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 Gallium nitride (GaN) is expected to be used as a material for power semiconductor 
devices. However, it is crucial to focus on the dielectric properties of GaN. In this study, 
we investigated the transient response of the drain current during high-frequency 
application after intentionally maintaining the current collapse in the AlGaN/GaN high 
electron mobility transistors. The experiment observed a long-term current recovery 
process of approximately 50 s and showed a temperature dependence that was opposite to 
the steady state at high temperatures. In addition, by changing the duration of the current 
collapse, it was suggested that the electron trapping in the crystal defects, generated by the 
strain expansion due to the inverse piezoelectric effect, was promoted by maintaining the 
current collapse. Furthermore, we analyzed the activation energy calculated from the 
current value using the temperature dependence of the transient response. The change in 
the activation energy from approximately 0.6 to 1.0 eV clarified the behavior of electron 
trapping and de-trapping, including the effect of the inverse piezoelectric effect. The 
experimental results suggested the existence of recoverable crystal defects caused by the 
inverse piezoelectric effect. 
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1. Introduction 

In recent years, the performance of Si-based semiconductor 
devices has reached its limit; therefore, dielectric materials with 
large bandgaps have been used. Gallium nitride (GaN) has a 
bandgap energy of 3.4 eV and is expected to be used in power 
semiconductor devices [1], [2]. AlGaN/GaN high-electron-
mobility transistors (HEMTs) can be implemented by 
heterojunction of aluminum gallium nitride (AlGaN) and GaN [3], 
[4]. The spontaneous polarization of AlGaN and GaN, as well as 
the piezoelectric polarization of the junction due to lattice 
mismatch, results in the accumulation of positive fixed charges at 
the bottom of the AlGaN layer and negative fixed charges at the 
top of the GaN layer. The greater number of positive fixed charges 
on the AlGaN side results in a concentration of electrons at the top 
of the GaN layer, thereby compensating for this imbalance and 
resulting in the formation of a two-dimensional electron gas 
(2DEG) [5], [6]. When a large reverse voltage is applied to the gate 
electrode, the inverse piezoelectric effect amplifies the tensile 
stress caused by the existing polarization, resulting in the 
expansion of strain and the generation of crystal defects [7]–[12]. 
In piezoelectric materials, the direct piezoelectric effect causes 

polarization due to strain, while the inverse piezoelectric effect 
causes the distortion due to an electric field. In a GaN-HEMT, the 
former contributes to the formation of a 2DEG, and the latter 
results in performance degradation. 

 
Figure 1: Schematic cross-section of AlGaN/GaN HEMT 

In addition, GaN devices have numerous crystal defects that 
trap electrons, resulting in the expansion of the depletion layer and 
a decrease in the drain current [13]–[15]. Furthermore, electrons 
are trapped on the surface of the AlGaN layer due to the 
concentration of the electric field at the edge of the gate electrode 
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in the direction of the drain electrode [15]–[17]. This problem, 
known as the current collapse phenomenon, results in performance 
degradation. A field-plate structure for the gate electrode is one 
way to suppress current collapse [18], [19]. This structure 
prevented electric field concentration. Additionally, the 
application of a high frequency to the gate electrode, which 
exceeds the time constant of the crystal defects, has been 
demonstrated to suppress electron trapping [20], [21]. Figure 1 
shows a schematic cross-section of the AlGaN/GaN HEMT, and 
Figure 2 shows the I-V characteristics when a high frequency (5 
GHz) and DC are applied. 

In this study, we investigated the transient response of the drain 
current during high-frequency applications after intentionally 
maintaining the current collapse in an AlGaN/GaN HEMT. The 
experiment revealed a long-term current recovery process and 
showed a temperature dependence opposite to that of the steady 
state at high temperatures. Additionally, by changing the duration 
of the current collapse, the duration affected the current recovery 
rate. Furthermore, the change in activation energy calculated from 
the current value was analyzed. The experimental results suggested 
the occurrence of recoverable strain owing to the inverse 
piezoelectric effect. The present study investigated the influence 
of the inverse piezoelectric effect on a GaN-HEMT using a 
different method than previous studies [11], [12]. This method 
involved switching between promoting and suppressing the 
current collapse by changing the frequency, and calculating the 
change in activation energy from the difference in current values 
during transient response. 

 

Figure 2: I-V characteristic of the GaN-HEMT used in this study 

2. Experimental Methods 

2.1. Measuring I-V characteristics after maintaining the current 
collapse 

In this experiment, 10 MHz was applied to the AlGaN/GaN 
HEMT (CGH40025F, CREE) in the operating state for a certain 
period. Following 5 s in the nonoperating state, we measured I-V 
characteristics when applying 5 GHz at room temperature. Time 
of the 10MHz operation was modulated from 100 s to 250 s. The 
gate voltage was set to –2.2 V. The drain voltage was set to 5 V for 
10 MHz operation, and was swept from 0 V to 8 V in 0.1 V 
increments for I-V characteristic measurements. Frequency was 
applied to the gate electrode using a vector network analyzer 
(MS4644B, Anritsu). Switching between states was achieved by 
taking advantage of the fact that the current collapse could not be 
suppressed at 10 MHz but could be suppressed at 5 GHz. 

 
Figure 3: Experimental system used in this study 

2.2. Measuring drain current transient response after 
maintaining the current collapse 

In this experiment, 10 MHz was applied to the AlGaN/GaN 
HEMT in the operating state for 150 s. Following 5 s in the 
nonoperating state, 5 GHz was again applied in the operating state 
for 150 s. Simultaneously, we measured the transient response of 
the drain current when 5 GHz was applied, using a source-measure 
unit (GS610, YOKOGAWA). 

The gate voltage was set to –2.2 V and the drain voltage to 5 
V, and measurements were performed from 300 K to 385 K. To 
eliminate the influence of the previous measurement, the device 
was operated at 5 GHz with a drain voltage of 10 V for 5 s before 
and after each measurement. 

Additionally, measurements were conducted from 340 K to 
385 K while modulating the time of the 10 MHz operation from 
100 s to 250 s. Each measurement was performed after the 
temperature on the surface of the device package had stabilized. 
Figure 3 shows the experimental system used in this experiment. 

3. Results and Discussion 

3.1. I-V characteristics after maintaining the current collapse 

Figure 4 shows the I-V characteristics after maintaining the 
current collapse for each duration. An enlarged view of the range 
from 4 V to 6 V is shown in Figure 5. The maintenance of the 
current collapse resulted in the occurrence of kink effect, the kink 
effect became stronger depending on the maintenance time. A 
decrease in drain current was observed at a bias where 2DEG 
formation and electron de-trapping were inadequate. 

 

Figure 4: I-V characteristics after maintaining the current collapse for each 
duration 
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Figure 5: Enlarged view of the I-V characteristics 

3.2. Drain current transient response after maintaining the 
current collapse 

The temperature dependence of the drain-current transient 
response after the current collapse was maintained is shown in 
Figure 6. In the steady state, the higher the temperature, the lower 
the current. This was attributed to the inhibition of carrier transport 
caused by phonon scattering [22], [23]. However, in the transient 
region, the opposite of the steady state was observed at 
temperatures above approximately 340 K. Figure 7 shows the 
transient response above 350 K, where a reversal of the 
characteristics can be observed. Waveform crossings caused by the 
reversal were confirmed. The maintenance of the current collapse 
resulted in a limited number of carriers in the 2DEG following the 
resumption of operations. Therefore, the impact of increasing the 
number of thermal carriers and accelerating electrons owing to 
thermal energy was more pronounced than the inhibition of carrier 
transport owing to phonon scattering. 

A high frequency was applied during the transient response 
measurement, thereby prompting the de-trapping of electrons from 
the crystal defects. However, because the transient response was 
long, there was an effect other than simple electron de-trapping. 
Therefore, we focus on the strain induced by the inverse 
piezoelectric effect. The inverse piezoelectric effect, caused by the 
electric field, results in strain and results in the formation of crystal 
defects [7], [8]. Assuming that the inverse piezoelectric effect 
caused by the gate voltage generated defects in the AlGaN crystal 
while maintaining the current collapse, electrons were trapped in 
these defects. Although the polarization due to the inverse 
piezoelectric effect was unable to respond to a high frequency, the 
restoration of strain required a temporal span, resulting in current 
degradation. 

Figure 8 shows the relationship between the current collapse 
maintenance time and drain current transient response at 350 and 
385 K. The longer the duration of the current collapse, the slower 
the current recovery. As the duration of the current collapse 
increases, the strain induced by the inverse piezoelectric effect also 
increases. Figure 9 shows a band diagram representing how the 
strain induced by the inverse piezoelectric effect expands and traps 
electrons. As the electron trapping for stain progressed, the band 
shifted upward and the triangular potential well became shallower. 

 
Figure 6: Temperature dependence of the drain current transient response after 
maintaining the current collapse 

 
Figure 7: Transient response above 350 K 

 
Figure 8: Relationship between the current collapse maintenance time and the 
drain current transient response, with 350 K and 385 K selected 
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Figure 9: Band diagrams representing how the strain induced by the inverse 
piezoelectric effect expands and traps electrons 

3.3. Analysis of activation energy 

Next, the activation energy was calculated from the current 
values above 350 K. For current values above 355 K, the difference 
value was calculated based on the current value at 350 K. 
Specifically, the current value at the absolute temperature T was 
defined as IT, and the difference from the standard value was 
defined as ΔIT, and the following calculation was performed at 
each temperature. 

 ΔI355 = I355 – I350 (1) 

 ΔI360 = I360 – I350 (2) 

⁝ 

 ΔI385 = I385 – I350 (7) 

The activation energy ΔE was calculated from ΔIT and the 
following Arrhenius equation. 

 ΔIT = A exp( –ΔE / kT ) (8) 

Here, A is a constant, and k is Boltzmann's constant. ΔE was 
calculated for each time of the transient response within the range 

where (8) was accurate. As an example of ΔE calculation, Figure 
10 shows an Arrhenius plot for a transient response time of 1 s at 
the current collapse time of 250 s. In this example, a precise 
Arrhenius plot was obtained with a coefficient of determination of 
0.975. 

 
Figure 10: Arrhenius plot for a transient response time of 1 s 

Figure 11 shows the change in activation energy for each 
duration of the current collapse. The energy value dropped sharply 
between 0.3 and 0.4 s, then rose and stabilized. The current 
collapse was maintained, thereby decreasing the activation energy 
immediately following the resumption of operation, owing to the 
de-trapping of electrons. Subsequently, as electron trapping 
progressed, the activation energy increased. When trapping and 
de-trapping reached equilibrium, the activation energy stabilized. 
The amount of the increase from the lower limit of the energy value 
to the point of stabilization was approximately 0.3 eV for a 
collapse time of 100 s and 0.2 eV for 250 s. When the duration of 
the current collapse was long, many of the crystal defects were 
filled with electrons; therefore, de-trapping progressed more easily 
than new trapping, resulting in only a small increase in activation 
energy. The strain induced by the inverse piezoelectric effect 
increased the timescale of the activation energy change. 
Furthermore, as the effect reached its saturation point, there was 
almost no difference between the 200 s and 250 s cases. 

 
Figure 11: Change in activation energy at each duration of the current collapse 
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4. Conclusion 

In this study, we investigated the transient response of the drain 
current during high-frequency applications by controlling the 
promotion and suppression of the current collapse by switching the 
frequency applied to the gate electrode in a GaN-HEMT. In the 
experiment, a long-term current recovery process was observed, 
suggesting that electron trapping in the crystal defects, generated 
by strain expansion owing to the inverse piezoelectric effect, was 
promoted by maintaining the current collapse. The activation 
energy was calculated using the temperature dependence, which 
was opposite to the steady state at high temperatures. The change 
in the obtained activation energy clarified the electron trapping and 
de-trapping behavior, including the inverse piezoelectric effect. 
Furthermore, extending the duration of the current collapse 
saturated the effect. The experimental results suggested the 
existence of recoverable crystal defects caused by the inverse 
piezoelectric effect. A critical focus in the research community is 
to emphasize the dielectric properties of GaN, a wide-bandgap 
material, in order to enhance our understanding of its unique 
characteristics and applications. 
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