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Abstract—Recovery transients following blocking-state 

voltage stress are analyzed for two types of AlGaN/GaN 

HEMTs, one set of devices with thick AlGaN barrier layers 

and another with recessed-gate geometry and ALD SiO2 

gate dielectric. Results show temperature-invariant 

emission processes are present in both devices. Recessed-

gate devices with SiO2 dielectrics are observed to exhibit 

simultaneous trapping and emission processes during post-

stress recovery. 
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I.  INTRODUCTION 

High voltage AlGaN/GaN HEMTs has seen widespread 

application in power and RF electronics. Low on-state 

resistance due to high channel mobility at the AlGaN/GaN 

heterointerface coupled with high critical field for breakdown 

in the III-N system (EC ≈ 3 MV/cm for GaN) has led to 

significant progress in developing the AlGaN/GaN HEMT as a 

high-voltage device for next-generation switching power 

electronics. However, many issues specific to AlGaN/GaN 

HEMT reliability remain unresolved and are poorly 

understood. In particular, properties and locations of defects in 

the AlGaN/GaN material system and how these defects impact 

performance at the device- and circuit-level are important 

factors in developing power devices with both improved 

performance and reliability [1]–[3]. 

In this work, we investigate and compare the trapping 

properties of AlGaN/GaN HEMTs with recessed gates and 

SiO2 gate dielectrics to those with thicker AlGaN barrier 

layers and no SiO2 present. Drain current transients were 

analyzed following blocking-state stress (Vgs < Vth, Vds = 100 

V) and these transients, believed to be due to electron 

emission, exhibit strong stress-time-dependent behavior. 

Extracted time constant spectra demonstrate that a 

temperature-independent component becomes progressively 

slower as the stress time is increased. Recessed-gate devices 

with SiO2 gate dielectrics exhibit both negative and positive 

transient components representative of simultaneous trapping 

and emission processes, where carrier trapping dominates at 

short recovery times and emission is prominent at longer 

recovery times. 

II. EASE OF USE 

Two device variants are investigated in this work. All of the 

tested devices were fabricated at Massachusetts Institute of 

Technology on silicon (111) substrates. Device type A had gate-

to-drain spacing Lgd ranging from 1.5 to 40 μm, gate-to-source 

spacing Lgs = 1.5 μm, and gate length Lg = 2 μm. These devices 

used Al0.15Ga0.85N for the 50 nm thick barrier and had a 

threshold voltage (Vth) of −4.1 V. Type A HEMTs used 4 μm 

epilayers with a carbon-doped 2.4 μm buffer and 1.4 μm of i-

GaN, and the channel GaN was 200 nm thick. The surface 

passivation was an Al2O3/SiO2/Al2O3 stack grown by atomic 

layer deposition, and was deposited after the gate. A few 

monolayers (< 2 nm) of gallium oxide, resulting from oxygen 

plasma treatment before gate pattering, act as the gate dielectric. 

No field plates were used in the structure. Device type B, shown 

in Fig. 1, was fabricated with an 18 nm thick Al0.26Ga0.74N 
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Fig. 1. Device type B schematic cross section. The AlGaN barrier is etched 

and 19 nm of ALD SiO2 is deposited as the gate dielectric. 
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barrier, 1.2 μm of GaN, and a 2.8 μm buffer. These devices had 

Lgs = 2 μm, Lgd varied from 10 μm to 22 μm, and Lg was 2 μm. 

The type B devices have an SiO2 (deposited by ALD) gate 

dielectric with a thickness of 18.6 nm. The surface is passivated 

with a 190 nm thick SiN layer deposited by PECVD, and a 

source-connected field plate is present. 

III. EXPERIMENTAL AND ANALYTICAL METHODS 

In this work, a modified current transient analysis method 
[4] with regularization techniques [5], [6] was used to 
characterize the recovery transients. We note that current 
transient methods are conceptually similar to the approach of 
Grasser in [7] with comparable techniques applied by Lagger in 
[8] to HEMT structures. In the current transient method of Joh 

and del Alamo [4], an experimental recovery transient, Id(t) = 
Id(t) – Id(0), is analyzed by fitting to a sum of exponentials of 
the form 

 Δ𝐼𝑑 = ∑ 𝛼𝑖(1 − 𝑒−𝑡/𝜏𝑖) (1) 

where i is the coefficient of a process associated with time 

constant i. As constructed in Eq. (1), positive values for i 

correspond to emission processes while negative values 

correspond to capture processes.  

Simultaneously determining a set of i and i is a 
notoriously ill-posed mathematical problem, specifically, a 
Type II Fredholm integral problem [5]. Due to the non-
orthogonal nature of the multi-exponential model constructed 
to represent the device recovery characteristics, Fourier 
techniques fail to reconstruct the spectral response without 
large comprises made in terms of resolution [9]. In [1], [2], and 
[4], a method for reconstructing recovery transients was 
presented that used non-linear optimization techniques to fit 
recovery transients to experiment. This technique results in an 
emission spectrum corresponding to the detrapping of carriers 
during device relaxation in the on-state. Each of these studies 
used a regularization term, specifically a second term in the 
minimization problem containing the time derivative of the 
fitted transient, to penalize additional terms and recover 
Inclusion of the time derivative in the minimization problem of 
[1], [2], and [4] has two consequences. First, it results in a non-
linear optimization problem that becomes computationally 
expensive with increasingly large data sets. Second, it imposes 
artificial smoothness on the solution, causing peaks in the 
resulting emission spectrum to be broad in nature and results in 
a lack of resolution, obscuring any neighboring peaks below a 
given threshold magnitude. Instead, this work notes that other 
fields have devoted significant effort to model multi-
exponential systems and have developed codes that approach 
the problem in an efficient manner. CONTIN, a FORTRAN 
code written by Provencher [5], has seen widespread use in the 
fields of nuclear physics, chemistry, and medicine (nuclear 
magnetic resonance and magnetic resonance imaging) [10], 
semiconductor physics in the form of Laplace deep level 
transient spectroscopy (L-DLTS) [11], biology in the analysis 
of protein structure [12], [13], and astronomy in the analysis of 
scattered light [10], [14]. This work has developed a new code 

based on CONTIN that performs an adaptive determination of 
multi-exponential systems in Python. The approach taken by 
CONTIN and in our modified current transient method used 
here imposes the principle of parsimony and can be described 
by 

 𝑦𝑓𝑖𝑡 = min (|𝑦 − 𝐴𝛼|2 +  𝜆 |
𝑑2

𝑑𝑡2 𝐴𝛼|
2

) (2) 

where y is the recovery transient and Ais the estimation of y.  

Of note in Eq. (2) is the form of the regularization term. 
Inclusion of the second time derivative of the approximation 
imposes a condition of curvature, forcing the solution to be 
twice continuously differentiable. This results in a Gaussian-
like peak corresponding to time constants of significant spectral 
components. Gaussian peaks have a distinct advantage over the 
smoothness imposed in [1], [2], and [4] in that they have a 

sharp -like presentation, which in turn will be shown to lead 
to increased resolution [5]. The second important term in the 

regularization term is the  weighting factor, which weights the 
relative importance of the regularization term in the solution. 
This dynamic factor prevents either the least-squares 
component or the second derivative term from dominating the 
solution space, resulting in a spectrum that favors neither the 
least squares nor the second derivative, but properly considers 
each when reconstructing a recovery transient solution. This 
behavior can be seen in Fig. 2, known as an L-curve in 
regularization techniques [15], where the least squares and 
regularization terms are shown to have an optimal point where 

 weights the regularization term appropriately and results in 
the best approximation of the solution even in the presence of 
significant noise. We note that any solution of a single-shot 
measurement that involves the use of derivatives in its 
approximation is inherently noisy, making the use of a 
weighting term beneficial in this analysis method. 

Consequently, in our construction of this analysis technique,  
is a dynamic term that iteratively weights the regularization 
term of a minimization solving routine to achieve the optimal 
solution of a recovery transient. 

 

Fig. 2. The Tikhonov L-curve shows the optimal choice of  resides at the 

balance between the magnitude of the norm of the least-squares and 

regularization term. After [15]. 



Lastly, prior to the application of our modified current 

transient technique, a series of numerical methods are applied 

to determine the polarity and magnitude of the bounds for each 

i and i pair. These constraints are passed to an appropriate 

solver that considers the sign and magnitude of a solution 

when minimizing the non-linear optimization problem of Eq. 

(2). The quasi-newton approach of the limited-memory BFGS 

method [16], [17] is particularly advantageous due to its fast 

convergence and handling of the Hessian matrix, allowing it to 

operate on large data sets while maintaining the appropriate 

boundary conditions determined in previous numerical 

evaluation that impose so-called “prior knowledge” on the 

solution. 

To validate this approach, we construct several sets of 

artificial recovery transients as test cases for the method. 

These case studies are intended to show the robust nature and 

idealized behavior of the solution to a known problem and 

determine the limitations of this approach. The results of this 

effort can be seen in Fig. 3 and Fig. 4. Fig. 3 shows the time- 

(a) and spectral-domain (b) for an artificial recovery transient 

where only emission processes contribute to the device 

response (all i are positive). Fig. 3 (a) shows the transient 

response can be accurately represented using the sum of 

exponentials using the method described in Eq. (2) over a 

large time domain. The corresponding time constant spectrum 

can be seen in Fig. 3 (b), which shows the adaptive 

regularization method used here results in a solution that very 

accurately reconstructs the original, artificial time constant 

spectrum, resulting in precise magnitude and temporal 

agreement between the target (artificial) sample and the 

numerical approximation. 

The second test case is shown in Fig. 4 and represents a 

transient with mixed polarity of the spectral components, 

representative of concurrent capture and emission processes. 

Fig. 4 (a) again shows the time-domain representation of the 

artificial recovery transient and the reconstructed transient 

using the methods described in this section. Excellent 

agreement is obtained in the time-domain signal for this 

difficult test case, which to our knowledge has not previously 

been demonstrated. Similarly, the time constant spectrum 

reconstruction of this artificial transient agrees very well with 

the intended solution as shown in Fig. 4 (b). The Gaussian-like 

 

Fig. 3. Test case example of the modified current-transient method for evaluating device recovery transients featuring only emission processes. (a) Time-
domain signal of an artificial current transient with all positive components and (b) corresponding time-constant spectrum extracted from our method. Results 

show the time-constant spectrum is reconstructed with great accuracy, in both temporal resolution and magnitude of spectral components. 

 

 

Fig. 4. Test case example of the modified current-transient method for evaluating device recovery transients featuring both emission and capture processes. (a) 
Time-domain signal of an artificial current transient with positive and negative components and (b) corresponding time-constant spectrum extracted from our 

method. Results show the time-constant spectrum is reconstructed with great accuracy including this difficult test case, showing excellent temporal resolution 

and magnitude of spectral components. 



 

 

Fig. 5. Device type A recovery transient analysis results reveal a 
temperature-invariant process that becomes slower and increases in 

magnitude with increasing stress time (T = 300 K). 

peaks appear at the appropriate time constants and are of 

approximately the correct magnitude, with the exception of the 

region where spectral components switch from positive to 

negative. This transition region is difficult to define using 

numerical derivative methods and results in a loosely bounded 

region for solutions. As a result, our method approximates 

peaks at the correct time constants and reduces the 

corresponding magnitudes to account for solutions in the 

loosely bound region. This represents a worst-case situation 

for any regularization method. Another worst case would 

involve multiple peaks at time constants within a factor of 2; 

here the method tends to average the solution into a single 

peak. The practicality of these worst-case examples is 

debatable since one would not expect to find a large number of 

traps with similar emission time constants. We note the lack of 

oscillatory behavior in the solutions of Fig. 3 and Fig. 4 as an 

improvement over previous methods, where solutions 

sometimes indicate the presence of detrapping processes at 

time constants not corresponding to any physically reasonable 

time- or temperature-varying trapping processes. 

To summarize, the treatment in Eq. (2) allows imposing 

curvature and prior knowledge on solutions while penalizing 

over-fitting, resulting in a well-behaved time-domain and 

spectral representation. The method uses mathematical 

techniques that have been well-studied and established in a 

wide variety of fields. Next, we apply this method to the 

analysis of recovery transients in stressed AlGaN/GaN 

HEMTs. 

IV. ANALYSIS OF OFF-STATE STRESS RECOVERY 

The devices described in Section II were measured in 

complete darkness under blocking off-state stress conditions 

(Vgs = -5 V, Vds = 100 V). Stress was applied for variations of 

1, 10, and 100 s at temperatures of 300, 315, and 330 K. 

Following stress, recovery transients were recorded in the on-

state (Vds = 0.1 V, Vgs = 1 V). Prior to stress, the drain current 

ID and threshold voltage Vth was completely recovered to the 

initial fresh-device value by shining the probe station 

microscope halogen lamp on the sample and allowing the 

device to relax for 300 seconds. Consequently, the effects to 

be discussed are related to variations in occupancy of traps 

that existed prior to any electrical stress. The complete 

recovery of both Id and Vth indicate there was no permanent 

device degradation due to the electrical stress conditions. 

A. Results from AlGaN/GaN HEMTs 

First, we analyze recovery transients obtained following 

off-state stress for device type A, a more traditional 

AlGaN/GaN HEMT. Stress-recovery results can be seen in 

Fig. 5 and Fig. 6. Fig. 5 (a) shows the stress time dependence 

of recovery transients at 300 K. Increasing stress time tstr is 

results are consistent with electron trapping, either in the 

AlGaN barrier [2], [4] or in the GaN bulk [18], which causes a 

 

 

Fig. 6. Device type A recovery transient results reveal a slow temperature 

dependent component (tstr = 1 s) with Ea ≈ 0.57 eV. 



change in threshold voltage as reported in previous work.  

Next, we use our modified current transient method to 

analyze the stress-recovery transient behavior of these devices; 

the resulting time constant spectra from this analysis are 

shown in Fig. 5 (b). Several features are present in each of the 

spectra shown, one associated with large which is more -

like, and a broad distribution at smaller . We observe that the 

emission process associated with small  shifts to larger  and 

increases in magnitude with increasing tstr. For tstr greater than 

1 s, the processes associated with this broad peak increase in 

magnitude and become the dominant component of the 

recovery transient spectrum response. The physical 

mechanisms associated with this temperature-invariant, stress-

time-related emission process are still under investigation. At 

short times (< 1 s), the recovery transient behavior of this 

device stressed for 10 s shows less recovery than devices 

stressed for 1 and 5 s. This is reflected in the time constant 

spectrum of Fig. 5 (b) which shows that the stress-time 

dependent emission process becomes progressively slower and 

stronger. 

These measurements were repeated on device type A with 

temperature varying from T = 300 to 325 K and tstr = 1 s and 

can be seen in Fig. 6. Recovery transients are observed to 

exhibit dependence on temperature in Fig. 6 (a), where for 

increasing temperature the devices recover progressively faster 

to their nominal Id value.  The transient recovered at T = 325 K 

is shown to completely recover within 300 s, while at lower 

temperature devices recover most (but not all) of their pre-

stress Id.  

The analysis of these transients yields the time constant 

spectrum shown in Fig. 6 (b). The same features are present in 

these spectra as in Fig. 5 (b), a broad component at smaller  

and a larger -like component at larger . The stress-time 

dependent peak from Fig. 5 (b) is observed to be relatively 

insensitive to temperature over the range of temperatures 

shown in these spectra and is suspected to be related to the 

presence of a deep level state in the AlGaN barrier. The 

feature present at larger  exhibits a temperature dependence 

and is seen to shift to smaller time constants with increasing 

temperature. Analysis of these peaks yields activation energy 

Ea = 0.57 eV below the conduction band edge, consistent with 

a commonly reported trap energy in GaN and AlGaN/GaN 

material systems. These results are consistent with previous 

reports of slow detrapping processes in AlGaN/GaN HEMTs 

[2]. 

B. Results from MOS-HEMTs 

Next, we investigate the stress-recovery behavior of device 

type B, a recent generation MOS-HEMT fabricated at MIT, 

with off-state stress conditions Vgs = -5 V and Vds = 100 V and 

on-state recovery recorded at Vgs = 1 V and Vds = 0.1 V for 

stress times of tstr = 1 s and 100 s. Prior to each stress-recovery 

measurement, the device was exposed to the probe station 

halogen lamp for a period of 300 s with 0 V applied to all 

device terminals, allowing the device to completely recover in 

both Id and Vth. The results of these measurements are shown 

in Fig. 7 and are representative of many of the devices 

evaluated in this work.  

Fig. 7 (a) shows a set of recovery transients following 1 s 

off-state stress for temperature conditions of 300, 315, and 330 

+

 

 

Fig. 7. (a) Recovery transients for tstr = 1 s show the impact of temperature 
and stress on device operating conditions; increasing temperature results in 

higher degradation of ID for equivalent stress times. Similarly, (b) tstr = 100 

s yields higher ID loss; however, a continued degradation of ID is initially 
observed prior to recovery of the device. Analysis (c) of these transients 

shows simultaneous trapping and emission processes. 

 



K. The recovery transient behavior is consistent with previous 

results from [2] and [4] and are easily attributable to emission 

of carriers from trapping centers in and near the MOS-AlGaN 

barrier layer and interfaces.  

First, we observe that for the MOS-HEMT devices studied 

here (device type B), off-state stress for tstr = 1 s results in 

significantly less change in both Vth and Id, as seen in Fig. 7 

(a), as compared to the more traditional Schottky-gated device 

type A reported in the previous section. For longer stress time, 

tstr = 100 s, the same observation is made, as seen in Fig. 7 (b). 

Even for longer stress times the Id for MOS-HEMT devices is 

consistently observed to be less than 20% of what is observed 

in Schottky-gated devices. The reduction in Vth and Id 

following off-state stress for the MOS-HEMT devices 

indicates that the presence of the SiO2 in the device barrier 

layer plays a significant role in suppressing the trapping of 

carriers during stress and subsequent device relaxation during 

recovery.  

Recovery transients shown in Fig. 7 (a) and (b) each show 

that for increasing temperature the magnitude of Id recovery 
also increases, suggesting another temperature dependent 
component in the time constant spectra associated with these 
transients. A distinguishing feature of recovery transients from 
the MOS-HEMT devices is that even at T = 330 K no 
saturation is observed of these devices. This suggests an 
increased barrier to emission preventing the complete recovery 

of Id and Vth back to their nominal, pre-stress values on the 
time scales during which device recovery was monitored. 

At T = 330 K, Fig. 7 (a) shows that recovery transients 

following 1 s off-state stress exhibit a magnitude of Id recovery 

below that of equivalent stress-time measurements at T = 300 

and 315 K until approximately 10 s have elapsed. This 

behavior is observed again for longer off-state stress time of 

100 s, as shown in Fig. 7 (b). Here, the recovery transient 

response shows an initial decrease in Id following the removal 

of stress and begins to recover back towards its pre-stress 

condition after approximately 10 s. Current transient analysis 

is performed on the MOS-HEMT devices with the results 

shown in Fig. 7 (c). The time constant spectra shown in Fig. 7 

(c) for the MOS-HEMT devices show similar features to those 

observed in the Schottky-gated HEMT devices reported in 

Section IV B. Our full analysis reveals the same stress-time 

dependent emission process between  = 1 s and 20 s, and a 

larger temperature-dependent component at  > 100 s. Similar 

analysis of the temperature dependent peak reveals a trap with 

activation energy Ea = 0.56 eV below the conduction band 

edge. 

The initial decrease in Id in Fig. 7 (a) and (b) is observed 

as an exponential process in our analysis represented negative 

magnitude peaks in the time constant spectra of Fig. 7 (c). 

These results strongly suggest the presence of simultaneous 

trapping and emission processes occurring within the same 

recovery transient, leading to the behavior observed in Fig. 7 

(a) and (b). The nature of these concurrent processes will be 

discussed in the following section. 

C. Discussion 

Understanding of the band diagram structure has been 

useful in previous studies of the trapping behavior of 

Schottky-gated HEMTs. Here, we consider the band structure 

of the MOS-HEMT in an attempt to understand the nature of 

the trapping behavior observed in Fig. 7. 

The band diagram of a MOS-HEMT in the off- and on-state 

conditions is shown in Fig. 8 (a) and (b) respectively. In the 

off-state, the bands are bent up, forcing electrons to migrate 

from the heterointerface towards the bulk of the material. This 

leads to filling of traps in the GaN buffer region of the device. 

Simultaneously, electrons are injected from the gate electrode 

into the SiO2 barrier layer. Due to the thickness of the oxide 

(19 nm), it is unlikely that carriers will tunnel completely 

through it into the AlGaN region. Typically, SiO2 is regarded 

as having a tendency to trap net positive charge due to the 

predominance of hole traps and associated low mobility. This 

is characteristic of thermally grown oxides, and it is unclear 

 

Fig. 8. Energy band diagrams for the MOS-HEMT (device type B) structures. These devices have 19 nm ALD SiO2 and 18 nm AlGaN as a gate stack. In the off-

state (a), the channel is shown to be depleted, and carriers are injected from the gate into the SiO2, leading to a positive Vth and reduction in Id. Switching to the 

on-state (b) leads to quick filling of empty traps in the AlGaN barrier and at the AlGaN/GaN interface, resulting in a current collapse-like response of the device. 

This is overcome eventually by the emission of trapped electrons from the SiO2 layer and leads to recovery of Vth and Id towards their nominal values. 



whether this behavior translates to the ALD SiO2 here. It is 

quite possible that injected electrons can be trapped or reduce 

the net positive charge in the ALD SiO2 layer, leading to a 

positive Vth and a corresponding reduction in Id during off-

state stress conditions.  

The change of operating condition from off to on results in a 

change in the band bending and accumulation of electrons to 

the heterointerface. In this case, we have an AlGaN barrier 

layer that was not readily exposed to a source of electrons 

during stress and consequently, most of the traps in this layer 

are empty prior to switching to the on-state condition. As a 

consequence of the empty trap states in the AlGaN, when 

carriers aggregate at the AlGaN/GaN interface they quickly 

occupy interface states, again resulting in a net positive Vth 

and reduction in Id. This effect is temporary, since the field in 

the oxide layer begins to slowly detrap electrons that were 

previously injected during off-state stress, and leads to the 

gradual recovery of both Vth and Id. That this effect takes 

approximately 10 seconds to become evident in the device 

response can be explained by the competition between 

trapping and detrapping processes occurring simultaneously in 

different layers of the SiO2-AlGaN barrier region. 

V. CONCLUSIONS  

In this work, we have presented an improved method for 

analyzing the recovery of slow-detrapping transients following 

stress. This method was used to investigate and compare the 

stress-recovery charge trapping and detrapping properties of 

Schottky-gated HEMTs with MOS-HEMT devices. Drain 

current transients were analyzed following off-state stress (Vgs 

< Vth, Vds = 100 V) and these transients, believed to be due to 

electron emission, exhibit strong stress-time-dependent 

behavior. Extracted time constant spectra demonstrate that a 

temperature-independent component becomes progressively 

slower as the stress time is increased. MOS-HEMT devices 

with SiO2 gate dielectrics exhibit both negative and positive 

transient components representative of simultaneous trapping 

and emission processes, where carrier trapping dominates at 

short recovery times and emission is prominent at longer 

recovery times. 
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