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1. Introduction

Gallium nitride (GaN) is an excellent candidate for 
electronic power devices due to its superior properties, 
such as high breakdown voltage, high thermal 
resistance, and low on-resistance.(1,2) In particular, the 
AlGaN/GaN high electron mobility transistor (HEMT), 
which utilizes high-density two-dimensional electron 
gas (2DEG), has received considerable attention as a 
switching device for next generation power conversion 
systems.

However, AlGaN/GaN HEMTs have serious 
problems, one of which is the reduction of drain current 
at the on-state after the application of drain voltage 
stress in the off-state; this phenomenon is referred 
to as current collapse.(3-10) Device performance, such 
as the output power and the switching characteristics 
of AlGaN/GaN HEMTs, are limited due to current 
collapse. Current collapse is generally caused by the 
charges trapped at the AlGaN barrier surface, AlGaN 
layer, AlGaN/GaN interface, and GaN bulk.(11-13) 
Trapped charge carriers are emitted from the trap sites 
with several time constants τ, and the drain current is 
recoverable in time. 

Kelvin force microscopy (KFM) is often used to 

investigate the distribution of trapped carriers by 
measuring the surface potential on AlGaN/GaN HEMT 
devices.(14-17) High speed switching in AlGaN/GaN 
HEMTs is required to realize the downsizing of 
conversion systems; therefore, it is important 
to investigate the current collapse by imaging 
immediately after the transition time from the off-state 
to the on-state. Observation of the trapped charge 
distribution is required immediately (e.g. 1 µs) after 
completion of the drain stress-voltage; however, it is 
difficult to record the surface potential of the device 
due to the scan speed limitations of the cantilever. 
Therefore, there is no adequate method to detect the 
trapped charge distribution in AlGaN/GaN HEMT 
devices with sub-second resolution after completion 
of the drain-stress voltage in the off-state.

On the other hand, degradation proceeds at the gate 
edge on the drain side, due to the mechanical strain 
induced by a high electric field,(18-22) and an improved 
observation method of the degradation locations is 
an effective approach to improve the reliability of 
these devices. Changes in the surface morphology 
and oxide particles are often observed along the gate 
edge of stressed samples.(23,24) Electroluminescence 
(EL) and photoluminescence (PL) studies have 
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100 µmϕ. Drain and gate pulse voltages were applied 
to the sample using a function generator (NF Corp., 
WF1974). The drain voltage was amplified using an 
amplifier (Turtle Corp., T-HVA02). SH signals were 
induced by the light and the applied voltage. The 
wavelength of the SH signal is λ = 500 nm. The SH 
signal intensity I (2ω) is expressed as follows:

I (2ω) ∝ | c(3)
xxxx(2ω; 0, ω, ω)Ex(0)Ex(ω)Ex(ω) |2, (1)

where c(3)
xxxx(2ω; 0, ω, ω) represents the third order 

nonlinear optical susceptibility, and Ex(0) and Ex(ω)
represent the static local electric field and the electric 
field of the incident light, respectively. The SH signals 
are detected only in the drain-source direction due to 
the use of polarizer located behind the Ti:sapphire 
laser.

In the measurement of the off-state, Ex(0) is the 
ratio of the applied drain voltage Vd, and the depletion 
layer d (Ex(0) = Vd/d ), in the equation, and the SH 
signals are largely induced. On the other hand, in 
the measurement of the on-state, Ex(0) is equivalent 
to the electric field generated only by the trapped 
charge carriers, because the applied drain and gate 
voltages were 0 V under this measurement condition. 
SH signals were filtered by a fundamental-cut filter 
to remove the primary beam, and were detected by a 

been widely used to investigate the appearance 
of degradation-related hot spots in AlGaN/GaN 
HEMTs.(25-28) While the degradation of such devices 
under off-state conditions is clearly affected by the 
electric field, it is still necessary to directly observe 
the electric field distribution in a device.

The traps produced by degradation are also 
associated with current collapse, which changes the 
electric field distribution induced by the degradation. 
Therefore, the current collapse and degradation 
imaging of AlGaN/GaN HEMTs is important and a 
method for direct observation of the electric field may 
be useful to detect the degradation points clearly with 
high sensitivity.

Electric field-induced optical second-harmonic 
generation (EFISHG) measurements enable the direct 
probing of electric fields in organic devices; therefore, 
this technique represents a very useful means to 
investigate fundamental processes such as carrier 
injection and transport.(29-31) In addition, this method 
makes it possible to acquire information concerning 
the electric field with a very fine time resolution, because
a pulsed laser is used. Furthermore, two-dimensional 
(2D) imaging can be performed simultaneously with 
trigger delay measurements. Thus, the advantages of 
EFISHG measurement are dynamic measurement with 
high speed and 2D imaging. The weak electric field 
caused by the trapped charges, which leads to current 
collapse, may be detected as a second-harmonic (SH) 
signal at the on-state immediately after application of a 
high voltage at the off-state. In addition, it is expected 
that the degradation points of AlGaN/GaN HEMT 
devices in the off-state may be readily identified using 
this technique. In this paper, the 2D imaging of current 
collapse and degradation in AlGaN/GaN HEMT 
device was investigated using EFISHG measurements.

2. Experimental Method

2. 1  EFISHG Measurement for Current Collapse
        and Degradation Imaging

Figure 1 shows schematic diagram of the setup 
for EFISHG measurement. The primary beam from 
a Ti:sapphire laser (λ = 1000 nm, femtosecond pulse 
width) passes through a polarizer, a SH-cut filter, and 
an objective lens (Mitsutoyo, M Plan Apo SL20X, 
N.A. = 0.28, W.D. = 30.5 mm) before being irradiated 
onto the sample.(32) The spot size on the sample is about 

Fig. 1	 Schematic diagram of the setup for the EFISHG 
measurement and cross-sectional diagram of 
AlGaN/GaN HEMT device.

GaN
AlGaN

DS G

Buffer layer

Si substrate

SH 
signal

Pulse 
laser

GaN

Amplifier

Function 
generator

O
bj

ec
tiv

e 
le

ns



http://www.tytlabs.com/review/

35

© Toyota Central R&D Labs., Inc. 2015

R&D Review of Toyota CRDL, Vol.46 No.3 (2015) 33-41

is considered that the SH signals are dependent on the 
time, similar to the dependence of RonA, as shown in 
Fig. 2 (bottom panel). The repetition rate of the pulse 
laser is 1 kHz and the event duration is 1 ms. The 
SH signals produced by a single pulse laser may be 
weakly induced and are integrated for 5 min to clearly 
visualize the 2D image of the electric field distribution 
in the AlGaN/GaN HEMT device.

For condition (ii), the pulse laser was irradiated 
at 30 µs after the applied voltage to investigate the 
electric field distribution in the device at the off-state. 
The drain voltages were applied at 100, 200 and 300 V 
with the device in the off-state during the EFISHG 
measurements. In addition, the device was stressed by 
the application of 200 V for 1 h in the off-state prior 
to the condition (ii) SHG measurements. The SHG 
measurements with condition (ii) were thus conducted 
using a stressed sample.

2. 2  Device Structure

Schottky gate AlGaN/GaN HEMT devices 
were used in these experiments. The AlGaN/GaN 
HEMT device was fabricated on an AlGaN/GaN 
heterostructure grown on a silicon substrate. The 
thickness of the AlGaN and GaN layers were 20 nm 
and 1.6 µm, respectively. A 2 nm thick GaN cap layer 
was deposited on the AlGaN layer. The Al content in 
AlGaN is 0.20. Ti/Al layers used as source and drain 
electrodes were deposited and annealed at 650°C for 
5 min in a N2 atmosphere to ensure the formation of an 
ohmic contact. Ni was used as a Schottky gate metal. 
The gate-source length LGS, gate length LG, gate-drain 
length LGD, and gate width WG were 5, 5, 15 and 
100 µm, respectively. No passivation layer was used in 
this device, based on the assumption that the specific 
on-resistance RonA is large at the on-state of the device 
immediately after completion of the drain-stress 
voltage in the off-state.(35) Figure 3 shows the Vg-Id 
characteristics of the device with a drain voltage of 
1 V. The threshold voltage Vth was –3.5 V, and the 
normally-on operation was confirmed. The static RonA 
measured at Id = 5 mA and Vg = 0 V was 8 mΩ cm2.

2. 3  Current Collapse Measurement 
        (Time Dependence of RonA)

The impact of current collapse was defined as RonA. 
As a method to measure the time dependence of RonA 

cooled charge-coupled device (CCD) camera (Andor 
Technology: DU420-BV). One pixel of the CCD image 
corresponds to 0.5 × 0.5 µm2 area. c(3)

xxxx(2ω; 0, ω, ω) 
for the GaN material is discussed elsewhere.(33,34) Ex(ω) 
is dependent on the laser intensity incident on the 
sample.

Figure 2 shows timing charts for the pulse laser, and 
the applied drain and gate voltages in the AlGaN/GaN 
HEMT device to obtain SH signals under device 
operation. This device is a normally-on type, and 
the gate voltage was applied at –5 V to realize the 
off-state. For conditions (i) and (ii), the pulse laser 
was irradiated at the on-state and at the off-state, 
respectively. The timing of condition (i) is to achieve 
current collapse imaging. The pulse width of the 
drain and gate voltages is 130 µs. To prevent device 
destruction during the measurement, the time of the 
applied gate voltage is slightly longer than that of the 
drain voltage (ca. 0.1 µs).

For condition (i), the time dependence of the trapped 
charge distribution is investigated by changing the 
time delay of the pulse laser (1, 100 or 800 µs) from 
the end of the applied drain stress voltage (200 V). It 

Fig. 2	 Timing chart for the pulse laser, and the drain 
and gate voltages in the device during EFISHG 
measurement.
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The SH signal intensity becomes weak with an increase 
in the time, although the signal location is almost 2 µm 
from the gate edge. In the principle of EFISHG, the 
generation of an SH signal means that an electric field 
is present on the device. Under condition (i), both Vg 
and Vd were applied at 0 V at the on-state in the device, 
and the SH signals would originate from the trapped 
charges induced by the drain stress voltage at the 
off-state in the device.

Figure 6 shows the time dependence of RonA and 
the SH intensity at the on-state of the AlGaN/GaN 
HEMT device after the end of the drain voltage at 
200 V. RonA is gradually decreased from 1000 mΩ cm2 
at 1 µs to 10 mΩ cm2 at 40 s, while the SH intensity 
also decreases with time. RonA and the SH intensity 
have similar tendencies, where the SH signals indicate 
that the electric field is created by the trapped charge, 
which leads to current collapse. The reduction of the 
SH signal intensity with time is considered to result 
in carrier emission from the trap sites at the SH signal 
region (2 µm from the gate edge). The virtual gate 
model explains the current collapse phenomenon of 
the AlGaN/GaN HEMT.(36,37) The model shows that 
the cause of current collapse is the charging up of a 
second virtual gate that is physically located in the 
gate-drain access region. Surface states in the vicinity 
of the gate trap electrons act as a negatively charged 
virtual gate, due to the large bias voltages present on 
the device. The visualization of trapped carriers, which 
leads to current collapse, at the gate edge of the drain 
electrode was confirmed by the results.

SH signals consist of charges trapped at the AlGaN 
barrier, AlGaN/GaN interface, and GaN bulk layer in 
this experiment, because the resolution of the depth 
direction is about 50 µm due to the use of the objective 
lens with a low numerical aperture (NA). In previous 
work,(35) the RonA was significantly reduced when a 
p-GaN gate GaN HEMT device was covered with a 
passivation layer. This indicates that the SH signals 
may originate mainly from the AlGaN barrier only in 
a device without a passivation layer. The origin of the 
SH signals in the depth direction will be shown in the 
next study.

3. 2  Degradation Imaging

Figure 7 shows an optical microscopy image 
of the AlGaN/GaN HEMT device surface and SH 
signals observed upon application of 100, 200 and 

from short to long time at the on-state of the device after 
the end of the applied drain voltage, the AlGaN/GaN 
HEMT device and load resistance were connected in 
series. The drain stress voltage was applied 200 V 
for 10 s at the off-state. The value between the drain 
and source voltage VDS of the device was read using 
an oscilloscope. The operation point of the device 
was determined by the value of the load resistance 
(100 kΩ) in the Vg-Id characteristics, and the on-state 
drain current Id, was 2 mA at Vg = 0 V at the on-state. 
After the end of the applied drain stress at the off-state, 
the drain voltages VDS from 1 µs to 40 s at the on-state 
of the device were measured and RonA was calculated.

3. Results and Discussion

3. 1  Current Collapse Imaging

Figure 4 shows an optical microscopy image of the 
AlGaN/GaN HEMT device surface and SH signals 
observed at 1, 100 and 800 µs under condition (i). SH 
signals are observed at the gate edge on the drain side 
and are extended almost uniformly from the gate edge. 
Figure 5 shows the distribution of SH signals obtained 
from Fig. 4 (condition (ii) is discussed later.). The SH 
signal intensity is the strongest at the gate edge and 
decreases with the distance in the direction from the 
gate edge to the drain. The distribution of SH signals 
corresponds to the results of KFM measurements.(14-17) 

Fig. 3	 Vg-Id characteristics for the AlGaN/GaN HEMT 
device. Vd was applied at 1 V.
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indicates that the sample was not damaged under this 
stress condition.

The SH signal intensity at the off-state is clearly 
larger than that of the on-state, as shown in Fig. 5, 
although the SH signal distributions for conditions (i) 
and (ii) are similar. The locations of the highest SH 
signal intensity for conditions (i) and (ii) correspond 
with each other, which indicates that the carriers are 
easily trapped with a high electric field under the 
off-state. On the other hand, to cause a weak electric 
field at the off-state is important to reduce the current 

300 V under condition (ii). From Figs. 7(b)-(d), it is 
evident that the SH signals are observed at the gate 
edge on the drain side, extending from the gate edge 
in the direction of the drain. The generation of SH 
signals indicates that the electric field was applied at 
the depletion layer. Weak SH signals were observed 
at the left side of Figs. 7(b)-(d), which indicates that 
there may be insufficient laser irradiation, so that the 
SH signals are weakened. The SH signals appeared 
uniformly at the gate edge on the drain side at 100 
and 200 V in Figs. 7(b) and (c), respectively, which 

Fig. 4	 (a) Optical microscopy image of the AlGaN/GaN HEMT device surface, and (b)-(d) SH signals obtained at 
1, 100 and 800 µs after completion of the drain voltage, respectively.

(a) (b)

(c) (d)

Fig. 6	 Time dependence of the SH signal intensity and 
Ron A at the on-state after completion of the applied 
drain voltage.

Fig. 5	 SH signal distribution for conditions (i) and (ii).
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4. Conclusion

The electric field distributions of AlGaN/GaN 
HEMT devices were imaged on the basis of EFISHG 
measurements, which enabled an investigation of 
both the current collapse and degradation. This 
measurement is useful to acquire current collapse 
imaging within a short time after the transition 
from the off-state to the on-state. Immediately after 
completion of the drain-stress voltage (e.g., 1, 100 
and 800 µs) at 200 V in the off-state, the SH signals 
appeared within 2 µm from the drain electrode. This 
signal location corresponds well with the virtual gate 
model of current collapse. The distributions of SH 
signals in the on- and off-states were similar, and the 
formation of a weak electric field at the off-state in 
the device is effective to suppress current collapse. 
In addition, a strong SH signal was observed at the 
location of a small defect in the gate edge upon 
application of a high drain stress voltage, which 

collapse phenomenon. The field plate structure is well 
known for suppression of the electric field, and has 
been confirmed as an effective method to reduce the 
current collapse phenomenon.

The slopes of the SH signal plots in Fig. 5 are 
almost identical for each of the three voltages,(38) 
which indicates that the electric field distributions 
are similar under each condition, with the exception 
of the region denoted by the red arrow in Fig. 7(d), 
where non-uniform SH signals from the gate edge are 
observed. This phenomenon suggests that the electric 
field is concentrated at this point and thus generates a 
particularly strong SH signal. On closer examination, 
a small surface defect was identified at this point, as 
shown in the optical microscopy image in Fig. 8. This 
feature may be induced by the stress voltage of 300 V.

It was anticipated that a high drain voltage would 
be applied to the device in the off-state until evidence 
of device degradation was observed. The change 
in the surface morphology or oxide particles after 
stressing of these devices may be observed around 
the surface defect. It is difficult to determine the 
mechanism by which the device is degraded, or the 
associated factors, after the destruction of the device; 
however, the observation of an enhanced signal at the 
site of the inadvertent manufacturing defect indicates 
that EFISHG measurements have potential for the 
assessment of some of the associated factors. In 
particular, the measurements performed in this study 
enabled the assessment of pre-breakdown phenomena, 
and thus make it possible to reveal the degradation and 
destruction mechanisms.

Fig. 7	 (a) Optical microscopy images of the AlGaN/GaN HEMT device surface, and (b)-(d) SH signals obtained 
at drain voltages of 100, 200 and 300 V at the off-state, respectively.

Fig. 8	 Optical micrograph of the region of the most 
intense SH signal observed during the EFISHG 
measurements.
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