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A quasi-vertical GaN Schottky barrier diode with a hybrid anode structure is proposed to trade off the on-resistance
and the breakdown voltage. By inserting a SiN dielectric between the anode metal with a relatively small length, it sup-
presses the electric field crowding effect without presenting an obvious effect on the forward characteristics. The enhanced
breakdown voltage is ascribed to the charge-coupling effect between the insulation dielectric layer and GaN. On the other
hand, the current density is decreased beneath the dielectric layer with the increasing length of the SiN, resulting in a high
on-resistance. Furthermore, the introduction of the field plate on the side wall forms an metal-oxide-semiconductor (MOS)
channel and decreases the series resistance, but also shows an obvious electric field crowding effect at the bottom of the

mesa due to the quasi-vertical structure.

Keywords: Schottky barrier diode, hybrid anode, dielectric, edge termination

PACS: 77.84.Bw, 73.40.Kp, 52.59.My, 82.80.Pv

1. Introduction

The GaN-based vertical power devices have emerged as
the promising candidates for next-generation high-efficiency
power electronics because they can realize higher breakdown
voltage in small areas, free of surface traps, and good thermal
properties.!'3) Among the GaN-based power devices, Schot-
tky barrier diodes (SBDs) possess the advantages of low for-
ward turn-on voltage (Vo) and no minority carrier storage,
which are beneficial to realize low conduction/switching loss
and fast-switching speed.!*>! Although high-performance ver-
tical GaN-on-GaN SBDs have been investigated extensively
along with the development of the freestanding GaN substrate,
the commercial GaN substrate is still limited by the high cost
and the small diameter.!®!

On the other hand, GaN epitaxy on low-cost and large-
area foreign substrates (silicon, sapphire, etc.)
the feasibility of quasi-vertical GaN SBDs.!”-8] However, the
breakdown voltage of the quasi-vertical SBDs at reverse bias

provides

is far below the GaN material limit. The premature breakdown
is ascribed to some critical issues such as high dislocation den-
sity, high background doping concentration of the drift layer,
leakage current from the etched mesa sidewall, and the termi-
nation techniques. The former issues can be effectively solved
by improving the crystalline quality of GaN epitaxy material
and optimizing the device fabrication process. In addition, dif-
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ferent kinds of termination technologies are developed to im-
prove the breakdown voltage in recent years. 1%

Generally, the junction barrier Schottky structure by par-
tially replacing the drift layer with p™ region is the most effec-
tive route based on the charge-coupling. The reversely biased
p—n junction results in a lateral depletion of the drift layer,
which can effectively shield the strong electric field at the
Schottky contact. However, the p™ region obtained by epi-
taxy growth or ion-implantation encounters significant tech-
nical challenge during the thermally activation.!!'=13] Some
alternative methods such as nitrogen or the fluorine plasma
treatment, field plate (FP) structure, and trench metal-oxide-
semiconductor (MOS) barrier-controlled Schottky have been

14-16] The introduction of dielectric layer is effec-

developed.!
tive to reduce the peak electrical field with a simple fabrication
process.

In this work, we proposed a hybrid anode structure to re-
alize the high-performance quasi-vertical GaN Schottky bar-
rier diode. The SiN dielectric is not only used at the mesa
edge, but also adopted in the main Schottky contact area. By
optimizing the thickness and length of SiN, a balance between
on-resistance and breakdown voltage is obtained. In addition,
the SiN dielectric on the side wall is also covered by the an-
ode metal as a FP structure. The effect of SiN dielectric on
the performance of the diode has been evaluated extensively
through Silvaco technology computer-aided design (TCAD)

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2-D device simulation.

2. Experiment

The SBDs structures used for simulation are shown in
Fig. 1. The epi-wafer comprises a 2 um n™-GaN layer (im-
purity density over 1 x 10'® cm™3) and a 6 um n~—-GaN drift
layer (impurity density of 1 x 10'® cm™3) on sapphire. The
dimensions of the ohmic cathode contact, the cathode—anode
distance, and the mesa width are 2 um, 10 pum, and 20 pm, re-
spectively. For the reference diode, the anode metal is 18 um
without the SiN dielectric. While for the hybrid anode struc-
ture, the SiN dielectric (thickness of 20 nm) covers all the
mesa area and patterned on the surface with different lengths
(L=0.5 pm, 2 pm, and 4 pm, respectively). Furthermore,
to fabricate the FP, the anode metal (Ni in our experiment) is
expanded into 21 pm with 0.5 wm overlap at the two edges of
mesa. The device width along the z-axis (perpendicular to the
paper) is defaulted as 1 um. The current—voltage (I-V) curves
of the SBDs were obtained by the TCAD simulation, includ-
ing the parallel-electric-field-dependent mobility model, the
Auger recombination model, and the impact ionization model.
A universal phonon-assisted tunneling model is also defined at
the anode region.[!”]
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Fig. 1. The schematic structure of the hybrid anode SBDs without (a) and
with (b) a side-wall field plate.

3. Results and discussion

Firstly, we evaluated the effect of the SiN dielectric layer
on the electrical behaviors of the SBDs. The thickness and
length of the SiN were set to 20 nm and 0.5 um, respectively.
The obtained /-V curves were plotted in the linear and the
semi-logarithm coordination as shown in Figs. 2(a) and 2(b),
respectively. It demonstrates that the /-V curves at the for-
ward bias region are nearly the same for two SBDs, implying

the hybrid anode shows a weak effect on the current conduc-
tion path. The current density distribution of the reference and
the hybrid-anode SBDs under 0.5V, 1.0 V, and 2.0 V bias were
simulated by TCAD (Fig. 3). It clearly shows that the current
density is relatively smaller beneath the dielectric layer,'®! but
this effect is very weak especially at a relatively high forward

bias.
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Fig. 2. The forward /-V characteristics in linear (a) and semi-logarithm (b)
coordinate of the reference and hybrid anode diode. The inset of (b) is the
electric field obtained along cutline AA" under —1000 V.
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Fig. 3. The current density distribution at 0.5 V, 1 V, and 2 V forward bias
for the diode without (a)—(c) and with SiN dielectric pattern (d)—(f).

On the other hand, the introduction of the SiN decreases
the reverse leakage current effectively (approximately 2 orders
of magnitude) (Fig. 2(b)). The electric field distribution under
—1000 V shows an obvious electric field crowding effect at the
edge of anode for the diode without SiN (Fig. 4), presenting
a maximum electric field of approximately 4.5 MV/cm (in-
set of Fig. 2(b)). This value is much higher than the critical
electric field of GaN, implying the breakdown voltage of the
reference SBD is smaller than 1000 V. For the diode with a pat-
terned SiN dielectric, the electric field crowding is effectively
suppressed with the maximum electric field of approximately
2.5 MV/cm. It is worth noting that the minimum electric field
occurs beneath the SiN dielectric. The charge-coupling effect
between the insulation layer dielectric and GaN generates a 2-
D depletion in the drift layer, which could correspondingly re-
duce the electric field magnitude and enhance the breakdown

U5] In addition, it can be found that the increase of

voltage.
SiN thickness could weaken this charge-coupling effect (not

shown), which is consistent with previous reports.!>] Based
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on those results, the thickness of the SiN is set to 20 nm in the

following investigations.
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Fig. 4. The electric field distribution of the reference diode (a) and the hybrid
anode diode (b) under — 1000 V. The electric field of both diodes are obtained
along the cutline AA’ for comparison.

3.6 10?
@ o)
3.0 | SiN: 20 nm, w/o FP E —— 0.5 pm
—~ ' 107 | — 2.0 um
NE F — 4.0 um
5 24f F
< 107 f
T 18f 3
g r
£ 10 7f
5 12b 4 7 SBH (oV) R. (%)
© P (05 112 06 0.47
—10
0.6 1079 [ 2 1.05 059 0.5
F| 4 102 o056 0.58
3
0 1 1 10-13 | \
0 05 1.0 15 20  —1500 1000 —500 0

Voltage (V) Voltage (V)

Fig. 5. The forward /-V characteristics in the linear (a) and logarithm (b)
coordinate of the hybrid anode diode with different SiN lengths. The inset of
(b) is the corresponding parameters by fitting the curves with a TE model.
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Fig. 6. The current density distribution under 2 V forward bias for the diode
with 0.5 um (a), 2 um (b), and 4 um (c) SiN dielectric layer.

I Ni

I siN
Current density

(10% A /cm?)

Fig. 7. The electric field distribution of the reference (a) and hybrid anode
(b) diode under —1000 V.

Another key parameter of the SiN is the length under the
Schottky anode on the top surface. Herein, we evaluated three
lengths of 0.5 um, 2 um, and 4 um when kept a thickness of
20 nm of SiN. The simulated /-V characteristics were plotted
in the linear and the logarithm coordinate, showing good rec-
tification characteristics for all the diodes (Fig. 5). The current
density at the forward bias region decreases obviously with the
increasing SiN length, while the turn-on voltages are nearly
the same (Fig. 5(a)). The possible reason may be ascribed to
the increasing series resistance as discussed in our previous
work. >8] Based on the thermionic emission (TE) model, the
series resistances are deduced as shown in inset of Fig. 5(b).
To reveal the mechanism more detailly, the current density dis-
tribution at 2.0 V bias were simulated by TCAD to evaluate
the SiN length on the current density of hybrid-anode SBDs
(Fig. 6). It clearly shows that the current density is relatively
small beneath the dielectric layer. However, this effect is very
weak when the dielectric layer is relatively short but became
strong when the length is long especially for the 4 pm sample.
At the reverse bias region, a longer SiN helps to suppress the
leakage slightly until —1000 V (Fig. 5(b)). This phenomenon
can be attributed to the expending low electric field regions
beneath the SiN with the increasing length. In addition, the
electric field beneath the SiN is obviously smaller than that of
Ni/Au metal contact (Fig. 7).
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Fig. 8. The forward /-V characteristics in semi-logarithm (a) and linear (b)
coordinate of the hybrid anode diode with and without the FP. Inset of (a)
is the electric field distribution under —1000 V and the inset of (b) is the
corresponding parameters by fitting the curves with the TE model.
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Fig. 9. The current density distribution under 10 V forward bias for the diode
without (a) and with (b) a sidewall field plate structure.

Figure 8 shows the effect of the field plate on the elec-
trical behaviors of the SBDs. It demonstrates that the -V
curves of the SBDs without and with a field plate present
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comparable rectification characteristics excepting slight dis-
crepancy. At the reverse bias region, the FP structure (20 nm
SiN, Lgp = 0.5 pum) helps to suppress the leakage slightly un-
til —1000 V (Fig. 8(a)). On the other hand, the two curves
are nearly the same at the forward bias below 1.5 V, while the
current density increases slightly at higher forward bias for the
diode with the field plate (Fig. 8(b)). By fitting the curves with
TE model, the key parameters shown in inset of Fig. 8(b) are
comparable for both diodes. However, the introduction of the
FP decreases the series resistance. The current density distri-
bution for the two kinds of SBDs at a relatively higher forward
bias (10 V) is also shown in Fig. 9. Obviously, the diode with
the FP structure forms a MOS channel along the side wall with
a higher current density, while the current density in the central
drift layer is suppressed. This phenomenon is also confirmed
from Fig. 10 (obtained along cutline BB’ and CC’). This ap-
pearance of the sidewall channel leads to a smaller resistance,
especially when the forward bias is relatively larger.

120 T ——
ISiN  [Ni/Au

240 il il 1]
JOhmic [SiN [n™-GaN

(a) 200 |
@410V

90

160 -
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Current (kA /cm?)

80

40

ol 1 1 1 ol 1 1 1 i 1 1 1
12 18 24 30 0 6 12 18 24 30 36 42
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Fig. 10. The current density distribution around the top (a) and bottom (b)
region of the mesa at 10 V forward bias for the diode without and with a
sidewall field plate structure.
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Fig. 11. The electric field distribution under a reverse voltage of —1000 V of
the diode without (a) and with (b) a sidewall field plate structure.

To understand the mechanism of those results, the distri-
bution of the electric field was simulated by TCAD as shown
in Fig. 11. At —1000 V, the electric field distribution in the
diode without the FP is relatively even with slight crowding
effect at the edge of mesa. In addition, the electric field be-
neath the SiN is obvious smaller than that of Ni/Au metal
contact. This result can also be confirmed from inset of
Fig. 8(a) (obtained along cutline BB’), in which the maximum
and minimum electric field are approximately 2.5 MV/cm and
2.0 MV/cm around the edge and the dielectric, respectively.
For comparison, the FP structure can suppress the electric field

effectively especially at the sidewall. However, the electric
field distribution shows an obvious crowding effect at the bot-
tom of mesa for the diode with the FP structure (Fig. 4). In the
vertical diode, it was reported that a deep mesa is beneficial
to suppress the electric field.['®! The possible reasons for this
discrepancy may be ascribed as follows. On the one hand, the
conduction path and the electric field will generate a sharp turn
at the bottom of the mesa due to the quasi-vertical structure.
On the other hand, a vertical mesa is adopted in our simula-
tion with an angle of 90°. A beveled mesa with a relatively
small angle is required for the further optimization.!'”l Owing
to the lack of native dielectric for GaN-base materials. The in-
troduction of the dielectric needs to cope with the inferior film
bulk and interface quality, especially as many etching damages
exist on the side wall during the mesa fabrication. The high-
quality LPCVD-SiN with a remote plasma treatment presents
an obvious enhanced reliability,>”! which is promising for the
device proposed in this work.

4. Conclusion and perspectives

In conclusion, a hybrid anode structure is proposed to im-
prove the electrical properties of the quasi-vertical GaN Schot-
tky barrier diode. For the conventional diode without a SiN di-
electric layer, an obvious electric field crowding occurs at the
edge of anode and decreases the breakdown voltage. The in-
troduction of a small length SiN dielectric is beneficial to sup-
press the electric field crowding to enhance breakdown volt-
age. In addition, the forward current density is comparable
although the dielectric layer diminishes the conduction path
slightly. However, the conduction path decreases drastically
for the diode with an increasing SiN dielectric length, result-
ing in a high on-resistance. Finally, the introduction of a field
plate on the side wall forms a MOS channel and decreases
the series resistance, but also shows an obvious electric field
crowding effect at the bottom of the mesa. A beveled mesa
with a relatively small angle is required for further optimiza-
tion.
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