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Abstract—TIn this paper, we carried out an analysis of the break-
down characterization method by the investigation on off-state
leakage currents and breakdown curves. For conventional break-
down, seven kinds of breakdown curves are summarized and it is
found that only two of them can be shown by the conventional three-
terminal breakdown characterization method reasonably. For the
other five kinds of breakdown curves, the value of the gate leakage
current is larger than that of the drain leakage current for a certain
drain-bias range. Besides, the source leakage current cannot rep-
resent the buffer leakage current, and the values and signs of them
are different. These problems contradict the conventional charac-
terization method, indicating that the conventional method should
be modified to characterize the breakdown mechanisms correctly.
The similar problems also exist for time-dependent breakdown.
The buffer and drain-gate leakage currents were obtained by a
simple method and the conventional breakdown characterization
method was modified by using these two currents. The problems
in the conventional breakdown characterization method are solved
by using the modified method. Experiments indicate that the mod-
ified breakdown characterization method is crucial to investigate
the breakdown mechanisms, especially when source-gate leakage
current cannot be neglected compared with the buffer leakage
current.

Index Terms—Breakdown characterization method, break-
down curves, breakdown mechanisms, GaN-based high-electron-
mobility transistors (HEMTs), off-state leakage currents.

1. INTRODUCTION

N recent years, GaN-based high-electron-mobility transis-
I tors (HEMTS) are considered to be excellent candidates for
power electronics applications due to the superior characteris-
tics, such as high breakdown voltage (VzRr), low specific on-
resistance, and small gate charge [1]-[4]. Silicon MOSFETSs
have reached their limits in terms of power density and switch-
ing frequency nowadays, whereas GaN-based HEMTs possess
the ability to exceed these limits of silicon MOSFETs. A 3-kW
400 V:800 V hard-switched boost converter based on GaN-based
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HEMTs has been fabricated with 99% efficiency at 100 kHz [5].
A synchronous buck converter based on GaN-based HEMTs
could provide more than 10-W output power with efficiencies
greater than 95% when operated at 10 MHz [6]. GaN-based
HEMTs are the most important components in these GaN-based
applications, and numerous studies have been carried out on
these devices. There is no doubt that breakdown voltage is a
very important figure of merit for GaN-based HEMTs. The de-
vice breakdown can be induced by avalanche breakdown, gate
leakage, buffer leakage and so on. In order to investigate the
breakdown mechanisms, the conventional 3-D breakdown char-
acterization method has been used widely [7]-[15].

Although the conventional 3-D breakdown characterization
method is generally used to analyze the breakdown mechanisms,
very serious problems emerge during this procedure, which still
has not been paid attention to. In the conventional method,
three off-state leakage currents, Ip, I and I, are measured
to analyze the breakdown mechanisms. Here Ip is the drain
leakage current, I is the source leakage current, and I is
the gate leakage current. In general, the drain leakage current
is the sum of source leakage current and the gate leakage and
the value of the drain leakage current should be higher than
any one of the other two. However, the gate leakage current
was shown to be higher than the drain leakage current dur-
ing the breakdown characterization in [12, Fig. 9]. The buffer
leakage current is the bulk punch through leakage current un-
der the depletion region of the transistor gate, and it should
increase with the increase of the drain bias. In previous studies,
the source leakage current was usually considered as the buffer
leakage current. The source leakage current firstly decreased,
and then increased with the increase of the drain bias in [13, Fig.
9(b)], which contradicts the trend of the buffer leakage current.
Actually, these two strange phenomena not only exist in these
two laboratories, but also exist in many other laboratories [14],
[15], including our laboratory. Therefore, some problems must
exist in the conventional breakdown characterization method
and these problems are needed to be explained and solved by
scientific research.

Among our many kinds of devices, we choose two kinds
of GaN-based HEMTs, a kind of conventional HEMTs and a
kind of HEMTs with AlGaN back barrier layer, to investigate
these problems. These problems have been observed in the de-
vices and the reduction of the buffer leakage current by using
the back barrier layer cannot be observed by monitoring the
source leakage current, indicating that the conventional break-
down characterization method is not suitable to characterize the
breakdown mechanisms of these devices. In this paper, all the
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Fig. 1. Schematic cross sections of (a) conventional AlIGaN/GaN HEMTs and
(b) AlIGaN/GaN DH HEMTs.

off-state leakage currents and the kinds of breakdown curves
have been analyzed carefully. It is found that the source-gate
leakage current is the main reason for these problems. Because
of the source-gate leakage current, the value of the gate leak-
age current may be larger than that of the drain leakage current
for a certain drain-bias range, and the source leakage current
cannot represent the buffer leakage current if the source-gate
leakage current is not negligible. On the contrary, the source-
gate leakage current is neglected in the conventional breakdown
characterization method.

The main study of this paper includes three parts. In Section II,
two kinds of GaN-based HEMTs were measured and the prob-
lems of the conventional breakdown characterization method
were presented. In Section III, eight leakage currents were stud-
ied and seven kinds of breakdown curves were summarized for
conventional breakdown. The problems discussed above exist
in five kinds of breakdown curves, which have been explained
detailedly. The similar problems also exist for time-dependent
breakdown. In order to illustrate the relation between break-
down curves and breakdown mechanisms, each leakage current
component is discussed, and the relation between leakage cur-
rents and breakdown mechanisms has been analyzed carefully.
In Section IV, a simple method to extract the buffer leakage
current was proposed. Based on this extraction method, the
conventional breakdown characterization method was modified
and the modified method was proved to be effective to solve the
discussed problems by the experiments.

II. DEVICE STRUCTURES AND CHARACTERISTICS

As shown in Fig. 1, two kinds of GaN-based HEMTs, namely
conventional AlGaN/GaN HEMTs and AlGaN/GaN/AlGaN
double-heterojunction (DH) HEMTsS, were fabricated to inves-
tigate the breakdown characterization method. The two het-
erojunction structures were grown on sapphire substrates by
metal-organic chemical vapor deposition. For the conventional
HEMT, a 1.5-pum GaN channel/buffer layer was grown. For the
DH HEMT, the buffer layer contains a 0.75-um GaN layer and
a0.75-pm linearly graded Al, Ga; N layer with Al maximum
content of 7% at the interface to a 15-nm GaN channel layer.
The aim of the grading is to reduce the polarization-induced
doping and avoid the generation of a secondary channel. The
two samples have a 1-nm AIN spacer layer followed by a
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Fig. 2. (a) Transfer characteristics of the conventional AIGaN/GaN HEMT
and DH HEMT. The conventional Al1GaN/GaN HEMT is referred to as the
single-heterojuntion (SH) HEMT. (b) Calculated conduction band diagrams
and electron distributions of the SH HEMT and DH HEMT.

21-nm Alp 3Gay 7N barrier layer and a 1.5-nm GaN cap layer.
The sheet carrier concentrations are 9.0 x 10'? and 8.0 x 10'?
cm~? for the conventional HEMT and DH HEMT, respectively.
The device fabrication commenced with mesa isolation by re-
active ion etching using Cly plasma. Ohmic metal was formed
using Ti/Al/Ni/Au while Schottky gate using Ni/Au/Ni layers.
The tested devices for the two kinds of GaN-based HEMTs have
a gate length L; = 1 pum, a gate-source spacing Lgg = 1 um,
and a gate-drain spacing Lgp = 3 pm.

Fig. 2(a) shows the transfer characteristics of the SH HEMT
and the DH HEMT. The maximum drain current at Vg = 2.5V
reaches 713 mA/mm for the SH HEMT and 631 mA/mm for
the DH HEMT, respectively. As shown in Fig. 2(b), the con-
duction band diagrams and electron distributions of DH and
SH HEMTs are calculated by self-consistently solving a 1-D
Poisson—Schrodinger equation. The 2-D electron gas (2DEG)
confinement would be enhanced by using the AIGaN back bar-
rier layer, and the buffer leakage current can be reduced in the
DH HEMT compared with the SH HEMT [16], [17]. The off-
state drain leakage current was reduced from 1.32 x 107% to
5.04 x 107° mA/mm at Vg = —6 V, leading to the increase of
Ion/Iog from 5.4 x 10° to 1.3 x 107.

The conventional three-terminal breakdown characteristics of
the AIGaN/GaN SH and DH HEMTS are shown in Fig. 3. The
breakdown voltage is defined as the drain voltage with the drain
leakage current reaching 1 mA/mm. The breakdown voltage is
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Fig. 3. Conventional three-terminal breakdown characteristics of the
AlGaN/GaN (a) SH HEMT and (b) DH HEMT with VGS = -5 V. The sign of
the current flowing into the electrode is defined as positive (4). Otherwise, it
was defined as negative (—).

improved from 145 V for the SH HEMT to 174 V for the DH
HEMT. The improvement of the breakdown voltage results from
the reduced buffer leakage by using the AlGaN buffer layer. By
using the conventional breakdown characterization method, we
can obtain the information that the SH HEMT breakdown is
induced by the buffer leakage and the DH HEMT breakdown is
induced by the gate leakage. However, three problems emerge
in Fig. 3.

1) In general, the drain leakage current Ip is the sum of
source leakage current /¢ and the gate leakage /; and the
value of the drain leakage current should be higher than
any one of the other two. Paradoxically, I in the two
HEMTs are higher than Ip for Vpg < 100 V.

2) The source leakage current was usually considered as the
buffer leakage current. The buffer leakage should be re-
duced by using AlGaN back barrier layer. In contrast, Ig
of the DH HEMT does not decrease evidently compared
with that of the SH HEMT.

3) The buffer leakage current is the bulk punch through leak-
age current under the depletion region of the transistor
gate. The buffer leakage flows from drain to source, and
Is should be negative if it can represent the buffer leak-
age. In addition, the buffer leakage current should increase
with the increase of the drain bias.
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Fig.4. Off-state leakage currents in GaN-based HEMTs during the breakdown
measurements.

In Fig. 3(a), Is of the SH HEMT is positive and decreases
with the increase of the drain bias for Vpg < 112 V. The sign and
value variation trend of Ig are opposite to those of the buffer
leakage. There exists a minimum Ig value at Vpg =112 V
for the SH HEMT. Iy becomes negative and increases with
the increase of Vg for Vpg > 112 V. For the DH HEMT, Iy is
positive and decreases all through the breakdown measurements.
Therefore, it should be discussed that whether the source leakage
current can represent the buffer leakage current.

In order to solve these problems, all the off-state leakage
currents and the kinds of breakdown curves should be analyzed
carefully, which will be carried out in Section III.

III. DISCUSSIONS OF LEAKAGE CURRENTS AND
BREAKDOWN CURVES

A. Leakage Currents and Breakdown Curves

With Vs < Vin, Is, I, and Ip are all off-state leak-
age currents. As shown in Fig. 4, Ig, I, and Ip can
be monitored during the breakdown measurements, while
other five leakage currents, Isg,surfacea Idg,surfacea Isg,barrierv
1ag barrier> and Iqs, are the off-state leakage currents inside the
devices, and they cannot be obtained directly. Isy surface and
Iag surface are the leakage currents along the AlGaN surface.
Isg barrier and Igg barrier are the barrier leakage currents through
the AlGaN barrier. The source-gate leakage current Iy, consists
of I surface and Igg parrier, While the drain-gate leakage current
14, consists of Iqg gurface and Iqg parrier- Isg and I, form the
gate leakage current ;. The buffer leakage current, I, flows
from drain terminal to source terminal through the buffer layer
underneath the depletion region of the gate terminal.

As shown in Fig. 4, the source leakage current is not the buffer
leakage current. /g is the vector sum of /45 and I, which flow in
different direction. The sign of /g would be opposite to I, if the
absolute value of I, is larger than that of 4. The gate bias Vg
is set as a constant value during the breakdown measurements, so
I, would be kept as a constant value. In contrast, /44 increases
with the increase of the drain bias Vpg. In the SH HEMT as
shown in Section II, the absolute value of I, is larger than that
of I for Vpg < 112 V. As a result, the sign of Ig is positive,
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Fig. 5.

Nine kinds of breakdown curves for (a)—(g) conventional breakdown and (h), (i) time-dependent breakdown, named types A-I. The leakage currents on

the y-axis for types A-I and stress time on the x-axis for types H and I are in a log scale.

opposite to that of 14, and the value of Is would decrease with
the increase of Iy5. With the increase of Iy, |I4s| exceeds | L |
for Vpg > 112 V. The sign of Ig is changed to negative, the
same as that of 145, and Ig would increase with the increase of
I4s. For the DH HEMT, |Iq] is smaller than || all through
the breakdown measurements. As a result, the sign of Ig is
opposite to that of I, and Is decreases with the increase of /4
during the whole breakdown measurements. Since the source
leakage current is not the buffer leakage current, the reduction
of the buffer leakage current possibly cannot be observed by
monitoring the source leakage current in the two kinds of GaN-
based HEMTSs. I is the vector sum of I; and g, not the sum
of |I¢| and |Ig|. Ip is positive and I is negative. |I| would
be higher than Ip if I is positive. Changing to another way of
analysis, Ip consists of the two leakage currents Iy, and Igs,
and I consists of the two leakage currents g, and Ig,. |I¢
would be higher than I if |, | is larger than | /4.

Based on the analysis of leakage currents, we have summa-
rized seven possible kinds of conventional breakdown curves as
shown in Fig. 5(a)—(g). Device breakdown types include buffer-
induced breakdown (A, C, and D) and gate-induced breakdown
(B, E, F, and G) types. For types A and B, |Iy,| is smaller
than |I4s| at the initial bias. When Vpg increases to a certain
value, |Igs| would be much higher than |I,|. As a result, the
source-gate leakage I, can be neglected in these two situations.
Therefore, the value and the sign of source leakage current Ig
are almost the same as those of the buffer leakage current Iy
for types A and B.

If | I, | is larger than |14 at the initial bias, breakdown curves
would belong to types C—G. For the initial point of the break-
down types C-G curves (e.g., Vgs = =5V, Vg = Vpg =0V),
1y is zero, the absolute value of Iy equals I, and the dif-
ference between I; and I is I4,. For GaN-based HEMTs, the
gate-drain spacing is always larger than the gate-source spacing,
and the value of Iy, is much smaller than I, at the initial bias.
Hence, the value of I, is very small compared with that of I
and Ig. As aresult, I and Ig appear to overlap at the initial
point. Besides, the increase of I results from the increase of
Iy

For types C and E, | I4s| exceeds || at a low drain bias. For
types D and F, | I3, | exceeds | I,| at a high drain bias. The point
at which |I44| begins to exceed | Iy | is the inflection point of the
reduction and increase of |Ig|. Before this inflection point, the
sign of g is positive, opposite to that of /45. After this point,
the sign of I is negative, the same as that of 4. In contrast,
if |Iqs| cannot exceed |Iy| for the whole measurements, the
breakdown type would become to type G. There is no inflection
point of Ig in type G, and the sign of Ig is opposite to that of
145 all through the breakdown measurements.

In order to understand the relation between the seven kinds
of breakdown curves, we assume that the /g4 in these types
have the same values. When |I,| is smaller than |I44| at the
initial point, breakdown curves would be types A and B as
shown in Fig. 6. Type A is buffer-induced breakdown and type
B is gate-induced breakdown. When |I,| increases to a value
higher than |/, types A and B would become to types C and
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Fig. 6. Schematic of the relation between breakdown types A ~ G.

E respectively, and the inflection point begins to emerge. If | I |
continue to increase, types C and E will be changed to D and F
respectively and the inflection would move positively along the
drain-bias axis. When | I, | increases to a value much higher than
|Z45|, both buffer-induced breakdown type D and gate-induced
breakdown type F would become gate-induced breakdown type
G, and the inflection point is out of the breakdown measurements
range. The practical breakdown curves may not be so smooth
as the breakdown curves drawn in Fig. 5. Besides, some of the
practical breakdown curves may not seem like these seven kinds
of breakdown curves. However, those strange breakdown curves
can be explained by these seven kinds of breakdown curves. The
I of types C—G is large, which does not mean that I is really
large, but means that the value of I is large compared with
that of /45. Thus, the devices corresponding to these breakdown
types can be used in applications as types A and B.

The conventional three-terminal breakdown characterization
method can apply to types A and B. Because of the source-gate
leakage I, I5 deviates from Iy, severely and | I; | of types C-G
are higher than I for a certain drain-bias range. /g and I are
not suitable to characterize the breakdown mechanisms for types
C-G. Actually, I, and Iy, are the leakage currents which form
Ip and raise Ip to the breakdown criterion. The conventional
method should be modified for types C—G by using I4s and I4,
instead of Iy and I .

B. Relation Between Leakage Currents and
Breakdown Mechanisms

Breakdown curves are comprised of leakage currents. In order
to illustrate the relation between breakdown curves and break-
down mechanisms, the relation between leakage currents and
breakdown mechanisms should be analyzed carefully. At first,
each leakage current component will be discussed.

When gate is reversely biased, the gate leakage current is com-
prised of surface leakage and barrier leakage. Fig. 7(a) shows
the mechanisms of surface leakage current. The electrons that
tunnel from the gate electrode can accumulate on the AIGaN
surface next to the gate, and then conduct along the surface
states by a trap-to-trap hopping mechanism or Poole-Frenkel
(PF) emission, creating the gate-to-drain surface leakage current
[18]-[20]. Thermionic emission (TE) and tunneling emission
are likely involved in the hopping conduction, and the hopping
conduction can be enhanced by high temperature and high elec-
tric field [18]. The PF emission is also a trap-assisted emission,
and the extracted energy barrier height of electrons emitting
from trapped state near Fermi energy level into a threading
dislocations-related continuum state Eg;s is 0.38 eV [19]. PF

Buffer-induced |[sg|>|1 ds|

sg>|Mas|
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Fig. 7. Energy band diagrams of A1GaN/GaN HEMTs illustrating (a) surface
leakage current mechanisms and (b) barrier leakage current mechanisms with
gate reversely biased.

emission current can be given by [21]

(qE/mei))
kT

JPF = CEexp _CI((bt —

ey

where C is a constant, E denotes the electric field in the AlGaN
barrier at the metal-semiconductor interface, ¢, is the barrier
height of the electron emission from the trapped state, ¢; is the
permittivity of the semiconductor at high frequency. The value
of PF emission current is dependent on temperature and electric
field.



1522

At a low electric field, the hopping conduction is the main
mechanism of the surface leakage. Ata high electric field, the PF
emission would govern the main surface electrons transporta-
tion [19]. The surface leakage induced breakdown exhibited
a negative temperature coefficient, indicating the breakdown
mechanism is thermal runaway rather than impact ionization
[20]. The surface leakage current can be obtained by double
gates structure [22], and can be reduced effectively by surface
treatment and high-quality SiN passivation [19].

The electrons at the gate side can travel through the AlIGaN
barrier layer to the 2DEG channel, resulting in the barrier leak-
age. As shown in Fig. 7(b), the mechanisms of the barrier leak-
age current include TE, Fowler—Nordheim (FN) tunneling, PF
emission, and other trap-assisted emission. FN tunneling current
can be can be given by [21]

Jry = AE? exp [—B} (2)
E
with

3qh

where A is a constant, m; is the conduction-band effective
mass in semiconductor, h is the Planck’s constant, and ¢eg is
the effective barrier height. The FN tunneling process is inde-
pendent on temperature, but strongly depends on electric field
[23]. For conventional AIGaN/GaN HEMTs, TE and PF emis-
sion are two dominant mechanisms for reverse gate current [21].
Because of the large electric field resulting from the high spon-
taneous polarization charge, FN tunneling current becomes one
of the dominant leakage currents in InAIN/GaN HEMTs [21].
PF emission and other trap-assisted emission can be depressed
by improving the material quality.

Holes would concentrate at the AlIGaN/GaN interface for the
reverse gate bias. The reverse leakage mechanisms, TE, FN tun-
neling, PF emission, and other trap-assisted emission may exist
for holes. The estimated ratio of conduction-to-valence band
discontinuity is 65:35 for AlIGaN/GaN HEMTs [24]. Thus, the
valence band offset is much smaller than the conduction band
offset. For the Al mole fraction of 30%, the valence band off-
set AEV = 0.35(E; a1can — By gan) = 0.35(4.24 — 3.4) =
0.294 eV, which is a small barrier height for the holes. There-
fore, the probabilities of the holes emission from the interface to
the gate electrode by using the reverse leakage mechanisms are
very high. The hole mobility is very low compared with electron
mobility, and the hole leakage currents are rarely considered in
previous studies. However, the hole leakage current should not
be neglected when the number of the holes is very large.

For the mechanisms of the gate leakage current, hopping
conduction and PF emission along the AlGaN surface, TE, PF
emission, and other trap-assisted emission through the AIGaN
barrier all increase with the increase of temperature. FN tunnel-
ing through the AlGaN barrier is independent on temperature.
Therefore, the gate leakage current would increase at high tem-
perature, and can exhibit a negative temperature coefficient.
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The GaN buffer layer is not insulating, and a background dop-
ing (by Si or O impurities) exists in the GaN buffer layer. With
the drain biased at a positive value, the buffer leakage current
would be formed. With a higher temperature, the conduction
of electrons through the buffer can be limited by the increased
phonon scattering, which results in the reduction of the elec-
tron mobility and the buffer leakage current [25]. Therefore, the
buffer leakage current has a positive temperature coefficient.
However, electrons can be emitted from the trap energy levels
to conduction band by the high temperature, increasing the elec-
tron density. It was observed that the buffer leakage experiences
alarge reduction from 20 °C to 70 °C, followed by a slow reduc-
tion above 70 °C [25]. The slow reduction is possibly due to the
ionization of the shallow traps in the buffer layer. As a result,
the buffer leakage current may exhibits a negative temperature
coefficient in some cases.

For GaN-based HEMT, there exist two main breakdown
mechanisms as follows:

1) The breakdown electric field strength for GaN material
is 3.3 MV/cm, and the breakdown strength for AlGaN
would be higher. If the electric field in the material can-
not exceed the breakdown strength, it is thermal runaway
that can cause the device breakdown. With the increase of
Vbs, the gate leakage and buffer leakage currents would
increase to certain values. The leakage currents produce
thermal energy, leading to the increase in temperature.
The increased temperature would further increase the gate
leakage current. It is a kind of uncontrolled positive feed-
back, leading to thermal runaway. If the buffer leakage
current has a negative temperature coefficient, thermal
runaway may be induced by the buffer leakage current.
VBr induced by thermal runaway has a negative temper-
ature coefficient [20].

2) With a high Vg, a high electric field always locates at the
drain-side edge of the gate terminal [26]. If the electric
field peak exceeds the breakdown strength of the GaN-
based materials, impact ionization would occur by the
injection of electrons and holes, and then it can result in
avalanche breakdown. V3R induced by impact ionization
exhibits a positive temperature coefficient [27]. The value
of the injection current [jc.¢ has an impact on the break-
down voltage Vzr . The relation between Ijjec; and Vg
is given by [28]

E;AI
qVBr

Iinject = exp

I 2
3E, E; (quBR> ] 3)

where F; is the threshold energy for electron-hole pair gener-
ation, Al is the increase in the drain current due to injection
current [;,jec; and itis a constant value, I, is the effective energy
of the phonons involved in the scattering process, [ is the length
of the maximum-field region, and A is the phonon scattering
mean free path. It can be found that Vzr would decrease with
the increase of the injection current. For GaN-based HEMTs, the
injection current is the gate leakage or buffer leakage current.
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For GaN-based HEMTs, thermal runaway and impact ioniza-
tion can result in the device breakdown. Buffer leakage current
induces the breakdown types A, C, and D, while the gate leakage
current induces the breakdown types B, E, F, and G. Besides us-
ing techniques such as field plate to reduce the electric field peak
[26], reducing the leakage current can alleviate both the ther-
mal runaway and impact ionization process. Breakdown voltage
enhancement of reducing the leakage current has been proved
by numerous studies [16], [29]. Thus, the values of the leak-
age currents are very important for the investigation on break-
down mechanisms. Generally, the conventional 3-D breakdown
characterization method is utilized to demonstrate these leak-
age currents and investigate breakdown mechanisms. It can be
found that the conventional breakdown characterization method
is not suitable to breakdown types C—G. The reasons are as
follows:

1) The buffer leakage 45 can be reduced by the adoption
of AlGaN back barrier layer or carbon-doped GaN back
barrier layer [16], [30]. In order to investigate the Vzgr
enhancement of the back barrier layer, it is very impor-
tant to obtain the buffer leakage current values before and
after the adoption of the back barrier layer. The source
leakage current Is is not the buffer leakage current /g
due to the source-gate leakage current I,. I deviates
from 44 severely in types C—G. Therefore, the conven-
tional breakdown characterization method is not suitable
to breakdown types C—G from the perspective of the buffer
leakage current.

2) Itis the drain-gate leakage current Iy, not the whole gate
leakage current I, that flows from drain to gate, result-
ing in the gate-induced breakdown. I is not equal to
14, due to the source-gate leakage current I,. Although
I can be used to investigate the gate-induced break-
down mechanisms in some cases, it is a rough analysis.
It is more reasonable to compare /4, values to investigate
VBr enhancement techniques. In order to investigate the
breakdown mechanisms of types C—G precisely, the con-
ventional breakdown characterization method should be
modified.

After obtaining the Ig, value, the ratio of Iqg surface and
I4g barrier can be evaluated from the double gate structure [22].
The barrier leakage current values induced by TE, FN tunnel-
ing, PF emission, and other trap-assisted emission can be dis-
criminated by temperature-dependent experiments to find out
the dominant barrier leakage component [21]. Corresponding
leakage-reduction techniques can be carried out after the deter-
mination of the dominant leakage component, and Vg would
be improved more effectively.

C. Time-Dependent Breakdown

Reliability is a very important issue for devices in practical
applications. The breakdown could be happened when the GaN-
based HEMTs are submitted to constant voltage stress, in the
off-state [14], [31]-[33]. Fig. 5(h) and (i) exhibit two breakdown
types for time-dependent breakdown. The stress conditions are
Vas < Vin and Vpg = 0 ~ Vg (this Vg is the breakdown
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voltage in the conventional breakdown curves). The stress con-
dition of the Fig. 5(h) is the point A; in type A as shown in
Fig. 5(a). The stress condition of the Fig. 5(i) is the point By in
type D as shown in Fig. 5(d). For types A and H, || is smaller
than |I4s|. Therefore, I; and I and represent the gate leakage
and buffer leakage currents, respectively. In contrast, | I, | in the
type I cannot be neglected. I is the vector sum of I45 and I,
which flow in opposite direction. During the whole stress ex-
periments, I, is a constant value due to the small electric field
caused by Vi s. The large Vg forms a strong electric field in the
buffer layer, and /4, would increase with the increase of time due
to the thermal positive feedback or impact ionization. When | Iy
begins to exceed ||, a inflection point on Ig curve emerges.
|Is| would firstly decrease (before this inflection point), and
then increase (after the inflection point). When the drain leak-
age current reaches 1 mA/mm, device breakdown would happen
and the corresponding stress time is called as breakdown time
tgr. Type I is not the only case for the point B; in type D.
If |I4s| cannot exceed |I,| for the whole stress experiments,
type I would change to another type. In addition, any point in
types A ~ G can be utilized to do time-dependent experiments.
Therefore, there are many kinds of time-dependent breakdown
types. However, these breakdown types can be explained using
similar analysis as above. The time-dependent breakdown types
as type I have the similar problem as types C ~ G, and it is
not reasonable to use conventional breakdown characterization
method on such time-dependent breakdown types.

There are two cases for the stress conditions of the time-

dependent breakdown.

1) Vas < Vi, and Vpg = 0 V. In this case, Iyjs = 0, Ip =
Iys, and Is = Iy, . Long stress times can result in the gen-
eration of a conductive (defective) path between gate and
the buffer [31]. The gate leakage would increase suddenly
due to the generation of parasitic leakage paths, leading
to a permanent degradation and gate-induced breakdown.
The stress time of the gate degradation showed strong
gate bias dependence. For a larger reverse gate bias, the
breakdown time tgr would be shorter [32]. The weak
temperature dependence of the gate leakage indicates that
the gate degradation is a tunneling mechanism. The con-
ventional breakdown characterization method is suitable
to this case. Under this condition, it is more reasonable to
utilize I = 1 mA/mm as the breakdown criterion instead
of Ip = 1 mA/mm.

2) Vgs < Vi and 0V < Vpg < Vg (the breakdown voltage
in the conventional breakdown curves) [14], [33]. In this
case, thermal runaway and impact ionization can result in
the device breakdown. Thus, it is necessary to use /45 and
14, , rather than I5 and /¢, to characterize the breakdown
mechanisms. In type I, I deviates from I, severely, indi-
cating that the conventional breakdown characterization
method is not suitable to type I. For a larger Vpg, tpr
would be shorter. There exist two reasons for this depen-
dence. First, I4s and 14, would be larger with the larger
drain bias, which can produce more thermal energy and
accelerate the thermal runaway process. Second, if impact
ionization can occur at such a drain bias, a larger drain
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bias would increase the impact ionization coefficient and
accelerate impact ionization process.

For GaN-based HEMTs, the gate bias has an effect on the gate
and buffer leakage currents [25], [34]. For a larger |Vis|(Vas <
Vin), the gate leakage current would increase due to a stronger
electric field, while the buffer leakage current would decrease
because of a deeper depletion region in the buffer layer. It is also
unreasonable to compare I values to investigate the effect of
the gate bias on buffer leakage for types C—G and L.

All the off-state leakage currents and possible breakdown
curves have been investigated in this section. The conventional
breakdown characterization method does not apply to conven-
tional breakdown types C—G and time-dependent breakdown
type 1. The source-gate leakage current Iy, is the main reason
for the difference between source leakage current /g and buffer
leakage current 5. It is necessary to obtain the buffer leakage
current to modify the conventional breakdown characterization
method. In Section IV, we will extract the buffer leakage current
by taking the devices demonstrated in this paper as examples.

IV. MODIFIED BREAKDOWN CHARACTERIZATION METHOD

There are six main leakage currents in GaN-based HEMTs as
shown in Fig. 4. Although I, I, and Ip are known quantities,
the vector sum of them is zero. Any one of them can be expressed
by the other two quantities and there are actually two known
quantities. As a result, the three unknown quantities, Iz, /4,
and I,5, cannot be solved by the known quantities Is, I, and
Ip directly.

Vs remains constant during the breakdown measurements,
hence I, can be assumed to be a constant value. In order to
obtain the I, value, both the source and drain terminals should
be biased at 0 V and the gate terminal should be set to the
voltage which was used to test the breakdown voltage. Under
this condition, Iy is zero and the absolute value of Ig equals I, .
For the devices in this paper, I, I4,, and 145 can be obtained
by the following equations:

Ly = Is|(ves=—5v.vs=vps=0V) “4)
Ids - *(IS - Isg) (5)
Idg = _IG - Isg = Ip — Iys. (6)

According to (4) and breakdown curves shown in Fig. 3, I,
is 2.95 x 10~® mA/mm for the SH HEMT and 1.23 x 103
mA/mm for the DH HEMT, respectively. I35 and Iq, can be
solved by using (5) and (6). As shown in Fig. 8, the buffer leak-
age current I, was reduced from 0.8 ~ 1.1 x 10~ mA/mm for
the SHHEMT to 1.5 ~ 3.1 x 10~* mA/mm for the DH HEMT
by using the AlGaN buffer layer. /4, forms a part of Ip, and
the value of it is smaller than that of Ip. I is the total leakage
current on the gate terminal and it is also a very important off-
state leakage current during the breakdown measurements. The
purpose of solving I, is to explain the phenomenon that I ex-
ceeds Ip and present the leakage current flowing from the drain
terminal to gate terminal, which may be necessary for the precise
analysis of breakdown mechanisms. Because of the reduction
of buffer leakage current, the buffer-induced breakdown for the
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Fig. 8. Iys and I, extracted from breakdown curves of the AlIGaN/GaN (a)
SH HEMT and (b) DH HEMT with VGS = -5 V.

SH HEMT was changed to the gate-induced breakdown for the
DH HEMT. It can be observed that /44 and I, are more rea-
sonable to express the breakdown mechanisms compared with
Ig and I;. The modified breakdown characterization method is
more suitable for the devices compared with the conventional
breakdown characterization method.

The breakdown curves of AlGaN/GaN SH HEMT and DH
HEMT can be categorized as types D and G, respectively. The
modified breakdown characterization method also applies to
other breakdown types. It is very essential to adopt the modified
method to explore the breakdown mechanisms of GaN-based
HEMTs with breakdown types C—G. For time-dependent break-
down type I, I, value can be extracted from the conventional
breakdown curves (type D), and then Iy, and I3, would be
obtained from (5) and (6). The breakdown investigated in this
paper is based on insulating substrate. The leakage currents and
breakdown curves would be more complicated for conductive
substrate, such as silicon substrate. Except the leakage currents
discussed in this paper, other leakage currents would form if
only the substrate terminal and metal terminals biased at differ-
ent voltage values.

Besides the thermal runaway and impact ionization, the ac-
cumulation of positive charge in proximity of the gate can result
in the device breakdown [14], [35], [36]. With gate biased at a
negative value, holes would concentrate at the AIGaN/GaN in-
terface as shown in Fig. 7(b). Holes may originate from defects
in the GaN-based materials. For MIS structure, defects at the
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dielectric/semiconductor interface may contribute to the genera-
tion of holes [35]. For a large drain bias, holes can be generated
by the impact ionization process due to a high electric field
particularly at the drain-side of the gate edge [36]. The gener-
ated holes would form gate leakage current by TE, FN tunneling,
PF emission, and other trap-assisted emission. When the hole
density is sufficient large, the hole leakage current cannot be
neglected, even resulting in the gate-induced breakdown. The
threshold voltage V;;, would shift negatively due to the accumu-
lation of the holes at the AIGaN/GaN interface. The negative
shift of V4, changes the off state of the device to semi-on state,
resulting in an increase of the buffer leakage current [14]. In
stress experiments, a sudden increase of the buffer leakage cur-
rent, corresponding to permanent degradation, can be detected
for a sufficient long stress time. This catastrophic failure possi-
bly is due to thermal runaway or impact ionization in proximity
of the localized drain-source leakage paths. The holes may be
generated in proximity of the drain-side of the gate, and im-
mediately move to the source-side of the gate [35], which may
increase the source-gate leakage current I, . Therefore, I;, may
not be a constant value after the accumulation of holes. For
hole-induced breakdown types, the leakage currents extracted
from the modified breakdown characterization method may be
not entirely correct. However, I, is a constant value before the
accumulation of holes, and the modified method is still helpful
to investigate the leakage currents and breakdown mechanisms.

V. CONCLUSION

The breakdown -characterization method in GaN-based
HEMTs has been analyzed in this paper. The conventional
breakdown characterization method does not apply to conven-
tional breakdown types C—G and time-dependent breakdown
type L. Discussions of the off-state leakage currents and break-
down curves indicate that the conventional breakdown charac-
terization method should be modified to explore the breakdown
mechanisms correctly. The buffer leakage current was extracted
by assuming the source-gate leakage current as a constant value.
A modified breakdown characterization method was proposed
based on this extraction method. The reduction of the buffer
leakage current in the DH HEMTs has been verified by the
modified breakdown characterization method. Experiments in-
dicate that the modified breakdown characterization method is
worth popularizing for investigating the breakdown mechanisms
in GaN-based HEMTs.

In order to illustrate the relation between breakdown curves
and breakdown mechanisms, the relation between leakage cur-
rents and breakdown mechanisms has been analyzed carefully.
Leakage current mechanisms, including hopping conduction
and PF emission along the AlGaN surface, TE, FN tunneling, PF
emission, and other trap-assisted emission through the AlGaN
barrier, and the buffer leakage, have been presented and ana-
lyzed. The relation between leakage currents and two important
breakdown mechanisms, thermal runaway and impact ioniza-
tion, has been discussed. It is found that leakage current val-
ues can affect thermal runaway and impact ionization. Reduc-
ing the leakage current can alleviate both the thermal runaway
and impact ionization process, improving breakdown voltage.
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Therefore, the values of the leakage currents are very impor-
tant to investigate breakdown mechanisms. Iy and I, are the
leakage currents inducing thermal runaway and impact ioniza-
tion. In some cases (types C—G and I), Ig and I cannot rep-
resent these two leakage currents. Therefore, the conventional
breakdown characterization method should be modified to ex-
plore the breakdown mechanisms correctly. Besides the thermal
runaway and impact ionization, the accumulation of positive
charge in proximity of the gate can result in the device break-
down. The modified characterization method is also helpful to
the investigation on the leakage currents and breakdown mech-
anisms for the case of the accumulation of positive charge.
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