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We have studied the avalanche breakdown design parameters of GaN n+/p and p+/n junctions in the voltage range of 1.2 to 12 kV using

numerical simulations and analytical calculations. Important analytical models regarding the relationships between breakdown voltages, depletion

width, maximum junction electric field and doping concentrations have been extracted which shows very high consistency with the results from

numerical simulations. These analytical models can be used as guidelines in the designing of GaN high voltage power devices. The multiplication

factors Mn and Mp have also been obtained and the analytical models have been extracted. The results showed that in GaN, n+/p junction is

better than p+/n for the main voltage blocking junction due to a sharper avalanche current increase.

# 2013 The Japan Society of Applied Physics

1. Introduction

GaN power switching devices are competitive in the vol-
tage range of 1.2 kV and above when compared with its
silicon counterparts, due to its 10� higher critical electric
field, and the ability to operate at temperatures above
250 �C.1) GaN MOSFETs has been demonstrated with
positive threshold voltage and superior breakdown voltage
compared with silicon.2–4) In the cases of GaN high electron
mobility transistors (HEMTs),5,6) metal–insulator–semicon-
ductor (MIS) HEMTs,7,8) MOS-channel HEMTs (MOSC-
HEMTs),9–13) and gate injection transistor (GIT),14) the high
mobility and concentration of the two-dimensional electron
gas (2DEG) at the AlGaN/GaN interface gives more
advantage to GaN over silicon. GaN vertical power tran-
sistors have also been demonstrated.15–18) However, there
have been few studies on the design of the breakdown
voltage for GaN power devices.

For silicon power devices, there have been many
analytical studies on the designing of the breakdown voltage
(BV). In semiconductor p–n junctions, avalanche breakdown
happens when the impact ionization integral reaches
unity:19)

I ¼
Z w

0

�p exp

Z x

0

ð�n � �pÞ dx0
� �

dx ¼ 1: ð1Þ

The impact ionization coefficients �n or �p stand for the
number of electron–hole pairs that are generated per unit
distance by a single electron or hole respectively travelling
in the direction of the electric field, and they are functions of
the electric field:

�n ¼ an exp � bn
E

� �
; �p ¼ ap exp � bp

E

� �
: ð2Þ

In silicon, to solve Eq. (1) analytically, the average impact
ionization coefficients of electrons and holes (�eff in cm�1)
has been fitted as a power law with the power n of 7 using
Fulop’s approximation:19)

�eff ¼� 1:8� 10�35E7: ð3Þ
For the case of a silicon 1D abrupt p–n junction, integrating
Eq. (3) yields the relation between breakdown voltage (BV
in V), depletion width (W in cm), critical electric field (Ec in
V/cm) and the doping concentration (N):

BV ¼� 5:34� 1013N�3=4; ð4Þ
W ¼� 2:67� 1010N�7=8; ð5Þ
Ec ¼� 4:01� 103N1=8: ð6Þ

Similarly, Fulop’s approximation for 4H-SiC yields n of 6,
and the equations have also been obtained as follows:20)

�eff ¼� 1:746� 10�35E6; ð7Þ
BV ¼� 4:766� 1014N�5=7; ð8Þ
W ¼� 7:151� 1010N�6=7; ð9Þ
Ec ¼� 1:333� 104N1=7: ð10Þ

These equations can be used as design guide and facilitate
the designing of silicon or SiC power devices. However,
there has been no such study for GaN to the authors’
knowledge. In this paper, we have derived the avalanche
breakdown design equations for GaN and extracted the
design parameters, and compared the analytical results
with numerical simulations. Further, we have also examined
and compared the sharpness of the avalanche breakdown
current–voltage (I–V ) characteristics of GaN p+/n and
n+/p junctions using numerical simulations, and extracted
the empirical parameters.

2. GaN Breakdown Voltage Design Parameters

The electron and hole impact ionization coefficients in GaN
are the functions of the electric field as shown in Fig. 1, and
the relation is same as in Eq. (2). The impact ionization
model parameters are shown in Table I.21) The effective
impact ionization coefficient (�eff) has been used as the
average of �n and �n [defined in Eq. (11)].22) Then �eff vs
critical field (Ec) has been fitted to a power law �eff � En

c

using Fulop’s approximation. Because the fitted power n
depends largely on the range of Ec that is chosen for the
fitting, we have used numerical simulations to determine the
critical fields for breakdown voltage between 1.2 and 12 kV,
and obtained the range of 2.4 to 3.6MV/cm. Fulop’s
approximation within this range of Ec gives the power of
9.22 as can be seen Fig. 2, which was higher than the
previously reported value of 8:23)

�eff ¼ an � ap
lnðan=apÞ ; ð11Þ

�eff ¼ 8:96� 10�57E9:22
c : ð12Þ

For 1D GaN abrupt p–n junction, the design equations can
be derived from Eq. (12):yPresent address: Cree Inc., Durham, NC 27703, U.S.A.
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BV ¼� 1:86� 1016N�8:22=10:22 ¼ 1:86� 1016N�0:80; ð13Þ
W ¼� 4:42� 1011N�9:22=10:22 ¼ 4:42� 1011N�0:90; ð14Þ
Ec ¼� 8:42� 104N1=10:22 ¼ 8:42� 104N0:098: ð15Þ

Numerical simulations using MEDICI have been performed
to check the accuracy of the design equations. GaN impact
ionization coefficients in Table I have been used in the
numerical simulations. To facilitate convergence, photo
generation method has been used in the simulations. Both
GaN p+/n and n+/p junctions have been simulated and
the breakdown voltages have been obtained. Figure 3
shows that for both p+/n and n+/p junctions, the
simulated BV results match the analytical results with very

high accuracy in the voltage range of 1.2 to 12 kV. Ec

calculated using Eq. (15) is also self-consistent with the
range of Ec that is chosen for the Fulop’s approximation in
this voltage range.

3. GaN Avalanche Multiplication Factors

The avalanche multiplication factor, MðxÞ, is defined as the
average total number of electron–hole pairs generated at a
point of x within the depletion layer of a p–n junction.19) M
reaches infinity at breakdown voltage, and it determines the
shape of the pre-breakdown I–V characteristics. For a p–n
junction with the boundary between the neutral n region and
the depletion region at x ¼ 0, and the boundary between the
neutral p region and the depletion region at x ¼ w, at the
location of x ¼ 0, Mð0Þ is denoted asMp because the current
is dominated by diffusion current of holes (Ip0); and
similarly at x ¼ w, MðwÞ is denoted as Mn. The multi-
plication factor of the generation current that exists in the
whole space charge region, Isc, is denoted as Msc. Thus the
total current multiplication can be represented as22)

I ¼ Ip0Mp þ In0Mn þ IscMsc: ð16Þ
For n+/p junctions Msc � Mn,

19) due to the fact that in a
n+/p diode, the space charge region is mostly in the p type
region, thus all the electrons generated in the space charge
region are swept towards the peak field, while the holes are
swept towards the low field direction. Similarly, for p+/n
junctions, Msc � Mp. For GaN, because of its extremely low
intrinsic concentration due to the wide band-gap, the
diffusion currents are negligible. Therefore for GaN n+/p
junctions:

I ¼� IscMn: ð17Þ
And for GaN p+/n junctions:

I ¼� IscMp: ð18Þ
For silicon, it has been known that Mn and Mp can be
approximated by

M ¼ 1

1� ðVj=BVÞm ; ð19Þ

Table I. Impact ionization model parameters of GaN.

an
(cm�1)

ap
(cm�1)

bn
(V/cm)

bp
(V/cm)

2:81� 108 5:41� 106 3:43� 107 1:96� 107

y = 8.96E-57x9.22

R2 = 0.9982
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Fig. 2. (Color online) Effective ionization coefficient of GaN vs electric

field approximated as a power law.
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Fig. 3. (Color online) Breakdown voltage vs doping for GaN p+/n and

n+/p junctions from simulations.
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Fig. 1. Ionization coefficients vs inverse electric field for electrons and

holes in GaN.
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where for Mn, m ¼ 4; for Mp, m ¼ 6.19) Higher m value
results in sharper breakdown I–V characteristics, which
means less power loss near the breakdown voltage. The m is
also related to the BV of BJTs in terms of

BVceo

BVcbo
¼ 1

ð1þ �Þ1=m ; ð20Þ

where BVcbo is the open emitter breakdown voltage, BVceo

is the open base breakdown voltage, and � is the gain of the
BJT. The factor m has been extracted for SiC BJTs to be
around 8 to 10.24)

Figure 4 shows the breakdown I–V characteristics for
GaN n+/p and p+/n junctions with the doping of 2:6�
1016 cm�3 from numerical simulations. The BV of GaN
p+/n junction is slightly higher than the n+/p junction with
the same doping. This happens because that for p+/n
junctions, the impact ionization is dominated by the carrier
multiplication initiated by the holes near the peak field,
while for n+/p junctions is dominated by electrons. From
Fig. 1, when electric field is high which is close to the peak
field, �p is lower than �n and as a result, BV of GaN p+/n
junction is higher than GaN n+/p junction. GaN n+/p
junction shows a sharper breakdown I–V than the p+/n
junction which indicates a larger factor m. Figure 5 shows
the simulated breakdown I–V characteristics fitted to the
analytical expression as in Eq. (19), showing high accuracy.
The extracted m factor for GaN n+/p and p+/n junctions
varies as a function of the breakdown voltage. Figure 6
shows that for GaN n+/p junctions, m increases from 5.7 to
8.5 for BV of 1.2 to 12 kV; while for GaN p+/n junctions,
m decreases from 1.9 to 1.8. The factor m has also been
obtained from calculating of the ionization integral numeri-
cally, and compared with that obtained from the numerical
simulations. The two methods show similar values for the
factor m with the same trend with increasing breakdown
voltage. The slight difference may be attributed to that
the ionization integral calculation method lacks the field
modification by the carriers in transient and thus is less
accurate compared with numerical simulations.

The higher m value of GaN n+/p junction suggests that
GaN n+/p is the better choice to be used for the main

voltage blocking junction. Further, the ratio of BVceo/BVcbo

of GaN pnp power BJTs is expected to be higher than that of
the npn BJTs with the same gain (�).

4. Summary

In summary, we have studied the avalanche design parame-
ters in GaN using numerical simulations and analytical
calculations. The design equations for the relations between
breakdown voltage, doping concentration, depletion width
and the critical electric field have been obtained. The
avalanche multiplication factor of GaN has also been
extracted, and the result suggests that GaN n+/p junctions
are the better candidate for voltage blocking junctions due to
its sharper breakdown I–V .

Acknowledgement

This work was supported primarily by the Engineering
Research Centers Program (ERC) of the National Science
Foundation under NSF Cooperative Agreement No. EEC-
0812056 and in part by New York State under NYSTAR
contract C090145.

1.0E-16

1.0E-15

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

0 5000 10000 15000

C
ur

re
nt

 (
A

)

Voltage (V)

p+/n

n+/p

Fig. 4. (Color online) Breakdown I–V characteristics of GaN p+/n and

n+/p junctions with doping of 2:6� 1016 cm�3 from simulations.
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GaN n+/p junction from simulation with analytical approximation.
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