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This article addresses the impact of the buffer doping on the critical performance issues of 

current-collapse and dynamic RON in GaN high electron mobility transistors. It focusses on 

the effect of carbon, either incorporated deliberately in GaN-on-Si power switches, or as a 

background impurity in iron doped RF GaN-on-SiC devices. The commonality is that carbon 

results in the epitaxial buffer becoming p-type and hence electrically isolated from the 2-

dimensional electron gas by a P-N junction. Simulations which incorporate a model for 

leakage along dislocations are used to show that a remarkably wide range of experimental 

observations can be explained including dynamic RON and the complex time dependence of 

drain current transients in power switches. In RF GaN-on-SiC devices, the current-collapse, 

the drain current dynamics, kink effect, pulse-IV and electric field distribution in the gate-

drain gap can all be explained.  
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1. Introduction 

GaN based high electron mobility transistors (HEMTs) are now dominant in RF 

application areas such as base-station power amplifiers and increasingly are entering the 

power switching marketplace in application areas such as fast chargers1). This superiority to 

silicon based components arises due to basic materials benefits such as the wide bandgap 

giving high breakdown field, the ability to form a heterojunction leading to high mobility 

and carrier density, and good thermal conductivity especially when grown heteroepitaxially 

on substrates such as SiC. However GaN HEMTs are vulnerable to a variety of charge 

trapping related instabilities which include dynamic RON and current-collapse following high 

off-state bias, respectively an increase in resistance in the on-state and a decrease in 

saturation current capability. These instabilities can either be surface effects or can be due to 

trapping in the bulk below the 2 dimensional electron gas (2DEG)2). Surface trapping can be 

largely controlled by a combination of passivation layers and electric field control using field 

plates, however bulk trapping continues to be an issue which impacts even commercial 

devices3), and it is bulk trapping which is the subject of this article. The normal way of 

discussing this trapping is in terms of the density of traps, their capture cross-sections and 

their energy levels, however we will show that this is not sufficient or even a useful approach 

in many cases.  

Conventional GaN HEMTs require a semi-insulating layer below, and spaced away from, 

the 2DEG to suppress off-state leakage and short-channel effects. This is normally achieved 

by adding a deep acceptor such as iron or carbon, with the assumption that this will pin the 

Fermi level and allow the buffer to be treated as an insulator. The density of added traps in 

the bulk of the epitaxy is often regarded as commercially sensitive information and so it is 

omitted from publications, although typical values might be ~1019cm−3 of carbon for power 

switches4, 5) and ~1018cm-3 iron for RF HEMTs6). Especially for power switches this far 

exceeds the density required to explain the observed bulk trapping effects, with only a small 

proportion of the acceptors ever ionized4). We will show that many of the observed trapping 

effects can be better explained in terms of electrostatics and transport in the buffer4). The 

location and magnitude of the ionized trapped charge is determined quantitatively by the 

electrostatics of the device7), and the dynamics largely determined by the transport to the 

small proportion of those traps which are changing their charge state via dislocation leakage, 
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3D hopping or band edge conduction8). Hence a better way of describing the vulnerability 

of a device to bulk trap effects is in terms of the distribution of incorporated and background 

dopants and the transport properties of the multilayer epitaxy.  

Power switching HEMTs (and here we will consider the current primary market niche of 

650V switches) use a buffer structure below the 2DEG which consists of a nominally 

undoped GaN channel, a heavily carbon doped GaN layer, and then a set of (Al,Ga)N strain 

relief layers all grown on a Si substrate. By contrast RF power devices which are less cost 

sensitive often use a GaN buffer which is iron (Fe) doped and grown on an insulating SiC 

substrate9). At first sight these architectures are quite distinct, however metal-organic 

chemical vapour deposition (MOCVD) epitaxial growth is used in almost all cases for 

commercial devices and inevitably incorporates a background of carbon impurities into the 

epitaxy. Carbon when substituted on the nitrogen site has its acceptor level 0.9eV above the 

valence band10), energetically far below that of the Fe acceptor which is located ~0.7eV6) 

below the conduction band. If, as is frequently the case, the density of carbon exceeds the 

density of any background donors, the Fermi level will reside on the lowest acceptor level 

and will be close to the CN level in the lower half of the gap7). It has long been recognized 

that unintentionally doped semi-insulating buffers can be majority carrier p-type but with 

very low hole density, resulting in substrate bias induced threshold instability11). Hence the 

factor in common between power switching and RF epitaxy is the presence of carbon and 

the fact that it results in the buffer becoming p-type.   

In this paper we review the transport mechanisms in the GaN buffer layers and discuss 

in detail the consequences of a p-type floating buffer for GaN HEMTs; it is partly based on 

recent conference papers12-14). It has been incontrovertibly shown using substrate ramp 

measurements that the negative charge build-up responsible for dynamic RON in GaN-on-Si 

devices is controlled and suppressed by vertical band-to-band leakage from the 2DEG into 

the floating region, almost certainly along dislocations15, 16). Until recently this dislocation 

leakage could not be modelled directly in technology computer aided design (TCAD) 

simulations, and leakage paths were included only under contacts4, 17, 18), nevertheless giving 

a convincing explanation for the bias dependence of dynamic RON and pulse IV results. Here 

we include for the first time the effect of dislocation induced leakage in GaN HEMT TCAD 

simulations which incorporate realistic distributions of deep acceptors and their 
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compensating donors in both power switching and RF devices. We show that a remarkably 

wide range of trap related phenomena can be explained including the complex bias 

dependence of dynamic RON, its time dependent behaviour, as well as the kink effect, all 

based on the impact of carbon together with a reasonably realistic representation of the 

leakage paths in the device. 

 

 

2. Simulation Environment 

Device simulations were undertaken using the Silvaco Atlas TCAD software suite 

version 5.29.0.C. The main advance in HEMT simulation reported here compared to 

previous studies comes from the inclusion of a new model for vertical leakage along 

dislocations allowing for the first time the impact of band-to-band leakage to be included. 

The model uses a non-local 1D nearest neighbour hopping model and can successfully 

predict the reverse bias leakage in GaN p-n diodes19-21), and model dynamic RON in GaN-on-

Si power devices12). The hopping current is given by               

𝐽 =
𝑁𝑇𝐷𝑞𝜈0

1 +
2exp(𝑞𝐸𝜎 𝑘𝑇⁄ )
exp(𝑞𝑏𝐹 𝑘𝑇⁄ ) − 1

 

where NTD is the dislocation density, ν0 is the hopping frequency (set to 1011Hz), Eσ is the 

energetic width of the defect band (120meV), b is the separation of hopping sites along the 

dislocation (1.1nm), and F is the electric field. For fields up to a few hundred kV/cm, this 

expression predicts Ohmic conduction. This model assumes that all dislocations are active, 

identical, and the occupation of the defect band is exactly 0.5, none of which are likely to be 

entirely accurate. Hence the number density of dislocations used in the simulations reported 

later should be taken as nominal, although it should be useful for comparative purposes.  

The conventional models employed were Fermi-Dirac and Shockley-Read-Hall statistics, 

and a simple Caughey-Thomas velocity saturation law, 𝜇 = 𝜇0(1 + (𝜇0𝐹 𝜐𝑠𝑎𝑡)⁄ 𝛽
)1 𝛽⁄  , 

where µ is mobility, υsat=1.9x107cm/s is the saturated velocity and β=2.3.  No self-heating, 

impact ionization, surface trapping, or gate leakage models were included so that the results 

were only sensitive to epitaxial doping effects. A positive polarization charge was 

incorporated at the AlGaN barrier/GaN interface and adjusted to give the desired pinch-off 

voltage under the gate. A negative charge was then placed at the surface and adjusted to place 
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the Fermi level about 0.5eV below the conduction band. No polarization charges were 

incorporated at the heterojunction at the bottom of the GaN layer. This was done to prevent 

any hole gas forming, which although it can arise in practice22, 23), was not the main objective 

of the simulation study. Convergence was a major issue when using this hopping model 

requiring careful meshing and a numerical precision of at least 80 bits, and in some regimes 

such as at high dislocation density and high drain bias in off-state, even using 256 bits was 

insufficient to ensure convergence. 

The key parameters employed were 2DEG mobility 1450cm2/Vs, bulk hole mobility 

8cm2/Vs. For carbon substituted on the nitrogen site (CN), electron and hole cross-sections 

were 10-15cm2, acceptor level 0.75eV above the valence band (this value rather than 0.9eV10) 

was used to improve convergence by increasing the free hole density in the buffer). For iron, 

electron capture cross-section was 10-13cm2 and hole cross-section 10-15cm2, with acceptor 

level 0.7eV below the conduction band6).  

 

3. GaN-on-Si Power HEMTs 

3.1 Transport and charging in carbon doped GaN 

Fig. 1 shows the typical architecture for a 650V GaN-on-Si power switching transistor1). 

At the low to medium electric fields which are relevant to normal device operation, the thick 

AlGaN or superlattice SRL from an electrical point of view primarily serves as an insulator 

which isolates the active upper part of the device from the Si ground plane, with most of the 

applied drain voltage dropped across this layer. It is the nominally undoped (UID) channel 

layer and the heavily carbon doped layer below this that act to screen the 2DEG from the 

back-gating field from the Si ground and to suppress charge trapping and dynamic RON. The 

mechanisms by which this occurs were described in 4), and here we will give a brief review 

of transport mechanisms.  

The carbon doped layer (GaN:C) is heavily doped typically with a density of about 

1019cm-3, most of which resides substitutionally on the nitrogen site (CN) and has an energy 

level 0.9eV above the valence band10), however it is also heavily self-compensated with 

donors24). It is unclear whether these donors are carbon incorporated on the Ga site or 

whether they are the result of defect complexes, however their density has been inferred to 

be at least 40% of the CN density5, 24). The carbon strongly pins the Fermi level to the CN 
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level, with charge almost confined to narrow (10’s of nm scale) depletion regions at the top 

and bottom of the carbon doped layer. The majority carrier is hence holes, but with a low 

density at room temperature of only around 104-106cm-3. The high CN density is reasonably 

close to the Mott transition25) and as a result defect band (hopping) conduction is found to 

dominate over conduction by activation of free holes to the valence band26), nevertheless the 

bulk resistivity is well above 1010ohm.cm. The defect band conduction seems to be 

consistent with a 3D variable range hopping law8), and as a result shows an apparent 

activation energy which is dependent on the measurement temperature range and can vary 

between 50meV and 0.9eV26).  

The GaN:C layer is essentially resistive, but isolated from the 2DEG by a P-N diode. 

Under normal drain bias conditions this diode is reverse biased, and its leakage properties 

have been found to be crucial to the suppression of dynamic RON
15). The leakage in reverse 

biased GaN P-N diodes was first investigated for LEDs and was found to be associated with 

preferential conduction along mixed and screw dislocations27-29), with strong indications of 

impurity band conduction30). In power switching HEMTs, it has been found that the leakage 

obeys a nearest neighbour hopping law, but with non-ohmic behaviour at low bias which 

may be associated with the barrier between the dislocation and the 2DEG8).         

  

Figure 1. Schematic cross-section of a 650V GaN-on-Si power HEMT showing an overlaid equivalent circuit 

for transport within the device. 

 

These transport mechanisms in the epitaxial layers can be represented as an equivalent 

circuit as shown in Fig. 1. In contrast to the traditional approach which represents the buffer 

as a single layer with traps, this network of resistors and capacitors allows an understanding 

of the operation of the device under both static and dynamic conditions. Under static bias 

Implant Implant

Si Substrate

Drain

2DEG

Source
Implant Implant

GaN:C

Si Substrate

(Al,Ga)N Strain Relief Layer

UID GaN

2DEG
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conditions, current flows through the resistive network and accumulates fixed charges at any 

discontinuities in resistivity (the Maxwell-Wagner effect31)), which in this case are primarily 

at the upper and lower interfaces of the GaN:C layer. Under dynamic bias conditions the 

network will behave capacitively, however stored charge will impact the resulting change in 

charges in the 2DEG and the currents in the external terminals.  

 

 
Figure 2. (a) ON-state conductance ie inverse dynamic RON for two different 30A, 650V GaN HEMTs replotted 

from Ref. 3). (b) Simulated inverse dynamic RON as a function of off-state stress for varying dislocation density. 

(c) Net charge density with VDS=1V, VGS=0V 1µs following off-state stress at VDSQ=300V, VGSQ=-5V with 

108cm-2 dislocations and 25ºC.   

 

3.2 Dynamic RON 

Dynamic RON is the change in on-state resistance following operation at an off-state bias, 

and is a key instability of GaN power devices. There are many definitions and measurement 

approaches although there is now a JEDEC standard32), however here we consider a worst-

case corresponding to the change in on-state conductance (or resistance) after applying off-

state bias for sufficiently long period that the conductance change has saturated (typically 

hundreds of seconds). We will use conductance in all the graphs since in contrast to 

resistance, its magnitude stays in a range which is easily plotted on a linear scale.  

The GaN-on-Si power switching transistor simulations used an epitaxial layer stack4) 

which consisted of 20nm AlGaN barrier resulting in ~6x1012cm-2 2DEG charge, a 0.3µm 

unintentionally doped (UID) GaN layer containing 1015cm-3 shallow donors, a 0.7µm GaN:C 

layer containing 1019cm-3 CN acceptors compensated with 3x1018cm−3 shallow donors, on a 

strain relief layer (SRL) of thickness 3µm. The SRL we represented with undoped AlN and 

which forms an insulating layer with blocking heterojunction to the GaN:C layer. The 
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transistor simulated had a double field plate, gate length 1μm and LSD of 17.5 µm as seen in 

Fig. 2c. The band-to-band hopping mechanism was enabled across the UID GaN layer, 

effectively providing a resistive path between the 2DEG and the top edge of the GaN:C layer.  

 Fig. 2a shows the change in on-state conductance change (ie inverse dynamic RON) as a 

function of off-state bias stress for two 30A, 650V commercial packaged switches sourced 

in 20173). Supplier 1 showed less than a 10% change, whereas supplier 2 had unacceptable 

behaviour with a factor of two reduction in conductance. The minimum in conductance seen 

Fig. 2a at 150V was explained using a leaky dielectric model, discussed in the following, 

which was developed based on detailed substrate ramp and dynamic RON measurements4). 

Let us consider first the case corresponding to supplier 2 where it is presumed that there is 

only a small vertical leakage through the UID GaN layer. Under high positive drain bias 

there is a high vertical field between the drain and the Si ground. The GaN:C layer has lower 

resistivity than the UID GaN layer above or the SRL below and so current can only flow 

internally within the electrically isolated GaN:C layer resulting in the formation of a dipole 

with a positive charge at the GaN:C/SRL interface and a negative charge at the GaN:C/UID 

GaN interface. These charges will reside in narrow depletion regions of ionized donors and 

acceptors, respectively, and can be seen in Fig. 2c. The field also drops laterally from drain 

to gate/source, with a small lateral resistive current flow within the GaN:C layer resulting in 

a gradual increase in the potential difference between the 2DEG and the GaN:C as one moves 

from drain towards the field plates18). This back-biasing of the 2DEG by the GaN:C results 

in an accumulation in negative charge at field plate edges. The minimum in conductance 

(maximum in dynamic RON) in Fig. 2a arises from a competition between the negative going 

contribution which arises from the negative charged region and the positive going part which 

comes from the screening effect of the positive charged region near the drain.  

The impact of leakage along dislocations through the UID GaN region is illustrated in 

Fig. 2b, where the dislocation density has been varied from 107 to 1011cm-2. At low 

dislocation density the back bias from the GaN:C is sufficiently high to achieve full pinch-

off of the 2DEG, as can be seen for 107cm-2 dislocations at 100V where the conductance 

becomes zero. However as the leakage through the UID GaN increases, the vertical voltage 

drop across the UID GaN decreases, the negative charge at the top of the GaN:C layer 

reduces, the change in 2DEG density reduces, until eventually there is complete suppression 
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of dynamic conductance change following bias stress. Eventually at 1011cm-2 the 

conductance changes sign when the negative charge is fully suppressed leaving the positive 

charge and resulting in an enhancement in performance, something which is observed 

experimentally33). The suppression of conductance change (dynamic RON) in devices with 

higher leakage current is well established. In some cases there has been a direct measurement 

of the presence of leakage using the substrate ramp technique15, 16), with both proton 

implantation induced leakage34) and surface passivation35, 36) demonstrating a direct link 

between UID GaN leakage and dynamic RON suppression.  

In the leakage model described here, the distribution of charge in the buffer that is 

responsible for dynamic RON is determined primarily by the ratio of the leakage resistivity 

of the UID GaN layer and the GaN:C layer. Suppression occurs when the UID GaN channel 

has lower resistivity than the GaN:C layer. The time constants for charge transport through 

these layers have recently been measured8) for an IMEC wafer stack using a combination of 

substrate ramp and transient measurements. Different field and temperature dependences 

were observed for the transport through the two layers meaning that the ratio will be 

temperature and field dependent. Experimentally different temperature dependences for 

dynamic RON have been observed, ranging from the temperature independence seen in Fig. 

2a, to an increase in magnitude with increasing temperature37). This variation presumably 

reflects epitaxy/process generated differences in the carrier transport in these different 

fabrication processes.  

Some devices show preferential leakage under the drain to the GaN:C layer, and it was 

this situation which was simulated in previous papers from our group4, 17, 18). This 

corresponds to published solutions for dynamic RON such as a photonic drain38), or a p-GaN 

gate hole injector39) which provide a source of holes at the drain terminal. In Fig. 2b, a 

simulation of a short between the drain and the GaN:C with no dislocation leakage, shows a 

minimum in conductance similar to an intermediate dislocation density. Hence this model 

suggests that a short between the drain and the GaN:C layer alone can only reduce the 

dynamic RON, with leakage across the entire gate-drain gap required for full suppression. The 

magnitude of this leakage required for suppression is very small. Fig. 3 shows that for the 

case simulated, the current is less than 10pA/mm device width even for the highest 

dislocation density.   
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Figure 3. Off-state drain leakage current with VGSQ=-5V for varying dislocation density (cm-2), or a short 

between the drain and the p-type buffer. The noise on some curves is the result of slow convergence in the 

simulation. 

 

Figure 4. Drain current transient after stress at VDSQ=50V, VGSQ=-5V for varying dislocation density (cm-2), or 

drain-buffer short. 

 

3.3 Drain current transient spectroscopy 

A commonly used procedure for reliability analysis of GaN HEMTs is drain current 

transient (DCT) analysis, where the on-state drain current is measured as a function of time 

following an off-state stress,. The transient is usually modelled by a superposition of 
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exponential responses and each response is then associated with a different trap with sign, 

activation energy and capture cross-section used to identify the trap40).  This analysis is 

based on classical deep-level transient spectroscopy (DLTS) analysis where the trap 

emission results in a change in depletion charge, and implicitly relies on a majority carrier 

ohmic contact to the edge of the depletion layer. In the power switching HEMT, the buffer 

is semi-insulating and separated from the 2DEG by P-N diodes, so charging and discharging 

of depletion charge can be dominated by the transport to and from the depletion layer rather 

than by the trap emission. Fig. 4 shows how the simulated DCT changes with dislocation 

density, with a strong dependence seen which even changes sign. If analyzed conventionally, 

some transients would be interpreted as showing at least 3 different trap responses, with both 

electron and hole traps present, whereas in reality there are only CN acceptors and the 

dislocations active in the simulated device so there should not be more than two responses.  

The origins of the different contributions are illustrated in Fig. 5 for the example of 

109cm-2 dislocations and 150V off-state stress, with the DCT shown in the inset. At 10-3s 

after stress the resulting positive and negative charged regions of Fig. 5d lead to the built-in 

potential distribution shown in Fig. 5a, with primarily a vertical field within the GaN:C layer. 

This leads to the vertical hole current indicated by the red arrows in Fig. 5d, and the band-

to-band leakage indicated by the black arrows. After 1s (Fig. 5b,e), the positive charged 

region has been almost completely neutralized leaving a negatively charged region 

associated with each field plate edge and explaining the response with time constant of ~0.5s 

in the inset of Fig. 5. The localized nature of the negative charges now results in a lateral 

component to the field which drives a lateral hole current which spreads the negative charge 

across the entire length of the device as can be seen at 100s (Fig. 5c,f). This spreading of the 

charge results in the small drop in current seen in the Fig. inset between 1 and 10s. Finally 

the remaining negative charge leaks away through the dislocations to the 2DEG leading to 

the ~100s response, and explaining the strong time constant dependence on dislocation 

density seen in this part of the DCT in Fig. 4. Hence a 0.5s and a 10s response is predicted 

from exactly the same deep CN level – the two time constants arise because there are two 

different paths by which transport can occur to and from the location of the traps. Complex 

DCT responses have been observed experimentally41) which correspond closely to the family 

of curves seen in Fig. 4, demonstrating that this effect occurs in practice. Changing the hole 
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capture cross-section of the CN acceptor has little effect on the 0.5s response until it drops 

well below 10-16cm2 (not shown), because the generation/recombination process for holes is 

less significant than the resistive transport between traps. The key message here is that 

multiple time constant responses can arise due to geometric effects in devices wherever the 

rate limiting step is the transport to the trapping location. Simply measuring an Arrhenius 

plot and extracting activation energy or its capture cross-section is not necessarily sufficient 

to identify a trap unless you have a sufficiently low resistance contact to the depletion region 

containing the trap. In GaN-on-Si power devices, such as those discussed here, this criterion 

is clearly not met.          

 

Figure 5.  Time dependence of (a, b, c) potential and (d, e, f) net charge density with VDS=1V, VGS=0V at (a, 

d) 10-3s, (b, e) 1s and (c, f) 100s after voltage stress of VDSQ=150V, VGSQ=-5V. Nominal dislocation density 

109cm-2. For (d-f) the overlaid red arrows show the hole current flow direction and density (length of arrow) 

within the GaN:C layer. The black arrows show the band-to-band current density in the UID GaN channel 

region. The inset shows the normalized current transient and the stars the timings corresponding to the contour 
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plots. 

 

4. Fe doped GaN-on-SiC HEMTs 

4.1 Carbon Background in Fe doped GaN 

Iron has been used as a deep acceptor to suppress punchthrough42, 43) and short channel 

effects in RF power devices and when combined with field plates has delivered record output 

power44, 45). However it has also been associated with DC-RF dispersion, and current 

collapse46). Fe has an energy level 0.5-0.7eV below the conduction band and a strong 

memory effect during growth so there is always an exponentially decaying tail to the doping 

distribution47, 48). Here we are principally concerned with the impact of the background of 

carbon inevitably incorporated during MOCVD growth. It was first pointed out in Ref. 7) 

that small amounts of CN can neutralize the Fe acceptors provided the CN density exceeds 

the density of any background donors. This is actually a very likely circumstance. However 

the density of Fe and C is rarely reported, and the impact of a known density of C on device 

performance has only been discussed in Refs. 49, 50) where 0.25µm gate length devices were 

fabricated on two wafers with different C density (the secondary ion mass spectrometry - 

data for Fe and C are replotted in Fig. 6). The key experimental observations in those 

publications were: 

• C density did not impact the DC IV characteristics significantly. 

• At higher C density there was a strong kink effect. 

• Higher C density led to significant current collapse and dynamic RON in pulse IV 

(PIV) measurements, but the RF power and efficiency at class AB were 

unaffected. 

• Drain transient measurements showed three different time constants, one linked 

to Fe and two to C.   

• For high C density, off-state drain bias led to an increase in drain resistance, but 

surprisingly a decrease in source resistance.   
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Figure 6. SIMS data for Fe and C for the two different growth recipes used to fabricate devices in 49, 50). Case 

1 to 3 correspond to the simulated structures of Table I. 

In order to explain these results, simulations were originally undertaken in Ref. 49) which 

assumed that the background CN could result in a floating p-type buffer region, and as for 

the earlier GaN-on-Si simulations, leakage was represented by a short between the drain and 

the p-type buffer. Here we go beyond that model and include a distributed band-to-band 

leakage path along the entire gate-drain region13). The device geometry was a simple T-gate 

and corresponds to those used in the experiments of 49-51) with LSD 3.75µm, LG 0.25µm. 

Threshold voltage was about −2V. The AlGaN barrier was 22nm thick, the Fe doped GaN 

was 1.8µm thick on an insulating SiC substrate.  

For consistency with Ref. 49), and since the background donor density and the proportion 

of the carbon residing on Ga or N sites are unknown we consider three different cases in the 

simulation as detailed in Table 1. First considering Cases 2 and 3 which correspond to the 

low C wafer shown in Fig. 6, two situations are possible: either the background donor density 

is greater than the CN density resulting in a n-type buffer (Case 3), corresponding to what 

would normally be assumed for the effect of Fe doping, or alternatively in Case 2, the donor 

density is less than the CN density and the buffer becomes p-type. On the other hand, Case 1 

corresponds to the high C concentration wafer (3x1017cm-3 in Fig. 6) and is assumed to be 

p-type since the C density far exceeds any likely intrinsic or extrinsic donor density. A 

concentration of 3x1017cm-3 is fairly representative of commercial epitaxy; SIMS data for a 
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Cree Fe doped wafer reported in 52) showed a C density of 1017cm-3 in the bulk. In all three 

cases the top 200nm channel region of the GaN was doped 3x1016cm-3 with CN and 

2x1016cm-3 donors. The band-to-band hopping region was set to correspond to the channel 

region, providing a resistive path between the 2DEG and the top of the main part of the 

buffer 0.2µm below the surface.     

   

 Case 1 

High C, CN>donor 

Case 2 

Low C, CN>donor 

Case 3 

Low C, 

CN<donor 

 P-type P-type N-type 

Fe acceptor  
EC-0.7eV 

7x1015 increasing exponentially with depth to 3x1018cm-3 at 
1.1µm 

C acceptor 

EV+0.75eV 

2x1017 cm-3 1.5x1016cm-3 1.5x1016 cm-3 

Donor  
EC-0.03eV 

1x1017 cm-3 0.5x1016 cm-3 2.5x1016 cm-3 

Table 1. Simulated dopant density in the bulk of the GaN. 

 

The impact of the C on the band diagram and equivalent circuit for the device is shown 

in Fig. 7. For Case 3, the Fermi level is close to the Fe level, the buffer is n-type, and the 

equivalent circuit for the buffer is resistive (Fig. 7a,b). However for Cases 1 and 2, except 

close to the surface, the Fe acceptor level is above EF and is hence neutral taking very little 

part in the operation of the device. It is primarily the CN acceptors that provide the buffer 

charge, resulting in a P-N junction between the 2DEG and result in the diode elements shown 

in Fig. 7d. One significant difference from the power switching epitaxy is the C density 

typically is much lower in RF epitaxy, and hence it is far less capable of pinning the Fermi 

level, meaning that depletion regions can be wide and significant charge densities can arise 

within the bulk of the buffer rather than just at the surfaces.  
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Figure 7. (a) Schematic band diagram for case 3 (CN density less than donor density), and (b) corresponding 

equivalent circuit. (c) Schematic band diagram for cases 1 and 2 (CN density greater than donor density) and 

(d) equivalent circuit.  
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Figure 8. (a) Simulated 3-terminal breakdown measurement at constant ID=100µA/mm as VGS is swept from 0 

to −5V. (b) Y-direction band diagrams and (c) electric field at VGS=VDS=0V.  

4.2 Breakdown behaviour 

The simulated impact of these doping distributions on the off-state breakdown due to 

punch-through in the buffer42) are shown in Fig. 8a, which shows the drain voltage required 

to force a constant drain current of 100µA/mm as the gate is swept from 0 to -5V. It can be 

seen that the n-type Case 3 shows much worse behaviour than the p-type Cases 1 and 2. The 

reason is quite straightforward since the p-type buffer has a larger built-in potential and 

hence higher confining electric field as seen in Fig. 8b,c. This simulation only includes the 

effect of the buffer doping, so in reality the effect of C doping density may differ since it is 

often dominated by Schottky contact, crystal defects and passivation. 
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Figure 9. (a) Impact of off-state VDS on normalised on-state conductance for Cases 1, 2, 3, either with a nominal 

106cm−2 (solid line) or with a short under the drain (dashed line). (b) For Case 1, impact of varying dislocation 

density on on-state conductance. 

 

4.3 On-state conductance 

Let us now consider the impact of off-state bias stress on on-state conductance (inverse 

dynamic RON) as shown in Fig. 9. Fig. 9a shows the situation where there is very low 

dislocation density and hence little band-to-band leakage. It is immediately apparent that the 

high C Case 1 is far more vulnerable to off-state stress showing complete pinch-off at only 

75V VDSQ, whereas by contrast the low C Cases 2 and 3 both show a much smaller 

dependence with a slightly larger effect in the p-type Case 2. Interestingly, having a short 

under the drain has almost no effect on the simulated result and it is the doping that 

determines the vulnerability to stress. Adding additional leakage through the P-N diode for 

Case 1 by increasing the dislocation density (Fig. 9b) results in the gradual suppression of 

the on-state conductance degradation.  
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Figure 10. Net charge density (log contour scale from 1015 to 1017cm-3) in the quiescent state at VDSQ=25V, 

VGSQ=-3V for (a) Case 1, (b) Case 2 and (c) Case 3. Dislocation density is 108cm-2 for (a), (b). 

The mechanisms are illustrated in Fig. 10 and Fig. 11 which show net charge density 

stored at 25V in off-state. Fig. 10 shows the situation for a low dislocation density of 108cm−2. 
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a few times 1016cm-3 can be seen as the yellow region under the gate. This charged region 

under the gate is essentially a geometrical electrostatic effect and arises as described in Refs. 

7, 53) due to the lateral electric field between the gate and the 2DEG during off-state bias. 

Charges on the output capacitor are positive on the drain side and due to exposed polarization 

charge, and negative on the gate side and due to ionized acceptors under the gate as well as 

negative charge on the gate. For Cases 2 and 3, the required charge density under the gate 

exceeds the CN density so Fe is ionized, whereas for Case 1 this charge can be almost entirely 

accommodated by ionization of C. It is this negative charge under the gate which is 

responsible for most of the fall in GON seen for Cases 2 and 3 in Fig. 9a.  

When there is significant leakage through the P-N diode, the result is that there is a 

resistive voltage drop in the semi-insulating GaN buffer, which reduces the voltage drop 

across the P-N diode. This effect is shown in Fig. 11 for Case 1 with 1011cm-2 dislocations. 

The result is a thinning of the depletion region compared to Fig. 10a, a reduction in the 

negative charge in the gate-drain depletion region and hence an improvement in on-state 

conductance as seen in Fig. 9b. 

     

 

Figure 11. Net charge density (cm-3) for Case 1 with conditions as in Figure 10a, but with dislocation density 

of 1011cm-2. 
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Figure 12. Drain transient simulations for Cases 1 to 3 showing GON, GS and GD normalised to the value at 105s. 

Here 1/GON=1/GS+1/GD. Dislocation density is 108cm-2 for Cases 1, 2. Quiescent condition is VDSQ=25V, 

VGSQ=−3V and transient starts after a 10ns ramp to VDS=1V, VGS=0V.   

4.4 Drain current transients 

Fig. 12 shows an example simulated DCT for a relatively low nominal dislocation 

density of 108cm−2 and with off-state drain stress of 25V. Here the conductance contributions 

from the source (GS) and drain (GD) side of the gate have been plotted as well as the overall 

GON where (1/GON=1/GS+1/GD). The simulation for the n-type Case 3 showed a single time 

constant response characteristic of emission of electrons from Fe acceptors, however the p-

type Case 1 and 2 showed complex responses which can be fitted with three different time 

constants as indicated by ①, ②, and ③. The presence of three responses is at first sight 

surprising since there are only two traps which are changing their occupation in the 

simulation. However, as for the power devices, two of the responses arise due to the transport 

path to and from the same CN acceptors. The mechanism can be explained with the help of 

Fig. 13 which shows the net charge density for Case 2 at various times after VDSQ=25V stress. 

After 1µs, a wide depletion region of ionized CN is present under the gate and extending 

under the drain contact.  Also present under the gate is the small region of ionized Fe 

discussed in the previous section. After 0.1s, the Fe has become neutral by emission of 

electrons and resulting in response ①. Over the next 100s, the p-type buffer is effectively 

isolated from the 2DEG and so emission of holes from the CN acceptors provides the free 

holes which flow laterally driven by the field from the stored depletion charge. This spreads 

the depletion charge across the entire device, and decreases GS and increases GD in process 
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②. At long times, the small leakage by band-to-band hopping allows the stored charge in 

the buffer to leak away to the 2DEG resulting in process ③. As for the power devices, 

charge redistribution within the floating buffer caused by background carbon can result in 

two time constants from a single trap and can explain some of the DCT complexity seen in 

Ref 49). We note that measurements in Ref. 49) have shown that GS actually temporarily 

increased immediately following drain stress for the high carbon doped wafer, entirely 

consistent with the simulation in Fig. 12a. This arises because the depletion region under the 

source is actually thinner during stress than at equilibrium for Case 1 as a result of forward 

biasing of the P-N junction by the small hole flow from the dislocation leakage, thus reducing 

GS (not shown).   

 

Figure 13. Net charge density (log contour scale from 1015 to 1017cm-3) during transient for Case 2 following a 

quiescent bias of VDSQ=25V, VGSQ=-3V with VDS=1V, VGS=0V. (a) 10-6s, (b) 10-1s, (c) 100s, (d) infinity. 

Dislocation density is 108cm-2.  
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Figure 14. Pulse and DC IV simulations. VGS=-2 to 0V in 0.5V steps. Blue dashed lines are DC (static) IV. Red 

lines are pulsed from quiescent points of VDSQ=0V, VGSQ=-3V and black lines from VDSQ=25V, VGSQ=-3V and 

are 1µs after pulsing from the quiescent point. (a) Case 1 dislocation density 108cm-2. (b) Case 2 dislocation 

density 108cm-2. (c) Case 3. 

 

4.5 Pulsed current-voltage measurements 

Pulsed IV (PIV) is a standard technique for the assessment of RF HEMTs and can be 

simulated by undertaking a set of transient simulations (here 75 per plot) from a quiescent 

bias point VDSQ, VGSQ to each VDS, VGS on the IV plane, and extracting the current after 1µs7). 

The results are shown in Fig. 14 for Cases 1, 2 and 3. For all cases, the DC IV curves are 

similar to the PIV when VDSQ=VGSQ=0V, i.e., there is essentially no charge stored during the 

quiescent bias. However when pulsed from off-state with VDSQ=25V, there is a large decrease 

in GON seen below the knee for Case 1, and a pulsed drain bias dependent fall in the 

conductance in the saturation regime compared to the DC case, a current-collapse. The 

magnitude of this current-collapse is very similar for the low carbon Cases 2 and 3, but is 

significantly larger for the high C Case 1 at VGS of 0V. The current-collapse for pulsed gate 

bias close to threshold is largely the result of a shift in threshold voltage which gets larger 

the bigger the negative pulse voltage step. This is illustrated in Fig. 15 which shows the shift 

in threshold voltage VT for two different values of VDSQ, and demonstrates that the shift is 

essentially independent of the buffer doping. As discussed earlier, this shift in VT is 

essentially a geometric effect and results from the back-gating capacitive coupling between 

the 2DEG near the drain and the 2DEG under the gate caused by the negative step in voltage 

on the drain terminal7, 53). It arises because for negative steps the trapped charge cannot 

respond on the timescale of the pulse. For positive voltage steps, the P-N diode is forward 

biased and so electrons are rapidly injected into the buffer suppressing and screening the 
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effect faster than the µs timescale of the PIV measurement.  

For Case 1, Fig. 16 shows the PIV at VGS=0V for varying VDSQ. It is entirely consistent 

with the on-state conductance measurements of Fig. 9a, showing a decrease in GON and a 

drop in saturation current as VDSQ increases due to the impact of the increasing depletion 

charge in the drain access region.  

In Ref 50), it was shown that although the higher C density wafer showed stronger current-

collapse than the low C wafer when measured by PIV, there was little difference in the 

saturated RF output power at 1GHz under DC or pulsed conditions. No satisfactory 

explanation could be found at that time, however Fig. 9b provides the basis for a possible 

model13). We note that under PIV conditions the duty cycle was only 0.1% and a soft-

switching mode was employed (ie the drain is switched before the gate so there was never a 

high current at high drain bias). By contrast, in a class AB RF mode the device loadline will 

always pass through the high-current, high bias regime and hence there will be impact 

ionization generating a hole current. This may well be sufficient to suppress the voltage drop 

across the depletion region as in Fig. 11 and suppress the current-collapse. This suggestion 

requires further study.              

 

  

Figure 15. Difference between threshold voltages as a function of pulsed drain voltage for quiescent voltages 

of VDSQ=0V and VDSQ=25V or 50V all with VGSQ=-3V. Solid lines are for VDSQ=25V and dashed lines are for 

VDSQ=50V. VT was extracted from PIV curves by fitting a spline curve to ID(VGS) and taking VT as the VGS where 

ID=50mA/mm. Dislocation density 108cm-2. 
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Figure 16. Pulse IV for VGS=0V from VDSQ=0V (red), 25V (black), and 50V (blue) for Case 1 with 108cm−2 

dislocation density.  

4.6 Kink effect 

The kink effect is a widely observed instability in RF devices which takes the form of a 

hysteresis that is only observed at low drain bias and for slow ramps of the drain bias. It also 

is only observed after the first up-sweep ie it requires a sweep to a high drain bias before 

trapping can occur. It is normally ascribed to deep level traps with unusual bias dependent 

characteristics54-56), however it was shown in Ref. 49) that a floating buffer can also explain 

the kink effect. In that paper the simulation used a shorting contact between the drain and 

the buffer, however here we improve on that model by including dislocation leakage, 

resulting in a much more convincing simulation. The result is shown in Fig. 17 for the three 

doping cases considered here, and reproduces the drain bias sweep experiment which 

produces kink, here using 0.01V/s voltage sweeps. For the initial up-sweep from 0V with 

VGS=0V, there is no charge stored and so the IV shows no current-collapse, whereas for 

subsequent up-sweeps, there will be a stored charge primarily under the gate, but also in the 

gate-drain region, which will reduce the current by shifting VT and to some extent decrease 

GON. During the slow up-sweep, the charge recovers and eventually results in the suppression 

of the kink. For the down-sweep, the sweep is sufficiently slow for the charge to remain in 

quasi-equilibrium and there is no significant current-collapse in the knee region. As expected, 

for Case 3 on the slow timescale of the measurement, the Fe traps can respond and there is 

no hysteresis. However for both Case 1 and 2 there is a significant hysteretic kink effect 
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predicted, with the relative magnitude of the effect determined by the proportion of the 

charge under the gate residing in CN rather than Fe acceptors.  

There are two interesting features of this model. First it predicts a small kink effect 

should be present even for a relatively low C density provided the buffer is p-type. Second, 

the model predicts a linear increase in current below the kink representing a constant time 

constant for the charge recovery. In reality the time constant for the recovery is non-linear 

and decreases rapidly with increasing VDS. The linear increase is an artefact of the 

implemented model for dislocation leakage which assumes an ohmic process, whereas it is 

experimentally found to be strongly non-ohmic8). Implementing such a non-ohmic 

dislocation path in the simulation would lead to much improved agreement with experiment.             

 

Figure 17. Simulation of kink effect for (a) Case 1, (b) Case 2, (c) Case 3. Sweep rate is 0.01V/s. VGS=0 to 

−2.5V in -0.5V steps and dislocation density is 108cm-2. Black dashed line is initial sweep from VDS=0 to 25V. 

Black line is up-sweep from VDS=0 to 25V, but immediately after 10ns ramp to 0V from quiescent state at 

VDS=25V. Red lines are for down-sweep from quiescent point at VDS=25 to 0V. 
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Figure 18. Simulated x-component of the electric field in the 2DEG for VDS=20V to 120V in 20V steps in off-

state with VGS=-3V. The dislocation density is 108cm-2. (a) Case 1, (b) Case 2, (c) Case 3.  

4.7 Impact on channel electric field 

The floating p-type buffer has been predicted to result in a reduction in the channel 

electric field for GaN-on-Si devices where the drain is shorted to the substrate18). This arises 

by a so-called RESURF effect, where the 2DEG charge is matched by the charge stored in 

the buffer resulting in an extension of the depletion region at the gate edge towards the drain. 

Here we show that a related effect can arise in a high C doped device as a result of the back-
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biasing effect of the buffer.  

Fig. 18 shows the channel electric field as the drain bias is increased in 20V steps. Cases 

2 and 3, where the CN density is low, show a gradual extension of the depletion region 

towards the drain with a peak field at the gate edge which continues to increase with bias. 

However for Case 1, the high CN density starts to result in full pinch-off of the 2DEG for 

bias greater than about 80V. This then allows the field to be distributed across the entire gate-

drain gap, leading to an increase in the voltage dropped at the drain edge.  

Remarkably, exactly these electric field distributions have been observed in an optically 

based experiment based on electric field induced second harmonic generation51). All the 

features seen in Fig. 18 are reproduced, including the difference between high and low C 

density, the reduction in peak field in the high C device, and the transfer of the high field 

peak from gate edge to the drain at high bias. This provides strong support for the model 

presented here.            

 

5. Key mechanisms 

The approach discussed in this paper to analyzing the dynamics of GaN HEMTs is 

remarkably successful in explaining a wide range of different trap related buffer instabilities. 

It relies on an understanding of the key features of the structures, including the presence of 

blocking layers, the acceptors and their compensating donors, leakage along dislocations, 

and transport within the semi-insulating GaN layer. All these features are required to 

understand the device behaviour. Fig. 19 summarizes the four different low-field 

mechanisms discussed here for changes in depletion charge that result in bias stress induced 

change in on-state conductance GON. Processes (a), (c), (d)) apply to the RF GaN-on-SiC 

devices and (b), (c), (d) to the GaN-on-Si power switching HEMTs.  

(a) This involves conventional emission of electrons from Fe acceptors located directly 

below the 2DEG. This process would be assessable using DLTS/DCT spectroscopy 

approaches, however the magnitude of the response can be strongly reduced if there 

is a significant density of C present. 

(b) Vertical charge redistribution between the top and bottom of the isolated GaN:C layer, 

with transport being dominated by free holes, leakage along dislocations, or bulk 3D 

hopping depending on CN density and the specifics of the epitaxy.  
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(c) Lateral charge redistribution within the isolated GaN:C layer, with transport    

being either by free holes in the bulk, free holes at the lower heterojunction (a 2DHG), 

or by bulk 3D hopping. 

(d) Neutralization of excess ionized CN acceptors by a band-to-band process involving 

hopping along dislocations between the 2DEG and the bulk GaN. Here there are 

likely to be barriers between the 2DEG and the dislocation and perhaps the 

dislocation and the bulk acceptors.       

.  

Figure 19. Mechanisms leading to bias stress induced drain conductance change (dynamic RON). (b,c,d) apply 

to the GaN-on-Si power switches and (a,c,d) to the Fe doped GaN-on-SiC HEMTs. 

 

In the simulation presented here only a minimum subset of mechanisms has been 

incorporated in order to demonstrate the principles by which the device dynamics may occur. 

Bulk 3D hopping, 2DHG conduction at buried heterojunctions, barriers between the 
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reasonably quantitative. Nevertheless, to determine an accurate electrostatic model requires 

a detailed knowledge of the relative densities of acceptors and donors, and this is still very 

poorly known to date, especially for the GaN-on-SiC RF devices, so further experimental 

input is required to build a fully quantitative device model.  

 

6. Conclusions 

Buffer trap related instabilities are a serious issue for all GaN HEMT devices. Dynamic RON 

and current-collapse degrade switch efficiency, and impact RF power capability and 

efficiency as well as affecting more subtle issues such as those related to basestation 

linearization. A detailed understanding leading to minimization, suppression and control is 

required for full uptake into applications ranging from power switching through to RF 

systems. In this review, we have shown how a simulation methodology based on an 

understanding of the device structure, the details of the key dopants and background 

impurities, and the transport mechanisms, can explain a wide range of different experimental 

observations including dynamic changes in on-state conductance (dynamic RON), pulse IV, 

current-collapse, kink effect and electric field redistribution within the gate-drain gap. A key 

point is that especially for high carbon density, it is the transport within the structure to and 

from depletion regions where charge accumulates that is the rate limiting step which controls 

the dynamics rather than trap capture/emission. The acceptor trap density is also generally 

far higher than the density required by electrostatics to explain the trapped charge, so 

suppression and control is not concerned with minimizing trap density, rather optimization 

is achieved by management of the device geometry and by careful control of transport and 

leakage paths. It is clear that in 650V power switching devices, there needs to be an emphasis 

on controlling all the leakage paths, especially through the undoped region directly below 

the 2DEG. For Fe doped RF GaN HEMTs, the background carbon density is a crucial 

parameter together with the background donor density, and should be measured and included 

in any model of bulk trap related instabilities.       
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Figure Captions 

Figure 1. Schematic cross-section of a 650V GaN-on-Si power HEMT showing an overlaid 

equivalent circuit for transport within the device. 

Figure 2. (a) ON-state conductance ie inverse dynamic RON for two different 30A, 650V GaN 
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HEMTs replotted from Ref. 3). (b) Simulated inverse dynamic RON as a function of off-state 

stress for varying dislocation density. (c) Net charge density with VDS=1V, VGS=0V 1µs 

following off-state stress at VDSQ=300V, VGSQ=-5V with 108cm-2 dislocations and 25ºC. 

Figure 3. Off-state drain leakage current with VGSQ=-5V for varying dislocation density (cm-

2), or a short between the drain and the p-type buffer. The noise on some curves is the result 

of slow convergence in the simulation. 

Figure 4. Drain current transient after stress at VDSQ=50V, VGSQ=-5V for varying dislocation 

density (cm-2), or drain-buffer short. 

Figure 5.  Time dependence of (a, b, c) potential and (d, e, f) net charge density with VDS=1V, 

VGS=0V at (a, d) 10-3s, (b, e) 1s and (c, f) 100s after voltage stress of VDSQ=150V, VGSQ=-5V. 

Nominal dislocation density 109cm-2. For (d-f) the overlaid red arrows show the hole current 

flow direction and density (length of arrow) within the GaN:C layer. The black arrows show 

the band-to-band current density in the UID GaN channel region. The inset shows the 

normalized current transient and the stars the timings corresponding to the contour plots. 

Figure 6. SIMS data for Fe and C for the two different growth recipes used to fabricate 

devices in 49, 50). 

Figure 7. (a) Schematic band diagram for case 3 (CN density less than donor density), and 

(b) corresponding equivalent circuit. (c) Schematic band diagram for cases 1 and 2 (CN 

density greater than donor density) and (d) equivalent circuit. 

Figure 8. (a) Simulated 3-terminal breakdown measurement at constant ID=100µA as VGS is 

swept from 0 to −5V. (b) Y-direction band diagrams and (c) electric field at VGS=VDS=0V. 

Figure 9. (a) Impact of off-state VDS on normalised on-state conductance for Cases 1, 2, 3, 

either with a nominal 106cm−2 (solid line) or with a short under the drain (dashed line). (b) 

For Case 1, impact of varying dislocation density on on-state conductance. 

Figure 10. Net charge density (log contour scale from 1015 to 1017cm-3) in the quiescent state 

at VDSQ=25V, VGSQ=-3V for (a) Case 1, (b) Case 2 and (c) Case 3. Dislocation density is 

108cm-2 for (a), (b). 

Figure 11. Net charge density (cm-3) for Case 1 with conditions as in Figure 10a, but with 

dislocation density of 1011cm-2. 

Figure 12. Drain transient simulations for Cases 1 to 3 showing GON, GS and GD normalised 

to the value at 105s. Here 1/GON=1/GS+1/GD. Dislocation density is 108cm-2 for Cases 1, 2. 
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Quiescent condition is VDSQ=25V, VGSQ=-3V and transient starts after a 10ns ramp to VDS=1V, 

VGS=0V. 

Figure 13. Net charge density (log contour scale from 1015 to 1017cm-3) during transient for 

Case 2 following a quiescent bias of VDSQ=25V, VGSQ=-3V with VDS=1V, VGS=0V. (a) 10-6s, 

(b) 10-1s, (c) 100s, (d) infinity. Dislocation density is 108cm-2. 

Figure 14. Pulse and DC IV simulations. VGS=-2 to 0V in 0.5V steps. Blue dashed lines are 

DC (static) IV. Red lines are pulsed from quiescent points of VDSQ=0V, VGSQ=-3V and black 

lines from VDSQ=25V, VGSQ=-3V and are 1µs after pulsing from the quiescent point. (a) Case 

1 dislocation density 108cm-2. (b) Case 2 dislocation density 108cm-2. (c) Case 3. 

Figure 15. Difference between threshold voltages as a function of pulsed drain voltage for 

quiescent voltages of VDSQ=0V and VDSQ=25V or 50V all with VGSQ=-3V. Solid lines are for 

VDSQ=25V and dashed lines are for VDSQ=50V. VT was extracted from PIV curves by fitting 

a spline curve to ID(VGS) and taking VT as the VGS where ID=50mA/mm. Dislocation density 

108cm-2. 

Figure 16. Pulse IV for VGS=0V from VDSQ=0V (red), 25V (black), and 50V (blue) for Case 

1 with 108cm−2 dislocation density. 

Figure 17. Simulation of kink effect for (a) Case 1, (b) Case 2, (c) Case 3. Sweep rate is 

0.01V/s. VGS=0 to −2.5V in -0.5V steps and dislocation density is 108cm-2. Black dashed line 

is initial sweep from VDS=0 to 25V. Black line is up-sweep from VDS=0 to 25V, but 

immediately after 10ns ramp to 0V from quiescent state at VDS=25V. Red lines are for down-

sweep from quiescent point at VDS=25 to 0V. 

Figure 18. Simulated x-component of the electric field in the 2DEG for VDS=20V to 120V in 

20V steps in off-state with VGS=-3V. The dislocation density is 108cm-2. (a) Case 1, (b) Case 

2, (c) Case 3. 

Figure 19. Mechanisms leading to bias stress induced drain conductance change (dynamic 

RON). (b,c,d) apply to the GaN-on-Si power switches and (a,c,d) to the Fe doped GaN-on-

SiC HEMTs. 
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