurements. It 

can be expected that this effect persists even when the conductive path ends deep in the buffer for a sufficiently conductive 

dislocation. Furthermore, the magnitude of the effect is directly proportional to the conductivity of the path (∝𝑅𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑝𝑎𝑡ℎ−1) and inversely proportional to the depth where the conductive path ends underneath the 2DEG (∝ 𝑑−1). It 

is known that the conductivity of dislocations can be modified by processing32. It has also been shown that processing can 

change the conductivity partway through the epitaxy, although in that case, it was an increase in conductivity in the upper part 

of the stack33. The mechanism is speculative but may be associated with decoration (or the removal of decoration) of the 

dislocation core with contaminants such as hydrogen during processing. While the proposed model explains the observed data, 

further validation including the consideration of alternative explanations is required to show the origin of the effect. 

The observed potential deformation at off-state stress has implications for breakdown and vertical leakage. The higher the 

lower part dislocation conductivity, the greater is the electric field below the 2DEG in the vicinity of the dislocation. The 

measurements suggest that breakdown can be a highly localized phenomenon driven by a non-uniform potential distribution 

through the epitaxy. This becomes apparent from the large local depletion in the 2DEG, indicated by micrometer size surface 

potential features (Fig. 3a). This increases the electric field in the top GaN buffer layers, especially the channel, relative to the 



 

 

 

 

bulk of the buffer. Instead of dropping the voltage uniformly across the buffer, the channel gets locally exposed to a higher 

level of electric field stress. Hence, breakdown and vertical leakage could not simply be modeled as a bulk effect of the buffer 

stack but may well be driven by a small number of relatively conductive dislocations. Our measurement particularly suggests 

that threading dislocations that are not fully conductive from buffer to the surface (spots in fig. 3a) still cause significant 

potential deformations at off-state stress. This type of dislocation and its breakdown contribution has not been directly observed 

before and has only been inferred from indirect capacitance measurements33. Therefore, dislocation-induced breakdown is may 

well be more complicated than only considering apparent and conventionally measurable conductive dislocations. 

In conclusion, we clearly demonstrated the complexity of dislocation-induced breakdown. Our substrate-biased KPFM 

measurements reveal inhomogeneities of the 2DEG at negative substrate voltages which relate to high off-state device stress. 

The more negative the substrate voltage, the more local 2DEG-depleted areas occur, marked by surface potential features, 

reaching up to 1 𝜇m in diameter. This effect is consistent with a significant potential deformation and a highly non-uniform 

electric field distribution through the epitaxy stressing the channel instead of the buffer. It suggests that breakdown is not a 

bulk effect but can be highly localized. We particularly propose that the measurement can be explained by the conductive 

portion of a threading dislocation extending only partway through the epitaxial stack. 
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