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Abstract—In this study, we experimentally observed the 

behavior of carriers generated by the photoelectric effect in the 

GaN crystal layer (channel layer) from the viewpoint of high-

frequency characteristics to clarify the carrier transport 

phenomenon. It was found that the accumulation of holes 

generated by the photoelectric effect near the source electrode 

causes a new parasitic capacitance component that depends on 

the gate voltage. 
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I. INTRODUCTION  

Digital transformation (DX) and green transformation 
(GX) are two major challenges in the contemporary world 
[1,2]. In the future, building an information and 
communication technology (ICT) system that pursues power-
saving effects will be essential. Therefore, there is a strong 
demand for high-efficiency power semiconductor devices [3]. 
Electronic devices using GaN-based semiconductors are 
attractive power semiconductor devices for power-supply 
circuits because of their high breakdown field strength and 
high electron mobility caused by two-dimensional electron 
gas (2DEG) [4,5]. Therefore, the development of AlGaN/GaN 
high-electron-mobility transistors (HEMTs) is progressing 
rapidly toward practical applications. However, AlGaN/GaN-
based HEMTs suffer from insufficient current collapse due to 
crystal defects in the AlGaN crystal layer [6,7], thereby 
limiting their use as power devices. AlGaN/GaN-based 
HEMTs have a unique structure that can suppress current 
collapse and is not found in other HEMTs [8, 9]; however, 
these characteristic structures also complicate the behavior of 
carriers in the two-dimensional electron gas formed in the 
channel layer. Therefore, in this study, photogenerated 
carriers whose generation amount could be controlled 
artificially were generated in a two-dimensional electron gas, 
and the carrier behavior in the channel layer was observed. We 
analyzed the behavior of the photogenerated carriers from the 
viewpoint of high-frequency gain and constructed a carrier 
behavior model in a two-dimensional electron gas. As a 
result ,the high-frequency characteristics of the 
photogenerated carriers were clarified. 

II. EXPERIMENTAL METHOD 

In this experiment, optical carriers were generated by 
irradiating the AlGaN/GaN HEMT (DUT) from above with a 
laser beam having an energy higher than the bandgap of the 
GaN crystal. Optical carriers were generated in the gaps 
between the gate metal and the source and drain metals. The 
Thorlabs epoxy-encased LED370E used in this experiment 
has a wavelength of 370 nm and an energy value of 3.36 eV. 
The output of LED370D was 1 mW/cm².The light emitted 
from the LED was condensed into a circle with a diameter of 
25 µm by a condenser lens. The light intensity was 
5.09×10⁹mW.The light emitted from the light source was 
polarized into a parallel beam using aspheric condenser lenses 
and irradiated onto the DUT. Additionally, the carrier 
behavior inside the channel layer was observed by measuring 
the S-parameter frequency characteristics using a vector 
network analyzer. Fig. 1 shows a block diagram of the 
experimental system used in this study. In the high-frequency 
measurement, the drain voltage of the DUT was set to 1.5 V 
under the condition that the current collapse phenomenon 
occurs. The measurement frequency band ranged from 10 
MHz to 10 GHz. The gate voltage was set to 0.1 V from 1.8 
V to 2.4 V. For comparison purposes, the high-frequency 
characteristics were measured in both the ON and OFF states 
of the light. In the high-frequency measurement, the power 
gain characteristic S21 parameter was extracted, and the 
current gain characteristic h21 parameter was derived from the 
data. 

Fig.1. Block diagram of the experimental system. 
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III. RESULTS AND DISCUSSIONS 

A. Frequency dependence of power gain (S21) 

Fig. 2 shows the frequency dependence of the power gain 
when the DUT is not irradiated with a parallel beam. Fig. 3 
shows the frequency dependence of the power gain after 
irradiating the DUT with a parallel beam. A comparison of 
Figs. 2 and 3 confirms that the parallel-beam irradiation 
reduces the power gain in the high-frequency band. Fig. 4 
shows a schematic of the carrier behavior inside the channel 
layer. Electron-hole pairs were generated inside the channel 
layer by parallel beam irradiation. The electrons generated by 
the parallel beam degenerate inside the channel layer and 
become 2DEG, which goes through to the drain end as it is. 
However, although the holes move toward the source 
electrode, the transport stops near the source electrode because 
of the potential barrier created by GaN and AlGaN [10]. 
Therefore, holes start to accumulate near the source electrode 
and function as circuit factors that degrade the response 
performance in the high-frequency region [11].  

Fig. 5 shows the gate-voltage dependence of the power-
gain cutoff frequency. The orange and blue lines represent the 
parallel beam ON and OFF states, respectively. As the gate 
voltage decreases, the power-gain cutoff frequency increases. 
The power gain cutoff frequency for parallel beam ON is 
lower than that for parallel beam OFF. However, a reversal 
phenomenon is confirmed at a gate voltage of -2.4V. This is 
attributed to the number of electrons in the 2DEG. By 
lowering the gate voltage, the electron density in the 2DEG 
decreases. It is conceivable that the holes that accumulated in 
the vicinity of the source electrode are more localized as the 
2DEG electron density is higher. The localization of holes is 
considered to be an apparent circuit factor. Conversely, when 
the electron density of the 2DEG becomes low, hole 
accumulation spreads over the entire channel layer, and its 
functionality as a circuit factor is lost.  

B. Frequency dependence of current gain (h21) 

      Fig. 6 shows the frequency dependence of the current gain 

when the DUT is not irradiated with a parallel beam. Fig. 7 

shows the frequency dependence of the current gain after 

irradiating the DUT with a parallel beam. Similar to the 

frequency dependence of the power gain, the gain decreased 

with parallel-beam irradiation. Figure 8 shows the gate 

voltage dependence of the current-gain cutoff frequency. The 

orange and blue lines represent the parallel beam ON and 
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Fig. 2. Frequency dependence of the power gain. 

(Not irradiated with a parallel beam) 
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Fig. 5. Gate-voltage dependence of the power-gain cutoff frequency. 
Fig. 4. Schematic diagram of carrier 
behavior inside the channel layer. 
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OFF states, respectively. The trends in Fig. 8 are almost 

similar to those in Fig. 5. 

      A crossing point can be clearly confirmed in the 

frequency dependence of the current gain in Figs. 6 and 7. Fig. 

8 shows an enlarged view of the crossing point in Fig. 7. 

Normally, both the power and current gains are attenuated at 

a constant rate [12]. Unlike the power gain (S21), the current 

gain (h21) is a theoretical calculation obtained using a small-

signal circuit model of MESFET [13]. This implies that the 

current gain decay deviates from the theoretical curve, which 

indicates that the adaptation of the small-signal circuit model 

is inappropriate. GaN-based HEMTs exhibit a current 

collapse phenomenon [14]. The current collapse phenomenon 

is caused by the trapping of 2DEG in the crystal defects in the 

AlGAN layer [15]. In other words, the occurrence of crossing 

points in Fig. 6 is considered to be due to crystal defect factors, 

regardless of the presence or absence of parallel beams. 

Furthermore, as confirmed in Fig. 7, the parallel-beam 

irradiation causes a deviation from the theoretical curve 

because the crossing point is even more apparent. Hole 

accumulation occurs near the source electrode of the channel 

layer because of parallel beam irradiation. Hole accumulation 

leads to an increase in the positive gate-source bias, which 

increases the gate-source capacitance (Cgs). Although Cgs 

exists as a parasitic capacitance in the MESFET small-signal 

circuit model [16], the bias effect due to crystal defects and 

the hole accumulation effect were not considered. 
 

IV. CONCLUSIONS 

In this study, photogenerated carriers, whose generation 
amount could be artificially controlled, were generated in a 
two-dimensional electron gas, and the carrier behavior in the 
channel layer was observed. We analyzed the behavior of 
photogenerated carriers from the viewpoint of high-frequency 
gain and constructed a carrier behavior model in a two-
dimensional electron gas. We experimentally observed the 
behavior of carriers generated by the photoelectric effect in 
the GaN crystal layer (channel layer) from the viewpoint of 
high-frequency characteristics to clarify the carrier transport 
phenomenon. Hole accumulation leads to an increase in the 
positive gate-source bias, which increases the gate-source 
capacitance. It was found that the accumulation of holes 
generated by the photoelectric effect near the source electrode 
causes a new parasitic capacitance component that depends on 
the gate voltage. 
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