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Abstract- The influence of the non-ideal response of the pulse

amplifier on the trap and self-heating dynamics, and hence, on 
the drain-current transient in a GaN HEMT is studied with new 
trap and self-heating models. It is shown that the study of the trap 
and self-heating dynamics requires a proper correction technique 
that accounts for the change in trap-potential, trap time-constant 

and thermal response due to the non-ideal response of the pulse
amplifier. Several post-measurement data correction techniques 
are discussed and shown to be incapable of predicting the true 
drain-current transient. A pre-measurement terminal correction 

technique using a new version of the pulse measurement system 
is used to solve the problem. 

Index Terms- Pulse measurement, pulse amplifier slew rate, 
trap, self-heating, HEMT. 

I. INTRODUCTION 

Field-effect transistor characteristics change with time, fre
quency, and operating conditions such as temperature and 
terminal bias. All characteristics are affected, including drain 
current, linearity, and charge state. In many devices the 
variation can be quite dramatic and affect bias performance 
parameters such as intrinsic gain. 

Charge trapping [1] [2], which occurs in both GaAs and 
GaN technologies, and self-heating [3] are responsible for 
these. Both trapping and self-heating are characterized by a 
time constant that is bias dependent for trapping [4] , and 
independent of bias for self-heating [5]. 

Pulse measurements are an accepted means to assess the 
variation of drain-current characteristics with bias and time. 
Pulse measurements facilitate examination of high-frequency 
characteristics as a function of operating point. An isodynamic 
pulse measurement maintains a constant operating condition 
and then applies a varying pulse stimulus, such that the 
characteristics are measured at a rate faster than the dispersion 
effects. The available pulsed-bias and pulse-RF measurement 
equipment [6] has given a comprehensive picture of the 
operating-dependency through repeated measurement over var
ious operating points. 

Pulse-amplifiers are used to generate terminal potentials in 
the pulse measurement. A common feature of these amplifiers 
is that they output an imperfect pulse. This could result in 
the associated slew rate of the amplifier response overlapping 
with the trapping and self-heating rates, and thus affecting the 
accurate measurement respective time constants. 

Recently, a new model of a trap centre based on Shockley
Read-Hall (SRH) theory was proposed [7]. This model can 
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Fig. 1. The comprehensive FET model, which generates states 
variables of temperature and trap potential to control a static drain
current element 

be used to predict dispersion of large-signal characteristics 
versus frequency and bias. This SRH trap model has been 
applied to GaN HEMTs [8], and have shown good capability 
in predicting the transient drain-current response of the GaN 
transistor under test. 

The impact of self-heating assuming a first-order frequency 
response has been demonstrated by simulation [9]. A sub-first
order transfer function better captures the salient features of 
the observed thermal response [10]. The time domain approx
imation of such a transfer function has shown to compare well 
with measured transient heating responses [11]. 

These models of trapping and self-heating are applied here 
to study the effect of the non-ideal response of the pulse
amplifier on the trap and self-heating dynamics. A model 
implemented in SPICE with trap centers and self-heating is 
presented in Section II. Section III discusses the impact of the 
pulse-amplifier slew-rate response on the trap and self-heating 
rates. Section IV studies several pre- and post-measurement 
correction techniques and Section V draws some conclusions. 

II. DY NAMIC HEMT MODEL 

Within the transistor there are trap centers that are well de
scribed by capture and recombination processes as a function 
of the transistor's terminal potentials (Ves and VDS). The 
potential of the trap centers affect the properties of the active 
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Fig. 2. Measured responses (color) of a pulse-amplifier and an ideal 
response (black) where it is constant with time. 
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Fig. 3. Simulated drain-current transients. The gate potential is those 
of Fig. 2. 

layers in the HEMT either as a change in pinch-off potential 
or of the access resistance. To account for the former, it has 
been proposed that the drain current be modeled by adding the 
trap-potential, VT, to the gate-terminal potential [7] to give: 

IDS = IDso(VGS + VT, VDs)(l - )..f}.T), (1) 

where IDso is the isothermal current [A] at ambient temper
ature, Ta, ).. [K-1] is the thermal coefficient, and L"T [K] is 
temperature increase due to self-heating, which is a function 
of power dissipation, P = IDsVDs. The heating process can 
be modeled by a sub-first-order thermal network from the 
channel to ambient [11]. The key features of this model are 
the thermal resistance, Rth [KIW] the thermal characteristic 
frequency, io,th [Hz] and the order of the thermal response, 
n < 1. These are functions of the physical structure of the 
transistor and so are independent of bias. 

As previously proposed [7], the trap center is modeled by a 
capacitor charged by an emission current and a capture current, 
which is a function of the operating condition of the HEMT. 
Both currents are also functions of the trap potential. 

A. Trap Potential 
Under steady-state conditions, the trap potential, VT, IS 

given by [7]: 
VO VT = ---��� 1 +exp UT)' (2) 
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Fig. 5. Variation of the trap potential with time. The gate potential 
is those of Fig. 2. The black line is the trap response to the ideal 
Vcs pulse. 

where Vo [V] is the trap potential when it is fully ionized, T 
[K] is temperature, k [e V IK] is the Boltzmann constant, and 
Vi is the trap-control potential. 

The dependence of the trap potential in (2) on the terminal 
potentials is implemented by setting the Vi to be a function of 
the terminal potentials. Thus the steady-state trap potential is 
set by the terminal potentials. Immediately after a step change, 
the trap potential will have been set by the quiescent terminal 
conditions and this will set the initial drain current in (1). 
After sufficient time to charge the trap, a new steady-state 
trap potential will be established, which will be that set by 
the terminal potentials stepped to. This, in conjunction with 
any temperature changes related to power dissipation, sets the 
final drain current. 

B. Time Constant 
The dependence of the trap potential on time is predicted by 

the time-constant associated with the dynamic resistance of the 
capture and emission currents. These are strong functions of 
the trap potential and temperature. The trap response rate will 
vary depending on which of capture or emission is dominant 
[7]. The characteristic frequency of the trap center, which is 
the inverse of the trap time-constant, is given by [7]: 

w = Wo ( 1 + exp (:� ) ) , (3) 
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Fig. 7. Drain-current of Fig. 6 when it is corrected only for the 
change in the isodynamic drain-current due to the non-ideal behavior 
of the VGS pulse. 

where Wa is the characteristic frequency of the charge capture 
process. 

The capture rate after a step change is a function of the 
trap-control potentials that are stepped to. It is independent 
of their values before the step. This might imply that the time 
constant associated with the transient response of drain-current 
dispersion is independent of quiescent condition. However, 
there is a significant variation of trapping rates with tempera
ture, which are dependent on quiescent power dissipation. The 
characteristic frequency is a strong function of temperature 
such that Wa ex T2 exp( - Ec / kT) where Ec is the activation 
energy, which is related to the depth of the trap state in the 
band gap [7]. 

III. SIMULATION AND DISCUSSION 

A comprehensive dynamic model of a FET used for sim
ulation is shown in Fig. 1. This model has four terminals: 
drain, gate, source and temperature. The core of the model 
is an isodynamic drain-current element, which is a function 
of terminal potentials, trap potential, and temperature. This 
element sources a current equal to its power dissipation to its 
temperature node, which is connected to a thermal network. 
The thermal network models self-heating and is analogous to 
heat flow from the current element through the thermal path 
to ambient. In this model there is one donor trap-center. The 
trap potential, VT, is added to the gate potential of the statistic 
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Fig. 8. channel temperature variation with time in the presence and 
absence of the trap-center. The gate potential is those of Fig. 2. 

drain-current element. The trap is controlled by potential Vi 
that is set to be predominately proportional to VCS: 

(4) 

where a and f3 are fitting parameters. 
For the simulations carried out for this study, VDS was set 

to 10 V and various measured responses of a pulse-amplifier 
were used to drive the gate terminal. 

A. Pulse-amplifier Response 
Measured transient responses of a pulse amplifier used to 

drive the gate terminal of the transistor are shown in Fig. 2. 
These responses are measured after a step change from various 
quiescent gate-potentials, VCSQ' Quiescent potential is the 
potential prior to the measurement. Each transient response 
of this figure is characterized by an initial gate-potential, 
VCSI, a final gate-potential, VCSF, and a slew rate associated 
with the transient. The corresponding simulated drain-current 
when the trap-center and thermal-network are disabled are 
shown in Fig. 3. Each transient response of this figure is also 
characterized by an initial drain-current, IDsI, a final drain 
current, IDsF, and a transient time-constant associated with 
the transient response. 

B. Enabled Trap-center and Disabled Thermal-network 
In order to investigate the influence of the imperfect Vcs 

pulses (Fig. 2) on the trap dynamic, the donor trap-center 
is enabled in the simulator. For this donor trap, the drain 
potential has no impact on VT, and a < 0, so the trap is 
ionized to a more positive potential as the gate potential is 
increased. The trap time-constant is set to be in the range 
of the slew rate of the pulse-amplifier response. The main 
parameters of this trap are: a = - 0.3, f3 = 1.75, Va = 0.25 V 
and Wa = 62.8 krad/s. Trap-potential versus gate-potential is 
shown in Fig. 4. Figure 5 shows the change in VT with 
time after a step change in Vcs from various VCSQ. The 
gate terminal is driven from the output of a pulse amplifier 
with a non-ideal response as shown in Fig. 2. Figure 5 
illustrates the change in the trap time-constant due to the 
variation of Vcs with time. While the trap exhibits a first
order transient response with a time-constant of about 50 J.LS 
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in the ideal situation where the gate potential is time-invariant, 
it exhibits a sub-first-order response with a time-constant of 
about 0.1 ms when the gate potential is driven from a pulse 
amplifier and stepped from VcsQ = -16 V. Figure 6 shows 
the corresponding change in drain-current with time and Fig. 7 
shows this current when it is corrected only for the change in 
the isodynamic drain-current due to the non-ideal behavior 
of the Vcs pulse. This figure illustrates clearly the influence 
of the time-varying gate potential on the trap time-constant, 
and hence, on the time-constant associated with the transient 
response of the drain current. This change in the trap dynamic 
due to the non-ideal behavior of the Vcs pulse needs to be 
corrected for when trapping phenomenon is being studied. 

C. Enabled Trap-center and Thermal-network 
The response of the pulse amplifier is dependent upon 

the quiescent potential. For instance, different VCSQ leads to 
different VCSI as it was shown in Fig. 2. Consequently, with 
different quiescent potentials, different initial drain currents 
are obtained. This causes different initial heating rates prior 
to any increase or decrease in drain-current due to the presence 
of traps and the time varying nature of Vcs. Trap time
constant and trap-potential respond differently to different 
initial heating rates. The transient of a trap could change 
to a sub-first-order response, or greater than a first-order 
response depending upon the trap activation energy, Ec, and 

Time (sec) 
Fig. 1 1. Simulated corrected drain-current by first-order gm cor
rection technique. The gray lines are the uncorrected drain-currents 
(Fig. 6). The gate potential is those of Fig. 2. 

the temperature. Furthermore, the drain current itself is a 
function of self-heating, and this dependency is affected by 
the variation in drain-current due to non-ideal response of the 
pulse amplifier. 

Thermal network is used to simulate the self-heating process 
in the transistor. The main parameters of this network are: 
n = 0.5, fo,th = 1000 Hz, Rth = 20 KIW. Figure 8 shows the 
channel temperature variation with time after a step change in 
Vcs from various VCSQ. Figure 9 shows the corresponding 
drain-current response and Fig. 10 shows the drain-current 
response when it is corrected only for the change in the 
isodynamic drain-current due to the non-ideal behavior of of 
the Vcs pulse. The effect of self-heating on the trap time
constant is clearly illustrated in these two figures. Before 
introducing self-heating into the simulator, the trap transient 
was that of a first-order response with a time constant of 
about 50 p,s for the ideal Vcs situation. After introducing self
heating, the transient changed to a response greater than a first 
order with a time-constant of about 6 p,s. Furthermore, drain
current has faced a drop due to self-heating in the vicinity 
of 10 p,s. This drop stretches over for many decades of time. 
The interaction between the drop in drain-current due self
heating and the trap being a function of self-heating has led 
to a continues change in trap potential up to about 0.1 ms. 
This change in the trap and drain-current dynamics due to the 
non-ideal behavior of the Vcs pulse needs to be corrected for 
when trapping and self-heating phenomena are being studied. 

IV. CORRECTION TECHNIQUES 

It is important to correct for the variation in trap-potential, 
trap time-constant and thermal response due to the non
ideal response of the pulse amplifier when trapping and self
heating phenomena are being studied. The following discusses 
several post-measurement data correction techniques and a 
pre-measurement terminal correction technique. For simplicity, 
the focus will be on the non-ideal behavior of the Vcs pulse. 
The concept, however, is applicable to the situation where VDs 

pulse exhibits a non-ideal behavior. 
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A. Post-measurement Data Correction Techniques 
i) Transconductance (gm) Correction: A common pro

cedure in correcting for the non-ideal gate-potential is gm 

correction. First-order gm correction accounts for variation in 
drain-current with Ves using a single gm value obtained at 
the end of the transient of the gate potential (5). 

IDs,corrected = IDS,measured+gm' (Ves,ideal � Ves,measured) 

(5) 
The first-order gm corrected drain-current is shown in 

Fig. 11. An notable feature in this figure is that the correction 
technique used is not capable of predicting the true initial 
drain current, IDSI. This is because when initial gate potential, 
VesI, is far below final gate potential, Vesp, gm is no 
longer constant over Yes. Furthermore, in the presence of 
a trap-center within the transistor, gm becomes a function of 
the device terminal potential. Figure 12 shows gm variation 
with Ves in the absence and presence of the trap-center. 
Transconductances in this figure represent the change in drain
current with respect to the drain current at the gate potential 
that is stepped to. Considering this issue, a second order 
correction would be by obtaining a dynamic gm that is a 
function of the device terminal potential. Figure 13 shows 
the corrected drain-current by second order gm correction 
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Fig. 14. VGS trajectories (transient lines) when the gate potential 
is stepped from a single quiescent potential VGsQ = -16 V to 
successive increasing VGS with a step of 0.04 V, starting from the 
gate potential VGS = - 1 .425 V (red line) at which the transistor is 
being studied. The gate potential is driven from a pulse-ampli fier with 
a non-ideal response. The blue line is the target ideal VGS trajectory. 
That is the trajectory of the time-independent gate-potential. 

technique. Although the result shows some improvement over 
the first-order gm correction, the technique is still not able to 
predict precisely the true initial drain current. The reason is 
that trap potential is a time-varying function (Fig. 5), whereas 
dynamic gm is a static function that is obtained at the end of 
the gate-potential transient. 

2) Dynamic interpolation Correction: The idea behind 
dynamic interpolation is to correct for the variation in gate
potential by measuring the drain current at successive gate
potential trajectories (Fig. 14). These trajectories are obtained 
by stepping from a single quiescent point to successive increas
ing Yes, starting from the required final gate potential, Vesp. 

These trajectories intersect with the target ideal Ves trajectory 
(i.e. the trajectory of the time-independent gate-potential) at 
different points in time (Fig. 14). The corresponding drain
current of these points are taken to be those of the corrected 
drain-current. Interpolation is used for times in between these 
points. 

This technique works properly when there is no trap in the 
transistor. However, care should be taken when a trap-center 
is present. Any variation in Ves results in a change in the trap 
potential with varying time-constant. Thus, at the intersection 
point, the trap response to the target ideal Ves trajectory would 
have a different history compared to that of the measured 
Ves trajectory. Interpolation technique would work only when 
the trap potential at the intersection point equals for both 
trajectories. To ensure this scenario, the trap time-constant has 
to stay constant, or to be higher at lower terminal potentials 
(i.e. faster trap response at lower terminal potentials). This 
allows the trap-potential to catch up with the increasing gate 
potential with time, and intersect with the trap response of 
the target ideal Ves trajectory at the proper intersection point. 
The donor trap described in Section II exhibits this scenario, 
where the trap is faster at lower gate-potential. Figure 15 
shows the corrected drain-current by dynamic interpolation 
technique for two different trap characteristic frequencies of 
the charge capture process, woo Self-heating process in the 
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Fig. 15. Simulated (points) corrected drain-current by dynamic 
interpolation technique when (a) Wo = 62.8 krad/sec and (b) Wo = 

6.28 krad/sec. Self-heating mechanism in the simulator is disabled 
for these two figures. The current transients of this figure are the 
simulation results at the gate potentials of Fig. 14. 

transistor is disabled for these two figures. As is shown in these 
figures, the interpolation technique is capable of predicting 
very accurately the true initial drain current, and also the true 
trap time-constant, for fast and slow traps with respect to the 
slew rate of the gate potential. The gate potential exhibits an 
undershoot response where VCSI < VcsF. 

According to the dynamic-interpolation condition, the dy
namic interpolation technique is also capable of correcting the 
change in drain-current due to self-heating. This is because 
the thermal time-constant is independent of terminal-potential. 
Trap time-constant, however, is influenced by self-heating, 
but this dependency is not affecting the mode of change. 
That is whether the time-constant increases or decreases with 
terminal-potential. Figure 16 shows the corrected drain-current 
when both the trap and drain-current are made functions of 
self-heating. 

To study the case where the dynamic-interpolation condition 
is not satisfied, the donor trap was modified in a way such that 
the trap is slower at lower Vcs. For this the parameter a in (4) 
was changed to +0.3. The corrected drain current for this new 
case is shown in Fig. 17. It is obvious from this figure that the 
dynamic interpolation technique is not capable of predicting 
the true transient of drain-current when the required condition 
is not satisfied. 
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Fig. 16. Simulated (points) corrected drain-current by dynamic 
interpolation technique when self-heating mechanism in the simulator 
is enabled. The current transients of this figure are the simulation 
results at the gate potentials of Fig. 14. 
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Fig. 17. Simulated (points) corrected drain-current by dynamic 
interpolation technique when dynamic-interpolation condition is not 
satisfied. Self-heating mechanism in the simulator is disabled for this 
figure. The current transients of this figure are the simulation results 
at the gate potentials of Fig. 14. 

B. Pre-measurement Terminal Correction Technique: Pulse 
Pre-shaping 

Overlapping of trapping, self-heating and lagged-terminal
potential makes the determination of the type of the trap-center 
present in the transistor problematic. Dynamic interpolation 
technique works under a specific condition which requires 
prior knowledge of the trap dynamic, and thus is not a practical 
technique for the drain-current correction. Another possible 
technique is to correct for the non-ideal behavior of the 
terminal-potential through hardware modification so that the 
output of the pulse amplifier is maintained constant over time. 
This could be achieved by a new version of the software writ
ten for the arbitrary pulsed semiconductor parameter analyzer 
(APSPA) [6] [12]. The modification involves changes to the 
way the APSPA system works. Essentially, there is no longer 
the restriction on voltages to be restricted to one segment, 
and samples to be relative to this. Voltages may be arbitrary 
(multiple segments) and sampled arbitrarily. Accordingly, to 
obtain a constant terminal-potential with time at the output of 
the pulse amplifier, the terminal potential that is stepped is no 
longer set to a constant value in the APSPA system. A constant 
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Fig. 18. Pre-measurement terminal correction technique: the pulse 
amplifier outputs a time invariant voltage when the terminal potential 
in the AP SPA (arbitrary pulsed semiconductor parameter analyzer) 
system is set to multiple segments corresponding to different voltages 
at different times. 

value results in an undershoot response at the output of the 
pulse amplifier. The terminal potential is rather set to multiple 
segments corresponding to different voltages at different times. 
Figure 18 shows these segments, and the corresponding output 
of the pulse amplifier, which is constant over time. 

V. CONCLUSION 

The influence of the non-ideal response of the pulse
amplifier used to measure trap and self-heating dynamics, 
and hence, on the drain-current transient is studied with new 
trap and self-heating models. The study of trap-potential, 
trap time-constant and thermal response in FETs is shown 
to require a proper correction technique due to the non-ideal 
response of the measurement instrument's pulse-amplifier. 
Transconductance and dynamic-interpolation corrections as 
post-measurement data correction techniques are shown to 
be incapable of correcting for the change in trap and self
heating dynamics. Hardware modification as pre-measurement 
terminal correction technique is used to solve the problem. 
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