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Abstract

A high breakdown voltage of 5.0 kV has been
achieved for the first time in vertical GaN p-n junction
diodes by our newly developed guard-ring structures.
Resistance device was inserted between the main diode
portion and the guard-ring portion to generate a voltage
drop to the guard-ring portion by leakage current under
negatively biased conditions before the breakdown. The
voltage drop partially released electric field at the outer
edge of the diode where the electric field became highest
and the breakdown usually occurred. By adopting this
structure, a few hundred volts improvements in the
breakdown voltages (Vg) were observed. With combin-
ing a measured low on-resistance (R,,) of 1.25 mQem?,
Baliga’s figure of merit (VEY/R,y) was as high as 20
GW/em’.

1. Introduction

Since gallium nitride (GaN) has very excellent physical
properties compared with Si, it has great expectations as the
ultimate material for highly efficient power devices. Con-
ventionally, GaN has been grown on Si, Sapphire and SiC
substrates, but in recent years it has been possible to grow
high quality freestanding GaN substrates which enable to
grow high quality GaN epitaxial layers on the substrates.
This homo-epitaxial growth has dramatically improved in
GaN device performances by introducing vertical device
structures. Previously, we realized a device with a high Vy
of 4.7 kV by field plate structures and insertion of low do-
nor-concentration n-GaN layers on top of the drift layer in
GaN p-n diodes on high quality free-standing substrates [1].
A higher breakdown voltage, however, can be expected
from a calculation by Poisson's equation to the layers and
there is some room for structural improvements. For the
further increment of Vg, we have developed guard-ring
structure p-n junction diodes.

2. Device Structure and Fabrication Process

The schematic structure of the guard-ring structure p-n
diodes is shown in Fig.1. The guard-ring portion was dis-
posed around the main p-n diode portion, and a ring re-
sistance device was inserted between the guard-ring portion
and the main p-n diode portion. In ring-shaped diodes, when
the reverse voltage is applied the electric field concentrates
most at the mesa edge of the outermost ring portion. There-
fore, the destruction of the diodes has occurred at the mesa
edge of the outermost ring portion. This is because there is a
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Fig. 1. Schematic cross sections
of the guard ring structure GaN p-n diodes.

relationship of Vi, > Vy,;, where V,,; is Vp of the mesa edge
of the outermost ring portion and V, is that of the mesa
edge of the main p-n diode portion. By inserting a resistance
devices between the ring portion and the main p-n diode
portion (in this case, the ring portion is called the guard-ring
portion), a voltage drop (Vy;) occurs between them when a
reverse voltage is applied to the p-n diode and the voltage
applied to the guard-ring portion decrease by the voltage
drop. When the applied reverse voltage V to the p-n diodes
is Vi, a voltage of Vy,; - Vy is applied to the p-n junction of
the guard-ring portion and breakdown does not occur at the
mesa edge of the guard-ring portion. When V exceeds Vy,, if
Va1 < Vpia (= Vi - Vi), breakdown occurs at the mesa edge
of the guard-ring portion at V = Vy,; + Vg4, and if Vg > Vi,
breakdown occurs at the mesa edge of the main p-n diode
portion at V = Vy,. Therefore, by inserting a resistance de-
vice having a resistance value such that V4, > Vy,,, it is pos-
sible to achieve high Vg corresponding to the difference of
Vb] and Vb2~

The layer structure shown in Fig. 1 was grown by met-
al-organic vapor phase epitaxy (MO-VPE) on a
free-standing GaN substrate fabricated by the void-assisted
separation method with threading dislocation densities less
than 3 x 10° cm™ [2-3]. Drift layers under the p-GaN layer
consist of undoped GaN with a residual Si concentration of
<2 x 10" em?, n°-GaN with a Si concentration of 9 x 10"
cm'3, and n"-GaN with a Si concentration of 1.6 x 10'® cm™.
After the MO-VPE growth thermal annealing was per-
formed at 850 °C for 30 minutes under N, ambient in order
to activate Mg acceptors by removing adherent hydrogen
atoms.
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Photosensitive polyimide (HD8820 manufactured by
Hitachi Chemical Co., Ltd.) was used for resistance devices
inserted between the guard-ring portion and the main p-n
diode portion. The width of the resistance device was set to
4 um. After pattern formation by conventional lithography,
the polyimide was baked at 350 °C for 30 minutes under air
to cure. The procedure of fabricating our conventional diode
structures was mentioned in detail elsewhere [4]. The di-
mension of the circular Pd ohmic electrode was 60 pm.
Current-voltage (I-V) characteristic were evaluated using
Agilent B1505A combined with an ultra-high-voltage unit at
room temperature while measured chips were immersed in
insulating oil.

3. Result and Discussions
Figure 2 shows the forward I-V characteristics of

guard-ring structure p-n diode and normal circular p-n diode.

In the former diode, the on-resistance (Ry,) was 1.25 mQcem?
at forward voltage 5 V. R,, was calculated with the area of
the p-n diodes. The value was almost the same as R,, of the
latter diode. Since a high resistance polyimide was inserted
between the guard-ring portion and the main p-n diode por-
tion, the guard-ring portion did not contribute to the forward
current.
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Fig. 2. Forward |-V characteristics.

Figure 3 shows the reverse I-V characteristics of
guard-ring structure p-n diode and normal circular p-n diode.
In the guard-ring structure p-n diode, the breakdown voltage
(Vg) was 5.0 kV which is about 200 V higher than 4.8 kV of
the normal circular p-n diode. This value is the highest
among so-far reported Vy of the vertical structure GaN p-n
diodes. The Baliga’s figure of merit (V5*/R,,) [5] resulted
in this study was 20 GW/cm’.

Figure 4 shows the surface of the guard-ring structure
diode after the Vg measurement. The diode was destroyed at
the mesa edge of the main p-n diode portion. Therefore, it
could be considered that the relation of V4 > Vi, was held
at this width of the resistance device. A further improvement
of Vg can be expected by optimizing the resistance device.
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Fig. 3. Reverse |-V characteristics.
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Fig. 4. Diodes surface after destruction.

4. Conclusions

In order to increase the Vg of the p-n diodes, we devel-
oped guard-ring structure p-n diodes in which resistance
devices were inserted between the guard-ring portion and
the main p-n diode portion. In the guard-ring structure p-n
diode, the breakdown voltage was 5.0 kV which is about
200 V higher than 4.8 kV of the normal circular p-n diode.
The Baliga’s figure of merit resulted in this study was 20
GW/cm’.

Acknowledgements
The authors thank the Japan Ministry of the Environ-
ment for their support.

References

[1] H. Ohta, N. Kaneda, F. Horikiri, Y. Narita, T. Yoshida, T. Mi-
shima, and T. Nakamura, IEEE Electron Device Letter, Vol.36,
No.11, pp. 1180-1182, 2015.

[2] Y. Oshima, T. Eri, M. Shibata, H. Sunakawa, K. Kobayashi, T.
Ichihashi, and A. Usui, Jpn. J. Appl. Phys., Vol. 42, no. 1A/B,
pp- L1-L3, Jan. 2003.

[3] T. Yoshida, Y. Oshima, T. Eri, K. Ikeda, S. Yamamoto, K.
Watanabe, M. Shibata, and T. Mishima, J. Crustal Growth, Vol.
310, no. 1, pp. 5-7, Jan. 2008.

[4] Y. Hatakeyama, K. Nomoto, A. Terano, N. Kaneda, T. Tsuchi-
ya, T. Mishima, and T. Nakamura, Jpn. J. Appl. Phys., Vol. 52,
pp. 028007-1-028007-3, Jan. 2013.

[5] B. J. Baliga, Fundamentals of Power Semiconductor Devices.
Heidelberg, Germany, Springer-Verlag, 2011.

-672 -



