
04 May 2024

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

High-Temperature Time-Dependent Gate Breakdown of p-GaN HEMTs / Millesimo M.; Fiegna C.; Posthuma
N.; Borga M.; Bakeroot B.; Decoutere S.; Tallarico A.N.. - In: IEEE TRANSACTIONS ON ELECTRON DEVICES. -
ISSN 0018-9383. - STAMPA. - 68:11(2021), pp. 9540042.5701-9540042.5706.
[10.1109/TED.2021.3111144]

Published Version:

High-Temperature Time-Dependent Gate Breakdown of p-GaN HEMTs

Published:
DOI: http://doi.org/10.1109/TED.2021.3111144

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/838778 since: 2021-11-17

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1109/TED.2021.3111144
https://hdl.handle.net/11585/838778


This is the post-print peer-review accepted manuscript of:  

M. Millesimo et al. " High-Temperature Time-Dependent Gate Breakdown of p-GaN 

HEMTs" in IEEE Transactions on Electron Devices, Vol. 68, No. 11, November 2021, 

DOI: 10.1109/TED.2021.3111144. 

The published version is available online at:  

https://ieeexplore.ieee.org/document/9540042   

 
© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other 

uses, in any current or future media, including reprinting/republishing this material for advertising or 

promotional purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse 

of any copyrighted component of this work in other works. 

 

 

 

https://ieeexplore.ieee.org/document/9540042


 
Abstract —In this paper, we present an in-depth high 

temperature analysis of the long-term gate reliability in 
GaN-based power HEMTs with p-type gate. Three 
different isolation process options, aimed at improving the 
time-dependent gate breakdown (TDGB), are proposed 
and compared by means of constant voltage stress tests 
performed at different forward gate biases, temperatures 
and geometries. In particular, depending on the gate bias 
and temperature, the breakdown event may occur along 
the active gate area or through the isolation region. Results 
show different voltage dependency for such two different failure 
locations; therefore, two field-acceleration fitting models 
are needed for the estimation of lifetime. 

Furthermore, the gate time-to-failure (TTF) shows a 
non-monotonous temperature dependency at given gate 
bias. More specifically, a positive and a negative T-
derivative are observed at relatively low and high 
temperatures, respectively, which are related to active gate 
area and isolation region failure, respectively. 

Index Terms—Forward gate stress, isolation failure, 
lifetime models, p-GaN HEMT, gate reliability, 
temperature dependency, time-dependent gate 
breakdown. 

I. INTRODUCTION 

HE increasing importance of power  electronics  in many 
application fields (such as hybrid/electric vehicles, 
aerospace, renewable energy systems, industrial 

automation, etc.) is leading to the need of even more 
performing, robust and efficient power transistors [1]- [3]. 
GaN-based high- electron-mobility transistors (HEMTs) 
promise to satisfy such requirements due to their capability 
of operating at high voltage and switching frequency with 
higher efficiency and comparable low costs of the well-
established silicon-based technologies [4]- [5].  This is 
especially due to the impressive material properties of GaN, 
including wider bandgap, higher critical electric field, higher 
electron mobility, etc. when compared with Silicon [6]. What 
makes HEMTs so attractive is the two-dimensional electron 
gas (2DEG) that appears at the AlGaN/GaN interface and acts 
as a low-resistance conduction channel [7]. The 2DEG 
formation takes place also with no gate bias and, in the 
past years, different solutions have been adopted to enhance the 
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normally-off operation which is preferred for safety and gate 
easy-controllability reasons [8]- [10]. The most stable solution 
consists of interposing a p-type (doped with magnesium, Mg) 
GaN layer between the gate metal and the AlGaN barrier [11]. 
In this way, the gate stack can be modelled as two back-to-back 
diodes [12], [13]: a Schottky metal/p-GaN diode and a PIN p-
GaN/AlGaN/GaN diode. This allows the 2DEG depletion 
under the gate region shifting the threshold voltage towards 
positive values. 

Considering the great interest in such technology, the time- 
dependent breakdown, in both ON-state and OFF-state 
conditions, are object of many studies [12]- [22]. In particular, 
a significant effort has been made to investigate the role of   the 
gate stack design and fabrication processes on the time-
dependent gate breakdown (TDGB), occurring under forward 
gate bias stress [12]- [17]. In [13] and [14], the role of the Mg 
concentration in the p-GaN layer on the TDGB has been 
discussed, showing that the lower the Mg concentration, the 
more robust the devices in terms of time-to-failure (TTF). 
Recently, Tallarico et al. [15] reported the role of the AlGaN 
barrier properties on the TDGB. In particular, lowering the 
aluminum content (Al%) and optimizing the thickness of the 
barrier layer at a given Al% leads to a longer lifetime of the 
gate stack. Furthermore, in [16] it has been demonstrated that 
a lateral etching of the gate metal, namely gate metal retraction 
(GMR), deposited on the p-GaN layer, improves the long-term 
reliability because of the suppression of the gate leakage along 
the gate edges, which leads to a premature breakdown. In 
addition, on such devices with the GMR, temperature-
dependent breakdown mechanisms, occurring at different 
regions, have been found out, i.e. failure along the active gate 
area and through the isolation region at relatively low (< 80 
°C) and high temperatures (>80°C), respectively. The 
phenomena have been identified by failure analysis on devices 
with different gate geometries. More specific, when the 
isolation failure occurs, the TTF values do not show gate 
length (LG) and width (WG) dependency. Differently, both LG 
and WG dependencies are observed in the case gate area 
related breakdown occurs.  

Concerning the TDGB, the debate on the choice of the field 
acceleration model (TTF vs VG) adopted for the lifetime 
extrapolation is still ongoing. In [17], Moens et al. compared 
three different models: i) the “E-model” (TTF ∝ exp (VG)); ii) 
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∼ 

“TTF ∝ 1/IG “; iii) “TTF ∝ exp(1/IG)”. The last two models, 
proposed in [12] and [13], respectively, are statistical based 
approaches, while the E-model is widely adopted for SiO2 
reliability studies [23].  

 In this paper, we investigate the TDGB at relatively high 
temperature (T=150 °C) of p-GaN HEMTs with the GMR 
process. In addition to [16], three different isolation process 
options are compared in terms of gate lifetime by means of 
extended constant voltage stress test on devices featuring 
various gate geometries.  

II. DEVICE UNDER TEST AND PROCESS VARIANTS 

Lateral GaN-on-Si HEMTs with p-type gate fabricated by 
imec are considered in this study. The top layers (shown in Fig. 
1a), grown on a super lattice buffer and a C-doped GaN back-

barrier, consist of a uid GaN channel, an AlGaN barrier, a 80-
nm-thick pGaN layer doped with magnesium, and a thin TiN 
metal interlayer which is laterally etched (GMR) (Fig. 1a), 
followed by a metal stack deposition. The access regions are 
passivated by a dielectric stack composed of a thin layer of  
Al2O3, followed by a thicker layer of SiO2. Finally, devices are 
isolated by N-implantation (Fig. 1b). More details on the 
process steps can be found in [11]. 

Three different process integration schemes are used for the 
device isolation, aimed at the analysis of time-dependent gate 
breakdown at high temperatures (integration flow summarized 
in Table 1).  

The device-under-tests (DUTs) feature a symmetric 
structure, realized for gate reliability studies, with equal gate–
to-source and gate-to-drain distance (LGS = LGD) of 1.5µm. 
Different gate lengths (LG) and widths (WG) have been 
characterized to investigate the area and the edges dependence 
of the time-to-failure. 

III. TIME-DEPENDENT GATE BREAKDOWN 

Time-Dependent gate breakdown analysis has been carried 
out by means of constant voltage stress (CVS) test at different 
gate biases and temperatures, on devices featuring different 
isolation processes and gate width and length. During the 
stress, a positive gate bias is applied while monitoring the 
current over the time up to breakdown. Drain, Source and 
Substrate contacts are forced to 0V. The time at which the gate 
current abruptly increases above a threshold value (1mA/mm 
in this work) is defined as TTF. 

Fig. 2 shows the lifetime comparison of devices featuring the 
three process options and the same gate geometry (WG=100µm 
and LG=0.8µm). The TTF values are extrapolated from Weibull 
plots at different gate bias stress, while the test temperature is 
150 °C and the failure rate (F) is 1%. A double VG dependency 
is observed in the lifetime plot, suggesting different breakdown 

TABLE I 
PROCESS FLOW IN THE CASE OF THREE ISOLATION OPTIONS. NOTE THAT, FOR EACH VARIANT, PROCESS STEP 1 REPRESENT THE FIRST 

STEP AFTER p-GaN LAYER DEPOSITION. 
 
 
 
 

Process  
step  

order 

 
Reference 

 
Split 1 

 
Split 2 

1 TiN interlayer deposition TiN interlayer deposition SiN hard mask deposition 
2 P-GaN patterning + gate metal retraction 

(TiN lateral etch) 
AA patterning and N-implant p-GaN and SiN hard mask patterning  

3 Passivation (Al2O3 and SiO2) deposition P-GaN patterning + gate metal retraction 
(TiN lateral etch) 

Passivation (Al2O3 and SiO2) deposition 

4 Active Area (AA) patterning and N-
implant 

Passivation (Al2O3 and SiO2) deposition AA patterning and N-implant 

5 Passivation etching on top of TiN 
interlayer (gate region) 

Passivation etching on top of TiN 
interlayer (gate region) 

Passivation etching in the gate region 
(SiN + Al2O3 + SiO2) up to pGaN layer 

6 Gate metal stack deposition and 
patterning 

Gate metal stack deposition 
 and patterning 

Gate metal stack deposition 
and patterning 

  

 

Fig. 1. (a) Final configuration of the device (not in scale), independently of 
the isolation process. (b) Representation of the isolation region (dotted area).
(c) Optical microscopy image after the isolation region failure shown for the 
first time in [16].  



mechanisms. In particular, two different field acceleration 
(TTF vs VG) fitting laws have been employed: as will be 
discussed in the subsections III A and B, a simple “E-model” 
provides a good fitting when the damage occurs along the 
active gate area, whereas, a “TTF ∝ exp((1/IG)” is more 
suitable in the case of breakdown through the isolation region, 
i.e. the region where the gate finger intersects the N-implanted 
area (Fig. 1b).  

Overall, from Fig. 2, it emerges that devices fabricated with 
the process Split 2 show the lowest gate robustness, with a 
maximum applicable gate voltage for 10 years of lifetime of ~ 
4V. Instead, devices featuring Reference and Split 1 process show 
higher lifetime, i.e., they can withstand at least 7V on the gate 
guaranteeing a lifetime of 10 years at 150°C. 

A. Gate Area and Edges Dependency 

 To understand the root causes of the different VG  
dependency shown in Fig.2 and the related breakdown 

mechanisms, gate area- and perimeter-dependent analyses 
have been performed on devices featuring different 
isolation options. 

In Fig. 3, it is possible to notice that the TTF of the DUTs 
isolated with process Split 2 shows both (a) gate width (WG) 
and (b) gate length (LG) dependency. The wider (longer) WG 
(LG), the lower TTF, meaning that a gate area-dependent 
breakdown mechanism occurs. Most probably, the deposition 
of the SiN hard mask layer directly on top of the p-GaN layer 
and its subsequent removal before the gate metal stack 
deposition, gives rise to highly defective Schottky junction, 
eventually leading to premature area-dependent gate failure 
(short lifetime). 

In contrast, by observing Fig. 4, the TTF does not show neither 
gate area nor perimeter dependency in both Reference (a) and 
Split 1 (b) processes, since it does not scale with WG. The lack 
of area and perimeter dependency suggests that the breakdown 
is occurring at a more localized position, i.e., the region where 
the gate finger is intersecting with the isolation (see Fig. 1b), as 
observed in Fig. 1c through optical microscopy [16]. Despite 
the two process options show a similar mean TTF (Fig. 4), their 
distribution is different, as shown in the insets of Fig. 4 (a) and 
(b). In particular, the Reference process shows a worse 
distribution, leading to a lower Weibull slope (β=1.5 instead of 
2.5 as for split 1), hence, to a shorter TTF extrapolated at F=1% 
(such behavior has been observed for all the gate voltages 
employed for the CVS tests). As a result, the maximum 
extrapolated applicable gate voltage is slightly smaller (see Fig. 
2). Such difference might be ascribed to shallower and less 
uniform implant at the gate edge, and/or to possible damages of 
the passivation caused by the N-implant in the case of the 
Reference process. Differently, a uniform N-implant is expected 

 
Fig. 2.  Lifetime comparison between Reference, Split 1 and Split 2 
isolation process options. Depending on the kind of breakdown 
mechanism, if area or isolation related, the TTF are fitted with the” E-
model” or with the “TTF ∝ exp (1/I Ginit)” model, respectively. Failure 
criterion: 1% of failure at 150 °C extrapolated from the Weibull plots. 

 

 

Fig. 3. (a) Gate width and (b) gate length dependency of the TTF at VG=7.5 
V and T=150 °C for devices fabricated with the process Split 2. About 16 
devices per group have been stressed. TTF scales with both WG and LG. 

  

 

Fig. 4. Gate width dependency of the TTF at VG=9.5 V and T=150 °C for 
devices fabricated with (a) Reference and (b) Split 1 process option. In both 
cases, TTF does not scale with WG. The insets show the Weibull plot of 
devices featuring WG=100µm. Different TTF distribution (Weibull slope β) are 
observed. 
  



for the Split1 and the possible dielectric damage is completely 
avoided since it is deposited after the implantation. 

Fig. 5 shows the lifetime plot for devices featuring different 
WG (10 µm, 100 µm and 500 µm) in the case of isolation 
process Split 1. It can be noticed that TTF shows a double gate 
bias stress dependency, meaning that two failure mechanisms 
are competing. At relatively low VG the isolation failure is the 
dominant one, since the extrapolated TTF values at F=1% for 
devices with different WG are almost identical (Fig. 5, isolation 
failure). At relatively high gate voltages, area dependency is 
observed and as expected, the wider the gate area, the lower 
t h e  VG at which isolation breakdown s h o w s  u p , e.g. 10.5 
V and   10.0 V for DUTs with WG=10 µm and 100 µm, 
respectively. This is due to higher failure probability along a 
wider gate area. 

In the previous work [16], it was hypothesized that the 
exponential increase in TTF at VG=8 V, over that at 8.5 V, was 
due to a possible switch of the failure mechanism. In this work, 
thanks to long-term CVS tests on device with different WG, the 
lack of area dependency can be confirmed also at relatively low 
stress voltages, meaning that the isolation breakdown is still 
occurring. Therefore, as will be explained in the next subsection 
(III B), the E-model is not suitable to fit the relationship 
between TTF and VG when the failure is related to the isolation 
region. 

B.  Field Accelerated Fitting Models 

Two TTF vs VG models have been employed to extrapolate 
both the area and isolation related lifetimes. For the first case a 
good fitting have been achieved with an ”E-model” (or ”VG-
model”), following the exponential relationship: 

                          𝑇𝑇𝐹 ∝ exp(𝑉 ).                                      (1) 

The E-model is intrinsically developed for area-dependent 
breakdown since it is based on the percolation theory 
characterized by a probability of failure which increases with 
the gate area [24], thus, suitable in this case. 

In the case of a more localized failure, such as the one 
occurring at the isolation region, a correlation between the 
time-to-failure and the correspondent initial gate leakage 
(IGinit), monitored at the beginning of the CVS tests, when the 
devices are still fresh, has been found. By observing Fig. 6, an 
exponential relationship between TTF and 1/IGinit is seen as 
reported in [13]: 

                        𝑇𝑇𝐹 ∝ exp(1/𝐼 ௜௡௜௧);                             (2) 

although the gate leakage at relatively high VG is dominated 
by an area component. Based on the strong correlation between 
TTF and IGinit we may argue that a fraction of the gate current, 
possibly featuring similar gate voltage dependency, contributes 
to the damage in the isolation region. Therefore, the higher the 
gate leakage, the higher the fraction of current triggering 
isolation breakdown, the shorter the TTF. 

Afterwards, the relationship between the gate leakage and the 
gate voltage has been determined by analyzing the 

 
Fig. 5. Lifetime plot in the case of Split 1 process on devices with three 
different gate width (WG). Different VG dependencies of the TTF, ascribed to 
different failure mechanisms, are observed. Failure criterion: 1% of failure at 150 
°C extrapolated from the Weibull plots, with slope β ≈ 2.5 (not shown).  

Fig. 6. Correlation between the inverse of the initial gate leakage current 
(IGinit), monitored at the beginning of CVS tests, and the time-to-failure, in the 
case of Split 1. An exponential relationship has been identified [13] by means
of a statistical analysis at T= 150 °C. 

 

Fig. 7. Measured gate leakage characteristics (symbols) and fitting model 
(line) at T=150 °C in the case of Split 1.  For VG ≥ 4V the gate current shows a 
purely exponential dependency.  
  



characteristics reported in Fig. 7. For the DUTs, an exponential 
law has been adopted to reproduce IG for relatively large VG 
values. In particular, for VG > 4 V, IG can be modeled as 
follows: 

                       𝐼 ∝ exp(𝑉 ).                                             (3) 

Finally, the empirical model can be derived by simply 
replacing Eq. (3) into Eq. (2). From Fig. 8, it is possible to 
notice the accurate fitting of the MTTF for VG lower than 10 V, 
hence in the bias range dominated by the isolation breakdown. 
Then, in order to fit the TTF at F=1%, a multiplicative constant 
(k<1) was used. 

  

C. Temperature Dependency 

Fig. 9 shows the temperature dependency of the time-
dependent gate breakdown at VG= 9.5V on devices featuring 
three different gate widths (10µm, 100µm and 500 µm). A 

different T-dependency can be observed, depending on the 
failure mechanism. 

At relatively low temperatures, an area-dependent TTF can 
be observed (TTF scales with WG). In addition, TTF increases 
with the temperature, hence showing a positive T-
dependency. The combination of such two evidences suggests 
and confirm the role of the impact ionization, in the high-field 
depletion region of the Schottky junction, on the gate failure 
[15, 25]. In particular, holes generated by impact ionization in 
such region are accelerated towards the AlGaN barrier, 
acquiring kinetic energy and possibly causing structural 
defects in the AlGaN barrier layer. Further details on the 
degradation mechanisms occurring at low temperatures can be 
found in [15]. 

 On the contrary, at relatively high temperature a negative T-
dependency and a lack of area-dependency can be observed. 
By increasing the temperature, the impact ionization 
mechanism is exponentially attenuated, reducing the 
probability of failure along the gate area. Consequently, the 
isolation failure shows up, featuring an activation energy of 
~0.14 eV.  

Finally, as expected, the temperature of transition between 
gate area and isolation failure is area dependent. The larger the 
gate area, the lower the transition temperature. By increasing 
the gate area, the probability of failure along it increases as 
well, therefore, a higher temperature is required to further 
reduce the root cause leading to area breakdown, i.e. impact 
ionization. More specifically, single finger devices featuring a 
gate width of 10 µm and 100 µm, and stressed with VG=9.5V, 
are affected by area related failure at temperatures below 90 °C 
and 120 °C, respectively. In the case of devices with WG=500 
µm the isolation breakdown at VG=9.5V has been observed 
only at T=150 °C. 

IV. CONCLUSION 

An in-depth analysis of the high-temperature time-
dependent gate breakdown of p-GaN HEMTs has been 
proposed in this paper. Three isolation process splits, aimed at 
improving the gate breakdown occurring through the isolation 
region, have been compared by means of CVS tests on device 
featuring different gate areas. Results showed that, depending 
on the process and on the stress conditions, DUTs can be 
affected by irreversible breakdown occurring along the active 
gate area or through the isolation region. 

The process Split 2, which consists in patterning the pGaN 
layer, depositing the passivation, carrying out the nitrogen 
implantation, removing the passivation and depositing the TiN 
metal, turned out to be less robust, showing an area related gate 
breakdown. Possibly, the deposition of the passivation directly 
on top of the pGaN and the subsequent etching prior to TiN 
metal deposition, introduces many surface defects making the 
Schottky junction highly defective.  

In fact, by adopting a similar procedure, but depositing the 
TiN interlayer directly on top of the pGaN before passivation 
(Reference), a more robust gate region is attained. However, 
the adoption of higher gate voltages with respect to Split 2, 
gives rise to time-dependent isolation breakdown. The latter 

 
Fig. 8.  Lifetime plot comparison in the case of the TTF extrapolate with 
F=1% (triangles) and the MTTF (circles). The process is the Split 1 and the 
temperature is 150 °C. To better fit the TTF at F=1% the empirical model has 
been multiplied by a constant k<1. 
  

 

Fig. 9. Arrhenius plot at V G=9.5 V showing the mean time-to-failure (MTTF) 
of devices featuring three different gate widths (WG): 10µm , 100µm and 500 
µm. The fitting dashed and solid lines are referred to the area failure and 
isolation region failure, respectively. The isolation process option is the 
Reference. 
 



can be slightly improved by adopting process Split 1, which 
consists of implanting directly through the TiN interlayer prior 
to patterning and passivation steps. Such a procedure ensures a 
uniform N-implant and avoids possible damage to passivation.  

Concerning the shows up of the two different breakdown 
mechanisms (area and isolation related), the adoption of 
different acceleration laws has been suggested to model their 
voltage dependency.  In particular, the TTF related to the gate 
area can be fitted with a simple “E-model”, whereas an 
empirical approach is needed in the case of failure at the 
isolation region, emphasizing the detrimental role of the gate 
leakage. 

Moreover, a temperature-dependent analysis has been 
carried out to extrapolate the activation energy of the 
degradation mechanism causing the isolation failure, i.e. ~0.14 
eV. Finally, the isolation failure shows up at relatively high 
temperatures, with an area-dependent threshold temperature 
value. The wider the area, the higher the temperature at which 
the isolation breakdown occurs. 
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