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ABSTRACT This paper investigates bias-dependence of electroluminescence (EL) in an AlGaN/GaN
HEMT fabricated on a SiC substrate. The HEMT exhibited a low-intensity reddish EL at the gate
electrode at a drain voltage (Vgs) of 30 V, which was confirmed with combination of a top-side view
using a CMOS sensor camera and a back-side view using a silicon-intensified CCD. As Vg5 was increased
to 48 V, color change from low-intensity red to high-intensity white was accompanied with shift of the
location from the gate to the drain edge. The changes in the EL are attributed to a shift of the high
electric field from the gate to the drain electrode and a concentration of electric field near the drain edge.

INDEX TERMS GaN, HEMT, electroluminescence, electron trap, current collapse, electric field.

I. INTRODUCTION
AlGaN/GaN high-electron-mobility transistors (HEMTs) on
a SiC substrate have been expected to be used in power
and high frequency applications because of their high
breakdown voltage, high mobility, and high thermal conduc-
tivity [1]-[6]. In spite of these advantages, the development
of AlGaN/GaN HEMTs suffers from current collapse, asso-
ciated with electron trapping. Under high voltage biasing
conditions, electrons are accelerated by a concentrated elec-
tric field at a gate edge towards a drain electrode, and trapped
at an interface between a passivation film and AlGaN or
somewhere in epi layers [7]-[14]. To address the current
collapse, it is crucial to comprehensively understand the rela-
tionship between electron trapping and the electric field of
AlGaN/GaN HEMTs under biasing conditions.
Electroluminescence (EL) measurement is a power-
ful method for analysis of electric field distribution in
AlGaN/GaN HEMTs [15]-[25]. The high electric field
region in HEMTs can be identified by EL location. In
the case of HEMTs with severe current collapse, EL

was observed at the drain edge. By contrast, lumines-
cence in HEMTs with a low current collapse occurred at
the drain-side edge of the gate. Furthermore, some lit-
eratures mentioned when HEMTs was under continuous
biasing, EL shifted from the gate edge toward the drain
electrode, indicating a transition of the high electric field
region [17]-[19].

In addition, EL color was used to explore a distribution of
an electron energy. HEMTs with high energy hot electrons
exhibited a high-intensity whitish EL, whereas HEMTs with
relatively low energy hot electrons exhibited a weak reddish
EL [19]. On the other hand, in our study, we successfully
observed EL color changed from a low-intensity reddish to a
high-intensity whitish in one HEMT with increased Vg [21].
These changes in EL color are attributed to a shift of high
electric field from the gate to the drain edge. High energy
hot electrons are generated by the concentrated electric field
at the drain edge, resulting in strong whitish EL. Therefore,
EL location in one HEMT is expected to shift during the
EL color change.
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FIGURE 1. Schematic of cross-sectional structure of an AlGaN/GaN HEMT
on a SiC substrate.

In this work, we investigate change of EL color and tran-
sition of EL location in a HEMT under an increased V.
Especially, we observe EL from a back side of the HEMT
through the SiC substrate to exactly confirm the location
of EL.

1l. DEVICE FABRICATION

A cross-sectional structure of the AIGaN/GaN HEMT inves-
tigated in this study is shown in Fig. 1. Ohmic contacts
for source and drain and Schottky contacts were composed
by Mo/Al/Mo/Au and Ni/Au, respectively. A gate length
(Lg), a source-gate distance (Lgg), and a gate-drain distance
(Lga) were fixed to 0.8, 1.0 wm, and 2.0 wm, respectively.
A 60-nm-thick SiN film with a stress of +26.5 MPa was
deposited on the HEMT with plasma-enhanced CVD for
passivation [26].

1il. DEVICE CHARACTERIZATION

A. ELECTRICAL CHARACTERISTICS OF ALGAN/GAN HEMT
Figure 2 displays dc and pulsed /3-Vy4s characteristics of an
AlGaN/GaN HEMT on a SiC substrate at room temperature.
The maximum drain current (/gmax) is 350 mA/mm under a
Vgs of 0 V. The threshold voltage (Vi) is —1.85 V.

A synchronous gate and drain pulsed-bias sequence was
used in this work. A width and duty of the pulse were
fixed at 10 ms and 10%, respectively. The quiescent bias
of gate (Vgq) was set at —10 V and the quiescent bias of
drain (V4q) was increased from 10 to 48 V, which was an
off-state. As shown in Fig. 2 (a), severe current collapse of
the I4 is observed under a Vyq of 48 V. Fig. 2 (b) shows
a dependence of dynamic on-resistance (Ron) on the Vyq.
As the Vyq is changed from 40 to 48 V, the R,y obviously
increases, which indicates a significant current collapse [27].

B. ELECTROLUMINESCENCE
ALGAN/GAN HEMT

Figures 3 (a)-(c) display true color EL images of the
AlGaN/GaN HEMT on the SiC substrate at room tempera-
ture, taken by a CMOS sensor camera from top side of the

CHARACTERISTICS  OF
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FIGURE 2. (a) The dc and pulsed /4-V44 characteristics of an AlGaN/GaN

HEMT on a SiC substrate. (b) The relation between the dynamic
on-resistance (Ron) and the quiescent bias of drain (qu).
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FIGURE 3. True color EL images of the AIGaN/GaN HEMT on the SiC
substrate taken by a CMOS sensor camera under an increased Vq:
(@) 30 v; (b) 40 V; (c) 48 V.

HEMT under an increased Vg4 from 30 to 48 V. The CMOS
camera (SONY «6100) is combined with an optical micro-
scope. Because for the low minimum shutter speed of the
camera, a fairly intricate long-exposure shot can be achieved.
An integration time of 20 s was used for all measurements.
During observation, the Vg5 was kept at —1.7 V and Iy was
approximately 75 mA/mm. The color of EL was identified
by using an optical filter, which is transparent in different
spectral bands from 400 to 710 nm. In Fig. 3 (a) and (b),
the HEMT exhibits a low-intensity reddish EL under a Vg
of 40 V. As Vg increases to 48 V, the HEMT exhibits a
high-intensity whitish light, shown in Fig. 3 (c). This result
is identical to our previous report about the changes in EL
color of the HEMT with a different SiN film stress [21].
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FIGURE 4. False color EL images of the AlGaN/GaN HEMT on the SiC
substrate taken by a SI-CCD under an increased Vg4: (a) 30 V; (b) 40 V;
(c) a8 V.

An emission microscope (Hamamatsu Photonics
PHEMOS-1000) for identifying the EL location consists
of a silicon-intensified CCD (SI-CCD), whose features
are sub-micro level spatial resolution and high sensitivity
of the light [28]. The detectable wavelength range of the
SI-CCD camera is 300-1100 nm, so the EL related with
the hot electrons in HEMTs can be observed with the
PHEMOS-1000 [19]-[20].

Figures 4 (a)-(c) show false color EL images of the
AlGaN/GaN HEMT on the SiC substrate at room temper-
ature, taken by the SI-CCD from back side of the HEMT
under a Vg, ranged from 30 to 48 V. Figure 5 depicts the
pixel-by-pixel intensity of EL along A—A’ in Fig. 4. Because
for the sub-micro level spatial resolution of the PHEMOS-
1000 and a Lgg of 2.0 wm in HEMT, it is possible to identify
a shift of EL peak between the gate and the drain electrode.
As shown in Fig. 4 (a), a straight line-shaped EL is observed
along the gate finger of the HEMT under a Vg, of 30 V.
Based on Fig. 5, the EL emission peak is at the gate. When
the Vg4 increases from 30 to 40 V, the EL of the HEMT
shifts 0.5 pm from the gate center toward the drain edge,
shown in Fig. 4 (b) and Fig. 5. When the Vs is 48 V, the EL
peak of the HEMT shifts 2.1 wm from the gate center and
reaches near the drain edge, shown in Fig. 4 (c) and Fig. 5.
The result indicates a transition of the highest electric field
toward the drain edge under an increased Vj;.

C. DISCUSSING BIAS-DEPENDENCE OF EL
Origins of the EL shift in one HEMT under an elevated
Vgs are attributed to a transition of high electric field from

VOLUME 10, 2022

Source Gate Drain

I T I T I LA | 'oolo\' T LI T I T I
—~ [ S ‘a ’
S |30V d %o _
< |0000000900%%° 0000000000
; - A,AAAAAA1:>l n
@ |40V W ]
g pooa_ AAAAAA
< o, i
|48V oo oy
DI?DI.T.ID{I:lnl;leDpDPEF et vy, Bopo
5 4 -3 -2-1 01 2 3 4 5

Position from gate edge (um)

FIGURE 5. Line scan of the EL along A-A' in Fig. 4. The three lines from top
to bottom correspond to the EL under a Vg4 of 30, 40, and 48 V.
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FIGURE 6. Schematic illustration of electric field distribution in the
gate-drain region of an AlIGaN/GaN HEMT on a SiC substrate with mild or
severe current collapse.

the gate electrode to the drain electrode [18]. The change
in EL color is related with the density of trapped electrons,
which affects the potential profile in the gate—drain access
region [19], [21]. As shown in Fig. 6 (a), under a Vg5 of 30 V,
small amount of electrons is trapped near the gate, which
results in a low current collapse in the HEMT, depicted in
Fig. 2 (a). Under this condition, the highest electric field
in the HEMT is at the gate electrode and the electric field
widely distributes between the gate and the drain electrode.
Therefore, hot electrons with relatively low energy are gen-
erated, resulting in a low-intensity reddish EL. On the other
hand, as shown in Fig. 6 (b), under a V4 of 48 V, more elec-
trons are trapped on surface states, which causes a severe
current collapse in the HEMT, shown in Fig. 2 (a). The
increase in the trapped electrons results in a shift of the
highest electric field region from the gate toward the drain
edge [29]. Hence, high energy hot electrons are generated by
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the concentrated electric field around the drain edge, leading
to a high-intensity whitish EL.

According to the references, a change in EL color from
red to white is attributed to severe current collapse and a con-
centrated electric field in HEMT [19], [21]. Severe current
collapse and a strong electric field in the gate-drain access
region can result in a degradation of HEMT performance.
Therefore, it can be conceived that a change in EL color is
correlated with a degradation of HEMT.

IV. CONCLUSION

In this work, bias-dependence of EL in one HEMT on a SiC
substrate was investigated using a CMOS sensor camera and
a SI-CCD. As Vg4 was increased from 30 V to 48 V, EL
color of the HEMT turned from low-intensity red to high-
intensity white, meanwhile the EL location of the HEMT
shifted from the gate to the drain electrode. The results are
attributed to a shift of highest electric field and a formation
of a concentrated electric field at the drain edge.
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