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Abstract— In this study, we analyzed the measurement results 

of the frequency dependence of the current collapse in 

AlGaN/GaN high-electron-mobility transistors and confirmed 

the gate voltage dependence and temperature dependence in the 

high frequency region. An oscillation phenomenon was 

confirmed in the frequency dependence of the drain current. It 

was suggested that the oscillation phenomenon is caused by 

electrons moving back and forth between the crystal defect and 

the two-dimensional electron gas (2DEG) following the 

frequency. In the high-frequency region (0.8 GHz to 5 GHz), we 

calculated the inflection point from the oscillation waveform of 

the drain current, and succeeded in separating the response 

performance owing to crystal defects that enable high-frequency 

response. As a method for evaluating 2DEG carrier behavior in 

high-frequency bands, area value evaluation of areas with 

frequency dependence was investigated. The area value 

increases as the temperature rises (22°C to 80°C); however, it is 

confirmed that the area tends to decrease at higher 

temperatures (100°C or higher). The calculation result of the 

area value is linked with 2DEG behavior in GaN crystal. 

Keywords— AlGaN/GaN HEMTs, Frequency dependence, 

oscillation waveform, 2DEG carrier behavior  

I. INTRODUCTION  

Gallium nitride (GaN), a wide-gap semiconductor is a 

promising material for high-power electronic devices owing 

to its high dielectric breakdown and high thermal 

conductivity [1,2]. Although there are other materials with 

wide bandgaps, such as silicon carbide (SiC), GaN can 

obtain a high-electron-mobility transistor (HEMT) structure 

by stacking aluminum gallium nitride (AlGaN) and GaN 

heteroepitaxial structures [3,4]. GaN spontaneously polarizes 

along the c axis. A two-dimensional electron gas (2DEG) is 

formed at the interface between the AlGaN and GaN layers, 

which are HEMT structures, owing to the piezoelectric 

polarization effect associated with lattice strain [5,6]. The 

technology for fabricating electronic devices with HEMT 

structures already exist for other material systems, and GaN-

based HEMTs are being utilized [7,8]. However, the 

lamination structure of the AlGaN and GaN layers has a 

problem in that crystal defects are generated on the AlGaN 

layer side owing to the difference in lattice constant. The 

crystal defects in the AlGaN layer are formed by inheriting 

the point defects and edge dislocation created during the 

formation of the GaN layer [9]. This crystal defect traps 

electrons in the 2DEG layer and causes current collapse, 

which significantly reduces the drain current [10]. Several 

device structures have been proposed to suppress current 

collapse, and certain results have been obtained [11,12]. 

However, although these materials achieve a reduction in the 

current collapse phenomenon, their reduction in crystal 

defects and characteristics has not been discussed. Therefore, 

this study investigates the characteristics of crystal defects in 

relation to the current collapse phenomenon in AlGaN/GaN 

HEMTs. The frequency dependence of the drain current was 

observed before and after the current collapse phenomenon, 

and the electron capture process by the crystal defects was 

analyzed. By observing the behavior of these crystal defects, 

we confirmed the gate voltage dependence and temperature 

dependence of the drain current in the high frequency region. 

From these results, the energy transition until the carriers in 

the 2DEG were captured by crystal defects was confirmed. 

Therefore, we propose the transition of the energy acquired 

by the carriers in the 2DEG owing to the application of high 

frequency in the AlGaN/GaN HEMT and its analysis method. 

 

II. EXPERIMENTAL METHOD 

In our previous work [13], we established a method for 
measuring the frequency dependence of the current collapse. 
In this study, we analyzed the measurement results of the 
frequency dependence of the current collapse in AlGaN/GaN 
HEMTs and confirmed the gate voltage dependence and 
temperature dependence in the high-frequency region. 

A. I–V characteristics measurement 

Figure 1 shows a measurement block diagram of the 
changes in drain current with respect to the drain voltage (I–V 
characteristics). A gate voltage of -2.4 V was applied, and a 
drain voltage of 0 V to 7.0 V was applied in 0.1 V steps. In 
addition, the I–V characteristics were measured with a high 
frequency (10 GHz) applied through a vector network 
analyzer. 

B. Frequency dependence of drain current  

The AlGaN/GaN HEMT, the subject of this experiment, 
has a field-plate structure in the gate electrode part. With this 
structure, current collapse is suppressed when a high 
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frequency exceedining the time constant of crystal defects is 
applied to the gate electrode. [14] By measuring the drain 
current value when changing the frequency of the vector 
network analyzer, the waveform of the frequency dependence 
of the current collapse was obtained. Therefore, the frequency 
dependence of the current collapse can be obtained by 
sweeping from the low frequency at which the crystal defect 
can respond to the gate electrode to the high frequency at 
which the crystal defect cannot respond under the voltage 
condition that causes current collapse. The drain voltage was 
set to 4 V (current collapse area), and the drain current value 
was measured when the frequency was changed from 10 MHz 
to 5 GHz (every 2 MHz from 10 MHz to 1 GHz and every 20 
MHz from 1 GHz to 5 GHz). At this time, the measurement 
was performed with the gate voltage condition from -2.4 V to 
-2.7 V (every 0.1 V). In addition, we measured the 
temperature under six conditions of 22°C, 40°C, 60°C, 80°C, 
100°C, and 115°C for each gate voltage condition, and 
obtained 24 current collapse frequency-dependent waveforms. 

III. RESULTS AND DISCUSSIONS 

A. Current-Voltage (I–V) characteristics  

Figure 2 shows the measurement results of the I–V 
characteristics. The blue line is the measurement result when 
a DC gate voltage is applied, and the orange line is the I–V 
characteristics measured when 10 GHz is applied to the gate 
electrode. It was confirmed that the current collapse was 
suppressed when the I–V characteristics were measured at a 
frequency of 10 GHz applied to the device. The response time 
constant of the crystal defects that cause current to collapse is 
significantly smaller than 10 GHz. Therefore, electrons are not 
captured by crystal defects, and the current collapse is 
suppressed. 

B. Frequency dependence of drain current  

Figure 3 shows the measurement results of the frequency 

dependence of drain current. The result was a gate voltage of 

-2.4 V and a frequency sweep from 10 MHz to 5 GHz on the 

gate electrode. A frequency dependence is confirmed, in 

which the drain current value also increases while oscillating 

as the frequency increases. There were six series of 

environmental temperature changes from 22 °C to 115 °C. In 

the high-frequency region, the oscillation of the drain current 

value converged regardless of the environmental temperature 

change. In addition, it is confirmed that the drain current 

value decreases as the temperature increases in the high-

frequency region. Temperature dependence was not 

confirmed in the low-frequency region. The oscillation 

phenomenon shown in Figure 3 is caused by electrons 

moving back and forth between the crystal defect and the 

2DEG following the frequency. A decrease in the drain 

current indicates electron trapping to crystal defects, and an 

increase in the drain current indicates electron release from 

crystal defects. As the frequency increases, the total number 

of electrons captured by crystal defects decreases, and the 

measured drain current increases. 

In particular, in the high-frequency region exceeding 5 GHz, 

crystal defects cannot capture carriers, vibration almost 

disappears owing to frequency dependence, and current 

collapse is suppressed.  

C. High-frequency responsive crystal defect 

AlGaN/GaN HEMTs have been confirmed to have 

multiple crystal defects [14,15]. In the frequency dependence 

of Figure 3, multiple crystal defect responses are mixed in the 

low-frequency region. However, as the frequency increased, 

only the response of crystal defects with short time constants 

(which can handle high frequencies) was measured. 

Consequently, it is possible to separate only the response 

performance owing to crystal defects capable of high-

frequency responses. The region was divided into two 

regions: 10 MHz to 1 GHz and 1 GHz to 5 GHz. Approximate 

straight lines were calculated for each region using the least-
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squares method in Python. The intersection point of the two 

straight lines was regarded as the inflection point of the 

response of multiple crystal defects, and the response of 

crystal defects capable of a high-frequency response. Figure 

4 shows the approximation lines and inflection points in the 

two regions at a gate voltage of -2.4V and an environmental 

temperature of 22°C. The frequency dependence below the 

inflection point contains multiple crystal defect responses. 

Above the point of inflection, only the response of crystal 

defects that can handle high frequencies was considered.  
Figure 5 shows the temperature dependence of the inflection 

point positions (indicating the frequency). The gate voltage 

was changed from -2.4 V in -0.1 V steps. It can be confirmed 

that the value of the frequency at the inflection point tends to 

decrease with increasing temperature for each gate voltage. 

Regarding the frequency response characteristics in the 

high-frequency region, the following can be considered. As 

the temperature increases, the phonon scattering at the crystal 

lattice points forming the AlGaN layer intensifies. The 

process of electron capture and release to crystal defects is 

inhibited owing to the enhanced electron thermal scattering 

factor. An increase in temperature leads to a decrease in the 

response time constant for crystal defects. Electron capture 

and release shift to the high-frequency side. Therefore, 

electron release from crystal defects is suppressed as the 

temperature rises in the high-frequency region. Consequently, 

the drain current is low in the high-frequency region. The 

vibrational phenomena that imply electron capture and 

release from the crystal defects shift to lower frequencies. 

Therefore, the inflection point of the frequency response 

characteristic also shifts to the low-frequency side. 

 

D.  High frequency response analysis 

The frequency dependence of the drain current (Figure 

3) indicates that the oscillation phenomenon of the drain 

current is a current oscillation that occurs when crystal 

defects capture and release electrons. Consider the 0.8 GHz 

to 5 GHz band as the high-frequency region, we focus on the 

vibration phenomenon in that range. This area is on the high-

frequency side from the inflection point shown in Figure 4. 

Figure 6 shows an example of a plane constructed by 

connecting the upper and lower ends of the vibration in the 

high-frequency region. The area of the region connected by 

0.00

0.10

0.20

0.30

0.40

0.50

10 100 1000 10000

D
ra

in
 C

u
rr

en
t[

A
]

Frequency[MHz]

Fig. 4. Approximation lines and inflection points in the two regions 

at a gate voltage of -2.4Vat 22°C. 

0.50

0.60

0.70

0.80

0.90

1.00

1.10

20 40 60 80 100 120

F
re

q
u

en
cy

[G
H

z]

Temperature[℃]

gate-2.4V

gate-2.5V

gate-2.6V

gate-2.7V

Fig. 5. Temperature dependence of the inflection point positions 

(Indicating of frequency). 

0.37

0.38

0.39

0.40

0.41

0.42

0.43

0.44

0.8 1.5 2.2 2.9 3.6 4.3 5.0

D
ra

in
 C

u
rr

en
t[

A
]

Frequency[GHz]

Fig. 6. Example of a plane constructed by connecting the upper and 
lower ends of vibration at the high frequency region. 

0.000

0.002

0.004

0.006

0.008

0.010

20 40 60 80 100 120

A
re

a 
V

al
u

e

(F
re

q
u

en
cy
×

D
ra

in
 C

u
rr

en
t[

G
H

z・
A

])

Temperature[℃]

gate-2.4V

gate-2.5V

gate-2.6V

gate-2.7V

Fig. 7. Dependence of the area value on the gate voltage. 

979-8-3503-0219-6/23/$31.00 ©2023 IEEE 571



 

 

the red line was calculated using Python. The area was 

calculated by the product of frequency and drain current 

value. Hereafter, this value defines as the area value. Figure 

7 shows the dependence of the area on the gate voltage. It can 

be confirmed that the area tends to decrease as the gate 

voltage decreases. From the I–V characteristics, the number 

of carriers remaining in the 2DEG decreases as the gate 

voltage is lowered. It is believed that the area value decreased 

because the number of electrons moving between the crystal 

defects and 2DEG also decreased.  

Figure 8 shows the temperature dependence of the area 

value. As a property of semiconductor materials, increasing 

the temperature inhibits the transport of carriers in the 2DEG 

owing to lattice scattering [16]. However, as the temperature 

increases, thermal carriers are added from the semiconductor 

crystal and the current value increases [17]. As shown in 

Figure 8, although the area value increases as the temperature 

increases (22°C to 80°C), it is confirmed that the area tends 

to decrease at higher temperatures (100°C or higher). The 

calculation result of the area value (Figures 7 and 8) is linked 

to the 2DEG behavior in the GaN crystal.  

IV. CONCLUSIONS 

In this study, we analyzed the measurement results of 

the frequency dependence of the current collapse in 

AlGaN/GaN HEMTs and confirmed the gate voltage 

dependence and temperature dependence in the high-

frequency region. An oscillation phenomenon is observed in 

the frequency dependence of the drain current. It was 

suggested that the oscillation phenomenon is caused by 

electrons moving back and forth between the crystal defect, 

and the 2DEG following the frequency. In the high-frequency 

region (0.8 GHz to 5 GHz), we calculated the inflection point 

from the oscillation waveform of the drain current, and 

succeeded in separating the response performance owing to 

crystal defects that enable high-frequency response. As a 

method for evaluating 2DEG carrier behavior in high-

frequency bands, the area value evaluation of areas with 

frequency dependence was investigated. As a property of 

semiconductor materials, increasing the temperature inhibits 

the transport of carriers in the 2DEG owing to lattice 

scattering. However, as the temperature increases, thermal 

carriers are added from the semiconductor crystal and the 

current value increases. The area value increases immediately 

as the temperature rises (22°C to 80°C), and it is confirmed 

that the area tends to decrease at higher temperatures (100°C 

or higher). The calculation result of the area value (Figures 7 

and 8) is linked to the 2DEG behavior in the GaN crystal. 
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