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The vertical GaN-on-GaN Schottky barrier diode with boron-implanted termination was fabricated and characterized.
Compared with the Schottky barrier diode (SBD) without boron-implanted termination, this SBD effectively improved the
breakdown voltage from 189 V to 585 V and significantly reduced the reverse leakage current by 10° times. In addition, a
high oy /Lo ratio of ~ 108 was achieved by the boron-implanted technology. We used Technology Computer Aided Design
(TCAD) to analyze reasons for the improved performance of the SBD with boron-implanted termination. The improved
performance of diodes may be attributed to that B™ could confine free carriers to suppress electron field crowding at the
edge of the diode, which could improve the breakdown voltage and suppress the reverse leakage current.
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1. Introduction

Wide bandgap materials have received increasing atten-
tion in the research and development of power electronic de-
vices for energy conversion.!!=3] Gallium nitride (GaN) is a
promising candidate material due to its large bandgap, high
electron mobility, and high breakdown electric field.[*”! In
particular, vertical GaN power devices using GaN on GaN sub-
strate materials with a low dislocation density (~ 10® cm™2)
are greatly developed. For example, p—n diodes (PNDs) with
breakdown voltage (V) over 4 kVI® and transistors with
normally-off operation were well demonstrated.[”-8!

Compared with PNDs, Schottky barrier diodes (SBDs)
have low turn-on voltage (Vo,) and fast switching. There-
fore, Schottky barrier diodes have significant applications in
the field of high frequency and high power devices.!”) How-
ever, SBDs typically suffer from large reverse leakage current
due to the Schottky barrier lowering at high reverse biases. To
suppress the reverse leakage current, advanced device struc-
tures, such as junction barrier Schottky diodes, have been well
demonstrated in SiC.['*!!l But this technology is difficult to
achieve in vertical GaN devices owing to the great challenge
in selective Mg-implantation and activation.!'? Several meth-
ods have been used to suppress the edge leakage current and
increase V4, in vertical GaN SBDs, especially including field
plates with a deep trench!!>!%! and a high-resistivity region
around the device edge using ion implantation which can cre-
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ate deep-level traps.!'>! What is more, introducing ions in the
edge termination, which can compensate free carriers, is a
common method to increase the performance of the vertical
GaN power devices.[1%

There already have been a lot of reports on SiC power
devices with boron-implanted technology, such as boron-
implanted edge termination for 4H-SiC Schottky rectifiers and
boron related deep centers caused by ions implantation in
6H-SiC.[17-191 Moreover, there have been some reports about
GaN vertical-cavity surface-emitting diodes and GaN MOS-
FETs with boron ions implantation technology.?*->?1 How-
ever, there are few reports about vertical GaN-on-GaN SBDs
with boron-implanted technology.

In this work, we fabricated a vertical GaN-on-GaN SBD
with the BT -implanted termination (BIT). Diodes with and
without the BIT were characterized. The diode without the
BIT is broken down at 189 V, its Schottky barrier height is
0.68 eV and its Ioy /Iy ratio is ~ 10°. Compared with the
GaN SBD without B* implanted termination technology, this
SBD with the BIT has 10° x reverse leakage reduction and en-
hances the breakdown voltage up to ~ 585 V. Furthermore,
the SBD with the BIT obtains a high I, /Ig ratio of 10® and
the Schottky barrier height (SBH) of 0.82 eV. This improved
performance of the diode may be attributed to that B™ could

confine free carriers at the edge of the diode.?%->!]
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2. Experiments

Vertical GaN SBDs were fabricated on bulk GaN sub-
strate materials. Figure 1(a) shows the schematic structures
of the vertical GaN SBDs with and without the BIT, where
the 6.9-um thick n~ GaN homoepitaxial layer was grown
by metal-organic chemical vapor deposition (MOCVD) on a
free-standing n™ GaN substrate with a Si-doping concentra-
tion of ~ 1 x 10'® cm
layer was characterized by high-resolution x-ray diffraction
(HRXRD) and cathodoluminescence (CL). Figure 1(b) shows

the x-ray rocking curve measurements which were carried out

—3. The crystal quality of the GaN epi-

for the symmetric (002) plane and asymmetric (102) plane.
The GaN epilayer showed the full widths at half maximum
(FWHMs) of 44.3 arcsec and 49.9 arcsec for the (002) and
(102) planes, which indicates a dislocation density on the or-

der of 10° cm™2. Figure 1(c) shows the plane-section CL spec-
trum which indicates that the threading dislocation density in
the GaN epilayer is on the order of 10° cm~2. These measure-
ments show that the dislocation density in the GaN epilayer is
about ~ 10° cm~2. Moreover, the background concentration
was measured by secondary ion mass spectroscopy (SIMS) as
shown in Fig. 2(a). The concentration of Si impurities is about
2.5% 10 cm~?

purities is close to the detection limit, which indicates that the

and the concentration of C, H, and O im-

background concentration in the GaN epilayer is very low. The
surface morphology of the GaN epilayer was characterized by
atomic force microscopy (AFM) as shown in Fig. 2(b). The
root-mean-square (RMS) roughness of a 10 pmx 10 pm scan-
ning area of the GaN epilayer is 0.20 nm. These characteriza-
tion results show the high crystal quality and smooth surface
of the GaN epilayer with low background concentration.
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Fig. 1. (a) The schematic structures of the vertical GaN-on-GaN SBDs with and without the BIT. (b) Rocking curves of the (002) and (102)

planes of the GaN epilayer. (c) The plane-section CL image.
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Fig. 2. (a) The concentration of C, H, O, and Si in GaN-on-GaN MOCVD growths by SIMS. (b) The AFM image of the epilayer in a range of 10 pmx10 pm.
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The device fabrication started with 1-pum deep mesa iso-
lation etch by inductively coupled plasma (ICP). Then 1-pm
thick SiO, was deposited by plasma-enhanced chemical vapor
deposition (PECVD), followed by selectively etching of SiO»
to form a hard mask for the next ion implantation. As shown
in Fig. 3(a), the distribution of boron ions in the 1-pum thick
SiO;, at 40 keV and 140 keV implantation energy was simu-
lated by SRIM (stopping and range of ions in matter). It shows
that boron ions are mainly distributed within 750 nm in SiO,,
which means that 1-pm thick SiO; as a hard mask can pro-
tect the active area during boron ions implantation. The BIT
structure was formed by B' implantation at two energy lev-
els of 40 keV and 140 keV with doses of 0.4 x 10'* at./cm?
and 1.0 x 10'® at./cm?, respectively. Figure 3(b) shows the
B distribution inside the sample for the ion energy of 40 keV
and 140 keV simulated by SRIM. The distribution of B mea-

10 T
(a) 1= = = boron-40 keV
~ V=== boron-140 keV
g 8r ! sum
© '
n
g SiOy GaN
3 or B
< 1
< 1
= 4t '
~ 1
=] 1
2 '
= 2F '
15 '
— 1
I AL S W
L H L L
0 500 1000 1500 2000
Depth/nm

Boron ion conc./cm™3

sured by SIMS was the same as the result simulated by SRIM
in Fig. 3(b). After implantation and SiO, removal, a 100-nm
thick SiO, was deposited on the GaN epilayer by PECVD.
Next, rapid thermal annealing was carried out at 450 °C in
N, atmosphere for 10 min to recover the damage caused by
the ions implantation.>3] Then we selectively etched off SiO,
to form the field plates (FPs) by BOE solution. Afterward, a
Ni/Au (40 nm/200 nm) metal stack was deposited on a pre-
cleaned GaN surface by e-beam evaporation as the anode and
patterned by lift-off. Finally, the N-face was treated by ICP in
order to introduce nitrogen vacancies>*-2%! and a Ti/Al/Ti/Au
(20 nm/130 nm/50 nm/150 nm) metal stack was deposited by
e-beam evaporation to form an Ohmic contact to the backside
of the n™ GaN substrate. In the meantime, diodes without the

BIT were fabricated for the reference.
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Fig. 3. (a) The distribution of boron ions in 1-pm thick SiO; at 40 keV and 140 keV implantation energy simulated by SRIM. (b) The
distribution of boron ions in GaN simulated by SRIM at 40 keV and 140 keV implantation energy and measured by SIMS.

3. Results and discussion

Figure 4 shows the capacitance-voltage (C—V) and 1/C?—
V characteristics of the device drift layer at a frequency of
500 kHz. As shown in Fig. 4(b), the net carrier concentration
(Np — Na) can be calculated as!?”]

2

Np—Np=— ;
A2qeoed () /dV

ey

where A is the effective area of the diode (200 wm in diame-
ter), ¢ is the electron charge, &) is the permittivity of the vac-
uum, and & is the relative permittivity of GaN. The net carrier
concentration of the unintentionally doped GaN drift layer is
~ 1.06 x 10'® cm™3, which comes from the background of
MOCYVD reactants.

Figure 5(a) presents the forward current—voltage (I-V)
curves of the GaN-on-GaN SBDs. The devices with and with-
out the BIT show comparable /-V curves at forward voltage,
indicating that the B™-implanted treatment does not obviously
degrade the forward /-V characteristic of the diode.
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Fig. 4. (a) The C-V characteristic of the device drift layer. (b) The
extracted free carrier concentration in the device drift layer.

Table 1 summarizes the forward /-V characterization for
the diodes with and without the BIT. The V,, of the diodes
with and without the BIT that were extracted from the for-
ward I-V curves are 0.49 V and 0.51 V, respectively. The
on-resistances (Ry,) of the diodes with and without the BIT
are 71.2 mQ-cm? and 68.8 mQ-cm?, respectively. Besides, we
extracted the Schottky barrier height (SBH) and ideality factor
(n) from the forward /-V curves that are shown in the inset of

Fig. 5(a) by using the thermionic emission model?®!

q

— A T2 exp (9P v
J—ATexp< kT)eXp<nkT>’ 2
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£ 998 qv
InJ =In (A"T )_(ﬁ>+<m)’ 3)
where J is the current density, A* is the Richardson constant
(26.4 cm™2.K~2 for GaN), T is the thermodynamic temper-
ature, k is the Boltzmann’s constant, 7] is the ideality fac-
tor, and @p is the Schottky barrier height. From Table 1,
the diode without the BIT has a low SBH (0.68 eV) and the
ideality factor (1.78) is larger than 1.00, which mean that the
diode presents the trap/defect related leakage and recombina-
tion currents.?%*°1 Compared to the diode without the BIT, the
BIT-diode has a higher SBH (0.82 eV) and the ideality factor
(1.07) is close to 1.00. The BIT-diode has a higher Io, /Iyt
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ratio in the order of 108 as shown in Fig. 5(b).

Table 1. Comparison of forward characteristics of the diodes with and
without the BIT.

Device Ion/Loit SBH/eV n Von/V Ron/mQ-cm?
w/ BIT 108 0.82 1.07 0.49 71.2
w/o BIT 10° 0.68 1.78 0.51 68.8

Figure 6(a) shows the reverse characteristics of the diodes
with and without the BIT. The breakdown voltage of the diode
with the BIT is 585 V while that of the diode without the BIT is
189 V. What is more, the reverse leakage current is reduced by
five orders of magnitude by using the boron-implanted tech-
nology at 100 V.
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Fig. 5. (a) Forward characteristics of the diodes with and without the BIT. Inset: In(J) as a function of V. (b) The -V characteristics of the

diodes with and without the BIT.
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Fig. 6. (a) Reverse I-V characteristics of the diodes with and without the BIT. (b) Simulated electric field distributions in the diodes without

the BIT (left) and with the BIT (right) at —600 V.

The above results show that the B™-implanted termina-
tion technology could improve the performance of vertical
GaN-on-GaN SBDs such as breakdown voltage and reverse
leakage current. The reason why the BIT structure could im-
prove the performance of the diodes is that B™ could confine
free carriers in the GaN drift layer. As shown in Fig. 3(b), the
concentration of B* implanted measured by SIMS is above the
order of 10'7 cm™3, which is much greater than the net doping
concentration measured by C—V. Therefore, we assume that

the free carriers in the B*-implanted region are fully com-

pensated in TCAD simulation. TCAD simulations solve the
Poisson equation and the electron and hole current continu-
ity equations to predict the behavior of semiconductor devices
under electrical stress as follows:

&V29 = —q(n—p—Np —NJ), @
d el 7t 1
nerat) _1g g ey +Goloya)
dr q
+R, (x,y,2,1), )
d el 7t 1
% = _Z]V'Jp(xvyazat)+Gp(x’y’z’t>
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+RP (x>y7Z7t)7 (6)

where & is the semiconductor permittivity, ¢ is the electro-
static potential, g is the electron charge, n and p are the free
electron and hole densities, Ny is the ionized donor density,
NX is the ionized acceptor density, J,,/,, is the electron and hole
current density, G,/ is the rate of regeneration for electrons
and holes, and R, /p
and holes. Besides, some special models such as field depen-
dent mobility (FLDMOB), Shockley—Read—Hall (SRH), and
Auger recombination (Auger) are used to simulate the Schot-
tky diode. As shown in Fig. 6(b), the diode without the BIT
presents severe electric field blocking effects at the edge of the

is the rate of recombination for electrons

diode where the electric field is higher than the critical break-
down electric field of GaN (3.75 MV/cm).[">! Compared to
the diode without the BIT, the electric field distribution is uni-
form in the BIT-diode and the electric field crowding effects
at the edge of the diode can be effectively suppressed where
the free carriers are fully compensated, which could increase
the breakdown voltage of the diodes and reduce the reverse
leakage current.

4. Conclusion

We fabricated and characterized vertical GaN-on-GaN
Schottky barrier diodes with and without boron-implanted ter-
mination. The Schottky barrier height in the diode with the
BIT was 0.82 eV and the ideality factor was 1.07. Compared
to the diode without the BIT, the breakdown voltage was im-
proved from 189 V to 585 V, the I,y /Iofr ratio was in the order
of 108, and the reverse leakage current was reduced by five or-
ders of magnitude. The condition parameters of Bt implanta-
tion were simulated by SRIM. And we attributed the improved
performance of the diode with the BIT to boron ion confining
free carriers at the edge of the diode. From TCAD simulation
results, the electric field crowding effect at the boundary of
the diode with the BIT was suppressed, which could improve
the breakdown voltage and suppress the reverse leakage cur-
rent. Therefore, the boron ions implantation technology shows
great potential for vertical GaN-on-GaN power devices as the
termination structure.
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