Simulation of Leakage Induced Suppression of Bulk Dynamic RON in Power Switching GaN-on-Si HEMTs 
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	Bulk induced dynamic RON in GaN-on-Si HEMTs is a serious performance limiting instability which remains a problem even in some commercially available power switching devices. Its origin is now reasonably well understood, however until now it has not been possible to simulate it using a realistic epitaxial stack. For the first time we successfully simulate the controlled suppression of bulk dynamic RON by adding a specific model for leakage along threading dislocations. This was undertaken using a commercially available standard TCAD simulator, allowing realistic device optimization in an advanced GaN HEMT design flow.

Introduction 

	GaN power electronics is now established in the marketplace due to its outstanding performance capability based on its fundamental materials advantages of high breakdown field and high 2DEG mobility. This enables unmatched efficiency, high operating frequency and compactness in switching supply applications[1]. However there still remain issues with both instabilities and degradation mechanisms[2]. One of the most ubiquitous and difficult to control has proved to be dynamic RON, a transitory increase in the device on-resistance following application of high drain bias in the off-state[3]. Dynamic RON arises as a result of negative charge storage leading to a reduction in the channel current. This storage can occur above the channel, typically in the surface donors, but can be reasonably easily controlled by optimizing the surface passivation and layout of the field plates. Nowadays charge trapping in the epitaxy under the channel is the cause of the remaining issues in most cases. [image: ]
Fig. 1. Generic epitaxial layer structure used in GaN-on-Si power FETs. 

	Power switching GaN HEMTs for cost reasons are all fabricated on Si substrates for compatibility with Si foundries. This substrate is conducting, not only providing a ground plane, but also meaning the epitaxial layers must withstand a high vertical field under the drain. A reasonably standard epitaxial layer structure has now emerged and is used in reported 650V commercial devices (see Fig. 1). It consists of an AlN nucleation layer on the Si, a carbon doped AlN/(Al)GaN superlattice or alternatively step graded AlGaN structure or set of AlN interlayers providing strain management of the large thermal expansion mismatch between Si and GaN, a carbon doped GaN buffer layer, an unintentionally doped (UID) GaN channel layer, then a conventional thin AlGaN barrier below which the 2DEG forms. Above this there are variations depending on whether it is Schottky gate, a MISFET, or an enhancement mode device. The important point is that under the 2DEG there is a common structure and in this paper we will concentrate on the upper layers which control the buffer-related dynamic RON. 
	A crucial feature of these devices is the use of a high carbon doping density throughout the epitaxial buffer structure; this is required to render the layers semi-insulating and suppress parasitic 2DEG/2DHG layers. It is now well established that heavily carbon doped GaN is fully activated[4], is p-type with a Fermi level roughly 0.7 to 0.9eV above the valence band[5, 6], conducts predominantly in a defect band[7], and is strongly compensated with a density of donors which is comparable to but less than the carbon density [8, 9]. The high density (typically 1019cm−3) and heavy compensation means that the epitaxial layers act as a buffer in exactly the same sense as a chemical buffer, meaning that the Fermi level is pinned and the bulk doped GaN acts resistively under the influence of an applied field. Charging only occurs in extremely narrow depletion regions under the influence of either polarity of field. These features of the realistic buffer have not been included in most published simulations, which generally use a much lower density of dopant with consequently wide depletion regions.
	Over the last few years our group has explored the electrical consequences of this epitaxial structure. A key feature is the presence of a PN junction between the 2DEG and the carbon doped GaN layer (GaN:C). When negative charge is stored in the GaN:C layer it reverse biases this junction and reduces the 2DEG density. Hence prevention of dynamic RON consists of suppressing any voltage drop across the undoped channel layer. Leakage across this specific junction has been directly linked to the suppression of dynamic RON[9-11], consistent with the inverse correlation between device leakage and dynamic RON that is often seen[12]. This leakage path requires a band-to-band defect linked conduction process which has not been included in conventional simulation tools until recently. Here we report on the simulation of dynamic RON in GaN-on-Si devices which include for the first time the impact of leakage in the reverse biased diode.
[image: ]
Fig. 2.  Dynamic RON-1 in a GaN-on-Si HEMT for varying off-state bias time measured 0.1s after switching from off-state to on-state after the indicated off-state times [9].


Measurements and Simulation Methodology

	There are numerous measurement approaches for dynamic RON utilizing a multitude of different switching times as well as hard and soft switching[13]. Here we consider a relatively simple stress which corresponds to a worst-case for dynamic RON, and which is relatively straightforwardly simulated. Fig. 2 shows an example from ref. [9] of the normalized channel conductance following long period off-state stress. It shows the frequently seen maximum in RON at around 100-200V followed by a recovery towards 600V.
	Here we simulate the device with the Silvaco ATLAS drift-diffusion simulator[14], using the same approach and device structure (shown in Fig. 5) as in [9], aiming to reproduce the behavior at low to medium field before there is any vertical leakage through the strain relief layer. The key part of the simulation is the epitaxy and this has a GaN channel 0.3μm thick that is doped with 1015cm-3 donors meaning that it is fully depleted.  The carbon doped GaN has an acceptor level 0.9eV above the valence band, density of 1019cm-3 and a compensation ratio of 30%. The capture cross-section is set to 10-13cm2 for hole capture and 10-15cm2 for electron capture, however this has no impact on the results. The strain relief layers are effectively insulating and modelled as undoped AlN. so that there is a blocking heterojunction at the bottom of the GaN:C layer. 
	The key innovation is the incorporation of a non-local conduction model for 1D nearest neighbor hopping along dislocations, a mechanism which has been shown to successfully explain reverse bias leakage in GaN PN diodes[15]. The hopping current is given by[16, 17] 

where NTD is the dislocation density, ν0 is the hopping frequency (1011Hz), Eσ is the energetic width of the defect band (120meV), b is the separation of hopping sites (1.1nm), and F is the electric field. For fields up to a few hundred kV/cm, this expression predicts Ohmic conduction. This is implemented in the simulator as an extra generation term.  [image: ]
Fig. 3.  Dynamic RON simulation without hopping model.


Simulation Results and Discussion	

	Fig. 3 shows the result of the simulation without the hopping model[9]. In the absence of any leakage path through the UID GaN between the 2DEG and the GaN:C layer, there is complete collapse observed after only 75V drain bias. In order to simulate a leakage path, up to now we have had to rely on adding a shorting path under the source and drain contacts as an approximation to the real behavior (although such leakage paths are often observed experimentally[10, 18]). The resulting simulation does in fact predict the peak in RON at 100V. Full suppression of dynamic RON could only be artificially induced by forcing the carbon doped layer to be n-type so that there was an Ohmic path from 2DEG to GaN:C layer. Note that the low to medium fields in these simulations are effectively controlled by field plates so enabling or disabling impact ionization has no noticeable effect on the simulated dynamic RON as shown in Fig. 3. Although these approaches are surprisingly successful in capturing the behavior they do not correspond directly to reality.[image: ]
Fig. 4.  Dynamic RON simulation including the hopping model.

	Fig. 4 shows the result of the simulation of dynamic RON where the hopping model has been enabled providing a leakage path between the 2DEG and the edge of the GaN:C layer. Here the nominal dislocation density has been varied between zero and 105cm-2 leading to a change from complete collapse to complete suppression. [image: ] [image: ]
Fig. 5. Net trapped charge density and potential distributions in the buffer at VDS=1V, VGS=0V 1µsec following a stress at VDS=75V, VGS=−5V. High and low dislocation densities are 105 and 0.1cm-2. 


	To demonstrate the origin of the peak in dynamic RON[9], we plot in Fig. 5 the simulated trapped charge density and resulting potential distribution in the carbon doped GaN layer for two different dislocation densities. These plots correspond to the situation at on-state 1µs after switching from off-state at VDS=75V, VGS=−5V. The first point to note is that the charges induced during the off-state almost all reside at the surfaces of the GaN:C layer reflecting the ability of the highly doped and compensated layer to act as a buffer and pin the Fermi level. At 105cm-2 dislocation density, the leakage through the UID channel layer is sufficient to suppress any voltage drop between the 2DEG and the GaN:C during stress so that the entire drain bias is dropped across the strain relief layer. This results in a positively charged layer at the bottom of the GaN:C layer and a small negative charged region under the field plate to support the lateral field across the drain depletion region at the edge of the gate. The result is a positive back bias along most of the gate-drain gap of +9V, and almost no change in RON. On the other hand, at the low dislocation density of 0.1cm-2 there is virtually no leakage through the channel layer and so a large proportion of the drain bias is dropped across the UID GaN channel.  When the device is switched to the on-state, the resulting negative charge layer at the top of the GaN:C leads to a back bias of −41V which dramatically reduces the 2DEG density resulting in almost infinite dynamic RON. The peak in RON results from a balance between the negative charge at the top of the GaN:C layer and the positive charge at the bottom.
	At first sight the ~105cm-2 density of dislocations required to suppress dynamic RON appears very low, however there are several considerations which mean that this is quite reasonable. The total dislocation density would be around 109cm-2, although it has been reported that only the screw dislocation component which might be a few percent of the total, is responsible for the diode leakage[19]. In the simulation the conductivity of the GaN:C layer is only associated with activation to the valence band, whereas there will also be conduction in a bulk defect band[7]. If this mechanism were included in the simulation, it would result in a corresponding increase in the dislocation density needed to suppress dynamic RON. 
	Experimentally it has been shown that processing conditions can modify the leakage in the UID GaN channel and change the bulk dynamic RON[20, 21]. Based on the simulation results shown here, a plausible mechanism is based on the fact that the hopping model assumes that the local Fermi level is aligned with the dislocation defect band, so its occupancy is 0.5 and hence its conductivity is at a maximum. A change in the charge state of the defect decoration around the dislocation in the UID region would only need to shift the local Fermi level by ~400meV to change defect occupancy sufficiently to produce a 106 change in apparent dislocation density, and generate the effect shown in Fig. 4. We note that time dependent changes in GaN PN diode leakage are consistent with such a change in defect band occupancy[22]. 
	At the highest density considered here of 105cm-2 the current flow through the dislocations in the simulated device is less than 5fA/mm to ensure full dynamic RON suppression and hence makes a completely insignificant contribution to the device off-state leakage. Nevertheless, this tiny leakage has a dramatic impact on the dynamic RON. 

Conclusions
	
	Dynamic RON is a continuing issue for the carbon doped  GaN HEMTs used in power electronics. It is shown that including the defect band conduction along dislocations is essential to allow a convincing simulation of the problem. The model provides a straightforward mechanism for the suppression of dynamic RON and can quantitatively predict the magnitude of the effect, providing a plausible explanation for the known strong dependence on growth conditions and processing. This is a significant step towards the goal of reliable physics-based design of power GaN switches. 
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2DEG: two dimensional electron gas
2DHG: two dimensional hole gas
HEMT: High Electron Mobility Transistor 
MISFET: metal insulator field effect transistor
TCAD: technology computer aided design
UID: unintentionally doped
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